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ABSTRACT

Accurately identifying the products of explosive volcanism on Mars is critical for
unraveling the evolution of theartian crust and interior. Recent work using high
resolution datasets suggest explosive volcanic processes may have dominated over
effusive activity in early martian history. However, distinguishing the products of
explosive volcanism from newolcanic seiments remains challenging since both are
similar in thermophysical and geomorphologic datasets.

The objective of this study is to identify geomorphologic and thermophysical
characteristics of possible explosive volcanic deposits on Apollinaris Monsf tme
bestknown candidates for explosive volcanism on Mars, using visible and thermal
infrared imaging datasets. These geomorphic and thermophysical characteristics are
compared to terrestrial volcanic analogs to more accurately identify evidence for
exposive volcanism on Mars. Deposits that best exemplify explosive volcanism on
Apollinaris Mons are then applied &yabia Terraan area of Mars controversially
proposed to coatn explosive volcanic calderas

The primary indicators that Apollinaris Moissvolcanic are the summit caldera
and surrounding edifice, which resemble caldera complexes on Earth. Thermal inertia
values throughout the Apollinaris Mons region are low (~90%JKm-s%?), consistent
with fine-particulate and weakiyndurated mateail at the surface. In addition, the flank is
dissected by numerous drainages, further suggesting a composition of-weakly

consolidated material. Outcrggale findings include planar bedding, crbsslding, and

Vi



breccia deposits within exposed crater waltsg the debris fan and within the caldera.
Breccia deposits are also present along a valley wall on the southwestern flank, where
boulders grade from coarser to finer with distance from the caldera wall. Planar bedding
could be consistent with fall deptss or discrete lateral flow events. Crds=dding is
consistent with traction transport in dilute mass flows, such as dilute pyroclastic density
currents. However, such creBsdding could also be formed due to truncation of earlier
deposits by later esive flows. Breccias also form during mass flows, such as
concentrated pyroclastic density currents, debris avalanches or debris flows. Gradation of
blocks down slope is further evidence for lateral transport since heavier blocks are
dropped out of the fl@ at more proximal regions due to decreasing carrying capacity

with distance from source. The combined evidence of a caldera with a prominent edifice,
the regional low thermal inertia, and presence of extensive friable deposits with evidence
of lateral traasport away from the caldera supports an explosive volcanic history for
Apollinaris Mons. This study revealed no evidence for past effusive activity (high
strength materials), althouglirrent data limitations prevent access to the entire volcanic
history.

Evidence for explosive volcanism on Apollinaris Mons is applied to three
proposed calderas in Arabia Terra, named Eden, Ismenia, and Siloe Paterae, to test a
previously published and controversial hypothesis that they are volcanic in origin. Like
Apollinaris Mons, thermal inertia values of the proposed Arabia Terra calderas are
consistently low. However, unlike Apollinaris Mons, the proposed calderas are at the
same level as the surrounding topography, and lack a positive edifice. Concentric

fracturing surounding some of the proposed calderas, while consistent with ring
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fractures at volcanic calderas, is not unique to volcanic collapse. As such, while there is
evidence that the Arabia Terra depressions experienced collapse, the mechanism for
collapse canot be tied directly to volcanism.

Bedding found within the proposed caldera walls and plateaus resembles those
found on Apollinaris Mons in that it is friable in nature and of a similar scale. However,
since the bedding was not found within an obviouSaegl it cannot be directly related to
the proposed caldera or mechanism for collapse. No primary volcanic features, such as
high strength materials (i.e., lava flows) are found within the proposed caldera floors.
Rectilinear fracturing and chaotierran are identified in patches along the floor of the
proposed calderaBowever, neither of these morphologies are consistent with features
found within Apollinaris Mons or terrestrial calderas.

The proposed calderas more closely resefhigdewatering stig collapse
features present within the Circe@hryse region of Mars. Dissected, polygeshiped
plateau structures within the proposed caldera interiors are consistent with large,
fractured fault blocks common to dewatering collapse features, but resttied
calderas. The morphologic similarities between CirgCinnyse and Arabia Terra would
suggest the proposed calderas are instead impact craters that experienced subsequent
collapse following the removal of subsurface water.

This research demonstratest geomorphologic and thermophysical observations
of largescale and finescale features can be combined to determine volcanic ard non
volcanic origins of structures on Mars. However, without sufficient geologic context such
as a volcanic edifice, distguishingvolcaniclastiomaterials from other sedimentary

deposits on Mars remains a challenge. #tii§ possible that the bedded, friable deposits
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exposed within Arabia Terra have a volcanic origin; however, the source has yet to be
identified.In condusion, careful and detailed geologic mapping, when compared with

terrestrial analogs, can lend insight into the geologic history of Mars.
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CHAPTERONE: INTRODUCTION
1.1 Objective

Accurately identifying the products of effusive versus explosive volcanism on
Mars is critical for unraveling the evolution of the martian crust and interior. The nature
of martian volcanism also has implications for the development of an early atmaoaphere
volcanic eruptions pump gas, such as water vapor, carbon dioxide, and sulfur dioxide,
into the atmosphere (e.&elf, 2006) On Earth, accurately identifying effusive versus
explosive volcanic deposits is straightforward because we can make direct observations
and measurements in the field and laboratory. On Mars, however, we rely on remote
satellite measurements, which make differentiating effusive versus explosive volcanic
products challenging.

