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We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.

T. S. Eliot, “Little Gidding”
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SUMMARY

On Earth, evolved felsic crust is commonly associated with plate tectonics, speci cally
subduction zones, and the role of water in modulating melting conditions and phase equi-
libria in the mantle and crust. As Mars lacks evidence of both plate tectonics and extensive
water, felsic rock is unexpected there. However, new studies via remote sensing and in
situ observation indicate a wider range of primary rock compositions on Mars, suggesting
an incomplete understanding of how these materials form. Nili Patera, a caldera on the
Syrtis Major shield volcano, has been a locus of compositional research on Mars, includ-
ing the rst detection of bedrock spectrally consistent with evolved felsic material. Using
visible/near-infrared data from the CRISM instrument aboard the Mars Reconnaissance
Orbiter, the extent of this feldspathic terrane in Nili Patera is mapped and its relation to
surrounding ma c units is investigated. This provides important controls such as the areal
extent (a proxy for volume) and relative age that can be used to constrain its magmatic for-
mation history. A high-silica magma system on Earth, the Laguna del Maule volcanic eld
in Chile, is also studied. A stochastic magmatic model unifying dynamics and composi-
tional understanding of magma system evolution is used to generate numerous realizations
using known Laguna del Maule conditions and exploring a range of unknown magmatic
uxes in the crust. Forward models are developed and used to transform the magmatic
model outputs to observable geophysical signals in gravity, magnetotellurics, and seismic
velocity, which are evaluated against eld measurements to determine a probable history
of the Laguna del Maule magmatic system and investigate current arguments about the
structure and supports of shallow, silicic systems. Together, these studies elucidate our

understanding of how high-silica systems can form and evolve in disparate conditions.

XVi



CHAPTER 1
INTRODUCTION

1.1 Magma Evolution and Its Signi cance

Igneous rocks form from the cooling and solidi cation of lavas and magmas, and they can
be mineralogically and geochemically classi ed into three broad groups. Ma c rocks, such
as basalt and gabbro, are comprised principally of minerals like olivine, pyroxene, and pla-
gioclase. Felsic rocks, such as rhyolite and granite, are comprised principally of minerals
like quartz, potassium feldspar, and plagioclase. Intermediate rocks, such as andesite and
diorite, are comprised principally of minerals like plagioclase, pyroxene, and amphibole
(Le Maitre et al., 2002). These mineralogies re ect the geochemistry of the parent magmas
from which igneous rocks form. Ma ¢ magmas are high in iron and magnesium contents
but low in silica; felsic magmas are low in iron and magnesium but high in silica and al-
kali contents; and intermediate magmas, as the name implies, have moderate silica content.
In turn, these compositions affect the properties of the magma. Silicic magmas tend to
be more viscous and cooler, as well as having the potential for higher exsolved volatile
contents as a result of their formation (Winter, 2010).

As suggested by the geochemistry, these classi cations represent a continuum of magma
diversi cation whereby primary ma ¢ magmas, derived from the mantle, can continually
segregate melt and compositionally differentiate, eventually forming intermediate and sili-
cic magmas in a process of magma evolution (Bowen, 1928; Winter, 2010). The exact
mechanism of this differentiation is commonly explained as a combination of two end-
member processes: (1) crystal fractionation of more ma ¢ parent magmas (Brophy, 1991;
Marsh, 1981, among others); and (2) partial melting of existing crust (Chayes, 1963; Sisson

et al., 2005, among others).



Regardless of mechanism, the culmination of magma evolution is silicic volcanism, ex-
pressed both as felsic rocks on the surface that are the products of eruptions or solidi ed and
exposed plutons. These processes are ongoing on Earth with active magmatic systems in
the crust where magma evolution is currently occurring and which are frequently sampled
by eruptions. Magma evolution is responsible for the origin of continental crust on Earth
(Hawkesworth & Kemp, 2006). While this crust only covers a third of the planet's sur-
face and less that% of its mass, the formation of continental crust provided an arguably
crucial platform for the development of complex, land-based life (Lundstrom & Glazner,
2016), and it has undeniably hosted near all of the human experience. Modern civilization
also bene ts from silicic magmatism through the concentration of economically valuable
metals like copper, molybdenum, gold, lithium, etc. (Whitney, 1989) and sourcing of com-
mercially viable geothermal power production (Karakas, Dufek, et al., 2017; Zierenberg
et al., 2013). Finally, silicic volcanism is responsible for large-scale eruptions that can
rapidly excavate and deposit ash over millions of square kilometers and impact global cli-

mate (Rymer et al., 2005; Self & Blake, 2008).

