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Abstract

Central uplifts in large meteorite impact craters provide valuable information about the
subsurface geology of planetary bodies. Compared to impact craters on Earth, Martian
central uplifts can be well exposed and can be mapped in detail by using satellite
imagery. Central uplifts preserve morphological and structural features formed as result
of the combination of emplacement during the impact process, post impact modification,
and erosion over time. In this study, the Oudemans Crater central uplift (the largest
central uplift with layers on Mars) was investigated. Oudemans (9.89 S, 268.1 E) is 124
km in diameter and is located in the Sinai Planum at the western end of Valles Marineris
canyon system; it also is part of the Tharsis province, which is major volcanic region on
Mars. The central uplift was structurally and geomorphologically mapped and analyzed
using High Resolution Imaging Science Experiment (HiRISE) imagery combined with
other data sets tied to topographic data as a base map in Arc-GIS. The Oudemans Crater
central uplift was divided into five main geomorphologic units: 1) exposed bedrock; 2)
megabreccia; 3) clast-rich impact melt rock; 4) clast-poor and pitted impact melt; and 5)
erosional deposits (mass wasting unit and aeolian deposit) units. Faults, folds, dykes, and
deformed bedding were also mapped. Through structural mapping, deformed, folded, and
fractured layers were mapped as they provide a frame of reference with respect to the
structural deformation of the uplift. The preferred orientation of faults appears to be
perpendicular to the impact trajectory (oblique trend to the central uplift) and to be thrust
faults. Four obvious folds were mapped towards the centre of the uplift consistent with
increased deformation towards the Crater centre. Dykes are typically perpendicular to the

bedrock and can be seen mostly in the centre of the central uplift.
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1. Introduction

Impact cratering is a complex geological process that has affected the surfaces of all solid
planets and moons in our solar system (Melosh, 1989). Impact craters can be classified into
two main morphologic types: simple and complex. Simple craters are bowl-shaped
depressions with smooth walls lacking terraces filled with impact melt deposits, while
complex craters contain terraced walls, flat floors, and central uplifts (Pike, 1980). Remote
sensing studies of complex impact craters on planetary bodies provide information relating
to the original morphology and morphometry of craters (Osinski and Grieve, 2013).
Furthermore impact craters reveal uplifted deep-seated bedrock exposures within their
central uplift, but also in the ejecta deposits and walls. Central uplifts of complex craters
provide an excellent opportunity to study the deepest portions of the Martian crust globally
(Caudill et al., 2012b; Quantin et al., 2012; Tornabene et al., 2012a; Tornabene et al.,
2012b).

The exposed uplifted bedrock in the central uplifts of Martian craters provides us with
insights into regional geologic history through the exposure of lithologies and the recorded
pre-impact target structure and stratigraphy therein e.g., (Tornabene et al., 2012a).
Studying the exposed bedrock in the central uplifts of complex craters also provides unique
opportunities to investigate the early climate history and habitability through the older
underlying bedrock they expose and the impact-generated hydrothermal systems these
craters can generate in the presence of water (Osinski and Pierazzo, 2013). Recent detailed
investigations of central uplifts show that they are not only comprised of uplifted bedrock,
but also various deposits of impact melt rocks, impact breccias, and post-impact deposits
e.g., dust, mass-wasting deposits, etc (Ding et al., 2014; Marzo et al., 2010; Nuhn, 2014;
Osinski et al., 2011; Tornabene et al., 2010; Tornabene et al., 2014). It is now clear that
central uplifts preserve morphological and structural features that are the result of a
combination of emplacement during the impact process, post impact modification, and
erosion over time (Osinski and Pierazzo, 2013; Tornabene et al., 2012a; Tornabene et al.,
2013). As such, they are often difficult to study, but provide important clues regarding the
impact process, the formation of central uplifts and the processes that modify them.



Morphological, structural and spectral mapping of impact craters on Mars are, therefore,
useful to interpret the geological processes that have shaped and modified the surface (e.g.,
volcanism, aeolian processes, erosion and deposition, etc.) (Barnhart, 2010; Bleacher et al.,
2003; Craddock et al., 1997; Ding et al., 2014; Forsberg-Taylor et al., 2004; Grant et al.,
2008b; Melosh, 1989; Platz et al., 2013).

Studies of impact craters on Earth (i.e., terrestrial impact structures) provide many insights
into the impact process. However, because of obscuration by vegetation, water or deposits
(i.e., Earth’s active geologic surface), the original morphology and structures in the
majority of terrestrial impact structures are eroded (Kenkmann et al., 2005; Kenkmann et
al., 2014). In contrast, many Martian craters are minimally obscured and are well -
preserved and, thus, can be geologically mapped in detail by using high-resolution
spacecraft imagery (Tornabene et al., 2010; Tornabene et al., 2014). Many researchers
tried to understand the formation of central uplifts; such as Kenkmann et al., (2014) who
summarized that the weakening mechanism is required to form central uplifts, but the
nature of this process remains poorly constrained and understood.

Oudemans Crater, with a 124 km in diameter, was selected here because it has central
uplift with well exposed LB and represents the largest layered central uplift on Mars
identified to date. Importantly, layers provide a frame of reference with respect to the
structural deformation of the uplift, such as folding, and movement-offset along faults
(Bridges, 2006; Caudill et al., 2012a; Nuhn, 2014; Wulf et al., 2012).

The goal of this study is to produce a morphological and structural map of the central uplift
of the Oudemans Crater on Mars in order to investigate and inform on regional
stratigraphy, the relation between morphological units, and structural deformation during
the modification stage of crater formation. We attempt to constrain the origin and
deformation history of the morphologic units of the central peak of the Oudemans Crater
utilizing High Resolution Imaging Science Experiment (HIRISE) (resolution up to 25 cm/
pixel), Context Camera (CTX) (~5 m/pixel), and other data to map metre scale features.
The research encompasses the morphological and structural analysis of the central uplift.
Geological mapping was performed to aid the analysis and to provide a geological

framework.



2. Background

2.1. The surface of Mars

2.1.1. Overview

Mars, the fourth terrestrial planet from the Sun and has one of the most complex geologic
histories in our solar system (Fig. 1). Mars has a surface temperature between ~ 140° and
300° K. The average percentage of carbon dioxide (CO,) in the atmosphere is 95%, and the
‘mean atmosphere pressure at the surface is ~ 6.5 mbar. Mars has a diameter of ~ 6,800 km,
which corresponds to approximately half the size of Earth. Mars possess two small moons:
Phobos, and Deimos, which are heavily-cratered planetary bodies, having crater
‘distributions similar to the Moon (Veverka and Thomas, 1979). No active plate tectonics
has been observed on Mars as there is no evidence of active ridge and trench systems.

‘However, Mars was once volcanically and tectonically active.
2.1.2. Global Structures and Topography on Mars

‘Mars is thought to be a one-plate planet (stagnant lid) with a thick crust. Heat is
transported to the surface lying on top of mantle convection, then cooling the outer layers
of Mars’s surface through lithosphere growth occurred due to stagnant lid mantle
convection throughout the evolution, so it can reconcile early crust formation and magnetic
field generation (Zuber et al., 2000).

The surface of Mars is characterized by a global- scale dichotomy. The highlands are in the
northern Martian hemisphere, and the heavily-crated lowlands located in the southern
hemisphere (Wilson, 2009). In other words, the northern and southern hemispheres of
Mars have different topographies, elevation, crustal thicknesses, and impact crater

densities.



Topographic Views of Mars

Altitude [km]
{JPL/INASA Mars Orbiter Laser Alimater, PLADZE20)

Figure 1. Mars Orbiter Laser Altimetre (MOLA) maps clearly show a distinction
between lowlands and highlands. The northern lowlands have overall elevations
about five kilometers lower than the cratered uplands of the southern hemisphere.
http:// www.psrd.hawaii.edu.

The smooth northern lowlands are characterized by vast volcanic plains, while the southern
highlands are heavily cratered, and partially covered with extensive lava flows. This
dichotomy boundary (the transition between the highlands and lowlands) is one of the
earliest global geologic features on Mars that separates the older, heavily-cratered southern
hemisphere highlands from the smooth, younger northern hemisphere lowlands (Carr,
2006). This feature is marked by a dramatic elevation change and steep scarp by using
topography and gravity, and the root of this separation is a change in crustal thickness

along a boundary (Andrews-Hanna et al., 2008).

One observation was about the bimodal crustal thickness distribution between the lowlands
and highlands which generated by the excavation of crust during a gigantic impact
(Neumann et al., 2004). Another observation was about the dichotomy boundary that now
looks like an elliptical shape around Mars. The low- angel massive impacts are generated
elliptical basins, such as Hellas basin on Mars. The basin is simulated to be buried by the
melt generated by the impact and contained within the basin but much less than earlier
(Neumann et al., 2004). So this massive impact source for the crustal dichotomy would
leave the largest regions (northern lowlands) in the solar system (Andrews-Hanna et al.,

2008) (The thickness of northern part of the crust is 32 km while in Southern part is 58 km


http://www.psrd.hawaii.edu/PSRDglossary.html#mola
http://www.psrd.hawaii.edu/July03/MartianSea.html

(Carr, 1981; Watters et al., 2007; Zuber et al., 2000). Deposition and erosion by aeolian,

fluvial and glacial processes shaped the present-day dichotomy boundary.

The majority of the Martian crust formed in the Noachian (Head et al., 2001; McEwen et
al., 1999; Zuber, 2001) with widespread tectonic activity, then the crust formed in the
Hesperian (Head et al., 2002) and was followed by the Amazonian. (Carr, 1979) assumed

that the Martian crust is made up brecciated lava flows.

Thermal history models of the lithosphere of Mars, based on a factor of mantle heat
transfer by stagnant-lid convection, have been explored by (Reese et al., 1998). These
models show a global melt zone underneath the lithosphere that is present for a significant

part of the Martian evolution, in some models even at present (Reese et al., 1999).

Based on some calculations in these models, Breuer and Spohn (2003) assumed that an
early plate tectonics epoch was likely and followed by stagnant lid convection. The models
include the effects of mantle differentiation by crust formation after the end of the plate

tectonics epoch. The stagnant lid model requires some early superheating of the core to

explain an early magnetic field (Breuer and Spohn, 2003; Gerald Schubert, 2001).