The difficulty in identifying explosive volcanism is that possibtécaniclastic
materials resemble nerolcanic clastic sediments in both thermophysical and
geomorphologic datasets. Thus, determining the style and extent of vd&atnies on
Mars remains a challenge. Furthermore, dust mantles much of the martian surface,
obscuring the visibility of primary surface textures and thermophysical properties of the
substrateHowever, g@gomorphologic and thermophysical observatioihsxposed valley
and crater wall outcrops provides a techniquéfgrassing dust mantled surface
(Bandfield et al.2013)

The objectives of this study are to investigatgescale morphologies and

outcropscaledeposit characteristics that can be used to ideetibyosive volcanic



deposits on Mard will then apply the distinguishing characteristicsatseries of
proposed calderas in the Arabia Terra region of Mars to test the hypothesis that they are
volcanic in nature. My work will consist of three tasks:ifientify possible
distinguishing characteristics of explosive volcanic deposits on Mars using remote
sensing data of Apollinaris Mons, a volcanic edifice on Mars with a high likelihoad of
explosive eruption historfKerber et al., 2011; Robinson et al., 1992) compare
terrains and surface textures on Apollinaris Mons with terrestrial analogs to further
constrain the characteristics of wiadoded volcanic deposits, and (3) apply findings
from Apollinaris Mons and Eartbased analogs to test the hypothesis that anomalous
depressions in the Arabia Terra region of Mars are volcanic in origin.
1.2 Previous work

Terrestrial volcanism varies between effusive lavas and explosive eruptions (e.g.,
Self, 2006) where eruptive style is dependent on magma composition and volatile
content (e.g.Francis 1993) Magmas with lower silica content (mafic) are less viscous
(Hulme, 1974)and any exsolved volatiles in the magraa more readily escape,
allowing for more effusive eruptions of lagdergniolle & Jaupart, 1986Mild
explosivity in mafic magmas (from increased volatile content) produce fire fountaining in
what is known as Hawaiian or Stromiaml eruptions (named after the locations this type
of activity frequently occurs). Higher silica content within a magma (felsic) increases
viscosity and hinders movement of vesiculated ga®esds, 1995)During ascent of
these silicic magmas, bubble growth leads to rapid expansion and fragmentation of the
magma, causing a more explosive eruption that produces pyroclastic matehals in

form of ashcolumns and pyroclastic flow&ardner et al., 1999Explosive eruptions



also occur through magma irdetion with sources of groundwater, shallow lakes, and
oceans, known as phreatomagmatic erupt{Bnand & Heiken, 2009)

Volcanismon Mars is proposed to be primarily mafic in composition, based on
multiple lines of morphologic and compositional evidence consistent with terrestrial
mafic volcanism. Surface morphologies of volcanic terrains are consistent with effusive
lavas from largeshield volcanoefBasaltic Volcanism Studiroject, 1981Carr, 1973
Francis& Wood, 1982; MouginidMark, 1992) Satellite data has provided the mineral
composition of the martian surface, indicatbvgaltic compositions (e.@andfield,

2002) In situ measurements from rover and lander data, as well as martian meteorites,
are also consistent with basaltic compositi(Beird et al., 1976; Banin ei., 1992;

McSween, 1985; Ruff et al., 2008)/hile intermediate and high silica bearing rocks have
been identified on the surfa@andfield et al., 2002004 Bandfield, 2008; Christensen

et al., 2005)suggesting magma evolution processes like those on Earth, their occurrence
is limited and not reflective of the dominantist composition.

Identifying volcanic structures on Mars, or their deposits, has largely been
controlled by the spatial resolution of the data available at the time. In the early years of
martian research, the low spatial resolution of satellite imagepnvaarily useful for
describing largescale features such as volcanic edifices, canyons, and smooth or cratered
terrain. In 1971, Mariner 9 became the first artificial satellite to orbit Mars, providing the
first glimpse ofthe entiremartiansurfaceat 1 km per pixelandnearly 2% of the planet at
100 m per pixel samplingdasursky, 1973)Lacking ridges anthults that may be
associated with plate tectoni€arr(1973)suggested that Mars has a fixed crust that

resulted in volcanic structures analogous to terrestrial shield volcanoes and plains



commonly found within intraplate settings. Because most current volcanic centers on
Mars are large shield volcangesd a reltive lack of features resembling terrestrial
composite volcanoes, it was assumed that martian volcanic activityqao primarily
effusive lavagBasaltic Volcanism Studiroject, 1981Carr, 1973Greeley& Spudis,
1981 Robinson et al., 1993However, he identification of erosional chanasand
blanketed surfasealong volcanic flanks led some to suggestse volcanic features to be
comprised of poorhconsolidated materials, consistent wattplosive activity
(MouginisMark et al., 1982; Reimers & Komar, 1979)

Large volcanic plains characterized by shield volcaaoescomplex caldera
structures were recognized and grouped into two primary praxiitarsis and Elysium
(Platz et al., 2015)solated volcait features also exist outside of these two provinces
and have been labeled as martian patgCaawn & Greeley, 1993; Greel&y Spudis,
1981) The reduced gravity, and lack of evidence for plate tectonics, result in volcanic
features on Markarger than their terrestrial counterpd@arr, 1973). Mrphologic
similarities between Mars volcanoes and terrestrial examples alfiba®lcanoes
supported the idea of primbrimafic products on Mars (Cart973). Composite
volcanoesmore common along plate boundartbsit typically produce felsic eruptions
of lavas and pyroclasts on Earth were suggested to be absent ofukliaes,implicating
a fixed martian crust (Cart973). Later studies eventually proposed the existence of
composite volcanoes, resulting from a mix of explosive and effagpesits (Robinson
et al, 1993).

