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Populations of distinctive knobs, rings and lobate structures are observed in the Candor and Coprates
Chasmata regions of Mars. To interpret the formation mechanisms of these landforms, I investigate their
morphologies, facies, superposition and crosscutting relationships using data from the High Resolution
Imaging Science Experiment (HiRISE) and the High Resolution Stereo Camera (HRSC). The knobs and rings
have quasi-circular to elliptical shapes in map view, with basal diameters between several hundred me-
ters and three kilometers. The knobs rise ~10 to 350 m above the surrounding terrain, while the rings
are ~10 to 70 m tall. In three dimensions the knobs have a rounded cone shape, and some knobs exhibit
a summit depression, which in some examples contains a subordinate mound. The rings have rounded
to sharp crests and in some instances contain subordinate rings and mounds. The lobate structures are
commonly ~1 to 2km wide, ~3 to 5km long and rise up to 50 m above the surrounding terrain. The
lobate structures partially or completely encircle some knobs, rings and irregularly shaped rock masses.
The knobs, rings and lobate structures exhibit massive and stratified facies, with some structures exhibit-
ing both, such as a massive central rock mass surrounded by outwardly dipping layers. I interpret these
landforms as mud volcanoes, injectites and mud flows based on superposition and cross-cutting rela-
tionships as well as similarities between the morphologies and facies of these landforms with terrestrial
products of mud volcanism. I infer the source of sediment for this mud volcanism to be the Hesperian
eolian deposits that occur within these chasmata. Further, I suggest that groundwater upwelling during
the Hesperian to possibly the Early Amazonian facilitated the mobilization of these sediments within the
subsurface and thereby contributed to the ensuing mud volcanism. Based on these results, I propose that
the Candor Chaos formed through subsurface sediment mobilization and mud volcanism.

Published by Elsevier Inc.

1. Introduction

upon the work of Okubo (2014) by undertaking a broader inves-
tigation of subsurface sediment mobilization and the possible dis-

During the Hesperian, the canyons of Valles Marineris served as
sedimentary basins, accumulating stratified deposits in sequences
that are several kilometers thick (Lucchitta, 1999; Okubo, 2014;
Tanaka et al.,, 2014; Witbeck et al, 1991). These stratified sedi-
mentary rocks provide a vital record of the transition from a wet
climate, with active surface water and groundwater processes, to
a more arid environment during the Late Noachian to Hesperian
(Andrews-Hanna and Lewis, 2011; Andrews-Hanna et al., 2010;
Bibring et al., 2006; Poulet et al., 2005). Recent large scale geo-
logic mapping using High Resolution Imaging Science Experiment
(HiRISE) (McEwen et al., 2010) data has revealed evidence of sub-
surface sediment mobilization in the Candor Colles region of Valles
Marineris (Okubo, 2014). The purpose of this paper is to expand
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charge of these mobilized sediments onto the surface (mud vol-
canism) within the Candor Colles region and by documenting new
evidence of these processes in the Candor Chaos region and in Co-
prates Chasma.

In terrestrial sedimentary basins, the mobilization of subsurface
sediments is recognized as a common and significant process that
acts to enhance, impede or otherwise alter local patterns of fluid
migration and storage within the subsurface. These mobilized
sediments often have a higher porosity and permeability than
the host rock and therefore increases the volume of subsurface
fluid reservoirs, improves hydraulic communication between these
reservoirs, and facilitates the release of subsurface fluids into
the aboveground environment (e.g., Dimitrov, 2002; Hurst and
Cartwright, 2007; Huuse et al., 2010; Jonk, 2010; Kopf, 2002),
including gasses of biogenic origin (Milkov, 2003). Such sediments
are mobilized as slurries within the subsurface. The solid phase
predominantly comprises sand, silt and clay-sized sediment, with
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lesser amounts of pebble and cobble-sized clasts. The fluid phase
typically consists of water, hydrocarbons, carbon dioxide and
hydrogen sulfide. A variety of processes have been identified as
triggers for the mobilization of subsurface sediments including,
seismicity, tectonic compression, gravity-driven compaction, hy-
drocarbon generation, dehydration of clay minerals, hydrothermal
activity and sediment diapirism.

In the subsurface, these mobilized sediments form deposits of-
ten referred to as injectites (Chan et al., 2007; Deville et al., 2006;
Huuse et al.,, 2010; Netoff and Shroba, 2001). The slurry can also
rise to and discharge on the ground surface and sometimes re-
cede back to depth, forming a variety of positive and negative relief
landforms (Huuse et al., 2010; Kopf, 2002). Subsurface movement
of injectites can be facilitated by preexisting faults, which provide
pathways with lower resistance to intrusion relative to the host
rock (Huuse et al.,, 2007; Lonergan and Cartwright, 1999).

Terms such as mud volcano, mud mound, mud ridge, mud pie,
mud caldera and gryphon have been applied to the landforms pro-
duced by the discharge of mobilized subsurface sediments and flu-
ids onto the ground surface (e.g., Fig. 1). Additionally, the term
sand volcano has been used to distinguish constructs consisting of
predominantly sand-sized clasts from the various landforms that
comprise clay- and silt-sized particles (i.e. mud). However, this ter-
minology is inconsistently defined and applied in the literature.
Further the distinction between sand and mud volcanoes is not
always meaningful, as sand and mud can be mobilized together
and occur within the same landform (Frey-Martinez et al., 2007;
Galli, 2000; Mazzini et al., 2007; Oppo et al., 2014; Van Rensber-
gen, 2005). In this paper the term mud volcano is used to refer to
all edifices produced by the extrusion of mobilized subsurface sed-
iments and fluids onto the ground surface. The term mud is strictly
a textural description (cf., Folk, 1954), here encompassing sediment
grain sizes of sand, clay, and silt, and is independent of mineral
composition. Further, the term injectite is used to refer to the mo-
bilized subsurface sediments that were emplaced below the con-
temporary ground surface. Injectite activity establishes the subsur-
face plumbing that feeds the development of mud volcanoes (e.g.,
Huuse et al.,, 2010; Van Rensbergen et al., 2003).

The patterns of fluid flow established by injectite and mud vol-
cano systems can be areally extensive and persist for millions of
years (Hurst and Cartwright, 2007; Milkov, 2000; Van Rensber-
gen et al., 2003) and therefore have a substantive impact on hy-
drologic, geologic and biologic processes within the surrounding
environment. Due to their sustained flux of fluids, subaerial mud
volcanoes on Earth are oases for bacterial and archaeal commu-
nities (Alain et al, 2006; Green-Saxena et al., 2012; Kokoschka
et al, 2015; Wrede et al., 2012). Submarine mud volcanoes are
sites of more complex ecosystems that include higher order organ-
isms (Lazar et al., 2011; Olu-Le Roy et al., 2004; Pachiadaki et al.,
2011; Soltwedel et al., 2005). Past biologic systems associated with
mud volcanoes have been studied using fossil assemblages and
other biomarkers (Campbell, 2006; Cavagna et al., 1999; Clari et al.,
2009; Vanneste et al., 2012). Therefore, mud volcano systems are
important sites for investigating the geologic processes that could
have supported past habitable environments on Mars and for seek-
ing evidence of past life in the form of fossils and other preserved
biomarkers. Additionally, mud volcanoes provide access to other-
wise inaccessible strata, in the form of the extruded muds and
xenoliths therein.

