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ABSTRACT

This thesis aims to provide comprehensive insights into the geological
processes within Mars's northernmost Cerberus Fossae region, focusing on
channel formation, boulder mobilisation, and seismic activity. By amalgamating
observations from various sources, including satellite imagery and geological
analyses, this study seeks to elucidate the area's structural and geomorphic
evolution.

Beginning with a review of the geological background of the Cerberus Fossae
and the methodology employed in this thesis, the research is divided into two
main segments. The first segment investigates evidence of palaeoseismicity,
seeking to determine the occurrence and timing of seismic events in the region.
Utilising high-resolution imagery from NASA's Mars Reconnaissance Orbiter
(MRO), boulder populations and their trails are analysed to discern patterns
indicative of past seismic activity. The findings suggest the occurrence of large-
magnitude paleo-marsquakes, shedding light on the area's seismic history.

The second segment focuses on the formation of channel systems within the
study area. By constructing a detailed regional map and analysing satellite
imagery, the study identifies and analyses channel-to-source relationships,
determining the mechanisms and timing of channel formation. The results
indicate episodic channel formation, with channels propagating further eastward
over time, and provide insights into the potential sources of the flood events.

The discussion chapter synthesises the observations and discusses their
implications in the broader context of Martian geological history. Based on the
evidence gathered, the thesis concludes by formulating hypotheses regarding
the Cerberus Fossae region's structural, geomorphic, and geological evolution.

Drawing upon previous publications by the first author, the thesis builds upon
and extends the research presented in peer-reviewed journal articles. By
delving deeper into nuanced aspects not extensively covered in the original
publications, this study contributes to our understanding of Martian geology and
the potential for past tectonic and hydrological activity on the planet.
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CHAPTER 1.
INTRODUCTION

1.1. Introduction

The Cerberus Fossae are a set of linear graben that trend northwest to southeast on
the Cerberus plains and vary in length, depth and width. The Cerberus Fossae are of
great interest because recent research has shown that seismicity is ongoing within this
region (Horvath et al., 2021). Studies of the areas surrounding the fossae reveal
channels shaped by lava and aqueous flow and possibly a mix of both (Plescia, 2003).
Research on the northernmost Cerberus Fossae, the least studied of the fossae, and
the channels that have formed in the vicinity of the northernmost Cerberus Fossae sets
out to establish whether the northernmost Cerberus Fossae is still seismically active,
what are the possible causes of this seismicity, what formed the channels around the
northernmost Cerberus Fossae, and to discern whether these channels were formed in
one-off events or where there series of events over time (Kedar et al., 2022). Should
the region remain seismically active, potentially owing to subsurface igneous activity,
and ongoing flow events—whether lava or agueous—persist, and if liquid water exists
on Mars, such findings would hold immense significance. The presence of liquid water

on Mars offers hope for finding extra-terrestrial life (Carr & Head, 2009).

The Cerberus Fossae, southeast of Elysium Mons, lie on the Cerberus plains, the
youngest large-scale region on the Martian surface, dated to Late Amazonian (1 Gyr to
present) (Tanaka, 1986, Tanaka et al., 1992; Greeley et al., 1987; Plescia, 1990, 2003)
(Figure 1.1 a and b). The Cerberus plains contain various geological features, including
lava formations, outflow channels, and fractures known as the Cerberus Fossae.
These depressions are long, linear, narrow, highly segmented, and run in echelon
formation. The trend of all the fossae is in a northwest-to-southeast direction. The
Northern and Southern Cerberus Fossae (Fig 1 b) have been extensively studied (Burr
et al., 2002; Plescia, 2003); the northernmost Cerberus Fossae (Fig 1 c) is much less
so. Hall et al. (1986) demonstrated that the stress field induced by the Tharsis rise, an
enormous volcanic plateau in the western hemisphere of Mars, could contribute to the
formation of the fossae through a flexural loading model. It is believed that the fossae
were formed in a regional extensional stress setting due to either pure graben faulting
(Vetterlein and Roberts, 2010) or fracturing processes above growing dike(s) at depth
(e.g., Berman and Hartmann, 2002; Burr et al., 2002; Head et al., 2003; Nahm et al.,
2015, 2016; Plescia, 1990) as observed on Earth (e.g., Gudmundsson, 1984;
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Hjartardéttir et al., 2016; Magee and Jackson, 2021; Mouginis-Mark et al., 2007; Rubin,
1992; Rubin and Pollard, 1988; Tentler, 2005). Numerous studies have also noted the
local influence of the combined effect of dike intrusion and subsurface cryospheric
melting, which may have led to large lava flows and catastrophic flows of meltwater at
the surface of Mars that subsequently shaped the surrounding plains of the near-
fossae regions (e.g., Burr et al., 2002; Cassanelli and Head, 2018; Nahm et al., 2015,
2016; Pendleton, 2015; Plescia, 2003;).

Work by Perrin et al. (2022) on parts of the Cerberus Fossae, namely the Northern and
Southern Cerberus Fossae (Fig 1 b), revealed a range of morphological features
associated with dike activity at depth. The team observed that the widths and throws of
the fossae decrease towards the east, indicating the long-term direction of propagation
of the dike-induced graben system. The connection between the width of the fossa and
the distance of the throw indicates that the formation of fossae is primarily due to
volcanic—tectonic processes. The fossae would most likely have been formed by the
propagation of dikes at depth, a possible consequence of the rise of Elysium Mons,
located northwest of the fossae.

Dike intrusions, a plausible cause of the surface fractures/graben, and a possible heat
source that melted frozen water to release flows within this region emanated from a
sub-surface volcanic source that underlay the region (Genova et al., 2016; Golder et
al., 2020). Other authors have suggested the remnants of a sea or lake of ice (Balme
et al., 2008; Murray et al., 2005; Sakimoto, 2006; Xiong et al., 2021). Dundas et al.
(2018, 2021) and Harish et al. (2020) confirmed exposed shallow subsurface water ice
on Mars, although these observations are limited to mid- and high-latitudes of Mars.
Work by Alberti et al. (2012) considered the subsurface material of the Cerberus plains,
with results suggesting high porosity underlying material in this region. Work by
Morgan et al. (2015) revealed an extensive layer of sediments, possibly mixed with
lava, to the south of Cerberus Fossae. Meng et al. (2020) reported an

approximately 40 m thick lava layer over possible water—ice deposits in the area west
of Elysium Mons. Xiong et al. (2021) studied the shallow subsurface of the central
Cerberus plains and estimated a permittivity value of 3.12, suggesting that the region
holds shallow subsurface water ice. However, dry, low-density materials could also be
present (Watters et al., 2007).

Taylor et al. (2013) have inferred that Cerberus Fossae might be an active tectonic
structure capable of releasing a seismic moment ranging from 10%° to 10" Nm yr~'.

These studies associated this relatively recent tectonic activity (i.e., less than 10 million
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years old) with evidence of volcanic activity, specifically young lava flows, as indicated
by Vaucher et al. (2009). Furthermore, Horvath et al. (2021) identified a pyroclastic
volcanic deposit in the central region of the fossae, which is estimated to be less than
250,000 years old, thereby supporting the notion that geological activity persists in the
present time. Since 2019, the InSight mission has confirmed multiple seismic events,
referred to as marsquakes, with magnitudes around Mw ~2-3 originating in the vicinity
of Cerberus Fossae (Giardini et al., 2020). These findings align with pre-mission
estimations by Bose et al. (2017), Panning et al. (2017), and Brown and Roberts
(2019). However, it is believed that these marsquakes, despite their moderate
magnitudes, are unlikely to trigger surface ruptures. Roberts et al. (2012) and Brown
and Roberts (2019) conducted studies on paleo-marsquakes that occurred along the
Southern Cerberus Fossae and northernmost Cerberus Fossae, respectively, by
analysing along-strike distributions of boulders triggered by ground shaking. Brown and
Roberts (2019) studied paleo-marsquakes along the northernmost Cerberus Fossae.
Both research papers concluded that each area was seismically active in the very
recent past. Through observations of the positions of mobilised boulders within the
fossae, both teams noted a signature or pattern unique to boulders mobilised by
seismicity (Keefer, 1984; Roberts et al., 2011; Brown and Roberts, 2019).

Insights into the processes that have shaped this enigmatic region of Mars and what
lies beneath the Cerberus Fossae will help us to expand our understanding of sub-
surface and surface processes that have shaped this region of Mars and potentially
other rocky planets and moons in our Solar System. One approach to gaining new

knowledge is to study locations in this region that appear to have had recent activity.

The work in this thesis looks at the evidence for two disparate yet potentially
connected topics: recent seismicity along the northernmost Cerberus Fossae and
channel-forming flow episodes in the Amazonian (Middle Amazonian epoch)
emanating from the northernmost Cerberus Fossae and flowing northeast, east and
southeast. The connection between the topics lies with the region’s proximity to
Elysium Mons and the smaller Albor Tholus volcanoes, and the possible ongoing
subsurface volcanic activity of these volcanic regions. As Berman and Hartmann
(2002) point out, “... an intimate sequential intermixing of fluvial, volcanic, and tectonic
activity” exists within the Cerberus plains. Perrin et al. (2022) studied the northernmost
Cerberus Fossae and noted that the fissures become smaller in size further east. In
their examination of both the Northern and Southern Cerberus Fossae, the team noted
that the widths and vertical throws diminish from west to east change. They proposed

that igneous activity below Elysium Mons is responsible for generating the melts and
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driving the regional tectonics that resulted in dike development and stress propagation
extending southeastward. Perrin et al. suggest that sub-surface dikes may be active
and move radially from the volcanic region to the southeast, as evidenced by the radial
fractures that run northwest to southeast. These dikes may have formed the surface
faults, fissures, and graben, and observed seismicity in this area could be due to dike
movements. Furthermore, the team linked flow episodes to dike movement, with dikes
melting ice that precipitates the flow episodes. The fact that the younger flow episodes

are found further southeast suggests that the dikes continually move in this direction.

In this thesis, results are reported that the area of the northernmost Cerberus Fossae
and part of the Grj6ta Valles channel system were areas where paleoseismic events
and several channel flow episodes occurred prior to the formation of the surface
manifestations of the faults responsible for the palaeoseismicity. The hypotheses
formed in this thesis are that the seismicity now proven by others since the initiation of
this PhD work may be linked to both the palaeoseismicity and channel-forming
episodes. The thesis develops a model of how these processes are linked and interact,
giving new insights into processes on rocky planets that complement what we know
from studies of terrestrial geology.
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Figure 1.1. Cerberus location map (NASA/JPL-Caltech/ASU). (a) MOLA image of Mars
showing the location of the study area. (b) THEMIS Day IR with colourised MOLA elevation 100
metre/pixel Global Mosaic version 13.4. A dashed box marks the study area. Note that the
Northernmost Cerberus Fossae in the box is marked with red lines. Other key features in the
area are named, namely the Northern and Southern Cerberus Fossae, marked by red lines.
(NASA/JPL-Caltech/ASU). (c) THEMIS Day IR 100 metre/pixel global mosaic version 13.4. The
study area of the Northernmost Cerberus Fossae, marked by red lines, with the Grjéta Valles
channel system to the northeast of the fossae. (NASA/JPL-Caltech/ASU).
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The Cerberus Fossae region of Mars (6—16N° and 154-174E°) (Figure 1.1 b and c) is
located southeast of Elysium Mons, part of the Elysium volcanic complex. The region
has numerous sets of segmented fractures (Figure 1.1 b). The four main fossae trend
southeast away from the Elysium volcanic complex, with the northernmost Cerberus
Fossae trending southeast from Albor Tholus, a 150 km across and 4 km high volcano
within the Elysium volcanic complex (Carr, 2007). The four major fractures cross-cut
most other features, such as impact craters and channel landforms (Figure 1.2 and
Figure 1.3).

15°N

5°N

162°E

Figure 1.2. (a) Location map of the Northernmost Cerberus Fossae. THEMIS Day IR 100
metre/pixel Global Mosaic version 13.4. The dashed-line box identifies Figure 1.2 (b). (b) Seam-
corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using Context Camera
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(CTX) data from the Mars Reconnaissance Orbiter (MRO), centred at 15.489°N 161.985°E
(CTX product ID: DIO_031169 1958 XN_15N198W). The section shows parts of the
Northernmost Cerberus Fossae coloured red, with the newer, smaller segments of the possibly
still forming fossae to the lower-right of the image. The fossae cross-cut two channel features
(the upper-left portion of the image where the large fossae cross-cuts recessional terraces, and
the lower-right of the image where the younger fossae have begun to cross-cut the terrace
marks. Yellow arrows mark the terrace markings from the flow events. Not all terrace markings
have been highlighted, only the key ones. The impact crater in the near centre of the image has
flow marks around it, indicating the flow direction (to the southeast) and that the flow occurred
after the impact crater was formed. (NASA/JPL-Caltech/ASU).
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Figure 1.3. (a) Location map of the northernmost Cerberus Fossae. THEMIS Day IR 100
metre/pixel Global Mosaic version 13.4. The dashed-line box identifies Figure 1.2 (b). (b) Seam-
corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using Context Camera
(CTX) data from the Mars Reconnaissance Orbiter (MRO), centred at 14.743°N 164.765°E The
section shows part of the far eastern segment of the Northernmost Cerberus Fossae, coloured
red, that has cross-cut a large impact crater, and a flow channel, the recessional terraces of
which are marked by yellow arrows. (NASA/JPL-Caltech/ASU).
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1.2. Channels and their Formation

Athabasca Valles is a major channel system that extends approximately 300 km to the
southwest of the primary Cerberus Fossae fissures and appears to emanate from the
location of the fissures (Figures 1.4 a and b). The outflow channels themselves were
most probably carved by aqueous floods (rather than lava) (Burr et al., 2002), but the
channel was later covered in flood lava, including its banks (Jaeger et al., 2007). The
channel is considered to be one of the youngest outflow channel systems on Mars
(Tanaka et al.,1986; Burr et al., 2002; McEwen et al., 2005) because the absence of
large impact craters on the surface of Athabasca Valles indicates that the flood lava is
very young. Smaller craters (approximately less than 125 m in diameter) are visible,
and counts of craters on striated portions of the western channel floor, representing the
fluvially eroded floor, according to Burr and McEwen (2002), give an age of 20 million
years. Counts on the central part of the floor give a younger age (Berman and
Hartmann, 2002). Later studies produced an estimated age of between 3 and 7 million
years (Murray et al., 2005). The Zunil impact crater, located at the midway point
between two segments of the Northern Cerberus Fossae (Figure 1.1. b), is a 10 km
diameter impact crater. The secondaries of the Zunil impact suggest that the lava was
emplaced prior to the impact, with the impact thought to be 500 ka in age (Kreslavsky,
2008).
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Figure 1.4. a. Location map THEMIS Day IR with colourised MOLA elevation 100 metre/pixel
Global Mosaic version 13.4. A dashed box marks the approximate emanation area for flows that
created the Athabasca Valles channel. Red lines mark the Northernmost Cerberus Fossae and
the Northern and Southern Cerberus Fossae. (NASA/JPL-Caltech/ASU). b. Seam-corrected
and seam-mapped mosaic of Mars rendered at 5.0 m/px using Context Camera (CTX) data
from the Mars Reconnaissance Orbiter (MRO), centred at 9.402°N 157.023°E, showing parts of
both the Northern and Southern Cerberus Fossae. The blue dashed line marks the lateral
extent of the Athabasca Valles flow channel. The two dashed boxes show where images (c) and
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(d) are located. ¢ and d. Seam-corrected and seam-mapped mosaic of Mars rendered at 5.0
m/px using Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO), centred
at 8.901°N 155.889°E (c) and 9.369°N 156.125°E (d). Image c. highlights the branching
channels within the Athabasca Valles, indicative of catastrophic floods. Image d. highlights the
lachrymiform-shaped islands within the Athabasca Valles channel, features commonly
associated with landscapes carved by aqueous flows.

Athabasca Valles bears all the hallmarks of a catastrophic flood-carved landscape
because it contains branching channels, streamlined and lachrymiform-shaped islands
(Burr et al., 2002) (Figure 1.4 b, ¢ and d). Features within the channel show evidence
for channel-forming erosion and channel-filling processes, for example, by flood lavas’
flow. The channel may have been carved by aqueous means, but the floor of the
channel and the banks were later draped with lava (Jaeger et al. (2007). The northern
(upslope) side of the source for the Athabasca Valles displays thin, arcuate fronts of
lava, concentric to the source region. After being formed by fluvial means, the channel
was draped in lava (Figure 1.5).

157°E 158°E

(a)

Thin, arcuate, overlapping lava
fronts, concentric to fissure-vent

158°E

Figure 1.5. a. Location map. THEMIS Day IR 100 metre/pixel Global Mosaic version 13.4. of
the Southern Cerberus Fossae, and the lateral extent of the Athabasca Valles flow channel
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(marked by a dashed blue line) that emanates from the fossae and flows south, although flows
have also covered a small part of the northern side of the Southern Cerberus Fossae. The
dashed box marks the location of Figure 1.5 b. (NASA/JPL-Caltech/ASU). b. Detail from HIiRISE
image (PSP_001408_1900RED) of the north (upslope) side of the source region of flows, with
fine, thin, arcuate and overlapping fronts visible (marked by white arrows). Note that the fronts
are concentric to the fissure vent to the south.

Work by Jaeger et al. (2007) showed the existence of ring-mound landforms (RMLS) on
the surface of parts of the channel, some with wakes that trail downstream (Figure 1.6
a and b). From several hypotheses suggested for the genesis of the RMLs, it is thought
that their presence is consistent with the idea that the RMLs are hydrovolcanic, or
rootless cones, that formed when groundwater, heated by the lava flow, vented,
releasing steam, possibly explosively (Jaeger et al. (2007)). They are considered late-
stage structures within a very fluid lava sheet flow that deflated and draped the pre-
existing flood-carved landscape in Athabasca Valles (Figure 1.6 b).

Ring-mound landforms (RMLs)

(red arrows) and their wakes [
 trailing downstream (green arrows)

Dashed red lines indicate

the direction of flow.

Figure 1.6. a. Location map. THEMIS Day IR 100 metre/pixel Global Mosaic version 13.4. of
the Southern Cerberus Fossae and a section of the Athabasca Valles (both marked) (9.293°N
155.984°E). b. A section of HIRISE image PSP_007408_1895, centred at N9.293°/ E155.84°,
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shows a section of the Athabasca Valles channel. Ring-mound landforms (RMLS) (pointed out
by the red arrows) and their wakes trailing downstream (pointed out by the green arrows). Also
of note is the smooth, clean appearance of the surface of the flow. The lack of impact craters on
its surface suggests that the lava flow is relatively young. The dashed red lines indicate the
direction of flow. The resolution is 25 cm/pixel.

The Cerberus plains (Figure 1.7 a), an area between Elysium Planitia to the west and
Amazonia Planitia to the east, is the location of the Cerberus Fossae. It also has
swathes of lavas and outflow channels with low crater density that are home to the
Athabasca Valles flow channel in the southeast, which flows southeast and northwest
through the Marte Vallis channel into Amazonis Planitia. A third flow channel, the
Grjota Valles, the smallest of the three flow channels within the Cerberus plains and
the least well-studied, emanates from the northernmost Cerberus Fossae and flows
southeast, then south.

Figure 1.7 a illustrates the general flow directions within the channels. Nearly the entire
area has been covered by young lava (Berman and Hartmann (2002)). Research
conducted by Plescia in 1990 and 2003, as well as Scott and Chapman in 1991,
indicates that there have been instances of lava and water flowing periodically. Still, the
specific details regarding the timing and duration of these volcanic and fluvial activities
remain unknown. An example of the interplay between volcanic and fluvial releases
can be observed in Marte Vallis, discussed by Berman and Hartmann (2002). In Figure
1.7 b, streamlined features within the Marte Vallis channel bear the hallmarks of having
been formed by fluvial activity. Figure 1.7 ¢ shows a close-up of a streamlined feature’s
eastern side. The channel floor is covered with a dark, rough material that appears to
be lava. However, the channel edge of the streamlined island has been preserved,
replete with recessional terrace markings. A gap exists between the lava flow and the
lower terrace of the channel wall, indicating that the lava flow post-dates the fluvial flow
but has flowed down a channel that fluvial releases also flowed down. Therefore, this
area exhibits features created by both lava and water, indicating a close and sequential
relationship. The focus of the work lies in the sequential release of flows across the
Grjota Valles. Five flow episodes in this area have been detailed, potentially fluvial,
with each successive flow episode occurring farther eastward. Later, an examination
will be made regarding the identification of the sequential flow episodes and the
implications of the sequential release of flows in Grj6ta Valles for the evolution of
Cerberus Fossae and Cerberus plains. All three flow channels within the Cerberus
plains exhibit commonalities concerning the interplay of fluvial and lava releases that

have contributed to the formation and shaping of the channels.
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Figure 1.7. a. Location map THEMIS Day IR with colourised MOLA elevation 100 metre/pixel
Global Mosaic version 13.4 of the Cerberus plains (6.281°N 164.562°E), highlighting the three
main flow channels in the region: Athabasca Valles, Marte Vallis and Grjéta Valles and the flow
channels’ flow direction, indicated by blue arrows. Red lines mark the Cerberus Fossae. The
black dashed-line box marked the area of Figure 1.7 b. Figures b and c. Seam-corrected and
seam-mapped mosaic of Mars rendered at 5.0 m/px using Context Camera (CTX) data from the
Mars Reconnaissance Orbiter (MRO), centred at 10.82°N 182.023°E (b) and 11.094°N
180.47°E (c). Figure b highlights an area of Marte Vallis, with apparent streamlined formations
in the channel, most likely formed through fluvial means. Figure c. is a close-up of the eastern
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edge of one of the streamlined islands. It looks at the channel floor and the edge of the
streamlined formation. The channel floor is rough, dark and is lava. The streamlined island has
recessional terraces, likely formed by fluvial activity. There is a gap between the lava and the
lowest terrace of the streamlined island, and this would indicate that the lava flow post-dates the
fluvial flow and the formation of the streamlined island. It also indicates that lava and aqueous
processes share the same Cerberus plains conduits.

The channel features have been interpreted as potentially arising from one of the

following options:

1. Magma-induced melting of the cryosphere and fluvial outflow (Berman and
Hartmann, 2002; Burr et al.,2002; Head et al., 2003), such as the outflow of water
from a breached aquifer (Carr, 1979; Burr et al., 2002; Plescia, 2003) above an
intruding dike beneath the fossae.

2. The release of water from a sub-cryosphere aquifer a few kilometres thick and tens
of kilometres in lateral extent (Manga, 2004) or from another subsurface origin
(Jones et al., 2011).

3. Many studies have held that large megafloods occurred (Kattenhorn and Meyer,
2010; Burr et al., 2002, 2009) across parts of the Cerberus Fossae, flowing through
the three Amazonian-aged flood channels within the region (Grjéta Valles, Marte
Valles, and Athabasca Valles) (Figure 1.7 a), with the emanation points of these
floods not conclusively known, although generally thought to be the fossae
themselves (Burr et al. 2002, 2009).

4. Others have interpreted the outflow channels in the study region to show a
predominance of landforms that resemble those produced by aqueous flows on the
Earth, such as streamlined forms, scour marks and longitudinal lineations (Figure
1.4 c and d, Figure 1.7 c, and 1.8 b). However, an alternative view is that the
channel formation may be associated with the flow of turbulent lavas, with turbulent
lavas being suggested as a possible mechanism for cutting channels (Jaeger et al.,
2010).

5. An alternate formation hypothesis is that lavas formed the channels (Leverington,
2004, 2006, 2011, 2018). The similarities between features found on the Moon and
Venus and those in the channels on Mars have been observed. These features
include sinuous channels, inner channels, anastomosing reaches, streamlined
erosional residuals, branching channel patterns, and reaches that indicate lateral or
vertical erosion (Leverington, 2011). Lavas do not require sizeable hydrological flow
rates, sub-surface permeabilities, hydrologic head considerations, or implied water
abundances implied by an aqueous model that do not concur with geochemical and
mineralogical observations. Additionally, there are no comparable examples on
Earth. (Leverington, 2011).
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Considerable speculation surrounds the origin of the channels. Is the channel-forming
process concluded, or are we experiencing merely a hiatus period? Are the flows
released as megafloods or as discrete episodes? Is there a connection between flow
episodes, seismicity, and the Cerberus Fossae’s growth? The thesis will investigate the
lesser-studied Grjéta Valles flow channel and the northernmost Cerberus Fossae to
determine whether fluvial, volcanic processes or both formed the flow channels in
Grjéta Valles. It will examine whether the flows were mega-events, encompassing
large-scale occurrences that covered extensive parts of the Cerberus plains or smaller
events. The study will endeavour to establish relative and absolute dating of flow
events, aiming to establish connections between these events and seismic activity in
the region, the eastward expansion of the Cerberus Fossae, and the gradual eastward
release of flows over time. The analysis will seek to elucidate the implications of these

findings for the region as a whole.
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Figure 1.8. Figures a and b. Seam-corrected and seam-mapped mosaic of Mars rendered at
5.0 m/px using Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO),
centred at 15.74°N 161.656°E (a) and 15.757°N 161.607°E (a). Location map of Northernmost
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Cerberus Fossae and the Grjéta Valles channels (north and south). Of note are the smooth
channel floors and the streamlined features within the channel. The black-dashed box denotes
the area of Figure 1.8 b. b. Close-up of a fluvial channel heading south, with the western bank
of the channel covered by recessional terrace marks (white arrows). The height difference from
position A (red dot) at the top of the terrace markings to position B (red dot) on the base of the
channel is 20 m (-2165 m to -2185 m). This indicates that the flow channel that cut this channel
incised down by at least 20 m. The existance of recessional terrace markings is a possible
indicator that the channel was carved by fluvial activity. Yellow arrows on the channel floor
highlight the lineation marks and scour marks on the flow channel.

As mentioned above, other nearby channel systems, such as the Athabasca Valles,
have been discussed in terms of their formation through agueous flow, but also exhibit
clear signs of post-aqueous flow lava infills to the pre-existing channels (Jaeger et al.,
2007; Jaeger et al., 2010) (Figure 1.6). In contrast, Grjéta Valles outflow channels lack
this later lava infill, and this absence has been taken to indicate that the channels
therein are possibly the result of aqueous flows (Baker and Milton, 1974; Burr et al.,
2002; Head et al., 2003; Morgan et al., 2013; Plescia, 2003). This would set Grjéta
Valles apart from Athabasca Valles and Marte Vallis if this were the case. However, a
lack of high-resolution imagery of this area until recently has meant that it has not been
thoroughly studied, meaning the results are inconclusive and speculative. My work in
this area has revealed more about the channels’ formation, which will be discussed in
Chapter Five. It has been suggested that the flows that formed such channels were
extremely large, with very high discharge rates (e.g. 1-8 x 10® m®s™ for the nearby
Athabasca Valles channel system; Keszthelyi et al., 2007) because, for example, the
Grj6ta Valles channels cover a region of ~90,000 km?. However, it is debated whether
or not these channels formed during single or repeated flow events (Burr et al., 2002),
introducing uncertainty about flow volumes and discharge rates. This lack of certainty
is due to the area of Grjéta Valles not having been fully analysed, particularly in terms
of creating high-resolution topographic profiles. The available imagery and data were
not of sufficient quality to identify key features necessary for determining whether the
channels were formed by singular or multiple events. My work has sought to rectify this
by using the highest resolution imagery available to facilitate the construction of
detailed maps of the channel systems in Grjéta Valles, using topographic profiles to

verify my results.

This uncertainty gives rise to several questions: If the channel formed in a single large
episode, how were the implied large volumes of water/lava required for such flows to

be released, and where could such volumes of water be stored?

Carr (1979, 1996) suggested that the catastrophic outflow channels, as he believed

they were, were evidence that liquid water was held within the crust, but noted in a
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later paper (Carr, 2000) that the role of the cryosphere must be important, in
generating pressurised aquifer confinement because how else could such immense
discharges be released from the Martian subsurface. Clifford (1993) expanded on
Carr’s work, proposing that if Mars’s inventory of water exceeds the pore volume of the
cryosphere, then a global sub-permafrost system would form. If this were the case,
then this would allow for the subsurface transport of water. Work by Brass (1980) noted
that the average global of -53°C is well below the melting temperature of ice and lower
than the eutectic freezing temperature of many salt-rich brines. Even though surface
temperatures rise above -0.15°C in areas near the equator, liquid water remains
unstable. It could be a transient phase quickly evaporating into the dry atmosphere,
freezing at the colder high latitudes. However, Mellon and Phillips’s (2001) calculations
showed that liquid water is stable in the crust. Clifford (1993) also suggested that
climate change and geothermal gradients could periodically melt ground ice, thus
replenishing subsurface water. This ties in with work by Jakosky and Phillips (2001),
who point out that a reservoir of crustal liquid water has existed on the planet and that
this reservoir has, at various times and to various degrees, exchanged with water at
the surface and in the atmosphere. They note that although they do not know how
much water is in the reservoir, they conclude that it is sizeable, global, and, intriguingly,
readily accessible to the surface in some places. Carr (1996) notes that the enormous
volume of water that caused catastrophic floods would mean the water released, even
in the present cold climate, could flow significant distances before freezing. Tanaka
(1999) and Hoffman (2000) indicate that liquid water was present in the crust, but they
also consider other eroding agents, such as liquid CO2, SO, volcanic lava, debris
flows, and aeolian processes. Malin and Edgett’s (2000) work studying pristine gullies
on exposed walls of impact craters and valleys has led them to conclude that these
gullies are identical in shape and size and possibly formation process to those on
Earth—those on Earth were carved by liquid water seeping out of aquifers on exposed
scarps. Interestingly, they note that the gully debris overlies features like dunes that are
extremely young. If their interpretations are correct, liquid water has been present
within a few hundred metres of the surface over the past few million years and may still
be there today. However, recent studies (Dundas et al., 2022) note that the gullies are
possibly the result of ‘dry processes’ (e.g., the seasonal activity of CO; frost, namely
sublimation of CO; frost) and not liquid water flow. This work has helped to move

consensus away from the formation of gullies via aqueous means.

Dike emplacement and penetration of the ice-rich cryosphere (Head and Wilson,
2001), pressurised volcanic influences on fracture systems (Tanaka and Chapman,

1990), and the decompression of gas hydrates deep in the crust (Max and Clifford,
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2001) are other possible factors in the cataclysmic release of outburst floods. The ice-
rich ground may have been melted (Zimbelman et al., 1992), perhaps following dike
intrusion (Head et al., 2003), contributing water and sediment to the flood discharge.
Nevertheless, melting by dike intrusion alone would not have been enough to release
floodwater at the volumetric rate modelled from surface channel size and slope
(McKenzie and Nimmo, 1999). Short-term ponding may have occurred in the fossae
before breaching or overflowing the fossae rim (Ghatan et al., 2005; Keszthelyi et al.,

2007), contributing to high instantaneous discharges.

Burr (2010) notes that four of Mars’ flood channels are Amazonian in age (3.0 Ga to
present) and that the channels originate at the fossae. The fossae have differing
morphologies, which could indicate different mechanisms for the release of floodwater.
Fossae with a graben morphology reflect the presence of subsurface dikes (Wilson and
Head, 2002; Head et al., 2003a; Ghatan et al., 2005; Leask et al., 2006), suggesting
that dike-induced cracking of a confining cryosphere and release of pressurised

groundwater.

The fossae may be the result of magmatic extensional tectonics. Based on the
hydrological properties of the Martian crust (Hanna and Phillips, 2005), modelling
shows that extensional stress relief can produce sufficient excess pore pressures to
drive the catastrophic release of groundwater (Hanna and Phillips, 2006). This
mechanism may have acted with other factors, like aquifer pressurisation due to
cryosphere growth (Clifford and Parker, 2001).

On a separate, possibly linked point, it has been suggested that the fault system
running through Grjéta Valles, which forms part of Cerberus Fossae, is formed due to
dike emplacement, and this contributed to flow formation (e.g. Head et al., 2003).
Several authors have conducted numerical modelling to calculate the main channel
discharge for the Athabasca Valles and Marte Vallis channels. Due to possible poor
image quality, no estimate of the channel discharge for the Grjota Valles (referred to in
earlier literature as the ‘unnamed northern channel system’ (cf. Burr et al., 2000, 2002)
has been calculated. Estimates by Burr et al. (2002) for Athabasca Valles, using MOLA
data and a modified version of Manning’s equation (modified by Carr (1979) to account
for Martian gravity), an empirical formula for estimating the average velocity of a liquid
flowing in a conduit that does not completely enclose the liquid were 1-2 million m3/s.
Burr et al. (2002) used a different method for Marte Vallis—the U.S. Army Corps of
Engineers hydraulic model HEC-RAS (U.S. Army Corps of Engineers 1998), estimating

~5 million m3/s.
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Work by Head et al. (2003) on the Athabasca Valles focused on producing a model for
magmatic dike emplacement that produces the following: a. surface fractures and
localised volcanic eruptions, b. cryospheric cracking to fracture the surface and release
pressurised groundwater within the cryosphere, c. effusion of water along an ~ 3000
km-long segment to form Athabasca Valles and d. heating of the regions adjacent to
the dike to cause melting and surface subsidence, creating the observed late-stage pits
and linear depressions. The model produced showed that Burr et al.’s. (2002) estimate
for discharge fluxes into Athabasca Valles (1-2 million m3/s) is possible through a dike-
related cryospheric fracture ~2 m wide, at water rise speeds of ~60 m/s. However, one
key issue with Head et al.’s. (2003) model is that aquifer permeability on Mars must be

far greater than that seen on Earth.

Manga and Wright's (2021) work compared seismic velocity readings measured by the
INSIGHT mission seismometer in Elysium Planitia with seismic velocity modelled for
ice-filled porous basalt, liquid water, and gas. The study found that the Martian upper
crust (8—11 km) had seismic velocity readings of 1.7-2.1 km/s (Lognonné et al., 2020),
similar to or lower than standard pure ice seismic velocity readings (2.0 km/s) (Gagnon
et al., 1988). Based on these low velocities, it seems that the crust is not full of ice.
However, as we go deeper, there appears to be an increase in seismic velocity,
indicating the existence of some mineral cement-like carbonates that could have been
formed from groundwater. This indirectly points towards the possibility of significant
amounts of groundwater in the past. However, the study has found that if there is no
ice-cemented cryosphere present, it can be concluded that there is no aquifer below,
as evaporation from an aquifer would lead to ice condensation in the overlying crust.
Estimates that a global layer of water >400 m existed (Carr, 1996), an estimate based
on the volume of water required to produce the Martian surface's erosional features,
such as the large outflow channels in Elysium Planitia, the eastern part of the Hellas
basin, and the western and southern margins of Amazonia Planitia may be the case.
Studies of kaersutite from an olivine-hosted melt inclusion in the Chassigny meteaorite
were used to predict the water content in the Chassigny source region. Results showed
that the necessary abundance of water needed to agree with Carr’s estimates would
have existed (McCubbin et al., 2010), “...these results indicate the possibility of
relatively young (early—mid-Amazonian) water-rich magmatic—hydrothermal activity at
the Martian surface and subsurface, which could have been responsible for intermittent
replenishment of water to these regions following the onset of the cold, dry climate that
exists today.” (McCubbin et al., 2010).
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As mentioned previously, some authors (Tanaka, 1999 and Hoffman, 2000) have
indicated that liquid water was present in the crust. However, they also consider other
eroding agents, such as liquid CO,, SO, volcanic lava, debris flows, and aeolian
processes, feasible too. Given that lava flows are observed on channel floors in
Athabasca Valles and Marte Vallis, lava is a possible candidate for being the dominant
process in channel formation in the Grjéta Valles (Leverington, 2004, 2006, 2011,
2018). This hypothesis is supported by observations of geomorphic/geologic features
on the Moon and Venus (Leverington, 2011). These features are similar to those
reported from channels on Mars, such as sinuous channels, inner channels,
anastomosing reaches, streamlined erosional residuals, branching channel patterns,

and reaches suggestive of lateral or vertical erosion (Leverington, 2011).

Furthermore, the formation of channels by lavas does not rely on the very large
hydrological flow rates, sub-surface permeabilities, hydrologic head considerations,
implied water abundances implied by an aqueous model that do not concur with
geochemical and mineralogical observations, and the lack of terrestrial analogues
(Leverington, 2011). However, it is implied that if lavas did dominate channel formation,
lava morphologies would be prevalent, such as lobate flow fronts, upstanding flows,
platy-ridges, knobs, break-outs or rootless cones that characterise lava-infilled
channels described nearby on Mars, such as for Athabasca Valles. They do not

resemble sinuous rilles commonly associated with lava processes (Jaeger et al., 2007).

The Grjéta Valles, the lesser-studied outflow channel in the Cerberus plains, must be
thoroughly analysed using high-resolution imagery. By doing this and analysing and
studying the resultant map of Grj6ta Valles outflow channels, including the use of
MOLA data to produce topographic profiles across sections of channels that display
possible cross-cutting relationships, a clearer picture will emerge of this channel’s
history and development and how this relates to the other channels in the Cerberus
plains. Is there a commonality between the three channels’ evolution, or do they
function independently? Chapter Five of this thesis attempts to map channel formation

within Grjéta Valles and to test channel formation hypotheses.

1.3. Recent seismicity and palaeoseismicity of Cerberus Fossae

Whether Mars is currently a geologically active planet or whether it is now dormant is
an essential question. If the planet is still active, if there is ongoing subsurface activity,
this could hint at the presence of liquid water. Based on the geomorphic features

observed on the planet and likely formed by fluvial processes, liquid water was once
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found on Mars. Liquid water could suggest the presence of life, so if the planet is
geologically active, it could mean that liquid water is present. The implications of such

a discovery would be enormous.

The arrival of the Interior Exploration using Seismic Investigations, Geodesy, and Heat
Transport (INSIGHT) lander on Mars in 2018 and the deployment of its seismometer,
the Seismic Experiment for Interior Structure (SEIS), in February 2019 finally allowed
for conclusive proof that Mars is still a seismically active planet. Since the landing on
Mars, SEIS (D. Giardini et al., 2020), and the Marsquake Service (MQS), the team that
reviews seismic data recorded by SEIS, have recorded from the start of the mission
through September 2021, 951 marsquakes, thought to occur at regional distances and
1,062 short duration events, considered to be caused by local thermal stresses
(INSIGHT Marsquake Service 2022). The landing sight of INSIGHT was in western
Elysium Planitia, to the southwest of Cerberus Fossae. The source regions of two large
marsquakes were located across the Cerberus Fossae (D. Giardini et al., 2020),
hinting at the possibility of still more seismic activity in this region. Stéhler et al., 2022,
studying seismic data from InSight, posit that low-frequency (LF) and high-frequency
(HF) marsquakes could be connected to tectonic activity within the Cerberus Fossae.
The LF marsquakes are extremely interesting because they occur at depths of
between 15 and 50 km, which would point to a weak, possibly warm source region that
is linked to extensional tectonics. Such a setting would suggest that dike intrusions,

most likely from Elysium Mons, are responsible.

Investigations into possible seismicity on Mars began long before the arrival of the
Interior Exploration using the Seismic Investigations, Geodesy and Heat Transport
(INSIGHT) lander on Mars in 2018 and the deployment of its seismometer, the Seismic
Experiment for Interior Structure (SEIS) in February 2019. The PhD work presented
herein began as a search for possible geomorphic evidence for palaeoeismicity. We
now know that marsquakes occur on Mars and close to the study region of Grjota
Valles, based upon the location of marsquake S0235b’s epicentre, which was
approximately 250 km south of the northernmost Cerberus Fossae (Clinton et al.,
2021, the Marsquake Catalog from InSight). The text in this section reports how
knowledge evolved before the INSIGHT data acquisition and summarises how some
guestions remain unanswered about the seismicity that, like on the Earth, can only be
addressed by studying the earthquake geology through observations of geomorphic

features.
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Evidence for a once seismically active Mars exists in the numerous tectonic faults that
may be observed across the Martian surface (Carr, 1974; Carr, 1981; Banerdt et al.,
1992). Imaging volcanic and tectonic landforms on Mars suggested that Mars was a
seismically active planet (Phillips et al., 1991). Some authors have estimated seismicity
levels by analysing surface faulting. Golombek et al. (1992) measured the total slip on
all major faults and calculated the total seismic moment release. They then distributed
this total moment using a moment magnitude/frequency relationship. Banerdt et al.
(1992) observed that radial graben systems are formed through various methods of
tectonic lithospheric deformation. Knapmeyer et al. (2006) created a synthetic
catalogue of seismic events. To assign a distribution of events to each observed fault,
the team first calculated an annual global budget of seismic moment release caused by
the contraction cooling of the planet. Then, they assumed a relationship between the
measured fault length and the seismic moment release. For example, the number and
size of Martian seismic events per year had been predicted prior to the InSight data,
and models produced predicted an annual moment release of between 3.42 x 106 Nm
and 4.78 x 10 Nm, with up to 572 events with magnitudes greater than four
(Knapmeyer et al., 2006).

Taylor et al. (2013) estimated the seismicity of the Cerberus Fossae, namely four
graben within the Northern and Southern Cerberus Fossae. The team first used crater
counting to determine the age of the units around the fossae (10 Ma—Late
Amazonian). Next, the fossae’s motion rates were calculated using measurements of
the observed throw. Digital Terrain Models (DTMs) were then used to calculate the
maximum throws on the fossae. The measured throws were then used to estimate the
length-averaged slip. Calculating annual moment release, the team determined that
between 1.5 and 190,000 seismic events per year would be detectable by InSIGHT.
That InSIGHT detected 174 marsquakes in ten months would suggest that Taylor et

al.’s work was accurate.

However, seismicity modelling of Mars dates back much further, with the suggestion
that Martian seismicity is at a level between the Earth’s and the Moon’s, based on
seismic data we have for both bodies (Anderson et al., 1972). More recent seismicity
modelling suggests that the source of seismicity could be thermoelastic cooling and
regional loading of the surface (Phillips et al., 1991). Before the INSIGHT mission, the
only seismic data from Mars was recorded by instruments aboard the Viking-2 lander in
Utopia Planitia. Only one seismic signal was recorded on sol 80. It was regarded as
“suspicious” due to simultaneous anemometer readings that suggested the “event”

possibly being caused by a strong gust of wind (Anderson et al., 1979). Later studies
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on the data collected by the Viking-2 lander looked at the meteorological and seismic
data to understand the correlation between data being interpreted and to what extent
meteorological events (such as winds and gusts on the surface) may have been
erroneously interpreted as seismic events. These later studies support the hypothesis
that the event detected on sol 80 was seismic and not caused by meteorological
phenomena (Lorenz et al., 2017). The event occurred at 03.00 hours. The surface
winds at the Viking sites had a consistent diurnal cycle (Nakamura and Anderson,
1979), with wind speeds being lowest in the early hours. A 16m/s windspeed would
have been required to generate a seismic signal. However, on sol 80, 20 minutes
before the seismic reading and 45 minutes after, the recorded windspeed was 2.6m/s
and 3.6m/s, respectively, suggesting that the windspeed at 03.00 hours was also low.
Although night-time gusts are possible, as dust devils can occur at night, they are
much less common than in the early afternoon (Ordonez-Etxeberri et al., 2018);

therefore, it seems this was a seismic event.

The advent of HIRISE imagery (High-Resolution Imaging Science Experiment onboard
the Mars Reconnaissance Orbiter) in 2006, whose high resolution (~25-cm pixel sizes)
allowed, for the first time, observations of boulders and boulder trails from orbit, in
particular the largest boulders and trails, and hence the ability to map the
characteristics of boulder populations along the strike of fault systems (Figure 1.9).
Work by Roberts et al. (2012), using HiRISE images and an understanding of natural
seismometers on Earth (mobilised boulders), suggested that large-magnitude
marsquakes may have occurred in the recent past along Cerberus Fossae. This
suggestion was evidenced by observations close to faults of anomalies in the density
of trails left by mobilised boulders and boulder trail widths. Roberts et al. (2012)
showed, for a section of the Southern Cerberus Fossae, that boulder trail densities per
kilometre and boulder trail widths increased systematically from background values
along the strike of part of the fault system, interpreting this as possible evidence that a
marsquake had produced ground shaking responsible for mobilisation of the boulders.
As part of the PhD studies presented herein, an investigation into possible Martian
seismicity in the region of the northernmost Cerberus Fossae focused on identifying
and measuring examples of boulder trails and boulder trail width on the sides of the
fossae. As will be explained in Chapter Four, measurements of these trails showed that
the along strike the profile “display(s) the classic pattern associated with earthquakes
where both the frequency of boulder falls, and boulder sizes decrease away from the
epicentre and the location of coseismic surface faulting, due to localised ground
shaking” (Keefer, 1984) and that the zone of mobilised boulders measured along

northernmost Cerberus Fossae might be consistent with a marsquake of moment
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magnitude ~M7.9 (Wells and Coppersmith, 1994). This work was presented in a paper
by the author of this PhD, which is included in Appendix C of this thesis (Appendix C:
Brown, J. R., and Roberts, G. P. (2019). Possible evidence for variation in magnitude
for marsquakes from fallen boulder populations, Grjota Valles, Mars. Journal of
Geophysical Research: Planets, 124. https://doi.org/10.1029/2018JE005622).
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Figure 1.9. Figures a, b and c. Seam-corrected and seam-mapped mosaic of Mars rendered at
5.0 m/px using Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO),
centred at (a) 15.555°N 162.582°E, (b)15.406°N 162.885°E, and (c) 15.407°N 162.917°E. (a).
Location map of Northernmost Cerberus Fossae (red and with white arrows pointing to it) and
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the Grjéta Valles channels. A black dashed-lined box highlights the area of interest, a hill split
by the growth of the fossae (b) and (c). (d) A section of HIRISE image ESP_018075_1955,
centred at 15.4°N 162.9°E, shows the northern and southern slopes of the fossae. Fallen
boulder trails (white arrows) can be seen on both slopes, with a predominance of trails on the
southern slopes. Some trails exhibit clear bounce marks (green arrows). Fallen boulders litter
the floor of the fossae (red arrows), some of which have the boulder at their terminus.

As mentioned above, this initial phase of the PhD studies presented herein was
completed prior to the deployment of INSIGHT’s seismometer SEIS. Despite SEIS
being on the surface of Mars, it cannot study the palaeoseismicity evidenced by
geomorphic features on the surface of Mars. SEIS has revealed that Mars is
seismically active (D. Giardini et al., 2020), and the Marsquake Service (MQS), the
team that reviews seismic data recorded by SEISfrom the start of the mission through
September 2021, recorded 951 marsquakes and 1,062 short duration events,
considered to be caused by local thermal stresses (INSIGHT Marsquake Service
2022). The landing sight of INSIGHT is in western Elysium Planitia, to the southwest of
Cerberus Fossae and the sources of two large marsquakes were located across the
Cerberus Fossae (D. Giardini et al., 2020), hinting at the possibility of still more seismic

activity in this region.

This thesis develops ideas that suggest that channel formation, palaeoseismicity, and
active seismicity may be linked. Work by Perrin et al. (2022) measured fossae widths
and vertical throws from west to east along the Northern and Southern Cerberus Fossae
and noted that there are systematic changes from west to east. The implication is that
cumulative displacement accommodated by the Cerberus Fossae decreases from the
west(-northwest) to the east(-southeast). The team believe that deformation has
propagated over the long term toward the east(-southeast) away from Elysium Mons,
suggesting that igneous activity beneath Elysium Mons was both the source for melts
and regional tectonics stresses that were responsible for dike development and stress
propagation toward the east(-southeast) at Cerberus Fossae. Perrin et al.'s (2022)
research aligns with the hypothesis presented in this thesis that the connection between
seismicity and channel formation may be connected by dike development, with the
fossae in Grj6ta Valles becoming smaller in size the further southeast the fossae are
followed. The fact that fossae cross-cut even the most recent geomorphic features in
Grjota Valles suggests that dike development is ongoing. This suggests seismicity is also
ongoing, and with dike development and extension, the possibility of further flow
episodes occurring is a distinct possibility. Locating the most recent flow channels in

Grjota Valles may help narrow down the area where the next flow event might occur.
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To help investigate these ideas, detailed mapping was conducted to allow observations
of the geometries, cross-sectional profiles, cross-cutting relationships for geomorphic
features, and identification and measurement of fallen boulders, boulder trails and
widths. To facilitate this study, the geomorphology of the channel system and fractures
was studied using Context Camera (CTX) and High-Resolution Imaging Science
Experiment (HIRISE) images from the Mars Reconnaissance Orbiter (MRO), and with
the use of measured cross-sectional profiles of landforms using Mars Orbiter Laser
Altimeter (MOLA) data.

1.4. Aims

This thesis aims to draw together observations constraining channel formation, boulder
mobilisation, and active seismicity along the northernmost Cerberus Fossae to provide
more significant insights into processes in the area of Cerberus Fossae. Hence,
following reviews of the background knowledge of the Cerberus Fossae region
(Chapter 2) and methodology utilised in this thesis (Chapter 3), the work in this thesis
is divided into two main parts, namely looking for evidence of palaeoseismicity
(Chapter 4) and evidence of channel forming events in this section of the Cerberus
Fossae. (Chapter 5). These observations are brought together in the final discussion,
alongside InSight seismicity data, to provide a view of the processes operating and
operating in the past for this part of Mars (Chapter 6). The possibility that Mars may
have been tectonically active in the recent past and that liquid water may have existed,
albeit as floodwater, is of significant cross-disciplinary interest, including the search for

non-Earth-based life. More tantalising is the possibility that activity is ongoing today.

This thesis will draw the evidence from these studies to formulate a hypothesis
regarding the structural, geomorphic and geological evolution of this section of the

Cerberus Fossae.

1.5. Objectives and Methodologies

In order to test the hypotheses outlined in Sections 1.2, 1.3 and 1.4. the following

objectives and methodologies are stated:

¢ Objective (1): To investigate palaeoseismicity in the region of the northernmost
Cerberus Fossae and to determine whether it (a) existed in the past, and if so, how
recently and (b) to use the results of (a) to help further understand the likelihood

and character of ongoing seismicity. Note that the work for (b) was conducted
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before the results from the InSIGHT mission arrived. However, questions remain
about likely maximum marsquake magnitudes and whether palaeoseismicity can
be established, features that are challenging or impossible to investigate solely

with seismometer data.

Methodology (1): The methodology was to use images taken from NASA’s Mars
Reconnaissance Orbiter (MRO), including HiRISE (High-Resolution Imaging
Science Experiment onboard the Mars Reconnaissance Orbiter) images and
Context Camera (CTX) images of the northernmost Cerberus Fossae. These
images were then imported into Google Earth as georeferenced image overlays to
enable the search for and analysis of fallen boulders and boulder trails. Such data
allows the calculation of the density of boulder trails and the trails’ widths per
kilometre. With this data, it is possible to study the pattern of boulder trails and
then ascertain the plausible mechanism for boulder mobilisation. Following
Roberts et al. (2012), it is concluded that the boulder data suggest large magnitude
paleo-marsquakes, placing constraints on the minimum values for the largest

marsquake magnitudes to be expected.

Objective (2): To investigate channel formation in this region of Mars to determine
if the well-known extensive channel systems mapped by others (Carr, 1979; Baker,
1982; Tanaka, 1986; Scott and Tanaka, 1986; Tanaka et al., 1992; Edgett and
Rice, 1995; Burr et al., 2002; Berman and Hartmann, 2002) were fluvial or from
another mechanism such as turbulent lava or mudflows, whether the flows were
episodic or was there just one mega flow event, and to identify the source regions

for the flows.

Methodology (2): To construct a large, high-resolution regional map of the study
area, ~70,000 km?, using available imagery with suitable coverage of the area from
NASA Mars Reconnaissance Orbiter (MRO). Analysis of the image involves
identifying features such as fissures, impact craters, streamlined islands, etc. and
then using the image to identify channel-to-source and channel-to-channel
relationships by identifying cross-cutting relationships and to use this to determine
the relative ages of identified channels. Younger channels cut across and incise
into older channels, so finding evidence of this from the high-resolution regional
map of the study area will be essential. In the absence of extensive topographic
data from photogrammetry that is both high-resolution and covers sizeable areas
within the study location, Mars Orbiter Laser Altimeter (MOLA) Precision
Experiment Data Records (PEDRS) are used to facilitate the construction of

topographic profiles (distance/elevation) across channels. These topographic
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profiles are subsequently analysed in conjunction with location-specific images to
discern cross-cutting relationships between different channels by determining
whether younger features incised down into and, therefore, post-dated older
features while also measuring the depth of such channels and gaining elevation
information for geomorphic features. This assists in identifying possible emanation

points/source locations of the floods/extent of floods.

e Objective (3): To consider whether there is a connection between seismic activity

and the history of channel formation.

Methodology (3): To use data acquired from palaeoseismicity studies, channel
studies and the InSight seismometer data to investigate possible inter-relationships
and assess ongoing processes and processes in the relatively recent past. For
example, it may be possible to obtain relative ages for the channel-forming
episode(s) and how this relates to the formation of the fossae. Evidence that the
source of the channels has moved east over time is studied, including the study of
fissures on the Martian surface. Data will be drawn together to investigate and
scrutinise the possibility of a connection between seismicity and channel activity
and how this may relate to active seismicity.

1.6. Thesis Structure

Chapter 2 reviews the geological background of the Cerberus Fossae and discusses
current theories regarding i. the formation of the fissures—the fossae—across the
Cerberus plains, ii. what is thought to have carved the channels we see across the
region, and iii. subsurface mechanisms that may have both released water/lava to the

surface.

Chapter 3 discusses the methods used to acquire the data. Also, a literature review on
the formation of long-lived channel systems on Earth and paleoseismic observations

can be derived from satellite images and geomorphology.

Chapters 4 and 5 present the thesis results, which will satisfy the objectives outlined in
Section 1.5. Chapter 4 presents the discovery of evidence for paleoseismicity in the
region of the northernmost Cerberus Fossae. Using HiRISE imagery to observe and
analyse mobilised boulder populations and their trails reveals that palaeo-marsquakes
occurred in this area. The boulder trails, seen as a whole, “display the classic pattern

associated with earthquakes where both the frequency of boulder falls, and boulder
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sizes decrease away from the epicentre and the location of coseismic surface faulting,
due to localised ground shaking” (Keefer, 1984). The findings, as outlined by Brown
and Roberts (2019), were published prior to the arrival of the Interior Exploration using

Seismic Investigations, Geodesy, and Heat Transport (InSIGHT) lander on Mars.

Chapter 5 presents work on the channel-forming history of the northernmost Cerberus
Fossae and surrounding areas to the north and south of the fossae. The work identifies
a relative chronology for channel formation, revealing that channels have propagated
further to the east through time. Analysis of cross-cutting relationships by studying
HIRISE and CTX imagery reveals younger channels cross-cut and incise down across
older channels. The source of five flow emanation points is also identified and
discussed. The channels were asynchronous, although they could only be dated
relative to each other. However, an approximate age can be given for when the

episodic channel formation occurred.

Chapter 6 is the Discussion chapter. Here, observations are synthesised and

discussed in the broader context of the Cerberus Fossae’s history and other studies.

1.7. Portions Included from or Based on First Author Publications

This thesis builds upon and extends the research published in two peer-reviewed
journal articles. Chapter 4, which comprises most of this work, mirrors the findings
presented in Brown and Roberts (2019) published as a peer-reviewed journal article in
the Journal of Geophysical Research: Planets (Brown and Roberts, 2019) as Brown, J.
R., and Roberts, G. P. (2019). Possible evidence for variation in magnitude for
marsquakes from fallen boulder populations, Grjota Valles, Mars. Journal of
Geophysical Research: Planets, 124. https://doi.org/10.1029/ 2018JE005622

Additionally, Chapter 5, largely based on the work by Brown and Roberts (2023), was
published as a peer-reviewed journal article in the Journal of Geophysical Research:
Planets (Brown and Roberts, 2023) as Brown, J. R., and Roberts, G.

P. (2023). Repeated, cross-cutting and spatially migrating outflow channel formation,
Grjota Valles, Mars. Journal of Geophysical Research: Planets, 128,
€2022JE007247. https://doi.org/10.1029/2022JE007247 delves into the phenomenon

of repeated, cross-cutting, and spatially migrating outflow channel formation within the

same region. Despite the significant overlap with the content of these papers, the
chapters in this thesis diverge by further exploring huanced aspects not extensively

covered in the original publications.
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CHAPTER 2.
LITERATURE REVIEW

2.1. Introduction

The literature review offers an overview of our understanding of Mars, in particular with
regard to the themes central to this thesis. The planet's geological history is explored,
as is the role of water throughout its evolution, volcanic activity, seismicity, internal
dynamics, and finally, a review of the most recent papers that discuss Mars’ ongoing
activity. While this chapter offers a broad perspective, more detailed discussions of
specific literature relevant to the research can be found in the Results sections of

Chapters 4 and 5 and in the published papers that form the core of this work.

2.2. Geological History of Mars

2.2.1. Introduction

In understanding a region like Cerberus Fossae, one must first have a broader
understanding of the entire geological history of Mars. By doing so, one can
contextualise an area like the Cerberus Fossae, putting into place Mars’ long and
complex history and then understand the planet’s potential, past and present, to
support life. Looking at the Cerberus Fossae in isolation does not allow this. Hence, a
review of Mars' ~4.6 billion-year history is reviewed. Its history may be broken into four
main epochs, with each having a set of unique geological processes and
environmental conditions. The chronological overview below follows Mars' evolution
from its formation right up to the present day. Each epoch will be looked at in turn in an
attempt to present a clear picture of how Mars has evolved and what key

developments occurred during each period.

