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ABSTRACT

Water is a critical resource for future human missions, and is necessary for
understanding the evolution of the Solar System. The Moon and Mars have water in
various forms and are therefore high-priority targets in the search for accessible
extraterrestrial water. Complementary remote sensing analyses coupled with laboratory
and field studies are necessary to provide a scientific context for future lunar and Mars
exploration. In this thesis, | use multiple techniques to investigate the presence of water-
ice at the lunar poles and the properties of martian chloride minerals, whose evolution is
intricately linked with liquid water.

Permanently shadowed regions (PSRs) at the lunar poles may contain substantial
water ice, but radar signatures at PSRs could indicate water ice or large block
populations. Mini-RF radar and Lunar Reconnaissance Orbiter Camera Narrow Angle
Camera (LROC NAC) products were used to assess block abundances where radar
signatures indicated potential ice deposits. While the majority of PSRs in this study
indicated large block populations and a low likelihood of water ice, one crater —
Rozhdestvenskiy N — showed indirect indications of water ice in its interior.

Chloride deposits indicate regions where the last substantial liquid water existed
on Mars. Major ion abundances and expected precipitation sequences of terrestrial
chloride brines could provide context for assessing the provenance of martian chloride
deposits. Chloride minerals are most readily distinguished in the far-infrared (45+ pum),
where their fundamental absorption features are strongest. Multiple chloride

compositions and textures were characterized in far-infrared emission for the first time.



Systematic variations in the spectra were observed; these variations will allow chloride
mineralogy to be determined and large variations in texture to be constrained.

In the present day, recurring slope lineae (RSL) may indicate water flow, but
fresh water is not stable on Mars. However, dissolved chloride could allow liquid water
to flow transiently. Using Thermal Emission Imaging System (THEMIS) data, |
determined that RSL are most likely not fed by chloride-rich brines on Mars. Substantial
amounts of salt would be consumed to produce a surface water flow; therefore, these

features are therefore thought to instead be surface darkening due to capillary wicking.
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CHAPTER 1
INTRODUCTION

Water is a key resource both for human exploration and for developing a thorough
understanding of Solar System evolution. On Earth, humans need water for drinking,
personal hygiene, and as a component of many foods. In space, these needs also exist, in
addition to many others that are unique to the space environment. For example, water is
used as a coolant in internal thermal control systems on spacecraft, as a source of fuel for
fuel cell and other energy-producing reactions, and it can be used for radiation protection
on long-duration space missions. The drawback to these needs is the extreme mass
constraint that water poses for human missions: the longer the mission, the more water is
needed, resulting in a drastic increase in mass and cost with mission duration. Therefore,
it is highly impractical — and unaffordable — to transport all the necessary water for long-
duration planetary missions. A much smaller mass of water can be recycled, resulting in
substantial mass savings for highly efficient water recycling systems. However, even the
best water recycling system cannot compensate for water lost irretrievably due to extra-
vehicular activities (EVAS), spacecraft leakage, or other unforeseen events. For long-
term exploration, it is therefore critical to supplement spacecraft water with in-situ water,
derived from the planetary region which the crew is investigating.

The scientific return in studying extraterrestrial water is substantial. Numerous
gaps exist in our understanding of the beginnings of the Solar System and the role water
played in its evolution. Comets and asteroids have been posed as possible sources of
water in the Earth-Moon system, but so few analyses of extraterrestrial water exist that
these hypotheses remain open for debate [Arnold, 1979; Zhang and Paige, 2009; Svetsov
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and Shuvalov, 2015]. In a similar process, a recent cometary impact has been proposed as
the source of water ice deposits at the poles of Mercury [Paige et al., 1992; Chabot et al.,
2014].

The primary method linking differentiated meteoritic samples with their parent
bodies is their oxygen isotope abundance, specifically the concentration of 180 relative to
the more common 0 in extraterrestrial samples compared to the standard mean ocean
water (SMOW) measured on Earth, known as §'80. This measurement has been used to
link meteoritic samples to the Moon, Mars, Vesta, and possibly Mercury [Sautter et al.,
2006; Alexander et al., 2012; Magna et al., 2014]. Similarly, the relative values of D
(deuterium, or 2H) relative to H (hydrogen, or *H) between extraterrestrial samples and
SMOW (8D or 62H) reveal the extent of degassing, fractionation, and thermal alteration
in ancient Solar System materials [Saal et al., 2008].

Comets condensed from the original solar nebula, and have remained at the edges
of the solar system in the Oort Cloud where they preserve the 6D values of proto-solar
water; comets have high 6D ratios relative to SMOW. The Late Veneer theory posits that
comets brought water to Earth early in its history and were the source of its oceanic and
mantle water; however, variations in 6D between comets and SMOW call this theory into
question. In contrast to cometary values, interstellar dust particles (IDPs) and interstellar
matter have 8D values lower than SMOW. Asteroids that formed in colder regions of the
solar system may have brought ice to the inner solar system as part of the late veneer or
have impacted the Moon or Mercury, acting as transportation for water from the outer
solar system to the inner solar system. However, if the abundance of water in chondritic

meteorites is the same as that of the ancient asteroid belt, then asteroids would not carry a
2



sufficient amount of water to account for the volume on Earth. [Robert et al., 1999;
Morbidelli et al., 2000; Marty and Yokochi, 2006; Albarede et al., 2013; Yang, et al.,
2013]

While other compounds in extraterrestrial samples can be a source of oxygen
isotope measurements, the coupled measurements of 380, 8D, and H,O concentration
can only be determined by direct measurement of water-bearing samples. The variability
of 6D values in comets, IDPs, asteroids, and meteorites is poorly constrained due to a
lack of access to pristine water samples from those sources. Therefore, samples from
these and planetary water-bearing environments provide a critical link between
extraterrestrial samples, their parent bodies, and our understanding of Solar System
evolution.

In order to collect these samples, a thorough reconnaissance of potential water-
bearing environments must be carried out using remote sensing. Because the two closest
and largest extraterrestrial reservoirs of water are the Moon and Mars, they have been
explored most extensively by a suite of instruments and over a wide range of
wavelengths. The purpose of this work is to build on previous investigations of the Moon
and Mars to explore regions on both bodies where water resources and locations of
scientific interest may exist. This work will set the stage for future, more focused remote
sensing investigations, exploration by rovers and robotic instruments and, eventually,

human exploration of the inner Solar System.



1.2 Background
1.2.1 The Moon

The Moon holds a unique record of the geologic history of the inner Solar System
in the form of impact craters and crater basins, mare volcanics, and numerous tectonic
features, which have been observed and studied from Earth for millennia. However, the
thought that significant quantities of water ice may exist on the Moon has been hampered
by a lack of visible evidence and low accessibility of potential ice deposits. While
hypotheses for ice deposits on the Moon were published as early as the 1800s [Birch,
1866], only recent investigations have begun to test whether and to what extent water ice
exists on the Moon. The Moon’s low obliquity and orbital inclination can produce unique
lighting conditions at a subset of lunar polar craters. Known as “permanently shadowed
regions” or PSRs, the interiors of polar craters can therefore remain in darkness over the
entirety of the lunar year and could harbor water ice deposits. As a result, the lunar poles
became the focus of those prospecting for lunar ice as early as the 1960s. [Watson et al.,
1961a; Arnold, 1979; Ingersoll et al., 1992; Bussey et al., 1999, 2010; Vasavada et al.,
1999; Mazarico et al., 2011; Neumann et al., 2013; Speyerer and Robinson, 2013]

Because they receive little to no incident sunlight, PSRs have been hypothesized
to reach and sustain extremely cold temperatures, serving as “cold traps” where water ice
molecules can be frozen in place. [Watson et al., 1961b; Bussey, 2003] Over time, these
individual molecules can build up to produce potentially large water-ice deposits that
could be detectable using remote sensing. Numerous modeling efforts have been
undertaken to assess the stability of water ice at the poles in the context of
micrometeoroid bombardment, solar wind influx, temperature fluctuations, and water-

4



rock reactions. While some have posed that large, crystalline ice deposits exist at the
lunar poles [i.e., Spudis et al., 2013], most models show that water-ice is metastable over
much of the lunar surface and would need to be covered by tens of centimeters of regolith
to protect it from micrometeoroids and from radiative heating [Crider and Vondrak,
2003; Schorghofer, 2007; Paige et al., 2010; Hayne et al., 2012, 2015; McGovern et al.,
2013; Spudis et al., 2013; Lucey et al., 2014; Schorghofer and Aharonson, 2014; Stopar,
2016]. Experimental efforts assessing the stability of water ice mixed with lunar simulant
show that water ice is likely to be unstable at or above 100 K under vacuum (107 torr)
over geologic timescales [Piquette et al., 2017].

Several lunar missions have assessed the distribution and abundance of water-ice
at the lunar poles, including Clementine and Lunar Prospector (1990s), SELENE (2007),
Chandrayaan-1 (2008), LCROSS (2009) and the Lunar Reconnaissance Orbiter (LRO,
2009 - present) [Nozette et al., 1996; Feldman et al., 1998, 2000, 2001; Pieters et al.,
2009a; Colaprete et al., 2010; Vondrak et al., 2010; Cheek et al., 2011]. Neutron
spectroscopy, UV reflectance, visible images, infrared reflectance and emission, and
radar have all been used to explore PSRs. A summary of the latest results using these
techniques is given in Chapter 2 below. While none of these techniques has definitively
proven that large water-ice deposits exist at the lunar poles, exploration using
complementary techniques has provided new insights into the mysteries hidden within
PSRs. Chapter 2 describes a unique effort to couple long-exposure visible images by the
LRO Camera and the Mini-RF radar instrument onboard the LRO to explore the nature of

PSRs at the lunar north pole.



1.2.2 Mars

The history of water on Mars is recorded in the morphology and chemical
composition of its surface. A summary of the geologic, morphologic, and chemical
evidence for extensive volumes of water in Mars’ early history is provided in Chapters 3-
5. While the martian poles are known to harbor large deposits of water ice, these
environments are too cold to support initial human missions or any known forms of life.
As a result, the exploration of water-bearing environments at lower latitudes has a high
priority for the planning of human missions, the collection of water-bearing samples, and
for astrobiological studies. The production of clays, carbonates, sulfates, and chloride
minerals requires the presence of water, due to water-rock interactions and/or the
evaporative concentration of a body of water. In particular, chloride minerals are found at
equatorial to mid-latitudes on Mars and record the final stages of the period when liquid
water was abundant on the martian surface (e.g., late-Noachian to early Hesperian).
Chloride minerals therefore provide a unique opportunity for exploring martian and Solar
System history and searching for signs of life, while also providing a possible water
resource for future human crews.

A schematic of the origin, evolution, and alteration of chlorine and chloride ion
on Mars is shown in Figure 1.1; this chlorine “life cycle” is briefly discussed here.
Multiple mechanisms have been proposed as the source of chlorine on the martian
surface. Chlorine could be provided by the acidic weathering of volcanic rocks (i.e.,
chloride ion-bearing basalt) and the resultant leaching of various ions into solution.
Acidic weathering has been proposed as the cause of chemical alteration observed using
remote sensing and in-situ measurements made by rovers of altered rocks [Banin, 1996;
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Bullock, 2004; Tosca et al., 2004, 2005; Squyres and Knoll, 2005; Tosca and McLennan,
2006; Michalski et al., 2017]. Chloride could also be transported to the martian surface
through volcanic outgassing of HCI where it could react with surface rocks by the acid-
fog reaction [Banin, 1996; Jakosky and Phillips, 2001; Tosca et al., 2004]. Direct
precipitation of chlorides from volcanic gases as sublimates has been observed on Earth
and demonstrated in laboratory experiments [DiFrancesco, 2016]. Finally, chloride could
be transported to the surface via upwelling of hydrothermal or deep basinal brines, or
neutral-pH water-rock reactions (i.e., ion exchange or freeze-concentration), which are all
known to produce chloride-enriched brines on Earth [Lowenstein and Risacher, 2009;
Toner et al., 2013, 2017; Michalski et al., 2017].

Chloride minerals can form on planetary surfaces by several mechanisms which
are dependent on the sources listed above. Volcanic sublimates form thin crusts or
microscopic particles on the surfaces on which they precipitate; sublimates generally
form small-scale features and are localized to the volcanic vents they come from
[DiFrancesco, 2016]. Large chloride deposits on Earth only form by the precipitation of
chloride from highly concentrated brines. These brines can reach the surface through
groundwater upwelling, where the surrounding geology and the water source
(hydrothermal, deep basinal brine, neutral water-rock interactions) control the abundance
of cations in solution [Rosen, 1994; Squyres and Knoll, 2005; Lowenstein and Risacher,
2009]. These cations dictate the specific forms of chloride mineral that eventually
precipitate out of solution. In addition to groundwater upwelling, chlorides can
precipitate from surface brines in channels/gullies or standing lacustrine bodies of water
[Hardie et al., 1978; Catling, 1999; Jakosky and Phillips, 2001; Hynek et al., 2010;
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Osterloo and Hynek, 2015]. Chlorides have been observed on Mars as both inverted
channels [Osterloo et al., 2008, 2010] and as precipitates in what may have been ancient
crater lakes [Cabrol and Grin, 2010; Osterloo and Hynek, 2015].

After chlorides precipitate on the martian surface, they are altered by a suite of
surface processes. Aeolian abrasion by dust, along with meteorite and micrometeorite
impacts, can pulverize textures produced by the original precipitation event [Osterloo et
al., 2008, 2010; Osterloo and Hynek, 2015]. Aeolian and meteoritic processes can also
destroy a chloride deposit altogether, causing the chloride to be incorporated as a
component of the ubiquitous martian dust; this chloride component has been indicated by
lander analyses of martian dust at Chryse Planitia by Viking and rover analyses at
Meridiani Planum and Gusev Crater [Clark et al., 1976; Morris et al., 2006; Berger et al.,
2015; Nield et al., 2016; Ming and Morris, 2017]. However, we know that the physical
alteration of chlorides has not been complete, because polygonal cracks — diagnostic of
the original desiccation/precipitation event — can still be resolved in orbital images [EI-
Maarry et al., 2013, 2016]. The small-scale (cm or less) alteration of chloride deposits
has not been explored; therefore, the full extent of the physical alteration of chloride
deposits has not been constrained.

The chemical alteration of chlorides is a critical area of study for both Mars
science and for human exploration efforts. Chemical alteration can convert chloride,
which has a -1 oxidation state, to much higher oxidation states: +1 as hypochlorite, CIO;
+3 as chlorite, ClO2"; +5 as chlorate, ClO37; and the highest oxidation state, +7 as
perchlorate, CIO4. Perchlorate has a particular impact on human exploration, because it
can be hazardous to humans [Carrier and Kounaves, 2015]. Atmospheric photo-oxidation
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and/or interactions between chloride and oxidative species such as ozone (O3) and
peroxide (i.e., H2O2) are known to produce highly oxidized chlorine (or “oxychlorine”)
[Dasgupta et al., 2005; Catling et al., 2010; Rao et al., 2010]. Some experimental studies
have shown an enhancement of the production of oxychlorine species by photo-oxidation
of halite (NaCl) in the presence of silica, which is thought to act as a catalyst in the
oxidation process [Carrier and Kounaves, 2015].

Oxychlorine compounds are highly soluble, which is thought to be why they are
only concentrated in dry, high-altitude environments on Earth [Catling et al., 2010].
Oxychlorine compounds on Mars have been proposed to form by the same mechanisms
as terrestrial oxychlorine species [Catling et al., 2010; Davila et al., 2013]. These
mechanisms for the formation of oxychlorine compounds have been supported by in-situ
measurements on Mars, that indicate the presence of chlorate and perchlorate on the
martian surface. The Phoenix lander and measurements by the Sample Analysis on Mars
(SAM) instrument on the Mars Science Laboratory (MSL) in Gale Crater both indicate
perchlorate/chlorate salt concentrations up to ~1 wt % [Hecht et al., 2009; Leshin et al.,
2013; Ming et al., 2014].

The competing effect of the reduction of oxychlorine compounds to
chlorite/chloride species is not well understood. In laboratory experiments, specific
wavelengths of gamma radiation have been shown to reduce both chlorine species and O
in a carbon dioxide-rich environment. The radiolysis of oxychlorine compounds could
account for the ambiguous chemical reaction observed by the Viking biological
experiment after the addition of amino acids to martian soil [Quinn et al., 2013] and for
the persistence of reduced chloride deposits on Mars in spite of its highly oxidative
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environment. This reduction reaction, if occurring, is would most likely be negated by
Mars’ highly oxidizing surface environment. However, the conversion of chloride to
oxychlorine species must occur slowly, since large chloride deposits still exist on the
martian surface today and oxychlorine species are only observed on a small (lander,

rover) scale.
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Figure 1.1. Schematic of the martian chlorine cycle: sources of chlorine/chloride, mechanisms of
transport, and physical/chemical alteration processes.
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Finally, perchlorate and chlorate species are known to significantly reduce the
freezing point of water, and have been hypothesized as a mechanism by which brines
could be metastable on present-day Mars [Chevrier et al., 2009; Chevrier and Rivera-
Valentin, 2012; Hanley et al., 2012]. Recurring Slope Lineae (RSL) are possible
metastable brine features and are observed as dark streaks that propagate downslope
during warm periods across mid-to-equatorial latitudes on Mars. Hyperspectral
observations of several RSL by the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) indicate the possible production of hydrated perchlorate species
contemporaneous with RSL activity [Ojha et al., 2015]. It is therefore possible that
oxychlorine species continue to play a role in the present-day water cycle on Mars;
however, hydrated perchlorates were only indicated at a small subset of RSL, leaving
open the question of a global RSL formation mechanism.

Chapters 3-5 of this work attempt to shed light on the life cycle of martian
chloride by systematically exploring the origins, evolution, and present-day activity of
chloride on Mars. Chapter 3 uses terrestrial chloride-rich brines as analogs for ancient
brines on Mars to determine the source of the brines that formed chloride mineral
deposits (hydrothermal, deep basinal, or neutral/water-rock reaction). A new
understanding of the precipitation sequences of major ions from chloride-rich brines now
allows a systematic, targeted, in-situ study of martian chloride minerals. Chapter 4
explores the unique textures produced by the evaporation of chloride-rich brines and
demonstrates how these textures can be discerned remotely using mid- and far-infrared
emission spectroscopy. Additionally, the mid- and far-infrared emission spectra of
several common chloride species are shown in Chapter 4, and will allow the composition
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of martian chloride deposits to be constrained using future orbital instruments. Finally,
Chapter 5 investigates whether Recurring Slope Lineae are caused by the flow of
metastable chloride-rich brines, that are capable of depressing the freezing point of water

to almost the same extent as perchlorate salts.

12



CHAPTER 2
AN INVESTIGATION OF THE LIKELIHOOD OF WATER ICE AT THE LUNAR

NORTH POLE USING RADAR AND VISIBLE IMAGES

The following is reproduced from Planetary and Space Science, where it was published in
July 2017. Co-authors are S. J. Lawrence, M. S. Robinson, E. J. Speyerer, and B. W.
Denevi.

2.1 Introduction

Accurate knowledge of the distribution and concentrations of volatile species on
the Moon has significance for both lunar science and human exploration. The distribution
and abundance of water ice, in particular, is a record from which the history of volatiles
in the Solar System can be better understood. Volatiles can be indigenous to the Moon
itself [Bogard and Hirsch, 1975; Arnold, 1979] or sourced from asteroids or comets that
passed through the inner solar system [Wetherill, 1976; Arnold, 1979; Svetsov and
Shuvalov, 2015; Barnes et al., 2016]. The presence of volatiles — or the lack thereof —
may be indicative of lunar thermal and surface processes and their evolution over time.
Lunar volatiles may refine our understanding of asteroids in the inner Solar System, the
evolution and composition of comets, the geologic evolution of the Moon, the processes
affecting transport and retention of volatiles at the lunar poles (i.e. meteorite
bombardment), and the ancient solar wind environment [Committee on the Scientific

Context for Exploration of the Moon, 2007].
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The quantity and accessibility of volatiles such as water ice have important
implications for human exploration. Water represents the single greatest potential source
of mass savings for human missions beyond low-Earth orbit [Spudis and Lavoie, 2011].
A large in-situ reservoir of water ice could serve as a key resource in the establishment of
a sustained settlement on the Moon and provide fuel for future missions. Water derived
from the Moon would also offset the demand for efficiency on water recycling
technologies [Crawford et al., 2012]. It is therefore of critical importance that the
locations and quantities of lunar polar water ice deposits be defined as accurately as
possible to determine its grade and tonnage [Anand et al., 2012; Crawford et al., 2012;

Lemelin et al., 2014].

2.1.2 Permanently shadowed regions

Solar System bodies with low obliquities have regions (primarily craters) that are
continually in shadow [Watson et al., 1961a; Margot et al., 1999]. Areas that never
receive sunlight are called permanently shadowed regions (PSRs); PSRs have been
mapped on both the Moon and Mercury [Watson et al., 1961a; Arnold, 1979; Ingersoll et
al., 1992; Bussey et al., 1999, 2010; Vasavada et al., 1999; Mazarico et al., 2011;
Neumann et al., 2013; Speyerer and Robinson, 2013; Chabot et al., 2014]. The lack of
direct sunlight prevents direct radiative heating of the surface; as a result, PSRs achieve
some of the coldest temperatures in the Solar System. Water ice exposed to the vacuum
of space sublimates at temperatures above ~104 K, and many lunar PSRs remain colder
than 104 K throughout the lunar year [Zhang and Paige, 2009; Paige et al., 2010a]. As a
result, PSRs serve as “cold traps” where water molecules lack the thermal energy needed
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to escape. Water ice could accumulate in these cold traps over time, forming potentially
large deposits [Watson et al., 1961b; Bussey, 2003]. PSRs therefore are likely reservoirs

for ice sequestration.

2.1.3 Previous Results

The Lunar Reconnaissance Orbiter (LRO) is revolutionizing our understanding of
the properties of the lunar polar regions [Vondrak et al., 2010]. The Lunar
Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC) has repeatedly
imaged the polar regions with pixel scales of 100 m, accurately defining the location and
extent of regions of permanent shadow at high resolution (Figure 2.1) [Robinson et al.,
2010; Speyerer and Robinson, 2013]. Additionally, the LROC Narrow Angle Camera
(NAC) provides meter-scale images of illuminated terrain around the PSRs and has
acquired long-exposure images of PSRs, where diffuse sunlight reflected off of nearby
Sun-facing topographic facets illuminates surfaces that are too dark to view using
nominal imaging techniques and exposure times [Speyerer and Robinson, 2013]. No
albedo variations indicative of ice deposits have been observed in LROC images of PSRs
to date [Koeber et al., 2014]. Other LRO instruments have been used to determine other
polar environmental properties, including illumination conditions [Mazarico et al., 2011;
Gléaser et al., 2014], albedo [Lucey et al., 2014], and average annual bolometric

brightness [Paige et al., 2010a].
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Figure 2.1. LROC Wide Angle Camera (WAC) illumination maps of the lunar North Pole
(left) and South Pole (right). Both mosaics 88° - 90° latitude [Speyerer and Robinson,
2013].:

Indications of hydrogen and water ice in PSRs are reported from analyses of
neutron, ultraviolet (UV), and near-infrared measurements. In 1998, the Lunar Prospector
spacecraft measured the absorption of epithermal neutrons, where decreases in measured
epithermal neutrons were interpreted to indicate the presence of hydrogen. While the
>40-km full-width half maximum (FWHM, at 30-km altitude) of the Lunar Prospector
neutron detector was too coarse to pinpoint the locations of the putative volatiles in terms
of PSRs smaller than that scale, there was a general decrease in epithermal neutrons at the

lunar polar regions, consistent with the presence of water ice [Feldman et al., 1998, 2000,

! Reprinted from Icarus, Vol 222, Speyerer, E. and Robinson, M., Persistently illuminated regions at the
lunar poles: Ideal sites for future exploration, 122-136, Copyright (2013), with permission from Elsevier.
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2001]. The Lunar Exploration Neutron Detector (LEND) [Mitrofanov et al., 2010b] on
LRO also detected a decrease in epithermal neutrons at certain PSRs, but the locations of
some neutron suppressions do not fully align with areas of permanent shadow; these were
hypothesized by Siegler et al. (2016) to be a result of ancient (3+ Gy) water ice deposits
that are no longer at the poles due to true polar wander [Siegler et al., 2016]. Conversely,
LEND detected an increase in epithermal neutrons at some PSRs relative to adjacent
unshadowed regions, which could be more recently emplaced water ice deposits [Sanin et
al., 2012].

Spectral observations of PSRs have returned mixed results. The LRO Lyman-
Alpha Mapping Project (LAMP) [Gladstone et al., 2010] spectrometer measures UV
reflectance in PSRs illuminated only by starlight and Lyman-Alpha emission. LAMP
detected a decreased reflectance in its entire far-UV range (119-190 nm) within some
PSRs, which could be the result of increased porosity relative to non-PSR regions.
However, it also detected spectral reddening (increased reflectance at longer far-Uv
wavelengths, 155-190 nm) within PSRs, which could be due to the presence of 1-2%
water ice [Gladstone et al., 2012]. The Chandrayaan-1 mission carried a near-infrared
spectrometer called the Moon Mineralogy Mapper (M?) [Pieters et al., 2009b], which had
the ability to search for absorption features indicative of water at wavelengths of 2.8 and
3.0 um. M? observed enhanced absorption features in these bands at high (>65°) latitudes,
providing further evidence for the presence of water at/near the lunar poles, though the
abundance and source has yet to be determined [Pieters et al., 2009a; Cheek et al., 2011].
The Lunar Orbiter Laser Altimeter (LOLA) measured the backscattered light from five
nadir-pointing lasers (1064 nm), characterizing the topography at the poles and mapping
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the relative reflectivity of the surface under photometrically uniform conditions (0° phase
angle) [Smith et al., 2010; Mazarico et al., 2011]. Simulations using topographic data
along with LROC WAC images allowed the distribution of areas in permanent shadow to
be quantified. LOLA also measured an increase in reflectivity within some PSRs, which
could be due to surface water ice. The reflectivity anomaly could also be the result of
reduced space weathering in PSRs; therefore, no definitive conclusion concerning water
abundance was reached based on LOLA data alone [Mazarico et al., 2011; Lucey et al.,
2014].

The Lunar CRater Observation and Sensing Satellite (LCROSS) launched in 2009
along with LRO on an Atlas V vehicle. LCROSS was designed to analyze PSR material
vaporized by the impact of the Centaur stage of its Atlas V launch vehicle. The Centaur
impacted a large PSR within Cabeus crater, which had previously been measured to have
high neutron suppression interpreted as high hydrogen abundance and some of the coldest
temperatures on the Moon [Noda et al., 2008; McClanahan et al., 2009; Mitrofanov et
al., 2010a; Paige et al., 2010a]. Both LCROSS and LRO instruments observed the plume
and detected volatiles, including OH, Hz, and H.0O [Colaprete et al., 2010].

Radar observations have also provided a means to search for water ice on the
Moon by allowing the ratio of opposite-sense to same-sense polarized radar signatures,
known as circular polarization ratio (CPR) to be quantified. CPR can be used to
distinguish between dry, fine-grained, or smooth regolith (low CPR) and ice-rich or
blocky (high CPR) materials [Raney et al., 2011; Thomson et al., 2012a]. Water ice
deposits with thickness at or greater than the wavelength result in enhanced radar
backscatter due to the Coherent Opposition Backscatter Effect (COBE) [Gorodnichev et
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al., 1990; Mishchenko, 1992; Peters, 1992; Ostro, 1993; Nozette et al., 1996; Raney et
al., 2012]. Blocks at the wavelength scale can also enhance radar backscatter, but their
exposure to the surface will affect their size — and therefore radar properties — over time.
The constant in-fall of micrometeoroids results in a continual degradation and overturn of
material on the lunar surface; this process is one part of the continuum of surface-space
interactions frequently referred to as space weathering [Hapke, 1973; Arnold, 1979;
Pieters et al., 2000; Lucey et al., 2006]. Younger craters have had less exposure to this
environment, and will therefore retain a higher proportion of blocks and large clasts
relative to older craters, making younger craters a more likely location for high CPR
radar signatures in both their interiors and exteriors. Craters where high CPR values are
only observed in the interior, with no appreciable CPR enhancements associated with the
crater exterior, were labeled as “CPR-anomalous” because this signature was not thought
to fit with crater degradation paradigm described by Spudis et al. (2013). At the lunar
poles, this type of anomalous CPR signature is a possible indicator of water ice. “CPR-
normal” craters are those with no measurable variation between the CPR of the crater
interior and exterior.

The first radar measurements indicative of possible polar ice deposits were
acquired by the Clementine bistatic radar experiment in 1994; Clementine observed
enhanced same-sense polarization at the lunar poles, which is indicative of COBE
[Nozette et al., 1996]. In 2009, the Miniature Synthetic Aperture Radar (Mini-SAR)
instrument onboard the Chandrayaan-1 mission [Spudis et al., 2009] observed anomalous
CPR signatures at the poles [Spudis et al., 2010]. The LRO Miniature Radio-Frequency
(Mini-RF) was the next generation of radar instrument after Mini-SAR and was designed
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to transmit circularly-polarized radar signals at both X-band (4.2 cm, partial coverage)
and S-band (12.6 cm, complete coverage) wavelengths [Nozette et al., 2010]. Mini-RF
observations used in this analysis are in the form of Stokes parameter values, which
quantify the polarization (i.e. CPR) and phase of the backscattered signal [Raney et al.,
2011]. The Stokes parameters are also used to derive other useful parameters, discussed

in Section 2.0, that complement CPR measurements.

2.1.4 Rationale for this Work

Since ice deposits can cause high CPR returns, CPR-anomalous craters are
considered to be possible reservoirs of water ice. Mini-RF measurements to date have
shown a correlation between anomalous CPR craters and those with PSRs, in line with
observations made by Mini-SAR [Fa and Cai, 2013; Spudis et al., 2013].

Any ice deposits emplaced on the Moon have likely been modified by the same
space weathering process that reduces the overall grain size in and around lunar craters
[Crider and Vondrak, 2003; Zimmerman et al., 2011]. The Mini-RF experiment is only
sensitive to decimeter-scale (in S-band) pure ice deposits within the top meter of the lunar
surface; smaller ice deposits mixed with regolith by space weathering are not detectable
using radar [Hurley et al., 2012]. Other deposits that are not detectable by Mini-RF
include adsorbed water, hydrated minerals, implanted solar wind hydrogen altered to OH"
or H20, or buried patches of formerly clean ice [Cocks et al., 2002; Crider and Vondrak,
2002; Hurley et al., 2012].

Individual remote sensing datasets have not provided a definitive answer as to the
nature, abundance and distribution of water ice in lunar PSRs. While results from several
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investigations using LRO instruments are consistent with ice at the poles, there are
discrepancies in these observations that make the interpretations ambiguous (i.e.
increased or neutral epithermal neutron detection in some PSRs as observed by LEND)
[Crawford et al., 2012; Sanin et al., 2012; Lucey et al., 2014]. However, these datasets
can be used to assess the likelihood of water ice versus other candidate scenarios, such as
reduced space weathering in PSR regions or porous regions.

The radar anomalous locations of high CPR in some craters could also be
explained by the presence of a blocky interior and smooth exterior (at radar scales). There
is a statistically significant correlation between surface roughness measured by LOLA,
LROC, and S- and X-band CPR [Jawin et al., 2014]. Because S-band CPR has been
proven to positively correlate with surface roughness at low latitudes, it can be used to
assess block abundance and surface roughness in high-latitude, PSR-bearing craters. In
this study, we use new LROC NAC observations to investigate the distribution and
abundance of blocks in and around PSR-bearing craters at the north pole to evaluate

whether block abundance is responsible for the observed radar properties.

2.2 Data Sources and Methods
2.2.1 LROC Narrow Angle Cameras

The LROC instrument consists of the WAC and two NACs; details on LROC’s
capability and performance can be found in Robinson et al., 2010, Humm et al., 2016,
Mahanti et al., 2016, and Speyerer et al., 2016. The LROC NAC is capable of collecting
0.5 meters per pixel (m/px) images of illuminated terrain from an altitude of 50 km. The
NAC is able to image within PSRs illuminated by diffuse sunlight reflected off of nearby
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Sun-facing topographic facets. The increased integration time required of the low light
levels within PSRs results in significant along-track smear and thus a decrease in spatial
resolution (typically 10-20 m pixel scales). From these NAC observations, 20-40 m
diameter blocks can be detected (using a minimum of two pixels). Because the exteriors
of PSR-bearing craters are relatively well lit, they can be imaged by nominal-exposure
NACs and mapped at the typical pixel scales (~1-2 m at the poles) thus revealing blocks
down to the meter scale.

Long-exposure NAC images of PSRs were processed using the standard LROC
NAC calibration and correction methods [Humm et al., 2016]. The increased exposure
times (11.8-24.2 ms versus 0.7-2.0 ms nominal exposure) resulted in down-track to cross-
track aspect ratios typically between 20 to 40 [Koeber et al., 2014]. Due to the down-
track smear caused by extended exposure, the pixel size of the map-projected image was
selected to be intermediate between the down-track and cross-track values; resampling
used an averaging scheme, which increased the signal-to-noise ratio of the final product.
An example of nominal exposure (optimized for illuminated terrain) versus long-
exposure images used for PSR block counts in the crater Main L is shown in Figure 2.2,

and a list of image products used in this study is provided in Table S1.
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Figure 2.2. Exaple of NAC imagery used for block counts. a) Nominal-exposure (~1.2
ms) NAC of Main L. b) Long-exposure (~10.0 ms) NAC of Main L PSR, with crater
interior in inset. Image center at 81.4°N, 22.7°E. Image IDs are listed in Table S1.

2.2.2 Miniature Radio Frequency Experiment (Mini-RF)

As described in Nozette et al. (2010), the LRO Miniature Radio Frequency
Experiment (Mini-RF) uses a hybrid polarimetric architecture to measure the backscatter
characteristics of the regolith. Mini-RF transmits a left circular polarized signal, but
receives coherently horizontal (H) and vertical (V) linear polarizations. The resulting data
are sufficient for deriving the Stokes parameters for the images as well as daughter
products such as Circular Polarization Ratio (CPR). Mini-RF can acquire data in one of
two radar bands, S (~12 cm) and X (~4 cm) and has two resolution modes: Baseline (150

m) and Zoom (15 m) [Nozette et al., 2010].

2.2.3 M-chi Decomposition Maps
As described above, Mini RF observations have been used to delimit candidate

ice-rich regions based on the CPR enhancement [Thomson et al., 2012b; Spudis et al.,
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2013]. An additional metric to assess the presence of ice is the m-chi (m-y) parameter.
This parameter uses the degree of polarization (m) and the Poincaré ellipticity parameter
() to assess the radar backscatter characteristics: volume (randomly polarized), single-
bounce, or double-bounce scattering. Volume scattering measured by Mini-RF S-band is
indicative of materials that cause random scattering in multiple directions, such lunar
regolith, which can have embedded blocks that eliminate the polarization of the signal.
Single bounce scattering includes specular reflection off of a surface or scattering from
materials spaced at half-multiples of the wavelength (Bragg scattering). Double-bounce
backscatter is caused by multiple reflections due to the presence of blocks or a dihedral
geometry (i.e. a crater). The dielectric constant and crystal structure of water is such that
wavelength-scale water ice deposits would also produce a double-bounce backscatter
signal due to COBE [Hapke, 1990; Peters, 1992]. The m-chi decomposition results in a
parameter map which is often colorized based on the type of backscatter, with volume
scattering displayed as green, single-bounce scattering displayed as blue, and double-
bounce backscatter displayed as red [Raney et al., 2012]. Therefore, both block- and ice-
rich regions would be red in m-chi decomposition maps; these double-bounce backscatter
regions were the focus of this study.

