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ABSTRACT

| present investigations of the formation and degradation of volcanic landforms asso-
ciated with ssure eruptions on Mars and Earth. A theme of my research is the use
remote sensing data to investigate the morphology of landforms and active processes
on Mars and the Earth.

The morphologies of sinuous channels in Late Amazonian volcanic terrain on
Mars invite comparisons to channels formed by lava or water on Earth. | tested
channel formation hypotheses by lava or water by conducting detailed geomorpho-
logical mapping in a region adjacent to the base of Olympus Mons. We interpreted
the channels and associated fossae to be formed by alternating episodes of dike-fed
ssure eruptions and groundwater release due to subsurface heating by sill emplace-
ment. This alternating sequence of dike and sill emplacement, and associated surface
eruptions of lava and water, is evidence of a complex, distributed volcanic system
in uenced by the tectonic stresses exerted by Olympus Mons as it continued to grow
through the Amazonian Period.

In a novel eld study of the 2014 2015 Holuhraun ssure eruption vents in north-
ern Iceland, | created a topographic time series to measure the degradation of a large
spatter rampart over the rst ve years post-eruption. | investigated the e ects of
spatter deposition on the styles and rates of erosion and found two distinct modes of
topographic changes. The interior walls of the vent undergo discrete rockfall events,
while the exterior slopes decrease in elevation overall, but show minimal evidence
of gravitational sliding of unconsolidated scoria. The results of this study have im-
plications for current vent landform evolution models, which predict slope changes
by di usive processes only. | propose instead a conceptual model that incorporates
the probability distribution of rockfalls on the interior and di usive processes on the

exterior to better describe the earliest stages of vent erosion.
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| also present an analysis of the quality, precision, and accuracy of digital ter-
rain models generated with stereo images from the Mars-orbiting High Resolution
Imaging Science Experiment (HIRISE) camera, speci cally applied to the measure-
ment of active processes with time series of orthorecti ed images and digital terrain

models.
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CHAPTER 1

Introduction

Volcanism occurs, or has occurred, on nearly all they rocky planets and moons in
our Solar System. The style of volcanic activity at the surface is linked to the
composition of the mantle, crust, and volatiles contained in the magma. We use
observations, measurements, and models of active and ancient volcanic processes
on Earth to interpret volcanic features observed on other planetary surfaces. Such
observations are used to infer the thermal evolution of other planetary bodies in
the Solar System, as volcanism is both driven by internal thermal conditions, and
is @ mechanism to transport heat from the interior to the surface. Fissure eruptions
are one type of eruption that are often associated with rift zones, where tensional
forces pull apart the lithosphere, allowing magma to ascend to the surface through
dikes and sills. Fissure eruptions can produce extensive lava ows ( ood basalts),
lava channels, and spatter ramparts (Swanson et al., 1975; Lipman and Banks, 1987,
Thordarson and Self, 1993; Jaeger et al., 2010; Muirhead et al., 2014).

1.1 Fissure eruptions, source to surface

Magma moves upward through the mantle and crust due to a pressure di erential
that allows the melt to be be buoyant (Lister and Kerr, 1991). Igneous dikes and sills
are planar magma bodies that transport molten material through the crust. Dikes
are often described as sheet-like, and tend to be steeply dipping or vertical, whereas
sills have a more horizontal inclination (Pollard and Johnson, 1973; Gonnermann
and Taisne, 2015). Dikes and sills may connect in more complicated orientations to
form magma feeder systems (e.g., Thomson and Hutton, 2004). Magma propagation
through the mantle requires excess pressure of a partial melt to exceed neutral

bouyancy (Lister and Kerr, 1991). For a dike or sill to advance through brittle
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crust, the pressure at the tip must exceed the lithostatic stress of the surrounding
rock (Rubin, 1993). Existing zones of weakness, such as along bedding planes, can
allow sills to advance (Richardson et al., 2015).

The distribution and orientation of dikes and sills provide important information
about crustal structure and stress orientations. This information may be evident in
topographic signatures at the surface such as grabens or uplift (Pollard and Johnson,
1973; Mastin and Pollard, 1988; Rubin and Pollard, 1988; Kolzenburg et al., 2021),
or inferred from theoretical or experimental models (Koide and Bhattacharji, 1975;
Pollard et al., 1983; Galland, 2012; Klimczak, 2014; Bazargan and Gudmundsson,
2019; Williams et al., 2022) The products of volcanic ssure eruptions, such as
lava ows, channels and vent edi ces, are sometimes the main line of evidence from
which to make inferences about the magma composition, rheology, and source region,
particularly in a planetary context where in situ observations are not possible (e.g.,
Wilson and Head, 1994; Head and Wilson, 1989).

An outstanding question in planetary science is the duration of volcanic activity
on other rocky bodies in the Solar System, as this tells about the thermal evolu-
tion of the planet's interior. Volcanic features in the Elysium and Tharsis Volcanic
Provinces on Mars suggest that widely distributed monogenetic volcanism has oc-
curred up through the Late Amazonian Period (Jaeger et al., 2010; Basilevsky et al.,
2006; Hargitai and Gulick, 2018; Hamilton et al., 2018; Voigt and Hamilton, 2018;
Richardson et al., 2021), which has implications for not only the thermal history
of the interior of Mars, but also for potential habitability and for the transport of
volatiles to the Martian atmosphere (e.g., Craddock and Greeley, 2009).