This review aligns with Ehlmann et al. (2016), who discuss the sustainability of
habitability on terrestrial planets, with particular insights into Mars' potential for
supporting life. Ehlmann et al. highlights the importance of understanding Mars' early
geological and atmospheric evolution, noting that Mars' formation retained primordial
heterogeneity in its mantle due to limited mixing. Such early processes, including Mars'
rapid accretion and differentiation, set the foundation for its later geological and climatic

evolution.
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2.2.2. Pre-Noachian Epoch (4.6-4.1 Ga)

Mars's early evolution and formation involved a series of events that shaped the planet
in a way that set the course for its later geological evolution. Key events from this

period are as follows:

a. ~4.6-4.5 Ga. Mars was formed from the solar nebula (Bouvier and Wadhwa, 2010)
and accreted from planetesimals and planetary embryos in the proto-planetary disk
(Chambers, 2004; Morbidelli et al., 2012). Energy from accretion and decay of
short-lived radioisotopes led to melting and the beginning of planetary
differentiation (Elkins-Tanton, 2012; Kleine et al., 2009; Debaille et al., 2007; Borg
et al., 2003).

b. ~4.5 Ga. The planet’s rapid core formation was completed in ~1-15 million years
after the formation of the solar system (Kruijer et al., 2017). The differentiation of
metal from silicates resulted in the planet’s core being formed. The existence of a
core helped to create implications for Mars’ later thermal and magnetic evolution
(Breuer and Moore, 2015), with Ehlmann et al. (2016) noting the possible
implications of Mars’ core regarding the generation of the planet’s early magnetic

field—it may have helped to protect the atmosphere from solar wind erosion.

c. ~4.4-4.3 Ga. The creation of the Martian crustal dichotomy—the difference in the
two hemispheres of the planet, with the northern hemisphere lower in elevation
and less cratered; the southern hemisphere being higher in elevation and heavily
crated compared to the northern hemisphere—possibly due to a giant impact or
internal processes (Marinova et al., 2008; Andrews-Hanna et al., 2008; Ehlmann et
al., 2016). This event has subsequently played a huge part in Martian geology
(Watters et al., 2007).

d. d.~4.2-4.1 Ga. The heavy bombardment period, which saw the planet be heavily
cratered, was responsible for the formation of large impact basins on the surface,
such as Hellas and Argyre Planitia (Werner, 2008), which began at the end of the
epoch. This period created many of the large topographic features visible today
(Frey, 2008). This period also saw the decline in Mars’ magnetic field, which would
have led to changes in surface conditions and atmospheric loss, and ultimately
was the beginning of Mars’ move to becoming a cold, dry planet (Ehimann et al.,
2016).
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Mars would have probably had a magnetic field generated by its liquid core, which
protected its early atmosphere from solar wind erosion (Acuna et al., 1999). The loss of
Mars’ magnetic field had huge implications regarding its atmosphere and surface
conditions (Jakosky et al., 2015).

2.2.3. Noachian Epoch (4.1-3.7 Ga)

Continuing where the pre-Noachian had left off, heavy bombardment continued to
shape the planet's surface. The end of the heavy bombardment saw volcanic activity
and liquid water on Mars’s surface, with both shaping the surface geomorphology,

likely creating conditions conducive for life to emerge.

a. Early Noachian (~4.1-3.95 Ga): Heavy bombardment of Mars continued into the
Noachian from the Pre-Noachian epoch, subsequently contributing to the formation
of some of the oldest surfaces on the planet (Fassett and Head, 2011). Many of
Mars’ large impact basins of the southern highlands, such as Isidis, were formed
during this epoch (Nimmo and Tanaka, 2005).

b. Middle Noachian (~3.95-3.8 Ga): The formation of dendritic valley systems during
the Middle Noachian would suggest significant surface runoff (Fassett and Head,
2008) and the existence of a hydrological cycle on Mars, further suggesting that
the planet’s climate was warmer and wetter than today (Craddock and Howard,
2002).

c. Late Noachian (~3.8-3.7 Ga): Considered the most volcanic period in the planet’s
history, the enormous Tharsis Rise (5,000 km across and 10 km above the
surrounding terrain) (Phillips et al., 2001). The evolution of the Tharsis Rise had
huge implications for the planet’s geology and geography (Johnson and Phillips,
2005).

Throughout the Noachian—due to the presence of water—phyllosilicates were formed.
This is important because this indicates that a. there were long-term water—rock
interactions, suggesting that environments existed long enough to provide possible
habitable conditions (Carter et al., 2013), and b. that the types of phyllosilicates
formed were formed in environments where the pH was neutral (pH 7) to slightly
alkaline (pH above 7) (Poulet et al., 2005; Ehlmann et al., 2011). This is of vital
importance as such pH conditions are favourable for the emergence of life, and the

neutral to slightly alkaline pH is in stark contrast to Mars’ later more acidic conditions.
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The formation of early sedimentary basins created environments that were ideal for the
accumulation of layered deposits that could preserve a record of these early conditions
on Mars (Grotzinger et al., 2015; Malin and Edgett, 2000).

2.2.4. Hesperian Epoch (3.7-3.0 Ga)

The Early Hesperian (~3.7-3.4 Ga) saw the formation of many large outflow channels.
Suggested means of formation include the release of groundwater, most likely a
catastrophic release(s) (Baker, 2001). These enormous channels, such as the
channels that flow from Chryse Planitia (Maja Valles, Kasei Vallis, and Ares Vallis),
indicate episodic flooding events that may have been caused by tectonic and/or
volcanic activity (Wilson et al., 2004). The Late Hesperian (~3.4-3.0 Ga) saw plains-
style volcanism, especially in regions such as Elysium and Tharis (Greeley and Spudis,
1981). The volcanism resurfaced large parts of the planet, subsequently creating large
lava plains. This volcanism resurfaced large areas of Mars (Grott et al., 2013).

There were four key events during this epoch that are looked at in a little more detail

below.

a. Valles Marineris—(~4,000 km long and up to ~7 km deep)—formed due to tectonic
rifting and later erosion (Andrews-Hanna, 2012). Investigation of the huge canyon
system has shed further light on the crust’s composition, thus revealing information

about Mars’ geological history (Lucchitta et al., 1992).

b. Sulphate minerals were deposited during this epoch. This suggests a shift to more
acidic conditions during the Late Hesperian (Bibring et al., 2006). This indicates a
major shift in the planet’s geochemistry, possibly linked to increased volcanic

activity and/or the loss of atmospheric density (McLennan, 2012).

c. A ‘northern ocean’ may have existed (Carr and Head, 2003). If such a body of
water did exist, it would have had important ramifications regarding Mars' climate
and the potential for habitability (Clifford and Parker, 2001).

d. During the Hesperian, chaos terrain such as Hydraotes Chaos formed. Such
landforms are thought to have formed as a result of the catastrophic release of
groundwater (Rodriguez et al., 2005). Perinatally, such features offer evidence that

there existed substantial subsurface water at this time (Zegers et al., 2010).
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2.2.5. Amazonian Epoch (3.0 Ga—Present)

The Amazonian epoch, from 3.0 billion years ago to the present, marks a period of
continued volcanic activity and dynamic climate changes. From the persistent
volcanism in regions like Elysium and Tharsis to the geological phenomena in the
Cerberus Fossae, this section explores the transformative impacts on the Martian

landscape and climate.

a. The Early Amazonian (3.0-1.0 Ga) witnessed a continuation of volcanism in
Elysium and Tharis, albeit at lower levels than in previous epochs (Werner, 2009).
The continued volcanic activity would have contributed to the growth of the
enormous shield volcanoes on Mars (Olympus Mons—~22 km in height with a
base diameter of ~600 km; Ascraeus Mons—~18 km in height with a base
diameter of ~480 km) (Robbins et al., 2011).

b. The Middle Amazonian (1.0-0.3 Ga) saw young volcanic plains in Amazonis
Planitia (Vaucher et al., 2009). This is evidence of the planet’s extensive volcanism

continuing late into Mars’ geological history (Tanaka et al., 2014).

c. The Late Amazonian (0.3 Ga—Present) is an enigma. Despite the dry and cold
conditions, Mars shows evidence of low-level geological activity (Hauber et al.,
2011), namely, and most pertinently to this thesis, the formation of the Cerberus
Fossae (Vetterlein and Roberts, 2010). Activity within the Cerberus Fossae is
considered ongoing today (Broquet et al., 2020; Horvath et al., 2021), suggesting

that the Cerberus Fossae may be a somewhat anomalous area of Mars.

It is also important to mention that throughout the Amazonian, orbital forcing has led to
cyclical climate changes (Mischna et al., 2003; Laskar et al., 2004). Head et al., 2003,
noted that changes in the planet’s obliquity resulted in the periodic redistribution of ice
from Mars’ poles to the mid-latitude regions, which have left behind a record of glacial
landforms (Forget et al., 2006). Head and Marchant (2003) identified recent glacial
activity (within the last several hundred million years) in the tropical mountain region of
Tharsis. This would suggest that the planet’s climate has remained dynamic into the

very recent past.
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2.3. Water on Mars—Evolution and Evidence

The Italian astronomer Giovanni Schiaparelli’s 1877 observations of a series of
channels on the Martian surface subsequently sparked fascination because their
existence was thought to be due to water. Since these early observations through to
modern missions, Mars’s aqueous history is a source of continued because by
understanding its history, one is able to piece together the planet’s climatic evolution

and from there to learn if the planet was or is potentially habitable.

While modern Mars is dry and cold, there exists much evidence to suggest that liquid
water existed on the planet’s surface, having profound effects on Martian geology and

environmental conditions.

2.3.1. Early Martian Water Discoveries

When the Viking landers detected water vapour in the Martian Atmosphere in 1976
(Nakamura and Anderson, 1979), interest in the scientific community set the stage for
further investigations into Mars’s hydrological history. The existence of water vapour,
coupled with the existence of ancient channels suggested that liquid water once flowed
on the planet, supporting theories that Mars once possessed a wetter climate (Milton,
1973; Masursky, 1973).

2.3.2. Martian Channels and Water Flow—Key Early Findings

High-resolution images taken by the Mariner 9 orbiter in 1971 effectively discovered
Valles Marineris, the enormous canyon system on Mars (~4,000 km in length and up to
7 km deep). The discovery of Valles Marineris presented strong evidence of geological
processes on Mars that hitherto had not been considered and suggested that the
planet was far more dynamic than had originally been thought. Other channels imaged
included Ares Vallis, Tiu Vallis, Simud Vallis, and Kasei Valles. Analysis of these
channels led Baker and Milton (1974) to conclude they were likely formed by
catastrophic floods in a way comparable to the Channelled Scablands of Washington

State and Antarctica’s Wright Valley.

Carr (1979, 1996) suggested that water released from confined aquifers may have
caused episodic floods on Mars. Work by McKenzie and Nemo (1999) pointed to
evidence of groundwater seepage as being the cause behind features like channels

and valleys and that this seepage was gradual. Malin and Edgett (2000), using images
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from the Mars Global Surveyor, identified gullies on steep crater walls that looked to
have been formed by liquid water. The authors considered these gullies to be indicative
of groundwater seepage. Clearly, Mars exhibits a complex interplay of tectonic activity,
cryospheric cracking, volcanic processes, and aqueous processes that have played
roles in shaping Mars’s surface (Burr et al., 2002; Head et al., 2002; Plescia, 2003).

2.3.3. Water Evolution on Mars: Three Mineralogical Eras

Bibring et al.’s (2006) groundbreaking study, which used data from the Observatoire
pour la Minéralogie, I'Eau, les Glaces et I'Activité (OMEGA) spectrometre on the Mars
Express to suggest three key mineralogical eras on Mars enables researchers to

understand Mars in a new way. A brief summary of the three eras is given below:

e Phyllosian Era (>4.0-3.8 Ga): During this early era, Mars experienced a
persistently wet and neutral-pH environment, forming clay minerals like
phyllosilicates (Poulet et al., 2005). Stable bodies of water could have existed,
potentially providing conditions favourable for life. While some studies, such as
Ojha et al. (2020), suggest alternating wet and dry periods, this era likely
represents Mars' most habitable phase.

e Theiikian Era (~3.8-3.5 Ga): This era marked a transition toward more acidic
conditions, possibly driven by volcanic activity and the loss of Mars' magnetic field,
which led to atmospheric thinning. Sulfate minerals, such as jarosite and gypsum,
began forming during this time, indicating more briny, acidic waters (Tosca et al.,
2018; Bibring et al., 2006).

e Siderikian Era (<3.5 Ga): The Siderikian era saw the formation of ferric oxide,
marking the planet’s transition to its current cold, dry state. However, Stillman et al.
(2020) provided evidence of recurring slope lineae (RSL), suggesting that transient

liquid water may still exist today in limited, localised conditions.

2.3.4. Modern Discoveries and Current Martian Water

In the Siderikian Era, it became a cold and dry planet. Dundas et al. (2018), however,
have identified exposures of ice in the mid-latitude areas of Mars. Using high-resolution
imagery from the MRO, the team was able to locate areas where ice is exposed at or
near the surface. This was generally in scarp areas. The ice is located just a few

metres below the surface, suggesting that Mars has large reserves of water ice. The
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fact that these were discovered in mid-latitude regions is intriguing because such
regions were considered to be too warm or dry to sustain such ice. Ice deposits have
also been found at the poles (Morgan et al., 2022). Whilst at first sight this does not
seem a noteworthy discovery, it is when looked at together with the work of Dundas et
al., 2018, because it gives credence to the idea that whilst dry today, Mars does, in
fact, hold considerable quantities of water in the form of ice. In 2018, Orosei et al.
(2018), using radar from the Mars Express mission, detected subsurface liquid water
under Mars’s southern polar ice cap. The research posited that liquid water exists there
due to salts and pressure. Later work by Ojha et al. (2015) identified recurring slope
lineae (RSL)—seasonal flows of briny water on Martian slopes—that are formed by
liquid water containing salts that cause freezing point depression. These findings tally
with those of Dundas et al. (2018). Certainly, all of the evidence points to there being
water on Mars (both in ice and briny liquid form), ultimately showing that the history of
water on Mars is far more complex and dynamic than had originally been thought.
Liquid water is not stable on the surface under current conditions, but these discoveries
suggest that localised and transient water activity could persist today.

2.3.5. Geological Features Shaped by Water and Ice

Ancient Martian landscapes exhibit extensive signs of past hydrological activity, such
as valley networks (Hynek et al., 2010), outflow channels (Baker and Milton, 1974),
and sedimentary deposits (Goudge et al., 2017). Glacial features, studied by Head et
al. (2006, 2003), demonstrate that ice has also played a significant role in shaping the
Martian surface. Notably, Galofre et al. (2020) suggested that some valley networks

may have originated from subglacial drainage rather than surface runoff.

Regions like Cerberus Fossae and Athabasca Valles reveal evidence of both volcanic
and aqueous processes (Jaeger et al., 2007; Voigt and Hamilton, 2021). Investigations
by Burr et al. (2002) and Hanna and Phillips (2005, 2006) focused on the hydrological
properties of these areas, offering detailed reconstructions of flood events and insights

into channel morphology.
2.3.6. Implications for Habitability and Future Exploration
Understanding Mars' hydrological evolution is essential for assessing the planet’s

habitability potential. The early Phyllosian era likely represented the most favourable

period for life to develop, with stable bodies of water and moderate pH conditions. As
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Mars transitioned to the Theiikian era, the possibilities regarding potential habitability

declined due to increasing acidification and atmospheric loss.

Modern exploration efforts, such as NASA’s Perseverance rover and ESA’'s ExoMars
mission, continue to investigate ancient water-bearing minerals and the potential for
past life. These missions aim to uncover Mars' hydrological history through sample
return missions and advanced data collection, building on the foundation of previous

discoveries.

2.3.7. Conclusion

The evolution of water on Mars transformed the planet from a wet, neutral-pH
environment into a dry, frozen world. Through investigations of ancient hydrological
features, mineralogical evidence, and ongoing missions a complex picture of Mars’
agueous history has emerged. While liquid water is scarce today, the data strongly
indicates that water once played a central role in shaping the planet’s surface and may
still influence localised processes. Lauro et al. (2021) provided compelling evidence for
subglacial lakes beneath Mars' southern ice cap, indicating environments where liquid
water could exist. Further exploration, including missions like NASA'’s Perseverance
rover and ESA’s ExoMars, will reveal Mars’s potential for harbouring life, be it in the

past or present.

2.4. Vulcanicity

2.4.1. Introduction

Mars exhibits a rich volcanic history characterised by a diverse array of volcanic
landforms and features. Understanding the nature and implications of Martian
vulcanicity is crucial for unravelling the planet's geological evolution and assessing its
potential for past and present habitability. By examining various aspects of Martian
volcanism, including lava flows, flood lavas, volcanic channels, and magma—water
interactions, this section aims to review papers that have elucidated the diverse

volcanic processes shaping the Martian surface.

2.4.2. Key Findings

Baker (1982) provided a comprehensive overview of Martian channels, highlighting the

role of volcanic processes in channel formation. Notably, volcanic channels on Mars
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exhibit distinctive morphological characteristics indicative of lava flow emplacement
and erosion processes. Examples such as Valles Marineris and Elysium Mons
underscore the influence of volcanic activity on Martian surface features. Plescia
(1990) investigated recent flood lavas in the Elysium region of Mars, offering insights
into the dynamics of volcanic eruptions and lava flow emplacement. Additionally, crater
counts were pivotal in determining the age of the lava flows. By cataloguing and
analysing impact craters within and around the lava flow deposits, Plescia established
a chronological framework for the volcanic activity in the Elysium region. The
abundance, distribution, and state of degradation of impact craters provided important
indicators of the relative ages of the lava flows, allowing Plescia to discern periods of

volcanic activity and quiescence.

Edgett and Rice (1995) examined very young volcanic, lacustrine, and fluvial features
in the Cerberus and Elysium basin region, emphasising the interplay between volcanic
processes and surface water interactions. Their findings suggested a complex history
of volcanic activity and hydrological processes in the region, with implications for the
planet's climatic evolution. Carr (1996) proposed that channels and valleys on Mars are
cold climate features formed due to a thickening cryosphere, challenging earlier
interpretations of fluvial activity. While acknowledging the role of water in shaping
Martian landscapes, Carr emphasised the significance of cryospheric processes in
channel formation and modification. Recent work by Horvath et al. (2021), using crater
counting to determine the age of lava flows in the Cerberus Fossae region, suggests
that the last lava flows occurred between 2 and 10 million years ago. McKenzie and
Nimmo (1999) investigated the generation of Martian floods by the melting of ground
ice above dykes, highlighting the potential link between volcanic activity and
hydrological processes on Mars. Their study suggested that magma-induced melting of
subsurface ice could trigger catastrophic flooding events, shaping the planet's surface
morphology. Hartmann and Berman (2000) conducted crater count chronology studies
of Elysium Planitia lava flows, providing insights into the region's timing and duration of
volcanic activity. By correlating crater densities with geological units, they established a
chronological framework for volcanic events, elucidating the volcanic history of Elysium
Planitia. Keszthelyi et al. (2000) explored terrestrial analogues and thermal models for
Martian flood lavas, offering comparative insights into volcanic processes and landform
development. By simulating lava flow dynamics and thermal evolution, they provided a
framework for interpreting Martian volcanic landforms and assessing their formation
mechanisms. Burr et al. (2002) investigated recent fluvial, volcanic, and tectonic
activity on the Cerberus plains of Mars, emphasising the role of volcanic processes in

shaping surface morphology. Their findings highlighted the complex interplay between
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the region's volcanic activity, tectonics, and surface water interactions. Head and
Wilson (2002) synthesised general environments and geological settings of magma—
water interactions on Mars, elucidating the role of water in modifying volcanic
landforms. Their study underscored the significance of hydrothermal processes and
magma—water interactions in shaping Martian surface features. Leverington (2004,
2006) proposed volcanic processes as alternative mechanisms of landform
development on Mars, challenging conventional interpretations of outflow channel
formation. By examining volcanic rilles and landforms near candidate crater-lake sites,
Leverington provided alternative explanations for Martian landforms, highlighting the

complexity of surface processes on Mars.

2.4.3. Aqueous or Lava?

In the debate surrounding the formation of channels on Mars, two prominent
researchers, David Leverington and Devon Burr, have presented contrasting
interpretations based on their analyses of Martian surface features. Leverington's
research (Leverington, 2008) and Burr's findings (Burr, 2002; Burr, 2007) offer
divergent perspectives on whether these channels are primarily the result of volcanic
activity or fluvial processes.

Leverington's investigations have emphasised the role of volcanic activity in shaping
Martian landscapes. Leverington (2008) conducted extensive analyses of channels in
volcanic regions of Mars, particularly in areas such as the Tharsis and Elysium volcanic
provinces. He contends that the morphology and distribution of these channels align
more closely with features produced by lava flows rather than water-driven processes.
Leverington (2008) highlights characteristics such as sinuous channels with levees,
streamlined islands, and the absence of extensive sedimentary deposits as evidence of
volcanic channel formation. He argues that the low viscosity of Martian lavas and the
planet's low atmospheric pressure facilitated lava flows' rapid and extensive carving of

channels.

In contrast, Burr's (2002, 2007) research has advocated for a fluvial origin for Martian
channels, challenging the prevailing interpretation of volcanic formation. Central to
Burr's argument is the detailed examination of Martian valley networks, which she
contends bear striking similarities to terrestrial river systems in terms of morphology
and distribution. Through analysis of high-resolution imaging data from Mars orbiters
such as the Mars Reconnaissance Orbiter (MRO), Burr has identified key

morphological features within these valley networks that are characteristic of fluvial
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erosion and deposition. She points to dendritic drainage patterns, meandering
channels, and evidence of erosion and sediment deposition indicative of past fluvial
activity. Burr's approach relies on geomorphological analogies with Earth's river
systems, suggesting that similar processes of erosion and sediment transport operated

on Mars, albeit under different environmental conditions.

The key differences between Leverington's and Burr's interpretations lie in their
underlying assumptions about the dominant geological processes operating on Mars
and the analogies they draw with terrestrial landscapes. Leverington emphasises the
erosional effects of volcanic activity, drawing parallels with features produced by lava
flows to interpret Martian channels as the product of ancient volcanic activity. In
contrast, Burr favours a fluvial explanation, citing the geomorphological similarities
between Martian valley networks and terrestrial river systems as evidence of water-

driven channel formation.

By juxtaposing Leverington's focus on volcanic processes and Burr's emphasis on
fluvial processes, the debate over the origins of Martian channels underscores the
complexity of interpreting planetary surface features and the importance of
interdisciplinary approaches in unravelling the geological history of Mars. While
Leverington's volcanic interpretation challenges conventional assumptions about the
role of water in shaping the Martian landscape, Burr's emphasis on fluvial processes
highlights the potential influence of water in sculpting Martian terrain. Reconciling these
contrasting viewpoints may require further empirical data and integrated analyses from

future Mars missions.

2.4.4. Concluding Remarks

Studies investigating Martian volcanicity, such as those by Baker (1982) and Edgett
and Rice (1995), have significantly enhanced our understanding of the planet's
volcanic history. However, a lack of comprehensive analysis of the interplay between
volcanism and tectonics remains. While some studies, like Burr et al. (2009), review
Amazonian-aged extensional-tectonic megaflood channels on Mars, they may not fully
integrate seismic data into their volcanic models. Brown and Roberts' work in 2019 and
2023 focuses on flow channels and repeated, cross-cutting, and spatially migrating
outflow channel formation in Grj6ta Valles, Mars, respectively, highlighting the dynamic
nature of Martian volcanic activity. Future research should aim to incorporate seismic
observations into volcanic models, allowing for a more holistic understanding of the

processes driving Martian volcanism and tectonics.
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2.5. Seismicity

2.5.1. Introduction

Seismic activity on Mars offers valuable insights into the planet's internal structure,
tectonic processes, and geological evolution. This brief literature review attempts to
trace the history of our understanding and knowledge of Martian seismicity, drawing

upon the work of seminal studies.

2.5.2. Key Findings

Nakamura and Anderson (1979) made ground-breaking observations of Martian wind
activity using a seismometer deployed at the Viking lander 2 site. Their findings
provided the first direct evidence of atmospheric disturbances on Mars, shedding light
on the planet's atmospheric dynamics and surface interactions. However, there is still
ongoing debate as to whether the observations and signals detected were, in fact,
seismic in origin. Hall et al. (1986) conducted tests of lithospheric loading models for
the formation of tectonic features in the Elysium region of Mars. Analysing surface
topography and crustal deformation patterns offered valuable insights into the role of
lithospheric stresses in shaping Martian tectonic landscapes, advancing our
understanding of the planet's geodynamic processes. Golombek et al. (1992) predicted
Mars’ seismicity from surface faulting, proposing a correlation between surface fault
patterns and potential seismic activity. Their study laid the foundation for subsequent
seismic investigations on Mars, providing a framework for identifying seismically active
regions and fault networks. McKenzie and Nimmo (1999) proposed that Martian floods
could be generated by the melting of ground ice above dykes, highlighting the potential
role of subsurface hydrological processes in inducing seismic activity. Their study
offered new insights into the interconnected nature of Martian geophysical phenomena,
linking seismicity to surface—water interactions and volcanic activity. Hanna and Phillips
(2006) investigated the tectonic pressurisation of aquifers in the formation of Mangala
and Athabasca Valles on Mars. By modelling aquifer pressurisation dynamics, they
elucidated the mechanisms driving catastrophic outflow events and associated
seismicity, enhancing our understanding of hydrological processes and their seismic
implications on Mars. Knapmeyer et al. (2006) developed working models for the
spatial distribution and level of Mars' seismicity, providing valuable insights into the
distribution of seismic activity across the planet's surface. Their study contributed to the
refinement of Martian seismological models, guiding the selection of target regions for

future seismic investigations. Burr et al. (2009) conducted a review of extensional—
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tectonic megaflood channels on Mars, highlighting the role of tectonic processes in
generating catastrophic floods and associated seismic events. Their analysis
underscored the dynamic interplay between tectonics, hydrology, and seismicity in
shaping Martian landscapes. Giardini et al. (2020) presented a comprehensive
overview of Martian seismicity, synthesising data from seismological observations and
numerical models. Their study provided key insights into marsquakes' frequency,
magnitude, and distribution, advancing our understanding of Martian interior dynamics
and crustal properties. Perrin et al. (2022) investigated the geometry and segmentation
of Cerberus Fossae on Mars, elucidating the structural complexities and seismic
implications of fault systems in the region. Analysing fault patterns and subsurface
geometry provided valuable constraints on the occurrence and properties of
marsquakes in the Cerberus Fossae region.

2.5.3. Concluding Remarks

While previous studies by Nakamura and Anderson (1979) and Phillips and Grimm
(1991) have shed light on Martian seismicity, there remain gaps in understanding the
spatial and temporal variations in marsquake magnitude across different regions of the
planet. Although some research, such as that conducted by Knapmeyer et al. (2006)
and Taylor et al. (2013), has attempted to address this issue, these studies may not
fully capture the nuances of Martian seismic activity. The work of Brown and Roberts
(2019) focuses on flow channels, while their 2023 paper concentrates on the repeated,
cross-cutting, and spatially migrating formation of outflow channels in Grjéta Valles,
Mars. Though indirect, their research underscores the need for a deeper understanding
of the geological processes driving seismic activity. Future studies should aim to
integrate seismic observations with high-resolution geological mapping to elucidate the
relationship between tectonics, surface features, and seismicity on Mars, thus filling

critical gaps in our knowledge of Martian geophysics.

2.6. Surface and Subsurface Geological Processes on Mars

2.6.1. Introduction

Mars’ similarity to Earth and its potential for harbouring signs of past or present life is
intriguing. While much attention has been devoted to Mars' surface features, such as
its polar ice caps, canyons, and ancient river valleys, understanding its internal
structure is essential for unravelling its geological history. Numerous studies have

contributed to our understanding of Mars' internal composition, shedding light on its
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formation and evolution. Of particular interest is the Cerberus Fossae region, which

has emerged as a pivotal area for understanding Mars' geology and seismic activity.

2.6.2. Evidence from Geological and Seismic Activity

Early missions, like the Viking landers of the 1970s, provided the first glimpses of the
Martian atmosphere and surface. Mass spectrometry analysis revealed organic
compounds, water, and volatile constituents, sparking intrigue about Mars' potential
habitability. However, it was not until subsequent missions and studies that the
understanding of Mars' internal dynamics began to take shape. Carr (1979) provided
insights into the formation of Martian flood features, suggesting the release of water
from confined aquifers as a mechanism. Baker and Milton (1974) highlighted erosion
by catastrophic floods as a significant geological process on Mars and Earth.

The detection of Martian wind activity by a seismometer at the Viking lander 2 site, as
reported by Nakamura and Anderson (1979), offered valuable insights into the planet's
geological dynamics. Brass (1980) further explored the stability of brines on Mars,
shedding light on the potential presence of liquid water beneath the surface. Over the
years, advancements in technology and the accumulation of data from various
missions allowed for more detailed investigations. Tanaka (1986) provided a
comprehensive stratigraphy of Mars, offering insights into its geological history. Plescia
(1990) identified recent flood lavas in the Elysium region, indicating dynamic geological
processes. The notion of Martian seismicity gained traction with studies like Phillips
and Grimm (1991) and Golombek et al. (1992), which predicted and detected Mars'
seismic activity. This seismicity was further explored by Banerdt et al. (1992) and Zuber
et al. (1992), laying the groundwork for understanding Mars' interior structure. The
Cerberus Fossae region emerged as a focal point for research, with studies like
Vetterlein and Roberts (2009) and Burr et al. (2009) providing insights into its structural
evolution and geological activity. Pendleton (2015) and Nahm et al. (2016) contributed
to understanding dike intrusion-related processes in this area. Advancements in
remote sensing technology, such as those used by Dundas et al. (2018) and Horvath
et al. (2021), revealed widespread exposures of ice in the mid-latitudes and evidence
of geologically recent explosive volcanism. Meanwhile, Magee and Jackson (2021)
explored the surface expression of dike-induced faults, offering clues about subsurface

dike geometry.
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2.6.3. Geological Significance of Cerberus Fossae

Recent studies have focused on the Cerberus Fossae region, a prominent tectonic
feature on Mars. Burr and Parker (2006) provided insights into flood sediment
deposition in the area, highlighting its geological significance. Pendleton (2015)
proposed a link between Cerberus Fossae and recent groundwater flow, shedding light
on the region's hydrological history. Nahm et al. (2016) further supported the notion of
dike intrusion-related formation and modification in Cerberus Fossae, emphasising its

role in Mars' volcanic activity.

2.6.4. Concluding Remarks

From early glimpses provided by the Viking landers to recent advancements in remote
sensing technology, our understanding of Mars' geological evolution and seismic
activity has grown exponentially. The Cerberus Fossae region stands as a testament to
the complexity of Martian geology, offering valuable insights into the planet's past and
present dynamics. As exploration continues, further discoveries are poised to deepen
our understanding of Mars' internal workings and place it in the broader context of
planetary science.

2.7. Recent and Ongoing Activity on Mars

2.7.1. Introduction

Recent findings have shown that Mars, contrary to being a dead planet, has areas that
could well be still volcanically, tectonically, and hydrologically active. This section of the
chapter looks at recent research work that investigates ongoing geological processes
and how such work is reconfiguring the established view that Mars is dormant, showing
instead that there are pockets on the Martian surface that suggest geological

processes are still active.

2.7.2. Volcanism and Tectonic Activity in Elysium Planitia

The volcanic plains in Elysium Plains have been dated to between 53 + 47 and 210 +
12 million years (Horvath et al., 2021). Such young ages suggest that the planet is still

volcanically active, supporting Neukum et al.’s (2004) hypothesis that there has been

recent volcanic activity on the planet.
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2.7.3. Seismic Activity Detected by InSight

Giardini et al. (2020) and Banerdt et al. (2020) studied data recorded by the InSight
seismograph and proposed that the seismic signals recorded are due to stress
adjustments within Mars’s crust, either from tectonic shifts or volcanic activity. The fact
that seismicity appears to be ongoing in a region like Cerberus Fossae only serves to
bolster the idea that certain pockets on the Martian surface, in particular in Elysium

Plaitia, are not only active but still evolving (Jacob et al., 2022).

2.7.4. Impact Cratering and Martian Subsurface Probing

Research has shown the importance of using fresh impact craters to understand
Martian geology and environmental history, as each impact crater ‘peels’ back layers of
the subsurface that were hitherto inaccessible (Daubar et al., 2013; Malin et al., 2006).
Given the information that impact craters can reveal about the planet’s history, it is all
the more intriguing that recent work by Daubar et al. (2024), studying InSight data,
suggests that a significant amount of seismic events detected by InSight, especially
those in the very high-frequency category, are in fact due to impact events. This is
extremely important because a. it would suggest that the Martian surface is being
modified by impact events at a greater rate than originally thought, and b. "Knowledge
of the recent impact rate, even if only over a narrow window in time, can be applied to
chronology systems to help calibrate crater count—-based estimates of surface ages."
(Daubar et al., 2024). In short, how scientists understand the age of the planet’s

surface may need to be revised.

2.7.5. Evidence of Water Activity

The possibility of there being liquid water on Mars is intriguing. Research on Mars's
water history has shown that it is more complex and dynamic than previously thought.
Dundas et al. (2018) identified significant subsurface ice in mid-latitudes and the
southern polar regions, respectively. Lauro et al. (2021) showed evidence of subglacial
lakes under the southern polar ice cap, while Ojha et al. (2015) noted seasonal briny
water flows. Localised liquid water may exist on Mars, with the emphasis being on the
adjective ‘localised’. The idea that localised liquid water may exist in certain pockets on
the Martian surface lends weight to part of the work in this thesis, that liquid water may
have recently carved channels on the Martian surface in the Cerberus Fossae region.

Much more research is required in the search for liquid water on Mars.
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2.7.6. Cerberus Fossae: A Key Region for Understanding Recent Geological

Activity

The Cerberus Fossae is a particularly important region for understanding Mars' recent
geological evolution. Formed in the Late Amazonian, possibly within the last 10 million
years, the Cerberus Fossae represent a tectonically active area. These fissures are
thought to have been associated with both volcanic and aqueous processes, such as
the sourcing of both lava and water that carved out features like Athabasca Valles
(Burr et al., 2002). The discovery of ongoing seismic activity in this region by InSight

further emphasises its significance in the study of Martian geology (Jacob et al., 2022).

The Cerberus Fossae’s relatively young age and recent seismic activity raise important
questions about the current state of Mars’ subsurface. Could volcanic or tectonic
activity drive subsurface heating, potentially sustaining habitable conditions? The
potential presence of subsurface liquid water, combined with ongoing tectonic shifts,
suggests that Mars may not only be geologically active but could also harbour

environments suitable for microbial life.

2.7.7. Mars' Geological History and Its Broader Implications

Mars has undergone profound changes over the last 4.6 billion years. It transitioned
from a potentially warm and wet planet with conditions that might have supported life to
the cold, dry, and largely inactive world we see today. However, recent findings
indicate that Mars is not entirely static. Studies of its volcanic plains, seismic activity,

and impact craters show that the planet continues to evolve geologically.

The ongoing research from missions like InSight and the study of features like the
Cerberus Fossae provide crucial insights into the planet’s recent geological activity.
These findings help researchers to refine their understanding of planetary evolution
and to assess the potential for habitable environments on Mars, both in the past and
present. As new data continues to be collected, our understanding of Mars' geological
activity will only deepen, potentially opening new chapters in the exploration of this

enigmatic planet.

2.7.8. Conclusion

In summary, recent literature, including work from the InSight mission (Jacob et al.,

2022), has shed light on Mars' ongoing activity, particularly in regions like Elysium
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Planitia and Cerberus Fossae. Mars once considered a geologically dead planet, now
appears to have a dynamic interior that continues to shape its surface, offering insights

into both the planet's past and the potential for future exploration.
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CHAPTER 3.
METHODS

3.1. Introduction

The research presented in this thesis examines the evidence for two seemingly
unrelated but potentially interconnected geological processes that have taken place
along the northernmost Cerberus Fossae, close to Grjéta Valles in Elysium Planitia.
One is the recent seismic activity in the northernmost Cerberus Fossae identified
through the observation and measurement of mobilised boulders, and the other is the
flow episodes that formed channels in the late-Amazonian period. These flow episodes
originate from the northernmost Cerberus Fossae and flow towards the northeast, east,
and southeast. The region's proximity to the Elysium Mons and the smaller Albor
Tholus volcanoes and the possibility of ongoing subsurface volcanic activity in these

areas create a nexus between the two topics.

However, to identify the connection, both geological processes had to be measured to
allow quantitative data collection on both processes that could be repeated. As
discussed in this Chapter, qualitative research was also needed. Once data
measurements had been collected for both geological processes, the next step was to
use a series of steps that involved using data from the two aforementioned geological
processes, published data on crater counts within the flow channels, published SEIS
seismic data, and the use of a package of MATLAB tools called FiSH (Fissile
Earthquake Seismology) to iterate the slip rate of the northernmost Cerberus Fossae
(seismicity: boulder trail populations as a proxy seismograph used in conjunction with
SEIS data; flow channels: geomorphological analyses that reveal multiple flow
channels of decreasing age west—east combined with crater count ages; FiSH code to
iterate slip rates of faults based on Mw estimates/data). Chapters 4, 5, and 6 discuss
the research findings. However, this chapter focuses on how the data was collected
and why each specific method was chosen over another. The equipment and software
used will also be discussed, along with any difficulties encountered during data

collection and analysis.
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3.2. Identifying Boulder Trails and Fallen Boulders—High-Resolution

Imaging Science Experiment (HIRISE) Images

A study of the northernmost Cerberus Fossae, an approximately 200 km long set of en
echelon graben segments located within the Grjot4 Valles channel system, using
Google Earth Pro using the CTX Mosaic feature (a mosaic composite of all the Mars
Reconnaissance Orbiter (MRO) Context Camera (CTX) images available) revealed that
both sides of the fault and the base were littered with boulder trails, some with a
boulder at the terminus of the trail; with others many trails without a boulder at the
terminus. The width of the trails varied, as did their lengths. However, the resolution of
the CTX imagery (5—6m/pixel) (Malin et al., 2007) does not have the sufficient
resolution required to discern details and to make measurements. To have imagery of
a quality that is high resolution enough, images captured by the High-Resolution
Imaging Science Experiment (HIRISE) camera on the NASA Mars Reconnaissance
Orbiter spacecraft were used. The resolution of HIRISE images is ~25cm—30cm/pixel,
which is essential for the data collection required in this research. However, whilst CTX
imagery covers nearly 100% of the Martian surface (Malin et al., 2007), its resolution
prevents it from being a suitable tool for detailed analysis of boulder trails. HIRISE
images, whilst of excellent resolution, have limited ‘footprints’ or coverage of Mars, with
approximately only 4% coverage of the surface and highly non-uniform coverage
(McEwen et al., 2007). Given the limited coverage, it was fortuitous that across the
study region, a sufficient number of HIRISE footprints existed to cover a significant
portion of the required study area. (Figure 3.1c). Table 3.1. shows the HIRISE images
used in the research and identifies images with stereo pairs. Figure 3.2a—b compares
CTX mosaic imagery resolution of location area 10 (corresponding with HIRISE
footprint ESP_018075_1955) with that of the HIRISE image footprint
ESP_018075_1955.
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Figure 3.1. a. and b. Location map for the northernmost Cerberus Fossae c. The exact position
of the HiRISE footprints (orange rectangles) along the northernmost Cerberus Fossae (red).

65



Table 3.1. Shows the HIRISE images used in the research, the number assigned to each
number by the author, and the latitude and longitude together with the map projected scale.

Number
toATrilgn:(ijn HIRISE image Stereo Pair Latitude | Longitude roMeac?ted
9 name (Yes/No) (centred) (east) proj
the scale
Research

1 PSP 008502 1965 N 16.250° | 160.575° 25
cm/pixel

ESP_018774_1965 Y 50

2 16.085° | 160.723° .
ESP_018141_1965 cm/pixel

Y 160.828° o5

3 PSP_006999_1965 16.100° :
PSP_006709_1965 cm/pixel

ESP_025011_1965 Y o5

4 16.141° | 161.011° ‘
ESP_025156_1965 cm/pixel

5 ESP_018708_1960 N 15.819° | 161.448° 50
- - cm/pixel

6a ESP_027345_1955 N 15.571° | 161.792° 50
- - ’ ’ cm/pixel

6b ESP_027345_1955 N 15.571° | 161.792° 50
- - ’ ’ cm/pixel

Y 25

8 ESP_026712_1960 15.715° | 162.013° '
ESP_026356_1960 cm/pixel

9 PSP_006287_1955 N 15.479° | 162.677° 25
- - cm/pixel

10 ESP_018075_1955 N 15.386° | 162.928° 25
- - cm/pixel

Y 25

11 ESP_028400_1955 15.329° | 163.242° .
ESP_033371_1955 cm/pixel

Y 25
12 PSP_010361_1955 15.311° | 163.336° el
PSP_006788_1955 cm/pixe

13 PSP_007790_1955 N 15.209° | 163.657° 25
- - cm/pixel
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Figure 3.2. a. Seam-corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using
Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO), centred at 15.40°N /
162.923°E, the approximate location of the HiRISE footprint ESP_018075_1955. Of note is that boulder
trails can be seen, but the resolution is not of sufficient quality to be sure whether these are boulder trails
or something else. b. A detail from HIiRISE footprint ESP_018075_1955 was resolved using HiVIEW
(version 1.5.0), the image viewer and data explorer for very large JP2 files. With a resolution of ~25cm/px,
the resolution is excellent and allows for a much clearer and more detailed examination of the Martian
surface. Note that in comparison to the CTX mosaic image, the details are much clearer to resolve.
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HIiRISE images of Mars were used in this research because there were a sufficient
number of clear HIRISE footprints across the northernmost Cerberus Fossae (Figure
3.1 c¢; Table 3.1). The HIRISE camera’s high-resolution capability provides an
unprecedented resolution of the Martian surface. National Aeronautics and Space
Administration (NASA) HiRISE images were accessed using the Planetary Data
System (PDS) node at the University of Arizona (http://hirise.lplarizona.edu/). They
were then opened in HIVIEW (https://www.uahirise.org/hiview/), a data explorer and
image viewing application supporting the JPEG2000 image format of images taken by
HIRISE. A JPEG2000 contains the metadata that describes the image, stored as
compressed codestreams. The JPEG2000 codestream is based on a Discrete Wavelet
Transformation (DWT) of the original image pixel values. This codestream has
characteristics that enable it to be selectively decoded for all or part of the entire image
area at less than the original image resolution and less than the full quality level of the
original image while maintaining high-quality viewing fidelity. HiVIEW uses the
JPEG2000 codestream’s characteristics by only rendering the area of the image
needed at excellent resolution. This means that the whole images are not stored on the
computer, which would have been prohibitive given the sizes of the images, with
individual HIRISE images typically ranging from tens of megabytes to a few gigabytes.
JPEG (Joint Photographic Experts Group) is a commonly used image format that
applies lossy compression (Wallace, 1991), meaning that some data is discarded to
reduce the file size. However, the compression process can cause a slight loss in
image quality, especially when repeatedly saved. As such, during this research, the
JPEG format (Skodras et al., 2001; Taubman and Marcellin, 2002) was used carefully
to ensure that images were saved with minimal compression settings. Accordingly, this
preserved the image quality, essential to analysing boulder trails, as confirmed by the
resolution remaining sufficient for measurement and comparison with HiRISE data.
Using JPEG with maximum quality settings made no noticeable impact on the
resolution or clarity necessary for the study. An example of the excellent resolution of
HIiRISE images is shown in Figure 3.3 a—c. A section of the HIRISE stamp (footprint)
ESP_018075_1955 RED (footprint number 10, Figure 3.1; Table 3.1.) image is shown
at different magnifications. Getting ‘closer’ to the surface and the resolution of the
imagery remains excellent. As Figure 3.3 a—c shows, boulder trails and boulders are
discernible in a. In b and c, details are visible, such as the shapes of boulders, whether
the boulder trails have gaps, an indication of whether a boulder bounced, and whether
boulder trails have a boulder at their terminus. Such detail was essential as it permitted
measurements of boulder trail density, boulder trail width, and size of boulders to be

measured.
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Figure 3.3. Three images of full-resolution HIRISE stamp (footprint) ESP_018075_ 1955 RED
(footprint number 10, Figure 3.2.1. and Table 3.2.1.) The images were resolved in HIVIEW
(version 1.5.0), the image viewer and data explorer for very large JP2 files at a ~25cm/px
resolution. a. A view of the fossae base and northern and southern inner-slopes of the fossae.
Note that few boulders and boulder trails can be fully discerned. b. A close-up image of the
black box from a. The excellent resolution of the HiRISE image allows for more boulders and
boulder trails to be clearly identified. c. A close-up image of the black box from b. The excellent
resolution provides for a full investigation into boulders and boulder trails, with the size and
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shape of boulders clear. It is also possible to identify if boulder trails have their boulders at the
terminus and whether boulders have bounced down the slopes. It even allows for an analysis of
the degree of degradation of the boulder trails. Black arrows indicate boulder trails; red arrows
indicate fallen boulders.

Once the locations of the HIRISE images were identified, the images were analysed
sequentially using HIVIEW (as discussed previously) to locate clear boulder trails and
fallen boulders inside the northernmost Cerberus Fossae. Once this was completed for
a particular location using HiVIEW, an image of the area was saved, ensuring that the
image size scale was 1.0 to ensure that each image was saved at full resolution.
Progressively, each HIRISE image was studied, boulder trails and fallen boulders were
identified, and each ‘close-up’ image from HiVIEW was saved. Each image from each
location was then, where necessary, merged with the other images from a location in

Adobe lllustrator. The final images were saved as JPEGS.

3.2.1. Measuring Features Identified in HIRISE Images Using Google Earth

The HIRISE images as JPEGS were imported into Google Earth Pro (version 7.3) as
georeferenced image overlays. This was carried out so that the range of measuring
tools available in Google, such as the ruler tool, could be utilised. The georeferencing
process involved selecting between 5 and 10 control points for each HIRISE image,
matching identifiable features in both the HIRISE images and Google Earth Pro. A
linear transformation was then applied to ensure accurate placement of the images.
This method allowed for basic fitting of the image overlays with minimal distortion.
While more complex transformations, such as polynomial or spline, were not required,
careful control point selection minimised potential positional errors, ensuring that
measurements of boulder trails and fractures were accurate. It was important to easily
and accurately measure many features, including boulder trail length, width, and
distances across the northernmost Cerberus Fossae. Another software application was
considered (JMARS, developed by Arizona State University's Mars Space Flight
Facility) but was not used for reasons discussed in Section 3.2.2. There were 19 areas
covered by HIRISE imagery along the study area of the northernmost Cerberus Fossae
(Table 3.1). Six of the locations are stereo pair-HIRISE images. One of the images
(ESP_027345_1955) covers an area that has six fractures, two of which were required
for this study, with one (ESP_027345_1955) split into two images (6a and 6b),
meaning 13 images were used in total. Once each of the merged HiVIEW images for
each HIiRISE image was saved as JPEGS and imported into Google Earth as
georeferenced image overlays, systematic measurements were undertaken for each

image.
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3.2.2. Potential Problems and Alternative Software Options

After selecting HIRISE as the preferred format for the images to be studied, due to
HiRISE’s high resolution (approximately 25cm per pixel), it was crucial to confirm that
the HIRISE map projections and image overlay process in Google Earth Pro did not
distort the images to an extent that would cause inaccuracies in any measurements
taken in Google Earth Pro. Such inaccuracies would render the research findings/data

flawed.

HIRISE images are processed using a local equirectangular projection that is specific
to the central latitude of each image. As such, the projection is adjusted for each
individual image based on its latitude, ensuring minimal distortion. This is important to
ensure an accurate representation of features between latitudes 65°S and 65°N,
meaning that measurements taken during this research were accurate. Given that the
images used in this research are well within this range and are relatively close to the
equator, it was considered that the shape distortion of the images used in this research
would be minor and not affect measurements. However, it was important to double-
check this by checking measurements taken using Google Earth Pro against ArcGIS
Pro (versions 2.1 and 2.2). The values were similar to those from Google Earth Pro to
the extent that results were unaffected, with a <1% difference in distance between
ArcGIS and Google Earth Pro at the latitudes studied. Once each of the merged
HiVIEW images for each HiRISE image was saved as JPEGS and imported into
Google Earth Pro as georeferenced image overlays, systematic measurements were

undertaken for each image.

Java Mission-planning and Analysis for Remote Sensing (JMARS) is a geospatial
information system (GIS) developed by Arizona State University’s (ASU) Mars Space
Flight Facility. One of its functions is to provide data-analysis tools to scientists and the
general public. It provides a platform for visualising and analysing data from different
Mars missions, including images and other scientific data (Christensen et al., 2009).
HIRISE and CTX images are available through the platform. It was considered for use
to assist in data collection and image analysis. However, the user interface proved to
be slow, cumbersome, awkward, and prone to frequent glitches, such as causing the
screen to freeze. As such, JMARS was not used for image analysis and
measurements. However, the current version of IMARS (version 5.3.15.2) is an
improvement on earlier versions and is far more user-friendly than earlier versions,

albeit still prone to freezing. As such, if the research were to have begun this year, it is
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possible that IMARS would have been used in conjunction with HiVIEW and Google
Earth.

3.2.3. Measurements, Data Collection, and Analysis

3.2.3.1. Boulder Trails Measurement

For each of the 13 HiRISE images, the location of every boulder trail that could be
identified in each of the 13 areas along approximately 1.5- to 6.5-km-long transects
along the slopes immediately adjacent to the floors of the graben was recorded. These
transects were chosen because (a) they existed at the bases of steep slopes along
fault-controlled cliffs and (b) fine-grained deposits (probably aeolian sand and dust)
were present that preserved boulder trails. Measurements were not made where the
surface appeared too coarse to preserve boulder trails as the resolution (~25 cm/px)
limits the ability to reliably distinguish boulder/rock sizes smaller than ~1 m.

An example of this procedure is shown in Figure 3.4.a. The zig-zag lines in this figure
show how measurements of the boulder trails proceeded in a general along-strike
direction. Some locations had a great density of boulder trail populations, and this zig-
zag counting method helped to ensure accuracy whilst counting and avoid double-
counting. The exact locations where boulder trail width (blue dots) were measured
were generally the widest part of the trail. These locations were marked to allow
revisits of the locations to measure boulder trail width. The along-strike distance was
recorded as the longitude of each blue dot (Figure 3.4 a) for conversion into the values
of boulder trails per kilometre using trigonometry and a conversion factor for degrees
longitude into kilometres. The results of this conversion procedure are shown and

explained in Chapter 4 (Section 4.3.1).
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Detail of HIRISE footprint ESP_026712_1960 (Figure 8) of the southern
slope of the fossae. The black zig-zag lines proceeded in a general
along-strike direction, not returning to along-strike locations where boulder
trails had been marked. The exact locations where boulder trail width was
measured is marked by blue dots, generally the widest part of the trail.
White arrows indicate just a few of the many boulder trails visible.

b. 15.790
Example of dense
boulder trails
15.780
()
©
=
5
15.760
|
15.750
161.960 161.980 162.000 162.020 162.040 162.040

Longitude

/\/ Traverse across the slope in search of boulder trails

. Location where a boulder trail was identified

Figure 3.4. An example of a boulder trail density measurement for Image 8 (HiRISE footprint
ESP_026712_1960) is centred at 15.766°N / 162.033°E. a. A HiRISE image detail showing the
fossae's base and southern slope. Vertical lines of varying widths and orientations mark the
slope. These are the boulder trails (some are highlighted with white arrows). There are also
many fallen boulders on the lower section of the slope and at the base of the fossae. The black
zig-zag line that connects the boulder trails was the method used to count boulder trails across
HIRISE images. The blue dots at the apex of the zig-zags are the widest sections of that
particular boulder trail. This was important as boulder trail width measurements were collected
after the boulder trail measurements were taken. b. Graph showing location and density of
boulder trails found along a WNW-WSE transect traversing 0.03°of longitude. The boulder trail
density measurements are discussed in section 3.2.3 of this chapter.
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In summary, the along-track lengths of the zig-zag tracks were not used in any
calculation but served to record exactly how boulder trail populations were traversed
and where measurements were made. The system employed here was reliable, and
there exists a high level of confidence that in areas where boulder trail densities were
relatively low (< 45 boulder trails per kilometre), all trails were counted. In areas where
boulder trail density was greater (= 45 boulder trails per kilometre), it was difficult to
recognise every boulder trail because some boulder trails coalesce. Also, it is important
to note that boulder trails of < 95 cm width were probably not resolved, leading to an
underestimation of the boulder trail density. This being the case, the hypothesis
depends on the largest mobilised and, therefore, the widest boulders trails.

3.2.3.2. Boulder Trail Width Measurement

Boulder trail widths were defined as the width between the raised levees or sharp
edges that formed on the underlying substrate as the boulder traversed across it. All
boulder trails were measured, including those without an identified boulder at the trail’s
terminus. The widths were measured at their widest point to exclude measurements
where the boulder bounces and leaves a narrower trail. There is cross-image variation
in boulder trail density on HIRISE images. Where one can see that the substrate is
coarse-grained, with visible boulders, no trails exist. Thus, measurements of the
distance across areas where one could gain continuous records on regions where the
substrate appeared fine-grained were made, and the values were converted into

numbers per kilometre.

The ten widest boulder trails’ widths from each of the thirteen images were used to find
a mean width value to estimate the dimensions of mobilised boulders. To ensure
accuracy when measuring distances using the ruler tool in Google Earth Pro on
pixelated images, the co-author for the published paper (Brown, J. R., & Roberts, G. P.
(2019). Possible evidence for variation in magnitude for marsquakes from fallen
boulder populations, Grjota Valles, Mars. Journal of Geophysical Research: Planets, p.
124. https://doi.org/10.1029/ 2018JE005622), Gerald P. Roberts and the present
author independently measured the same images and compared results. Figure 3.2.5
a—b shows the comparisons between the results. The sets of results proved to be
broadly comparable within error, with the differences between results (<1 m for the
mean value for the ten widest boulder trails and <10—-20 boulder trail counts per
kilometre) being far smaller than the signals that were measured (between 1 m and 5.5

m for the mean value for the ten widest boulder trails and between 0 and 100 for the
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boulder trail counts per kilometre). Overall, using the ruler tool in Google Earth Pro,

measuring

the number of boulder trails and their widths proved robust and repeatable.
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Figure 3.5. Boulder trail lengths and widths were counted and re-counted by the authors Brown,
J. R., and Roberts, G. P. (2019). Possible evidence for variation in magnitude for marsquakes
from fallen boulder populations, Grj6ta Valles, Mars. Journal of Geophysical Research: Planets,
p. 124. https://doi.org/10.1029/ 2018JE005622. (a) Calibration graph for the 10 widest boulder
trails, showing the comparison between Dataset #1 and Dataset #2. These results demonstrate
repeatability, as the results from both surveys are broadly comparable.
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(b) Calibration graph for boulder trail counts per kilometre, showing a very strong correlation
between the two datasets. The R2 value for this regression is 0.981, indicating a very strong
correlation. An F-test was performed, yielding an F-statistic of 258.16, which exceeds the critical
F-value of 6.61 at a 95% confidence level, confirming that the correlation is statistically
significant (p-value: < 0.00001).

3.2.3.3. Measuring Throw Across the Graben

The vertical displacement, or throw, across the northernmost Cerberus Fossae graben
was measured using data from the Mars Orbiter Laser Altimeter (MOLA) aboard the
Mars Global Surveyor (MGS) spacecraft. MOLA'’s high-resolution altitude data, with a
vertical accuracy of approximately 1.5 meters (Smith et al., 1999), allowed for
calculating the vertical offsets along the graben.

Selection of MOLA Data Points: MOLA Precision Experiment Data Records (PEDRS)
were used to select transects that cross the graben. These data points are spaced
approximately 300 meters apart along the MGS orbital track. The selected transects
provided elevation profiles that spanned both the footwall and hanging wall of the
graben, offering a comprehensive view of the vertical displacement across different

sections.

Calculation of Throw: Throw was calculated as the difference in elevation between
the plains adjacent to the graben (representing the footwall) and the lowest point on the
graben floor (the hanging wall). The throw was determined by measuring the vertical
distance between the highest point on the graben's margin and the lowest point on the
floor across several cross-sections where MOLA transects intersected the graben.The

following formula was used to compute throw at each transect:

Throw = Elevation of Footwall — Elevation of Graben Floor

The measurements showed vertical displacement increases from near zero at the
graben tips to approximately 900 meters at longitude E162°. This distribution of throw
is consistent with typical fault geometries, where displacement peaks near the centre

and tapers off towards the fault tips (Schlische et al., 1996).

Verification and Error Mitigation: To ensure the accuracy of the throw
measurements, MOLA data and imagery from the High-Resolution Imaging Science
Experiment (HIRISE) and Context Camera (CTX) were cross-referenced. This visual
comparison helped verify the graben's morphology and rule out significant sedimentary

infill that could obscure its true depth.

76



One potential source of error in the throw measurements is the horizontal resolution of
MOLA data, as data points are spaced 300 meters apart, which could lead to missed
small-scale features. However, given the overall consistency of the MOLA profiles and
the clear visibility of the graben’s structure in HiRISE images, the measured throw

values are considered to accurately reflect the vertical displacement across the graben.

Furthermore, any graben infilling by aeolian or sedimentary processes was carefully
assessed using the HIRISE imagery, and no significant infilling was observed at the

locations of the MOLA transects used for throw measurement.

3.2.3.4. Methods Used to Substantiate the Hypothesis

The hypothesis suggests that the boulder trails and fallen boulder populations in the
northernmost Cerberus Fossae were formed due to seismic shaking. However, to
validate this hypothesis, it was crucial to examine other possible theories for boulder
mobilisation. Chapter 4 discusses these alternate theories and results in greater detail.

3.2.4. Identifying Outflow Channels in Grjéta Valles—Context Camera (CTX) and
High-Resolution Imaging Science Experiment (HiRISE) with Mars Orbiter Laser
Altimetre (MOLA) Point Data

The objective of this part of the research was to study the area of the northernmost
Cerberus Fossae and the outflow channel in Grj6ta Valles, a region of approximately
70,000 km?, to identify cross-cutting relationships across the flow channels of this
region. Given that younger flow channels would incise down into older channels (cross-
cutting relationships), it was important to find a method of not only visually observing
the features of cross-cutting but also finding a method whereby the elevations of
channels and various markings along the sides of the channels or on the base of the
channels could be measured, to enable estimates regarding a flow channel’s size and
depth of incision. Earlier work studying fallen boulder trails in the Cerberus Fossae
(Roberts et al., 2012) had shown that High-Resolution Imaging Science Experiment
(HIRISE) images would be the most useful in the search for these features, given the
excellent resolution of the images (~30 cm per pixel). The HIRISE images were
analysed in HiView (which uses equirectangular projection map projections). However,
the limited number of HIRISE footprints in the study region (Figure 3.6 a) meant that
relying wholly on HiRISE images would not be possible. However, with the majority of
HIRISE footprints being located along the extent of the northernmost Cerberus Fossae,

this proved to be enormously helpful as the research progressed. Context Camera
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(CTX) image mosaics for Mars viewed in Google Earth Pro (which uses a spherical
normal (equatorial) variant of the Mercator projection for its maps) were used in this
research due to the wide extent of coverage across the study region (Figure 3.6 b),
with over 90% of the study area covered by the imagery. The mosaic is a composite of
images taken by cameras on board the Mars Reconnaissance Orbiter (MRO), hamely

the Context Camera (CTX) (with a resolution of approximately 6 m per pixel).

Northernmost
Cerberus Fosgae

Red rectangles show the
position of HIRISE footprints

in the study area. Note how
the majority are across the
northernmost Cerberus Fossae

Northernmost
A “Cerberus 'Foss%e g

of the CTXi image mOSa fo
the study region.