2. Geologic setting

Valles Marineris is a 4000 km long network of interconnected
canyons in the western equatorial region of Mars. It was discov-
ered in images acquired by the Mariner 9 television experiment in
1972 (McCauley et al., 1972), which revealed that many of Valles

Marineris’ canyons contained prominently stratified rocks, with an
albedo higher than the bedrock exposed in the chasma walls but
moderate overall for Mars. Subsequent map-based and thematic
studies (e.g., Andrews-Hanna, 2012a, 2012b, 2012c; Fueten et al,,
2014; Lucchitta, 1999; Lucchitta et al., 1992; Okubo, 2010; Peulvast
and Masson, 1993; Schultz, 1998; Scott and Tanaka, 1986; Tanaka
et al., 2014; Witbeck et al., 1991) have generally shown that de-
velopment of Valles Marineris began during the Middle to Late
Noachian with the development of rift systems in the Noachian
volcanic, impact regolith and various other sedimentary sequences
that make up the bulk of the Thaumasia highlands; these rocks
are presently exposed along the chasma walls as variously strati-
fied materials, but commonly buried by colluvial fans. Rifting and
regional volcanism became prominent and areally extensive during
the Late Noachian to Early Hesperian. Simultaneously, large floods
of water were discharged from Valles Marineris, which formed
the large-scale chaotic terrains and associated outflow channels lo-
cated east toward Chryse Planitia. During this time, the stratified,
moderate albedo rocks (described below) also began to accumu-
late within Valles Marineris as well as on the surrounding plains.
Rift-related normal faults deformed these strata during the Hes-
perian. The floors of the chasmata were then covered by land-
slides, debris flows and other mass wasting deposits derived from
not only the chasma walls but also from the stratified rocks lo-
cated within the isolated and coalesced chasmata. Accumulation
of the stratified rocks ceased within Valles Marineris during the
Amazonian, while mass-wasting deposits continued to accumu-
late on the floors and lower walls of the chasmata. Eolian ero-
sion became the dominant geologic process extending into the
present day.

The origins of the stratified rocks within the various chas-
mata (canyons) of Valles Marineris have been extensively stud-
ied. Though various landforms and textural units have been inter-
preted as spring mounds (Rossi et al., 2008), salt diapirs (Baioni
and Wezel, 2010; Baioni, 2013) or volcaniclastic sediments and lava
flows associated with subglacial volcanoes (Chapman and Tanaka,
2002, 2001; Komatsu et al., 2004; Lucchitta et al., 1994), the ma-
jority of recent investigations suggest much of the chasma-related
strata consists principally of clastic sediments. The proposed prove-
nance of these clastic sediments encompasses assorted — often
overlapping - eolian, fluvial, lacustrine and volcanic processes (e.g.,
Fueten et al., 2014, 2011, 2008, 2005; Hynek et al., 2003; Lucchitta,
1999; Mangold et al., 2008; Metz et al., 2009; Michalski and Niles,
2012; Murchie et al.,, 2009; Okubo, 2014; Quantin, 2005; Sowe
et al., 2007; Stack et al., 2013; Weitz et al., 2015; Witbeck et al.,
1991). The present study focuses on landforms within the strati-
fied rocks located in the Candor Colles and Candor Chaos regions
of Candor Chasma, as well as in central Coprates Chasma.

Candor Chasma is an ~800 km long, ~140 km wide canyon in
central Valles Marineris (Fig. 2). In places, the floor of this chasma
lies 9.5 km below the adjacent canyon rim. Stratified sedimentary
rocks cover most of the floor of the chasma. These rocks form
broad mensae (mesas) along the midline of the chasma, including
Ceti, Candor and Baetis Mensae in west and Nia and Juventae Men-
sae in the east. The summits of these mensae can approach (but do
not equal or exceed) the elevation of the adjacent canyon rims, and
the mensae are typically separated from the adjacent canyon walls
by broad topographic lows.

The Candor Colles are a population of knobs located on the
lower, southeast-facing slopes of Ceti Mensa, within the topo-
graphic low that separates this mensa from the south wall of
Candor Chasma (Fig. 2). Large-scale geologic mapping through the
central part of the Candor Colles suggests that the local bedrock
comprises eolian sand sheets and sand dunes that were deposited
in a wet playa environment (Okubo, 2014), likely during the
Hesperian (Tanaka et al., 2014).
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Fig. 1. Examples of terrestrial mud volcano morphologies. (A) Mud volcano with prominent flows oriented radially about the summit caldera (N39.9728°, E49.3591°). (B)
Mud volcano with a summit caldera filled with a subordinate mound (N25.7113°, E66.1240°). (C) Extensively eroded mud volcano with a shallow summit caldera and young
flows (N39.9215°, E49.2647¢). (D) Low relief, quasi-circular mud volcanoes also known as ‘mud pies’ (N40.3590°, E49.0770°). (E) Long mud flows issued from a vent within
the flow field (N39.9894°, E49.3108°). (F) Extensive field of mud flows - arrows denote flow margins (N39.9965°, E49.4029°). Note that the vent areas of the mud flows in E
and F lack the conical to mound shaped edifice expressed in examples A-C. Examples shown in A and C-F are from the Qobustan region of Azerbaijan and the example in
B is from the Makran region of Pakistan. Data are from OrbView-3.

The Candor Chaos is a region of closely spaced mesas, knobs,
hills and ridges in central Candor Chasma (Fig. 2). Candor Chaos
lies within the topographic low between high standing mesas of
stratified sedimentary bedrock to the west, north and east (e.g.,
Candor and Baetis Mensae). The southern portion of Candor Chaos
abuts the south wall of Candor Chasma. The Candor Chaos devel-
oped within sediments comprising Middle Amazonian mass wast-
ing deposits that superpose Hesperian eolian deposits (Tanaka
et al., 2014).

The floor of Coprates Chasma is a broad expanse that lacks the
high standing mounds of stratified sedimentary bedrock that typ-
ifies the interior of Candor Chasma (Fig. 2). Numerous landslides,
impact craters and massifs are present on the otherwise flat floor.
Of interest to this study are the smaller knobs, hills and ridges that
are scattered along the chasma floor. These landforms developed
within Late Hesperian mass wasting, fluvial and lacustrine sedi-
ments and the underlying Hesperian eolian deposits (Tanaka et al.,
2014).