The ages of features on other planetary surfaces is a key question to the timing of
geologic activity. In the case of Late Amazonian volcanic plains on Mars, channel-
bearing units can be dated using crater size frequency distributions (Basilevsky
et al.,, 2006), but the areal extents of channels within those units are often too
small to acquire robust crater counting statistics. Crater counts may also include
secondary craters, causing the ages to be overestimated (Hargitai and Gulick, 2017,

2018). The degradation state of landforms, such as channels and vents, can be used
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as a qualitative indicator of relative age. To be meaningful for age determinatino,
the rates and modes of degradation should be quanti ed by landform evolution
models, adapting the parameter space to the planetary environmental conditions
(e.g., Fassett and Thomson, 2014; Golombek et al., 2014).

1.1.1 Vent edi ces associated with ssure eruptions

A ssure eruption initiates as a line of re fountains along the rupture, eventually
focusing on one or more vents (Swanson et al., 1979; Bruce and Huppert, 1989;
Thordarson and Self, 1993; Jones et al., 2017; Pedersen et al., 2017; Neal et al.,
2019). Often classi ed as Hawaiian or Strombolian style eruptions, re fountaining
produces near-vent deposits of lapilli and spatter blocks and bombs (Head and
Wilson, 1989; Par tt and Wilson, 2009). The type of pyroclastic deposit is controlled

by the magma gas content and the e usion rate of the eruption (Head and Wilson,
1989). The construction of vent-proximal edi ces depends on the cooling rate of
clasts entrained in the eruption column and the deposition rate (Capaccioni and
Cuccoli, 2005; Par tt and Wilson, 2009).

Pyroclastic material that is small enough to be lofted in the eruption column
may be dispersed and deposited over a wide area, whereas clasts that are too large
to be lofted in the heated gas of the eruption column generally follow a ballistic
trajectory, accumulating around the vent to build up a cone or rampart (Wilson and
Head, 1994; Par tt and Wilson, 2009). Clasts that remain molten upon deposition
can merge to form a clastogenic ow, feeding channels and ows (Sumner, 1998;
Valentine and Gregg, 2008). Pyroclastic material ejected on a ballistic trajectory
builds up around the vent, forming a deposit that is more or less conical around a
central crater (Segerstrom, 1956; McGetchin et al., 1974; Riedel et al., 2003). This
type of vent edi ce is referred to in general as a scoria cone, although the geometry
can vary from a simple truncated cone to less symmetric shapes such as a gullied or
horseshoe shape, or a rampart composed of a row of craters (Fig. 1.1; Bemis and
Ferencz, 2017).

Scoria cones (also called cinder cones) are considered one of the most common
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Figure 1.1: Simpli ed types of scoria cone morphology variations from an ideal,
radially symmetric truncated cone, to a rampart made up of a row of coalesced
cones. After Bemis and Ferencz (2017).

volcanic constructs on Earth (Wood, 1980b). The morphometry of degraded sco-
ria cones is widely used to estimate the age of volcanic elds and the recurrence
rate of volcanic activity (Porter, 1972; Settle, 1979; Wood, 1980b,a; Hasenaka and
Carmichael, 1985; Dohrenwend et al., 1986; Bichner and Tietz, 2012; Kereszturi
et al., 2012; de' Michieli Vitturi and Arrowsmith, 2013; Mcguire et al., 2014). Mor-
phometric parameters include the cone height, summit crater diameter, base diam-
eter, summit crater depth, and exterior slope angle (Porter, 1972; Wood, 1980b).
These morphometric parameters evolve as the crater weathers over time via grav-
itational sliding of material from upper slopes to the base of the cone, gradually
decreasing the cone height and exterior slope angle while increasing the base diam-
eter. Spatter cones or ramparts form as fragmented lava accumulates around the
vent or ssure while still hot enough to be deformable and stick together, or aggluti-
nate (Head and Wilson, 1989; Sumner et al., 2005). Spatter ramparts are typically
considered to be small (a few meters high) (Parcheta et al., 2012), and easily eroded
(Swanson et al., 1975).

Models of cone shape evolution therefore typically are based on solving the di u-
sion equation, leading to estimates of degradation state (Pelletier and Cline, 2007).
On Earth, models can be calibrated to cinder cone elds in various environments,
with the resulting age estimates validated against radiometric dates (Pelletier and
Cline, 2007; Bemis et al., 2011; Buchner and Tietz, 2012; Mcguire et al., 2014). Key
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assumptions used in scoria cone degradataion models include the initial morphology
and a homogeneous composition of unconsolidated material (Wood, 1980a; Hooper
and Sheridan, 1998; Pelletier and Cline, 2007; de' Michieli Vitturi and Arrowsmith,
2013). Models currently in use do not take into consideration the e ects of aggluti-
nated spatter deposits, although they are acknowledged to be a common component
of scoria cones (Porter, 1972; Dohrenwend et al., 1986; Kereszturi et al., 2012). The
idealized cinder cone does not represent the spectrum of possible vent edi ce mor-
phologies and constructions, which may include spatter or be of an asymmetric
shape (Porter, 1972; Dohrenwend et al., 1986; Fodor and Nemeth, 2015; Bemis and
Ferencz, 2017).

The study of volcanic vents on Earth and other planets is of interest as vent
morphology can be used to infer eruption dynamics (Bro® and Hauber, 2012; Rader
and Geist, 2015). However, if the edi ce is not an ideal, radially symmetric cinder
cone, which often it is not (Bemis and Ferencz, 2017; Richardson et al., 2021), then
there is a need for more information to assess the degradation state, and to be able

to infer what the initial morphology may have been.