Figure 3.6. a—b Regional Map (centred at 15.25° N, 162.85° E) of the study area marking, a.
HIRSIE footprints available (red rectangles) and b. CTX image mosaic coverage (grey areas).
The northernmost Cerberus Fossae is marked in both images. The areas to the north and south
of the fossae are the areas where flow channels can be identified, the results of which are
discussed at length in Chapter 5.
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Through visual analysis of the imagery, areas that exhibited clear cross-cutting, i.e. a
younger flow channel incising into an older flow channel, were identified. The next step
was to then study Mars Orbiter Laser Altimetre (MOLA) data (an instrument that was
part of the Mars Global Surveyor (MGS) mission), namely MOLA Precision Experiment
Data Records (PEDR). MOLA PEDRs are individual altimetry readings along the
MGS'’s orbit track, which flew in a near-polar, elliptical orbit around Mars. These
individual readings are spaced 300m apart (Zuber. et al., 1992). MOLA operates by
firing ten laser pulses a second towards the surface. The pulse bounces back off the
surface, and the receiver measures the two-way time of light. The time taken for the
pulse to travel back and forth is noted, which measures the distance between the
spacecraft and the surface. Atmospheric effects are considered, and the spacecraft's
position is accurately tracked to estimate the surface altitude (Smith. et al., 1999;
Neumann. et al., 2001). MOLA data were used to study the vertical disposition and
geometries of channels in cross-section. The MOLA PEDRSs laser spots cover an area
of approximately 160 m in diameter, spaced approximately every 300 m. The range
measurements are quantised with a 1.5-m vertical resolution before correction for orbit
and pointing errors. The relative error in altitude along profiles is 1-10 m (Albee et al.,
2001). Consequently, only considering results with vertical variances exceeding 10
metres was crucial. To mitigate these issues, MOLA data from areas with elevation
changes occurring over less than a 160-metre horizontal distance were disregarded,
and this was ensured by analysing shadow lengths in CTX and HiRISE images, where

applicable.

Given that MGS orbited Mars many times, a significant number of MGS MOLA PEDR
transects offer exact altimetric data about the surface. It was important to identify MGS
MOLA PEDR transects that traversed particular features that warranted close
investigation. Despite a multitude of MGS MOLA PEDRSs across the study area, not all
locations and points of interest were covered. The research, therefore, had to be
adapted to ensure that MOLA PEDRs could be used.

Figure 3.7. a—b shows an area of Mars from Location 1 that was used in the research,
showing the extent of MOLA transects in the area. The area shows an older flow
channel (red dashed line) cross-cut by a younger flow channel (blue dashed line). The
area of interest is the ridge-like area that marks the flow channel wall of the younger
flow and runs approximately N-S (marked by green arrows) in Figure 3.7.a. The ‘wall’
has many ridges (marked by the green arrows), likely of different elevations. A
complete catalogue of these elevations would have been ideal to build a

comprehensive picture of the elevation and, subsequently, the flow channel. Whilst
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coverage by MOLA PEDRs was good, it was not excellent (3.7.b), and many areas of
interest could not be studied due to no MOLA PEDR data across a given area, a case
in point being the full extent of the ‘wall’ of the younger flow channel, indicated by
green arrows in Figure 3.7a. Only 11 individual MOLA PEDRs were used for this
section, marked by the orange ellipse in Figure 3.7b. MOLA data were used to study

the vertical disposition and geometries of channels in cross-section.

Location where a younger flow channel (running N-S)
incises down into an older flow channel (running W-E).
The area of cross-cutting can be seen as ridges marked
by green arrows. The elevation of each ridge in this
area would have been ideal to know. However,

MOLA PEDR coverage was limited, with only one
transect across this location.

3
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MOLA PEDR transect crosses
the area of specific interest in
this image (the orange ellipse
over the MOLA PEDR transect), " =
from which 11 MOLAPEDRs
could be used for data
collection and analysis.
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Figure 3.7. a—b. CTX image mosaic detail of a section from Location 1 from the study of flow
channels in Grj6ta Valles (centred at 15.78° N, 161.54° E) highlighting the locations of MOLA
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PEDRs across a segment of the study region. a. An area that shows an older flow channel (red
dashed arrow) being cross-cut by a younger flow channel (blue dashed arrow). Of interest is the
section indicated by green arrows, the inner wall of the younger flow channel. This area is
ridged, with the ridges corresponding to different elevations. b. The same location, but now the
MOLA PEDR transects (yellow markers) are visible. Note that the inner wall of the younger flow
channel only has one MOLA transect across it, with 11 MOLA PEDRs of use to the study,
marked by an orange ellipse.

3.2.5. Construction of a Regional Map and Location Maps and Cross-Sectional
Profiles using CTX, HIRISE, and MOLA PEDR Data

After a rigorous analysis of the study location, seven key locations (and four
supplementary locations) were selected for more detailed analysis. The locations were
selected based on the following criteria:

i.  That there exists in each location clear evidence of cross-cutting channels.

ii. The channels visible in each location could be mapped back to their source. Some
of the observed cross-cutting relationships could have been between distributary
channels, where the main channel divides into multiple channels downstream. This
meant it was essential to map channels back to their source to avoid an

exaggerated number of outflow channel formation phases

ii. Sufficient and pertinent MOLA PEDR coverage exists (at least five or six MOLA
transects per location) to facilitate the construction of cross-sectional profiles of
areas that highlight cross-cutting relationships and enable the construction of

topographic profiles across the width of the flow channels.

iv. A vertical difference greater than 10 m, meaning that the range in elevations in
each location had to be more than 10 m. Less than 10 m vertical difference is the
relative error in altitude profiles, as noted by Albee et al. (2001). However, this filter
on features to be studied is not considered to bias the study. All the main channels
observed on the HIRISE images that required study had vertical extents in excess

of 10 m, so none were omitted from the study.

v. Finding locations located along the entire length of the northernmost Cerberus
Fossae and close to the northernmost Cerberus Fossae was also important, i.e.
locations had to be representative of sections of the northernmost Cerberus

Fossae from west to east.

81



The flow channels in the four supplementary locations could not be mapped back to their
sources. Nonetheless, the locations were valuable because they assisted in delineating
the entire research area in terms of each flow’s lateral extent, thus assisting in marking
each flow’s boundary. Figure 3.8 shows the final location map, with the key study

locations and supplementary locations marked by white rectangles.
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Figure 3.8. Regional Map (centred at 15.25° N, 162.85° E) of the study area marking the source
areas of the five flows and the extent of each flow. The key study locations, 1 through 7 (Figures
5.4 through 5.11, respectively), are shown with white rectangles with L.1, L.2 and so on next to
the boxes. Supplementary Locations A through D are shown with white rectangles with SL.A,
SL.B, and so on next to the boxes. Below the Regional Map are five spot height topographic
profiles for the extent of each flow area 1 through 5 (kilometres/elevation) showing the downward-
east sloping topography of the Regional Map area. The vertical exaggeration for each topographic
profile is x200.

Once the locations were finally selected, MOLA data was used to construct
topographic profiles (distance/elevation) across the 11 locations.

Each section of a MOLA PEDR transect that highlighted a cross-cutting relationship
was identified in each image, with the chosen transects marked a’-a, b’-b, c'—c, etc.
within each image. Once this had been completed, the topographic profiles were
constructed by plotting the MOLA PEDR elevation values across the transect against
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the MOLA PEDR locations. The location coordinates were then converted into
kilometres (x-axis). All topographic profiles were created in Microsoft Excel (16.0).
Once each profile had been completed, they were exported as JPEGs to Adobe
lllustrator (version 27.0), together with the CTX mosaic image of the study area
(Location 1, Location 2, etc.) and, where possible, the HIRISE image of a particular

feature.

Having already scrutinised each location image looking for geomorphological clues
regarding cross-cutting relationships, it was then important to use the topographic
profiles to mark where recessional terrace marks were observed, from what flow (Flow
1, Flow 2, etc.) and to work out the base elevation of the older flow(s) channel. By
establishing the elevation of the base of the older flow channel, it was then possible to
calculate the incision of the younger flow(s) and whether or not the incision became
larger, remained the same, or varied. Concomitantly, the exported JPEG images—now
in Adobe lllustrator—had clear terrace markings, longitudinal grooves, and flow
channels and flow direction added using the pen and pencil tools. Different colours
were assigned to each flow episode (Flow 1: red; Flow 2; green; Flow 3: orange; Flow
4: gold; Flow 5: purple), and by repeating this procedure, slowly, a picture emerged of
the geomorphological history of each Location regarding the sequence of channel
forming flow events. Figure 3.9 is Location 1 from the Regional Map (white rectangle—
L1) and shows the final view of each Location: a. the CTX mosaic image of the target
area; b. the annotated image, with the flow channels and terrace markings added; c.
and d. specific details related to cross-cutting geomorphology that aided in
understanding and analysing the features; e. topographic profiles replete with markings
from the different flows, that allowed for an assessment of the base elevation of the
older flow (here, Flow 1), thereby allowing for calculation of the incision of the younger

flow (here, Flow 2).
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Figure 3.9. Maps and topographic profiles of Location 1 centred at 15.70° N, 161.61°E showing
details of channels and cross-cutting relationships (see Figure 3.2.7 for location). (a) Map with
CTX mosaic with MOLA transects; (b) Map with CTX mosaic with MOLA transects (black lines
a’- a through f'- f) and interpreted channel markings/flow directions/recessional terrace
markings. Topographic profiles a’- a through f'- f for each of the six transects, with the blue line
in each graph representing the MOLA transects. (c) The inset from CTX shows details of the
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channel floor. Linear features on the channel margin slope and the linear features on the
channel floor do not resemble lava flow landforms, such as thin, concentric, and lobate flow
fronts that indicate overlapping lavas or rootless cones. The interpretation is that they resemble
“longitudinal grooves” or “longitudinal lineations” that have been used to infer catastrophic flow
terrain on Earth and Mars (Baker, 1978; Burr et al., 2002) and/or turbulent lava (Jaeger et al.,
2010), and resemble “bathtub rings” that are cut by high flow velocities and vortices, and left by
lowering fluid levels during waning flows (Baker 1973, 1978); (d) Map showing similar linear
features around a streamlined island. (e) Topographic profiles from MOLA spot heights (labelled
a’- a through f'- f and located on (a) and (b)) showing the morphologies of channels and craters
and locating linear features on channel margins. The vertical exaggeration for each topographic
profile is x50. Overall, for Location 1, the interpretation is that Flow 1 (that flowed from west to
east/southeast) is cross-cut by channels formed by a later flow, Flow 2 (that flowed towards the
SE).

Once the locations were complete, the larger Regional Map was constructed (Figure
3.8), which shows the channels, fissures and faults, impact craters and, ultimately, the
chronology. Based upon the detailed work of the 11 locations, flow lines were added to
all maps (regional and the 11 locational maps), using the orientation and position of
channels and geomorphic markers (tear-drop shaped features, linear features on the
slopes of the depression margins, linear features on streamlined hills, and

depressions) to determine the most likely flow direction of each channel.

In some cases, boundary lines between channels were challenging to identify, with the
process being more straightforward, nearer to the source of the flows and more
equivocal at distal locations. The Regional Map (Figure 3.8) shows three types of
boundaries between channels: (a) a high degree of certainty, (b) reasonably certain,
and (c) somewhat uncertain. Finally, using MOLA data, five topographic profiles
(Figure 3.8) were constructed along the five main channels. This was conducted to see
that each channel flowed downhill, an essential facet in understanding the flow
movement of the channels studied. Creating topographic profiles, mapping, and
illustration was a highly intricate and time-consuming process that required multiple

double-checks to ensure no errors had been made.

3.3. FiSH Code

3.3.1. Introduction

The relevance of the Fissile Earthquake Seismology (FiSH) code in this research is
discussed at length in Chapter 6—Discussion. However, for the sake of clarity its
importance to the research and in helping to connect the two branches of research
presented in this thesis, Chapters 4 and 5, a brief overview of FiSH code’s place within
this research will be presented along with methods of use. However, to summarise,

FiSH allows earthquake/marsquake magnitude distributions to be computed given
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information on fault slip rate. Given that (a) the boulder study provided information on
possible palaeomarsquake magnitudes for relatively large events, (b) the InSight
mission provided information on the frequency and magnitudes of relatively small
events, and (c) the channel study and published crater counting revealed channel
source migration, and migration rates that may imply rates of sub-surface dike
propagation linked to dike opening/slip-rates, FiSH allowed a study of the possible links
between (a), (b) and (c).

3.3.2. What Is FiSH Code?

FiSH is a package of MATLAB tools designed to help seismic-hazard modellers
analyse fault data. It enables the derivation of expected earthquake rates and helps
test the consistency between magnitude—frequency distributions (MFD) and
observations. The tools developed by Pace et al. (2016) can convert fault geometry
and slip rates into a so-called global budget for each fault, compute recurrence
parameters from historical data, and output earthquake rates for different MFD models.
The source codes are open, and the aim is to help researchers identify inconsistencies
and obtain reliable fault-based seismic-hazard evaluations. FiSH code is commonly
used in Europe to calculate seismic hazards, as the frequency—magnitude distribution
is needed to do this. FiSH is written in MATLAB (v.R2011B), a MathWorks software.

3.3.3. FiSH Code Relevancy and Usage in the Chapter 4 Research—Seismicity

Using data drawn from the research in Chapters 4 and 5 and data from the Seismic
Experiment for Interior Structure (SEIS), it is possible to construct a frequency—
magnitude distribution graph (boulder trail density as a proxy for maximum moment
magnitude (Roberts et al., 2012)). FiSH code produced frequency—magnitude
distributions for input slip rates that allow the boulder data to be compared with the
InSight data using slip rates from dike propagation inferred from the channel data. This
then allows for the identification of the magnitude of completeness (Mc)—the minimum
magnitude of an earthquake that can be detected and recorded by a particular seismic
network. Estimating the Mc involves using the Gutenberg—Richter Law (Gutenberg et
al., 1944; Utsu, 1965), categorising earthquakes into ‘bins’ based on the number of
events with magnitudes greater than a reference magnitude. The count of marsquakes
in each bin is then plotted on a logarithmic scale. Ideally, the data should approximate

a straight line, but statistically perfect datasets rarely exist. Figure 3.10 illustrates this.
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Frequency-magnitude distribution for marsquakes estimated using the FiSH code.

Data on small magnitudes
from InSight data
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Figure 3.10. Idealised frequency—magnitude graph showing the earthquake/marsquake
magnitude bin sizes on the x-axis, with magnitude increasing to the right. The y-axis measures
log frequency.

The given relationship can be utilised to calculate the Mc (Wiemer & Wyss, 2000). By
fitting a straight line to the data, the point at which the data diverges from the line
represents the magnitude of completeness. In the given scenario, the magnitude of

completeness is ~2.25 (as shown in Figure 3.11).

Cumulative count of events (y-axis) with decreasing magnitude (x-axis) are plotted on a common logarithmic scale (y-axis).

2 1000 When a straight line (red) is fit to the data, the point the data separates from the line is the magnitude of completeness.

o In this graph, the Mc= 2.25. This shows that although it is possible to locate many marsquakes with magnitudes smaller than

£ the Mc, however, these marsquakes are not considered because they are below the Mc value.
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Figure 3.11. A logarithmic plot illustrating seismic event data, specifically Marsquakes, based
on findings from Ceylan et al. (2002). On the y-axis, the cumulative count of events is displayed
logarithmically, while on the x-axis, the magnitude of the events decreases. A straight red line
denotes the magnitude of completeness (Mc), set at 2.25 in this context. The Mc value indicates
the threshold below which seismic events, though they may exist, are not considered due to
their magnitude falling below the designated completeness threshold.
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With the Mc for marsquakes in the northernmost Cerberus Fossae now known, and
with data from SEIS revealing that 16 Mw 2.25 events took place over a 2.8-year
timescale means that approximately five Mw 2.5 events should occur yearly, the data
from Chapter 4 revealing the largest possible marsquakes in northernmost Cerberus
Fossae (Mw 7.3-7.8) could now be brought into use. Quantitative and qualitative data
in the form of geomorphic evidence presented in Chapter 4 suggest that such large-
magnitude marsquakes are thought to take place over tens to hundreds of thousands

of years.

With a known lower value (Mw 2.25) and a higher value (Mw 7.0—chosen as the lower
end of estimates), the upper and lower limits exist for marsquake magnitudes. Now,
introducing FiSH code and iterating the slip rate, it was possible to produce a
frequency—magnitude curve for events in Cerberus Fossae using SEIS and Chapter 4
data (Figure 3.12).

Slip rate =0.017-0.067 mm/yr

- ~2.2 Mw 2.5 marsquakes
= ., -Perannum

10"

1072

102

Annual Cumulative Rates

10

Moment Magnitude

Figure 3.12. Truncated Gutenberg—Richter (GR) frequency—magnitude graph produced using
FiSH code in MATLAB (v.R2011B) to create a frequency—magnitude curve of seismic events
annually against moment magnitude. The graph’s y-axis is the annual cumulative rates
(logarithmic), and the x-axis is the moment magnitude. Based on SEIS data that allowed the
magnitude of completeness to be calculated (Mc = 2.25), the approximate annual rate for
marsquakes of that magnitude is 5. Slip-rate adjustment to allow the estimates from SEIS and
Chapter 4 boulder data to fit on the frequency—magnitude curve means that the annual rate of
Mw 2.25 marsquakes, using FiSH code, is 2.2. Data from research on boulder trail populations
as a proxy seismometer to estimate the magnitude of marsquakes (Mw 7.3—7.8) and the annual
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cumulative rate to be in the tens of thousands of years. A Mw 7.0 marsquake, the more
conservative estimate based on data, was used to fit this model, with the occurrence rate being
one event every 39,019 years, in keeping with predicated timescales. Indeed, the timescales for
the events are within an order of magnitude of estimates. By iterating the slip rate, the two sets
of data were melded together to produce the frequency—magnitude curve that was true to SEIS
data and data from research on boulder trail populations as a proxy seismometer (Chapter 4),
accommodating the SEIS timescales very neatly (2.19 versus 5) and the predicted dates for
marsquakes over Mw 7.0. within one order of magnitude.

The frequency—magnitude curve in Figure 3.12 shows that approximately 2.2 Mw 2.5
marsquakes occur each year (within range of the readings from SEIS) and that large
marsquakes of Mw 7.0 plus occur in the tens of thousands of years (~40,000 years),
correlating to the order of magnitude that had been suggested for larger marsquakes
within Cerberus Fossae in Chapter 4. However, Mw 7.0 is towards the lower end of
estimates for larger marsquakes. The b-value was set at 1 given that SEIS data is
limited in terms of identifying smaller marsquakes and the length of the SEIS mission
(2.8 Earth years), not to mention a limited seismic catalogue of larger marsquakes from
the region. The smallest variations in slip rates dramatically changed the results in the
frequency—magnitude curve. Accordingly, iteration of the slip rate was extremely
important. Figure 3.13a—f shows six graphs where minute differences in slip rates are
input into the FiSH code. As the six graphs reveal, frequency—magnitude curves do not
align with data from SEIS (lower Mw) and estimates proposed in Chapter 4 (higher
Mw). For instance, Figure 3.13c depicts a frequency—magnitude graph using a slip rate
of 2.00-3.00 mm. Despite the seemingly minor difference, this variation profoundly
affects the calculated readings of marsquakes per year. In this scenario, Figure 3.13c
displays approximately 13 Mw 2.5 marsquakes annually and predicts a 1 Mw 7
marsquake every ~6,500 years. These values starkly contrast with the readings in
Figure 3.13, which suggests approximately 2.2 Mw 2.5 marsquakes annually and a 1
Mw 7 marsquake approximately every ~40,000 years—figures that fit SEIS data and
research data. The high sensitivity observed in the calculations when slip rates are
adjusted implies that the FiSH code is precise when using input data to compute
frequency—magnitude curves. This sensitivity is critical to the code's accuracy,
demonstrating its ability to capture nuanced variations in slip rates and their

subsequent impact on seismic activity predictions.
This finding reinforces the importance of meticulous consideration and calibration of

input parameters in seismic modelling, as even small discrepancies can lead to

significant variations in the predicted outcomes.
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Figure 3.13. a—f: Truncated Gutenberg—Richter (GR) frequency—magnitude graphs produced
using FiSH code in MATLAB (v.R2011B) to create frequency—magnitude curves of seismic
events annually against moment magnitude. All graphs’ y-axis is the annual cumulative rates
(logarithmic), and the x-axis is the moment magnitude. The slip rate for each graph differs from
the 0.017-0.067 mm iteration of the slip rate used in Figure 3.3.4, matching the SEIS data with
the data from boulder trail research explained in Chapter 4. The red arrows highlight the Mw
2.25 marsquake (magnitude of completeness) and the frequency of such a magnitude
marsquake per annum. Likewise, the blue arrows highlight the Mw 7.0 marsquake and the
frequency of such a magnitude marsquake. The slip rates per year for each graph are as
follows: (a) 0.001-0.010 mm; (b) 1.00—2.00 mm; (c) 2.00—-3.00 mm; (d) 3.00—4.00 mm; (e) 5.00—
6.00 mm; (f) 7.00-8.00 mm.
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3.3.4. FiSH Code Relevancy and Usage in the Chapter 5 Research—Dike

Propagation

The FiSH code was used to iterate the slip rates until the Mw 2.25 marsquake
occurring at a rate of approximately 2.2 events per year was connected to an Mw 7
marsquake that takes place approximately every 40,000 years. The resulting
frequency-magnitude curve (Figure 3.12) closely matches the model, with the
frequency and magnitude points aligning closely with data from SEIS (which was used
to calculate the magnitude of completeness) and data from Chapter 4 based on three
datasets that use boulder trail populations as natural seismometers to determine the

possible magnitude of marsquakes.

After calculating the slip rate using seismic data and FiSH code, it is possible to test
the slip rate against the known displacement (d) and length (L) relationships for faults.
This can be conducted with the help of data on the age of flow channels from Chapter
5.

An empirical rule of thumb for estimating the displacement, d, in faults and dikes based
on their length, L, is simplified and approximate but helpful. For faults, d=Lx0.03. This
implies that the displacement, d, along a fault is approximately 3% of the fault length
(L). For dikes, d=Lx0.003. This suggests that the displacement (d) is approximately
0.3% of the dike length (L) (Vermilye and Scholz, 1995).

The research outlined in Chapter 5 suggests that the formation of flow channels in
Grj6ta Valles occurs asynchronously due to melted flow released to the surface,
forming channels through dike intrusions progressing eastward over time, potentially
originating from a sub-surface volcanic source. Golder et al. (2020) provide crater
count ages indicating younger ages from west to east: 53 Ma, 33 Ma, and 31 Ma,
respectively. These ages correspond to different flow channels, constraining their
formation times and dike propagation rates (Figure 3.14). By employing slip rate
calculations and displacement—length relations, the dike propagation rate and fault
opening rate across various flow channel areas can be determined. For instance, the
dike propagation rate for Flow 1 and Flow 3, occurring over 20 Ma, is calculated at 5.75
mm/yr, with an opening rate of 0.0172 mm/yr and an estimated fault opening of ~344
m. However, caution is advised when comparing results across different flow channels
due to significant timescale variations, emphasising the importance of temporal

considerations in geological analyses to avoid misinterpretations.
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Length of surface faults related to dike length at depth (Ld), and graben width related to dike width
(Wd) and graben length. The overall structure produces seismicity. Crater counting provides age
control to estimate rates of surface processes such as dike / graben propogation and channel
source migration.

Figure 3.14. lllustration to show how crater counting provides an age control to allow for
estimates of surface processes such as dike/graben propagation and channel source migration.

3.4. Concluding Remarks

Various software programs were used to conduct the research presented in this thesis.
Images from the MRO cameras (HIRISE, CTX) were pivotal to the entire research.
Being able to readily access these images was vital, too. To this end, HiVIEW and
Google Earth Pro were used, with the latter being extremely useful in making
measurements of the surface of Mars. Adobe lllustrator and Windows Excel packages
were used to annotate images of the Martian surface and produce topographic profiles
and graphs that allowed data gleaned from the research to be presented in a clear
fashion, respectively. Finally, FiSH code was used to draw the data together and to
produce reliable information regarding the connection between boulder mobilisation
and flow channel formation along the northernmost Cerberus Fossae, close to Grj6ta

Valles in Elysium Planitia.
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CHAPTER 4.
POSSIBLE EVIDENCE FOR VARIATION IN MAGNITUDE
FOR MARSQUAKES FROM FALLEN BOULDER POPULATIONS,
GRJOTA VALLES, MARS

4.1. Introduction

This chapter is based on research originally published in the Journal of Geophysical
Research: Planets in March 2019, co-authored by J. R. Brown and G. P. Roberts, titled
Possible Evidence for Variation in Magnitude for Marsquakes from Fallen Boulder
Populations, Grjéta Valles, Mars. The core findings remain consistent with the original
publication; however, this chapter includes significant updates and additional analysis
derived from the SEIS data collected by the InSight mission, which were not available
at the time of the initial research. These new insights further support Brown’s

hypothesis regarding ongoing seismic activity on Mars.

The majority of the research, data analysis, and manuscript drafting was led by J. R.
Brown, who was also responsible for the conceptualisation of the study. G. P. Roberts
provided supplementary insights on Martian seismicity. The new material, including the
analysis of SEIS data and expanded discussion, was exclusively contributed by J. R.

Brown following the publication.

Recent studies have suggested very young or ongoing volcanic and tectonic activity on
Mars (Golombek et al., 1992; Plesica, 1993; Berman and Hartmann, 2002; Vaucher et
al., 2009; Antoine et al., 2010; Voigt and Hamilton, 2018; Golder et al., 2020).
However, given Mars’ smaller size, with a diameter of 6,790 km compared to Earth’s
12,750 km, it has been considered less geologically active than the Earth. Zuber
(2001) also notes that, given the smaller size of Mars than Earth, Mars not only heated
up more quickly than Earth but also cooled off more quickly than Earth. By extension,
geological activity would have occurred earlier on Mars than on Earth. Hamilton (2015)
points out that as Earth and Mars were forming, they were partially melted by
radiogenic heating. Both planets developed thick crusts early on that contained most of
their radioactivity near the surface. However, Mars cooled down quickly and became

immobile internally, remaining passive for over four billion years.

In contrast, Earth had enough radioactivity to continue evolving and experiencing

different stages of internal mobility, eventually leading to plate tectonics. However,
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crater age dating indicates that the youngest lava flows in Elysium Planitia have ages
<20 Ma (Berman and Hartmann, 2002; Vaucher et al., 2009; Voigt and Hamilton,
2018), with lava flows in Athabasca Valles being emplaced as recently as ~2.5 Ma
(Vaucher et al., 2009; Golder et al., 2020). Work by Antoine et al. (2010) suggests that
endogenic heat sources are present within Mars and are associated with the Cerberus
Fossae fault system. This suggests that Mars was still geologically active in the very

recent past.

Volcanism, faulting, and associated seismicity (marsquakes) could, theoretically, be
identified without the need for an artificial seismometer to be placed on Mars. An
example of ‘natural seismometers’ are precariously perched boulders that have toppled
near an earthquake. A free-standing boulder will fall when its centre of mass moves
sideways beyond the points supporting it unless the base upon which it rests displaces
to return its centre of mass to a safe position (Bell et al.,1998; Brune et al., 2007). For a
boulder to fall, the ground must accelerate in one direction for some time, thus allowing
velocity and overall displacement to build up, even if peak ground acceleration (PGA)
is small (Brune et al., 2007). However, if an earthquake event has a large PGA, this
does not necessarily mean that a boulder will topple. If the direction of motion switches
back and forth so rapidly that velocity and displacement never grow large, the boulder
will remain in place (Brune and Whitney, 1992). This understanding of natural
seismometers was used by Roberts et al. (2012) in a study of the Southern Cerberus
Fossae, where analysis of anomalies in the density of boulder trails and boulder trail
widths left by mobilised boulders close to faults showed that boulder trail densities per
kilometre and boulder trail widths increased systematically from background values
along the strike of part of the fault system. These findings suggested that a marsquake

had produced ground shaking responsible for mobilising the boulders (Figure 4.1).

94



a) Hypothesis
Climate related melting
releasing boulders
<4— Rupture —».
Number of ' extent ' Number of
mobilized : mobilized
.
boulders E ©) ; boulders
and/or o b %00 and/or 1o 0%o0 o
sizes of i i sizes of
mobilized mobilized
boulders <¢— Distance (km) —» boulders <«— Distance (km) —p»

b) Terrestrial dataset - 2009 Mw 6.3 Earthquake, L'Aquila, Italy

Maximum boulder size in the 2009 L’Aquila earthquake (Mw 6.3)

N £ -
¢ s @
‘@
a 5
7 o
= 4
o
o 3 1=}
§ 2 o s
£ ]
= 1 2} 3 ] L
3 b, =
S o a
(i) Rockfall boulder density versus longitude
. SEi v
[TI"] ‘
QT = Extent of surface rupture |
2T 21 ; ! P
— ‘
o0
£ c 15 -
2% 1l
w10
« o |
c 2
= b0 S T y .
) ‘
o T ‘
£ g o+ (R S = : :
é o 12.5 13 135 14.0 14.5

Longitude (degrees)

¢) Martian dataset - Cerberus Fossae, Roberts et al. (2012)

12

(i)

10 widest boulder trails

s 8

ol 53 a
‘5 L s * .-
28 s 5 4
= 5 4 g H o2
=) 2 . 2

=

g o ; :

140 (ii) Boulder trail density per km

0 g 120 e i —— Extent of surface rupture
T 100 °
5 8o *_ °
52 60
BX 40 - P
2@ 20 s s
[iajEeR 0 e = @ ®

155

156 157

158 159 160 161

Longitude (degrees)

162

Figure 4.1. Hypotheses to explain the characteristics of the widest examples of boulder trails
formed by the mobilised boulder populations due to seismic shaking and boulders’ release from
cliffs by ice melting. (a) Alternative hypotheses explored by Roberts et al. (2012). (b) Terrestrial
rockfalls triggered by an earthquake. (c) Data from Roberts et al. (2012) for comparison with
data presented in this chapter.
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This study used the same approach to analyse the northernmost Cerberus Fossae in
the Grjota Valles, approximately 400 km north of the southern Cerberus Fossae. This
chapter analyses fallen boulder trail populations along the northernmost Cerberus
Fossae. It investigates the hypothesis that led to the conclusion that marsquakes have

occurred in this region in the recent past and, hence, whether seismicity exists within

this region of Mars (Figure 4.2).
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Figure 4.2. Location maps. (a) Mars Orbiter Laser Altimeter (MOLA) images of Mars show the
location of the study area. (b) National Aeronautics and Space Administration (NASA) image
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mosaic (visible imagery) with the location of the study area shown. The four white squares show
the locations of the four geological and geomorphological interpretations for Images 1, 3, 9 and
12 (see Figures 4.3a—4.3d. (c) Seam-corrected and seam-mapped mosaic of Mars rendered at
5.0 m/px using Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO)
showing the location of the studied boulder trail anomalies. Boulder Trail Anomaly 1 (red) and
Boulder Trail Anomaly 2 (green) and the location of High-Resolution Imaging Science
Experiment (HIRISE) image footprints across the study area, numbered following the numbering
scheme used in this study. HIRISE images 1 through 13 were used in this study. (d and €)
Details of the fault geometries and geomorphology are located in (c).

The work detailed in this chapter was published in JGR: Planets in March 2019 by
Brown, J. R., and Roberts, G. P. (2019). Possible evidence for variation in magnitude
for marsquakes from fallen boulder populations, Grj6ta Valles, Mars. Journal of
Geophysical Research: Planets, p. 124. https://doi.org/10.1029/ 2018JE005622.

Since the publication of the paper, this hypothesis has since been borne out, with the
placement of the InSIGHT (Interior Exploration using Seismic Investigations, Geodesy
and Heat Transport) seismometer that reveals that marsquakes are indeed still ongoing,
as presented in Giardini, D. et al. (2020).

4.2. Background

4.2.1. Cerberus Fossae

The fault system studied is the northernmost Cerberus Fossae. The Cerberus Fossae
are a set of near parallel fissures, fractures and graben in the Cerberus region of Mars
that trend WNW-ESE, crosscutting terrain of different ages (Tanaka et al., 2005). The
two largest and better-studied fossae, the Northern Cerberus Fossae and the Southern
Cerberus Fossae, are the southernmost of the fossae in the region. They are both
approximately 500 km in length and are graben. The northernmost Cerberus Fossae is
an approximately 200 km en echelon graben and fissure system. It is located between
latitude N16°10'33, longitude E160°33'48, and latitude N15°12"10/longitude
E163°40'00. Its WNW-ESE orientation is sub-radial to Elysium Mons volcano, possibly
a surface expression of subsurface dikes (Burr et al. 2002; Head et al. 2003). The
faults are relatively recent because mapping as part of this thesis shows that they
crosscut pre-existing features of known, relatively young age (Figures 4.2 and 4.3)
Berman & Hartmann, 2002; Tanaka et al., 2005.
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Figure 4.3. (a to d): Geological and geomorphological interpretations of Images 1, 3, 9 and 12,
taken from HiRISE images (for footprint locations, please see Figure 2). The geology/
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geomorphology of the fossae is that of a low-relief plain that has been faulted by graben
structures and down-dropping central blocks covered by colluvium and aeolian material.

The fossae offset Late-Amazonian Cerberus lavas and older inliers (Tanaka et al.,
2005; Figures 4.2 and 4.3). It is believed that the ages of the youngest lavas offset on
the nearby Cerberus Fossae, assessed by crater counting methods, are <10 Ma
(Hartmann and Berman, 2000; Head et al., 2003; Vaucher et al., 2009), implying that
the fossae if they are all approximately the same age, are even younger. The ~900-m
offset revealed by MOLA data (Figure 4.4 (a) to (d)), if developed since 10 Ma as
implied by crater-count ages, implies a rate of vertical offset of ~0.09 mm/year. This
value is similar to those documented rift systems on Earth (Vetterlein and Roberts,
2010). The faults also offset geomorphic features such as lava plains, older inliers, and
outflow channels with streamlined islands (Figure 4.2, (c), (d), and (e); Burr, McEwen et
al., 2002; Jaeger et al., 2010; Plescia, 2003). Similar features were reported for the

faults along Cerberus Fossae (Roberts et al., 2012).
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Figure 4.4. The relationship between the map trace of the graben and vertical offsets
constrained by Mars Orbiter Laser Altimeter (MOLA) data. The MOLA data were processed
and analysed in collaboration with the co-author of the published paper, Prof. Gerald Roberts,
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who contributed to the methodology for measuring vertical offsets (see Brown and Roberts,
2019). The analysis of the MOLA data, including the plotting of longitude against vertical offset
and the integration of these measurements with Context Camera (CTX) imagery, was
conducted by Brown as part of this research. The vertical displacement (throw) across the
graben was measured using MOLA data points spaced approximately 300 meters apart,
providing high-resolution elevation profiles. The throw was calculated as the difference between
the elevation of the plains adjacent to the graben (the footwall) and the lowest point of the
graben floor (the hanging wall) at multiple locations, as demonstrated in plot (a). The MOLA
data reveal that the throw increases from zero at the tips of the graben to a maximum of
approximately 900 meters at longitude E162°, confirming a typical fault subsidence profile. Plot
(a) illustrates the vertical offset measured across the southern side of the graben, plotted
against longitude. Figure (b) shows the CTX mosaic, which correlates these vertical offsets with
the graben's map geometry. The latitude and longitude positions of the MOLA data points used
for the measurements are displayed in (c). In plot (d), the absolute elevation values for the
plains to the north and south of the graben, as well as the graben floor, are plotted against
longitude. This shows how the vertical offsets are distributed across the graben.

Detailed geological and geomorphological mapping was undertaken to ascertain the
geometry and evolution of the graben. The data reveal that the geometry of the faults
of the northernmost Cerberus Fossae is consistent with that of graben: fault-controlled
cliffs adjacent to flat-bottomed depressions (Figures 4.3, 4.4, and 4.5). MOLA data
(Mars Orbiter Laser Altimeter on the Mars Global Surveyor (MGS) spacecraft) reveal
that the vertical offset across the graben, which are exposed on a surface that slopes
from —2,100 m elevation to —2,400 m elevation from west to east, increases from zero
at the tips of the graben to approximately 900 m at latitude E162° (Figure 4.4). This
shows an offset/subsidence profile that is typical of faults, with vertical offsets as high
as approximately 900 m and a maximum displacement (dmax)/length ratio (with dmax
measured as a vertical offset for this example) for the whole structure of 0.005 within
the range measured for terrestrial faults and those on Mars (Schlische et al., 1996;
Vetterlein and Roberts, 2010). In detail, the MOLA data constrain the vertical offset
across the graben at 180 locations and reveal displacement gradients and dmax/length
ratios associated with individual distal and medial fault segments of 0.008—-0.026, again
similar to values measured on Earth (Vetterlein and Roberts, 2010); (Figure 4.4). The
similarity in dmax/length values between faults in Grjot4 Valles and the Earth suggests
that the material strength is similar in the two regions (Gomez-Rivas et al., 2015). If the
material strength is similar, the relationships between rupture length, dmax, stress
drop, and moment magnitude are also likely to be similar (Ali and Shieh, 2013).
Therefore, dmax/length observations suggest that these are faults formed by similar
deformation processes to those on Earth. As such, it may be possible to infer some
aspects of seismicity, such as moment magnitude, from observations of surface

deformation.
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4.2.2. Cerberus Fossae—Recent seismic activity and natural seismometers

The subsurface region underlying the Cerberus Fossae is likely still geologically active.
Antoine et al. (2011), analysing THEMIS-IR (Thermal Emission Imaging System —
Infrared) images, revealed high night-time temperatures with the Cerberus Fossae,
with the walls and floors of the fossae up to 40 K warmer than the surrounding areas.
The team concluded that the temperature variation was caused by geothermal heat
transported by air convection through the porous debris aprons. The possibility of
endogenic heat beneath the fossae suggests that geological activity is ongoing in this
region. With outflow channels such as Athabasca Valles dated to “... a few million
years” (Keszthelyi et al., 2007; Hartmann and Berman, 2000; Burr et al., 2002; Murray
et al., 2005), although “... an age of several tens of millions of years is considered
more likely,” (Plescia, 2003; McEwen et al., 2005), the fact that the Southern Cerberus
Fossae cross-cuts the Athabasca Valles outflow channel would indicate that the fossae
are younger features. If these estimates are correct, the vertical offset of Athabasca
Valles across Cerberus occurred within the last 2.5 Ma (Vaucher et al., 2009).

Studies of the lesser-studied fossa and associated flow channels from the Cerberus
Fossae in Grjota Valles, the northernmost area of the Cerberus Fossae region, have
revealed that the region is younger from west to east. The northernmost Cerberus
Fossae cross-cuts a series of outflow channels across the area of Grj6ta Valles, with
the source of each younger channel being progressively further eastward (please see
Chapter 5 for a more detailed discussion). Golder et al.’s (2020) work provides crater
count ages within the study region that are younger from west to east (53 Ma, then 33
Ma, then 31 Ma). Golder et al. (2020) suggest this change in age is due to changes in
the rheological properties of the lavas during emplacement, such as material strength
and porosity. This could be the case, but the ages obtained by Golder et al. (2020) are
from areas that partially overlap flow deposits (please see Chapter 5 for further details).
The 53 Ma age happens to coincide with the proximal regions for the two oldest flow
episodes, Flow 1 and Flow 2; the 33 Ma age coincides with the area occupied by the
distal parts of later flow episodes, Flow 3 and Flow 4; the 31 Ma age coincides with an

area to the east of the region occupied by the latest flow episode, Flow 5.

Research looking at fallen boulder trails within the Southern Cerberus Fossae, a more
extensive set of fractures to the south of the northernmost Cerberus Fossae, revealed
that the most plausible explanation for the fallen boulders was seismicity and that

seismicity is not only recent along the Southern Cerberus Fossae but possibly putative

in nature and ongoing, too. Work on the Southern Cerberus Fossae, using HIRISE
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imagery (High-Resolution Imaging Science Experiment onboard the Mars
Reconnaissance Orbiter) of excellent resolution (~25-cm pixel sizes) allowed for a
thorough study of boulders and boulder trails from orbit. Roberts et al. (2012) showed
that boulder trail densities per kilometre and boulder trail widths increased
systematically from background values along the strike of part of the Southern
Cerberus Fossae fault system by being able to measure the widths of boulder trails
and counting boulder trail populations across the study area. The team’s findings were
interpreted as possible evidence that a marsquake had produced ground-shaking that
was responsible for mobilising the boulders. The team suggested that boulder
populations mobilised by seismic shaking, in particular the widest boulder trails, would
show decreases in mobilised boulder frequency and boulder size over tens of
kilometres or more away from putative epicentres if produced by single large events as
observed on the Earth (Figure 4.1) as evidenced on Mars by the widths of trails in the
dust left by mobilised boulders. In contrast, boulder populations mobilised by
processes facilitating the release of boulders from steep cliffs, such as the melting of
ground ice on steep slopes, would produce spatially uniform boulder trail populations,
lacking anomalies with dimensions of tens of kilometres or more. Measurements
presented by Roberts et al. (2012) were consistent only with the hypothesis of

mobilisation by seismic shaking (Figure 4.1).

Furthermore, the trails in the underlying sediment left by boulders as they rolled and
bounced downslopes suggest relatively recent boulder mobilisation and, hence,
possible ongoing marsquake activity. This is because tracks produced by the rovers
Spirit and Opportunity were erased over timescales of only days to months (Geissler et
al., 2010) due to the passage of dust storms during the perihelion season, although
evidence exists of track preservation for more extended periods in locations sheltered
from the wind; thus, tracks left by boulders would also be erased, suggesting that
preserved examples must be relatively young if the material is fine enough to be
mobilised by the wind. Tracks produced by boulders at Cerberus Fossae are wider and
deeper (several metres and several decimetres) than trails left by rovers (centimetres
to millimetres), so presumably, it would take longer to erase them with aeolian
processes. However, the same arguments apply, and it is difficult to envisage an age
as old as, for example, 105-107 years for the boulder trails. Roberts et al. (2012) also
pointed out that the geographic dimension of the boulder trail width/frequency anomaly
along the fault system’s strike might indicate the marsquake's magnitude, as is the
case on Earth (Keefer, 1984). The ~200 km-wide zone of mobilised boulders measured
along the northernmost Cerberus Fossae might be consistent with a marsquake of

moment magnitude ~M7.9 (see Wells and Coppersmith, 1994). A marsquake of this
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magnitude is not inconsistent with the along-strike extent of the faults of Cerberus
Fossae because Vetterlein and Roberts (2009) showed that these faults exhibit
continuous along-strike displacement profiles constraining a fault length of ~325 km,
longer than the implied rupture extent. However, Knapmeyer et al. (2006) suggested a
maximum magnitude of 7.6. Vetterlein and Roberts (2010) showed that the
dmax/length (measured as vertical offset, throw, in this example) of the Cerberus
Fossae faults was ~0.1 to 0.001, similar to those measured on Earth, suggesting that
the relationships between slip dimensions and marsquake magnitude might also be

similar to the Earth.

Using the concept of precariously positioned boulders serving as natural seismometers
(Brune and Whitney, 1992; Bell et al., 1998; Brune et al., 2007) similar to Roberts et al.
(2012), in this thesis an examination of the northernmost Cerberus Fossae looking for
boulder trails and fallen boulders along the fossae was undertaken. The exact details
of how this process worked will be elucidated in the Methods section of this chapter
(4.3). At the commencement of the studies for this thesis, there was no functioning
seismometer on Mars. The paper by Brown and Roberts was published in March 2019,
shortly after the INSIGHT (Interior Exploration using Seismic Investigations, Geodesy
and Heat Transport) seismometer SEIS (Seismic Experiment for Interior Structure) was
deployed on western Elysium Planitia, Mars on February 12, 2019. In April 2019,
NASA announced that SEIS had detected its first marsquake. This reference is crucial
to highlight, as it underscores the significance of prior research on the northernmost
Cerberus Fossae. This work revealed the existence of ancient seismic events on Mars,
suggesting that seismic activity might persist even today. This finding is particularly
noteworthy as it predates the detection of Marsquakes by SEIS, indicating the potential

continuation of seismic activity on the planet.

At the outset, the work in this thesis studying the northern Cerberus Fossae was to find

the following:

(a) Possible examples of boulder trail anomalies, with evidence ruling out causes

other than marsquakes for their formation.

(b) Whether marsquakes of different magnitudes and, hence, different epicentral

shaking intensities to mobilise boulders can be inferred.

Faults close to Grjota Valles offset planar surfaces that are probably lava flows, inliers

of older terrain such as hills that protrude upward through the lava flows, and outflow

105



channels that may be of aqueous or volcanic origin associated with volcanism (e.g.,
Burr, Grier, et al., 2002; Hamilton, 2013; Jaeger et al., 2010; Morgan et al., 2013;

Plescia, 2003, for associated examples).

This means the Grjéta Valles faults are morphologically similar to those along Cerberus
Fossae studied by Roberts et al. (2012). As for the examples from Cerberus Fossae
described by Roberts et al. (2012), initial inspection of down-faulted regions in Grj6ta
Valles revealed many thousands of boulder trails made by mobilised boulders that
have fallen from fault-controlled cliffs (Fig 5 (a) — (d)). However, it is evident from
inspection of imagery that the faults associated with Grjéta Valles are segmented
(Figure 4.2 (b) and (c)), with shorter segments (maximum of 60—-80 km) than those
associated with larger graben on the Northern and Southern Cerberus Fossae (Taylor
et al., 2013; Vetterlein and Roberts, 2009, 2010). Such a combination of features
allowed for testing whether anomalies in boulder trail densities and dimensions occur
along the faults and are best explained by marsquakes. If marsquakes best explain

them, whether their dimensions correlate with the dimensions of fault segments.
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* « =Trail measured at widest point on trail defined by raised levees and sharp edges to trails
« =elliptical depressions indicate bouncing = boulder with no trail not included in count

4 =clear boulder that produced a trail « = trail with no clear boulder included in count

Figure 4.5a. (a): (i) Location map of the area - Seam-corrected and seam-mapped mosaic of
Mars rendered at 5.0 m/px using Context Camera (CTX) data from the Mars Reconnaissance
Orbiter (MRO). (ii) Detail from HIiRISE image (ESP_018075_1955) of the area within the red-
dashed rectangle in (i), which shows the floor of the depression and the north and south slopes.
Note the abundance of boulder trails on both slopes, some with a boulder at their terminus. (iii)
and (iv) are details from the HiRISE image (ESP_018075_1955) of the area within the red-
dashed rectangles in (ii). Both images allow for the identification of a range of boulder trail
features, including elliptical depressions (blue arrows) that indicate bouncing boulders, clear
boulders at the end of a boulder trail (pink arrows), and boulders with no trail (yellow arrows).
These trails were not included in boulder trail counts. Trails with no boulders (green arrows).
These were included in the boulder trail counts.
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Figure 4.5.b,c. (b) and (c): A selection of images showing the variation in boulder trails between
different High-Resolution Imaging Science Experiment (HiIRISE) images used (please see
Figure 4.2 for HIRISE footprint locations) and different parts of the same HIiRISE images: (i)
original image with added white arrows pointing out a selection of boulder trails/bounce marks;
(i) the image with the boulder trail/lbounce marks drawn in black, and (iii) with only the black
infill. The figures illustrate only a small proportion of the boulder trails in each image.
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Figure 4.5d. (d): Observations of boulder trails and boulder dimensions. The similarity between
the dimensions of boulders and boulder trails suggests that boulder trails have not been
significantly affected by erosion. (i) A possible hypothesis is that boulder trails may be degraded

111



by erosion and that degradation may vary spatially, influencing the number of trails preserved
and the measured widths. (ii and iii) Comparison of boulder trail widths with the dimensions of
the boulders that formed them from HiRISE images ESP_026712_1960 and
ESP_025156_1965). (iv) Location map showing the position of HIRISE images
ESP_026712_1960 and ESP_025156_1965. (v) That the trails have not been significantly
degraded by wind erosion is consistent with the preservation of raised levees produced by the
motion of boulders, evidenced by variation in percentage grayscale for individual pixels in the
images. This is evidenced by visual inspection of many examples and also evidenced by the
percentage grayscale measurements made that show systematic variation in percentage
grayscale on the floors of the tracks, not constant values as would be expected for a flat,
depositional surface illuminated by the Sun. If the levees are made of sand, and their
preservation potential is low, then the ages of the boulder trails whose widths are defined by the
levees are likely to be similar and relatively young. In other words, the widespread preservation
of levee crests in the images suggests that the boulder trails are similar in age because they
have not been eroded/degraded. Moreover, it is suggested that the population of boulder trails
is primarily composed of individual trails of similar age; therefore, this does not rule out the
possibility that the trails were formed during single, widespread events, such as marsquakes.

4.3. Method

Chapter 3 provided an overview of the methods used in this thesis. This section
provides more detail specific to the study of mobilised boulders in this chapter. In order
to be able to search for boulder trails and fallen boulders and to be able to measure the
lengths and widths of the boulder trails in an attempt to constrain the extent of boulder
trail anomalies (Figure 4.2 (b), (c), and (d)), it was essential first to identify HIRISE
footprints that covered sections of the northernmost Cerberus Fossae within Grjota
Valles. HIRISE images were the only ones that offered the resolution needed to discern
and measure these features. (Figure 4.5 (b), (c), and (d)). National Aeronautics and
Space Administration (NASA) HiRISE images were accessed using the Planetary Data
System (PDS) node at the University of Arizona (http://hirise.lplarizona.edu/; Table
4.1).
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Table 4.1. HIRISE images used in the study of the northernmost Cerberus Fossae. Exact
footprint locations may be seen in Figure 4.2 (c) and Figure 4.5 (b) and (c).

Image numbers HIRISE image Latitude Longitude Map projected
used in this chapter name (centred) (east) scale
1 PSP_008502_1965 16.250° 160.575° 25 cm/pixel
2 ESP_018774_1965 16.085° 160.723° 50 cm/pixel
3 PSP_006999_1965 16.100° 160.828° 25 cm/pixel
4 ESP_025011_1965 16.141° 161.011° 25 cm/pixel
5 ESP_018708_1960 15.819° 161.448° 50 cm/pixel
6a ESP_027345_1955 15.571° 161.792° 50 cm/pixel
6b ESP_027345_1955 15.571° 161.792° 50 cm/pixel
8 ESP_026712_1960 15.715° 162.013° 25 cm/pixel
9 PSP_006287_195 15.479° 162.677° 25 cm/pixel
10 ESP_018075_1955 15.386° 162.928° 25 cm/pixel
11 ESP_028400_1955 15.329° 163.242° 25 cm/pixel
12 PSP_010361_1955 15.311° 163.336° 25 cm/pixel
13 PSP_007790_1955 15.209° 163.657° 25 cm/pixel

The images were downloaded at their highest resolution (JPEG2000 black and white)
map-projected images. They were then opened in HiIVIEW, a data explorer and image
viewing application supporting the JPEG2000 image format of images taken by
HIRISE. A JPEG2000 contains the metadata that describes the image, stored as
compressed codestreams. The JPEG2000 codestream is based on a Discrete Wavelet
Transformation (DWT) of the original image pixel values. This codestream has
characteristics that enable it to be selectively decoded for all or part of the entire image
area at less than the original image resolution and less than the full quality level of the
original image while maintaining high-quality viewing fidelity. HIVIEW uses the
JPEG2000 codestream’s characteristics by only rendering the area of the image
needed at excellent resolution. This means that the whole images are not stored on the

computer, which would have been prohibitive given the enormous sizes of the images.

The objective of analysing the HIRISE images was to locate boulder trails and fallen
boulders inside the northernmost Cerberus Fossae. Once this was done for a particular
location using HiVIEW, the area was saved, making sure that the image size scale was
1.0 to ensure that each image was saved at full resolution. Progressively, each HIRISE
image was studied, boulder trails and fallen boulders were identified, and each ‘close-
up’ image from HiVIEW was saved. Each image from each location was then, where

necessary, merged with the other images from a location in Adobe lllustrator. The final
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merged images were saved as JPEGS and imported into Google Earth as
georeferenced image overlays. This enabled the use of the measurement tools in
Google to accurately measure features such as the length of boulder trails, widths of
boulder trails, and distances across the northernmost Cerberus Fossae. There were 18
areas covered by HIiRISE imagery along the study area of the northernmost Cerberus
Fossae (Figure 4.2 (c)). However, six of the locations are covered by two HIRISE
images. One of the images (ESP_027345_1955) covers an area that has six fractures,
two of which were required for this study, with one (ESP_027345 1955) split into two
images (6a and 6b), meaning 13 images were used in total—the number of images
available provided sufficient along-strike coverage of the structures for measurement.
The ruler tool in Google Earth was used to measure distances and boulder trail lengths
and widths, allowing for boulder trail density to be calculated. Distance measurements
were then checked in ArcGIS to ensure accuracy. The values were similar to those
from Google Earth to the extent that results were unaffected, with a <1% difference in
distance between ArcGIS and Google Earth at the latitudes studied. Once each of the
merged HIVIEW images for each HIRISE image was saved as JPEGS and imported
into Google Earth as georeferenced image overlays, systematic measurements were

undertaken for each image.

Boulder trail widths were defined as the width between the raised levees or sharp
edges that formed on the underlying substrate as the boulder traversed across it
(Figure 4.5 (a), (b), (c), and (d)). All boulder trails were measured, including those
without an identified boulder at the trail’s terminus. The widths were measured at their
widest point to exclude measurements where the boulder bounces and leaves a
narrower trail. There is cross-image variation in boulder trail density on HiRISE images.
Where one can see that the substrate is coarse-grained, with visible boulders, no trails
exist. Examples of cross-trail variations are shown in (Figure 4.5 (a), (b), (c), and (d)).
Thus, measurements of the distance across areas where one could gain continuous
records on regions where the substrate appeared fine-grained were made, and the

values were converted into numbers per kilometre.
4.3.1. Identifying, counting, and measuring boulder trails
The position of every bolder trail was identified in each of the 13 locations along

approximately 1.5 km to 6.5 km-long transects along the slopes immediately adjacent

to the floors of the graben (Figure 4.2 (c), Figure 4.6, and Table 4.1).
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Figure 4.6. Example of a boulder trail density measurement for two images: (a) Image 4
(HIRISE Image ESP_025011_1965) and (b) Image 8 (HIRISE Image ESP_026712_1960). (a)
Image 4 (i) shows a sparse concentration of narrow trails, all of similar width and length. (ii) The
blue dots at the apex of the dark lines indicate boulder trails along a transect shown in dark
blue. (iii) Graph showing location and density of boulder trails found along a WNW-WSE
transect traversing 0.03°of longitude, showing the locations of trails. (b) Image 8 (i) shows a
dense concentration of both narrow and some wider trails. The lengths of the trails in the image
are comparable. Some trails exhibit bounce marks. (ii) The dots at the apex of the dark lines
indicate boulder trails along a transect shown in dark blue. (iii) Graph showing location and
density of boulder trails found along a WNW-WSE transect traversing 0.05°0of longitude,
showing the locations of trails.

The transects were chosen according to two criteria: (a) they existed at the bases of

steep slopes along fault-controlled cliffs, and (b) fine-grained deposits (probably

aeolian sand and dust) were present that preserved boulder trails. It was not possible
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to take measurements where the surface was formed of coarse-grained sediments (=
20 to 50 cm particle size) or on solid rock. In such locations, it is unlikely that boulder
trails would be preserved.

Figure 4.6 shows how the boulder trails were measured—the zig-zag orientation of the
lines in a. (ii) and b. (ii) resulted from accurately counting the boulder trails and
ensuring that double counts did not occur. Some locations had vast numbers of
boulder trails, and this method of counting many close-together trails, with some trails
cross-cutting others, ensured accuracy in that trails were not double-counted or
missed. The blue dots visible on each boulder trail were the widest part of each tralil,
and later width measurements of boulder trails were taken at these points. Counting
was done along-strike direction. The along-strike distance was recorded as the
longitude of each blue dot in Figure 4.6 for conversion into boulder trails per kilometre
values in Figure 4.7 (b) using trigopnometry and a conversion factor for degrees
longitude into kilometres. The along-track lengths of the zig-zag tracks were not used
in any calculation but served only to record precisely how the boulder trail populations
were traversed and where the measurements were made. In areas where boulder trail
densities were relatively low (< 45 boulder trails per kilometre), and the trails were
clear on the analysed images, there is a high degree of certainty that all boulder trails
were measured. In areas with high boulder trail density (= 45 boulder trails per
kilometre), identifying each boulder trail became challenging as boulder trails
coalesced. There may have been an underestimation of the number of boulder trails
per kilometre. However, this would not have affected the overall conclusions (e.g.,
Figure 4.6, with results in Figures 4.7 and 4.8, respectively). Another consideration is
the existence of boulder trails < 95 cm in width. Such trails would not have been
resolved with HIRISE imagery; therefore, boulder trail density would have been
underestimated. That said, the hypothesis depends on the largest mobilised boulders
(widest boulder trails), so the absence of data on boulder trails < 95 cm in width would

not affect the conclusions.

The ten widest boulder trails’ widths from each of the thirteen images were used to find
a mean width value to estimate the dimensions of mobilised boulders. To ensure
accuracy when measuring distances using the ruler tool in Google Earth on pixelated
images, the co-author for the published paper (Gerald Roberts) and the present author
independently measured the same images and then compared results. Figures 4.8 (a)
and 8 (b) show the comparisons between the results. The sets of results proved to be
broadly comparable within error, with the differences between results (<1 m for the
mean value for the ten widest boulder trails and <10—-20 boulder trail counts per
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kilometre) being far smaller than the signals that were measured (between 1 m and 5.5
m for the mean value for the ten widest boulder trails and between 0 and 100 for the
boulder trail counts per kilometre). Overall, the method for measuring the number of
boulder trails and their widths using the ruler tool in Google Earth proved robust and

repeatable should others choose to make measurements from the same images.
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Figure 4.7. (a) Plot showing absolute elevation values for the plain to the south of the graben,
the plain north of the graben, and the floor of the graben versus longitude. (b) Graph of
longitude versus boulder trails per kilometre. (c) Graph of longitude versus boulder trail widths.
(d) The location of the graben is associated with the two sets of boulder populations.
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(a) Calibration - 10 Widest Trails
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Figure 4.8. Boulder trail lengths and widths were counted and re-counted along Boulder Trall
Anomaly 1 and Boulder Trail Anomaly 2. (a) Calibration graph for boulder trail counts. (b)
Calibration graph for boulder width counts. These results show that the results are repeatable,
with results from the two surveys being broadly comparable.

Once each of the thirteen images had been analysed, with the number of boulder trails
per kilometre and mean boulder trail widths recorded, these data were then used to
construct a variety of graphs, with the x-axis as the longitude, and the y-axis variable

(boulder trails per kilometre/widest boulder trails per HIRISE image location/mean ten
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widest boulder trails) and boulder trails per kilometre against the ten widest trails.
Comparative data from studies of the Southern Cerberus Fossae regarding boulder
trails per kilometre against longitude were also constructed. This was to compare and

analyse boulder trail populations along the northernmost Cerberus Fossae.