To generate m-chi decomposition maps of the regions of interest, Stokes
parameter maps for those regions were obtained from the PDS. The level 2 Stokes
parameter maps were previously calibrated and georeferenced by the Mini-RF team
[Raney et al., 2011]; a list of the Mini-RF products used in this study is shown in Table
S1. The degree of polarization, m, was calculated using equation (3) in Raney et al.
(2012), where S1-S4 represent the individual Stokes parameter values provided in the
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Mini-RF products. The quantity sin(2y) was calculated using equation (4) of Raney et al.
(2012) where y is the angle of ellipticity and sin(2y) is the degree of circularity. Finally,
the color-coded map was generated using equations (5) of Raney et al. (2012) for red,
green, and blue. An example of a complete m-chi map for a CPR anomalous crater at the
north pole is shown in Figure 2.3. Raney et al. (2012) produced an m-chi map of
Goldschmidt, in the north polar region, to assess whether it had coherent water ice
deposits; its single-bounce scattering signature indicated that adsorbed H>O/OH or water

frost were more likely to be present.
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Figure 2.3. M-chi deconvolution of CPR-anomalous, potential ice-bearing crater
Rozhdestvenskiy N at the lunar North Pole. a) NAC images of Rozhdestvenskiy N, with
long-exposure NAC of crater interior in yellow box; b) S1 Stokes parameter map of the
same region showing total radar reflected power; c) m-chi deconvolution. In c), the large
double-bounce region exterior to the crater is due to the crater geometry, where the
incident radar wave bounced across the crater and the opposite wall; this produced a
time-delay in the signal return that is projected on the external rim of the crater. Image
center at 84.0°N, 204.3°E. Image IDs are provided in Table S1.

Blocks imaged by NAC were counted and compared to m-chi maps (Figure 2.4)
to assess the correlation between blocks and double-bounce backscatter at PSRs. Block
size distributions were used to estimate the number of blocks below the resolving limit of
long-exposure NACs (10 — 20 m) and at the size needed to affect Mini-RF signatures
(decimeter scale or greater) [Bandfield et al., 2011; Jawin et al., 2014]. Blocks outside of
PSRs were counted and compared to block distributions in PSRs to predict the population

of small blocks in PSRs.
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2.2.4 Quantifying the abundance of blocks

CraterTools was used to measure the size-frequency distribution of surface block
populations in map-projected NAC images [Kneissl et al., 2011]. Block diameters were
determined by selecting three points around their circumference, with the centroid
coordinates and diameters recorded for each. Blocks below two pixels in diameter were
excluded. Regions with the strongest m-chi double-bounce backscatter were used to
define the area where blocks were counted. A control region no further than one crater
radius exterior to each crater was used for non-PSR, exterior block counts. Many regions
exterior to craters contained patches of shadowed areas that were not used for block
counts, and as a result many block count areas were irregularly shaped. Misidentification
of blocks, lighting conditions, and obscuration of boulders by burial or viewing angle are
sources of block count uncertainty; block size uncertainty is defined as one pixel in each
direction (£ 1 pixel along the block diameter) for a block at or greater than two pixels in

size.

2.2.5 Size-frequency distributions

Hartmann (1969) investigated the degree to which block populations can be
linked to surface features such as impact craters. The block populations in each region of
study were characterized using their size-frequency distributions. The slope of the size-
frequency distributions of lunar blocks on a log-log plot, known as B, varies as a function
of composition and the energy of a geologic process [Hartmann, 1969; Lawrence et al.,
2013; Jawin et al., 2014]. The B value for each region was calculated using only the
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linear portion of the size-frequency distribution, avoiding regions of roll-off at small
block diameters (due to resolution limitations) and large block sizes (limited by to the
size/energy of the impact that produced it and/or regolith thickness) [Cintala and
McBride, 1994].

While the B value itself cannot be used to definitively assess the presence or
absence of water ice, it may indicate if ice dominates in CPR-anomalous versus CPR-
normal craters over wavelength-scale blocks. Additionally, comparisons between the B
values of CPR-anomalous craters at the poles and those at the equator inform the
likelihood of water ice being present within polar PSRs; if B values of polar and
equatorial CPR-anomalous craters are similar, it is unlikely that CPR anomalies in polar

craters are attributable to significant ice deposits.

2.2.6 Targets of interest

Craters within 10° of the north pole with CPR-anomalous radar signatures, fresh
north polar craters with CPR-normal radar signatures, and two equatorial CPR-
anomalous craters were included in this study (Table 2.1) [Vasavada et al., 1999]. Fresh
craters have well-defined, sharp rims, resolvable ejecta, and the presence of blocks.
Craters with subdued rims, gradual rim-to-wall transitions, and an absence of blocks are
considered degraded [Wilcox et al., 2005; Stopar et al., 2014]. While CPR-anomalous
craters are considered candidates for hosting water ice, CPR-normal fresh craters could
also contain ice deposits. Fresh craters have an abundance of blocks in their ejecta
deposits, and could have water ice and/or blocks in their interiors; this non-distinction is a
limitation of the technique used in this study. Block abundance can be correlated with

28



age, where large blocks are found around younger craters, and small blocks around older
craters [Thompson et al., 1974].

The depth-to-diameter ratio (d/D) decreases as a result of decreasing depth over
time due to an influx of debris to the crater floor and erosion at the uplifted rim [Pike,
1974; Eke et al., 2014]. Additionally, d/D has an impact on the thermal stability of crater
interiors. Craters with low d/D (< ~0.2) have shallow wall slopes, where energy reflected
from warm, sunlit crater walls onto crater floors is minimal. In this case, the high angle
between the crater floor and wall allows the crater interior to remain cooler than craters
with higher d/D (> ~0.2) and steeper walls [Siegler et al., 2011]. Most craters in this
study have shallow wall slopes and should therefore have cooler interiors than craters
with steeper slopes. The specific craters of study include (Table 2.1): Rozhdestvenskiy N,
Lovelace E, Lovelace, Whipple (polar CPR-anomalous); Main L and Plaskett U (CPR-

normal); and Byrgius C and Gardner (equatorial CPR-anomalous).
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Table 2.1. Summary of Craters of Study.

Center Center Diam. | Depth/Diam
Crater Lat (°N) Long (°E) | (km) Ratio (d/D) Type Age
Rozhdestvenskiy
N 84.04 203.73 9.0 0.190 CPR Anomalous Copernican®
Lovelace E 82.04 263.22 21.6 0.131 CPR Anomalous Imbrian?
Lovelace 82.08 250.49 57.0 0.065 CPR Anomalous | Imbrian?
Whipple 89.14 120.05 14.2 0.201 CPR Anomalous Imbrian
Main L 81.44 22.73 14.3 0.219 CPR Normal Copernican®
Plaskett U 82.41 162.29 15.5 0.204 CPR Normal Eratosthenian?
Byrgius C -21.17 295.49 5.0 0.253 CPR Anomalous | Copernican?
Gardner 17.73 33.80 18.8 0.160 CPR Anomalous | Imbrian®®

1Spudis et al. (2013). 2Lucchitta et al. (1978). 3Spudis et al. (2010).

The Copernican crater Rozhdestvenskiy N (9-km-diameter, Figure 2.3) has an
anomalous CPR signature and sits inside the larger Rozhdestvenskiy crater, one of the
largest craters near the north pole [Spudis et al., 2013]. Lovelace E is a 22-km diameter
Imbrian [Lucchitta, 1978] crater with a PSR in its interior and an anomalous CPR
signature [Bussey, 2003]. Lovelace is a 57-km diameter Imbrian crater [Lucchitta, 1978],
only a portion of which was included in this study. Lovelace has multiple PSRs in its
interior and is a high-priority target because its 1064-nm albedo is one of the highest of
any PSR at the north pole [Lucey et al., 2014]. Whipple, a 14-km-diameter crater, is the
highest-latitude CPR-anomalous crater included in this study (89.1°N, 120.1°E) [Spudis
et al., 2013]. Whipple was identified as pre-Nectarian by Lucchitta (1978); however, we
propose that it is of Imbrian age based on LROC WAC and NAC images of its well-
defined rim and lack of discernable ejecta or rays. While much of Whipple’s interior is
permanently shadowed, portions of its rim experience near-permanent illumination

[Speyerer and Robinson, 2013]. The Copernican crater Main L (14-km-diameter) has
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high CPR both in its interior and exterior and discernable ejecta [Spudis et al., 2010].
Plaskett U is an Eratosthenian, CPR-normal polar crater with a diameter of 14 km
[Lucchitta, 1978; Gladstone et al., 2012; Spudis et al., 2013]. Byrgius C (5.0-km
diameter) and Gardner (18-km diameter) are Copernican and Imbrian, respectively,
equatorial craters that have CPR-anomalous signatures but whose thermal environments

cannot support water ice [Spudis et al., 2010, 2013].
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Figure 2.4. Example m-chi maps of craters in this study. a) Rozhdestvenskiy N (CPR
anomalous,), b) Lovelace E (CPR anomalous), ¢) Whipple crater (CPR anomalous), d)
Main L (CPR normal), e) Plaskett U (CPR normal), and f) Byrgius C (CPR anomalous
images from two different look angles). Image IDs are in Table S1.
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2.3 Results
2.3.1 Polar CPR-anomalous craters

Consistent with its anomalous CPR signature, Rozhdestvenskiy N (Figure 2.4a)
shows a single-bounce scattering signature (blue in m-chi decomposition) immediately
beyond the crater rim, and double-bounce/volume-scattering (red and green, respectively;
yellow in combination) within the crater. The red region exterior to the crater (left of the
crater rim in Figure 2.4a) is an artifact of the crater geometry and is not indicative of
blocks or ice. Lovelace E (Figure 2.4b) shows single-bounce scattering exterior to the
crater, double-bounce backscatter on crater walls, and single-bounce scattering with
patches of double-bounce backscatter in its interior. The large PSR within Lovelace
shows single-bounce scattering, with single and double-bounce scattering isolated to
craters internal to the PSR. Whipple (Figure 2.4c) shows a mixture of all three types of
scattering throughout its interior and exterior, and no ejecta blanket or distinct
morphologies (rampart, bench, etc.) are detectable in NAC images.

Long-exposure NACs used for identifying blocks in PSRs are shown in Figure
2.3a (inset, Rozhdestvenskiy N) and Figure 2.5 (Lovelace E, Lovelace, and Whipple). A
summary of block counts is shown in Table 2.2 and a graph comparing block densities at
areas interior and exterior to each PSR is shown in Figure 2.6. Rozhdestvenskiy N has no
detectable blocks interior or exterior to the crater, while Lovelace E and Lovelace have
detectable blocks in their exteriors only. These craters lack an interior (PSR) block
population that is within the detection limits of LROC long-exposure NACs (blocks >20-

40 m diameter), though double-bounce backscatter on crater walls indicates the presence
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of a block population at Lovelace E. Whipple was the only polar CPR-anomalous crater
with a non-zero block count in its interior (11 blocks total). The number of blocks at
Whipple is higher in the crater interior than the exterior for all block sizes (Figure 2.11).
No blocks were observed at Rozhdestvenskiy N, in contrast to the measurements of Fa
and Cai (2013); this discrepancy is most likely due to differences in the size of count
areas between the two studies (~5 km? - Fa and Cai; ~20 km? - this work).

The characterization of block populations within PSRs is a function of pixel scale.
The two craters with the highest block densities — Gardner and Byrgius C — have no
blocks that would be detectable in LROC long-exposure NACs in their exteriors, and in
the case of Byrgius C, none in the interior. If Byrgius C, the most block-rich crater in
this study, were placed at the lunar north pole and imaged using LROC long-exposure
NACSs, one would not be able to resolve the numerous blocks in and around the crater.
Empirical measurements of large blocks (> 20-m diameter), and their resulting B values,
are therefore critical to estimating the abundances of smaller blocks outside the detection

limits of LROC long-exposure NACs.

Figure 2.5. Long-exposure NAC images of PSRs in Lovelace E (left), Lovelace (center),
and Whipple (right). Edges of permanently shadowed regions are outlined in black and
non-PSR exteriors are crosshatched.
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Table 2.2. Block detection limits, total block counts, block densities, and B values for
study craters. The diameters of the smallest resolvable block for each crater are based on
a line pair of pixels from the highest-resolution product used for each block count (LROC
NACs, Lunar Orbiter for Surveyor sites); pixel scales are reported for each image product
in Table S1. Grey boxes indicate that no B value could be determined due to a lack of
detectable blocks.

g:;ms;ebﬁgfsmil I(?;t) Total Visible Blocks (Bbll% %fs?)g:s'i(tin:?) B Values
Crater Interior | Exterior | Interior | Exterior | Interior | Exterior | Interior | Exterior
Eozhdestvenskly 18.61 457 0 0 0 0
Lovelace E 17.68 5.75 0 47 0 0.59 -4.88
Lovelace 38.11 5.72 0 41 0 0.84 -4.64
Whipple 20.67 7.35 11 5 0.16 0.1 -2.42 -0.93
Main L 17.75 451 12 633 0.91 113 -3.43 -3.14
Plaskett U 38.03 7.41 0 0 0 0
Byrgius C 1.64 1.64 8127 132 399.27 | 36.24 -6.45 -5.44
Gardner 2.04 2.04 141 141 68.49 26.93 -2.56 -3.17
Surveyor I* 2.50* 2.50* -- -- -- -- -3.29* -3.93*
Surveyor I1* 2.40* 2.40* -- -- -- -- -4.93* -6.16*
Surveyor VI* 2.31* 2.31* - - - - -4.23* -3.52*
Surveyor VII* -- 10.91* -- -- -- -- -- -4.03*

*Values from Cintala and McBride (1994).
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Figure 2.6. a) Block density in number of total blocks of all sizes (2+ m, including
nominal and long-exposure NACSs) per square kilometer for crater interiors (hashmarked
bars) and exteriors (speckled bars). b) Density of blocks greater than 20 m diameter
(long-exposure NACs only) to illustrate the effects of image resolution limitations; all
other labels same as a). Crater ages are denoted by letters over each block count, where |
= Imbrian, E = Eratosthenian, and C = Copernican. Craters with no bars indicate a
detectable block density of zero.
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A summary of B values for each PSR is shown in Table 2.2. Whipple was the
only polar CPR-anomalous crater for which blocks were identified in the PSR and an
interior B value was determined (B = -2.42). B values for the exteriors of polar CPR-
anomalous craters Lovelace E, Lovelace, and Whipple were -4.88, -4.64, and -0.93
respectively. Relative and cumulative block size-frequency distributions for all craters are
shown in Figure 2.7 (exteriors, relative), Figure 2.8 (interiors, relative), Figure 2.9
(exterior, cumulative), and Figure 2.10 (interior, cumulative). The B value for each crater
was determined using the curves in Figures 2.9 and 2.10. Interior and exterior block
counts were also compared to assess whether block size frequency distributions are
consistent between interiors and exteriors of the same crater (Figure 2.11). The exterior
block abundances for Lovelace E, Lovelace, and Whipple were used to extrapolate the
abundances of blocks below the resolving limit of LROC long-exposure NACs using a
power law relationship [Hartmann, 1969; Cintala and McBride, 1994; Bandfield et al.,
2011]. These extrapolated abundances are compared to measured interior block

abundances for Byrgius C and Gardner in Figure 2.12,
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Figure 2.7. Crater exterior block size distributions. Block quantities as a percent of total
are plotted versus block diameter for each crater with resolvable blocks. Block diameter
uncertainty is one pixel in each direction.
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Figure 2.8. Crater interior block size distributions. Block quantities as a percent of total
are plotted versus block diameter for each crater where blocks were resolvable. a) Polar
craters where blocks were resolvable in their interiors. Because these data were drawn
from long-exposure imagery, image resolution is lower than for other block counts. Pixel
scales were ~10 m/px at Main L and ~20 m/px at Whipple. b) Equatorial craters.
Uncertainties are defined as in Figure 2.7.
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Figure 2.9. Block cumulative size-frequency distributions for crater exteriors where
blocks were resolvable. B values for each crater were as follows: Lovelace E: -4.88,
Lovelace: -4.64, Main L: -3.14, Whipple: -1.0, Gardner: -3.17, Byrgius C: -5.44. Values
listed next to each crater in the legend are the areas used for block count measurements.
Standard pseudo-log binning and errors from CraterStats [Michael, 2013].

40



- T T rrrmm T rrren I I ERLL T TTTITH
10" | [ | 3
E <4 Main L, area=1.31x10' km* E
[ Tt X Whipple, area=7.56x10' km”
L % Gardner, area=2.06x10" km* 4
1 02 B * + Byrgius C, area=2.10x10" km’ _
- # u} E
L & ]
[ P ]
I % ]
~ 10 3 . 3
5 C + ]
Q I 4 ]
5 | N ]
#
c
O 10° E * 4 % E
g— i + * ++ ]
@ [ T ]
v L J
L | 4
S 10" E } E
e} E X + 3
- [ x ]
[oa) - + i} 1
¢ | , '
—
L 10°F I 3
g : ]
S [ ]
(W A J
10°F E
10-4 11 llllll] 11 illllll 1 L ]l]]l]l L1 111t
10 10’ 10° 10" 10’

Block Diameter, km

Figure 2.10. Block cumulative size-frequency distributions for crater interiors where
blocks were resolvable. B values for each crater were as follows: Main L: -3.43,
Whipple: -2.42, Gardner: -2.56, Byrgius C: -6.45. Values listed next to each crater in the
legend are the areas used for block count measurements. Standard pseudo-log binning
and errors from CraterStats [Michael, 2013].
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Figure 2.11. Measured cumulative block size-frequency distributions for CPR-anomalous
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crater (Main L). Circles show block distributions for crater interiors/PSRs and squares
show block distributions for crater exteriors. Error bars are + one pixel.
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Figure 2.12. Comparison of measured interior blocks at CPR-anomalous equatorial
craters (Byrgius C and Gardner) with extrapolated exterior block distributions at CPR-
anomalous polar craters (Lovelace E, Lovelace, and Whipple). PSR block counts were
estimated by extrapolating a power law fit of the exterior visible block population down
to block sizes below the resolving limit of long-exposure NACs (“extrapolated”).
Exterior (“measured”) block distributions are directly from empirical block counts. Error
bars are + one pixel for measured values.
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2.3.2 Polar CPR-normal craters

Main L (Figure 2.4d) shows a combination of double-bounce and volume-
scattering in both its interior and exterior. Complementary to the m-chi decomposition,
LROC NAC observations show a distinct ejecta blanket and visible blocks both interior
and exterior to the crater. Plaskett U shows dominant single-bounce scattering at the
crater floor and exterior (Figure 2.4e), double-bounce backscatter on the crater walls, and
a lack of visible blocks in LROC images. Patches of bright material around the crater
could be indicative of an ejecta blanket that has since been eroded. Main L had <1 20-m
or greater blocks per km? in its interior, and Plaskett U had no detectable blocks. The B
value for Main L’s interior is -3.43 and its exterior B value is -3.14. The average number

of blocks at all sizes is higher in the interior than the exterior of Main L (Figure 2.11).

2.3.3 CPR-anomalous equatorial craters

Byrgius C has a combination of double-bounce and volume scattering in its
interior, and a patchy single-bounce scattering signature exterior to the crater (Figure
2.4f). LROC NAC images show a discontinuous ejecta blanket and distinct debris flows
on the crater walls. The density of blocks (Figure 2.13) on the walls and floor of Byrgius
C is consistent with the double-bounce backscatter observed in Mini-RF m-chi maps.
Byrgius C has a high block density relative to other craters in this study: 399 blocks
greater than 2-m diameter per km?; this block density was less than the 978 blocks per
km? measured by Fa and Cai (2013), likely a result of the count area used in this study,
which was four times larger than that used by Fa and Cai (2013). The exterior block
density was an order of magnitude lower than the interior block density: ~36 blocks per
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km?2. Byrgius C has an exterior B value of -5.44; while high relative to other B values

derived in this study, this value is similar to the interior B value of -6.45.

Figure 2.13. Interior of Byrgiu , inclding a block with eidenéé of bouncing down-
slope (center-left to upper right); image center at -21.2°N, 295.5°E. Inset: central peak of
Byrgius C with numerous blocks. Image IDs are shown in Table S1.

At Gardner, debris flows are ubiquitous on the crater walls, as previously
described by Spudis et al. (2013) and seen in Figure 14; debris flows were not observed
in PSR-bearing, CPR-anomalous polar craters. Double-bounce and volume scattering in
m-chi decompositions are commensurate with these regions of high erosion, though a
sharp boundary is present in the interior of the crater where these debris flows reach the
crater floor. The transition to single-bounce scattering is abrupt both at the floor of the
crater and at its rim. Gardner’s block density (69 blocks per km?) was lower than Byrgius
C and lower than Main L for blocks greater than 10 m diameter (1.42 blocks per km?).

The exterior B value for Gardner was -3.17 and its interior B value was -2.56.
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Figure 14. M-chi map (left) and LROC NA

C (right) of the interior of Gardner crater.
Bright, block-rich regions show double-bounce backscatter signals (orange-red in m-chi
decomposition). Image IDs are shown in Table S1 and image center is located at 17.7°N,
33.8°E.

The cumulative block size-frequency distributions in Figure 2.11 and Figure 2.12
illustrate two important relations between interior and exterior block populations. First,
all craters have a higher average number of blocks of a given size in their interiors than
their exteriors. Error estimates (+ one pixel) indicate little to no variation in block
abundance between crater exteriors and interiors for blocks greater than 5 m diameter.
However, for blocks below 5 m, the block abundances diverge. This variation is most
likely due to the fact that crater interiors accumulate blocks as crater walls degrade,
whereas crater exteriors do not. Crater walls therefore preferentially produce blocks at or
less than 5 m, resulting in an enhancement of blocks of this size at the crater floor. Since

the majority of detectable blocks are less than 5 m diameter (Figures 2.7 and 2.8b),
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exterior block size-frequency distributions cannot be used to accurately estimate the
number of smaller, unresolvable blocks in crater interiors. Such an extrapolation would
underestimate the number of blocks in crater interiors. Second, it is unclear whether the
power law relationships derived from large blocks in PSRs provide a correct estimate of
smaller blocks that may be present in PSRs. Whipple interior block counts overlap
between the interior and exterior; however, the pixel scale for the PSR block counts
results in larger error bars when looking at small block sizes. Therefore, due to the
uncertainty in those measurements, we cannot make definite conclusions regarding the
block abundances in Whipple’s interior relative to its exterior. High-resolution visible
images of the interiors of a subset of polar craters will be needed to assess whether such
an extrapolation would prove accurate for all PSRs.

B values measured at the Surveyor landing sites provide a useful comparison
between CPR-anomalous equatorial craters and the CPR-normal craters found to
dominate the surface of the Moon. Cintala and McBride (1994) measured block
abundances at the sites of Surveyors I, I11, VI, and VII from Lunar Orbiter images, which
have a pixel scale of ~1-5 m/px. B values ranged from -3.3 to -4.9 for crater interiors, and
-3.5 to -6.2 for intercrater regions [Cintala and McBride, 1994]. The Surveyor sites were
on basaltic terrains (Surveyor | — Flamsteed Crater, Surveyor Il — eastern Oceanus
Procellarum, and Surveyor VI — northwest Sinus Medii), except for the one highlands site
(Surveyor VII — ejecta north of Tycho). All of the Surveyor sites ranged in age from 2.5 —
3.5 Gy, except for Surveyor VII, which was on a highlands ejecta blanket as young as
100 My. The highlands Surveyor VI site had a B value intermediate to the mare basalt
sites, indicating that age and composition may not be significant factors when comparing
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block size distributions. Equatorial CPR-anomalous craters had B values higher than
those of polar craters, but all fell within the range of values reported by Cintala and
McBride (1994). Therefore, the B value did not provide a metric for distinguishing

between potential ice-bearing craters and those with blocky surfaces.

2.3.4 Circular Polarization Ratio and Lunar Polar Craters

Previously published CPR values for Rozhdestvenskiy N, Main L, and Byrgius C
are used as representative of CPR-anomalous polar, CPR-normal polar, and CPR-
anomalous equatorial craters, respectively. Using the CPR values obtained by Fa and Cai
(2013), the average interior CPR was 0.93 + 0.50 for Rozhdestvenskiy N, 0.92 + 0.48 for
Main L, and 1.12 = 0.59. The average exterior CPR values were 0.60 = 0.33 for
Rozhdestvenskiy N, 0.88 £ 0.45 for Main L, and 0.77 = 0.43 for Byrgius C [Fa and Cali,
2013]. The interior CPR values are virtually indistinguishable between Rozhdestvenskiy
N and Main L, whereas Rozhdestvenskiy N has a distinctly lower exterior CPR than
Main L. Therefore, Rozhdestvenskiy N’s anomalous CPR is not due to CPR enhancement
within the crater, but an abnormally low CPR exterior to the crater. Byrgius C has a
higher interior CPR than either polar crater and an exterior CPR that is intermediate
between the two. The presence of large deposits of water ice should result in a CPR
enhancement (CPR >1) within a crater. In fact, Byrgius C was the only crater of the three
to show a measureable CPR enhancement. Therefore, anomalous CPR is not a necessary

characteristic of craters likely to contain water ice.
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2.4 Discussion

Radar backscatter and CPR, block densities, and block size-frequency
distributions were used to investigate the nature of CPR-anomalous craters at the lunar
north pole. Water ice was hypothesized as a possible cause of enhanced m-chi double-
bounce backscatter at S-band wavelengths in CPR-anomalous polar craters [Raney et al.,
2012]. Because the double-bounce backscatter could be the result of blocks instead of ice,
the source areas of the radar signatures were investigated using visible images of both
crater exteriors (via nominal-exposure NACs) and permanently shadowed interiors (via
long-exposure NACs). We systematically assess different causes for the observations
described above, including crater freshness and the presence of water ice. Possible causes

of the unique observations at Whipple crater are also explored.

2.4.2 Resolution Limitations

For CPR-anomalous craters, a lack of blocks coupled with m-chi double-bounce
backscatter in their PSRs is consistent with the presence of water ice deposits. An
example of such a crater is Rozhdestvenskiy N, where we observed no blocks (>20-m
diameter) in its PSR. The interiors of Lovelace E, Lovelace, and Plaskett U also have no
detectable blocks >20-m diameter. Their PSRs also exhibit single-bounce scattering in m-
chi maps, which is indicative of specular reflection, with only patches of double-bounce
backscatter. While the dominance of single-bounce scattering in Lovelace and Lovelace
E PSRs indicate that there are no coherent ice deposits within the top meter, it is possible
that water ice could be finely distributed within the regolith possibly due to vapor
diffusion [Salvail and Fanale, 1994; Vasavada et al., 1999]. In this scenario, the source
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of the CPR-anomalous radar signatures could be due to the presence of blocks exposed
due to eroding slopes, which are not resolved in LROC long-exposure images (i.e. Figure
2.5 center). Patches of double-bounce backscatter in m-chi maps that align with those
slopes are consistent with the presence of erosively exposed blocks (unresolved in PSR
images), while single-bounce backscatter is indicative of smooth surfaces at the
wavelength scale.

Multiple remote sensing techniques were used in this study because no single
existing measurement allows conclusive determination of the presence or abundance of
water ice at the poles. However, the results of this study indicate that even two
instruments cannot definitively confirm the presence of water ice. Several improvements
in the next generation of instruments in lunar orbit are therefore required. Higher spatial
resolution measurements will be needed to constrain the distribution of water ice
deposits, and higher spectral resolution will be needed to fully characterize PSR
compositions. High-resolution, high signal-to-noise imaging of PSRs with pixel scales
less than 2 m is necessary to allow definitive testing of blockiness versus ice deposits as
the cause of the observed CPR anomalies. Direct imaging of PSRs at the same scale and
high signal-to-noise may also reveal albedo variations that are not resolvable in the
existing PSR images, in addition to characterizing the populations of small (<20 m)

blocks.

2.4.3 Implications of Crater Freshness and Age
Fresh craters with block-rich ejecta blankets can be distinguished from older
craters lacking blocks in their ejecta using the m-chi decomposition [Raney et al., 2012].
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However, a fresh crater with ice deposits cannot be definitively distinguished from a
fresh crater without ice deposits using the techniques in this study. Main L is the best
example of a fresh crater showing m-chi signatures that are consistent with its high CPR
values, block-rich surface, and Copernican age. Block-rich slopes are indicated in m-chi
maps at Plaskett U, an Eratosthenian crater [Lucchitta, 1978], but its ejecta blanket is less
bright than that of Main L as a result of its older age. The two m-chi maps of Byrgius C
(Copernican-aged) and Gardner (Imbrian-aged) show evidence of erosion, including
significant debris flows on crater walls (Figure 2.4). The B-values at Byrgius C are higher
than those at Gardner, indicating that higher-energy block-forming processes have
occurred in both the interior and exterior of Byrgius C.

CPR-anomalous craters may simply be one stage in the natural crater aging
process. The interiors and ejecta blankets of fresh craters have not been subjected to
substantial space weathering [Hapke, 1973; Arnold, 1979]. Therefore, a diagnostic
feature of fresh craters is that they have a higher density of blocks relative to older craters
[i.e. Soderblom, 1970]; these blocks decrease in size as the crater is subjected to space
weathering. While the interior of the crater is also subjected to space weathering and
erosion, active gradation of the crater walls may replenish the population of interior
blocks. Over time, the interior block population may persist relative to the exterior;
eventually, the walls of the crater become shallower as the production of interior blocks
ceases. In middle-age, the contrasting block distributions would result in a high CPR
signature interior to the crater and a low CPR signature exterior to the crater, that is,
CPR-anomalous. Older craters have low CPR signatures in both their interiors and
exteriors — they are CPR normal. Previous studies investigating PSRs using rectified
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Mini-SAR and Mini-RF CPR maps show that high-CPR regions within craters do not
show spatial correlation to PSR areas [Eke et al., 2014], consistent with the hypothesis

for intermediate-age block distributions in polar CPR-anomalous craters.

2.4.4 The Presence of Water-lIce Deposits

Of the four polar CPR-anomalous craters that were included in this study, we
consider Rozhdestvenskiy N to be the best candidate for harboring significant water ice
deposits. First, it is CPR-anomalous with a double-bounce backscatter signature in its
permanently shadowed interior. Second, it has no detectable blocks in LROC long-
exposure images (20-m pixel scale) that would indicate blockiness rather than ice. The
other CPR-anomalous craters that were studied show single-bounce scattering in their
PSRs, indicating that, if ice is present, it is likely diffused throughout the regolith and
therefore unlikely to interact with S-band radar waves. LROC observations show that
three of the four polar CPR-anomalous craters - Rozhdestvenskiy N, Lovelace E, and
Lovelace - had no detectable blocks in their interiors. While the lack of blocks is
consistent with the presence of ice deposits in PSRs, it could also be a result of resolution
limitations in long-exposure PSR imaging instead of water ice.

If polar and equatorial CPR-anomalous craters show similar m-chi signatures,
block densities, and block size-frequency distributions, it could be inferred that their CPR
trends are a result of similar processes. If polar to equatorial variations were found, the
CPR anomaly could be attributed to a different process. Polar CPR-anomalous craters
showed double-bounce backscatter in their interiors, though in some cases (i.e. Lovelace)
only in patches. They also had low numbers of exterior blocks, with the exception of
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Whipple. Equatorial CPR-anomalous craters were dominated by double-bounce
backscatter in m-chi maps and had the highest block densities of any of the craters
included in this study. However, the majority of their blocks was below 20-m diameter,
and would therefore remain unresolved in long-exposure NACs. Therefore, the lack of
visible blocks in PSRs may simply be a function of lower image resolution, and not water
ice deposits.

Previous studies have described the poor overlap between regions with high CPR
and regions of permanent shadow [Eke et al., 2014]. These observations were
corroborated upon examination of published CPR values for several craters included in
this study. The interior CPR values for polar craters were less than 1, indicating no signal
enhancement indicative of a large water-ice deposit due to COBE. Because the CPR
value for Byrgius C - an equatorial, block-rich crater — was greater than 1, CPR
enhancement can be empirically linked to block abundance for non-polar craters. Using
S-band radar, no distinction can be made between fresh craters with ice deposits and
fresh craters without ice; therefore, the likelihood of ice deposits in Plaskett U and Main
L remains undetermined.

Observations of PSRs on Mercury reveal two classes of albedo anomalies: high
and low. The high-albedo areas are consistent with water ice on the surface, and the low-
albedo areas are consistent with an organic-rich, thermally insulating layer [Neumann et
al., 2013; Chabot et al., 2014]. LROC NAC images of lunar PSRs included in this study
(i.e. Figure 2.5) showed no such albedo relations, indicating that lunar PSRs are deficient

in surface deposits of water ice relative to PSRs on Mercury.
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Table 3. Likelihood of ice deposits in PSRs based on the observations in this study. A
positive (“Y”) rating in the CPR Anomalous? column indicates that a crater was CPR
anomalous. A positive (“Y”’) Double-Bounce? rating indicates that double-bounce
backscatter was observed interior but not exterior to the crater. A positive (“Y”) in the
PSR Blocks? column indicates that blocks were detected in the PSRs using long-exposure
LROC NACs. B Value ratings would be used to assess the energy of weathering
processes interior and exterior to PSRs; since no blocks were observed in these PSRs, no
definite conclusions could be drawn using that analysis.

PSR Target CPR Anomalous? | Double-Bounce? | PSR Blocks? B Value

Rozhdestvenskiy N Y Y N Inconclusive
Lovelace E Y Patches N Inconclusive
Lovelace Y Patches N Inconclusive
Whipple Y Admixture Y Inconclusive

2.4.5 Whipple Crater

Whipple was found to be an outlier among all the craters included in this study.
Its m-chi decomposition indicates a wide range of particle sizes occurring in patches and
as admixtures (equal proportions of fine, wavelength-scale, and large blocks), which
appear white in m-chi maps (Figure 2.4c). It has few blocks in its interior and exterior
relative to other crater with blocks in this study, and the lowest exterior B value. Previous
work reported high CPR values in Whipple’s interior, interpreted as blocky material or
ice [Spudis et al., 2010; Mohan et al., 2013]. Because a substantial portion of Whipple is
in permanent shadow due to its high latitude (89.1°), it is possible that some amount of
water ice could be the cause of the high CPR in the PSR. This possibility is consistent
with LEND observations, which show depressed epithermal neutron signatures for
Whipple and the surrounding region [Sanin et al., 2012]. However, Diviner
measurements indicate that portions of Whipple’s interior may exceed the stability range

of water ice, though not by a substantial amount [Paige et al., 2010b]; it is therefore
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possible that a combination of materials (blocks and subsurface ice) could be present.
Whipple’s high latitude, and therefore high incidence angle, also produce unique
exposure and lighting conditions which could manifest in reduced space weathering
relative to craters at lower latitudes [Lucey et al., 2014; Hemingway et al., 2015]. This
reduction in space weathering would mitigate the degradation of large block populations
into small block populations, causing an enhanced radar backscatter signal that would

persist longer than craters of the same age at lower latitudes.

2.5 Outstanding Questions

There are a variety of hypotheses as to how water can be delivered to the lunar
poles, including discrete events such as comet impacts or longer-scale build-up (i.e. from
solar wind hydrogen implantation) [Watson et al., 1961a; Arnold, 1979; Crider and
Vondrak, 2003 and others]. If substantial quantities of near-surface water ice require long
timescales to accumulate, then older (1+ Gy) craters are more likely to have ice in their
interiors, assuming they have not been altered by younger impact events. If near-surface
water ice has a short residence time at the lunar poles, then a recent asteroid or comet
impact would be required to emplace such a deposit. A survey assessing the likelihood of
water ice at a series of polar craters as a function of age could shed light on the timing of
water ice deposition at the lunar poles.

Characterizing the threshold block population at which double-bounce backscatter
signatures are produced would allow for estimates of PSR block populations where direct
observations of block populations do not exist. However, numerous other factors,
including regional topography, observation angle, rock composition, and subsurface
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variations in block size make such a threshold extremely difficult to assess [Fa et al.,
2011]. Further studies of equatorial CPR-anomalous craters should be conducted to
determine the cause of their radar properties. Additional comparisons between equatorial
and polar CPR-anomalous craters could also shed light on the likelihood of water ice at
the lunar poles, in addition to furthering our understanding of crater morphologic
evolution through time.