1.2 Methods of (Remote) Observation

Most understanding of how silicic systems develop and evolve is derived from explosive
and effusive deposits after eruption (e.g., Hildreth, 2004) or solidi ed systems that have
been eroded and exposed (e.g., Lipman, 2007). Large silicic systems that produce erup-
tions of large scale (hundreds to thousands of cubic kilometers) are primarily understood
from their explosive pyroclastic deposits and have not been withessed or measured with
modern geophysical techniques. Consequently, investigations of both eruptive and plu-
tonic rocks tell us about a magmatic system in the past (often tens to hundreds of thousands
of years ago), not about the subsurface now. Both are necessary to understand the full
life-cycle and conditions leading to an eruption of a silicic system. There is also an issue

of accessibility. Reaching volcanic or plutonic outcrops for study is not always feasible—



they may be deep in rugged terrain or even on another planet—nor is directly observing
active magmatic systems kilometers below the ground possible. For this reason, it is worth
considering modes of remotely investigating past and present volcanic systems. Optical
techniques such as spectroscopy can observe the surface expressions of magmatic systems,
while geophysical techniques such as gravity, magnetotellurics, and seismic tomography
can detect magmatic systems in the subsurface. These techniques are sensitive to different
parameters and different locations, but they are best used in concert, when possible, to fully

understand the history and current state of silicic systems.

1.2.1 Spectroscopy

Spectroscopy is the study of light and its interaction with matter. When photons are inci-
dent on an atom or molecule, they are either scattered in different directions or absorbed.
Photons can also be emitted, and all natural materials emit photons if they areCalove
However, photons are not absorbed or emitted indiscriminately but only if the photon en-
ergy matches an electronic energy state of an atom or molecule (e.g., it may cause a charge
transfer between ions, such as betweett Fe F€") or a rotational or vibrational energy
state of a molecule (Clark, 1999). Thus, these processes are wavelength dependent. When
light shines on, for example, a mineral grain and is re ected back, the spectrum of that
re ected light caries a pattern of absorptions of varying strengths and breadths speci c to
the composition and structure of that mineral (Clark, 1999). For emitted light, i.e. ther-
mal radiation, the pattern imparted is the opposite per Kirchhoff's law (Nicodemus, 1965;
Salisbury et al., 1994). By measuring the re ected or emitted spectra, the mineral the light
interacted with can be inferred.

Spectroscopy is a key remote sensing technique that can be used locally or from orbit
for characterizing compositions of outcrops exposed at the surface and is relevant to a wide
variety of geologic processes. In the case of silicic magmatic systems, however, it is limited

to remnant, exposed bodies. Still, especially from an orbital platform, spectroscopic data



permits identi cation and mapping of volcanic outcrops. Ma c¢ and felsic rocks have diag-
nostic features in the thermal infrared portion of the electromagnetic spectr@qal® pum)

due to stretching vibrational modes of the constituent minerals. Silicate minerals, both in-
dividual species and solid solution series thereof, often exhibit diagnostic features in the
visible/near-infrared ( 0.4—2.5 pm) due to electronic processes of individual elements

and overtones of molecular vibrations at higher wavelengths (Clark, 1999).

1.2.2 Gravity

The gravity eld of Earth is the net acceleration imparted to all objects due to the gravi-
tational force between Earth and that object. While it is often convenient to consider the
Earth as a uniform mass and that this net acceleration is downward and constant along
the Earth's surface, the Earth is actually a distribution of mass within its interior such that
its gravity eld varies with location and, in some instances, time (Turcotte & Schubert,
2002). As a geophysical technique, the gravity method uses these variations on the surface
to interpret subsurface geology and structure.

For shallow silicic systems, magma intrusion, crystallization, differentiation, volatile
exsolution, and crustal melting all modify the density structure (and thus the mass distri-
bution) of the crust, which in turn affect the local gravity eld. By measuring the gravity
anomaly over the volcanic system—that is, the measured gravitational acceleration relative
to a hypothetical gravity eld undisturbed by the magma reservoir—information such as
the distribution and fraction of melt and even the composition of solidi ed and partially

molten intrusions can be inferred.

1.2.3 Magnetotellurics

Earth's internal dynamo generates a global electric and magnetic eld. Natural variations
are imparted to this eld by phenomena such as lightning and solar energy, but also electric

telluric currents that run through the ground. Different types of rocks, geological struc-



tures, and especially uids in pore space exhibit a wide range of electrical conductivities
and resistivities, which in turn affect telluric currents. As a geophysical technique, the
magnetotelluric method uses these measured uctuations in Earth's electric and magnetic
elds to interpret subsurface conductive and resistive structures (Chave & Jones, 2012).
Through the introduction of melt, volatiles, and elevated temperatures, silicic systems
modify the conductivity structure of the crust, in turn inducing uctuations into the local
geomagnetic and geoelectric elds. By measuring these eld uctuations, the state of the

magmatic system, especially its location, size, chemistry, and melt fraction, can be inferred.

1.2.4 SeismicTomography

Seismic waves are waves of energy that travel through the Earth's interior. Commonly
caused by earthquakes, they can also be generated by eruptions, magma transfer, land-
slides, and human-induced explosions, as well as ambient noise from general human and
environmental activity. The speed at which seismic waves travel depends on the type of
seismic wave and the material properties of the medium, i.e. its density and elasticity (of-
ten encapsulated by estimates of the bulk and shear modulus), which in turn are dependent
on pressure, temperature, mineralogy, and especially the presence of melt. As a geophysi-
cal technique, seismic tomography uses the travel times of seismic waves through the Earth
to interpret subsurface conditions and structures (Lo & Inderwiesen, 1994).