1.1.2 Fissure-fed lava channels

Fissure eruptions are associated with lavas of basaltic composition, and can gen-
erate large ow elds (Swanson et al., 1975; Thordarson and Self, 1993; Muirhead
et al., 2014; Pedersen et al., 2017; Neal et al., 2019). Lava channels often become
established in ssure-fed lava ows, e ciently transporting lava from the vents to
the toe of ow units. Lava channels can form by construction of a perched path-
way between leveed margins (Hulme, 1973; Lipman and Banks, 1987; Harris et al.,
2009), or by thermo-mechanical erosion given sustained turbulent ow of very hot,
low viscosity lava (Huppert and Sparks, 1985; Jarvis, 1995). Flow features that
resemble those of uvial channels may also exist in channels formed by owing lava,
leading to ambiguity in interpretations of the uid responsible for forming channels
on other planets. For example, teardrop-shaped features, also known as “streamlined

islands,' observed in Martian channels have been interpreted as evidence of aqueous
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erosion (Mouginis-Mark, 1990; Plescia, 1993; Berman and Hartmann, 2002; Burr,
2005; Keske et al., 2015; Vijayan and Sinha, 2017), but they can also occur in a
purely volcanic context (Garry et al., 2007; Bleacher et al., 2015).

Very low-viscosity lavas have been suggested to be responsible for carving large
out ow channels on Mars (Leverington, 2004, 2011, 2019), sinuous rilles observed on
the Moon (Hurwitz et al., 2012), and possibly channels on Jupiter's moon, lo (Schenk
and Williams, 2004). Turbulent ow of low-viscosity lava can incise channels via
thermo-mechanical erosion (Huppert and Sparks, 1985; Jarvis, 1995; Williams et al.,
1998). Channels formed by turbulent lavas would put rheological constraints on
lava composition and magma source regions. For example, turbulently owing lava
implies high eruption temperatures and low-viscosity ow consistent with ultrama c
composition, such as komatiites (Huppert et al., 1984), or deeply sourced lavas (Head
and Wilson, 2017).

Constructional lava channels

Channels can form within lava ows as the surface solidi es from the margins inward,
con ning the movement of molten lava (e.g., Lipman and Banks, 1987). Molten lava
is often described as having a Bingham rheology, which requires that it achieve a
critical thickness before it will begin to deform under the in uence of gravity and
ow downslope (Hulme, 1974). If di erential shear stresses across the width of the
ow are large enough, the surface may be disrupted through a combination of viscous
tearing and auto-brecciation. The disrupted material may then be transported to
the ow front and lateral margins, contributing to the construction of lava levees
through a combination of accretion and rubble avalanches. Lava channels can form
within a broad range of lava ow types, including both "aa and pphoehoe (Cashman
et al., 1999; Bailey et al., 2006; Baloga and Glaze, 2008; Glaze et al., 2009; Harris
et al., 2009), as well as transitional lavas (Thordarson and Self, 1993; Hamilton,
2019; Voigt et al., 2021).

Lava channels rarely ow at full capacity. Variations in ow depth due to

changes in e usion rate at the vent, and/or the temporary build-up and release of
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lava stored within the transport system commonly cause the channelized lava to
overtop its con ning levees and produce a series of overbank ows (Lipman and
Banks, 1987; Moore, 1987; Bailey et al., 2006; Harris et al., 2009).

The sinuosity of lava channels can be reduced by the auto-erosion of inner curve
of the wall material (Lipman and Banks, 1987). Rafted material, either from channel
wall material or from vent edi ces, can be transported down-channel by the owing
molten lava as so-called ‘lava boats," or become grounded in the channel. Such
rafted material may form a blockage within a narrowing of the channel, which can
cause ponding up- ow and the development of overbank ows (Lipman and Banks,
1987; Harris et al., 2009).

Overbank ows tend to be thin and short-lived, but are important contributors to
the overall thickness of lava levees. Levees can be very distinctive when constructed
upon a broad plain, but if the ow is con ned by topography, levees may be subtle
and di cult to detect in remote sensing data (e.g., Baker et al., 2015, Fig. 19).
This situation commonly occurs in association with large ood basalt eruptions,
which produce broad sheet-like ow lobes that can inundate large areas to produce
structures that more closely resemble vast lava lakes than traditional lava ows
(Thordarson and Self, 1993; Self et al., 1996; Self and Keszthelyi, 1998). If the
ow breaches a con ning barrier and drains out, then molten lava pathways can be
evacuated to produce channel-like depressions, which may appear to incise into the
initial topography even though they are the result of a two-stage process involving
initial construction followed by partial drainage (Patrick and Orr, 2012; Hamilton,
2019). At the end of an eruption, the exposed depth of a channel, or collapsed
lava tube, can vary widely depending on the extent to which the lava pathway has
drained (Harris et al., 2009).