New observations using active remote sensing — where light of multiple
wavelengths is transmitted into PSRs — will offset the lack of passively emitted/reflected
energy from within PSRs. Radar with improved spatial resolution will be needed to
assess block abundances in the subsurface, complementing higher-spatial-resolution
epithermal neutron studies which can assess hydrogen abundance to similar depths as
radar. Thermal infrared will be required to constrain areas where patches of water ice are
thermally stable and to provide contextual mineralogy for those areas. Visible, near-
infrared, and ultraviolet observations will be needed to constrain the nature of the
deposits (H20, OH, etc.) and to characterize small-scale albedo variations as seen in
PSRs on Mercury. However, sample collection from within PSRs will ultimately be
required to verify the interpretations made using orbital instruments. Cryogenic returned
samples will allow a full characterization of the volatiles trapped in PSRs and any

geologic material (regolith, micrometeorites, etc.) embedded within them.
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2.6 Conclusions

Four PSR-bearing, CPR-anomalous craters at the lunar north pole were studied to
assess the presence of blocks relative to the likelihood of water-ice deposits. Based on
analyses of LROC NAC and Mini-RF radar data, Rozhdestvenskiy N is considered the
most likely of the four craters to contain water ice. Its CPR-anomalous radar signature
and temperature are consistent with the presence of a substantial ice deposit. It also
displays a double-bounce backscatter signal in m-chi decomposition maps, which is
indicative of wavelength-scale water ice. Additionally, it has no blocks greater than 20 m
in its interior, though this could be due to resolution limitations rather than a lack of
blocks. Two other polar CPR-anomalous craters, Lovelace and Lovelace E, show single-
bounce scattering in their interiors, indicative of specular reflection from subsurface rock.
If ice is present in either of these craters, it is not in a coherent layer and more likely
diffused through the regolith. Whipple also shows a mixture of different types of
scattering in its interior, preventing a definitive assessment of its potential for containing
water ice. Block counts between CPR-anomalous and CPR-normal craters showed that
polar craters could have large block populations that cannot be resolved in long-exposure
NAC images. Block size-frequency distributions provided limited insight into erosional
processes, and B values fell within the range measured by previous workers studying
CPR-normal equatorial sites. More block counts, B values, and associated visible images
of consistent spatial resolution must be acquired to assess whether there are large-scale
trends between CPR-normal and CPR-anomalous craters. While the data in this study
indicates a lack of large (meter-thick or greater) ice deposits at the lunar poles, it does not
preclude smaller or more diffuse deposits in lunar PSRs. Alternative techniques (near-
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infrared, high-spatial-resolution neutron spectroscopy, surface sampling) should be used
at these sites to assess the absolute abundance of water ice. High-resolution (<2-m pixel
scale) optical observations in PSRs are required to characterize block populations within
PSRs. Additional follow-on work should study PSRs near the south pole to assess the

consistency of these observations on a global scale.
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CHAPTER 3

CHLORIDE-RICH BRINES: ANALOGS FOR WATER ON ANCIENT MARS

3.1 Introduction

The surface of Mars records a complex history of geologic, fluvial, and
atmospheric processes. The late Noachian and early Hesperian periods (~3.5-4.2 Ga)
were a time of significant aqueous activity on Mars. Valley networks, outflow channels,
deltas, small channels, possible paleolakes, and other geomorphic features from this
period of Mars’ history are clear evidence for large volumes of water flowing across the
surface [Carr, 1979; Forsythe and Zimbelman, 1995; Cabrol and Grin, 1999; Fassett and
lii, 2008; Harrison and Chapman, 2008; DiAchille and Hynek, 2010; Hynek et al., 2010;
Hoke et al., 2011; Osterloo and Hynek, 2015]. In addition, minerals unique to aqueous
environments, including evaporites, clays, hydrated minerals, and minerals that require
the presence of water to form provide key information for interpreting the history of
liquid water on the martian surface [Bibring et al., 2006; Ehlmann et al., 2009, 2011;
Murchie et al., 2009; Carter et al., 2011; Mustard et al., 2011].

Remote visible/near-infrared (VNIR) and thermal infrared (TIR)
spectrometers/imagers, have also provided evidence for the sustained presence of liquid
water on the martian surface. Water-bearing clay minerals formed by the aqueous
alteration of basalt, are found in increasingly greater abundance as more hyperspectral
data are collected [Mustard et al., 2008; Ehlmann et al., 2011; Carter et al., 2013].
Sulfates, including gypsum and other, more highly-hydrated sulfates, dominate the
mineralogy of much of Mars as indicated by remote sensing and rover surface analyses
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[Clark et al., 2005; Gendrin et al., 2005; McLennan et al., 2005; Wang and Ling, 2011].
Chloride minerals have also been identified on Mars. Because they are highly soluble,
chlorides are the last species to precipitate out of most natural solutions [Hardie and
Eugster, 1970; Hardie et al., 1978; Warren, 2006]. Therefore, chloride deposits could
pinpoint the locations where the last vestiges of significant liquid water existed on the
martian surface [Osterloo and Hynek, 2015].

Over 630 discreet chloride mineral deposits have been identified on Mars; the
largest is ~25 km? in areal extent (in Terra Sirenum), though the majority are less than
half that size. Chlorides on Mars are typically found in topographic lows and, in many
cases, are marked by polygonal cracks. Concentrated in the southern mid-latitudes on
Mars, chloride deposits are typically found on late-Noachian/early-Hesperian terrains
(3.5-4.2 Ga) and hence are thought to date from that period of martian history
[Baldridge et al., 2004; Osterloo et al., 2008, 2010; EI-Maarry et al., 2016]. In fact,
chloride deposits such as those in Miyamoto Crater tend to form in the centers of
paleolakes and are often co-located with clays [Osterloo and Hynek, 2015]. Chlorides are
considered prime targets for astrobiological studies because they mark regions where
liquid water, warm (>~225K) temperatures, and possible radiation protection may have
persisted over geologic timescales [Schubert et al., 2009; Parro et al., 2011; Fischer et

al., 2016].

3.1.1 Motivation for this Study
The chlorides deposits found on Mars could have been produced by a number of
natural processes for which we can describe terrestrial analogs [Osterloo et al., 2010].
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Detailed investigations need to be undertaken to determine the source of the martian
chlorides and the processes that produced the brines they likely came from. Endorheic
(closed) basins in both cold and temperate environments, hydrothermal fluids circulated
through continental and oceanic crust, and deep basinal brines are all well-known
environments on Earth that produce chloride-dominated brines [Hardie and Eugster,
1970; Hardie et al., 1978; Li et al., 1997; Warren, 2006; Lowenstein and Risacher, 2009;
Bgbel and Schreiber, 2013; Deocampo and Jones, 2013; Toner et al., 2013; Weis et al.,
2014; Iskandar et al., 2016; Torii et al., 2017]. One or several of these types of chloride
brines could produce the chloride mineral deposits that have been observed from Mars
orbit. This study is the first global investigation of the major and trace metal
compositions of terrestrial chloride-dominated brines conducted for the purpose of
guiding future surface studies of martian chlorides.

Systematic variations in major ions and trace metals are compared for several
natural brine environments, providing insight into the future study of the provenance of
chloride brines on Mars. The precipitation sequence of chloride minerals is determined
for each environment, providing a context upon which future small-scale studies of
martian chlorides can be based. Additionally, water activities and ionic strengths of the
various brines are compared, allowing the habitability potential of each brine to be
compared. Finally, a summary of the major distinctions between all environment types is
provided, and we make suggestions for additional specific small-scale measurements that

should be made in future investigations.
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3.2 Background
3.2.1 Brine Genesis

Chloride. Chlorine is highly mobile and coordinates poorly in most geologic
materials because of its large ionic radius (1.81 A). As a result, chlorine (and its ionic
form, chloride) become concentrated in the residuals during magma crystallization and
are thus enriched in hydrothermal solutions, gases, and unique rock types such as
pegmatites and volcanic glasses [Johns and Huang, 1967]. In the subsurface, chloride
can initially be derived from the degassing of HCI from magma [Caron et al., 2008;
DiFrancesco et al., 2016]. In this case, the chloride migrates to the surface with water,
COgo, and other volatiles [Bucher and Stober, 2011]. Direct deposition of HCI gas can
produce chloride-bearing volcanic sublimates, that can then be mobilized by reaction
with liquid water [Tosca et al., 2004; Osterloo et al., 2008; DiFrancesco et al., 2016;
Zolotov and Mironenko, 2016]. Chlorides have also been found in extraterrestrial
materials (H-chondrites like Zag and Monahans) [Rubin et al., 2002; Zolensky, 2007].
Therefore, it is possible that some quantity of chloride on Earth and/or Mars is from an
interplanetary source.

Chlorine abundance is enhanced in more evolved rocks and is generally positively
correlated with SiO2, though this trend is damped by the replacement of chloride ion for
hydroxyl in micas and amphiboles [Teiber et al., 2014]. Chloride is also more
concentrated in extrusive than intrusive rocks. In basalts and gabbros, chloride is most
often found in the mineral apatite for the same reason it is found in micas (i.e.,
replacement of OH"), and chloride is enhanced in hydrothermally altered oceanic basalts
due to the presence of amphibole in those rocks and chloride ion in the brine [Barnes and
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Cisneros, 2012]. Chloride is preferentially found in apatite over micas or amphiboles in
granitic rocks due lower incompatibility with that mineral resulting from a greater
accommodation of the large chloride ion [Teiber et al., 2014]. Subsequent chemical
reactions between water and chlorine-bearing rocks can result in leaching of chloride
from the rock [Hardie and Eugster, 1970; Warren, 2006].

The origin of chlorides on Earth’s surface has been investigated by the study of
various chloride-dominated brines [Bucher and Stober, 2011; Kharaka and Hanor,
2013]. On Earth, chloride enrichment in brines can be produced by hydrothermal activity,
evaporative concentration in endorheic (closed) basins, environments where cold ion
exchange and freeze concentration take place, and by deep basinal water-rock
interactions at high temperature [Hardie and Eugster, 1970; Rosen et al., 1990;
Lowenstein and Risacher, 2009; Toner et al., 2013; Weis et al., 2014]. While chloride
itself may be sourced from the environments listed above, it becomes concentrated in
solution and eventually precipitates in a predictable way [Hardie and Eugster, 1970].
Chloride-rich brines can also be produced by the dissolution and transport of chloride-
bearing salts from pre-existing salt deposits, but these do not represent the original
genesis of the chloride-enriched fluids [Kharaka and Hanor, 2013; Mdller et al., 2017].
In this case, the brines formed from the dissolution of previously generated chloride-
bearing evaporite are a secondary product and not directly indicative of the process that
initially produced the chloride minerals [Warren, 2006; Kharaka and Hanor, 2013;
Moller et al., 2017].

Chloride abundances in martian meteorites have provided a link between
terrestrial processes and martian geology. Bulk chlorine contents of martian basalts from
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meteorite samples can be as high as 140 ppm, similar to those of tholeiitic basalts found
at mid-ocean ridges and most terrestrial oceanic crust. Based on analyses of the martian
meteorite Nakhla, martian basalts have 2-3 times more chloride relative to La and K than
terrestrial oceanic basalts [Dreibus and Wanke, 1985]. Cl-scapolite and chlorapatite have
been identified in Nakhla, indicating an origin from a water-poor, high-temperature
(700°C) late-stage magma or a Cl-rich hydrothermal brine [Filiberto et al., 2014]. The
presence of halite in interstitial areas of Nakhla has been interpreted as alteration by a CI-
CO2-S dominated fluid at temperatures up to 200°C [Gooding et al., 1991]. Chlorine-
rich amphibole has also been found in the nakhlite MIL 03346 [Sautter et al., 2006].
Chlorine has been found in shergottites as well, though they indicate chlorine fugacities
in martian magmas equal to or less than those of terrestrial mid-ocean ridge mantle
sources [Gross et al., 2013]. Mars landers have all found elevated chlorine in martian
soils; Viking measured chlorine at levels up to 1.5 wt % [Clark and Van Hart, 1981], the
Spirit rover measured up to 1 wt % at Gusev Crater [Haskin et al., 2005], the Opportunity
rover measured ~0.7 wt % at Meridiani Planum, and the Curiosity rover also measured
~0.7 wt % chlorine at Rocknest in Gale Crater [Blake et al., 2013].

pH and pCOa. pH is generally controlled by equilibrium between Na-K-Ca
minerals and pCO; therefore, pH can be a useful link between mineralogy and dissolved
gases at the time of brine formation [Lower, 1999; Christov and Moller, 2004; Ding et
al., 2005; Smith et al., 2017]. pH can roughly indicate the depth of circulation of
subsurface waters, where pH < 7 implies a shallow depth, and pH > 7 implies a deep
circulation. Near-neutral pH (pH = 6-8) can indicate buffering by carbonate or
weathering of feldspars to clays, both of which are acid-consuming reactions. The
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availability of calcium in terrestrial waters is indirectly sensitive to pH; this sensitivity is
due to the retrograde solubility of Ca-bearing minerals such as calcite that can enhance
aqueous Ca concentrations when they are dissolved. pH does not generally correlate with
dissolved trace metal abundance. [Cortecci et al., 2005; Caron et al., 2008]

B and Li. Similar CI:B ratios generally indicate a common feeding body of hot
water and an ascending path along one supply fissure or through very chemically
homogenous rocks [Risacher and Fritz, 1991; Rudnick et al., 2004; Ingle and Banerjee,
2008; Witherow and Lyons, 2011]. Due to the limited availability of B and Li data in the
literature, these ions were not used in this study. As more global data sets are acquired,

these components should be revisited.

3.2.2 Brine Transport and Water-Rock Reactions

Na and K. Highly evolved, silicic rocks (granite/granodiorite, rhyolite/dacite) are
rich in Na and K. Leaching and other high-temperature water-rock reactions can add
these species to natural waters. Hot, hydrothermal waters leach K more efficiently from
silicic/felsic host rocks than Na; therefore, hydrothermal fluids generally show an inverse
relationship between Na/K and water temperature [Cortecci et al., 2005]. Na-rich waters
can also be associated with large faults near plutons. They are considered to have a
“granitic” influence on their composition. The weathering of feldspar and ion-exchange
reactions with Na and K-bearing clays can affect the abundances of these species in
natural waters [Carroll, 1959; Caron et al., 2008; Toner et al., 2013; Hussien and

Faiyad, 2016].
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Ca and Mg. Water-rock reactions with mafic rocks (gabbro/diorite,
basalt/andesite) are the primary controls on Ca and Mg concentrations. The formation of
clays from plagioclase, pyroxene, and/or olivine have major controls on the concentration
of Mg in solution [White and Buss, 2013; Hussien and Faiyad, 2016; Mdller et al., 2017].
In hydrothermal fluids, the quantitative removal of Mg occurs rapidly during high-
temperature seawater—rock interaction and during the formation of saponite and chlorite
[Hardie and Sea, 1983].

Here we include a brief summary of the primary water-rock reactions that can
effect brine composition during and after transport to the surface. Chloritization, reaction
1 shown below, removes Mg from solution and exchanges it with Ca in the production of

chlorite, a Mg-phyllosilicate [Kirsimae et al., 2002; Beaufort et al., 2015].

CaAl;Si,Os + 5Mg?* + SiO2 + 8H20 <> MgsAlzSis010(OH)s + Ca?* + 8H* Q)

Anorthite Chlorite

Kaolinization is the formation of kaolinite clay from any of several forms of
feldspar. The conversion of anorthite to kaolinite (reaction 2) adds Ca to solution without
the removal of any major cations. The conversion of alkali feldspar to kaolinite (reaction

3) adds K to solution without the removal of any major cations [Keller, 1961; Moller et

al., 2017].
CaAl;Si0g + 2H" + H20 <> 0.5A14Si4010(0OH)s + Ca?* (2)
Anorthite Kaolinite
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2KAISiz0g + 2H" + 9H20 < Al2Si205(0OH)4 + 4H4Si04 + 2K* 3)

K-Feldspar Kaolinite

After clay minerals are formed, they can undergo ion exchange reactions with
ions in solution, altering the composition of the brine and producing varied assemblages
of clays. All the major cations (Na, Ca, K, Mg) can be exchanged with numerous clay
minerals, including kaolinite and saponite, illite, montmorillonite, and others. Therefore,
the presence of clay minerals in proximity to evaporite deposits should be considered
when investigating the composition of the evaporite source brine. Terrestrial chloride-
rich brines typically lose K and Mg to clays in nearby sediments, resulting in higher Na
and Ca concentrations in the brine [Jones et al., 2009; Toner et al., 2013]. Investigations
of clays in proximity to chloride deposits may provide insight into the reactions that took
place between brines and the rocks they were in contact with on ancient Mars.

Serpentinization reactions can take place with pyroxene, plagioclase, or olivine
minerals, and involve the removal of Mg from solution and integration of Mg into the
mineral structure to produce one of several kinds of serpentine minerals. The reaction of
Mg-bearing water with diopside, a pyroxene, is shown below; this reaction adds Ca to

solution as Mg is removed [Mintener, 2010; Baumberger et al., 2016; Mdller et al.,

2017].
CaMgSi2O0¢+ 3Mg?* + 4H20 <> Mg3Si,06(OH)4 + Ca?™+ 4H" 4)
Diopside Serpentine
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Albitization occurs when Na is removed from solution and exchanged with Ca,

converting anorthite to albite. This reaction results in an increase in Ca in solution.

CaAl;SizOs + 2Na' + 4Si0; <> 2NaAlSi,Os + Ca?* 5)

Anorthite Albite

Albitization and serpentinization result in a similar behaviors between Ca/Mg and
Na/K by weight (that is, waters with high Ca/Mg generally have high Na/K and vice-
versa). Therefore, a correlation between these ions in natural waters of an unknown
origin can provide insight into the chemical reactions that resulted in the observed water
chemistry [Deocampo and Jones, 2013]. For example, waters with high Ca/Mg and high
Na/K likely experienced albitization and/or serpentinization processes, waters with high
Ca/Mg and low Na/K likely experienced kaolinization or chloritization. Waters with low

Ca/Mg likely indicate minimal water-rock reactions.

3.2.3 Chemical Evolution of Evaporating Waters

Natural terrestrial waters are generally dominated by the ions HCO3", SO4%, and
CI- (major anions) and Ca?*, Mg?*, Na*, and K* (major cations). The chemical evolution
of standing bodies of water has been extensively studied and well characterized.
Regardless of the source of the natural waters, the major ions behave in a predictable way

as a result of: 1) the relative solubilities of the precipitating minerals, and 2) water-rock
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interactions. Therefore, any investigation into the source of a brine or evaporite salt must
take into account the evaporite sequence.

To form a chloride deposit such as that observed on Mars, a natural body of water
must undergo evaporative concentration, where the rate of meteoric or groundwater
inflow is significantly less than the rate of water loss to evaporation [Sears and
Chittenden, 2005]. The concept of chemical divides describes this mineral precipitation
sequence. As water is removed from the closed system due to evaporation, carbonate
minerals with alkaline earth counter ions (Ca and Mg) will precipitate first due to their
low solubilities (relative to sulfates and chlorides). Calcite (CaCOs) is the first to
precipitate, causing a removal of Ca in molar proportion to COs. If waters are particularly
high in Mg, dolomite or magnesite can be precipitated as well. After complete removal of
carbonate from solution, sulfate precipitation begins. Gypsum (CaSQO42H20) and
anhydrite (CaSOg) are precipitated first, resulting in an additional commensurate removal
of calcium from the brine solution. Mg-sulfates can be produced as well, in molar
proportion to their original abundances relative to Ca and the species of minerals that
have precipitated [Hardie and Eugster, 1970; Hardie et al., 1978; Warren, 2006].

Up to this point in the evaporative concentration of the body of water, chloride
has remained conserved in solution. The persistence of chloride is a direct result of the
high solubilities of chloride minerals relative to sulfates and carbonates. The original
abundances of cations determine the final chloride species that will precipitate. If (Ca®" +
Mg?*) > (HCOs + SO4%), there will be a non-zero amount of Ca and Mg in solution after
the precipitation of carbonate and sulfate species. If (Ca?* + Mg?*") < (HCO3 + SO4%), Na
and K will be the only remaining major cations. As the chloride-dominated brine
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continues to concentrate, the threshold solubility of halite will be crossed, and that
species will begin to precipitate out of solution [Hardie and Eugster, 1970; Hardie et al.,
1978; Rosen, 1994; Warren, 2006].

In contrast to carbonates and sulfates, alkali chlorides (i.e., halite and sylvite)
have lower solubilities than alkaline earth chlorides (i.e., antarcticite and bischofite).
Therefore, most natural solutions will precipitate halite and sylvite before precipitating
the calcium/magnesium chlorides [Hardie and Eugster, 1970; Bgbel and Schreiber,
2013; Toner et al., 2017]. Calcium and magnesium chlorides are so soluble, they will
adsorb water from the surrounding atmosphere; they are also able to significantly depress
the freezing point of any brines in which they are concentrated, allowing brines to remain
liquid well below the typical freezing point (i.e., Don Juan Pond, Antarctica with a mean
annual temperature of -20°C) [Toner et al., 2013, 2017; Gough et al., 2017]. While the
precipitation sequence of chlorides generally follows the above description, geochemical
modeling of natural solutions demonstrates that this sequence (halite — sylvite —
antarcticite/bischofite) is not always followed (see Data/Results section below).

On Mars, the abundance of iron might have an effect on the precipitation
sequence; the presence of iron was not included in the geochemical modeling performed
in this study. However, previous work by Tosca and McLennan (2006) showed that the
general sequence of precipitation remains the same in the presence of iron (Figure 3.1),
where carbonates precipitate out of solution first and chlorides last. In fact, Tosca and
McLennan (2006) predicted the precipitation of chlorides on Mars in their modeling of
evaporatively concentrated brines produced by weathering of basalt. They grouped late-

stage brines into five types, where they define brine “type” as a specific proportion of
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cations relative to anions in solution. Type | brines are bicarbonate-rich and Types 1I-V
are chloride-rich. Types Il — IV are all poor in HCOz and SO4 and rich in Na, Mg, Ca, K,
and/or K. Type V is poor in HCOs and rich in SO4 and CI. Types II-1V result in the
precipitation of halite, sylvite, bischofite, and antarcticite, and Type V brines result in
sulfate assemblages. While Tosca and McLennan (2006) laid the groundwork for
understanding the chemical evolution of martian brines, further resolution of the
sequence of chloride precipitates is needed to fully constrain which branch of the
chemical divides framework martian chloride minerals came from. [Tosca and

McLennan, 2006]
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3.2.4 Cold Processes

Freezing or below-freezing temperatures can produce unique chemistries and
mineralogies that must be taken into account when assessing the evolution of a brine and
its precipitates. Hydrohalite (NaCl « 2H20) begins to form at -5°C and can remain stable
up to 0.1°C, above which it converts to a saturated brine and halite [Light et al., 2009;
Drebushchak et al., 2017]. Freeze concentration, ion exchange, and the influence of snow
and glacial melt are all unique processes that affect the composition of cold brines and
the minerals that precipitate from them.

Freeze concentration is driven by the relative solubilities of minerals at low
temperatures, and their abilities to depress the freezing point of liquid water. Because the
freezing point of water is higher than that of any chloride brine, water ice will precipitate
(freeze) out of solution prior to salts [Light et al., 2009; Lu and Xu, 2010]. As the
temperature decreases and water ice freezes out, the residual brine becomes concentrated
until it reaches its eutectic point; the eutectic temperature of a brine is the point beyond
which it cannot remain liquid, regardless of its concentration [Knauth, 2002;
Drebushchak et al., 2017]. For mixed-solute chloride brines, the freezing points of the
various chloride species will dictate the sequence of precipitation of salt minerals. The
chloride with the lowest eutectic temperature is calcium chloride (eutectic temperature = -
51°C); it is therefore usually the last mineral to freeze out of a chloride-rich brine [Brass,
1980; Sinke and Mossner, 1985; Altheide et al., 2009].

lon exchange processes between solutions and soils also manifest differently
under freezing temperatures. Instead of being taken up by clays exposed to brines,
exchangeable ions such as Ca and Mg are added to solution and replaced by Na within
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the clay structure; this is the direct result of freeze concentration driving divalent cations
into the aqueous phase while monovalent cations are taken up by clays/soils. Below-
freezing ion exchange therefore results in the conversion of a Na-Cl brine to a Ca-Mg-Cl
brine, consistent with the observed composition of subsurface brines in the McMurdo
Dry Valleys, Antarctica. However, some brines — such as those at Don Juan Pond in
Antarctica, an endorheic cold pond — are deficient in Mg, which cannot be explained by
ion exchange alone. Therefore, ion exchange plays a role in dictating the compositions of
brines in cold environments, but is not the only factor determining brine composition and
thus evaporite mineral sequence. The specific causes of the unique chemical composition
of the Don Juan Pond brine are poorly constrained and are a topic of ongoing study.
[Toner et al., 2013, 2017]

Cold climates must also contend with the influence of snow and glacial melt. In
Antarctica, snow and glacial melt tend to impart a dilute seawater-like component to
surface and groundwater brines; this is due to the deposition of seawater aerosols into
relatively pure water ice. However, most terrestrial cold-temperature chloride brines are
concentrated enough that snow and glacial melt tend to have a minimal dilution effect;
the impact on major ion composition in concentrated brines is negligible [Witherow and
Lyons, 2011; Toner et al., 2013; Takamatsu et al., 2017]. On Mars, however, the
introduction of snow and glacial melt to stagnant brines may have altered the brine
chemistry in different ways than their terrestrial analogs; for example, the unique
composition of martian dust intermixed with ice-melt could result in a unique proportion

of dissolved solids that is not seen in cold brines on Earth.
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3.2.5 Influences on Trace Metals

Hydrothermal waters can be hot (up to 300+ °C), form under high pressure (100+
MPa), and can have extremes in pH (either highly acidic or basic); as a result,
hydrothermal fluids are highly reactive [Hellman and Ramsey, 2004; Butterfield, 2009;
Baumberger et al., 2016]. Hydrothermal waters are capable of dissolving trace metals
that might otherwise be insoluble at lower temperatures. Elevated (> 20 ug/L) trace
metals are often considered indicative of hydrothermal fluids. Virtually the entire
periodic table of elements can be detected in terrestrial and marine hydrothermal fluids,
but typical dissolved trace elements with high concentrations in hydrothermal fluids are
Fe, Mn, Cu, Pb, Zn, and Ba [Metz and Trefry, 2000; Cortecci et al., 2005; Caron et al.,
2008; Baumberger et al., 2016; Guo et al., 2017]. In a closed basin where a hydrothermal
fluid component has been allowed to concentrate, elevated trace metals can be found in
some evaporatively concentrated brines. Often, mineralization in bedrock fractures or in
sediments within and marginal to a closed basin offer evidence for circulation of
hydrothermal fluids at or near the surface [Risacher et al., 2003; Lowenstein and
Risacher, 2009]. Carbonates (calcite, dolomite), sulfates (gypsum/anhydrite), and
chlorides (halite, sylvite/KCl, or carnallite/ KMgCls » 6H20) may have relatively high
concentrations of trace elements incorporated within crystals and in fluid inclusions
[Caron et al., 2008]. For the purposes of this study, we assume elevated trace metal
compositions are expected for hydrothermal fluids or for those brines bearing a

hydrothermal component.
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3.2.6 Seawater

Seawater represents the largest chloride-dominated natural water reservoir on
Earth. There are numerous sources and sinks for the major ions and trace metals found in
seawater. The source of seawater chloride is thought to primarily be due to volcanic
activity and the magmatic degassing of HCI. The weathering of crustal rocks and the
transport of soluble species (including chloride ion) to the sea has a direct impact on
seawater salinity [Knauth, 1998]. Additionally, hydrothermal brines that are the result of
seawater circulation through oceanic crust contribute to the oceanic budget of both
chloride and magnesium. Chloride is removed from seawater primarily due to the
sequestration of seawater by: 1) localized isolation on the surfaces of continents, 2)
evaporative concentration and precipitation of chloride salts, or 3) incorporation into
continental groundwater reservoirs [Knauth, 1998]. A very small component of seawater
salinity loss is the landward movement of aerosols [Witherow and Lyons, 2011].

Seawater is also lost during tectonic plate subduction when it is carried through
the lower crust/mantle in the forearc of the subducting slab. This chloride, however, can
be reintroduced to the surface through back-arc volcanic activity and transport to the
ocean [Kawamoto et al., 2013]. The influence of seawater on a number of terrestrial
chloride brines is critical to putting their compositions in proper context. In order to
understand the influence of seawater on various brines, it is included separately as a point

of comparison in this study.
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3.2.7 Mars

Detection of Chlorides. Chloride minerals are unique in that they have no spectral
features in the thermal infrared and, due to their graybody behavior, impart a slope to
their thermal infrared spectra; these properties have allowed chlorides to be detected
using remote sensing [Eastes, 1989; Baldridge, 2008; Osterloo et al., 2008; Bandfield,
2009]. Over 630 chloride deposits have been identified on Mars by the Thermal Emission
Imaging System (THEMIS) [Christensen et al., 2004; Osterloo et al., 2010]. These
deposits are generally associated with topographic lows, are sometimes found as inverted
channels, and in many cases are co-located with clay minerals. To date, no chloride
deposit has been observed in proximity to sulfate minerals [Osterloo et al., 2010].
Martian chlorides show no evidence of mineral hydration features in the visible and near-
infrared, and have inconsistent evidence of adsorbed water [Jensen and Glotch, 2011].
Estimates of chloride abundance are 10-25% based on Hapke modeling of their thermal
and near-infrared spectral features [Glotch et al., 2016].

The Environment of Ancient Mars. There are numerous environmental differences
between the climate on Earth and that of ancient Mars. These variations must be taken
into account when assessing the context and provenance of martian chloride deposits and
their relation to terrestrial analogs. One of the primary controls on the pH of surface
waters on Earth is the partial pressure of atmospheric CO2. On ancient Mars, this would
have been a key control on the acidity of brines, where acidic brines are more reactive
with rocks and therefore more likely to be rich in dissolved solids [Catling, 1999; Tosca
et al., 2004]. The contextual geology is also largely different between Earth and Mars.
Basalt, which dominates the martian surface, would act as a significant source of Ca, Mg,
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and Fe for brines; therefore, it is likely that Ca-Cl dominated terrestrial brines are the best
analogs to brines on ancient Mars [Brass, 1980; Bandfield, 2000; Christensen et al.,
2000; Burt and Knauth, 2003]. The surface temperature on ancient Mars is not well
constrained, and the scientific community continues to debate the surface conditions that
would have existed at the time the martian chlorides formed [Sagan et al., 1973; Howard
et al., 2005; Chamberlain and Boynton, 2007; Carr and Head, 2010; Osterloo and
Hynek, 2015]. A cold environment would have been dominated by freeze concentration
and cold ion exchange, whereas a warmer environment (though by no means hot) would
have been dominated by more familiar behaviors such as those described in sections 3.2.2

and 3.2.3.
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3.3 Terrestrial Localities of Chloride-rich Brines

(20 JR 22 |
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Figure 3.2. Locations of chloride-dominated brines included in this study. (1)
Hydrothermal continental brines: a) El Tatio, Chile; b) Yangbajing, Tibet; c) Heart Lake,
Yellowstone; d) Tengchong, China. (2) Hydrothermal oceanic brines: a) Reykjanes,
Iceland; b) Svartsengi, Iceland; ¢) East Pacific Rise; d) Loki’s Castle. (3) Temperate
endorheic basins: a) Dead Sea, Israel; b) Salton Sea California; ¢) Salar de Uyuni,
Bolivia. (4) Cold endorheic basins: a-c) Lakes Bonney, Fryxell, and Hoare, Taylor
Valley, Antarctica; d-e) Lake Vanda and Don Juan Pond, Wright Valley, Antarctica; f)
Lost Hammer Spring, Axel Heiberg Island, Canada. (5) Deep basinal brines: a) Bristol
Dry Lake, California; b) Death Valley, California; c) Salar de Atacama, Chile; d) Da
Qaidam, China. (Earth Image Credit: Blue Marble, NASA)

3.3.1 Hydrothermal Continental Brines

The composition of continental hydrothermal fluids is largely driven by geologic
context. If hydrothermal fluids are sourced by intruding granitic plutons, the brine will be
enriched in Na and K. This enrichment can also occur if a brine heated in the subsurface

passes through silicic/felsic rocks on its way to the surface [Fritz, 2009; Bucher and
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Stober, 2011]. Hydrothermal fluids from both continental and oceanic crust typically
have higher trace metals than meteoric or unheated groundwater fluids [Caron et al.,
2008; Iskandar et al., 2016].

El Tatio, Chile. El Tatio, Chile, is one of the highest-altitude geyser fields in the
world. Situated at high altitude on the Andes cordillera, El Tatio is driven by subsurface
heating due to the subduction of oceanic crust under the South American continental
plate. While El Tatio contains both chloride and sulfate-dominated waters, only the
chloride-rich waters are included in this study. The source of chloride at El Tatio is
generally from volcanic degassing and water-rock interactions. El Tatio thermal spring
waters are extensively heated, with chloride-rich brines that originated at up to 300°C,
although they are below boiling (100°C) when they reach the surface. (Table 1)
[Cusicanqui et al., 1975; Giggenbach, 1978; Cortecci et al., 2005; Boschetti et al., 2007]

Yangbajing, Tibet. The Yangbajing Geothermal Field in Tibet is part of the
Himalayan Geothermal Belt and is the highest-altitude geothermal fieled in the world.
The Yangbajing Basin, where the geothermal field is located, is heated by a near-surface
magma chamber, which was allowed to rise due to large-scale slip faulting. Most of the
surrounding geology is Quaternary alluvium underlain by Himalayan granite and tuff.
The sodium-chloride-dominated water in this region reaches up to 330°C and is generally
considered to be a mixture of cold groundwater and deep hydrothermal water. [Binggiu
and Hui, 1995; Ji and Ping, 2000]

Heart Lake, Yellowstone. Yellowstone Caldera is the largest volcanic feature in
North America, and is well-known for extensive geothermal activity. The generally
accepted mechanism for this feature is the movement of North America along a deep
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mantle plume, forming a continental hot spot. The Yellowstone Caldera is dominated by
rhyolitic and basaltic deposits, including tuffs and lavas. Heart Lake Geyser Basin is at
the intersection of the Yellowstone Caldera and is a site of active faulting along the east
side of the Red Mountains; it contains both acidic and neutral Cl-dominated waters;
previous studies have shown that it has significant inputs of magmatic gases such as COy,
H», and HS [Lowenstern et al., 2012].

Tengchong, China. The Tengchong region is one of the largest geothermal
regions in China, and located near the border between China and Myanmar. The Rehai
geothermal field is the largest geothermal field in the Tengchong region, and consists of
Precambrian gneiss, Cretaceous granites, and Quaternary sandstones and conglomerates.
Young (~5-50ka) andesitic and basaltic volcanism in the region is indicative of a
subsurface magma chamber that could be the source of geothermal heating. However, the
volcanism may be relict and the heating due to orogenic activity or associated with
tectonic activity. The Rehai field has boiling springs, steam, and fumaroles. [Zhijie and

Guoying, 1986]

3.3.2 Hydrothermal Oceanic and Mid-Ocean Ridge Brines

Most oceanic hydrothermal brines, sourced from mid-ocean ridge vents, are
thought to be products of exolved water from deep crustal magmas; oceanic hydrothermal
brines are rich in major ions and trace metals. Oceanic hydrothermal brines are typically
reduced, with sulfur in the form of H.S, until the brine exits the vent, at which point it is
oxidized. The sulfide minerals either precipitate out of solution (producing “black

smokers”) or are oxidized and then precipitated (producing sulfate “white smokers™);
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either way, sulfur is quickly removed from solution. K, if present, is also leached from
basalt into seawater [Von Damm et al., 1995; Ding et al., 2005; Baumberger et al., 2016].
If the brine contains Mg, it can react with basalt through serpentinization (section 3.2.2)
and produce Mg-clays (i.e., chlorite and saponite), resulting in the near-quantitative
removal of Mg from marine hydrothermal systems and a loss of Mg from solution.

Iceland - Reykjanes and Svartsengi. Iceland is a unique geologic region where the
Atlantic mid-ocean ridge intersects a deep-mantle hot-spot. Iceland is composed almost
entirely of Tertiary and Quaternary basalts. There are numerous geothermal sites on the
island that are used for the production of geothermal power; Iceland is also volcanically
active, with multiple volcanic eruptions occurring within the last century. The Reykjanes
and Svartsengi high-temperature geothermal fields are located on the Reykjanes
peninsula in southwestern Iceland. The geothermal brine in this region is believed to have
originated as seawater. While the water samples included in this study are dominantly
geothermal brines, they also include a variable (up to 1/3) seawater component. [Uz-
Zaman, 2013]

East Pacific Rise. The East Pacific Rise is a divergent oceanic crust boundary
located south of Mexico; it is an extension of the spreading zone in the Gulf of
California. The East Pacific Rise is one of the fastest spreading centers on Earth and an
active zone of basaltic lava eruption [Kelley et al., 2002]. Black smoker hydrothermal
vents were first discovered here, and the region is covered in significant sulfide deposits
[Von Damm et al., 1995].

Loki’s Castle. Loki’s Castle is a hydrothermal vent field at one of the slowest
spreading ridge segments on Earth. Loki’s Castle sits on the Mohns Ridge, part of the
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Arctic mid-ocean ridge system between Greenland, Norway, and Iceland. The fluid from
Loki’s Castle produces black smokers. Camel Vent, on the western sulfide mound of
Loki’s Castle, was the source of chemical data used for this study. [Baumberger et al.,

2016]

3.3.3 Temperate Endorheic Basinal Brines

Closed, or endorheic, basins commonly contain waters with high CI concentrations
due to the convergence of surface runoff and subsequent evaporative concentration.
Endorheic basins in dry regions are where evaporative concentration takes place, and the
production of a chloride-enriched brine becomes possible. Dry regions include hot deserts,
where evaporation is accelerated by brine heating, and cold deserts, where freeze
concentration and ion exchange play a major role. Multiple examples of each basin type
were included in this study.