3. Subsurface sediment mobilization and mud volcanism on
Mars

Evidence of subsurface sediment mobilization processes on
Mars, including mud volcanism, has been previously reported.
Knobs with summit depressions, rounded knobs and lobate struc-

tures have been observed in the northern plains regions and in-
terpreted as the result of mud volcanism (Farrand, 2005; Ivanov
et al, 2015, 2014; Komatsu et al., 2011; McGowan, 2011; Oehler
and Allen, 2012, 2010; Skinner and Tanaka, 2007; Tanaka et al.,
2011, 2005; Tanaka, 2003a, 2003b). Crater counts indicate that
mud volcanism in the northern plains occurred during the Hes-
perian to Early Amazonian (Skinner and Tanaka, 2007). Interpreta-
tions of mud volcanoes have also been reported from Argyre basin
(Dohm et al., 2015) and from Arabia Terra, within the sedimen-
tary mounds in Firsoff crater (Pondrelli et al., 2011) and Crommelin
crater (Franchi et al., 2014). Other evidence of subsurface sediment
mobilization may be found in the large ovoid and knobby moun-
tains in the Scandia Tholi and elsewhere in the northern plains
(Skinner and Mazzini, 2009), as well as the ubiquitous thumbprint
terrain also in the northern plains (Skinner and Tanaka, 2007).

Alternative interpretations of these landforms have also been
proposed. In the northern plains, knobs with summit depressions,
rounded knobs and lobate structures have been interpreted as
the results of igneous volcanism (Bridges et al., 2003; Frey and
Jarosewich, 1982; Frey et al., 1979; Lanz et al., 2010). Another al-
ternative interpretation of these landforms is that they are pingos
(de Pablo and Komatsu, 2009). However, the morphologies of these
landforms are markedly different from the flat-topped mound and
fractured mound morphologies of other proposed pingos in the
northern plains (Dundas et al., 2008).
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Fig. 2. Map of the central Valles Marineris region showing the locations of the Candor Colles, Candor Chaos, and Coprates Chasma study areas, other figures and regional

geographic features.

Knobs with summit depressions, rounded knobs and lobate
structures have been previously documented in Candor Chaos
(Lucchitta, 1990) and Coprates Chasma (BrozZ et al., 2015) regions
of Valles Marineris. These previous studies proposed that the land-
forms are the products of igneous volcanism (Broz et al., 2015; Luc-
chitta, 1990).

Additional evidence of subsurface sediment mobilization on
Mars, albeit at a much smaller scale has been reported from sur-
face observations in Gale crater. At the Yellowknife Bay locality, a
tabular, low-albedo seam that crosscuts mudstone and sandstone
deposits was investigated by the Mars Science Laboratory rover
(Grotzinger et al., 2014). This seam is 6-10 cm wide and ~5 m long.
Grotzinger et al. (2014) interpreted this seam as an injectite dike
based on its fine-grained texture, basaltic composition, and up-
warping of adjacent sedimentary layers.

Injectites at a significantly larger scale have been identified in
the western part of Candor Chasma. Large scale geologic mapping
suggests that the Candor Colles may be the erosional remnants of
injectite pipes (Okubo, 2014), where liquefaction appears to have
mobilized the clastic sediments that constitute the local bedrock.
Seismicity attendant with multiple slope failures and landsliding
of these sediments is the interpreted trigger for liquefaction. The
architecture of the fault damage zones that define the basal de-
tachment surfaces of these landslides provides independent evi-
dence that these sediments were porous and poorly consolidated
(and thus prone to liquefaction) at the time of slope failure (Okubo,
2014). Additionally, rounded knobs in other parts of west Candor
Chasma (outside of the Candor Colles) may also be the erosional
remnants of injectites (Chan et al., 2010).

Though Okubo (2014) presented compelling evidence for the
presence of injectites within west Candor Chasma, only a small
subset of landforms in the Candor Colles region was examined.
Okubo (2014) also did not address possible surface expressions
of this injectite activity, such as mud volcanoes. In the following
sections, I expand upon the work of Okubo (2014) by discussing
the greater diversity in landform morphology observed within the
wider Candor Colles population, present new interpretations of the
pre-erosional structure and morphology of the Candor Colles, and
discuss the present day morphologies and origins of similar land-
forms in Candor Chaos and Coprates Chasma.

4. Data and methods

Candidate landforms were identified using map projected Con-
text Camera (CTX; Malin et al., 2007) images displayed in the
Java Mission-planning and Analysis for Remote Sensing (JMARS)
software. Footprints of HiRISE and High Resolution Stereo Camera
(HRSC) (Jaumann et al., 2007) images and digital elevation mod-
els (DEMs) were rendered in JMARS to identify those landforms
that are covered by HiRISE and HRSC data. Due to their avail-
ability and broad areal coverage, HRSC DEMs provided the bulk
of the topographic data used. Anaglyphs comprising stereo HiRISE
images were used to assess the landforms’ meter-scale morpholo-
gies and qualitative structure (e.g., dip directions of layers) in areas
where a HiRISE DEM was not available. All HiRISE images (stereo
and non-stereo) available in each study area were used to de-
velop the observations and interpretations presented in this paper
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Fig. 3. Examples of landforms and their facies in the Candor Colles area. (A) A rounded knob with a massive core with stratified bedrock on its lower slopes (facies
A1). Arrows indicate the contact between the core and stratified bedrock. (B) A rounded knob with a layered core with stratified bedrock on its lower slopes (facies A2).
(C) A rounded knob consisting entirely of sub-horizontally layered material (facies A3). (D) Knob with a raised rim (arrows) and central mound surrounded by outward-
dipping layered material (facies A4). (E) Knob with a summit depression surrounded by outward-dipping layered material (facies A4). (F) Rounded knob with a layered core
surrounded by massive material (facies A4). Solar illumination is from the right and north is toward the top of the image in all examples. See Fig. 2 for image locations. See

Fig. 4 for a complete synopsis of the facies observed in the Candor Colles area.

(Supplementary Table 1). All data used in this work are available
through the NASA Planetary Data System (PDS).

Images and DEMs were imported into the U.S. Geological Sur-
vey’s Integrated Software for Imagers and Spectrometers (ISIS) us-
ing ISIS’ pds2isis program. Data visualization and extraction of
topographic profiles were done using ISIS’ qview program. The
HiView program distributed by the HiRISE team was used to
view individual images. HiRISE anaglyphs were viewed in Adobe®
Photoshop®, which allows for translation of the anaglyphs’ red
channel to optimize parallax and ease of viewing.

5. Candor Colles

Knobs in the Candor Colles region display a discrete set of
characteristic morphologies. In map view, the knobs are quasi-
circular to irregular in shape (Fig. 3). Quasi-circular knobs have
basal diameters of ~0.2 to 1 km, which is comparable in length to
the long axes of the irregularly shaped knobs. In three dimensions
some knobs exhibit a rounded cone or mound shape (Fig. 3A).
Other knobs are topped by a raised rim that partially or com-
pletely surrounds either a central mound (Fig. 3D) or a central
depression (Fig. 3E). The knobs rise up to ~0.01 to 0.1 km above
the surrounding terrain.

