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ABSTRACT

Many processes that operate on a planetary surface have the potential to create
sedimentary deposits which when preserved as rocks can provide clues that allow past
environmental conditions to be reconstructed. This work combines several studies using
data from the Mars Exploration Rover and Mars Reconnaissance Orbiter spacecraft to
examine the structure and sedimentology of the sedimentary rock record of Mars. The first
study supports the dune-interdune model proposed for the formation of the deposits at the
Opportunity landing site in Meridiani Planum and provides evidence that liquid water was
involved to a greater extent in the formation of outcrops in Erebus crater. The next study
identifies two depositional fan complexes on the floor of southwestern Melas Chasma and
suggests that they may be sublacustrine in origin, which suggests the former presence of a
significant body of water stable for at least 100 to 10,000 years. Furthermore, the basin
containing the fans may be a complete source-to-sink system. The third study examines the
geomorphic channel patterns present on analogue terrestrial submarine fans and deltas.

The last study characterizes the extent and styles of deformation of sedimentary rocks in
Valles Marineris and finds that subaerial or subaqueous gravitational slumping or sliding
and soft-sediment deformation are potential mechanisms that may have caused the

deformation.
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Chapter 1

INTRODUCTION

1.1 The Record of Ancient Sedimentary Rocks on Mars

Many processes that operate at a planetary surface have the potential to create a
record of sedimentary rocks, and these rocks provide clues that allow past environmental
conditions to be reconstructed. Earth has a rich sedimentary rock record, and the study of
these rocks has provided insights into how the climate of Earth has evolved over the last
several billion years. Of all of the planetary bodies in our Solar System, Mars is the only

other planet known to have an extensive sedimentary rock record.

While the study of rocks on Mars that appear sedimentary in nature began with
Mariner and Viking images (Sharp 1973; Nedell et al. 1987), the field has truly blossomed
with the data returned from the Mars Global Surveyor, Mars Odyssey, Mars Express, the
Mars Exploration Rovers, and the Mars Reconnaissance Orbiter (Christensen et al. 2000;
Malin and Edgett 2000; Malin and Edgett 2003; Glotch et al. 2005; Grotzinger et al. 2005;
Ehlmann et al. 2008; Lewis et al. 2008b, Milliken et al. 2008; Metz et al. 2009a; Metz et al.
2009b). With the high-resolution images and spectral data from these spacecraft, the
detailed morphology, stratigraphy and composition of sedimentary deposits can now be
studied from orbit and on the surface in Meridiani Planum and Gusev crater. Sedimentary
rocks from a range of depositional environments have now been identified on Mars,
allowing detailed comparisons between environments and processes on Earth and Mars.

These environments include eolian dune/interdune (Grotzinger et al. 2005; Metz et al.
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2009a), alluvial/fluvial (Mangold et al. 2004; Moore and Howard 2005; Quantin et al.

2005; Kraal et al. 2008a; Mangold et al. 2008a), deltaic (Malin and Edgett 2003; Fassett
and Head 2005; Lewis et al. 2006; Wood 2006; Ehlmann et al. 2008; Grant et al. 2008),

subaqueous (Metz et al. 2009b) and volcaniclastic (Lewis et al. 2008a).

Many sedimentary environments are quite similar on Earth and Mars; however,
there are a few key differences. Because the upper crust of Mars is primarily basaltic
instead of intermediate to felsic as on Earth, typical particles derived from chemical
weathering on Mars will have a different composition than those on Earth (McLennan and
Grotzinger 2008). Chemical and spectral measurements of the rocks exposed on the
surface of Mars indicate that many of them were altered in low pH environments
dominated by the sulfur cycle, as opposed to moderate pH environments dominated by the
carbonate cycle as on Earth (McLennan and Grotzinger 2008). Another key difference
between Earth and Mars is that Mars does not have plate tectonics (Albaréde and Blichert-
Toft 2007; O'Neill et al. 2007), and so sedimentary basins are largely thought to form in
impact craters or through rifting, as in Valles Marineris, instead of through subsidence

(McLennan and Grotzinger 2008).

Exposures of rocks that may be sedimentary in nature are concentrated in a few
areas on Mars, primarily within ~30° of the equator (Fig. 1.1). An ice-rich mantle has been
identified on the surface of Mars between ~30-70° north and south and may obscure
exposures of sedimentary rocks in those latitude bands (Mustard et al 2001). A survey of

High Resolution Imaging Science Experiment (HIRISE) and Mars Orbiter Camera (MOC)
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images show that layered rocks occur primarily in Valles Marineris, Meridiani Planum,

Arabia Terra, Holden crater and near the western and northern rims of the Hellas impact
basin (Malin and Edgett 2000; Griffes et al. 2010). This suggests that at the time these
rocks formed, climatic conditions led to stratified rocks primarily deposited in these areas

or preferentially preserved or exposed in these areas. Absolute ages for rocks on Mars are

o .4', 0y @@

oy
Sid

o 0%

(] L5 [,

Figure 1.1 MOLA elevation map of Mars overlayed on THEMIS daytime IR mosaic. Red
dots indicate locations of HIRISE images that do not show layered deposits. Yellow dots
are HiRISE images with stratified bedrock (based on Fig. 1 from Griffes et al. 2010).

not known, but relative ages of rocks can be estimated based on the density of impact
craters. Areas that are more heavily cratered are thought to be older and those with fewer
impact craters are thought to be younger. Martian time has been divided into three epochs:

the Noachian, Hesperian and Amazonian as shown in Figure 1.2.
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Figure 1.2 Martian timescale which divides Martian time into three epochs. Noachian
refers to rocks older than 3.5 Ga, Hesperian to rocks between 3.5 and 1.8 Ga, and the
Amazonian to rocks younger than 1.8 Ga.

The following chapters will describe several exposures of sedimentary rock from
different depositional environments on the surface of Mars and will compare them to
similar terrestrial environments. Chapter 2 describes eolian dune/interdune facies observed
in Erebus crater in Meridiani Planum with the Opportunity rover. Chapter 3 describes a
depositional fan complex in a small basin in southwestern Melas Chasma, Valles
Marineris, and based on similarities to terrestrial depositional fans, infers that it is most
likely sublacustrine in origin. Chapter 4 investigates some of the properties of terrestrial
submarine fans that serve as a reference for comparison to the Martian sublacustrine fans.
Chapter 5 describes many outcrops of deformed sedimentary rocks that are exposed in the

central chasmata of Valles Marineris and evaluates potential causes for the deformation.

1.2. Methods

The work described in the following chapters uses several datasets and software
programs. A short description of the most heavily used datasets is given below along with

a description of the software programs.

1.2.1 Datasets



1.2.1.1 Mars Global Surveyor

The Mars Global Surveyor (MGS) spacecraft was launched in 1996 and operated
for nearly a decade before it was lost in November 2006. Data from one of its instruments,
the Mars Orbiter Laser Altimeter (MOLA), is used in this thesis, and | refer to data from
another of its instruments, the Mars Orbiter Camera (MOC). MOC is a pushbroom camera
and includes both a narrow-angle and two wide-angle cameras. Narrow-angle image
swaths are roughly 3 km wide and have a ground sampling dimension up to 1.5 m/pixel
(Malin et al. 1992). MOLA is an optical remote sensing instrument, and it has acquired the
most accurate global topographic map of the surface of Mars to date. MOLA has a vertical
accuracy of 1 m and a surface spot size of 168 m with an along track shot spacing of 300 m

(Smith et al. 2001).

1.2.1.2 Mars Exploration Rovers

The Mars Exploration Rovers (MER) Spirit and Opportunity landed on the surface
of Mars in January 2004, and six years later are still traversing across the surface, long past
their nominal 90-sol mission. The Spirit rover landed in Gusev crater and the Opportunity
rover in Meridiani Planum. Each rover contains a suite of scientific instruments including
panoramic cameras (Pancam), a microscopic imager (MI), a miniature thermal emission
spectrometer (Mini-TES), an alpha particle X-ray spectrometer (APXS), a Mdssbauer
spectrometer (MB), and a rock abrasion tool (RAT). This thesis primarily uses results from

the rover cameras, although key results from the other instruments are summarized.
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Pancam is used to provide imaging of the landing sites in order to study the

morphology, lithology, texture and distribution of rocks and outcrops. It is a high-
resolution color stereo pair of 1024 x 1024-pixel CCD cameras that are mounted 30 cm
apart on a camera bar on top of the rover mast (Bell et al. 2003). The cameras have a 1°
toe-in, which means they are angled in, and can provide accurate range data from 5-100 m
from the rover (Bell et al. 2003). Each camera has a filter wheel which provides visible
and near IR coverage ranging from 400 nm to 1100 nm with stereo imaging available for
red (L2/R2) and blue (L7/R1) wavelengths (Bell et al. 2003). The MI is used to provide
hand-lens scale imaging of rock and soil textures. It uses the same CCD as the Pancam, but
with only a single broad-band filter so images are monochromatic (Squyres et al. 2003).

The field of view is 31 x 31 mm with 30 um/pixel sampling (Squyres et al. 2003).

The Mini-TES is used to provide mineralogical information for rocks and soils. It
is a Michelson interferometer that provides a spectral resolution of 10 cm™ over the 5-29
pum range (Squyres et al. 2003). The APXS provides information that can be used to
determine the elemental chemistry of rocks and soils, which can be used to help constrain
mineralogical analyses. It exposes material to alpha particles and x rays from a radioactive
#%Cm source, and then measures the energy spectra of backscattered alphas and x rays
(Squyres et al. 2003). The depth of analysis ranges from 10-100 um, depending on the
atomic number, with a detection limit of 0.5-1 weight percent. The Madssbauer
spectrometer can be used to reveal the valence state, molecular structure, and magnetic
properties of iron-bearing material in the rocks and soils (Squyres et al. 2003). It uses a

*Co source and has a depth of sampling of 200-300 pm with a spot size of ~15 mm.
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The RAT is used to brush dust from rock surfaces and to grind into the surface of

rocks to expose fresh material. It is a diamond tipped grinding tool that can remove a

cylindrical area of 4.5 cm to a depth of at least 0.5 cm (Squyres et al. 2003).

1.2.1.3 Mars Reconnaissance Orbiter

The Mars Reconnaissance Orbiter entered orbit around Mars in 2006 and hosts
several high data rate instruments, including the High Resolution Imaging Experiment
(HIRISE), the Context Camera (CTX), and the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM). This suite of instruments provides the ability to map the
surface of Mars at an unprecedented spatial and spectral resolution. The spacecraft is in a
near circular, near polar 255 x 320 km orbit with a mean local solar time of 3:10 pm

(Murchie et al. 2007).

The HIRISE camera is a pushbroom camera and has a 6 km swath width and a
minimum ground sampling dimension of 25-30 cm/pixel (McEwen et al. 2007). The
camera has fourteen 2048 x 128 element CCDs and a 3-color capability over the central
20% of the swath width. MRO has very precise stability and pointing control which allows
HIRISE to acquire stereo images that can be combined to form digital elevation models
(DEMSs) with a vertical precision of ~25 cm (McEwen et al. 2007). The CTX camera
acquires context images that can be used for the data acquired by other MRO instruments;
it has a 5064 pixel wide CCD array and has a swath width of 30 km with a ground
sampling dimension of 6 m/pixel (Malin et al. 2007). The CRISM instrument is a

hyperspectral imager that is used to map the mineralogy of key areas of the surface of Mars
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at high spatial resolution. In its targeted mode, it has a spatial resolution of 15-19 m/pixel

and a spectral resolution of 362-3290 nm at 6.55 nm/channel (Murchie et al. 2007).
CRISM uses gimbaling to take out along-track motion of the field of view to allow targeted

images of approximately 10 km by 10 km at full spatial resolution (Murchie et al. 2007).

1.2.2 Software

The software programs used most heavily in this thesis (ArcGIS, ENVI, and
Matlab) are described below. Additional programs used include Canvas, JMars, and

GoogleMars.

1.2.2.1 ArcGIS

Most of the mapping that was done in the following chapters was accomplished in
ArcGIS, which is a suite of geographic information system software produced by ESRI. A
THermal EMission Infrared Spectrometer (THEMIS) daytime infrared (IR) global mosaic
was used as a basemap and all other images were registered to the basemap using the Mars
2000 projection. HIiRISE and CRISM images were manually aligned to CTX images using

prominent features in the images.

1.2.2.2 ENVI

CRISM images were processed using the CRISM Analysis Tools (CAT) in ENVI,
which is a software application used to process and analyze geospatial imagery. IR and

visible images were first converted from PDS format to CAT, then the IR images were
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corrected for atmospheric gases and stripes were removed. Band parameter maps were

calculated for both IR and visible images, and then the images were projected. Lastly, the

IR and visible images were stacked.

CRISM images were analyzed using spectral band parameter maps, which are
designed to capture spectral features unique to specific mineralogies (see Table 1 of Pelkey
et al. 2007 for a list of CRISM spectral parameters). Band depths generally scale with the
abundance of the absorbing mineral, though factors such as particle size and albedo do
have an effect (Pelkey et al. 2007). Each band parameter was examined and the three most
revealing were combined into the three channels of an RGB image. Regions with
interesting features were then selected from a linked RGB band parameter image and the
visible image. A spectrally 'neutral’ area, often a dusty area, was also selected and the

spectra of each region of interest were ratioed to the spectra of the neutral area.

1.2.2.3 MATLAB

The DEMs used throughout this thesis were analyzed using scripts | wrote in
Matlab; these scripts allow users to directly select bedding planes or contacts in HIRISE
DEMs and calculate the orientation of the bedding and the errors on these measurements.
The method uses two main steps in order to find the orientation of layers in a DEM. First,
a user clicks points along each layer for which the orientation is desired using a graphical
user interface. These points are then used to find the orientation of the plane as well as the

errors in the measurements.
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The inputs to the scripts are a HIRISE orthoimage of the area of interest (along

with its worldfile) and a DEM, both in tiff format. Typically, | work with only a subset of
the DEM covering a particular portion of interest (usually ~1/3 of the DEM or less) to
decrease computing times and memory issues. It is important to select bedding planes or
contacts that have three-dimensional exposures so that a unique plane can be fit to the data.

It is also important that each bedding plane or contact be relatively planar.

Once the layers have been traced out, the points are used to find a multiple linear
regression least-squares plane fit. The equation of the plane is
Z=B1X + B,Y + B3 Q)
where B are the coefficients for the multiple linear regression with one-sigma confidence
limits, X is the easting, Y is the northing and Z is the elevation. The equation for the strike

(in degrees) is

dip = =tan~! (/(BF + BD)), @
and the equation for the dip (in degrees) is

strike = ?tanZ‘l(—Bz,Bl) ()
where tan2™* is the four quadrant inverse tangent. | used bootstrapping with replacement
(1000 iterations) to derive the confidence intervals of the strike and dip. This is
accomplished by first adding a random residual of the plane fit (R*) to the elevation value,
and then subtracting the residual so that the error is not doubled:

z*=z+R" —R 4)
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The multiple linear regression is then run using the x, y, z* values, and this is

repeated 1000 times. Next, we take the mean of the 1000 strikes and the mean of the 1000
dips derived from the bootstrapping to find the strike and dip, respectively. We then

calculate the one-sigma confidence limits on the dip.

Next, we calculate the principal components (C1,C,,C3) of the plane fit. | report the
colinearity, which is defined as the ratio of the third principal component to the second
principal component (C3/C,). This value should be close to zero for a good plane fit. If the
ratio of C3/C; is large, then it means that the points used to define the plane are colinear and

the plane should not be used to derive strike and dip measurements.

Two figures are produced from these scripts, (1) shows the image with the location
of each selected plane along with a number labeling each plane, and (2) shows the image

with the strike and dip symbol and numerical measurement of each plane plotted on top.
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Chapter 2

SULFATE-RICH BEDROCK IN EREBUS CRATER, MERIDIANI PLANUM

Originally published in:

Metz, J. M., Grotzinger, J. P., Rubin, D. M., Lewis, K. W., Squyres, S. W., and Bell, J. F.
(2009a), Sulfate-rich eolian and wet interdune deposits, Erebus crater, Meridiani Planum,
Mars, Journal of Sedimentary Research, 79, 247-264, doi: 10.2110/jsr2009.033.

Abstract

This study investigates three bedrock exposures at Erebus crater, an ~300 m
diameter crater approximately 4 km south of Endurance crater on Mars. These outcrops,
caled Olympia, Payson, and Y avapai, provide additiona evidence in support of the dune-
interdune model proposed for the formation of the deposits at the Opportunity landing site
in Meridiani Planum. There is evidence for greater involvement of liquid water in the
Olympia outcrop exposures than was observed in Eagle or Endurance craters. The
Olympia outcrop likely formed in a wet interdune and sand sheet environment. The facies
observed within the Payson outcrop, which is likely stratigraphically above the Olympia
outcrop, indicate that it was deposited in a damp-wet interdune, sand sheet, and eolian dune
environment. The Yavapa outcrop, which likely stratigraphicaly overlies the Payson
outcrop, has facies suggestive of deposition in primarily a sand sheet environment and aso
potentialy in an eolian dune environment. These three outcrop exposures may indicate an
overall drying-upward trend spanning the stratigraphic section from its base at the Olympia

outcrop to its top at the Yavapa outcrop. This contrasts with the wetting-upward trend
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seen in Endurance and Eagle craters. Thus, the series of outcrops seen at Meridiani by
Opportunity may constitute a full climatic cycle, evolving from dry to wet to dry

conditions.

2.1 Introduction

The development, testing, and refinement of facies modelslies at the core of the
analysis of sedimentary rocks on Earth. Multiple outcrop exposures or well information
create the basis for this approach, whose application has great relevance for the
interpretation of sedimentary rockson Mars. At Meridiani Planum, randomly distributed
impact craters provide spatially separated outcrops that can be interrogated for information
related to depositional processes. The results obtained for each crater can be used to

evaluate devel oping facies models.

The Mars Exploration Rover (MER) Opportunity has investigated several bedrock
exposuresin cratersin Meridiani Planum. Facies models devel oped by studying outcrops
in Eagle and Endurance craters create a framework to which each new crater can be
compared. The purpose of this study wasto test and refine existing models proposed for
the formation of the Meridiani bedrock by investigating new outcrop exposures at Erebus
crater, an ~ 300-m-diameter crater approximately 4 km south of Endurance crater (Fig.
2.1A). Erebuscrater isalarge smple crater, and Mars Global Surveyor-Mars Orbiter
Camera stereo data and Mars Orbiter Laser Altimetry data suggest that the land surface

surrounding Erebus crater is about 10-15 m higher in elevation than Endurance crater.
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Assuming the bedrock to be approximately flat lying, thisimplies that the rocks at Erebus
may be at adightly higher stratigraphic level than Endurance. The outcrops examined at
Erebus are concentrated along the rim of the crater and have been informally named

Olympia, Payson, and Y avapai (Fig. 2.1B).

Endurance Olympia
Qutcrop.

\m/‘ '

"i-";'ht.éf\'_’@h'”g..'. Navapai|///) i
IR A ST

.} Victoria

500 m

Figure 2.1. Subscenes from HiRISE image PSP_001414 1780, which was acquired on
November 14, 2006 (Mars northern summer). White box indicates location of B. The
image was taken at the local Mars time of 3:26 p.m., and the scene was illuminated from
the west at a solar incidence angle of 54°. A.) HiRISE image showing rover traverse path
inwhite. Therover drove from Eagle crater east to Endurance crater, and then drove 4 km
south to Erebus crater en routeto Victoriacrater. B.) Erebus crater with locations of the
Olympia Outcrop, Payson, and Y avapa marked. C.) Close-up view of the western margin
of Erebus crater showing the strike and dip of bedding in the Payson, Intervening Ridge,
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and Y avapai outcrops. Thetrend of the axis of the potential syncline at Yavapai isaso
indicated.

The sulfate-rich bedrock exposed along the walls at Eagle and Endurance craters
has been interpreted by the MER team to have been deposited in an eolian dune-interdune
environment (Grotzinger et a. 2005; Grotzinger et al. 2006; Squyres et al. 2004). This
interpretation of the outcrops has been challenged by McCollom and Hynek (2005) and
Knauth et al. (2005), who suggested that vol canic or impact-rel ated sedimentation was
responsible for the deposition of the Meridiani bedrock. These strongly contrasting models
make specific sedimentol ogic predictions for Meridiani bedrock exposures; the current
study documents an important new locality that provides datato help test these models. All
of the observations point to a dune-interdune scenario. This allows consideration of
potentia climatic influences, which isamajor concern for the environmental evolution of

Mars.

2.2 Regional Setting

Erebus crater islocated in the Terra Meridiani region of Mars. The oldest rocks
congtitute a Noachian-age basal unit that has been extensively dissected by channel systems
(Arvidson et al. 2003). Lying disconformably on top of the dissected cratered terrainisa
widespread, partially eroded, layered complex consisting of severa light-toned
stratigraphic units. The layered complex (“etched terrain”) has a variable morphology
which includes polygona ground separated by ridges and valleys and accumulations of

stratawhich have been eroded into a variety of landforms (Arvidson et al. 2003). These
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essentially flat-lying strata extend laterally for distances in excess of 100 km. Erosional
features within the etched terrain indicate that several hundred meters have been stripped
from this deposit (Arvidson et a. 2003). The etched terrain covers 2.3 x 10° km? and is at
least 500 m thick (Hynek 2004). The stratain the etched terrain are inferred to be lithified
sedimentary rock, because they maintain nearly vertical cliffs and have high thermal inertia

(Arvidson et al. 2006; Edgett and Main 2002).

Strata of the etched terrain are capped by hematite-bearing plains which are
characterized by a smooth morphology and dark tone (Arvidson et al. 2003; Arvidson et al.
2006); these materials have locally been reworked into avariety of eolian bedforms
including dunes and granule ripples (Jerolmack et a. 2006). Exposure of light-toned
bedrock of the etched terrain can be seen in the interdune areas. The northern part of the
Meridiani region is covered by a mantle whose thicknessis ~ 10 m, thickening to 30 m

toward the north (Arvidson et a. 2003).

Opportunity has examined the extremely flat plains and several craters within the
hematite-bearing plains unit in TerraMeridiani. The bedrock exposures near and within
Eagle, Endurance, and Erebus craters have alowed detailed examination of the layersin
the lower part of the topmost strata in the etched terrain. Dueto differential erosion, the
strata exposed at the upper surface of the etched terrain vary considerably in age. A
framework for interpretation of the bedrock exposures investigated by Opportunity was

outlined in Grotzinger et al. (2005).
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Endurance and Eagle craters (Fig. 2.1A) expose a combined stratigraphic thickness
of 7 m of sedimentary rocks called the Burns formation (Grotzinger et a. 2005). These
outcrops are composed dominantly of fine- to medium-grained sandstones. Geochemical
and mineralogic data show that the grains are composed of 50% fine-grained siliciclastic
materials derived from the weathering of basaltic rock, 40% sulfate minerals, and 10%
hematite (Clark et a. 2005; Squyres et a. 2004). Exposed rocks are soft, as revealed
through grinding using the rock abrasion tool (RAT); they have aresistance to abrasion
similar to talc (Arvidson et a. 2004). Most outcrops are laminated and formed of well-
rounded and well-sorted grains, bound together with intergranular cements (Grotzinger et
al. 2005). Mineralogica and geochemical data support sedimentol ogic observations of
evaporative processes and indicate the presence of abundant sulfate minerals, including
jarosite (KFe3(S04)2(OH)e) and probable calcium and magnesium sulfates, in addition to

later remobilization of evaporite minera phases (Clark et al. 2005; McLennan et a. 2005).

The Burns formation at Endurance crater can be subdivided into lower, middle, and
upper units. The lower unit contains large-scal e cross-bedded sandstone and is interpreted
to represent an eolian dune facies. The middlie unit is dominated by several meters of
planar-laminated to low-angle cross-stratified sandstone with an overprint of nodular
recrystallization and isinterpreted as representative of an eolian sand sheet. The upper unit
contains planar lamination, low-angle stratification, and small-scale cross-dtratification in
sets, including rare small-scal e trough cross-lamination. This unit isinterpreted as having
been deposited in a mixed eolian sand sheet and interdune environment (Grotzinger et al.

2005). According to this model, the sequence shows a wetting-upward succession and
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records a progressive increase in the influence of groundwater and ultimately surface water
on deposition and subsequent diagenesis (Grotzinger et a. 2005). Centimeter-scal e trough
cross-lamination in the upper unit isindicative of sediment transport in shallow subagueous
flows with current velocities of afew tens of centimeters per second (Grotzinger et d.

2005). These flows most likely resulted from the flooding of interdune-playa surfaces.

2.3 Stratigraphic Framework for Erebus Crater

2.3.1 Methods

Structural attitudes were obtained using planar fits to bedding seen in Pancam
images of the Payson outcrop. Linear segments were traced out a ong well-exposed layers.
Only layers with some natural curvature in the horizontal direction were used in order to
provide accurate constraints on the three-dimensional geometry of the layer. Thiswas
done because linear segments do not provide any information on the direction
perpendicular to the line. We employed the method presented in Squyres et a. (2007) and
Lewis et a. (2008b), which uses principal component analysis to ensure the layers used are
wdll fitted by a plane. Where sufficient outcrop curvature was not present, apparent dips

were used.