Convection models indicate that on a time scale of a few hundred million years the mantle
convective engine slowed, as interior heat was lost and as radioactive heat production was
concentrated into the shallow crust. Rapid interior cooling led to a globally thick
lithosphere. The last 3.5 Gyr of Martian history was marked by slow cooling and by the
concentration of volcanic and tectonic activity in ever more limited regions (Gerald
Schubert, 2001; Hauck and Phillips, 2002; Weizman et al., 2001).

On Mars, the lack of plate tectonics and lower weathering rates preserve the oldest portions
of the Martian crust. Mars displays a wide range of terrains and has significant topographic
relief. The highest elevation from zero elevation datum on Mars marked by the summit of

Olympus Mons at ~ 27 km while the lowest elevation is about ~ 7 km belonging the floor

of the Hellas basin. Heavily cratered terrain occurs mostly in the southern hemisphere.
Most of the Martian plains within the cratered terrain are volcanic with a complex

interplay of fluvial, aeolian and volcanic processes (Greeley and Spudis, 1978).



These plains are subdivided by both type and age to three categories; moderately cratered
plains, ridged plateau plains, and volcanic plains. Martian volcanoes occur as shield
volcanoes, dome volcanoes and highland patera. Shield volcanoes in the Tharsis and
Elysium regions include multiple flows, sometimes emplaced through lava tubes and
channels, typical of shield-forming flows on Earth. Carr (1979) concluded that flow could
be carried for long periods by evaluating the pore pressures on Mars. Presence of small
ancient channels and valleys networks on Mars show that climatic conditions in the past

were variable.

A vast network of canyon system occurs on the surface of Mars for ~4,000 km along the
equatorial zone located eastward from the Tharsis Montes and comprising of grabens,
canyons, pit craters and channels. The region containing the main canyon system, named
Valles Marineris (largest and deepest exposures of layered volcanic rock on Mars) with
layered walls is part of the Tharsis region (Beyer and McEwen, 2005; Caudill et al.,
2012a). The canyon is subdivided into three sections; Noctis Labyrinthus in the west, the
main section of canyons in the centre and a complex eastern part. The study area is located

in the western part of this region (between Sinai Planum and Noctis Labyrinthus) (Fig. 2).

Figure 2. Part of global topographic map of Mars on MOLA shaded-relief indicating the total
studied area (Oudemans Crater). Zuber@tharsis.gsfc. NASA.GOV.



Conditions on early Mars may have been similar to those on early Earth. However,
landforms developed through different processes and conditions. The surface of Mars has
many geological features and a complex evolutionary history that have distinguishable
equivalents on Earth, including tectonics, impacts, canyons, volcanism, etc. Mars was the
most active in the Noachian, although episodes of volcanic activity continued until a few
Ma ago (Head et al., 2001; Neukum and Jaumann, 2004; Solomon, 2005; Tanaka et al.,
1992).

Mars has a thin atmosphere with presence of volatiles and some geological processes to
reshape craters (Carr, 2006). Two large volcanic provinces contain most of the erupted
volcanic materials: Tharsis and Elysium. In these areas, large shield volcanoes can be
observed, including the highest mountain in the solar system: Olympus Mons with 27 km
elevation from zero elevation datum (Parfitt and Wilson, 2009). These large shields are the
result of basaltic flows and can be compared to intra-plate volcanoes on Earth. Martian
craters may be weathered by water, wind (aeolian activity) deposition, ice, and mass
wasting. Gradation involves above-mentioned factors. Gravity is the driving force of
gradation and the material moved by mass wasting, by running water, by icy water, or by
wind. Mass wasting is a downslope movement of rock under the influence of gravity.
Water in both solid and liquid form exists at depth in some regions of Mars. There are a
wide range of landforms on Mars formed by running water, ice, lava, wind and mud.

Volcanic activity and impacts may have disrupted ground ice and the water table resulting

in release of water on Mars (Tornabene et al., 2008); (Greeley, 1994); (Harrison et al.,
2010; Jones and Lineweaver, 2010). Wind is a factor for the movement of particles on
Mars. So by measuring winds and observing dust storms show that the aeolian processes

could be a substantial role in present-day modification of the surface (Greeley, 1994).



2.1.3. Martian Geological crater chronology

Tanaka (1986) proposed a chronology system for Mars. This system divides the geological
history of Mars into three main time-stratigraphic units. The oldest period is called the
Noachian (>3.9 Ga), followed by the Hesperian period (3.9-3.0 Ga), and by the Amazonian
(3.0 Ga-present) (Fig. 3).

From ~4 Ga to ~3.9 Ga, Mars and Earth suffered extra-terrestrial events such as the Late
Heavy Bombardment (LHB) (Strom et al., 2005). Some researchers have suggested most
tectonic activity occurred during the Noachian such as heavy bombardment, forming the
majority of Martian impact craters, valley networks and presence of surface water (Carr,
2006; Head et al., 2001; Nimmo and Tanaka, 2005; Tanaka et al., 1992). During the early
Noachian, the high impact cratering, and erosion rates, had a substantial impact on the
atmosphere, which decreased by a ~ 50 to 90% loss of the atmosphere (Jakosky and
Phillips, 2001). Local volcanism, especially in the Tharsis region, was occurred in the
Noachian period. Tanaka (1986) also indicated that high rates of volcanic and tectonic
activity, erosion and weathering, fluvial, and periglacial resurfacing processes occurred in

this period.

Numerical modeling showed that plate tectonics or flood volcanism have occurred during
an early episode of rapid cooling (> 200 KxGyr), after which cooling mainly occurred

conductively through Martian lithosphere (Van Thienen et al., 2005).

The Hesperian period is a transition between the high cratering and volcanic activity in the
Noachian and the lower cratering and volcanic activity of the Amazonian (Head et al.,
2001). This period is characterized by regional volcanism, glacial activity, and lava flows.
During the last period (Amazonian period), volcanism, meteorite impacts, tectonics and
water flow were active on a limited scale (Carr, 2006; Tanaka, 1986) (Fig. 4). However,
the formation of the largest volcanic edifice, Olympus Mons, probably began during this
period (Fuller and Head, 2002).


http://en.wikipedia.org/wiki/Olympus_Mons

In the stagnant lid regime, there is no crustal recycling and there is no two-stage
differentiation (a process of primary and secondary crust formation on terrestrial planets).
Instead, melt is formed underneath the lithosphere at greater depth than with plate
tectonics. Crust growth is limited by the increasing thickness of the lithosphere as the Mars

cools because melt buoyancy decreases with increasing depth to the source region.

Oudemans Crater is estimated to be Late Hesperian to Early Amazonian in age based on
the interpretation of the relationship of the crater with local and regional geologic units
(Mest et al., 2011; Witbeck et al., 1991). Oudemans Crater has been identified as one
whose formation may has caused some of the landslide deposits in Valles Marineris.
Valles Marineris canyon system, a large tectonic crack affected by the rising crust in the
Tharsis Bulge. The Valles Marineris canyon system’s formation is tied with the Tarsis

Bulge formation (Noachian to Late Hesperian period).
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Figure 3. Mars chronology timescale system and occurred events from Tanaka et al., (1986).



GEOLOGIC UNITS
[] Apolar layered deposits [0 H materials I \-EH volcanic materials
: EA Vastitas Borealis unit - LN-EH knobby materials - N materials

- LH-LA volcanic materials :] LN-EH materials - EN massif material

Figure 4. Global scale geological map of Mars, using mollweide projection (with east
longitude and centred on 260°E) and MOLA shaded relief as background. N=Noachian,
H=Hesperian, A=Amazonian, E=Early, L=Late. Map from Nimmo and Tanaka (2005).

2.2. Impact crater formation

Mars is one of the best options in the planetary context to study impact craters compare to
Earth with high rates of erosion, volcanic activity, and plate tectonics. Impact craters are
ubiquitous landforms on the ancient surface of Mars (Melosh and Ivanov, 1999).
Compared to the lunar craters, they are shallower because of erosion of rims and partial

filling by windblown deposits (Greeley, 1994).

The present challenge in impact cratering studies is to use the observed morphology of
extraterrestrial craters and the structure of terrestrial craters to infer the course of events
during transient crater collapse. Many models have been suggested for understanding the

impact crater formation (Melosh and lvanov, 1999).

Like impact craters on Earth, many Martian craters may be difficult to identify because of
erosional factors, which have modified the surface. Martian impact craters are unique
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windows into the subsurface composition on Mars. (Wood et al., 1978) noted that the Mars
has less basin-like craters than the Moon.

Hellas basin is the largest impact basin on Mars and in the solar system which was
recognized by (Wood et al., 1978). It measures 1600 by 2000 km with a 50 to 400 km wide
rim. The large Martian craters are separated by complex inter-crater plains. Most of the
Martian plains are volcanic within the cratered terrain (Greeley and Spudis, 1978). The
interior morphologies within basins are often modified from the effects of volcanic
activity, and erosion due to continual impact bombardment on the Mars.

Three main stages lead to the formation of an impact crater deforming the surface include
contact and compression, excavation and formation of transient cavity, and crater
modification (Gault et al., 1968; Melosh, 1989) (Fig. 5). The following sections describe

each of the impact cratering stages in more detail.

2.2.1. Contact and compression stage

During the contact and compression stage, the projectile contacts the planet’s surface and
transfers its kinetic energy to the target rocks. Then shock waves penetrate into the target
and compress it downward and outward. The projectile penetrates one to two times its
diameter based on models of the impact process e.g., (Kieffer and Simonds, 1980; O'Keefe
and Ahrens, 1982). High-pressure waves (shock waves) propagate both into the target and
back into the projectile between the boundary of the compressed and the uncompressed
target material. At this boundary, target rocks are shock vaporized and melted when they
are unloaded or decompressed by rarefaction waves at high pressures (>100 GPa) (Ahrens
and O'Keefe, 1972; Melosh, 1989; Osinski and Pierazzo, 2013) .