By introducing hot melt into the crust, silicic systems affect the propagation of seismic
waves, which travel faster through cold, solid rock than through hot magma. For suf -
ciently high melt fractions, the propagation of shear waves speci cally ceases. By measur-
ing and correlating the travel times of seismic waves from sources to receivers, conditions

of the magmatic system, particularly its depth, size, and melt fraction, may be probed.



1.2.5 RemoteObservatioron OtherPlanets

The discussed methods for remote observation of past and present magmatic systems have
heretofore assumed a magmatic system on Earth. While the methods do permit study of
otherwise inaccessible systems, a different planet is another level of inaccessibility. The
spectroscopic technique works well in an (extra)planetary context, as does the gravity tech-
nique, though in most cases it will be limited to larger subsurface structures if being studied
from an orbital platform. The seismic and magnetotelluric techniques are prohibitive be-
cause both require sensors on the surface. While there have been seismometers on the
Moon, and the InSight lander is currently collecting seismic data on Mars, neither set-up
permits detection of the conditions of a shallow, silicic system with the detail that is done

on Earth, if at all.

1.3 Silicic Volcanism on Earth and Mars

Earth is the only known planet in our solar system with an extensive and observable history
of silicic magmatism (Lundstrom & Glazner, 2016), but other bodies such as Mars, Venus,
and Mercury all possess observable volcanism in their past (Byrne, 2020; L. Wilson, 2009).
Of Earth's neighbors, Mars is the most hospitable to robotic investigation and exhibits an
extensive history of volcanism (Carr & Head, 2010), but is there silicic volcanism?

While past studies of the igneous martian crust have concluded that it is primarily
basaltic (McSween et al., 2009), recent analyses of meteorites (e.g., Humayun et al., 2013)
and landed mission data (e.g., Morris et al., 2016) indicate a broader range of composi-
tions are present. From orbit, wide swaths of Mars are spectrally consistent with andesite
(Band eld et al., 2000), and numerous outcrops of feldspar-enriched rock have been iden-
tied (e.g., Ding et al., 2015; Viviano-Beck et al., 2017; Wray et al., 2013, among others).
While con rming whether these detections are the result of high-silica magmatic systems is

dif cult, they are certainly the result of prolonged magmatism and evolutionary processes.



On Earth, silicic volcanism and magma evolution is commonly associated with a sys-
tem of plate tectonics and preexisting silicic crust, neither of which exists on Mars (Carr
& Head, 2010). This implies an incomplete understanding of martian magmatism, magma
evolution, or both. Signi cantly, these silica-rich rocks may be indicative of the generation
of early continental crust on Mars (Sautter et al., 2015). Many unknowns still surround
the formation of continental crust on Earth (Hawkesworth & Kemp, 2006; Rudnick, 1995),
but Mars may be of aid in this. As Mars has been relatively tectonically and volcanically
quiet for the past 4 Gyr (Carr & Head, 2010), it preserves a record of ancient magmatism,
the equivalent of which on Earth has long since been recycled, heavily tectonized, or over-
printed. In this sense, Mars may be used to look back on an “Earth that Was” to better
understand our own history.

Building upon the existing literaturen this study | investigate extinct and extant
silicic magmatic systems via spectroscopic, gravity, magnetotelluric, and seismic re-
mote methods and evaluate what these observations indicate about the growth and
development of silicic systemsThis is accomplished by considering two examples: the

Nili Patera caldera on Mars and the Laguna del Maule volcanic eld on Earth.

1.3.1 Chapter2: CompositionaMappingof the Nili PateraFeldspathidJnit: Extentand

Implicationsfor Formation

Decades of study of the igneous martian crust concluded that it was primarily basaltic, but
a range of new investigations nd evidence of evolved compositions. Foremost of these is
a highly feldspathic unit within the Nili Patera caldera of Syrtis Major, the only detection
with preserved volcanic context but which nonetheless remains ambiguous in exact com-
position and formationl conduct compositional mapping of this feldspathic unit via
near-infrared spectroscopy from the Compact Reconnaissance Imaging Spectrome-

ter for Mars instrument and nd that the unit occupies at minimum 104 km? at high

con dence and an additional 41km? at moderately high con dence, meaning the unit



is locally signi cant. | compare this mapping with that inferred from geomorphology
and nd that while texture and albedo are useful proxies, they are not perfectly reliable
as substitutes for thorough compositional investigation. Study of the boundary between
the feldspathic unit and surrounding ma c rock indicates the former formed early and may
extend locally in the subsurface. | consider what compositional mixtures could explain the
con icting interpretations derived from VNIR and thermal IR spectroscopy, concluding it

is likely due to thermophysical differences between the light-toned feldspathic unit and the
in lling dark ma ¢ sand. | discuss proposed plutonic and volcanic formation scenarios for
the feldspathic unit, considering Earth analogues and implications for the parent magmatic

system, and offer observations in rock texture and composition that would clarify.