Largevolume explosive activity in mafic systemsist common on Earth

because lower magma viscosities permit degassing \(élgon & Head, 1983)



However, the lower atmospheric pressures and gravity on Mars can facilitate more
explosive eruptions in basaltic magmas by increasing raagoent rates (Wilsdha

Head 1983). Morphologic evidence that suggests the presence of explogiaaism on
Mars includes cones that resemble volcanic cinder cones on Earth, blanketed terrain
likely resulting from ashfall, channelized voiga flanks indicative of weakklndurated
material, flank angles interpreted to form from pyroclastic flowd,pmssibldarge

volume pyroclastic flow deposit{s Crown& Greeley, 1993Greeley& Crown, 1990;
Greeley& Spudis, 1981MouginisMark et al., 1988Reimers& Komar, 1979West,
1974; Wikon& MouginisMark, 1987. These research efforts have led some to believe
ancient volcanism on Mars was primarily explosive and transitioned to effatéven
martian historyBandfield et al., 2013; lvanov & Head, 2006; MougiMsark et al.,

1988; Reimers & Komar, 1979; Robbins et al., 2011; West, 1974)

Reimers and Komar (1979) suggest pyroclastiwviagto be a dominant style of
volcanism in early martian history based on morphologic similarities of some martian
volcanoes to terrestrial cones and composite volcanoes. They suggest the source for
explosive activity could have been phreatomagmati@tone. For example, subsurface
ice, possibly melted by regional volcanic activity, could lead to phreatomagmatic
explosive volcanism. Any recycling of water back into the subsurface would have
prolonged phreatomagmatic activity. Depletion of the martiaidsphere would cause a
transition of martian volcanism to a more effusive eruption style. Robbins et al. (2011)
dated all major calderas on Mars and determined that volcanoes that include more friable
deposits (consistent with pyroclastic deposits}gated the more recent effusive activity

on the large shields in Tharsis and domes in Elysium. While pyroclastic activity appears



to terminate or shift at various times, the gendeatease in explosive activity occurred
along the Hesperiamazonian bounds, ~3.5 Ga ag¢Robbins et a].2011).

Bandfield et al. (2013) test the hypothesis that early volcanism on Mars was
primarily explosive by analyzing geomorphologic and thermophysical observations of the
martian crust. To avoid interference from mantling dust, they observe exposed outcrops
alongvalley and crater walls, allowing for a more direct analysis of martian crust. They
find that the martian crust appears to be comprised primarily of poorly consolidated,
friable materials, except within younger volcanic terrains that show evidence for
domnant high strength materials. Surfaces that appear friable break up easily, preserving
shallower slopes. Boulders present with bedded outcrops break up a few hundred meters
down slope, suggesting they are composed of poorly consolidated material. Thermal
inertia of these friable materigigvelow values (<600 JifK 1s'2 or thermal inertia
unit, TIU), also consistent with poorly consolidated materials. Converselystrigigth
deposits have high thermal iner(k600 TIU), and rocky surfaces marked witbulders
that persist more than 1 km down slof@ased on these observatioBandfield et al.

(2013) suggest the crust is likely dominantbfcaniclastian nature. This is consistent
with previous studies that suggest early martian volcanism wastypiceally explosve
in nature (Reimer& Komar, 1979; Robbins et gl2011).

Gregg and de Silvg2009)use high resolution sati# imagery to investigate
surface and outcrop textures on the flanks and channels of Tyrrhena Patera. This volcano
is likely comprised opyroclastic deposits, based on low angle flanks and dissecting
channelgCrown & Greeley, 1993; Greeley & Spudis, 1981; Williams et al., 2008

attempts to identify pyroclastic deposits were based on morphologies consistent with



layering, aeolian erosional fiemes, and variable induratighlandt et al., 2008)
Observations made by Gregg and de Silva (2009) were inconclusive, as exposed outcrops
in high resolution images are too shallow and mantled with dust. Identification of primary
textures withirthe outcrops could not be determined. Wilegg and de Silva (2009)
identify layering (100s of meters thicklong fresh impact crater walls and some of the
flank materialsno attempts were made to determine the origins of the layered materials

Apollinaris Mons is another martian volcano that likely experienced phases of
explosive activity(Kerber et al., 2011; Robinson et al., 199%)ollinaris Mons is
characterized by a volcanic edifice witarfk slopes betweetfd 35° (with the steeper
slopes along the western flankjhichRobinson et al. (1993) attribute atternating
effusive and expisive activity The southern flank of the volcano is characterized by a
debris apron, marked by kmide channels that radiate from the top of the apron. These
dissecting channels suggestsom through friable materia{§ulick & Baker, 1990)
The regionaMedusae Fossae FormatidviF) adjacent to tl volcanic edifice is also
interpreted tdoe pyroclastic in natur@gvalin, 1979; Mandt et al., 2008; Scott & Tanaka,
1982, 1986)While the origins are still debated, some have proposed Apollinaris Mons to
bea likely sourcdor the MFFdepositgKerber et al.2011).