The projectile may also vaporize, melt, and undergo shock metamorphism during
decompression stage because of high pressure of the shocked material and passage of the
rarefaction wave thought the projectile (Ahrens and O'Keefe, 1972; Gault et al., 1968;
Grieve et al., 1977; Melosh, 1989). Correspondingly, a zone of rock melt follows the
vaporized zone, and when shock energy is dropped, rocks are damaged (fractured,

brecciated) related to decreasing intensity.
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Figure 5. Series of schematic cross-sections depicting the three main stages in the
formation of impact craters. This multi-stage model accounts for melt emplacement in
both simple (left panel) and complex craters (right panel). For the modification stage
section, the arrows represent different time steps, labelled ‘a’ to ‘c’. Initially the
gravitational collapse of crater walls and central uplift (a) results inward movement of
material. Later, melt and clasts flow off the central uplift (b). Then, there is continued
movement of melt and clasts outwards once crater wall collapse has largely ceased (c).
After from Osinski et al. 2011. Fiaure and cantion from Osinski et al. 2012
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The duration of the contact and compression stage depend on the duration of passage of
rarefaction and shock waves through the projectile. When the projectile is completely
unloaded contact compression transition into the excavation stage, the shock wave moving
downward into the target signifies the start of the excavation stage of impact cratering
formation (Melosh, 1989).

2.2.2. Excavation

This stage is followed by contact and compression stage. Formation process of the transient
cavity is caused by the interactions between the outward-directed shock waves and the
downward-directed rarefaction waves. Both shock waves and reflected rarefaction waves
spread out from the impact crater along excavation flow lines through the target (Grieve
and Cintala, 1992; Melosh, 1989). Target materials move outward radially along these
excavation flow lines (Melosh, 1989). The movement of rocks in the upward and outward
direction results in excavation, and the formation of transient cavity (Dence, 1968). Target
materials that once occupied the transient cavity are excavated and displaced.. Materials

within the “excavated zone” are close to the surface as an upper zone and form the upper
ne-third the depth of the depth of the transient cavity (Stoffler, 1971). They are ejected
eyond the crater rim, forming the ejecta blanket (Oberbeck, 1975). The ejecta consist of
aterial from multiple shock levels because excavation flow lines intersect the pressure
ontours. In addition, ejecta in complex craters occur in the crater rim and interior to the
final crater rim. On the other hand, highly shocked and melted allochthonous materials are
driven down into the transient cavity (Grieve et al., 1977; Melosh, 1989). The velocity of
the cratering flow-field can no longer excavate or displace target rock and melt. For large
hypervelocity impacts on Earth, the gravity factor controls when inadequate energy
remains to lift the overlying material against the force of its own weight (Anderson et al.,
2004).

The transient cavity stops once the shock and rarefaction waves are no longer able to
excavate or displace the target rocks (Melosh, 1989). Finally, a mixture of melt and rock

debris forms a lining to the transient cavity.
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2.2.3. Modification

During the modification stage, the transient cavity's shape has changed to form a final
crater, and the most intense deformation usually occurs in the central uplift in complex
craters. Modification flow is reverse of excavation flow; causes transient cavity closing.
The duration of this stage depends on energy and strength of the target material. Central
uplift formation is a highest degree deformation and complex process that occurs during
the end of the excavation stage into the crater modification stage (Kenkmann et al., 2014;
Melosh and Ivanov, 1999), where two processes occur; an inward and upward movement
of large fault-bounded blocks) and a downward-directed gravitational collapse of the inner
rim along concentric faults (Melosh and Ivanov, 1999; Melosh, 1989). The flow field
collapses the transient cavity, and still active in some part of the crater cavity in the
modification stage. The final crater expression at the end of this stage depends on the

magnitude of the event. During the last part of the modification stage, bedrock of the sub-

crater floor is uplifted from depth (Grieve and Therriault, 2004; Pilkington and Grieve,
1992).

The deformation formed during the modification stage, such as shear displacements occur
with movements in large impact craters. Central uplifts are structurally complex and
include features such as folds, which result from convergent flow, faults, fracture zones,
exposure of deep bedrock, and blocks which depends the strain rate and fracture stress in
size in the core of the central uplifts during the modification stage (Garvin and Frawley,
1998; Kenkmann et al., 2005; Komor et al., 1988; Larsen et al., 2009; Pike, 1980).

Central uplifts preserve morphological and structural features and provide the present-day
distribution resulted by the combination of emplacement during the impact process, post
impact modification, and erosion over time (Osinski and Grieve, 2013; Tornabene et al.,
2012a; Tornabene et al., 2012b). As such, they are often difficult to study. Kenkmann et al,
(2014) outlined the dominant mechanisms controlling the collapse of large impact craters.
One model of central uplift formation (thermal weakening model) predicts that the strength
of rock drops, as its temperature goes toward the melting point. Heating is an important
weakening mechanism which remains in the rocks after decompression in large impacts

(O'Keefe and Ahrens, 1999; Stesky et al., 1974). The other model is the block oscillation
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model that impact applied a pressure in the target to oscillate as deformed blocks of rock.
The last model is acoustic fluidization that explains weakening mechanism of central uplift
caused by the pressure of impact within rock fragments that decrease it, allowing

fluidization.

Central uplifts on Mars include floor pits and peak pits. Floor pits suggest that the target
material has a significant role in affecting in central uplift morphology; however, Peak pits

are depression above the central topographic rise (Barlow, 2010; Whitehead et al., 2010).

The gravity, size and target lithology of the impacted planetary body play a key role in
influencing the final impact crater shape such as the crater wall collapsing (Melosh and
Ivanov, 1999). Gravity also affects the driving force, size of central uplifts and the degree
of slumping (Greeley, 1994). On the geologically inactive lunar surface, this complex
crater form will be preserved until subsequent impact events alter it. The modification
processes of uplift and collapse merge gradually into the normal processes of geological

mass movement, isostatic uplift, and erosion.

An additional stage is the post-impact hydrothermal stage, in cases where water or ice may
be abundant in the subsurface where these materials are heated and circulating in the
structure (Kieffer and Simonds, 1980) often leading to alteration of the rocks in contact
with the circulating fluids (Barnhart, 2010). Distinguishing these impact-associated
hydrothermal deposits is important for understanding the climatic and geologic processes
permit water on the surface. There are six locations in impact craters where hydrothermal

deposits can form (Fig.6).

In summary, central uplifts allow us to investigate the early climate history and habitability
of Mars (Tornabene et al., 2012b). They record structural and morphological events
relating to modification and central uplift formation (Osinski and Pierazzo, 2013;
Tornabene et al., 2012a). The central uplift of the complex crater is formed as the initial
(transient) deep crater floor rebounds from the compressional shock of impact. Slumping
of the rim further modifies and enlarges the final crater. The best locations on Mars for
exposing bedrock and layered material is in central uplift (Caudill et al., 2012a; Poelchau
et al., 2009).
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Figure 6. Distribution of hydrothermal deposits within and around a typical complex impact
crater. Modified from Osinski et al. (2012). Figure and caption from Osinski et al 2012.

2.3. Impact crater morphology and morphometry

Due to the Earth’s geologically active surface impact structures are often not well
preserved, including their uplifts (Kenkmann et al., 2005). Weathering and erosion of the
target rocks quickly alter the surface expression of impact structures; despite the crater's
initial morphology, crater rims and ejecta blankets are quickly eroded and concentric ring
structures can be produced or enhanced as weaker rocks of the crater floor are removed.
More resistant rocks of the melt sheet may be left as plateaus overlooking the surrounding
structure (Sharpton and Ward, 1990). The most complex craters on Earth are eroded to
some degree, whereas they are well preserved on other planets (Turtle et al., 2005).
Martian central uplifts may be well-exposed and may be readily mapped structurally and
geologically in detail by using data images (Caudill et al., 2012a; Kenkmann et al., 2014;
Nuhn, 2014; Quantin et al., 2012; Tornabene et al., 2012a; Tornabene et al., 2010; Wulf et
al., 2012).

The morphology of craters provides useful information about the environment that the
craters were formed at the time. Impact craters can be grouped into two main classes based

on morphology: simple or complex (Fig. 7). Depending on the size of the transient cavity,
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and the properties of the target rock, the impact crater feature can result in variable
morphologies, formation of simple bowl shape cavity (simple crater) and a cavity with an
interior uplift and terraced walls (complex crater) (Dence, 1968; Melosh, 1989) The
transition between simple and complex craters on Mars is 5 to 10 km (Carr and Head I,

2010). Simple craters are also approximately the same size as the transient cavity, with a

range of 2 to 4 km in diameter on Earth depending on target rock properties, 3 to 10 km in
diameter on Mars and 15 to 20 km on the Moon (at 1/6 Earth’s gravity). They are filled
with breccia and impact melt deposits (Pike, 1980). They form by slumping of the transient
cavity walls. The depth of the simple crater is generally 1:5 to 1:7 its diameter (Melosh,
1989; Pike, 1977). Simple craters are usually deeper than complex craters. Simple craters
consist of a sharp rim with ejecta deposits and impact melts and breccias on its floor
‘(Shoemaker, 1960). With increasing diameter, transitional craters form. They consist of
shallower profile and terraced crater rim. These kinds of craters are between simple and
complex craters. Transition from simple to complex craters managed by different size and
‘gravity (Melosh, 1989; Pike, 1980). Complex craters generally have complicated structures
such as uplifted rim, central uplift, flat floor, and central peak ring and continuous wall
terraces (Melosh, 1989; Pike, 1980). Gravity causes the initially steep crater walls to
collapse downward and inward, forming a shallower depth compared to diameter (1:10 to
1:20). The diameter depends on the surface gravity of the planet. On the other hand,
complex structure produced by greater gravity and smaller diameter and brought materials
from depth to the surface as a result of complex craters (Melosh, 1989; Sharpton and
Ward, 1990) .
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MRO/HIRISE

Kaguya/SELENE

Figure 7. HIRISE image of an unnamed simple crater on Mars (38.7 ° N/316.1 ° E) displaying an
elevated crater rim and steeply dipping upper cavity walls. The mid and lower parts of the wall are
covered by talus deposits. Image: NASA/JPL/University of Arizona. (b) Kaguya/SELENE image
(S0000001616_1906) of the complex impact crater Aristarchus on the Moon, showing a central
peak, a flat crater floor with isolated hummocks and an extensive slump terrace zone. Figure and
caption from Kenkmann et al (2013).

2.4. Crater impactites

Impactites are produced during formation of impact structures, which include shock
metamorphosed target rocks, impact breccias and impact melt deposits (Stoffler and
Grieve, 2007). They are classified by observations of rocks associated with impact craters
on Earth based on their physical, chemical properties and their stratigraphic setting within

an impact crater (Grieve and Therriault, 2004). They are also grouped based on the extent

to which they have been moved from their original pre-impact location by the cratering
flow-field and the collapse of the transient cavity to create the final crater. As such, they
are subdivided into two categories: 1) Parautochthonous (transported slightly out of place),
and 2) Allochthonous (formed elsewhere and moved to their current location).
Allochthonous impactites can be subdivided into proximal (those around the final crater)
and distal (those with distance from the final crater) (Osinski and Grieve, 2013).