Knobs that do not possess a central mound commonly exhibit
distinct masses of rock within their central, upper regions -

either within a central depression (Fig. 3E) or around their apex
(Fig. 3A, B and F). These central masses (including the central
mounds) exhibit surface textures, albedo, and stratification that
are distinct from the material that constitutes the outer slopes of
the knobs. The central masses commonly exhibit a fluted surface
that appears smooth at HiRISE resolution - no clasts larger than
0.25 m in diameter are observed. The central masses typically have
an albedo that is lower than the adjacent stratified sedimentary
bedrock. Further, the central masses are either massive (struc-
tureless) (Fig. 3A) or exhibit sub-horizontal parallel to nonparallel
stratification (Fig. 3B). The contact between the central masses and
the rock forming the outer slopes of the colles typically exhibits a
low albedo and a break in slope.

Just as with the central rock masses, the rock that consti-
tutes the outer slopes of the knobs is observed to be either mas-
sive or stratified. Within the stratified subset, layering is either
sub-horizontal (Fig. 3A and B) or dips outward, away from the
center of knob (Fig. 3E and F). Layers that are outward dipping
are also non-conformable with the subjacent sedimentary bedrock
- there is a distinct unconformity between the bottom of the
knob and the bedrock. These outward-dipping layers superpose
the bedrock. Further, layers within the horizontally stratified outer
slopes are conformable with the subjacent bedrock at some knobs
(Fig. 3A), while these layers are non-conformable with the subja-
cent bedrock at other knobs (Fig. 3C).



28 C.H. Okubo/Icarus 269 (2016) 23-37

Facies A1 Facies A2
Rounded A ﬁ
knob — _ ]
Facies A3
Rounded é
knob == S
Facies A4 Facies A5
Rounded /é\\\ /@\
knob —— ——
Knob with
summit / \\\ /\E\
depression — _ e _

Knob with ﬁ 4//%/\\
raised rim
and central _// \\_ — e

mound

Fig. 4. lllustrations of the facies and corresponding landform morphologies ob-
served in the Candor Colles area. The strata comprising the lower slopes of knobs
expressing facies A1 and A2 are conformable with the local bedrock. Conversely,
the lower slopes of knobs expressing facies A4 and A5 are superimposed on the
bedrock. The material expressing facies A3 is sub-horizontally stratified. Facies A1l
and A2 have a massive and layered central rock mass, respectively. Facies A3 con-
sists entirely of layered rock. Facies A4 and A5 have layered and massive outer
slopes, respectively, and both facies have a layered central rock mass. See Fig. 3
for examples of select facies and landforms.

Based on these observations, I have developed a novel facies
scheme to document salient stratal geometries of knobs in this
area (Fig. 4). This scheme is applied to knobs in other study ar-
eas (in subsequent sections) to enable comparisons between study
areas and to facilitate interpretations of formation mechanisms.
Knobs that have horizontally stratified outer slopes, with layers
that are conformable with the subjacent bedrock can have a cen-
tral mass that is either massive (facies A1) or stratified (facies
A2). Knobs with horizontally stratified outer slopes that are non-
conformable with the subjacent bedrock exhibit facies A3. Knobs
that have outwardly dipping layers within their outer slopes and a
horizontally stratified central mass exhibit facies A4. Finally, knobs
that have massive bedding within their outer slopes have a central
mass that is stratified (facies A5).

Each facies is found at knobs with specific morphologies
(Fig. 4). Facies A1 through A3 are only observed at rounded
knobs. However, facies A4 through A5 are observed at all morpho-
logic types of knobs - summit depression, raised rim and central
mound, and rounded knob.

The Candor Colles are spatially associated with lobate struc-
tures, which are commonly ~1 to 2km wide and ~3 to 5km
long (Fig. 5). Though some lobate structures rise up to 50 m
above the surrounding terrain in the HRSC DEMs, other lobate

structures have no detectable topographic expression in the same
DEMs. Each lobate structure typically is in contact with either a
knob or an irregularly shaped rock mass that is either massive or
poorly stratified. Further, the lobate structures are either massive
or have layers that are continuous and parallel to discontinuous
and hummocky. Parallel layering is typically observed proximal
to the accompanying massive to poorly stratified rock mass and
hummocky bedforms commonly observed distal to that rock mass.
The lobate materials are darker than and superpose the stratified
bedrock. Colluvium shed from the lobate structures is characteris-
tically smooth at HiRISE scale - no clasts greater than ~0.25m in
diameter detected.

6. Knobs and rings in Candor Chaos

Mesas are the most prominent landforms within the central re-
gion of Candor Chaos. The mesas are irregularly shaped and most
are several hundred meters to a few kilometers in width (Fig. 6A),
although several larger mesas exceeding 5km in width are also
present. The largest mesas are located roughly in the center of the
chaos and are separated by troughs that are up to 2 km wide. Mea-
surements from the HRSC DEMs indicate that the central region of
the chaos is ~200 to 500 m higher in elevation than its periphery,
with the exception of its western margin where the chaos abuts
Candor Mensa. Further, the troughs are ~100 to 200 m deep. These
troughs also partially dissect some of these large mesas. Smaller
mesas (less than a few kilometers in width) frequently occur along
the outer margins of the chaos.

Exposures of low-albedo stratified rock with parallel layering
(hereafter facies B1; Fig. 7) occur within the steep upper slopes
of the mesas. Accumulations of low albedo, meter sized or larger
boulders, some with associated boulder tracks, occur around the
lower slopes of the mesas and along the floors of the troughs.
The lower slopes of the mesas and trough floors appear smooth
at HiRISE resolution where boulders are not present.

Knobs are interspersed amongst the mesas. The knobs are
quasi-circular to irregularly shaped in map view and have basal
diameters and long axis lengths of ~0.1 to 1 km. All of these land-
forms express the rounded knob morphology (Fig. 7). The knobs
rise ~50 to 150m above the surrounding terrain in the HRSC
DEMs.

As with the mesas, many rounded knobs exhibit the B1 facies.
A few knobs however, have a notably different facies, which is
characterized by a significantly higher albedo than the B1 facies
(Fig. 6A and B). The slopes of these higher albedo knobs can be ei-
ther stratified with outward-dipping layers (facies B2) or massive
(facies B3). The knobs that express the B2 and B3 facies are sim-
ilar in size to the knobs expressing the B1 facies. Further, knobs
with the B3 facies are observed on the floors of troughs between
the large central mesas of Candor Chaos, within the lower slopes
of some mesas and amongst the fields of small mesas around the
periphery of the chaos.

Interspersed amid the knobs and small mesas, and predom-
inantly along the periphery of Candor Chaos, are distinctive
alignments of small hills and sharp-crested ridges. In map view,
these hills and ridges form quasi-circular to elliptical rings (Fig. 6C
and D). Adjacent rings abut, but do not overlap. The rings have
radii and long axis lengths of several hundred meters up to two
kilometers. Further, some rings encircle either a single mound or
a cluster of mounds (Fig. 6E). Measurements from HRSC DEMs
indicate that the crests of the rings are ~10 to 70 m tall relative
to the surrounding terrain.