Erosional lava channels

Lava owing in channels also has the potential to erode the substrate via thermo-
mechanical processes (Hulme, 1973; Huppert and Sparks, 1985; Williams et al., 1998,
2000a, 2005; Baloga et al., 1995; Jarvis, 1995; Williams et al., 2000b, 2001). Thermal
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erosion requires sustained high-temperature, low-viscosity lava owing turbulently
over a substrate with a lower melting temperature (Huppert et al., 1984; Huppert
and Sparks, 1985), whereas mechanical erosion by lava requires a weaker, or poorly
consolidated substrate, and high ow velocities, which typically occur on steep slopes
(Greeley et al., 1998; Gallant et al., 2020). Evidence for lava erosion on Earth is
found in exposures of Precambrian komatiites and in association with some basaltic
lava tubes (Greeley et al., 1998; Kauahikaua et al., 1998). Erosion in lava tubes does
not necessarily require turbulent lava ow, but does require sustained and insulated
laminar ow, and may also be promoted by mechanical abrasion due to the collapse
and transport of wall and ceiling material (Kauahikaua et al., 1998). Lava erosion
in channels has a characteristic keyhole shaped cross-sectional pro le formed by
downcutting and lateral undercutting of the banks (Fig. 1.2; Huppert and Sparks
(1985); Jarvis (1995)). In general, thermal erosion alone is a very ine cient process
that requires the lava to have very high temperatures (at, or near, its liquidus),
and long-duration eruptive events, and more commonly includes a combination of
thermo-mechanical erosion. Both conditions should apply for thermal erosion to
play a tangible role.

Identi cation of channels formed by thermo-mechanical erosion is therefore im-
portant for inferring lava eruption parameters, but even a channel that appears to
be deeply incised may have been formed by other mechanisms. For instance, lava
tends to preferentially occupy topographic lows and therefore the apparent excess
depth of a lava channel may be related to excess accommodation space at that lo-
cality (Baker et al., 2015). Thus, while it is often assumed that deep lava channels
are indicative of thermo-mechanical erosion of the substrate, this is not necessar-
ily the case, which necessitates careful examination of lava channel morphology to
discriminate between alternative formation mechanisms.
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Figure 1.2: Conceptual diagram of lava erosion associated with open channels, based
on eld and experimental observations (after Huppert and Sparks (1985) and Jarvis
(1995). (a) Longitudinal pro le of lava erosion near the vent. (b) Cross-sectional
pro le of lava eroding an open channel. Note the downcutting and lateral expansion.
Dashed lines show initial surfaces. Black lines indicate substrate, red lines indicate
lava.

1.2 High-resolution topography

Topographic data are foundational products for terrestrial and planetary geologic
and morphologic investigations (Laura and Beyer, 2021), and are a key component
of the research presented in each of the projects covered in this thesis. At a global
level, topography provides a reference for surface elevation. At the regional to
local scale, higher resolution data are critical for working out relationships between
units, local slopes, and morphologic details that are diagnostic of di erent processes.
For eld studies on Earth, topographic studies are carried out with local geodetic
reference networks, which relies on the global positioning system (GPS) for absolute
position data at high accuracy. Addressing the precision, accuracy and quality of
the topographic data | used in my analyses, both planetary and terrestrial, is a key
part of my research. Understanding the data quality is critical to being able to
analyze results and establish con dence levels in what is measurable (resolveable).
By actually generating the topographic models that | used, as well as performing
the analysis on them, | explore the reliability of the data, errors that accumulate at
each processing step, and the ultimate resolution that could be achieved with each
product.

In Chapter 2, | created topographic models using data from two instruments
on the Mars Reconnaissance Orbiter (MRO; Zurek and Smrekar, 2007). Geometric
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stereo pairs acquired on di erent orbits from the High Resolution Imaging Science
Experiment (HIRISE; McEwen et al., 2007) and the Context Camera (CTX; Malin
et al., 2007) provided the source images | used to generate digital terrain models
(DTMs)at12mand 20 m scale, respectively. Data from the Mars Orbiter Laser
Altimeter (MOLA; Smith et al., 2001) provided the global reference for analyses of
volcanic units in Chapters 2 and for the creation of high resolution DTMs described
in 4. The key data product | used for measuring landform changes in Chapter 3
relies on high resolution topography derived from a combination of aerial stereo
images and ground-based light detection and ranging (LIDAR) scans.

In Chapter 4, | present the current state of understanding of the resolution,
precision, and accuracy of the HIIRSE DTMs, speci cally as they are applied to
the study of active surface processes on Mars. In my terrestrial eld work, | used
ground-based light detection and ranging (LIDAR) data to create a 3D model of
a fresh volcanic vent in Iceland. The same principles of data quality, precision,
and error analysis are applied to time series using topographic models derived from

optical stereophotogrammetry as to those from LiDAR.

1.3 Organization of this dissertation

The study of ssure eruptions on Earth, both contemporary and ancient, provides
insight into the processes controlling similar activity on Mars and other planetary
bodies. My research addresses the question of the possible magma source region re-
lated to young volcanism on Mars by constraining lava composition with morphology
and rheological modeling (Chapter 2). To address the gap in the current landform
evolution models of cinder cone morphology, | performed a novel study measuring
of the initial stages of erosion of a vent edi ce at a recent ssure eruption in Iceland
(Chapter 3). My research relies on a foundational knowledge of high-resolution to-
pography generated from orbital data from Mars (Chapter 4 and from ground-based
LiDAR acquired at a terrestrial analog site. The chapters of this dissertation are

assembled from papers that have been published, submitted, or are being prepared
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for submission to a peer-reviewed journal.