18



2.4.1. Impact ejecta deposits

One of the important characteristics of impact craters is the formation of ejecta deposits.
The configuration of ejecta on Martian crater is the most distinguishable among all the
planets. For example lunar craters are surrounded by a continuous blanket of ejecta. The
ejecta patterns around complex Martian craters are more complicated (French, 1998). With
increasing the distance from the crater rim, ejecta deposits get thicker and also they

become thinner with discontinuity at the outer edge (Oberbeck, 1975).

Two kinds of ejecta deposits can be observed: “Proximal” e¢jecta which are near the crater
are continuous ejecta deposits that extend less than 5 crater radii from the rim (Sto6ffler and
Grieve, 2007). They are made of rocks affected by different degrees of shock
metamorphism and include the mixing of breccias and melt deposits (Melosh, 1989);
(French, 1998). “Distal” ejecta are deposited beyond 5 crater radii from the rim. Ejecta
deposits consist of shocked rock and mineral fragments, and unusual glassy object (French,
1998; Melosh, 1989).

Martian impact craters are typically surrounded by fluidized ejecta blankets. This ejecta
blanket is comprised of materials ejected from the excavation that shows lobate or
fluidized appearance (Barlow et al., 2000). This region (non-brecciated, melt-free) is near
the rim with low shock pressures (Kieffer and Simonds, 1980). Compared with the Moon
and Mercury, ejecta blankets and fields of secondary craters are less prominent on Mars.
Carr (1977) proposed that material ejected from Martian craters continued to flow outward
as a thin flow (continuous ejecta), while on the Moon and Earth forming hummocky ejecta

close to the crater rim.

Schultz and Gault, 1979) suggested that the Martian ejecta patterns have been created by
interaction of ejecta with the Martian atmosphere resulted in sorting of the ejecta. Many
Martian craters, however, have ejecta deposits that appear to have flowed over the
surrounding surface like mudflows. These craters are known as rampart craters, fluidized
craters, or splosh craters. The final stages of ejecta emplacement involve ground-hugging
flow rather than ballistic emplacement. The occurrence of rampart craters is also possible

evidence for present or past subsurface ice on Mars. Rampart craters have an ejecta blanket
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with a flow morphology suggesting the impact occurred onto a water or ice-rich surface
(Zuber, 2001).

2.4.2. Impact melt deposits

Impact melts are one of the most characteristic features of impact events formed by the
passage of shock waves and rarefaction waves through the target body at shock pressures
of 50- 100 GPa (Grieve et al., 1977), causing melting of target rocks (Fig. 8). These melt
deposits form a dominant part of an impact crater (Dence et al., 1977; Grieve and Cintala,
1992). During the 1960’s and 1970’s, many analytical and investigative studies provided
observational information about impact-melted material in terrestrial impact structures
(Dence, 1971; Grieve, 1975, 1978; Palme et al., 1979).
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Figure 8. Schematic diagram of a typical complex impact structure showing the main settings in
which impact melt-bearing materials are typically found. Figure and caption from Osinski et al
2013
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Depending on the cooling history of the melt rock, melt deposits can range from small
glassy or crystalline fragments to large kilometre-thick coherent sheets (in large complex
craters). They can be subdivided to clast-rich, clast-poor, and clast-free rocks according to
their clast content (Osinski and Pierazzo, 2013). The amount of impact melt produced
during an impact event depends largely on the planetary gravity, size of impact, velocity,
impact angle, and rock porosities and composition of the target (Cintala and Grieve, 1998;
Osinski et al., 2011). Once the magnitude of the crater event increases, the volume of melt
generated also starts growing (Cintala and Grieve, 1998). Impact melt rocks derived from
crystalline targets in large impact craters have a homogeneous composition compared with

their original target materials (Dressler and Reimold, 2001).

Factors including the size of impactor, the angle of impact, volume of melt produced
during the transient cavity, and topography can affect the locations of impact melt deposits

overlying continuous ejecta.

Impact melt deposits form large ponds on crater floors (Morris et al., 2010). They are
similar to morphological characteristics on Moon. Pitted materials that form based on the
interaction of hot impact melt-bearing impactites with volatiles cover the surface of both
Mars and Moon (Tornabene et al., 2007).

2.4.3. Impact breccia

Impact breccias can be found in many different settings within impact structures; for
example, in the central uplift, in crater-fill deposits, and in the ejecta blanket. They occur
around, inside and below impact craters. They resulted from the zone of crater excavation
and maybe highly shocked event. They fill the crater during and immediately after crater
formation. The breccias fragments are typically sharp to angular. Impact breccias can be
classified into two groups by the degree of mixing of different lithology (lithic breccias,
and suevites) (Osinski and Grieve, 2013).
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2.6. Geologic setting of Oudemans Crater

Oudemans Crater is a 124-km diameter crater located within the Sinai Planum region near
the western end of Valles Marineris and just east of Noctis Labyrinthus (9.89 - S,
268.1 « E). This well-preserved crater lies within the Tharsis Province, a characteristic
topographic “bulge", which is a major volcanic centre on Mars. This region is comprised
of extensive volcanic flood lavas, formed by hot spot volcanism (Mars; McFadden et al.,
2006; Quantin et al., 2012; Wilson and Head, 2007). Furthermore, it contains the largest

and most prominent volcano in the solar system, Olympus Mons (Tanaka, 1986) (Fig. 9).

These materials embay the Noachian-aged plateau materials. There is a large gap in the
northern section of the crater wall because of intersection of displaced zone with deep
portions of Valley system to the north. Parts of the central uplift of the crater are mantled
by Aeolian deposits. On the northwestern section of the crater flow-like structures mantle
other units (Mest et al., 2011).

Topography [m]

Figure 9. Location of the Oudemans crater (Purple circle) between Siani and Solis
Planum on part of global topographic map (MOLA colorized shaded-relief) of Mars.
http://wrgiswr.usgs.gov/open-file/0f02.282/0f02.282.pdf. Zuber@tharsis.gsfc.NASA.GOV.
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2.7 Previous work on Oudemans Crater and other Martian layered uplifts

Layered Central uplifts are useful to analyze structural mapping as the layers are as a
frame of reference from deformation (Caudill et al., 2012a; Wulf et al., 2012). Layered
bedrock has been described by Tornabene et al, (2010, 2012a, 2014) as flat-lying bedrock
that was reached to the surface and tilted and fractured during impact process. The
concentration of layered bedrock central uplifts observed in the southwestern of Tharsis
first by Tornabene et al, (2010; 2012a). Caudill et al, (2012) explained the Tharsis bulge
is a volcanic layered region and almost unbroken before the excavation of an uplift by

more than 20 large craters then revised to 34 craters by Tornabene et al, (2012).

In 2004, the central uplift of the Oudemans Crater was noted to contain exposed layered
bedrock that is observed to be deformed and steeply-dipping in Mars Orbiter Camera
(MOC) images (see http://www.msss.com/mars_images/moc/2004/05/23/). In 2006,

Bridges investigated the exposed tilted layers in Oudemans Crater using HiRISE images
(e.g., Fig. 10) and CRISM observations and proposed the crater as a possible landing site
for the Curiosity rover. (Mest et al., 2011) later analyzed the nature of deposits within
Oudemans Crater and the deposits in Noctis Labyrinthus, which they proposed are related
to the Oudemans impact. The crater possesses extended ejecta, and sharp
morphologically features such as a crater rim, wall terraces, central uplift, and is
interpreted to be generally well-preserved (Mest et al., 2011). He also investigated the
origins of the crater, which includes Oudemans Craters’ asymmetric hummocky ejecta,
rim, traced walls, impact breccia, and impact melt deposits. Mest et al (2011) mentioned
a large gap in the crater rim of the northwestern side. They also determined a
stratigraphic uplift of ~ 7 to 11 km for the layered bedrock exposed by the central peak of
the Oudemans Crater.

Tornabene et al (2010) first determined that the layers within uplifts concentrated in the
Tharsis province are most consistent with pyroclastics, ash and lavas deposited during a
period of voluminous volcanism and less frequent impacts. This was later studied in detail
by Caudill et al (2012) and Quantin et al (2012) whom provided additional corroborative
evidence for the volcanogenic origin of the layers. Tornabene et al (2010) and (Caudill et

24


http://www.msss.com/mars_images/moc/2004/05/23/

al., 2012a) observed alternating relatively thicker light (likely representing pyroclastics)
and relatively thinner dark strata (likely representing basaltic lavas).

Figure 10. Location of 11 HIRISE images used for mapping the central uplift of the Oudemans
Crater overlain on the MOLA DEM based on the MOLA MEGDR data. Image:
NASA/JPL/University of Arizona. Zuber@tharsis.gsfc.NASA.GOV.
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3. Data and Methods

This section will describe the different methods used to map and analyze the central uplift
‘of Oudemans Crater. The scale used in this study was 1:250,000. The data includes: 10
non-orthorectified High Resolution Imaging Science Experiment (HIRISE) images and 1
‘orthorectified HIRISE image (with pixel resolution as high as ~ 25 cm/pixel) (McEwen et
al., 2010; McEwen et al., 2007) supplemented by 3 Context Camera (CTX) images (~5
m/pixel) (Malin et al., 2007) (Fig. 11); 1 High Resolution Stereo Colour Imager (HRSC)
image (Fig. 12) with resolution of ~ 150 - 175 mm /pixel (Neukum and Jaumann, 2004)
and 2 visible (~ 18m/pixel) and thermal infrared (~ 100m/pixel) Thermal Emission
Imaging System (THEMIS IR day/night) global mosaic images (Christensen et al., 2004)
(Fig. 13). These available imageries are collected from different spacecrafts and cameras;
‘The MOLA Mission Experiment Gridded Data Record (MEGDR) (~ 462 m/pixel) (Smith
et al., 2001) was examined from Mars Global Surveyor (MGS). THEMIS IR day/night
achieved from Mars Odyssey spacecraft. HIRISE and CTX images come from the Mars
Reconnaissance Orbiter (MRO) and the Mars Orbital Data Explorer (ODE). HRSC
achieved by Planetary Data System (PDS) and (ODE) (Table 1).