1.3.2 Chapter3: ForwardModeling of GeophysicalSignalsto Link MagmaDynamics

Modeling to GeophysicalDatasets:Lagunadel Maule as a CaseStudy of Silicic

Magmatism

The Laguna del Maule volcanic eld is among the greatest rhyolite are-ups of the Holocene.
Due to ongoing and rapid in ation, this high-silica magmatic system has been a focus of
geological and geophysical study to investigate how these systems initiate and develop.
| present stochastic, three-dimensional magma modeling to examine the spatio-temporal
variability of melt fraction, temperature, composition, mineral phase information, and in-
trusion locations at the Laguna del Maule. | construct and test gravity, magnetotelluric, and
seismic forward models and use them to transform the outputs of the magmatic modeling
into geophysical signals that are evaluated against published datasets. In turn, | use these
evaluations to assess the parameter range of the magmatic simulations. The numerical
modeling supports current arguments about the structure of shallow silicic systems—that
they exist as small pockets of eruptible melt embedded in larger crystal mush reservoirs
and are supported by an extensive transcrustal sys@eophysical forward modeling

of the simulations suggests that the current active system at Laguna del Maule has



operated for  140-220kyr with a time-averaged ux of  0.025-0.04m3*/m?/yr into

the upper crust, which aligns with estimations from zircon crystallization ages and
deformation studies. The magmatic and forward modeling presented here produce robust
and self-consistent simulations of the Laguna del Maule magmatic system and its geo-
physical signatures. These models are adaptable to a wide range of magmatic systems and

conditions, and can mutually contextualize the datasets collected at these systems.

1.3.3 Publications

The contents of this thesis have their foundations in two manuscripts prepared during my

time at the Georgia Institute of Technology:

1. G. L. Eggers J. J. Wray, & J. Dufek (2021). Compositional Mapping of the Nili Pat-
era Feldspathic Unit: Extent and Implications for Formatidournal of Geophysical

Research: Planetd.26, e2020JE006383.

2. G. L. Eggers& J. Dufek (2021). Forward Modeling of Geophysical Signals to Link
Magma Dynamics Modeling to Geophysical Datasets: Laguna del Maule as a Case

Study of Silicic MagmatismJournal of Geophysical Research: Solid Earth, In prep

In addition, although its contents are not entirely included herein, the following manuscript
also touches upon the goal of this thesis and represented another sizable portion of my grad-

uate research:

3. J. DufekG. L. Eggers & Nathan L. Andersen (2021). Assessing the conditions for
formation of upper crustal melt reservoirs at Laguna del Maule: Using three dimen-
sional thermal-magmatic models to assess crustal sensitivity to melawnal of

Geophysical Research: Solid Earth, In prep



CHAPTER 2
COMPOSITIONAL MAPPING OF THE NILI PATERA FELDSPATHIC UNIT:
EXTENT AND IMPLICATIONS FOR FORMATION

Published in modi ed form as:
G. L. Eggers, J. J. Wray, & J. Dufek (2021). Compositional Mapping of the Nili Pa-
tera Feldspathic Unit: Extent and Implications for Formatialnurnal of Geophysical

Research: Planetd 26, e2020JE006383.

2.1 Introduction

Many past studies of the igneous martian crust have concluded that it is primarily basaltic
(Christensen et al., 2008; McSween et al., 2009; Mustard et al., 1993). While the vast
majority of observations have con rmed this assessment, recent analyses of meteorites and
mission data indicate a wider range of compositions are present at lower concentrations.
For example, chemical analyses of Gale Crater soils and rocks by the Curiosity rover have
uncovered materials with felsie 65% SiQ) and corresponding alkali enrichment (Meslin
et al., 2013). This feldspathic enrichment could be due to preferential compositional sort-
ing or differential transport of sediments (Sautter et al., 2014; Williams et al., 2013), but
several varieties of feldspar-rich igneous rocks have also been found in the area (Sautter et
al., 2015). Curiosity has also identi ed tridymite, a high-temperature silica polymorph, in a
sedimentary outcrop (Morris et al., 2016). In the absence of plausible low-temperature for-
mation scenarios, the authors interpret a high-temperature and highp&i@enitor such
as silicic volcanism.

Mars Path nder identi ed rocks of andesitic surface composition (Foley et al., 2003;
Wanke et al., 2001), though they are also interpreted as weathering rinds on basalts (Mc-

Sween et al., 2009). From orbit, wide swaths of Mars are spectrally consistent with andesite
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as well (Band eld et al., 2000) but are alternatively interpreted as weathered basalt or glass
(Horgan & Bell 1ll, 2012; Wyatt & McSween, 2002). Localized quartz has also been iden-

ti ed from orbit via mid-infrared data from the Thermal Emission Spectrometer (TES) and
Thermal Emission Imaging System (THEMIS) instruments (Band eld et al., 2004; Smith
& Band eld, 2012). High SiQ contents have also been found in martian meteorites. Hu-
mayun et al. (2013) identi ed clasts of monzonite (an igneous rock with equal amounts of
plagioclase and alkali feldspar but low quartz) composition in meteorite NWA 7533, and
Gross and Filiberto (2014) found granitic clasts in meteorite NWA 6963.