Chapter 2 has been published irdcarus, vol. 374, as Sutton, S. S., Hamil-
ton, C. W., Cataldo, V., Williams, D. A., Bleacher, J. E. (2022) Sinuous channels
east of Olympus Mons, Mars: Implications for volcanic, hydrological, and tectonic
processes. Icarus, doi:10.1016/j.icarus.2021.114798. In this work | analyzed the
morphology of channels and other volcanic and tectonic landforms in the Late Ama-
zonian volcanic plains east of Olympus Mons to test whether the sinuous channels
were formed by owing lava, overland ow of water, or some combination of both
processes. To evaluate these hypotheses, | created detailed geomorphological and
facies maps at two sites containing channels and fossae representative of features
in the region. In addition, | performed a ow analysis on the regional topography
and mapped the superposition of the features in the vicinity of our detailed study
sites to derive a relative chronology of the geology of the region. The mapping was
performed on high resolution topographic models that | created using images from
HIRISE and CTX data. To evaulate whether channel formation by lava erosion
was a possibility, | calculated the potential for lava to achieve turbulent ow within
our two study sites. Based on the morphological characteristics of the channels, we
classi ed them into three types, and attributed each type to either volcanic (contruc-
tion lava channel formation) or aqueous processes. Similarly, we classi ed the fossae
associated with the channels into two types, interpreted to be surface fractures as-
sociated with dike emplacement, or surface fractures due to sill emplacement. Type
1 and Type 2 channels are associated with Type L fossae and ssure-fed e usive
eruptions of lava. In contrast, Type 3 channels are co-located with Type A fossae,
and are likely due to outbursts of groundwater possibly related to sill emplacement.
We attribute the formation and distribution of channels and fossae throughout the
plains east of Olympus Mons to be a consequence of the region's evolving states of
stress, which are predominantly in uenced by the gravitational loading of Olympus
Mons.

Chapter 3 is being prepared for submission to a journal for peer review. This re-

search is primarily based on eldwork conducted at the main vent of the 2014 2015
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Holuhraun ssure eruption in northern Iceland. The vent at Holuhraun, dubbed
Baugur, represents a landform that has not been well-studied. | conducted topo-
graphic surveys of the vent during the summers of 2015, 2016, 2018 and 2019 along
with a team of other researchers from various institutions including the University
of Arizona and the NASA Goddard Space Flight Center. We collected high resolu-
tion Light Detection and Ranging (LIDAR) data of the vent edi ce and proximal
channel during each eld campaign. The goal of this project is to measure the
degradation of the vent edi ce over the ve years immediately following the end
of the eruption. The LIDAR data, combined with topography derived from aerial
optical photogrammetry acquired by others on our team, provide an unprecedented
record of the changes in 3D as the vent eroded. | processed and analyzed the Li-
DAR data, combined with the aerial topography, to quantify topographic changes
over the ve-year period. These data help Il a gap in our understanding of the
initial morphology and modes of degradation of vent edi ces, speci cally those that
are primarily composed of spatter. In this work, | studied the e ects of spatter
deposition on the erosion processes and considered how the observed processes at
a fresh spatter rampart t into the current models of cinder cone degradation. |
propose a new approach to understanding the initial stages of the degradation of a
spatter-rich vent construct, incorporating a hybrid model that describes the proba-
bility distribution of episodic rockfalls on the interior of the vent and minimal rates
of di usion on the exterior slopes.

Chapter 4 is in review in the journalRemote Sensings Sutton, S. S., Chojnacki,
M., McEwen, A. S., et al., Revealing active Mars with HIRISE digital terrain models.
This work focuses on studies of active surface processes that have been made possible
by the availability of high resolution topography and orthorecti ed images from the
High Resolution Imaging Science Experiment (HIRISE) operating on board the Mars
Reconnaissaince Orbiter (MRO) since 2006. This paper describes methods that |
have developed with the HIRISE team that have contributed to the creation of
precisely registered images and topography. These data provide the necessary detall

to accurately measure dune and ripple migration on Mars, polar processes, and other
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active geological processes such as gully formation and recurring slope lineae (RSL).
This paper provides updated information on the quality and precision of the HIRISE
topographic data that is critical to be able to correctly interpret observed changes
occurring on the surface of Mars. In it | provide examples of change detection
studies along with new analysis to demonstrate the capabilities and limitations of
the data.

Chapter 5 provides a summary of the research presented. | discuss questions
raised by each chapter and propose possible further investigations and observations

that could be used to address these questions.
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CHAPTER 2

Sinuous channels east of Olympus Mons, Mars: Implications for volcanic,

hydrological, and tectonic processes

2.1 Introduction

Late Amazonian ( 3.0 Ga to present; Hartmann and Neukum, 2001) volcanic plains
in the Tharsis Volcanic Province contain sinuous channels that have been attributed
to ows of lava (Garry et al., 2007; Bleacher et al., 2017), water (Mouginis-Mark,
1990; Basilevsky et al., 2006; Murray et al., 2010), or a combination of both volcanic
and aqueous processes (Hargitai and Gulick, 2018). These channels are tens to hun-
dreds of meters wide and up to hundreds of kilometers long (Mouginis-Mark, 1990;
Hamilton et al., 2014; Hargitai and Gulick, 2018). This study focuses on sinuous
channels located within young volcanic plains located between the eastern margin of
the Olympus Mons escarpment and surrounding aureole material. Determining the
origin of these channels is important for understanding the role of geologically recent
volcanic, hydrological, and tectonic activity within the Tharsis Volcanic Province
of Mars. A volcanic origin of the channels has implications for the eruption style
and lava rheology, which can inform our understanding of magma sources and the
volcano tectonic environment of Olympus Mons. In contrast, if the channels were
formed by aqueous ow, then it would raise questions about the origin of water or
ice at low latitudes on Mars during the geologically recent past.