The data was imported into a Geographical Information System (GIS) created using the
software ESRI ArcMap v.10.1. This software is useful to execute the mapping and
analysis. All images were tied to the MOLA MEGDR as a base map (Smith et al., 2001).
All the images datasets were ordered descending (HIRISE, CTX, HRSC, THEMIS, and
MOLA MEGDR) according to their resolution. We use these datasets to identify and
classify morphologic units based on their occurrence, general morphology, texture, tonality

and stratigraphic relationships to one another.

HIRISE is the most useful imagery to determine texture and the tonality of the
morphologic units and impact-related morphology and structures. Utilizing the high
resolution of HIRISE images, we were able to provide morphologic and structural mapping
in detail, identify and analyze the fine grain morphologic and geologic units and also
outline small-scale surface features, such as polygonal textures, smooth materials, and

lithic clasts. The morphological and structural map created by visual interpretation of the
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available images. HIRISE is also the most useful for characterizing impact-related linear
features. Measuring the orientation of these linear features such as fractures, faults and
dykes, but also including fold axes and the strike of bedding, provide us information
regarding the deformation and structural and geological history of the central uplift of the
crater. Structural data was plotted using the program Stereonet (Allmendinger et al., 2011).
The CTX provides us units’ relation analysis. CTX at ~ 5 meter/pixel can sometimes “fill-
in” gaps in HIRISE coverage. HRSC shows location of different rock types in detail as
small as 2 m) and also provide us some information related to metre-scale morphologies
and textures, and THEMIS infrared (Day/night time) determine variations in physical
characteristics (e.g., bedrock vs. fine-grained unconsolidated materials) based on thermal

differences.

[
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Figure 11. Three CTX images cover central uplift of the Oudemans crater. Blue dashed circle shows
rim, and red dashed smaller circle shows the Central Uplift of the Crater.

P05_003079_1714 XN_08S091W, P06_003501_1713_XN_08S092W,

G20 026194 1690 XN_11S091W. Image: NASA/JPL/University of Arizona.
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Figure 12. Oudemans crater on HRSC image (h0442_0008_nd, h2728_0001_nd3), Blue dashed circle
shows the rim, and red dashed line shows the topographic bounds of the central uplift. Freie
Universitaet Berlin and DLR Berlin, http://hrscview.fu-berlin.de.

Figure 13. Oudemans Crater on THEMIS image. Blue circle shows the crater rim and red circle shows
the central uplift of the crater, and yellow polygons show the uplifted central uplift in the core, and a
gap in the northwestern part of the rim . THEMIS_IRday_256ppd_West_v2_equirect_clon0_ly80.
Image: NASA/JPL-Caltech/Arizona State University.

28



In this work, all morphological features and linear structural features were mapped in
ArcGIS as polygons and polylines, respectively. The extent of the central uplift was
mapped based on an observable change in slope from the crater floor to the uplift that was
based off of MOLA.

Orientation (i.e., azmuth) and distances of the lineaments were exported to Excel using the
option of “open the attributes” for the COGO tool in ArcView. Rose diagrams were
created using data collected with the COGO tool in Arc Map to extract all the features

orientation measurements and then plotted in Stereonet program. Rose diagrams are a

special type of histogram for which the orientation axis is transformed into a circle to give
a true angular plot. The use of the true angle conveys the orientation distribution. This
projection is most often encountered in structural geology and tectonics. The rose diagram
highlights the existence of orientation intervals with maximum values. The intervals with

maximum values from the rose diagram can be interpreted as a major structural trend.
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4, Results
4.1. Morphologic Mapping

HRSC and MOLA DTMs indicate that the topographic uplift reaches a maximum of ~ 2.4
km of zero-elevation level (estimated from difference of highest elevation: 4730 m and
lowest area: 2120 m). The central uplift of Oudemans Crater is, on average, ~ 63 km
across. It is apparent that the uplift elongated moderately in the ENE and WSW direction,
and is slightly asymmetric. Importantly, the central uplift is not centreed at the centre of
the crater based on drawing a best-fit circle, so we can observe an asymmetry of the uplift
as well. In the other words, there is a lack of uplift on the north -side of the crater. Based
on MOLA and HRSC, the central uplift was divided into 4 regions based on the main
topographic expressions in the uplift region with the central region then being divided into

two regions based on the different textures of the materials (Fig. 14).

The central uplift of the Oudemans Crater was divided into five general morphologic units:
1) Bedrock; 2) Megabreccia; 3) Clast-rich dark-toned unit; 4) Smooth and Pitted unit; and
5) Erosional deposits (which can be further subdivided into a Mass wasting unit and
Aeolian deposits unit) (Fig. 15).

Figure 14. Exposed bedrock unit named region 1, and undivided outcrops named regions 2, 3,
and 4 on HRSC on h2728 0001_nd3. img. The centre of the crater marked by a yellow circle
and central uplift is limit by a red dashed line. Image: Freie Universitaet Berlin and DLR
Berlin, http://HRSCview.fu-berlin.de.
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Figure 15. Geomorphological and structural map of the Oudemans Crater central uplift.
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4.1.1. Unit 1: Bedrock

The exposed bedrock unit of the mapped area was subdivided into two subtypes; la-
Layered Bedrock, 1b- Undivided Bedrock. The transition from layered to undivided units
is gradational in some parts of the area and sharp in some others, and is easy to
characterize by a distinct change in surface morphology. The undivided bedrock occurs in
the eastern, northern, and southwestern portions of the central uplift (See green polygons
No 2, 3, and 4 in Fig. 14) and will be further discussed below.

4.1.1.1. Unit 1a) Well-bedded Layered Bedrock

Based on HIRISE and CTX, the layered bedrock consists of light and dark-toned layers
covering by erosional deposits in some part of the central uplift. In this region of the crater,
the layered bedrock is present as a relatively extensive curved-shape zone that comprises ~
15% of the topographic expression of the central uplift (Fig. 17). The layered bedrock
consists of packets of alternating light-and dark-toned layers (possibly megablocks) within
the central uplift and is consistent with previous observations (Bridges, 2006; Caudill et
al., 2012a; Nuhn, 2014; Tornabene et al., 2012a; Tornabene et al., 2010; Wulf et al., 2012)
(Fig. 16). The majority of exposed layered bedrock is observed in section 1 of the central
uplift (Fig. 14). This unit occurs in the outer to central region of the central uplift (between
~11 km and 26 km).
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Figure 16. Area A in unit 1a shows layered bedrock in the western part of the central uplift (DTM
sdx on ESP_028449 1700 RED_A 01 ORTHO), and area B mapped HIiRISE image
(ESP_011676_1700_RED). Image: NASA/JPL/University of Arizona. Layered bedrock surrounded
by some units such as dark-toned clast-rich showed by red and smooth and pitted materials by
green, and covered in some part by Aeolian deposits in light grey.

s .
YCriter centrés= g
T p -

4
%
\ . |

Figure 17. This image shows layered bedrock outlined by the red polygon in the centre. Bedding is
shown by the purple lines. Image: NASA/JPL/University of Arizona.
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4.1.1.2. (Unit 1b) Undivided Bedrock

This unit covers the northern, eastern, and southwestern parts of the central uplift (sub-
regions 2, 3, 4) (Fig. 14). This unit shows coated and obscured bedrock and fractured
outcrops with no obvious layering. This unit forms high slopes and ridges. This unit
comprises less than 10% of the uplift (Fig. 18).

4.1.2. Unit 2: Megabreccia

In a limited part of the central uplift, there are several regions that display some large (>50
m) light-toned angular and sub angular clasts set within a dark-toned fine-grained matrix.
The best expression of Megabreccia unit is in the eastern part of the uplift, but is also
found in the southwestern section. We can observe relatively large clasts (i.e., megaclasts)
within this unit (Fig. 19), which is one of its defining characteristics distinguishing it from
Unit 3 (described below). This unit covers less than 5% of the total area. This unit shows
different size and colour of clasts on HIRISE and CTX. The size of the megaclasts ranges
from ~50 to 500 m.
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Figure 18. Light brown polygons outline coated bedrock with a lack of layering (Undivided bedrock).
The base image comprises part of four HiRISE images, PSP_002446_1700_RED,

ESP_026194 1700_RED, ESP_027117_1700_RED, ESP_026273_1700_RED. Image:
NASA/JPL/University of Arizona.
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Figure 19. Impact megabreccia showing layered megabreccia with different size of clasts, all

clasts outlined with orange polygones. Part of HiIRISE image ESP_036176_1700_RED.
Image: NASA/JPL/University of Arizona.
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4.1.3. Unit 3: Fine-grained clast-rich and poor unit

This unit comprises a dark, fine-grained material with generally smooth texture and is
divided into two sub-types; clast-rich and clast-poor. This unit occupies 10% of the total
area and is mostly located in the western outer part of the central uplift, and surrounding by
outcrops units and continuing toward the western sector of the rim (Fig. 20).

This unit forms coatings and flows on low slopes. This unit contains variable amounts of
light-toned clasts which are smaller than those on Megabreccia. Melting might cause
lessen strength of block contacts during the modification stage (Dence et al., 1977).

pitted material

Clast-rich
impact melt

Figure 20. Dark-toned clast-rich impact dark-toned unit in the western portion of the
Oudemans Crater on HiIRISE and CTX images ESP_011676_1700_RED. Larger clasts are
showed by light purple polygons in this unit. Image: NASA/JPL/University of Arizona.
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4.1.4. Unit 4: Smooth and pitted material

In HIRISE and CTX images, large contiguous smooth and pitted dark and light-toned areas
can be seen in grey color. This unit appears to coat, embay and surround the majority of
the central uplift, and covers more than 40% of the mapped area (Fig. 21). The floor of
Oudemans Crater is covered by a mottled deposit that extends across the whole area of the
crater (Mest et al., 2011). These areas show distinct surface morphologies and cover much
of the floor of Oudemans Crater. This dark-toned portion consists of a relatively high
density of shallow pits, while the lighter areas show generally smoother surfaces. Around

the central uplift of the crater, large plains composed of dark materials can be seen.
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Figure 21. Dark-toned and light-toned pit unit seen in grey colour in most part of the area in the
central uplift on CTX imagery. P05 003079 1714 XN_08S091W _final.tif,

P06_003501_1713_XN_08S092W _final.tif, G20_026194 1690 _XN_11S091W_final.tif. Image:

NASA/JPL/University of Arizona.
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4.1.5. Unit 5: Mass wasting

This unit represents a contiguous and relatively uniform-toned unit grading from smooth to
granular (i.e., containing sporadic meter-sized boulders). It is observed on low slopes
associated with the highest slopes within the northern core of the central uplift. It is also
associated with alcove and valleys situated in this region. This unit appears to superimpose
some of the bedrock with northern core of the central uplift (Fig. 22). This unit has 10%
Coverage of the uplift.
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Figure 22. Mass wasting unit observed in the northern and central part of the central
uplift. HiIRISE image PSP_002446_1700_RED and ESP_026194_1700_RED. Image:

NASA/JPL/University of Arizona.
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4.1.6. Unit 6: Aeolian deposits

This unit is comprised predominately of linear deposits (trending NE-SW), which shows
aeolian bedforms. We observed with THEMIS IR that orientations (~45°- 75°) seem to
related to the wind direction streaks at the time of their last migration. This unit is found
throughout all the mapping area (Fig. 23). It is found within depressions and other low-
lying areas throughout the structure, and can be readily observed partially covering the
bedrock, smooth and pitted materials, megabreccias and both the clast-rich and clast poor
dark-toned units. These units show low elevation related to other surrounding units. This
unit has 10% Coverage of the uplift.