The stratigraphy was mapped by visua tracing and correlation of key beds across
the outcrop. Breaks dueto lack of outcrop and possible small fault offsets were accounted
for, and composite stratigraphic thicknesses were estimated by using key bedsto link

different parts of the outcrop.
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2.3.2 Results

Opyportunity obtained images of Erebus crater from sols 647 to 759. The bedrock
exposures in Erebus crater include alarge expanse called the Olympiaoutcrop (Fig. 2.1B).
The outcrop appears as arelatively flat pavement due to recent eolian abrasion. The
structura dips of the rocks at the Olympia outcrop are up to ~ 15-30°, with variable strike,
possibly caused by the crater-forming impact that rotated individua rocks or sections of
rock (Grotzinger et a. 2006). Correlations between individua blocks at Olympia generaly
were not possible. Two, more prominent, outcrops are located farther south along the
western rim of Erebus crater. These more prominent outcrops feature ~ 1-m-high vertica
exposures of outcrop that extend for ~ 80 m from the north end of the northern outcrop
(“Payson”) to the south end of the southern outcrop (“Yavapa”) (Fig. 2.1B). Thereisa
small ridge separating the two outcrops (Fig. 2.1C). The stratigraphic relationship between
Payson and Y avapai cannot be resolved with certainty, but from the images acquired it
appears that the bedding continues beyond Payson across the intervening ridge with smilar
dips, and so Yavapai islikely stratigraphically higher than Payson. Together, these two

outcrops represent approximately 10 m of stratigraphic section.

The northern and southern outcrops were imaged between sols 742 and 758, with
Payson imaged from three different positions and Y avapai from two positions. The dip of
the Payson strata ranges between 10 and 15° and al of the layers strike in a SE-NW
direction (Fig 2.1C). The Payson outcrop is approximately 31 m long and rangesin height

from0.75mto 1.6 m. Thetota stratigraphic thickness represented by Paysonis4.85m. A
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fracture cuts across the northern end of the outcrop (Fig. 2.2A). The bedding at the
northern end of the outcrop dipsat ~ 10° to the SE. Approximately 10 m along from the
north end of the outcrop exposure at Payson, thereis a changein the bedding dip (Fig.
2.2A). The apparent dips become steeper south of this area, with dips measuring around

15° to the SE.

Figure 2.2 The northern two-thirds of the Payson outcrop shown as two overlapping panels.
The facies transitions are marked by white lines. Solid lines are drawn where the
transitions are clearly defined, and dashed lines are drawn where the transitions are inferred
or partially obscured. These images were taken by the Pancam on sol 749 with the 430 nm
filter. A.) Northernmost section of Payson. A fracture, likely formed during formation of
Erebus crater, is marked by ablack line. The mottled facies, wavy-laminated facies, low-
angle stratified facies, and trough cross-bedded facies are marked. The location of figure
2.16 isindicated. Thetwo thick whitelines and the white arrow indicate the area where the
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dip of the outcrop bedding increases from ~ 10° to ~ 15°, measured rel ative to a horizontal
surface.  B.) The middle section of the Payson outcrop, showing the trough cross-bedded
and mottled facies. Thelocation of figure 2.8C isindicated.

Because Erebus crater is a highly eroded simple crater whose plan view departs
significantly from circular (Melosh 1989), it islikely that the current walls are the result of

alarge amount of erosion of the original rimwalls. The current walls are likely far

removed from the original rim, and also potentially below the original flanks of the crater.

Figure 2.3 The Yavapai outcrop, showing the locations of the lower and upper units and the
interval of cover between them. Dashed white lines indicate the approximate | ocations of
the unit boundaries, in this case defined by limits of exposure. Navcam image acquired on
sol 755.

The outcrop dips are also not directed radially away from the crater, as would be expected
if they were the result of the crater-forming impact. Erebus crater is superposed on an
older crater, TerraNova, so the dips observed at Erebus may potentially be related to the
combined deformation from both impacts. However, the observed dips at Erebus crater

also do not coincide with the expected radial outward dips from the Terra Novaimpact.
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TerraNovais aso aheavily eroded crater, and so as described earlier for Erebus, the
current exposures are probably far removed from the original walls of TerraNova. Thus,
the dips observed at Erebus may have originated from a complicated interaction of the

deformation from both the Erebus and Terra Novaimpacts.

Figure 2.4. A.) Hypothetical geometry of beds in the upper unit of the Y avapai outcrop if
they form a syncline. « is the plunge of the fold axis. B.) Hypothetical geometry of the
beds in the upper unit of Yavapai if they represent opposite sides of large trough-shaped
sets of cross-beds.
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The Yavapa outcrop is approximately 30 min length and is separated from the
Payson outcrop by about 20 m. Only the northernmost 6 m of the outcrop wasimaged in
enough detail to characterize the diversity of sedimentary structures. The section of the
Y avapai outcrop for which images were acquired can be separated into two units (Fig. 2.3).
The lower unit has approximately 0.8 m of vertical relief, and the upper unit has between
1.5t0 2.5 m of vertica relief; they are separated by ~ 5 m of areal soil cover. Yavapai
strata define either (1) an open syncline, with the fold axis trending roughly east-west and
plunging into the outcrop (Figs. 2.1C, 2.4A) or (2) aset of large-scale trough-shaped cross-
stratawith the variable dip directions due to exposure of cross-bed layers on both sides of

the trough bedform (Figs. 2.1C, 2.4B). Thetotal stratigraphic thickness represented by the

Y avapai outcrop is5.15 m.

Figure 2.5 Microscopic imager photograph of the rock lower Overgaard showing the
typical grain sizes and sorting within the Olympiaoutcrop. Grains are predominantly of
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medium sand size, with interlocking textures due to cementation. Image acquired on sol
708.

2.4 Facies and Depositional Processes

All of the rocksin the Olympia, Payson, and Y avapal outcrops are interpreted to be
sandstones on the basis of the predominance of clastic textures. Thisis supported by
Microscopic Imager (M1) images of the Olympia outcrop, located 50 m north of Payson,
which show predominantly medium-sand-size grains (Fig. 2.5). MI images were not
obtained for the Payson or Y avapai outcrops, but grains are below the limit of the

resolution of the Pancam images.

Figure 2.6 Distribution of facies at the Olympia outcrop. Where facies could be
determined they are marked on the outcrop by the indicated colors. Rocks discussed in this
paper (Bellemont, Lower Overgaard, and Skull Valley) areidentified. Correlation of facies
isseverely limited due to impact-related brecciation and block rotation. These images were
acquired between sols 652 and 694 with Pancam’s 482 nm filter.

The composition of therock “Ted” (Fig. 2.6) at Olympiais similar to that observed

at Endurance and Eagle craters (Knoll et a. 2008) and the rock is similarly interpreted to
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have been derived from reworked, siliciclastic-rich evaporites. The presence of centimeter-
scale lamination in many of the facies makesit likely that these deposits accumulated as the
result of bedload traction transport of sand-size particles. The facies observed at Olympia,
Payson, and Y avapai include mottled sandstone, syn-sedimentary deformed sandstone,
wavy-laminated to small-scale trough cross-laminated sandstone, and planar-stratified to
low-angle-stratified sandstone. There are zones of intense recrystallization where the
deposits appear massive, but there is aso generally evidence for palimpsest layering,

indicating that the original deposits were not massive.

2.4.1 Mottled Sandstone

There are severa occurrences in the Payson outcrop of amottled and disrupted
texture that is poorly stratified to massive. This facies appearsin both the lower unit and
the upper unit at Payson (Figs. 2.2, 2.7, 2.8). Bedsin the mottled faciesin the lower unit
are ~ 4-6 cm thick and show palimpsest millimeter-scale lamination in some areas.
Although the Meridiani rocks are classified as sandstones because of their primary texture,
their very unusual composition and the highly labile nature of the mineralogy lead to
textures not commonly seen in sandstones (McLennan et a. 2005; Tosca et a. 2008).
Therefore, we must turn to chemical sedimentary rocks for potential analogs. Mottling
occursin terrestrial carbonate rocks when part of the limestoneis diagenetically replaced

by dolomite, causing adifference in composition and crystallinity. Thiscanresultin
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Figure 2.7 Stratigraphy of Payson. Thefive facies are defined on the basis of
sedimentologic and diagenetic attributes. The lower mottled facies, syn-sedimentary
deformed facies with rip-up clasts, and wavy- to small-scale trough cross-laminated facies
are interpreted to have been deposited in an interdune environment. The low-angle
stratified facies isinterpreted to have been deposited in an eolian sand sheet. The ~ meter-
wavelength trough cross-bedded faciesis interpreted as representative of an eolian dune
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field. The upper mottled facies with areas of small-scale trough cross-lamination and rip-
up clastsisinterpreted as representative of an interdune environment.

obliteration of primary depositional stratification (Beales 1972; Bullen and Sibley 1984).
Though the rock composition for Payson is very different from these well-documented
terrestria carbonates, we envision asimilar process whereby the appearance of amottled

facies at Paysonislikely adiagenetic overprint and not a primary depositional facies. The

Figure 2.8 A.) Section of the Payson outcrop showing the locations of Figures 2.8B, 2.11A,
and 2.12. Thelateral and vertical variation in the extent of recrystallization can be seen;
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the latera variation is particularly noticeable a ong the stratigraphic horizon marked by the
horizontal white lines. Boxesi-iv show the areas outlined in the black boxes in more detail.
In box i, the original stratification iswell preserved, but some of the original textureislost
farther dong the same layer as shown in box ii. In box iii the recrystalization has been
more intense, with much of the original stratification lost, while farther to the right in box
iv the original stratification isamost completely lost. These imagesillustrate that athough
some areas of the outcrop may appear massive, they were all originally stratified at the
centimeter-scale. Pancam image acquired on sol 749 with the 430 nm filter. B.) Close-up
view of the mottled area below and including box iv. Theorigina stratification is nearly
absent due to recrystallization. C.) Close-up view of the upper mottled faciesin the area
indicated in Figure 2.2B. The mottled appearance of this areais interpreted to be the result
of recrystalization. This palimpsest lamination suggests that the origina stratification was
likely wavy-laminated to small-scale trough cross-laminated. Pancam image acquired on
sol 753 with the 430 nm filter.
intensity of the proposed recrystalization varies both horizontally and vertically in this
faciesin the lower unit of Payson (Fig. 2.8A i-iv). Where stratificationisvisiblein the
mottled faciesin the lower unit, synsedimentary deformation and possible rip-up clasts dso
arevisible. The upper unit of Payson is composed entirely of the mottled facieswhich
extends to the top of the outcrop (Figs. 2.2B, 2.7, 2.8¢). Inthisarea, where hints of the
origina stratification remain, it appears to be wavy- or small-scale trough cross-laminated

(Fig. 2.8C).

Recrystallization could have occurred in the phrestic or capillary zone of a paleo-
water table. Groundwater in contact with a sulfate evaporite deposit readily dissolves the
rock unlessthe water is aready saturated with respect to the specific sulfate phase (Johnson
2005; Toscaet a. 2005). Toscaet a. (2005) have modeled the evaporation of fluids
derived from acid weathering of Martian basalt, and their model suggeststhat Mg, Ca, and
Fe sulfates should be produced. They aso calculated the solubility of these evaporite

minerals under diagenetic conditions that were likely in Meridiani Planum and found that



29
epsomite (Mg sulfate) and melanterite (Fe sulfate) were the most soluble but gypsum took
much longer to dissolve (Toscaet a. 2005). Since the rock in the mottled facies does not
appear to have an increased porosity on a scale visible to the Pancam (minimum size of
features that can be resolved is severa millimeters), any fluid responsible for the diagenetic
alteration must have been abrine saturated or very close to saturated with respect to the

chemical composition of the rocks (Toscaet al. 2005).

Figure2.9 A.) Lower Overgaard. Two cracks at the right margin of Overgaard are
reactivated, in the upper part of the rock, to form a soft-sediment deformation fold (upper
large arrow). To theleft of the fold, in equivaent strata, note generally incoherent bedding
(labeled “IB™) suggesting soft-sediment deformation. Also note soft-sediment-rel ated
folding in lowermost part of rock (lower large arrow); fold is onlapped by overlying
laminae. This super-resolution image was acquired on Sol 698 at 16:32:03 LTST using
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Pancam's 482 nanometer filter, sequenceid p2572. B.) Skull Valey. Numerous
penecontemporaneous cracks (small arrows) crosscut lamination, some oblique to bedding.
Note zone of soft-sediment deformation in upper right corner of rock (large arrow in upper
right). Note truncation of upward-deflected laminae along discrete bedding planesin
center and upper parts of rock (large arrowswith T). This super-resolution image was

acquired on Sol 713 at 13:48:35 LTST using Pancam's 482 nanometer filter, sequenceid
p2589.

2.4.2 Synsedimentary Deformed Sandstone

2.4.2.1 Soft-Sediment Deformation

Soft-sediment deformation features were observed at Eagle crater (see Fig. 2.13D in
Grotzinger et a. 2005) and are abundant in the Olympiaoutcrop. At both locations such
features are closaly associated with the small-scale trough cross-laminated facies and
synsedimentary shrinkage cracks. All observed features are of small scale, and consist of
irregular zones of crude bedding that are laterally adjacent to cracks, and zones of bedding-
paralel shortening and folding. These areillustrated in two rocksin the Olympia outcrop:
in the middle and upper parts of Skull Valley, and in the upper part of lower Overgaard

(Fig. 2.9).

The upper part of lower Overgaard contains deformed strata in which asmall-scae
fold along the right edge of the field of view of the rock nucleates and grows above a
boundary that approximately coincides with the upper limit of underlying synsedimentary
cracks (Fig. 2.9A). Stratathat define thisfold passlaterally (to the |eft) into other
deformed strata. Notably, al of this deformation does not seem to affect the lower

(cracked) part of lower Overgaard, suggesting bedding-parallel shortening above adistinct
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Figure 2.10 Possible shrinkage cracks in the rock Bellemont. White arrows highlight the
locations of the cracks. Note how cracks taper downward in a v-shape cutting
perpendicularly across severa laminae. This super-resolution image was acquired on sol
665 with the 482 nm filter.

surface of detachment. However, the lowermost part of lower Overgaard also seemsto

contain a zone of folding; here, folds seem to be onlapped by younger laminae containing

the planar cracks described in Grotzinger et a. (2006).

Skull Valley contains adistinct zone, localized near the upper part of the rock,
which likely aso involves soft-sediment deformation (Fig. 2.9B). At the upper left margin
of the rock a cracked laminais portioned into three pieces which are offset. The right-hand

fragment is curled upward. At this stratigraphic level, in the center of the rock, all texture
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islost and the bedding is massive. Along the right margin of the rock this massive zone
shows evidence of projecting upward across laminae which are a'so deformed in an upward
direction. Underlying laminae are relatively intact, which suggests that sedimentsin the
massive zone were fluid enough to penetrate bedding. By analogy to similar terrestrial
features, this could have involved flow across upward-directed pressure gradients induced

by early compaction of differentially permeable sediments.

2.4.2.2 Shrinkage Cracks

Possible shrinkage cracks are common in the Olympia outcrop. These cracks have
been identified in the rock Bellemont in a cross-sectiona view where they are observed to
taper downward in av-shape (Fig. 2.10). They cut perpendicularly across several
sedimentary layers and have also been infilled with sediment. Putative cracks appear to
start at severa levels, are up to 6 mm wide at their surface of initiation, and taper
downward to 1-2 mm at their base over a stratigraphic distance of 5-8 mm (3-4 laminae).

MI data show that cracks arefilled with sediment that istexturally similar to laminae which
are cracked. Most cracks are oriented perpendicular to bedding, though some crosscut

bedding at an angle and may show compaction-related deformation.

The rapid taper and large amount of shrinkage which caused these cracks is unusual
for terrestria sandstones; hereit is possibly due to the unusual mineralogy of the grains.
The original grains were not nonporous silicate grains, such as olivine or pyroxene, but
probably alightly cemented mudstone (McLennan et a. 2005). Geochemical

measurements and modeling suggest that the grains are magnesium sulfates (McLennan et
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al. 2005). If the grains were deposited as a hydrated magnesium sulfate such as epsomite
(with seven waters of hydration), then dehydration may have caused the sedimentsto
shrink enough to cause these cracks. However, thisis speculative due to the uncertain
timing of dehydration which may have occurred over longer time scales. Morelikely,
shrinkage was due to adehydration of the pore fluids, which would have existed in the

lightly cemented grains as well as between grains.

Prism cracks, which are polygonal networks of cracks that form normal to bedding
and break the sediment into vertical prisms (Fischer 1964), were aso identified in the
Olympiaoutcrop. These occurrences were described in Grotzinger et d. (2006) and
interpreted as shrinkage cracks formed during desiccation of damp sediments. The
columnar structure of the prism cracks is maintained by repeated cycles of wetting and
drying, with cracking over the same polygonal cracks occurring after deposition of new

lamina (Demicco and Hardie 1994).

2.4.2.3 Rip-Up Clasts

The mottled facies in the lower unit of Payson contains possible evidence of brittle
synsedimentary deformation, including potential rip-up clasts (Fig. 2.11). Therip-up clasts
areinterpreted to represent chips and pieces of former lamination that were cemented early
and then broken up and reworked. A consistent flow direction resultsin clast imbrication;
several imbricated clasts are seen in the Payson outcrop, and they indicate aflow direction

from north to south.
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Figure2.11 A.) Close-up of the areawith putative rip-up clastsindicated in figure 2.7A.
Theserip-up clasts likely formed when the surface sediment became crusted over and was
then later broken up, reworked, and deposited by a current. The clasts indicated by the
white arrow appear to be imbricated. The clast indicated by the black arrow appears to have
broken into at |east two pieces. There may also be afew more clastsimbricated in the
same direction as those mentioned above in the block to the right, although they are more
poorly defined. B.) Earth analog showing imbricated rip-up clasts from the Rocknest
Formation (1.9 Ga), northern Canada. Scaleisin centimeters.

Some of the putative rip-up clasts seen in Payson appear to have still been
somewhat soft when they were ripped up, since they appear curved or deformed (near
black arrow in Fig. 2.11A). Others seem to have undergone brittle deformation, because
they were aready partidly lithified; therefore, these clasts remained flat (white arrow in
Fig. 2.11A.). Evidence to support the supposition that these are rip-up clasts includes the
fact that the thickness of the putative rip-up clasts is the same as the intact |lamination above

and below the deformed area. Also, some of the pieces appear to have been laminae that
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were deformed and then broken off from more continuous lamination at the same
stratigraphic level.  Such syndepositional deformation and rip-up structures are often found

in wet interdune environments (Mountney and Thompson 2002).

It is possible that these features are related to later strain, associated with the
impact-forming deformation event. However, these features are developed only in afew
specific beds. Furthermore, they have not been observed in any other outcrops, including
Eagle and Endurance craters where impact also occurred. Such penetrative strain would be

expected to be ubiquitous, yet these features are rare. Therefore, their origin due to impact

seems unlikely.

Figure 2.12 Wavy and low-angle stratification in the area of the Payson outcrop indicated
in Figure 2.8A. Wavy lamination isindicated by the white arrow and low-angle
stratification by the black arrow.

2.4.3 Small-Scale Trough Cross-Laminated to Wavy-Laminated Sandstone

Possible centimeter-scal e trough cross-lamination occurs in some beds near the

south end of Payson. The potential small-scale troughs are not well exposed, and the
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resolution of the images in the areas with the potentia troughsis not sufficient to identify
them unambiguoudly. The Olympia outcrop, however, contains severa areas that show
well-exposed small-scal e trough cross-lamination, described in Squyres et al. (2006) and
Grotzinger et a. (2006). Small-scale trough cross-lamination (also known as festoon cross-
lamination) is formed by migration of three-dimensiona ripple bedforms with sinuous
crestlinesthat climb at generally positive anglesin flowing water (Rubin 1987). The
bounding surfaces scoured by three-dimensiona bedformstend to be trough-shaped. This
type of cross-lamination at this scale is common in deposits of subaqueous ripples (Hunter
1977b; Winston 1978) but very rarein deposits of eolian impact ripples. Eolian ripples
typicaly have straight crestlines and uniform spacing, and therefore deposit thin tabular
beds; these deposits are typically inversely graded rather than cross-laminated (Hunter

1977h).

Wavy-laminated strata occur in the lower unit of the Payson stratigraphy, between
09mand 1.2 m (Figs. 2.7, 2.12), and in the upper unit of Y avapai, between 2.25 m and
2.70m (Figs. 2.13, 2.14). Padimpsest lamination in the mottled faciesin the upper unit of
Payson indicates that wavy lamination may have been the precursor stratification in this
areaaswell. A large portion of the Olympia outcrop is aso wavy-laminated (Fig. 2.6).
Wavy-laminated strata may result from shallow scours backfilled with laminae that drape
the scour surface, which could be caused by local turbulence, changesin wind speed, or

fluctuations in surface wetness or sediment supply (Kocurek 1981).
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Wavy lamination is characteristic of damp to wet interdune environments (Kocurek
1981). In astudy of eolian sandstones, Hunter (1981) described wavy bedding deposited in
wet interdune areas. He attributed relatively regular wavinessto ripples (wave ripples,
wind ripples, or subaqueous ripples), and he attributed less regular waviness to adhesion-
ripple growth, current or wind scour, gas-bubble growth and escape, dewatering, and small-

scale loading.

Given the evidence for migration of small-scale subaqueous ripples described
above, it is also possible that the wavy lamination could have resulted from supercritically
climbing ripples (i.e, ripplesthat climb at angles greater than the angle of the stoss slope).
If true, thiswould imply that the flows were decelerating with high concentrations of

suspended sediment.

2.4.4 Flat-Laminated to Low-Angle-Sratified Sandstone

Flat-laminated to low-angle cross-stratified strata typically display thin lamination
that is geometrically arranged in bed sets showing low-angle truncations (less than 20°).
Thisisin contrast to the cross-strata which form by migration of dune dip faces, which are

usualy tangentia to their underlying bounding surfaces (Fryberger et a. 1979).

Thethin lamination islikely the expression of aternating finer and coarser layers
deposited during sediment transport in eolian environments where wind ripples migrate
under conditions of bed accretion (Hunter 1977a). Thistype of facies probably represents

trand atent wind-rippl e strata deposited on dune bottomset beds or in a sand sheet (Kocurek
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Figure 2.13 Stratigraphy of Yavapai. Two unitsin Yavapa are separated by an interval of
soil cover. Thelower unit isflat laminated to low-angle stratified and isinterpreted to
have been deposited as an eolian sand sheet. The upper unit can be subdivided into two
facies. Thelower faciesiswavy-laminated and was likely deposited in an interdune area.
The upper faciesisflat laminated to low-angle stratified and was likely deposited in either
an eolian dune field or a sand shest.
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and Nielson 1986), where each individual laminais formed by the trandation of asingle
wind ripple. Theripplesin thiscase werelikely subcriticaly climbing, since these result in
well-defined tabular lamination where cross-lamination is rarely seen.  Low-angle cross-
stratification can also form on the lee side of adune, where the dope islower than the
angle of repose (such as on bottomset beds), and sand is deposited by grainfall (Hunter

1977b; Hunter 1981).

Much of the Yavapa outcrop appears to be composed of thisfacies. In the upper
unit isan ~ 2-m-thick facies which appears to be planar- to low-angle stratified. The strata
inthisunit are~ 1-2 cmthick. Laminae produced by wind ripples on Earth are typicaly a
few millimeters thick (Fryberger and Schenk 1988; Stolper et a. 2007); however, the strata
inthe Yavapai outcrop, which may have formed from the migration of wind ripples, are
closer to 1-2 cm thick. Sandswith a greater grain size range can produce rippleswith a
greater height, so this may imply that theripples at Y avapal had alarger range of grain

sizes (Bagnold 1941).

However, several other possible processes could have deposited the bedsin the
upper unit of Yavapai. One possibility isthat we are not able to discern finer-scale
(millimeter) laminae because of the resolution limits of the images, and so these 1-2 cm
thick beds are actually bedsets of finer-scale laminae. Thisisalikely explanation given
that the smallest featuresin the images that we can discern at this distance from the outcrop
are~8 mm. Itisaso possible that the centimeter-scal e stratification was formed by eolian

grainflows. Grainflows occur on the foresets of dunes, so if the dunes had straight
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Figure 2.14 Y avapal upper unit. The lower faciesiswavy-laminated, and the upper facies
is either low-angle stratified (rotated by deformation) or one-half of alarge trough-shaped
bedform. The dashed white lineindicates the faciestransition. The inset shows the wavy-
laminated facies up close. Pancam images acquired on sol 758 with the 430 nm filter.

Upper Plane Bed

Small-Scale Trough Cross-Lamination

'\?q"‘% e Upper Plane Bed

Figure 2.15 Upper flow-regime plane beds passinto to lower flow-regime small-scale
trough-cross-lamination in 1.4 Ga Mt Shields Formation, Belt Supergroup, Montana. The
flows responsible for this lamination were formed in shallow channels. Asthe flow
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decelerates, it passes into small-scale trough cross-lamination. The top of the small-scae
trough cross-laminated deposit was eroded away by the next event of high-velocity flow
and upper-plane-bed deposition. Penis 15 cm long.
crestlinesand if thisisaview that is oblique or normal to transport, then it would show
centimeter-scale planar lamination. However, grainflows typicaly have alimited laterd
extent and appear as lensesin astrike section as shown by Hunter (1977a, his Fig. 8), but
these lenses may not be visible given the low resolution of the images. They could aso
potentially be deposits of the upper flow regime of an aqueous flow, but thisislesslikey
given the thickness (~ 2 m) of thisdeposit. Planar-laminated deposits formed in the upper
flow regime are often on the order of tens of centimetersthick (Bal and Lewis 1994;
Langford and Bracken 1987), because they are limited by the difficulty of maintaining a
constant flow without decelerating into alower flow regime (Fig. 2.15). However, itis
possible to stay in the upper-plane-bed regime and maintain high flow velocitiesfor along
time at substantial flow depths, which can happen in fluvia environments, shallow marine
environments, as well asin turbidity-current deposition in deep water. If the rate of
downstream decrease in sediment transport rate is sufficiently great, athick succession of
planar-laminated sediment can be deposited. Another possibility isthat these beds were
formed by supercritically climbing wind ripples, which are also unlikely to persist over
such long distances since they require high sediment aggradation rates or rapidly

decreasing through-going sediment transport rates (Rubin and Hunter 1982).