The goals of this work are to: (1) document the characteristics of channels and

associated ow units within two well-preserved type localities that are representative

This chapter has been published as Sutton, S. S., Hamilton, C. W., Cataldo, V., et al. 2022,
Icarus, 374, doi:10.1016/j.icarus.2021.114798.
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of the region as a whole; (2) determine the type of uid(s) (i.e., lava and/or water)
that formed the sinuous channels using a combination of geomorphological analysis
and numerical modeling; (3) quantify the relative sequence of geologic activity within
and between these two localities to determine the relationships between di erent
channel and fossae types; (4) determine the spatial distribution of sinuous channels
and fossae within Late Amazonian volcanic plains adjacent to the eastern margin
of Olympus Mons; and (5) synthesize these results to develop an improved geologic
history of the region by quantifying the roles of lava and/or water in the process of
sinuous channel formation, and assessing the relationship between tectonic processes
and the release of these uids.

To address these goals, we mapped the regional distribution of major geologic
units within the plains adjacent to the eastern Olympus Mons basal scarp, and
documented the location of channels, fossae, and ow sources in the plains-forming
unit described by Tanaka et al. (2014) as Late Amazonian volcanics (IAv). Our
contextual region of interest spans an area within 11.0 23.0N and 228.0 238.5
E (Fig. 2.1). To determine the origin of the sinuous channels as the products
of e usive eruptions of lava and/or aqueous oods, we conducted a facies-based
examination at two study sites that contain channel and fossae morphologies that are
representative of features found throughout the contextual region of interest. Our
study sites are designated as the NW and SE regions, centered on 23£518.0 N,
and 233.3 E, 17.3 N, respectively (Fig. 2.1.b). Landforms within these two type
localities are particularly well-preserved because they lie on a northeast southwest
trending topographic rise, which acted as a subtle drainage divide that diverted more
southerly ows to the south, thereby minimizing burial by later deposits directly to
the north, where our focused study locations are located (Fig. 2.1.b).

Early studies of the sinuous channels usédking Orbiter images with pixel scales
of 25 210 m/pixel the best image data available at the time to characterize chan-
nel types and infer their origins, but the resolution of the data was insu cient to
resolve diagnostic features (e.g., Mouginis-Mark, 1990). A lack of su ciently high

resolution topography also hindered morphometric analysis of the sinuous channels.
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Our high-resolution topographic mapping is enabled by the availability of targeted
stereo image data from the High Resolution Imaging Science Experiment (HiRISE;
McEwen et al., 2007) and Context Camera (CTX; Malin et al., 2007), both onboard
the Mars Reconnaissance Orbitef MRO; Zurek and Smrekar, 2007). Using these
data, we relate the results of our morphologic analyses to the characteristics of terres-
trial channelized lava ows and uvially-incised bedrock channels, and evaluate the
potential for lava to have eroded the channels. Our regional geologic mapping and
analysis of the chronostratigraphic relationships of the fossae and channel-bearing
oW units also provide constraints on the relative timing of volcanic, uvial, and

tectonic processes within the Late Amazonian units east of Olympus Mons.

Figure 2.1: (a) Context map showing Mars Orbiter Laser Altimetry (MOLA; Smith

et al., 2001) 128 pixel/degree global topography draped over MOLA shaded relief.
lllumination is from the upper left. Elevation values are in meters relative to the
MOLA datum. Black rectangles outline the regions of interest (ROIs) to the east
of Olympus Mons. (b) Regional context ROI. The NW and SE regions (small black
rectangles) are on an area of higher elevation that acts as a subtle drainage divide,
the approximate axis of which is indicated by the white dashed line.
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2.2 Background

2.2.1 Geologic setting and the tectonic and structural in uence of Olympus Mons

Olympus Mons, a shield volcano with a basal diameter of 600 km, rises>26 km
above the surrounding plains, and>21 km above the Mars datum (Smith et al.,
2001). Its mass aects the lithosphere, including processes of magmatic ascent
and the tectonics within the adjacent volcanic plains region (Carr, 1974; Wilson
et al., 2001; McGovern et al., 2002; Chadwick et al., 2015). The bulk of Olympus
Mons formed by the end of the Hesperian, but it has continued to grow until at
least 200 Ma (Chadwick et al., 2015; Isherwood et al., 2013), and perhaps as
recently as 2 Ma (Neukum et al., 2004; Bleacher et al., 2007b; Werner, 2009).
Olympus Mons exerts su cient stress on the lithosphere to have created a exural
moat around the edice that has been inlled with younger lava ows to form
volcanic plains (McGovern et al., 2002; Isherwood et al., 2013; Chadwick et al.,
2015). Plains material embays the more ancient aureole deposits, which are dissected
terrains that extend in concentric lobes around Olympus Mons (Morris, 1982). The
aureole deposits are most prominent to the north and west of Olympus Mons, but
isolated outcrops exist within the plains to the east of the basal scarp. The plains
extend to the southeast up to the heavily tectonized Ulysses Fossae, designated
as Late Hesperian volcanic terrain (Tanaka et al., 2014). The plains themselves
are composed of lobate ows, each of which are tens of meters thick and contain
sinuous channels that are crossed by tectonic features such as graben, faults, and
pit chains (Mouginis-Mark, 1990; Dohm et al., 2008; Tanaka et al., 2014; Hargitai
and Gulick, 2018). These features may indicate extensional tectonic stresses, graben
formation associated with dike intrusions, or the presence of partially collapsed lava
tubes (Plescia, 1991; Banerdt et al., 1992; Ernst et al., 2001; Wilson and Head,
2002; Schultz et al., 2004; Wyrick et al., 2004; Golombek et al., 2010b; Wyrick and
Smart, 2009). Wrinkle ridges are present near the eastern basal scarp, and may have
formed due to compressional loading by Olympus Mons and subsequent faulting