4.3.1.1. Results

Once the data from each location had been collected, the information was used to
construct graphs whose x-axis was the longitude along the strike of the northernmost
Cerberus Fossae. Boulder trail density per kilometre was recorded against longitude,

and the ten widest boulder trails per location were recorded against longitude.

Figure 4.9 a, b, and c below show the results of the boulder trail per kilometre
calculations once collected, analysed, and put into graphic form. Boulder Trail Anomaly
1 (green) and Boulder Trail Anomaly 2 (red) (Figure 4.9 b) show the northernmost
Cerberus Fossae and where the measurements were made. Two graphs were
constructed for each segment of the northernmost Cerberus Fossae, the longer of the
two Boulder Trail Anomaly 1 and the shorter Boulder Trail Anomaly 2. The two graphs
are merged and discussed later in this chapter. There are 13 points in total on both
graphs: seven on the Boulder Trail Anomaly 1 graph and six on the Boulder Trail
Anomaly 2 graph, each point corresponding to each of the 13 HiRISE images used to
identify boulder trails and fallen boulders. The location of every boulder trail that was
identifiable in each of the 13 areas along approximately 1.5- to 6.5-km-long transects
along the slopes immediately adjacent to the floors of the graben was recorded. The
widest boulder trails for each location were also measured. Once all data was
collected, the results for each location were converted into values of boulder trails per
kilometre using trigonometry and a conversion factor for degrees longitude into

kilometres.

Data from graphs Figure 9 a and ¢ show an increase in boulder trails approaching
161°E. With Boulder Trail Anomaly 2, the number of observed boulder trails tails off
further to the west. With Boulder Trail Anomaly 1, the number of observed boulder
trails tails off further to the east, suggesting that the peak values for boulder trails per
kilometre are between 161.5°E and 162°E in the northernmost Cerberus Fossae. Of
the two graphs, Boulder Trail Anomaly 1 records many more boulder trails than
Boulder Trail Anomaly 2, despite the general shape of both graphs being strikingly

similar.
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Figure 4.9. b. Location map of the northernmost Cerberus Fossae with Boulder Trail Anomalies
1 and 2 marked. The larger of the two Boulder Trail Anomalies is Boulder Trail Anomaly 1 (red)
to the east, with the smaller being Boulder Trail Anomaly 2 (green) to the west. a. A graphic
representation of the boulder trails per km found along Boulder Trail 2, with a peak of 45
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boulder trails per km identified at around longitude 161.5° E. c. A graphic representation of the
boulder trails per km found along Boulder Trail 1, with a peak of just under 120 boulder trails per
km identified at around longitude 162° E.

Upon analysis of the data and analysis of the northernmost Cerberus Fossae, it
became clear that the data from the 13 locations can be divided into two key areas
based upon the en echelon geometry of the northernmost Cerberus Fossae: Boulder
Anomaly 2, the stretch of the western section of the fossae that comprises six echelon
faults, all very close to one another (between ~150 m to ~1 km) or connected, albeit
very slightly; Boulder Anomaly 1 includes the remainder of the en echelon faults to the
east (Figure 4.2 (c), Figure 4.7 (a), (b), (c), and (d), Figure 4.10 (a)). Again, the faults
are very close or connected. However, a slightly more significant gap exists between
the faults in Boulder Anomaly 2 of ~5 km, which is close to the centre of the
northernmost Cerberus Fossae. Furthermore, very fine extensional cracks extend from

the tips of the fossae towards each other (Figure 4.10 (a), (b), and (c)).
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Figure 4.10. (a) Seam-corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using
Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO) showing the
location of the northernmost Cerberus Fossae. The section of the northernmost Cerberus
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Fossae recorded as Boulder Trail Anomaly 2 is green; Boulder Trail Anomaly 1 is red. (b)
Seam-corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using Context
Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO) showing the ‘gap’ area
between two sections of the northernmost Cerberus Fossae Boulder Trail Anomaly 1. The gap
is ~5 km in size. Marked in yellow are small extensional cracks between the two segments of
the northernmost Cerberus Fossae Boulder Trail Anomaly 1. (c) Detail from HiRISE image
(ESP_059639 1960RED) of the extensional cracks. Measurements of the cracks using the
profile function in IMARS (NASA/JPL-Caltech/Arizona State University) revealed depths of not
more than 1 m and widths of >200 m.

Once the plots for boulders per kilometre and the ten widest boulder trails for Boulder
Trail Anomaly 1 and Boulder Trail Anomaly 2 were put together (Figure 4.7 (b) and (c)),
it became apparent that a coincident maxima in boulder trail density and widths along

the strike of the northernmost Cerberus Fossae exists.

Regarding the spatial variations in boulder trail density along the strike of the fault
system of the northernmost Cerberus Fossae, maxima in boulder trail counts exist at
161.5°E and E162.°E longitude (Figures 4.7 (b) and (c), and Figure 4.9 a, b, and c).
Boulder trail count values decrease east and west from these locations along the strike
of the faults toward their lateral terminations. These variations are used to define
Boulder Trail Anomaly 1 and Boulder Trail Anomaly 2, as shown in Figures 4.2 (c) and
4.10 (a). For Boulder Trail Anomaly 2, a peak of 45 boulder trail counts per kilometre at
161.43°E longitude was measured (Figure 4.7 (b)), with lower values recorded closer
to the east and west tips of the graben. For Boulder Trail Anomaly 1, a peak of 102
counts per kilometre at E162.03° was measured (Figure 4.7 (b)), with lower values
recorded closer to the east and west tips of the graben.

Boulder trails per kilometre values exhibit an asymmetric pattern along strike (Figures
4.7 (a) and (b)). The westernmost point of Boulder Trail Anomaly 2 exhibits the
smallest number of trails per kilometre (five) at 160.57°E longitude, with the number of
trails increasing eastward, culminating in a peak of 45 counts per kilometre at 161.43°E
longitude. This is followed by a sharp decrease in recorded trails, with four per
kilometre at E161.74° longitude, giving the graph in Figure 4.8 (b) an asymmetric
appearance. For Boulder Trail Anomaly 1, measurements begin at E161.76° longitude,
extremely close to the tip of Boulder Trail Anomaly 2, but at a latitude of N15.81°, some
6 km to the south of the last measured point along Boulder Trail Anomaly 2. The first
count along Boulder Trail Anomaly 1 records 30 counts per kilometre at E161.7°
followed by a sharp increase in counts, rising to a peak of 102 counts per kilometre at
E162.03° longitude, the highest count along the entire fault. Further east, the number

of counts decreases, falling to two counts per kilometre at E163.63° close to the lateral
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termination of Boulder Trail Anomaly 1. Again, these measurements give an

asymmetric shape (Figure 4.7 (b)).

The graphs of Figure 4.7 (b) and (c) reveal that the mean maxima of boulder trails per
kilometre and the ten widest boulder trails measured from the 13 HIRISE images are
spatially coincident. Mean values increase from close to zero near the tips of the
structures toward maximum values (Figures 4.7 (b) and (c)). This shows that the high
boulder trail density areas have the widest boulder trails (compare Figures 4.7 (b) and
(c)). The widest mean boulder trail width along Boulder Trail Anomaly 2 was ~5 m, and
this measurement was recorded in the region exhibiting the highest number of boulder
trails at longitude 161.43°E. As with boulder trails per kilometre, a sharp decrease in
the mean width of boulder trails is observed further west along the fault, with a mean
trail width of 1.4 m recorded in the region where only four boulder trails were located
(161.76°E). Boulder Trail Anomaly 1 also exhibits the relationship mentioned above,
with a maximum mean boulder trail width of ~5 m in areas of the most boulder trails per
kilometre (102). From this peak, the mean width of trails drops to 1.7 m at 163.62°E,
where only two boulder trails per kilometre were recorded (Figure 4.7 (c)). It is also
important to note that the shape of the graphs of Figure 4.7 (b) and (c) is asymmetric,
with the steepest gradients closest to the en echelon fault step-over, which lies
between the two fault segments of Boulder Trail Anomaly 1 and Boulder Trail Anomaly
2.

Regarding Boulder Trail Anomaly 1, if extrapolated along strike, the boulder trail width
and boulder counts per kilometre have maximum values near longitude 162.5°E. In this
location, where the surface expression of the fault appears to be non-existent due to
the presence of tips to individual graben (see Figures 4.2(c) and 4.10 (a), (b), and (c)),
a flat plain separates two graben at this location with only very small extensional cracks
visible between the two graben. There is no apparent correlation between the vertical
offset across the graben and the number of boulder trails per km or the mean value for

the size of the ten widest boulder trails.

4.3.1.2. Discussion

Analysis of the results shows geographically coincident maxima in boulder trail density
per kilometre and boulder trail widths along the graben of the northernmost Cerberus
Fossae. The question of the cause behind the mobilisation of boulder populations with
this coincident boulder train density and width was then investigated. Work on the

Southern Cerberus Fossae by Roberts et al. (2012) investigating the cause of
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mobilised boulders suggested that the mechanism behind the movement was seismic
shaking associated with palaeomarsquakes (see Figure 4.1 (a) and (b)). This
conclusion was drawn because boulders mobilised by seismic shaking would
“...display the classic pattern associated with earthquakes where both the frequency of
boulder falls, and boulder sizes decrease away from the epicentre and the location of
coseismic surface faulting, due to localised ground shaking (Keefer, 1984).” Indeed,
this is a possibility regarding the cause behind mobilising boulders in such a way as to
create the patterns seen in Figure 4.7 (b) and (c) on the northernmost Cerberus
Fossae. However, examining and explaining exactly why boulders could be mobilised
was essential. There are many ways in which boulders could become mobilised, and
these ways are discussed below.

4.3.2. Release of boulders by melting ice

One possible theory is that boulders are held on steep slopes and cliffs associated with
the graben by water or CO: ice. Any diurnal, seasonal, or longer-term warming might
melt the ice and release the boulders. Roberts et al. (2012) suggest that boulders
mobilised in this way would show “a random spatial pattern of maximum boulder sizes”
when sampled over “tens to hundreds of kilometres” (Figure 4.1 (a)). However,
measurements taken along the northernmost Cerberus Fossae display clear local
maxima in boulder trail widths and boulder trail density per kilometre that are
geographically coincident (Figure 4.7 (b) and (c)). These results, with geographically
coincident maxima in values for the two variables (Figure 4.7 (b) and (c)), are not what

would be expected of the mechanism of boulder release by melting ice.

Furthermore, it is unclear how this process could control the dimensions of boulders
recorded by the boulder trail widths, and no evidence has been found for differing joint-
spacing in the bedrock to explain the variable maximum boulder sizes implied by the
variable maximum boulder trail widths. However, the restriction of image resolution
means this cannot be ruled out because joint spacings cannot be mapped in sufficient
detail with current imagery. Moreover, persistent CO- frost may not be plausible at this
latitude (Piqueux et al., 2016), so expecting such frost to hold boulders on slopes may

be unrealistic. For these reasons, this hypothesis is rejected.

4.3.3. Effect of local differences in lithology and weathering/erosion

Another plausible hypothesis is that different lithologies might be prone to erosion,

which might control the number and sizes of boulders released from the steep slopes
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and cliffs associated with the graben. Geological mapping across much of the
northernmost Cerberus Fossae shows no apparent changes in the lithology of the
rocks forming the walls to graben (Figure 4.3 (a), (b), (c), and (d)). Examining available
THEMIS (Thermal Emission Imaging System) and CRISM (Compact Reconnaissance
Imaging Spectrometer for Mars) data to determine if local lithological changes correlate
with the measured maxima in boulder trail widths that are coincident with the measured
maxima in boulder trails per kilometre was undertaken. CRISM is a visible—infrared
imaging spectrometer with a scannable field of view. CRISM can cover wavelengths
from 0.362 to 3.92 microns (362 to 3920 nanometres) at 6.55 nanometres/channel,
enabling the identification of a broad range of minerals on the Martian surface (Murchie
et al. (2007)). CRISM data, although having limited lateral extent and hence availability,
showed no noticeable change in lithology of the rocks forming the walls to graben
concerning oxidised iron minerals, mafic mineralogy, hydroxylated silicates, bound

water or water ice, and CO: ice (Figure 4.11).
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Figure 4.11. CRISM data, although having limited lateral extent and hence availability, showed
no noticeable change in lithology of the rocks forming the walls to graben concerning oxidised
iron minerals, mafic mineralogy, hydroxylated silicates, bound water or water ice, and CO: ice.

Furthermore, the Thermal Emission Imaging System (THEMIS) is a tool on the 2001
Mars Odyssey that uses multi-spectral thermal—infrared images in nine wavelengths
and visible/near-infrared images in five bands to investigate Mars’s surface mineralogy
and physical properties. THEMIS can create Mars maps using day and night multi-
spectral infrared images at a resolution of 100-m per pixel. This tool can identify
geologic materials, including carbonates, silicates, sulphates, phosphates, and
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hydroxides, based on their fundamental vibrational absorption bands in the thermal—
infrared spectral region. By identifying a range of minerals, THEMIS can help identify
key aqueous minerals such as carbonates and hydrothermal silica (Christensen et al.,
2002). The THEMIS data, including both night-time and daytime infrared
measurements, provided complete spatial coverage of the area studied, and, although
probably saturated in the images, again show no noticeable change in lithology of the
rocks forming the walls to the graben, highlighting only that the walls of the graben
appear to formed of bedrock (Figures 4.12 and 4.13), as confirmed by the clear

stratigraphic layers in the HIRISE images (Figure 4.3 (a) to (d)).

161.5°E 162.5°E 163.5°E 164.5°E

14.5°N

161.5°E 162.5°E 163.5°E 164.5°E
(b)

16.5°N B

14.5°N &

Figure 4.12. NASA Mars Odyssey spacecraft imagery of the northernmost Cerberus Fossae in
(a) daytime infrared and (b) night-time infrared (NASA/JPL/Arizona State University). Note that
the lithology of the rocks forming the walls to the graben does not noticeably change,
highlighting only that the walls appear to be bedrock.
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The HIRISE data show a layered stratigraphy in the graben walls, presumably, lava
flows and possibly sedimentary layers formed by weathering erosion and aeolian
processes between lava flow events. There appear to be no apparent differences in
stratigraphy between different HIRISE images (Figure 4.3 (a) to (d)). As such, no
changes in lithology were identified despite having a variety of data sources, and
therefore, the hypothesis that different lithologies might be prone to erosion, and this
might control the number and sizes of boulders released from the steep slopes and
cliffs associated with the graben was rejected. Unfortunately, no evidence exists that
addresses the possibility that wind helped dislodge rocks, either directly or indirectly
(by forcing sand and dust into cracks and wedging them open) in a way that produces
the regional variations in boulder trail frequency and size shown in Figure 4.7 (b) and

(©).

4.3.4. Higher cliffs supply more boulders

The higher frequency of boulder trails measured in some HIRISE images may be due
to their positions close to higher cliffs, areas with more loose boulders that could be
mobilised. Taluses at the bases of the cliffs within the northernmost Cerberus Fossae
are also comprised of boulders that could be mobilised because their position on the
slopes is close to their angle of repose. Therefore, it is important to consider the
combined height of the cliffs and the talus. The talus is also likely to be close to its
angle of repose. The cliffs appear vertical, meaning variations in the taluses’ angles
need not be considered. Measuring the heights and slopes of all the individual cliffs

and taluses was not possible because:

(i) The Mars Orbiter Laser Altimeter (MOLA) spot spacing of ~300 m is too coarse
(Figure 4.13);
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Figure 4.13. Seam-corrected and seam-mapped mosaic of Mars rendered at 5.0 m/px using
Context Camera (CTX) data from the Mars Reconnaissance Orbiter (MRO) showing a section
of the northernmost Cerberus Fossae. The yellow pointers indicate the location of the MOLA

spot heights, with each spot height along the same transect being 300 m apart.

(i) The shadow width and solar incidence angle cannot be used to define vertical
height differences via trigopnometry because the horizontal extents of taluses vary

between different examples (Figure 4.14);
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Figure 4.14. The geological setting and modes of ground acceleration for mobilised boulders.
(a) The detail from the HIRISE image (ESP_018708_ 1960RED) shows a section of the
northernmost Cerberus Fossae and the MOLA spot height locations. Two transects, C-D and A-
B, are marked on the image. (b) This is a schematic representation, and the fault orientation
should not be taken as a literal depiction of its dip angle. (c) Note that these are simplified
schematics that illustrate the general structure and are not exact representations of the fault’s
geometry or orientation. (d) to (h) illustrate the possible mechanisms by which boulders can be
mobilised depending on the vertical and horizontal acceleration relationship.
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(i) Stereo HIRISE pairs to make local digital elevation models are only available for
some HiRISE locations in the study area. However, measuring the total offset across
the faults controlling the graben walls is possible using MOLA data (Figures 4.4 and
4.7). For example, locations A and B in Figure 4.7 (a), (b), and (c) show similar values
for boulder trails per kilometre and boulder trail widths but very different combined
heights of the fault-controlled cliffs plus talus slope height defined by the total offset
measured with MOLA data. Thus, if the vertical extent of cliffs plus associated taluses
provide more candidate boulders for mobilisation, this does not tally with
measurements of maxima in boulder trail frequency. Also, this hypothesis does not
explain why the size of the boulders, and by extension, the widths of boulder trails,
correlate with the frequency of boulder trails. For these two reasons, this hypothesis is

rejected.

4.3.5. Boulder mobilisation caused by nearby impacts

The formation of nearby impact craters could have produced ground shaking that
mobilised the boulders. An examination of all impact craters within approximately 50
km across the strike of the graben was studied. A crater of approximately 4 km
diameter is located at latitude 15.618° N and longitude 162.183° E. It is close to the
area with the maxima in boulder trail frequency and width. Inspection of the crater and
its ejecta blanket reveals that the ejecta blanket has been eroded by an outflow

channel, meaning that the impact crater predates the outflow channel.

Given that the outflow channels identified in the areas adjacent to the northernmost
Cerberus Fossae predate the graben, fractures and fissures and that boulder trails
postdate graben formation, then the impact crater is too old to be connected to boulder
mobilisation (please see Chapter 5 for further details on the relative chronology of
features identified in this area). There are much smaller impact craters (~40 m
diameters) within a few hundred metres from the graben, close to the area of the

maxima in boulder trail frequency and width (Figure 4.15).
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Figure 4.15. a) Detail from HiRISE image (ESP_055845_1955_RED) of part of the
northernmost Cerberus Fossae and an area to the south of the northernmost Cerberus Fossae
that contains three dark-coloured impact craters (b). (c) A close-up of one of the three craters.
Although some craters near the anomalies of boulder trails along the northernmost Cerberus Fossae
appear dark and, therefore, young, when viewed close up, dunes are visible within the impact crater (c),
which suggests that significant aeolian sedimentation took place after their formation. The dunes are
probably older than the boulder trails within the northernmost Cerberus Fossae, which aeolian processes

have yet to obscure.
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These craters, despite having a relatively young appearance at first glance, are in part
due to the existence of dark, relatively dust-free material within them. However, upon
closer inspection, the impact craters are patrtially filled with aeolian dunes. This is
pertinent because aeolian processes mobilised the dunes. However, the boulder trails
inside the fossae have not been destroyed by aeolian processes, suggesting that the
boulder trails are younger than the dunes. Suppose the rate of aeolian processes is
similar between the craters and the graben floors. In that case, these small craters may

also be ruled out as the explanation for the ground shaking that mobilised the boulders.

Recent studies, including seismic predictions and data from the InSight mission, have
shown that impacts can produce measurable seismic effects. For example, a nearby
1.5 m diameter impact crater was observed near InSight, and the predicted seismic
amplitudes were in the range of 0.8—4 nm/s with frequencies around 1-3 Hz (Daubar et
al., 2020). However, these signals often fall near or below the noise level, and
detection is only possible during quiet periods, which occur around 20-30% of the time.
Based on these findings, the size of the smaller craters (~40 m diameter) observed in
this region is likely too small to produce the ground acceleration necessary to mobilise
boulders.

No suitable candidate impact craters have been identified, so the hypothesis that
impact craters caused boulder mobilisation is rejected. However, it is important to note
that this depends on the assumption that the rate of aeolian processes is similar

between impact craters and the graben floors.

4.3.6. The relevance of boulder track density

Boulder track density could be correlated with better preservation and/or lower
degradation rather than more abundant boulder track formation. A possible hypothesis
to support this is that mobilised boulder trails could be degraded by aeolian processes
and that degradation varies spatially, therefore influencing the number of preserved
boulder trails and the measured widths. In order to assess this, a comparison of
boulder trail widths against the dimensions of the mobilised boulders that formed the
trails was undertaken (Figure 4.5 (d)). Because boulders are more resistant to aeolian
processes than the dust surfaces on which they lie, they may be assumed to maintain
their original dimensions. Comparing the dimensions of the boulder trails and the
boulders should, therefore, reveal whether or not aeolian processes have altered the
boulder trails. Measurements revealed that in areas of both high and low boulder trail

density, the widths of the boulder trails are almost identical to the widths of the
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boulders that formed them (Figure 4.5 (d) — (ii) and (iii)), with the width of the fallen
boulders in both images (blue line) corresponding to the measured width of the boulder
trail (red line). The boulder trails are not eroded to an extent that drastically alters their
preservation or widths. The boulder trails have not been markedly degraded by aeolian
processes, and this tallies with the preservation of raised levees produced by the
motion of fallen boulders, evidenced by variation in percentage grayscale for individual

pixels in the images (Figure 4.5 (d) — (v)). As such, this hypothesis is rejected.

4.3.7. Variation in the incidence angle of the images

Another possibility is that boulder trails may be challenging to see because of the
variation in the solar incidence angles in the HiRISE images. However, Figure 4.16
shows that the solar incidence angles are similar to the images studied across the
northernmost Cerberus Fossae. After studying many examples, qualitative assessment
shows that individual boulder trails are equally clear on low- and high-boulder trail
frequency images. Based on this data, this hypothesis is rejected.

Solar Incidence angle for HIRISE images

OO N ® ©
© ©o oo
¢

= N W
O O O O

160 160.5 161 161.5 162 1625 163 1635 164
Longitude (east)

Solar incidence angle (degrees)
S
¢
f

Figure 4.16. Solar incidence data show little variation along the strike of the graben.

4.3.8. Multiple single rockfalls

Another possibility to investigate is whether boulder trail populations may have grown
over time due to multiple single rockfalls. Single rockfalls have been observed on
repeat imagery (Figure 4.17 (a) and (b)) as demonstrated by Malin et al. (2006), who
documented boulder trails forming over time in mid-latitude craters between repeated
MOC image observations.
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A Mars Orbiter Camera (MOC) image (MOC2-1222b) of one set of boulder tracks in a
south mid-latitude crater (located near 35.8°S, 158.4°W) was taken in November 2003.
Figure 4.17 shows two MOC images: one taken in November 2003 and the other in
early December 2004. Contrasting the two, the latter reveals more than a dozen fresh
boulder trails on the crater wall, indicating the formulation of new tracks within
approximately a year. This suggests that between November 2003 and December
2004, a small collection of boulders dislodged from the crater wall, descended, and

possibly bounced to the crater floor.
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Figure 4.17. Mars Orbiter Camera (MOC) image MOC2-1222b of boulder trails within a south
mid-latitude crater (located near 35.8°S, 158.4°W). The images are of the same section of the
crater wall, taken 386 days apart. The first image, on the left, already displays visible boulder
trails in the mid-section of the image. The later image, on the right, displays the earlier boulder
trails and several other trails across the entire slope and is not limited to the same area of
boulder trails as the first image.

Therefore, repeated single rockfalls, possibly triggered by many small marsquakes or
the melting of ice and the other mechanisms discussed above, could create
populations of boulder trails. Qualitative analysis reveals that the boulder trails’
morphology in the MOC2-1222b images (Figure 4.17) is identical to the boulder trails
observed along the northernmost Cerberus Fossae, with raised levees only a few
decimetres across, possibly composed of dust to coarse sand (Figure 4.5 (d)). Dust to
coarse sand is susceptible to being disturbed by a mobilised boulder to form a raised
levee. Following this, dust to coarse sand would also be susceptible to aeolian erosion.
It is unlikely that these examples on Mars are associated with gravel-grade material
that would be less susceptible to wind erosion. Fieldwork in Iceland by the paper’s co-

author (Gerald Roberts; Brown and Roberts, 2019) showed that boulder trails have
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formed in talus cones on fault scarps composed of gravel-grade material, with grain

sizes between 10 cm and 15 cm. (Figure 4.18).
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Figure 4.18. An example of a mobilised boulder from Iceland with coarse-grained talus and no
raised levees, in contrast to the examples in Figure 4.5 (d).
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The trails in Iceland lack raised levees, likely due to the coarse grain size. It is

concluded that the examples from Mars are probably dust to coarse sand.

The raised levee examples from Mars are evidenced by variations in percentage
grayscale for individual pixels in the images, with the Sun illuminating the raised levees
that also produce shadows (Figure 4.5 (d) (v)). In computer-generated imagery, a
grayscale image is one where the value of each pixel is a single sample representing
only an amount of light. This means that it only carries intensity information. Grayscale
images are shades of grey, contrasting from black (weakest) to white (strongest) (S.
Johnson, 2006). The plots in (Figure 4.5 (d) (v)) show that the levees are raised and
illuminated. With examples of active aeolian activity on the floors of the graben, i.e.
dunes (Figure 4.3 (a) to (d)), the fact that the levees of the boulder trails are preserved
in many thousands of examples suggests that the trails are both young and of a similar
age. Therefore, the hypothesis of the boulder trail populations' incremental formation
by adding single boulder falls is rejected. However, the above findings are supported
by qualitative observations only. Two separate events are suggested by looking at the
two boulder trail anomalies in Figure 4.7. Suppose the theory regarding the levees is
incorrect and the boulder trail populations contain a range of different aged individual
boulder trails. In that case, the boulder trail populations may have grown through many
minor rockfalls. If this were the case, it would invalidate the large-magnitude
marsquakes interpretation. However, evidence suggests the interpretation of large-
magnitude marsquakes causing boulder mobilisation along the northernmost Cerberus

Fossae.

4.3.9. Inaccurate statistical treatment of boulder trail anomalies

Another plausible hypothesis is that measurements taken are inaccurate. Perhaps the
mean width of the ten widest boulder trails is not adequate to allow a comparison of
boulder trail populations produced by mobilising a subset of the population of available
boulders if populations of different numbers are considered and they have a power law
or exponential size distribution. One schema could be that if more boulders were taken
from such a population, there would be more individual large boulders. The mean
would then be larger, even if the size to frequency distribution is identical. The current
study has been unable to define the number, as the total number of boulders in each
location was not counted because this would need to include buried boulders that are
impossible to visualise in the imagery. However, the large number of candidate
boulders for mobilisation at every location may mean that the population sizes are not

notably different. Therefore, the results stand assuming that the number of boulders in
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the population is identical between locations. Regardless, this has not been ruled out

as a possibility.

4.3.10. Mobilisation of boulders due to seismic shaking

After appraising the alternative scenarios explaining the boulder trail data along the
northernmost Cerberus Fossae, the most plausible explanation is suggested to be that
the boulders were mobilised by seismic shaking connected to marsquakes, with the

shaking and resultant boulder mobilisation decreasing with distance from the epicentre.

For the marsquake interpretation to be likely, one of the interpreted marsquake
ruptures must cross an area without surface offset (Figure 4.19 (a), (b), (c), and (d),
Figure 4.7 (d), and Figure 4.10 (a), (b), and (c)). On Earth, it is common for ruptures to
jump between active faults that are not physically continuous in earthquakes (Livio et
al., 2016). The same may apply to Mars. This is important to note because, like on
Earth, estimates of maximum marsquake magnitude may be erroneously small if it is

assumed that ruptures can be confined to single active fault segments.
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Figure 4.19. (a) and (b) are INSAR data showing the 24th August Mw 6.2 earthquake in central
Italy jJumping across an area where no surface faulting was reported in the earthquake or on
geological maps recording longer-term deformation (marked as ‘A’ in both images), with image
(c) showing the landscape using a Space Shuttle Radar Topography Mission Digital Elevation
Model (SRTM DEM). This is analogous to the proposed scenario from the fault system in Grjota
Valles, (d) where no surface faulting exists on a flat plain (marked as ‘B’). INSAR data from
http://comet.nerc.ac.uk/latest-earthquakes-and-eruptions/apennines-earthquakes-aftershocks-
italy/ distributed as a kmz file, with one fringe equal to 4.8 cm change in the line of sight. The
colours in figures (a) and (b) represent relative ground displacement, with each full-colour cycle
corresponding to 4.8 cm of deformation in the line of sight. Although the exact colour legend is
not provided, a common convention is that warm colours (such as red and yellow) often indicate
uplift or movement towards the satellite. In contrast, cool colours (such as blue and green)
represent subsidence or movement away from the satellite.

Figure 4.19 illustrates this with images (a) and (b) showing Interferometric Synthetic
Aperture Radar (INSAR) data from the 24" August Mw 6.0 earthquake in central Italy
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jumping across an area where no surface faulting was observed in the earthquake or
on geological maps recording longer-term deformation. INSAR images measure
changes in land surface altitude. Image (c) shows the landscape using a Space Shulttle
Radar Topography Mission Digital Elevation Model (SRTM DEM). The sizeable surface
gap between the two surface faults visible in all three images is noteworthy. This is
comparable to the suggested fault system in the northernmost Cerberus Fossae, with
no surface faulting, albeit only trace faulting on the flat plain between fault segments
(Figure 4.1919 (d), Figure 4.10 (a), (b), and (c)).

4.3.11. Comparison of mobilised boulder populations from different graben

within the Cerberus Fossae

If the hypothesis that marsquakes mobilised the boulder populations is correct, then it
is sensible to compare this data with similar data on boulder populations from the
Southern Cerberus Fossae (Roberts et al., 2012) to help understand the significance of
boulder trail populations in understanding seismicity within this region of Mars (Figure
4.20).
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(a) Maps showing the relatively continuous fault length of Cerberus Fossae
compared to Grjota Valles and the extent of boulder trail anomalies (Bta).
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Figure 4.20. Compares the data from the northernmost Cerberus Fossae with similar data from
work on the Southern Cerberus Fossae. (a) compares the continuous fault length of the
Southern Cerberus Fossae (Bta SFC, purple line) with the discontinuous northern Cerberus
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Fossae in Grjéta Valles (Bta 2 - green line; Bta 1, red line). The step over between the two
segments of the fault is marked as ‘Step over A’). (b) and (c) compare the boulder trail densities
and ten widest boulders along the Southern Cerberus Fossae (purple) and the two segments of
the northernmost Cerberus Fossae (boulder trail anomalies 2 (green) and 1 (red)). (d)
Speculative inference of marsquake magnitude from rupture length of the three fault lines (after
Wells and Coppersmith,1994).

A critical difference between the data sets from the northernmost Cerberus Fossae and
data examined by Roberts et al. (2012) on fallen boulder populations and trails on the
Southern Cerberus Fossae is the difference in length of the along-strike extent of
seismic shaking and the hump-shaped anomalies. Figure 4.20 b compares the boulder
trails per km on the Southern Cerberus Fossae (purple) and the northernmost
Cerberus Fossae (green for the western Boulder Trail Anomaly 1 and red for the
eastern Boulder Trail Anomaly 2). What is noticeable is the asymmetric profiles of each
of the three profiles. The range in size of each profile can be best understood by
referring to Figure 4.20 d (after Wells and Coppersmith, 1994), which offers speculative
inference of marsquake magnitude based upon the rupture’s length. The rupture length
of the Southern Cerberus Fossae (purple) is 207 km, and the northernmost Cerberus
Fossae (green) for the western Boulder Trail Anomaly 1, 70 km, and (red) for the
eastern Boulder Trail Anomaly 2, 116 km. Essentially, the larger the surface rupture,
the larger the marsquake. Figure 4.20 ¢ compares the ten widest boulder trails on the
Southern Cerberus Fossae (purple) and the northernmost Cerberus Fossae (green for
the western Boulder Trail Anomaly 1 and red for the eastern Boulder Trail Anomaly 2).
The profiles here are also asymmetric, but the profiles are less pronounced. The two
fault anomalies of the northernmost Cerberus Fossae show greater similarity in size,
with a clear similarity in the number of widest boulder trails being apparent. The
northernmost Cerberus Fossae section is approximately 120 km for Boulder Tralil
Anomaly 1 and approximately 70 km for Boulder Trail Anomaly 2. In comparison, the
Southern Cerberus Fossae is approximately 210 km (Figure 4.20 (a), (b), and (c)).
Roberts et al. (2012) suggested that the along-strike extent of seismic shaking strong
enough to mobilise boulders on Earth is approximately the same as the along-strike
extent of surface faulting for the earthquake ruptures following observations of the
2009 L'Aquila earthquake (see Fig. 1).

Roberts et al. (2012) tentatively mapped possible surface rupture extent using HiRISE
images for Cerberus Fossae, and observations were consistent with the hypothesis. In
the present study, while surface rupture could not be mapped, the 1:1 ratio between
rupture length and the dimensions of areas with mobilised boulders on Earth has been
assumed, with the along-strike extent of hump-shaped anomalies in boulder trail data

taken as proxies for rupture extent. This suggests implied moment magnitudes for the
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palaeomarsquakes in the range of ~Mw 7.3—7.8, assuming the anomalies result from
single events (Figure 4.20 (d)). These magnitudes should be considered maximum
values, as the anomalies may have formed from multiple smaller events (see
discussion in 4.5.7). This assumption is indirectly supported by dmax/length ratios for
the Martian faults examined (0.026—-0.008; Figure 4.4 (a)), which are similar to those
measured on Earth (0.1-0.001; see Vetterlein and Roberts, 2010, for a review). This
implies that the relationships between rupture length, dmax, stress drop, and moment
magnitude may be similar on Mars and Earth (Ali and Shieh, 2013; Gomez-Rivas et al.,
2015).

Moment magnitudes of ~Mw 7.3—7.8 imply that such events would generate seismic
shaking detectable by seismometers, such as those used in the INSIGHT mission.
However, the assumption that hump-shaped anomalies in boulder trail data are proxies
for rupture extent may be inaccurate, as surface rupture could not be mapped in Grj6ta
Valles. Additionally, Mars' lower gravity (~38% of Earth's) means less force might be
required to mobilise boulders, though this depends on factors like how each boulder
was attached and whether it was mobilised by vertical or horizontal accelerations (see
Figure 4.14 (d) to (h)). Consequently, the estimated magnitudes should be treated as
maximum values, given that the along-strike extent of the anomalies may exceed the

rupture extent.

Nonetheless, suppose one were to use the observation that boulder trail anomalies
have similar along-strike dimensions to suggested surface ruptures for the Cerberus
Fossae example (Roberts et al., 2012). In that case, the results point toward the
conclusion that a variety of magnitudes of palaeomarsquakes may have been
detected, with larger magnitudes on the Cerberus Fossae fault system, which displays
fault segment lengths of several hundred kilometres from geomorphic observations of
offset features and smaller magnitudes on the Grjéta Valles system where segmented
lengths are in the range of 50-100 km, again from geomorphic observations (Figures
4.2 (c) and 4.20 (a) to (d)). This correlation between fault dimensions and dimensions
of areas affected by putative seismic shaking adds further support, albeit indirect, for

the interpretation of palaeomarsquakes.

Furthermore, it may be possible to infer how well the natural seismometer records
seismic shaking, that is, the boulder trail population data. Figure 4.21 compares the
three faults, Boulder Trail Anomaly 1, Boulder Trail Anomaly 2, from the northern
Cerberus Fossae and results from Roberts et al.'s work on the Southern Cerberus

Fossae, plotting boulder trails per kilometre versus boulder trail width.
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A positive relationship exists between boulder trails per kilometre and the width of
boulder trails, with more boulder trails corresponding to a greater width of boulder trails
(Figure 4.21 (a)). However, it is interesting to note that the data appears to saturate.
According to data from Roberts et al. (2012), the mean value of the ten widest boulder
trails increases from zero to approximately 5—-8 metres for a range of 0-50 boulder
trails per kilometre. After that, the value appears to level off at larger numbers, with the
mean value of the ten widest trails remaining around 5—8 metres for a range of 50-125
boulder trails per kilometre. One interpretation is that the natural seismometer is
saturated and unable to record shaking that would mobilise larger boulders. It may be
that boulders >5—-8 m are not available in great numbers on the fault-controlled slopes,
perhaps controlled by joint spacing or layer thicknesses in the rocks. Furthermore,
Figure 4.21 (b) shows a positive relationship between the along-strike length of the
boulder trail anomaly and the maximum value for boulder trails per kilometre recorded.
This may be interpreted to suggest that maximum ground acceleration may increase
with marsquake magnitude. However, from the sparse data available, and because of
only constraining with three data points, the trend again flattens out, and therefore, one
might expect the example from Roberts et al. (2012) to have more than ~120 boulder
trails per kilometre recorded. The natural seismometer might be saturating, perhaps
because once a value of ~45 boulder trails per kilometre is exceeded, it becomes
difficult in some cases to identify every single boulder trail because they appear to
coalesce on the images. The performance of natural seismometers is speculative.
However, if correct, it implies that boulder trail populations may not be effective in
measuring the effects of marsquakes at the largest magnitudes because the

measurements may be saturated.
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Figure 4.21. Two graphs that compare: (a) the ten widest boulder trails (m) against boulder
trails per km of the Southern Cerberus Fossae (purple) with the two sections of the
northernmost Cerberus Fossae, Boulder Trail Anomaly 1 (red) and Boulder Trail Anomaly 2
(green), and; (b) maximum boulder trails per km against the length of boulder trail anomaly (km)
of the Southern Cerberus Fossae (purple) with the two sections of the northernmost Cerberus
Fossae, Boulder Trail Anomaly 1 (red) and Boulder Trail Anomaly 2 (green).

The profiles of data for Boulder Trail Anomalies 1 and 2 are asymmetric (Figures 4.7
(b) and (c) and 20 (b) and (c)), with the steepest gradients closest to the en echelon
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fault step-over (labelled A in Figure 4.20 (a)) between these two fault segments. For
faults on the Earth, displacement gradients steepen in the step-over zones between
interacting faults (Jackson et al., 2002). The asymmetry in boulder trail populations
may be related to this. A speculative interpretation might be that slip-distributions for
each of the individual marsquake ruptures that produced these boulder-trail anomalies
were skewed toward the tips of fault segments so that the largest coseismic
displacements, and hence highest levels of ground acceleration, were located close to
the en echelon step-over between the fault segments, as occurs on the Earth (Faure
Walker et al., 2009).

It is important to note that the research results presented in this chapter were
presented before the deployment of the INSIGHT mission’s seismometer on Mars in
February 2019. Since deploying the InSIGHT mission’s seismometer on Elysium
Planitia, close to 4.5° N and 136° E, the seismometer has detected over 1,300
marsquakes, with over 50 having clear enough signals to determine information about
their location on Mars. A large cluster of high-quality events was identified as coming
from the Cerberus Fossae region, ~1,700 kilometres east of the InSight landing site.
Two of the more prominent signals (S0235b and S0173a) could be determined quite
accurately, and of that, another quake (S0183a), which produced fewer clear signals,
with somewhat reduced accuracy (Giardini et al., 2020). Figure 4.22 shows the position
of the three most prominent signals detected by the INSIGHT seismometer in relation
to the northernmost Cerberus Fossae and the larger Northern and Southern Cerberus

Fossae.
0° 60°E 120°E 180 120°W 60°W
90°N
60°N
________ 3 ) * \
30°N ‘ e i \
a N L N re 3% ,1¥S0183a
- b \ -mos' M no
Elysium S‘A,)/Ji'H Cerberus) ':20 N
° Bulge, ">~ < 22 Foss:
0 LN N
a4 . s C)
X K/
4 & oy X
30°S L i AN N&SCevbems" |
e \“InSight / * ‘ Foesee SHNERN0°
R WO 150173 ‘
60°S - ot Reer SR 1 W (A B
PRy b L %73 R AN
90°S : E AR S ES Y £ DRI g
S A O DRSS
-8-40 4812 16 21 > ). W00 2 6D g0
= — 140°E 160°E 180°

Elevation (km)

Figure 4.22. Position of the three most prominent signals detected by the InSIGHT
seismometer (S0183a, S0235b, and S0173A—marked as orange ellipses) in relation to the
northernmost Cerberus Fossae, which is equidistant between S0183a and S0235b, and the
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larger Northern and Southern Cerberus Fossae, to the south of the northernmost Cerberus
Fossae. The position of the INSIGHT lander is marked as a yellow triangle (after Giardini et al.,
2020). Recent work by Stahler et al. (2022) further corroborates the presence of significant
seismic activity in the Cerberus Fossae region, providing coordinates and error ellipses for 15
(+2) marsquake events, including the signals shown here. Their study suggests that the seismic
events, detected between 15 km and 50 km depth, indicate an extensional regime consistent
with dike intrusion processes, supporting the ongoing tectonic activity in the region.

The data within this chapter suggests relatively large events, perhaps up to Mw 7.3—
7.8, have occurred within the area of the Cerberus Fossae. However, magnitudes >Mw
7.6 seem improbable, given the analysis of Knapmeyer et al. (2006). However, the
uncertainty indicated by the spread in the data supporting Figure 4.20 (d) allows the
interpretations to be consistent with the estimate in Knapmeyer et al. (2006).
Nonetheless, events as large as Mw 7.6 would have very long recurrence intervals
(perhaps hundreds to thousands of years), much longer than the lifetime of a
seismometer. However, if, like on the Earth, for every large event, there are hundreds
to thousands of smaller events with shorter return times following Gutenberg-Richter b-
value scaling (e.g., Knapmeyer et al., 2006), it may be that the smaller events recorded
by the InSIGHT seismometers are these smaller events. The annual detectability of
such events by the InSIGHT instruments was investigated by Taylor et al. (2013), and
they concluded that between 1.5 x 10%°and 1.9 x 10° events would be detected,

depending on the maximum defined event size.

Since 1,300 marsquakes were detected over four years, Taylor et al. (2013) figures
were reasonably accurate. Likewise, the work within this chapter looks for evidence of
marsquakes in the northernmost Cerberus Fossae. It concludes that marsquakes are
indeed ongoing, and numerous have been proven correct with the INSIGHT

seismometer. This is a very seismically active area of Mars.

4.4. Conclusions

1. Two faulted areas near Grjéta Valles (Boulder Trail Anomaly 1 and Boulder Trail
Anomaly 2) were studied, and measurements of the densities and widths of
boulder trails created by boulders falling from fault-controlled cliffs were taken.

2. Data are consistent with previous results in that the most parsimonious

interpretation is that boulders have been mobilised by seismic shaking associated

with palaeomarsquakes in the recent past.

148



In the Grj6ta Valles region, two en echelon graben/faults have similar dmax/length
ratios to those found on Earth. Boulder trail data has identified two peaks in (a)
boulder trails per kilometre and (b) maximum width of boulder trails—one that is

approximately 116 km long and another that is around 70 km long.

The maximum values for the number of trails per kilometre and width differ for the
two anomalies. For the 70-km-long anomaly, the maximum values are 45 trails per
kilometre and a 5-metre trail width. For the 116-km-long anomaly, the maximum
values are 115 trails per kilometre and a 5.3-metre trail width. These values are
higher than the background values of zero trails per kilometre and zero boulder

trail widths.

Combined with published data from Cerberus Fossae, where an ~200-km-long
anomaly in boulder trails per km (125 trails per kilometre maxima) and maximum
boulder trail width (8.5-m maximum trail width), the three data sets suggest
correlations between the along-strike length of boulder trail anomalies, boulder
trails per kilometre and maximum boulder trail width. Implied moment magnitudes,
derived by using the along strike dimensions of boulder trail anomalies as proxies
for rupture extent, could be as large as Mw 7.3—7.8, values that are thought to be
accompanied by much more frequent seismic activity at lower moment

magnitudes.
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CHAPTER 5.
OUTFLOW CHANNELS IN GRJOTA VALLES.
EVIDENCE FOR REPEATED, CROSS-CUTTING AND SPATIALLY
MIGRATING OUTFLOW CHANNEL FORMATION

5.1. Introduction

This chapter describes the study of possible outflow channels in the area of the Grjota
Valles, adjacent to the northernmost Cerberus Fossae fractures, that served as
conduits for aqueous flows. The age of the channels is observed to decrease from
west to east, indicating a connection with the extension of the Cerberus Fossae

fractures from west to east.

Outflow channels are extremely long, wide swathes of scoured ground on Mars (Carr,
2007) that extend many kilometres and usually are more than one kilometre in width.
Three large outflow channel systems exist around Cerberus Planitia, Mars: Athabasca
Valles, Marte Valles, and Grjéta Valles (Burr et al., 2002), with the flow that formed the
channels thought to have emerged from the Cerberus Fossae fissures (Figure 51 a
and b). Some studies (Ghatan et al., 2005; Kattenhorn and Meyer, 2010; Burr et al.,
2002, 2009) suggest that the channels formed in a single event due to large
megafloods across parts of the Cerberus Fossae, possibly creating the three outflow
channels within the region. The emanation points or areas of these floods have not
been conclusively identified, but it is most likely that the Cerberus Fossae fissures and
graben were the source areas (Burr et al. 2002, 2009). If single events, then concerns
regarding where the huge volumes of fluid required to form such extensive channels
came from arise. However, some studies (Burr et al., 2002b, 2009; McEwen et al.,
2005) have instead suggested that water flowed in the channels that originate from the
Cerberus Fossae at different times during the late to very late Amazonian Epoch (Burr
et al., 2002b; McEwen et al., 2005; Hanna and Phillips, 2006; Manga, 2004),

suggesting that flow releases were episodic rather than a one-off megaflood.

Grjota Valles is the lesser-studied of the three outflow channels. In this chapter,
observations are presented of cross-cutting relationships between outflow channels
within the Grjota Valles, suggesting the occurrence of no fewer than five distinct
channel-forming events that took place there. By tracing these intersecting channels
upstream, we can identify five potential sources, each representing separate channel-

forming events. The cross-cutting channels can be mapped upstream to five separate
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potential channel sources along the present trace of a system of faults, fractures and
fissures in Grjéta Valles that form the northernmost part of Cerberus Fossae. It is
important to have evidence that cross-cutting occurred as it shows that the fault,
fracture, and fissure system formed after the channels. It is, therefore, essential to date
the flow episodes relatively. Observations of the channels, shown in the images within
this chapter, show landforms that resemble those produced by aqueous flows on the
Earth. However, it is important to stress that such landforms have been suggested by
others to have been formed by the flow of turbulent lava. Observations are derived
from detailed mapping, topographic profiling, and identification of cross-cutting
relationships. These observations are used to discuss whether a single event or
multiple events cut the channels and what processes formed these channels in Grjéta
Valles.

The work detailed in this chapter has been published in JGR: Planets. Brown, J. R.,
and Roberts, G. P. (2023). Repeated, cross-cutting and spatially migrating outflow
channel formation, Grjota Valles, Mars. Journal of Geophysical Research:

Planets, 128, e2022JE007247. https://doi.org/10.1029/2022JE007247. While the core
findings of cross-cutting and spatially migrating outflow channel formation in Grjota
Valles are shared between the thesis and the publication, the thesis chapter provides
additional detail on the geological context, methodology, and background literature.
The published paper condenses these findings, focusing on the broader implications
for Martian surface processes. In particular, this chapter offers more in-depth
discussion on mapping techniques and references to previous studies, whereas the
published version streamlines the presentation of results for a wider scientific

audience.

5.2. Background

5.2.1. Grj6té Valles outflow channel system

The Grjéta Valles outflow channel system emanates from the vicinity of the
northernmost Cerberus Fossae (Figure 5.1 a and b). The fault system of the
northernmost Cerberus Fossae is a ~200 km long set of en echelon fissure segments
located between 16.175°N / 160.563°E, and 15.202°N / 163.666°E (Brown and
Roberts, 2019). The WNW-ESE orientation of the fissures would indicate that the

fractures are sub-radial to Elysium Mons (Fig. 5.1 a).
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Figure 5.1. a. Regional location map of the study area with the locations of Athabasca Valles
and Marte Vallis highlighted. b. The study area is marked by a black rectangle to the east of
Elysium Mons. Estimated locations of three Marsquakes (Giardini et al. (2020) have been
added (S0173a, S0183a, and S0235b) as coloured ellipses. The extent of the Grj6ta Valles flow
tract (after Burr and Parker (2006) has been added. Red lines mark the fossae, with the
northernmost being the centre of the study region in this thesis and the two to the southwest
being the Northern and Southern Cerberus Fossae (Vetterlein and Roberts, 2009, 2010). Black
dots identify two locations that show the approximate paleomarsquakes locations along the
Northern Cerberus Fossae after Brown and Roberts (2019)—see Chapter Four of this thesis.
The three white ellipses are crater count locations, and their matching crater count model, ages
for lava, flows in this area (Golder et al., 2020).

While this figure highlights the key marsquakes used in this analysis, recent studies by Stahler
et al. (2022) and Zenhé&usern et al. (2024) have identified additional marsquake events
specifically within the Cerberus Fossae region, which includes the current study location. These
events encompass both high-frequency (HF) and low-frequency (LF) quakes, with HF events
typically associated with tectonic activity and LF quakes potentially indicative of magmatic
processes. However, despite the additional seismic events noted in these studies, they do not
significantly alter the conclusions of this work, as the marsquakes shown here remain the most
prominent and relevant for understanding the tectonic activity in the area.

The faults in this region (Fig. 5.1 b) have been active relatively recently because they

crosscut pre-existing features of a relatively young age. For example, the fossae offset
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late Amazonian Cerberus lavas and older inliers (Tanaka et al., 2005). Using crater
counting methods, the ages of the youngest lavas offset on the nearby Cerberus
Fossae are <10 Ma (Hartmann and Berman, 2000; Head et al., 2003; Vaucher et al.,
2009), implying that the fossae are very young. Work by Golder et al. (2020) using the
results from studies of crater populations of (i). comets (Holsapple and Housen, 2007);
(ii). adjacent cogenetic lunar geologic units (van der Bogert et al., 2010; van der Bogert
et al., 2017), and (iii). platy-ridged lava flows on Mars (Murray et al., 2005; Chapman et
al., 2010) show geospatial variation within geologic units in the final diameters of
impact craters and crater size-frequency distributions (CSFDs), looked at how crater
characteristics are affected by the material they have impacted—in the Cerberus
region, this was lava flow. Of note was that the Cerberus lava flows exhibit decreasing
age trends in large late-Amazonian lava flows seen in the Cerberus Fossae region,
including the Grjota Valles. Golder et al.’s (2020) work concluded that changes in the
material properties of the lava during emplacement are the most likely reason why the
observed crater-based age trends are as they are. In short, this means that at locations
proximal to the inferred source of the lava, larger craters yield older model ages due to
the weaker, more porous rock. At more distal locations from the inferred source of the
lava, Golder et al. (2020) suggested that smaller craters yield younger model ages due
to more substantial, non-porous rock. Within the extent of the Grj6ta Valles flow tract
(Fig 5.1 b.), crater counting suggests that the implied ages range from 55 Ma
(proximal) to 33 Ma (distal) (see Figure 5.2 for locations of crater counts) (Golder et al.,
2020). Below, these interpretations by Golder et al. (2020) are discussed in terms of
whether they can, instead, be used to constrain the timing of flows that formed the

channels.

The Grjéta Valles flow channel system (Fig, 5.2), referred to by earlier authors as the
unnamed northern channel system (Burr et al., 2002), is at least 400 km in length (west
to east), with the northernmost Cerberus Fossae serving as the main conduit for
agueous flow. The northernmost Cerberus Fossae is the central area of the flows’
origins, with the distance of the flow channels northern and southern limits from the
northernmost Cerberus Fossae not being more than 100 km on both sides. The flow
channels’ general orientation is that they extend from the northernmost Cerberus
Fossae to the northeast, then head southeast before their surface expression becomes
indistinct. Burr et al. (2003) described fluvial geomorphic features indicating that water
emanated from the source area of the northernmost Cerberus Fossae, flowed
eastward, and then flowed southeast. This chapter builds upon the work of previous
studies such as Burr et al. (2002), who suggested that repeated flow events may be

responsible for the channels, and Burr et al. (2002) and Plescia (2003), who suggested
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that the area exhibits the typical characteristics of channels produced by the
catastrophic release of water, such as a well-defined source area, low sinuosity
channels, and longitudinal grooving of channel floor, and tear-drop shaped ‘islands’.
These ideas are described in more detail in Sections 5.2.2 and 5.2.3. However, these
two points on formation via water flow and repeated flows are a source of debate
(Leverington, 2011) and will be discussed later. Due to the resolution of data available
to researchers prior to 2006 (the launch of the Mars Reconnaissance Orbiter, which
has both the High-Resolution Imaging Science Experiment (HiIRISE) and Context
Camera (CTX) cameras on board), they were unable to discern cross-cutting
relationships between individual channel sections or provide detailed observations of
the source of flows. Only since 2006 has a catalogue of images from Mars become
available, and only since January 2009 have HiRISE images of the Cerberus Fossae
become available, with still large areas of the Cerberus Fossae and associated flow
channels not covered by HIRISE imagery.

5.2.2. Outflow channels in Cerberus—what formed them?

Numerous theories exist regarding the mechanism that formed the outflow channels in
Cerberus, namely Athabasca Valles, Marte Valles, and Grjéta Valles. Numerical
modelling has been used to link dike-related heat flow and flood volume on Mars in
general (Wilson and Head, 2002). It shows that such dikes would, in some cases, be
able to produce heat to melt ground ice, which could produce flood water to create
channels and/or landforms similar to those observed within Grj6ta Valles (e.g.
McKenzie and Nimmo, 1999; Wilson and Head, 2002; Plescia, 2003). Head et al.
(2003) suggest for Athabasca Valles, which, like the Grj6ta Valles emanates from
Cerberus Fossae, that dike emplacement produces surface cracking, localised volcanic
eruptions, cryospheric cracking, and release of pressurised groundwater from beneath
the cryosphere, while studies by Jaeger et al. (2007, 2010) suggest that the Athabasca
Valles were water carved channels that were later draped in lava. Therefore, it is not
unreasonable to presume that Grjéta Valles was formed by similar mechanisms, being
connected to the Cerberus Fossae. However, the distance from the northernmost
Cerberus Fossae, the likely emanation area for the formation of the Grjéta Valles
outflow channels, to the southern Cerberus Fossae, the emanation point for the
Athabasca Valles outflow channel, is approximately 400 km, with the northernmost
Cerberus Fossae and the southern Cerberus Fossae being structurally quite different.
Hence, it is important for this thesis to study the former to assess whether it formed in

the same way as the latter.
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5.2.3. Aqueous origin

In detail, one conjecture for the origin of the channels in Grj6ta Valles is that they result
from aqueous flows (Baker and Milton, 1974; Burr et al., 2002; Head et al., 2003;
Morgan et al., 2013; Plescia, 2003). It has been suggested that the water was formed
by (a) the magma-induced melting of the cryosphere (Berman and Hartmann, 2002;
Burr et al.,2002; Head et al., 2003); (b) the outflow of water from a breached aquifer
above an intruding dike beneath the fossae (Carr, 1979; Burr et al., 2002; Plescia,
2003); (c) the release of water from a sub-cryosphere aquifer a few kilometres thick,
and tens of kilometres in lateral extent (Manga, 2004), or; (d) from another subsurface
origin (Jones at al., 2011). Some authors have suggested that large megafloods
occurred (Kattenhorn and Meyer, 2010; Burr et al., 2002, 2009) within the Cerberus
Fossae and were responsible for the formation of Grjéta Valles, Marte Valles, and
Athabasca Valles outflow channels. The exact emanation points/areas of these floods
have not been conclusively identified, although generally, it is thought to be the fossae
themselves (Burr et al. 2002, 2009). To have formed these three individual channels in
just three single events, the flows would have had to have been extremely large, with
enormous discharge rates (e.g. 1-8 x 106 m®s for the nearby Athabasca Valles
channel system; Keszthelyi et al., 2007), because, for example, the Grj6ta Valles
outflow channels cover a large region of ~90,000 km?2. Manga’s (2003) studies on
determining whether subsurface aquifers can discharge water at a sufficient/required
rate to explain the flood features observed suggest that a deep groundwater origin for
recent floods is possible as long as subsurface aquifers are many tens of km in lateral

extent, something not yet encountered on Mars.

Nevertheless, lingering questions remain: How could such large volumes of water/lava
needed for such flows be released, and where could such volumes of water be stored?
Are there other possible storage mechanisms for large volumes of water and are the
storage methods in some way connected to the form of release? Regarding the first
question, Head et al. (2003) noted that if the water emanated from an aquifer, that the
required aquifer permeability is larger than commonly encountered on Earth, meaning
that either water is transported through the subsurface by a highly efficient, as yet
unknown mechanism, and/or the volume flux values are overestimated. Indeed, as
suggested by Manga (2003), the aquifers would need to be tens of kilometres in size,
and there exists no evidence for the existence of such huge bodies. Accordingly, such

theories are not plausible.
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Regarding the second question, sub-surface ice could be a possible source of water.
Studies by Dundas et al. (2018, 2021) and Harish et al. (2020) revealed exposed
shallow subsurface water ice on Mars, but the observations are currently limited to mid-
and high latitudes of Mars. Piqueux et al. (2019) reported widespread shallow water ice
in the high latitude and midlatitude up to 35°N/45°S of Mars based on trends of
seasonal surface temperature. Observations of seismic wave velocity of the Martian
crust suggest that the subsurface is not ice-saturated (Manga and Wright, 2021);
however, their findings do not rule out the possibility of the existence of groundwater.
Regarding specifically the region of Mars under investigation in this thesis (Cerberus
Fossae), Alberti et al.’s (2012) study of the subsurface material of the Cerberus plains
indicated high porosity underlying material in this region. Morgan et al.’s (2015) work
noted an extensive blanket of sediments plausibly mixed with lava to the south of
Cerberus Fossae. Meng et al. (2020) reported a ~40 m thick lava layer over the
possible water-ice deposits to the west of Elysium Mons. Xiong et al. (2021)
investigated the shallow subsurface of the central Cerberus plains and estimated a
permittivity value of 3.12—a value that would suggest shallow subsurface water ice.
While the consensus regarding the origin of water is far from clear, the existence of
subsurface water in volumes vastly smaller than the proposed aquifer model might
suggest that agueous flow was released in discrete flows, offering an alternative to the
megaflood theory. Head et al. (2003) have suggested that the fault system that runs
through Grjéta Valles, the northernmost Cerberus Fossae, is formed due to dike
emplacement and has somehow facilitated flow formation. Numerical modelling has
been used to draw a general connection between dike-related heat flow and flow
volume on Mars. Results show that such dikes would, in some cases, be able to
produce enough heat to melt ground ice/subsurface ice, which could, in turn, produce
flow water that could create channels and landforms similar to those described within
this chapter (e.g. McKenzie and Nimmo, 1999; Wilson and Head, 2002; Plescia, 2003).
Work by Head et al. (2003) on the Athabasca Valles outflow channel, which, like the
outflow channels in Grj6ta Valles, is thought to have emanated from Cerberus Fossae
fissures and graben, revealed features suggestive of dike emplacement, including
surface cracking, localised volcanic eruptions, cryospheric cracking, and release of
pressurised groundwater from beneath the cryosphere. However, as explained earlier,
Head et al. (2003) note that the required aquifer permeability is more significant than
generally encountered on Earth. This would suggest that water is transported through
the subsurface by a highly efficient but hitherto unknown mechanism, and there have
been overestimates of the volume flux values. Of course, this depends on sufficient
quantities of sub-surface ice, which is debatable. As for the existence of sub-surface

igneous heat sources (i.e., dikes along Cerberus Fossae) that could melt sub-surface
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ice, lavas have been identified in some locations (e.g. Keszthelyi et al., 2000; Burr et
al., 2002; Plescia, 2003; Jaeger et al., 2007; Jaeger et al., 2010). Volcanic centres
have been mapped (Plescia, 2003), and studies suggest possible dikes exposed on
the floor of Cerberus Fossae (Head et al., 2003). This thesis investigates alternative
hypotheses, such as small, multiple cross-cutting flows suggested by Burr et al. but not

fully studied by them.