Figure 2.16 Close-up view of the area of trough cross-bedded sandstone shown in Figure
2.2A. The dashed white lines indicate a cross-bed set boundary, and the white arrows
indicated the cross-beds in thislayer. The cross-beds can be seen to be dipping in opposite
directions, athough thereis a preponderance of dipsto the left, suggesting a view cut
obliquely to transport. If anindividual cross-bed istraced acrossthe layer, it can be seen to
form atrough with awavelength of ~ 1 m. Pancam image acquired on sol 749 with the 430
nm filter.

2.4.5 Trough Cross-Bedded Sandstone

The middle unit of Payson is composed of fairly regular ~ 3-4 cm thick cross-
stratified bedsets, with shallow trough geometry (Figs. 2.2, 2.16). The cross-bedsin each
set dip in opposite directions. If anindividual cross-bed is traced across the layer, it can be
seen to form atrough with awavelength of ~1 m. More of the cross-beds dip to the | eft
than to the right; thus there is a so a component of transport from right to left, which means

that the outcrop face is oblique to the paleoflow direction.

These cross-strata likely represent the toes of larger sinuous-crested eolian dunes
deposited during bedform migration. If adune migrates at a subcritica rate of climb, only
aportion of the foreset of the duneis preserved and sets of cross-strata are separated by
erosiona bounding surfaces (Kocurek 1991). Thistypicaly leadsto preservation of only

the basal portions of dunesin the rock record, and hence set thicknessis only afraction of
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the origina bedform height (Rubin and Hunter 1982). Thus, the dunesthat deposited these

cross-strata were probably larger than 4 cm.

2.5 Facies Associations and Depositional Environments

The facies observed at Erebus crater form three distinct faci es associ ations which
characterize a dune-interdune system. These facies associations are eolian dune, damp-wet
interdune, and eolian sand sheet. Similar facies associations were described for the Burns

formation in Endurance and Eagle craters (Grotzinger et al. 2005).

Figure 2.17 Y avapai lower unit. Thisunit isflat laminated to low-angle stratified and
weathers to arough appearance. Thelocation of afracturefill ismarked. Pancam images
acquired on sol 758 with the 430 nm filter.

2.5.1 Eolian Dune
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The eolian-dune facies association includes the trough cross-bedded faciesin the
middle unit at Payson (Fig. 2.7) and potentially the flat laminated to low-angle stratified
facies of the upper unit of Yavapal, if this stratification is representative of two sides of
large trough cross-beds (Fig. 2.4). These trough cross-beds are indicative of sediment
transport by migrating sinuous-crested dunes. This suggests at least an episodicaly dry
climate or alow water table due to other topographic effects in the region. The extent of
the paeo-dune field is uncertain, but it was likely relatively widespread since similar facies
were identified in Endurance crater ~ 4 km away and layers of this formation appear to be

laterally continuous asinferred from MOC and TES data.

2.5.2 Eolian Sand Shest

Thereis athin exposure of the eolian-sand sheet faciesin the lower unit at Payson
and it may be the dominant facies a Yavapa (Figs. 2.2, 2.14, 2.17). Thereareaso
exposures of the sand sheet facies at Olympia (Fig. 2.6). These associations are composed
of flat-laminated to low-angle-stratified sandstone and consist largely of wind-ripple
laminae. Sand sheet deposits are transitional facies between dune and interdune deposits
and also often form on the boundaries of dune-interdune systems (Fryberger et al. 1979,
Kocurek and Nielson 1986). They form from the accretion of wind-blown sand in areas
where conditions are not suitable for the formation of dunes or where some factors inhibit
the formation of dunes (Kocurek and Nielson 1986). Factors that favor sand sheet
development are: (1) ahigh water table, (2) early cementation, (3) high sediment moisture

content or wetting during floods, and (4) coarse-grained sediment (Kocurek and Nielson
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1986). Instead of forming dunes under these conditions, these factors result in low, rolling,

hummaocky topography.

The thin lamination seen in sand sheet depositsis deposited by wind ripples by the
saltation of sand. The low-angle discordances develop during the migration of low-relief

mounds of sand, not by dip-face processes such as grainflows.

2.5.3 Interdune

An interdune depression is commonly enclosed or partly bounded by eolian dunes
or sand sheets (Ahlbrandt and Fryberger 1981). Severa of the faciesin the Olympia and
Payson outcrops, aswell as the base of the upper unit of Yavapai, are indicative of adamp
to wet interdune environment (Figs. 2.6, 2.7, 2.13). The association of small-scale trough
cross-lamination, wavy laminae, desiccation cracks, and rip-up clastsisindicative of a
damp to wet interdune environment with episodic wetting and drying, which could result
from minor fluctuations in the groundwater table (Mountney and Thompson 2002).
Sedimentation in interdune depressions is enhanced by a high water table and early
evaporitic cements, and since interdune deposits form in topographic depressions, they are
selectively preserved (Hummel and Kocurek 1984). An interdune environment can be
classified as“dry,” “damp,” “wet,” or “evaporitic’ on the basis of the abundance of water-

induced processes (Fryberger et a. 1983; Kocurek 1981).

In awet interdune environment, the water table is shallow, and the deposits are

within the capillary fringe of the water table. Sedimentary structures typical of awet
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interdune environment are small-scale trough cross-lamination, wavy lamination (Hunter
1981), contorted or syndepositionally deformed strata, and rip-up clasts (Fryberger et d.
1983). A damp interdune commonly exhibits contorted or syndepositionaly deformed
strata and adhesion structures caused by sand adhering to a damp surface (Fryberger et al.
1983; Kocurek 1981). A dry interdune consists mostly of wind-ripple strata and exists

where the water table isrelatively deep (Fryberger et al. 1983; Kocurek 1981).

The facies associations in the Olympia outcrop indicate a mainly wet interdune
environment because of its multiple exposures of small-scale trough cross-lamination,
wavy lamination, and synsedimentary deformed strata. The Payson outcrop is indicative of
adamp-wet interdune because of its exposures of wavy lamination, possible rip-up clasts,
and occasiona small-scale trough cross-lamination. The thin exposure of wavy lamination

at the base of the upper unit of Yavapai indicates adamp interdune environment.

2.5.4 Olympia Outcrop Stratigraphy

In attempting to develop a stratigraphy that allows correlation within outcrops as
well as between outcrops, we are limited to consideration of physical attributes only, in
particular the facies. Only onerock at Olympiawas anayzed for its chemical and
mineral ogic composition, and none were analyzed at Payson and Y avapai. The analysis at
Olympiaof therock “Ted” indicates that this rock issimilar in composition to rocks

analyzed at other localities visited by Opportunity (Knoll et al. 2008).
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The Olympia outcrop was divided into several facies as discussed above, including

planar to wavy-laminated sandstone and small-scal e trough cross-laminated sandstone.
Some rocks show penecontemporaneous sedimentary features including shrinkage cracks
and soft-sediment deformation (Fig. 2.6). Severa examples of small-scale trough cross-
lamination and shrinkage cracks at Erebus crater were previoudly described by Squyres et
al. (2006) and Grotzinger et a. (2006). Some facies could be correlated between afew
adjacent outcrop blocks, but there were no facies patterns that could be correlated across

the Olympiaoutcrop due to their displacement and rotation.

2.5.5 Payson Outcrop Stratigraphy

Payson was divided into severa facies (Figs. 2.2, 2.7), which are distinguished by
their sedimentary structures, secondary diagenetic textures, and color. These facies are
grouped into three units: alower unit, amiddie unit, and an upper unit. The lower unitis~
1.25 m thick and is composed of threefacies: a mottled facies, awavy-laminated facies,
and alow-angle-stratified facies. The mottled facies has atexture interpreted to be the
result of recrystallization and grades laterally (from north to south) and vertically from
strongly recrystallized, such that the origina sedimentary structures cannot be
distinguished, to less severdly recrystallized, such that some primary structures can be
identified. One structure that can be identified is the putative rip-up clasts. Figure 2.8A
shows the lateral variation within the mottled facies grading from the northernmost areas,
where primary textures have been amost completely destroyed, to areas where the origind

stratification, including rip up clasts, arevisible. Thislatera variation in the
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recrystallization isarea effect and not an artifact of the limitations of the image resolution.
The details of the textures are within the resolution limits for all described areas of the
outcrop. This mottled faciesis approximately 90 cm thick, and its upper contact is a scour
surface. Above the mottled faciesisa 20-30 cm thick wavy-laminated facies with rare sets
of centimeter-scale trough cross-lamination (Figs. 2.2A, 2.7). A scour surface can be seen
inthisfacies; its upper contact is also atruncation surface. Thethird faciesin the lower
unit of Payson is a 10-cm-thick low-angle-stratified facies whose top is a scour surface

(Figs. 2.2A, 2.7).

The middle unit of Payson is composed entirely of atrough cross-bedded facies.
Thisunit is 1.2 m thick, and the troughs have meter-scale wavel engths (Figs. 2.2, 2.7,
2.16). Sincetrough cross-stratification isaway-up indicator, it impliesthat the rocksin the
Payson outcrop are the right way up and not part of an overturned flap. Overturned flaps
are part of the gjecta blankets of impact craters and are sections of pre-existing stratigraphy

that are gected from the crater and are preserved in detail, but inverted (Jones 1978).

The upper unit is 2.4 m thick and is characterized by a facies with amottled texture
interpreted to be the result of recrystallization with rare zones of centimeter-scale trough
cross-lamination and rip up clasts. The boundary between the middle and upper unitsis

gradational and isthe result of diagenetic ateration obscuring the lamination (Fig. 2.2B).

The geomorphic rim that defines the top of the outcrop appearsto be horizontal but
is not a bedding plane, since the bedding can be seen cutting across the rim in some places

(Fig. 2.2). Thelocation of the rim varies between the middie and the upper unit. The
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geomorphic expression of the rim reflects differentia lithification, probably the result of
diagenesis that postdates deposition and deformation. Thisis consistent with the
groundwater table rising above the tilted and buried layers. The groundwater table should

be more or less horizontal, especialy in porous sediments.

2.5.6 Yavapai Outcrop Stratigraphy

The lower unit of Yavapai is aplanar-stratified to low-angle-stratified unit and is
approximately 1.75 mthick (Figs. 2.13, 2.17). The contact between the lower and upper
unit is obscured by a cover of soil (Fig. 2.3). The upper unit of Yavapal containstwo facies
(Figs. 2.13, 2.14). Thelower faciesis wavy-laminated, and its contact with the upper
faciesis not clearly resolved because of the quality of the images and soil cover (Fig. 2.14
inset). The upper faciesisthin bedded with several low-angle truncation surfaces. Because
close-up images of Yavapa were not acquired, it is not possible to see the details of this
outcrop. Since the upper faciesis not resolved, we propose severa possible interpretations
based on its similarity to other similar-scale stratification at Meridiani: (1) The stratification
islarge-scale cross-bedding and the two different dip directions are the two sides of alarge
trough bedform (Fig. 2.4B). No structura deformation is necessary for this option. (2) The
planar to low-angle stratification represents preservation of the basal foresets of migrating
straight-crested dunes. The outcrop exposureis aview cut perpendicular to the transport
direction. Later, the beds were deformed to acquire their present day dips (Fig. 2.4A). (3)
The planar to low-angle stratification is the result of migrating hummocky low-amplitude

bedformsin asand sheet. The present day dipsin this case are also dueto later
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deformation. It isnot possible to distinguish between these possibilities without higher-

quality images or examination of additional outcrop exposures.

2.6 Discussion

2.6.1 Alternative Interpretations for Depositional Processes

2.6.1.1 Base Surge

Two aternative interpretations have been suggested which propose that the
stratification observed at the Opportunity landing site was the result of base-surge
processes, alternatively generated by volcanic (McCollom and Hynek 2005) or impact
(Knauth et a. 2005) processes. However, the sedimentology of the Olympia, Payson, and
Y avapai outcrops differs broadly from the attributes predicted by these interpretations.
Pyroclastic surges are characterized by the following facies from a vent-proximal to vent-
distal direction: decimeter- to meter-scale supercritically climbing cross-stratification,
massive deposits, and planar, centimeter-scale stratification (Wohletz and Sheridan 1979).
Base surges also are commonly coarse-grained and have poor sorting over meter scales.

Bomb sags are common. Desiccation cracks and imbricated rip-up clasts are not described.

No decimeter- to meter-scale supercritically climbing cross-strata were observed at
Olympia, Payson, or Yavapa. Massive beds that might represent mass-flow deposits are
also not observed. While amottled and poorly stratified facies was observed, which might
at first glance suggest a possibly massive facies, even this has palimpsest millimeter-scale

lamination, which indicates that it was emplaced as athinly-laminated deposit. Therefore,
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these beds were not deposited as mass flows, but rather as aresult of traction-controlled
transport. Their mottled appearance isinterpreted to result from postdepositional
recrystallization. Wavy lamination at the millimeter-scale and small-scale trough cross-
lamination, as observed at Payson, has not been reported in surge deposits. Wavy bedding
does occur in base-surge deposits, but it is an order of magnitude larger in scale (Branney
and Kokelaar 2002). Planar-laminated facies are observed at Olympia, Payson, and
Y avapai, and are found in both base-surge and dune-interdune deposits. No bomb sags
were observed in any of the outcrops at Erebus crater (or in any other strata previously
studied by Opportunity at Meridiani). The facies pattern at Erebus as awhole, given the
lack of decimeter- to meter-scale supercritically climbing cross-strata and the presence of
millimeter-scale wavy lamination and centimeter-scal e trough cross-lamination, is more
consistent with a dune-interdune environment than a base-surge deposit. Thisis further
supported by the consistently fine-grained nature of the Meridiani deposits and their
excellent sorting (Squyres et al. 2006). Finaly, the possible desiccation cracks observed at
Olympia and the imbricated rip-up clasts observed at Payson are most consistent with an

eolian interdune environment.

2.6.1.2 Aqueous Deposition

Another aternative interpretation for the Meridiani strataisthat they were
deposited predominantly during subaqueous sedimentation. Thiswas considered briefly in
Grotzinger et d. (2005). All of the types of stratification observed in the outcrops to date

could form as aresult of subagueous sedimentation.
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Small-scale trough cross-lamination is exceedingly rare in purely eolian deposits.
However, trough cross-beds with wavelengths of 1 m and heights between 3-4 cm (as seen
in the Payson outcrop) form by migrating sinuous-crested bedforms and develop in both
eolian and subaqueous settings. The scale of these bedforms does not uniquely determine
their origin. Also, since only the basal portions of the bedforms were preserved, the
origina bedform height was likely greater than 4 cm. Subagueous dunestypically have a
height that is 10-40% of the flow depth (Leclair 2002), which implies, if these bedforms
were produced subagueously, that water flow depths exceeding ~ 40 cm would have been

attained.

More problematically, large-scale cross bedding, such asthat observed in the lower
unit of the Burns formation in Endurance crater, could represent large subagueous dunes.
Dunes of thistype could form in fluvial bar forms (Miall 1992) or shallow marine, tidally
generated bar forms (Darymple 1992). Bedsets of large scale cross-beds in Endurance
crater range in height from 5 cm up to greater than 2.2 m (Grotzinger et a. 2005). Since
bed thicknessistypicaly only asmall fraction (~ 10%) of the height of the bedform that
deposited it, the dunes which deposited these cross-beds could have been many meters high
(Rubin and Hunter 1982). Thiswould require water flows that were even deeper (Leclair
2002), possibly on the order of 10 meters or greater. Sincetidal currents on Mars should be
only 5-10% of terrestrial mean tides (de Pater and Lissauer 2001), it isunlikely that tidal
currents on Mars would have been strong enough to generate these bedforms. Also,
MOLA dataindicate that Meridiani does not form a closed basin (Aharonson et a. 2001),

so it would be difficult to contain a body of water deep enough to contain large subagueous
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dunes. Nevertheless, it is possible that these large-scal e bedforms were fluvid in origin.
Thiswould imply deep and strong flows of water in order to produce subagqueous dunes
many metersin height. With these significant flows, the water would be expected to
channelize. While channels and inverted valleys have been found in Meridiani Planum,
they arelocated at alower stratigraphic level than the outcrops discussed here (Edgett
2005). Evidence for channels, such aslevees or point bars (Miall 1992), has not been
found by the rovers. Furthermore, grain size might be expected to locally coarsen within

possible channel deposits. This has not been observed.

Low-angleto planar lamination could form as aresult of sediment transport in high-
velocity, upper-flow-regime subagueous flows. However, the 1-2 m thick deposits of low-
angle to planar lamination are unlikely to form subaqueoudy given the thickness of this
deposit. In asearch of theliterature, 33 deposits of upper-flow-regime plane-bed
lamination were found with a thickness less than ameter (Ba and Lewis 1994;
Chakraborty and Bose 1992; Chedl and Middleton 1986; Dardis 1985; Langford and
Bracken 1987; Plint and Wadsworth 2003; Rge 1987, Schwartz 1982; Shaw 1972; Sohn et
al. 1999; Williams 1971); six deposits were found with a thickness between 1 and 2 meters
(Bal and Lewis 1994; Rge 1987; Shaw 1972); and three deposits were found with a

thickness of 2 meters or greater (Andteron 1976; Bristow 1993; Shaw 1972).

Wavy lamination can aso form subaqueoudy from supercritically climbing ripples.
The thicknesses of wavy lamination observed thus far are ~ 20-30 cm thick, which could be

formed by supercriticaly climbing ripples. If the wavy lamination was formed by
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supercritically climbing ripples, then the flow which deposited them would have had to
maintain high sediment aggradation rates rel ative to the ripple migration rates (Ashley et a.

1982).

Considered individually, each of the structures discussed in this section can form
subagueously. However, considered collectively and also considering the lack of other key
features, such as channels and afine upper limit to grain-size variations, the most
parsimonious interpretation is that they formed as the result of depositsin a dune-interdune

environment.

2.6.2 Climate Cycles

Sedimentary basins are sensitive to fluctuations in the climate, which can lead to
variability in surface-water runoff and in the elevation of the water table (Brookfield 1977).
These can affect sedimentation patterns and the extent of preservation of eolian strata.
Stratain Erebus crater, like those in the Burns formation in Endurance crater, record the
interaction between eolian and fluvia processes. Repeated cycles of relative water-table
rise and fal in adune-interdune system would be expected to form stacked deposits of
dune-interdune facies (Grotzinger et a. 2005). The interactions between eolian and fluvia
processes have been widely documented on Earth in both modern and ancient deposits, and
these interactions can result in basin-wide drying-upward or wetting-upward sequences
(Clemmensen et d. 1989; Frederiksen et a. 1998; Langford 1989; Scherer and Lavina

2005). Alternations in wet/dry deposition might also arise from non-climatic factors such
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Figure 2.18 Stratigraphic columns from Endurance and Erebus craters shown in their likely

stratigraphic relationship. Endurance crater shows a wetting-upward trend whereas Erebus
crater shows adrying-upward trend. Together they may represent afull climate cycle.

as migration of discrete masses of sand through the depositiona area. In this model, the
land would be drier when topography and stratigraphy alow better drainage (e.g., more

sand is present), and wetter when drainage is blocked or the water tableis perched.

The Burns formation is interpreted to record eventua wetting of the surface related
to areativerise in the water table (Grotzinger et a. 2005). In contrast, Erebus crater strata
may show an overall drying-upward trend through the stratigraphic section from the
Olympiaoutcrop in the north, to the Payson and Y avapai outcrops to the south.
Unfortunately, thisinterpretation is not certain since the upper facies of the Y avapai
outcrop isnot clearly resolved. However, if the upper facies of Yavapai is composed of
eolian dtratification, then the series of outcrops seen at Meridiani may represent a full
climate cycle, evolving from dry to wet to dry (Fig. 2.18). Thisis consistent with the
stacked set of dune-interdune facies predicted by investigation of the Burns formation at

Endurance crater.

In potential terrestrial analogs, such cycles of aternating wetting/drying-upward
sequences are often interpreted as the result of orbitally driven climate fluctuations or,
aternatively, as aresult of tectonic processes (Scherer and Lavina 2005). On Earth,
climate fluctuations and tectonic processes can impress the stratigraphic record in similar

ways, because both can modify sediment supply, sand availability, fluvial and eolian
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transport capacity, and water-table position (Clemmensen et al. 1989; Scherer and Lavina
2005). On Mars, however, regiona tectonic processes related to lithospheric plate motions
can be discounted since Marsis a planet in which mantle convection occurs beneath a
thick, strong and immobile lithosphere (O’ Nelll et al. 2007). Plate tectonics does not
operate on Mars (Albarede and Blichert-Toft 2007), and so high-frequency episodic
regional subsidenceisnot expected. Thisis regarded to have been the case aswell during
the late Noachian to early Hesperian when the Burns strata were deposited (Breuer and
Spohn 2003). Finaly, more localized tectonic processes such as faulting —which is
widespread at other regions of Mars — can be discounted for the Meridiani region, where

there is no evidence of faulting that may have contributed to localized, episodic subsidence.

Since tectonic processes can be discounted as a factor in controlling stratigraphic
architecture in the Burns formation, climatic regulation provides a satisfactory alternative
explanation. More arid climate periods would result in arelative fall of the water table and
development of eolian dune and sand drift facies. During wet periods, the water table
would rise, inhibiting formation of sand dunes and promoting sand sheet or interdune
fluvia accumulations (Scherer and Lavina 2005). Modeling studies by Andrews-Hanna et
al. (2007) predict that significant groundwater upwelling and evaporation should have
occurred in Meridiani Planum. Thus, the Burns formation could have resulted from
sustained groundwater upwelling, perhaps modulated by climatic overprinting of

groundwater recharge or groundwater discharge (evaporation rate), or both.
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Marsis a planet whose stratigraphic record may have been much more susceptible
to climate forcing as compared to earth. One potentia cause of these climate fluctuationsis
obliquity cycles, with the position of the water table rising or falling from changes from
high to low obliquity. Obliquity-driven solar insolation is much stronger on Mars than on
Earth (Head et a. 2006). While the current obliquity of Marsis 25°, the models predict
that the obliquity has varied widely from its current low value. Over thelast 4 Gyr the
obliquity probably reached a high of 46°, but may have reached as high as 82° (Head et 4.
2006). Furthermore, whereas climate on Earth is strongly influenced by its large oceans,
the likely absence of any major water bodies on Mars would have ensured a much more
direct link between solar insolation and stratigraphic response. Recent anaysis of
stratigraphic thickness distributions in the Arabiaregion of Mars also suggests alink

between climate and sedimentary accumulation (Lewis et a. 2008a).

2.7 Conclusions

The outcrop exposures at Erebus crater provide additiona evidence that support the
dune-interdune model and highlight the inconsi stencies with the base-surge models
proposed for the emplacement of the Burns formation at the Opportunity landing sitein
Meridiani Planum. Thereis evidence for the greater involvement of liquid water in the
outcrop exposures of the Olympia outcrop than was observed in Eagle or Endurance
craters. The Olympiaoutcrop likely formed in awet interdune and sand sheet
environment. The facies observed in the Payson outcrop, which islikely stratigraphically

above the Olympiaoutcrop, indicate that it was deposited in a damp-wet interdune, sand
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shest, and eolian-dune environment. The Yavapa outcrop, which islikely stratigraphically
above the Payson outcrop, indicates that it was deposited in primarily a sand sheet
environment and a so potentially in an eolian-dune environment. These three outcrop
exposures may indicate an overall drying-upward trend spanning the stratigraphic section
from its base at the Olympia outcrop in the north to itstop at the Y avapai outcrop in the
south. This contrasts with the wetting-upward trend seen in Endurance and Eagle craters.
Thus, the full series of outcrops studied by Opportunity may represent afull climatic cycle,
evolving from dry to wet to dry conditions. Obliquity-driven climate cycles may be amore
significant factor in the development of the stratigraphic record of Mars as compared to

Earth.



60

Chapter 3

SUBLACUSTRINE DEPOSITIONAL FANSIN SOUTHWEST MELAS
CHASMA

Originally published in:

Metz, J. M., Grotzinger, J. P., Mohrig, D., Milliken, R. E., Prather, B., Pirmez, C.,
McEwen, A. S, and Weitz, C. M. (2009b), Sublacustrine depositiona fans in southwest
Melas Chasma, Journal of Geophysical Research, 114, E10002, doi:10.1029/
2009JE003365.