(Basilevsky et al., 2006). Crater size frequency relationships for the plains adjacent
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to the eastern basal scarp suggest an age range of 30 Ma to 145 Ma (Basilevsky
et al., 2006), model ages for the small shields within the volcanic eld unit are200

Ma (Hauber et al., 2011; Hargitai and Gulick, 2018), and crater-derived ages for
the sinuous channels and adjacent units range from 69 Ma to 189 Ma (Hargitai and
Gulick, 2018).

2.2.2 Debate surrounding the origin of Martian channels

Channels occur on Mars in many sizes and in a variety of geologic contexts (Sharp
and Malin, 1975; Carr, 1979; Baker, 1982; Baker et al., 2015). Large valley networks,
which are made up of channels that are typically a few kilometers wide, but can
be up to thousands of kilometers long, super cially resemble terrestrial drainage
networks, occur primarily within the southern highlands, and formed during the
Noachian and perhaps into the Hesperian Period (Carr, 2007). They are generally
attributed to a climate that could have supported sustained or episodic ow of liquid
water on the surface (Sagan et al., 1973; Pieri, 1980; Fanale et al., 1992; Craddock
and Howard, 2002; Howard et al., 2005; Baker et al., 2015). Another important
category of Martian channels are the large out ow channels which formed during
the Late Noachian through the Late Amazonian Epochs. Out ow channels range
from one to hundreds of kilometers wide, can be over two kilometers deep (Sharp and
Malin, 1975; Carr, 2007; Wilson et al., 2009a), and are thought to have been formed
by the catastrophic release of water (Baker, 1978; Carr, 1996; Ivanov and Head,
2001). They have many features in common with terrestrial ood landscapes such
as the Channeled Scablands in eastern Washington State, including low sinuosity,
streamlined features, cataracts, and channel oor striae (Baker, 1973; Baker and
Milton, 1974; Baker, 1982). Alternative formation processes for the out ow channels
have been proposed such as glacial erosion (Lucchitta, 2001; Kite and Hindmarsh,
2007) or volcanic activity (Leverington, 2004, 2011, 2019). Much of the debate
regarding the uvial versus volcanic origin of channels on Mars has focused on
these major out ow channels. Studies of out ow channels such as Athabasca Valles
(Jaeger et al., 2007, 2008, 2010; Ryan and Christensen, 2012), Kasei Valles (Dundas
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and Keszthelyi, 2014; Dundas et al., 2018b), and Marte Vallis (Morgan et al., 2013;
Voigt and Hamilton, 2018) suggest a process of out ow channel formation involving
at least two stages, with older aqueously-carved out ow channels being modi ed by
younger lava ows.

Unlike the large valley networks and out ow channels described above, the sin-
uous channels that are the focus of this paper are hundreds of meters up to a few
kilometers wide, extend for tens to hundreds of kilometers, and formed during the
Late Amazonian throughout the Tharsis Volcanic Province (Mouginis-Mark, 1990;
Mouginis-Mark and Christensen, 2005; Basilevsky et al., 2006; Bleacher et al., 2007a;
Hamilton et al., 2014; Bleacher et al., 2017; Hargitai and Gulick, 2018). In many
locations, sinuous channels appear to emanate from, or are co-located with fossae.
The sinuous channels within the plains to the east of Olympus Mons are typically
840 m deep (Mouginis-Mark, 1990; Pupysheva et al., 2006) and exhibit diverse
morphologies that fall into three general categories: (1) narrow (50 400 m wide)
single-stemmed sinuous channels; (2) intermediate-width (400 1500 m) channels
exhibiting complex anabranching networks with streamlined islands and terraces;
and (3) broad (1500 m up to 4 km wide) channels located adjacent to linear fossae
and fracture networks (Hamilton et al., 2014; Hargitai and Gulick, 2018).

The formation of sinuous channels in the volcanic plains in Tharsis has been at-
tributed to lava (Mouginis-Mark and Christensen, 2005; Garry et al., 2007; Bleacher
et al., 2017), aqueous ows (Mouginis-Mark, 1990; Mouginis-Mark and Christensen,
2005; Basilevsky et al., 2006), or a combination of both volcanic and aqueous pro-
cesses (Hargitai and Gulick, 2018). Previous work on sinuous channels near Olympus
Mons assumed that a uid (either lava or water) formed the channel based on ap-
parent similarity to terrestrial channels. Leveed banks, lobate ows along channel
margins, and quasi-streamlined islands with irregular margins have been cited as
evidence for lava channels (Mouginis-Mark, 1990; Mouginis-Mark and Christensen,
2005; Hargitai and Gulick, 2018), whereas incised topography, sinuosity, braided ge-
ometries, and streamlined features within channel beds have been cited as evidence
of uvial morphology (Gulick and Baker, 1990; Mouginis-Mark, 1990; Plescia, 2003,
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Mouginis-Mark and Christensen, 2005; Basilevsky et al., 2006; Murray et al., 2010;
Hargitai and Gulick, 2018). These uvial-like morphologies may indicate an origin
related to the overland ow of water (Mouginis-Mark, 1990; Mouginis-Mark and
Christensen, 2005; Basilevsky et al., 2006). However, similar landforms are some-
times found within lava channels (e.g., Lipman and Banks, 1987; Bailey et al., 2006;
Harris et al., 2009; Bleacher et al., 2015); therefore, the presence of these landforms
may not be uniquely diagnostic of uvial activity.