Outcrops of highly feldspar-enriched rock have also been identi ed across Mars using
data from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instru-
ment. Wray et al. (2013) made the rst detection at Nili Patera but also found a limited
exposure on the wall of a valley in Xanthe Terra and in the crater oors and intracrater
plains of northeast Noachis Terra. Carter and Poulet (2013) located eight exposures, ve
on crater rims and three on buttes associated with uplift or excavation from the Hellas
formation event. Since these initial detections, feldspathic rock has also been identi ed
at several other locations, e.g. east of Tharsis in Ritchey Crater (Ding et al., 2015) and
the eastern Valles Marineris walls (Viviano-Beck et al., 2017) as well as north of Hellas
within craters (Sessa & Wray, 2017) and uplifted massifs (Phillips et al., 2019). This new-
found evidence for a range of martian magma compositions motivates closer study of any
long-lived, well-exposed volcanic constructs to further elucidate—and quantify the degree

of—the processes and timing of magma evolution on Mars.

2.1.1 Nili PateraSyrtisMajor

Syrtis Major is a low-relief volcanic construct overlying Nili Fossae in the northeast and
the rim of the Isidis crater to the east. It is large, stretching approximately 1400 km north
to south and 1000km east to west (Schaber, 1982). Its anking lava ows are very shallow

and date to the Hesperian epocB.5 Gya (Plescia, 2004; Tanaka, 1986). Hiesinger and
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Head (2004) estimate the total volume of lava to be 1.6-312° km?,

Syrtis' summit features two named calderas, Meroe and Nili Paterae, which are 1.9 km
and 1.6 km deep and 70 km and 50 km in diameter, respectively (Plescia, 2004; Schaber,
1982). The calderas sitin a larger 300 km by 150 km depression, elongated north-northeast
to south-southwest (Plescia, 2004), which may be from an early caldera (Werner, 2009)
and could indicate collapse into a large, partially evacuated magma chamber (Hiesinger
& Head, 2004). Several smaller calderas are located within both Meroe and Nili, indi-
cating stages of magmatic activity. Meroe's oldest detectable extrusive episodes date to
3.6-3.8 Gya and its most recent activity was less than 1.4 Gya. Smaller calderas within
Nili Patera date from 1.6 Gya to 3.6 Gya (Robbins et al., 2011). Fawdon et al. (2015) con-
ducted a thorough geologic study of Nili Patera focused on stratigraphy, positing that the
caldera formed through trapdoor collapse followed by ve magmatic episodes. Geophysi-
cal evidence also indicates substantial subsurface magmatism at Syrtis Major. The spher-
ical harmonics model of the martian gravity eld calculated from orbits of Mars Global
Surveyor (MGS) reveals a positive 126 mGal free air anomaly centered below the Syrtis
Major summit caldera (Lemoine et al., 2001). Kiefer (2004) modeled this anomaly as a
300 600 km buried load elongated in the north-south direction with a minimum thick-
ness extending from the surface of 2.8 km if the load is olivine-dominated or 3.9 km if the
load is pyroxene-dominated, consistent with an extinct magma chamber that has solidi ed
and is partially lled by dense igneous cumulate. The martian crustal magnetic eld, also
measured by MGS, reveals a large, weak eld over the Syrtis summit caldera (Lillis et al.,
2008). Recognizing that near total thermal demagnetization requires substantial magmatic
intrusions, Lillis et al. (2015) model these intrusions and nd the best tis a north-south
oriented dog bone-shaped area d350,000 km. With an inferred intruded volume of

4-19 10° km3, they argue the necessary intrusions for a magmatic system this large are
best explained by a long-lived mantle plume beneath Syrtis Major.

Syrtis Major and Nili Patera are ideal locations to study martian igneous processes. Syr-
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tis Major is the only large martian volcanic complex not obscured by dust (Ruff & Chris-
tensen, 2002), and the oor of Nili Patera exhibits high thermal inertia, indicating relatively
pristine bedrock exposure (Christensen et al., 2003). Syrtis Major has been con rmed to
have an average basaltic character (Band eld et al., 2000; Mustard et al., 1993), with lavas
originally characterized as two-pyroxene (low- and high-calcium varieties) basalts, similar
to those found in martian meteorites (Mustard & Sunshine, 1995). Recent analyses indi-
cate higher abundances of high-calcium pyroxene and lower abundances of low-calcium
pyroxene relative to the average martian highlands (Rogers & Christensen, 2007) as well
as some olivine component, consistent with other Hesperian-aged terrains (Viviano et al.,
2019). Skok, Mustard, Murchie, et al. (2010) studied craters on Syrtis Major with spec-
trally distinct ejecta, a population dating to just after the Hesperian/Amazonian boundary
and consistently younger than craters without. They found the distinct ejecta to be sys-
tematically enriched in high-calcium pyroxene, arguing that it represents volcanic material
unaltered by volatiles.

Nili Patera in particular exhibits particularly exceptional compositional diversity. The
TES instrument rst discovered two mineralogically anomalous units (A and B) relative to
the rest of Syrtis Major on the Nili caldera oor (Ruff & Hamilton, 2001). Using THEMIS
data, Christensen et al. (2005) identi ed unit A as dacite, the most generally accepted
silicic igneous product on Mars at the time. However, unit B was grouped with the rest of
the caldera bedrock.