Abstract

Two depositional fan complexes have been identified on the floor of southwest
Melas Chasma. The western fan complex is located near the center of an enclosed basin in
southwest Melas Chasma and is composed of multiple lobes with dendritic finger-like
terminations. These fans are very flat and have a morphology unlike any other fan that has
been previoudly identified on Mars. Based on the morphologic similarity of the western
fan complex to the Mississippi submarine fan complex, we suggest that it may be a deep
subagueous fan depositional system. There are numerous channels on the surface of the
western fan complex and measurements of channel length, width, and sinuosity are
consistent with channels observed on terrestrial submarine fans. The eastern Melas
depositiona fans are less well preserved and may be of deltaic or sublacustrine origin.
Recognition of the fans supports earlier suggestions for the presence of a former lake in
Melas Chasma and indicates that a significant body of water was present and stable at the

surface of Mars for at least 10% to 10 years.
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3.1 Introduction

Evidence for ancient lakes on Mars is based on multiple indirect criteria including
constant-elevation contour lines inferred to be shorelines, the presence of flat-lying finely-
layered deposits inferred to be lake-bottom sediments, terraced dluvial fans inferred to
have formed in response to lake-level rise, and deltas with aggradational stratal geometries
(Quantin et al. 2005; Lewis and Aharonson 2006; Grant et a. 2008; Kraal et al. 2008b).
Direct evidence of a lacustrine environment requires observation of sedimentary deposits
that could have formed only in fully submerged settings. The former presence of lakes, as
well as the amount of time that they were stable on the surface, has important implications

for the history and role of water on Mars (Baker 2001).

One areaon Mars with possible evidence of a paeo-lakeis Meas Chasmain Valles
Marineris (Fig. 3.1). Dense, highly-organized valley networks have been identified in the
topographic highs surrounding a basin in southwest Melas Chasma, hereafter referred to as
Southern Melas Basin (Mangold et a. 2004). Since the heads of the valleys occur at
different eevations, including near the tops of wall rock ridgelines, they have been
interpreted to have been fed by precipitation (Mangold et a. 2004; Quantin et al. 2005).
These valleys drain into a sub-circular closed depression within Southern Melas Basin, and
this depression follows the -1800 m elevation contour (Quantin et a. 2005). Quantin et a
(2005) suggest there may have been a body of standing water in the basin. The basin
contains numerous light-toned flat-lying layers that can be traced over severa kilometers.

A set of strata that show clinoform geometries occurs in the northwest part of Southern
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Melas Basin, and it has been suggested that this feature represents either a channel-levee

complex or adeltacomplex (Dromart et a. 2007).

Figure 3.1 White box shows location of Southern Melas Basin within centra Vales
Mariners.

Channel-levee complexes are important components of deep-water depositional
systems. Submarine fans are fed by turbidity currents that often flow down sinuous deep-
water channels through lateraly extensive channel-levee systems (Wynn et a. 2007). The
channels are thought to avulse frequently with only one channd active a any given time
(Damuth et a. 1983b; Damuth and Flood 1984; Wynn et a. 2007). Many studies have
found similarities in the planform geometry of channels on upper and middle submarine
fans and river channels (Flood and Damuth 1987; Clark et a. 1992), but with a lower
occurrence of meander loop cutoffs and frequent avulsions in submarine channels as
compared to subaeriad channels (Kane et a. 2008). As the turbidity currents wane during

flow events, deposition of lobes of sediment is common (Nelson et a. 1992). Cores
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through submarine fan deposits show clays with interbedded graded sand and silt beds with
distorted layers arranged in discontinuous lenses (Nelson et a. 1992). These lenses of
coarser material occur where channelized flows ‘freeze’ into dendritic patterns, depositing
their sediment near the edges of depositional lobes (Nelson et a. 1992). ‘Freezing' in
sediment deposition occurs due to loss of pore fluid pressure or because of frictional grain

resistance and cohesive grain interactions (Dasgupta 2003).

A fan was previoudy identified near the western margin of Southern Melas Basin,
and it was suggested that it may be of deltaic origin (Quantin et al. 2005). We identify four
fans in Southern Melas Basin, two in the western part of the basin and two in the eastern
part of the basin. One of the western fans was considered part of the deltain the Quantin et
al. (2005) andysis. We evauate the potential origins for the two western fans which
include submarine fan, delta, aluvial fan, or gully deposit. We compare the detailed
morphology, basin position, and sope of each of the possibilities to those of the western
Mélas fans. Although many of the features of the fans are consistent with a deltaic origin,
we propose that a sublacustrine origin is aso consistent with the morphology and

properties of the two western fans.

3.2 Geological Setting

The area of study in Southern Melas Basin islocated within central Valles
Marineris (Fig. 3.1). Surface features and materialsin Melas Chasma have been studied

using Mars Globa Surveyor data (Pelkey and Jakosky 2002) and Mars Odyssey THermal
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EMission Imaging System (THEMIS) data (Pelkey et a. 2003). These studies conclude

that the recent surface in Melas Chasma has been dominated by eolian processes.

Thereis still much debate about how Valles Marineris formed, but mechanisms that
have been suggested include structural collapse (Spencer and Fanale 1990; Schultz 1998;
Rodriguez et a. 2006), tectonic rifting (Mege and Masson 1996; Schultz 1998; Peulvast et
al. 2001) and gravity spreading dueto loading of aerially-widespread salt deposits
(Montgomery et d. 2008). The Vales Marineris canyon system is thought to have formed
over several periods of tectonic activity spanning the late Noachian to late Hesperian or
early Amazonian, and the materia filling southwestern Melas Chasmais thought to be
Hesperian to Amazonian in age based on impact crater-counting (Scott and Tanaka 1986;
Pelkey and Jakosky 2002). Crater-counting of the material thought to compose the
paleolake surface of Southern Melas Basin yields a complicated pattern with an age of 3
Gy followed by a period of resurfacing until 10 My (Quantin et a. 2005). The crater-size
distribution of the valley networksindicates that they are younger than 3.5 Gy (Quantin et
al 2005). Thusitispossiblethat the fluvia and lacustrine featuresin Southern Melas Basin

date back to the beginning of the Vales Marineris system.

There is some debate about the ages of materias on the floor of Valles Marineris,
such astheinterior layered deposits, which are distinct finely-layered materials located on
the floors of troughs within Valles Mariners. There are many hypotheses suggested for
their formation, many of which suggest they were deposited after the formation of Vales

Marineris (Lucchitta 1990; Komatsu et al. 2004; Fueten et a. 2006; Okubo et al. 2008), but
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some suggest they are ancient materials exhumed from below the material forming the
trough walls (Malin and Edgett 2000; Montgomery et a. 2008). It is possible that both of
these hypotheses are true; for example, there could be large expanses of wall rock that
predate the opening of Valles Marineris, but more local topographically enclosed basins
may contain deposits that formed after the depression was formed. The age of the
materials on the floor of Southern Melas Basin may in fact be older than their crater-
counting ages suggest if they were recently uncovered by erosion (Malin and Edgett 2001;

Hartmann 2005).

3.3 Methods

Structural attitudes were obtained using planar fits to bedding seenin aDigital
Elevation Model (DEM) constructed using stereo Mars Reconnaissance Orbiter (MRO)
High-Resolution Imaging Science Experiment (HiRISE) images (PSP_007087_1700,
PSP_007667_1700). The DEM was constructed using the methods of Kirk et a. (2008),
and the vertical precision of the DEM is~0.2 m (resolution ~1 m). Linear segments were
traced out along well-exposed layers. Only layers with some natura curvaturein the
horizontal direction were used in order to provide accurate constraints on the three-
dimensiona geometry of the layer. We employed the method presented in Squyreset a.
(2007) and Lewis et d. (2008b), which uses principa component analysisto ensure the

layers used are well fit by aplane.

Channels on the fans were identified using both images and the DEM. Thereare

several ways to define achannel, but for this study two new channels are defined after each
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channel branch point. We define the main trunk channel as afirst-order channel. When a
first-order channel branches, the resulting channels are second-order channels. When a
second order channel branches, the resulting channels are third order channels. Thus, the
main trunk channel is afirst order channel and the more distal channels are higher order.
The width of each channel was measured at the beginning of each channe reach, and each
width measurement has an uncertainty of about 1 m. The sinuosity of the channelswas
found by dividing the channel length, which isthe length traced along the path of the
channdl, by the valley length, which is the straight-line distance from the beginning to the

end of the channel (Schumm 1963).

To compare the channel patterns seen on the Melas fans against terrestrial
depositional fans, we need to account for the different size of the systems. Thiswas
accomplished using non-dimensiona parameters that included dimens onless width and
length and sinuosity. The width of each channel was divided by the width of the main
trunk channel, and length of each channel was divided by the length of the main trunk
channel to make these parameters non-dimensional. The depth of each channel was
measured from the DEM and has an uncertainty of ~1 m. The reported channel depths for
the Melas fans are minimum estimates, since many of the channels have been at |east
partidly filled in by eolian material and the channel levees may have been partially eroded.
A minimum estimate of the channel gradient was calculated by finding the differencein
elevation between the beginning and end of each channel and dividing by the length of the

channdl.
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Ideally, the channels on the Melas fans would be compared to channels on
terrestria sublacustrine fans; however, images of the plan view morphology of terrestrial
sublacustrine fans either have not been acquired or are not publicly available. Thus, the
channel patterns on terrestrial sublacustrine fans could not be mapped and compared using
the methods of this study. Bathymetric and seismic-reflection profiles across sublacustrine
fans have been acquired and show that channels are present on sublacustrine fans (Normark

and Dickson 1976b; Scholz and Rosendahl 1990; Back et a. 1998; Nelson et a. 1999).

The surface dope of the Mississippi submarine fan was found by superimposing the
Side-scan sonar image over the bathymetry (Gardner 2007). The lope was found by fitting
aplaneto asmall areaof the surface, similar to the methods used in Lewis et a. (2008b),
and repesating this measurement for several areas on the fan. The vaues found were
between 0.04° and 0.4° with an average of 0.08°, but thereis an uncertainty of at |east
0.04° in the measured vaues due to artifacts in the bathymetry. Despite the uncertainty,
these values are close to the average seafloor dope of 0.06° reported for the Mississippi fan

(Nelson et a. 1992; Schwab et al. 1996).

Fan lobes on the western Melas fans were identified and their thicknesses measured
using the DEM. The lobe areas were measured, and their minimum volume calculated by
multiplying lobe area by the thickness. These are all minimum estimates since some parts
of the fans are obscured by overlying strata. The lobe areas and volumes were added to

find the total area and volume of each fan.

3.4 Description of Fansused for Comparison
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Channels identified and mapped on the Melas fans were compared to six terrestrial
deep-water submarine fans (Brazos-Trinity Basin 1V, Makassar, Mississippi, Pochnoi,
Rhone, and Speculobe), two terrestrial deltas (Wax Lake and Lena), and one Martian delta
(Eberswalde). These six terrestrial submarine fans were chosen because they were imaged
at sufficient resolution to make a comparison, and we were able to obtain the data. The
Brazos-Trinity Basin IV ponded apron islocated in the northwestern Gulf of Mexico and is
formed in the terminal basin of four linked intraslope basins (Table 3.1). The seafloor fan
in Makassar Straitsisavery low relief mud-rich fan located between the idlands of Borneo
and Sulawesi (Table 3.1). The Mississippi submarine fan isalarge, mud-rich seafloor fan
located in the Gulf of Mexico (Table 3.1) that was largely constructed during the Plio-
Pleistocene (Wynn et a. 2007). The Pochnoi fan islocated in the Aleutian Basin in the
Bering Sea (Table 3.1), and it is thought to be a very young feature, possibly of late
Pliocene-Quaternary age (Herman et d. 1996). The Rhone Neofan is part of the much
larger Petit-Rhone Fan and formed from the most recent avulsion of the Rhone channel in
the Gulf of Lion (Table 3.1). The Speculobe fan isasmall sand-rich seafloor fan located in
the Gulf of Cadiz offshore Spain (Table 3.1). Asshown in Table 3.1, the six submarine
fans chosen for comparison comprise the range of diversity seen on submarine fans (eg.
mud-rich, sand-rich and mixed sediment; active and passive continental margin, basin floor

and ponded fans).

Wax Lake Ddtaisamodern river-dominated bay head fan deltalocated at the
mouth of the Wax Lake outlet, which is aman-made channdl excavated in 1941 (Wellner et

al 2005). Theformation of this delta was tracked through time by images taken over the
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last thirty years. The Wax Lake Deltaisardatively young deltathat has not had much

human interference and thus appearsin anatural state. The Lenadeltais ariver-dominated

deltalocated at the Laptev Sea coast in northeast Siberia (Olariu and Bhattacharya 2006).

The Eberswalde deltais located in Eberswalde crater near the western margin of the 65-km

diameter crater (Wood 2006). Itisan erosiona remnant of alarger paeodeltaic deposit

and has numerous bifurcating distributaries preserved in positive relief (Malin and Edgett

2003).
Fan Location FanType | Fan Water Drainage Grain | Tectonic State
Area Depth Basin Area | size
(km?) (m) (km?)*
BT BasinlV | 27°20N ponded 128 1500 1.2x10° mixed passive
94°24"W
M akassar 0°23'S seafloor 2500 2400 7.5x10" mud active
118°37'E
Mississippi 26°30'N seafloor 300,000 | 3200 4.76x10° mud passive
85°30'W
Pochnoi 54°35'N | seafloor | 20,000 ? 1.2x10° ? active
173°56'W
Rhone 41°45'N | seafloor 1430 2400 9.0x10* sand passive
Neofan
4°54'E
Speculobe 35°30'N seafloor 48 1500 5.7x10" sand active
7°30'W
Wax Lake | 29°30'N delta 40 ~0 ? - passive

Delta
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91°26'W

LenaDdta

72°13'N

126°9'E

delta

30,000

2.5x10°

active

Mélas North

9°49'S

76°25'W

lacustrine

23

~500

Mélas South

9°49'S

76°25'W

lacustrine

4.3

~500

Table 3.1 Characteristics of the submarine fans and deltas compared in this study. Grain
size refers to the predominant grain size on the fan and the tectonic state refers to the
margin on which the fan is developed. * The drainage basin areais based on the size of the
drainage basin of the main river that ultimately feeds the fan.

3.5 Reaults

3.5.1 Morphology

The western fan complex islocated near the center of Southern Melas Basin and

has two fans, each of which is composed of multiple lobes with dendritic finger-like

terminations (Fig. 3.2). Thelobes are elongated and the ‘fingers' often branch off at high

anglesin the downstream direction (up to 90° to the overall transport direction). The mean
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Figure 3.2 A.) Portion of HiRISE image PSP_007667_1700 with white arrows showing the
location of the two putative western sublacustrine fans intercalated within the layersin
Southern Melas Basin. B.) Mosaic of CTX images showing Southern Melas Basin where
the putative sublacustrine fans occur. White lineis actual topographic transect for
schematicin Fig. 3.12.

branching angles for the fingers are 75 degrees while the median is 80 degrees. The

surface of the fansin Southern Melas Basin is marked by numerous mildly sinuous



Figure 3.3. A.) Shaded relief perspective view of the western fans. The southern fanis
topographically and stratigraphically above the northern fan. B.) Image of the fans
showing the dips of the fan surfaces and layers. The main feeder channel of the southern
fan is~50 m above the basin plain.
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Figure 3.4. Stratigraphic column illustrating that the southern fan islocated
stratigraphically above the northern fan.

channels, and its average surface dopeis ~1° (Fig. 3.3). Thedipsof the bedsin the fans
arealso about 1° (Fig. 3.3). Thefans have few craters, because they were probably buried
beneath later sediments, which prevented small craters from forming on their surfaces.
Subsequent exhumation has now exposed the surfaces of the fans. There are layered beds
surrounding the fans, so the beds must have been joined in the past and then eroded back to
expose the fans. The preservation of the channels, including atopographic signature,

suggests the exhumed pal eo-fan surface corresponds closely to the original fan surface.

The fans occupy different stratigraphic levels with the southern fan located
stratigraphically above the northern fan, but both are located in the topographically lowest
part of the basin (Fig. 3.4). Thefans are surrounded by other layered material, and these
beds are also relatively flat-lying with dips of between 0.6-1.4° (Fig. 3.3). The fans appear

to be visible through an erosiona window through the other layers.
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Table 3.2 lists the characteristics of the western Melas fans, including slope,
minimum area and volume, minimum length, mean and maximum channel depths, mean
channel gradients, and channel sinuosity. Six lobes were identified on the northern fan and
ten lobes on the southern fan (Fig. 3.5). The numbering of the lobesindicates the relative
order that they formed in; parts of earlier formed |obes can be seen to be covered by later-
formed lobes. Some of the later-formed |obes appear to have filled in the low areas

surrounding earlier formed lobes. The channelsidentified on each fan are shownin Fig.

3.6.
Channel depth (m) Mean
Channel
Area | Volume | Length Gradient
Fan Slope | (km? | (km) (km) | Mean | Maximum | (m/km) | Sinuosity
Northern | 1° 2.3 0.05 2.1 1 4 23 1.02
Southern 1° 4.3 0.10 1.3 1 2 32 1.02

Table 3.2 Characteristics of the western Melas fans.

There are two additional fansin the eastern part of Southern Melas Basin (Fig.

3.7a), but they are not as well-preserved as the western fans. They have an elongate

branching morphology and are preserved in positiverelief. The bulk of the fans appear to

be composed of inverted channels (Fig. 3.7b), although there are afew channels on the

surface of the southern fan which form topographic depressions. The channels composing
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the fans can be seen to migrate and cross-cut. The northern fan appears to have formed
first (1in Fig 3.7b); the main feeder channel switched south and built up anew channel
system (2 in Fig. 3.7b). The main channel appears to have ultimately switched to the north
as evidenced by the cross-cutting channel relatioonships (3 in Fig. 3.7b). There are severd

large and small impact craters on the surfaces of thefans. Since these fans are not as well-

preserved as the western fans, this paper will focus on the western fans.

Figure 3.5 Outlines of the six lobes composing the northern fan and the ten |obes
composing the southern fan are outlined in white.
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The combination of low slope, channel branching geometry, presence of distinctive
small-scale lobes, and position near the center rather than near the margin of atopographic
basin show that the western fans are distinct from previoudy identified fluvial features on

Mars.

{2

Figure 3.6 Channels on the Melas fans are outlined by the solid white lines. Dashed lines
show inferred positions of channels.

2.5.2 Mineralogy



77
The surfaces of the fans are covered in dust, which makes mineralogical detections
difficult (Fig. 3.82). However, MRO Compact Reconnaissance Imaging Spectrometer for

Mars (CRISM) spectra do show evidence for opaline silica (Fig. 3.8b,c) and jarosite (Fig.

1 kilometer
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Figure 3.7. A.) Portion of HiRISE image PSP_007377_1700 with the white arrows
showing the location of the eastern Melas fans. B.) White lines show outlines of channels.

Black lines show an older generation of channels. The numbers refer to the relative ages of
the channels based on cross-cutting relationships.

3.8b,d) in layers near the fans, smilar to the mineral assemblages seen on the plains
directly south of Melas Chasma (Milliken et a. 2008; Weitz et d. 2009). The opdinesilica
was detected in asmall hill just to the east of the northern Melas fan and in bedded
outcrops to the northeast of the fan (Fig. 3.8b). These latter exposures occur in strata that
lie stratigraphically above the fans. The hydrated silicawas identified by the presence of
absorption bands centered near 2.21-2.26 um due to the presence of Si-OH groups. The
position and shape of a doublet band at 2.23 and 2.26 um is most consistent with laboratory
spectraof opal- A/CT (Fig. 3.8c). Hydrated silica can occur as primary sedimentary
deposits (McLennan 2003), atered ash deposits, precipitation as pore-filling cements, or

precipitation from shallow evaporating bodies of water (Milliken et a. 2008).

Minera spectrathat show a good spectral match to jarosite were detected in the
clinoforms (Fig. 3.8b). Thejarosite was identified based on bands at 1.85 and 1.93 um and
an OH-feature near 2.26 um and is most consistent with Fe-deficient H3O-bearing jarosite
(Fig. 3.8d). H3O-bearing jarosite is consistent with precipitation under low temperature
acidic conditions (Milliken et a. 2008). Jarositeis not as soluble as other sulfates, such as
Mg-sulfates, and could be transported by fluids if they were dready saturated with S and
Fe. 1t would depend on the composition of the transporting fluid and the amount of time

the minera wasin contact with the fluid. Thejarosite could also be diagenetic, and this
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cannot be ruled out since the CRISM data are too coarse to determineif thejarositeis
cutting across bedding contacts. However, cementation islikely the most probable origin
for thejarosite. The definitive sedimentary origin for the clinoformsimplies that if thisisa
jarosite cement it would be of low temperature origin since the clinoforms are not a

volcanic deposit. This provides a definitive constraint on paragenesis. The presence of
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Figure 3.8 A.) CRISM targeted image overlain on a CTX mosaic of Southern Melas Basin.

White box shows location of b. Light brown tones, such as on the eastern and western
Melas fans, areindicative of dusty areas. B.) Close-up view of theareaoutlinedina. The
white arrow shows the location of turquoise outcrops showing a good spectral match to
opainesdilica. Red arrow showslocation of jarosite. C.) CRISM spectra (in black) of
turquoi se outcrops compared with library spectra of opaine silicaA/CT (inred). Note
good match of the double bands between 2.2 and 2.3 um. D.) CRISM spectra (in black) of
the clinoforms compared with library spectra of K-, Na- and H30-bearing jarosite.
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these hydrous mineras implies that water was present when they formed, possibly as alake

or as porefluidsin pre-existing sediments (Milliken et al. 2008).

3.6 Discussion

Because the western Melas fans are anewly identified class of fan-like features on
Mars, we compare them to common depositional fans found on both Earth and Marsto

evaluate the most likely process responsible for their formation.

3.6.1 Depositional Fan Comparisons

3.6.1.1 Alluvid Fans

Alluvia fans, both on Mars and on Earth, are cone-shaped deposits radiating from a
dominant source channel. They typically develop near the base of topographic highlands,
thus fringing basin margins. The Méas fans, however, occur near the center of abasin.
Alluvia fanstypically have relatively steep dopes; the average surface sope of aluvia
fans on Mars based on our compilation of existing datais 2.5° (see Table 3.4) (Moore and
Howard 2005; Kraal et a. 2008a). Alluvia fans on Earth have average sopes of 2-12°
(Hashimoto et a. 2008; Blair and McPherson 1994b). Some authors have suggested that in
humid areas alluvia fan formation is dominated by braided fluvial river processes and that
these dluvial fans have more gentle sopes of 1° or less (Stanistreet and M cCarthy 1993;

Hashimoto et a. 2008). Other authors argue that these should not be classified as aluvia
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fans and are actualy braided stream systems (Blair and McPherson 1994b). The slope of
the Melas fans (~1°) does, however, overlap with the slopes of humid aluvia fans. This
would indicate that if the fan was not of sublacustrine origin that it would have formed by
alluvia processes that required continuous rather than flashy or sporadic discharge,

consistent with awetter climate.

The processes observed to act on aluvial fans are debris flows, sheet floods, and
shallow braided streams (Schumm 1977; Blair and McPherson 1994b; Harvey et al. 2005).
The channels on the Méas fans are distinct and moderately sinuous, not braided. The
Melas fans aso have distinct depositiona |obes from individua flows. Debris flow-
dominated aluvial fans could be expected to have |obate deposits, but these typically have
boulder-laced snouts (Whipple and Dunne 1992). The Melas fans do not show evidence
for large boulders at the scale of HiRISE images (~25 cm/pixel). Also, debris flow-
dominated fans typically have sopes above 5° while the Melas fans have much lower
dopes (Harvey 1984; Wells and Harvey 1987; Blair and McPherson 1994a). Furthermore,
the high branching angles of the lobes in the Melas fans are not seen in subaeria debris-

flow dominated fans.

3.6.1.2 Gully Deposits

Gully deposits that have been identified on Mars have |obe-shaped terminations but
are developed on steep rather than gentle slopes. The average slope on which gullies are
developed is 27° based on over 200 measurements from recent studies (Mdin et a. 2006;

Dickson et d. 2007; Heldmann et a. 2007). These elongate deposits are thought to form
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by dry mass wasting on steep slopes or perhaps by liquid water flows (Pelletier et a. 2008).
The flowstypicaly originated from asmall region, and the flows did not diverge widely to

create complex branching networks as seen in the Melas fans.
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Figure 3.9. Plot showing how mean channel sinuosity changes down-fan (i.e. for increasing
order) for six terrestrial submarine fans, two terrestria deltas, and the two western Melas
fans. Sinuosities were measured for channels on the distal portions of the terrestria
submarine fans,

3.6.1.3 Deltas

Deltas are partially subaerial masses of sediment deposited near where ariver enters
astanding body of water. The Eberswalde deltaon Mars has alow surface dope that
averages 2° (Lewis and Aharonson 2006), and many meandering and sinuous channels,

scroll bars and branching terminations (Wood 2006). Terrestrial deltas also commonly
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have low surface dopes (<1°) and can show |obate stacking patterns from lobe buildup and
switching (Coleman and Wright 1975). Delta channels show arange of sinuosities and can
be meandering and sinuous (Wood 2006) or mildly sinuous (Fig. 3.9). The western Melas
fans show low surface dopes and mildly sinuous channels (sinuosity of 1.02), which both
fall within the range of values common for deltas (Table 3.3, Fig. 3.9). The Eberswalde
deltaislocated at the margin of its crater, similar to terrestrial deltas which are located near
the margins of basins. Jezero crater delta, southeast of Nili Fossae on Mars, is also located
at the margin of its crater (Ehlmann et a. 2008). However, the western Melasfans are
found near the center of the basin. The delta channels aso have low branching angles, and

itslobes do not lead into the high-angle fingers seen in the Melas fans.