Arabia Terra is an ancient landscape on Mars that dathe toid to late
Noachian Era, ~3& 3.9 Ga(Michael, 2013; Tanaka et al., 201Zhe morphology of
Arabia Terra is characterized by degraded craters and linear riidtQestive intracrater
plains. These linear ridges, also known as wrinkle ridges, are a common feature on Mars
and have been interpreted to represent tectonic deformation of the surface (&reeley

Spudis 1981). Dust mantles much of the highland mateniahe central region of Arabia



Terra, based on the high albedo and low thermal inertia feigasor& Christensen,
2008)

Layered deposits are common within the Arabia Terra region, which have been
proposed to origate from accumulated dust deposits, ocean sediments, or volcanic sills
(e.g.,Edgett& Parker, 997 Grant& Schultz, 1990Greeley& Guest, 1987; Moore,

1990; Schult& Lutz, 1988; Wilhelms Baldwin, 1988. Other studies suggest the
source of these layered deposits may originate from explosive volcanism, such as
volcanic ash fall (e.gFasset®& Head, 2007Hyneket al, 2003 Kerber et al., 2012;
Michalski & Bleacher, 2013Moore, 1990Scott& Tanaka, 1986 Of these works,
Michalski and Bleacher (2013) suggest the source of the layered deposits resulted from
explosive volcanic calderas within the Arabia Terra regidm proposed calderas in
Arabia Terra are large depressions 10s of kikemsewide, with depths greater than 1 km.
These proposed calderas lack a defining edifice structure, and are interpreted by
Michalski and Bleacher (2013) to represent a new class of martian volcastcuoo,
plainsstyle calderas.

1.3 Motivation

While previous research has identified thermophysical and4scgke evidence
for explosive volcanism on Ma(Bandfield et al.2013 Reimers& Komar, 1979
Robbins et al.2011), few attempts have been made to identify outswgde evidence for
volcaniclastic materials on known martian volcan@&ssegg & de Silva, 2009)he
objective of this study is to investigate largmale morphologies and outcrepale
deposit characteristics of Apollinaris Mons that can be used to identify explosive volcanic

deposits on Mars. The steeper flanks of Apollinaris Mons are likelyotod® good



valley- and crater wall exposures that are relatively dust free. Bandfield et al. (2013) have
shown that thermal inertia can be used to distinguishstigingth material from
potential pyroclastic debris. These exposures offer more directdpbysical and
geomorphologic observations of the Apollinaris Mons subsurface, and thus volcanic
history.

| will apply the distinguishing characteristics identified on Apollinaris Mons to a
series of proposed calderas in the Arabia Terra region of Mé&sttthe hypothesis that
they are volcanic in nature. High resolution datasets have provided the opportunity to
study surface features in greater detail that was previously unavailable when preliminary
evidence for martian explosive volcanism was idertif\ith little regional evidence for
volcanism in Arabia Terra, comparative analyses will lend insight into the characteristics
of explosive volcanic deposits in martian remote sensing datasets, and if they differ from
terrestrial deposits that form from@osive volcanism.

1.4 Methods

1.4.1Instrumentation and analytical technigues

Four satellite instruments onboard three different spacecrafts make up the bulk of
analytical tools used for morphologic observations. The Mars Orbiter Laser Altimeter
(MOLA), on the Mars Global Surveyor spacecraft, provides quantitative elevation data at
256 pixels per degrd&mith et al., 2001)The Thermal Emission Imaging System
(THEMIS) aboard the Mars Odyssey spacecraft provides day and night global infrared
mosaics for largscale regional observatis at 100 m per pixel sampliiGhristensen et
al.,, 2004) Two instruments on the Mars Reconnaissance orbiter, Context Camera (CTX

and HighResolution Imaging Science Experiment (HiR)S&eused to describerfe-
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scale surface texture and morpholgiylalin et al, 2007 McEwen et al.2007) Spatial

sampling of CTX and HIiRISE are ~5.5 m and ~@.Zb5 m per pixel sampling
respectively. These datasetev i ewed and anal yzed using Ari .
Jawa Missionplanning and Analysis fdRemote Sensing software (JMARShristensen

et al., 209).

Thermophysical data is derived from THEMIS nighttime infrared temperature
data tomeasurehermal inertia. Thermahertia is defined agesistance to changes in
temperatur®f a materialwith respect to energy inpund is dependent on tharticle
sizeanddegree otonsolidatiorwithin the top fewcentimeters of the subsurfagce
Fergason et gl2006 Presley2002. Thermal inertia is expressed quantitatively as:
| =( ¥jwhéreli s t her mal inertia, k is andes mal cc
specific heat capacity of a material. Units of thermal inertia are given f8"3knwhich
arereferred to as TIU (thermal inertia units) through this paper.