Visible/near-infrared (VNIR) spectroscopy from CRISM revealed further diversity in
the caldera. Skok, Mustard, Ehlmann, et al. (2010) reported dozens of localized hydrous
silica deposits on the anks of a volcanic cone adjacent to units A and B, suggesting the
remnants of an ancient hydrothermal system. CRISM also indicates a more complicated
unit B, distinct from both unit A and the surrounding caldera oor. Wray et al. (2013)
observed a broad, symmetric absorption at25-1.3 um within unit B. This spectral fea-

ture is exhibited in some feldspars, and it is attributed to the minor substitutiorf bfféie
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Ca&* in the feldspar crystal structure (Serventi et al., 2013). This weak spectral feature is
typically overpowered in more ma c rocks by the strongef*Fbands of olivine at 1 pm

and pyroxene at 1 um and 1.2 pm (Clark, 1999). However, the?5-1.3 um feature is
detectable in feldspar-rich spectral mixtures with less than 5% ma c content (Cheek et al.,
2013; Ohtake et al., 2009). This indicates that unit B is feldspar rich and unusually low in
ma c phases for Mars.

Wray et al. (2013) interpret this signature as highly evolved felsic rock based on vol-
canic context. The dacitic unit of Christensen et al. (2005) is adjacent to the Nili Pat-
era exposure, and thermal calculations demonstrate that highly silicic felsic melts could
be produced via fractional crystallization or partial melting of that dacite (Wray et al.,
2013). Carter and Poulet (2013) interpret the unit and several other locations as anorthosite
(which is not silicic) based on similar lunar detections (Ohtake et al., 2009). Because the

1.25-1.3 pum feldspar absorption feature's band strength, shape, and position do not cor-
relate directly with feldspar composition and because quartz is not detectable in the VNIR,
anorthosite and felsic rock would appear similar to CRISM. Rogers and Nekvasil (2015)
also do not invoke a silicic explanation, interpreting the unit as either anorthositic or as a
basalt enriched in large plagioclase crystals.

Wray et al. (2013) identi ed the feldspathic unit in Nili Patera, but did not map it.
Fawdon et al. (2015) mapped it in part as tH&fu unit, but their mapping was primarily
based on geomorphology with composition as a secondary constraint. We present a new
mapping of the unit based on the strength of its compositional signature to determine areal
extent and constrain the size of the magmatic system needed to produce such a highly
feldspar-enriched melt. New CRISM data acquired since 2013 facilitate this, as do new
High Resolution Imaging Science Experiment (HIRISE) images from which we can assess
the unit's morphology and contacts with other geologic materials to potentially deduce new
insights into its nature and stratigraphic position (i.e., chronology of its formation within

the overall history of Nili Patera).
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2.2 Methods

Identifying the extent of the feldspathic unit was a twofold process. An initial survey was
conducted using HIRISE imagery to investigate geomorphology in order to establish ap-
proximate boundaries. A follow-up survey using CRISM data was conducted to demarcate

rm compositional contacts.

2.2.1 HIRISE Survey

The High Resolution Imaging Science Experiment (HIRISE) on the Mars Reconnaissance
Orbiter (MRO) acquires images of the martian surface via 14 charge-coupled device (CCD)
detectors (McEwen et al., 2010). The resolution of acquired images ranges from 25 to
60 cm/pixel.

The Nili Patera feldspathic unit is geomorphologically smooth, light-toned, and exhibits
polygonal fracturing. The outcrop studied by Wray et al. (2013) is the best exposure, but
the unit itself continues to the south and east, as well as beneath the dune eld to the
southwest. This characteristic geomorphology allowed us to hypothesize where the unit
might be exposed throughout the caldera, which could then be con rmed (or refuted) with

existing CRISM data or newly requested observations.

2.2.2 CRISM Survey

The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on MRO acquires
images of the martian surface in approximately 10 km wide swaths from 0.36—3.92 um over
544 wavelength channels (Murchie et al., 2009). The instrument collects data at 18 m/pixel
in the full-resolution targeted (FRT) and full-resolution short (FRS) observing modes and
at 36 m/pixel in the half-resolution long targeted (HRL) and half-resolution short (HRS)
modes. At the pixel-level, the returned spectrum is an average over the pixel space, though

there is some biasing in favor of the signature of the brightest components at given frequen-
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cies due to greater re ectance of incident light. The HIRISE geomorphology survey, along
with Context Camera (CTX) imagery where HiRISE coverage was not available, were
used to locate existing CRISM images within the caldera at the site of interest. CRISM
data were acquired from the Planetary Data System (PDS) as re eclatcedr the ratio

of instrument-measured radiance to incident solar ux) image cubes with TRR3 calibration
(Seelos et al., 2011). Any images with high detector temperatures were agged for later
quality veri cation. As extant CRISM imagery did not cover the full potential extent of
the feldspathic outcrop, additional images were requested. However, due to observation
competition and malfunctions with and subsequent failure of the CRISM coolers, not all
gaps were able to be lled with the requisite near-infrared data. In total, 20 CRISM im-
ages throughout Nili Patera were analyzed in some capacity, though only four (listed in
Table 2.1) overlapped potential exposures of the feldspathic unit.