5.2.4. Lava origin

The flow of turbulent lavas has also been suggested as a possible mechanism for
cutting outflow channels (Jaeger et al., 2010). The evidence that supports the idea that
the outflow channels in the Athabasca Valles may have been formed by lava includes
the following: (i) the presence of ring-mound landforms (RMLs) imaged with HIRISE
(High-Resolution Imaging Science Experiment), which have been interpreted as
volcanic (rootless) cones formed as lavas heated underlying groundwater causing
steam explosions (Jaeger et al., 2007) Figure 1.6 a and b; (ii) the presence of thin,
concentric, lobate flow fronts that indicate overlapping lavas (Jaeger et al., 2007),
Figure 1.5 a and b and; (iii) the presence of platy-flow or platy-ridged surfaces
indicating lava crusts (Chapman et al., 2009; Keszthelyi et al., 2000) (Figure 5 in
Keszthelyi et al., 2000; Figure 8 b—d and Figure 10 in Chapman et al. 2009 to see

examples of platy-flow from the Amazonian).

Concerning Grjé6ta Valles, it has been suggested that the flow of lava was the principal
process in channel formation (Leverington, 2004, 2006, 2011, 2018). This hypothesis is
based on observations of geomorphic features on Venus and the Moon. The features
observed are suggested to be similar to those observed from the outflow channels on
Mars, such as anastomosing reaches inner channels, streamlined erosional residuals,
sinuous channels, branching channel patterns, and reaches that suggest lateral or
vertical erosion (Leverington, 2011). Moreover, it has been suggested that channel
formation by lavas does not depend on the actual hydrological flow rates, sub-surface
rock permeabilities, factors regarding hydrologic head, suggested water abundances
implied by an agueous model that are not following geochemical and mineralogical
observations, and the lack of terrestrial analogues (Leverington, 2011). However, in
this thesis, it is suggested that if lavas were the dominant factor in channel formation,
typical lava morphologies should be readily identifiable, such as upstanding flows
lobate flow fronts, knobs, platy-ridges, and rootless cones that characterise lava-infilled

outflow channels (Athabasca Valles) in parts of the Cerberus Fossae.
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As such, prior to this thesis, there was a debate regarding possible links between
agueous and lava processes. Initial work for this thesis suggested that this uncertainty
was partly due to the uncertainty regarding whether multiple or single-flow episodes

produced the channels.

5.3. Methods

In order to be able to study the area of the northernmost Cerberus Fossae and the
outflow channel in Grjéta Valles, a region of approximately 70,000 km? was studied,
using CTX (Fig. 5.2). CTX image mosaics for Mars in Google Earth (which uses a
spherical normal (equatorial) variant of the Mercator projection for its maps) were used
in this thesis. The mosaic is a composite of images taken by cameras on board the Mars
Reconnaissance Orbiter (MRO), namely the Context Camera (CTX) (with a resolution of
approximately 6 m per pixel). High-Resolution Imaging Science Experiment (HiRISE)
images (with a resolution of approximately 30 cm per pixel) were also used to focus on
areas requiring a much greater resolution, where that was possible. HIRISE images were
analysed in HiView (which uses equirectangular projection map projections). HiRISE
coverage over the entire area is sparse, predominantly across the fissures of the
northernmost Cerberus Fossae. By analysing the images, it was possible to map the
geomorphology of the outflow channel system (see Section 5.4). Areas of interest that
exhibited possible cross-cutting were studied with Mars Orbiter Laser Altimeter (MOLA)
point data to produce cross-sectional profiles. A combination of these observations

allowed a chronology of the process involved in shaping this area to be developed.
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Figure 5.2. Regional Map (centred at 15.25° N, 162.85° E) of the study area marking the source
areas of the five flows and the extent of each flow. The key study locations, 1 through 7 (Figures
5.4 through 5.11, respectively), are shown with white rectangles with L.1, L.2 and so on next to
the boxes. Supplementary Locations A through D are shown with white rectangles with SL.A,
SL.B, and so on next to the boxes. Below the Regional Map are five spot height topographic
profiles for the extent of each flow area 1 through 5 (kilometres/elevation) showing the downward-
east sloping topography of the Regional Map area. The vertical exaggeration for each topographic
profile is x200.

Early observations and investigations revealed the existence of cross-cutting channels
in several locations in the study area. These channels were mapped back to their
probable sources to accurately delineate the total number of outflow channels. Some of
the observed cross-cutting relationships could have been between distributary channels,
where the main channel divides into multiple channels downstream (Figure 5.3), so it
was essential to map channels back to their source to avoid an exaggerated number of
outflow channel formation phases. As such, the focus was on mapping channels and
locations that could be traced back to their source. It will be shown in the results section
(Section 5.4) that there are five phases of channel formation, each of which can be
mapped back to a different source along the northern Cerberus Fossae. The five clear
examples located can all be mapped back to their sources without interruption by another

cross-cutting channel (Figure 5.3).
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Figure 5.3. Schematic summary of cross-cutting relationships between channels. Time 1 took
place before the later Time 2. In Time 1, a flow occurred that was sourced as S1, and the flow
formed distributary channels (Dc) that can all be mapped back to the source of the flow, S1. In
Time 2, a later flow S2 occurred, sourced further east than the earlier S1. The flow from S2 formed
distributary channels, which cross-cut the earlier distributary channels formed by S1 flows. In
Time 2, only three of the five S1 distributary channels can be mapped back to their S1 source.
This is why it is challenging to map some distributary channels back to the source of the flows.
Speculative dike geometry at depth explains the lateral migration of the source locations for the
two-channel systems.

Identifying cross-cutting relationships that can be mapped back to the source was
possible for seven locations (Figures 5.4 through 5.11). Other locations that displayed
cross-cutting relationships were found. However, it was not possible to map these
channels back to a source, primarily due to ambiguous and unclear relationships
identified in the imagery. These four locations are located far from the northernmost
Cerberus Fossae fissures, and they were used to help delineate possible boundaries
among different flow episodes in the downstream and distal regions. As such, these
locations assisted in developing and completing the regional map (Fig. 5.2 and outlying

supplementary locations A through D (Figs. 5.S1 through 5.S4)).

After identifying cross-cutting areas and whether they could be traced back to the source,
Mars Orbiter Laser Altimeter (MOLA) Precision Experiment Data Records (PEDRs) were
used to produce transects across each location area so that a topographic profile of each
location could be constructed. Unfortunately, MOLA data was only available for some
locations and, in some cases, did not fully cover specific areas of note in the chosen

locations. The chosen locations exhibited clear cross-cutting and had enough relevant
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MOLA PEDR points to allow the construction of a usable topographic profile. This was
carried out to measure the depths of channels at each location, which would be the depth

of the channel incision.

In addition to studying cross-cutting channel morphologies as described above, it was
envisaged that MOLA data could provide extra information because a younger channel
might, presumably, incise vertically down across landforms produced by pre-existing
channels, and this would confirm or deny the time sequence of channel formation.
Thus, MOLA data were used to study the vertical disposition and geometries of
channels in cross-section. The MOLA PEDRs laser spots cover an area of

approximately 160 m in diameter, spaced approximately every 300 m.

The range measurements are quantised with a 1.5-m vertical resolution before
correction for orbit and pointing errors. The relative error in altitude along profiles is 1—
10 m (Albee et al., 2001). As a result, it was important only to attach significance to
results where the vertical differences were greater than 10 m. To help ameliorate these
problems, MOLA data from locations where the elevation dramatically changes at less
than 160 m horizontal length scale was not used, and this was ensured by scrutinising
shadow lengths on CTX and HIiRISE images (where available).

Each of the seven study locations within this chapter was chosen and studied based on

the following requirements:
(a) clear evidence of cross-cutting channels that can be mapped back to the source;

(b) sufficient MOLA coverage at each location to enable the construction of

topographic profiles across the width of the channels;

(c) a vertical difference greater than 10 m, meaning that the range in elevations in
each location had to be more than 10 m. Less than 10 m vertical difference is the

relative error in altitude profiles, as noted by Albee et al. (2001);

(d) MOLA data were available for at least five to six transects per location. Locations
with less than five or six MOLA transects meant that there was insufficient data
available to construct useable topographic data. It should be noted that some
areas had sufficient MOLA coverage. However, the orientation of the MOLA
transects to the channels and landforms under investigation meant that the MOLA
transects were not able to be used because they missed a particular feature. It
was also important to find locations that were further to the east than the last and

close to the Cerberus Fossae.
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By adhering to these four points (a—d above), seven locations were identified with clear
cross-cutting relationships between channels discernible, with channels traceable back
to their respective sources. Four additional locations with clear cross-cutting
relationships discernible between channels were identified. However, in these
locations, point (a) was not fulfilled—it was not possible to trace the channels back to
the source unambiguously. With the locations finally selected, (seven fulfilling all four
criteria (a—d), and four fulfilling criteria (b—d)). MOLA data was used to construct
topographic profiles (distance/elevation) across the 11 locations. Once constructed, the
topographic profiles were studied, along with the location images in CTX mosaic and
HiRISE (where available). A study of the topographic profiles was used to provide
support for or to deny the cross-cutting relations identified in the map view studying
cross-cutting relationships between the different channels by seeing and measuring if
younger features had incised down into older features, i.e. if the younger channels had
crosscut down across older channels. Such incisions were measured using the
topographic profiles to determine the vertical extent of the incision. Analysis of the
illumination of the slopes observed was also crucial in helping to determine the aspects
of the slopes. Using colour coding for each channel and geomorphic feature, the
chronology of geomorphic evolution was developed.

Once each location was completed, details from each were used to complete the larger
regional map, which shows the channels, fissures and faults, impact craters, and
ultimately the chronology (Fig. 5.2). To the regional map, based upon the detailed work
of the 11 locations, flow lines were added to all maps (regional and the 11 locational
maps), using the orientation and position of channels and geomorphic markers (tear-
drop shaped features, linear features on the slopes of the depression margins, linear
features on streamlined hills, and depressions) to best determine the most likely flow
direction of each channel. In some cases, boundary lines between channels were
challenging to identify, with the process being more straightforward, nearer to the
source of the flows and more equivocal at distal locations. The regional map (Fig. 5.2)
shows three types of boundaries between channels, these being: (a) a high degree of

certainty, (b) reasonably certain, and (c) somewhat uncertain.

Finally, topographic profiles were constructed along the five main channels using
MOLA data for the regional map. This was carried out to see that each channel flowed
downhill, an essential facet in understanding the flow movement of the channels
studied.
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5.4. Results

Eleven geomorphic maps with topographic profiles were created (seven for locations that
fulfilled the four essential criteria mentioned in section 5.3 and four locations that fulfilled
three of the four essential criteria mentioned in section 5.3, but each not fulfilling the
same criterion, that being showing clear evidence of cross-cutting channels that can be
mapped back to the source). Upon completing all eleven maps and accompanying
topographic profiles, it became apparent that the geomorphic features identified in the
first location (Figure 5.4) are common across all locations—a commonality existed
regarding geomorphic features in all locations. As such, the first location, Location 1
(Figure 5.4), was used as a ‘type’ example for the remaining locations (Location 2—7
(Figures 5.6-5.11), and the four locations that lack clear evidence of cross-cutting
channels that can be mapped back to the source, SL A-D (Figures 5SLA-5SLD). The
description of observed geomorphic features from Location 1 (Figure 5.4) is used to
explain how each geomorphic feature was identified and differentiated from across the
entire study region. Each geomorphic feature identified was described. Any interpretation
regarding a particular feature’s origin and significance came later. The type examples
given regarding Location 1 (Fig. 5.4) were then used to identify and interpret features in
the other locations (Location 2—7 (Figures 5.6-5.11), as well as for the four locations
where the tracing of channels back to the source was not possible (SL A-D (Figures
5SLA-5SLD)).

Once all eleven locations were mapped and topographic profiles for each location
produced, the larger regional map and accompanying topographic profiles (Figure 5.2)
were developed and produced. Of particular focus with the regional map was the
attempt to delineate each separate flow episode based on the findings from the eleven

locations.

5.4.1. Location 1 (Fig. 5.4)

Location 1 (15.70° N, 161.61°E) is in the western section of the overall channel system
(Figure 5.2). It is approximately 10 km south of the central system of faults, fractures
and fissures that form part of the northernmost Cerberus Fossae. It is traversed by
more minor fractures that trend WNW-ESE. The terrain is predominantly a flat plain
with relatively low crater densities, though some areas exhibit higher topography with
what appear to be relatively higher crater densities based on visual observation. While
this statement is qualitative rather than quantitative, these features are of interest for

further study. Below is a description of the five key features that are of note.
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Figure 5.4. Maps and topographic profiles of Location 1 centred at 15.70° N, 161.61°E showing
details of channels and cross-cutting relationships (see Figure 2 for location). (a) Map with
CTX mosaic with MOLA transects; (b) Map with CTX mosaic with MOLA transects (black lines
a’'—a through f—f) and interpreted channel markings/flow directions/recessional terrace
markings. Topographic profiles a’—a through f—f for each of the six transects, with the blue line
in each graph representing the MOLA transects. (c) The inset from CTX shows details of the
channel floor. Linear features on the channel margin slope and the linear features on the
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channel floor do not resemble lava flow landforms, such as thin, concentric, and lobate flow
fronts that indicate overlapping lavas or rootless cones. The interpretation is that they resemble
“longitudinal grooves” or “longitudinal lineations” that have been used to infer catastrophic flow
terrain on Earth and Mars (Baker, 1978; Burr et al., 2002) and/or turbulent lava (Jaeger et al.,
2010), and resemble “bathtub rings” that are cut by high flow velocities and vortices, and left by
lowering fluid levels during waning flows (Baker 1973, 1978). (d) Map showing similar linear
features around a streamlined island. (e) Topographic profiles from MOLA spot heights (labelled
a’'—a through f—f and located on (a) and (b)) showing the morphologies of channels and craters
and locating linear features on channel margins. The vertical exaggeration for each topographic
profile is x50. Overall, for Location 1, the interpretation is that Flow 1 (that flowed from west to
east/southeast) is cross-cut by channels formed by a later flow, Flow 2 (that flowed towards the
SE). Flow sources are shown in Figure 5.5.

5.4.1.1. Descriptions of landforms at Location 1

a) Depressions

Observations of Location 1 indicate the presence of depressions, visible on the
Google Earth CTX mosaic images, and this is confirmed when MOLA profiles that
cross these depressions are analysed. The most prominent depression follows a
NW-SE orientation and is approximately three to four kilometres wide (Figs. 5.4 a,
b and c) and approximately 40 metres deep. MOLA data points cross this
depression, marked as profiles ¢’'—c, d'—d, e'—e and f'- f (Figs. 5.4 a, b and 4 ¢ and
topographic profiles c’'—c, d'—d, e'—e, and f—f). The other depressions in Location 1
are all shallower than the main depression, all being less than 10 metres, with their
orientations running W—E as is the case for the northern part of the MOLA profiles
a'—a and b’-b, and the southern end of profile ¢’'—c (Figs. 5.4 a and b).

lllumination from the SW produces shadows on the NE of geomorphic features,
shadows that slope towards the NE and brighter areas on features that slope
towards the SW.

b) Linear features on the depression floor

These are 3 to 4 km long, approximately 50 to 100 metre wide linear features with
what appears to be a set of smooth ridges, known because they have shadows on
their E or NE sides and relatively brightly illuminated W or SW sides (Fig 5.4 c).
These ridges die out in the NNW and SSE direction, terminating with lenticular-

shaped ends.
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c) Linear features on the slopes of the depression margins

On the slopes that form the edges/margins of the depressions, linear features can
be found. An excellent example is Figure 5.4 ¢, where approximately nine sub-
parallel linear features can be identified. However, the features appear to have
embayed traces that are, in some places, sinuous and discontinuous. MOLA data
reveals that these features differ from the linear features found on the floors of the
depressions because they have shadows on their NE side (Fig 5.4 c.). However,
the obverse side is not brightly illuminated, thus indicating that the linear features
on the slopes of the depression margins resemble steps cut into the slope.
Analysis of MOLA point data shows that, in places, nine to ten of these linear
features are found on the slopes of the depressions that are approximately 1
kilometre across, with a relief of approximately 40 metres. The ‘steps’ are only a

few metres high (e.g. Fig. 5.4 ¢ and topographic profiles ¢’—c, d'—d, e'—e, and f—f).

d) Linear features on streamlined hills

Linear features also exist along the slopes of streamlined hills (e.g. Fig 5.4 d).
Similar to the linear ridges found on the floors of the depression, they have
shadows on their eastern sides and lack brightly illuminated western sides.
Analysis of MOLA data shows that their vertical dimensions are just a few metres
(e.g. Fig. 5.4 c). They also resemble the ‘steps’ of the linear features on the slope

of the depression margins.

e) ‘Tear-drop’ shaped hills

There are raised features shaped like teardrops, common in Location 1 and
throughout the larger study area (e.g. Fig. 5.4 a, b and d). They vary in size from a
few hundred metres to several kilometres or more in area. Some features have
formed around pre-existing craters (e.g. Fig. 5.4 d); others have formed around low
hills (e.g. Fig. 5.4 a and b). Some of these hills contain very low-relief depressions
(e.g. the hill crossed by profiles e’- e and f- f shown in Figs. 5.4 a, b, and
topographic profiles e'—e and f—f ) that were only discernible through analysis of
MOLA data.
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5.4.1.2. Interpretation of five geomorphic landforms at Location 1

a)

b)

c)

Depressions interpreted as channels

The observed depressions have been interpreted to be channels. Based on the
dimensions of the channels (40 m x 3000 m), it is unlikely that glaciers cut these
channels due to their depth-to-width ratios and form ratio (0.013), unlike glacially
formed valleys on Earth whose form ratios, for active glacial channels, is between
0.20 and 0.58 (Harbor, 1992). Up-standing morphology types commonly
associated with mudflows or lavas were not identified in Location 1. However,
incised depressions were identified, and aqueous flow at high volumetric flow rates
could produce these incisions. Jaeger et al. (2010) point out that the flow of
turbulent lavas could produce mechanical erosion, too, and as such, turbulent

lavas cannot be ruled out as having formed the channels.

Linear features on the depression floor are interpreted as ‘longitudinal grooves’ or

‘longitudinal lineations.’

The linear features observed are interpreted as ‘longitudinal grooves’ or
‘longitudinal lineations’ (Baker, 1978; Burr et al., 2002). The existence of these
‘longitudinal grooves’ or ‘longitudinal lineations’ has been used to suggest

catastrophic flow terrain on Mars and Earth (Baker, 1978; Baker and Milton, 1974).

‘Longitudinal grooves’ or ‘longitudinal lineations’ are found on the channel floors
with alternating high ridges and low grooves oriented parallel to the channel walls.
As suggested by Burr et al. (2002), the lineations are evidence of a formation
process that is sensitive to the local topography. As with streamlined forms,
‘longitudinal lineations’ or ‘longitudinal grooves’ have been used to infer
catastrophic flood terrain on both Earth (Baker, 1978a, p. 70) and Mars (Baker and
Milton 1974).

Linear features on the slopes of the depression margins interpreted as terraces on

channel margin slopes

The linear features on the slopes of the depression margins are interpreted as
terraces on channel margin slopes. Burr et al. (2002) believed these to result from
erosion of pre-existing layered terrain, which may be partially correct. However, in

this location, the features are not dissimilar to ‘bathtub rings’. These features are
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d)

cut by high volumetric flow rates and vortices and are left as the water levels lower
as flows wane (Baker 1973, 1978). As with the other features, turbulent lava flows
may have created these features through mechanical erosion (e.g. Jaeger et al.
2010). Jaeger et al. (2007) conducted a study on the Athabasca Valles to
determine the composition of the flow that formed the outflow channels. They
aimed to decide whether or not it was primarily composed of sediment, ice, or lava.
They analysed the many ring-mound landforms (RMLSs) in Athabasca Valles using
HIiRISE imagery to do this. The RMLs are believed to have originated from various
sources, and each source points to a specific flow compaosition. For instance, if the
RMLs are pingos (ice-covered mounds), the flow is a mixture of sediment and ice.
If the RMLs are cryophreatic cones, the flow is sediment that was volatile-rich but
has since degassed. Finally, if the RMLs are rootless cones (hydrovolcanic)
formed when a flow heats the groundwater below it, causing steam explosions,
then the flow is lava. Jaeger et al. (2007) analysed RMLs and found evidence of
relict wakes trailing in the direction of the flow. This indicates that the wakes
formed atop the active flow and that gas vented from a fixed source at depth into a
moving flow. Thus, it is evident that the RMLs in Athabasca Valles are rootless
cones and that the flow was lava (Figure 1.6 a and b). However, Jaegar et al.
(2007, 2010) also suggest that aqueous forces most likely formed the channels
themselves. Tanaka and Chapman (1990) found that the channels in Mangala
Valles are similar to those in the Cerberus plains. Both originate from graben that
are radial to a volcanic centre, suggest evidence of more than one aqueous flood
episode, and indicate that both agueous flooding and lava emplacement occurred
concurrently. It is crucial to note that the interpretations of erosion of pre-existing
layered terrain versus recessional terraces may not be mutually exclusive. This
can pose a challenge, particularly in regions where sub-horizontal lava layers may
be present, such as Grjéta Valles. Regarding the examples described, the
interpretation is that as the fluids waned, the fluid levels dropped. This cut into the
bedrock, creating the ‘bathtub rings’ features, or ‘recessional terraces’, during the
recession of the fluids. Research into ‘recessional terraces’ has not provided any
evidence that these features are produced by either mudflows or highly viscous

lava flows.

Linear features on streamlined hills interpreted as linear features on the

streamlined hills. These are recessional terraces cut by waning rapid fluid flows.

‘Tear-drop’ shaped hills interpreted as streamlined islands cut by the flows. These

are interpreted as streamlined islands cut by the flows, based upon earlier
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interpretations of the recessional terraces cut by waning high volumetric fluid flows.
These ‘tear-drop’ shaped features within the channels, with the rounded-end
pointing upslope and the pointed-end pointing downslope, often flat-topped and
topographically raised, is strong evidence for high volumetric flow rates within
these channels (Burr et al., 2002). Examples of these features can be seen in Figs
5.4 a, b, and d, such as the impact crater, which has been streamlined into a tear-
drop-shaped island through which transect a’-a passes. Its flat top to the east of
the crater and the pointed end of the feature pointing downslope display the classic
tear-drop form. The general morphology of these streamlined islands indicates that
the general flow direction was northwest to southeast (Figure 5.4 b). This trend is
apparent in this location, and the entire study region (Fig. 5.2). Work by Burr and
Parker (2006) (Fig. 5.1 b) also estimated similar general flow direction.

5.4.1.3. Summary

Landforms identified in Location 1 appear to have been formed by aqueous flows. They
were not formed by highly viscous lava flows. Evidence for this exists in several forms.
Firstly, there are no RMLs considered rootless cones (Jaeger et al., 2007) seen in
Athabasca Valles. Secondly, features indicative of lava flows, such as thin, concentric,
lobate flow fronts that indicate overlapping lavas (Jaeger et al., 2007) or platy-flow or
platy-ridged surfaces indicating lava crusts (Chapman et al., 2010; Keszthelyi et al.,
2000) were not observed. The geomorphic landforms do not appear to have been
formed by mudflows because features that are the result of mudflows such as (i)
elongated ridges with rough surfaces, (ii) hills characterised by circular plan-map
appearance with flow-like structures extending from their bases, (iii) broad plateaus
with a smooth central uplifted unit, often containing a rimless pit, and (iv) an extensive
and chaotic combination of overlapping landforms of points (i), (ii), and (iii) above (Broz
et al., 2020; Cufin et al., 2021).

Consequently, the five geomorphic landforms described above were not formed due to
the flow of mud or highly viscous lavas, but are the result of aqueous flows or turbulent
lava flows, a theory propounded by some authors (e.g. Burr et al. 2002; Jaeger et al.,
2010).

5.4.1.4. Observations of the relative chronology of geomorphic features

Building a relative chronology of events was paramount to understanding the history of

events at Location 1. In Location 1, the pivotal observation that allowed for the
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establishment of a relative chronology is that the NW-SE trending channel cuts across
and incises down across the E-W trending channels (Fig. 5.4 b). Using MOLA data to
construct topographic profiles that transect the channels in Location 1 (Fig 5.4 e)

allowed for the measurement of the base elevation of channels. This was important to

determine and measure the depth of the cross-cutting incision.

Regarding the E-W channels, the base elevation is approximately -2156 m. However,
the base elevation of the NW—SE channel is deeper, at approximately -2194 m. This
suggests an approximate incision of 40 m by the NW-SE channel (Fig. 5.4 e
topographic profiles a’- a through f'- f). Recessional terraces of the E-W streamlined
islands and channels are at elevations of between -2130 m to -2160 m, while
recessional terraces of the streamlined islands and channels of the NW-SE channel
are at elevations between -2170 m to -2195 m. The recessional terraces within the E—
W channels oblique to those found in the NW-SE channel and appear cross-cut by the
recessional terraces from the NW—-SE channel (e.g. the region between profiles b’-b
and c'—c, Fig. 5.4 b).

5.4.1.5. Interpretation of the relative chronology of geomorphic features

The interpretation of the relative chronology within Location 1 is that two separate
episodes of channel formation occurred. The recessional terraces from older channels
are cross-cut by recessional terrace marks associated with a younger channel (also
visible in Figs 5.2, 5.6, 5.7, 5.8, 5.9, 5.10, and 5.11). Such evidence suggests that the
water levels from the older flow episode had fully waned and that the later channel then
formed. This would indicate two separate flow episodes, with the channels from these

flows not anastomosing distributary channels from one flow.

5.4.1.6. Channel sources

It is important to be able to map channels back to their source points/areas for the
reasons explained in section 5.3 (Methods). The oldest flow (Flow 1, Figure 5.5 a and
b) can be traced and mapped back to its source, located in the vicinity of the cracks
and fissures that make up the northernmost Cerberus Fossae (Figure 5.2 and Figure
5.5 aand b).
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yellow hexagon. (Panel a.; Flow 1, centred at 16.05° N, 160.48°E / panel c.; Flow 2, centred at
15.56° N, 161.33°E / panel e.; Flow 3, centred at 15.30° N, 162.41°E / panel g.; Flow 4, centred
at 15.20° N, 163.05°E / panel j.; Flow 5, centred at 14.56° N, 164.17°E). The source areas have
been disrupted by later faulting. Solid blue lines represent enclosing cliffs/boundaries with a
high level of confidence; dashed blue lines represent enclosing cliffs/lboundaries with a lower
level of confidence.

Analysis of the source area reveals that it is surrounded to an extent by enclosing cliffs
and that the initial flow direction, based on the orientation of the streamlined islands in
the channels, was to the north and south. A faulted depression stretches west to east
(Figures 5.5 a and b), and its walls are fresh and uneroded by the flow, suggesting that
faulting occurred after the flow formed the channels and geomorphic features such as
streamlined islands. Such an interpretation is similar to the interpretation and timing
propounded by Burr, Sakimoto, and McEwen (2002) and Vetterlein and Roberts (2009)
regarding the timing of flows and faulting. The younger flow can also be mapped back
to its source point/area (Figure 5.2 and Figure 5.5 ¢ and d). This source region is also
surrounded to an extent by enclosing cliffs. Its walls are fresh and uneroded by the
flow, suggesting faulting occurred after the flow formed the channels and geomorphic
features, such as streamlined islands, much like the older flow. The source of the
second flow is to the east of the source of the earlier flow. Again, the walls of the
faulted depression appear fresh and un-eroded by the flow, suggesting that the faulting

occurred after flow formation (Brown and Roberts, 2023).

5.4.1.7. Summary

Interpretation of Location 1 (Fig. 5.4 a, b, ¢, d, and e) shows two separate flow events
(Flow 1 and Flow 2), with Flow 1 being older than Flow 2. Both flows can be mapped
back to two separate source locations along the northernmost Cerberus Fossae

fissures and cracks.

The five geomorphic features identified and discussed in detail are found across the
study region. The observations and interpretations of geomorphic landforms in
Location 1 are used as type examples to assist with interpreting landforms in the
remaining locations (2 through 7 and the outlying supplementary locations A through D
(Figs. 5.51 through 5.S4)). Accordingly, a separate description and interpretation for

every example in each location will not be included.
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5.4.2. Location 2 (Fig. 5.6)

Location 2, centred at 15.60° N, 162.07° E, is east of Location 1 and has further
examples of cross-cutting relationships between the two flows from Location 1 (Flow 1
and Flow 2). As with the examples in Location 1, the channels in Location 2 exhibit linear
features on the channel floors and margins. These are longitudinal lineations and

recessional terraces (Fig. 5.6 c).

Linear features
- on channel

floor

margin \xXx

t

2l

Key for Map 2

“**sz..pp Channel 1 flow channels
Channel 1 recessional
terrace markings
Channel 2 flow channels

Channel 2 recessional
terrace markings

(d)
ai""“’ Base elevation a b,'2‘55 i2140 - dtzuo *Channel 2:
Channel 1(BEC1) sub-channals
T G Tl a7 -2180 _-2180 3 &5 incision
E = 3
H 2220 { ¥® § 2195 2220 g 2220
& 35 m H 2 K
Channel2(C2): | L C2sc2 |® (BRI sC3
2% |sub-channel 1(5C1) | ** incision | %% ek 2260
incision ~15m ~40 m
-2300 2235 -2300 2300
) 3 6 9 o 3 6 ) 3 6 9 12
Distance (km) Distance (km) Distance (km)

Figure 5.6. Maps and topographic profiles of Location 2 centred at 15.60° N, 162.07° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’- a through d’-
d) and interpreted channel markings/flow directions/recessional terrace markings. (c) Inset map
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located in (a) from HIRISE Image ESP_026356_1960 showing details of a channel margin and
channel floor. Talus slopes cover the channel margin in the NE. Features such as lobate flow
fronts or rootless cones indicating lava flows were not identified. (d) Topographic profiles a’- a
through d’- d for each of the four transects, with the blue line representing the MOLA transects in
each profile. The vertical exaggeration for each topographic profile is x70. Overall, the
interpretation of Location 2 is that older Flow 1 channels are cross-cut by younger Flow 2
channels. Five distinct Flow 2 channels are visible from the maps and topographic profiles. Of
interest is the island-like streamlined landform in the top left of Maps 1 and 2. The channels from
Flow 2 have created a streamlined ‘island’, but measurements and observations show that before
Flow 2, this area was two or smaller ‘islands’ that the channels from Flow 1 had formed.

Landforms from Flow 1 are preserved on top of two streamlined islands defined by Flow
2. Flow 1, with a general flow direction of NW to SE, produced multiple channels within
the bounds of the two main streamlined islands. The streamlined island in the top left of
the image (Fig 5.6 a and b) is also in Location 1, and the channels have similar basal
elevations (Location 1, -2180 m; Location 2, -2180 m). The later Flow 2 cross-cuts Flow
1 in several locations. Fig 5.6 b shows how Flow 2 sub-channels 1 and 2 are tributary
channels, flowing north and south of a streamlined island that preserves features from
Flow 1. They join to form sub-channel 3, which flows in a SW direction. Flow 2 sub-
channel 4 flows SW and is a distributary channel that diverges from sub-channel 2 as
they abut against a streamlined island, upon which features from Flow 1 are preserved.
Flow 2 sub-channel 5 is a distributary channel that flows NW and diverges from Flow 2
sub-channel 3. At the northern end of transect ¢’—c (Fig. 5.6 a and b), Flow 2 sub-channel
3 flows towards the SE and cuts across a channel associated with Flow 1. The base of
Flow 2 sub-channel 3 incises downwards to -2295 m, approximately 40 m beneath the
basal elevation of channels associated with this portion of Flow 1 at around -2255 m and

also beneath recessional terraces of Flow 1 (Fig. 5.6, topographic profile ¢’'—c).

Flow 2 incises down below the level of Flow 1. On transect ¢’—c (Fig. 5.6, topographic
profile ¢'-c), the elevation difference between the base of the second channel and the
recessional terraces from Flow 1 suggests an incision of up to approximately 40 m.
MOLA transect d'—d (Fig. 5.6 a and b) crosses Flow 2 sub-channels 3 and 5. Topographic
data and recessional terrace markings indicate that Flow 2 channel sub-channel 3
incised down beneath the elevation of Flow 1. The incision is approximately 40 metres,
from -2250 m to -2290 m, similar to those seen at transect c’—c. The distributary Flow 2
sub-channel 5 incised down into the surface produced by Flow 1. The incision is
approximately 10 metres, from -2250 m to -2260 m. Topographic profiles a’-a and b’-b,
with incision values of approximately 35 m and 15 m, respectively, offer further evidence

that Flow 2 incised below the basal level of Flow 1.
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Mapping back both flows to their sources indicates that these are the same two flows
identified at Location 1.

5.4.3. Location 3 (Fig. 5.7)

Location 3 (Fig. 5.7), centred at 15.58° N, 162.37° E, shows further details of the
relationship between Flows 1 and 2. The location is downstream of Location 2.
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Figure 5.7. Maps and topographic profiles of Location 3 centred at 15.58° N, 162.37° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’-a through d’—
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d) and interpreted channel markings/flow directions/ recessional terrace markings. (c) Inset
located in (a) from CTX data showing channel floor details and margin details. Longitudinal
lineations and recessional terraces exist (see caption in Figure 5.4). Talus slopes cover the
channel margin in the NE. Features such as lobate flow fronts or rootless cones indicating lava
flows were not identified. (d) Topographic profiles a’—a through d’—d. for each of the four transects,
with the blue line in each profile representing the MOLA transects. The vertical exaggeration for
each topographic profile is x70. Overall, the interpretation for Location 3 is that a broad Flow 1
channel oriented to the east or NE was cross-cut by a later flow (Flow 2) that cut a channel
indicating flow towards the SE.

Geomorphic Flow 1 landforms correlate with those in Location 1 and Location 2 because
the basal elevation is similar at between -2270 to -2290 m. The channel floors and
margins exhibit longitudinal lineations and recessional terraces (Fig. 5.7 ¢). On the
southeastern side of a broad Flow 1 channel, a streamlined island has recessional
terraces, possibly resulting from waning flow. The channel has longitudinal lineations
that show the flow direction to the NE and E. Flow 2, later than Flow 1, flowed SE and
cross-cut the landforms created by Flow 1. MOLA data indicated that the basal elevation
for Flow 1 ranges from -2270 m in the west (MOLA transect a'—a) to -2290 m in the east
(MOLA transect d'—d) (Fig. 5.7, topographic profiles a'—a and d’—d). The cross-cutting of
Flow 1 by Flow 2 is clear from the recessional terrace marks of Flow 2, which are
perpendicular to the flow direction of Flow 1. And its accompanying recessional terraces.
There is a decrease from west to east in Flow 2’s incision, with MOLA transect a’-a
having a maximum incision of approximately 70 to 75 m; MOLA transect b’-b
approximately 60 metres; MOLA transect c’'—c approximately 50 metres; and MOLA
transect d'—d approximately 35 metres. This marked decrease is in tandem with a
decrease in the basal elevation of Flow 1 and accompanying channel features from west
to east. Both Flow 1 and Flow 2 predate the fissures, with longitudinal lineations and

recessional terrace markings from Flow 2 disrupted by later faulting.

5.4.4. Location 4 (Fig. 5.8)

Location 4, centred at 15.60° N, 162.75° E, is east of the previous three Locations. The
focus of this location is the presence of the oldest flow channel, Flow 1, which is cross-
cut by a third flow, Flow 3. As with the previous locations, the channels and geomorphic

bodies are characterised by longitudinal lineations and recessional terraces (Fig. 5.8 c).
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Figure 5.8. Maps and topographic profiles of Location 4 centred at 15.60° N, 162.75° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’- a through e’-
e) and illustrated channel markings/flow directions/ recessional terrace markings. (c) Inset located
in (a) from CTX data showing channel floor details and margin details. Longitudinal lineations and
recessional terraces exist (see caption in Figure 5.4). No features, such as | have not lobate flow
fronts or rootless cones indicating lava flows, were identified. (d) Topographic profiles a'-a
through e’—e for each of the five transects, with the blue line in each profile representing the MOLA
transects. The vertical exaggeration for each topographic profile is x80. Overall, the interpretation
of Location 4 is that a Flow 3 channel cross-cuts and incises into a channel from Flow 1. The age
of the Flow 1 channel is interpreted from the observation that it can be mapped back to its source
(see Figures 5.2 and 5.5). The Flow 3 channel indicates flow towards the NE. As seen from
topographic profiles ¢’'—c, d'—d and e’'—e, the base of the Flow 3 channel is at approximately -2325
metres elevation at its deepest. This location appears to cross-cut a Flow 1 channel, possibly a
remnant channel of Flow 1 that Flow 2 channels have not covered. The fissures are younger
geological features, with recessional terrace markings from the flows disrupted by them.
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MOLA data from an analysis of the topographic profiles of transects a’-a, b’-b, and c’'—c
suggests Flow 1 may have carved the channel, with the flow W to NE and with a basal
elevation of approximately -2310 to -2320 m (Fig. 5.8 a and b, and topographic profiles
a'—a, b’-b, and c¢'-c). This may be a remnant channel not covered by the later Flow 2.
The basal elevation of this channel (-2310 to -2320 m) would indicate that it is a
downstream continuation of Flow 1 from Location 3 (around -2290 m) and not a
continuation of those for Flow 2, which are of a lower elevation (around -2345 m) (see

Figure 5.16 for a compilation of elevations).

The flow that cross-cuts Flow 1 cannot be mapped back to the Flow 2 source, and this
is interpreted as a third flow, Flow 3, which can be mapped back to its source (Fig 5.2
and Fig 5.5 e and f). As with the source locations for Flow 1 and Flow 2, the source
location for Flow 3 is located along the northernmost Cerberus Fossae. Faulting
postdates the flow because the walls and edges of the fissure appear uneroded by the
flow. The source of Flow 3 is partially surrounded by enclosing cliffs on the eastern side.
MOLA measurements reveal that Flow 3 incised downwards into the earlier Flow 1
channel by between 7 m and 25 m, with incision depth increasing as the Flow 3 channel
moves further to the NE.

5.4.5. Location 5 (Fig. 5.9)

Location 5, centred at 15.13° N, 163.21° E, shows an area with three possible flow
channels, two exhibiting cross-cutting relationships (Fig. 5.9 a and b). A fourth flow, Flow
4, is identified here and can be located back to its source. As with the previous locations,
the channels within Location 5 exhibit longitudinal lineations and recessional terraces
(Fig. 5.9 ¢).
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Figure 5.9. Maps and topographic profiles of Location 5 centred at 15.13° N, 163.21° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’—a through e’—
e) and interpreted channel markings/flow directions/ recessional terrace markings. An area
containing possible rootless cones is adjacent to a later fissure system. The cones are possibly
related to volcanism associated with the fissures that post-date channel formation. (c) The inset
shows details of the channel floor from the HIRISE image ESP_025789 1950. No rootless cones
are seen over most of the channel, for example, as shown herein. (d) Topographic profiles a’-a
through e’—e for each of the five transects, with the blue line in each profile representing the MOLA
transects. Location 5 maps and topographic profiles show an area of possibly three flow channels.
The vertical exaggeration for each topographic profile is x80. The overall interpretation of Location
5 is that a channel from Flow 4 cross-cuts and incises into older channels.
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Flow features from the older Flow 2 are seen in the imagery. MOLA transects at relatively
high elevations c'-c and e’'—e allowed me to construct topographic profiles (Fig. 5.9 a
and b, and topographic profiles ¢’—c and e’—e) that show recessional terraces at
elevations of -2325 m and -2340 m located high on the escarpment running SW-NE
across the image (Fig 5.9 b, indicated by white arrows). A later flow incised downwards,
with the incision cutting a channel down to -2370 m (Fig. 5.9, transects d'—d and e’'-e).
This is possibly a remnant of the Flow 3 channel, untouched by the later Flow 4. The
later Flow 4 incises more deeply, with its channel base at a depth of approximately -2379
metres (transect a'-a), to a maximum of -2390 metres (transect c¢'—c). Recessional
terrace markings indicate the incision depth for Flow 4 was approximately 20 m deep
(Fig. 5.9 transect b’-b).

Flow 4 channels can be mapped back to the source, approximately 15 km to the NW
(Fig. 5.2 and Fig. 5.5 g and h). The source is a depression along the trace of the
northernmost Cerberus Fossae, partially enclosed and defined by surrounding cliffs. The
fissures postdate the flow because the sidewalls and edges of the fissure cross-cut the
enclosing cliffs, indicating that the faulting is later than the flow.

Of all the locations studied, this was the only one where possible RMLs were observed
(Fig. 5.9 a, b and c). However, these are adjacent to a later fissure and are not present
across the vast part of the channel floor. If these are RMLs, they are related to a possible
small lava flow connected to a later fissure system. They do not indicate lava forming the

Flow 4 channel because of their associated lava postdates channel formation.

5.4.6. Location 6 (Fig. 5.10)

Location 6, centred at 15.60° N, 163.30° E, focuses on a small, rounded, hummocky
location just north of the main W to E fissure that cuts across the central regional map
(Fig. 5.2). It is approximately 20 km NNE from the source of Flow 4 and approximately
40 km NE of the source of Flood 4 (Fig. 5.2).
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Figure 5.10. Maps and topographic profiles of Location 6 centred at 15.60° N, 163.30° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’-a through e’—
e) and illustrated channel markings/flow directions/ recessional terrace markings. Fissure
extension took place after the flow episodes. The new fissure formations ran parallel with the
major fissure running through this region, approximately 16 km southwest of the newly formed
fissure. (c) Inset from HiRISE image ESP_028756_1960 showing details of a channel floor and
margins. We interpret the presence of longitudinal lineations and recessional terraces (see
caption to Figure 5.4). Features such as lobate flow fronts or rootless cones indicating lava flows
were not identified. (d) Topographic profiles a'—a through e’—e for each of the five transects, with
the blue line in each profile representing the MOLA transects. The vertical exaggeration for each
topographic profile is x35. The overall interpretation of Location 6 is that Flow 4 channels cross-
cut earlier Flow 3 channels. Remnant recessional terraces also exist from a possible Flow 2
channel.
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The key interpretation of this location is the cross-cutting relationship between a Flow 4
channel and earlier Flow 3 channels. Observations of imagery also suggest the
existence of remnant recessional terraces from a Flow 2 channel. All flow channels in

this location exhibit longitudinal lineations and recessional terraces (Fig. 5.10 c).

Flow 3 channels appear to have flowed around, through and south of the two areas of

higher ground central in the image (Fig. 5.10 a and b).

MOLA transects a’—a and b’—b show the base of the Flow 3 channel was approximately

-2360 metres, and recessional terrace marks are visible up to about

-2320 metres, meaning that the vertical extent of this Flow 3 channel was approximately
33 m to 35 m at these locations. MOLA transects c¢'—c, d'—-d, and e’-e are more
challenging to interpret because they pass through an area that divides the two areas of
high ground. Recessional terrace marks are observed, indicating that a channel from
Flow 3 flowed in a south-to-north direction up between the two areas of high ground.
Interpretation of MOLA transects c'—c, d'—d, and e’—e, together with a basal elevation of
-2355 metres for Flow 3, suggests the maximum elevation of

Flow 3 was approximately -2290 metres. Therefore, the vertical extent of this Flow 3

channel was approximately 65 metres.

A later flow incised across the channel from Flow 3 (Figure 5.10 a and b), and this flow
can be mapped back to a source (Fig. 5.2 and Fig. 5.5 g and h), identifying it as Flow 4.
A Flow 4 channel runs west to east across the bottom of Figure 10 a and b, with a basal
elevation of approximately -2380 metres. The channel incises below the base of Flow 3
by up to 45 m. Recessional terrace marks for the Flow 4 channel were identified on the
imagery and upon the study of MOLA transects, with the depth of Flow 4 channels
ranging from approximately 40 m (MOLA transect a’-a); approximately 20 m (MOLA
transects b'—b and ¢’—c); to only being able to identify the recessional terrace marks, but
not enough of them to measure incision, of Flow 4 (MOLA transects d'—d and e'—e). A
possible remnant area of a Flow 2 channel was identified, with the elevation of the
identified terrace marks correlated with Flow 2 features in the previous locations, with
the lowest identified recessional channel for this Flow 2 channel area being about -2270
metres and the highest being about -2220 metres. The vertical extent of the flow from

this Flow 2 was more than 50 metres.
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Fissures cross-cut the recessional terrace markings of the flow channels, with fissure
formation and orientation running parallel to the major fissure within the study region that
runs 16 km to the SW of the fissure in this location. The cross-cutting of the fissures

indicates that the formation of the fissures postdates the flow episodes.
5.4.7. Location 7 (Fig. 5.11)
Location 7, centred at 15.46° N, 163.28° E, includes the area of Location 6 and an area

to the south of that location. The study area focuses on the relationship between the two

principle flows, Flow 3 and Flow 4.
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Figure 5.11. Maps and topographic profiles of Location 7 centred at 15.46° N, 163.28° E showing
details of channels and cross-cutting relationships (see Figure 5.2 for location). (a) Map 1—CTX
mosaic with MOLA transects. (b) Map 2—CTX with MOLA transects (black lines a’—a through e’—
e) and illustrated channel markings/flow directions/ recessional terrace markings. (c) Inset from
HIRISE image ESP_028400_ 1955 showing details of a channel floor and margins. Longitudinal
lineations and recessional terraces exist (see caption in Figure 5.4). Features such as lobate flow
fronts or rootless cones indicating lava flows were not identified. (d) Topographic profiles a'-a
through e’—e for each of the five transects, with the blue line in each profile representing the MOLA
transects. The vertical exaggeration for each topographic profile is x110. The overall interpretation
of Location 7 is that channels from Flow 4 flowed to the east, cross-cutting earlier flow channels
formed by Flow 3 channels.
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The area comprises eleven large hummocks and several smaller, lower-elevation
mounds, with a discernible that runs NE then E through the centre of the location map
(Fig. 5.11 a and b). Within the hummaocks in the south of the image are smaller channels,
with one more significant channel with a NE orientation. The channels are characterised

by recessional terraces and longitudinal lineations (Fig. 5.11 c).

Location 7 lies 15 km northeast of the estimated source area of Flow 4, with the primary
Flow 4 channel’s orientation being N then NE (Figure 5.11 a and b), cross-cutting earlier
channels formed by Flow 3. The basal elevation of the main Flow 4 channels deepens
as the channel moves eastward, with MOLA data revealing a base elevation for transects
a'—a and b’-b to be approximately -2365 m, deepening to approximately -2380 m for
transects c’'—c, d'-d, and e'—e. Flow 4 recessional terrace marks indicate that the upper
limit of Flow 4 was -2340 m to -2330 m. This means that the vertical extent of Flow 4
ranged from 25 metres in topographic profiles a'—a and b’—b to approximately 50 metres
and 25 metres in topographic profiles ¢’'—c, d'—d, and e'—e. Recessional terrace markings
for an earlier flow exist and are from Flow 3, based upon MOLA data that define the base
of interpreted Flow 3 channels at similar elevations in different locations, such as -2325
m in Location 4, Fig. 5.8 and -2335 m in Location 7, Fig. 5.11. The elevation of the
sources for Flow 3 and Flow 4 indicates that the Flow 3 source is -2325 m, and the Flow
4 source is -2344 m (Figure 5.16). Based on this data, geomorphic features and
recessional terrace markings above -2330 m are most likely a result of Flow 3.
Geomorphic features and recessional terrace markings below -2344 m were most likely
formed by Flow 4. The measurements are consistent with the measured Flow 4 incision

depth of just over -2380 m, the basal elevation for Flow 4 in this location.

Within the location are four remnant Flow 3 areas. However, these areas do not exhibit
clear evidence of cross-cutting relationships with Flow 4 channels. Determining a base
elevation measurement for Flow 3 using available MOLA data proved challenging due

to insufficient MOLA coverage of areas that could exhibit cross-cutting relationships.

MOLA data from Location 6 (Fig. 5.10), the northern section of the area within Location
7 (Fig. 5.11 a and b), reveals a base elevation of -2365 metres for Flow 3. However, that
measurement is for the northern channel of Flow 3. It is, therefore, quite different from
the Flow 3 channel to the south of the split-hilllhummock formation in the north of
Location 7 maps 1 and 2 (Fig. 5.11 a and b). Regardless, the measurement is a valuable
proxy. It suggests that the Flow 4 channel measured here is Flow 4, not Flow 3. However,
due to a lack of coverage by MOLA data in this region, the vertical extent of Flow 4 may

be overestimated.
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5.4.8. Outlying Supplementary Locations A through D (Fig 5. SL A through Fig 5.
SL D)

Four flows were identified in outlying locations exhibiting geomorphic landforms in
downstream locations (Fig 5.2 and Figs 5. SL A, 5. SL B, 5. SL C, and 5. SL D). They
provided evidence of the lateral extent of the geomorphic landforms produced by the
flows in downstream locations. Defining cross-cutting relationships with distance from
the flow sources is challenging because the incision generally decreases downstream,
and channel courses run almost parallel to each other in a west-to-east direction.
Accordingly, it was necessary to focus on locations that did not necessarily exhibit
clear cross-cutting relationships but instead offered evidence through geological
observation and analyses of MOLA data to possible positions of boundary lines
between the different flow episodes. The observations and analyses of these four
locations allowed me to construct Figure 2 and discern possible boundaries between
flow episodes.

5.4.8.1. Supplementary Location A (Fig 5.12 SLA)

Supplementary Location A (centred at 16.15° N, 162.90° E) and topographic profiles
(Fig. 5.12 SLA) show the possible flow boundary between the earlier Flow 1 channels
and the younger Flow 2 channels. The position of observed recessional terrace marks
and to what flow they belong are marked on the topographic profiles as arrows in

colours corresponding to the flow colour.
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Figure 5.12. SL A:Supplementary Location A (centred at 16.15° N, 162.90° E) and topographic
profiles.

5.4.8.2. Supplementary Location B (Fig. 5.13 SL B)

Supplementary Location B (centred at 16.13° N, 163.37° E) and topographic profiles
(Fig. 5.13 SLB) show the possible flow boundary between the earlier Flow 1 channels
and the younger Flow 2 channels. A boundary between the two flows appears to be

delineated by the area of higher ground. This area of higher ground/hummocks may
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have served as a natural boundary between Flow 1 and Flow 2 channels. The position
of observed recessional terrace marks and to what flow they belong are marked on the

topographic profiles as arrows in colours corresponding to the flow colour.
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Figure 5.13. Supplementary Location A (centred at 16.15° N, 162.90° E) and topographic
profiles.
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5.4.8.3. Supplementary Location C (Fig 5.14 SL C)

Supplementary Location C (centred at 15.83° N, 163.36° E) and topographic profiles
(Fig. 5.14SL C) show the boundary between Flow 2 and 3. As the geomorphic features
within Supplementary Location 3 show, the orientation of the features shaped by Flow
2 suggests that flow movement was from the northwest and flowed southeast before
reaching a depression, after which the course of the flow is in an east-by-south
direction. The orientation of the features shaped by Flow 3 suggests that flow
movement moved from the southwest and flowed in a direction towards the

northeast/east.

This location also reveals the position of Flood 2 flow channels to the west, showing
that Flow 2 channels flowed in an easterly direction. The flow pattern for Flow 3
channels in Supplementary Location 2 above ties in with the flow boundaries for Flows
2 and 3 in the Location 4 (Fig. 5.4) maps and topographic profiles. The position of
observed recessional terrace marks and to what flow they belong are marked on the
topographic profiles as arrows in colours corresponding to the flow colour. Fissure
formations that run parallel with the significant fissure formation 34 km south are
young, certainly younger than the flow episodes, clearly displacing Flow 3 flow lines
and, therefore, postdate the flow episodes.
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Figure 5.14. SL C: Supplementary Location A (centred at 16.15° N, 162.90° E) and topographic
profiles.

5.4.8.4. Supplementary Location D (Fig 5.15 SL D)

Supplementary Location D (centred at 15.00° N, 164.35° E) and topographic profiles
(Fig 5.15 SL D) show the boundaries between Flow 4 and Flow 5. The estimated
emanation point for Flow 5 is marked on the lower section of Map 1 as the number 5 in
a yellow hexagon. The source location is based upon MOLA data visible in topographic
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profiles a’—a through f—f. Profile a’- a clearly shows the unidirectional flow from west to
east at an elevation that is in keeping with Flow 4 elevations further west, considering
the sloping west-to-east topography. Profile b’—b follows a similar pattern until reaching
an area close to the main fissure formation, where the elevation decreases, and visible
flow lines / recessional terrace marks are observed. The orientation of the streamlined
bodies in this area strongly suggests a flow channel emanated from this area and
flowed northeast. The fissure that runs southeast along the bottom of the image is
younger than the flow channels and has offset the recessional terrace markings of
Flow 5 close to the source of Flow 5. The position of observed recessional terrace
marks and to what flow they belong are marked on the topographic profiles as arrows
in colours corresponding to the flow colour (Figure 5 SLD, topographic profiles a’—a
through f'—f).
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Figure 5.15. SL D: Supplementary Location A (centred at 16.15° N, 162.90° E) and topographic
profiles.

5.4.9. Construction of the regional map and channel profiles

The regional map (Fig. 5.2), centred at 15.25° N, 162.85° E, and overall channel
profiles (Figure 5.16) were constructed after drawing together data from the seven
main study locations and the four outlying supplementary locations to understand the
flow geometries across the region.
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Figure 5.16. Shows the base elevations of identified flow channels in Locations 1 through 7,
marked on the topographic profiles as L1, L2, L3, etc. The lowest elevation for each channel
was used for each location, and the estimated elevation at the source for each flow episode
(Flows 1 through 5). The last three points in Flow 3 are very close together (within ~10-20

km) and within <10 m of each other vertically, and the same is true for the last three points in
Flow 4; this is less than the uncertainty on vertical measurements from MOLA (£10 m). In this
thesis, it is considered that these data points are essentially at the same elevation within error,
and the likely slight downward slope cannot be measured but cannot be excluded within error.
The vertical exaggeration for the topographic profile is x80.

The regional map (Figure 5.2) covers an area of the northernmost Cerberus Fossae
(an approximately 200 km long set of en echelon fissure segments that run NW to SE),
part of the unnamed northern channel system to the NE of the image, and a scoured
area to the SE of the northernmost Cerberus Fossae. Five discrete flow episodes were
identified within the regional map (Fig. 5.2), with evidence from the observed
geomorphic features that the formation of the fissures and fractures associated with the

northernmost Cerberus Fossae postdate the flow episodes.

The first (oldest) of the five flow channels studied, Flow 1’s source, lies far west of the
northernmost Cerberus Fossae at an approximate elevation of -2139 m. Flow 1
appears to have been the largest in terms of the area of the flow plain. The second

flow, Flow 2, with its source further east along the northernmost Cerberus Fossae at an
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elevation of -2165 m, occurred at an unknown time after Flow 1. Examples of cross-
cutting between Flow 1 and Flow 2 channels are the clearest, with geomorphic
observations and MOLA data from Locations 1, 2, and 3 (Figs. 5.4, 5.6, and 5.7)
showing unequivocal evidence that two separate and distinct flow episodes occurred.
Further east along the northernmost Cerberus Fossae is the source of Flow 3, at an
elevation of approximately -2325 m, followed by the source of Flow 4, at an
approximate elevation of -2345 m. Locations 4, 5, 6 and 7 (Figs. 5.8, 5.9, 5.10, and
5.11) focus on the area predominantly covered by Flow 3. Location 4 identifies the
relationship between Flow 1 and Flow 3, while Locations 5, 6 and 7 focus on the
relationship between Flow 3 and 4. The source of Flow 5, at an elevation of
approximately -2451 m, is located further to the east along the northernmost Cerberus
Fossae and is the last flow source identified. A study of this source location reveals
that the Flow 5 (Fig. 5. SL D) channel rises by approximately 8 m before plateauing
and then flowing downslope in an easterly direction. However, despite much analysis,
the work for this thesis did not find an unambiguous cross-cutting relationship with Flow
4. However, based on the geomorphic indicators, there is a high degree of certainty
that this is the source location of a separate, later flow, Flow 5 and that the source is
geographically separate from that of other flows.

Figure 5.16 shows the locations of each flow (1 through 5) at the source. The figure
shows the connection to the basal elevation of each flow (1 through 4 at each location
(Location 1 through Location 7) to the location of each flow source. The five flow
sources (Flow 1 through 5) appear progressively further east, with the elevation of
each source lowering from west to east. Figure 5.16 shows that the flow channels
running from each source all flow downhill from W to E. Where cross-cutting channels
were identified in each location, the flow channels are at a lower elevation and incise

downwards into the older predecessor channels.

The results would indicate that the study area (Fig. 5.2) was affected by a sequence of
discrete, asynchronous flow events from source locations along the northernmost

Cerberus Fossae, with each flow event located further eastward than the last and each
source at progressively lower elevations. Each of the five events created flow channels

that flowed downhill in a general easterly direction (Fig. 5.16).

5.5. Discussion

Before the study of this area was undertaken, discussions of this region of Grj6ta

Valles were primarily on the following points:
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(b)

(©)

(d)

(e)

()

The channels and channel systems emanating from this section's fissures,

fractures and faults of the northernmost Cerberus Fossae.

The possibility that multiple channels exist was very much an open question (Burr
and McEwen, 2002; Burr et al., 2002; Burr et al., 2006).

The ongoing debate regarding the processes that formed the channels (Burr et al.,
2002; Leverington, 2004, 2012, Jaeger et al., 2010).

Un-eroded fracture and fissure walls and edges, bi-flow directions at some
sources, and fissures and fractures cross-cutting channels suggest faulting

postdates channel formation (Vetterrlein and Roberts, 2009).

Observations of mobilised boulder populations have been suggested to be
evidence of paleoseismic marsquakes (Brown and Roberts, 2019).