Surfaces with high thermal inertia values are comprised ofdtigimgth, weH
consolicated materials (>600 TIU), while weaktpnsolidated, particulate material have
low thermal inertias (<600 TIU). For ample,mantling dushas a low thermal inertia,
while reworked materialfom impactcrater eject@an have either a high or low thermal
inertia, cepending on the properties of tingpacted surfacd-igure 1.1is an example of
low thermal inertia impaetrater ejecta, embaying higlirength bedrocklhe Thermal
Emission Spectmeter (TESChristensen et al., 1998hboard Mars Global Surveyor
will provide global thermal inertia maps, at lower thermal inertia spa&sallutions

(Mellon et al, 2000) Thermophysical data from THEMIS and TES also provide context
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to the relative abundance of dust on a sigfaithin each image (Banefd, 2002;

Fergason et gl2006).

Thermal Inertia (J m2 K1 S-172)
50 BT 600

4 High'thermal
inertia

¥
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o

Figure 1.1  THEMIS derived thermal inertia data with CTX data used for shading
Impact crater ejecta is comprised of reworked materials, that are poorly
consolidated. Thermal inertia of the ejecta deposit is low, andontrasts the high
thermal inertia of the bedrock surface that the impactcrater (upper left) is embayed
in.

Thermophysical and morphologic data are combined to more accurately
determine surface texturaad degree of induratioMOLA elevation datareused to
determine slopangles that further constrain deposit consolidation; crater and valley
walls comprised of coherent bedrock and lavas will maintain steeper slope angles than
poorly-consolidated, friabldepositSchultz, 2002)Average slope angles in images
below MOLA resolutiorarecalculated by taking the inverse tangent of relief over
distancgFigure 1.2). Finescalefeature dimensionEl09 100s of metersarecalculated

from solar incidence angles in CTX and HIRISE images, by measuring cast shadows
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(Figure 1.2. Percent coverage of terrains or feataesneasured using the point

counting technique.
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Figure 1.2 lllustration demonstrating the analytical techniques used to determine

slope, layer thickness, and ridge height from imagebelow MOLA resolution. As
illustrated in the figure, the slope of a crate wall, for example, are not always
constant. Thus, dope refers to the average slope betwedwo points along the wall

1.4.2 Definition of terminology

Some of the terswsed to describe morphology, throughout this thesis, are

genetic terms that imply goscific formational process on Earth. For our purposes, these

termsare merely descriptivend meant only to aid in visualizing the featireng
describedFor example, the teriderracérefersto remnants of stream or river

floodplains,that often fornflat steplike surfaceson Earth Terrace is used in this thesis

to describe broad, flat, stépi ke sur f aces, not i mplying
and 6pl ateaud are al so us e doppedhlls or mguhds.v el vy,
Thedi f f erence between these features 1iIs

of meters tall, and plateaus being 10006s

Aeolian activityis currently the most pervasive geologic process on Mars

Remote seneg datasets have provided evidence for both erosional and depositional
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featureson the martian surfadacluding yardangs, dunes, ripples, and other aeolian
featuregMccauley, 1973; Sagan et al., 197Phe main factors that control whether a
feature is erosional or depositional is sediment size and alitylategree of induration
or compaction, and strength and direction of local wind regiBesause explosive
volcanic deposits are comprised of rock of variable sizes (from meter sized boulders to
ash sized particles) volcanic and aaicanic terrains can @milarly modified by
aeolian processeall the deposits and features described is thésis are erosional
featureslikely modifying deposits formed by other proces$as example, yardangs,
elongated wind sculpted ridges carved into weahktiurated materigWard, 1979) are
erosional features common on Matarved into deposits that may be volcanic in origin
(Kerber et al., 201IMalin, 1979;Mandt et al., 2008Scott& Tanaka, 19821986;)
Examples of dpositional aeolian features includanes and rippleshich can bury pre

existing surfaces.
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CHAPTER TWQ IDENTIFYING EVIDENCE FOR EXPLOSIVE VOLCANISM
2.1 Introduction

2.1.1 Objetive

Based on the easily erodible nature of the edifigmllinaris Monsis considered
one of the most likely candidates for a dominantly explosive volcanic cenkéarsn
(Kerber et al., 2011Robinson et a].1993. While large scale features have bessped
(Krysak, 2011Robinson et a].1993; Scott et 811993, there have been no attempts to
identify outcrop scale (1@s100s of meters) evidence for explosive volcanic deposits.

The objective of this work is to test the hypothesis that Apollinaris Nsoaus
explosiveeruptive centeby identifying evidence consistent with pyroclastic deposits on
the edifice atthéarge scaleand ut cr op d&1lclad ées (olfO 6mset er s ) .
geomophologic and thermophysical observationgientity possiblevolcaniclastic
deposits within the caldera and along the flank&pdllinaris Mons.Morphologic and
outcropscale featureare compared to terrestrial pyroclastic deposits to constrain the
similarities and differences between known volcanic terrains and proposed
volcaniclastis on Mars The deposits thdtestexemplify explosive activity can then be
used as a standard for identifying explosive volcanism elsewhere on Mars (namely,
Arabia Terra, tbcussed in greater detail in Chapter 3). Identifying explosive volcanism
on Mars would suggest early Mars had more water in the lithosphere since water is one of

the main volatiles that drives drgive volcanism on Earth (Se#006). This has
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implications for the development an early martian atmosphere and may also further our
understandingf the martian hydrosphere.