The rings exhibit the B2 and B3 facies (Fig. 7). Though some
rings uniformly exhibit one of the two facies, examples of both fa-
cies can be observed in different portions of most rings. Where
facies B2 is observed on abutting rings, some layers can be traced
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Fig. 5. Examples of lobate structures in the Candor Colles area. The majority of lobate structures are incontact with either knobs (A) or irregularly shaped rock masses
(B, C). Arrows indicate the margins of the lobate structures. These structures unconformably overlie the stratified bedrock, which has a higher albedo.

from one ring to the next. All central mounds encircled by rings
appear massive.

Elevation data from the HRSC DEMs show that the mesas are
the highest standing landforms in Candor Chaos. The knobs and
rings are occasionally as tall as adjacent mesas. More typically
however, the peaks of the knobs and rings are tens to a hundred
meters lower in elevation than the tops of adjacent mesas.

Low-albedo sand dunes and sand sheets blanket Candor Chaos.
These deposits conceal superposition relationships between the
bedrock and the rocks that make up the mesas, knobs and rings
- thus these superposition relationships have not been determined
at this site. The abundant sand also hinders observations of the
rock that constitutes these landforms, especially the small mesas,
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Fig. 6. Examples of landforms and their facies in the Candor Chaos area. (A) Mesas (facies B1) with rounded knobs within the intervening troughs. (B) Rounded knobs
exhibiting a low (facies B1) and high (facies B3) albedo. (C) Knob with a summit depression and layered outer slopes (facies B2). (D) Ring with massive outer slopes (facies
B3). (E) Ring with a central mound and layered outer slopes (facies B2). See Fig. 2 for image locations. See Fig. 7 for a complete synopsis of the facies observed in the Candor
Chaos area.
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Fig. 7. lllustrations of the facies and corresponding landform morphologies observed in the Candor Chaos area. The material comprising the mesas and rounded knobs
expressing facies B1 is horizontally stratified and has a low albedo. Facies B2 and B3 are defined by high albedo, layered and massive material, respectively, on the outer
slopes of the associated landforms. See Fig. 6 for examples of select facies and landforms.

knobs and rings. In many cases, facies characterization for each
landform is made within small windows between sand deposits.

7. Knobs and rings in Coprates Chasma

In map view, the knobs in Coprates Chasma have a quasi-
circular to irregular outline (Fig. 8). They have basal diameters and
long-axis lengths of a few hundred meters to three kilometers.
The HRSC DEMs show that the knobs are up to ~350 m tall. Some

knobs are rounded. However, the majority of knobs are topped by
one or more summit depressions.

The rounded knobs exhibit a variety of facies (Fig. 9). Some
knobs have horizontally stratified outer slopes, with layers that
that are conformable with the subjacent bedrock. A few rounded
knobs have horizontally stratified slopes that are non-conformable
with the subjacent bedrock and no central mass (facies C1; Fig. 8B)
that is similar to that observed at the Candor Colles (facies A3).
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Fig. 8. Examples of landforms and their facies in the Coprates Chasma area. (A) A knob with a summit depression surrounded by outward-dipping layered material (facies
C2), next to a ring consisting of outward-dipping layered material (facies C2), and knob with a summit depression surrounded by massive material (facies C3). The ring
contains multiple subordinate rungs and mounds. The rough, boulder-strewn deposits that cover the floor of Coprates Chasma appears to have been reexposed from below
eroded sections of some mud volcanoes. (B) A rounded knob consisting entirely of sub-horizontally layered material (facies C1). (C) A rounded knob, a knob with a summit
depression and a ring, all of which exhibit outward-dipping layered material on their outer slopes (facies C2). See Fig. 2 for image locations. See Fig. 9 for a complete

synopsis of the facies observed in the Coprates Chasma area.

Other rounded knobs have outer slopes that are non-conformable
with the subjacent bedrock and are either stratified with outward
dipping layers (facies C2; Fig. 8C) or are massive (facies C3). Both
rounded knob morphologies also do not contain a discernable cen-
tral mass.

The knobs with summit depressions exhibit either facies C2 or
C3. As with the rounded knobs that express this facies, these knobs
have outer slopes that are non-conformable with the subjacent
bedrock and do not contain a discernable central mass. None of
the knobs with summit depressions exhibit facies C1.

Interspersed amongst the knobs are alignments of small hills
and smooth- to sharp-crested ridges. In map view, these hills and
ridges form quasi-circular to elliptical rings (Fig. 8A and C). The
rings have radii and long axis lengths of a hundred meters up
to one kilometer. Measurements from the HRSC DEMs show that
the crests of the rings reach up to ~10 m above the surrounding
terrain. The interiors of some rings contain subordinate rings and
mounds.

The rings exhibit the C2 and C3 facies. Though some rings
uniformly exhibit one of the two facies, examples of both facies
can be observed in different portions of most rings. Where facies
C2 is observed on abutting rings, some layers can be traced from
one ring to the next. The subordinate rings and mounds that occur
within larger rings are observed to be either stratified or massive.

For simplicity, these subordinate features are not used to define
additional facies.

The knobs and rings are spatially associated with lobate struc-
tures that partially or completely encircle some knobs and rings
(Fig. 10). Lobate material also occurs as discrete patches within
some knobs’ summit depressions and within some rings. The lo-
bate structures clearly superpose the knobs and rings in some
cases (Fig. 10A). More commonly however, superposition rela-
tionships between the lobate structures and adjacent knobs and
rings are not evident because there is no clear delineation (e.g.,
change in surface texture or albedo, break in slope) between
the two (Fig. 10B). Some lobate structures have no associated
knob or ring. The lobate structures have a smooth to hum-
mocky surface texture. Stratification typically parallels the under-
lying surface and is occasionally hummocky. Colluvium shed from
the lobate structures comprises a mix of smooth sediments (no
clasts greater than ~0.25 m in diameter are visible) to meter-scale
clasts.

All of the knobs and rings, as well as the lobate structures, su-
perpose the bedrock. This is most clearly observed around the pe-
riphery of these features where some of the constituent materials
have been eroded away, exposing the contact with the underlying
bedrock. Similarly, the bedrock is exposed within the inner floor of
some rings (Fig. 8A). The bedrock has a pitted and boulder-strewn
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Fig. 9. Illustrations of the facies and corresponding landform morphologies ob-
served in the Coprates Chasma area. The material expressing facies C1 is sub-
horizontally stratified. Facies C2 and C3 have layered and massive outer slopes, re-
spectively. See Fig. 8 for examples of select facies and landforms.

surface, which is interpreted as Late Hesperian mass wasting, flu-
vial and lacustrine sediments based on Tanaka et al. (2014).