INSIGHT seismometers had recorded seismicity associated with normal faulting in
this region (Burr et al., 2002; Burr and Parker, 2006; Jaeger et al., 2007, 2010,
Leverington 2011; Brown and Roberts, 2019; Voight and Hamilton, 2018; Giardini
et al., 2020; Golder et al., 2020).

Work by Rivas-Dorado et al. (2022) identified the connection that exists between dikes

and seismicity in the Cerberus Fossae and how the history of multiple intrusive phases

and faulting activity fits with a chronology of tectonic and volcanic events in the

Cerberus Fossae. Using the morphological evidence shown in this chapter would

suggest a link between seismicity, volcanic activity, and fluvial activity is something that

exists and needs to be investigated further, something that Keske et al. (2015) also

noted in the team’s study of outflow channels in Mangala Valles, explaining that there

exists a “close interplay of fluvial and volcanic activity”, which would suggest “...that

fluvial activity not only played a major role during a period of volcanism, but also may

be linked to, or even triggered by volcanic processes”. But how does dike propagation

connect with fluvial activity? Ernst et al. (2002) identified the fossae as giant fractures

resulting from giant dike swarms at depth radiating from Elysium Mons. Hall et al.

(1986) suggested a flexural loading model to demonstrate that the formation of the

fossae may be due to the global stress field caused by the Tharsis rise. It is believed

that the fossae were created as a result of regional extensional stress, caused either

by the formation of graben faults (Vetterlein and Roberts, 2010) or by fracturing

processes occurring above growing dike(s) at depth (e.g., Berman and
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Hartmann, 2002; Burr et al., 2002; Head et al., 2003; Nahm et al., 2015, 2016;
Plescia, 1990). This is a phenomenon that is commonly observed on Earth (e.g.,
Gudmundsson, 1984; Hjartardéttir et al., 2016; Magee and Jackson, 2021; Rowland
et al., 2007; Rubin, 1992; Rubin and Pollard, 1988; Tentler, 2005). Many studies have
highlighted the local impact of the combination of dike intrusion and subsurface
cryospheric melting on the surface of Mars that resulted in large lava flows and
catastrophic floods of meltwater on the planet’s surface, which subsequently shaped
the areas adjacent to the fossae regions (Burr et al. (2002), Cassanelli and Head
(2018), Nahm et al. (2015, 2016), Pendleton (2015), and Plescia (2003)). According to
Taylor et al. (2013), the Cerberus Fossae may still be an active tectonic structure, able
to release a seismic moment of between 10%° and 10" Nm-yr~'. They attributed this
recent tectonic activity (less than 10 million years old) to the presence of young lava
flows (Vaucher et al., 2009), indicative of recent volcanic activity, potentially from
subsurface dikes. Horvath et al. (2021) identified a possible pyroclastic deposit in
Elysium Planitia (centred at 7.9° N, 165.8° E), which bears similarity to pyroclastic
deposits documented on the Moon and Mercury that is dated to less than 250,000
years old, supporting the hypothesis of ongoing geological activity in the region. Since
2018, the InSight mission has confirmed multiple seismic events, with a magnitude of
approximately 3.5. in the vicinity of Cerberus Fossae (Giardini et al., 2020). The
findings tally with pre-mission estimations by several authors (Bose et al., 2017,
Panning et al., 2017; Brown and Roberts, 2019).

Considering the aforementioned evidence, if the eastward progression in the formation
of channels in the region results from faulting and/or dike propagation, then this
indicates that the distribution of seismicity would have changed over time. Results
presented within this chapter provide an understanding of those mentioned above
because they expound clear cross-cutting relationships between different flow
channels, which can be mapped back to five separate flow sources with the source
locations located further east through time. Furthermore, the findings validate that the
flows responsible for forming the channels occurred before surface faulting. If igneous
processes indeed played a role in initiating the flows that formed the channels, then
clearly, such processes took place prior to the appearance of surface faulting.
Therefore, this may or may not predate the beginning of present-day seismicity. Such a
sequence is not surprising as the concept that the injection of sub-surface dikes leads
to the formation of overlying graben has been modelled (Rubin, 1992) and observed
(Wright et al., 2006) in terrestrial examples, with these ideas widely applied to graben
on Mars. The heat produced by dike injections has been considered a possible method

by which sub-surface ice melts, releasing water or melting ice to release trapped water
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(McKenzie and Nimmo, 1999; Head et al., 2003). However, the issue has been that the
large geographic extent of the channels, for example, associated with Grjota Valles,
has been taken to suggest huge volumes of fluid, and hence flow rates that may be
implausibly high (Head et al., 2003; Leverington, 2011).

If the active channel's dimensions are smaller than that implied by a larger channel,
then the flow rates may also be proportionately lower. However, a lack of knowledge of
the flow duration limits the ability to state a specific flow rate. Furthermore,
observations from the InSight seismometers suggest that the seismic velocity below 10

km for Elysium Planitia is too low to be ice-saturated (Manga and Wright, 2021).

Much more work is required to elucidate connections between igneous processes,
seismicity, faulting, ice/water within the crust and the formation of flow channels,
including the composition of the flows. However, this work suggests that multiple,
relatively small flows took place, in contrast to previous estimates of a single, much
larger flow. In other words, it is suggested that the total geographic extent of the Grjéta
Valles channel system studied in this chapter resulted from at least five discrete and
separate flow episodes and not a single flow event. Unfortunately, being able to
guantify the flow volume or the flux rate of fluid discharge for each flow episode has not
been possible because there is no way of knowing the duration of each flow episode.
Likewise, definitively pinpointing a process or set of processes that liberated these
flows and caused these flow episodes to occur is not possible. That said, the research
has shown that the flow sources are located progressively further to the east through
time, so there is a connection between these processes and their propagation
eastward through time. One conceivable explanation is that the eastward propagation
of fluid release, if caused by melting due to intrusive sub-surface dikes or the eruption
of turbulent lava, is due to eastward dike propagation (Fig 5.3). Another explanation is
that dike intrusions occurred progressively eastwards and emanated from a sub-
surface volcanic source underlying the region (Genova et al., 2016; Golder et al.,
2020).

Regarding the absolute timing of the propagation events, if that is the process that
occurred, work by Golder et al. (2020) provides crater count ages within the study
region that are younger from west to east (53 Ma, then 33 Ma, then 31 Ma). Golder et
al. (2020) suggest this change in age is due to changes in the rheological properties of
the lavas during emplacement, such as material strength and porosity. This could be
the case, but the ages obtained by Golder et al. (2020) are from areas that partially

overlap flow deposits (Fig. 5.1b). The 53 Ma age happens to coincide with the proximal
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regions for Flow 1 and Flow 2; the 33 Ma age coincides with the area occupied by the
distal parts of Flow 3 and Flow 4; the 31 Ma age coincides with an area to the east of
the region mapped that is occupied by Flow 5. This means that the ages constrain the
ages of channels, the times between channel formation episodes, and the timescale,
hence the lateral dike propagation rate. It reveals the episodic nature of the flow
episodes and, by extension, that of seismicity brought on by possible dike extension.
Effectively, by being able to constrain the ages of the events, one is able to build an
absolute chronology for these events. More work is warranted to understand the
geological significance of the ages of craters within Grjéta Valles and to explicate the
timing of the relationships between agueous, volcanic, faulting, and seismicity
processes. Crater counting and the time frame information this provides may be a key
future avenue for research to constrain the rates of formation of the features mapped in
Grjota Valles.

5.6. Conclusion

Detailed analysis and examination of the northernmost Cerberus Fossae and channels
within the adjacent area of Grj6ta Valles were undertaken using CTX images, HIRISE

images and MOLA data. The conclusions are as follows:

1. The floors and margins of channels reveal landforms that appear to have been cut
by water and/or turbulent lava (channel floor longitudinal lineations, channel
margin recessional terraces), with no indication that these landforms were formed

by viscous lava.

2. Cross-cutting relationships and channel incision data show at least five
asynchronous flow episodes, each source at a different location along an
approximately 200 km long section of the northernmost Cerberus Fossae. This

indicates that multiple events formed the channels.

3. Channels flow downhill away from their sources. Younger channels cross-cut older

channels, with incisions ranging from 10 m to 70 m.

4. The sources of the flows are located progressively further east through time.

5. Asyet, itis still unclear why there is an eastward progression of flow sources.
However, some possible explanations include dike propagation from west to east

(a) melted near-surface ice, (b) released turbulent lava, and (c) released magma
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from an underlying regional melt zone that melted sub-surface ice farther to the

east through time.

The mechanisms responsible for the release of fluids still need to be clarified.
Whatever the process behind the release of fluids into this region is, it does not
need to produce the enormous volumes of fluid suggested by other authors if the

flow channels have formed in the manner presented here, i.e. asynchronously.
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CHAPTER 6.
DISCUSSION

6.1. Introduction

At first sight, it would appear challenging to reconcile the data from Chapter 4 (boulder
trails) with data from Chapter 5 (flow channels) and data from InSight’s seismometer,
SEIS, the Seismic Experiment for Interior Structure, to test that the hypotheses of this
thesis—that paleoseismicity and channel-forming episodes in the area of the
northernmost Cerberus Fossae and part of the Grj6ta Valles channel system are
connected. However, the three seemingly contrasting data sets can be combined to
build a comprehensive picture of events in the northernmost Cerberus Fossae and part
of the Grj6ta Valles channel system that tell a story not only of seismicity and flow
events but also some age information of seismic events, dike propagation, and
displacement rates of faults in this region of Mars and show that paleoseismicity and
channel-forming episodes are indeed connected. This chapter proposes a comparison
between dike propagation and opening rates with data derived from InSight and the
calculated dike propagation rate from crater counting within the channels to cross-

reference the datasets.

This chapter will demonstrate the relationship between seismicity and channel source
migration. This process will use the following steps: (1) Determine the dike propagation
rate by using published crater counts for the channels, enabling (2) the calculation of
the fossae opening rate through empirical-based equations of dike length versus
opening. With this data, (3) a comparison can be drawn between the calculated
opening rate and the rate implied by the InSight seismic data, achieved by calculating
the opening rate using the frequency—magnitude distribution calculated by the FISH
code. If step (3) proves to be successful, it establishes a connection between
seismicity and channel source migration via constraints on dike propagation. This
multi-faceted comparison will provide new insights into the geological processes in
Grjota Valles. By aligning the dike propagation and opening rates with the seismicity
data obtained from InSight, it will be possible to assess the consistency and correlation
between these different indicators of geological activity. This comparison will help
validate the methods used to calculate dike propagation rates and provide additional
insights into the relationship between tectonic processes and seismic events on Mars.
Furthermore, incorporating crater counting within the channels adds a temporal

dimension to the analysis. By calculating the dike propagation rate from the crater
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counting data, a timeline of geological events can be established and compared with

the seismicity records.

To carry out the analysis described above, a review of the research objectives will be
presented in this chapter—to evaluate whether there is a connection between seismic
activity and the history of channel formation. To achieve these objectives, as described
in Chapter 4, it was necessary to investigate seismicity and channel-formation
processes to test specific hypotheses. Firstly, to investigate palaeoseismicity in the
region of the northernmost Cerberus Fossae to determine if there was any seismic
activity in the past, and if so, how long ago. Secondly, the results will be used to better
understand the likelihood and nature of ongoing seismic activity. It should be noted that
the work was conducted before the results from the InSight mission arrived. Then, as
described in Chapter 5, it was necessary to investigate the formation of channels in this
region of Mars. Specifically, an attempt was made to determine whether the mapped
extensive channel systems were formed by fluvial activity or another mechanism, such
as turbulent lava or mudflows. Also, to find out if the flows were episodic or if there was
just one mega flow event and to identify the source regions for the flows and what was
the cause of these flow events—is it due to dike propagation from west to east and can
a time-scale be attributed to this dike propagation? The methodology used for both
objectives has been described in Chapters 4 and 5 and published in two papers in JGR
Planets (Brown and Roberts 2019, 2023). Having information regarding the
paleoseismicity and channel-formation processes, it was then possible to go back to
the initial objective (whether there is a connection between seismic activity (Chapter 4,
Brown and Roberts 2019) and the history of channel formation (Chapter 5, Brown and
Roberts 2023) and develop a methodology that would work toward that objective, this
being to use data acquired from palaeoseismicity studies, channel studies, and the
InSight seismometer data, the Seismic Experiment for Interior Structure (SEIS) to
investigate possible inter-relationships and assess ongoing processes and processes
in the relatively recent past. For example, is it possible to obtain relative ages for the
channel-forming episode(s) and how this relates to the formation of the fossae?
Evidence that the source of the channels has moved east over time has been
presented (Chapter 5), including the study of fissures on the Martian surface. Data will
be drawn together to investigate and scrutinise the possibility of a connection between
seismicity and channel-forming processes, how this may relate to active seismicity, and

the cause of observed seismicity in the area.

This chapter will present an overview of key findings from the research and the

interpretation of the results from Chapters 4 and 5, presented in Key Findings (6.2,
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6.2.1, and 6.2.2). Next, the Approach and Methodology section (6.3) will look at how
data from Chapters 4 and 5, together with data from InSight’'s seismometer, SEIS, and
the use of a specialised piece of software run in Matlab (FiSH code), is used to explain
the methods for comparing the datasets. This will be followed by a Results section
(6.4) where the calculations that compare the datasets will be presented using the
previously described methods by which the datasets will be compared. Section 6.5
presents a brief conclusion that will provide an overview of the Results section, attempt
to interpret the results, and explain what the data show and mean. Finally, Future Work
(6.6) offers suggestions for continued research. The implications of the results will be
discussed and scrutinised in terms of what they mean in the context of current theories
and models.

6.2. Key findings

In this section, the key findings from the research that form this thesis will be
highlighted briefly and concisely. Chapters 4 and 5 dealt with the results of the
research. Chapter 4 dealt with fallen boulders along the inside of the northernmost
Cerberus Fossae fault caused by seismic activity that can be used to calculate
marsquake magnitude, and Chapter 5 investigated outflow channel formation in the
area of Grjota Valles, using evidence to show that the channels are discrete, cross-cut

older channels and that younger floods occur ever to the east.

6.2.1. Using fallen boulder trail populations in the fault system of the

northernmost Cerberus Fossae as a proxy seismograph

Two faulted areas that make up a section of the northernmost Cerberus Fossae in
Grj6ta Valles (Boulder Trail Anomaly 1 and Boulder Trail Anomaly 2) were studied due
to these areas of the faults (the inside walls and floors of the faults) having
multitudinous boulder trails with many of these trails also having the boulder that
formed the trail at the base of the trail (Figure 6.1 a). The densities of these populations
were measured, as were the individual trails’ widths, so a picture of where the trails are
more abundant and wider along the fault could be made. Data suggest that the
boulders were mobilised by seismic shaking, which is associated with
paleomarsquakes, and that these events occurred in the recent past (Figure 6.1). The
data are consistent with previous results from other studies (Roberts et al. (2012)). The
analysis identifies that the boulder trail data has two peaks in (i) boulder trails per
kilometre (Figure 6.1 b) and (ii) maximum width of boulder trails along two en echelon

faults: one ~116 km in length; the other ~70 km in length (Figure 6.1 c). The data
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reveals that the maximum values for the number of trails per kilometre and trail width
differ for the two faults. For the ~116 km-long fault (Boulder Trail Anomaly 1—Bta 1),
the maximum values are 115 trails per kilometre and a 5.3-metre trail width. For the
~70 km-long fault (Boulder Trail Anomaly 2—Bta 2), the maximum values are 45 trails
per kilometre and a 5-metre trail width. The data supports published data from
Cerberus Fossae (Boulder Trail Anomaly Cerberus Fossae—Bta CF), where an ~200-
km-long anomaly in boulder trails per km (125 trails per kilometre maxima) and
maximum boulder trail width (8.5-m maximum trail width), the three data sets suggest
correlations between the along-strike length of boulder trail anomalies, boulder trails
per kilometre and maximum boulder trail width. Implied moment magnitudes, derived
by using the along strike dimensions of boulder trail anomalies as proxies for rupture
extent, could have been as large as Mw 7.3-7.8, values that are generally considered
to be accompanied by much more frequent seismic activity at lower moment
magnitudes (Figure 6.1 d) (Brown and Roberts, 2019).
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(a) Relatively continuous fault length of part of the Southern Cerberus Fossae (Bta CF) compared
to the Northernmost Cerberus Fossae and the extent of boulder trail anomalies (Bta 1 and 2).
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Figure 6.1. a, b, c, and d: Comparison of data from the Northernmost Cerberus Fossae
(Boulder Trail Anomaly 1 and 2, red and green, respectively) with similar data from work on the
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Southern Cerberus Fossae (Boulder Trail Anomaly Cerberus Fossae, purple). (a) compares the
continuous fault length of the Southern Cerberus Fossae (Bta CF, purple line) with the
discontinuous northern Cerberus Fossae in Grjéta Valles (Bta 2 - green line; Bta 1, red line).
The step over between the two segments of the fault is marked as ‘Step over A’). (b) and (c)
compare the boulder trail densities and ten widest boulders along the Southern Cerberus
Fossae (purple) and the two segments of the northernmost Cerberus Fossae (Boulder Trail
Anomalies 2 (green) and 1 (red)). (d) Speculative inference of marsquake magnitude from
rupture length of the three fault lines (Boulder Trail Anomaly 1 and 2 and Boulder Trail Anomaly
Cerberus Fossae) (after Wells and Coppersmith,1994).

Concerning the thesis’s hypotheses, the findings summarised above do fulfil the
original objectives, namely to determine whether or not seismicity existed in the past in
the area of the Northernmost Cerberus Fossae (it did), and it is possibly still ongoing

today.

6.2.2. Geomorphology of Outflow Channels in the Area of the Northernmost

Cerberus Fossae, Grjota Valles Suggests Multiple Flow Episodes

Using CTX images, HiIRISE images, and MOLA data, a detailed analysis of the
Northernmost Cerberus Fossae and channels within the adjacent area of Grj6ta Valles
was conducted to identify any cross-cutting relationships between outflow channels
(Brown and Roberts, 2023).

The analyses identify that the floors and margins of channels appear to have been cut
by water and/or turbulent lava (channel floor longitudinal lineations, channel margin
recessional terraces). There is no indication that these landforms were formed by
viscous lava. Additionally, the analyses identify cross-cutting relationships and data
derived from studying channel incisions data reveal at least five asynchronous flow
episodes, the source of each flow being located at a different position along an
approximately 200 km long section of the northernmost Cerberus Fossae, with the
younger flow source locations located further east than each successive older flow
source location, which indicates that multiple events formed the channels. Analysis of
MOLA data suggests that the channels flow downhill away from their sources. Younger
channels cross-cut older channels, with incisions ranging from 10 m to 70 m. It is also
clear that the sources of the flows are located progressively further east through time.
Quite why there is an eastward progression of flow sources is open to speculation. Still,
probable explanations are based on dike propagation from west to east that did (and
possibly continues to do) one of the following: melted near-surface ice, released
turbulent lava, and released magma from an underlying regional melt zone that melted
sub-surface ice farther to the east through time. However, exactly what mechanisms

were responsible for the release of fluids is also unclear. However, what is evident from
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the data and the analyses of the geomorphology of the region is that whatever the
process behind the release of fluids into this region is, it does not need to produce the
enormous volumes of fluid suggested by other authors if the flow channels have
formed in the manner presented here, i.e. asynchronously, and in small, discrete flows
(Brown and Roberts, 2019).

6.3. Approach and methodology

The methodological details related to the FiSH code, which is central to this research,
were introduced in Chapter 3. There, the theoretical framework for how FiSH models
earthquake frequency—magnitude distributions based on fault slip rates was thoroughly
discussed. In this chapter, the focus shifts to applying the FiSH code to specific
datasets from Mars, including boulder trail densities and seismic data collected by
InSight's SEIS instrument, to explore the tectonic activity in the northernmost Cerberus
Fossae.

While the detailed explanation of the FiSH code's mechanics can be found in Chapter
3, Section 3.3, this section will concentrate on how the code was specifically employed
to integrate palaeoseismic data from the boulder trails with recent marsquake
observations. The goal is to link these datasets to develop a comprehensive model of

seismicity and dike propagation rates in the Cerberus Fossae region.

6.3.1. FiSH Code—frequency—magnitude curve and seismicity estimates

A package of MATLAB tools called FiSH (Fissile Earthquake Seismology) has been
designed to help seismic-hazard modellers analyse fault data, derive expected
earthquake rates, and test the consistency between magnitude—frequency distributions
(MFD) and observations. The tools developed by Pace et al. (2016) include converting
fault geometry and slip rates into a global budget, computing recurrence parameters
from historical data, and output earthquake rates for different MFD models. The source
codes are open, aiming to help researchers identify inconsistencies and obtain reliable
fault-based seismic-hazard evaluations. FiSH code is commonly used (especially in
Europe) to help calculate seismic hazards, as the frequency—magnitude distribution is
needed to do this (Pace et al., 2016). FiSH is written in MATLAB (v.R2011B), a
MathWorks software. The results from the FiSH code are presented in the Results
section (6.4.2 and 6.4.3).
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To ensure the FiSH code produced reliable seismic hazard modelling for the fault
systems in Cerberus Fossae, the selection and justification of key parameters were
critical. These parameters were derived from existing geological and mechanical data
on the Martian crust. The following section outlines and justifies the key parameters

used in this analysis.

6.3.2. Parameter Selection and Justification for FiSH Code Modelling of Cerberus

Fossae

6.3.2.1. Introduction

This section presents the selection and justification of the parameters used in the FiSH
code for modelling fault systems in Cerberus Fossae. Key parameters such as the
shear modulus and slip rate are defined, justified, and contextualised based on
available data on the Martian crust's mechanical properties. These parameters are
necessary for seismic hazard modelling and fault system analysis.

6.3.2.2. Shear Modulus of the Martian Crust

The shear modulus (u) is a critical parameter representing the rigidity of materials. For
the Martian crust, the shear modulus value of 10 GPa has been selected. This value
falls within the range suggested by geological studies focusing on Mars' surface and
subsurface materials. Several studies confirm that the shear modulus in the Martian
crust typically ranges from 10 to 40 GPa, depending on depth and local geology. Using
gravity and topography data from the Mars Global Surveyor, Golombek et al. (2000)
and McGovern et al. (2002) estimated shear modulus values between 10 and 20 GPa,
with McGovern’s calculations reaching up to 40 GPa in the Tharsis region. Their
estimates relied on flexural modelling of lithospheric bending observed in gravity and
topography admittance spectra, allowing them to infer rigidity and other mechanical
properties at various depths. A moderate value of 10 GPa is selected for Cerberus
Fossae, where recent volcanic activity, faulting, and possible localised heating likely
reduce crustal strength and rigidity, making this lower shear modulus more
representative. Golder et al. (2020) demonstrated similar values in their studies of dike

propagation in the northern hemisphere of Mars.

The selection of a moderate shear modulus value (10 GPa) is appropriate for the
Cerberus Fossae region, which is characterised by tectonic activity and dike

propagation.
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6.3.2.3. Slip Rate and Seismic Moment

The FiSH code requires a defined slip rate to model seismic events. For Cerberus
Fossae, the slip rate was iterated between 0.017 and 0.067 mm/year, chosen to match
observed seismicity and frequency-magnitude data. The seismic moment (Mo) is

calculated using the following equation from Pace et al. (2016):
My=u-D-L-W

where:

u = shear modulus,
D= displacement,
L = fault length,

W = fault width

This equation allows for the determination of the seismic moment, helping to justify the
chosen parameters for the FiSH code. Given the geological data, these values align
with known properties of the Martian crust.

6.3.2.4. Recurrence Time (Tmean)

The recurrence time (Ty,.qn) Of Seismic events is calculated as follows:

101-5Mmax+9-1

Tnean = W VLW

where:

M0 is the maximum observed magnitude;
U is the shear module;

V is the average slip rate;

L and W are the fault length and width, respectively.

This equation provides the time between major seismic events based on fault

characteristics, adding rigour to the seismic hazard assessments of Cerberus Fossae.
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Table 6.1. A summary of the parameters used in the FiSH code for this analysis.

Parameter Value Unit Justification

Based on studies by Golombek
Shear Modulus (1) 10 GPa GPa et al. (2000), McGovern et al.
(2002), and Golder et al. (2020).

Iterated in FiISH code based on
Slip Rate 0.017-0.067 mm/year seismicity data and
geomorphological estimates.

Based on fault measurements in

Fault Length (L) 115 km km the Cerberus Fossae region.

Displacement (D) Calculated Metres Derived using the FISH code
and geological data.

Magnitude of 295 Moment Based on SEIS data for Martian

Completeness (Mc) ' Magnitude (Mw) | Seismicity (Pace et al., 2016).

6.3.2.5. Conclusion

The parameters used in this model are well justified based on studies of the Martian
crust, and the methodology allows for reliable seismic hazard modelling. The shear
modulus, slip rate, and recurrence time calculations all contribute to a robust
understanding of fault behaviour in Cerberus Fossae. The FiSH code provided a
frequency-magnitude curve that aligns closely with SEIS data, reinforcing the validity of
the model. Future studies may explore variability in the shear modulus to refine these

results further, but the current values are appropriate for this analysis.

6.4. Results

6.4.1. Magnitude of completeness

Using data presented in Appendix A: Supplementary Data: Supplementary Material 2
(Ceylan et al. (2002) and the data discussed in Chapters 4 and 5, it is possible to
construct a frequency—magnitude distribution graph (boulder trail density as a proxy for
maximum moment magnitude) from SEIS data that allows for the identification of the
magnitude of completeness (Mc) (Figure 6.2). The magnitude of completeness (Mc)
refers to the minimum magnitude of an earthquake that can be detected and recorded
by a particular seismic network. Any earthquake with a magnitude below this threshold

may not be detected or recorded.
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Cumulative count of events (y-axis) with decreasing magnitude (x-axis) are plotted on a common logarithmic scale (y-axis).
1000 When astraight line (red) is fit to the data, the point the data separates from the line is the magnitude of completeness.

In this graph, the Mc= 2.25. This shows that although it is possible to locate many marsquakes with magnitudes smaller than

the Mc, however, these marsquakes are not considered because they are below the Mc value.
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Figure 6.2. The graph displays a logarithmic plot with the cumulative count of events on the y-
axis and decreasing magnitude on the x-axis after data from Ceylan et al. (2002). The straight
red line represents where the data diverges from the line, indicating the magnitude of
completeness, which, in this case, is Mc = 2.25. This means that although there may be several
marsquakes with magnitudes lower than the Mc, they are not considered as they fall below the
Mc value.

Data from Chapter 4 focused on the largest possible moment magnitude marsquakes
based on work by Wells and Coppersmith (1994) (Figure 6.1 d) for the northernmost
Cerberus Fossae, approximately 7.2—-7.5 M,,. Data from SEIS, on the other hand, is
limited in several ways. First, the data are from the first 1,011 sols (2.8 Earth years).
Given the brevity of the entire SEIS mission (three Earth years and five days—
deployment 19" December 2018—end of mission 24" December 2021), it would have
been unrealistic to expect a large moment magnitude marsquake to be detected. As
such, no large marsquakes (over 4.5 M) were detected. Equally, SEIS was not
sensitive enough to detect small-moment magnitude marsquakes (0.16—1.0 Mw), as
shown by the absence of detected marsquakes that fit these bins (Ceylan et al., 2022).
This leaves a small range of marsquakes that SEIS was able to detect. Given the
limitations of SEIS, it was important to calculate the magnitude of completeness when
studying the SEIS seismic catalogue. Estimating the magnitude of completeness (Mc)
involves using the Gutenberg—Richter Law (Gutenberg et al., 1944; Utsu, 1965) and
categorising into ‘bins’ according to the number of events with magnitudes greater than
a specified reference magnitude. The count of marsquakes in each bin is then plotted
on a logarithmic scale. Ideally, the data should form a straight line, but statistically
perfect datasets rarely exist. However, this relationship can be used to estimate the
Mc. When a straight line is fitted to the data, the point at which the data deviates from
the line is the magnitude of completeness. In this case, the magnitude of completeness

is approximately 2.25 (Figure 6.2).
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6.4.2. FiSH Code Results: Frequency—magnitude curve and seismicity estimates

Knowing that the Mc for marsquakes in Cerberus Fossae is 2.25 and that 16 Mw 2.25
events took place over a 2.8-year timescale means that approximately five Mw 2.5
events should occur yearly (Figure 6.2). Chapter 4 research shows that the largest
possible marsquakes in Cerberus Fossae occur between Mw 7.3 and 7.8 and are
thought to take place over tens to hundreds of thousands of years based on
geomorphological evidence. To err on caution, an Mw 7.0 was set as the high range of
marsquakes when iterating the slip rate. As such, upper and lower limits for marsquake
magnitudes now exist. By using FiSH code and iterating the slip rate, it was possible to
produce a frequency—magnitude curve for events in Cerberus Fossae using SEIS data
and Chapter 4 data (Figure 6.3).

Slip rate =0.017-0.067 mm/yr

~2.2 Mw 2.5 marsquakes
10

/per annum

10-1,

103

1 0—3v

Annual Cumulative Rates

10

Moment Magnitude

Figure 6.3. Truncated Gutenberg—Richter (GR) frequency—magnitude graph produced using
FiSH code in MATLAB (v.R2011B) to create a frequency—magnitude curve of seismic events
annually against moment magnitude. The graph’s y-axis is the annual cumulative rates
(logarithmic), and the x-axis is the moment magnitude. Based on SEIS data that allowed the
magnitude of completeness to be calculated (Mc = 2.25), the approximate annual rate for
marsquakes of that magnitude is 5. Slip-rate adjustment to allow the estimates from SEIS and
Chapter 4 boulder data to fit on the frequency—magnitude curve means that the annual rate of
Mw 2.25 marsquakes, using FiSH code, is 2.2. Data from research on boulder trail populations
as a proxy seismometer to estimate the magnitude of marsquakes (Mw 7.3—7.8) and the annual
cumulative rate to be in the tens of thousands of years. A Mw 7.0 marsquake, the more
conservative estimate based on data, was used to fit this model, with the occurrence rate being
one event every 39,019 years, in keeping with predicated timescales. Indeed, the timescales for
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the events are within an order of magnitude of estimates. By iterating the slip rate, the two sets
of data were melded together to produce the frequency—magnitude curve that was true to SEIS
data and data from research on boulder trail populations as a proxy seismometer (Chapter 4),
accommodating the SEIS timescales very neatly (2.19 versus 5) and the predicted dates for
marsquakes over Mw 7.0. within one order of magnitude.

The frequency—magnitude curve shows that approximately 2.2 Mw 2.5 marsquakes
occur each year, within range of the readings from SEIS, given that the SEIS readings
spanned just under three years and that large marsquakes of Mw 7.0 plus occur in the
tens of thousands of years (~40,000 years), correlating to the order of magnitude that
had been suggested for larger marsquakes within Cerberus Fossae in Chapter 4.
However, Mw 7.0 is towards the lower end of estimates for larger marsquakes. The slip
rate used for the FiSH code to produce the curve in Figure 6.3.1 was 0.017—0.067 mm
per year, and the b-value was set at 1.

Iteration of the slip rate was important because slight changes resulted in the

frequency—magnitude curve being significantly off the SEIS reading correlating with

data from Chapter 4, as the six example graphs in Figure 6.4 a—f show.

212



(a) Slip rate per year: 0.001 mm-0.01 mm

100F
B 46 ~10 Mw 2.5
;:&; t/marsquakes annually
o 103
2
5103
g 1 Mw 7 marsquake
G 10 ~ 3 million years
©

-5 3

g 10 "0,
=t
< 10°

2 3 4 5 6 7 8
Magnitude

(©  Slip rate per year: 2.00 mm-3.00 mm

108
102 ~13 Mw 2.5
D “,, /marsquakes annually
‘f-Ul 101_ e oY
m -
()
2 10% ;
® 1 Mw 7 marsquake
g 10 ~ 6,500 years
3 102
S 109
-
< 10%
1 -5, N N L s L s
0 2 3 4 5 6 7 8
Magnitude
(e) Slip rate per year: 5.00 mm-6.00 mm
s ~29 Mw 2.5
o 107  marsquakes annually
& 10t
2
= 100}
= 1 Mw 7 marsquake
g 101 ~ 3,000 years
]
= 10%
g O,
.3,
é 10
10

2 3 4 5 6 7 8
Magnitude

() Slip rate per year: 1.00 mm—2.00 mm

1 3 g T T
: ~8 Mw 2.5
10* marsquakes annually 3

—

o
=
T

1 Mw 7 marsquake

1077 ~ 11,000 years

al Cumulative Rates
—h -k
Q o
n o

2 103 1

2 3 4 5 6 7 8
Magnitude

(d) Slip rate per year: 3.00 mm—4.00 mm

10°F ‘ , , , ,

~18 Mw 2.5 J
/ marsquakes annually

kol
o O
- N

10°}
10}

1 Mw 7 marsquake
~ 5,000 years ]

Annual Cumulative Rates

T s sk
S © o o
o ) )

2 3 4 5 6 7 8
Magnitude
Slip rate per year: 7.00 mm-8.00 mm

~40 Mw 2.5 ]
- marsquakes annually

- = = =

o O O -«

I
R

umulative Rates
—
Q

100 1 Mw 7 marsquake
ik ~ 2,100 years
O
3107 1
£
<10° 1

2 3 4 5 6 7 8
Magnitude

Figure 6.4. a—f: Truncated Gutenberg—Richter (GR) frequency—magnitude graphs produced
using FiSH code in MATLAB (v.R2011B) to create frequency—magnitude curves of seismic
events annually against moment magnitude. All graphs’ y-axis is the annual cumulative rates
(logarithmic), and the x-axis is the moment magnitude. The slip rate for each graph differs from
the 0.017-0.067 mm iteration of the slip rate used in Figure 6.4.2, which matches the SEIS data
with the data from boulder trail research explained in Chapter 4. The red arrows highlight the
Mw 2.25 marsquake (magnitude of completeness) and the frequency of such a magnitude
marsquake per annum. Likewise, the blue arrows highlight the Mw 7.0 marsquake and the
frequency of such a magnitude marsquake. The slip rates per year for each graph are as
follows: (a) 0.001-0.010 mm; (b) 1.00—2.00 mm; (c) 2.00—-3.00 mm; (d) 3.00—-4.00 mm; (e) 5.00—

6.00 mm; (f) 7.00-8.00 mm.
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Figure 6.4 a—f underscores the remarkable sensitivity of the calculations in response to
small variations in slip rates. The graphs reveal that even a minute difference of half a
millimetre in slip rates can significantly impact the frequency—magnitude curves,
resulting in curves that do not align with data from SEIS (lower Mw) and estimates
proposed in Chapter 4 (higher Mw). For instance, Figure 6.4c depicts a frequency—
maghnitude graph using a slip rate of 2.00—3.00 mm. Despite the seemingly minor
difference, this variation profoundly affects the calculated readings of marsquakes per
year. In this scenario, Figure 6.4c displays approximately 13 Mw 2.5 marsquakes
annually and predicts a 1 Mw 7 marsquake every ~6,500 years. These values starkly
contrast with the readings in Figure 6.3, which suggests approximately 2.2 Mw 2.5
marsquakes annually and a 1 Mw 7 marsquake approximately every ~40,000 years.
The high sensitivity observed in the calculations when slip rates are adjusted implies
that the FiSH code is precise when using input data to compute frequency—magnitude
curves. This sensitivity is critical to the code's accuracy, demonstrating its ability to
capture nuanced variations in slip rates and their subsequent impact on seismic activity

predictions.

This finding reinforces the importance of meticulous consideration and calibration of
input parameters in seismic modelling, as even small discrepancies can lead to

significant variations in the predicted outcomes.

6.4.3. FiSH Code: Slip rates and dike propagation

The slip rates were iterated in FiSH code until the frequency—magnitude curve
connected the Mw 2.25 marsquake at ~2.2 events a year with an Mw 7 marsquake that
occurs every ~40,000 years, within the order of magnitude predicted. This curve
(Figure 6.4) then ‘fits’ the model with the frequency and magnitude points
corresponding very closely with data from SEIS (the calculation of the magnitude of
completeness) and data from Chapter 4 on the possible magnitude of marsquakes
based upon three data sets that used boulder trail populations as natural seismometers
(Figure 6.1a—d). The frequency of events was predicted to be within the tens or
hundreds of thousands of years. Such an estimate used knowledge of the extremely
slow erosion rates on the Martian surface since the Hesperian (102 nm/yr), as noted by
Golombek et al. (2000) studying erosion rates at the Pathfinder landing site, together
with evidence for almost imperceptible erosion of boulder trails on the Martian surface
to arrive at these figures. As such, a slip rate (0.017-0.067 mm/yr) has now been
calculated, and this slip rate can now be tested for veracity using data from Chapter 5.

From the research that comprises Chapter 5, the proposed explanation for the
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eastward progression of flow sources is the eastward movement of a dike. The
propagation of the dike releases the following: (i) melted near-surface ice, (i) turbulent
lava, and (iii) released magma from an underlying regional melt zone that melted sub-
surface ice farther to the east through time. Now that a slip rate has been calculated
using available seismic data and FiSH code, the slip rate may also be tested against
knowledge of displacement, d, and length, L, relationships for faults in conjunction with

data on the age of flow channels from Chapter 5.

An empirical rule of thumb for estimating the displacement, d, in faults and dikes based
on their length, L, is simplified and approximate but useful for estimating. For faults,
d=Lx0.03. This implies that the displacement, d, along a fault, is approximately 3% of
the fault length (L). For dikes, d=Lx0.003. This suggests that the displacement, d, is
approximately 0.3% of the dike length (L) (Vermilye and Scholz, 1995).

Research data presented in Chapter 5 suggests that the asynchronous formation of the
flow channels in Grj6té Valles is caused by melted flow released to the surface,
forming the observed channels due to dike intrusions that occur progressively eastward
over time, possibly emanating from a sub-surface volcanic source underlying the
region (Genova et al., 2016; Golder et al., 2020). Golder et al.'s (2020) work provides
crater count ages within the study region that are younger from west to east: 53 Ma, 33
Ma, and 31 Ma, respectively. They suggest this change in age is due to changes in the
rheological properties of the lavas during emplacement, such as material strength and
porosity (Golder et al., 2020). This is a possibility, but the ages obtained by Golder et
al. (2020) are from areas that partially overlap flow deposits (Fig. 6.5). The 53 Ma age
happens to coincide with the proximal regions for Flow 1 and Flow 2; the 33 Ma age
coincides with the area occupied by the distal parts of Flow 3 and Flow 4; the 31 Ma
age coincides with an area to the east of the region mapped that is occupied by Flow 5.
This means that the ages constrain the ages of channels, the times between channel

formation episodes, and the timescale, hence the lateral dike propagation rate.
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Figure 6.5. The extent of the Grjéta Valles flow tract (after Burr and Parker (2006) is the dark
green area in the centre of the image. Red lines mark the fossae, with the Northernmost
Cerberus Fossae running WNW-ESE across the centre of the Grj6ta Valles flow tract area. The
larger Northern and Southern Cerberus Fossae are marked by two red lines to the SW of the
image. Black dots identify two locations showing the approximate paleomarsquakes locations
along the northern Cerberus Fossae after Brown and Roberts (2019)—see Chapter Four of this
thesis. The three white ellipses are crater count locations, and their matching crater count
model ages for lava flows in this area (Golder et al., 2020).

Using the slip rate calculated from FiSH code, with the age of the flow channels and
the displacement-length relation equation for dikes, it is possible to calculate the dike
propagation rate and the opening rate of the fault across different flow channel areas.

In short, the speed of dike propagation and whether such a figure is reasonable.

According to crater counts, Flow 1 occurred at ~53Ma and Flow 3 at 33Ma. Their
source locations are ~115 km apart (115,000,000 mm in 20,000,000 years), meaning a
dike propagation rate of 5.75 mm/yr, averaged over 20 Ma. Using the d=Lx0.003
equation, it is possible to calculate the opening rate of the fault: 0.0172 mm/yr and the
amount of dike opening: ~344 m in 20 Ma. The opening rate of the fault tallies well with
the slip rate range iterated using FiSH code and the data from SEIS and Chapter 4
estimates. However, the age of different flow channels varies across the area. Flow 4
and 5 occurred at approximately 33 Ma and 31 Ma, respectively, with their respective
source locations approximately 75 km apart. The age difference between the two flows
is 2 million years. Calculations similar to those used for the Flow 1-Flow 3 comparison
are applied to determine dike propagation and fault opening rates. The dike
propagation over 2 million years is calculated as 37.5 mm/yr, and using the d = L x
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0.003 equation, the opening rate of the fault along this section is determined to be 0.11

mm/yr.

Table 6.2. A summary of dike propagation and fault opening rates for Flows 1, 3, 4, and 5

Source Dike Fault | 1o1al Dike
Flow Location : Opening :
! Age (Ma) ; Propagation Opening
Comparison Distance Rate (mm/yr) Rate m)
(km) y (mmiyr)

Flow 1~ 53-33 115 5.75 0.0172 344

Flow 3

Flow 4~ 33-31 75 37.5 0.11 225

Flow 5

Additionally, the dike opening is estimated to be approximately 220 metres over the 2
million years. The analysis rightly points out the potential pitfalls of comparing these
results directly with the Flow 1-Flow 3 data due to the significant difference in
timescales. Given the two million-year age gap between Flow 4 and Flow 5, the
calculated rates and values are specific to this timeframe and should not be directly
compared with those derived from the earlier flows. This cautious approach highlights
the importance of considering temporal variations when analysing geological
processes. Comparing data from events with vastly different timescales can lead to

misinterpretations; therefore, prudence is needed.

From seemingly disparate data sets, it has been possible to use information about
boulder trail populations (Chapter 4), SEIS seismological data, and research data
about asynchronous flow channels and each flow channel age (Chapter 5) to build a
picture of what is happening in the northernmost Cerberus Fossae and part of the

Grj6ta Valles channel system, to what degree, and when.

Chapter 4 research into using boulders as natural seismometers allowed a maximum
Mw to be estimated (Mw 7.3—7.8). Using SEIS data from the first 1,011 sols on Mars, it
was then possible to calculate the magnitude of completeness for the data set,
essentially the lowest Mw (Mw 2.5). By using FiSH code to iterate the slip rate for faults
and dike propagation rates, a frequency—magnitude curve was produced using a slip
rate (per year) iteration that matched very closely with the number of estimated
marsquakes that would be detected per year at the magnitude of completeness against
the actual number of marsquakes detected by SEIS per year at the magnitude of

completeness (2.196 events vs. 5) with the estimated time scales for Mw 7
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marsquakes (conservatively choosing the lower end of the original estimates discussed
in Chapter 4), these being one event every 39,019 years. Minor changes to the slip
rate produced frequency—magnitude curves that did not tally with the marsquake date
(magnitude/frequency). The fact that the data used to produce the frequency—
magnitude curve (Figure 6.3) matches so well suggests that the FiSH code calculation
for the slip rate is reliable and that SEIS measurements and estimates of Mw from
Chapter 4 are correct. Using the calculated slip rate and the data regarding the ages of
flow channels (Chapter 5), it was then possible to calculate the rate of dike opening
(assuming dike opening is a proxy for slip rate) for the northernmost Cerberus Fossae

and, thereby, the rate of fault opening per year:

Flow 1 occurred at ~53Ma and Flow 3 at 33Ma, meaning a dike propagation rate of
5.75 mm/yr, averaged over 20 Ma. The opening rate of the fault was 0.0172 mm/yr
(=344 m in 20 Ma). Flow 4 occurred at ~33 Ma; Flow 5 occurred at 31 Ma, meaning a
dike propagation of 37.5 mm/yr averaged over 2 Ma. The opening rate of the fault was
0.11 mm/yr (~220 m in 2 Ma).

6.5. Conclusion

Three seemingly contrastive data sets (boulder trail populations as a proxy
seismograph used in conjunction with SEIS data; FiSH code to iterate slip rates of
faults based on Mw estimates/data; geomorphological analyses that reveal multiple
flow channels of decreasing age west—east combined with crater count ages) have
been combined that enable a further level of understanding to be gleaned regarding
the recent geological history of the northernmost Cerberus Fossae and part of the
Grj6ta Valles channel system. The processes behind the observed seismicity in the
northernmost Cerberus Fossae and the series of discrete flow channels that progress
west—east in areas adjacent to the Grjota Valles channel system are connected. Dike
propagation west—east, the rate of which has been calculated, is responsible for the
marsquakes observed in this region. This is relevant because it shows that the two
processes are connected. More importantly, it indicates that dike propagation was, until
recently, occurring and is possibly ongoing. This suggests that other flow events may
occur in the future. Given that the flow events are likely aqueous, the possibility that
liquid water may flow over the Martian surface in the future and in an area that can be
predicted, namely a location to the east of the last flow source, offers a tantalising
opportunity for future researchers to study surface process on Mars and to know where

to look.
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6.6. Future work

Reducing the uncertainty in calculations related to geomorphology and seismicity on
Mars requires a focused and multidisciplinary approach. Two key points that future

researchers should consider are as follows:

6.6.1. Extended seismicity record and improved seismograph sensitivity

A longer seismic record is necessary to build a more comprehensive understanding of
Mars' geological activity. A more extended period of observations allows for detecting a
broader range of seismic events, including small-magnitude marsquakes. This

extended record contributes to a more robust dataset for analysis.

A focus on small-magnitude marsquakes is of great importance. Future researchers
should emphasise the importance of capturing data on small-magnitude marsquakes.
Improving the sensitivity of seismographs can help detect and record these smaller
events, providing valuable information for understanding the full spectrum of Martian
seismicity. This approach is essential for refining models and calculations related to

tectonic and seismic processes.

6.6.2. Enhanced crater counting for accurate age determination

A refined approach to crater counting is necessary to reduce uncertainties in age
determinations of flow channels. While crater counting is inherently integrated into the
process of identifying units for dating, focusing on more targeted and systematic
methods can help improve accuracy. This involves a detailed analysis of craters
specifically associated with the flow channels, allowing for more precise age estimates

and reducing the margin of error in dating these geological features.

Integration with geomorphological analyses is also an area that needs development.
Combining crater counting with geomorphological analyses strengthens the dating
process. Integrating these methods will allow future researchers to cross-verify and
refine age estimates, leading to a more precise understanding of the chronological
sequence of geological events. The area of Cerberus Fossae is of key relevance, and
research should be focused on this area. However, other regions of Mars should also
be considered candidates for research, including the Tharis volcanic plateau and the

eastern edge of the Valles Marineris canyon system.
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6.6.3. Importance of future work

The quantitative link between geomorphology and seismicity—the demonstrated
method within this thesis underscores the need for future work, allowing researchers to
link geomorphology with seismicity quantitatively. Establishing empirical relationships
between dike propagation rates and seismicity is a significant advancement. This
linkage provides a powerful tool for understanding the dynamic processes occurring on

Mars.

Future research is essential for a deeper understanding of Martian geological
processes. The ability to quantitatively link geomorphological features with seismic
events offers insights into the interactions between tectonic activities, dike propagation,
and surface morphology. This knowledge is crucial for unravelling the geological
history of Mars and predicting future events.

6.6.4. Summary

In summary, future researchers can reduce uncertainty in calculations by extending the
seismicity record, improving seismograph sensitivity, focusing on small-magnitude
marsquakes, adopting a targeted approach to crater counting for age determination,
and recognising the significance of the quantitative link established between
geomorphology and seismicity. Collectively, these efforts will contribute to advancing

our understanding of Mars' geological evolution.
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APPENDICES

Appendix A.
The Mars Global Surveyor’s Mars Orbiter Laser Altimeter (MOLA)

Precision Experiment

The Mars Global Surveyor’s Mars Orbiter Laser Altimeter (MOLA) Precision
Experiment. Data Record (PEDR) accessed through
https://ode.rsl.wustl.edu/mars/pagehelp/Content/Missions Instruments/MGS/MOLA/In

tro.htm. The accompanying Excel chart graphically denotes the exact location of each
MOLA PEDR. The extent of the MOLA PEDR was chosen to cover the entire study
area for both the work within Chapter 4 and Chapter 5 of this thesis. Given the file
size, the data is available at the following link:
https://figshare.com/s/7e2f0093ef33bb6599fb
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Appendix B.

Boulder trail length and width data

Image data used in the calculation of the number of boulder trails per kilometre per image and

the calculation of the 10 widest boulder trails for each image, with standard deviation.
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Appendix C.
Brown, J. R., and Roberts, G. P. (2019). Possible evidence for variation in
magnitude for marsquakes from fallen boulder populations, Grjota Valles,

Mars. Journal of Geophysical Research: Planets

Brown, J. R., and Roberts, G. P. (2019). Possible evidence for variation in magnitude
for marsquakes from fallen boulder populations, Grjota Valles, Mars. Journal of
Geophysical Research: Planets, 124. https://doi.org/10.1029/2018JE005622).

W) Chach for update]

JGR Planets

RESEARLH ARTILLE
10,10

Key Peinis:

o Wi s Aatunal o s’ o

powshly seismically active arcas o
Murs

Evidence: through boskler trall
acbsic ptivity B
Iy ricent sl (nsibdy

iy liege
£ Baiii: edusmed

vt U o b

Supporting Infermation:
seting Infosmasoen BL

Corresponde sie o}
I. B Bswm,
LE3jib Jasonggmnail coms

Ciation:

Browm, 1. B & Roberis
Posable cvidene
sagninale i sasguake

Blurs Isutiad of Geophysionl Rewansh
Planet, 124 8H-E2E
L0 10205 200 RIEGHIS £ 23

ek g

Revekied 11 MAR 2518

Accepred 30 TAN 2519

Accepred article oslise § FEE 2019
Published i 18 MAR 08§

M9, A
All Rights

Guoophysical Usdsn

d

AGU 100 .

Possible Evidence for Variation in Magnitude
for Marsquakes From Fallen Boulder
Populations, Grjota Valles, Mars

Tason B. Brown'| ) and Gerald P. Roberts'

'Department of Earth and Planetary Sciences, Birkbeck, Ut ty of Londan, Lo

Abstract Following observations of mobilized boulder trail populations from Cerberus Fossae, Mars,
that have been interpreted as passible evidence of large-magnilude marsquakes rupluring for distanees of
=207 km alang exposed active Gaults, additonal bewlder trail populatons were measured along shorter Giulis
within the region of Grjola Valles (30- Lo 150-km length) to test the hypotheses that (1) Uhese [aualis ane also
candidate locations for marsquakes and (2] that marsquake magnitude might be smaller, Limited by [l
dimensions available for rupture. For a region containing two en echelon graben, boulder trail data define
i anomalies with maxima in {a) boulder trails per kilameter and (b) maximum widih of boulder wrails,
one that is ~116 km in length along sirike and the other -70 km in bength along strike. Valees for the maxima
are 43 Irails per Kilomeler and S-mmean il width for the 7-km-bong anomaly and 115 irails per kKilomseler
with 3. 5-m mean trail width lor the 116-km-long anomaly, above background values measured elsewhere
alang these faulis of zero irails per kilometer with zero boubder trail widths. If combined with published daia
fram Cerberus Fossse with an -207-km-long ancmaly in boulder trails per km (125 trails per kilometer
miaxima ) and masimum mesn beulder trail widih (8.5-m maxdmum trail width), the three data sels sugpest
correlations between the (a) along-sirike length of boukler trail ascmalies, (b) boulder trails per kilometer,
amd (¢} maximum boulder trail width, IC interpreted as due o single marsquakes, and il the dimensions
ol these anomalies are 3 prosy for rupture length. when combined, one interpretation ol this is that boulders
have been mobilized by masquakes and that the marsquake magnitude is proporiional wothe along-sirike
length of the anomalies. In other wonds, the data suggest thal marsquake magnitude, if thal is the cause
of the anomalies, i limived by fault length as expected for terrestrial seismically active faulis. Such findings
supmesl thal Lhe Martian surface may have been shaken, in the very recent past, by Large-magnitude
marsguakes. We discuss this in terms of the seismicity of Mars.

Plain Lnng'unge Sum Mary Beuwlder il populations were measured along Lulls on Grioks
Walles, Mars. o Lest the hypotheses that these Golis are locations for possible marsquakes. I the boulder
trail populations are duee 1o single marsquakes, one theory is that the boulders were moved in the very recent
pasl by large-magnitude marsguakes. The area we studied showed thal there are coincident maxima in
boulder trail density and bowlder trail widths along the strike of the fauls in Grjota Valles, Mars. We alsn
saw Lhat the boulder count values decrease away [rom the locations of mast boalder trails. Our resulls shosy
us that geographically coincident maxima in boulder trail density per kilometer and boulder trail widihs
alang the faull exisl. This suggests that a plausible mechanisam 1o mobilize such populations of boulders &
threugh seismic shaking associated with palaeomarsquakes. Dur resulls point o this pessibility because
boulders mobilized by seismic shaking display a particular pattem: the number of boulder Ealls and boulder
sizes decrease away [rom the epicenter. Such research suggests thal marsguakes nol only occursed on Mars
but maybe occurred in the recent past, wo. With the Interdor Exploration using Seismic Investigations,
Greodesy and Heal Transport (InSIGHT) mission pow on Mars, ils seismometer may well pick up

seismic vibralions.

1. Introduction

Given that Uee diameter of Mars (6,790 km) & much smaller than that of the Earth {12,750 km), it has long
been considered that Mars is bess peologically sclive than the Earth because the internal heal source for
woltanism and aseociated Guolting would bhave been lost more quickly (see REoberis el al, 2012, lor a
discussion) However, studies by Andoine el al (2010) suggest that endegenic heal sources might well be
present within Mars associated with the Cerberus Fossae [aull system. Roberts et al. {2012) using
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Figure 1. Hypetheses to explain the characteristics of the widest examples of boulder trails formed by the mobilized
boulder populations due 1o seismic shaking and release of boulders from cliffs by melting of ice. (a) Alternative hypoth-
eses explored by Roberts etal (2012) (b Terrestrial reckfalls triggered by an earthquake. (<) Data from Roberts et al.
(2012) for comg with data p d mn thas paper

understanding of natural seismometers on Earth, suggested that large-magnitude marsquakes may have
occurred in the recent past along Cerberus Fossae, evidenced by observations close to faults of anomalies
in the density of tails left by mobilized houlders and boulder trail widths (Figures 1 and 2). Roberts et al.
(2012) showed. for Cerberus Fossae, that boulder trail densities per Kilometer and boulder trail widths
increased systematically from background values along the strike of part of the fault system, interpreting
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Figure 2. Lecation maps. {2) Mars Orbuter Laser Altimeter (MOLA) images of Mars showing the location of the study area.
(b} National Aeronautics and Space Administration (NASA) image masaic (visible imagery) with the location of the study
area shown. The four white squares show the Jocations of the four geologrcal and g hological 1 for
Images 1, 3,9 and 12 (see Figures 42 4d. (c) Map showing lomnnn of the studsed bouldcr trail nnnmzlhs. Hoealder Trail
A by 1 (red) and Boulder Traul A ly 2 (green) and | of High Resol Imaging Scence Exp
(NlRlSl-.) image foctprints across the study area, bered in d with ber scheme used in this study. HIRISE
tmages 1 through 13 were used in this study. (d and ) Details of the fault g and g pholegy and are located
mich.
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this as possible evidence that a marsquake had produced ground shaking responsible for mobilization of the
bowlders. This study was facilitated by the advent of HIRISE imagery (High Resolulion Imaging Science
Experiment enboard the Mars Reconnaissanoe Orbiter) whose high resedution (-25 cm pixel sizes) allowed,
foar the first lime. observations of boulders and boubder trails [rom orbil, in particular the lurgest boulders and
trails, and hence the ability 1o map the charscteristics of boulder populations alang the sirike of Gl sys-
tems. Roberts et al. (2002) suggested that boulder populations moebilized by seismic shaking, in particular
the widess boulder tails, would show decreases in mobilized boulder frequency and boulder size over lens
ol kilometers or mone away from pulative epicenters i produced by single large events, as observed on Lhe
Earth (Figure 1), and evidenced on Mars by Ui widths of Lrails in dust led by mobilized boulders. In contrast,
boulder populations mobilized by processes facilitating release of boulders from steep cliffs, such as melting
ol ground ioe on steep slopes, would produce spatially uniform boulder trail populations, lacking anomalies
with dimensions of tens of kilometers or more. Measuremen s presented by Roberts et al. {2012) were con-
sigtent only with the hypothesis of mobilization by seismic shaking {Figure 1). Furthermore, the trails in the
underlying sediment lell by boulders as they rolled and bounced downslopes suggest relatively recent
boulder mobilization and hence possible ongoing marsguake aclivily, This i because racks produced by
the rovers Spirit and Opporiunity were erased over lmescales af only days w months [ Geissler et al,
L), due 1o the passage of dust storms during the peribelion season. although evidence exists of track pre-
servation for longer periods of time in locations shellesed from the wind: thus, iracks kell by boulders would
also be erased, suggesting thal preserved examples must be relatively voung i the material i fine enough 1o
be maobilized by the wind, Tracks produced by boulders at Cerberus Fossae are wider and deeper {several
meters and several decimeters) than trils I.e[ll:!g,I rovers [centimelers, cenlimelers o millimelers) so preswm-
ably it would ke bonger W erase them with eolian provesses, but the same asguments apply and it is diffieult
o envisage an age as old a5 for example, 10°-107 vears for the boulder trails. Roberts el al. (20121 also
pointed oul that the geographic dimension ol the boubder trail width/frequency anomaly, along the sirike
of the Gull system. might be indicative af the magnitsde of the marsquake. as is the case on Earth
[ Keefer, 1984). The -207-kn-wide 2oné of mabilised bowlders measired alang Cerberus Fossse might be
consistent with a marsquake of moment magnitude -M7.9 (see Wells & Coppersmith, 19841, A marsquake
ol this magnitude is nol inconsistent with the along-strike extent of the fauhs of Cerberus Fossae because
Velterlein and Roberts (2009) showed that these Bulis exhibit continuous along-strike displacement profiles
constraining a fault length of -325 km. longer than the implied ruplure extent, allthough Knapmeyer el al,
(2} sugpested 3 maximum  magnilude of T4 Vetterlein and Roberts (20107 showed that the
dmax/length (measured as vertical affset, throw. in this example) of the Cerberus Fossse faulis was —0.1-
0001, similar W those measured on Earth, suggesting thal the relatonships between slip dimensions and
miarsguake magnitede might also be similar 1o the Earth. The question that arises is whether other examples
exisl on Mars whire shorter Gl lengths are associated with smaller along-strike extents al boulder trail
anomalies, implying smaller moement magnitudes,

In this paper we seek W extend our knowledge of passible marsquakes by investigating whether: (a) other
pussible examples of boubder trail anomalies can be identifed, with evidence ruling oul causes other than
mirsguakes for tveir formation, and (b) whether marsguakes of different magnitudes and henee different
epiventral shaking intensities 1o mobilize bowlders can be inferred. To this end, we have studied another
sel of faulis that are parallel w the souwthern Cerberus Fossae faulls located in the region of Griota Valles
(Figure 2). Faults in the vicinity of Griota Valles offset (i) planar surfaces that are probably lava Oows, (i)
inliers ol shder terrain such as hills that protrude upward through the lava Dows, and (ii) owtlew channels
thirt may be of sqweous or voleanic origin associabed with volcanism e.g., Bure, Grier. et al.. 2002; Hamilton,
HILE; Taeger el al., 200d; Morgan et al., 2013; Plescia, 2003, for associated examples). This means that the
Grjota Valles faults are very similar morphologically 1o those along Cerberus Fossae studied by Roberis
el al. (20012} Like the examples fram Cerberus Fossae described by Roberts et al. (2012), initial inspection
af down Eaulted regions in Grjota Valles examples revealed many thousands of boulder trails made by mobi-
lizesed boulders thal have Fallen from (ault controlled cliffs (Figure 3). Floweser, it is clear [rom inspection of
imagery that the Fauls associated with Griola Valles are segmented (Figure 2), with segments that are
shorter (maximum of 60-20 km) than those sssociated with Cerberus Fossae [Taylor e al, 2013
Vellerlein & Roberis, 2009, 2010}, This combination of features allows us o test (a) whether anomalies in
bowlder trail densities and dimensions occur along the faulls and are best explained by marsguakes and
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Slope Aprand south
= = Teak measured at widest point oo trail defined by ralsed kvees and shaep edges to trails
» = alliptical deprassions indicate bouncing JE0 = boulder with no trall net included in count
= = chear boulder that produced a trail = trall with no clear boulder included in count
Figure 3. (a) Images slw-mg typical locations and attributes of the boulder trails counted in this study. (b and ¢) A sel of images sh g the n
boulder trails b High Resol ging Science Exp (HIRISE) images and different parts of the same HiRISE images: (u original

image with added white arrows poenting out a selection of boulder trails/bounce marks; (1) the image with the boulder trail/bounce marks drawn in black, and
(ui)with oaly the black mflll.‘ﬂl:ﬁmm illustrate only a small prop of the total ber of boulder trails in cach image. (d) Observations of boulder traus and
boulder di The simal the d of beulders and boulder tratls na:m that bwld:f trails have not been significantly affected by
ervsaan. (1) A possible hypothesis is that boulder trails may be degraded by ercsion, and that d may v, lly, 1nfl g the ber of trails that are
presesved, and the widths that are d (1 and i) Comg of boulder trail widths with the dimensions of the boulders that formed them from
ESP_D26712_1960 and from ESP_D25156_1965). (iv) Location map showing the position of ESP_0126712_1960 and ESP_025156_1965. (v) That the trails have not
been significantly degraded by wind erosica is consistent with the preservation of raised Jevees produced by the motion of bould: idenced by in
percentage gray scale for individual pivels in the images This is evid d by visual insp of many ples and also evids d by the p wge gray scale
measurements we have made that show in p ge gray scale on the floces of the tracks, not constant values as would be expected for a
{lat, depositicnal surface illuminated by the Sun_If the levees are made of sand, and thedr preservation potential is low, then the ages of the bealder trails whase
widths are defined by the levees are likely to be similar, and relatively young, In other words, the widespread preservation of levee crests in the images suggests the
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(b) if they are best explained by marsquakes, whether their dimensions correlate with the dimensions of fault
segments. To this end, we examined all the HIiRISE images (Figures 2 and 3) that were available at the time
of the study to constrain the extent of boulder trail anomalies (see Figures 2b and 2¢ and 2a). We explain in
detail why we have separated the faults into Boulder Trail A ly 1 and Boulder Trail A ly 2, based on

boulder trails are simalar in age, because they have not been eroded/degraded. And that is what we use to suggest the population of boulder trails s mostly composed
of indwadual trails of simalar age, hence passibly produced in single, widespread events, that is, marsquakes.
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Figure 3c.

boulder trail data, below. We have identified two local maxima in boulder trail densities (that also correlate
with boulder trail width) one associated with each fault line. We discuss these in terms of their mast likely
mode of formation, concluding that marsquakes may be the most likely cause. We then discuss the results in
terms of the possible oocurrence of marsquakes with magnitudes led by fault di ions, while also
considering that the marsquake activity may well be relatively recent

First, we present maps of the faull system containing two en echelon graben/faults, one which is ~115-km
length along strike and the other ~82 km length along strike (Figures 2 4). Second, we present data concern-
ing the density of boulder trails per kilometer and boulder trail widths. After discussing the cause of the
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boulder trail anomalies, concluding that marsquakes may be the most likely cause of the boulder 1rail
resulis, and explaining why other causes are unlikely, we conclude that with the o new boulder trail dats
sels presented in this paper, and the example from Roberis et al. (2002), we have three examples where
boulder il anomaly dimensions correlate with Gl lengihs and by anadogy maximum along-sirike rp-
ture extent. Thus, the boulder trail data appear 1o be consistent with the interpretation that the boulders
were mobilized by seismic shaking produced by marsquakes and that boulder-trail data may help reveal
the magnilwdes af the marsquakes.