2.1.2 Apollinaris Mons

Apollinaris Mons is a volcano located along the dichotomy boundary, the
transition zone between the young, smoattthern lowlands and the ancient, cratered,
southern highlands, at 174.1°E, 8.6°S (Figure 2.1A). Clatsed ages of Apollinaris
Mons suggest the last eruptive activity occurred 3% Ga, placig it between the late
Noachian an@arly Hesprian boundey (Greeley et al., 2005; Hartmann, 2005; Robinson
et al., 1993)The volcano covers an area of ~46,008 lend consists of a caldera
complex and an edificépollinaris Mons is ~5 km tall and bound by a basal scarp an all
sides, except along the southdéliank, which is covered by a debris aprémysak,

2011]). The slope of the flanks from the caldera rim to the basal scarp ranges &off. 3°
Wide, semilinear valleys dissect the flanks of Apollinaris Mons, especially along the
large apron south of thaldera. The northeastern flank of the volcano displays plateau
like features, interpreted to represegrnnants of groundwater sappifi) Maarry et al.,

2012)
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Figure 2.1  (A) Colorized MOLA elevation data draped over THEMIS daytime
infrared global mosaic of Mars, surrounding Apollinaris Mons, showing Medusae
Fossae Formation. (B) Regional map of Apollinaris Mons, surrounded by chaos
terrain to the west, and the Medusae Fossae Formation to the east.
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The Apollinaris Mons caldera is ~&n in diameter and is divided into an inner
and outer caldera floor ur(ifigure 2.2) the inner caldera unit is nested within the outer
caldera unit, and is bound by a gréRobinson et a].1993). The outer caldera floor unit
is between 2250 3150 m in elevation (above the Mars datum, or average elevation), and
the inner caldera floor unit elevation is ~1350 m. The maximum caldefi@4iimer
floor depth is ~1.9 km. The outer caldera showwitinear fracturing in an amphitheater
shaped depression that occupies the eastern half of the outer caldera (Figure 2.2; Outer
caldera depression). The western region of the outer caldera display®pgdtd plateau
that has scalloped rims on theteas side (Figure 2.2; Outer caldera plateau 2). The
inner caldera is flat and smooth at a scale of 10s of meters, and marked only by impact
craters. The outer caldera is interpreted as a scarp related to an older caldera, later altered
by subsidence, andfilling; the inner caldera is interpreted as more substantial

subsidence, followed by iifng (Robinson et a].1993).
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! [ Outer caldera floor (OCF)

Y4| Il Outer caldera plateau 1 (1)
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Fiure 2.2 THEMIS daytime global mosaic of Apollinaris Mons with mapped
units. Figure reference of portions of the edifice are outhed by black boxes.

Based on CTX and HiRISE images, many of the craters of the¢atdarafloor
arepedestal craters, characterized by raised
surroundingplains (e.g., Schult& Lutz, 1988). Pedestal craters drelieved to originate
from impactors that strike volattech terrain, where the ejecta becomes indurated{post
impact), armoring the ejecta from erosittadish et al., 2008; Schultz & Lutz, 1988;

Wrobel et al., B06). As such, these crater morphologies suggestr was present
within the caldera floofEl Maarry et al.2012).

The southern flank of Apollinaris Mons is characterized by a debris apron which
radiates from a valley that breaches the caldera rigu& 2.2). The slope of the apron is

~2°,and is 100 130 km in length from the apex at the rim. Dissecting valleys@rg 2
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km wide and span the length of the apron from the apex at the rim. Kerber et al. (2011)
interpret these channels to have formedroegien though weak, friable material, and
thus are interpreted to represent a flank comprised of explosive volcanic products. Most
of the valleys do not extend to the basal scarp, and only travel ~20 km down the ~50 km
long flank. The exception to thistise western flank; this region of the volcano also
displays slumps and landslide debris lobes (Figure 2.2). The largest valleys on
Apollinaris Mons dissect the southwestern flank of the volcano, with valley8 ~10ksn
wide, and extend to the basal scarp.

Arrays of fractured polygonal plateau structures, known as chaos terrain (Figure
2.1B;Chapmar& Tanaka2002 Sharp 1973, are present beyontid western flank of
the volcano, and further along the dichojoboundary. These chaos terrains are
interpreted to represent partial collapse of the surface by the removal of subsurface ice or
water (e.g., Shard973).

The northern and eastern scarps of Apollinaris Mons are surrounded by the
Medusae Fossae FormatiMFF), a largevolume friable deposit thdias been
interpreedas sourced from volcanic activity (Figure 2.1B; ekgrber et al., 2011;
Malin, 1979;Mandt et al., 2008Scott& Tanaka 1982 1986; ). Yardangs, elongated
wind sculptedidgescarved into weakhndurated materigWard, 1979) are common in
the MFF.Yardangs are erosional features that modify dejposil materialsOn Earth,
morphologically similar yardangs are found within lakggume ignimbrite (pyroclastic
flow) deposits in the Altiplan®unoVolcanicComplex (APVC) in Chilgde Silva et al.,
2010) further supporting the hypothesistlthe MFF may represent weakhdurated,