Dead Sea, Israel. The Dead Sea was formed during the Neogene when seawater
flowed into the Dead Sea rift. Since its original infilling by seawater, the Dead Sea has
been dominated by evaporative concentration and the subsequent precipitation of
numerous evaporite minerals such as gypsum, anhydrite, and halite. Inflows from surface
water have maintained some level of water in the Dead Sea, but recent diversions of this
surface water for irrigation and domestic uses has resulted in the precipitous decline in
the Dead Sea water level [Stiller et al., 2007, 2016]. An increase in concentration of the
Dead Sea brine is commensurate with the decline in water level; for the purposes of this
study, the Dead Sea represents a seawater-derived temperate endorheic basin. Water
compositions from Ganor and Katz (1989) at depths of 0-400 m were used for major ions
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analysis and Nissembaum (1976) for trace metals [Nissenbaum, 1977; Ganor and Katz,
1989].

Salton Sea, CA. The Salton Sea is located in the Salton Trough, a northward
extension of the crustal spreading zone in the Gulf of California. The Salton Trough
contains various rhyolitic domes and basaltic rocks as xenoliths on the surface, and
hydrothermally altered basalts in the subsurface. While the Salton Sea was periodically
dry due to variations in the level and flow of the Colorado River, the most recent water
infill was produced as a result of human activity. The Colorado River overflowed a
riverbank cut made to facilitate irrigation in 1905, and the outflow produced the Salton
Sea as it is known today. Inflows to the Salton Sea are low and largely agricultural; the
evaporation rate of water is higher than the inflow rate, resulting in a decreasing water
level with time and an increase in salinity. Seawater from the Gulf of California,
previously deposited evaporites, and possible hydrothermal influences from the nearby
Salton Sea Geothermal Field are contributors to the dissolved solids in the Salton Sea.
[Elders, 1976]

Salar de Uyuni, Bolivia. With an area of 10,000+ km?, the Salar de Uyuni is the
largest salt flat in the world. Situated on the Bolivian Altiplano (3653 m altitude), the
Salar de Uyuni was formed as the result of evaporative concentration of a giant
prehistoric lake (~40 ky), that covers the tops of multiple andesitic volcanoes in the
Andes Mountain range. The Salar de Uyuni is covered by a cm-to-m-thick crust of
evaporatively produced halite deposits that is underlain by a concentrated chloride brine.

[Retting et al., 1980]
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3.3.4 Cold Endorheic Basinal Brines

Antarctic lakes. In the McMurdo Dry Valleys, average annual temperatures are very
low (-16 to -21°C) and <10 cm of snow falls each year. Lakes Bonney, Fryxell, and Hoare
are meromictic (contain layers of water that don’t intermix) lakes in Taylor Valley, with
surface layers that are fed by glacial melt enriched in marine aerosols that are permanently
covered with ice. The Taylor Valley Lakes have sodium as the dominant cation. Lake
Vanda in Wright Valley is also meromictic and ice-covered, but it is replenished by a
freshwater melt stream, and has increasing salinity with depth. Lake Vanda’s major cation
is calcium. The only inflow to any of the lakes is from ephemeral summer streams. All of
the lakes are saline and chloride-dominated; the source of the chloride is hypothesized to
be aeolian marine salts. [Witherow and Lyons, 2011; Takamatsu et al., 2017]

Don Juan Pond, Antarctica. Don Juan Pond is the most saline body of water on
Earth (40% dissolved salts by weight). Situated in the McMurdo Dry Valleys, in Wright
Valley close to Lake Vanda, Don Juan Pond’s dominant cation is calcium and its
dominant anion is chloride. Don Juan Pond is surrounded by precipitates of gypsum,
halite, and antarcticite, and the bottom of the pond is covered in antarcticite precipitates.
Don Juan Pond is considered a Mars-analog site due to the local cold, dry environment
and the presence of nearby water tracks similar to recurring slope lineae (RSL) on Mars
[Levy et al., 2011; Levy, 2012]. The extreme concentration of CaCl, (95% of dissolved
solids) results in a significantly decreased freezing point of the brine, allowing Don Juan
Pond to stay liquid throughout the year. [Witherow and Lyons, 2011; Toner et al., 2013]

Lost Hammer Spring, Canada. Lost Hammer Spring, also called Wolf Spring, is a
saline cold spring on Axel Heiberg Island, Nunavut, Canada. Water at Lost Hammer
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Spring is sourced form a “salt tufa,”, with a vent-like morphology [Niederberger et al.,
2010]. The vent is higher in the winter due to outflow blockage. Methane, N2, CO2, and
other gases percolate through the nearby sediment and pore water. A thin (mm-cm thick)
salt pan of sulfates (thenardite and mirabilite) and halite surrounds the vent. The annual
average water temperature is -4.7 to -5.9 degrees C, likely due to freezing point

depression from the dissolved salts. [Battler et al., 2013]

3.3.5 Deep Basinal Brines

Deep basinal brines are produced by the circulation of groundwater into the deep
crust, where the water is heated and its composition altered by water-rock reactions.
Tectonic faulting provides a conduit upward, where the brines can surface with little
change in their deep-basinal composition. Such brines are therefore often found isolated
from large bodies of water and in proximity to known tectonic faulting. Previous studies
have shown that the composition of deep basinal brines is dominantly controlled by
albitization at depth, where Na is removed from solution to produce albite, and Ca is
added to solution from anorthite (section 3.2.2) [Mdéller et al., 2017]. In fact, the Ca-Cl
rich composition of deep basinal brines is often considered diagnostic of their origin
[Lowenstein and Risacher, 2009].

Bristol Dry Lake, CA. Bristol Dry Lake is a dried lake bed (playa) in the Mojave
Desert [Burt et al., 2003] north of Joshua Tree National Park. It is near several felsic
igneous geologic units, including the Calumet, Bristol, and Sheep Hole Mountains.
Northwest of Bristol is Amboy Crater, a 80-ka basaltic cinder cone volcano, and
associated lava flows [Phillips, 2003; Kienenberger and Greeley, 2012]. Bristol Dry Lake
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is located in the Bristol Trough, the deepest of several structural troughs in the Sheep
Hole Mountains/Amboy area. The playa is characterized by a central halite salt pan
covered in meter-scale polygonal cracks, surrounded by gypsum/celestite, which is in
turn surrounded by debris from nearby alluvial fans. Several mining operations at Bristol
Dry Lake collect and evaporate the groundwater to produce antarcticite (CaClz » 6H>0) in
the center of the salt pan. It is possible that the magma chamber below Amboy Crater
heats the subsurface waters and enhances water-rock reactions between the brine and the
nearby basalt [Duning and Cooper, 1969; Rosen, 1991; Lowenstein and Risacher, 2009;
Dolginko, 2014].

Death Valley, CA. Death Valley is a narrow basin in southern California, at the
southern edge of the Great Basin. Death Valley is surrounded by multiple mountain
ranges (Panamint, Black, and Funeral Mountains) and is dominated by sedimentary and
metamorphic rock rypes. Badwater Basin in southern Death Valley is the lowest point in
the Western Hemisphere and covered by evaporite salts, primarily sulfates (gypsum and
anhydrite) and halite. Ca-Cl-dominated spring water flows into Badwater Basin from
Mormon Point Spring and several well sites; numerous strike-slip and normal faults in
the region may serve as conduits by which spring waters reach the surface. The presence
of a young cinder cone (Split Cone, 300 ka) indicates the presence of a mid-crustal
magma chamber. The co-location of numerous steep faults with the spring indicates that
the Ca-Cl-rich waters are likely deep basinal brines that were heated and traveled to the
surface through faults. [Li et al., 1997; Lowenstein and Risacher, 2009]

Salar de Atacama, Chile. The Salar de Atacama is a closed salt pan basin in
northern Chile, and is the third largest salt flat in the world (the second largest is the
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Salinas Grandes in Argentina). Located in the Andes Mountains, the Salar de Atacama is
surrounded by active andesite-dominated volcanoes produced by the subduction of the
Nazca Plate under the South American Plate. While numerous meteoric and groundwater
inflows to the Salar de Atacama are SO4- or HCOs-dominated, Ca-Cl-dominated seeps
are found in the southern portion of the subaerial halite nucleus, just north of the Cordon
Lila. These seeps are co-located with numerous N-S-trending reverse faults, and were
likely heated by subsurface magmas, where they returned to the surface along faultlines.
[Risacher et al., 2003; Lowenstein and Risacher, 2009; Ogawa et al., 2014]

Da Qaidam, China. The Qaidam Basin in Tibet is underlain by Precambrian
basement, granites, and various sedimentary units. The hot springs of Da Qaidam are
thought to be non-magmatic due to an absence of volcanic activity and seismicity
typically associated with near-surface magma chambers. Da Qaidam’s hot spring fluids
thought to be sourced from deep-circulating water that is heated at depth and driven
upward by pressure gradients. These fluids are allowed to reach the surface through
crustal fracturing through steep faults. The spring fluids are subject to water-rock
interactions at depth and rapidly ascend to the surface. [Lowenstein and Risacher, 2009;

Stober et al., 2016; Fan and Wei, 2017; Guo et al., 2017]

88



3.4 Methods

Field Samples. Brine samples from the Salton Sea and in proximity to Bristol Dry
Lake were collected during a field campaign to California, USA, in October 2016.
Samples were collected with sterile pipettes and filtered using (large to small) 0.2, 0.8,
and 1.2-um sterile polyethersulfone (PES, Supor™) filters for all sites. Major ions
samples were diluted with DI water upon collection to prevent precipitation, and stored in
polypropylene snap-cap vials. Samples for trace metals analysis were diluted and
acidified with 2% HNOs in the field. pH was measured in the field using an Oakton 150
pH Meter, and conductivity measured using an Orion Star A122 Conductivity Meter.
Because the native brines were off-scale for the pH and conductivity meters, pH and
conductivity measurements were made on diluted major ion samples. The values reported
in Table 3.2 have been adjusted for this dilution.

Major ions (Na, K, Ca, Mg, SOa, CI) were measured using a DX600 (Dionex) lon
Chromatography (IC) system in the Group Exploring Organic Processes in Geochemistry
(GEOPIG) laboratory at Arizona State University. Trace metals were measured using the
Thermo X Series quadrupole inductively coupled mass spectrometry (ICP-MS) system in
the W. M. Keck Foundation Laboratory at Arizona State University.

Published Sample Data. Major ion and trace metal concentrations for all other
sites were obtained from previously published work. In most cases, major ion and trace
metal concentrations for a single site came from different published works. Some studies
did not measure the full suite of major ions (K* and Mg?* were excluded in several
studies); these exceptions are noted in the data analysis section and associated
figures/tables. The sources and values for the data for each site are listed in Table 3.1. All
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derived values and ratios are based on the concentrations of major ions and trace metals
in Table 3.2.

Geochemical Modeling. The pH-REdox-EQuilibrium in C (“PHREEQC”)
geochemical modeling software suite published by the US Geological Survey (USGS)
was used to calculate ionic strength and water activity for each brine sample [Parkhurst
and Appelo, 1999, 2013]. Additionally, PHREEQC was used to model the Saturation
Index (SI) of chloride minerals for each brine, allowing the precipitation sequence of
chloride minerals to be determined. The Sl is defined as the log of the ratio between the
ion activity product and the equilibrium product for a specific compound (mineral),
where high (positive) Sl indicates saturation with respect to a mineral and low (negative)
Sl indicates under-saturation with respect to a mineral. All PHREEQC geochemical
modeling in this study used the Pitzer equations due to the high ionic strength of the
water samples [Parkhurst and Appelo, 2013].

Contextual geology. The interaction of brines and surface waters (i.e., meteoric or
river waters) is heavily influenced by water-rock reactions. Therefore, the geologic
context of each site was compared to assess the influence of water-rock reactions on the
brine after its genesis (Figure 3.33). Geologic maps and previously published works were
used to catalog the rock type(s) in each region. In some cases, geologic context was
varied (i.e., a combination of disparate rock types) or not previously studied; sites with
these constraints are noted as necessary. A total-alkali-silica (TAS) plot is used to assess
the rock types in each region [Le Bas et al., 1986]. TAS plots have been made for the

Mars surface using remote sensing, rover-based, and meteorite sample analyses, allowing
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direct first-order comparisons between the Mars surface and corresponding terrestrial

analogs [McSween et al., 2009].
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Table 3.1. Localities, sample names, and references for brine major ion analyses included
in this study. Localities are grouped according to the process that produced their
respective brines.

Locality | Sample Name Reference
Hydrothermal Continental Brines
Yangbajing Field, Tibet 20-40 deg. Binggiu 1995
El Tatio, Chile El Tatio, Well Giggenbach 1978
El Tatio, Spring Ellis 1969
El Tatio, Brine Cusicanqui 1975
El Tatio, Pool Cortecci 2005
El Tatio, Gey. (Geyser) Cusicanqui 1975
Yellowstone Spring Heart Lake Lowenstern 2012
DaQaidam, China DaQaidam Stober 2016
Tengchong Springs, China Rehai - Dgg Hartnett (personal comm.)

Hydrothermal Oceanic Brines

Icelandic Brines
Mid-Ocean Ridge: East Pacific

Reykjanes, Svartsengi

Zaman 2013

Rise E. Pacific Rise Von Damm 1994

Mid Ocean Ridge: Loki’s Castle Camel 2010 (Loki) Baumberger 2016
Endorheic Temperate Basins

Salton Sea, CA Salton Sea This Work

Dead Sea, Israel DS (Om, 200m, 400m) Ganor & Katz 1989

Salar de Uyuni, Bolivia Sdu Retting, Jones & Risacher 1980
Seawater SW Witherow & Lyons 2011

Endorheic Cold Basins, Cold Springs

McMurdo Dry Valleys, Antarctica:

Witherow & Lyons 2011

Lake Hoare LH (4, 14, 30m) "
Lake Fryxell LF (6, 12, 18m) "
Lake Bonney E. LB (6m), W. LB (5m) "
Lake Vanda LV (10, 70 m) "
Don Juan Pond DJP "
Lost Hammer Spring, Canada Wolf, Pore Water Battler 2013
Deep Basinal Brines
Bristol Dry Lake, CA BDL 3,8 This Work
BDL 1, 2, 13, 14 Rosen 1991
BDL In (219m, 359m, 450m) Dolginko 2014 (Inclusions)
Badwater Basin, Death Valley, CA DV40 Li 1997

Salar de Atacama, Chile

CaCl Brines (A,C)

Lowenstein and Risacher 2012
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Figure 3.3. Total Alkali Silica (TAS) plot comparing the geologic context of study sites.
For comparison, the majority of the martian surface falls into the basalt/basaltic-andesite
range [McSween, 2009]. For those sites that are listed twice, there are two geologic units
of significantly varying composition. DV = Death Valley, BDL = Bristol Dry Lake,
MORB = Mid-Ocean Ridge Basalt, SaltSea = Salton Sea, SAA = Salar de Atacama, SdU
= Salar de Uyuni, YellowS = Yellowstone, YbF = Yangbajing Field.

96



3.5 Data/Results

This section describes the pH, major ion, trace metal, and modeling results for
each brine of study and each general process type. In some cases, the majority of the
brines for a specific process group together with a small number of outliers. Only data
and observations are described here; interpretations of the various processes and causes

of outlying values are addressed in the Discussion section.

3.5.1pH

The geochemical and compositional data for all sites are shown in Table 2. The
pH for each type of site fell into distinct pH ranges, with a few exceptions. Deep basinal
brines had pH values of 7.0 + 0.5. Temperate endorheic basins had pH values of
7.25+0.25; cold endorheic basins had pH values of 8.10+0.6 for the Antarctic lakes, and
6.24+0.32 for Don Juan Pond, Lost Hammer Spring, and the 70-m highly saline Lake
Vanda sample. Hydrothermal continental brines ranged from 6.73+1.91, with two brines
as extreme outliers: El Tatio pH =2.0, and Yellowstone Heart Lake pH = 9.71.
Hydrothermal oceanic brine pH was 5.68+1.93, though the East Pacific Rise was an

outlier with pH = 2.60.

3.5.2 Major ions
Molar concentrations for major ions are shown in Table 2. To demonstrate that all
the brines in this study are Cl-dominated, a ternary diagram is shown with Ca and SOs4;

all brines plot at the 50% molar concentration or greater for chloride (Fig. 3.4). Major
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cations (Na*, K*, Ca?*, Mg?*) were first assessed relative to chloride to look for general

patterns associated with each brine type (Figure 3.5).

Deep Basinal Brines
Endorheic Basins (Temperate)
Endorheic Basins (Cold)
Hydrothermal (Continental)
Hydrothermal (Oceanic)
SW

Ca++

X prp @ + & B

AVAVAVAVAVA
AVAVAVAVAVAVA
AN NNNN/

Cl

804"

Figure 3.4. Ternary Ca-Cl-SO4 diagram showing the dominant anion (CI-) for each brine
included in this study.

Na*. Na" as a function of CI" is shown in Figure 3.5, bottom left. Hydrothermal
continental brines (shown as “x” in Figure 3.5) had low Na* concentration (<1 M Na); it
also follows a 1:1 Na:Cl trend, suggesting equilibration with halite. Don Juan Pond, Dead
Sea, and BDL-8 (Bristol Dry Lake) all had high CI- (>1 M) with relatively low Na; likely

due to some other cation (Ca, Mg) balancing charge instead of Na. BDL-8 is likely an
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evaporatively concentrated version of the other BDL data points. El Tatio also lies near
the 1:1 Na:Cl line, but has much higher CI- than the other hydrothermal fluids. The El
Tatio brine is likely representative of a concentrated hydrothermal fluid — but not
concentrated enough for NaCl to precipitate out of solution. Death Valley may also
represent an evaporatively concentrated brine that is in balance with halite, since it too is
on the Na:Cl line.

Ca?*. Ca?" as a function of chloride is shown in Figure 3.5 (top left). Deep Basinal
Brines show an increase in Ca®* relative to CI, along with Don Juan Pond and Lake Vanda
(70 m). El Tatio has higher Ca?* than any other hydrothermal brine. Dead Sea brines have
very high CI" (7.7+ M) but also fall well below the [Ca]=[CI] line. All other sites have
almost no Ca?* and <1 M CI-.

Mg?*. All brines plot well below the [Mg?*]=[CI] line in Figure 3.5 (top right).
Most brines were at or less than <0.5M Mg?*, except for the Dead Sea, which was 2.7M
Mg?*. The Salar de Atacama deep basinal brine had the second highest Mg?* after the
Dead Sea (0.82 M).

K™. There are no clear trends in terms of brine type, but all sites lie well below the
1:1 K:Cl line. The Salar de Atacama deep basinal brine has by far the highest K*
concentration (Figure 3.5, bottom right), which suggests the possible influence of
contextual geology. Evaporatively concentrated brines, including deep basinal brines at
Bristol Dry Lake, along with the Dead Sea and Salar de Uyuni, have high K* as well; all
of these sites are known to have significant NaCl precipitation, so the removal of Na*

from the brine likely facilitates an increase in K* concentration. K* is highest for all brine
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types at around 6.0M CI, but then drops to very low concentrations at >8.0M CI™ —
possibly due to saturation with respect to sylvite.

Na/K vs. Cl-. A linear increase in Na/K with respect to CI" is observed for cold
basins, hydrothermal systems, and some deep basinal brines. At Cl- ~3.3M, the Na/K
drops precipitously. The Dead Sea (400m) had the lowest Na/K (0.74) at a ClI
concentration of 7.76M (Figure 3.6). Halite precipitation causes CI" to be concentrated
regardless of the type of brine, until eventually it reaches saturation and comes out of
solution. When it precipitates, Na* is removed from the brine, and Na/K decreases. Don
Juan Pond has an unusually high Na/K but that is because its K* is so low compared to
other localities. This has been explored in recent investigations into Don Juan Pond’s

unique chemistry [Toner et al., 2017].
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Figure 3.6. Na/K versus Cl (M) for all brines.

Na/K vs. Ca/Mg. No consistent trends can be observed across brine types (Figure

3.7). However, within specific brine types some trends can be observed. Continental

hydrothermal fluids show increasing Na/K with increasing Ca/Mg, while hydrothermal

oceanic fluids have a relatively constant Na/K ratio, but have a wide range of Ca/Mg

values. Temperate endorheic basins generally fall into a similar Ca/Mg ratio with

seawater (with varying Na/K), except for Salar de Uyuni, which has a lower Ca/Mg than

any other brine in this study. Cold endorheic basins generally show decreasing Na/K with

increasing Ca/Mg, with the exception of Don Juan Pond, which has both high Na/K and
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high Ca/Mg. Deep basinal brines show a range of Ca/Mg and Na/K values, with no

discernable trends.
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Figure 3.7. Na/K versus Ca/Mg for all brines; all ratios are molar.
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Ca/Mg vs. Na/Cl. Hydrothermal continental fluids (X) show little variation in
Ca/Mg with an increase in Na/Cl (Figure 3.8, top left). Hydrothermal oceanic brines (A)
have constant Na/Cl and varying Ca/Mg. Deep basinal brines (O) behave similarly to
hydrothermal continental fluids, with Ca/Mg proportional to Na/Cl, but with much lower
values of both. Temperate endorheic basins (¢) have constant Ca/Mg with varying Na/Cl,
and cold endorheic basins (+) behave similarly to hydrothermal fluids and overlap
significantly with deep basinal brines; they have high Ca/Mg with high Na/Cl and low
Ca/Mg-low Na/Cl trends.

Ca/Cl vs. Na/Cl. Almost all brines fall into a wedge-shaped cluster, with high-
ionic strength brines having low Na/Cl and high Ca/Cl (0.1-1), and other brines having
decreasing Ca/Cl with increasing Na/Cl or constant Ca/Cl with increasing Ca/Cl (Figure
3.8, top right). Outliers are, again, hydrothermal continental brines, which have generally
increasing Ca/Cl with increasing Na/Cl, but their ionic strengths are very low.

Mg/Cl vs. Na/Cl. Almost all brines fall into a cluster at low Na/Cl and Mg/ClI =
0.01-1 (Figure 3.8, bottom right). The lowest Na/Cl brines were the highest ionic
strength. Brines outside of this cluster are distributed radially away from it, with all of
them but Death Valley being hydrothermal brines. Most are continental hydrothermal
brines, though Svartsengi is also in proximity to Death Valley and EIl Tatio pool/geyser
brines.

K/Cl vs. Na/Cl. All processes behave along a large-scale trend (Figure 3.8, bottom
left). KCI increases steeply at Na/CI~0.3, until K/CI reaches ~0.1, at which point K/CI
increases shallowly with increasing Na/Cl. The highest Na/Cl and K/CI values are for the
hydrothermal continental brines.
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CacCl» vs NaCl saturation. Dissolved minerals are calculated by determining the
product of the molar concentrations of their ions raised to the power (exponent) of their
stoichiometric ratios. All brines follow a linear trend until they approach the saturation
limits of CaCl, and NaCl, at which point they form a cluster (Figure 3.9, top). A few
brines are in excess of the saturation limits for those minerals. This trend is the same as
that seen by a recent study of Ca-Cl brines in Germany — it turns out the trends holds for
Na-Cl brines too [Moller et al., 2017]. The slope of the line in my plot was 0.175, and the
slope for the German Ca-ClI brine was 0.18; they are essentially identical.

MgCl. vs. KCI saturation. Linear increase in both for all brines, except for the
BDL inclusions which have a high MgCl, concentration, likely due to the precipitation of

sylvite in the inclusion (Figure 3.9, bottom). The slope of the line is 7.99.
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Figure 3.9. Dissolved chloride minerals in each brine type. Left: Calcium chloride
(CaCl2) versus halite (NaCl). Right: Magnesium chloride (MgCI2) versus sylvite (KCI).
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Ca-CI-SO4. All brines in this study are Cl- dominated (see Figure 3.4).
Hydrothermal continental fluids tend to be the least Cl-dominated and have a CaSOa4
component.

Cl-Ca-Na. Endorheic temperate brines were deficient in Ca relative to other brine
types; they clusters as either highly Cl-rich (90%) or intermediate Na and CI (Figure
3.10). Endorheic cold brines had extremely low CI" relative to cations: 10 + 10% CI".
Continental hydrothermal brines were consistently 60 £ 10% Na, while oceanic
hydrothermal brines were very close to seawater in composition, with one exception.
Several distinct clusters based on brine-producing process were observed. Deep basinal
brines were consistently 60+10% CI-, with cations distributed between equivalent ratios
of Ca?* and Na".

Ca-Mg-(Na+K). Endorheic temperate basins are consistently Ca-poor, likely due
to evaporative concentration/precipitation and Ca removal by gypsum (Figure 3.11).
Endorheic cold basins also become Ca-rich, likely due to freeze concentration.
Continental hydrothermal brines are consistently Mg-poor and Ca-poor, but Na+K rich;
this is consistent with water-rock interactions with highly evolved materials in the
continental crust. Oceanic hydrothermal brines are similar to continental hydrothermal
brines, but with one exception (Camel Vent, Loki’s Castle). Deep basinal brines have
consistently very low Mg, which is consistent with water-rock interactions at depth

(dolomitization and serpentinization processes).
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Figure 3.10. Ternary diagram of Cl-Ca-Na for all brines, classified by process/brine type.
Units are mole percent.
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Ca-Mg-K. All endorheic basins (temperate and cold) are relatively K-poor, likely

due to precipitation of monovalent chloride minerals, ion exchange processes, and the

possible recirculation of subsurface brines after upwelling (Figure 3.12) [Toner et al.,

2017]. Hydrothermal continental brines are all Mg-poor, consistent with water-rock

interactions. Hydrothermal oceanic brines are generally Mg-poor, with one exception

(Reykjanes). These brines could have a seawater component causing enhanced Mg

relative to hydrothermal continental brines. Deep basinal brines are very Ca-rich, due to

water-rock interactions at depth, and Mg/K-poor for the same reason.

¥ p @ + & ®m

Deep Basinal Brines
Endorheic Basins (Temperate)
Endorheic Basins (Cold)

Hydrothermal (Continental)

Hydrothermal (Oceanic)
SW

Mg++

Figure 3.11. Ternary diagram of Ca-Mg-Na+K for all brines, classified by process/brine
type. Units are mole percent.
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Figure 3.12. Ternary diagram of Ca-Mg-K for all brines, classified by process/brine type.
Units are mole percent.
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3.5.3 Geochemical Modeling with PHREEQC

Major lons vs. lonic Strength. The ionic strength of each brine was determined
using the geochemical modeling software PHREEQC. Precipitation sequences can begin
to be resolved when assessing trends in major ion concentration as a function of ionic
strength. Dissolved Na decreases when halite precipitation begins, and peaks at ~7 M
ionic strength (Figure 3.13). Dissolved Ca has a local decrease at the same ionic strength,
while K and Mg continue to increase with increasing ionic strength. Cl also increases
with ionic strength, approaching an asymptote at ~10M CI.

Water Activities. Endorheic temperate basins have an average water activity of
0.76 = 0.16. Endorheic cold basins have an average water activity of 0.80 + 0.13, which
includes Don Juan Pond, Lost Hammer, and Lake Vanda (70m). Hydrothermal
continental brines have a large range of water activities: 0.74 (El Tatio brine) to ~1 (Heart
Lake, Yellowstone). Hydrothermal oceanic brines have an average water activity of 0.987
+ 0.01. Deep basinal brines have an average water activity of 0.67 + 0.009.

Saturation indices. PHREEQC geochemical modeling software, incorporating the
Pitzer database, was used to determine the precipitation sequence of chloride minerals for
brines representative of each type (Figure 3.14). Minerals included in the modeling were
gypsum (CaSOs « 2H20), halite (NaCl), sylvite (KCI), antarcticite (CaClz « 6H20),
bischofite (MgCl. « 6H20), and carnallite (KMgCls « 6H20); gypsum, a sulfate, was used
to link the sequence of chloride precipitation to other common mineral species with lower
solubilities. The precipitation sequence is determined by the relative saturation indices for
a single brine. A saturation index of zero indicates that a mineral is in equilibrium with a
solution, positive saturation indices indicate saturation of a mineral, and negative
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saturation indices indicate that the mineral is not saturated and remains dissolved. While
specific saturation index values were calculated for each mineral, the values themselves
are dependent on the degree to which the brine is concentrated; therefore, only the
sequence of mineral precipitation is considered here. The precipitation sequence begins
with the minerals closest to (or in excess of) saturation, followed by minerals with lower
saturation indices. The “last” mineral to precipitate out of solution is the mineral with the
lowest (most negative) saturation index.

Gypsum, in most cases, is at or close to saturation, followed by halite. Some
brines are saturated with respect to gypsum/gypsum + halite, resulting in positive
saturation indices for those minerals. However, the Salar de Uyuni was saturated with

halite to a greater degree than gypsum, and was the only brine to show that behavior.
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Figure 3.13. Major ion concentrations versus ionic strength for a subset of each brine
type. lonic strengths were calculated using the PHREEQC geochemical modeling
software. All values are in mol/L.
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The most common precipitation sequence was as follows:

Ca(S04)*2(H20)— NaCl — KCl — CaClz*6(H20)—MgClz+6(H20)—KMgCls6(H20)

Gypsum — Halite — Sylvite — Antarcticite — Bischofite — Carnallite

This sequence was followed by Death Valley, Da Qaidam, Lake VVanda (70 m), and all of
the hydrothermal brines (both continental and oceanic). The deep basinal brines at Bristol
Dry Lake showed a similar sequence, but Bischofite precipitated after Carnallite. The
deep basinal brine at the Salar de Atacama, along with the Dead Sea and Salar de Uyuni,

showed the following precipitation sequence:

Gypsum — Halite — Sylvite — Carnallite — Bischofite — Antarcticite

Seawater and the Salton Sea showed the same precipitation from gypsum through sylvite,
but then showed bischofite precipitation after sylvite, then antarcticite, and finally
carnallite.

The most unique precipitation sequence was that of Don Juan Pond, which
showed a marked variation in the sequence of antarcticite, sylvite, and bischofite

precipitation due to its unusual concentrations of K and Mg:

Gypsum — Halite — Antarcticite — Sylvite — Bischofite — Carnallite
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The saturation index chart (Figure 3.14) can be implemented as an extension of
the classic chemical divides diagram by showing the sequence of chloride mineral
precipitates for each terrestrial brine. This sequence of empirical “chloride divides™ is

shown in Figure 3.15 below.

3.5.4 Trace Metals

Trace metal abundances that are common indicators of a hydrothermal component
are shown in Table 3.5 and Figure 3.16 below. The three hydrothermal localities with
trace metal data — Reykjanes, Iceland, the Juan de Fuca mid-ocean ridge (oceanic), and El
Tatio (continental) showing varying trace metal trends. Juan de Fuca and EI Tatio were
comparable (within and order of magnitude of each other) in terms of Cu, Fe, and Zn.
However, Reykjanes was lower than the other hydrothermal brines by more than an order
of magnitude for all trace metals except for Ba and Mn, for which it was
indistinguishable from El Tatio. In some cases (Cu, Fe, Pb, Zn), a hydrothermal fluid had
the lowest concentration of trace metals. Highly concentrated brines such as Bristol Dry
Lake, Dead Sea, and Don Juan Pond were among the highest of all samples for most trace

metals (Ba, Fe, Mn, and Zn).
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not included on this chart.
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Table 3.4. Trace metal concentrations in ug/L and associated references.

Locality | Ba | Cu | Fe ‘ Mn ‘ Pb ‘ Zn | Reference
Hydrothermal Continental Brines
EI Tatio, Chile | 15260 | 21.26 | 180 | 20640 | ~ | 168.60 | Cortecci2005
Hydrothermal Oceanic Brines
Uz-Zaman
Reykjanes, Iceland 561.00 | 1.29 | 2470 | 341.00 0.31 4.37 2013
Mid-Ocean Ridge: Juan Metz and
de Fuca - 15.00 | 8.50 - 626.67 | 354.67 Trefry 2003
Endorheic Temperate Basins
Salton Sea, CA 86.47 | 0.00 | 123.79 0.00 0.00 0.00 This Work
Ganor & Katz
Dead Sea, Isreal - - 12.00 | 3100.00 | 189.00 | 510.00 1989
Witherow &
Lyons 2011,
Metz &
Seawater 10.00 0.00 0.00 -- 0.06 0.01 Trefry, 2003
Endorheic Cold Basins
Don Juan Pond,
Antarctica 1920.72 | 2.80 | 68.69 | 1462.80 | 1462.80 | 165.36 | Webster 1982

Deep Basinal Brines

Bristol Dry Lake, CA | 3985.31 | 0.00 | 2499.94 | 4987.82 | 70.19 | 366353 | This Work
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3.6 Discussion
3.6.1 Major ions

Hydrothermal brines have unique major ion compositions, allowing them to be
distinguished from other types of brines. Hydrothermal brines have reduced Mg relative
to Ca, likely due to water-rock reactions such as serpentinization, which act to remove
Mg from solution. Continental hydrothermal brines are enriched in Na relative to other
brines as a result of water-rock reactions with silicic and felsic rocks. Oceanic
hydrothermal fluids vary in terms of their major ion proportions; most are Na-dominated
like continental hydrothermal brines, though some are dominated by Ca. They are also
deficient in Mg (<10%).

The wide range of compositions of oceanic hydrothermal brines show that they
are affected by water-rock reactions to varying degrees; homogenous water-rock
reactions with basalt should make them Mg-deficient due to serpentinization, and Ca- and
K-enriched due to leaching from basalt. However, the large overlap between many of the
oceanic hydrothermal fluids reveals the possibility of brine mixing with surrounding
seawater; this seawater component might account for the higher concentration of Na and
the amount of Mg in the samples included in this study. Additionally, the degree to which
volatiles such as HCI and CO- are intermixed with the brines will have a significant
effect on their chemical reactivities as they travel to the surface. Therefore, this study
demonstrates the need to better understand the sources of compositional heterogeneity in
oceanic hydrothermal fluids independent of ambient seawater; this understanding will
allow a more accurate constraint on what could be expected for martian hydrothermal
fluids and the evaporite deposits produced from them.
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Endorheic basins represent complex environments where meteoric, surface, and
groundwaters are mixed and concentrated. Temperate endorheic basins are often in dry,
salt pan/playa settings, and therefore strongly affected by the precipitation of evaporite
minerals such as gypsum, anhydrite, and halite. As such, brines from temperate endorheic
basins can be low in Na relative to other cations if they have reached halite saturation
(Figure 3.11, Figure 3.13, and Figure 3.14) and all contain very little SO4. Other minerals
that are known to precipitate at such basins have a further effect on the solution
chemistry; for example, the Dead Sea is a known locality of halite, sylvite, and carnallite
precipitates. The precipitation of halite removes Na, while sylvite precipitation removes
K, and carnallite precipitation removes both K and Mg. Therefore, in the Dead Sea, Na
and K are disproportionately removed from solution, while Mg and Ca become further
concentrated. This is in agreement with the precipitation sequence determined from
geochemical modeling (see below). While not the highest ionic-strength solution, brine
from Salar de Uyuni has one of the highest Na concentrations of any brine in this study
(second only to El Tatio brine). Salar de Uyuni also has the highest Mg and K of any
endorheic basin in this study and is known to precipitate both halite and sylvite. Even
though it is classified as an endorheic basin, the Salton Sea is exposed to the runoff from
nearby farming irrigation and anthropogenic contamination; in spite of this influx of
solutes, the Salton Sea is not distinct from other brines and in fact behaves similarly to
seawater, with carnallite as the final species precipitating likely due to the low proportion
of Mg in both the Salton Sea and seawater.