2. Geological Background

Thie faull system we study is located in the vicinity of Geta Valles and eomprises an —197-km-long set of
en echelon graben wgments located between latitude N16°10°33, longitude ELGDP35°48, and lalitude
N1 1210/ longide E1G3"40°00, The WHNW-ESE orientation of the graben means that the fractures are
subradial to the Elysium Mons volcano (Figure 2a) and may be the surface expression of subsurface dikes.
Detailed geological and geomorphological mapping reveals that the geometry of the faults is consistent
with that of graben, with Lol contrelled clifls sdjacent o Qa-botomed depressions (Figures 5-5).
MOLA data (Mars Orbiter Laser Altimeter on the Mars Global Surveyor [MGS] spacecrafl) reveal that
the vertical offsel across the graben, which are exposed on a surface that slopes from —2,100-m elevation
o —2400-mn elevation from west o easl, increases from zero al the tps of the graben to 900 m at Lati-
tude 1627 (Figure 5). This reveals an ollsey'subsidence profile that is typical of fawls, with vertical offsens
a5 high as -9 m, and a dmax/length ratio {with dmax measured as vertical affset for this example) fiar
the whoele structure of 0.005, within the range measured for terrestrial Bulis and these on Mars (Schlische
el al.. 1994; Venterlein & Roberts, 20000 Tn detail, the MOLA data constrain the vertical offsel across e
graben al L&D locations and reveal displacement gradients and dmax/length ratios associated with indivi-
dual distal and medial faul segments of 0.00B—0.026, again similar 1o values measured on Earth
(Velterledn & Roberts, 2010 Figure 51 The similarity in dmax/length values between Taults in Grjola
Valles and the Earth suggests that the material strength is similar in the two regions {Gomesz-Rivas
et al., 20151 If the material strength is similar, then the relationships between rupiure length, dmax,
stress drop, and moment magnitude are also likely w0 be similar (Al & Shich, 20035) Thus, our
drnax/length observations support the suggestion that these are Gl formed by similar deformalion pro-
cesses Lo those on the Earth and it may be possible o infer some aspects of the seismicity, such as
muoment magnitude, from observations of surface deformation.

Thie Gaulis can be shown o be relatively recent in that they crosscul preexisting features of known, rela-
tively voung age (Figures 2 and 4). The fossae offser Late Amazonian Cerberus lavas and older inliers
(Tanaka el al., 20051 10 s believed that the ages of the youngest lavas offsel on the nearky Cerberus
Fostae, assesesd by crater counling methods are <10 Ma {Hartmann & Berman, X0, Head et al,
2 Vaucher et al., 2009), implying that the fossse, if they are all approximately the same age, are even
yaunger. The —900-m offser revealed by MOLA data (Figure 3), il developed since 10 Ma as implied by
crater-counl ages. implies a rate of vertical offset of -0.09 mm/year, a value that is similar 1 well-
documented rifl systems an the Earth (Vetterdein & Roberts, 20000 The Gaulis also offset a variety of geo-
morphic fealures such ag lava plains, alder inliers, and outllow channels with streamnlined islands
(Figure 2, Burr, McEwen, e al, 2002; Jaeger er al.. 2010; Plescia, 2003) The similar fealures were
reporled for the [aulis slong Cerberus Fosmae (Roberls el al., 20121, so we suggest a dmilar mode and
age of formation for the fauls in Grjota Valles.

3. Method

We mapped parts of the Grjsla Valles faalt system in detail o ascertain the nature of the gealogy of the
region and gain an overview of the pgeomorphic features that the boulders were associated
with {Figure 4j.

National Aeronautics and Space Adminisiration {NASA) THRISE images have been accessed using Lhe
Flanetary Data System (PDS) node at the University of Arizoma {hitps fhirise lplarizona.edu); Table 1),
Thisy were downloaded at their highest resolution. The images were imported into Google Earth as georeler-
enced image overlays Al the time of writing, there were 18 areas coversd by HIRISE imagery within the
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Figure 4. (a-d) Geologxal and g hob pons of Images 1, 3, 9, and 12. The gealogy/geomorphology
on the fossae is that of a low. relief phan that has bccn faulted by graben structures, down dropping central blocks that
have been d by coll and eolian
study area of the Grjota Valles (Figure 2). However, six of the locations are covered by two HiRISE images,
and one of the images (ESP_027345_1955) covers an area which has six fractures, two of which were
required for this study—meaning 12 images were used in total. with one (ESP_027345_1955) split into
two images: 6a and 6b. We believe that the ber of images available provide sullicient along-strike
coverage of the structures for our purpeses. The ruler al in Google Earth was used 1o measure distances
and heace boulder trail lengths and widths, allowing for boulder trail density to be calculated. Roberts
et al {2012) showed that such measurements reproduce the dimensions of ground truthed tecrestrial
boulders 1 an extent that is adequate for our purposes. We also checked distance measurements in
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ArcGIS and found that this provides values that are similar to the values from Geogle Earth to an extent that
does not affect our conclusions (<1% difference between AreGIS and Google Earth at the latitudes we are
interested in).

We defined the width of boulder trails as the width between what we term ruised levees or sharp edges that
formed as the boulder traversed across the underlying substrate (Figures 3a 3d). We included boulder trails
without terminal boulders. We measure the width of the trail where the trail is widest to exclude measure-
ments where the boulder was bouncing and leaving a narrower trail. Theve is cross-image variation in
boulder trail density on HiRISE images. Where one can see that the substrate is coarse grained, with visible
boulders, no trails exist. Examples of cross trail variations are shown in Figures 3b and 3c. Thus, we
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i fal Y - “ﬂim"i‘ﬂ'i - - measured the distance across areas where we could gain continuous H
00 recards on regions where the subgirate appeared fine-grained, converting 1

i

{ 00 *_:':;:T;! Thircw profile the values inlo number per kilometer. H
k] o Emiibe g am For each THRISE image we measured the I‘DJI.\'.‘lwing: 5
i - 1. We recaorded the location of every boulder trail that we were able 10 L
= 5
h identily in each of the 13 areas along approximately 1.5- 1o 6.5-km-long i

ma 5 [

transects along the slopes immediately adjacent w the loors of the gra-

" L]
s 180 B0 81 1815 182 IEZS ORI 1835 18
Langituds {degress|

ben e, Figure ) These transects were chosen because (i) they
exiated al the bases of steep slopes along fauli-controlled clifls and
(i) e grained deposit (probably eolian sand and dust) were present

that preserved boulder trails. We did nod make measurements whene
the surface was formed of coarse-grained sediments {220 o 50-cm
partiche size b or on selid rock because such locations would be unlikely
o preserve the passage of mobilized boulders il such motion had
accurred. The zigzag lines in Figure 6 show (a) thal we proceeded in
a general along-sirike direction, ol relurning o along-strike locations
where we had already noled boulder irails, because we were con-
cerned that this could resull in erronecus double-counting of boulder
Irails in our inventery, and (b) the exact locations where we measured
boulder trail width { blue doag], in general the widest part of the trail, s0
we could revisit Uhe locations of measurements al a later date if peeded.
Along-strike distanoe was recorded as the longitude of each blue dot in
— Gaan Figure &, for comversion into the values of boulder trails per kilometer
in Figure B using wrigonomelry amd a conversion Gctor for degrees
longitude into kilometers. In summary, the along rack lengths of
the zigzag racks were nol used in any caleulation bul gerve o recard
exactly how we traversed the boulder trail population and exactly
where we made measurements. We are confident thal we have mea-
sured every boulder trail where densties were relatively low (=45
boulder trails per kilometer) because they were clear on the imagery.
However, in places it was dilficull 1o recognize every individual
boulder trail at higher densities because some boulder trails coalesoes,
in these locations (243 boulder trails per Kilmmeter) we think we
miy have underestimated the number of boulder trails per kilometer,
bun this does not affect our overall conclusions (eg.. Figure . with
resulis in Figures Tand 81 We also nole that il the boubder trails were
285 o i widih, they would not have been resolved on current ima-
gery, s again this may have lead us to underestimate the bowlder trail
densily, but again, this does not affect our conclugions as our hypoth-
esis depends on the largest mobilized and hence the widest boulders
trails [Figuse 1)
2 W measured the width of the 10 widest boubder trails we could identily in each image, reporting Lhe
mean value, 1o provide an estimate of the dimensions of mobilized boulders.
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Figure 5. The relaticnshap between the map trace of the graben and veriical
offsets consirained by Mars Orbiter Laser Altimeter {MOLA} data. (a) Plot of
longpiude against vertical offset measared across the south sde of the
graben from MOLA daia. (b)) Contest Camera (CTX) mesaie showing how
the vertical offsets i (a) relate to the map geometry of the graben. () The
Jocation of MOLA data in latitude and lengitude, showing how the ventical
offsets in {a) relate to the map geometry of the graben. (d) Flot showing
aksoluwte values of elevation far the plain to the south of the graben, the plaim
noeth of the graben, and the foor of the graben, versas leogitude.
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Wi were aware that measuring distances using a ruber wal in soltware on pixilated images can be subjec-
tive so Lhe two authors made independent measurements of the same images, with Figure 7a and 7b
showing comparisons between resulls from the two authors These resulls show that the resulls are repea-
table with resulis fram the two surveys being broadly comparable within error. The differences between
results from the two authors (<1 m for the mean value for the 10 widest boubder trails and <10-20
boulder trail counts per kilometer) are far smaller than the sipnals that were measured (between 1 and
55 m for the mean value for the 10 widest boulder trails and Between 0 and 100 for the boulder trail
counts per kilometer), Overall, we are confident that our method for measuring the number of boulder
trails and their widths using the ruler ool in Google Earth s robust and repeatable if others wene o make
measurements from the same images.
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Table 1
HIRIEE Image Obsernvadions Used

Image number used

in: this paper HIKISE image name Latitude (centered) Lomgitude [east) Map projecied scale
1 PSP_OCEEND_1965 16.250" 160 575" 25 emy'pinel
2 ESP_[1KTT4_1565 16.085" 160.723" 50 emypixel
3 PSP_D0G549S_1965 16.100" 160 424" 25 emy'pinel
4 ESP_025001_1565 16.141" 1s1011" 25 emy'pinel
5 ESP_[1ET0E_15960 15.805" 161.444" 50 emypixel
[ ESP_[ITM5_1955 15.571" 161.742" 50 emypixel
&h ESP_027345_14955 15.571" 161.742" 50 emypixel
] ESP_026712_1960 15715" 16203" 25 ey pixed
] PSP_(06247_1955 3 162677 25 ey pixel
b0 ESF_{NEOTS_1955 162 528" 25 cmypizel
11 ESF_(28400_1955 183243" 25 cmypixel
12 PSF_0103E1_1955 183338" 25 cmypixel
13 PSF_00TTH0_1955 181657 25 cmypixel

Nete. HIRIZE, High Resolution Imaging Science Experiment

4. Results

The data in Figure § show that there are coincident maxima in boubder trail density and boubder trail widths
along the strike of the Gulls in Grjsta Valles.

In terms af the spatial variations in boubder trail density along the strike of the Gull gystem, maxima in
bowlder tradl counts exist al arcund EVGLS and E162.57 lengitude. Boulder trail count values decrease both
east and west from these locations along the strike af the faulls wward their lateral terminations. We use
these variations o deline Boulder Trail Anomaly 1| and Boulder Trail Anomaly 2 mentioned above and
shwn in Figure 2c. For Boulder Trail Anomaly 2 we measured a peak of 45 boulder trail counts per kilo-
meter al E1G1.437 longitude, with lower values pecorded closer 1o the east and west lips of the graben. For
Bouwlder Trail Anomaly 1, a peak of 102 counts per kilometer al E162.00" was measured, again with lower
walues recorded closer 1o the east and west tps of the graben.

Wi nuote that values for boulder trails per kilometer exhibit an asymmetrie pattern along sirike {Figures Sa
amd Bb) The westernmosl poinl of Boubder Trail Anomaly 2 exhibils the smallest number of trails per
kilometer al 3 trails per kilometer al EI60.57" longitede, with the number of trails increasing as we follow
the [auln easl, culminating in o peak of 45 counts per kilometer at E161.437 longitude. This is followed by a
sharp decrease in the number of recorded trails, with 4 per kilometer al E161.747 longitede, giving Lhe
graph in Figure & an asymmelric appearance. For Boulder Trail Anomaly |, measurements begin al
E161.76" longilude, extremely close w the tp of Boulder Trail Anomaly 2, but at a latiiede of N15EL?,
somie 6 km 1o the south of the last measured point along Boulder Trail Anomaly L The Orst count along
Boulder Trail Anomaly 1 records 3 counts per kilemeter at E1601.7° fellowed by a sharp increase in counts,
riging o a peak of 102 counts per kilometer at E162.03° longitude, the highest count along the entine fault,
Further east the number of counts decreases, dropping o 2 counts per kilometer al EJ6L637 close 1o Lhe
lateral termination of Boulder Trail Anomaly 1. Again, these measuremenls give an asymmelric
shape (Figure Sbi

Coincident with boulder trail counts per kilometer, there are maxima in boulder trail widths, with mean
walwes again increasing from close (o zero near Lps of the structures wwand maximum valoes (Figures Sa
amd o) This shows that the areas of high boulder trail density also have the widest boulder trails
(compare Figures Bb and Sc). Again, we nole an asymmelry along sirike of the graben for the boulder 1rail
width data. The widest mean boulder trail width along Boulder Trail Anomaly 2 was -5 m, and this
measurement was recorded in the region exhibiting the highest number of boulder wails a1 E161.43°
longitude. As with boulder trails per kilometer, a sharp decrease in the mean width of boulder irails is
abgerved a& we progress west along the [aull, with a mean trail width of 1.4 m being recorded in the
region where only four boulder wrails were bocated (EIGLTE"). Boulder Trail Anomaly 1 also clearly
exhibils the aforementioned relationship, with a maximum mean boulder rail width of -5 m located

BROWN AND ROBERTS

L

iy mm apy a ]

ara imegpmy

oy gy

v e

e g s,

s ] A

a0am

] g e

262




AGU
100

Journal of Geophysical Research: Planets 10.1029/2018JE005622

Image 4 Trall Locations
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WIAG)  1419M  Jei00 MDD 16208 16208

Liewptoade

A\ Trareerse acicss the dope in search of boulkder trails {

«  Loction where a boulder trail was identited

Figure 6. Example of a boulder trail density measurement for two images: (2) Image 4 (HIRISE Image ESP_025011_1965)
and (b) Image 8 (HIRISE Image ESP_026712_1960). (a) Image 4 (i) shows a sparse concentrubion of narrow trails, all of
simalar width and ssmular length. (1) The blue dots at the apex of the dark lines indicate boulder trails along a transect
shown in dark blue. (1it) Graph showang location and density of bealder trails found aloag 2 WNW WSE transect tra-
wversing 0.03° of longitude, showing the | af trasls, (b) Image & (1) shows a dense concentration of both narrow and
some wider trails. The lengths of the trails in the image are comparable. Some trails exhabit bounce marks. (i) The does at
the apex of the dark lines indicate boulder tratls along a transect shown in dark blue. {iit) Graph showing location and
density of boulder trails found along a WNW-WSE ng 0.05° of leagitude, showing the b of trals.

in the area of most boulder trails per kilometer (102), and from this peak the mean width of trails drops
to 1.7 m at E163.62", an area where only 2 boulder trails per kil were ded (Figure 8d). Note
that for Boulder Trail Anomaly 1, both the boulder trail width and boulder counts per kilometer, if
extrapolated along strike, have maximum values near to longitude E1625", a location where the
surface expression of the fault apg to be i due to the presence of lips to individual
graben (see Figures 2b and 2c); a flat plain separates two graben at this location, and we discuss the
possible reasons for this later in the paper. We also note that there does not appear 1o be an obvious

1 b the | offset across the graben and the number of boulder trails per km or
the mean value for the size of the 10 widest boulder trails (see locations A and B in Figure 8); again,
this is discussed later in the paper.
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5. Discussion

Results from Grjota Valles show geographically coincident maxima in
boulder rail density per Kilometer and boulder trail widths along the gra-
ben. This type of ohservation was used by Roberts el al. (2002) 10 suggest
that the mos plausible mechanism o mobilize such populations of
boulders & seismic shaking associaled with palaeomarsguakes (see
Figure 1). They concluded thal this because boulders mobilized by seismic
shaking would “display the dassic patlern associated with earthquakes
whiere both the reguency of boulder falls and boulder sizes decreas: away
from the epicenter and the location of coseismic surlace faulting, due 10
localized ground shaking [Keeler, 198477 (Figure 15 However, there are
olher possible mechanisms that may have mobilized the boulders, and
we discuss each af them in turn below.

1. Relewse of bowlders by meling ice. A plausible hypothesis is that
houlders are held on the steep slopes and cliffs asociated with the gra-
ben by water or CO foe. Any divmal, seasonal, or longer term warm-
ing might mell the ke and release the boulders. Eoberts et al. (2002)
suggest thal boulders mobilized in this way would show “a random
spatial pattern of maximum boulder sizes  when sampled over tens
1o hundreds of kilometers (Figure 1) However, our measurements
show clear local maxima in boulder trail widths and boulder trail den-
sity per kilometer that are geagraphically codncident (Figure 8). Note
that the actual mean value for the widest boulder trail may be Larger
il measured from a lasger population of wails, so thee is an element
o circular reasoning here. Flowever, even with this caveal, these
resulls, with geographically coincident maxima in values for the two
variables | Figure 8], are nol what would be expected of the mechanism
of boulder release by melling foe. Funthenmore, il is unclear how this
process could control the dimensions of boulders recorded by Lhe
boulder trail widths, and, like Bobers et al (2002 their Figure 10],
we have found no evidence for differing joint spacing in the bedrock
1o explain the variable maximum boubder gizes implied by the variable
miximurm boulder tradl widths, although the restriction of image resa-
lution means we cannot rule it out. Furthermore, perdstent 00 frost

may not be plausible at this latiude (Pigueas et al, 2016), so il may be unrealisiic v expect such rost o
hald boulders an slopes. For these reasons so we reject this hypathesis.

2. The effect of focal difference: lithidogy end hence werthering/erosion. A plausible hypothesis is that differ-
ent lithologies might be more or less prone 10 erosion and this might control the number and sizes of
boubders released from the steep slopes and eliffs associated with the graben. Our geological mapping
shows no abwious changes in lithology of the rocks forming Uhe walls 1o graben (Figure 4). We have also
examined available THEMIS (Thermal Emission Imaging System) and CRISM  {Compact
Reconnaissance Imaging Spectrameter for Mars) data o iy b ascertain if local lithological changes cor-
refate with the mexsured maxima in boulder trail widths that are coincident with the measured maxima
in boulder trails per kilometer. The CRISM data. although having limited lateral extent and hence avail-
ability, appear o show no obvious change in lithology of the rocks foeming the walls o graben with
regand 1o oxidized iron minerals, mafic mineralogy, hydroxylated silicates, bound water ar waler joe,
and C0y jee (Figure 51 in the supporting information). The THEMIS data, including both nighttine
and daytime infrared measurements, provide complete spatial coverage of the area studied, and,
although probably saturated in the images we show, again show no obvious change in lithelogy of the
rocks forming the walls o the graben, highlighting only that the walls of the graben appear o formed
of bedrock (Figures 52 and 53), as confirmed by the clear stratigraphic layers in the THRISE images
{Figure 4). The HiRISE data show a layered siratigraphy in the graben walls that are presumably lava
Nowes and possibly sedimentary lavers formed by weathering erosion and eolian processes between
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Figure 8. (a) Flot sheaang absolute values of elevation for the plain to the
south of the graben, the plain north of the graben, and the foor of the
graben, verszs longitude. (h) Graph of leagitude versus boulder trails per
kilometer. (<} Graph of longitude versus boulder tmils widths

lava Qew events. There appears o be litde if any obvious differences in
stratigraphy between different HIRISE images (Figure 4). Thus, as we
have not identilbed any changes in lithology, despite having a varbety of
dala sources, we reject the hypothesis thatl different lithologies might
e more or less prone 1o erosion and this might conirol the numbser
and sizes af boubders released from the steep slopes amd clills asso-
ciated with the graben. We also have no evidence to address the possi-
bility that that wind helps dislodge rocks. either directly or by forcing
sand and dust into cracks, wedging them open, ina way that produces
the regional variations in boulder trail Irequency and size shown in
Figure 8.

Higher cliffs could supply more bowlders. A& plausible hypolhesis is that
the higher Irequency of boulder trails we have measured in some
HIRISE images might be explained by proximity to higher cliffs that
have o greater number of losse boulders available for maobilization,
Haowever, it i nol just the elilfs tha supply boulders. The talus at the
bases of the cliffs also contains boulders that could be mobilized as
they are likely v be silting on shopes that are close 1o their angle of
repose. Thus the combined height of the cliffs and the talus should
be taken inte account. Alsa, the talus slopes ane all likely 10 be close
1o their angle of repose, amnd the clifls appear 1o be close W vertical,
a0 varialions in local glope is probably not a variable that needs o be
considered. Although it is ol possible to measwre the heights and
slopes of all the individual eliffs or individual talus cones, because
) MOLA spal spacing ol ~300 m is loo coarse (Figure 541; (b) shadow
width and solar incidence angle cannol be used o define vertical
height differences via rigonometry, because the horizontal extents of
Lalus slopes vary between diffemnleumplul’ﬁ_gul‘e Sanand{c)stered
IHRISE pairs to make local digital elevation models are nol available
lor the majority of HIRISE becations in the study area, il is possible
1o mezsure the olal offsel across the Gulis contralling the gralen walls
using the MOLA data (Figures 3 and 8], For example. locations A and
B in Figure 8 show similar values for boubder trails per kilometer and
boulder trail widths, but vesy different combined heights of Uhe
Taul-vontrolled eliffs plus talus slope height defined by the wal offsen
measured with MOLA data. Thus, if the vertical extent of cliffs plus
associated talus slopes  provides more candidate boulders for
mobilization, this does pot tally with our measurements of maxima
in boulder trail frequency. Also, this hypolhesis does not explain
why the widths of boulder trails correlate with the Irequency of
boulder irails. Thus, for Uhise bwo reasons we reject this hypothesis.
Boulder mobilizmlion cnicsed by newry impects. A plausible hypothesis
is thal formation of nearby impact eraters could have produced ground
shaking that mobdlized the boublders. We have examined all impact
craters within -50 km across strike of the graben we have studied.
An —4-km diameter crater is located at latdiede 15.618%and longitude
1621837, clase v the area with maxima in boulder il requency
and boulder trail width. However, the gjecta blanket fram this crater
has been eroded by an outllow channed, so the crater predates the out-
New. The outllow channels predate the graben evidenced by cross
culling relationships {see Vetlerdein & Raberns, 2009, far a descriplion
af how cross culling relationships are ascertained ), and the boulder
trails postdate graben formation, Hence, this crater is 0o ald w have
been invalved in boulder mobilization. Smaller craers {40 m
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dipmeter) exist within a few hundred meters af the graben in the vicinity of the maxima in boubder trail
requency amd width {Figure S6 ). However, thes: eraters, although having a relatively young appearance
an lirst sight, duwe 1o the existence of dark, presumably relatively dust free material within them. are in fact
partially filled with eolian dunes. The dunes were mobilized by the wind, yet the boulder trails have not
i destroyed by the action of wind. suggesting Uhat they are younger than the dunes, Thus, if the rave of
enlian processes i4 similar between these craters and the graben Qoors, these small craters are also ruled
ol as candidates for producing the ground shaking that mobilized the boulders. Thus, as no candidate
crivters have been identified we rule oul this hypothesis, bul note that this is dependent on our assump-
tion that the rate of ealian processes is similar between craters and the graben Nooes,

. Tk denzity muoy correlite with better preseration and/or lower degradation ratier than more abundant

Sormuation. A plausible hypothesis is that the boulder trails may be degraded by erosion and than degrada-
Lion may vary spatially influencing the number of irails that are preserved and the widths that are mea-
sured. To assess this, we have compared boulder trail widths with the dimensions of the boulders that
lormed them (Figure 3d). We assume that the boulders are more resistant 1o wind erosion than the
underdying dust surfzees that they have rolled over and will maintain their original dimensions. Thus,
a comparison between the dimensions of the boulders and the trails should reveal whether trail widths
hawe been aliesed by wind erosion. We have found that inareas of both high and low boulders trail density
and width. the widths of the boulder rails are indistinguishable in width from the width of the bowlders
that formed them. This suggests that the trails are not eroded v an extent that radically altess their widths
o preservation. That the trails have not been significanily degraded by wind erosion is consistent with
thi preservation of raised levees produced by the motion of boulders, evidenced by varation in peroen-
Lage gray scale for individual pixels in the images (Figure 3 {v)). Thus, we reject this hypothesis.

. Variation i incidence angle of the images makes tradls dificul) o see. A plausible hypathesis is that recog-

nition of trails may be hindered by, for example, the solar incidence angles in the HIRISE images. Figure
57 shows that solar incidence angles are very similar for the images we have studied. Also, our qualitative
assessment alber sludying many examples is that individual boubder trails are as clear on images with bow
boubder trail Irequency and width as they are on images with high boulder tail frequency and widih. For
Lhese reasons we reject this hypothesis.

. The accwmlation of boabkder trail populations sy hove davloped from multiple single rockfally through

e, As single rockfalls have been observed on repeal imagery (lor example. see hitps ) waa.msss
oomy mars_images mod 20509200 boubdertracks!, which appears o show possible bounce marks and
langer lived debris Now channels), then a plausible hypothesis is that repeated single rockfalls could
be responsible for the populations of boulder trails, perhaps iriggered by many small marsguakes or
many releases of boulder by melling jce or other processes. Dur qualitative observation on this point i
that the morphology of the boubder trails appears v be identical across the many thousands of boulder
Lrails we have observed. They appear 1o have raised levees only a few decimeters acrogs Uhal are presum-
ably made af dust 1o coarse sand (Figure 3d) We think il is dust 1o coarse sand because it is susceptible 1o
being disturbed by a rolling boubder 1o lorm a rised leves, and hence, we alio think it would be suscep-
Lible 10 subsequent wind erosion (Figure 3d). We do nod think these examples on Mars ane associated
with gravel-grade material that would be less susceptible 0 wind erogion. This 5 because we have con-
ducted feldwork in Ieeland where boulder trails have formed in talus cones on faull scarps made of
gravel-grade material {grain size of up e 10-15 cm; Figure S8) The examples in leeland lack raised
levies, and we think this is due w the relatively coarse grain size, and hence interpret the grainsize for
thi examplies from Mars as dust 10 coarse sand. The rmised levees in the examples from Mars are, as
deseribed above, evidenced by variation in percentage gray scale for individual pixels in the images with
Lhe Sun illuminating the raised levees that also produce shadows (Figure 3d) The key podnt @5 thal with
clear examples of active eolian processes on the graben Doors in the orm dunes (e.g-, Figure 4a). and the
imterpreted dust 1o coarse sand grainsize, the [acl that rased levees are preserved in many thousands of
examiples suggests that they are young and hence of very similar age. For this reason we reject the hypoth-
esis of incremental formation of the boulder 1rail populations by addition of single boulder falls, although
we admil that this is supported only by qualitative cheervalions, Kather, we suggest thal two evenls have
formed the two boulder trail populations shown in Figure 8 Note than i we ane incorrect aboul Lhe
levees, and in fact the population of boulder trails contains examples af individual boulder trails with
very different ages. then the population could have accumulated through many smaller rockialls,
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invalidating our large magnitude marsguake inlerpretations, bul we suggest that our evidence appears o
podnl o the apposite interpretation. consistent with lange magnitude marsguakes.

&, Measurements wied (o define boadder trail anomoliss. A plavsable hypothesis is that these may be a pro-
blem with our measurements. It may be thal the mean width af the 10 widest trails is inadequate o allow
comparisan aof boulder trail populations produced by mobilization of a subsen of the population of avail-
able boulders, if populations af different number are considered and they have a power law or exponen-
tial size distribution, One scenarie could be that if more boulders are drawn fram such a population,
there will be more individual large boubders and the mean will be larger, even if the size frequency dis-
tribution is identical. We have been unable 1o deline the number, as we have nol counted the wtal num-
ber of boulders in esch location, but it is perhaps likely that the extremely large numbers of candidate
baubders lor mabilization at every location means that te population sizes are nol significantly different.
Crur pesulls stand 80 we assume that the number of boulders in the population i identical between loca-
Liong, bul clearly we have not been able te rule oul this possibility.

Adter consideration of the alternative scenarios described above, we conclude, following Roberis etal. (2012),
that a plausible explanation for the boulder wrail dats we present herein may be that the boulders were mobi-
lized by seismic shaking asseciated with palacomarsquakes, with shaking, and hence boulder mobilization,
decreasing with distance from the epicenters. Thus, although, perhaps not completely proven, as we have
nat ruled out some allernative hypotheses, we think it worthwhile to explose the implications that arise if
this marsquake hypolhess is cormecl.

W notee that the marsquake interpretation regquires one of our interpreted marsquake roplures 1o cross an
area where there is no surface offser. We note that it is common for ruplures o jump between active faulis
that are nol physically continuous in tervestrial eanhgquakes and provide an example of this in Figure 59 (see
Livio et al.. 2016} The same may apply an Mars. This i impariant be noele, because, like on the Earth, esti-
miates of maxirmum marsquake magnitude may be erroneously small i i is asumed that ruplures can be
confined to single active faulis.

1 e eonclusion that the boulder papulations were mobilized by marsquakes is correct, the observation that
the results of this study are similar to those of Roberts et al {20012) suggests that we should discuss data from
that paper alongside those in this paper 1o broaden our undesstanding of the potential significance of Lhe
boulder trail populations (Figure 93 An abvious difference between the data sets is that the hump shaped
anomalies extend over -207 km lor Cerberus Fessse {Roberts el al. (2002), while those that emerge from this
paper extend over ~116 km lor Boulder Trail Anomaly 1, and -70 km for Boulder Trail Anomaly 2 (Figure 9).
Roberts el al. (2002) suggested that the along-sirike extent of seismic shaking greal enough 1o mobilize
boulders on Earth is approximately the same as the along-strike extent of surface faulling lor the earthguake
ruplures, consistent with ehseralions [rom the 2000 Mw 6.3 earthguake pear L'Aquila. Ttaly. Roberts et al,
(2012} also tentatively mapped possible surfsce rupture extenl using HiRISE images for Cerberus Fossae,
and observations were consistent with the hypothesis. Following this, although we have nol been able 1o
mip ruplure extent in the present example, and the 11 ratio between ruplure lenglh and the dimensions
al areas with mobilized boulders on Earth is only approximate, il the along-strike extent of the hump-shaped
antmalies in boulder trail data are taken as proxies for along-strike rupture extent, the implied moment
magnitudes for the palaeomarsquakes, asuming that the humps resull from single evenis, may be in Lhe
range of ~Mw 7.5 7.8 (Figure Sd). [t shoukd be noted that our assumpion that the anomalies formed in sin-
gle evenits and nod mulliple small events (see the discussion in Point 7 above . mean that these magnitudes
should be considered as maximum values. Flowever, our assumplions are supporied indirectly by the obser-
walion thal dmax/length ratios Tior the Martian faults exarmined herein (0U026-0008; Figure 5] are similar 1o
those measured on the Earth (000 0001 see Vetterlein & Roberts, 2010, for & review) In twm. this implies
that material strength and the relationships between rupture length, dmax, stress drop, and moment magni-
tude are also likely o be similar 1o those on the Earth (AL & Shieb, 2013; Gomez-Rivas etal., 20151 Moment
miagnitudes in the range of ~Mw 7.3-7.8 imply events whose seismic shaking would be widely belt/detected
an the Martian surface by seismometers such as those associated with the Interior Exploration usng Seismic
Investigations, Geodesy and Heal Transpar {(InS1GHT) mission. However, also nate thal we may be mista-
ken in our assumplion that along-sirike extent of the hump-sha ped anomalies in bowlder il data is 2 prosxy
for along strike rapture extent, as unfarunately, unlike Boberts el al. (2012), we have been unable 1o map
surface ruplure for example in Griota Valles, Gravity on Mars is -38% compared o that of the Earth s
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[a) Maps showsng the refativaly cominuous fault lengin of Cerberus Fossas
sompared 1o Griota Vallas &nd he astent of Boulder ball snomaies (Ba)

oo ] T
- " I-\""--.
w| 1 N *® ‘I i — I -
L e I T — ——
— gl o
T T I T T
. 2] Boukder trail density per kiomatns
E m &
E 10m | e n
8§ uf ‘l'. & [
E - o
ﬁ “ s &
3 .l . . | -
&
g | * & s ak .
R . T T T T
Longitude [dagrees)

& Arornaly on Garn, Fossas - 207 km
Arvornaly on Faull Lins 2 - 70 km
= Aromaly on Fault Line 1 - 1186 km

1E} 10 wikes! bouldar irais

|

E
Bg
gE " 4
_D_E W
! 1
e T ey -
Longilude {degreas)
1) Specadative infarerce of marsguske magriluds lrom upure Begh
8
M = 5.08 + 1.160g (SAL)
EE
B
2 Erka Shp
E T O PRawarsa
' & Horma
E & 7T Eds
:
=5
e B i e (1
4 R TTIT BRI (1| B BRI
1 10 10 1000

Surface Rupture Length (km)

Figure 9. {2) Companson of three data sets of boulder tradls per kilometer against longitude for Boulder Trail Anomaly 1,
Heulder Trail Anomaly 2 and data from Cerberus Fossae | Boberts et al (2012)). Koberis et al. (2002} suggested that if the
aleng-sirike extent of seismic shaking great encugh to mobalize boulders on Earth is approomately the same a5 the along
sirike extent of surface faulting for the earthquake ruptures, it may be pesable to infer ithe magnitude of seismic events.
Fuollemang this, if the long sinke extent of the hump-shaped anomalies in boulder trail data is tzken as proxies for along
sirike rupiure extent, the implied moment magnitudes for the palaeomarsguakes, assuming that the humps result from
smgle events, is in the range of Mw 7.3 7.8 (b} Comparison of three data sets of beulder trail denssty per kilometer against
lomgitude for Boulder Trail Aromaly 1, Boulder Trail Anomaly 2 and data from Cerberus Fossae | Boberis et al 1200213
icl Comparisen of three data sets of 10 widest boulder trails per kilometer agamnst langitude for Boulder Trail Anomaly 1,
Heulder Trail Anomaly 2, and daia from Cerberus Fossae (Eoberis et al (201250, {d) Graph of surface rupture lengih
versus moment magnitude adapted from Wells and Coppersmath {1984) 1f the long sirike extent of the hump shaped
amomsalies seen in Figures %a 9c m boulder trail data is taken s proxies for along strike naphare extent, the implied moment
magnitudes for the palacomarsguakes, asmaming that the humps result from single evenis, is in the range of Mw 7.3 72
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fa) less force might be needed 1o mobilize boubders, but it is hard 1o be precise

as this depends on bow each boulder was atlached and detached, and

whether each boulder was mobilized by vertical or horizontal sccelera-

% * tions {see Figunes 85c-55h for an explanation ). However, it is possible that

- I e et | the along-strike extent of the hump-shaped anomalies in boulder trail
i 4

e R T UL LEIa

w o

w apa dmug g

data may be greater than along-strike mplure extent, so this @& ancther
rexson why the estimates af -Mw 7.3 7.8 should be considered maximum
walues, Manetheless, il we use the abservation that boubder trail anomalies
have similar along-srike dimensions o suggested surface ruplures for Uhe
Cerberus Fossae example {Roberts e al., 2002}, the resulls point toward
Womlder Tralls por kon the conclusion Ut a variety of magnitudes of palaesmarsquake may have
been detected, with larger magniludes an the Cerberus Fossse [l sys-
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m e, which displays faull segments lengths of several hundred kilmeters '5.
[rom geomarphic shservations of offset features, and smaller magnitudes H

L on the Griota Walles system where segmented lengths are in the ange of k

g 120 i S0-100 km, again from geomorphic ohservations (Figures 2 and 9). This £
- B correlation between faull dimensions and dimersions of areas allected :

] R by putative seismic shaking adds further support, albeit indirect, for our :

-i " A S trak mraie interpretation of palaeomarsquakes. i

“ B Furthermore, we suggest Uthat it may be possible w infer details ol how :

i 40 - well seisenic shaking is recorded by our natural seismometer, that is, Lhe i

E m boulder trail population data. Figure 10a compares the three [auls; -':

E " Baubder Trail Anomaly 1, Beulder Trail Anomaly 2 and Roberts et al’s i

i o =0 o B0 30 20 (2012 Lault, plotting boulder trails per Eilometer versus boulder trail =
Langth of boulder trail anomaly |presy for naptam langth) fkm) width. A positive relationship exists between boulder trails per kilometer .

and the width of boulder trails, with a greater number of boulder trails i

Figure 10. (a) Comparisce of three data sets of the 10 widest boulder trails  pppresponding 1o a preater width of boulder trails, However, it is inlesest- ¥
.a.g.llnsl baubder trails per k'LOMI__'“ for Boulder Trail Anomaly 1, Boulder ing Lo note that the dals appear o satusate, Dala from Boberts el al. (2002) i
I'rail Anomaly 2 and data from Cerberus Fossae {Koberis et al., 20120 (k) . . =
Comparisen of three data sets of the maximum number of boulder trails per bncriase fram ser o -5-8 m fr the mean value of the 10 widest bulder z
kilameter against length of boulder irail anamaly for Boukder Trail Anoemaly  Urils over the range of —0-50 boulder trails per kilometer, and then 7
1. Boulder Trail Anomaly 2 and data from Cerberus Possae (Roberts etal . appear 1o Matten out at larger values with the value of -5-8 m lor the mean L
2012} Mate the positive correlation between the along strike length ol the yalye of the 10 widest boulder trails maintained over the range of ~50-125 H
boulder trail anomaly and ibe maximum value for boalder trals per kile boulder trails per ki One interpretation of this is that the natural seism- =
meter recorded. This may be interpreted to saggest that maximum ground ) ) ) . r
acceleration may increase with earthquake magnitucse. ometer is saturating and unable o record shaking that would mobilize Lar- H
per boulders, [L may be that boulders >5 8 m are nol available in great H

numbers on the Gl controlled slopes, perhaps controlled by joint spacing or layer thicknesses in the rocks. E

Furthermore, we note that the Figure 10b shows a positive relationship between the along-sirike length of é

the boulder trail anomaly and the maximum value for boubder trails per kilometer recordid. This may be :

interpreted Lo sugpest thal maximum ground acceleration may incresse with marsquake magnitsde. 2

Hewever, we note that from the spars data we have, constrained with only 3 data points, that the trend ;

aguin Mattens out, and thal we might expect the example from Roberts et al. (2012) w have more than the i

=120 boukder trails per kilometer recarded. We suggest thal again the natural seismometer might be ealur- :

ating, perhaps because onee a value of 45 boubder trails per kilometer is exceeded it becomes difficull in :

somme cases Lo identify every single boulder trail because tvey appear 1o coalesee on the images. The preced- H

ing Lext pertaining o performance of our nalural seismometer is speculative. However, we nobe that if cor- E_

recl, it implies that boulder trail populations may ool be effective in measuring the effecs of masguakes al H

the Largest magnitudes because the measurements may be saturated. :

A final paint of discussion we note that profiles of data for boulder il anomalies 1and 2 are asymmetric ;

(Figures & and 9), with the seepest gradients closest to the en echelon faul step-over (labeled A in Figure Sa) T

berween Uhese o Bl segments. For faalis on the Barth we note that displacement gradients steepen in the H

slep over zones between interacting faulls (Jackson e al., 2002). The asymmelry in boulder rails popula- E

tions may, pechaps, be related 1o this. A speculative interpretation might be that dip-distributions for esch 5

af the individual marsguake ruplures that produced these boulder trail anomalies were skewed wward Lhe i
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tips of fault segments, o that the Largest coseismic displacements, and hence highess bevels of ground accel-
eration, were located close 1o e en echelon step-over between the Tl segments, as occurs on the Earth
[(Faure Walker et al., 2009,

Owerall, the boulder trail data presented in this paper are intriguing, bul not conclusive. Clearly, what is
needed i for a seismometer placed on the surfuee of Mars o actually record o marsguake belore we can con-
clude that seismicity is present (see Lorenz el al., 2017, whe suggest that seismometer data [rom the Viking
missdions may have already detected seismic shaking, and data acquisition planned for the InSIGHT seism-
ameler misgion 1o Mars of 2008 201%). The data herein may suggest relatively large events, perhaps up 1o
Mw T.3-TR Hewewer, magnitudes >Mw 7.6 seems improbable given the analysis of Knapmeyer el al,
L2004 ) We point oul that the unceriainty indicated by the spread in the data supporting Figure Sd allow
our interprelation 1o be consistent with the estimate in Knapmeyer et al { 2006 ). Nonetheless, evenis as large
Muw T would have recurrence intervals that are very long (perhaps hundreds o thousands of years), much
henger than the lifetioe of a seismometer. The likelihood ol measuring such an event with the InSIGHT
seismameters is, ol course. very small. Flowever, if Like on the Earth, for every large event theve are hundreds
i thiowsands of smaller events with shorter return times ollowing Guienberg-Richier b-value scaling (e.g.,
Knapmeyer el al, 2006), it may be that one of tese smalles events is more likely o be recorded by Lhe
InSIGHT seismometers. The annual detectability of such events by the InSIGHT instruments was investi-
gated by Taylor et al. (20131, and they conclude that between 1.5 % 10° and 1.9 % 10% events would be
detected, depending on the maximuom defined event size; our results provide new information on the possi-
ble maximum event sizes. The ideas in this paper can and shouwld be tested by data provided by the InSIGEHT
misgsdin. The data i this paper suggest that the Martian surface is not completely still; instead, they hint that
the Martian surfsoe may well have be shaken by large-magnilude marsquakes in the very recent past.

6. Conclusions

Wi have studied two fauled areas in the vicinity of Grjota Valles (Boubder Trail Anomaly 1 and Boulder
Trail Anomaly 2) messuring the densities and widths of boulder trails created by bouldess falling From
fanlr-contralled diffs. These data are consistent with previous results (Roberts e al., 2002 in thal the mos
parsimanious interpretation is that boulders have been mobilized by seismic shaking associated with palaeo-
miarsguakes in the recent past, Our conelusions can be ested with data from the InSIGHT mission thal is on
the Martian surface at the time of wriling. For now, we report thal a region conlaining two en echelon
graben) Taults with similar dmax/length ratios v those from the Earth, boulder il data define pwo maxima
in {a) boulder trails per kilometer and (b) maximum width of boulder trails, one which is ~116-km length
and the other -70-km length, Values for the maxima ane 45 (rails per Kilometer and 5-momaxioum treail
width For the 7-km-long anomaly, and 113 wrails per kilometer with 5.3-m maximuwm trail widths for the
116-km-long anomaly, above backgrownd values of 2ero trails per kilometer with zero boubder trail widths,
Combined with published data from Cerberus Fossae where an ~207 km long anomaly in boulder trails per
Em (125 trails per kilometer maxima) and maximum boulder trail width (8.5-m maximum trail width), the
three data sels sugpest correlations between the along-strike length of bowlder trail anomalies, boulder trails
per kilemeter and maximum boulder trail widith, Implied moment magnitudes, derived by using the along-
strike dimensions of boulder wail ansmalies as proxies for ruplune extent, could be as large as Mw 7.3-T.8,
walues that we expect Lo be accompanied by muech more frequent seismic actlivity at lower
momenl magniludes.
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Appendix D.
Brown, J. R., and Roberts, G. P. (2023). Repeated, cross-cutting and

spatially migrating outflow channel formation, Grjéta Valles, Mars

Brown, J. R., and Roberts, G. P. (2023). Repeated, cross-cutting and spatially
migrating outflow channel formation, Grj6ta Valles, Mars. Journal of Geophysical
Research: Planets, 128, e2022JE007247. https://doi.org/10.1029/2022JE007247
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Repeated, Cross-Cutting, and Spatially Migrating Outflow
Channel Formation, Grjota Valles, Mars

Juson K. Brown' ' and Gerald P, Roberis'

‘Departient of Eareh and Plassiary Sciesces, Birkheck, Usaversity of Lon

Abstract Cros-cutting relationships and the incision history for mulliple outflew channels have been
mapped and studied e esizblish their relative chronology m Grpota Valles, Mars, in onder (o establish whether
vheerved peomarphee channels were formed ina single event or multiple events. The relative chronolegy can
be established by mapping cooss-culting relationships between channe]l margins aml successive incisions, whene
later channels incise downward inlo older channels. We show that the source areas of five distinc chanmels can
be established, with younger channels progressively sourced further to the east abong the Grjotd Valles Bauh
sysbem, amd incising downwards into oller chanmels. The channels resemble examples interpreted elsewhere

s cub using catastrophic agqueous few processes (diluvial) due 1o therr regional meepbology, the presence

of streamlined islands surrounded by anabranching chamnels marked by incisions, recessional lerraces aml
longitudinal erosional grovves; haowever, twrbulent Lva Floas may have alse been imvolved. Those five distinct
fhrws oocur progressively furtber o the east may dicate the progressive propagation from west o east of the
processes al depth that released the usd responsible for culting the chamnels, such a5 dike propagatson and
associabed seismicty. Char shservabion of multple flows and channel formation episodes implies instantaneous
wolumes af fluid that are smaller than thal for a singhe Clow inlerpretatson.

Plain Language Summary Channels atiributed o catwstmophic aqueous flows have been

suggested o exist on Mars, bul debale surppunds the relative roles of waler versus lavas in forming the channel
muorphadegies, aml the large volumes of fluid required 1o foem the chanpels if they formed during single evenls.
Our study of a channel system associabed with Grjétd Valles, where chanpels emerge inothe vicinity of ulis,
fissures and fractures, demonsirates cross-culting relabionships between chamnels that can be mapped back 1©
five distinct chamnel sources. Thas suggests at beast five separale channels forming events. The channels show
geomwphic features that resemble those formed by calasirophic aqueoas flows on the Earth, and lack Fealures
suggesting the filling of channels by lava; however, we cannol rube cal that turbalem Tava flows may also have
helped o cul the channels. We use these observations o discuss the processes thal led o the formation of the
chamnels for this portaon of Mars.

1. Introduction

Three large channel systems exist aroum] Cerberus Planitia, Mars (Athabasca Valles, Marte Valles, Grignd Valles;
Burr, Grier, et al., 2002), but uncertainty exists with regard to whether the channels formed during single events
of multiple events, with the former keading o concemns aboat the very large volumes of Tluid required. In this
paper, we describe new observations of cross-cutling relationships between channels in Grjgid Valles that imply
al least five separate chanpels foeming evenls. We show thal the cross-cutling channels can be mapped upsiream
1o five separate channel sources along the present trace of a system of B, fractures and fissures in Grjéa
Walbes that Fforms part of Cerberus Fossae. Cross-culting relatsnships show that the faalt, fracture and fssure
sysbem formed after the channels. Our observations of the chanpels show landforms thal resemble thase produced
by agueous flows on the Earth, bt the flow of warbalent lava Floes may also have played a mole in their farma
ton. Other mearby channel systems {e.g., Athabasca Valles) have been shown o exhibit clear signs of Lwa infills
in their pre-existing chamnels {e.g., Jaeger et al., 2007, 201001, We report our sheervabions derived from detailed
mapping, tepegraphic profiling, and identification of cross-cutling relatsonships and use this te discuss whether
the chanmels were cul by a singhe event or multiple evenls aml what processes formed these channels.

It i unclear whether these channels formed during single or repeated Mow events (Burr, Greer, el al., 2002),
and this therefore ininxuces uncerlainty with regand 1o estimated Plow valumes and discharge rales. As o what
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process formed the chanmels, three hypotbeses (aqueous, lava, mudikew) have heen consslered and we look at
each in turn.

Thiz hypothesis that the channels in Gryows Valles result from sguesus flows that have existed for some time (Burr,
Girier, et al.. 2002; Baker & Milton, 1974; Head et al., 203, Morgan et al.. 2013; Plescia, 2003). The cause of the
channel formatsn has been inlerpreted as either the resalt of magma-induced melting of the cryosphere (Burr,
Grier, o al., 2002; Berman & Hartmann, 2002, Head et al., 2005), the outflow of water from a breached agui-
fer abowe an mtrucling dike beneath the fosse (Burr, Sakimote, & MeBEwen, 2002; Carr, 1979 Plescia, 2003),
release of water from a sub-cryvosphere aquifer a few kilometres thick, and tens of kilometres in lateral extent
{Manga, 20K}, ar fram another subsurface origin (Jones e al., 200115 A number of researchers have suggested
thal large mega floods occurred (Buarr, Greer, et al.,, 2002, 2009; Kattenhorn amd Meyer, 2000} across paris
if the Cerberus Fossae. flowmng through the three Amasoman aged flood chanpels within the regron (Gropotia
Valles, Marte Valles, and Athabasca Vallesy, with the emanation points «f these floods not conclusively idenli-
fexl, although generally thought o be the fossae themselves (Burr, Sakimolo, & McEwen, 2002, 200%). It hax
been suggested that the flows that formed such channels were very large, with very high discharge rates (e.g,
1=K = 10% m* 57! for the nearby Athabasca Valles chanmel system; Kesethelyi et al., 2007) because, for example,
the Grjdti Valles channels cover a region of ~9L000 km®. An aliernate hypothesis is that the Flow of turbulent
lava is a possible mechanism for culting chamnnels (Jaeger et al., 2000 This uncertainly gives mse 1o a number
o questims including how coukd the impleed large volumes of water/lava needed for such flows be released, and
whiere such volumes of water could be stored. It has been supgested that the fault system running through Grjéas
Walles, that forms part of Cerberus Fossae, is formed due 1o dike emplacement amd this facilitated fow forma-
1z (e.g.. Head et al., 203 ). Numerical modeling has been used toe link dike-related beat fow and flow valume
o Mars in general, amd shows that such dikes would in some cases b able to prodsce heat 1o melt grund see,
which could procuce flow water o create channels andlor landforms simdlar o those described berein (e.g., Hleacd
& Wilson, 2002: McKenzie and Nimmo, 199%; Plescia, 2003). Head et al. (2003) suggest for Athabasca Valles,
which like the Grjdld Valles emanales from Cerberus Fossae, thal dike emplacement produces surface cracking,
localized volcande eruptans, cryvospheric cracking, aml release of pressurtzed groumdwater from beneath the
cryosphere. However, Head et al, (303} note that the reguined aguifer permeahility is larger than commoenly
encounlered an Earth, meaning that eiber waler s ransporied through the subsurface by o highly efficienl, a=
vel unknown mechanism, andfor the valume flux values are overestimated. Furthermore, the existence of valu-
miirinas sub-surface oo 15 debateable. Observations of seismec wave veloaly of the Marban crust suggest that the
subsurfuce 1x not ice-saturated (Manga and Wright, 2021y bowever, their fimdings do not rule out the possibality
o the existence aof groundwater. However, support exists for sub-surface igneous heal sources {i.e., dikes along
Cerberus Fossae ) ax lavas have been identified in some bocations infilling the channels emanating from it {e.g.,
Burr, Sakimata, & McEwen, 2002; Jaeger et al., 2007, 2000 Eesethelys et al., 2000; Plescia, 2003 ). Volcanc
centers have been mapped (Plescia, 2003), and observations suggest possible dikes exposed on the floor of
Cerberus Fossae (Head et al., 20H3). Observations supporting the exislence of lava infilling channels include (a)
the presence «f so-called ring-moand landforms imaged with HiRISE (High Besolution Imaging Science Exper-
iment ). which have been mterpreted as volcanse (msotles ) cones formeed as Lvas heated underdying groundwater
causing sleam explosions (Tacger et al., H07). (b) the presence of thin, concentric, lobate flow fronts thal indicate
awerlapping lavas (Jaeger o al., 2007), and (c) the presence of plaky-fhew or platy-ridged surfaces imdicating Liva
crsts (Chapman et al., 20010; Keszthelyi ot al., 2000). However, the links betaeen aguecus and lava processes, if
they exis, remain elusive parily due to ihe uncerizinty with regasd 1o flow-rates and durabions of flow, which are
uliimately connected e whether mulizple or single flow episodes produced the channels.

An alternate bypaothesis is that lavas formed the Grjétd Valles, wiith the action of lavas as the dominant process in
tbe channel formation | Leveringlon, 2004, 2006, 2011, 2001 8. This bypothesis was supporied by observations of
geomwuphic’egecdogic features on the Moon and Venus. These features are similar o these reparted from channels
o Mars, such as sinuous chanpels, inner channels, anastomosing reaches, streamlined erosional ressduals, branch-
img channel patlerns, and reaches suggestive of lalerl or verticz] erosion (Leverington., 200 1), Furthermore, the
farmation of channels by lavas does mot rely on the very large hydmlogeeal flow rales, sub-surface permeabilities,
hydrologic head conssderations, implied water abundances impleed by an squeous model, that do not concur with
geochemical amd mineralogical chervations, and the lack of terpestrial analogs {Leverington, 200 1), However, it
is implied that if lavas did domimate channel formation. kv morphologees should be identifiable, such as lobate
hw Fromls, upstamding flows, platy-ridpes, knohs, break-ouls or rootless comes thal characlerize Lva-infilled
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channels describexd neashy on Mars, such as for Athabasca Valles, amd they do not resemble sinsous rilles that are
oommonly associsted with lava processes (Jaeger et al., 2007

A thard possibality 1s that channels formed during the passage of mudflows. Stdees by BroE et al. (2020 lsoking
al how the instahility of water within a mud fow changes the mud behavior showed that mud exposed to atmos-
pheric pressure and emperatures as bw as that on Mars could propagate inoa similar way 1o some terrestrial Tiva
[hwws, nodably paboehoe Mows. They showed that experimental musd ows noa low pressureftemperature chame-
her propagate like terrestrial pahochoe Tava flows, with ligquid mud spalling from ruptares and then refreezing o
fiarm 2 new fhow lobe. The chanmels would exhabat features charactersstic of such muod flows, such as upstanding
rubhly chuntic mudflow deposits with lobate fromis or distributary aprons.