Figure 23. Aeolian deposits seen mostly in the northern of the Crater, HiRISE image
ESP_026194 1700. Image: NASA/JPL/University of Arizona.
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4.2. Structural Mapping

Using HIRISE four structural features were observed within the layered bedrock unit of the
central uplift: fractures, faults, dykes and folds. Any linear discontinuities within a layer of
rocks lacking offset and an observable thickness (i.e., infilled materials) are defined as
fractures. Faults are defined as any observable displacement or offset that shift layers,
dykes, folds, and megablocks (Fig. 24). Normal faults demonstrate crustal extension of
large spatial extent with observe displacement. Thrust faults occur as spatially extensive
sets; both as surface breaking faults and as blind thrust faults topped by forced fault
propagation folds (wrinkle ridges) at the planetary surface. Strike-slip faults define
localized arrays of distributed horizontal shear strain. Dykes are filled fractures by some
applied stress and pressure to the bedding of a layers rock cut across the other types of
layered rock bedding with different angle (Marshak, 2009). The thickness of the dykes
ranges from several metres to ~100m. Rose diagrams were created to determine the
possible presence of preferred orientations. The angle between the lineament and a line
through the lineament mid-point is zero so the lineament seems to be radial to the location.
For analyzing the dykes, faults, and fractures, we divided our region to 6 different parts
named A to F (based on the areas with the most abundant and well-exposed linear features
to least) to measure their orientation, and interpret them by plotting them in a rose diagram

plot.

Figure 24. Mapped HiRISE image ESP_027882_1700_RED,
showing tilted layers in blue colour. Image: NASA/JPL/University of Arizona.
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4.2.1 Fractures

We found the highest density of fractures in the central regions of the central uplift
especially where the layered bedrock is the best-exposed (Fig. 25). We measured the
orientations of 61 fractures in six categorized parts in our mapped area, and then plotted in
a rose diagram (Fig. 26). They are distributed radially about the centre of the central uplift.
Fractures in the layered bedrock in the west are typically oriented NE- SW, with a SSE-
NNW trend in the eastern - part of the central uplift.

Figure 25. Close up of fractures in bedrock. Portion of HIRISE image,
ESP_027882_1700_RED. Image: NASA/JPL/University of Arizona
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Figure 26. Rose diagram of fracture trend. Image: NASA/JPL/University of Arizona.
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4.2.2. Faults

Within the exposures of layered bedrock, there are very apparent offsets (“Observed”) and
some areas where faulting is inferred (“Inferred”) (Fig. 27). The orientation of the 133
main faults was measured. The faults are also mostly distributed and oriented radially and
sometimes concentrically around the centre of the crater. Area A shows a preferred SW -
NE trend in the western part of the uplift, while the eastern part (areas C and D) show
opposite direction (SE -NW, S -N). In addition, centre of the uplift (Area B) shows E - W
trend (Fig. 28).

Figure 27. This image shows displacements across faults with high distribution toward centre
of the Central uplift, faults seen by green lines, PSP_002446_1700_RED.
Image: NASA/JPL/University of Arizona.
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Figure 28. This image shows rose diagram of faults in six divided sections. Image:
NASA/JPL/University of Arizona.
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4.2.3. Folds

Folds are curved and bent as a result of permanent deformation. They are commonly
formed by shortening of existing layers, but may be formed as a result of displacement on
a fault in both extensional and thrust faulting (fault bend fold). Within the exposed layered
bedrock we observed four large (~ 600m — 2 km) concentric folds (A, B, C, D) located
toward the centre of the uplift (showing increased deformation); three (A, C, and D) open
(~ 70°-120° from the limb) and one (B) close (~70° from the limb). They appear to be
displaced, offset and bounded by faults (Fig. 29). Folds A, B, and C are located in layered
bedrock unit, while Fold D is located in the fractured unit. Fold B that looks a fault bend
fold, occurred in extensional and thrust faulting, seems to be asymmetrical and other ones
(A, C, and D) are symmetrical. Figure 30 displays a close up of a fold B (~ 2.5 km). It is
located toward the centre of the central uplift and is asymmetrical and a close fold (~70
inter limb angle). This fold is apparently bounded by a fault on the right limb. The right
limb appears to be detached into blocks. Fold formation is accommodated by fracturing.
The western part of the central uplift is dominated by two km-scale folds with NNE —-SSW
trending axial planes and the eastern part is contained two folds with NW -SE trending

axial planes.
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Figure 29. Few clear folds observed in the layered section of the Crater on HiRISE images;
PSP_002446_1700_RED, ESP_027882_1700_RED. Purple lines show the bedrock, white lines show
the limbs and red lines show the fold axis. Image: NASA/JPL/University of Arizona.
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Figure 30. Image of fold B in HIRISE PSP_002446_1700_RED, fold axis displayed by red arrow,
bedding seen by purple lines, faults by green lines, dykes by orange lines, and fractures by pink
lines. Image: NASA/JPL/University of Arizona.

4.2.3. Dykes

These structures are oriented slightly perpendicular to oblique to the bedrock with trends of
NE-SW and NW-SE. The higher concentration of these features can be found in the central
region of the central uplift (Fig. 31). We observed 139 dykes ranging from ~2to ~80 min
width and ~ 1 m up to 1.3 km in length in our mapped area. We showed two obvious
random dykes with thickness of 4-6 m with a close up of one of them in Figure 32. They
can be recognized easily during mapping, because of their thickness, dark-toned materials
(Ding et al., 2014; Marzo et al., 2010; Tornabene et al., 2010).
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Figure 31. This image shows higher concentration of dykes in orange colour in the centre, outlined by
the red circle. Image: NASA/JPL/University of Arizona.

At the southeastern end of the breccia dyke in Figure 33, an obvious offset can be seen, so
this kind of dyke might be categorized as an offset dyke with 40 m offset. The breccia
dyke cuts pretty perpendicularly through the bedding. The major trend of preferred

orientation of the dykes sections in our area is NE-SW (Fig. 34).
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Figure 32. This image shows offsets caused by dykes which shown by orange arrows observed in
HIRISE PSP_008195_1700_RED, red digits (4 km, and 6 km) showed a thickness of the dykes. This
image is a close up one of the dykes showed by white arrow in the previous photo. Image:
NASA/JPL/University of Arizona.
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50 m

Figure 33. Impact breccia dyke is cutting sharply through layers. Dykes shown by orange
polylines and layers shown by purple ones. HIRISE imagery; PSP_008195 1700 RED. Image:
NASA/JPL/University of Arizona.
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Figure 34. Rose diagrams of dyke trend. Image: NASA/JPL/University of Arizona.
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5. Interpretations and Discussion

The major result of this work has been the production of a geological and structural map of
the central uplift of the 124 km diameter Oudemans Crater. This represents the most
detailed geological map produced to date of the largest central uplift exposing extensive
layered bedrock on Mars. The results of this geological mapping and associated
geomorphological and structural investigations are discussed below.

5.1. Exposed layered bedrock and undivided bedrock

Layered bedrock are useful for structural mapping as the layers provide a frame of
reference from deformation (Caudill et al., 2012a; Wulf et al., 2012). Layered bedrock has
been defined as “large megablocks of flat-lying layered bedrock excavating from deep
depth then tilted and fractured during the impact process” (Caudill et al., 2012a; Nuhn,
2014; Tornabene et al., 2012a; Tornabene et al., 2010; Tornabene et al., 2014; Wulf et al.,
2012). The exposed layered megablocks are uplifted, tilted, and deformed during the
modification stage of crater formation and are consistent with observations of layered
bedrock from other studies. The exposed layered bedrock unit is similar to descriptions in
previous studies of exposed layered bedrock within the central uplifts of other Martian
impact craters (Caudill et al., 2012a; Marzo et al., 2010; Nuhn, 2014; Quantin et al., 2012;
Tornabene et al., 2012a; Tornabene et al., 2010; Wulf et al., 2012). As at many other
localities throughout the Tharsis region, these exposures of layered bedrock within the
Oudemans central uplift contain both dark-toned and light-toned fractured bedrock.
Oudemans Crater layers are consistent with this interpretation with the lighter and thicker
lower-standing layers being thought to be pyroclastics, while the thinner higher-standing
darker layers are likely intervening basaltic lava flows (Caudill et al., 2012a; Quantin et al.,
2012; Tornabene et al., 2012a; Tornabene et al., 2010; Wulf et al., 2012). Spectral analyses
of the Oudemans layered bedrock central uplift (Quantin et al., 2012) indicate that these
materials are dominated by mafic components (interpreted to be basalts), which is

consistent with the previous volcanic interpretation by Tornabene et al ( 2010).

The layered bedrock within the Oudemans central uplift is best exposed in sections A, B
and C as a curved-shaped unit. Conversely, the layered bedrock in a few parts of the

central uplift (sections F and D) is least exposed when compared to sections A, B and C.
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Sections F and D were mapped predominately as the Undivided Bedrock unit, which has a
topographic expression indicative of bedrock, but appears to be extensively coated by

some sort of smooth and indistinct materials (discussed below) (Fig. 35).