Feature Basin Position Slope Shape Channdls
Alluvial Fan Margin 2.5° Cone-shaped Braided
Gully Deposit wal 27° Elongate |obes -
Delta Margin 21 Fan-shaped, |obes Sinuous,
<1°™ meandering,

mildly sinuous

Submarine Fan Center <1° Elongate branching lobes, Mildly sinuous
fingers

MelasW. Fans Center ~1° Elongate branching lobes, Mildly sinuous
fingers

Table 3.3 Depositional fan characteristics. * This is the average slope reported for the
Eberswalde Delta (Lewis and Aharonson 2006). ** Thisis the average dope value for
terrestrial deltas.
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Kilometers

Figure 3.10 SeaMARC |A Side-scan sonar image of the Mississippi submarine fan
showing the elongated nature of the lobes and the fingers that branch off at high angle
(USGS). Inset showslocation of the side-scan sonar image. High backscatter areas are
composed of clay facies with interbedded sand and silts, whereas low backscatter areas are
composed of clay facies with no siliciclastic sands or silts (Nelson et a. 1992).

3.6.1.4 Submarine Fans

The morphology of the Melas fans compares favorably with depositiona features
formed on the Mississippi submarine fan (Figs. 3.2, 3.10). Thedistal Mississippi
submarine fan aso has alobate morphology with finger-like dendritic terminations,
elongated lobes, and splays that branch off of the main deposit at high angles (up to 90°).
Thedista Mississippi submarine fan aso haslow relief mildly-sinuous channelsand is
very flat, with a surface dlope of ~0.08° based on our analysis of existing bathymetric data
(Gardner 2007). Although the slope of the Meas fans (~1°) is somewhat higher than that

of the Mississippi fan, it ispossible that dight differentia erosion of the surface of the
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Meélas fans could cause an increase in the dope. If the surfaces of the Melas fans were not

an exact bedding plane, measured surface slopes would be higher than the true s ope.

Submarine fans are densely channelized distributary systems and the distal
Mississippi fan is composed of depositiona |obes whose beds consist of graded sand and
sit (Nelson et al. 1992). The detailed structure of these lobes shows a “finger-like” or high
branching angle dendritic backscatter pattern in sidescan sonar which correlates to the
sand-silt beds formed by abrupt deposition of channelized flowsto form small lobes at their
distal reaches (Fig. 3.10; Nelson et al. 1992; Klaucke et a. 2004). These finger-like lobes
are commonly oriented at high anglesto the channels which delivered the sediment to the
lobes (except for the cluster of termination lobes). Similar finger-shaped deposits have
been observed on the Monterey Fan and in the distal areas of Permian submarine fans
preserved in the Tanqua Karoo basin, South Africa (van der Werff and Johnson 2003;
Klaucke et d. 2004). Therelatively abrupt terminations associated with the finger-like
lobes are characteristic of sediment-gravity flow deposits. Full preservation of these lobes
on subaeria fansisunlikely due to subsequent reworking and sediment transport by
flowing water (Whipple and Dunne 1992). The unmodified preservation of sediment-
gravity flow deposits such as those observed in Southern Melas Basin is consistent with
accumulation in the distal reaches of a subagqueous fan. The channels present on distal
submarine fans are mildly sinuous (<1.3), and the channels on the M e as fans show similar
sinuosities (Fig. 3.9). These measurements show the channels on the Me as fans have

properties that are consistent with channels on submarine fans.
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The Mélasfans arelocated near the center of the basin in the current

topographically lowest area, which could be the result of subsequent erosion of the basin or
the origina depositional setting. Many submarine fans aso occur on basin plainsin the
topographic lows of the basin, but this may not necessarily correspond to the center of the
basin. For example, the Mississippi submarine fan islocated at ~3300 m water depth and is
over 500 km away from the Mississippi Canyon on avery low gradient surface (Schwab et
al. 1996). It isbounded to the east by the Florida escarpment (Schwab et a. 1996).
Although the Mississippi submarine fan is not located in the center of the Gulf of Mexico,
it islocated on the basin plain in adepositional low. Sublacustrine fans are also found in
the deepest areas of lakes (Normark and Dickson 1976a). They typicaly occur on the
basin plains near the centers of their lakes, such asin Lake Baikal, Siberia (Nelson et al.
1999) and Lakes Maawi and Tanganyika, east Africa (Scholz and Rosendahl 1990). Thus,
the current basin position of the Melas fansis similar to that of terrestrial sublacustrine

fans.

3.6.2 Formation of the Mdas Western Fans

Based on their morphologica similarity to the Mississippi submarine fan, the
western Méeas fans could be interpreted as sublacustrine fans. Sublacustrine fans
commonly occur in deep lakes on Earth and form important depositional systems that
commonly are fed by density underflows originating from regiona drainage systems
(Nelson et d. 1999). Turbidity current experimentsin the laboratory have produced

subaqueous fan deposits that are channelized with mildly sinuous, low-relief channels (Yu
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et d. 2006). Thickness maps of these deposits show finger-shaped deposits that resemble

the distal stretches of submarine fans.

In contrast to the small size of the Mélas fans, the overall area and volume of the
Mississippi submarine fan is3x10° km? and 2.9x10° km?, and the fan is 600 km long
(Wynn et a. 2007). The much larger size of the Mississippi fan is expected since the size
of asubmarine fan is as much afunction of sediment flux asits duration, and the
Mississippi drains alarge part of the North American continent. For Melas Chasma, the
sediment flux must have been much smaller due to the small size of the catchment area
which would have yielded the sediments which formed the fan. Terrestrial submarine fans
comparablein sizeto the Melas fans do exist, such as the upper fan in Brazos-Trinity Basin
IV and the Pochnoi fan (Kenyon and Millington 1995; Beaubouef et a. 2003), but they
have not been imaged in as much detail asthe Mississippi fan so their small-scale

morphology cannot be compared.

The properties of the channels on the Melas fans (i.e. channd length, width, and
sinuosity) are also consistent with the values measured for terrestrial submarine fans and
ddtas (Fig. 3.9, 3.11). The mean sinuosity of the channels on the six distal terrestria
submarine fansislow overall. Sinuosity ranges from 1.0 to 1.3 but the majority of the
submarine fans have channels with asinuosity lessthan 1.1. The Melas fan channelsaso
have low sinuosity with most values below 1.05. The relationship between mean channel
length and mean channel width for submarine fans and deltas roughly follows a power law

distribution (Fig. 3.11). The channels on the Measfansfollow asimilar trend. The
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steepness of the power law trend does not appear to correlate with the dominant grain size
present on the fan, the water depth of the fan, fan size, margin type or drainage basin size.

It is possible that a combination of these factors determines how quickly or dowly the
channel width decrease for a given decrease in channel length. We have not yet identified
agood quantitative measure of channel propertiesthat is able to distinguish between the
submarine channels formed on submarine fans and the subaerial channels formed on deltas.

Power law fits to length vs width data
for deltas and submarine fans
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Figure 3.11 Plot showing power law fits to mean scaled channel length versus mean scaled
channel width data. Fitsfor six terrestrial submarine fans, two terrestrial deltas, one
Martian delta, and the two western Melas fans are plotted. This plot shows that the channel
widths and lengths for the Melas fans fall within the typical range of values seen for
terrestrial submarine fans and deltas.

Terrestrial submarine fans typically have only one active main channel a atime

(Damuth et a. 1983b; Wynn et al. 2007). Each channel is eventually abandoned, probably
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by avulsion, and anew channd isformed nearby. This may have been the case for the
Measfansaswell. The northern fan was deposited first sinceit islocated stratigraphically
and topographically below the southern fan. Eventualy, its feeder channel was abandoned,
and the channel may have avulsed to a new course further south. This could have resulted

in the deposition of the southern fan.

Many features of the Melas fans are a'so shared with deltas. However, based on
detailed morphologic comparisons of the lobes aswell as basin location, the Melas fans

appear more similar to terrestria submarine fans than to either terrestrial or Martian deltas.

3.6.3 Discriminating Between Deltas and Submarine Fans

Analysis of plan-view morphology and slopes provides broad constraints on
interpretations of depositional fans, but does not uniquely constrain their origin.
Morphology a one points to a sublacustrine origin, however, adeltaic origin cannot be
excluded. The observed facies, aswell asther stacking pattern, allows usto discriminate

conclusively whether deposits were formed as part of a delta or a submarine fan.

Since most of the information necessary to distinguish different sedimentary facies
issmall-scale, orbital images do not provide the necessary resolution. Views of the deposit
in cross-section that expose details at the centimeter to decimeter scale would be required
to provide definitive evidence of sublacustrine sediment transport viaturbidity currents.

Obtaining this kind of datawould require rover images, similar to those taken at Meridiani
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Planum by the Mars Exploration Rover Opportunity (Grotzinger et a. 2005; Metz et d.

2009a) and at Gusev crater by Spirit (Lewis et al. 2008b).

Distinctive features that could be observed in a deltaic environment, but would not
be expected in a submarine fan environment include point bar deposits, floodplain deposits,
pa eosols and mudcracks (MacNaughton et a. 1997). Submarine fans are largely
composed of the deposits of turbidity currents. However, turbidity currents can aso occur
in the distal deltafront and in prodeltas, and so the presence of these deposits doneis not
diagnostic (Muitti et a. 2003; Pattison 2005). Distinguishing a prodeltafrom a submarine
fan may require examination of the fan architecture. The study of detailed facies transitions
and stacking patterns may be necessary to distinguish between submarine fans and distal

ddtaic facies.

3.6.4 Timescales

In an effort to obtain the most conservative estimate of fan formation time, we have
cal culated minimum durations. This calculation assumes a continuous sediment
accumulation rate, but it is known from Earth that sedimentation is characteristically
discontinuous in time, and that discontinuities are the rule not the exception (Sadler 1981).
Minimum formation time can be constrained using several approaches; anayses of
formation times for subaerial deposits of roughly comparable volume on Mars (Jerolmack
et d. 2004; Kraa et al. 2008b), estimates of subagueous fan formation on Earth provided
by age dating fan deposits, and quantitative estimates of how long turbidity currents would

have taken to deposit the fans.
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The well-studied terrestrial deposit of the Brazos-Trinity fanin Basin 1V is

somewhat larger in size than the M as fan and formed in no more than ~35,000 years
(Behrmann et al. 2006; Malarino et al. 2006). This measure issimilar to ~17,000 years of
sediment deposition leading to devel opment of several submarine fansin the Cdifornia
Borderland (Covault et a. 2007). Together these examples constrain amillennia-scae
estimate for the minimum time that water must have been present in Southern Melas Basin.
This estimate includes within it intervals of non-deposition. Deposits which span longer
time intervals have the opportunity to incorporate more and longer hiatuses (Sadler 1981).
Removing this inactivity would shorten the formation time and duration for standing water

in Measbasin.

Theoretical anayses of primarily subaeria fan deposition on Mars assuming no
intermittency in construction place minimum formation times at the decadal to century
scale (Jerolmack et a. 2004; Kraa et a. 2008b). Comparison of formation times between
these relatively proximal depositional systems and the distal fan of Southern MelasBasinis
reasonable because of differences in the efficiency with which these systems trap sediment.
Proximal subaeria systems have more sediment moving through them but also have
relatively low trapping efficiencies for this detritus (Trimble 1981; Allison et a. 1998;
Goodbred and Kuehl 1998; Walling et a. 1999), while distal subagqueous fans are viewed

as efficient sediment traps.

Formation times for the Melas fans were also estimated by cal culating how long

subagueous turbidity currents would need to flow in order to deposit the volume of materid
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observed to compose the visible part of thefans. To estimate how long each |obe takes to

form, we need to know the rate of sediment transport (Q, ). Fluid discharge through the

channelsis given by
Q, = UuBH 1)

where u isthe mean flow velocity, B isthe channel width and H is the channel
depth. Channel width and minimum depth (see discussion in the Methods section) can be
measured from the Melas DEM. The flow velocity can be found by the Chezy flow

resistance relation
u=(r,RgDa?)"? 2

where 7 isthe dimensionless formative shear stress, Ris the submerged specific
density of grains (R = ’;—5 — 1, where ps is the sediment density and p isthe fluid density), g

isMartian gravity (g = 3.7 m/s’ ), D isthe grain diameter, and a, istheresistance
coefficient for flow in achanndl. In order to determine the values of these parameters, a
grain size and composition must be assumed. We assumed sand sized quartz grains (D=0.3
mm) which leadsto 7, =1.8, R=1.65, and «, =15 for active, mobile bed conditions (Parker
et a. 1998). Thisyieldsaflow velocity of 0.8 m/swhich isreasonable for turbidity
currents. The characteristic velocity of turbidity currents can be related to the buoyancy

flux by

B, = RguhBC A3)
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where Bx is the buoyancy flux, histhe flow thickness, and C is the concentration of
sediment in the turbidity current. Britter and Linden (1980) related the buoyancy flux per

unit width to the velocity of the current by

_g 2 k 4
Ufon = E ( )

where Ugont is the velocity of the head of the turbidity current and Q is a

proportionality factor. The densimetric Froude number is given by

2

2 u front
I:rdensimetric = RghC (5)

(Middleton 1993), and can be related to Q by

2
u
2 3 _ " front
Frdens’metric =Q" = (6)

RghC
For bed slopes between 0-10°, O is between 1-1.5 (Britter and Lindon 1980).
Since the slope of the southern Melas fan is ~1°, Q* and hence the densimetric Froude
number should equal ~1. In the case of small dopes, the front velocity of the turbidity
current is the same as the characteristic velocity, so Ugon=u (Britter and Linden 1980). We

can caculate the rate of sediment transport by

Qs = CU fronthB : (7)
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Typica sediment concentrations in turbidity currents range from 1-10%, and we

assume a sediment concentration of 1% (Middleton 1993).

Thetimescale of formation is given by

ty = - AV /Q,

whereV is the lobe volume and A is the porosity (assume A=0.35) (Jerolmack et al.
2004). Thetime for the formation of each of the ten lobes of the southern Melas fan was

calculated, and these were added to get an estimated time of formation of ~106 years.

This calculation assumes that each |obe was formed by one turbidity flow event,
which is conservativein that it likely would have taken severd flows to develop |obes with
levee-bounded channel networks (Yu et a. 2006). Experiments on turbidity currents show
that multiple flow events are needed to form channel networks on the surfaces of
submarinefans (Yu et a. 2006). Thus, what we recognize as alobein aplan-view of the
Melas fanslikely took several flow eventsto form. This could be tested by arover
mission, which could examine each lobein cross-section to determine the number of flow

events required to form each |obe.

Our calculation a so assumes there was no hiatus between different turbidity flow
events, and so the actua formation timeislikely to belonger. Laboratory and field
experiments show that athough turbidite events appear to take place on the order of hours
to days, the time between eventsis on the order of yearsto thousands of years (Rothman et

al. 1994). If there was a hiatus of 10 years between each event, the southern fan would

(8)
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have taken ~200 years to form, but if the hiatus was 1000 years then it would have taken
~10,000 yearsto form. The above timescal e estimate does not take into account the
formation time of the northern Melas fan, but assuming it took a comparable amount of
time to form, this would double the amount of time standing water would have been
required in the basin. By comparing analogous formation times for terrestrial submarine
fans of comparable size, subaerial fan deposits on Mars, and our own calculations, we

estimate a formation timescale of 107 to 10* years.

-1200 m
-1400 m

-1600m-/,

-1800 m- "

-2000m - -

Figure 3.12 Ideal schematic arrangement of environments including sublacustrine fans,
clinoforms, aluvial fan and incised channels; actual topography represented by white line
in Fig. 3.2b. Theinferred sublacustrine fans occur in the topographically lowest part of the
basin.

6.5 Sublacustrinefans aster minal sediment sinks

We suggest that Southern Melas Basin could represent a complete erosional-to-

depositional system, from the fluvially-incised source region in the surrounding highlands
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to the terminal sediment sink formed by the sublacustrine fansin the topographically
lowest part of the basin (Fig. 3.2b, 3.12). Sediments are moved from their sourcein the
surrounding mountainous areas to their sink in depositional areas by the sediment transport
system (Allen 2008). Fluvia incision of bedrock, interpreted to be caused by runoff from
precipitation, drains the ridges bordering the western and eastern parts of the basin
(Mangold et al. 2004; Quantin et a. 2005). Sediments generated during erosion of the
upland areas were transported by fluvia drainage systemsto form a classic, cone-shaped
aluvid fan at the western edge of the basin where confined channel flow emerges onto the
fan surface (Quantin et al. 2005). The preservation of sedimentsin the aluvia fan depends
on whether there is accommodation space available to store the sediment over the long
term. Accommodation space can be generated when the graded profile of these streams
moves upwards in response to arisein base level or to uplift of the source area (Viseras et
al. 2003). The amount of sediment permanently stored in the aluvia fansislikely small
compared to the total flux of sediment (Allen 2008). Sediments which pass through the
aluvia fan could then be deposited as the clinoforms, which could record a potential
shoreline or the upslope channel levee part of the submarine fan system (Dromart et .
2007). The clinoforms give way further down the topographic profile to a sublacustrine
fan, very similar in morphology to the Mississippi submarine fan (Fig. 3.2b, 3.12). This
ultimate topographic low in the system then provides the terminal sink for the sediments

(Leeder 1999).

The above interpretation assumes that the various elements of the geomorphic

system are all the same age. If these features have different ages, then the linkages between
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elementsin the sediment transport system would not necessarily hold. However, even if
not all of these elements are the same age, they till represent pieces of the sediment
transport system. For example, cross-cutting relationships suggest there are severa
generations of valley networks preserved in the ridges surrounding Southern Melas Basin
(Quantin et a. 2005). It isnot possible to determine which generation of the drainages may
have fed the depositional fans currently preserved in the bottom of the basin. Similar to the
valley networks, perhaps the currently exposed clinoforms overlie a set of older buried
clinoformsthat are the same age as the depositional fan. As sediments were transported
into the basin, the depositiona system could have responded with retrogradation,
aggradation, or progradation of the sediment depocenter further into the basin; these
dynamic responses depend on how the incoming sediment flux balances with basin

subsidence and lake level (Flemings and Grotzinger 1996; Hodgson et a. 2006).

We are assuming here that the sediments described in Southern Melas Basin post-
date canyon formation and can therefore be linked to the modern geomorphic surface. If
these sediments are actually older than the basin itself and have been exposed through
erosion of the basin floor, then the depositional fans would predate, and thus not be related
to the clinoforms, the aluvial fan, or the valley networks. Conclusive stratigraphic contacts
that show that layered sediments underlie the vol canic material composing theridgesin
Melas Chasma have not been observed. Areas where stratigraphic contacts are conclusive,
such asto the east of Southern Melas Basin, show these layered materias onlap the ridges.
Thus, there is no evidence to suggest that the layered materialsin Southern Melas Basin are

older than the basin.
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3.7 Conclusions

The novel depositiona fansin Southern Meas Basin have a unique morphology
which includes multiple lobes with dendritic finger-like terminations that branch off at high
angles in the downstream direction. The southern fanislocated at a higher stratigraphic
level than the northern fan, and layers near the fans show evidence for hydrated minerals
including opaine silicaand jarosite. The Méelas fans appear morphologically smilar to
deltas and submarine fans; however, the details of the morphology and their basin position
suggest that they are likely to be sublacustrine fans. Quantitative comparisons of the
channel patterns present on the M el as fans show they are consistent with the channel
patterns observed on terrestrial submarine fans, athough the channel pattern on ddltasis
similar. A rover mission could acquire the detailed facies information necessary to
conclusively discriminate between submarine fans and deltas. Estimates of minimum fan
formation timescales suggest the fans formed in 10° to 10* years, and thus a stable body of
water must have been present for at least thislong. The preservation of valey networksin
the topographic highs surrounding the basin, an alluvia fan where these valley networks
drain into the basin, clinoforms, and depositiona fansin the lowest part of the basin,
suggest that the entire depositional system is preserved from the source area to the sink.
This suggests that Mars was capabl e of supporting surface liquid bodies of water for a

significant period of time during the initia stages of Vales Marineris formation.



Apex latitude (N) Apex longitude (E) Fan gradient (°) Reference

-14
-1.46
-1.27

-18.09
-18.32
-18.41
-20.1
-20.34
-21.14
-21.35
-21.47
-21.52
-21.66
-21.68
-22.36
-22.73
-22.76
-23.04
-23.14
-23.31
-23.32
-23.37
-23.45
-23.56
-23.62
-23.91
-24.31
-24.84
-24.96
-25.88
-26.23
-26.43
-27
-27.58
-27.65
-28.04
-28.09
-28.49
-28.54
-33
-33.02
-49.6
-51
-51

Table 3.4 Compilation of Martian alluvia fan gradients. The average gradient is2.5°.

Average

58.3
58.39
356.22
322.89
340.11
323.35
123.2
324.21
320.66
72.68
67.22
320.09
72.56
66.41
66.53
74.46
74.03
74.74
73.83
73.99
27.07
74.58
74.35
27.44
27.18
28.15
28.29
27.42
325.71
324.85
331.52
324.84
332.99
332.85
332.93
332.91
332.77
84.07
84.51
84.26
84.19
113.6
114.3
1135

25°

4.75 Kraal et al 2008
4.06 Kraal et a 2008
2.64 Kraal et al 2008
2.66 Moore & Howard 2005
2.21 Moore & Howard 2005
5.67 Moore & Howard 2005
6.41 Kraal et al 2008
1.3 Moore & Howard 2005
1.83 Moore & Howard 2005
1.82 Moore & Howard 2005
1.48 Moore & Howard 2005
2.03 Moore & Howard 2005
1.82 Moore & Howard 2005
2.25 Moore & Howard 2005
3.24 Moore & Howard 2005
2.23 Moore & Howard 2005
1.42 Moore & Howard 2005
3.21 Moore & Howard 2005
3.6 Moore & Howard 2005
3.59 Moore & Howard 2005
2.58 Moore & Howard 2005
2.33 Moore & Howard 2005
1.96 Moore & Howard 2005
2.08 Moore & Howard 2005
2.56 Moore & Howard 2005
2.08 Moore & Howard 2005
1.67 Moore & Howard 2005
2.16 Moore & Howard 2005
1.52 Moore & Howard 2005
2.66 Moore & Howard 2005
2.1 Moore & Howard 2005
2.53 Moore & Howard 2005
2.33 Moore & Howard 2005
2.36 Kraal et al 2008
1.58 Kraal et al 2008
1.55 Kraal et a 2008
2.26 Kraal et al 2008
1.77 Moore & Howard 2005
3.21 Moore & Howard 2005
1.32 Kraal et al 2008
1.58 Kraal et al 2008
2.33 Kraal et al 2008
1.85 Kraal et al 2008
2.33 Kraal et al 2008

99



100
Chapter 4
GEOMORPHIC CHANNEL PATTERNS OF DELTASVERSUSDISTAL

SUBMARINE FANS: IMPLICATIONS FOR SEDIMENTATION PROCESSES
ON EARTH AND MARS

Abstract

Channel systems at the distal limits of submarine fans show variability in channel
size and bifurcation patterns. Thisinformation is useful in constraining channel properties
in static reservoir models, e.g. the mean and range of values typica for channel dimensions,
sinuosity, and branching angles. Criteriawere evaluated that might help discriminate
between deltas and submarine fans based on the bifurcation pattern of the channels present
on the fans, i.e. by using the properties of channel width, length, sinuosity, branching angle
and gradients. Submarine fans and deltas show nonlinear decreases in mean channel width
and channel Iength with increasing bifurcation order. Sinuosity is also found to decrease
down fan. Channel branching angles appear to be stochastic and do not provide a
meaningful measure to discriminate between fan types. The trends of mean channel length
versus mean channel width follow a power law. The steepness of the power law trend does
not appear to correlate with the dominant grain size present on the fan, the water depth of
the fan, margin type or drainage basin size. The exponents of the power law fit for deltas
are somewhat smaller than the exponents for submarine fans, but taking into account the

uncertainties on the vaues, the two types of fans cannot be wholly distinguished.

We also characterized the channel patterns on a Martian submarine fan and delta

and compared them to terrestrial fans. Channdl lengths fall off dightly more dowly for a
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given decrease in channel width on Mars possibly due to alonger advection length scale on

Mars dueto lower gravity.

4.1 Introduction

Understanding channel bifurcation patternsisimportant for understanding
dynamics of sediment transport systems, in addition to providing constraints for reservoir
models. The channel s present on submarine fans are important hydrocarbon reservoirsin
many areas of theworld (Deptuck et a. 2007). Submarine channels form sand-rich
channel complexes and the size, lateral continuity, connectivity and heterogeneity of sand
bodies are important constraints in reservoir models (Clark and Pickering 1996;
Labourdette 2007). Characterizing the variability in channdl size and bifurcation pattern
present in channel systems at the distal limits of submarine fans can be used to constrain
channel propertiesin static reservoir models. We compare the channel bifurcation patterns
present on submarine fans and deltas on both Earth and Mars to test whether the differences

in sediment transport affect the channel bifurcation pattern.

If the channel patterns on deltas and submarine fans are indistinguishable, then this
might provide a short-cut to modeling deepwater systems which, by virtue of their
depositional setting, provide only difficult and expensive access for study. Instead, the
scaling relationships from well-characterized deltas could be applied to submarine fan
exploration prospects with only minor adjustments. In contrast, if the channel patternson
submarine fans and deltas are distinct, then this observation could provide an important

criterion to interpret depositional environment for fans where the water depth is unknown.
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A further application, of interest to planetary science, would be to provide a basis for

separation of subaerial from fully subagueous sediment bodies on planets like Mars.