The surfaces of the knobs, rings and lobate structures com-
monly exhibit a low albedo. Inspection of HiRISE images at full res-
olution reveals that high albedo materials underlie this low albedo
surface. Materials with a high albedo are especially well exposed
in steep slopes, within impact craters and along ridgelines. Addi-
tionally, some knobs and lobate structures that have very little to-
pographic relief express a high albedo. Thus the knobs, rings and
lobate structures are described as consisting of high albedo mate-
rials even though most of their surfaces have a low albedo.

8. Intrinsic structure of the Candor Colles

Okubo (2014) interpreted that the Candor Colles are the ero-
sional remnants of injectite pipes. In the present paper, I develop
and extend this initial finding with new interpretations of the
intrinsic structure of the Candor Colles. Thus the underlying
premise for the following discussion is, given that the origins
of these knobs are tied to injectite-related processes based on
Okubo (2014), interpretations of the primary, pre-erosional struc-
ture of these landforms must reflect the structures that develop
in response to the mobilization of subsurface sediments, with
terrestrial systems providing the basic paradigm. The alternative
interpretation that these landforms are the products of igneous
volcanism is disfavored based on the associated geologic setting
and facies that are similar with adjacent landforms developed
through subsurface sediment mobilization. As Fig. 4 shows, I in-
terpret that the Candor Colles exhibit seven distinct facies within
three basic landform morphologies. The following discussion
presents my interpretations of each landform morphology tied to
interpretations of each facies.

In the initial analyses of the Candor Colles, Okubo (2014) in-
terpreted that rounded knobs exhibiting facies A1 and A2 are the
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Fig. 10. Examples of lobate structures in the Coprates Chasma area. Arrows indicate
the margins of the lobate structures. The majority of lobate structures partially or
completely encompass either a knob or ring. (A) A lobate structure superimposed
on the associated knob or ring. (B) Examples of ambiguous superposition relation-
ships between the knob and lobate structure due to poorly defined lobe margins.
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erosional remnants of injectite pipes (cf., Netoff and Shroba, 2001).
In this interpretation, the massive (facies A1) and stratified (facies
A2) central rock masses comprise injectites, while the stratified
rock on the flanks of the knobs is the in situ bedrock. The lack
of apparent stratification in facies A1 may reflect a massive struc-
ture (common to injectites), may be the result of resolution limits
in the HiRISE data - textural contrasts may be too low to distin-
guish between layers or the layers may be too thin to detect, or
stratification may be obscured by surficial sediment.

The patterns of stratification expressed in facies A4 and A5 are
characteristic of terrestrial mud volcanoes. In terrestrial examples,
the outward-dipping layers on the outer slopes of the knobs are
mud flows that issued out of a vent generally located in the cen-
tral, upper regions of the volcano or smaller satellite vents along
the flanks (e.g., Davies and Stewart, 2005; Delisle et al., 2002; Hov-
land et al., 1997; Planke et al., 2003; Stewart and Davies, 2006)
(Fig. 1A). These mud flows are unconformable with the underly-
ing bedrock. The vent area is characterized by a rock mass formed
by upwelling, extruded and ponded mud, essentially the neck of
the mud volcano, with the neck being either massive or stratified
(Kholodov, 2002; Roberts et al., 2010).

Terrestrial mud volcanoes also exhibit landform morphologies
comparable to those associated with facies A4 through A5 at the
Candor Colles (e.g., Kassi et al., 2014; Oppo et al.,, 2014; Planke
et al., 2003; Somoza, 2003; Van Rensbergen, 2005). Terrestrial mud
volcanoes that have a summit caldera are morphologically similar
to the knobs with summit depressions (Fig. 1A-C). Some terres-
trial mud volcanoes also have morphologies akin to the knobs with
a raised rim and central mound (Fig. 1B). In this case, the cen-
tral mound is interpreted to be a dome of mud that was emplaced
within the summit caldera. Finally, some terrestrial mud volcanoes
resemble rounded knobs. These volcanoes either never developed
a summit caldera (Fig. 1D), had their summit caldera completely
buried by a central mound or are the eroded remnants of larger
mud volcanoes. Most terrestrial mud volcano fields contain a mix
of the aforementioned landform morphologies. Based on their fa-
cies and morphologic similarities to terrestrial mud volcanoes, and
their geologic context, [ interpret the landforms that express facies
A4 through A5 as mud volcanoes. Further, I interpret the central
rock masses to be mud volcano necks.

Some terrestrial mud volcanoes have undergone significant ero-
sion, so much so that much of the mud volcano edifice has been
removed. In these cases, the mud volcano necks are all that typ-
ically remains (e.g., Kholodov, 2002; Roberts et al., 2010). These
necks have a cylindrical to rounded knob shape and are uncon-
formable with the surrounding bedrock. These necks can occur ad-
jacent to mud volcanoes that are active and/or minimally eroded.
Based on their morphology, being unconformable with the sur-
rounding bedrock, and their proximity to the previously discussed
mud volcanoes (facies A4 and A5), I interpret the rounded knobs
that express facies A3 to be either the necks of mud volcanoes that
have been largely removed by erosion, or low-relief mud volcanoes
that never developed a caldera (Fig. 1D).

With respect to the lobate structures that occur amongst the
colles, I also interpret these landforms as the products of mud vol-
canism, specifically voluminous long mud flows that did not accu-
mulate on a central edifice (e.g., Fig. 1E and F). The continuous and
parallel layering within the lobate material arises from multiple
superposed mud flows, while the discontinuous and hummocky
layering reflects their distal toes. The irregularly shaped, knob-
like rock masses are either the mud volcano edifice or the mud
volcano neck (exposed by erosion) from which these mud flows
were extruded. The observed extent of these mud flows reflect
the preexisting topography across which these flows traveled (i.e.,
flows are preserved in inverted relief) and subsequent patterns of
deflation.

Several of these flow fields have been pervasively eroded such
that multiple flows (several to tens) have been crosscut and the
flow fields currently exhibit little topographic relief above the de-
flation surface that characterizes the surrounding stratified bedrock
(Fig. 5). This pattern of erosion, along with the lack of large
(>0.25m) clasts within the derived colluvium, suggests that the
flows are friable, with a competency comparable to the sedimen-
tary bedrock. Such friability is consistent with the mud flow inter-
pretation for these landforms, rather than the alternative lava flow
interpretation.

Lava flows are expected to persist through periods of deflation
of the sedimentary bedrock in a similar manner to the persistence
of the adjacent Ceti Labes (Fig. 2) through multiple episodes of
deposition and deflation of the sedimentary bedrock (cf., Okubo,
2014). The Ceti Labes is a landslide deposit of the volcanic rock
that comprises the chasma walls, and this landslide predates the
sedimentary bedrock from which the Candor Colles were sourced.
A notional lava flow in this study area could become friable if it
were pervasively weathered through diagenetic or hydrothermal
processes. However, the Ceti Labes deposits show no evidence of
such alteration (Murchie et al., 2009). Therefore interpretations of
the lobate structures as extensively altered basaltic lava flows are
not supported by observations.