These images were further processed using the CRISM Analysis Toolkit (CAT) v. 7.3.1
for ENVI according to recommended procedures (Murchie et al., 2007; Murchie et al.,
2009). First, a photometric correction was applied by dividinglttfe image by the co-
sine of the solar incidence angle to account for variations in illumination. Second, an
atmospheric correction was applied via the volcano scan technique by dividingRhe
image by a scaled atmospheric transmission spectrum from over Olympus Mons (McGuire
et al., 2009). Third, spectral summary parameters were calculated, ltered, and attened
for both short- and long-wavelength images to highlight the compositional diversity of the
study site (Viviano-Beck et al., 2014). Finally, both the corredteld and hyperspectral
parameter image cubes were geographically projected.

The summary parameters were used for a “ rst pass” evaluation of compositions in Nili
Patera. All parameters were considered but particular attention was given a few. OLIN-
DEXS3, which is sensitive to Mg-olivine, and LCPINDEX2 and HCPINDEX2, which are
sensitive to low- and high-Ca pyroxenes, respectively, were used to characterize the gen-

eral ma c content of the caldera. BD1300, sensitive to the absorptionslrzam com-
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Table 2.1: CRISM images used in the compositional mapping of the Nili Patera feldspathic
unit. The CRISM scenes are ordered by the identi cation numbers of the ROIs from which
the spectra produced in Figure 2.3 were extracted. The centers of these ROIs, taken from
projected CRISM scenes with a Mars Sphere-Based Equirectangular projection, are also
given. These geographic locations are marked in Figure 2.4. As the spectra in Figure 2.3
are ratioed, their spectral denominators are also given.

CRISM ID CRISM Central RO ROI Central
Lat, Lon Lat, Lon

01 8.867, 67.280

02 8.917, 67.325

FRTOO0082EE 8.915, 67.285 03 8.878, 67.372

04 8.896, 67.282

05 8.952, 67.321

Denominator| 8.952, 67.239

FRS00004185 8.752, 67.340 06 | 8814, 67.38]

Denominator| 8.672, 67.266

07 9.097, 67.569

FRTOOOOBSOF  9.128, 67.594 08 9.116, 67.576

09 9.069, 67.510

Denominator| 9.173, 67.58(Q

10 8.826, 67.471

FRS00038B87 8.820, 67.510

Denominator| 8.810, 67.579

mon in feldspars, was used to characterize the feldspathic content of the caldera. As Fe-
rich olivine-bearing materials can also produce a high response in the BD1300 parameter
(Viviano-Beck et al., 2014), caution was exercised in interpreting spectra from areas high-
lighted by this parameter.

Compositions highlighted by these and other parameters were then con rmed by sam-
pling spectra from the correctdeF data via a region of interest (ROI) and ratioing the
spectra with those of bland regions in the same image. The vicinity of the feldspathic unit
is mostly bedrock exposures, which means the typical practice of selecting spectral de-
nominators for ratioing from heavily dust-covered areas in the same pixel columns as the
ROl was impossible. Instead, several candidate denominators for every CRISM scene were

considered, and the one with minimal spectral features was used for the entire image. Ra-
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Figure 2.1: Linear spectral mixing of a feldspar and pyroxene at varying proportions. The

mixed spectra are albite plagioclase HS143.3B and augite WS592, both from the USGS
(Kokaly et al., 2017). These mixed spectra served as a guide in mapping the Nili Pat-
era feldspathic unit and in de ning the con dence levels 196—-100% feldspar) and 2

( 90-95% feldspar) mapped in Figure 2.4. For comparison, a CRISM spectrum of the Nili

Patera feldspathic unit (corresponding to spectrum 01 in Figure 2.3) is provided in green.

tioing by spectra from elsewhere in the CRISM scene can have the effect of shifting band
centers by 0.01 um due to spectral smile effects (Murchie et al., 2007), but this potential

shift would not affect our interpretations of the broad absorption bands that are the focus of
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this analysis. Still, the method is imperfect and could introduce noise or impart some ves-
tigial features from the denominator to the ratioed spectra. However, the spectral features
of interest are still easily distinguished above the level of noise or artifacts in this survey.
The extracted and ratioddF spectrum of each ROl was compared with library and other
published CRISM spectra. To accurately demarcate the bounds of the feldspathic unit and
ensure representative spectra of Nili Patera compositions, approximately 100 ROI spectra
were extracted from each CRISM scene.