This study tested whether it is possible to discriminate between deltas and
submarine fans based on the bifurcation pattern of the channels present on the fans by using
the properties of channel width, length, sinuosity, branching angle and gradients. Channels
on six terrestrial submarine fans, two terrestrial deltas, two Martian submarine fans and one

Martian delta were compared.

4.2 Background

One might expect the channel patterns on deltas and submarine fansto differ, since
channels on deltas are fed by rivers whereas channels on submarine fans are fed by
turbidity currents. These turbidity currents flow down sinuous deep-water channels
through laterally extensive channel-levee systems that locally aggrade significantly above
the low gradient fan surface (Wynn et a. 2007). These levees can build up to hundreds of
meters above the submarine fan surface, and by definition this occurs on the upper and
middle submarine fan (Flood and Damuth 1987). The channels are thought to avulse
frequently with only one channel active at atime (Damuth et a. 1983b; Wynn et a 2007).
Levees exist for channelsin the upper and middle submarine but are not seen on lower

submarine fans (Flood and Damuth 1987).

Many studies have examined submarine channels on the upper and middle regions

of submarine fans (Flood and Damuth 1987; Clark et a. 1992; Deptuck et a. 2007; Kolla
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et d. 2007; Wynn et a. 2007), but few studies focus on channels across lower submarine
fans (Twitchell et al. 1992; Nelson et al. 1992). The channels on upper and middle
submarine fans are similar to river channelsin several aspects of their planform geometries
(Clark et al. 1992; Flood and Damuth 1987). Also similar to subaeria river channels,
submarine channels show high sinuosity, abandoned meander loops, lateral channel
migration, crevasse splays and abandoned terraces (Damuth et al. 1983a, Pickering et al.
1986; Karl et a. 1989; Beaufouef et al. 2002). Y et, thereis alower occurrence of meander
loop cutoffs and avulsions in submarine channels as compared to subaeria channels, which
may be due to stabilization of the sinuosity by deposition on both the inner and outer bends
of submarine channels (Kane et al. 2008). Strongly bypassing turbidity currents deposit on
the inner channel bend, whereas weakly bypassing flows deposit on the outer channel bend,
acase unigue to submarine channels (Kane et a. 2008). Straub et a. (2008) conducted
laboratory experiments on turbidity current deposition in sinuous channels and found high
deposition rates on the outer banks of bends. They concluded that sedimentation rates were
highest where near-bed sediment concentration was greatest, which occurs on the outer
banks of channel bends. This contrasts with subaerial river channels where bedload
transport dominates the evolution of channel morphology (Dietrich and Whiting 1989).
Since bedload transport does not cover the steep outer banks of bends, the sidewalls are

exposed to erosion by the moving fluid (Straub et al. 2008).

Distributary channel patterns on deltas are controlled by a combination of channel
mouth bifurcations and avulsions, with channel bifurcations being more common

(Slingerland and Smith 2004; Edmonds and Slingerland 2007; Jerolmack and Mohrig
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2007; Edmonds et a. 2009). Recent studies that focus on understanding bifurcations of
channelsin deltas have debated whether bifurcations are caused by the buildup of mouth
bars or the deceleration of jet plumes (Wright 1977; Wellner et a. 2005; Edmonds and
Slingerland 2007). As discussed by Wright (1977), a sediment-laden flow enters a standing
body of water as aturbulent jet at the mouth of a distributary channel and begins to spread
lateraly. Astheturbulent jet decelerates, itstransport energy diminishes, causing
deposition of material. Bed friction in the shallow depths basinward of ariver mouth

causes rapid deceleration, lateral expansion and sediment deposition in a mouth bar.

Distributary channel bifurcation patterns will depend on where mouth bars form as
well astheir final location. Edmonds and Slingerland (2007) document bifurcation patterns
on severa deltas, and they show that distributary channel widths and lengths decrease
nonlinearly with successive bifurcation number (order). Channel width decreases with
increasing bifurcation order, defined as the number of bifurcations upstream of the channel
in question, because the channels are adjusting to a decreasing discharge (Edmonds and
Slingerland 2007). They suggest that channel length decreases are the result of jet
momentum flux decreases. Since the distance to the river mouth bar is proportional to jet
momentum flux, a decreased momentum flux would lead to smaller distances between
successive mouth bars and hence more closely spaced channel bifurcations. Olariu and
Bhattacharya (2006) document terminal distributary channels on severa river-dominated
deltas and measure the channel orientations with respect to the main trunk channel. They
found that these angles were related to the overall dominant processes operating on the

delta (eg. wave dominated, river dominated or tide dominated deltas). Since delta-plain
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gradients are small and sedimentation rates are high, the direction of distributary channels
can be easily changed (Olariu and Bhattacharya 2006). With each bifurcation of the
channdl, the discharge is split between the newly formed channels, and hence the channels

become smaller in adownstream direction.

The purpose of this study was to compare morphometric data on submarine
distributary networks to delta distributary networks to seeif the patterns differ enough to
allow discrimination between fan types where the environment of deposition is unknown.
Our mapping of the channels on the distal limits of submarine fans and fluvia deltas on
both Earth and Mars shows that the bifurcation patterns on the two types of fans are

indistinguishable using simple parameters.

4.3 Study Sites

Six terrestrial submarine fans, two Martian submarine fans, two terrestrial deltas
and one Martian deltawere examined in this study. We selected the terrestria submarine
fans based on the availability of side-scan sonar or seismic images of sufficient quality to
be able to distinguish the channel patterns. Wax Lake delta, LA, was selected since it has
had relatively little human influence impacting its morphology. The Lenadelta, Russia,
was chosen sinceit isin a permafrost region, and conditions on Mars when the deltas and
submarine fans formed may have been similar (Baker 2006). Table4.1 listsbasic
properties of each fan. The locations of the terrestrial submarine fans and deltas are shown

inFigure4.1.
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Figure 4.1 Map showing location of fansin this study. Squares represent the locations of
deltas and circles represent the locations of submarine fans.

4.3.1 Submarine Fans

Speculobe

The Speculobe fanisasmall (3 by 14 km) seafloor fan located in the Gulf of Cadiz
offshore Spain. The fan is sand-rich and contains predominantly fine to medium grained
sand and alow clay content <1.5 vol % (internal Shell data). It lies on the lower slope of
the Gulf of Cadiz at awater depth of approximately 1500 m. The width of the lower dope
varies from 50 km to 200 km, and this area has been tectonically active in the Quaternary

(Hernandez-Molina et a. 2006).
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Fan Grain | Water Fan Fan Fan Area Fan Drainage Tectonic
size depth | Length | Width (km?) Volume | BasinArea State

(m) (km) (km) (k) (k)

Bering ? ? 400 190 20,000 ? 1.2x10° Active

BT Basin IV sand | 1500 16° g° 128 12.8 1.2x10° Passive

M akassar mud | 2400 65° 50° 2500° 75 7.5x10" Active

Mississippi mud 3200 600° 500 300,000° | 290,000° | 4.76x10° Passive

Rhone Neofan | sand | 2400 100 14 1430° 25° 9.0x10" Passive

Speculobe sand 1500 14 3 48 0.3 5.7x10" Active®

MelasN ? ? 2.1 15 2.3 0.05° ~500

MeasS ? ? 1.3 3 43" 0.10° ~500

Wax Lake | sand ~0 11 12 40 0.08” ? Passive

Ddta

LenaDelta sand ~0 190 190 32,000 ? 2.5x10° Active

Eberswalde ? ~0 137 115 102 ? 4800

Deta

Table 4.1 Properties of the fan systems examined in thisstudy. Grain size refersto the
dominant grain size. Tectonic state refers to whether or not the area was tectonicaly active
when the fan was deposited. TShell cores show that the depth of the sand composing the
fan near the centreis8 m and is 2 m near the edges of the fan. An intermediate depth value
of 6 m was used to cal culate the volume (Shell Speculobe Report Phase 11). 1The longest
core of the fan lobes described in Orange et a. (2006) is 3 m, so this value was used to

calculate the volume of the fan, although the actua thicknessislikely to be larger.

*Cal culated assuming thickness of fan is 100 m (Beaubouef et a. 2003). ** Thickness of
sediments ranges between 0.5-3 m (Wellner et al.2005); An intermediate value of 2 m was
used for thisvolume calculation. a. Orange et a. 2006, b. Wynn et a. 2007, c. Beaubouef
et d. 2003, d. Metz et a. 2009b, e. Hernandez-Molina et a. 2006, f. Herman et a. 1996.
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Makassar Straits

The seafloor fan in Makassar Straitsis avery low relief mud-rich submarine fan
located between the idands of Borneo and Sulawes. It is approximately 40 km wide by 60
km long and islocated at awater depth of ~2400 m. Makassar Straits formed during the
Eocenein response to crustal extension, and after Borneo was uplifted during the Neogene,
the massive outbuilding of the Mahakam Delta occurred (Hall et a. 2009). Much of this
deltaic sediment was redeposited as turbidites in the Makassar Basin (Jackson 2004;
Konyukhov 2009). Differentia uplift in the Late Pliocene changed the direction of
sediment transport from eastward to westward when mini-basins associated with the long

limbs of west-verging anticlines filled with coarse-grained turbidites (Jackson 2004).

Mississippi

The Mississippi submarine fan is alarge (>600 km long), mud-rich seafloor fan
with an area of ~300,000 km? and a volume of 290,000 km® (Fig. 4.2A; Wynn et a 2007).
This passive-margin submarine fan was sourced through amajor submarine valley system
at the shelf margin and upper slope, which in turn was fed by alargeriver (the ancestra
Mississippi River) with its continental drainage system. It was largely constructed during
the Plio-Pleistocene when sedimentation rates were as high as 6-11 m per 1000 years
during the Pleistocene glacias (Wynn et a. 2007). Finger-shaped backscatter patterns on
the edge of the fan correlated with restricted sand-silt beds suggest channelized flows may
have been an important sediment-delivering process to the distal fan (Twitchell et a. 1992;

Nelson et a. 1992).
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Brazos-Trinity Basin IV

The Brazos-Trinity Basin IV ponded apron is located in the northwestern Gulf of
Mexico and isformed in the terminal basin of four linked intraslope basins (Fig. 4.2B).
The apronis of Pleistocene age (Beaubouef et a 2003), and is deposited on arelatively
shallow synclinal ramp with no outlet (Malarino et a 2006). The apronislocated in
~1500 m of water depth and is 8 km wide by 16 km long with a maximum thickness of 100

m (Beaubouef et a 2003). Its oval-shaped basin is thought to be a salt withdrawal mini-

basin and the main axisis oriented in a northeast-southwest direction (Malarino et a

Figure 4.2 Examples of channel mapping on side-scan sonar and seismic images. A.) Side-
scan sonar image of Mississippi submarine fan showing the channels mapped in red. B.)
Horizon dice from 20 ms below the top of the fan extracted from a high-resolution 3D
seismic volume of the Brazos-Trinity Basin IV ponded apron from Beaubouef et a. (2003).
Channelsare mapped inred. C.) 6.6 kHz side-scan sonar image of the Bering fan with the
channels mapped in different colors which reflect the relative ages of the channels based on
cross cutting relationships (yellow are oldest, blue are youngest).
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2006). Sediment is supplied to the apron from an inlet channel to the northeast (Beaubouef
et d 2003). Cores show the proxima fan is sand-rich while the periphery and areas further
down-fan are more mud-rich (Beaubouef et al 2003; Mallarino et a 2006). The mgjority of
the sand was deposited between 115-15 ka, with maximum accumul ation rates during the

Last Glacia Maximum (Mallarino et a 2006).

Rhone Neofan

The Rhone Neofan is part of the much larger Petit-Rhone Fan, formed from the
most recent avulsion of the Rhone channel in the Gulf of Lion at awater depth of ~2400 m.
The Gulf of Lionisayoung passive margin with a high subsidencerate, and is supplied
with sediments from the Rhone River (Droz et a. 2006). The continental shelf is80 km
wide, and the dopeis strongly incised by canyons (Droz et a. 2006). Coring shows that
the Neofan is composed of medium to fine-grained, well-sorted sand (Torres et d. 1997;
Droz et d. 2001). The growth of the Neofan began at 80 ka BP and continued until 18 ka
BP and is thought to have been controlled by Quaternary glacio-eustatic changes. The
Rhone Neofan is up to 70 m thick, covers an areaof 1430 km? and had a volume of 25 km®

(Wynn et a. 2007).

Bering Fan

The Bering fan is one of three main canyon-channel systemslocated in the Aleutian

Basininthe Bering Sea (Fig. 4.2C; Herman et a., 1996). The areaof the Bering fanis
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20,000 km?, and it is thought to be a very young feature, possibly of |ate Pliocene-

Quaternary age (Herman et al., 1996).
4.3.2 Ddtas
Wax Lake Ddta

Wax Lake Ddtaisamodern bay head fan deltalocated at the mouth of the Wax

/‘I st order channel
7

Figure 4.3. High-atitude aeria photograph of the Wax Lake Deltataken in 2002. Thefirst
order channel is noted along with bifurcation points (circles), channel lengths (L), valley
lengths (VL), channd width (w), and branching angles (A1 and A2).
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Lakeoutlet, LA, which is aman-made channel excavated in 1941 (Fig. 4.3; Wellner et dl.
2005; Parker and Sequeiros 2006). Deltaic deposition at the Wax Lake Outlet was entirely
subaqueous until 1972 when the tops of several deltaic sublobes were exposed at mean low
tide (Welner et a. 2005). The formation of this deltawas tracked through time by images
taken over the last thirty years. There have been negligible human influences on the delta

sincethe origina excavation of the channe.

LenaDdta

The Lenadeltais ariver-dominated deltalocated at the Laptev Sea coast in
northeast Siberiain a permafrost region (Olariu and Bhattacharya 2006). The permafrost
may affect river bank stability (Lawson 1983). The evolution of the delta has been strongly
influenced by tectonic forces over the last 80,000 years (Are and Reimnitz 2000). A large
fraction of the deltais underlain by Devonian bedrock which may control the channel

distributary pattern (Are and Reimnitz 2000).

4.3.3 MarsFans

Two submarine fans have been identified in southwest Melas Chasmain Valles
Marinerison Mars (see Fig. 4.6). These submarine fans were identified based on their
morphologic similarity to the Mississippi submarine fan complex. The Melasfansare

composed of multiple channelized |obate deposits. The northern fan is 2.1 km long and has
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an areaof 2.3 km? while the southern fan is 1.3 km long with an area of 2.2 km? (Metz et

al., 2009b).

The Eberswalde deltaiis located within a 65 kilometer diameter crater at 24.3° S
latitude, 33.5° W longitude on Mars (Malin and Edgett 2003). The deltais an erosional
remnant of alarger and thicker paleodeltaic deposit and is composed of six separate deltaic
lobes (Lewis and Aharonson 2006; Wood 2006). The delta surface is covered by numerous
channel forms and bifurcating distributaries that appear as present-day topographic highs
after being elevated by erosion and deflation of the surrounding host sediments

(Bhattacharya et a. 2005; Wood 2006).

4.4 Data

Side-scan sonar or seismic images of six terrestrial submarine fans were examined
in this study along with aeria photographs and satellite images of two terrestrial deltas.

Satelliteimages of Martian submarine fans and a deltawere a so examined.

4.4.1 Submarine Fans

Deep-towed 100 kHz high-resolution side-scan sonar collected by UK-TAPS
during the TTR-12 cruise in 2002 of the Specul obe fan was used along with a2 m contour
interval bathymetric map compiled on the basis of thissurvey. A 100 kHz side-scan sonar
survey of the Rhone Neofan collected by UK-TAPS was also used. We used high-
resolution SeaMARC IA 27-30 kHz side-scan sonar images of the Mississippi submarine

fan acquired in 1990 by the U.S. Geological Survey (Twitchdll et a. 1992). 6.5 kHz Gloria
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side-scan sonar images of the Bering fan acquired by the USGS between 1986-1987 were
also used (EEZ-SCAN Scientific Staff 1991). We used multibeam backscatter images
acquired by Unocal in 2003 to study the basin floor fan located in the Makassar Straits as
well asa 10 m contour interval bathymetric map. A horizon dice from 20 ms below the
top of the fan extracted from a high-resolution 3D seismic volume from Beaubouef et al.

(2003) was used to study Basin IV in the Brazos-Trinity system.

Severd factors can affect the backscatter pattern returned from side-scan sonar
profiles including the geometry of the sensor-target system, the roughness of the seafloor,
and the composition and grain size of the surface (Blondd and Murton 1997). Gardner et
al. (1991) found that regiona backscatter patterns correlate, at least qualitatively, with

lithostratigraphy.

4.4.2 Ddtas

The Wax Lake Deltawas studied by using a high-dtitude infrared aeria
photograph (pixel size ~16 m) taken in 2002 at low tide and a 0.5 m contour interval
bathymetric map (Wellner et a 2005). A Landsat 7 (ETM+) image was used to study the

Lena Delta (spatial resolution of 30 m).

4.4.3 MarsFans

The image of the Meas submarine fans used in this study was PSP_0007667_ 1700

taken by the HiRISE (High Resolution Imaging Science Experiment) camera onboard the
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Mars Reconnaissance Orbiter. Theimageisin the visible spectral range, was acquired at

~3 pm locad Marstime, and has apixel size of 30 cm.

A Mars Global Surveyor Mars Orbiter Camera narrow angle mosaic of the
Eberswal de delta was used to map the channels on the delta. The mosaic has aresolution
of 1.5 m/pixel and was created by Malin Space Science Systems (M. C. Madlin, et d.,
Disgtributary Fan Near Holden Crater, NASA’ s Planetary Photojourndl,

http: photojournal .j pl.nasa.gov/, PIA04869, 13 November, 2003).
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Figure 4.4 Plot of mean scaled channel width versus bifurcation order.

45 Methods

The properties of distributary channels were measured by hand in ArcGIS.

Channels that rejoin downstream were excluded from the analysis. We defined channels
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similarly to Edmonds and Slingerland (2007) where the channel length (L) is defined asthe
distance between two bifurcation points along the channel centerline (Fig. 4.3). Thevalley
length is the straight-line distance between two bifurcation points (Fig. 4.3). The channel
width (W) is the average across-stream distance from water edge to water edge on the day

the image was taken (Fig. 4.3).

Mean Scaled Channel Length
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Figure 4.5 Plot of mean scaled channel length versus bifurcation order.

The mean channel widths and lengths reported are the average measurements for all
channels of aparticular order on afan. The error barsin figures 4.5 and 4.7-4.8 and the
uncertaintiesin Table 4.2 are the standard deviations of the population of channel
measurements for each order. The standard deviations are fairly large due to the large

range of variability in each of the parameters that were measured. The smallest channel
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observed on aparticular fan is limited by the resolution of the image used for anadysis. The
standard deviations reported for the fitted parameters n and ain Figure 4.6 were cal cul ated

using amontecarlo analysis with 1000 iterations.

The branching angle was measured in two different ways. In the first method, after
each bifurcation point the angle that a channel veers off from the straight-line path of the
trunk channel ismeasured (Al in Fig. 4.3). The second method measures the angle
between the two channels after abifurcation (A2 Fig. 4.3). Thelines used to measure the
branching angles after the split are defined by an approximation of astraight lineto the
centerline over about three channel diameters as measured before the channel split. The
channel gradient was calculated by dividing the difference in bed elevation between the
beginning and end of a channel by the channel length, since densaly-spaced bathymetric
data were not available. The sinuosity was cal culated by dividing the channel length by the
valey length. Therefore, asinuosity of 1 isastraight channel, and a sinuosity greater than

1lissinuous.

The god of this study was to compare channel systems on many different fans. To
this end, we sought to remove the issue of scale when looking at many different sized
systems. We accomplished this by comparing only non-dimensional parameters, such as
sinuosity and branching angle, and scaling other parameters to make them non-
dimensiona. We divided the channel width by the width of the main river or submarine
channel before it has split once (defined as afirst order channel) and channel length by the

length of thefirst order channel to make these parameters non-dimensional.
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A Mean Scaled Channel Length vs Width
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Eberswalde | 1.5+0.8 | 1.6%+1
Melas N 1.7+0.4 | 1.3+0.6
Rhone 1.7+20.3 | -0.6+0.2
Makassar 1.8+0.3 | 0.7+0.5
Melas S 2.2+0.6 | -0.8+0.7
BT Basin IV | 3.2+0.2 | 0.58+0.07
Speculobe | 3.2+0.1 | 0.03+0.07
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Figure4.6. A.) Log-log plot of power law fits (L=aW") to mean scaled channel length (L)
versus width data (W). B.) Thefitted valuesfor n and aare shown for each fan along with
the standard deviations of the fitted parameters.
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Bering 1 4 5.402+3 89.17+87 - 1.03+0.04
2 11 2.196+1 41.985+53 - 1.03+0.05
3 14 3.232+2 39.396+25 - 1.07+0.09
4 15 2.823+2 46.725+33 - 1.04+0.06
5 12 2.644+2 36.552+26 - 1.01+0.01
6 7 3.71+2 20.769+21 - 1.04+0.04
7 11 2.617+1 13.062+22 - 1.04+0.08
8 6 2.987+1 25.711+29 - 1.00+0.01
9 4 2.182+0.5 6.464+3 - 1.01+0.02
Brazos-Trinity 1 1 0.155+0.04 0.717+0.04 - 1.09+0.01
Basin IV 2 3 0.165+0.07 2.543+1 - 1.05+0.02
3 6 0.233+0.1 3.970+£2 - 1.18+0.03
4 6 0.171+0.07 1.855+2 - 1.05+0.03
5 13 0.132+0.07 0.613+0.6 - 1.02+0.03
6 14 0.123+0.04 0.480+0.4 - 1.03+0.04
7 12 0.127+0.05 0.401+0.2 - 1.01+0.01
8 15 0.131+0.06 0.985+1 - 1.03+0.04
9 15 0.123+0.05 0.659+0.4 - 1.02+0.04
10 22 0.107+0.04 0.334+0.2 - 1.02+0.05
11 23 0.086+0.04 0.226+0.1 - 1.02+0.05
12 14 0.088+0.04 0.362+0.3 - 1.04+0.06
13 20 0.082+0.04 0.176+0.1 - 1.01+0.04
14 5 0.083+0.04 0.300£0.2 - 1.05+0.1
15 6 0.087+0.04 0.224+0.1 - 1.03+0.05
16 4 0.095+0.05 0.217+0.04 - 1.04+0.07
M akassar 1 3 3.189+0.1 54.857+3 1.658+0.02 1.02+0.01
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2 7 3.961+3.2 13.978+3 0.845+0.1 1.01+0.01
3 12 1.753+1.4 6.709+2 0.746+0.2 1.03+0.03
4 15 1.385£1 9.012+9 0.635+0.5 1.03+0.04
5 14 1.349+1 5.757+3 0.568+0.3 1.02+0.03
6 14 1.458+0.8 7.129+4 0.481+0.3 1.03+0.03
7 10 0.947+0.8 4.582+3 0.496+0.3 1.02+0.02
8 7 0.514+0.4 1.263+1 0.551+0.2 1.00+0.01
9 4 0.598+0.4 1.237+04 0.739+0.3 1.00+0.01
10 2 0.663+0.1 1.183+0.1 0.602+0.3 1.00+0.01
Mississippi 1 1 0.845+0.09 96.261+0.09 - 1.14+0.02
2 7 0.186+0.1 11.838+5 - 1.06+0.03
3 14 0.159+0.09 4.852+5 - 1.07+0.08
4 22 0.160+0.09 2.994+3 - 1.06+0.08
5 18 0.126+0.09 1.737+1 - 1.04+0.04
6 12 0.141+0.09 0.873+0.4 - 1.02+0.03
7 6 0.113+0.09 1.818+1 - 1.04+0.03
8 6 0.120+0.09 2.724+4 - 1.03+0.04
9 5 0.134+0.09 3.442+4 - 1.02+0.02
10 2 0.116+0.09 2.944+2 - 1.02+0.02
11 2 0.257+0.09 2.912+1 - 1.05+0.05
12 2 0.144+0.09 0.727+0.1 - 1+0.0.02
13 2 0.073+0.09 0.874+0.1 - 1+0.02
Rhone Neofan 1 2 0.145+0.04 3.300+0.3 - 1.06+0.02
2 6 0.132+0.1 1.079+0.3 - 1.06+0.04
3 8 0.159+0.1 1.696+2 - 1.03+0.03
4 10 0.125+0.06 1.399+1 - 1.03+0.04
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5 17 0.083+0.04 0.647+0.5 - 1.04+0.04
6 18 0.079+0.04 0.600+0.3 - 1.05+0.07
7 14 0.078+0.04 0.631+0.4 - 1.05+£0.05
8 14 0.057+0.04 0.409+0.4 - 1.06+0.1
9 12 0.055+0.04 0.313+0.2 - 1.06+0.08
10 8 0.053+0.04 0.354+0.2 - 1.07+0.09
11 7 0.046+0.04 0.386+0.2 - 1.02+0.03
12 4 0.049+0.04 0.301+0.09 - 1.08+0.03
Speculobe 1 1 0.059+0.005 9.7+0.005 19.998+0.3 1.22+0.02
2 2 0.032+0.005 1.504+0.8 8.749+0.3 1.06+0.02
3 6 0.031+0.05 1.22+0.9 4.937+4.2 1.16+0.1
4 9 0.026+0.008 0.622+0.6 3.219+4.8 1.07+0.05
5 13 0.024+0.01 0.447+0.5 8.26+3.5 1.06+0.05
6 19 0.016+0.006 0.201+0.1 5.338+4.7 1.05+£0.05
7 26 0.017+0.007 0.129+0.09 5.275+3.9 1.02+0.03
8 27 0.015+0.005 0.115+0.09 3.807+4.4 1.02+0.03
9 22 0.015+0.005 0.135+0.1 3.502+2.9 1.02+0.04
10 10 0.014+0.005 0.112+0.06 6.776+4.7 1.02+0.03
11 4 0.016+0.005 0.261+0.09 6.637+3.7 1.01+0.02
12 2 0.018+0.008 0.142+0.02 9.697+1.9 1.00+0.02
MelasN 1 1 0.122+0.0008 0.417+0.0008 - 1.01+0.01
2 3 0.056+0.03 0.347+0.2 - 0.032+0.04
3 6 0.033+0.02 0.196+0.08 - 1.01+0.01
4 5 0.047+0.03 0.349+0.09 - 1.01+0.006
5 8 0.034+0.02 0.191+0.1 - 1.01+0.02
6 15 0.029+0.03 0.165+0.1 - 1.04+0.06
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7 15 0.018+0.009 0.107+0.09 - 1.02+0.02
8 14 0.017+0.009 0.063+0.03 - 1.03+0.07
9 6 0.012+0.004 0.072+0.04 - 1.00+£0.01
10 4 0.014+0.003 0.025+0.008 - 1.03+0.06
11 4 0.014+0.004 0.014+0.006 - 1.00+0.01
Melas S 1 1 0.049+0.0008 1.976+0.0008 - 1.04+0.01
2 3 0.058+0.04 0.190+0.1 - 1.00+0.01
3 6 0.023+0.01 0.297+0.2 - 1.06+0.04
4 10 0.027+0.01 0.102+0.2 - 1.01+0.01
5 14 0.021+0.01 0.201+0.2 - 1.02+0.03
6 15 0.020+0.01 0.067+0.05 - 1.01+0.02
7 24 0.016+0.007 0.119+0.1 - 1.03+0.04
8 11 0.014+0.005 0.076+0.05 - 1.01+0.01
9 2 0.018+0.009 0.066+0.04 - 1.01+0.01
10 3 0.020+0.01 0.112+0.02 - 1.01+0.02
11 4 0.008+0.004 0.037+0.01 - 1.01+0.02
12 2 0.010+0.0008 0.035+0.005 - 1.01+0.01
Wax Lake Delta 1 1 0.355+0.09 1.399+0.09 0.357+0 1.00+0.01
2 2 0.320+0.09 3.110+11 0.125+0.1 1.01+0.01
3 5 0.417+0.2 1.993+1.1 0.319+0.2 1.00+0.01
4 8 0.240+0.2 1.938+1.1 0.273+0.2 1.04+0.07
5 7 0.245+0.1 1.630+0.6 0.236+0.2 1.02+0.03
6 10 0.151+0.09 1.327+0.6 0.065+1 1.09+0.2
7 8 0.239+0.2 0.826+0.6 0.412+0.7 1.03+0.05
8 8 0.178+0.1 0.645+0.3 0.075+0.06 1.01+0.03
9 16 0.150+0.1 0.685+0.4 0.552+0.5 1.04+0.05
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10 6 0.122+0.09 0.434+0.2 0.801+01.2 1.11+0.2
11 4 0.074+0.09 0.255+0.1 0.057+0.08 1.10+0.1
12 6 0.065+0.09 0.137+0.09 0.064+0.09 1.12+0.5
13 6 0.065+0.09 0.268+0.1 0.556+1.1 1.05+£0.05
14 4 0.043+0.09 0.190+0.09 0.063+0.07 1.07+0.08
Lena Delta 1 2 4+2 66140 - 1.07+0.002
2 4 3.0+0.7 44+30 - 113+0.1
3 6 242 16+8 - 1.07+0.06
4 12 242 1249 - 1.1+0.1
5 20 1.2+0.6 14+10 - 1.11+0.2
6 34 0.7+0.6 13+8 - 1.14+0.2
7 40 0.8+0.6 11+11 - 1.1+0.2
8 44 0.7+0.4 1249 - 1.16+0.2
9 43 0.6+0.4 9+7 - 1.12+0.2
10 36 0.5+0.4 7+6 - 1.07+0.07
11 42 0.4+0.3 7+5 - 1.06+0.06
12 26 0.5+0.5 7+4 - 1.09+0.08
13 26 0.6+0.4 4+4 - 1.03+0.06
14 18 0.8+0.6 614 - 1.06+0.05
15 12 0.4+0.2 4+2 - 1.05+0.05
16 6 0.5+0.2 4+3 - 1.09+0.05
17 4 0.24+0.09 4+1 - 1.04+0.03
18 2 0.4+0.08 2.8+0.2 - 1.07+0.02
Eberswalde 1 3 0.52+0.2 1.8+0.6 - 1+0.03
Dedlta 2 14 0.10+0.1 1.6+0.7 - 1.15+0.3
3 26 0.12+0.1 15+1 - 1.11+0.1