explosve volcanic deposits.
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Gulick and Baker (1990) studied the flanks of Apollinaris Mons to understand the
origin and evolution of volcanic valleys on Mars. All valleys along the flanks originate at
the caldera and have aiike form. Valleys on thesouthen fan appear degraded and
wide compared to the more incising,-fike channels along theorthern, eastern, and
westernflanks. Gulick and Baker (1998uggesthat the valleys on the flasknay be
pyroclasticin nature, indicative of weakiyndurated fank material. Valleyslissecting
the fanare interpreted as possible lava channels since they are more subdued than valleys
on the flanks. Gulick and Baker (1990) note that lobate morphologies associated with
lava flows are not visible on the fan depoaitd suggest the fan to be mantlddwever,
the pervasiveness of fluvial morphologthat is also consistent with the observed valley
morphologies suggest fluvial processes rameeobscured primary characteristics for
volcanism, and imprinted more fiial evidence for valley formatiorGulick and Baker
(1990)ultimately conclude that valley formation on Apollinaris Mons is suggestive of
mixed fluvial and lava origins.

Robinson et al. (1993) ar®tott et al(1993)were the first to map Apollinaris
Monsin its entirety The map produced by Robinson et al. (1993) is divided into a main
edifice unit (m), an inner and outer caldera unit (cf2 and cfl), a fan unit (f), and a visible
and inferred basal scarp. The caldera units are split into two units based on a scarp that
bounds the inner caldera, and raised rim that borders the outer caldera, suggesting
subsidence and lava infilling activity.

The fan deposixtendsl50 km from the caldera amsllikely sourced from a
channel the breaches the caldera rim at the apex tdriliRobinson et a].1993; Scott et

al., 1993) Morphologic differences between valleys on the fan and the volcanic flanks
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(i.e., shallower, more subdued fan channels) suggest the fan material comprises effusive
materials. Robinson et al. (1993) sugghkstfan has a blockier structure than the edifice
based on relatively higher thermal inertia measurements made using the Viking Infrared
Thermal MapperThe authors assert that the edifice is composed of friable material,
based on the presence of radialroiels incising the flanks from the caldera rim and
slumping features on the western flank of the edifice (consistent with observations made
by Gulick and Bakerl990).

The map produced by Scott et al. (1993) splits Apollinaris Mons into four lava
units which differ from the units proposed by Robinson et al. (1993). Scott et al. (1993)
suggest the inner caldera and fan units comprise the same lava flow materials which
formed in the latest episodes of activity at Apollinaris Mons. Radial channels along the
fan are interpreted as either fluvial or lasteannelsThe outer caldera unit and a portion
of the main edifice unit are also interpreted as the same materials, formed from lavas and
pyroclastic deposits. The distal portion of the main edifice unit, alomgvestern flank,
is interpreted as more lava materials, likely formed during the earliest modes of activity
at Apollinaris Mons. Scott et al. (19983sert thaéxplosive volcanism occurred
sometime between early and late effusive activity at Apollirddes. These
interpretations agree with Gulick and Baker (1990) and Robinson et al. (1993), claiming
the main edifice unit was built by both effusive and explosive deposits, with the fan and
inner caldera units comprised of lavas.

More recentlyFarrell and Lang2010)used highresolution datasets to
investigate the distribution of explosive and effusive deposits on Apollinaris Mons. Much

like previous efforts, Farrell and Lang (2010) concluded that Apollinaris Mons
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expeienced an explosive phase responsible for building the edifice, and ended with an
effusive phase that produced a flat inner caldera floor. Farrell and Lang (2010) claim
Apollinaris Mons experienced at least two phases of explosive activity; the forraation
the caldera complex is likely associated with the first phase, and the fan deposit
representing a second phase. However, they argue that the fan deposit was likely
produced fronvolcaniclasticproducts, contrasting earlier interpretations made by Gulick
and Baker (1990), Robinson et al. (1993), and Scott et al. (1993). They conclude by
stating Apollinaris Mons displays evidence consistent with a dominant explosive history.
Their interpretations are based on morphologic characteristics of friable terrains
described by Greeley and Crown (1990) and Crown and Greeley (1993).

Following previous mapping effortkrysak(2011)conducted a detailed agals
of Apollinaris Mons that investigated possible origins for the debris apron, caldera, and
timing of volcanic activity and modification of the edifice. Krysak (2011) claims the
debris apron is comprised of pyroclastic materials based on a lack difudasies
channels; they state effusive lava flows and channels on alluvial fans will usually spread
outward. Channels incised in the fan only display tributaries, consistent with channels
carved by water. Layers identified within impact crater walls énd@bris apron also
suggest multiple depositional events.

Krysak (2011) interprets the caldera as both pyroclastic and lava materials, based
on impact crater densities. The inner caldera is likely a lava deposit based on higher
impact crater densities, cgared to the outer caldera; they state more durable materials
can retain more impact craters. Impact crater densities are also higher within the outer

caldera than on the fan, suggesting the fan is younger than the outer caldera material.
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Interpretationgor a dominantly explosive history agree with Farrell and Lang (2010).
Prior to the crater analysis made by Krysak (2011), previous efforts likely suggested the
inner caldera to be comprised of lavas basethemresence on the flat and level surface
(Farell & Lang, 2010;Robinson et al.1993; Scott et gl1993.