Endorheic cold basins show a range of cation distributions, which appear to be
influenced by the effects of seawater aerosols (Lakes Bonney, Fryxell, and Hoare) or
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groundwater (Lake Vanda and Don Juan Pond) [Takamatsu et al., 2017; Toner et al.,
2017]. Water composition indicates that Taylor Valley, where Lakes Bonney, Fryxell,
and Hoare are located, has a greater input of marine aerosols than Wright Valley, where
Lake Vanda and Don Juan Pond are located, though this has not been confirmed by
previous studies. Taylor Valley Lakes show the same proportions of cations as seawater
(Figure 3.11 and Figure 3.13) with increasing concentrations of Ca with increasing ionic
strength. While Lake Vanda waters have a similar proportion of Mg as the Taylor Valley
lakes, they are much more concentrated and enriched in Ca (Figure 3.5 and Figure 3.11).
Previous studies have explored the composition of the groundwaters in Wright Valley,
and found them enriched in Ca and Cl relative to other natural waters in that region.
These studies determined that Don Juan Pond’s unique composition is likely a
combination of cold ion exchange and the recirculation of a deep groundwater that is
heavily influenced by water-rock reactions. These water-rock reactions are thought to
include albitization, chloritization, and/or dolomitization [Toner et al., 2013, 2017]. We
have shown that, among chloride-rich brines, Don Juan Pond has a globally unique
composition. Its expected precipitation sequence is unique among any other brine in this
study, and its proportion of Ca is higher than any other brine. The subsurface of Wright
Valley includes many Ca-dominated rocks, which may play a part in the compositional
uniqueness of Don Juan Pond as a result of water-rock interactions.

Similar to hydrothermal brines, deep basinal brines are deficient in Mg, which is
expected for brines from depth that have the opportunity to form clays and participate in
varying degrees of serpentinization. Deep basinal brines are unique in that they have the
highest proportions of dissolved Ca, on average, than any other type of brine. Other
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studies have determined that this is due to extensive albitization of crustal basement
rocks, which produce a substantial amount of dissolved Ca with a molar-equivalent
removal of Na. Deep basinal brines also tend to be highly concentrated in both dissolved
CaCl» and dissolved NaCl, though Ca is largely the dominant cation; they have an inverse
relationship between dissolved Na and Ca and have a range of Na:Ca ratios. Their high
Na concentrations are likely due to the influence of silicic/felsic crustal rocks, which
leach large quantities of Na into solution without removing Ca. While the concentrations
of Mg and K are always lower than Ca and Na (respectively), deep basinal brines have
higher dissolved MgCl, and KCI than any other type of brine. Relative to Cl-
concentration, however, they are not outliers in terms of dissolved Mg or K. This
indicates that their high absolute Mg and K concentrations are a result of the high ionic
strength of the solution.

Most deep basinal brine samples evaluated here were collected from regions with
extensive halite and other evaporite precipitation (i.e., Bristol Dry Lake, Death Valley,
Salar de Atacama); therefore, the high ionic strengths of these solutions are likely a direct
result of evaporative concentration in dry regions with little surface water input. The
Salar de Atacama sample was collected from a region in the south portion of the Salar
where there is known river input that is thought to be the cause of the higher proportion
of Mg and K for that particular sample. Da Qaidam, China, is a unique deep basinal brine
in that it is believed to be sourced from a granitic pluton that imparts a strong Na and K
signature to brines from that location. Additionally, these waters are quite warm (72°C)
and therefore have stronger indicators (Mg, K) of water-rock interactions than the other
deep basinal brines in this study [Stober et al., 2016]. We conclude that the Mg and K
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concentrations of deep basinal brines can be used to surmise the temperature of the
solution at the time water-rock reactions took place.

In spite of the variations in the composition of brines at their genesis, the heavy
influence of water-rock interactions, and the alteration of brines after they reach the
surface, there are a number of global trends that can be observed. First, the concentrations
of the various cations in solution move along notable trends as a function of ionic
strength because ionic strength is largely affected by evaporative concentration and the
solubility limits of various species. The concentration of sodium, for example, peaks at
ionic strengths of ~7 (Figure 3.13), and tapers off with increasing ionic strength due to
the precipitation of halite. Conversely, the Ca concentration reaches a local minimum at
the point where sodium concentration is greatest. As halite precipitation progresses, the
residual Ca in solution holds an increasing proportion of the remaining ions and becomes
a major contributor to ionic strength. Similarly, Mg and K (Figure 3.13) both show
increases in concentration with increasing ionic strength, but their increases are muted
relative to Na and Ca. The shallow increase of Mg and K with ionic strength is likely due
to the competing effects of water-rock interactions with evaporative concentration, where
water-rock interactions have a more pronounced effect at low ionic strength.

Because chloride brines on Mars likely underwent complete evaporative
concentration to produce the chloride deposits seen from orbit, the full evaporation
sequence of terrestrial analog brines must be considered to place the martian precipitates
in proper context. Saturation indices were used to predict the precipitation sequence of
minerals from each of the brines included in this study. The vast majority of brines of all
types precipitate halite first, followed by sylvite. Late-stage mineral precipitates varied,

125



with loose correlations between the type of brine and the precipitation sequence.
Hydrothermal brines behaved similarly regardless of whether they were associated with
continental or oceanic crust, and even then they would be indistinguishable from some
deep basinal brines and Antarctic lakes. Only small differences in saturation index
distinguish some brines from each other (i.e., Death Valley deep basinal brine and
Reykjanes oceanic hydrothermal brine), and these differences could easily be the result of
variations in sample collection or analytical technique between studies. Therefore, the
large majority of brines could only be distinguished by the precipitation of minor, late-
stage phases such as antarcticite, bischofite, and/or carnallite. In this case, inclusions
incasing the remnants of these final precipitates likely hold the key for understanding the
final precipitation sequence (Figure 3.17). If such inclusions were found and analyzed on
Mars, the formation process that produced their source brines could be better associated

to analogous brines on Earth.
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NaC/

CaCl, » 6H,0

MgCly* 6H,0

Hydrothermal/deep basinal Seawater-derived Don Juan Pond

Figure 3.17. Cartoons of idealized inclusions showing the precipitation sequence of final-
stage chloride minerals. The precipitation sequences are distinct for hydrothermal
systems, seawater-derived systems (not expected for Mars), and Don Juan Pond-like
systems.

The Don Juan Pond brine had a substantially different precipitation sequence
from all the other brines. It was the only brine where sylvite precipitated later in the
sequence than antarcticite. This site is also a well-known Mars analog; therefore, it is
possible that Don Juan Pond represents what may be a common brine on Mars in spite of
its terrestrial uniqueness. If that is the case, then this site holds a particular value for

understanding the formation of chloride brines and precipitates on ancient Mars.

3.6.2 Trace Metals

Trace metals are generally insoluble, and as a result should come out of solution
rapidly as ionic strength increases due to evaporative concentration. Therefore, trace
metals are expected to be low for high ionic-strength solutions (endorheic temperate
basins, other concentrated brines). Hydrothermal fluids generally carry a high proportion

of trace metals due to the contributions of magmas. We therefore conclude that variations
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in both the behavior of individual trace metals and the environments in which
hydrothermal brines form prevents trace metals from being an accurate measure of a
hydrothermal provenance. We also observe that ionic strength does not necessarily
preclude a high trace metal abundance, as observed for Bristol Dry Lake, Don Juan Pond,
and the Dead Sea; these localities consistently had the highest abundance of trace metals

for all brines included in this study.
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3.7 Conclusions

In this study, chloride-rich brines from a suite of terrestrial localities were
compared to assess whether brine composition correlates to its provenance. By
classifying the process that produced brines, this study lays the groundwork for
classifying the provenance of brines on ancient Mars. Because chloride deposits on Mars
are fully desiccated, the precipitation sequences of each brine type were determined,;
these sequences can be used as a framework for future Mars exploration. Major ion
composition, trace metal abundance, and precipitation sequence based on geochemical
modeling were all used in this study.

Hydrothermal brines can be distinguished from other brine types based on their
major ion composition (reduced Mg relative to Ca). The degree to which brines have
been concentrated plays a major role in interpreting their origins. Endorheic basins that
have reached halite saturation tend to become enriched in Ca as ionic strength increases.
For all brine types, major ions follow specific trends as a function of ionic strength. Na
and Ca are inversely proportional to each other as ionic strength increases, likely due to
the concentration and then precipitation of halite. Mg and K are much more sensitive to
water-rock interactions and show less pronounced increases with ionic strength relative to
Ca. Trace metals did not correlate to brine type in any way.

The majority of terrestrial brines precipitate halite first, and then sylvite. Distinct
precipitation sequences were observed for hydrothermal fluids and deep basinal brines,
seawater/surface runoff brines, and Don Juan Pond. Hydrothermal fluids, deep basinal
brines, and seawater-derived brines reach halite saturation first, followed by sylvite.
Hydrothermal and deep basinal brines precipitate antarcticite after sylvite, while

129



seawater-derived brines precipitate bischofite after sylvite. Don Juan Pond was unique
among all the brines in this study because it reaches antarcticite saturation before
reaching sylvite saturation.

This study has demonstrated that several types of terrestrial brines can be
distinguished by their chloride mineral precipitation sequences. In some cases, brine
types can only be distinguished at the very end of the precipitation sequence, where the
precipitation of antarcticite, bischofite, and carnallite vary relative to each other.
Therefore, the relative abundances and precipitation sequences of these minor minerals
should be considered a priority for future Mars exploration. For Mars, the full
precipitation sequence must be explored to understand the provenance of the chloride
deposits seen from orbit. Minor chloride minerals such as antarcticite and bischofite
would most likely to be observed only on a small scale as precipitates in halite inclusions.
This study demonstrates the need for in-situ investigations by landers, rovers, or human
crews so these small-scale studies can be undertaken.

Don Juan Pond, Antarctica, is thought to be similar to Mars due to its high salinity
and its dry, cold environment. Don Juan Pond was unique in this study due to its
abnormally low K concentration that resulted in the precipitation of sylvite after
antarcticite. If this unique precipitation sequence is observed on Mars, it lends credence
to the hypotheses that ancient Mars was a cold, dry environment, and Don Juan Pond can
be used to assess the behavior of rocks — and perhaps microorganisms — that existed at

that time.
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CHAPTER 4
THE EFFECTS OF TEXTURE AND COMPOSITION ON THE THERMAL

INFRARED SPECTRA OF CHLORIDE MINERALS

4.1 Introduction
4.1.1 Evaporite Minerals

Liquid water has played an important role in determining the morphology,
composition, and evolution of the martian surface. The presence of valley networks,
outflow channels, deltas, and other fluvial features indicate a period in Mars’ history
where significant volumes of liquid water existed on its surface. In addition to these
geomorphologic features, specific minerals including clays, hematite, sulfates, salts, and
carbonates are present that can only form in the presence of water [McLennan et al.,
2005; Ehlmann et al., 2008, 2013; McKeown et al., 2009; Michalski and Fergason, 2009;
Michalski et al., 2010; Roach et al., 2010; Wang and Ling, 2011; Kaplan et al., 2016].
Evaporite deposits are formed when soluble salts precipitate out of a natural solution
undergoing evaporation. The minerals in this precipitation sequence are determined by
the relative concentrations of specific ions in solution and the solubilities of the resulting
mineral precipitates. The most soluble of the major evaporite mineral sequence are the
chloride minerals [Hardie and Eugster, 1970; Hardie et al., 1978; Lowenstein and
Hardie, 1985].

As a result of their high solubilities, chloride minerals remain in solution after
other species — such as sulfates, carbonates, and phosphates (among others) — have
precipitated out. The significant chloride deposits on Mars that are large enough to be
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resolved from orbit provide evidence for the last period during which liquid water was
present on a planetary surface [Osterloo et al., 2008, 2010]. The detection of chlorides
on Mars, therefore, allows this final stage of substantial aqueous activity to be
investigated. Understanding the environmental conditions under which chloride deposits
formed provide insight into a period of time of great geologic and astrobiological

significance on Mars.

4.1.2 Textural Variations

The precipitation of chlorides from solution, their rates of crystallization, and the
resulting surface texture may be sensitive to environmental conditions. Ambient
temperature, atmospheric composition, rate of evaporation, and geologic context all
influence the spatial extent and morphology (texture) of the resulting chloride deposit
[Warren, 2006b]. Surface textures are particularly important because they represent the
youngest portion of the evaporation sequence. The orientations and sizes of chloride
crystals are directly linked to specific environmental conditions, as observed in many
terrestrial playa such as Death Valley, the Atacama Desert, and Bristol Dry Lake, CA, all
of which have a range of textures and morphologies on their surfaces [Lowenstein and
Hardie, 1985; Ganor and Katz, 1989; Rosen, 1991, 1994; Crowley and Hook, 1996;
Baldridge et al., 2004]. Therefore, characterization of chloride textures can be used to

assess the surface conditions at the time that the chlorides were deposited.
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4.1.3 The Purpose of This Study

In this study, we used infrared emission spectroscopy to characterize a suite of
chloride textures from both field and laboratory samples. Specific variations in spectral
contrast and the shapes and locations of absorption features were characterized for each
texture. Variations in infrared emissivity can be linked to a specific number of
reflections due to the geometry of the surface and the number of pore spaces within the
mineral. If these variations are large enough to be detectable by a rover or from orbit
using current or future thermal infrared instruments, then the surface textures of chlorides
on Mars can be better characterized. These textures, produced by unique environmental
processes, will allow the environmental conditions at the time of last mineral
precipitation — the critical time period during which Mars lost its reservoirs of

surface/near-surface liquid water — to be better understood.

4.2 Background
4.2.1 Chloride-Rich Environments

Chloride minerals can be deposited as a result of several processes. Volcanic
outgassing, surface ponding, and groundwater upwelling provide a source of chloride to
planetary surfaces. Volcanic gases can cause direct precipitation of chloride sublimate
crusts, where the chloride mineral is deposited in proximity to volcanic vents; however
this process typically happens on a small scale and is unlikely to account for the large
deposits seen on Mars [DiFrancesco et al., 2016]. Surface ponding results from the
accumulation of water in topographic lows. In most terrestrial settings, the water flows
through slopes and channels and progresses downslope during and after episodes of
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atmospheric precipitation, eventually ponding in closed basins [Hardie and Eugster,
1970; Warren, 2006b]. Groundwater upwelling can result from atmospheric precipitation
as well, where the water table exists near, but beneath, the surface. Groundwater can also
be sourced from subsurface hydrothermal activity, where hot, ion-rich fluid is driven
buoyantly upward along thermal and chemical gradients or along steep faults [Lowenstein
and Risacher, 2009; Bucher and Stober, 2011; Deocampo and Jones, 2013; Kharaka and
Hanor, 2013]. The relative abundances of evaporite mineral species can be used to
constrain the source of water from each of these processes [Hardie and Eugster, 1970;

Catling, 1999].

4.2.2 Precipitation Sequence

Because they are highly soluble, chlorides are typically the last minerals to
precipitate from a standing body of evaporating water. The characteristic dissolved
solids in terrestrial waters include carbonate, sulfate, and chloride as major ions, where
the major cations are determined by water-rock interactions and/or previous
evaporation/erosion events. Low pH can produce unique minerals that can serve as
indicators of water composition at the time of mineral precipitation [Benison and Laclair,
2003; Tosca et al., 2004; McLennan et al., 2005; Kaplan et al., 2016]. Additionally, the
presence of reduced versus oxidized species can indicate the oxidation state of the
environment at and after the time of deposition [Catling, 1999]. Because carbonates are
the least soluble of these species, they precipitate out of solution first. Sulfates are more
soluble than carbonates, but less soluble than chlorides, and therefore precipitate out as
an intermediate unit, stratigraphically younger than the carbonates. Chlorides, typified by
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halite (NaCl) are the last minerals to precipitate out, and are stratigraphically the
youngest (atop of) the other minerals discussed here [Hardie and Eugster, 1970; Catling,
1999]. This characteristic evaporation sequence in an open, contracting basin can be seen
as a “bullseye” pattern in remote sensing of many terrestrial playa and reflects the
shrinkage of the body of water due to evaporation and vertical stratification of mineral
species in the subsurface due to the above-mentioned precipitation sequence [Baldridge
et al., 2004]. On Mars, this precipitation sequence is also predicted, though the cations in
each mineral species may be different due to the relative abundance of Fe, Mg, and Ca

compared to Earth [Catling, 1999].

4.2.3 Physical Properties of Chlorides

The physical properties of anhydrous chloride salts are unique among most
planetary materials and account for their distinct signatures in the thermal infrared.
Halite (NaCl) is an isotropic mineral with a face-centered cubic structure. Each chloride
ion is coordinated with four sodium ions, and vice-versa, resulting in a lack of the single
ion-ion interactions that are responsible for most diagnostic absorption features used for
mineral identification in the mid-infrared (4000-400 cm™ or 2.5-25 um). Because the
crystal vibrates as a unit rather than at a single discreet chemical bond, its fundamental
vibration frequency is much lower than those of common silicate minerals and falls in the
far-infrared (25+ pm) and outside the range of any instrument that has been to Mars [V.

C. Farmer, 1974; Ferraro, 1995; Baldridge, 2008].
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Halite and other chlorides (KCl/sylvite, CaCl,, MgCl, and others) have
fundamental absorptions at 30+ pm and peak emissivities less than unity through the
mid-infrared [Ferraro and Walker, 1966; Nyquist and Kagel, 1971; V. C. Farmer, 1974;
Ferraro, 1995]. A summary of the crystal systems and spectral properties of the most
common chlorides is shown in Table 4.1.

Table 4.1. Crystal systems and locations of far-infrared absorption features for common

chloride minerals. Absorptions are in wavenumber (cm™). T=transverse mode,
L=longitudinal mode.

Cation-Cl Cation-O H-bond
Crystal System | Stretch (cm™) | Stretch (cm™) | Stretch (cm™)
164(T)F,
NaCl Cubic 264(L)? - -
146(T)*,
KCl Cubic 214(LY? - ;
250, 230,
CaCl; Orthorhombic 139%3 - -
CaCl2-6H20 Trigonal 136, 100, 80! 3801 240, 1921
MgCl; Hexagonal (rhom.) 230%3 - -
MgCl,-6H20 Monoclinic 1121 384! 200, 1621

'Ferraro 1971, 2Farmer 1974, *Baldridge 2008.

Numerous studies have characterized the unique spectral properties of chlorides
that are a manifestation of the chemical properties described above. Previous
investigators observed that anhydrous chlorides minerals (hereafter referred to simply as
chlorides) are largely transparent in the mid-wavelength portion of the infrared (5-20 pum)
[Eastes, 1989; Lane and Christensen, 1998; Baldridge, 2008; Osterloo et al., 2008]. This
transparency prevents an accurate application of Kirchoff’s Law for determining
reflectance from emissivity (and vice-versa), because a substantial portion of the energy

is transmitted through the sample or scattered, and not reflected or absorbed/emitted.
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Thermal gradients in a chloride mineral can cause a misidentification in temperature due
to the window chlorides provide to deep portions of a natural deposit. Additionally,
contaminants (i.e., sulfates or adsorbed water) appear as transmission features due to the
low emission of chlorides in the mid-infrared [Eastes, 1989; Lane and Christensen, 1998;
Baldridge, 2008].

In planetary remote sensing, infrared emissivity spectra are derived by dividing
the radiance spectrum by a Planck function fit to the peak emissivity, assumed to be 1 at
some point in the mid-infrared [Ruff et al., 1997; Lane and Christensen, 1998; Feely and
Christensen, 1999; Christensen et al., 2000]. Chlorides do not have peak emissivities of 1
in the mid-infrared; therefore, the assumption that the emissivity equals 1 results in
division by the incorrect Planck function, which in turn produces a sloped emissivity
spectrum [Lane and Christensen, 1998; Baldridge, 2008; Osterloo et al., 2008].
Additionally, chlorides are featureless (have no absorptions) and largely transparent in
the mid-infrared [Nyquist and Kagel, 1971; Eastes, 1989]. However, because no other
common geologic mineral produces a sloped, low-emissivity, featureless spectrum, these
characteristics have been used to indirectly identify chlorides on Mars [Osterloo et al.,
2008].

To date, far-infrared spectra of chloride minerals have been measured in either
transmission or reflection [Farmer, 1974; Baldridge, 2008]. However, the practical
application of mineral identification on planetary surfaces requires a thorough knowledge
of mineral behavior in emission. This work seeks to fill this gap in understanding of
chlorides in preparation for future far-infrared emission studies of potential salt-bearing
planetary bodies. In emission, energy has been absorbed by and passed through the
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sample, providing a more accurate characterization of the whole volume of a mineral
rather than only its surface. Quantifying the locations of the Christiansen feature
(emissivity peak) and fundamental absorptions, and how these features change in a
variety of natural settings, will allow planetary chloride deposits to be better

characterized in preparation for high-risk and costly sample return missions.

4.2.4 Identification of Chlorides on Mars

The sloped, low-emission, featureless spectrum is considered the first
identification of chlorides on Mars. The Thermal Emission Imaging System (THEMIS)
has nine bands for mineral identification that have been used for this detection
[Christensen et al., 2004]. Osterloo et al. (2008) used a decorrelation stretch (DCS)
product to identify regions on Mars with a featureless, sloped spectrum. A DCS using
THEMIS bands 8, 7, and 5 shows regions with a spectral slope as bright cerulean blue.
This slope persists in DCS products of bands 9, 6, and 4, where chlorides appear green-
blue, and disappears in DCS products of bands 6, 4, and 2, where chlorides appear
yellow-orange. Further investigation of these chloride deposits by Osterloo et al. (2010)
using other instruments ruled out other minerals using data from other Mars-orbiting
instruments. Bandfield (2009) used THEMIS and a thermodynamic model to rule out
topographic slope-induced anisothermalities as the cause of the spectral slope [Bandfield,
2009].

Recent efforts have refined estimates of both the species of chloride present and
its physical state [Jensen and Glotch, 2011; Berger et al., 2015; Glotch et al., 2016].
These studies have determined that the most likely material comprising martian chloride
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deposits is a mixture of chloride particles, comprising 10-25% by weight, and flood
basalt-type rock [Glotch et al., 2016]. The thickness of the deposits varies based on
which estimates of particle size are used, but observations by THEMIS indicate that it is
optically thick; with the above range of compositions, an optically thick chloride deposit
IS 150-180 pum in the thermal infrared [Mitchell and Christensen, 2016]. This minimum
thickness can be used as the lower bound of an estimate of chloride abundance using
Equation 1 of Mitchell and Christensen (2016). Osterloo and Hynek (2015) used an
impact crater to estimate the thickness of the chloride deposit in Miyamoto Crater,
providing a more empirical estimate of chloride deposit thicknesses; this estimate
bounded the thickness of chloride deposits in Miyamoto Crater to several meters

[Osterloo and Hynek, 2015].

4.2.5 Textural Variations with Environment

Field observations of chloride deposits on Earth have revealed a suite of surface
textures that potentially complicate the characterization of such deposits on other planets.
Fundamental works by Lowenstein and Hardie (1985) and others have described these
textures at a number of field sites in the American southwest as well as other playa (salt
flat) settings such as the Atacama Desert, Chile; the Salar de Uyuni, Bolivia; and many
sites in the Middle East (i.e., the Dead Sea, Israel) [Gornitz and Schreiber, 1981;
Handford, 1982; Lowenstein and Hardie, 1985; Ganor and Katz, 1989; Rosen, 1991;
Warren, 20064a].

Textures vary based on the age of the deposit, the cyclical nature of water influx
and desiccation, environmental conditions (wind, temperature, rain), geologic context,
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and geographic location. For example, Hardie and Lowenstein (1985) describe chevron
and cornet features that are only produced from the crystallization of halite cubes in a
standing brine. The cubes continue to grow at the water surface due to high evaporation
rates at the air-water interface; eventually, the weight of the cube overcomes buoyancy
forces and the cube sinks. If the cube lands pointed-edge-up, it produces a chevron
pattern, and if it lands on its side, it produces a cornet [Lowenstein and Hardie, 1985].
Observations of these patterns are a direct indication of a halite-saturated standing body
of water.

Other surface textures have been observed at numerous playas across the globe
and serve as diagnostic features of the processes that formed them [Gornitz and
Schreiber, 1981; Talbot et al., 1996; Warren, 2006b; Taj and Aref, 2015]. “Mushroom”
structures form when a halite crystals grow over the top of a standing body of water; the
classical large-scale example of these is the Dead Sea, Israel (Figure 4.1). Rafts form
when many small nucleated crystals aggregate together [Talbot et al., 1996; Taj and Aref,
2015]. “Needle” structures form when a series of chevrons or cornets grow as primary
features in a standing brine. Large halite cubes, known as hoppers (up to centimeters on
a side), are produced as displacive features in a salt-saturated fine-grained mud.
Efflorescence occurs when a small volume of brine evaporates on a surface, resulting in
direct precipitation of chloride into a thin crust. Efflorescence produces a disorganized
agglomeration of fine-grained halite crystals, which in most cases is not optically thick.
Pyramid-shaped crystals (referred to as “rafts” by Warren) begin to form at the air-water
interface, and remain suspended due to surface tension [Warren, 2006a]. These crystals
grow disproportionally at their edges due to evaporative concentration at their edges until
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they become too heavy to remain suspended and fall to the bottom of the water column
[Gornitz and Schreiber, 1981; Warren, 2006a]. Aggregates of chloride crystals can form
after the initial precipitation/deposition of cubes or crusts. These aggregates are loosely
bound and friable as primary structures; however, in environments of repeated saturation
and precipitation, these aggregates can become well-cemented and eventually form large

polygonal crack structures [Warren, 2006a; EI-Maarry et al., 2015].
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Figure 4.1. Halite mushrooms as observed at the Dead Sea, Israel, by Talbot et al. (1996).
A) Tops of mushrooms propagating outward from air-water interface. B) Conical
mushroom base observed from the subsurface. The diameter of the mushrooms is ~1 m.
(Image credit: Talbot et al. 1996, Sedimentology)

After the initial formation of a chloride deposit, cavities can form on its surface
due to rainfall, which can locally dissolve small volumes of salt. Cavities are especially
important because they can behave as blackbody cavities, preventing accurate mineral
identification due to geometric and spectral absorption effects. Finally, grains of chloride
can be compressed to form a coherent, cemented unit due to overburden/pressure forces.
Cemented and cavity-rich chlorides are secondary features, produced by the alteration of

the primary features by interactions with the environment post-deposition.
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4.2.6 Quantifying Emissivity

Each of the textures described above has a unique geometry, and will therefore
have unique effects on infrared spectra. Because the fundamental modes of chloride
minerals are in the far-infrared, far-infrared emissivity spectra are used in this study to
measure the geometric effects of the various textures. Osterloo et al. (2012) conducted a
study of the emissivity spectra of a number of geologic materials with varying degrees of
roughness. Her study revealed that thermal infrared emissivity can be used as a proxy for
surface roughness for certain geologic materials. The emissivity-reflection equation used
by Osterloo (2012) can also be used to assess the efficacy of infrared emissivity on

characterizing naturally occurring chlorides.

E,=1-(1-E)#+D

where E¢ is the effective emissivity, that is, the emissivity that is observed, E is the actual
emissivity of the material surface, and f is the number of reflections that occurs before the

reflected light interacts with the observer [Osterloo et al., 2012].

4.2.7 Expected Variations in Spectral Properties

Christiansen feature. Wavelengths where minerals have high absorption
coefficients are dominated by surface emission, with self-absorption resulting in emission
only from the uppermost (1 — 10 um) region. These locations of emissivity minima are
known as reststrahlen bands and represent the fundamental absorptions of that mineral.

At wavelengths slightly shorter than the fundamental, the index of refraction of the
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mineral changes rapidly and is equal to that of the medium over a narrow wavelength
range, resulting in very little scattering in this region. The absence of surface or volume
scattering at this wavelength, together with a low absorption coefficient, results in the
majority of infrared energy passing through the sample with little internal absorption or
surface reflection. This emissivity maximum is known as the Christiansen feature and is
diagnostic of a mineral species at a specific atmospheric pressure and temperature
[Salisbury, 1993; Salisbury and Wald, 1992].

Particle Size. Variations in particle size have a direct effect on the depth of the
fundamental absorption features of geologic materials [Salisbury and Wald, 1992].
Moersch and Christensen described four classes of optical behavior in minerals as a
function of n, index of refraction, and k, absorption coefficient. Most silicate minerals
are Class 1 over the mid-infrared, where Kk is large. Coarse particles are optically thick;
as a result, energy that is absorbed and emitted by one molecule in Class 1 spectral
regions will typically be absorbed by a nearby particle instead of passing through the
sample. This enhanced absorption by the sample results in deeper features and greater
spectral contrast at fundamental absorptions [Salisbury and Wald, 1992; Moersch and
Christensen, 1995]. Additionally, larger particles have a lower number of pore spaces,
reducing internal volume scattering relative to finer particles. Fine particles have a
greater number of air-grain interfaces in a sample volume, resulting in a greater number
of internal reflections. These reflections increase the emission component of energy in
Class 1 regions, resulting in an overall increase in sample emissivity and decrease in
spectral contrast. Fine particles also result in greater volume scattering due to the fact
that the particles are optically thin. [Aronson and Emslie, 1967; Vincent and Hunt, 1968;
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Hunt and Vincent, 1968; Conel, 1969; Hunt and Logan, 1972; Clark and Roush, 1984;
Salisbury and Wald, 1992; Salisbury et al., 1994; Wald and Salisbury, 1995; Moersch
and Christensen, 1995; Mustard and Hays, 1997; Lane and Christensen, 1998; Korb et
al., 1999]

Class 2 regions have moderate absorption coefficients (0.5 < k < 1) and moderate
index of refraction (n ~ 2). Weak absorptions that show decreasing emission with
decreasing particle size are located in Class 2 regions. Class 3 regions are described by
Moersch and Christensen (2005) as that spectral range where a mineral is weakly
absorbing and n > 1; chloride minerals fall into this category in the mid-infrared (Nhaiite =
~1.5) and are characterized by low emission due to absorption by particles as energy is
transmitted through the sample volume. For this reason, chloride (i.e., KCI) particles are
typically used as a matrix in pressed pellets for transmission spectroscopy, because they
are low-emission and have no absorptions in the mid-infrared. Class 4 regions are those
regions where k < 0.1 and n = 1; these maximum-emission regions are where the
Christiansen features are located [Salisbury and Wald, 1992; Moersch and Christensen,

1995].

4.3 Methods
4.3.1 Field Sample Collection

Chloride textures were observed in the field prior to constraining their spectral
properties in a laboratory setting. While only one field site was used to constrain the

sizes of the textures in question, these textures are known to occur at multiple playa
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settings across the southwestern U+nited States and other playa/sabkha settings across the
globe [Crowley and Hook, 1996; Talbot et al., 1996; Warren, 2006b].

For this study, Bristol Dry Lake, California, was used as a Mars-analog site from
which various halite textures were observed and sampled (Figure 4.2). Large (meter-
scale) polygonal cracks over an area of over 10+ km? are thought to have formed from
groundwater upwelling of calcium and sodium chloride-rich deep basinal brines
[Lowenstein and Risacher, 2009]. Samples of well-cemented polygonally cracked halite
(hereafter called “polygonal halite) from Bristol Dry Lake were used in this study to
assess the efficacy by which chloride can be detected in a natural setting. Clays exist in
layers on the underside of polygonally cracked structures, and were deposited as alluvial
fan wash from the nearby Callumet, Bristol, and Bullion Mountains [Rosen, 1991]. Clay
deposits on the polygonal halite samples were removed by physical abrasion, and one
sample was crushed using a rock hammer to produce mm-scale chips of polygonal halite.
The abraded polygonal halite has several dissolution pits on its surface, likely due to the

effects of rainwater.
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Figure 4.2. a) Surface view at Bristol Dry Lake, CA; polygonal cracks are approximately
1-2 meters across. b) Orbital image of Bristol Dry Lake, CA; large-scale polygonal
structures are visible. (Orbital image credit: Google/DigitalGlobe.)
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4.3.2 Synthetic Sample Preparation

To mitigate the effects of impurities, synthetic textures analogous to those
observed in the field were produced. A labeled photo of the system used for producing
these synthetic textures is shown in Figure 4.3. A 15-gallon acrylic aquarium was used to
simulate a closed basin system; this aquarium was filled with 10-12 L of 300 g/L reagent-
grade sodium chloride brine. Infrared lamps (75W) were used to simulate solar heating,
and an aquarium fan system (Tunze Aquawind™) was used to simulate wind.
Atmospheric pressure, temperature, and humidity were monitored daily. Because salt
crusts coat submerged probes within a day, water temperature was tracked using two
devices: an analog thermometer and a temperature probe connected to a Tunze
SmartController 3000™. An aluminum foil sheet was used as a dust cover, and the water
level was monitored to the nearest mm using a ruler on the tank exterior.

A series of experiments were conducted in which the brine was evaporatively
concentrated at a range of evaporation rates while being actively heated. Water level,
temperature and atmospheric conditions were recorded once daily. Different evaporation
rates were achieved by varying the number of infrared lamps used (between 0-2) and
adding/removing the fan system. Three polished glass coupons were placed at the bottom
of the tank to allow collection of precipitates without disruption of their texture.
Variations in texture and particle size were catalogued for each evaporation/precipitation

experiment.
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Figure 4.3. Photograph of the precipitation tank for producing synthetic chloride textures
in the Mars Space Flight Facility geochemistry laboratory.
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In addition to the artificially grown crystals, a hydraulic press was used to
produce pressed pellets using reagent-grade anhydrous chloride powder (halite, sylvite,
and CaCl,). Pressed pellets are commonly used in transmission spectroscopy and have
been used extensively to explore the various spectral properties of pure chloride salts. In
this study, pressed pellets serve as a control to which the emission spectra of varying

textures can be compared.

4.3.3 Infrared Emission Spectroscopy

Mid-Infrared Emission Spectra. Mid-infrared emission spectra (4000-400 cm™ or
2.5-25 um) with a spectral resolution of 2 cm™ were collected at the Mars Space Flight
Facility at Arizona State University using a Thermo-Fisher Nicolet Nexus 670 Fourier
Transform Infrared (FTIR) Spectrometer configured for emission using a Csl
beamsplitter. Additional mid-infrared spectra (2000-200 cm™ or 5-50 um) with a spectral
resolution of 2 cm™ were collected at the Vibrational Spectroscopy Laboratory at Stony
Brook University using a Thermo-Fisher Nicolet 6700 FTIR spectrometer configured for
emission and using a KBr beamsplitter. For both instruments, the sample analysis
procedure described in Ruff et al. (1997) was used. Two blackbodies (at 70 and 100°C)
were used to produce an instrument response function prior to sample analysis. Samples
were placed in blackbody-painted copper sample cups and heated to 80°C prior to
measurement. The sample cups were actively heated during measurement and the sample
chamber cooled to minimize downwelling radiance and increase the signal-to-noise ratio.
The sample chamber for both instruments is encased in a sealed acrylic box and purged

with dry air to minimize water vapor and CO; absorptions in spectra. The sample
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chamber was purged for a minimum of 15 minutes with dry air before data collection for
each sample [Ruff et al., 1997].

Far-Infrared Emission Spectra. Far-infrared emission spectra (600-50 cm™ or
16.7-200 pum) with a spectral resolution of 2 cm™ were collected at the Vibrational
Spectroscopy Laboratory at Stony Brook University using a Thermo-Fisher Nicolet 6700
FTIR spectrometer configured for emission and using a solid-state beamsplitter. The
sample analysis procedure was the same as described above for mid-infrared spectra and
followed the procedure outlined in Ruff et al. (1997). To minimize the appearance of
water vapor absorptions in the far-infrared, the sample chamber was purged for 30
minutes prior to data collection for each sample [Ruff et al., 1997].

Calibration of Spectra. Because the peak emission of chloride minerals is in the
far-infrared, Planck curves to calibrate the spectra must be fit to the emission peak in the
far-infrared spectrum prior to calibrating the mid-infrared spectrum. The mid-infrared
spectrum is then fit to an overlapping emissivity in the far-infrared; this wavelength range
was limited to 400 - 600 cm™. The wavenumber at which the two spectra are joined is
determined by finding the point in the overlap region with the lowest RMS error. The
mid-infrared spectrum is then scaled such that the two spectra have the same emissivity at

the low-RMS wavenumber.
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4.3.4 Spectral Analysis

The fundamental absorptions, adsorbed water features, and contaminant minerals
were identified using spectral data from previous studies. The libraries of Farmer (1974)
and Chukanov (2004) were used to locate the approximate wavenumber of fundamental
absorption features for anhydrous chlorides and sulfates [Farmer, 1974; Chukanov,
2014]. Baldridge (2008) identified a number of additional features using infrared
reflectance spectroscopy; these features are included for previously unidentified
absorptions [Baldridge, 2008]. Anhydrous chlorides are highly hygroscopic; therefore,
the effect of adsorbed water on a nominally anhydrous mineral must be constrained
[Eastes, 1989]. The library of Nyquist and Kagel (1971) was used to determine the
absorption features due to water and/or hydroxyl. In each of the spectra shown below, the
identification of fundamental and contaminant absorption features are according to the
findings of these referenced sources.