4 33 0.12+0.1 1.0+1 1.13+0.2
5 33 0.11+0.5 0.87+1=0.7 1.09+0.2
6 18 0.11+0.06 0.73+0.5 1.07+0.1
7 5 0.08+0.7 0.50+0.2 - 1.03+0.03
8 5 0.05+£0.5 1.1+05 - 1.09+0.05
9 7 0.11+0.1 0.36£0.4 - 1.02+0.03
10 2 0.05+£0.01 0.37+0.3 - 1.05+0.05
11 2 0.05+£0.01 0.21+0.03 - 1.07+0.03

Table 4.2 Number of channelsin each bifurcation order, mean channel width, mean
channdl length, mean gradient and mean channel sinuosity. We did not have bathymetry
data for fans with no channel gradient reported.
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Figure 4.7 Plot of mean channel sinuosity versus bifurcation order.

4.6 Results
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The channels were defined by the method described in section 4.3, and Table 4.2
shows the number of channels mapped in each system, the mean channel width, channel
length, gradient, and sinuosity. A plot of the mean channel width for each order of channel
isshownin Fig.4.4. Thisfigure shows that the mean channel width generally decreases as
the order increases, similar to the trends found by Edmonds and Slingerland (2007) for
deltas, although for afew fans, the second and third order channels are wider than the main
channel. The mean width tends to decrease by less than 50% with each decrease in channel
order. Some channels aso widen over the last few orders as seen on the Specul obe,

Makassar, Brazos-Trinity-Basin IV and Melas South fans.
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Figure 4.8 Channel branching angle versus bifurcation order. A.) Using method 1 to define
branching angle. B.) Using method 2 to define branching angle.

The plot of mean scaled channel length for each order is shownin Fig. 4.5 and
shows that the mean channel |ength decreases with increasing bifurcation order, similar to
the trends found by Edmonds and Slingerland (2007) for deltas. The channel length

decreases rapidly on the Makassar, Mississippi, and Melas S fans, and on the Wax Lake
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Delta and then staysfairly constant. The decreasein channel length is smaller and
fluctuates more widely on the Brazos-Trinity Basin IV, Melas N, Pochnoi, Rhone Neofan

and Lena Ddta.

Mean scaled channd length and mean scaled channel width appear to correlate.
The mean channel length roughly decreases with decreasing mean channel width as shown
inFig. 4.6. The correlations of mean scaled channdl width versus mean scaled channel
length can be fit reasonably well with power laws as shown in Fig. 4.6a (R? values between
0.62-0.87). The power law fits can be represented by the equation L=awW", and the fitted
values for aand n are shown in Fig. 4.6b aong with the uncertainties on these parameters.
The channel width versus length for the Pochnoi fan aoneis not well fit by a power law.
Thethree deltasin this study (the Lenadelta (n=1.1+0.1), the Wax Lake delta (n=1.4+.2)
and the Eberswalde delta (n=1.5+0.8)) have similar values for the fitted exponent n and
exponents smaller than those found for the submarine fans. The exponent of the Pochnoi
fanisggnificantly larger than the other fans (n=7.0+1), but this system was not well fit by
apower law. The exponents of all the submarine fansfall within the range 1.7-3.7 which
are higher those of the deltas, but with the uncertainties in these exponents, the two types of

fans cannot be wholly distinguished.

The mean channel sinuosity isfairly low (<1.3) for al of the systemsthat were
examined (Fig. 4.7). The Makassar fan has aroughly constant mean sinuosity of 1.03,
whereas the Specul obe fan mean sinuosity varies between 1.05-1.23 and the Wax Lake

Delta between 1.07-1.12.
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The gradient (Table 4.2) has no systematic trend with channel order for the
Makassar deep seafan, the Speculobe fan or the Wax Lake Delta. The input channel hasa
larger gradient on the Makassar and Specul obe fans because the channd is only defined for

the steeper part of the system and is not extended through the length of the entire system.

The mean branching angle for method 1 varies between 15-55° (Fig. 4.8A). There
IS no systematic trend in the dataset. The mean branching angle for method 2 varies
between 20-85° (Fig. 4.8B). Again, there does not appear to be any systematic trend
between branching angle and the order of the channel. There also does not appear to be a

rel ation between mean branch angle and gradient.

4.7 Discussion

4.7.1 Nature of Channd Bifurcations

The decrease in channel width with increasing bifurcation order on delta
distributary channels implies that the channel width is decreasing in adown-fan direction
as the channels continue to bifurcate. Thisis not unexpected since anonlinear decrease in
channel width after channel bifurcation has been previoudy found in delta distributary
channels and is expected by predictions of hydraulic geometry relations (Edmonds and
Slingerland 2007). Wefound asimilar trend of decreasing width with increasing
bifurcation order on submarine fans. When aturbidity current is flowing through a channel
and that channel splits, if both of the channel branches are active ssmultaneously one would

expect the cross-sectional area of each of the channels after the split to be smaller than that
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of the previous single channel. If the discharge of the turbidity current and the depth of the
channels stay roughly constant, then the width of the channels should decrease after each
split. Thisisobserved for all of the fans examined. A decrease in channel width after
channel bifurcation indicates that both branches of the channel were active ssmultaneoudly;
otherwise the width after a bifurcation should be comparable to the width before the
bifurcation. The method used to map the channels in this study does not distinguish
between channel avulsion and channel bifurcation in most cases. Cross-sectiona views
were not available to determine whether the channel avulsed to a new path or smply
bifurcated. In afew areas it was possible to see crosscutting rel ationships between
channels, and in these instances, it was possible to distinguish between channel bifurcation
and avulsion. However, the result that channel width decreases downfan does not
necessarily imply that an origina channel and a channel that formed during an avulsion

were active smultaneoudly.

Studies of the channels on upper and middle submarine fans came to similar
conclusions. Flood and Damuth (1987) found that both channel width and depth decrease
down the submarine fan, and hence there was a decrease in the cross-sectional area of the
channels down fan. They suggested that this implied adown-fan decrease in the maximum
thickness and total volume of the turbidity currents that flow down the channels. Sincethe
finer materia in the turbidity current can spill over the edge of the channel more easily,

they suggest that the remaining flows should become coarser and better sorted down-fan.
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For the Speculobe, Makassar, Brazos-Trinity-Basin IV and Me as South fans, there
appears to be a dight increase in channel width near the termination of the channel system
(at the largest bifurcation orders). The dlight increase in channel width at their distal limits
could be due to shallowing of the channels and spreading of the flow. Thisis supported by
sub-bottom profiles that transect the channels on the Makassar fan and show that the depth
of the channelsisless near the distal limit (Orange et a. 2006). These profiles show that

channels near the distal limits of the fan have very little topographic signature.

Our study found that channdl length decreases downfan with increasing bifurcation
order on the three deltas examined. Thisis not unexpected since Edmonds and Slingerland
(2007) aso found that channel length decreases non-linearly with channel bifurcations and
suggested that the channel length between bifurcationsis proportiona to the jet momentum
flux and depends on the depth of theinitial channel. Their modeling suggests that the
distance between bifurcationsis not afunction of simple grain settling since this process

does not account for mouth bar progradation observed in the field.

Channel length a so decreases downfan on the submarine fans examined in this
study. On severa of the submarine fans (Rhone Neofan, Pochnoi, BT Basin IV and Méelas
North), the channel length is variable but continues to decrease down fan similar to the
trend observed on deltas. This could imply avariable but increasing rate of sediment
deposition from the turbidity current, which results in the variable but decreasing channel
lengths seen on these submarine fans. On the other submarine fans (Mississippi, Melas

South, Makassar, and Speculobe), the decrease in mean channel length with increasing
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bifurcation order shows that the main trunk channel of submarine fanstendsto be fairly
long, and then the channel reaches apoint where it begins to bifurcate after a short distance.
After this point, the mean channel length stays roughly constant. In the submarine case, a
channel will bifurcate when alobe has built up high enough to divert the flow. The
behavior of turbidity currents around obstructing topography depends on several factors
including the vel ocity of the current, the obstacle height, the current density and the density
stratification within the current (Kneller and Buckee 2000). Lane-Serff et at. (1995) found
that part of the head of turbidity currents can surmount obstacles up to four or five times
the ratio of the obstacle height to current body thickness or less than 1.5 times the flow
thickness (Muck and Underwood 1990). This could imply that in the submarine fans
where the length of the main channdl islong and then subsequent channels rapidly
decreases to a constant length, the turbidity current does not lose much materia at first,
sinceit takes asignificant distance to build up alobe high enough to divert the flow. Then
once it has reached this state, the current should lose material at aroughly constant, but
faster rate than previoudy, so that the subsequent channels bifurcate after aroughly
equivaent distance. The trendsin bifurcation length do not seem to correlate with the size

of the fan, the dominant grain size present on the fan, or the water depth of the fan.

The branching angle of the channels appears to be highly variable. These angles do
not seem to be related to the order of the channel (i.e. position on the fan) or to the slope of
the fan surface. The branching angle varies over awide range and may depend on a
complicated set of factors that we are unable to separate. The method of measuring

branching angles that Olariu and Bhattacharya (2006) used to differentiate among different
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delta types was not meaningful when applied to submarine fans. No trends or patterns

could be recognized in these branching angles.

4.7.2 Mean Channel Length versus Width Trends

The mean channel length versus width on the various fans follows a power law
trend as discussed above. How quickly or owly the channel widths decrease for agiven
decrease in channel length (i.e. in asteep trend the channdl length falls of f faster for agiven
decrease in channel width), does not appear to correlate with the dominant grain size
present on the fan or the water depth. To first order both deltas and submarine fans show a
similar range of length versus width trends, but the fitted exponent n for deltasis dightly
less than those found on submarine fans. Taking into account the uncertainties on the
values, the two types of fans overlap in their range of n. Large values of n (n>2.3) are only
found on submarine fans; however, the sample size of deltasinvestigated in this study is

small and examination of additional deltas may find deltas with larger n.

The fact that the length versus width distributions of submarine fans and deltas
overlap may be due to the amount of error in the data obscuring the differences in processes
that lead to channel formation in each type of fan. Or, submarine fans and deltas might
have similar advection length scales which could lead to overlapping length versus width

trends.

4.7.3 Snuosity
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Unlike on upper and middle submarine fans, the mean channel sinuosity on lower
submarine fansis quite low. In this study the mean sinuosity on lower submarine fans
ranges from 1.0-1.23, but istypically lessthan 1.05. The sinuosity of the channels on the
upper and middle Amazon submarine fan ranges from 1.05-2.6 (Flood and Damuth 1987).
Clark et a. (1992) measured the sinuosity of channels on 16 different submarine fans and
found values as high as 3 with average values appearing closer to 1.3-1.5. Thus, it appears
that channels on the lower parts of submarine fans are much less sinuous than those farther

up fan.

Laboratory experiments on sediment deposition by turbidity currentsin sinuous
channels show that sediment is preferentially deposited on the outer bends of channels,
leading to an asymmetric channel cross-section and arelative straightening of the channel
(Straub et a. 2008). This suggests that perhaps continued deposition in outer channel
bends leads to straightening of the channels and the much lower sinuosities observed on

lower submarine fans.

4.7.4 Reservoir Model Applications

The mean and range of values found for measurements of channel width and length
as shown in Table 4.2 can be used to constrain the dimensions of sand bodies in static
reservoir models of submarine channels and deltas. Our determination of stochastic
branching angles indicates such branching angles can be used redistically in reservoir
models, instead of just being assumed for smplicity's sake. Most reservoir models use the

same value for sinuosity on lower submarine fans as was used for the upper fan, but our
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results show that the channel sinuosity islower on distal submarine fans and should be
modeled with alower value in reservoir models. The combination of these results helpsto

congtrain the lateral connectivity of sand bodies that may serve as reservairs.

4.7.5 Effects of Martian Gravity

Another potentia application of channel bifurcation mapping isto help interpret
depositional fans observed on other planets. If adepositiona fan is observed on Mars,
whether the fan formed subaqueoudly or at the air-water interface has different implications
for the environmental conditions present when the fan formed. The observation of a
submarine fan on Mars would imply arelatively deep and perhaps long-lived body of water
whereas a delta could form in amuch shallower body of water. Since one of the goal's of
Mars exploration isto understand the past extent of liquid water at the surface, this
distinction has become relevant with the recent observation of a potential ancient
submarine fan (chapter 3 of thisthesis). If the channel patterns on submarine fans and
deltas were distinct, then this observation would provide an important criterion to interpret

depositional fans observed on other planets.

The Méas North and South fans on Mars are small fans, and the dope of their
power law fits falls within the lower part of the range of values found on the larger
terrestrial submarine fans. This means the Meas fans have channels that are dightly longer
for a given width than the terrestrial submarine fans. This could be dueto similar
bifurcation behavior, but because Mars has lower gravity (g=3.7 n/s?) it could cause the

sediment to be carried farther by agiven flow on Marsthan asimilar flow on Earth. The



134

advection distance for a particle traveling in aturbidity current in given by

L =2 ®

Wg

where ws s the settling velocity, u is the flow speed and hs isthe height of the sediment

particle above the bed (see Fig. 4.9). The flow speed of aturbidity current is given by

1

o (2

Cr

Figure 4.9 Diagram illustrating the settling of aparticle at a height hs abovethebed in a
flow traveling at aflow speed u.

where p isthe density, g isthe acceleration due to gravity, H isthe flow depth, Sisthe

dope, and C; isthe form drag coefficient. The settling velocity for small grains (< 1 mm) is

given by
_ 1 RgD? 3
Ws = o= ©)

where Ris the submerged specific density of grains, D isthe grain diameter, and v isthe

kinematic viscosity. Substituting equations (2) and (3) into equation (1) yields L « g_l/ 2,

Thus, for the same current, the ratio of the advection length of a particle on Marsto the
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Our observation of longer channels on Mars agrees with the predictions of alonger

advection length scale on Mars due to the lower gravity.

4.8 Conclusions

After mapping the terminal channel systems on six terrestrial submarine fans, two
Martian submarine fans, two terrestrial deltas and one Martian delta, some trends are
apparent. Mean channel width and length decrease nonlinearly down fan. The channel
sinuosity on lower submarine fans is much lower than further up fan. Channel branching
angles appear to be stochastic and do not provide a meaningful measure to discriminate
between fans. The trends of mean channel length versus mean channel width follow power
laws. The exponent in the fits of channel length versus channel width is dightly smaller for
deltas than for submarine fans, but the range of vaues of n overlaps for the two types of
fans. Channel lengthsfall off dightly more dowly for a given decrease in channel width
on Mars which may be the result of alonger advection length scale due to the lower

gravity.

This study has alowed us to characterize the variability in channel size and
bifurcation pattern present in channel systems at the distal limits of submarinefans. This
information will be useful in constraining channel properties in static reservoir models, e.g.
the mean and range of vauestypical for channel dimensions, sinuosity, and branching

angles.
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Chapter 5

THIN-SKINNED DEFORMATION OF SEDIMENTARY ROCKSIN VALLES
MARINERIS, MARS

Abstract

Deformation of sedimentary rocks is widespread within Vales Marineris,
characterized by both plastic and brittle deformation identified in Melas, Candor and lus
Chasmata. We have identified four deformation styles using HIRISE and CTX images:
km-scale convolute folds, detached dabs, folded strata and pull-apart structures. Convolute
folds are detached rounded dlabs of material with alternating dark and light-toned strata that
show refolded folds with a fold wavelength of about one kilometer. The detached dabs are
also isolated rounded blocks of material, but exhibit only highly localized evidence of
stratification. The third style, folded strata, comprises continuoudly folded layers that are
not detached. Finaly, pull-apart structures are composed of stratified rock that has broken
off into small irregularly-shaped pieces showing evidence of brittle deformation. Some
areas exhibit multiple styles of deformation and grade from one type of deformation into
another, both laterally and vertically. The deformed rocks are observed over thousands of
kilometers, are limited to discrete stratigraphic intervas, and occur over a wide range in
elevations. All deformation styles appear to be of likely thin-skinned origin. The
orientation of fold axes is bimodal and exhibits northeast-southwest and southeast-
northwest components. CRISM reflectance spectra show that some of the deformed

sediments contain a component of mono- and polyhydrated sulfates.
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Severd possible mechanisms could be responsible for the deformation of
sedimentary rocks in Vales Marineris, such as subaerial or subaqueous gravitational
dumping or diding and soft-sediment deformation, where the latter could include impact-
or seismicaly-induced liquefaction. These mechanisms are evaluated based on their
expected pattern, scale and areal extent of deformation. Deformation produced from slow
subaerial or subaqueous landdiding and liquefaction is consistent with the deformation

observed in Vales Marineris.

5.1 Introduction

The relative timing between the formation of the Vales Marineris canyon system
and the various light-toned stratified deposits observed within the different chasmata
remains an outstanding question for the geologic history of Mars. Some of this ambiguity
arises from the fact that light-toned deposits with similar morphologic traits are observed in
large mounds within the canyon (interior layered deposits, hereinafter referred to as ILDS),
on the floor of the chasmata, and occasionally in rock outcropsin the walls of the canyon
system. Theissue is complicated further because the tectonic activity responsible for the
formation of the Vales Marinerislikely occurred as severd episodes over along period of
time. Thus, itisunclear if the stratigraphy of deposits in one chasm can be directly
correlated to the stratigraphy in other chasmata. Although individual light-toned units are
not traceabl e throughout the entire canyon system, some of them exhibit clear evidence of
deformation. The relative age of the stratawithin Vales Marineris, both in the mounds of

light-toned layers and in the layers exposed on the surrounding floor, is still debated.
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Understanding the mechanism(s) responsible for this deformation, both within and between
chasmata, could provide insight into the relative timing of events within the Valles

Marineris system.

The ILD are large mounds or mesas believed to be composed primarily of
sedimentary rocks. The ILD are found within many of the chasmatain Valles Marineris as
well as the peripheral chasmata such as Hebes, Juventae and Ganges (Scott and Tanaka
1986). Some authors have suggested that the ILD predate chasma formation, because
layered materials are found in some chasmawall spurs (Main and Edgett 2000;
Montgomery and Gillespie 2005; Catling et al. 2006). Other studies based on
geomorphology and structural relationships have suggested that the ILD accumulated on
top of Noachian-aged bedrock during or after chasma formation (Scott and Tanaka 1986;
Lucchitta 1990; Peulvast et al. 1993; Lucchitta et al. 1994; Schultz 1998; Okubo et &.
2008). Unfortunately, most locations lack unambiguous stratigraphic contacts between the
ILD and canyon walls, making a definitive determination of the relative age of stratawithin
the chasma difficult. Several lithologic interpretations of the ILD have been suggested,
including lacustrine deposits (Nedell et a. 1987; Komatsu et a. 1993; Malin and Edgett
2000), eolian deposits (Nedell et a. 1987), volcanic (ash) deposits (L ucchitta 1990;
Lucchitta et a. 1994; Chapman and Tanaka 2001), and lithified mass-wasted wall rock

material (Nedell et al. 1987; Lucchittaet a. 1994).

The stages and timing of eventsin the evolution of Vales Marineris are aso till

debated, but the genera framework that has emerged is asfollows (Lucchittaet a. 1994;
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Mege and Masson 1996; Schultz 1998; Peulvast et al. 2001; Okubo et al. 2008): 1. During
Late Noachian to Early Hesperian time, there was dike emplacement radia to Syria Planum
and the formation of graben and pit cratersin the future region of Valles Marineris. 2.
After Early Hesperian time, localized subsidence and sedimentary basin formation occurred
in association with the earlier radia dikes, grabens and pit craters. Subsidence may have
been related to melting of subsurface ice, dissolution of pre-existing chemical precipitates
and formation of the chaotic terrain. The ILD were deposited in the subsiding basins. 3.
Rifting during the Amazonian in the area of the ancestral basins and the ILD associated
with deep-seated faults; rifting may have been driven by Tharsis-related stresses and may
have connected the ancestral basins to one another. Following rifting, landslides and

erosion further widened the ancestral basins and rifts to their present form.