9. Origins of landforms in Candor Chaos

The rounded knob landforms within Candor Chaos are compa-
rable in morphology to those in the Candor Colles (Figs. 3 and 6).
The facies B2 and B3 expressed by some rounded knobs are com-
parable to the Candor Colles’ facies A4 and facies A5 respectively.
Given that the geologic context of the Candor Chaos is compara-
ble to the Candor Colles (i.e., a depositional basin within Candor
Chasma) and that the ages and provenance of the materials are
similar (Middle Amazonian mass wasting deposits overlying Hes-
perian eolian deposits), I propose that the rounded knobs in Can-
dor Chaos that exhibit facies B2 and B3 are analogous to those in
Candor Colles. Thus, the rounded knobs are interpreted as mud
volcanoes that either have been significantly eroded, had a sum-
mit caldera completely in-filled by later mound-building eruptions,
or that never developed a summit caldera. As previously proposed
for the massive A5 facies in the Candor Colles, the structureless
character of facies B3 may be due to a massive primary structure,
layering that is too thin to be resolved by HiRISE, or stratification
that is obscured by surficial sediment.

The ring and ring-with-central mound landforms observed in
Candor Chaos have no direct equivalent in the Candor Colles. Nev-
ertheless, I also interpret these landforms as the products of mud
volcanism. Specifically, the rings are interpreted as mud volcanoes
that developed around a mud diatreme. Further, the ring with cen-
tral mound landforms are interpreted as a ring around a mud di-
atreme that was subsequently superposed by a mound-like mud
volcano akin to the rounded knobs observed elsewhere in the Can-
dor Chaos and in the Candor Colles.

These interpretations are based on observations of mud dia-
tremes on Earth. A terrestrial mud diatreme develops through the
upward migration and eruption of subsurface mobilized sediments
that are more highly pressurized and more fluid-rich than the sed-
iments that form other more mound-like mud volcanoes (Brown,
1990). The ejected muds accumulate as a ring around the venting
diatreme (MacDonald and Peccini, 2009; Stoppa, 2006; Yusifov and
Rabinowitz, 2004). Diatreme activity can cease and give way to the
formation of mound-like mud volcanoes if the erupting sediment
becomes clast-rich, with a lower fluid content (Lance et al., 1998;
MacDonald and Peccini, 2009).

In addition to the knobs and rings, formation of Candor Chaos’
mesas may also be part of a more complex regional system of
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subsurface sediment mobilization. Skinner and Tanaka (2007)
noted the occurrence of fractured rises, composed of mesas sep-
arated by a network of troughs, in the southern Utopa Planitia
region of Mars. They interpreted these rises to be the surface
expressions of mud laccoliths. Given that the geologic context
of the Candor Chaos and southern Utopia Planitia are similar,
in that both are sedimentary depocenters, and that subsurface
sediment mobilization is an interpreted processes for both sites
based in part on interpretations of mud volcanoes, a mud laccolith
origin for the Candor Colles is a reasonable hypothesis. In this
proposed scenario, the mesas that comprise Candor Chaos formed
in response to the intrusion of a subjacent mud laccolith. Eruption
of mud from this laccolith then fed the growth of mud volcanoes
within the troughs between the mesas and around the periphery
of the chaos. The roughly 80 km by 60km areal extent of the
Candor Chaos is well within the size range of the fractured rises
studied by Skinner and Tanaka (2007). Therefore the scale of mud
volcanism proposed for the Candor Chaos is comparable to the
potentially analogous mud volcano systems in Utopia Planitia.

The Hesperian eolian deposits that underlie the Middle Ama-
zonian mass wasting materials (Tanaka et al., 2014) are a likely
source of sediments for subsurface sediment mobilization and mud
volcanism in the Candor Chaos. This assertion is based on the re-
sults from the adjacent Candor Colles, where subsurface mobilized
sediments there were derived from these same deposits. Further,
the relatively high albedo of facies B2 and B3 is consistent with
the albedo of these Hesperian eolian sediments. Further, the mesas
and rounded knobs that express facies B1 are interpreted to con-
sist of Middle Amazonian mass wasting materials, which make up
uppermost deposits in this part of Candor Chasma (Tanaka et al.,
2014).

10. Origins of the pitted mounds in Coprates Chasma

The landforms examined in Coprates Chasma express mor-
phologies and facies that are in common with the interpreted in-
jectites and mud volcanoes in the Candor Colles and Candor Chaos
(Figs. 3, 6 and 8). The geologic context of the Coprates Chasma
landforms is also comparable to that of the mud volcanoes in Can-
dor, because both chasmata are basins filled with Hesperian eo-
lian sediments. Accordingly, I interpret these landforms in Coprates
Chasma as either injectites that have been exhumed through ero-
sion or mud volcanoes.

Following the line of reasoning discussed for the rings in the
Candor Chaos, the ring landforms in Coprates Chasma are inter-
preted as mud volcanoes that formed around diatremes. Further,
the central mound contained within some rings is interpreted as
the result of a change from an initial fluid-rich diatreme-related
activity to the secondary eruption of clast-rich muds and the de-
velopment of mound-like mud volcanoes. The subordinate rings
and mounds contained within some rings are interpreted as the
result of mud volcanism involving lower fluxes of fluid-rich and
clast-rich muds, respectively.

The rounded knobs and knobs with a summit depression that
express facies C2 and C3 are interpreted as mud volcanoes, just
as with the landforms that express comparable morphologies and
facies in Candor Colles (A4 and A5) and Candor Chaos (B2 and
B3) (Figs. 4, 7 and 9). The knobs with a summit depression are
mud volcanoes that developed a caldera at their summit, and the
rounded knobs are mud volcanoes that either have been signifi-
cantly eroded, had a summit caldera completely in filled by later
mound-building eruptions, or that never developed a caldera.

Other rounded knobs are interpreted as exposures of formerly
mobilized, subsurface sediments that have been exhumed and ex-
posed through erosion. The rounded knobs that express facies
C1 are interpreted to be the necks of mud volcanoes that have

been largely removed by erosion, or low-relief mud volcanoes that
never developed a caldera. These landforms are equivalent to the
rounded knobs that express facies A3 in the Candor Colles.

In all of the above instances, the massive character of the knobs
and rings corresponding to facies C3 is assumed to be the same
as discussed for the massive facies in the Candor Colles (A5) and
Candor Chaos (B3). That is, this lack of apparent stratification may
reflect a massive primary structure, may be the result of resolu-
tion limits in the HiRISE data, or stratification may be obscured by
surficial sediment.

Further, I interpret the lobate materials associated with some
knobs and rings as accumulations of voluminous long mud flows,
similar to the lobate structures in Candor Colles. Some of these
flows can be clearly traced back to a source within a mud vol-
cano caldera, while other flows have no clear source area. The mud
flows in the Coprates Chasma area are generally less eroded than
those in the Candor Colles, and therefore the internal structure of
the Coprates flow fields is rarely exposed.