The two-stage process noted above for out ow channels, where older aqueous
channels are overprinted by younger lava ows, could also apply to the sinuous
channels found within Tharsis (Basilevsky et al., 2006; Bleacher et al., 2007a). Al-
ternatively, sinuous channels could have formed by aqueous ows that occupied
existing lava channels and subsequently modi ed their morphology through erosion
(Hargitai and Gulick, 2018). Resolving the question of whether the channels were
formed by liquid water or by lava ows is relevant to understanding the timing of
storage and release of subsurface water and ongoing magmatic and tectonic activity

during the Late Amazonian Epoch.

2.3 Data and Methods

2.3.1 Topographic data

The primary data sets used in this study were HIRISE images at 0.25 or 0.50 m/pixel,
and CTX images at 6 m/pixel. Topographic data were derived from HIRISE and
CTX stereo pairs. Regional elevation data were obtained from thdars Global Sur-
veyor Mars Orbiter Laser Altimeter (MOLA) global Mission Experiment Gridded
Data Record (MEGDR) at 128 pixel/degree (Smith et al., 2001). An uncontrolled
CTX mosaic spanning most of the area encompassed by 11.0 23N and 228.0
238.5 E was created at 6 m/pixel using the Planetary Image Locator Tool (PILOT,;
Bailen et al., 2013) and Projection on the Web (POW; Hare et al., 2013) tools.
We created ve Digital Terrain Models (DTMs) from HIRISE stereo pairs in the
NW region, and two in the SE region (Table 2.1; Figs. 2.2, 2.3) using the digital
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Figure 2.2: Digital Terrain Model (DTM) coverage within the two detailed study
sites (black rectangles). Ochre polygons are CTX-derived DTM footprints. Red
polygons are mosaicked HiRISE-derived DTM footprints. The base map is MOLA
shaded relief, with illumination from the left.

photogrammetry software SOCET SET from BAE Systems, following the general
methods described in (Kirk et al., 2008). The HIRISE DTMs were generated at
a ground sample distance (GSD) of 1 or 2 m, depending on the pixel scale of the
source images. The estimated vertical precision of the HIRISE DTMs is typically
better than the horizontal accuracy, and is on the order of tens of centimeters (Kirk
et al., 2008; Sutton et al., 2015b). Two CTX DTMs were created at GSDs of 20 and

24 m covering the NW and SE regions, respectively.
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Both the HIRISE and the CTX stereo pairs were controlled to MOLA Precision
Experiment Data Records (PEDRs; Smith et al., 2001), using an iterative process.
First, one HIRISE stereo pair was tied to the MOLA PEDR data, then the corre-
sponding CTX stereo pair was controlled to the HIRISE pair. Following this, any
overlapping HIRISE stereo pairs were tied to the adjacent HIRISE stereo pair to form
a seamless mosaic. Finally, areas in the CTX stereo pair outside of the HIRISE cov-
erage were tied to MOLA elevations. The average elevation di erence between the
HIRISE DTMs in the NW region and the MOLA PEDRs is 4:88 m, with a stan-
dard deviation of 7.72 m for the western DTM mosaic, and an average di erence of
0.90 m with a standard deviation of 2.27 m for the eastern DTM mosaic. In the SE
region, the HIRISE DTMs have a mean elevation di erence from the MOLA PEDRs
of 1.99 m with a standard deviation of 10.31 m. A mean elevation di erence near
0 m and a low standard deviation ( 5 m) indicates an optimal t of the HIRISE
stereo pairs to the MOLA PEDRSs, despite the vast di erence in horizontal spatial
resolution. Larger mean absolute values indicate a trade-o between achieving a
nearly seamless t across the mosaicked HIRISE DTMs and tting to the MOLA
data. Larger standard deviations are attributable to areas of more rugged terrain,
where the large MOLA spot size (168 m; Smith et al.,, 2001) averages what may
actually be considerable variation over the same area in the 1 or 2 m HIRISE DTM
GSD.

2.3.2 Mapping

To perform the mapping, all images and DTMs were brought into the Envi-
ronmental Systems Research Institute (ESRI) ArcMap (v. 10.5+), along with
geographical information system (GIS) basemaps provided by the U.S. Geolog-
ical Survey Astrogeology Science Centerftg://pdsimage2.wr.usgs.gov/pub/
pigpen/mars/Global_GIS_Mars), including MOLA MEGDR topography at 128
pixel/degree ( 463 m/pixel) and Mars OdysseyThermal Emission Imaging Sys-
tem (THEMIS; Christensen et al., 2004) daytime infrared global mosaic (v. 12)
at 100 m/pixel (Edwards et al.,, 2011). The CTX mosaic was generated from
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