The spectral contrast was determined using the Matlab script findpeaks, which
locates the local maxima within a given dataset. Because emission absorptions are
topographic lows (local minima), a value of 1 minus emissivity was used as an input to
the Matlab function. Findpeaks measures the prominence of isolated maxima relative to
the local continuum and provides peak maxima values (1 - emissivity), peak location
(wavenumber), height (band depth), and base width. Peaks identified by this method were
limited to those greater than 0.1 A-emissivity and confirmed by manual inspection. For
comparison, the band depths of several absorption features were measured by Gaussian
fit, third-order polynomial fit, and a simple difference calculation (continuum emissivity
minus absorption minimum). All were within 0.03 emissivity of the corresponding
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Matlab-derived value. Therefore, we consider the findpeaks function a valid metric by

which to compare band depths and spectral contrast for different spectral features.

4.4 Results
4.4.1 Salt Precipitation Process

The rate of evaporation can play a major role in the morphology and particle size
of crystalline materials. Sears and Chittenden (2005) modeled the evaporation rate of
sodium chloride brines under the current atmospheric conditions on the martian surface;
their modeled evaporation rates ranged from 0.04 to 0.9 mm/hr [Sears and Chittenden,
2005]. During the late Noachian/early Hesperian (3.5 — 4.0 Gya), when martian chloride
deposits are thought to have formed, atmospheric conditions were likely very different:
the atmosphere may have been thicker, and liquid water may have been more stable on
the martian surface than it is today [Catling, 1999]. However, the estimates of Sears and
Chittenden (2005) have been used in studies of ponded water on early Mars, a period
during which the atmospheric conditions (Pam, pCO2, temperature, obliquity) are poorly
understood [Howard et al., 2009]. The evaporation rates of Sears and Chittenden (2005)
were therefore used as a target for this study because they are the best estimate available
for the behavior of brines on Mars.

In this study, four evaporation experiments were conducted to replicate, in a
controlled environment, the precipitation rates at which chlorides may have formed on
Mars and their textures relative to textures observed in the field. Measured brine

evaporation rates ranged from 0.07 (no active heating or fan) to 0.5 mm/hr (two IR lamps
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and fan system) - well within the range expected for sodium chloride brines on the
martian surface.

Regardless of the evaporation rate, the sequence of precipitation was the same for
each brine evaporation experiment. The sequence of precipitation is as follows. (1)
Cubes of halite nucleated at the air-water interface; these cubes reached up to 2-mm on a
side before falling to the base of the tank. Most commonly, small cubes at the air-water
interface would accrete together, forming a thin crust at the water surface called a “raft.”
(Figure 4.4a) In some cases, these cubes grew disproportionately at the corners than on
the cube faces, forming a staggered pyramid-type shape (Figure 4.4c, d). (2) The fallen
cubes would continue to grow along either cube faces or edges until they interacted with
other precipitated cubes. (Figure 4.4b) (3) Cube-cube interactions resulted in the
formation of aggregate structures: disorganized but loosely cemented masses of halite. In
some cases, cubes would continue to grow along all faces, forming hopper-like crystals,
or along a single crystal face, forming a “spire”-type structure. (Figure 4.4e, f and Figure
4.5) (4) After the formation of aggregates, large cubes, and spires, the final veneer of
brine became super-saturated; in this stage, micron-scale crystals precipitated directly on
the surfaces of preexisting crystals, forming an efflorescent crust (Figure 4.4g). This
sequence of evaporation and salt precipitation has been well-documented for active playa
systems on Earth [Gornitz and Schreiber, 1981; Warren, 2006a].

Because the efflorescent crust is the natural final stage in the precipitation
process, other textures (formed during 1-3 above) had to be collected prior to final

evaporation of the brine. Residual brine was wicked away from these samples using a
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laboratory wipe and baked in an oven after removal from the tank to prevent formation of
a post-mortem efflorescent crust.

The varied atmospheric pressure and gravity on Mars could result in changes in
this sequence of precipitation and deposition. For example, the lower gravity on Mars
could allow larger crystals to form at the air-water interface before sinking to the bottom,
resulting in more coarse-grained deposits than the ones produced in this study. If the
original textures of primary chloride deposits are preserved on Mars, they may provide

insights into the environmental differences between terrestrial versus martian climates.
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Figure 4.5. Unusual "spire"-type textures, where growth is primarily along a single
crystal face.

4.4.2 Synthetic Samples and Spectra

The specific samples used for the collection of infrared emission spectra are
shown in Figure 4.6. These samples were selected to represent both a range of textures
produced in nature and a range of particle sizes that may be present on the martian
surface. While primary textures may still be present on Mars, it is also likely that some
portion of the chloride deposits may have been pulverized or shattered into smaller
particles due to active erosional processes from wind or impacts. We therefore attempted
to cover the full range of possible textures by including several samples of loose particles

both above and below 180 um in diameter and a sample of loose small cubes.
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AY

Figur 4.6. Synthetic samples used for spectral analyss. All samples are composed of
halite. a) Efflorescent Crust, b) Aggregate, ¢c) Small Cubes, d) Particles >180 um, e)
Pyramid, and f) Large Crystal.
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The mid-infrared spectra of the halite (NaCl) pressed pellet (Figure 4.7) shows an
absorption due to the bending mode of adsorbed water at 1627 cm™ and an absorption
due to sulfate at 1110 cm™. These absorption peaks appear as a result of the low
background emissivity of the halite at these wavenumbers and are often referred to as
“transmission-like” features. Far-infrared spectra (300-50 cm™ or ~33-200 um) of the
pressed pellets are shown in Figure 4.8. Pressed pellets are labeled with the compound
name (NaCl, KClI, or CaCl>) and the sample number (“W#”).

The fundamental absorption features of each chloride can be seen as broad, deep
absorptions in Figure 4.8. The halite absorptions are at slightly different wavelengths
than those measured in reflectance/transmission shown in Table 4.1 above. The broad
absorption due to the Na-Cl transverse stretch is shifted to higher wavenumber (183 cm*
in emission as opposed to 167 cm™ in reflectance/transmission), whereas the Na-Cl
longitudinal stretch is shifted to shorter wavenumber (260 cm™ in emission as opposed to
264 cm* in reflectance/transmission). An additional absorption, that has also been
observed in previous transmission studies (Hadni 1967), can be seen with a band center at
235 cm%; this feature is attributed to a “two-phonon” interaction, presumably where the
fundamentals of the transverse and longitudinal modes constructively interfere [Hadni,
1967]. The Christiansen feature of halite was observed at 327 cm™.

The mid-infrared spectrum of the sylvite (KCI) pressed pellet shows a broad, low-
emission background similar to halite. The 1627 cm™ feature due to adsorbed water is
visible, along with a sharp transmission-like feature attributed to nitrate at 1402 cm™;
nitrate is a known contaminant in reagent-grade KCI powder and hence is expected here

[Nyquist and Kagel, 1971; Farmer, 1974]. In the far-infrared, the K-CI transverse stretch
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is shifted to higher wavenumber (154 cm™ in emission versus 146 cm™ in
reflectance/transmission), similar to halite, but the longitudinal stretch remains essentially
the same (216 cm™ in emission versus 214 cm™ in reflectance/transmission). For both
halite and sylvite, the transverse stretch is expressed as a deep, broad feature whereas the
longitudinal stretch is a shallower, sharper feature. The Christiansen feature of sylvite is
located at much lower wavenumber than that of halite: 279 cm™.

The mid-infrared spectrum of the CaCl. pellet is largely flat and featureless, with
a higher average emissivity than either NaCl or KCI. Because CacCl; is highly
hygroscopic, the effects on the CaCl spectrum are largely attributable to the presence of
adsorbed water. Small absorptions at 1631, 1024, and 646 cm™ are due to the bending
and rocking/wagging modes of water. A possible indication of Ca-O bonding occurs at
460 cm™. The 1840 cm feature could be due to a combination of bending and libration
of adsorbed HDO (water with a single deuterium atom) [Walrafen and Stone, 1972]. The
small feature at 1120 cm is attributable to trace quantities of sulfate. In the far-infrared,
CaCl; is known to have several fundamental absorptions at 250, 230, and 139 cm™ due to
the various Ca-Cl stretching modes. In emission, however, there are only two
fundamental absorptions and they are at 237 and 168 cm™. However, the feature at 237
cm is extremely broad and could include the ~250 cm™ feature, which is likely a low-
spectral-contrast feature due to the asymmetric nature of the absorption. The location of
the Christiansen feature for CaCls is the same as that of NaCl (327 cm™); as a result, the
identification of CaCl, in natural environments by infrared emission spectroscopy could
be challenging due to the large overlap between NaCl and CaCl, absorption features and
their typical colocation in the natural environment.
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Figure 4.8. Far-infrared emissivity spectra of pressed pellets of several chloride species
with sample names.
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The mid-infrared spectra of the synthetic textures (Figure 4.9) show the adsorbed
water absorption at 1627 cm, while a subset of the samples (efflorescent crust, particles
<180 pum, aggregate) show an absorption due to sulfate at 1110 cm™. The far-infrared
emission spectra of the various chloride textures reveal systematic variations in both the
depth and shape of their fundamental absorption features. These variations can largely be
attributed to the particle size of the samples. The efflorescent crust has the smallest grains
of all the synthetic samples, the sieved grains <180 um are the second smallest, and the
pressed pellet the third smallest. While the pressed pellet is used as reference, it is also
composed of pure reagent-grade halite, and consists of grains that are largely in the ~180-
200-um size range. The sample with the next largest particle size is the >180 um sample,
which consists of asymmetric, fractured pieces of halite with an average size of 1.5 mm.
The lab aggregate is the next largest sample, and consists of cemented cubes largely of
the same size as the >180 um particles. The small cubes are ~5 mm on a side, followed
by the NaCl Pyramid: a single large cube that grew along its edges to produce the unique
shape shown in Figure 4.6 above. Finally, the Large Crystal is as advertised: a single

large, transparent crystal of halite with dimensions 12 x 24 x 3 mm.
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Figure 4.10. Far-infrared emission spectra of synthetic sodium chloride textures. “NaCl
W3” refers to the halite pressed pellet.
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Each spectrum in Figure 4.10 shows the fundamental absorption features of halite
at ~180 cm™ and ~260 cm™. Samples show variations in absorption asymmetry and
depth with particle size. The two samples with the smallest particle size (efflorescent
crust and <180 um) show elevated absorption asymmetry relative to samples with larger
particle sizes. At~180 cm™, the higher wavenumber portion of the absorption is shallow
with respect to the equivalent portion at low wavenumber for the efflorescent crust and
<180 um grains. Band asymmetries are often observed in silicates due to compositional
variations (i.e., variations in Ca- versus Na-plagioclase in a single sample) [Salisbury and
Walter, 1989; Thomson and Salisbury, 1993; Lane et al., 2011]. Because the synthetic
samples used in this study are all pure halite, we conclude that the asymmetry is due to
scattering and is not the result of compositional variations.

Similar to silicates, the depths of chloride fundamental absorptions vary
systematically with particle size, as shown in Figure 4.11, where samples are arranged in
increasing particle size from left to right. An increase in the spectral contrast as a
function of particle size shows that the effects of internal reflections, enhanced in samples
with small grains, dominates at the fundamental transverse absorption feature. The
pressed pellet (“NaCl W3”) has a higher band depth than its particle size would suggest;
however, this increased band depth is expected because the grains have been compressed
as part of the pellet-making process. This compression artificially reduces/removes pore
spaces, causing the whole of the sample to behave similar to a single large crystal.
Indeed, the spectra of the pressed pellet and the large crystal overlap over most of the far-
infrared; the major difference between the two is only at the height of the ~125 cm™

shoulder, where the large crystal is higher by ~0.04 emissivity (Figure 4.10).
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Figure 4.11. Band depth relative to continuum emissivity for synthetic sodium chloride
textures for the fundamental ~180 cm™ absorption feature, in order of increasing particle
size from left to right. Green circle denotes band depth of NaCl pressed pellet projected
on line fit. Horizontal lines indicate variations in particle size within each sample.

Another key property of the absorption features of all minerals is the location of
the band center. The band center is known to shift for a material based on atmospheric
conditions (temperature, pressure), minor compositional variations, and particle size;
however, compositional variations have the most pronounced effect [Salisbury, 1993;
Salisbury and Wald, 1992; Mustard and Hays, 1997; Donaldson Hanna et al., 2016].
While the effects of particle size and texture are primarily expected to manifest in band
depth/spectral contrast, their effect on band center has been observed for mixed-particle-
size samples (i.e., lunar regolith) and must therefore be quantified. Figure 4.12 shows
that the band center is at the highest wavenumber for intermediate particle sizes and
samples with either cement-filled or compressed pores. Therefore, the effect of reduced

pore spaces appears to shift the band center to higher wavenumber in a similar manner to
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a reduction in atmospheric pressure. Decreasing atmospheric pressure reduces the gas in
interstitial/pore spaces, inhibiting conduction through pores and limiting heat transfer to
radiative-only [Salisbury et al., 1994; Donaldson Hanna et al., 2016]. The separate
effects of particle size (where larger particles have higher spectral contrast) and the
infilling of pore spaces (due to cementation or compression) have measurable effects on
band center and band depth. The samples with the two highest band depths are the two
single-crystal samples (the large crystal and pyramid). Figure 4.13 shows that band
center position reaches a maximum wavenumber at intermediate band depths of ~0.3;
samples that fell into this range include the halite pressed pellet, aggregate, and the small
cubes. In their transverse fundamental absorption properties, we conclude that loose
particles of 4-5 mm particle size (i.e., small cubes) behave similarly to smaller particles
when the small particles are compressed/have reduced pore spaces (i.e., pressed pellet) or

are well-cemented (i.e., aggregate).
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for synthetic textures only. Green circle denotes band depth of NaCl pressed pellet; the
two points close to the circle are the aggregate and small cubes samples.
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The spectral contrast of the absorption feature associated with the Na-Cl
longitudinal stretch at ~260 cm™ was also explored. Because this is a lower-contrast
feature than the transverse stretch, a lower range of band depths was expected as a
function of particle size. In Figure 4.14, the band depth is shown to increase sharply with
size through the >180-um particle size, where it decreases as sharply before continuing
with a less pronounced increase with particle size. A minimal band depth variation can be
resolved for the three samples with the largest grains. The cause of the variation between
the >180-um particle size and the aggregate sample, which is largely composed of
similar-sized grains that are cemented together, is difficult to constrain. The presence of a
cement should increase band depth in the aggregate; therefore, it is most likely that
numerous small (<180 um) grains may be present in the aggregate sample which act to
increase volume scattering in the sample and reduce spectral contrast. Regardless, the
variation in band depth between the lowest-particle-size feature, the efflorescent crust
(where this band could not be resolved) and the highest-particle-size is only ~0.04
emissivity; the spectral contrast at the 260 cm™ absorption is a order of magnitude lower
than that of the 180 cm™ absorption.

Intermediate variations in band depth could be the result of transitions between
scattering regimes; the wavelength of light at the 260 cm™ absorption (~40 pm) is
approximately 1/10 the size of many of the particles in the sample, which vary in size
from 180 um up to 2-3 mm. In this size regime, Mie scattering may occur, causing a
marked increase in forward-scattered light from the interior of the sample; this effect
would be detected as an increase in emission in the sample, resulting in lower spectral

contrast at this wavelength range. This shorter-wavelength band is more sensitive to
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small-scale textural variations and can therefore be used to compliment the larger
variations in band depth versus particle size seen at longer wavelengths (lower
wavenumber). The band center was virtually unchanged for all particle sizes for the 260

cm! feature, as shown in Figure 4.15.
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Figure 4.14. Band depth relative to continuum emissivity for synthetic sodium chloride
textures for the fundamental ~260 cm™* absorption feature, in order of increasing average
particle size from left to right. Green circle denotes band depth of NaCl pressed pellet
projected on line fit. Horizontal bars show range of particle sizes observed in each
sample.
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Figure 4.15. Locations of ~260 cm™ band center for each sample, in order of increasing
average particle size. Horizontal bars show range of particle sizes observed in each
sample.

The location of the Christiansen feature is often used as an indicator of particle
size in airless environments because it shifts systematically, and measurably, with
particle size under vacuum conditions <10 mbar [Salisbury and Wald, 1992; Lane et al.,
2011; Donaldson Hanna et al., 2016]. Because each fundamental absorption has its own
emissivity peak just short of the absorption, there can be multiple such features for a
single mineral. In the case of chlorides, the fundamental absorptions are so closely
spaced that the Christiansen feature of the transverse mode is subdued by the presence of
the longitudinal mode and the combination (“two-phonon”) band at ~235 cm™ between
them [Hadni, 1967]. For the purposes of this study, the “Christiansen feature” is referred
to as the first Christiansen frequency, or the emissivity peak for the longitudinal mode.

This is the only Christiansen feature that reaches emissivity = 1 through the entirety of
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the mid- and far-infrared. Each of the samples in this study had broad Christiansen
features, where emissivity = 1 across multiple wavenumbers; the wavenumber of the
highest emission was used to define the precise location of the Christiansen feature. As
shown in Figure 4.16, no resolvable or systematic variation in the location of the
Christiansen feature was observed. The >180-um particle size showed a distinct shift in
the location of the Christiansen feature to lower wavenumber (longer wavelength), but it

was the only sample to do so.
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Figure 4.16. Christiansen feature (first emissivity peak) in cm™ for each sample in order
of increasing particle size. Horizontal bars show range of particle sizes observed in each
sample.

Band ratios were used to assess the sensitivity of emissivity variations between
the two fundamental modes to textural variation and particle size. The ratios of emission
at the transverse fundamental (~180 cm™) to the longitudinal fundamental (~260 cm™)
are shown for each sample in Figure 4.17 in order of increasing particle size from left to
right. High band ratios indicate low/small differences in the emissivity at the two
fundamentals, i.e. shallow absorptions for both features, while low band ratios indicate
large differences between the two fundamentals. A general trend of decreasing band ratio
with increasing particle size is evident. Additionally, samples consisting of loose or very
small (< 180 um) grains have consistently higher band ratios than coherent (single

crystal, cemented, or compressed) samples. The large crystal has the greatest variation in
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emissivity between the two fundamentals, and hence the lowest band ratio value, while
the efflorescent crust has very similar emissivities between the two, and therefore the

highest band ratio value.
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Figure 4.17. Band ratio, measured as emissivity at the transverse (180 cm™) fundamental
divided by the emissivity at the longitudinal (260 cm™) fundamental, for each synthetic
texture. Textures are ordered by increasing particle size from left to right. Green circle
indicates the value for the NaCl pressed pellet projected between the two closest values.
Horizontal bars show range of particle sizes observed in each sample.
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4.4.3 Field Samples and Spectra

In order to determine the utility of the above measurements and observations for
remote-sensing studies, a comparison must be made between laboratory samples and
those observed in the field. Excluding the powders/pulverized samples, each of the
textures produced in the laboratory was also observed in the field. Efflorescent crust
(Figure 4.18a) was observed all across Bristol Dry Lake: between and on top of
polygonally cracked halite, on mud-covered surfaces, coating desiccated trees and stray
silicate rocks, etc. Because efflorescent crusts are extremely fragile and wash away
quickly during rain showers, they are presumed to represent the most recent brine
evaporation event.

Samples of polygonal halite (Figure 4.18b), which were the primary source of
field sample spectra in this study, show a similar morphology to the aggregate samples in
the lab. However, the polygonal halite lay on top of, and intermixed with, muds and
clays that washed down from nearby alluvial fans. In contrast to the synthetic laboratory
aggregates, naturally occurring polygonal halite is extremely hardy, to the point where
most polygonally cracked structures at Bristol Dry Lake could support a person’s weight
with no surface deformation. These polygonally cracked structures are thought to be
much older than the efflorescent crusts, and have likely experienced many years of
wetting-desiccating cycles. This cyclic dissolution and re-precipitation has reinforced the
cements in pore spaces and generally hardened the deposits. Their surfaces are smooth
and highly reflective in the visible, suggesting a surface that is smooth on the sub-micron

scale (Figure 4.2a).
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Large single crystals (Figure 4.18c) were observed in the field, though they were
uncommon and often coated in mud and clay. Storm events, rapid changes in
evaporation rate, and contaminants (i.e., wind-blown dust) make it difficult for such
crystals to form in nature. In spite of these hurdles, their identification in the field shows
that single crystals are an important component of playa environments. Finally, hopper
crystals (Figure 4.18d), show that the laboratory small cubes can also be identified in the
field. The Bristol Dry Lake hoppers are numerous in damp, mud-rich portions of the
playa where highly saline groundwater wets the surface from below. Dilute waters would
prevent the formation of hoppers or dissolve hoppers that have already formed. The
persistence and growth of hopper crystals indicates that a saturated brine is maintained in
the groundwaters at Bristol Dry Lake. Unfortunately, because hoppers are typically
found within/surrounded by wet muds, they represent only a fraction of the composition
of the mud deposits. Therefore, these occurrences may be particularly challenging to

locate or identify using remote sensing.
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Flgure 4.18. Field textures correspondlng to synthetlc samples. All textures observed at
Bristol Dry Lake, CA. a) Efflorescent crust, b) Polygonal halite, c) large crystals, and d)
small cubes (hoppers), average 1 cm on a side.

Three samples were used for the comparison of spectra between field and
laboratory samples; these field samples are shown in Figure 4.19. Crushed polygonal
halite (Figure 4.19a) was used to compare with the >180-um particles and coherent
polygonal halite. A large piece of polygonal halite, derived from the field sample shown
in Figure 4.18b, was used to represent the surface of large halite polygon. This sample
had a large amount of dried mud/clay on its underside as shown in Figure 4.18b; to
prevent this clay from affecting the spectral analysis, it was removed using a Dremel™
tool and labeled as a “cleaned” sample in the spectra below. A photo of this cleaned

sample is shown in Figure 4.19b. The final field sample was originally identified as
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CaCl> due to its geographic location; this sample was labeled “Massive Salt” since its

composition was unclear at the time of its collection (Figure 4.19c).

Figure 4.19. Field samples used for spectral analysis. a) Pulverized Polygonal Halite, b)

Cleaned Polygonal Halite, and c) Massive Salt.

The mid-infrared spectra of the field samples (Figure 4.20) show a broad, reduced
emissivity throughout the mid-infrared and the 1627 cm™ feature indicative of adsorbed
water. The sulfate absorption at ~1100 cm™, which is clearly visible in the pressed pellet
reference, is virtually invisible in the field samples. Given the proximity of multiple
sulfate species in the vicinity of Bristol Dry Lake [Rosen et al., 1990], it is notable that
they are not observable as trace contaminants in the polygonal halite samples.
Additionally, there are no indications of clay or other silicates in the spectrum in spite of
the discoloration that is evident in the samples and the fact that they were in direct
contact with clay when collected in the field. Eastes (1989) observed evidence of

montmorillonite (clay) mixed with halite in the mid-infrared for clay abundances as low
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as 2% [Eastes, 1989]. Therefore, we conclude that the polygonal halite sample has <2%
clay based on its lack of silicate features in the mid-infrared.

The far-infrared emission spectra of the field samples, with the pressed pellet
(“NaCl W3”) for reference, are shown in Figure 4.21. The broad absorption feature due
to the transverse Na-Cl stretch is clearly visible in each sample, though shifted to lower
wavenumber relative to synthetic samples (~175 cm for field samples versus ~180 cm™
for synthetic samples). The lower-contrast longitudinal feature in the field sample is
immune to particle size or contamination and is located at 262 cm™, making it virtually
indistinguishable from the synthetic samples. Additionally, the minor absorption at 235
cm is resolvable for all of the field samples, again similar to those of the synthetic
samples. The fundamental absorption of the “Massive Salt” sample distinctly identifies it
as relatively pure halite; therefore, the usefulness of far-infrared analysis is shown by
revealing the misidentification of this mineral species in the field.

The fundamental absorptions, while located at a similar wavenumber to synthetic
samples (175 cm™), show asymmetries that are similar to the fine-grained synthetic
samples (Figure 4.20, field samples, and Figure 4.9, efflorescent crust and <180 um
grains). This asymmetry in the field samples’ spectra is unlikely to be due to scattering
effects, since these samples are coherent and consist of grains much larger than 180 um.
However, the presence of sulfate or clay contaminants is not indicated in the mid-
infrared; therefore, if the asymmetry is due to contamination, it is most likely to be from
another chloride species. The presence of CaClz, however, may account for the
asymmetry in the field samples. The fundamental absorption features of CaCl> largely

overlap with those of halite and are significantly more shallow due to the fact that CaCl>
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is not isometric (Figure 4.7 and Figure 4.8). Therefore, the asymmetry in the halite
absorption may be the expression of a Ca-Cl absorption that isn’t strong enough to
produce a resolvable absorption and instead produces a shallow shoulder. Additionally,
because the deep-basinal brine at Bristol Dry Lake is calcium-chloride-rich [Lowenstein
and Risacher, 2009], the likelihood of small quantities of calcium chloride in these

samples is reasonable.
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Figure 4.21. Far-infrared emissivity spectra of field samples, with NaCl pressed pellet
(“NaCl W3”) for reference.
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The band depths and band centers for the field samples, with the pressed pellet for
reference, are shown in Figure 4.22. No systematic variations in the band depth with
particle size could be resolved, though the crushed polygonal halite sample did have a
shallower band depth by ~0.1 emissivity. The Massive Salt in fact had a shallower band
depth than either polygonal halite, perhaps due to the presence of minor antarcticite
(CaCl, « 6H20), which has no absorption at this wavenumber and is known to occur at
Bristol Dry Lake, though this could not be confirmed [Duning and Cooper, 1969].
Additionally, no systematic variation in band center at the fundamental absorption could
be ascertained.

The Christiansen features for each of the field samples fell within the range of
what was measured in the synthetic samples, though the cleaned polygonal halite
behaved most similarly to the pressed pellet, having a Christiansen feature at relatively
high wavenumber (327 cm™). A summary of the Christiansen feature locations, band
centers, and band depths for the two major absorption features for each sample are shown
in Table 4.2. The band ratios for each field sample are shown with the synthetic samples
in Figure 4.23; all of the field samples are intermediate in band ratio value between the
efflorescent crust and the >180 um particles. The variations in these values due to
compositional, textural, and particle-size-related variations are discussed in the following

section.
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Figure 4.22. Band depth (left axis) and band center (right axis) for the ~180-cm™
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Figure 4.23. Band ratios between fundamental absorptions of all halite samples as a
function of average particle size. Labeled field samples are marked by orange circles.
Horizontal bars indicate variations in particle size for each texture.
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The presence of atmospheric water vapor and carbon dioxide can pose particular
challenges for mineral identification using far-infrared remote sensing [Palchetti et al.,
2009]. Numerous rotational and vibrational modes of these and other minor compounds
(i.e., ozone, methane) can obscure the finer spectral features of minerals with absorptions
in the far-infrared. We therefore conducted a first-order assessment of the resolvability
of chloride absorptions in this water-dominated part of the electromagnetic spectrum by
comparing radiance spectra for several samples. We observed that, in the absence of
calibrated emissivity, radiance can be used qualitatively to assess the presence of chloride
minerals. Figure 4.24 shows the radiance spectra of pressed pellets of halite (NaCl) and
sylvite (KCI) and the interior of a sliced piece of basalt collected near El Malpais, New
Mexico. While dry air was used to purge the sample chamber, numerous water vapor and
carbon dioxide absorptions persist in the radiance spectra; these absorptions are largely
removed during the conversion from radiance to emissivity. In spite of the presence of
water vapor and carbon dioxide, two major spectral properties allow the chlorides to be
distinguished from basalt. First, the chloride minerals reach a much higher peak radiance
than the basalt due to the location of their emission maxima (Christiansen features) in the
far-infrared. Second, the fundamental absorptions of the chloride cause a substantial
decrease in radiance at their respective fundamental wavenumbers. On Mars, the effect
of a carbon dioxide-dominated atmosphere may deepen a subset of the atmospheric
absorption features; however, these features are concentrated at higher wavenumber than
the chloride fundamentals and should not prevent the first-order identification of chloride

minerals on the martian surface.
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Figure 4.24. Radiance versus wavenumber (cm™) for pressed pellets of halite and sylvite
compared to the interior of a sliced New Mexico basalt. Due to temperature variations
between the samples, the sylvite spectrum has been scaled down by a factor of 0.75 and
the basalt spectrum has been scaled up by a factor of four.
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Table 4.2. Summary of Christiansen feature and band center locations for fundamental
absorptions (in cm™) for all samples. Band depths are shown relative to approximate
continuum emissivities for each absorption feature. For halite, Band 1 = ~180 cm™
absorption (transverse Na-Cl stretch), and Band 2 = 260 cm™ absorption (longitudinal
Na-Cl stretch). For KCI, Band 1 = 154 cm™* absorption (transverse K-Cl stretch), and
Band 2 = 254 cm™ absorption (longitudinal K-Cl stretch). For CaCl2, Band 1 = 168 cm
absorption (transverse Ca-Cl stretch), and Band 2 = combination of 230 and 250 cm*
absorptions (longitudinal Ca-Cl stretch). *Band ratio = emissivity at Band 1 divided by
emissivity at Band 2 for each sample.

Christiansen | Band1 | Band1 | Band2 | Band 2 | Band
Sample Name Feature Center | Depth | Center | Depth | Ratio*
« | NaCl W3 327 183 0.31 260 0.05 0.51
% KCI W3 279 154 0.45 216 0.05 0.43
8 | caCl2 W2 327 168 0.11 237 0.09 0.89
NaCl Effl. Crust 318 170 0.14 - - 0.86
o | NaCl <180um 320 175 0.21 260 0.02 0.72
E) NaCl >180um 302 179 0.29 260 0.05 0.67
€ | NaCl Lab 0.65
@ Aggregate 320 185 0.33 260 0.03
ﬁ NaCl Small Cubes 318 183 0.33 262 0.04 0.70
NaCl Pyramid 309 179 0.43 260 0.04 0.58
NaCl Large Crystal 316 177 0.46 260 0.05 0.49
Field Crushed Poly 316 174 0.29 262 0.03 0.68
< | Field Poly Halite, 327 170 0.37 262 0.04 0.78
[ Cleaned
Massive Salt 318 177 0.30 262 0.04 0.72
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In summary, we observed a predictable sequence of chloride morphologies for
laboratory precipitation experiments at a range of evaporation rates (0.07 - 0.5 mm/hr).
These evaporation rates fall into the range expected for current, and possibly ancient,
Mars. The far-infrared spectra of pressed pellets of different chloride species showed
distinct fundamental absorptions in the far infrared, though these absorptions largely
overlap between halite and CaCl,. The synthetic halite textures showed systematic
variations in band depth at the 180 cm™ transverse fundamental absorption, but this trend
vanishes at the longitudinal 260 cm™ due to the overlap of the transverse Christiansen
feature with this absorption. There were no systematic variations in the location of the
first (longitudinal) Christiansen feature with texture or particle size.

The textures produced in the lab were also observed in the field. Spectra of field
samples of polygonally cracked halite and of an unknown salt were collected from Bristol
Dry Lake, California; pulverized polygonal halite had a lower band depth than a coherent
sample from the same source. The unknown ("Massive") salt proved to be halite;
although it was a coherent (non-granular) sample, its transverse fundamental band depth
was similar to that of the crushed/granular polygonal halite. Larger trends in band ratio
between the two fundamentals were observed for both synthetic and field samples, and

generally follow the same trend as band depth for the transverse fundamental absorption.
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4.5 Discussion
4.5.1 Constraining Chloride Mineralogy

The lack of fundamental absorption features, and the generally high transparency
of chlorides in the mid-infrared (~2000 - 400 cmt), prevent the mid-infrared from being
useful for constraining the type of chloride. Hydrated chlorides, such as antarcticite
(CaClz « 6H20) and bischofite (MgCl2 « 6H20), should be identifiable if they are present
in high enough abundances due to the many vibrational modes of water that produce
distinct hydration features in the visible, near-infrared, and mid-infrared. Each cation-
oxygen bond has a specific bond energy that produces a unique absorption for each
hydrated chloride [Nyquist and Kagel, 1971; Farmer, 1974; Baldridge, 2008]. Coupled
with their largely featureless spectra in the mid-infrared, the hydrated chloride minerals
should be detectable by current orbiting instruments.

Anhydrous chlorides have posed more of a challenge. Their featureless, low-
emissivity spectra allow their presence to be inferred in the mid-infrared (5-25 um), but
not confirmed. Previous studies have estimated their abundances in the range of 10-25%
at the chloride sites on Mars [Baldridge, 2008; Osterloo et al., 2008, 2010; Glotch et al.,
2016]. This study has shown that halite can be definitively identified by its broad, deep
absorptions in the far-infrared. Because sylvite is also an isometric, anhydrous chloride,
it has the same mid-infrared detection hurdles as halite. The measured crustal Na,O/K>0O
ratio for Gusev Crater is 8.9 and martian meteorites have measured Na>O/K>O ratios of
12.5 [McSween et al., 2009]. Therefore, if martian crustal ratios are reflected in evaporite
deposits, sylvite abundance is likely much lower than that of halite due to the lower

stoichiometric abundance of potassium relative to sodium on Mars. This study has
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demonstrated that sylvite has distinct far-infrared emission features that allow it to be
positively identified and distinguished from halite. If anhydrous calcium chloride exists
on Mars, it can be approximately distinguished from halite due to the overlapping 250
and 230 cm™ absorption features; however, it is unlikely that the large 168 cm™ feature
could be confidently distinguished from the ~180 cm™ halite absorption due to the large
width of both features. We have also shown that the location of the band centers and the
band widths can be used to distinguish between halite and sylvite in the far-infrared.
Because anhydrous calcium chloride has an overlapping transverse absorption with
halite, other absorptions (i.e., the longitudinal stretch) will be needed to provide a
confirmation of the exact mineral species in that case. However, it is unlikely that
anhydrous calcium chloride exists on Mars because it is highly hygroscopic; water vapor
is known to exist in Mars’ atmosphere, therefore calcium chloride is most likely to be

found as sinjarite (CaCl> ¢« 2H20) or antarcticite (CaCl, « 6H20).

4.5.2 Constraining Chloride Texture and Particle Size

Systematic variations in particle size were observed for all of the synthetic spectra
included in this study. The primary effect of particle size is to change the spectral
contrast of the fundamental absorption features. This is a well-known property of
common geologic (silicate) materials in the mid-infrared. [Salisbury and Wald, 1992;
Thomson and Salisbury, 1993; Salisbury et al., 1994; Moersch and Christensen, 1995;
Wald and Salisbury, 1995; Lane et al., 2011]. We have shown that these properties
extend into the far-infrared for chloride minerals. Overall, we observe that chlorides have
Class 3 (weakly absorbing and n > 1) behavior over virtually all of the mid-infrared
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(2000 — 400 cm™). They transition to Class 4 (k < 0.1 and n = 1) at the first Christiansen
feature, the exact location of which varies based on mineralogy [Moersch and
Christensen, 1995]. In the far-infrared, chlorides transition to Class 1 (large k) spectral
behavior, where they show an inverse relationship between emissivity and particle size at
the fundamental absorption features.

The overlap of the transverse Christiansen frequency with the longitudinal and
combination bands acts to increase the emissivity at those wavenumbers; the result is that
the transverse mode is much more sensitive to changes in particle size and, hence, shows
greater changes in emission with particle size than the longitudinal mode. We believe
this overlap between Class 1 and Class 4 regions is why the band ratios decrease
consistently with increasing particle size, as shown in Figure 4.23. Because there is some
overlap between the Christiansen frequency of the transverse mode and the longitudinal
and combination (“two-phonon”) band, the two fundamentals behave dissimilarly with
changes in particle size [Hadni, 1967]. In the absence of full characterization of the
transverse absorption feature, the ratio between the transverse and longitudinal bands
could be used as a proxy for particle size.

Cementation and compression of chloride particles have distinct effects on their
far-infrared emission spectra [Baldridge, 2008]. Both act to reduce internal reflections,
increasing spectral contrast and band depth for the fundamental absorption features
relative to loose particles [Salisbury and Wald, 1992; Lane et al., 2011]. The single large
crystal of halite had the largest band depth of any sample in this study, showing that
cementation and compression do not increase band depth to the fullest extent; this
behavior is the same as that observed for silicate minerals. In contrast to the coarse
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materials, the efflorescent crust showed the highest average emissivity of any sample in
this study. This behavior is expected for fine-grained materials where pore spaces, and
therefore internal reflections, are numerous; these reflections result in an enhanced
sample emissivity in spectral regions where the emissivity would typically be low. The
transverse fundamental absorption was visible in the efflorescent crust, but its band depth
was low, and the longitudinal absorption was not resolvable. Therefore, we conclude that
efflorescent crusts will be extremely difficult to detect using the techniques outlined in
this study.