Section E, representing the core of the uplift (Fig. 18), displays the least abundant and
layered bedrock exposure due to coverage by smooth units. Fracturing and massive texture
‘of the bedrock is the visible rock type of this; however this unit is coated by other deposits
(e.g., aeolian deposits, mass wasting and lava flows). High resolution images have shown
that there are three basic types of uplifted bedrock in complex crater central uplifts on
Mars based on a global database produced by (Tornabene et al., 2010; Tornabene et al.,
2014).These include: 1) Layered Bedrock (LB), 2) Massive and Fractured Bedrock (MFB),
3) Megabrecciated Bedrock (MMB). This section is massive in appearance (Fig. 18), and
thus may represent the massive, fractured bedrock unit observed within several central
uplifts across Mars and is also consistent with observations of (Tornabene et al., 2012a).
The high slope-forming aspect and the higher elevation of the bedrock within the core of
the central uplift may suggest that it is a different lithology and topography from the
layered bedrock. If the core of the Oudemans uplift (Section E) truly lacks layered
bedrock, then the Oudemans uplift may expose and sample a contact between the oldest
and deepest lavas in the region and the underlying ancient basement rock (heavily- cratered
Noachian basement). However, it should be noted that the highest amount of deformation
occurs in the centre of central uplifts, which is consistent with observations of terrestrial
craters (Kenkmann et al., 2005).

The thickness of layered bedrock is thought to represent the culmination of the extensive
volcanic history of the Tharsis region and, exposed by and below Oudemans Crater is high.

Mest et al (2011) estimated ~7-11 km of uplift within the uplift of Oudemans Crater, while
Caudill et al (2012) and Quantin et al (2012) estimated a pre-impact thickness of the

layered deposits as ~ 14 km and ~18 km respectively.

However, these previous authors did not take into consideration the fact that the core does
not expose extensive layers, and over thrusting of stratigraphic units in central uplifts

e.g.,(Kenkmann et al., 2014) and thus the thickness of the Tharsis lavas, based on the
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mapping results herein, may suggest a thickness of substantially less than 18 km. This has
implications for estimate and models that attempt to understand the volcanic history of
Tharsis, as well as climate models that try to account for the input of volcanogenic gases
into the atmosphere of Mars. These estimateds are based on stratigraphic section uplift

(SU) equation (the uplift is not completely layered) (Caudill et al., 2012).

The orientation of 238 bedding planes is plotted in Figure 35. The major trends of the
bedding shows a NW-SE direction for areas A, B, and a NE-SW trend for area C, and D
located in the eastern part of the central uplift. Areas E and F show slight trends (NW-SE
and NNW-SSE, respectively), but generally show multiple orientations. It should be noted

that layered bedrock is the most poorly exposed in these regions.

5.2. Crater-fill deposits

5.2.1 Impact melt rocks

Impact melt rocks form by the passage of shock waves and rarefaction waves through the
target body (Grieve et al., 1977). They can be subdivided into categories based on the
amount of the clasts: clast-rich, clast-poor, or clast-free (Osinski and Pierazzo, 2013). They
are found in multiple locations within complex craters, including as coating on uplifted
bedrock (Osinski et al., 2011; Tornabene et al., 2012b), but they are generally recognized
as part of the most extensive deposits on the floor of the best-preserved craters, including
Mars e.g (Osinski et al., 2011; Tornabene et al., 2012b). They can also have variable clast
contents and different textures as a result of their emplacement and cooling history within
the impact structure (Osinski et al., 2008). The clast-rich dark-toned unit and the smooth
and pitted units are interpreted to be impact melt-bearing units and are similar to units
described in other Martian impact craters (Marzo et al., 2010; Nuhn, 2014; Tornabene et
al., 2012a; Tornabene et al., 2010). Whereas, the Megabreccia unit in Oudemans (although
previously described in multiple occurrences and localities (Grant et al., 2008a; Marzo et
al., 2010; Tornabene et al., 2012a; Tornabene et al., 2010; Tornabene et al., 2014) may

represent one of the best examples of crater-fill observed megabreccias to date.
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Figure 35. Rose diagrams of bedding trends. Image: NASA/JPL/University of Arizona.
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The dark-toned unit has a fine-grained matrix that surrounds light-toned clasts that is
observed to overlie the bedrock units and megablocks units. It is located mostly in the
northwestern part of the central uplift and overlies all other units except mass wasting and
aeolian deposits. Melt drapes the surrounding area and demonstrates flow features that
show that it flowed into and accumulated in the topographic low of the central uplift. It
covers ~ 10% of the area (Fig. 21). This unit embays and flows along topographic lows
between high-standing structurally uplifted megablocks in the central uplift. During an
oblique impact, impact melt would be favorably deposited along the direction of the
inward projectile. The clasts consist of angular, sub-rounded, and rounded fragments of
rocks. Based on the properties described here, and their consistency with previous work
(Marzo et al., 2010; Nuhn, 2014; Tornabene et al., 2012a), this clast-rich dark-toned unit is
interpreted to be impact melt-bearing unit, which forms the crater-fill deposits surrounding
the uplift. The properties and stratigraphic location in the impact crater is consistent with

observations of impact melt rocks in terrestrial impact structures (Grieve et al., 1977).

The amount of the impact melt produced in a crater depends on velocity, size of impact,

and rock porosities, e.g., (Cintala and Grieve, 1998; Osinski et al., 2011). These melt
deposits form a considerable part of an impact crater. Impact melt maintains a high
temperature and low viscosity post-emplacement, allowing movement of melt-rich after
the cessation of the modification. This would generally give the appearance of multiple
melt-bearing flow events. Distribution of flow units interpreted here to be impact melt. The
observations made here for Oudemans Crater compare well to observations of impact melt
deposits at large impact craters on the Moon (Hawke and Head, 1977), on the Earth
(Grieve and Cintala, 1992; Grieve et al., 1977) and Mars (Marzo et al., 2010; Osinski et al.,
2011; Tornabene et al., 2010; Tornabene et al., 2014). These studies show that central
uplifts are draped by considerable amounts of impact melt rocks. This is critically
important for remote sensing studies where compositional data of central uplifts is
typically interpreted to represent the signature of uplifted bedrock. These results from
Oudemans show that care is needed in the interpretation of such datasets as considerable
amounts of impact melt may cover bedrock and, thus, the compositional data from orbit

may not be indicative of the bedrock.
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5.2.2 Martian crater-related pitted material (volatile-rich impact melt

deposits)

This unit is considered as a dark-toned unit; consist of quasi-circular collection of eroded
form of crater-related pitted materials varying in preservation within the central uplift
floor. This unit also has a distinct surface morphology with dark-toned shallow material
and high density of pits (Fig. 22). This unit is located in low-lying topographic areas and is
the most extensive deposits of the crater-fill. Smooth and Pitted materials cover much of
the floor of Oudemans Crater. Crater-related smooth and pitted materials are wide-spread
in many well-preserved and fresh craters ranging from ~1 to 150 km in size (Tornabene et
al., 2012b). The smooth and pitted materials are shallow circular or polygonal shaped
features with no sign of ejecta blankets or significant rim uplift. Smooth and Pitted
materials are thought to form through the interaction of hot deposits and volatiles during
impact process and pre-existing water-ice contained in the Martian subsurface (Tornabene
et al., 2012b) (Fig. 36). Tornabene et al, 2012a) investigated smooth and pitted materials
and suggested that it represents the topmost and highest stratigraphic crater-related portion
of crater-fill units within Martian impact craters. These smooth and pitted materials
represent the best-preserved syn-impact morphological units. Compared to previous
observations of over 200 impact craters (Tornabene et al., 2012a) smooth and pitted
materials in our studied area appear to be more eroded especially in the western part of the
central uplift. The erosion and deposition rates depend on exposures. There are higher
depositions for a negative exposure and less erosion for areas of positive exposure. This is
consistent with the large size of Oudemans, which can be broadly used to indicate age
because of less erosion in the eastern part of our crater, the smooth and pitted material can
be seen more clearly. In the western part of the central uplift, aeolian deposits cover the
smooth and pitted materials and pit rims/walls have been more extensively eroded making
them more difficult to recognize. They are interpreted to form on a higher elevation part of
the crater floor and be almost non-existent within the floor pit boundary. This unit

stratigraphically represents the highest unit of the crater-fill deposits.
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Figure 36. Crater-related pitted materials observed on the floor (i.e., the Crater fill) of Zumba
Crater in Daedalia Planum from Tornabene et al (2012b). Pitted material shows less erosion
compared to the smooth and pitted material in our Crater.

5.2.3 Megabreccia

The megabreccia unit described first to comprises large angular, irregularly rounded, and
poorly sorted clasts of rock set within a finer grained matrix (Grant et al., 2008a) (Fig. 19).
The only logical interpretation, based on the occurrence and stratigraphic relations of this
unit, is that it is an impact-generated crater-fill deposit formed during the modification
stage. The fine-grained dark matrix may alternately be melt coating. This unit of is
inconsistent with the units observed in the central uplift of Toro Crater (Marzo et al.,
2010), while is consistent with other central uplifts of complex craters with Noachian units
(Tornabene et al., 2012a) and megabreccia unit in the unnamed Crater E (Quantin et al.,
2012). Megabreccia units in the Richy Crater draped over the central uplift and are
interpreted as a clast-rich and perhaps melt-rich impactite produces by impact event (Ding
et al., 2014). There are two relatively well-exposed and extensive megabrecciated units in
the east part of the Oudemans central uplift, which show larger clasts compared to the fine
clast units and some smaller breccia units exist (Fig. 20). Megabreccia in our area is in the

crater-fill deposits. They are most likely erosional windows. Megabreccia stands in relief
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suggesting that they are more resistant to erosion than the matrix materials. The large clasts
within the mega breccia contain clear layers, similar to the layering seen in the uplifted

megablocks of the uplift.

5.3. Mass wasting and aeolian deposits

Light-toned eroded outcrops are found in Oudemans Crater. These units are surrounded by
smooth and pitted material. These units are interpreted as mass wasting produced after
impact crater process (Fig. 23). Aeolian deposit also formed after impact crater (post
impact crater) by saltation of fine grains (Fergason et al., 2006). They cover all of the other
morphologic units, therefore we can interpret this unit as the youngest unit (Amazonian
age). These subsequent geologic processes which are as a regional overprint or erosion,
show the post- impact history as well (Kenkmann et al., 2014). Mass wasting units are the
unconsolidated materials resulting by erosion of bedrock on steep slopes. These are clearly
post-impact so are younger than other units in age and can overlie some units in most part
of our area (Fig. 24). Dune deposits limit the exposure, especially in the northern and

northeastern part of the central uplift.