Erosional exposures of the Late Hesperian mass wasting, fluvial
and lacustrine sediments below the mud volcanoes (Fig. 8A) in-
dicate that sediment mobilization occurred during the Late Hes-
perian or later. The Hesperian eolian deposits that are buried be-
low the Late Hesperian sediments (cf,, Tanaka et al., 2014) are the
likely source of sediment for these mud volcanoes and flows. Fine-
grained sediments from within the Late Hesperian surficial sedi-
ments may also contribute to the erupted muds.

11. Discussion

The landforms discussed in this paper stand apart from most
putative mud volcanoes previously studied elsewhere in their de-
gree of exposure, lithology, and knowledge of their geologic con-
text. Several factors allow particularly confident interpretations to
be made here. The landforms discussed here have experienced var-
ied degrees of incision and erosion. This enables examination of
the landforms’ morphologies relative to their internal structure, as
well as superposition and crosscutting relationships amongst the
landforms and with the bedrock. These are novel observations that
facilitate new interpretations of the landforms’ formation mecha-
nism. Further, the material that comprises these landforms exhibits
a significantly higher albedo than the local surficial sediments. This
helps to clearly delineate the materials that comprise the bulk of
the landform from the mantle of surficial sediments, which may
or may not be relevant to the landforms’ formation mechanism.
Such a distinction is not always clear in other areas, where the
putative mud volcanoes consist of material with a low albedo sim-
ilar to the local surficial sediments. In those examples, the separa-
tion between the landforms’ intrinsic internal structure and poten-
tially unrelated surficial sediments is muddled. Finally, the work
of Okubo (2014) established the existence of injectite pipes in the
Candor Colles and reconstructed the local geologic history, includ-
ing the possible timing of subsurface sediment mobilization. These
observations and interpretations establish a geologic context for in-
vestigations of the adjacent, contemporaneous and morphologically
similar landforms that are the subject of this paper.

I do not favor the interpretation of these landforms as the
products of igneous volcanism because (1) the associated geologic
settings are sedimentary depocenters, (2) these landforms exhibit
the structure and facies that are comparable to features previously
interpreted as the products of subsurface sediment mobilization
(i.e., the Candor Colles and terrestrial mud volcanoes), (3) these
landforms comprise material with an albedo consistent with the
subjacent sedimentary bedrock, which is much higher than the
adjacent rocks of known volcanic origin (chasma wall rock and
derived mass wasting deposits), and (4) the associated lobate
flows are as friable as the sedimentary bedrock, both of which
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are much more easily eroded (deflated) than the adjacent vol-
canic rocks. Though such geologic associations do not completely
rule out an igneous origin for these landforms, they provide a
strong counter-argument that is based on novel high-resolution
observations and results of recent large-scale geologic mapping.
Additional large-scale geologic mapping of these features will help
to test interpretations of igneous versus mud volcanic origins.

The injectites and mud volcanoes discussed here necessitate
near-surface ground water in the Candor Colles, Candor Chaos and
central Coprates Chasma regions of Valles Marineris concurrent
with sediment mobilization. Formation of the Candor Colles and
deposition of the local stratified sediments occurred contempo-
raneously (Okubo, 2014), and therefore groundwater would have
been present here during the Hesperian (i.e., the age of the lo-
cal sediments based on Tanaka et al. (2014)). Elsewhere in Can-
dor Chasma, mud volcanism crosscuts the Middle Amazonian mass
wasting deposits that cap the mesas of the Candor Chaos, sig-
nifying relatively recent groundwater activity during the Amazo-
nian. In central Coprates Chasma, the mud volcanoes are con-
temporaneous with or post-date Late Hesperian sediments, sig-
nifying groundwater activity during the Late Hesperian to Early
Amazonian.

12. Future work

The observations and interpretations presented here provide
testable predictions and corollaries for the proposed mud volca-
noes and their surroundings. A key prediction of this work is that
the mud volcanoes and flows should have a sulfate composition
similar to the Hesperian eolian deposits that I propose to be
the source of these muds. Since terrestrial mud volcanoes are
sites of persistent groundwater activity, the mud volcanoes and
flows on Mars also may contain evidence of diagenesis, such as
an elevated iron oxide (or other precipitates) content relative to
the pristine source rock composition. These predictions can be
tested with targeted observations by the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM). With only two targeted
observations of these features in Valles Marineris, CRISM coverage
is currently insufficient to support a systematic investigation into
their composition.

In addition to the Candor Chaos, several other areas resem-
bling the fractured rises of Skinner and Tanaka (2007) are present
within the Valles Marineris region. Examples include Baetis, Eos
and Ganges Chaoses, and other unnamed fractured-rise-like terrain
in Noctis Labyrinthus and east Candor Chasma. These and other
chaoses across Mars require a new suite of investigations test-
ing for evidence of chaos formation through subsurface sediment
mobilization and mud volcanism. Additionally, since Skinner and
Tanaka (2007) interpret the fractured rises to have formed through
mud diapirism, adjacent stratified sediments may show evidence
of post-depositional folding and uplift if sedimentation predates
mud diapirism - preliminary large-scale geologic mapping suggests
this to be the case for sediments onlapping the possible fractured
rise shown in Fig. 2 in east Candor Chasma (Okubo and Edgar,
2015).

Finally, investigations into mud volcanism on Mars will greatly
benefit from the development of morphometric criteria that can be
used to more rigorously distinguish between the products of mud
and igneous volcanism. These criteria need to be sufficiently rooted
in the mechanics of mud and igneous volcanism on Earth to enable
a systematic adaptation of the morphometric criteria to the Mar-
tian environment. Such work would be a significant undertaking
involving field observations, theoretical considerations and numer-
ical modeling. However, the abundance of proposed mud volcanoes
on Mars and the astrobiologic potential of these landforms provide
a compelling rationale for such work.

13. Conclusions

Populations of knobs, rings and lobate structures in the Can-
dor Colles, Candor Chaos and in Coprates Chasma regions of Valles
Marineris are interpreted as mud volcanoes, exhumed injectites
and mud flows based on their facies, morphologies, superposition
and cross-cutting relationships. The source of sediment for this
mud volcanism is interpreted to be the Hesperian eolian deposits
that fill Valles Marineris. Groundwater upwelling during the Hes-
perian to possibly the Early Amazonian is interpreted to have facil-
itated subsurface mobilization of sediments and the resulting mud
volcanism. Though this paper focused on only three study areas,
available HiRISE images reveal numerous examples of landforms
with similar morphologies and facies throughout Valles Marineris.
Therefore subsurface sediment mobilization and mud volcanism
appears to have been important process in this region during the
Hesperian. Finally, the proposed causal relationship between sub-
surface sediment mobilization and formation of Candor Chaos pro-
vides impetus for future investigations of mud volcanism in other
chaotic terrains in the Valles Marineris regions.
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