The trend of band ratio values in Figure 4.17 and Figure 4.23 indicates that the
transverse fundamental absorption, which is at a longer wavelength (~55 um) than the
longitudinal fundamental (~38 um), is disproportionately amplified relative to the
longitudinal as the sample becomes more cemented and/or has larger grains. Based on
band ratio alone, the field samples in Figure 4.23 would be interpreted as loose and/or
fine-grained materials. Since the Cleaned Polygonal Halite and Massive Salt samples are
large, coherent materials, they can in principle be discriminated from fine grains by
assessing their diurnal temperature variations (thermal inertia). We conclude that a
combination of properties, including mid-infrared peaks (if present), band depth for each
fundamental, band ratio values, and thermal inertia, will be required to be distinguish

each texture using far-infrared remote sensing.
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4.5.3 Sensitivity to Contaminants

Sulfates, especially gypsum (CaSO4 « 6H>0) and anhydrite (CaSOa), are common
in playa settings because they are the next most soluble species in natural waters after
chlorides [Hardie and Eugster, 1970; Catling, 1999; Lowenstein and Risacher, 2009].
Typically, as natural waters evaporate and become more concentrated, sulfates precipitate
out before chlorides, forming a ring around evaporating and constricting ponds that can
be easily identified using remote sensing [Hardie and Eugster, 1970; Baldridge et al.,
2004]. Sulfate species have been observed in reagent-grade halite and show distinct
features in their mid-infrared spectra. However, only textures with a large number of
internal reflections (fine grains, weakly cemented aggregates, or compressed powders)
show the sulfate feature. Coarser grains and single crystals in this study did not show
indications of sulfate. On Mars, sulfate is a common mineral, and many hydrated and
anhydrous species of sulfate minerals have been identified [Clark et al., 2005; Dalton et
al., 2005; Gendrin et al., 2005; McLennan et al., 2005; Lane, 2007; Roach et al., 2010;
Bibring et al., 2007; Kaplan et al., 2016; Rampe et al., 2016]. Therefore, we recommend
that future ground and orbital investigations of chlorides on Mars be sensitive to the
detection of sulfate minerals in the mid-infrared as chloride minerals are investigated in
the far-infrared.

Other contaminants that were visibly observed in the field included muds and clay
particles. While the exact clay species was not determined, it is notable that no
indications of clays were seen in the mid- or far-infrared spectra of field samples. This
lack of a clay signature was in spite of the fact that mud was physically abraded from the
bottom surface of the polygonal halite sample, and almost certainly left behind some
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residual clay. Eastes (1989) observed clay spectral features intermixed with halite for
clay abundances as low as 2%; therefore, we conclude that lower than 2% clay was
present in the field sample after cleaning.

As a result of the lack of sulfate or clay detection in the field samples, and the
irregular expression of sulfate in the various chloride textures, we conclude that such
contaminants are not a major hurdle in identifying chlorides using the techniques in this
study. However, we expect that significant quantities of dust and basalt, or the presence
of only thin deposits of chloride will pose unique challenges for detecting chlorides using

far-infrared emission spectroscopy on Mars [Berger et al., 2015; Glotch et al., 2016].

4.5.4 Environmental Implications for Mars

The variations in evaporation rate in the production of synthetic samples showed
several important characteristics in the production of chloride deposits. First, we
observed that the range of evaporation rates from 0.07 — 0.5 mm/hr was not large enough
to produce measureable changes in the evolution of chloride crystals during precipitation.
Because this range of evaporation rates overlaps with that expected for the martian
surface under present environmental conditions, the textures produced are considered
reasonable for chlorides forming on the martian surface. Late-Noachian/early-Hesperian
surface conditions were likely more favorable for the stability of water/brine on the
surface due to the presence of water-bearing minerals and geomorphologic features dated
to that time period. Thus, brines may have experienced lower evaporation rates due to
environmental conditions more favorable for the presence of liquid water [Sagan et al.,
1973; Poulet et al., 2005; Baker, 2006]. Lower evaporation rates could only have
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resulted in larger crystals (at least upon initial deposition), showing that the textures
represented in this study could be considered a “worst case” in terms of particle size and
corresponding spectral contrast of the initial deposits.

Geomorphologic evidence shows that substantial amounts of liquid water — up to
108 m¥/s - flowed over the martian surface during the late-Noachian/early-Hesperian
timeframe (3.5 - 4.0 Ga) [Carr, 1979; Coleman, 2003; DiAchille and Hynek, 2010; Hynek
et al., 2010; Hoke et al., 2011]. This water may have provided the starting point from
which a chloride-rich brine eventually formed. It is not known whether this brine
originated from surface flows or manifested as groundwater upwelling. However, the
elevated thermal inertia of chlorides on Mars shows that the chlorides present are likely
well-cemented [Osterloo et al., 2008, 2010]. Indeed, their mere presence on the martian
surface — in spite of atmospheric phenomena and numerous meteorite impacts of various
energies — shows that they are, to some extent, similar to the coherent polygonally
cracked halite at Bristol Dry Lake. The terrestrial polygonal crack structures have
undergone numerous wetting/desiccation cycles, with each cycle further cementing the
structures of those features. It is therefore possible that martian chloride polygonal crack
structures, which have been observed from orbit by the HiRISE camera at high spatial
resolution, have undergone similar repeated wetting/desiccation cycles to account for
their persistence on Mars [ElI-Maarry et al., 2013, 2015].

If the martian chloride deposits do indeed represent multiple extended periods of
wetting and drying on Mars, they preserve evidence of what may have been the most
active hydrological period in Mars’ history [Poulet et al., 2005]. Now that we know we
can correlate absorption location to composition and spectral contrast to particle size, we

197



can begin to explore the nature of these deposits more fully. The topographic lows where
chlorides are now observed may show a range of particle sizes, where larger crystal
aggregates formed in the center and thin crusts formed along the edges. Such a variation
in texture would manifest as a decrease in spectral contrast from the center of the deposit
to the edges. If such a trend were observed, it would provide indirect evidence for the
sustained presence of liquid water on the surface of Mars. As chloride-bearing brines
evaporated on early Mars, they became more concentrated and less hospitable for any
microorganisms that may have existed at the time [Tosca et al., 2008; Davila et al., 2010;
Al Soudi et al., 2016]. It follows that the transition from coarse to fine textures/particle
sizes in chloride deposits may encompass the time period in which life stopped or could
no longer persist on Mars. Therefore, this study concludes that martian chloride deposits
should be considered high-priority targets for future astrobiological studies. In particular,
two chloride deposits in Terra Sirenum — one large deposit and another in the Eridania
Basin - provide significant potential for future astrobiological investigations.

The Terra Sirenum region (~32.70° S, 205.84°E) hosts the largest chloride
deposit on Mars (~25 km?). Sinuous features, mostly likely carved by liquid water,
provide geomorphologic evidence for a large supply of water to the basin where the large
chloride deposit is located. Within these sinuous features, chlorides are found at
topographic lows and in the form of inverted channels. The chloride-based inverted
channels coalesce into a large chloride deposit at a topographic low within the basin. This
large chloride deposit shows a fractured texture similar to that of terrestrial playas,
though highly degraded and in many places scoured/scalloped. [Osterloo et al., 2008,
2010] Phyllosilicates are co-located with chlorides in this region, lending further
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evidence to the sustained presence of a body of water in this region. The stratigraphic
relationships between the two materials indicate that the chlorides are somewhat younger
than the phyllosilicates, though how much younger remains unknown. [Glotch et al.,
2010]

West of the large chloride deposit is the Eridania Basin, where the Eridania
paleolake is thought to have existed during the late-Noachian and Hesperian Periods.
Chlorides co-located with phyllosilicates are also observed in Eridania, and appear as
polygonally fractured, light-toned features. Phyllosilicates in the Eridania Basin include
both Fe/Mg- and Al- phyllosilicates in close proximity to chlorides, indicating a complex
history of chemical evolution. The chlorides are concentrated in what is called the
“Northern Basin” by Adeli et al. (2015), which feeds into Ma’adim Vallis, one of the
largest martian outflow channels [Adeli et al., 2015]. Recent studies have revealed the
presence of a mineralogical suite indicative of an ancient seafloor hydrothermal system in
Eridania Basin. The mineralogy includes saponite, Fe-rich mica, Fe- and Mg- serpentine,
Mg-Fe-Ca-carbonate, and possible Fe-sulfide and dates to ~3.8 Gy. These minerals are
located in a region adjacent to the chloride-bearing Northern Basin and are found in or
near terrestrial oceanic hydrothermal systems. [Michalski et al., 2017] Therefore, the
northern portion Eridania provides a perfect testbed from which to assess the provenance
of chlorides on Mars. Additionally, hydrothermal systems on Earth provide both
chemical and thermodynamic conditions favorable for life. If the Eridania paleolake
behaved similar to seafloor hydrothermal zones, it provided a habitable environment and

is therefore a high-priority target for future astrobiological investigations of Mars.
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4.5.5 Future Work

This study represents a limited introduction to the field of far-infrared emission
spectroscopy for the identification and characterization of chloride minerals in the
laboratory and field. Hydrated chloride species that should have many of the
fundamental absorptions of their anhydrous counterparts were not included in this study.
Specifically, spectra of sinjarite (CaCl. « 2H20), antarcticite (CaCl. « 6H20), and
bischofite (MgCl2 « 6H20) should be obtained and compared to anhydrous calcium and
magnesium chloride samples. Additionally, mixed-cation chlorides found in nature such
as carnallite (KMgCls « 6H20) and tachyhydrite (CaMg2Cls * 12H20) should be
characterized and compared to monocationic species. Mixtures of chloride minerals
should be evaluated to assess the potential for linear deconvolution of the chloride
species; deconvolution of chloride spectra would allow their abundances to be
determined quantitatively. Additional field samples of efflorescent crusts and other
minor textures (i.e. large crystals and hoppers) should be characterized to further
constrain the effects of contaminants and textural heterogeneity.

Finally, this study shows definitively that chloride minerals can be both identified
and characterized using far-infrared emission spectroscopy. Chloride deposits on Mars
cover square-kilometers of area, providing rich targets for future analysis. Instruments
capable of measuring emission in the far-infrared (>45 um or <225 cm) therefore have
the potential for high scientific impact and should be a priority for inclusion on future

spacecraft.
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4.6 Conclusions

The far-infrared provides a new and unexplored avenue for studying the
chemistry and physical properties of chloride minerals on the martian surface. In this
study, the mid- and far-infrared emission spectra of a suite of chloride compositions,
synthetic textures, and field samples were compared. Spectral features were quantified as
a function of composition and texture, including: the locations and depths of fundamental
absorptions, the locations of Christiansen features, and the relative variations in band
depth between the transverse and longitudinal absorptions. Sylvite was easily
distinguished from halite and from CaCl, based on the locations of its fundamental
absorption features. However, the low spectral contrast and overlap of multiple
absorption features results in CaCl largely overlapping with halite; because is extremely
hygroscopic, it is expected to be found on Mars it its hydrated state, in which case, it can
be readily distinguished from halite at shorter wavelengths.

Particle size was shown to have a significant effect on the depth of the transverse
(~180 cm?) fundamental absorption feature and on the ratio between the transverse and
longitudinal (260 cm™) fundamental absorption features. Therefore, in the far-infrared,
chlorides behave in a similar way to silicates in the mid-infrared. Field samples from a
Mars-analog terrestrial site were used to assess the behavior of spectral features in natural
samples. Field samples showed similar variations in spectral contrast between loose
grains and coherent samples of polygonal halite. Though the field samples were easily
identifiable as halite, the band depths of their fundamental absorptions did not vary to the
degree of synthetic textures, which may pose challenges for quantifying the textural
variations of natural chloride deposits on Mars.
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CHAPTER 5

RECURRING SLOPE LINEAE AND CHLORIDES ON THE SURFACE OF MARS

The following is reproduced from Journal of Geophysical Research: Planets, where it was
published in September 2016. Co-author is Phil Christensen.

5.1 Introduction

The presence of liquid water on the surface of Mars has substantial geologic and
astrobiological implications. First, liquid water is thought to have played a key role in
shaping the surface of Mars in the form of valley networks [Craddock, 2002; Fassett and
Head, 2008; Hynek et al., 2010], paleolakes [Cabrol and Grin, 1999], channels
[Coleman, 2003], deltas [DiAchille and Hynek, 2010; Hoke et al., 2014], and gullies
[Malin and Edgett, 2000]. Second, sites where liquid water is or has been present are
more likely to harbor extant or remnants of martian life compared to sites with no liquid
water [Farmer and Des Marais, 1999; Cady et al., 2003]. Earth analog studies have
shown that microorganisms can persist even in very arid, saline environments and to
substantial depths [Rothschild, 1990; Rothschild and Mancinelli, 2001; Parro et al.,
2011]. Potential sources and sinks of liquid water are therefore high-priority targets of
study; the most likely candidates for active liquid water flow on the surface of Mars are
Recurring Slope Lineae (RSL). RSL are seen on steep slopes in both equatorial and
southern mid-latitudes of Mars, appearing as low-albedo streaks that grow down-slope

over a single season (Figure 5.1) [McEwen et al., 2011a].
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Images from the High-Resolution Imaging Science Experiment (HiRISE) have
shown that southern-hemisphere RSL appear, grow, and fade during the summer only (Ls
= 270-360°). During this time, they reach lengths of tens to hundreds of meters and
widths less than 10m. Equatorial RSL found in Valles Marineris are most prominent

during Ls = 50-200° for northern-facing slopes and Ls = 200-290° for southern-facing

Figure 5.1. Recurrlng slope lineae seen at Pallklr Crater in HIRISE false color i imagery
(largest RSL shown with black arrows). HIRISE image ID ESP_024034_1380.
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slopes, and are hundreds of meters long. Previous studies have classified RSL according
to their annual growth patterns. “Confirmed” RSL are those whose growth has been
observed in the same locations over multiple years. “Partially confirmed” RSL are those
whose growth has been observed in a single year, or have appeared statically in multiple
years. “Candidate” RSL are static streaks that have not been observed to grow during a
single season or recur over multiple seasons [McEwen et al., 2011].

RSL could be produced by brine flow on the martian surface or shallow
subsurface, as indicated by the recent detection of perchlorate near some RSL sites [Ojha
et al., 2015]. This study tests the hypothesis that RSL activity, over a sufficiently long
period of time, could result in the precipitation of detectable lag deposits. Sustained flow
of a chloride-enriched brine could produce chloride deposits of sufficient extent and
thickness to be detectable by THEMIS. As a result, possible chloride deposits both up-
and down-slope of RSL were investigated in this analysis. The purpose of this study is to
assess the colocation of small-scale chloride deposits and confirmed RSL and the
likelihood of chloride brine as an RSL formation mechanism. A positive correlation is
detected, would provide strong evidence for chloride brine flow as the mechanism behind

RSL formation.

5.2 Background

5.2.1 Evidence for previous water activity on the martian surface

Understanding the history of water on the martian surface is key to defining the role that
water may play in RSL formation. The hypothesis that liquid water has persisted on the
surface of Mars is supported by numerous observations. A variety of geomorphologic
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features exist on the martian surface that may have been carved by liquid water. The
large martian outflow channels and valley networks, including Mangala Valles, Maja
Valles, Kasei Valles, and others, show evidence of catastrophic outflows that persisted
for timescales of 10°- 107 years [Fassett and Head, 2008; Hynek et al., 2010; Hoke et al.,
2011; Keske et al., 2015]. The general consensus is that these features were created by
large outflows of water and not by lava flows [Baker, 2001; Wilson, 2004; Harrison and
Grimm, 2008]. While aqueous outflows likely occurred during the late-Noachian to
early-Hesperian (3.6 - 3.8 Ga), they lend support to the prospect of large reservoirs of
water in the martian sub-surface [Carr, 1979; Baker, 2001; Hoke et al., 2011, 2014].

Many smaller channels on the martian surface could have been carved by water,
though some are believed to have formed by thermal erosion from volcanic activity
[Carr, 1974; Williams et al., 2005]. On even smaller scales, martian gullies appear on a
large number of slopes in both the northern and southern hemispheres. Many gullies are
thought to have formed from debris flows and periodic CO2-lubricated grain flows, but
the likelihood of liquid water as a formation mechanism is still being investigated
[Christensen, 2003; Heldmann, 2005; Dickson et al., 2007; Dickson and Head, 2009;
Dundas et al., 2014; Johnsson et al., 2014; Rummel et al., 2014; Conway et al., 2015;
Pilorget and Forget, 2015; Vincendon, 2015].

The unique morphologies of deltas are almost certainly produced by the
deposition of liquid water, as exemplified by the unique morphologies seen at Jezero
Crater [Ehlmann et al., 2009; Goudge et al., 2015]. In addition, the evidence for ancient
paleolakes is growing, indicating that standing bodies of liquid water may have persisted
on the martian surface during the late-Noachian/early-Hesperian [Cabrol and Grin, 1999;
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Goudge et al., 2012; Hynek et al., 2015]. These paleolakes may have provided an
environment hospitable to life, making them high-priority targets for future exploration
[Cabrol and Grin, 1999].

Compositional and geochemical evidence that water persisted on the martian
surface is abundant. The presence of aqueous weathering products demonstrates the
large scale and depth of acidic weathering of basaltic materials, which was primarily
driven by an abundance of liquid water and sulfur from volcanic activity [Burt and
Knauth, 2003; Bullock, 2004; Bandfield et al., 2011]. The presence of hydrated minerals,
typified by the Mawrth Vallis and Nili Fossae regions (among others), shows that water
persisted into the Amazonian, though bound in the crystal structures of various types of
phyllosilicates [Poulet et al., 2005; Bibring et al., 2006; Loizeau et al., 2007; EhImann et
al., 2009, 2011; McKeown et al., 2009, 2013; Murchie et al., 2009; Mustard et al., 2009;
Michalski et al., 2010; Carter et al., 2013]. In addition to the geomorphologic evidence,
the existence of paleolakes is also indicated by the presence of evaporite deposits.
Specifically, the presence of sulfates and chlorides at various locations on Mars (in
addition to the phyllosilicates mentioned above) indicates a sustained period where liquid
water persisted on the martian surface and subsequently evaporated away, leaving distinct
mineralogical signatures that can be detected from orbit and by rovers [Forsythe and
Zimbelman, 1995; Clark et al., 2005; Gendrin et al., 2005; McLennan et al., 2005; Tosca
et al., 2005; Osterloo et al., 2008, 2010; Murchie et al., 2009; Hynek et al., 2015].

In spite of the extensive evidence for the presence of liquid water on ancient
Mars, the reservoir of water that remains in the mid-latitudes from that period has yet to
be constrained. Water loss likely occurred via solar wind activity, impacts, transport to
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the polar caps, and various other processes [Jakosky and Phillips, 2001; Knauth, 2002;
Byrne et al., 2009]. Understanding the abundance and distribution of the remaining
water, specifically water in the subsurface, requires detailed field investigations of the
martian subsurface which have not yet taken place. Mars Odyssey Neutron Spectrometer
analyses show a range of water-equivalent hydrogen between 2 and 11% by mass within
one meter of the surface, equivalent to a global water layer thickness of 14 cm [Feldman
et al., 2002, 2004]. Models of the martian hydrosphere/cryosphere invoke gas hydrates,
hydrated salts, and /or thermally-insulating layers of rock and dust as mechanisms for
trapping substantial quantities of water ice in the subsurface [Malin and Edgett, 2000;

Mellon and Phillips, 2001; Kargel et al., 2007; Dickson and Head, 2009].

5.2.2 Temperature constraints for RSL formation

Southern-hemisphere RSL form at subsolar angle (Ls) = 245 + 11° and persist
through Ls = 314 £ 12°, corresponding to the southern summer on Mars [Stillman et al.,
2014]. Equatorial RSL are active from Ls = 50°-196° for north-facing slopes and
Ls=192°-288° for southern-facing slopes and correspond to times of year when the
subsolar point crosses their latitudes [McEwen et al., 2013]. Thermal infrared (TIR) data
from the Thermal Emission Imaging System (THEMIS) have allowed the temperature
conditions under which RSL form to be constrained at a spatial resolution of 100 m/px
(meters per pixel), the highest of any TIR instrument to orbit Mars. Both southern/mid-
latitude and equatorial RSL are active when THEMIS brightness temperatures are 250-
300K [McEwen et al., 2011a, 2013; Ojha et al., 2014]. Some RSL are visible at
temperatures well below the freezing point of water, such as Hale Crater, which has an
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average annual temperature of 215K [McEwen et al., 2013; Ojha et al., 2014; Stillman et

al., 2016].

5.2.3 Water reservoirs for RSL

The source of water into which salts could dissolve is still a subject of debate.
The most likely water reservoirs include a layer or layers of subsurface water-ice or
shallow aquifers. Subsurface water ice could be thermally shielded from heating and
sublimation by an overlying layer of 10-40 mm of dust as shown via modeling and
laboratory experiments with Mars simulant [Chevrier et al., 2007; Grimm et al., 2014].
While a layer of dust would be necessary to prevent evaporation of a freshwater flow,
little to no coverage by dust is required for intermittent surface brine flows. The quantity
of freshwater needed to sustain a short-lived RSL-scale flow is estimated to be 2 - 10 m?,
assuming flow thicknesses of as little as 50 mm [Stillman et al., 2014]. While the same
flow thicknesses would be expected for a brine, water demands for brines are still
imprecise due to the competing effects of evaporation (water loss) and salt
deliquescence/low water activity (water gain and preservation). The observed average
RSL growth rate of 1 m/sol could also be due to periodic slug flow - where liquid flows
in discrete pockets with large gas volumes between them - which would decrease the
amount of water required to produce RSL [Grimm et al., 2014].

Another hypothesis for the formation/appearance of RSL is via wetting and
capillary flow through a porous substrate. If the darkening observed at RSL is due to
capillary draw of a small amount of solution from the subsurface to the surface, the
volume of solution on the surface decreases substantially, while subsurface flow could
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still take place with high volumes of solution [Grimm et al., 2014]. Previous studies have
shown that RSL activity can be explained by brine flow through a porous substrate
similar to that observed at water tracks in the Dry Valleys, Antarctica [Levy, 2012; Levy
et al., 2014]. Such a scenario would likely form a discontinuous surface lag deposit
because the soil does not need to be saturated to show visible darkening. It is unlikely
that such a deposit could be detected using remote sensing from orbit because its size
would be significantly lower than the pixel scale of THEMIS (100 m).

Multiple groups have investigated the possibility of deliquescence of water vapor
from the martian atmosphere as a source of water for RSL [McEwen et al., 2011a; Leung
and Rafkin, 2015; Rafkin et al., 2016]. The water vapor budget on Mars varies as a result
of a number of factors, including latitude and time of year. Previous work has shown that
in Valles Marineris, where RSL are often hundreds to several kilometers long, the water
vapor column holds a maximum of 10-15 um. The time of year when water vapor
abundance is at its peak correlates poorly with periods of peak RSL activity [Leung and
Rafkin, 2015]. Water ice fogs have been observed in Valles Marineris and are thought to
be a possible source of water for RSL; however, atmospheric models show that these fogs
would likely require a local water source to saturate the ambient atmosphere [Rafkin et
al., 2016]. Therefore, deliquescence of water from the atmosphere is considered an
unlikely mechanism for RSL formation since the quantities of water vapor in the martian

atmosphere are insufficient for that purpose.
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5.2.4 Aqueous chemistry of RSL

The dissolution of salts in liquid water decreases the activity of the solution,
allowing it to remain in a liquid state under conditions where fresh water would not be
stable. Extensive laboratory analyses have been performed to characterize the behaviors
of such brines under the low-pressure, low-temperature conditions of the martian surface
[Massé et al., 2014]. Even with the presence of high quantities of dissolved solids, the
metastable nature of brines under martian conditions would cause only short-lived flows
as a result of high evaporation rates. The evaporation rates and thermal profiles of brines
with different dissolved salts were modeled by Chevrier and Rivera-Valentin [Chevrier
and Rivera-Valentin, 2012]. Their results show that brines containing a sulfate such as
Fe2(SO4)3, a chloride such as CaCly, or a perchlorate could remain liquid at temperatures
well below the freezing point of liquid water, and some cases as low as 205K.

Under the cold temperatures measured by THEMIS, a concentrated brine with the
dissolved species listed above is consistent with the appearance and behavior of RSL as a
direct result of the low eutectic temperatures of those species in solution.
Thermodynamic modeling has shown that solutions with a freezing temperature of 223K
under martian surface pressures best replicate the observed seasonal behaviors of RSL on
the martian surface [Chevrier and Rivera-Valentin, 2012]. Thermodynamic modeling has
further demonstrated that solutions of both calcium (CaClz) and magnesium (MgCl.)
chloride could exist seasonally on the martian surface and to depths of 20 cm in the
subsurface based on known surface brightness temperatures and diurnal/annual thermal

skin depths [Chevrier and Rivera-Valentin, 2012].
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Ojha et al. (2015) detected the first change in surface hydration associated both
temporally and spatially with RSL activity. In their study, the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on the Mars Reconnaissance Orbiter (MRO)
was used to assess the presence of hydrated perchlorate and chlorate minerals in the near-
infrared (NIR) at various RSL sites across Mars. The presence of perchlorates on Mars
has been confirmed in-situ, most notably at the Phoenix landing site where visible
evidence of water ice was also found [Chevrier et al., 2009]. In four locations — Palikir
crater, Horowitz crater, Hale crater, and Coprates Chasma — hydrated mineral absorptions
were seen from orbit at wavelengths of 1.4, 1.9, and/or 3.0 um. The depth of the
absorptions at these bands decreased and vanished as RSL faded and disappeared as
shown in simultaneous MRO HIRISE images. Based on laboratory studies of hydrated
perchlorates and chlorates, the best fit to the observed CRISM data included a mixture of
magnesium and sodium perchlorate and magnesium chlorate [Hanley et al., 2014, 2015;
Ojha et al., 2015]. While negative results were not included in their study, Ojha et al.
report that observations of other RSL sites showed no temporal or spectral indications of
perchlorate-driven brine flow.

Ferric sulfate has been detected in the NIR in a number of locations on Mars by
CRISM, including the region where the Spirit rover was immobilized at the end of its
mission [Wang and Ling, 2011]. Enhanced ferric iron detection has also occurred in
certain southern-hemisphere RSL during their period of peak size, indicating a possible
connection between the two [Ojha et al., 2013]. This signature could be caused by
seasonal exposure of a ferric iron-rich unit, precipitation of ferric oxides, or substrate
wetting; in contrast to the hydrated perchlorate detection, ferric iron signatures are not
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uniquely attributable to the presence of water. Laboratory experiments have demonstrated
that ferric sulfate solutions would be stable on the surface of Mars long enough to
account for the appearance and lifetimes of RSL [Chevrier and Altheide, 2008]. The
presence of ferric sulfate on Mars and its possible connection to RSL has provided key

evidence for brines as an RSL formation mechanism.

5.2.5 Detectability of RSL-scale chloride deposits

Remote sensing studies have investigated the distribution of chlorides across the
surface of Mars. Hydrated chlorine and oxychlorine salts have distinct absorption
features in the NIR which have been characterized by extensive laboratory analysis; these
minerals have been found on the martian surface, but not at the chloride sites identified
by Osterloo et al. (2008) and at only four RSL sites. [Hanley et al., 2014, 2015; Ojha et
al., 2015]. A NIR best-fit linear mixture at an RSL site in Palikir crater includes a
chloride, though the estimated percentage of chloride was 1.5% and the fit was not exact
[Ojha et al., 2015].

A chloride lag deposit on the martian surface could be anhydrous during periods
of the martian year when RSL are not active. Because anhydrous chlorides lack distinct
absorption features in near and thermal infrared spectra, they must be identified by their
low (< 1) maximum emissivity and the resulting spectral slope when using a standard
Planck function for determining emissivity (described more fully in the Methods section
below) [Eastes, 1989; Lane and Christensen, 1998]. Osterloo et al. (2008) developed a
chloride-detection method using THEMIS TIR decorrelation stretch (DCS) products
[Osterloo et al., 2008]. Their global map of chlorides on Mars shows strong parallels
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between the latitudes of southern hemisphere RSL and large-scale chloride deposits

(Figure 5.2).

120°0'0"E 180°0°0"

120°00°'W

30°0°0°N

gt 20°00"S

180700 120°00°'W 60°0'0"W 0%00" 60°0'0"E 120°00°E 180°0°0"

Figure 5.2. Distribution of chlorides and RSL on the surface of Mars. Black dots =
chlorides from Osterloo et al. (2010), white squares = confirmed RSL sites included in

this study from McEwen et al. (2011, 2013), basemap = global MOLA colorized
elevation map of Mars. Map coverage: -90° to + 90° latitude, -180° to +180° longitude.
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Osterloo et al. (2010) observed chloride-rich materials in topographic lows and
regions of low albedo. More specifically, 63% of chloride deposits were observed in
local lows at spatial scales of meters to tens of meters, 31% were observed in local
basins, and 6% were observed in flat regions or elevated ridges. The majority of chloride
deposits were localized to areas of 25 km? or less and appear eroded, indicating that
chloride deposits are difficult to sustain under martian surface conditions. Most observed
chloride deposits occur within Noachian and Hesperian regions, likely during the last
sustained period where liquid water was stable on the surface and late enough such that
no further surface water was present to wash them away. Chlorides are often colocated
with geomorphologies consistent with channels and other sinuous water flow features.
As the liquid water in the channel evaporated, a chloride (or other salt) precipitate would
be left behind. This is consistent with the observation that almost all chlorides have been
deposited as thin units [Osterloo et al., 2010].

Osterloo et al. (2008) found that a maximum emissivity of 0.92 removed the slope
in THEMIS spectra of martian chloride deposits. This 8% decrease in maximum
emissivity could be caused by an optically-thin coating of halite over the entirety of the
study area, an optically-thick coating covering approximately 90% of the area, or a
varying proportion of intermixed chloride grains. To be detected by THEMIS, a chloride
coating would need to cover enough area within a THEMIS pixel to cause a detectable
decrease in maximum emissivity. Therefore, the densest regions of large RSL provide
the highest potential for positive detection of chlorides in RSL. The detection limit of
chloride coatings in the thermal infrared was explored by Berger et al. (2015) by studying
a range of optically-thin (<150 um) thicknesses. Thermal infrared reflectance minima
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(emission maxima) did not change significantly between optically thick (1 mm) and the
thinnest continuous chloride coating in their study (29 + 2 um) [Berger et al., 2015].
Optically-thick coatings caused an increase in reflection minima (decrease in emission
maxima) by 10% reflectance, where all optically-thin coatings increased reflection
minima by ~5%.

Additional laboratory studies indicate that martian chloride spectra are best
replicated by a mixture of chloride grains with the remainder best represented by surface
type 1 (ST1) basalts [Osterloo et al., 2008; Jensen and Glotch, 2011; Glotch et al., 2016],
The work of Glotch, et al. (2016) replicated the observed THEMIS spectral slope with
mixtures of flood basalt and at 10-25% chloride abundances at 63-180-um size fractions
of halite for coarse particulate surfaces and <10- um size fractions of halite for fine
particulate surfaces.

In this study, we test the hypothesis that RSL are generated by chloride-rich brine
flow by assessing whether the RSL deposited detectable anhydrous chloride lag deposits.
These lag deposits could cover 10-25% of spatially large areas (multiple THEMIS pixels
or 100s of meters in length/width), or be present in the form of a continuous coating. We
approximate the mass of chloride required to produce a positive chloride detection,
allowing the quantity of brine to be constrained to a first order at a given chloride

concentration.
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5.3 Materials and Methods

HIRISE is a visible imaging system onboard MRO with three bands (NIR, red,
and blue-green) and over 20,000 individual CCD detectors. It produces high-resolution
images of the martian surface with a pixel scale of 0.25 - 1.3 m/px, the highest of any
instrument sent to Mars [McEwen et al., 2007]. HiRISE has targeted steep (>20°) slopes
since the discovery of the first RSL. In addition, the ability of HiRISE to discern small
(<1 m) objects on the martian surface has allowed the geologic and morphologic context
of RSL sites to be described. RSL sites are often colocated with narrow gullies and
debris-rich slopes, with clasts appearing in a range of sizes down to the resolving limit of
the HIRISE camera [McEwen et al., 2011a].

Ojha et al. reported the most recent catalog of confirmed southern-hemisphere
RSL in early 2014, which included a list of the associated HIiRISE imagery and THEMIS
products used for RSL temperature estimates [Ojha et al., 2014]. Similarly, McEwen et
al. released a catalog of equatorial RSL in 2013. Using the Java Mission Analysis and
Remote Sensing (JMARS) software [Christensen et al., 2009], regions where RSL have
been confirmed were analyzed using selected HiRISE images from the Ojha et al. and
McEwen et al. catalogs. For each region, all RSL on a given slope were mapped as a
single unit, with multiple RSL units typically appearing within a single HiRISE image
(Figure 5.3). HIiRISE images were selected that correlate to the time-period when RSL

are at their longest.
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Figure 5.3. Area covered by RSL (outlined in white) mapped on RISE image of

Horowitz Crater. HiRISE image ID ESP_022678_1475.
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Figure 5.4. Example chloride deposit in Miyamoto Crater (dashed white area) appears
blue in THEMIS DCS 875 (left), teal/green in 964 (middle), and yellow/orange in 642
(right). THEMIS image ID 117811024,
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THEMIS is a dual visible and TIR pushbroom imager onboard the Mars Odyssey
spacecraft which has been orbiting Mars for over a decade. THEMIS is the highest-
spatial-resolution TIR instrument to orbit Mars, with a pixel scale of 100 m/px, allowing
a wide range of temperatures, compositions, and grain sizes to be quantified. The long
duration of its mission has allowed it to map the thermal properties of the martian surface
temporally as well as spatially, observing single sites over multiple martian years and at
multiple Ls values. The TIR imager has 320 cross-track detectors for each band, and 10
individual bands ranging in wavelength from ~6 to ~15 microns; nine bands (bands 1-9)
are used for mineral identification.

A decorrelation stretch (DCS) of TIR data can be used to qualitatively enhance
compositional variations by decoupling them from temperature effects [Christensen et
al., 2004; Edwards et al., 2011]. Production of a DCS involves performing a principal
component analysis of THEMIS calibrated radiance, with specific bands of interest
incorporated into the analysis based on the material/property of interest [Gillespie et al.,
1986]. A DCS is required for chloride detection due to a) the absence of distinct
absorption features in the detection range of THEMIS, and b) non-unit maximum
emissivities, which result in a spectral slope using standard THEMIS processing
techniques. Chloride absorption features are broad and found at longer wavelengths than
those detectable by THEMIS due to the bulk vibration of atoms in the crystal structure.
Detectors sensitive to these longer wavelengths (i.e. 45+ um) would be required to
observe chloride absorption features from Mars orbit [Lane and Christensen, 1998].

Three DCS products, incorporating THEMIS bands 8, 7, and 5, bands 9, 6, and 4,
and bands 6, 4, and 2, are required for chloride detection. Chloride deposits appear blue
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in 875, turquoise in 964, and yellow-orange in 642 (Figure 5.4) [Osterloo et al., 2008];
this color combination in THEMIS DCS products was used for initial detection of
candidate chloride deposits at RSL sites. However, because THEMIS DCS products are
derived from calibrated radiance, they can be subject to topographic effects that may
produce a spectral slope from other than compositional variations (i.e. anisothermal
slopes [Bandfield, 2009]). An emissivity spectrum must therefore be used for final
confirmation of the presence of chlorides.

THEMIS products used to derive emissivity were processed using the standard
THEMIS IR processing procedure [Bandfield, 2004] in the Integrated Software for
Imagers and Spectrometers (ISIS) provided by the United States Geological Survey
(USGS) [Keszthelyi et al., 2014]. The THEMIS standard IR processing procedure first
removes time-dependent focal plane variations and temperature variations across the
calibration flag [Bandfield, 2004]. THEMIS products are then map-projected and both
time-dependent and time-independent row and line correlated noise are removed.
Emissivity spectra were produced in the software package Davinci (davinci.asu.edu) by
dividing the radiance spectrum by a Planck function that corresponds to the highest
brightness temperature between bands 3-9 [Christensen et al., 1998; Bandfield, 2000,
2004]. Emissivity spectra of chlorides are characterized by a featureless spectral slope in
the wavelength range of detection for THEMIS. The spectral slope is produced as a
result of an erroneous estimate of the maximum emissivity of the material, which for
chlorides is less than 1. A representative chloride spectrum as described by Osterloo

(2008) is shown for comparison with the spectra produced in this study.
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The TIR emissivity spectrum of a mineral mixture is, in most cases, a linear
combination of the spectra of its constituents. A linear deconvolution is therefore often
used to assess the quantitative abundance of minerals using TIR remote sensing
[Thomson and Salisbury, 1993; Ramsey, 1996; Ramsey and Christensen, 1998; Feely and
Christensen, 1999; Hamilton and Christensen, 2000; Christensen et al., 2004; Huang et
al., 2013]. However, chloride minerals behave non-linearly in the TIR as a result of
spectral transmission/low maximum emissivities and lack of spectral features; therefore,
linear deconvolution an unreliable method of assessing their areal abundance [Eastes,
1989; Osterloo et al., 2008; Berger et al., 2015]. The linear deconvolution technique was
not used for this study because an accurate positive detection of chlorides cannot be made
given the areal abundance estimate from linear deconvolution results.