5.4. Nature of the central uplift at Oudemans Crater

Impact craters are not immediately obvious on the surface of Earth because our planet is
geologically active. The surface is in a constant state of change from erosion, infilling,
volcanism, and tectonic activity. These processes have led to the rapid removal or burial of
Earth's impact structures. As such, studies of central uplifts such as Oudemans offer

important potential insights into crater formation.

The crater rim and ejecta blanket of Oudemans are noticeably asymmetric and the crater
rim has a gap in the northwestern portion (Fig. 13). In this respect, Oudemans Crater is
similar to King Crater on the Moon, which has a Y-shaped central uplift and a gap in the
north part of its rim because of pre-existing topography (Fig. 37). Similar to the King
Crater rim, the northwestern rim of the Oudemans Crater is not as well defined as most of
the rest of the rim. We interpret the asymmetry of the central uplift as a result of lacking of
the wall terraces into the northwestern part of the rim toward the canyon system. We also

interpret it would be result of the collapse of the uplift due to the collapse of the crater rim
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northwards into the canyon system. Melt pond which composed of impact-related melt lies
to the northwest of both Oudemans and King, has a relatively flat, smooth surface in the
northwestern part of the central uplift. Oudemans was up against Valles marineris, but
King Crater cut through an older crater, so rim is lower on the north because of pre-

existing void.

In our research, we focused on mapping the main structures. The layers in the uplift
experienced a complex structural history including fracturing, dyke formation, faulting and
folding during crater formation. It is clear from this study that deformation of the bedrock
increases towards the centre of the central uplift. In other words, there is a trend for blocks
to become more highly deformed, situated proximal to the centre of the central uplift. We

identified several types of dykes, fractures and faults within the mapping area.

We mapped 139 crosscutting structures which we interpret as dykes in the uplifted blocks
of the central uplift. We define a dyke as a fracture that has been infilled by impact melt
and/or lithic breccia and they formed along fractures. The material in dykes are younger
than the rocks that contain them (Marshak, 2009). Dykes within Oudemans Crater show
multistage deformation during the impact process as shown by the evidence of multiple
displacements or fault offsets especially in the centre. This strongly suggests that the dykes
formed early on in the cratering process before the major structural movements during the
modification stage. Dyke stands in relief just like the dark layers in the bedrock. This may

suggest they have a similar composition.

During the modification stage, faults occur under high strain rate. We infer that faults in
this region are concentric thrust faults bounding the large blocks located towards the centre
of the central uplift showing higher deformation. The distribution and geometry of faults
exposed in the crater floor of complex craters provide the key to reconstruct the kinematic
history of a collapsing crater. The preferred orientation of faults seems to be perpendicular
to the bedding (oblique to the central uplift) and be possibly thrust faults. The motion
along strain-rate faults is the leading mechanism controlling the collapse of complex

craters.
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Within the uplift, we observed few folds (named A to D) located towards the centre of the
central uplift. Some of them appear to be bounded by faults such as Fold B (see Fig. 30).
These folds are consistent with high strain rates during an impact event. For example limb
of fold B was detached as a result of a fault then offset one of the fold limbs from the
other. Our observations would be consistent with (Kenkmann et al., 2005) who noted that
the highest amount of deformation is predicted to occur centreward. Moreover, we
considered lack of folding in our area would be possibly related to less strain due to the
lack of collapse from the wall/terraces to the northwestern part of the rim.

The structural complexity of the central uplift increases towards the centre because the
amount of folds, thrust faults and dykes (the intensity of deformation) increase by the
motion of rock towards the centre. These structures that formed in layered bedrocks show a
preferred orientation of bedding, fault planes, and dykes during the crater modification

process.
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Figure 37. This image shows King Crater on Moon. Y-shaped central uplift and collapsed rim
displayed by yellow and orange lines respectively.
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5.5. Stratigraphic history

According to the structural and morphological mapping together with knowledge about the
geological setting and formation of impact craters, a generalized stratigraphic column for
Oudemans Crater has been produced. Cross- cutting relationships of rocks were used to

determine the relative ages of the different units.

o Pre-existing:

o Layered Bedrock

o Possible fractured and massive bedrock
. Syn-impact (Excavation and Modification):
o Faults, Dykes and Fractures
o Clast- rich Breccias (Mega breccia) Crater fills in the crater floor
o) Clast-poor and Clast-rich Impact melt
o Smooth and Pitted materials
. Post-impact:
o Mass wasting
o Aeolian deposits

By creating the central uplift stratigraphy profile model, age of central uplift units can be
estimated; from top to bottom (outer portions of the uplift, moving toward centre),
deepest/oldest layer exposure in the centre of central uplift, the unit’s age becomes older or
lower in the pre-impact stratigraphy. From centre to outward the units becomes younger or
higher in the pre-impact stratigraphy: Exposed mega-blocks (layered and undivided
bedrocks), megabreccia, smooth and pitted material, impact melt rock mass wasting and
Aeolian deposits (Fig. 38).
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Figure 38. Stratigraphic column ordered units by age, composition and formation
time from older to younger.
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6. Summary and Conclusion

This section will describe the implications and conclusions of this research. The goals of
this research have mostly been achieved:

1. General a morphological map by using all available image (HIRISE, CTX,
THEMIS, HRSC), and elevation (MOLA, and HRSC DTM’s) data in ARC GIS of the

central uplift of the crater;

2. Determine relative bedding orientations and a structural map;

3. Perform a geological and structural (lineament) of the area using Arc GIS;

4. Interpret and analyze the stratigraphy and structural deformation history of units
of the uplift;

In order to map the morphological and geological structures of the study area, Oudemans
Crater central uplift divided into 5 units (layered bedrock and undivided bedrock,
megabreccias, impact melt, smooth and pitted material, mass wasting, and aeolian
bedforms), then ordered from oldest to youngest age by stratigraphy and lithology aspects.
| propose the central uplift affected by the processes of erosion, deposition and regional
deformation. In the main, our survey shows an obvious increase in deformation toward the
center of the uplift (See Section A, B and C in Fig.). Structural deformation most likely
occurred during the formation of the central uplift (Excavation and Modification stages)
which most likely related to the active volcanic Tharsis region. The central uplift shows a
collapse and slump in the core from impact melts and flows outward over the northwestern
part of the rim. Widespread overturning of strata in the central uplift periphery enables the
outward collapse.

Most of the layered bedrock unit stands curved-shape in the centre extended to the east and
west of the central uplift as undivided outcrops; most of this unit influenced by erosion
factors especially undivided outcrops with no clear layering. The clast-rich Megabreccia
units appear close to the outer part of the central uplift and are considered to be draped
over the central uplift. Infilled impact melt unit mostly covers western part of the central

uplift, surrounding all the units with higher elevation to the boundary between units and
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filling deposits. Smooth and Pitted material observed most part of the central uplift and
surround most outcrops except aeolian and mass wasting deposits. This unit was
considered to be more obvious in the eastern part than western part. The western part of the
crater is interpreted to be less resistant to weathering compared to the eastern section of the
area. Mass wasting unit formed northern part towards centre of the crater in the high
elevation topography (located in the E section). Finally, the crater central uplift was
affected by aeolian deposits and erosion.

Layered bedrock, undivided bedrock, (complex network of linear features such as fault,
fractures and dykes) were interpreted prior to Oudemans Crater formation. Megabreccia,
impact melt and smooth and pitted materials were formed as impact-induced (at the same
time with crater formation), and mass wasting and aeolian bedforms were considered to be
formed after the impact process.

Structural data analyses show the orientation and preferential of linear features (layered
bedrock, fault, fracture, and dyke) signify a preferred transport direction during the central
uplift of the Oudemans Crater formation process. The concentricity lineament analysis
technique used in this study is an approach to quantify lineament localizations.

The orientation of structural elements show that the majority of dykes with the same
preferred orientation trend (NE_SW) to the impact trajectory. Also observed faults have a
large thrust component in a high strain zone toward center of the uplift. Moreover, along
folds axes in our area, materials were uplifted. Folds could have been formed as
deformation zones above faults in this study. The propagation of observed fold is toward
the core of the central uplift.

According to our more detailed investigation of the structural study, central uplift of the
Oudemans Crater could have been highly deformed by many structural features especially
through centre of the central uplift. These results provide further information regarding the

effects and styles of modifying process on the central uplift of the Oudemans Crater.

Finally, relation of mapped morphologic and stratigraphic units showed us the trend of the
uplifted units from depth to surface and formation age (See section 5.5. Stratigraphic

history).
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Appendix A. Results from orientation measurement of linear features of area A.

Rock beddings Faults Dikes Fractures
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Appendix B. Results from orientation measurement of linear features of area B.

Rock beddings Faults Dikes Fractures
FID ir. Dir.

68



Appendix C. Results from orientation measurement of linear features of area C.

Rock beddings Faults Dikes Fractures
FID ir. Dir.
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Appendix D. Results from orientation measurement of linear features of area D.

Rock beddings Faults Dikes
Dist.
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Appendix E. Results from orientation measurement of linear features of area E.

Rock beddings Faults Dikes Fractures
FID ir. Dir. Dir.

71



Appendix F. Results from orientation measurement of linear features of area F.

Rock beddings Faults Dikes
Dir. Dir.
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Table 1. The data images of Oudemans Crater with their scale and ID.

Cameras Product Number (I1Ds) Pixel scale

ESP_025983_1700_RED

ESP_011966_1700_RED

PSP_002446_1700_RED

PSP_007048_1695_RED

ESP_027882_1700_RED

HiRISE ESP_026194_1700_RED < 25cm/pixel

ESP_027117_1700_RED

PSP_008195_1700_RED

ESP_026273_1700_RED

ESP_011676_1700_RED

ESP_036176_1700_RED

P05_003079_1714_XN_08S091W

CTX P06_003501_1713 XN_08S092W ~6 m/pixel

G20_026194_1690_XN_11S091W

h0442_0008_nd3
HRSC 150-170 m/pixel
h2728_0001_nd3

THEMIS_IRnight_256ppd_60NS_West_v1_equirect_clon0_ly80.jp2
THEMIS ~100 m/pixel
THEMIS_IRday_256ppd_West_v2_equirect_clon0_ly80.jp2

MOLA SHADED RELIEF MOL MEGDR_NE_Oudemans_128ppd_geotiff.tif ~462 m/pixel
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