We made detaibed observations of the geometries, cross-sectional prsfiles, and cross-cuiting relabonships far
peominphic features. We also mapped the lndforms 10 mvestigale whether the channels formed i single or
repeated events. We mapped the geomorphology of the channel syslem and fractures wsing Context Camera
(CTX) ap HIRISE images from the Mars Reconnaissance Orbater (MBO), measured cross-sectional profiles of
lamlforms. using Mars Orbiter Laser Altimeter (MOLA) aata and assessed the timeline of events. Our mberpreta-
\bom is that 2t leas) five distinct channel- frming events occarred in Grptd Valles. The channels are dominated by
lumlforms cul by high rales of walerfturbulent-Tava flow, with these fows pre-dating the development of vertical
adifsets across the Brults ancd fractures that are present. We comsider this as evilence of al least five asynchronous
Muvial fhvw episodies that ooourred in this regeon of Mars.

1.1. Background

The Grjéti Valles outfhew channel sysiem emanates from the noribernmost Cerberus Bossae (Figuares 1a and 1b).
The fault sysiem of the northernmost Cerberus Fossae s a ~200 km long set of en eofelen fissure segmenis
localed between 16 175" N/BLER3TE, and 15 202°N/L63666°E (Brown & Boberts, 2019). The WNW.-ESE
arientation of the fissures would indicate that the fractures are suberadial toe Elvsium Mons (Figure [

The faultx in this region (Figure 1hy are relatively recent i that they crosscut pre-existing features of known,
relatively young age wilth the fossac also offseiting lale Amazonian Cerberus lavas and older inliers {Tunaka
el al., JHI5). Using crater counting methods, the ages of the youngest lava offset on the nearby Cerberus Fossae
are <10 Ma (Hartmann & Berman, 20000; Head et al., 2003, Vascher et al., 2009, which would imply that the
fossae are even younger. However, studses by Gabder et al. (2020) show that discrepancees in the ages of craters
oould be due o theslogical changes produced during lava emplacement, meaning that at locations proximal Lo
the inferred source of the lava, larger craters yield older model ages due to the weaker, more porous rock. AL mare
dustal kecations from the inferred source of the lava, smaller craters yeeld younger model ages due 1o stronger,
non-pawous rock. Within the extent of the Grjdtd Valles flow tmct (Figure 1b), craler counting suggests thal the
impleed ages range from 55 Ma (proximal  io 33 Ma (disialj isee Figure 2 for locabions of crater counts) {Galder
clal. 20200, Albough uncertainty exists reganding how 1o interpret these ages, the fact that Faulls cross-out and
wfifsel the surface would confirm the relatively voung age of the faulting. The lavas in Grpotd Valles have been
imterpreted as Liva emplaced as single flow anis duee 1o their morphologees amd mapped extents (Hamilton, 2013;
Jaeger el al., 2010).

Burr, Sakimaoto, and McEwen (2002, Barr, Grier, et al. (2002) note thal the Cerberas Plains show three spatially
and temporally distinct, voung aqueaus fow channel systems (Figures 1o amd Thi. One of thes: flow channel
swshems that we study herein, the unnamed northern chanpel system, has been suggesied to be a ~ 100 km wide
chamnel for water emanating from the northernmuost Cerberus Fossae. I extends for o few hundred kilometres from
b noribernmast Cerberus Fossae tothe north-zast, then heading south-east before its surface expression becomes
imdlistinel. Bure (20003 ) described Muvial gesmarphee features imdicating thal water emanated from the source area
i the northernmuost Cerberus Fossae, flowed eastward, amd then flowed south-east. Our sudy draows upon the
work af previous studies such as Burr, Sakimodo, amd McBEwen (2002 ), Burr, Grier, et al. (3002} who suggesied
that repeated flow evenls may be responsible for the channels, amd Burr, Sakimolo, and McEwen (2002}, Burr,
Girier, et al. (202}, and Plescia (2003 who suggested thal the area exhabals the typacal characlenistics of channels
prodluced by the calasirophic rebease of water, such a5 a well-defined source area, low sinuesity chanpels, and
longitudinal grooving of channel floar, but thes 1s o source of debale as described above (Leverington, 20011, Due
10 the resolution of dala available o them at the time. they were unable to demonstrale cross-cutliing relationships
between imdividual channel sections or provide detadled observations of the source of lows.
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(a}

E170"  E1J2"  E174° E1Je' E178" 1800 Wi/e'

- Extinated lecations of thrme Motk
4 Hobacied, ot o, JU20: 501738, SUT838 and S02350
T Crvberus Fossse
. Apptadmate paleo ek locaions
(Brown & Roberts, 2019
G Extarnt oF Gridta Vabis flood Bues & Parker. 20051

A White el zoes are appinc crater count locstiom
[l and medel ages from IGoider vt o, JU20

Figure 1. () Regional location map of the study area, with the locations of Athabasca Valles, ssd Marte Vallis highlighted.
(b} The study aeea marked by & black rectangle 1o the cast of the Elysium Rise. Estinsated locatsons of three Marsquakes
{Glardini e 2l (20200 have been added (SH 732, SOI¥3a, and SO0235b) as colored ellipses. The extent of the Gapéeld Valles
flow tract {atter Burr and Parker (2006) has been added. Red lines mark the fossae, with the northersanast being the center
of cur study region, aed the two o the south-west beag the Necthern and Southers Cerberss Fossae. Black dots identfy
1wo Jocations that show the approximate pakeomarsquakes locasons slong the Nocthern Cerberus Fossae afier Brown und
Robests 12009). The three whate ellipses are crater count bocations and their matching crater count model ages for lava flows
in ths area (Godder 5 al | 2020),

2. Method

We used the CTX image mosaic for Mars, a mosaic composste of all the Mars Reconnaussance Orbiter (MRO)
Context Camera (CTX) images avaslable (~6 m per pixel) and HiRISE images (~30 cm per pixel) from two
instruments on the MRO to study an area of ~ 70000 km® (Figure 2). We mapped the logy of the chan-
nel system and fractures using a combination of CTX and HIRISE images, constrained the cross-sectional profiles
of landforms using MOLA point data, and combined these observations to gain a chronology of the processes
involved. We used Google Earth (which uses sphcn:al normal (equatorial) variant of the Mercator projection for

its maps) and HiView (which uses eq gular projection map pr } to study and analyze the images.

& ¥

Instzal observatons highlighted the presence of cross-cutting channels in several locations. lmually we concen-
trated on mapping these locations and also attempted to map them back to ces where | |
from Cerberus Fossae (Figure 3). Mapping the channels back to thesr sources was found 1o be very important in
deli g the total ber of ¢h Is that could be sentified because some cross-culting relationships may
be between distributary channels where the imitial channel separates into multsple courses downstream. We were
careful to make sure this did not kead to an exaggeration of the ber of h Is bec the five
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Flgare 2. Regsonal Map (centered s 15 25°N, 162 85°E) of the study arca marking the source arcis of the five (ks und the extent of each fow. The key study
locamons, 1 through 7 (Figures 4-10 respectively) are shown with whise rectangles with L1, 1.2 sad 50 on next to the boxes. Supplemenary Locations A through D
aee shows with white rectangles with SL.A, SL.B and so on nexst 1o the boxes. Helow the Regsonal Map are five spoe heighs topographic profiles for the extent of cach
of the Flow aseas | through 3 (kilometresfelevation) showing the downward-east sloping topography of the Regional Map area. The vertical exaggeranon for each

topographec pealile is x200.

examples we have identified can all be mapped back to sef sources without interruption by 4 cross-cutting
channel (Figure 12). Identification of cross-culting relationships that can be mapped back to the channel sources
was passible for some locations (Figures 4-10), but for others we were unable to map back to the sources due to
ambiguous relationships on the imagery, and we include these as Figures S1-84 in Supporting Information S1. In

other words, Suppl yl ions (A through D) (Figure 2 and Figure S1-54 in Supporting Information §1)
were constructed in an sdentscal manner to Locations (| through 7) (Figures 2 and 4. 10) except that their purpose
was Lo assist in delineating the possible boundaries between two different fow arcas mn the downstream regon,

and thereby belped us develop our regional map (Figure 2).
Once the areas exhubiting cross-cutting relationships were identifsed. we then used MOLA Precision Experiment

Data Records (PEDRs) to produce transects across the location areas. We did this to measure channel depths and
hence amounts of channel incision. The laser spots cover an area of ~ 160 m diameter, spaced every ~30 m,
and this introduces uncertainty n the elevation values estimated to be 1410 m {Albee et al., 2001). Thus, we
only report observations based on MOLA data if the vertical differences were >10 m. We were also careful not

to use laser returns from locations where the ek h | ically at <160 m horizontal length-scale,
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excluding such locations by examining shadow lengths on CTX and HiRISE images. For individual locations,
we foumd that MOLA dala were avaalable from about five bo six trmansects for each location studied, and we wsexd
all available data points. From these dala, we constructed opographic profiles (distancedslevation) across each of
tbe areas of mterest {11 locabions). These topographic profiles were then studied in conjunction with the location
images aml our mapping o assess cross-cubling relstionships between different channels by determining whether
younger features mcised down into and hence post-dated older features, as well 25 o measure the depth of such
charnels, and to gain elevation informatson for peomorphdc features. We also studied the illumiation of images
as these helped us undersiand the aspects of slopes.

We then color coded geomorphac features separaled by cross-cothing relationshaps 1o imdecate a chronology For the
peommnphic evoluon. We then mapped between locations o produce a regional map of the channels, Gulls and
\beir chronology (Figure I). Once the location maps and topographic profiles wene completed, amd the regional
map constructed, we then began to add flow lines to all maps. based vpon the positon amd orientation of the
dilferent channels and the arientation of any geomorphic markers (such as depressions, Hnear features on the
depression floor. lmear features on the slopes of the depression margins, linear features an streamilined halls, and
“tear-drap” shaped hallsp wiethin the channels.

We then consiructed topographac prodibes along channels from MOLA data. These profiles were used b asess
wheelber individual channels flowed downhill, a key criterion in any interpretation.

3. Resulis

We created geomorphic maps of seven locations. We star by describing how we differentiate and idenbfy key
peomwphic features that are widespread across the region, u=ing Location 1 a5 a type location (Figure 4). For
each feature, we imbally describe it before interpreiing its significance. Following this, we use thes: type exam-
ples 1o interpret features in Locations 2 through o7 (Figunes 510 Figures 51-54 in Supporting Information 51).

4. Location 1 {Figure 4)

Locatim 1 is centered at 15.70°N, 161.61°E, in the weslern portion of the overall chanmel system (Figure I). 1t
lees ~ 10} km south of the main system of fauls, Frachares and fissares that form part of Cerberus Fossae, bl is
crssed by smaller fraciures that trend WNW-ESE. The area s a relatively flal plain with relatively low crater
demsities and several arcas of higher wpography with relatrvely high craler densities (see wpographic profiles).
The area alse comlams features that resemble channels and a streamlined island, amd bebw we describe the five
main fealures aof mite.

4.1, Descriplions of Five Geomaorphic Landlorms ol Location 1

(i} Depressienr: Car abservations suggest the presence of depressions thal are visible oo the CTX images aned
arz apparent in the MOLA profiles thal cross their races, The main depression runs WW-3E, is 3-4 km wide
{Figures da-4cj, and 15 in ibe order of 35-40 m deep; it 15 crossed by profiles ¢~ ¢, d'- d, e~ 2, and -
{Figures da-d¢ aml topographic profiles o> ¢, ' d, e'- e, amd - ). Other depressions are shallower (<~ 10 m)
and in places run W E, such as the examples that are crossed by the northemn end of profiles 2’ aand b b, and the
southern emd of prafile ¢”- c. The depressions are viable due to illumanation From the W that produces shadoas
aon the NE of features that sbope loward the NE and brighler areas on features that slope towand the 5W.

(in) Linear features an depression Teor: These are 34 km long., 5= |00 m wale. defined by what appears 1o
be a set of relatively smooth ridges because they have shacloas on therr E or NE siles and relatively brightly
illaminated W or 3W sides (Fipure de). These rulges die out in both the north-morthwest and southesouthesst
direciions. lermuinating in places with kenticular-shaped emds.

(iti} Linear featires on dhe sfopes of the depression margins. Linear features alse exist on the slopes frming
lhe margins of the depressions. We identify up 10 9 sub-paralle] examples in Figure 4 ¢, but nobe that they have
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embayed trces thal are in places sinwows and discontiouous. They differ from the linear featunes that exist on
the depresseon Ploars because MOLA dala show they exist on the depression margin slopes and hence they have
shimlows om one side (the NE sule in Figure £c) but no relatively brightly illuminated opposite side. This amplies
thatl they reseméble o et of steps cul inla ke slope on the margin of the depressions. MOLA data reveal thal in
places up to 9= 1 of these linear features exist on shopes that are ~ | km across with relief of ~35-40 m, revealing
that the individual steps are e mare than a few meters high (e g., Figure dc and topographic profiles o' cod'- d,
e'- e, aml I'- ).

{iv) Linear features on streamdined hilis: Linear features exist on the slopes of streamlied halls {2.g., Figure 4d).
Like the limear ridges an the depression floors, they have shadwas on their E ssdes bt lack relatively brighily illu-
minated W sides. MOLA data reveal that they have vertical dimensions thal are 24 most only a few meters (2.g.,
Figure 4c). They resemble the sels of steps similar to the linear features oo the shepes of the depression margins.

v} “Teardrop” shaped hills: Hills shaped like lear-drops are comman in the study area {e.g., Figures da, db,
and dc). These cover areas of 2 few hundred meters o several kilomelres or more. Some have formed arcuncd
pre-existing craters (e.g.., Figure dd ) whereas others, with less obvious shapes, have formed around low hills {e.g,
Figures 42 and 4b). Some of these kww halls contain low-relel depresssons (e.g.., the hill crossed by profiles - ¢
and 7= [ shown in Figures da and 4b. and wopographic profiles e e and F- Tj.

4.2 Interpretation of Five Geomorphic Landforms ol Location 1

(i} We imlerprel the depressions visible on the CTX images, and apparent in the MOLA prdiles ax channels. We
o nod think these depressions are cul by the passage of glaciers because therr depth o widib ratsos (2050 3000 mj
havve 2 form ratio of {003 amd do not resemble terrestrial examples whose form mtios for active glacial channels
are hetween (L3 amd 0.58 (Flarbor, 1992) The fact thal we have st observed up-stamling muwephalogies like
thase associated with Lavas or mudflow deposits, bal instead incised depresssons, does nol support formaltzon by
[hwwing viscous lava or the passage of mudflows. Agueous Flow at relatively high velocity could produce such
inision, hal we concede thal this does not rule vt the Plow of turbalest Tivas that may also produce mechanical
erosion (Jaeger et al., 20000

{iz) We mterpret lingar features on the channel foor as se-called “longitudinal grooves™ oo “hmgislinal linea-
twas” (Baker & Patton, 197%; Burr, Sakimato, & McEwen, 2002}, thal have been used to infer catastrophae flow
lerrain on Earth and Mars (Baker & Milion, 1574; Baker & Palton, 15%78). They form due e high fow velocities
associaled with [hwwing water, perhaps with some entrained sediment, bul turbulent lavas may have also been
imvodved (e.g.. Jaeger et al., 20000 In summary, abservatims imply that the channel-floor landfrms were formed
Ty rapd flaw by waler or urbulent Lava.

{izi} We interpret the lingar feabures on the depression margin slopes as lerraces on channel margin slopes. Burr,
Sakimoto, and McEwen (2002) interpreted similar terraces as the resull of erosion of o presexisting layered
lerrain, which may be correct in places. However, bere we suggest thal they also resemble “bathtub rings™ that
are cut by high flow velecities and vortices, and kil by lowering waler levels during waning fows (Baker, 1573;
Baker & Patton., 1978). The fhkew of turbubent lava may also have caused the mechanical emsion (e.g., Jazger
ol al., 20010 Mote that the inlerpretatzons of erosion of pre-existing layered terrain vs. recessional lemaces many
not be mutually exclusive and hence challenging in regions where sub-horizontal lava layers may be present,
such as Grjdtd Valles. For the particular examples we describe. our imlerpreiation is that as the fluids that formed

Flgare 4. Maps and wpograpbe: profiles of Lecation | centered m 15, 0PN, 161.61°E showing detals of channels and cross-cuttisg relationships {see Figure 2 for
lecaman. (ap Map with CTX mosas with Mars Orbaer Liser Alimeter (MOLA) tnsects; by Map wath CTX mosaic wah MOLA transects {black lings a'- a through
1"~ v and interpreted channel markings!flow directions/recessional termee markings. Topographic profiles & & through £+ € o each of the six rransects wich the hlug
lime2 in zach graph representng the MOLA ransects. (o) Inset fram CTX shaws the detail of the channel floor Liseor f2atures seen an the chasel margin slope and the
limear Bzatures cheerved on the channe! floer do not resemble lva flow lasdiorms, such as the presence of this, concenine, lobaie Now foams thal isdscme overlappisg
liwa or meotless cones. O isterpretalion i that they resemble losgnudinal grooves™ or “longinedinal lineatioss™ that hive been used 1o infer catasirophic flow terrais
on Eath and Mars (Baker & Panon, 1978; Burr, Sakinsoeo, & McEwen, 20023, andior turbuless lava {Jagger et al., 20000 asd resensble “hathiub rings'* that ase cut by
high flow velocities and vortices, and lef by lowering flusd bevels during wanisg flows (Haker, 1975, Baker & Mahon, 1974); we term the latter “recesssonal rerraces "
1y hap showing similar linear featuress around 2 stresmlingd island. (2 ) Topographic profiles from MOLA spot beights dlabeled ' & throsgh §°- and located on (o
b shorwing the mcaphologees of channels and craters, asd locatisg linear leabsres on channel margins. The veriical exaggerason for cach wpagraphic prodile is x50
Civerall, for Locaiion | cer interpretation i tho Flow | cthm flowed from west o eastsouth-easty is cross-cut by chassels fommed by o later flow, Flow 2 johar flowed
tosward the SE). Flow sources ae shows i Figare 3.
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Ihe channels waned, the fluid level dropped cutting terraces b bedrock so they formed during the recesson of
Mumls leaving features that resemble bath-tub rings. We use the term “recesssnal terraces™ for these features. We
alse nole thal we are umaware of any examples where lemaces such ax those we have observed are produced by
hewing highly viscous lava or musdflows.

{iv) We interprel the linear Beatures on the streamlined halls in the same way thal we mterpret the linear features
an the depression margin shopes. We suggest that these are recessional terraces cut by waning raped fuid flows.

(v} D 1o the existence of whal we interpret as recessional terraces cut by waning rapid flusd flows, we mberpret
Ibe halls shaped like airfodls as streamlined islands cul by the lows. The most distinetve evidence for rapsd i
heas is the presence in the chanpels of sireamlined mesas, that is, flat-opped. wWopographically higher lancdforms
thal have a “tear-drop”™ shape in plan view i which their roumsled ends point up slope and their pointed ends down
shpe (Burr, Grier, et al., 2002 ). Such leatures are cleardy visible in Figures da, 4b, and 4d notably the impact
craler, which is a streamlined island through whech trunsect A passes. [ displays a classc tear-drop shape., with
a generally flat top east of the impact crater with the pointed emd of the “lear-drop”™ poasting dosnstream. The
minphalogy of the streamlined islands suggesis a peneral flow direction of W to SE for the example shown in
Figure 4b. Cur estimated fhvw direction is the same in this location, and in Bl across our entire sty region, as
Burr and Parker's {2006) extimates (Figure 1bp.

In summary, we note thal Location | does not contain lindforms reminiscent of highly viscous lava flows ar
mudfhws, We see no examples of (2 nng-mound lamdfcems thal some have mberpreted as volcanie (rood-
lexs} cones (Jaeger et al.. 207}, (b thin, concentrec, lobate flow fronts that indicate overlapping lavas (Jaeger
etal, 2007, or {cp platy-flhyw or platy-ridged surfaces indicating lava crusts (Chapman et al, 20010; Kesbely
el al., JHF. This suggests o us thal the channels and streamlimed islaml were not cut by the passage of highly
viscous lavie Instead. as suggesied by a number of other authors {e.g., Burr, Greer, et al., 2002; Jaeger et al., 2010),
we interpret the five geomorphic landforms described and iterpreted above as evilence for aqueous flow or the
fhow of wrbulent lavas. We also see no landforms remdndscent of other mudflow products such as a) halls char-
aclerized by circular plan-map appearance with fow like sructures extending from their bases. (b elongated
ricges with rough surfaces, {c) wide plaleaus with 2 smocth central wplified undl, often containing a rimbess pit,
and {d} an extensive and chaotx combination of everlapping landforms of painis (a), (b), and {c) above (Brog
etal., 2020; Cufin et al., 221}

4.3, Observations of the Relutive Chronology of Geomorphic Fealures

The key abservation that provedes evulence of relative chronology is that the chanmel that NW-5E cuts acrass and
incizes down across ather channels that run E-W (Figure 4h). The base ebevation of the E-W channels is about
=115 m. while the base elevation of the NW-5E channel is deeper. at about —2,194 m, implying ~4f m af
incision (Figure de topographic profiles a'- a through - 0. Also, recessiomal terraces associabed with the E-W
charmels and streamlined islamds exis ol elevations of =2, 1300m io =2, 160 m, above those fr the NW-3E chan-
nel (=2 170 i —2.1%5 m). The recessional lermaces from the E-W channels are oblique to and appear 1o be cross-
cut by recessional lerraces from the MW-SE channel (e g, the region between profiles b's b and ¢ ¢, Figure db).

4.4, Interpretation of the Relative Chronology of Geomoerphic Fealures

Char enberpretation ix that two distinel periods of channe] formation are visible in Figure 4. The observatsn that
awr imlerpreled recessional lerraces froem the earlier channels are cross-cut by those associabed with the laler chan-
nel (as is also visible in Figures 2 and 5-9) suggests that water kevels from an izl flow had fully waned before
the later chamnel sarted to form. Thus, our imterpretations suggest twa separale flow events, aml the separate
chunnels are not simply anastomoesing dastributary chamnels from a single flow.

4.5, Channel Sources

We mapped the channels back 1o their searces. The earliest flow can be mapped back 10 a source located in the
current lecation of the fults, fractures and fissures that form part of Cerberus Fossae (Figures 2, 3a, and 3b).
The source region is parily surrounded by enchosing cliffs, and flow directions from the sireamlined islands
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suggest imitial flow teward both the north and the south of the present positzon of Cerberus Fossae. The walls of
the faulted depressson appear fresh and un-eroded by the flow, supgesting thal the Gsulting occurred after flow
formation., similar 1o the inlerpretation of tbe ming of (ewss and falting advanced by Burr, Sakimobe, ancd
McEwen (2002 and Vetterlein and Roberts (200%). The later Mow can be mapped back o a source, again parly
oonstraived by enchosing cliffs (Figures 2, 3¢, and 3d). The source of the second flow is (o the cas of the sparce
o the earlser flow. Again, the walls of the faulled depression appear fresh and un-eroded by the o, suggesting
that the Bulimg ccourred after fow Farmation.

5. Summary

Observatsons from Location | (Figure 4) have been mterpreted to imdicate the exislence of two separate flow
events {Flow 1 and Flow 2) that can be mapped back 1o two separale sources.

Mote that we mapped a large number of geomorphic features for the other kcations described in this paper. Space
does not allow us o separale description and meberpretation fr every example in the rest of the paper, bul we will
showw that the five types of geomarphic features described above are widespread acomoss the region in Figune 2. We
use vpar pheervations and interpretatsons of Location 1 as type examples wo guide mterpretations of the Tancforms
in Locations 2 through 7 and Supplementary Locations A through I

6. Location 2 {Figure 5)

Locatsn 2, centered at 15.60°N and 162.077E. is east of Location | and shows more examples of cross-cutling
relationships between Flow 1 and Flaw 2. The chanmels are characterrzed by linear features on the channel floors
and on the chamnel margins that we inlerpret as longitudinal lmeations aml recessional lerraces, respectively
{Figure 5c). Lamdivems from Flow 1 are preserved on top of twa streamlined islands cdefined by Flow 2, amd we
describe five inter-connected chanmels that we assign to Flow 1.

Flow | has produced multiple channels confined within the bounds of two streamlined islands. Flow directions
during Flow 1 were generally to the NE and SE. We assign them to Flow 1, correlated with the fealures mappexd
al Localson | because ane of the streamlined islamds exiss in both Locabion 1 amd Locatson 2, and the channels
have 2 similar basul elevation {Locatzon 1, 2,180 m: Location 2, =2 180 m}.

Flow I cross-culs Flow | in the following locations. For Flow 2, sub-channels | and 2 are iributary channels
[howwing north and south of a streamlined island that preserves features from Flow 1 they join to form sub-channel
3. Sub-chanmel 4 ix a disinibutary chanpel that diverges from sub-channel I as they abut agaisi a streamlinexd
islamdl. upon which features from Flow 1 are preserved. Sub-channel 5 15 a distributary channe] that diverges
from sub-chanmel 3. At the northern end of ransect ©- © (Figure 5 map 1 and 2j one of the Flow 1 channels,
sub-chanmel 3. flows toward the SE and culs across a channe] associated with Flow L. The base of sub-channel
3 incizes downwiands to —2.285 m. =40 m beneath the basal elevation of channels asociated with this partion of
Flow 1 at arsund —X,255 m anc also beneath recessinal terraces of Flow 1 (Figure 5. wopographic profile <= ).

Flow 2 also mcises down below the bevel of Flew 1. On transect ¢ ¢ (Figure 5, wopographse profile ¢°- ), the
elevation difference between the base af the second chamnel and the recessional terraces from Flow 1 sugzpest
incision af up to ~40 m. MOLA transect D (Figure 5. maps A and B) crosses sub-chamnels 3 and 5 from Flow 2.
Bath topographic dala and recessional terrace markings show that the Flow 2 chamnel {sub-channe] 3 has incised
bencath the elevation of Flow 1. The incision s approximately 40 m, from —2.250 m 1o —2,2%0 m. and these
values are similar 1o these derived from ransect ©'- ¢ The distributary Flow 2 changel (sub-channel 5) has incised
down into the surface produced by Flow 1. The incision is approximately 1 m, from —2.250 m o —2,260 m.
Evidence that Flow 2 incises bepeath the level of Flow 1| can alse be seen in opographic profiles a’- a and b'- b,
wilh values for incision of =35 and ~ 15 m respectively.

In summary, Location 2 conlains evidence for the two separate flows. Mapping back to the sources of the flows
imlecates that these are the same two Plows identified al Location 1.

7. Lucation 3 (Figure 6)

Locatson 3 (Figure &), centered at 15.58"°N amd 162.37°E, again reveals more details of the relatsonship between
Flows 1 and 2, and is downstream of Location 2, where we might expect incision from Fhew 2 1o be greater. Flow
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| lzndforms are correlaled with those in Locatsons | and 2 because itx base elevation is similar & thal i those
areas {—2. 2T o —2,290 m) aml a streambined island upon which Fhew | lamlioems exist is continuous belween
Locatsons 2 and 3. Similar o Locations | and 2. the floors and marging of channels are characterzoed by bongitu-
almal lineations and recessional lerraces (Figure 6c).

Withim a streamlined island, a broad Flew | channel shows longitudinal lineatzons and sireamline features indi-
cating flow toward the east and NE. with evidence for waning flow in the form of recessional fermaces. A later
hew (Flow 2} channel fhewed toward the SE. and in so dsing cross-cul the Flow | channe] Landforms. The base
elevation for the Flow | channel ranges from —2.270 m in the west (MOLA ransect 27 a), 0 —2,290 m i the
east (MOLA ransect - d) (Figure &, topographic profiles a'- o amd o' d). Flow 2 cross-cuts Flow 1 and a series
4 clear recessional lerraces are foumd acress the ares of cress-oul. The erientation of these Flow 2 recesianal
lerrace marks is perpendicular 1o the (v directzon of Flow | and ils recesssonal terraces. The extent of the Flow
2 mcisem decreases from west 1o east, with a maximum incision of approximately T0-75 mat MOLA transecta’-
a, =G moat MOLA ransect b'- b, =50 m at MOLA transect ©'- ¢, and =35 m 2t MOLA trnsect d'- d, m tandem
wilh the decreasing basal elevaison of the Flow 1 channel features. The fissures are clearly younger geological
features, as flow from Flow 2 is o the SE on both sides of the fissure, appearing to have been cut by the fissure,
so the recessional lerrace markings from the flows were disrupled by later alting.

In sumimary. Location 3 contadns evidence for the two separate flows. Mapping back to the sources of the floas
imlecales that these are the same two Mlows identified a1 Locatson 1.

8. Location 4 (Figure 7)

Locatson 4, centered at 15.60°N, 162.75°E, is lecated 1o the cast of the previous three Locations, and focuses on
a relatively early channel, possibly from Fhew 1, that is cross-cat by a third flow, Flow 3. Again, these channels
are chamcterized by longitudinal lineations and recessional termmoes (Figure Te).

Recessional terrace marks from a relatively easly chamnel, together with MOLA dala from transects 2’ a, B> b
and '~ ¢, suggest that a fkew channel, possibly Flow 1. flowed from the west to the nomth-zast, with the base
elevation for this charmel being approximately —2,310 o =233y m {Figure 7 maps 1 and I, and 1opographic
profibes a’- a, b'- band ©'- ¢). We believe this may be a remnant of Flow | that was nod covered by Flow 2 because
Ihe base bevels of the channels at —2,315 m appear o be the dowmavand continuation of those for Flow 1 at Loca-
w3 around —2, 2790 m), rather than a comtinuabion «f these for Flow 2, which are keser in elevation (aroand
—2.345 m) {see Figure 11 for a compalation of elevalions).

At Locatson 4. the later flow cannol be mapped back te flow source 2. Insteadd, the later flow s mterpreted o be a
third flyw. Flow 3 becauase il can be mapped back te a sparce shown in Figures 2, 3e. and 31, This source ix again
located along the trace of Cerberus Fossae, and fualting appears o post-date the flow because the walls of the
subsided faull, Fracture and fissure system appear un-eroded by the food. The source is again partially surroundexd
by enchosing cliffs. Flow 3 incises downwards inlo the earier flow bybetween -7 and 25 m.

9. Location 5 {Figure §)

Locatson 5. centered at 15.13°N and 163.21°E, is located further 1o the east and shows an area with three pessable
ke channels, two exhibiting cross-cutting relalsnships (Figure 2 maps 1 and 25 We suggest that a fourth flow,
Flow 4. can be mlentified a1 this kcation because it can be mapped back te a separate source (Figures 2 amd 3g
and 3h). Again, these channels are characterized by longitudinal lineations amd recessional lermaces (Fagure Boj

Flgwre 5. Maps and inpographec peofiles of Lecation 2 centered m 15.60FN, 16207°E showing dezals of channels and cross-cutlisg relationshigs (see Figure 2 far
locaman). (ah Map 1 —CTX nsesaic with Mars Ovhiter Laser Ahimeter (MOLA) mansects. (h) Map 2—CTX with MOLA ransecis (hlack lises o'- 2 through d°- dyand
interpreied channe] markings/Mlow drectionsrecessional emuce markisgs. {¢) Inset map located in () from HiRISE Image ESP_O26350_ 1960 showing details of a
channel margis and channel Moor. We interpret the presence of longinsdinal lineatices and recessional temuces (s2e caplion of Figure 4). Talus slopes cover the chassel
margis in the KE We have not identified feavsres that wesld indicate lova Mows such as lebate Mow foams of rectless cones. 1dy Topographic profiles a'- athrough

d*- d dor each of the four transects wnh the blue ling in each profile representisg the MOLA irassects. The vertical exaggeration for each wpographic profile is =70
Our everall isterpretatson of Location 2 is that older Flow | channels are cmss-om by laer Flow 2 channels. Five distnet Flow 2 channels are visible frons the maps and
inpograpbec profiles. OF imteres is the island-like streamlised landfiorns mothe op left of Maps | asd 2 The channels frons Flow 2 have created a sireanslined “island.”
hul measuremens and abservations show than prion o Flow 2, thes e was tae of mece smaller “islands” that the chassels from Flow | had formed.
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Beginming with the oldest Flve featares, we find recesssmal terrace markings abag two of the MOLA ran-
sects al relatively high elevations: ¢ © and '~ e. The topographic prfiles for these transects (Figure B maps 1
and 2, and topographic pridiles ©- ¢ and € e} indicale that recessional terraces al ebevations of —2,325 m ancd
=134 m are located high on the escarpment running $W-NE across the image (Figure 8, map 2, indicated by
whibe armows). Wi attribube these terrace markings to Flow 2. A Jaler flow incised dowmyards, and this incision
cut i channel down te —2,370 m (Figure B, transects d'- o and 2'- e and we suggest thas is a remnant of the Flow
3 channel, untuched by the later Flow 4. Flow 4 incises mare deeply, with the base of its channel a1 a depth of
approximately —2,379 m {iransect a'- aj 1o a maximam of —2,390 m {iransect - c). Becessional errace markings
imlecale that the fhw for Flew 4 was ~20 m deep (Figure 2 ransect b'- b

We interpret the existence of Flow 4 because the channels we altribute to il can be mapped back to a spurce
=15 km to the NW {see Figures I, 3z, amd 2h). The source s a depressim along the irace of Cerberus Fossae that
is parizally enclosed aml defined by surroumding cliffs. The sidewalls of the fosae coss-cut the enclosing cliffs,
imdscating that the faulting is later than the flewing.

This location is the only one whene we have sdentified possible examples of rootless cones (Figure 9h). However,
these are adjacent o a later fissure and are pot present over most of the channel floos, Our inkerpretation is that the
rootbess cones, i thal is what they are, are related 10 o relatively small lova flow associabed with the later fssare
syslemy, and hence were m responsible for channel formation because their associated Lava post-tdates channe]
farmation.

1. Location 6 (Figure 9)

Locatsn 6, cenlered a1 15.60°N, 163 HFE. focuses on a small hammoecky location just 1o the north of the main
W tn E fissure that culs across the central Regional Map (Figure 2). The location is 20 km o the neath-northeast
i the source of Flow 4, and approximately 40 km to the NE of the source of Flow 3 (Figure 23, We interpret this
area Lo show a cross-culting relationship between a Flow 4 channel amd earlier Flow 3 chanmels. There may alsa
e remnant recessional terraces from a Flow 2 channel. Again, these channels are characlerized by longitudinal
lmeations and recessimal lerraces (Figare Sop.

Locatsn 6 illustrales bow Flow 3 chanmels flowed around, through and possibly 1o the south of the bwir areas of
higher proumd (Figure %) MOLA transects a'- o amd b'- b shovae that what is probably the base of the Flow 3 chan-
nel was 2t approximalely =236 m, and recesswonal lerrace marks are visible up o about =2,320 m. indicating
that the vertical extent of this Flow 3 channel was in the region of 33-35 m at these bocations. MOLA transects
s i, i’ d amd 2" £ are challenging to interpret because they pass through an area that divides the two areas af
high ground. The presence of recessional terrace marks suggesis thal a channel from Flow 3 may have flowed in
a south 1o narth direction between the two areas of high ground. If this were the case. we can measure the height
«f Flow 3 using the base elevation of the chamnel as —2,355 m. Interpretation of the MOLA transects <= ¢, d'- o
and '+ e suggests that the maximum elevation of Flow 3 was abeat —2,2%0 m. meaning that the vertical extent af
this Flow 3 chanpel 24 this location was ~65 m.

We believe a later Mhww incised across the channe] from Flew 3 as shown i Frgure 9, maps | and 2). This fhew can
e mapped back 1o a spurce (Figures I, 3g. and 3h), sentifying it as from Flow 4. A Flow 4 channel runs west o
east al the botlom of Figure % map 2 with a base elevatin of approximately —2,380 m, incising below the base af
Flow 3 by up tp =45 m. Recessional lerrace marks for the Flow 4 channel were identified on all MOLA transects,
wilh the depth of the Flow 4 channels mnging from ~d4 m (2™ a), ~20m (b'- b and ¢ cj tooonly being able o
identify the recessional lerrace masks of Flow 4 {d’ o and £ e). A small area in Figure 9, map 2 shows a possible
remnanl area of a Flow 2 channel. The kewest klentified recessional channe] for thas possible Flsw 2 channe] area
was al ahout —2,270 m. and the highest identified recesswonal channel for thas possible Flow 2 channel area was

Flgwre &. Maps and iopograptec profiles of Lecation 3 centered m 15.38°N, 162.57°E showing detals of channels and cross-cutiisg relationships (see Figure 2 for
locassan). {a Map | —CTX neoaic with Mars Ohiter Laser Alimeter (MOLA) ransects. () Map 2—CTX with MOLA wransecis (hlock lises o'- 2 through d°- dy

amd uriterpeeied chasse| markings/flow directicss/necesssanal rerrace markings. (o) Insex located in 121 frons CTX data showing details of a channel floer sd margin.
We interpret the presence of kngiudisal lneations and recesssonal rerraces {see caption 1o Figure 4). Talus slopes cover the channel margin is the NE. We bave not
idemified feavsres thin woasld indicase lava flows such as lobate flow fronis of rotless comes. 14y Topographe: profiles 2'- o through d°- d. For each of the four eransecis
with the bhse lise in each prodide represeniang the MOLA mansecis. The vertical exaggeratson for each opographic predide is )00, Overall cor isserpretates for Lecmion
3 is that a hroad Flow | chasse| orienied 1o the east or NE wos crnss-out by a Later flow (Flow 20 thon os 2 chanee| isdeming flow wward the SE.
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al about =220 mi. If thes is indeed a Flow 2 channel remmand, the verbical extent of the flow would have been
well in excess of 50 m.

Formation of the fossae took place afler the fhw cpasodes, with tbe fissures cross-culting the recessional termce
markings of the flows, with the new fissune formations running paralle]l with the major fsune nanning throogh
this region. approximately 16 km to the soulb-west of the newly formed fissore.

11. Location 7 (Figure 10)

Locatin 7, centered 2t 15.46°N, 163.28°E, is an extensin of Locabion 6 (Figure 9) e the south and focuses on
Ibe relationship between Flows 3 and 4. As with Location 6 {Figure 9), Location 7 s 2 hammocky area with one
clear amd discernible flaw channe]l running north-ea=t amd then east thooegh the meddle of the location map. There
are smaller chanmels to the south of the map, notably a clear channe] flowing i a norib-easterly direction. Again,
Ihese channels are characlerized by longitudinal lneations and recessimal lermces (Figare Dc).

The center of Location 7 is just 15 km te the norib-east of the estimated source area of Flow 4. The main channel
From Flow 4 iraces a path portheeast across Figure 1{imaps | and 2, cross-ouliing earlier flow channels formed by
Flow 3. The base elevation of the main Flow 4 channel appears te deepen as il moves west b east. Topographic
profiles a'- a and b'- b reveal a base ebevation of approsimately —2,365 m, which deepens o approximately
=135 m in Wopographic profiles o ¢, d"- o and £ e, Recessional terrace marks for Flow & suggest that the upper
lzmit for Flow 4 in this arca was between —2.330 m and —2,340 m, meaning that the vertical exienl of Flow £
ranged from approximately 25 m (topographic profiles 5= a amd b"- b) b between ~50 and ~25 m (lopographic
profiles c’- ¢, d'- d, amd e ¢). Recessional terrace markings for an eadier flow are vasible and are sugeested o be
Flow 3 recesswmal terruces based on the MOLA data that define the base of inlerpreted Flow 3 chanpels a1 similar
elevations in different bocations (e.g., —2.325 m i Location 4, Figure 7; —=2.335 m in Location 7. Fagure 103, Data
regarding 1he possible source elovation of Flws 3 amd 4 (Figure 11) show the Flow 3 source 1o beal —2,325 m
and the Flw 4 source bobe at =2, 344 m. These measurements suggest thal the recessional berrace markings and
geomphac features observed in Locabion 7 maps | and 2 (Figure 1) and accompanyimg tepographic profiles,
above —2,330 m are very likely Flow 3 markings and formations. The Flow 4 source elevation s —2.344 m, and
Iherefore recessimal masks 2t this elevation and below are most likely formed by Flow 4. Measuremenis are
oonsistent with the mcision depth of Flow 4 (just over —2, 380 mj), which we have caloulated is the base elevalion
for Fhew 4 i this Becation.

There are passibly four remnant Flow 3 areas within the Flow 4 areas, but they do not show clear cross-cutling
relutionships with Flow 4 aml ascerlaining o base elevation for Flow 3 in this region is challenging using available
MOLA dala because the coverige is sparse and does nol include the locations that would possibly show clear
crimssculting relationships. MOLA dala from Location 6 (Figure %), on the northemn section of the area within
Locatin 7 (Figure 10), reveals a base elevation of Flew 3 ax —1,365 m. However, thal measurement s for the
northern chanmel of Flow 3 and 15 distinet from the Flow 3 chamnel we are focused oo mothis image. that is, the
chamnel 1o the south of the split-hill formatzon in the rocth of Location 7 maps 1 and 2 (Figure L0). Meverthebess,
b measurement can be weed as a useful proxy and does suggest thal the Flow 4 channe] measured here is in fct
Flow 4 and nat Flow 3 althowgh the pessbality doees exist that we may have overestimated the vertical extent of
Flow & in this regson because the region is nol comprehensively oovered by MOLA transecis.

Flgwre 7. Maps and topograptec profiles of Location 4 centered m 15.60FMN, 162.75°E showing detals of channels and croes-cotisg relationships {see Figure 2 for
Jocamony {nh Map | —CTX mesaic with Mars Orbiter Laser ARimeter (MOLA) ransects. (h) Map 2—CTX with MOLA ransects (hlock limes o'- 2 through '~ &)
ftadl il lustraited chimse | markingsiflow direcisons/recessional temece makings. ich Inset locatsd in (&) fromn CTX data showing detals of & channel floor ssd margin.
[We inlerpeet the presence of langitudizal bneations and recesssonal terreces (see coption t Figure 41, We bave not sdenisfied fzmtures that would imdscate lava {lows
kuch as lobate flow fronis of rootless comes. 1dy Topographe: profiles 2'- o through &~ @ for sach of the five transeces with ik blug ling in each profile representisg the
PACIL A transects. The veriscal exaggeration for each iopographic profile w =8k Cuor overall serpretaton of Location 4 is that a Flow 3 channel cross-cots and incises
nto o channel from Flow 1. The age of the Flow | channel is imterpreted from che observatson that it ces be mapped back 1o nis source (g2 Faomes 2 ssd 3 The Flow
i channel indicates flow wward the NE As seen from the iopographic profiles o - o d'- d, and e'- g, the base af the Flow 3 channel s an approximately =2,3525 m
edewation at its despest. This locatios appears (o cross-cm a Flow 1 channel, possibly o remnant cannel of Flow | tho hes not been covered by Flow 2 dannels. The
1ssures are vounger gealogical feansres, with recessaonal termace markings fram the flows desropied by thens
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12, Supplementary Locations A Through I (Figures 51-54 in Supporting
Information S1)

A further foar locatsns were identified that provided further evidence and examples of lamdforms in dewnstream
localzons that may have been produced by flows. The four location figures and lamdforms are discussed in greater
detail in the Supporting Information 51, Supplementary Locations A through D (Figures 51-54 in Supparting
Infoematsn 51 and these locations are also highlighted on Figuare 2 as 51, A, SL. B, SL. C. and SL. [,

1%L Construction ol a Kegicnal Map amd Channel Profiles

The Begumal Map (Figure 2}, centered at 15.25°N, 162.85°E. and vverall chanmel profiles (Figare 11 altempt o
draw all the data gleaned from localzons and supplementary locations into a whoele o gain a regional overview af
the flow gromeines. The regional map covers the area of the northernmost Cerberus Fossae, a =197 km long et
af en echelon fissure segments that mn west by morth o east by south, as well as part of the unnamed northern
channel system o the north and east, and the scoured area o the south amd east of the northermmoest Cerberus
Fossae.

We believe thal five separate [how episodes can be wlentified in our regeonal map (Figure 2). The cross-cutling
relationships identified indicate thal the fissures and fractures associated with Cerberus Fossae appear o have
formed after the flow episodes.

The first, Flow 1, with i source 24 the far wesl of the mcthernmost Cerberus Fossae at an approximale ebevalion
af =113 m, appears o be the largest in terms of area covered. This was folkewed, afler an unknoan period of
limee, by Flow 2, with ils sousce further east and 2t an approximale elevation of =2,165 m. The cross-culting rela-
xmships between Flow | and Flow 2 are the clearest, with Locatsons 1, 2, amd 3 showing unambiguous evidence
o the exislence of two distinet flow episodes in this area. Moving further east, we find the source of Flow 3
al un approximate elevation of —2,325 m, with the source of Flow 4 al an approximate elevation of —2.345 m.
Locatkms 4, 5, & aml 7 (Figures 7-10) cover the Flow 3 region., with Location 4 looking at the Flow LFlow 3
relationship., and Locatsns 5. 6, amd 7 (Figures $-10) looking al the Flow 3/Flow 4 relationship. The sparce af
Flow 5 ix al an approximate elevatin of —=2,451 m, and s the final flow source we have slentified. We oheerve
that the chamnel rises very slightly by approcimately B m before plaleaving out and then fowing dewnward east-
ward. We have been unahble to unambiguously define a cross-cutting relationship with Flow 4; hence, we chose
1o put this location in our Supplementary Locations fikes {Supplementary Location [ (Figure 54 in Supporling
Infoematsn 51 ). Hewever, as explamed in regand 1o Supplementary Location D (Figure 54 in Supporting Infor-
malima 51 ), we are comfrlent that this is the source area of a separate fow (Flow 55, primarily due 10 geonmoephac
imlscators thal reveal the flow direction and the geomarphology of the source with enclosing cliffs.

Figure |1 shows the kcation (elevation and longitude) of each fhew (Flew 1 through 5) 2t the source. We then
oomnected the base elevation of each channel (1 through 4) 2t each location (L1 through L7} 10 the localzon of
each flow source. Each of the five Fhew sources (Flow | through 5} occurs progressively further 1o the east. with
Ihe elevation «f each source progressvely lower from west o east. A key observation is thal the channels from
Ihese five sources all flow dewmhall from west 1o east. Where cross-oulting relationships have been klentified and
described above, each channel s 21 o lower elevation and hence mcises downwards it ils predecessor channel.

In summary, vur results incicate that the stucy area was affected by o sequence of mulizple fhws emanating from
al least five sources that appear o be located progressvely further to the east along the direction of the narthern-
mxrsl Cerberus Fossae, Each flow event flowed dewnhill and each flow source occurmed al progressvely lower
elevations (Figures 11a and 11b).

Flgwre 8. Maps and iopograpec peofiles of Lecation 5 centered m 15.15°M, 165.21°E showing detals of channels and croes-cunisg relationships (see Figure 2 far
locasony. (b Map | —CTX meeeaic with Mars Ovhiter Laser Alimeter (MOLA) ransects. (hy Map 2—CTX with MOLA mansecis (hlack lises o'- 2 through e'- g}

amd aterpreted chasse| nsarkingsflow directicesirecesssonal rerrace markings. An ares containing possihle rootlss cones is sdjacess 10 a later fissure system, and we
interpret the cones i be related @ voleanism esociated with e Hssures that pasti-date channed formation. (o) Inset showang details of the channel floor frens HIRISE
inge ESP_02374%_1950. Mo romless comes are seen over most of the channel, for example, & shown herein. (d) Topographic peofiles &'~ a tseough - @ for each of
the five ransacis with the Blue line is esch profile represemting the MOLA ransects. Lecation 3 maps (cemered an) and topograptec profiles show an area of possibly
three flow channels. The vemical exaggeration for each opograpbe: profile is »80. Our overall imerpretation of Locmion 3 is that a channel frons Flow 4 cmss-ous asd

incises inte older channels.
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13, Discussion

Priar i our gudy, discussions of the geodogy of the regeon of Grptd Valles were focused on the following: (a)
Extensive channels exist that emanate from the vicinaty of faualts, fractures and fissures thal fom part of Cerberus
Fossae. {h) There had been some suggestsons that maltiple channels may exist, this was shll an open quesbion
{Burr, Grer, e 2l., 2002; Burr & McEwen, 2002; Burr & Parker, 2006). (c) Channel formalion processes had not
been conclusively delermaned, with the debate @ill open (Barr, Sakimato, & McEwen, 2002; Jacger et al., 2010;
Leveringlon, 2004, 20010 (d} Fauling post-dates channel formation evidenced by the un-eroded fracture
wills, bi-directonal flow dimections ot some flow sources, and Fractures cross-cutiing channels (Yetterlein and
Roberts, 2008, (o) Evidence for palascoscismic marsquakes has been gathered using observations of mohilized
houkbler populatzons (Brown & Koberts, 200%p. (f) Setamicity associated with normal fsuliing miarsquakes haxl
heen recorded in the vicinity by the InSight seismometers {Burr, Greer, ot al, 2002 Brown & Roberts, 2019; Burr
& Pasker, 200, Guarding et al., 22k Golder et al., 2020 Jaeger et al., 2007, 2000; Leverington, 21 1; YVaight
& Hamilton. 201K} Furtbermore, Keske et al. {2015, siwdyving catflaw chamnels elsewhere on Mars noled that
Ihere exists a “close interplay of Auvial amd volcanic aciavaly™ which woukd suggest ©. . that fluvial aclivity not
aaly played a major role during a period of volcandsm, but also may be linked 1o, or even triggered by, volcanac
processes.” We note thal if the eastwand progression in channel formation is due o falt or dike propagation then
in the past the disinbubion of seismecity would have changed through time, and this shoubd be conadered when
developing models 1o explain the present-day seismicily.

Our resulls prowide msights imlo the ahove because they dooument clear cross-cotting relationships between
[hrw chanmels which can be mapped back 1o five distinet flow sources, with the locabons of sources progres-
sively hecabed further to the east through izme. Our observations condirm thal the s that femed the channels
pre-dates surface faalting. IF igneous. processes are respansible for tnggering the Cows, then these processes
acled before faulting appeared at the surface. and hemce, thes may or may not predate the onset of the present-day
seismicity. This sequence is mot unexpecied, as the idea that injection of sub-surface dikes keads 1o the forma-
1w of overlying graben has been modeled (Buwhin, 1992) amd observed in lerrestrial examples, with these ideas
wiilely applied o graben on Mars. Incdeed, the heating produced by dike injection has been suggesied to provide
lhe possihality of melting sub-surface we, or releasing water rapped by ice (Head et al., 2003; McKenzie &
Mimimwe, 19949). However, the issoe has been that the large peopraphic extent of the channels. for example, ase-
ciabed with Grigti Valles, have boen taken to suggest very large volumes of fluid, and hepoe Plow-rates thal may
be implausbly high (Head et al., 2003; Leverington, 2011). If the dimensions of the active chanmel are smaller
than that implied by a single larger chamnel, then the Mw rates may also be propartionately lower. However,
anar lack of knowledge on the Flow duration and composition of the flow Limel our abality b slate a specific flow
rale. Furthermaore, observations from the InSight seismometers suggest that the seismic velocity below 10 km for
Elby sivmy Plamitiz is too low te be soe-saturated (Manga & Wnght, 2021).

Albough It is clear thal mone work is peeded to explain the links between igneous processes, faalting., sedsmac-
ity, waler'ice in the crust amd formation of flow chanpels by waler andfor tarbalent T it is inleresting thal our
results imply relatively small fhews compared bo previous estimates. This is because the o1zl geographs exlent af
ke chamnel system associaled with Grjtd Valles was foemed by ot least five digtinet flows and ned o single event.
Despate this conclusion, undorbunately, we have oo wary b quantify the volume or the flux ate of flud discharge
due 1o a lack of knowledge reganding the duration of each single Mow evenl. Ancther inferesting aspect is that the
Thrw spairces are lcated progressively further Lo the east theoagh time. We have been unable to provide mare data
that consirum the process or processes that liberated the fluds, bot we do provide the inaght that those processes
propagate to the east through time. One possibility s that eastwand propagation of fluid release, if prodoced
by melting due 1o the intrusion of sub-surface dikes. or eruption of urbulent lava, may sugges eastward dike
propagatin 2 is speculatively shown m Figare |2, Apother allernative is that the intmsion of dikes ooccurmed

Flgwre 9. Maps and iopographec profiles of Locstion fi centered m 15.60°M, 16350 E showing detmls of channels and cross-cmiisg relationships {see Figure 2 for
lecaman). {ap Map | —CTX neesaic with Mars Ochiter Laser Alimeter (MOLA) ransects. (hy Map 2—CTX with MOLA ransecis (hlack lises o'- a through e'- 2)

e llustrated chassel markings ik direcsons/recessional temmeace markings. Fissure exiension ek place after the fow episodes. with the sew fissure formatsons
running parallel with the mjor fissure runnisg throasgh ehis regson, approximmely 16 km o the south-west of the newly formeed Fissure (o b Insiet from HIRISE image
ESP_O2ZK750_196{ showing dezails of the chasse| floce and margins. We interpret the presence of longinsdinal lingatsans and recessicnal lemaces (522 caplicos w
Fagure 41 W' hive nt identified features thn would indicate lava flows such as lobate flow fronis o romless comes. 1y Topograpbe: profiles a'- a through € - & for
each of the Five transects with the hlue line m each profile representing the MOLA ranseces. The vemical exaggenaion for each inpograpbec profile is <33, Our overall
interpretation of Location & s that Flow 4 channels cress-cut earlier Flow 3 channels. There also exist remnant recessional erraces from a possable Flow 2 channel.
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Flgure 11. Shows the base elevations of sdenifeed flow channels in Locatons 1 through ¥ marked on the sopagraphic
prodides as L1, L2, L3, etc. The kowest elevation for each channel was used for each location asd the estimated elevation m the
source for each flow episode (Flows 1 chrosgh 31 The lest three poinis cs Flow 3 are very clese together owithis = H-21F km)
and within <10 m af each other vemically, sd the same is rue for the last thre: points i Flow 4 chis is kess than e
urcertanty on veriscal maepsrements frons Mars Orbater Laser Aliimneter {410 m). We consider thens to be at the same Beight
wrihin error med the likely slight dowmward slopes commor be meseured but also cannot be excluded within emoc The vertcal
exagperatsan forthe topographic prafile i w8l

progressively further cast but emanated from a sub-surface volcanic seurce thal already umderlay the region
[Gemwa el 2l., 2016; Golder et al., 2020). Albough we have no direct constraints on the time scale of this prop-
agation. we mote thal Galder et al. (20200 provide crater count 2ges that become progressively younger toward
the east (53 Ma, then 33 Ma, then 31 Maj in the region we study. They suggest that the change in apparent age is
caused by changes in the theological properties of the lavas during emplacement, such as material strength and
porasity. Although we have ni groumds o dispute thas explanation, we note that the ages are oblamed frism areas
that partially overlap the Fhw deposits (Figure 1b), and the xge of 53 Ma coincides within the proximal regions
fiar Flow 1 and Flow 1, the 33 Ma age coincides with the region occupsed by the distal parts of our Flow 3 and
Flow 4, and the 31 Ma age comncedes with a regeon to the cast of the area we hive mapped that may be occupied
by Flow 5. We suggest thal more work may be warranted 1o clanfy the geologecal signaficance of craler counls in
Grjitd Valles as thas may help elucicdate the tming of the relabionships between voloanic, agqueous, faulting ancd
sensmicity processes m ihis enagmatic regusn.

14. Conclusions

We conducted a detailed analvsis of the northernmaost Cerberus Fossae amd the surrpanding area using CTX
images. HIRISE images amd MOLA data. Our conclusions are as fllows.

Flgare 1. Maps and ipograpbec profiles of Lecation 7 centered m 15.40°M, 165.28°E showing detaals of channels and cross-cunisg relationships (sez Figure 2 for
lpcaman {uh Map | —CTX neesaic with Mars Ochiter Laser Ahimeter ( MOLA) ransects. (b Map 2—CTX with MODLA irmnsecis chlock lises o'- a through e'- g and
ilustrated channel markisg=/llow directionsirecessional terrace markangs. {c) Isset froe HiRISE image ESP_0223400_1933 showisg details of o channed floar and
margiss. We isterpres the presesce of leegnudinal liseations and recessicsal werraces (see caption i Figure 43, We have not ideniified features that would indicate liva
flows such as lobame flow froms o roctless cones. 1d) Topographic profiles a’- othroogh &'~ ¢ for eack of tee five ransects with the blue ling i 2ach profile representisg
the MOLA mransects. The vertscal exaggeration for each wopographic profule s 1 ML Cor overall isterpretatson of Locason 7 is that channels from Flow 4 flowed 1o the
east, cross-culting sarlier flow channels fomeed by Flow 3 channels.
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Flgure 1L Schematic summary of cross-cutting relmionships betwesn channels. Time | ook place before the later Time 2
Im T 1. a flow occurred & 51, and the fow formed desiributary channels (D) that can all be nmapped hack vo the source
of the flow, S1. In Time 2, 2 later flow 52 occurred further eass thas che eaglier 1. The Mow from 52 formed disiributary
channels whach cross cut the earlier disiributary channels formed by S1 flows. In Time L, we now see that only three of the
fave %1 dusiributary channels can be mapped hack 1o their §1 seesrce. This s why 0 is challengisg v map same desiributary
channels hack 10 the source of the flows. Speoslanve dike peomseiry s depeh.

|. Examinatqom of the foors and margins «f prominent chanmels reveals the presence of landforms such as
chamnel Floar kngrisdimal lineatsns and chamne] margin recessional terraces thal appear te have been cut by
witler andfor turbalent lava, with ne signs of landforms thal would sugges that the channels have been cut by
viscous lava or mudflows.

ra

. Cross-culting relationships and channe]l mcision reveal that al least five asynchronous flow episedes. have
laken place, sourced al different locations akmg 2 150 km section of the main northernmast Cerberus Fossae,
demonsirating that the channels were foemed by multiple events.

3. Channels flow dewnhill away from the sources we have slentified, with yeanger channels cross-culting alder

chamnels, incising downwards by 25-T m.

4. The source areas for the flows are located progressively further (o the east through me.

5. We have been unable 10 explain the eastward progression of flow sources, but we suggest that possibilities
may include either dike propagation from west 10 east, which melled near-surfuce ice or released turbulent
lawar, o thal magma from an umlerdying reginal mell zone-influenced melung of ice near the surface further
1o the east through tme.

. Further work is required to elucidste the mechanisms respansible for the release of fluds: however, our obser-

valions shaw thal regandless of the explanation. tbe mechanism does not need 1o produce the large volumes of

sl implied if the channels are all interpreted o have Bemed asynchroneusly.

Data Availability Statement

We acknowledge the use of imagery proveded by services from MASA's Mars Reconnaissance Orbiter (MRO),
and MOLA Precision Experiment Data Reconds (PEDRs). We acknowledge the use of Google Eanth in our
research. All data are avaalahle in Brown and Boberts (2022
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