Chloride sites with repeat THEMIS coverage show that chloride detections do not
vary over multiple observations. RSL outlines were overlain on each DCS product and a
direct comparison was made between them. For RSL sites with repeat coverage by
THEMIS, each DCS product was surveyed for evidence of chlorides. Because the
highest THEMIS spatial resolution is 100 m/px, most individual southern hemisphere
RSL fall within a single THEMIS pixel. Given that RSL have likely been active for
much longer timescales than they have been observed by orbiting instruments, it is
possible that a detectable lag deposit has accumulated at the base of RSL flows.
Therefore, the focus of this study was not to pinpoint specific RSL, but to search RSL
slopes for both local- (hundreds of meters) and regional-scale (up to 1 km) evidence of

colocated chlorides. For this reason, only confirmed RSL were included in the study, and
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isolated RSL clusters that were smaller than 10 m in length and net width were not

included.

5.4 Results
5.4.1 Remote sensing observations

Confirmed southern-hemisphere RSL were mapped at each location shown in
Figure 5.2. In many cases, RSL were juxtaposed with gullies, eroded/weathering slopes,
and cobble-to-boulder-sized clasts. Pixel-scale evidence of chlorides was observed at
only one of the 11 southern-latitude RSL sites included in this study, showing no
significant (>50%) correlation between RSL and chloride deposits. For all but two
regions of study, there was no observable variation in THEMIS DCS signatures between
slopes with RSL and the immediate surrounding area without RSL, indicating that the
presence of RSL could not be correlated in any way to variations in thermal infrared
spectra. In most cases, such as Triolet Crater, neither local- nor regional-scale evidence

of chlorides was observed (Figure 5.5).
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Figure 5.5. THEMIS DCS images and RSL in Triolet Crater. From left to right: DCS
875, 964, and 642 basemaps, with RSL outlines (red), THEMIS image 1D 134201002.
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Figure 5.6. Example of steep slope with anisothermalities. Such slopes cannot be fit by a
single blackbody curve because a single THEMIS pixel covers an area with multiple
temperatures. This blackbody inaccuracy manifests itself as a spectral slope across all
DCS products (left: 875, middle: 964, right: 642). This effect can be distinguished
readily from chloride deposits by the color in THEMIS 642 DCS products. Chlorides
appear blue in THEMIS DCS 875, cyan in DCS 964, and yellow/orange in 642, whereas
anisothermal surfaces are blue across all bands. THEMIS image ID 102740006.
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On a steep slope, a single blackbody curve is insufficient for approximating the
thermal infrared continuum because a single THEMIS pixel can include a wide range of
temperatures. This blackbody inaccuracy is manifested in a spectral slope (blue color)
across all THEMIS DCS products (bands 875, 964, and 642) for some steep slopes. This
anisothermality signature was first described by Bandfield (2009), and a type example
can be seen in Figure 5.6. Even though both chlorides and steep slopes produce a
spectral slope, anisothermal surfaces can be distinguished from chlorides because they
maintain a blue color in DCS 642 whereas chlorides appear yellow-orange. The fact that
many RSL occur on steep crater walls increases the likelihood of encountering
anisothermal effects; in fact, several locales are dominated by the distinct steep-slope

signature, as seen southeast of Huggins crater (Figure 5.7) [Bandfield, 2009].
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Figure 5.7. Southeast ggins Crater, showipectral slopes indicative of
anisothermal steep terrain. From top to bottom: DCS 875, 964, and 642 basemaps, with
RSL outlines (red). THEMIS image ID 123609005.
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Figure 5.8. Outline (red) of RSL region of study in Palikir Crater. The areas with the
strongest chloride signatures are shown in purple boxes; the location of hydrated
perchlorates identified by Ojha, et al. (2015) is shown in a green box. Chlorides appear
blue in THEMIS DCS 875 (far left), cyan in DCS 964 (left), and yellow/orange in 642
(center). Zoomed-in HIiRISE image of region of interest is at right. (THEMIS image 1D
134263004, HIRISE image ID ESP_024034_1380.)
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Palikir Crater is known from previous work to have evidence of periodic ferric
iron and hydrated perchlorates based on CRISM spectra [Ojha et al., 2013, 2015]. In this
study, Palikir was the most distinct locale in THEMIS DCS, showing local and regional-
scale evidence of chlorides in areas where RSL were most densely located (Figure 5.8).
Patches of possible chlorides between 200-400 m across were seen in proximity to
locations of previous hydrated perchlorate detections.

Because THEMIS DCS products are generated using thermal radiance, they
cannot be used for a final confirmation of the presence of chlorides because they are
subject to topographic effects [Edwards et al., 2011]. As a final verification of the
presence of chlorides, an emissivity spectrum was produced to assess whether the
spectral slope persisted once topographic effects were removed [Bandfield, 2004]. The
emissivity spectrum for Palikir crater is shown in Figure 5.9 (“RSL”), with a chloride
spectrum from Osterloo et al. (2008) for comparison. The spectral slope that was
observed in the radiance image is not apparent in the emissivity spectrum. The spectrum
does indicate a basaltic composition, which would be consistent with observations of
basalt in the regional geology [Bandfield et al., 2004 and others]. Spectra were also
collected from a nearby region that did not show evidence of chlorides in THEMIS DCS
products; the average spectrum of this surface (“Surface”) is shown in Figure 5.9 and

displays no significant variation from the RSL spectrum.
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Figure 5.9. THEMIS emissivity spectrum for Palikir crater area indicative of chloride
deposits (“RSL”) compared to a reference chloride spectrum (“chloride”) as described by
Osterloo et al., 2008. There is no significant indications of chlorides because no spectral
slope can be observed in the surface spectrum. A nearby surface with no indication of
chlorides (“Surface,” offset by 0.01 emissivity) is shown for comparison and retains the
same spectral shape as the RSL.
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While many confirmed chloride deposits are in the southern mid-latitudes, many
have been detected in the vicinity of Valles Marineris, where the equatorial RSL
population is located (Figure 5.10) [McEwen et al., 2013]. Because RSL in the Valles
Marineris region are much larger than southern-hemisphere RSL and encompass multiple
THEMIS pixels, an investigation of RSL in the Valles Marineris region allowed the
presence of chlorides to be more confidently constrained.

Observations of Eos Chasma, at the easternmost edge of Valles Marineris, show
no evidence of chloride deposits in the vicinity of RSL. Other equatorial sites in
proximity to Coprates, Capri, Hydrae, lus, Juventae, and Melas Chasmas were examined
using THEMIS DCS products to assess the presence or absence of chloride signatures. A
map showing the locations of equatorial RSL included in this study is shown in Figure

5.11.
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Figure 5.10. Large RSL site in southeast Melas hasm, allesarineris. Equatorial
RSL are consistently longer than those found in the southern hemisphere. HIRISE image
ESP_031059_1685.
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Figure 5.11. Locations of equatorial RSL sites (purple circles) and published chloride
deposits (orange dots) in the Valles Marineris region on a greyscale MOLA elevation
basemap (latitude: ~5°N — 30°S, longitude: 264°E — 324°E) [Zuber et al., 1992; Osterloo
et al., 2010; McEwen et al., 2013].
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Only one equatorial RSL site showed possible evidence of chloride signatures in
THEMIS DCS products. Located between Melas and Coprates Chasmas (12.86°S,
293.41°E), a south-facing slope on the southern side of VValles Marineris contained a
localized (1.0-1.5 km? area) diffuse signature consistent with the presence of chlorides.
HIRISE and THEMIS DCS images of this slope are shown in Figure 5.12. To confirm
the presence of chlorides, an emissivity spectrum was produced for those pixels that
showed a possible chloride signature. The emissivity spectrum for the RSL-bearing slope
(“RSL”) is shown in Figure 5.13 with a known chloride spectrum as described by
Osterloo (2008) for comparison. The absence of a spectral slope is consistent with a lack
of chlorides at this RSL site. A spectrum was also produced for a nearby slope that
showed no evidence of chlorides; this spectrum (“Surface” in Figure 5.13) is virtually
identical to the emissivity spectrum of the RSL-bearing slope. Because of the weakness
of the evidence at this site, and because this was the only equatorial site that showed a
colocation of chlorides and RSL, a summary of the observations is that no indications of

chlorides were detected in any of the equatorial RSL sites.
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Figure 5.12. Indication of chloride deposits in VValles Marineris (chloride signature at
12.86°S, 293.41°E, purple box). HIRISE image ESP_30070_1670 (left), THEMIS DCS
875 (106357001, middle), DCS 642 (right). Chlorides appear blue in THEMIS DCS 875,
cyan in DCS 964, and yellow/orange in 642. Location of dense RSL outlined in white.
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Figure 5.13. THEMIS emissivity spectrum of RSL indicative of chloride deposits
(“RSL”) compared to a reference chloride spectrum as described in Osterloo et al., 2008.
A nearby region with no indications of chloride in THEMIS DCS is shown (“Surface”,
offset by 0.01 emissivity). Note the lack of spectral slope. The broad absorption at ~9.5
um is typical of basaltic background material.

5.4.2 Assessing the abundance of chlorides

The lack of a positive chloride detection by THEMIS provides an opportunity for
establishing an upper limit for the amount of chloride that could be in RSL lag deposits.
In this section, we calculate the threshold of detection for a chloride lag deposit based on
previous laboratory studies and use that value to assess the volume of brine that would be
required to produce such a deposit. The abundance of chloride described in this section
serves as an end-member maximum abundance of chloride that could be present in some
or all RSL sites.

A simple assessment of the threshold for detection of chlorides in RSL by

THEMIS was performed using Equation 1.
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The total mass (M) of chloride required for detection of chloride at the scale of THEMIS
(100 m/px) was determined using: the density of the chloride mineral (p), the average
porosity of the material (P), the areal fraction of chloride (F), the area of a THEMIS pixel
(A), and the optical depth of TIR into chloride minerals (B). The estimated porosity of
this surface is 45%, based on previous studies of terrestrial playa such as Lake Bonneville
[Turk et al., 1973]. The areal fraction of chloride required to produce spectral slopes in
the TIR is estimated to have a range of 10-25% [Glotch et al., 2016]. The optical depth
of TIR in chloride minerals is approximately ~150 um [Berger et al., 2015]. The density
of crystallized calcium chloride is 2.2 g/mL (2.2 x 10° kg/m®). Using these quantities in
Equation 1, we calculated the threshold mass of chloride per THEMIS pixel to be ~200 —
450 kg for areal abundances of 10-25%, respectively, over a THEMIS pixel area of 1 x
10* m?. This equates to a threshold area density of ~30 + 15 g/m? of calcium chloride.
The volume of brine produced by RSL can be estimated, provided the chloride in
solution is constrained using the above range of values as a maximum threshold for the
mass of their residual lag deposits. The seasonal behavior of RSL provides a key
boundary condition because the observations of RSL activity can best be explained by a
solution with a freezing point of 223K. A eutectic solution of CaC1, (Te = 223.2K where
Te is the freezing point of the eutectic solution) meets this constraint [Chevrier and
Rivera-Valentin, 2012]. The eutectic concentration of CaC1 brine is ~30 wt. % [Brass,
1980; Sears and Moore, 2005], resulting in a range of brine abundances of ~80 + 35
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mL/m?2. Ojha et al. (2015) observed a 1.5% chloride component in hydrated perchlorate
near-infrared reflectance spectra at Palikir crater, indicating the possibility of a mixed
brine at that RSL site. In a mixed brine that consists of some proportion of both chloride
and perchlorate, the eutectic point and dissolved masses of individual species could vary
significantly from the above values [Hanley et al., 2012; Stillman et al., 2016]. While
other dissolved compounds or mixed brines could satisfy the freezing point constraint,
they are not included in this analysis.

The above quantity of brine need not be produced in a single season. A significant
lag deposit could be accumulated over large timescales, provided RSL activity is
consistent throughout that time period and no episodes of significant erosion occur. If the
source of water for RSL is subsurface ice, this ice would likely have been emplaced
during the most recent climate cycle, where Mars’ obliquity was higher than it is today.
Estimates for the average timescale of Mars’ climate cycle range from 100 — 600 kyr
[Mustard et al., 2001; Head et al., 2003; Chamberlain and Boynton, 2007; Schorghofer,
2007; Dickson et al., 2015]. Assuming RSL have been active since the most recent of
these values (100 kyr), a maximum rate of brine production per year was determined to
be ~8 + 3 x 10 mL/m?-yr; surface brine production rates higher than this would have
resulted in a positive detection of chloride in this study. If RSL processes have been
occurring for more than one climate cycle, which seems likely, then the average volume
of brine required each year would be even lower.

To obtain a greater understanding of the mass of salt available for brine
production, the paleolake chloride deposit at Miyamoto crater (Figure 5.4) is used as a
comparison. A 30-km? chloride deposit sits in the center of Miyamoto crater and has a

238



maximum thickness of 4 m; the volume of the deposit was found to be 0.12 km?.
Assuming a porosity of 45% and the density of halite (2.16 g/mL), the mass of the
deposit was calculated to be 140 x 10° kg [Hynek et al., 2015]. If a comparable mass of
calcium chloride existed in the subsurface at RSL sites, it could produce a minimum of
~4 x 107 lag deposits of the size of the large recurring slope linea shown in Figure 5.14

that all remain undetectable by THEMIS.
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Figure 5.14. Representative RSL in Valles Marineris and dimensions shown in white
dotted outline; boxed area is ~83 x 10° m?. HiRISE image ID ESP_030070_1670,
contrast enhanced for clarity. THEMIS pixel scale is 100 m.

240



5.5 Discussion

The lack of chloride signatures could be the result of one of two scenarios. In the
first case, RSL may not contain chlorides, either because they a) are not aqueous flow
features or b) are not chloride-based brines. In the second case, RSL may be the products
of chloride brines but do not generate large enough lag deposits to be detected by
THEMIS. If RSL are not aqueous flow features, the astrobiological implications are
substantial due to the absence of substantial liquid water, i.e. if RSL are water-lubricated
granular flows as some have hypothesized [McEwen et al., 2011a; Ojha et al., 2013]. If
RSL are not chloride-based brines, other dissolved species such as perchlorates and ferric
sulfate could account for the seasonal behavior of RSL. Recent evidence of perchlorates
at four RSL sites supports the hypothesis that at least some RSL are produced by liquid
water flow. However, other RSL sites show no evidence of liquid water or perchlorates,
leaving open the question of a unique RSL formation mechanism.

In the second case, the concentration of chlorides could be non-zero, but below
the detection limits of THEMIS. If this is indeed the case, any chlorides at or near RSL
are masked by the TIR emissions of the surrounding terrain. Variations in the
concentration of chlorides in solution and the presence/interference of other dissolved
constituents could certainly complicate the detection of chlorides, either in their
anhydrous or hydrated state. If RSL are dominated by subsurface flow, with only a small
portion of the flow drawn to the surface by capillary action, then a surface lag deposit
would likely not be large enough to be detectable by current remote sensing instruments.
Additionally, the presence of clasts of various sizes would make it difficult to produce a
coherent lag deposit.
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To constrain the upper limit for the mass of chloride that could be present at RSL
sites, a simple model for chloride detection was created. Using this model, we
determined that a chloride lag deposit would need to have an area density of ~30 + 15
g/m? to exceed the threshold of detection in the thermal infrared. This area density
translates to ~80 + 35 mL/m? of brine at the eutectic concentration of calcium chloride. If
RSL water is sourced from ice emplaced during the most recent martian climate cycle
(100 kyr), then an average brine production rate of 8 + 3 x 10* mL/m?-yr would be
required to produce a detectable lag deposit.

Chloride deposits on the martian surface cover between 0.33 - 1300 km?, with
most on the order of ~25 km? (i.e. the chloride deposit in Miyamoto Crater), indicating
that they are a) highly susceptible to erosion, and/or b) largely buried in the subsurface
[Osterloo et al., 2010]. The thickness (~4 m) of the deposit at Miyamoto crater indicates
that chloride deposits, while possibly laterally extensive, do not extend to great depths
[Hynek et al., 2015]. Consumption of a laterally extensive subsurface deposit would lead
to significant mass wasting, which thus far has not been observed at RSL sites [Kite,
2013]. The mass of the Miyamoto Crater chloride deposit could cover ~4 x 107 RSL of
the scale of those in Valles Marineris and remain undetected by THEMIS. The amount
of chloride needed to support all RSL on Mars could be present and accessible in the
subsurface for dissolution into a brine. Therefore, this study concludes that the presence
of chloride is not a limiting factor in the production of RSL.

Because RSL are found at many latitudes and geologic environments on Mars, it
is possible that a range of RSL formation mechanisms exists. Further high-resolution
(spatial and spectral) analyses of these sites in the NIR and TIR will help to ascertain
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whether the formation mechanism is singular on a global scale or consists of a range of
processes. Measurements at longer wavelengths (45+ um) would allow diagnostic
absorption features of chloride species to be observed. In light of the results of this study,
alternative hypotheses for RSL formation that do not involve significant brine flow
should be further explored. For example, capillary wicking of brines to the surface could
account for the visible darkening of the surface without the presence of large quantities of
brine [Grimm et al., 2014]. In addition, granular flow due to lubrication of grains by a
thin film of water [McEwen et al., 2011] is considered more plausible due to the

relatively low demand of resources needed to initiate it.

5.6 Conclusions

A survey of RSL on Mars was conducted to assess the likelihood of RSL
formation via brine flow. Specifically, the accumulation of a lag deposit resulting from
the evaporation of a chloride brine was investigated using THEMIS decorrelation stretch
products and emissivity spectra. Of the 30 RSL sites included in this investigation, one
southern-hemisphere site and one equatorial site showed evidence of small-scale chloride
deposits in proximity to RSL. Comparison of the RSL spectra to those of the surrounding
region revealed that the initial indications of chlorides were likely due to topographic
effects and not the presence of a chloride lag deposit. Possible reasons for the negative
detection included a complete lack of chlorides or the presence of a chloride lag deposit
of insufficient size/thickness to be detectable by THEMIS. The following conclusions

can be drawn from this non-detection.
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1. A minimum threshold of detection in the thermal infrared was established to be
30 + 15 g/m? for a calcium chloride lag deposit, which translates into a mass of
~180 — 450 kg of chloride per THEMIS pixel. Detection of a lag deposit using
remote sensing requires much higher spatial resolution and longer wavelength
infrared spectral measurements than provided by currently orbiting assets.

2. A volume of 80 + 35 mL/m? of eutectic-concentration calcium chloride brine
would be required to produce the mass distribution in 1. If RSL have been active
since the last martian climate cycle (100 kyr), brines could have been produced at
a maximum of 8 + 3 x 10 mL/m2-yr without generating a detectable lag deposit.
A longer history of RSL production would require even less brine.

3. While large areas of buried chlorides (25+ km?) are possible, they are not
necessary to produce the volumes of brine listed in 2. If RSL consumed large
quantities of salt, they would likely produce resolvable mass wasting, which has
not been observed at RSL sites. Therefore, we conclude that salt abundance is not
the limiting factor for RSL formation.

4. If RSL are brine-driven features, it is likely that the majority of RSL flow occurs
in the subsurface with only small exposure to the surface. This limited surface
wetting could be due to capillary wicking of a chloride-rich brine from a

subsurface reservoir upward to the surface.
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CHAPTER 6

CONCLUSIONS

Multiple analytical and measurement techniques are required to fully characterize
and interpret potential water-bearing environments on the Moon and Mars. Remote
sensing at a range of wavelengths, coupled with laboratory analyses and terrestrial field
analog studies, will be needed to select future sites for ground operations by human and
robotic missions. The work described in the above investigations shows that this multi-
technique approach can be used to construct a context for future exploration efforts prior
to the first “boots on the ground.” While this work has provided new insights into water-
bearing environments on the Moon and Mars, it has also revealed the limitations of what
remote sensing can tell us about such environments.

Chapter 2: Using Complementary Remote Sensing Techniques to Assess the
Abundance of Water Ice at the Lunar North Pole. In this chapter, multiple instruments on
the Lunar Reconnaissance Orbiter spacecraft were used to explore the distribution and
abundance of potential ice-bearing regions in permanently shadowed regions (PSRs) at
the lunar north pole. PSRs may harbor water ice deposits because they receive little to no
sunlight through the lunar year and, as a result, reach some of the coldest temperatures in
the inner Solar System. Four potential ice-bearing craters at the lunar north pole were
examined, along with two polar craters not considered candidates for water ice and two
equatorial craters as control regions. The Mini-RF radar instrument was used to
reconnoiter regions of double-bounce backscatter using the m-chi decomposition, where
double-bounce backscatter is indicative of either coherent, pure water ice deposits or
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blocks at or multiples of the radar wavelength (~13 cm) in size. To determine whether
regions of double-bounce backscatter were due to water ice or blocks, long-exposure
images from the LRO Camera Narrow Angle Camera (NAC) were used to search for
visible evidence of blocks.

Regions of double-bounce backscatter were mapped and each crater searched for
blocks at using LROC NAC images. Regions with double-bounce backscatter and a lack
of blocks were interpreted to have a high likelihood of containing water ice, while
double-bounce backscatter regions with visible blocks were considered to have a low
likelihood for ice. Of all the craters in this study, Rozhdestvenskiy N is considered the
most likely candidate for containing water ice. Rozhdestvenskiy N had a pure double-
bounce backscatter signature (no other types of backscatter indicated) with no visible
blocks in its interior. Two other polar craters, Lovelace and Lovelace E, showed
indications of single-bounce scattering, while Whipple Crater showed a combination of
double-bounce, single-bounce, and volume scattering; all of these indicate a lack of
coherent water ice deposits.

While long-exposure NACs are able to “see” inside PSRs, their above-nominal
exposure times result in an increase in pixel scale and a decrease in spatial resolution:
only blocks greater than 20-m diameter were able to be resolved within PSRs. Block
size-frequency distributions were used to estimate the numbers of blocks below the
resolving limit of the NAC by fitting a power law to the observed blocks and
extrapolating down to smaller block sizes. For both potential ice-bearing craters and
those without ice, block abundances in crater interiors were consistently higher than
exteriors, showing that mass wasting of crater slopes can produce erroneous radar
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signatures indicative of ice. Additionally, the slope of the block size-frequency power
law (known as the B value) showed no systematic variations between potential ice-
bearing craters and those known to not have ice.

This study indicates that there are few, if any, meter-thick or greater ice deposits
at the lunar north pole. This result does not preclude the presence of any water-ice,
however. Ice could be diffused through or within thin layers covered by regolith, neither
of which would be detectable by Mini-RF or LROC. Other remote sensing techniques
(i.e., near-infrared reflectance and high-resolution neutron spectroscopy) or surface
sampling/sample return can and should be used to assess the presence and abundance of
water ice and other volatiles at the lunar north pole. Additionally, larger PSRs at the
lunar south pole should be explored using the techniques in this study and other
techniques to assess the likelihood of water ice globally.

Chapter 3: Chloride-Rich Brines — Analogs for Water on Ancient Mars. Chloride-
rich brines are thought to be the last form of widespread liquid water on the surface of
ancient Mars. This unique chemical composition is the result of a sequence of mineral
precipitation, where chloride minerals are the most soluble and hence the last to come out
of solution. On Earth, chloride brines can form in a number of natural systems,
including: continental hydrothermal activity, oceanic hydrothermal activity,
concentration in desert endorheic basins, concentration and reactions in cold endorheic
basins, and water-rock reactions in deep basinal brines. In this investigation, terrestrial
chloride-rich brines were studied to assess general patterns in chemical properties (major
ions, trace metals, precipitation sequences) among chloride-rich brines produced through
multiple processes. Systematic variations in composition and precipitation sequence can
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be used in future studies of chloride deposits — and perhaps water inclusions — on the
martian surface.

Both continental and oceanic hydrothermal brines have a marked deficiency in
Mg relative to other brines. This deficiency is most likely due to water-rock reactions
(i.e., serpentinization) that preferentially remove Mg from hydrothermal fluids.
Endorheic basins can be challenging to characterize because many are already saturated
with respect to halite and, in some cases, sylvite or antarcticite. However, all
concentrated endorheic basins show a marked increase in Ca that is inversely
proportional to Na, while Mg and K show less distinct trends due to their sensitivity to
water-rock interactions. Therefore, the final precipitation sequence is considered the key
metric for assessing the provenance of a chloride-rich brine. This study showed that most
natural chloride-rich brines precipitate halite first, followed by sylvite. However, the
sequence of the final chloride species to precipitate (limited here to antarcticite,
bischofite, and carnallite) show differences that can be grouped by brine type.
Hydrothermal fluids and deep basinal brines are distinct from endorheic basins in terms
of their precipitation sequences; therefore, these processes could potentially be identified
if a dried inclusion or intact layered deposit were located and characterized on Mars.

One particular location — Don Juan Pond, Antarctica — showed a composition and
precipitation sequence unique among the brines included in this study. Don Juan Pond
showed a marked deficiency in K relative to other brines of a similar ionic strength.
Additionally, Don Juan Pond precipitates antarcticite prior to sylvite, which no other
brine was shown to do. Because Don Juan Pond is considered an analog to both current
and ancient Mars due to the presence of nearby water tracks and its cold, dry
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environment, it could prove to be a critical analog locality for studying the composition
and behavior of brines on modern and ancient Mars.

Chapter 4: The Effects of Composition and Texture on the Infrared Emission
Spectra of Chloride Minerals. The detailed characterization of chloride deposits on Mars
must begin with remote sensing. While chlorides have been identified on Mars by
THEMIS, their composition and texture remain unknown. New space-worthy
instruments capable of collecting emission spectra in the far-infrared have provided an
opportunity for refining our knowledge of martian chlorides. Previous studies of
chlorides in reflectance and transmission have identified the locations of fundamental
absorption modes of chloride minerals; however, emission studies provide a more
practical means of interpreting chlorides in nature. Additionally, spectral emissivity is
determined by the internal vibrations of a mineral and is therefore a more accurate
indicator of composition than reflectance. This study represents the first characterization
of chloride minerals and their natural textures in emission and in the far-infrared, where
their fundamental absorptions can be observed and described.

Pressed pellets of halite, sylvite, and CaCl, were produced from reagent-grade
powders of each compound. Synthetic textures made from halite were produced in the
laboratory by evaporating a halite brine under infrared lamps at a range of evaporation
rates expected for current — and possibly ancient — Mars. Field samples of polygonal
crack halite and an unidentified salt were collected from Bristol Dry Lake, a terrestrial
playa in the Mojave Desert, California. Emission spectra of the pressed pellets, synthetic
textures, and field samples were characterized from 2000 cm™ to 50 cm™ (mid-infrared to
far-infrared).

250



Sylvite has distinct fundamental absorption features in the far-infrared that do not
overlap with those of halite or CaCl.. However, CaCl; has several absorption features in
the far-infrared that overlap with those of halite. The CaCl, absorptions are much
shallower than those of halite (when comparing pressed pellets) and are very broad,
indicating the possible overlap of several absorptions at similar wavenumbers. The
synthetic halite textures showed distinct variations with grain size, where finer-grained
samples had shallower absorption features (lower spectral contrast) than samples with
multiple large or single crystals. Samples that have been compressed, have interstitial
cements, or are composed of loose grains larger than ~2-mm in size all have similar band
depths at the transverse fundamental (~180 cm™). Band ratios between the two
fundamental absorptions vary with grain size, likely because one band (the transverse
fundamental) is more sensitive to grain size variations than the other (the longitudinal
fundamental). Field samples showed a similar trend, with finer grain sizes having lower
spectral contrast than coarser samples.

This study shows that far-infrared emission spectroscopy can be used to
distinguish composition and, to a limited extent, the texture of chlorides in nature. Halite
can be distinguished from CacCl; at shorter wavelengths, where adsorbed or structural
water in calcium-chloride-based minerals (i.e., sinjarite or antarcticite) would
differentiate it from anhydrous halite. Large variations in grain size could be determined
based on the spectral contrast of the transverse fundamental absorption feature.
However, more moderate variations in grain size, compaction, and/or the presence of

cements are more difficult to resolve using far-infrared spectroscopy alone. Future work
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should explore the thermal inertias of these textures in the laboratory and the field to
complement the information provided by far-infrared emission spectroscopy.

Chapter 5: Recurring Slope Lineae and Chlorides on the Surface of Mars.
Recurring slope lineae (RSL) are dark streaks that propagate down-slope on warm, steep
slopes on Mars. Numerous studies have attributed these features to water flows;
however, the hypothesis that RSL are the result of water outflow has numerous hurdles
because fresh water is not stable on the martian surface due to low pressures and
temperatures. For liquid water to be stable long enough to produce RSL, salt must be
dissolved in the water to depress its freezing point, providing thermodynamic stability at
low pressure. Only certain salts can depress the freezing point low enough to allow water
to remain liquid under Mars surface conditions: perchlorate, ferric sulfate, and calcium
chloride. Perchlorate and ferric sulfate have been studied in the visible/near-infrared,
with extremely limited evidence of their role in the production of RSL on Mars. Of these
three compounds, calcium chloride has been least studied, and then only in laboratory or
theoretical models. The purpose of this study was to search for empirical evidence of
chloride in proximity to RSL in order to assess calcium chloride as the dissolved salt in
the production of RSL brine.

The co-location of RSL and chloride was undertaken by first mapping the
locations of known RSL in the martian mid-latitudes and in VValles Marineris using high-
resolution images from the HiRISE camera. Then, THEMIS decorrelation stretch
products were used to qualitatively assess the presence of chloride minerals by measuring
the spectral slope imparted to thermal infrared spectra in the presence of significant
quantities of chloride mineral. In addition to searching for empirical evidence of
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chlorides at RSL sites, the threshold of detection of chloride was assessed for THEMIS
spectra, which consist of ten bands in the thermal infrared.

Of the 30 RSL sites surveyed for chlorides, only two showed possible evidence of
a chloride lag deposit left behind after the possible evaporation of a brine. One site, in
Palikir Crater, was in close proximity to a recent putative detection of hydrated
perchlorate minerals. A second site, in Valles Marineris, was at a site with RSL an order
of magnitude larger than those seen at Palikir Crater. In both cases, THEMIS spectra
showed no detectable variation compared to the spectra of surrounding materials, which
indicates that: 1) small RSL may have chlorides, but they are not large enough to affect
thermal infrared spectra, and 2) the effect of slopes on thermal infrared spectra may
falsely indicate chlorides when, in fact, there are none. The second case was tested by
examining another THEMIS decorrelation stretch product that showed no persistence of
spectral slope across all bands.

A simple model of chloride detection in the thermal infrared shows that a
minimum of ~30 g/m? calcium chloride is needed to produce a detectable spectral
variation; this equates to ~300 kg of calcium chloride per THEMIS pixel. This means
that ~80 mL/m? of concentrated brine would be required for detection. Over the last
estimated climate cycle on Mars (100 ky), a maximum of ~8 x 10* mL/m?-yr could flow
across the martian surface without its lag deposit being detected by THEMIS. This low
volume of brine could easily be met with annual observed RSL activities, assuming the
entirety of the flow is on the surface. We therefore conclude that, if RSL are actually
brine-driven features, they are produced by subsurface brine flow with only a small
portion of brine wicked to the surface. Additionally, the amounts of salt required to
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produce detectable masses of chloride by THEMIS would likely result in resolvable mass
wasting in nearby regions where salt was being removed. Subsurface salt deposits of this
size likely exist on Mars because they have been observed at meters-thick scales on the
surface, where they have been significantly eroded.

Future Work: This study has incorporated numerous techniques for the study of
water-bearing environments on the Moon and Mars. Because many of these studies were
the first of their kind, they leave open the door for more detailed investigations.
Investigations of PSRs at the lunar poles should include a greater number of data sets,
including Diviner brightness temperatures, and LOLA reflectance measurements.
Studies of chloride-rich brines should be completed with updated analyses of brine
compositions across a larger number of terrestrial localities. Far-infrared spectra of well-
characterized grain sizes and hydrated chloride minerals should be completed to allow
thorough characterization of these minerals in emission. New RSL have been discovered
and should be assessed for the presence of chlorides: especially new RSL that have been
found in cold environments in the northern hemisphere of Mars.

Many of the techniques used in this study are limited by spectral or spatial
resolution, or by the absence of instruments in orbit around the Moon and/or Mars that
are sensitive to the necessary wavelengths of study. This work provides justification for
the development and implementation of a new generation of spacecraft at the Moon and
Mars that will allow the distribution, abundance, and provenance of water-bearing
environments to be characterized. These measurements will pave the way for future
human and robotic exploration of the inner Solar System and will enable a deeper
understanding of Solar System evolution.
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Table S1. Image IDs for LROC NAC and Mini-RF products used in this study.

296

Pixel Scale Long-Exp. Pixel Scale Stokes Parameter Maps
Nominal NACs (m) NACs (m) (sl-s4)
Norhdestvenskly | M107943788R. | 1708762218 | M1148294146L | 9.302545902 | Isz 04698 2s1 ok $20203 v1
MI09TAI4120L | 228511747 | MI175170925L | 9299648691 | Isz_04700_251_oku_82n202_vl
M1097406880L | 2283331815 | M1117638788L | 10.02793487 | lsz_04496 251 ok 820202 v1
MI097302589L | 2285703399 Isz_04476_2s1_oku_$4m211_vl
Lovelace MIOS190616L | 2.861680923 | M1117333204R | 19.05300407 | lsz 04446 2s1 ok 820251 v1
MI05212081R._| 2.857805722 | M1117333204L | 19.06031504
MI05212081L | 2.863641919
Lovelace E MIOS126213L | 2871002461 | M1119620473L | 8.846348902 | lsz_04434 2s1 ok 82n265 vl
MIOS126213R._ | 2.865994511 | M1119620473R | 8.842451308 [ 1sz_04436_2s1_oku 820263 vl
MIOSI4T680L_| 2875853511
MI0S147680R._ | 2.870002848
MaimL MIO2R4TO0OL | 2253863203 | M1121147163L | 8.8803541303 | lsz 04868 2s1_oku 83n026 vl
MIO2847000R. | 2251022189 | M1121147163R | 8.875686343 | lsz_04870_2s1_oku 83n024 v1
MI92840805L | 2259740275 | M1116431138L | 19.08790916 | lsz 04872 2s1_oku 830022 vl
MI92840805R | 2256851066 | Mi116231138R | 12.08151140 ([N
Whipple MI095127503R._| 2276947531 | MI118732802L | 11.73512950 | lsz 067352 2s]_oku 89n104v1
MI01353952L | 3678406436 | M1118732802R | 1173857581 | lsz_06701_2s1_oku_89n123v1
MI01353852R_| 3672879133 | M1121360330L | 1033472978
MIOI318146L | 3.689372117 | M1121360339R | 10.34437064
Plaskef{U MI05833784R._| 3.7063077 | M1115520033L | 19.03468937 | lsz 04742 2s1_oku £2n160 vl
MI05835784L | 3.711932072 | M1115529033R. | 19.01746182
Byrgins C MI145212304L_| 0819114126 Isz_02687_2s1_eku 205293 v1
MI145212304R | 0.81794328 Isz_06680_2s1_eku_145296 v1
Garduer MISS662630R._ | 1.020774218 lsz_01371 2s1_elu_l6n034 vl
MIS5662630L | 102269873 lsz_01371_2s1_eku_19n034_v1
M180944870L | 1290006281




APPENDIX B

PREVIOUS PUBLICATION/STATEMENT OF CO-AUTHORS

297



Chapter 2 was reproduced from Planetary and Space Science, where it was
published in July 2017. Co-authors are S. J. Lawrence, M. S. Robinson, E. J. Speyerer,
and B. W. Denevi.

Chapters 3 and 4 are manuscripts in work that will be submitted to TBD journals,
with the coauthors P. Christensen (Chapters 3 and 4) and H. Hartnett (Chapter 3 only).

Chapter 5 was reproduced from Journal of Geophysical Research: Planets, where

it was published in September 2016. Co-author is P. Christensen.

298