Kerber et al. (2011) examined deposits within the MFF, beyond the flanks of
Apollinaris Mons, to test the hypothesis that the MFF was sourced from the volcano. The
methods used to determineepdsitional origin include geomorphologic observations
that would suggest weakipdurated deposits, stratigraphic relationships with Apollinaris
Mons that would indicate volcanic activity during emplacement of the MFF, and ash
distribution models from Adbnaris Mons that correlate with the current extent of the
MFF. The volcanoes proximity to the MFF make it an ickeairce for the observed
weaklyindurated deposits. However, Apollinaris Mons was believed to have formed
during the early to midHesperian(Scott et al.1993), with the MFF being dated as
Amazonian in ag€Bradley et al., 2002; Greeley & Guest, 1987; Scott & Tanaka, 1982)
These discrepancies in age suggested the volcano was active befdFd-theas
emplaced. Stratigraphic relationships identifiecdkeyber and Hea(2010)more recently
propose an older age for the MFF that is consistent with volcanic activity at Apollinaris
Mons. Distribution models made by Kerbemakt (2011) also correlate with chlorine
concentrations around Apollinaris Mons, commonly produced from volcanic outgassing
(Keller et al., 2007)Thisresearch suggests that Apollinaris Mons was a primarily
explosive volcano, responsible for edifice construction, and potential deposition of

pyroclastic materials beyond the edifice.
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2.2 Research questions and approach

The following observations suggekatApollinaris Monsis a primarily explosive
volcano: (1) a lack of identified lava flow morphologasd high strength material®)
valley formations that suggest erosion through poorly consolidated materials, and (3)
regional largevolume friable depsits that may have been sourced from Apollinaris
Mons. Even with the onset of improved spatial sampling by CTX and HIRISE
instruments, no attempts have been made to
meters) evidence for explosive volcanism on Apallis Mons As such, the objectives of
my work areto identify the extent of effusive and explosive materials on the surface and
within exposed outcrops within impact craters and valley walls. Detailed thermophysical
and geomorphologic observations of eged outcrops provide a window into the
eruptive history of Apollinaris Mons. The outcrops and deposits identified on the volcano
are compared to terrestrial examples of explosive volcanic deposits for more accurate
interpretations.

In addition to morpholgic units and features identified by previous researchers
(Robinson et a].1993; Scott et 811993; Krysak2011) | have identifiedunique surface
textures that may be linked with the nature of the deposits that comprise them. These
include a faceted tein on the southwestern rim and flank of Apollinaris Mons and a
knobby terrain on the eastern flank. To further explore the nature of the Apollinaris Mons
subsurface, | use HIRISE images to better characterize outcrop exposures within the
craters and dii walls along the caldera and edifice. Features in outcrops include breccia
deposits and layered materials. Lastly, | describe an anomalous crater northeast of

Apollinaris Mons that may have formed from explosive volcanic activity.
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2.3 Results

2.3.1Weaklyinduratedsurface deposits

Friable surface deposits are defined as low thermal inertia features that preserve
erosional characteristics suggestive of poorly consolidated materials. For example,
terrains thatan be carved bgeolian anfbr fluvial processes are considenedakly
indurated Morphologic observations @feaklyinduratedmaterials preserve surfaces and
exposures that indicate carved surfaces, or deposits that appear to break apart easily. On
Apollinaris Mons,weaklyinduratedterrains a¢ found either along the surface of the
volcano, or in outcrops (caldera walls and impact cratéfepkly-induratedsurface
deposits include faceted terrain (diamond shaped pits carved between angular ridges),
knobby terrain (resistant mounds preservefliible materials that has since eroded out),
bedding, and breccia deposits.

2.3.1.1Faceted terrain along the southwestern flank and interior caldera rim

More than 1,200 kéof material covering the southwestern flank and interior
caldera rim of Apollinas Mons displays a pattern of sharp ridges above a scalloped
interior (Figure 2.2 and 2.3), termed here as faceted terrain. The northern boundary of the
deposit locatedwithin thecaldera, haa sharp contact with the dust mantled surfabe
facetedterrain has a thermal inertia ~50 TIU higher than the smooth dust covered surfac

(THEMIS image ID: 107478012).
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Figure 2.3  Faceted terrain within the caldera shows ridge orientations that trend
NW-SE and NESW. Scour pits embay the faceted terrain, andra large enough to
produce shadows (but not large enough to measure cast shadows). A portion of an
impact crater near the bottom left shows a crater rim mostly free of faceted terrain.
HIRISE image ID: ESP_029481 1705.

Within the caldera, the facets covar area of 210 kAand have two dominant
ridge orientations, NVWSE and NESW (Figure 2.3). The intersection angle between the
ridges of each facet, which creates the interference pattern, averages at 56°. Facet long
axes average 43 m in length witte shet axis averaging 25 m.

Pits 100 m long and 50 m wide are present within the caldera and along valley
ridges down flank; they are oriented in a NS direction (Figure 2.3). They share a
similar morphology to the faceted surface, agtdeeper and more ate. Pit
concentrations within the caldera grade from 9% in the eastern portion to 1% going
westward based on point counts.

Beyond the caldera rim, faceted terrain transitions to €sMEoriented linear

pattern (Figure 2.2 and 2.4). Although the lengtkaxth facet remains similar down



















































































































































































































