For CRISM images featuring the feldspathic unit, compositional data were used to map
the terrain at two con dence levels based on the strength of th25-1.3 um feldspar
absorption feature. The strength was gauged based on the band shape purity of the feldspar
feature as compared to linear mixtures of feldspar and ma c spectra (an example of which
is shown in Figure 2.1). A full nonlinear unmixing analysis was not conducted, so these lin-
early mixed guide spectra—despite being labeled by their linear mixing percents—should
not be confused for absolute indicators of feldspar abundance. However, intimate, nonlin-
ear spectral mixing experiments of feldspars and pyroxenes have shown similar behavior to
linear spectral mixing for at least high-feldspathic cases (Cheek et al., 2013). Areas within
con dence level 1 exhibit a pristine feldspar feature and do not strongly show spectral
in uence from other mineralogies. In Figure 2.1, this corresponds to the spectral mix-
tures with 95-100% feldspar abundance. Areas outside con dence level 1 but within
con dence level 2 still exhibit the in uence of feldspar upon their spectra but display non-
pristine 1.25-1.3 um features, e.g. the feature may atten out or be slightly shifted, and
at wavelengths just beyond 2 um they may show uncharacteristically strong features. In
Figure 2.1, this corresponds to spectral mixtures wil0—95% feldspar abundance. Out-
side con dence level 2, the terrain may still contain high feldspar abundances, but there is
no clear spectral evidence of it, i.e. the CRISM spectra are more consistent with spectral

mixtures with feldspar abundance85% in Figure 2.1.
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2.3 Results

2.3.1 Geomorphologyf the FeldspathidJnit

The polygonal fracturing pattern of the feldspathic unit described by Wray et al. (2013) is
exhibited at a wide range of scalesi—250 m, though most blocks are at th&0-25 m

scale) and continues extensively to the south and east (Figure 2.2). The outcropping at
the initial detection site is the cleanest exposure, and farther away the geomorphology
becomes obscured. To the east and south, the unit is increasingly mantled by ne-grained
debris, likely either dust or remnant sand from the dune eld migrating to the southwest.
The polygonal cracks remain visible beneath the mantling material, however, and often
appear to be in- lled by it. To the west of the initial detection site, the feldspathic unit is
immediately covered by the Nili dune eld (Fawdon et al., 2015; Silvestro et al., 2010).
However, in certain areas the sand thins out and the familiar polygonal fracturing pattern

reappears, indicating that the feldspathic unit continues beneath the dune eld.

2.3.2 Mineralogyof Nili Patera

Where there are CRISM data to con rm it, the composition of the Nili Patera feldspathic
unit appears uniform. Figure 2.3a reproduces spectra from CRISM image FRTO0O0082EE
from several locations within the unit. All spectra exhibit the characteristi?5-1.3 um
feature and match well with library spectra for feldspars. The feldspathic spectra are most
pristine closest to the initial detection site by Wray et al. (2013) and further away exhibit
minor ma c in uence, particularly by high-calcium pyroxenes, as indicated by a shallow
absorption feature at 2.4 um. Figure 2.3c provides a comparison of feldspathic spectra
from throughout the caldera for areas covered by CRISM imagery. These individual spectra
are representative of the extent of the feldspathic unit within their respective images, and
they are consistent with one another. The unit is mineralogically homogeneous across its

breadth insofar as CRISM data exists to con rm the composition.
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Figure 2.2: Characteristic polygonal fracturing of the feldspathic units from HIRISE im-
age PSRD056841890. (a—b) Clean bedrock exposures exhibit the characteristic fracturing
with both large- (a) and small-scale (b) polygonal blocks. (c—d) Farther out, the bedrock
becomes obscured by sand and dust, but the fracture pattern of large- (c) and small-scale (d)
blocks is still visible beneath the mantling. Red arrows denote examples of these polygonal
blocks. Sand dunes are visible as the dark materials to the lower-left in panel (a).

The feldspathic unit is surrounded by terrain that exhibits spectral features consistent
with a mixture of olivine and pyroxene. Some areas (appearing magenta in Figure 2.3a—b)
are more enriched in olivine, speci cally the Mg-olivine forsterite, and display a steadily
decreasing slope toward 1 um and a relatively level slope longwards of 2 um. Other areas

(purple-blue in Figure 2.3a—b) are more enriched in pyroxene, speci cally high-calcium
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pyroxenes, and show a short-wavelength slope that levels out close to 1.2 um and a more
pronounced absorption near 2.4 um. Representative spectra are reproduced in Figure 2.3c,
along with comparisons from the United States Geological Survey (USGS) spectral library.
Figure 2.3b illustrates the pitfalls of over-reliance on spectral summary parameters.
CRISM image FRTOO00OBS8OF features two craters whose excavated materials exhibit high
values for the BD1300 parameter, which nominally indicates a feldspathic composition.
However, the Fe-olivine fayalite can also result in high BD1300 values due to its shifted
and widened 1 pm feature relative to forsterite (Clark, 1999). Ratioed spectra taken from
the wall and ejecta of the larger crater closely match USGS spectral library spectra for
low-Mg olivine, while spectra from the ejecta of the smaller crater are indeterminate. The
ejecta of the large crater could also be spectrally consistent with type-A pyroxenes (Horgan
et al., 2014; Schade et al., 2004). These exposures have been previously mapped as part of
the feldspathic unit (i.e., as uriBfu by Fawdon et al., 2015), which would suggest a larger
feldspathic unit that extends underground. These impacts appear instead to be exposing a

subsurface fayalite- or different pyroxene-rich layer.
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