An aternative model for the formation of Valles Marineris was proposed by
Montgomery et a. (2009). They interpreted the formation of Valles Marineris and the
Thaumasia plateau as a"mega-dlide” characterized by thin-skinned deformation involving
gravity diding, extension, and broad zones of compression. The gentle ope of 1° in the
region makes gravitational body forces too small to drive deformation of basalt, but dip
along a detachment could have occurred if geothermal heating and topographic loading of
salt or mixtures of salt and ice allowed for development of alayer-parallel zone of
weakness (Montgomery et a. 2009). They proposed that the Vales Marineris reflects
extension, collapse and excavation along fractures radial to Tharsis. They also suggest that
deformation represented by compressiona features in the highlands on the southern margin

of the Thaumasia Plateau and the wrinkle ridges on the plateau imply décollements at
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multiple levels and severa phases of deformation. Similar features are observed in
terrestria salt-based fold and thrust belts, which support regularly spaced folds of weak
vergence and exhibit abrupt changes in deformational style at their margins (Davis and

Engelder 1985).

Isolated occurrences of deformed strata were previoudy identified in western Melas
and western Candor Chasmata and are thought to represent subaerial landslides of large
interior layered deposits found in those chasmata (Okubo et a. 2008), subaqueous
landslides of wallrock (Weitz et a. 2003), dry debris avalanches (Skilling et a. 2002), or
gravity gliding of ILD (Lucchitta2008). However, Context Camera (CTX) images provide
nearly complete coverage of Vales Marineris and have revealed many more exposures of
deformed strata that were identified and mapped during the course of this study. Recent
High Resolution Imaging Science Experiment (HiRISE) images and HiRISE-based digita
elevation models (DEMs) alowed adetailed look at the morphology of these deposits as

well astheir stratigraphic position.

In this study we identify many more occurrences of deformed strata on the floors of
lus, Melas and Candor Chasmatain Valles Marineris. The morphology and composition of
these deposits are examined in detail to evaluate how the sediments were deformed and the

relative timing of the deformation with respect to the formation of Vales Marineris.

5.2. Geologic Setting
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Candor Chasmais alarge depression (lowest el evation is approximately -5

kilometers) located in the northern part of Vales Marineris; it was mapped previoudly by
Scott and Tanaka (1986) and Lucchitta (1999). Candor has severa occurrences of ILD that
have been studied using both spectral (Mangold et a. 2008b; Murchie et a. 2009; Roach et
al. 2009a) and structural data (based on image-derived digital elevation models, Fueten et
al. 2006; Fueten et al. 2008; Okubo et a. 2008). Lucchitta (1999) mapped the ILD as
Hesperian or Amazonian in age, and Fueten et a. (2006) showed that the layersinthe ILD
(near the two white circlesin Fig. 5.1A) dip away from the peak of the deposits and are
subhorizontal in the surrounding plains. Fueten et al. (2006) interpreted this structural
pattern asindicating that the ILD drape preexisting topography and lack evidence of large
scale faulting indicative of chasmaformation; thisimplies that the layers post-date chasma
formation. Folded strata near the southern margin of Candor (locations C1 and C2in Fig.
5.1A) generally dip towards the center of the chasmawhich is consistent with depositionin
apreexisting basin (Okubo et a. 2008, Okubo 2010). Okubo et a. (2008) interpret the

foldsin this area as the result of southward-directed landdliding of the ILD.

Murchie et a. (2009) found that the lower and middle parts of the ILD in western
Candor are dominated by monohydrated sulfate whereas the upper beds are dominated by
polyhydrated sulfates. Roach et a. (2009a) found that the ILD in eastern Candor are
composed of interlayered mono- and polyhydrated sulfates. Changesin the hydration state
of these sulfates (mono or poly) have not been detected over severa years of observations,

which indicates that the monohydrated sulfates are not actively being atered to
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polyhydrated phases or polyhydrated phases dehydrated to monohydrated phases on short

timescales (Roach et a. 2009a).
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Fig5.1. A.) Location map in Candor Chasma. White boxes labeled C1, C2 and C3
represent locations of DEM's discussed in the text. White boxes show locations of Figs.
5.11A and 5.11B and the CRISM imagein Fig. 5.17A. White line traces out the
topographic bench. Black circleindicates |ocation of Ceti Mensa mound, and the two
white circles indicate two other topographic highsin western Candor. B.) Location map in
Melas Chasma with white boxes showing the locations of Figs. 5.1D, 5.12, 5.14 and 5.18A
and black box showing location of Fig. 5.8. White rectangles labeled M1 and M2 represent
locations of DEM's discussed in text. The black line shows the location where cross-
section A-A' was measured and the white line where stratigraphic column 8-E was
measured. White line shows location of cross-section A-A' from Fig. 5.6. C.) Location
map in lus Chasma with white boxes showing the locations of Figs. 5.3D, 5.15 and the
CRISM imagesin 5.17E. The white circle shows where stratigraphic column 3-E was
measured. D.) Zoomed in portion of Melas Chasmaindicated in B. White boxes show
locations of Figs. 5.9, 5.13 and the CRISM images from 5.17C. White line shows where
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stratigraphic column 1-C was measured. Purple outlines show locations of outcrops

showing convolute folds, yellow shows folded strata and red shows detached dlabs.
Outcrops are labeled with designations referred to in Table 5.1.

Melas Chasmais another deep depression (lowest elevation is approximately -5
km) that islocated within central Vales Marineris. Severa large ILD arelocated dong the
southern portion of Melas Chasma and OMEGA data of these ILD exhibit spectra
signatures consistent with the presence of monohydrated (kieserite) and polyhydrated
sulfates (Gendrin et a. 2005). Several interesting features have been discovered in asmall
basin in southwestern Melas Chasma (informally called southern Melas basin) including
dense valley networks (Quantin et a. 2005), clinoforms (Dromart et a. 2007), and possible
sublacustrine fans (Metz et al. 2009b). These features indicate the presence of liquid water
and apotentially deep lake in the basin. Large exposures of detached dabs have been
identified on the floor of western Melas Chasma (Skilling et a. 2002; Weitz et a. 2003)

and have been interpreted to be the result of landsliding.

lus Chasmais alarge trough (lowest elevation is approximately -4.5 km) in western
Valles Marineristhat shows aregular, nearly rectangular geometry (Schultz 1991). This
trough is thought to have formed by normal faulting and to postdate the ILD (Schultz
1998). No mounds of layered material are observed in lus Chasma, but spectral signatures
of kieserite, polyhydrated sulfates, clays and hydrated silica have been identified on the

floor of eastern lus Chasma (Gendrin et a. 2005; Roach et a. 2009b).

5.3. Methods
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A mosaic of projected CTX (5 m/pixd) and HiRISE images (0.25-0.5 m/pixel)
covering Vales Marineris was overlain onto a base map of THEMIS daytime IR images
using ArcGIS®. CTX coverage over Vales Marinerisis nearly complete, but HiRISE
images cover only select locations. The entire Vales Marineris canyon was examined and
areas showing deformation were identified and mapped (Fig. 5.2). Four primary styles of
deformation were noted: |arge-scale convolute folds, detached dlabs, folded strata and pull-
apart structures (Fig. 5.3). Detached dabs are rounded blocks of detached materia that
only locally show evidence of layering (Fig. 5.3A), and convolute folds are defined
similarly but are composed of aternating dark and light-toned strata that exhibit
disharmonic folding (Fig. 5.3B). Folded strata are defined as laterally continuous layered
materials, and the trend of their fold axial tracesis not uniform (Fig. 5.3C). Pull-apart
structures are composed of fragments of strata that have broken off into small irregularly-
shaped pieces (Fig. 5.3D). Deformed areas were separated into eight regions as shown in
Fig. 5.2. Regions are defined as groupings of nearby outcrops of various types of deformed

strata, whereas outcrops are continuous exposures of one type of deformed strata.

The styles of deformation called detached slabs and convolute folds are composed
of detached blocks. These blocks areinferred to have a sedimentary origin, though thisis
difficult to confirm with the exception of afew cases. Supporting a sedimentary origin are
the observations that some of the blocks contain finely-stratified deposits and the
spectroscopic signature of evaporite mineras, including kieserite and polyhydrated
sulfates. In general, we regard these materias to now be (at least partly) lithified rocks; at

the time of deformation they could have been strataformed of unconsolidated |oose
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sediments, water-saturated sediments, loosely cemented sediments, or fine-grained
sediments with high cohesion. The mgjor and minor axes of the detached dabs and
convolute folds were measured, and histograms of the size distributions for each region are
shown in Figure 5.4. Many of the regions consist of several outcrops of deformed strata
and in these cases the size distribution of blocks for each outcrop are reported separately
(e.g. Fig5.1D). Theratio of the mgor to minor axis of each block was computed and the
aredl size of each block was aso measured. Statistics on the sizes of the blocks are shown
in Table5.1. Inareas with only afew blocks exposed, the sizes of all blocks were
measured. In areas with many blocks exposed, the size of blocks in areas with HiRISE

coverage was measured.

Detached slabs*
- Folded strata

Pull-apart structures»

150

Kilometers

Fig 5.2. MOLA colorized elevation base map with eight regions of deformation mapped
and labeled. Four styles of deformation were observed, km-scale convolute folds (purple),
detached dabs (red), folded strata (yellow), and pull-gpart structures (orange).
Deformation was observed in lus, Melas and Candor Chasmata, but not in Coprates or
Tithonium Chasmata. White circle shows locations of km-scale convolute folded outcrops.
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Fig 5.3. Four deformation styles were observed in Valles Marineris. A.) Detached dabs;
this exampleis from Melas Chasma (P05_002828 1711). B.) Km-scae convolute folds
which are observed only in two exposures in southern Melas basin (PSP_007087_1700).
This exampleisfrom the easternmost exposure. White arrow shows location of
disharmonic fold. C.) Folded strata; this example is from Candor Chasma

(PSP_001918 1735). D.) Pull-apart structures; this exampleis from lus Chasma
(PO7_003606_1727). Note how the stratalook asif they have been pulled apart in the
direction of the arrows. E.) Pull-apart structures; here the strata have been pulled apart to a
greater extent than in d. The strata are expressed as irregularly shaped pieces
(PSP_003593_1725).

Five Digita Elevation Models (DEMSs) were constructed using the methods of Kirk
et al. (2008) and cover three separate deformed areas (Fig. 5.1). These DEMswere

evaluated to understand the three-dimensional geometry of the various deformation
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patterns. Three DEMs were produced based on images obtained in Candor Chasma. These
consisted of the following stereo pairs (C1) PSP_001918 1735 (28.5 cm/pixdl) and
PSP_001984 1735 (26.2 cm/pixd) centered at —6.444° N, 283.221° E and with a vertical
precision of 0.13 m; (C2) PSP_003474 1735 (27.5 cm/pixel) and PSP_003540 1735 (26.4
cm/pixel) centered at -6.433° N, 283.216° E and with a vertical precision of 0.12 m; (C3)
PSP 008023 1745 (26.4 c/pixel) and PSP_010238_1745 (27.3 cm/pixel) centered at -
5.295° N, 284.166° E and with avertical precision of 0.12 m. Two DEMswerein Melas
Chasma and consisted of stereo pairs (M1) PSP_007087_1700 (26.7 cm/pixel) and
PSP_007667_1700 (28.8 cm/pixel) centered at -9.816° N, 283.503° E and with avertical
precision of 0.13 m and (M2) PSP_007878 1700 (26.5 cm/pixel) and PSP_008735 1700
(28.9 cm/pixdl) centered at -9.755° N, 283.4° E and with avertical precision of 0.13 m.
With a stereo convergence angle of 25° and assuming 1/5 pixel correlations, the vertical
precision of the DEM is x/(5tan25°) where x isthe size of the pixel. The precisionis

limited by the DEM's 1 m postingsin steep areas.

Two stratigraphic columns were measured in the southeastern outcrop exposure of
convolutefoldsin region 1 (in Melas Chasma) using DEM's M1 and M2 (Fig. 5.1B, D and
5.5). A stratigraphic column was measured in the northern section of region 5 in Candor
Chasmausing DEM C3 (Fig. 5.1A and 5.5). Thedips of bedding in these areas were
obtained by using planar fits to bedding visible in the HiRISE images associated with the
derived DEMs. Linear segments were traced out aong well-exposed layers with some
natural curvature to provide constraints on the three-dimensional geometry of the layer.

We employed the method of Lewis et a. (2008b), which uses principal component anaysis
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to ensure that the layers are well-fit by aplane. Additiona stratigraphic columnsin areas
without DEM coverage were estimated using a combination of Mars Orbital Laser
Altimeter (MOLA) dataand visua images. This method was used for the stratigraphic
columns measured in the southwest and central outcropsin region 1, the outcropsin region
3, and the outcropsin region 7 and 8 (Fig. 5.5). MOLA contour lines were used to estimate
the thickness of stratigraphic units and elevations of contacts. True bed thicknessesin
these columns are not known, because the dips of the bedding in these areas cannot be
properly ca culated without a high-resolution DEM. A cross-section was constructed for
the southeastern outcrop in region 1 using aMOLA topographic profile from the north to
the south end of southern Melas basin (Figs. 5.1B and 5.6). The DEM of this areawas

used to measure the true dips of beds shown in this section.

The exposed area of each deformed unit was measured in ArcGIS. For severa of
the areas, both lower and upper contacts for the deformed strata were visible and a
thickness for the deformed units could be calculated. For other areas the thickness was
estimated using gridded MOLA data. For regions where an upper or lower contact was not
visible, aminimum thickness was estimated using MOLA data. The volume of each area
was cal culated by multiplying the measured area by the measured or estimated thickness.
The length of each deformed area was measured in a direction perpendicular to the nearest

chasmawall.

The axid traces of folds in the deformed regions were mapped wherever they were

visible. The orientations of these folds with respect to north were measured, and rose
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diagrams of the directions were constructed (Fig. 5.7). Parts of the southern portion of
region 5 were covered by DEM's C1 and C2, and the fold axes in these areas were mapped
by Okubo et d. (2008) and (Okubo 2010), who measured the trend and plunge of fold axes

in these areas and found the plunges were relatively shallow (~5°).

Region | Outcrop | Mean long Mean Long Short Mean Mean | N
dimension short dimension | dimension Area Ratio
(m) dimension | range(m) range (m) (m?)
m

1 SE 647 L(ISZ)I. 394-1157 220-826 234310 | 15 6
1 SW 459 247 160-1005 95-439 114,621 | 196 | 41
1 C 466 265 110-1086 64-665 124507 | 1.81 | 107
2 E 192 107 91-298 51-175 17,740 191 | 21
2 W 349 209 2-777 55-557 74,139 181 | 63
3 E - - - - -
3 W 397 249 143-796 106-369 94,531 163 | 18
4 C 135 83 80-214 41-118 9,849 168 | 15
1 N 413 272 119-686 84-514 100,299 | 156 | 40
5 E 347 195 80-993 59-599 89,632 179 | 18
5 W - - - - -
5 N 265 146 63-815 29-307 44,882 182 | 37
5 C 581 269 204-867 96-544 114,325 | 222 | 38
6 C 208 123 90-464 55-229 24,320 173 | 35
7 E - - - - -
7 W - - - - -
8 E 470 259 171-847 98-538 113,051 | 198 | 22
8 W 394 254 159-823 113-442 86,089 162 | 33

Table 5.1. The mean sizes and the range in sizes of the blocks of materia forming the
detached dabs and convolute folds are listed for each region.  Some regions have been
subdivided into severa outcrops (C-central, E-east, W-west, N-north, S-south). Ratio isthe
ratio of mean long dimension to mean short dimension. N is the number of blocks
measured in each outcrop. Regions without entries did not have any exposures of detached
dabs or convolute folds. Convolute folds are only observed in the SE and SW outcrops of
region 1; al other measurements are for detached dabs.
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Fig5.4. A.) THEMIS IR basemap with locations of outcrops labeled where block sizes
were measured. B.) Histograms of the long dimension of the convolute folds and the
detached dabs. The axes for each histogram are the same; the vertical axisis the percent of
blocks that fallsinto a particular size range, and the horizontal axis are bins of long block
dimension. Blocks arelarger in Melas Chasma, smaller in lus Chasma and show amore
even distribution of size classesin Candor Chasma.
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CRISM full-resolution target images (FRTS) exist for many of the deformed areas
and were examined in this study to determine the composition of the beds (CRISM images
listed in Table 5.2 and locations of key images shown in Fig. 5.1). These images have 544
spectral bands with 6.55 nm sampling and a resolution of ~18 m/pixel. The CRISM data
were converted to I/F using the methods of Murchie et al. (2007, 2009). The datawere
corrected for photometric effects by dividing I/F values by the cosine of the solar incidence
angle and atmospheric attenuation was accounted for by dividing by a scaled atmospheric
transmission spectrum obtained during an observation crossing Olympus Mons (Mustard et
al. 2008). The latter step corrects for atmospheric gases but does not account for aerosols.
Map-projected CRISM images were imported into ArcGIS to integrate with HiRISE, CTX,
and MOLA data. CRISM spectra presented here are I/F ratio spectra created by averaging
pixels (spectra) corresponding to distinct geologic units and dividing those average spectra
by an average of pixels (spectra) from a spectrally 'bland' area that usually corresponds to

Marsdust (e.g., Milliken et a, 2008).

Meas Chasma lusChasma Candor Chasma
FRT000043C6 FRT00008950 FRTO0000400F
FRT00006347 FRT00009445 FRTO000039F3
FRTOOO0ACS5C FRTOO00D5F8 FRTO0000593E
FRTOO0O0CAD3D FRTO000B347 HRLO00033B7
FRTOO00COOF FRTOOOOCAE2 FRT000103C5
FRTOO00A 244 FRT0000873F HRL00007C86
FRTOO0O0AAS51 FRTO00027E2 FRTOOOOBE37
FRTOOOOA3E9 FRT0000905B

FRT000061BD FRTOO00A 396

HRL000123C5

FRT000136D3

FRT0001070E
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Table5.2. List of CRISM targeted images examined in this study.

5.4. Results
5.4.1 Deformation Styles

Mapping of deformed stratain Valles Marineris yields four primary deformation
styles. km-scale convolute folds, detached dabs, folded strata, and pull-apart structures
(Fig. 5.3). Some areas exhibit multiple styles of deformation and grade from one type of
deformation into another, both laterally and vertically. Deformed strata have been
identified in eight different regions throughout lus, Melas and Candor Chasmata.
Tithonium and Coprates Chasmata were also examined for this study, but deformed strata
have not yet been observed in these locations. Regions are defined as groupings of nearby
outcrops of various types of deformed strata. Outcrops are continuous exposures of one

type of deformed strata.

Km-scale convolute folds were only observed in two exposuresin Melas Chasma,
both in relatively small outcropsin asmall basin in southwestern Melas Chasma (SE and
SW outcrops of region 1). The convolute folds are detached rounded slabs of alternating
dark and light-toned strata that exhibit disharmonic folding with afold wavel ength of about
one kilometer (Fig. 5.3A). The stratathat appear dark-toned may be more friable and have
been preferentially eroded out and filled in with dark-toned sand. Sequences of strata can

be traced between some of the dabs (Fig. 5.8). Severa fold geometries are observed
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Fig 5.5. Eleven stratigraphic columns were measured based on HiRISE DEM's and
MOLA gridded datain lus, Méelas, and Candor Chasmata. Stratigraphic columns are
label ed by region number and outcrop location and are arranged from west to east.
Stratigraphic columns are arranged vertically such that relative elevations correlate (except
for stratigraphic columns from regions 1-C and 7-E which are on a different vertical scale
than the other sections - these two sections are correlated so that they line up at only at -

2100 m, and the stratigraphic section from region 5N which occurs at a much higher
elevation than the other sections).

including parald, disharmonic and similar folds (Fig. 5.3A). In the southwestern outcrop
of region 1, the km-scale convolute folds grade into detached dlabs (Figs. 5.1D and 5.9).

Table 5.1 shows the range and mean block sizes of the convolute folds as well asthe mean
ratio of the long to short dimension. Most blocks are dlliptical in shape, and the convolute

foldstend to be larger than the detached dabs.

The detached dabs are a so rounded blocks of detached materia, but they only
locally show evidence of layering (Fig. 5.3B). These have previously been classified as
'blocky deposits by Weitz et a. (2003). In most areas the dabs appear featureless, but in a
few locations the dabs do show folded strata and appear to flow around each other (see Fig.
6in Weitz et d. 2003). Some of the blocks show resistant edges (Fig. 5.10). Detached
dabs are found in many exposuresin lus, Melas and Candor Chasma (Fig.5. 2). The mean
and range of sizes of detached dabsaregivenin Table5.1. Similar to the convolute folds,
detached dabs tend to be dlliptical, but the detached slabs have alarger range of sizes,

including some small dabs (~30 m).
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The folded strata are laterally continuous layered materials and the trend of their

fold axial tracesisnot uniform (Fig. 5.3C). Folded strata exhibit many geometries
including both similar folds and concentric folds, in addition to domes, basins, crescents,
mushrooms and other interference patterns. Where fold axes can be determined in detail,
they indicate non-cylindrical fold geometry (Okubo 2010). Fold wavelengths rangein size
from 250 m to 2700 m. There are large exposures of folded stratain Candor Chasma, some
of which were studied by Okubo et a. (2008) and Okubo (2010). Folded strata aso occur

throughout lus and Melas Chasmata.

The pull-apart structures are areas that show evidence of possible brittle
deformation and appear to be composed of fragments of strata that have broken off into
small irregularly-shaped pieces. In some areas the fragmented stratalook as if they could
befit back together similar to puzzle pieces, whereas in other areas the fragmentation
proceeded to alarger degree and only irregularly shaped fragments of strataremain (Fig.
5.3 D-E). Itispossiblethat some of these structures may have originally been detached
dabsthat have experienced differential erosion to produce irregularly shaped blocks. Pull-

apart structures occur in lus, Meas and Candor Chasmata.

In some areas the different styles of deformation can be seen to grade into each
other (Fig. 5.11). Thus, the four types appear to form a continuum of deformation styles
that likely depend on the orientation of the principal stresses and the strainrate. The

grading in deformation styles occurs lateraly as well as vertically, with folded strata
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Fig 5.6. Cross-section constructed using MOLA topographic profile taken from A to A'in
southern Melas basin (Fig. 5.1B) Vertica axisisin meters and horizontal axisisin
kilometers. Two possible scenarios are shown. A.) Stratigraphy is shown assuming units
currently exposed at surface were deposited in a pre-existing basin. It is not known how
deep this pre-existing basin may have been nor to what elevation the northern basin wall
might extend. In this case the strata should onlap the basin walls at the margins of the
basin. B.) Stratigraphy is shown assuming units at surface were deposited before the
formation of Valles Marineris and have been exposed due to subsequent erosion. Inthis
case, the strata should not be observed to onlap the basin wallsin any location.
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transitioning into blocky depositsin several locations as one moves up the stratigraphic

section (Fig. 5.11).

5.4.2 Map distribution and stratigraphy of deformed regions

5.4.2.1 Melas Chasma

Three regions of deformed strata occur in western and southern Melas Chasma (Fig 5.2).
The two outcrops of convolute folds in region 1 occur on a slope near the northern ridge
bounding southern Melas basin (Fig. 5.1D). The convolute folded stratain the

southwestern outcrop of region 1 appear to extend over alow point in the ridgeline where

—
Kilometers

Fig 5.7. Rose diagrams of fold axial trace orientations plotted on deformation map in the
locations they were measured. Fold axial trace orientations are bimoda with a component
to the NE-SW and a component to the SE-NW.
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they trangition into alarge outcrop of detached dabsin the centra portion of region 1 (Fig.
5.9). There aretwo smaller outcrops of detached dlabs at the base of the northern ridge
bounding Melas Chasma (labeled 1-N in Fig. 5.1D). The central and northern outcropsin
region 1 arelikely part of a continuous outcrop of detached dabs, although no definitive

exposures of detached dabs are identified in the area between them (Fig. 5.1D).

Regions 7 and 8 are exposed in the low areas near the chasmawalls on the south
wall of Melas Chasma (Fig. 5.2). Deformed strata are mostly located topographically
below the interior layered deposits on materials previousy mapped as interior massive
deposits (Avm, Amazonian Valles Marineris younger massive material) and Avme
(Amazonian Valles Marineris etched massive materia) and interior floor materias (Avir,
Amazonian Vales Marineris rough floor material) by Scott and Tanaka (1986). Small
areas of regions 7 and 8 do occur on the lower parts of the interior layered deposit mounds.
The large southern outcrops of deformation in regions 7 and 8 appear to be close to the

same stratigraphic horizon.

Two stratigraphic columns were measured in the southeastern outcrop of convolute
foldsinregion 1 in southern Melas basin where DEMswere available (Fig. 5.8). The
lowest portion of the basin isfilled with athinly-stratified unit with bedding dips between
0.6+ 0.1° and 1.4 £1°. Two featuresinterpreted as sublacustrine fans occur in the
topographic low of the basin, suggesting the basin was once filled with water (Metz et al.

2009). At the position of stratigraphic column 2, the thinly-stratified unit is overlain by a
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Fig 5.8. Map showing locations of stratigraphic sections measured in region 1-SE (labeled
Strat 1 and Strat 2). Contacts between units identified in this region are also indicated:
contact between flat-lying strata and km-scale convolute folds is mapped as a black line
(lines are dashed where contact is inferred), contact between folds and medium toned unit
is shown as awhite line, and the contact between the massive unit that weathersto boulders
and the thinly-stratified unit is shown as a dashed yellow line (gradationa contact).
Representative dips are shown in yellow. Severa stratathat are repeated through multiple
fold blocksin the km-scale convolute folded unit are traced in various colors. Each color
represents one bed that could be followed through multiple blocks.

96 m thick massive unit with hints of undisturbed layering. The massive unit isoverlain by
a 280 m thick convolute-folded unit. Further to the west at the position of stratigraphic
column 1, a23.9 m thick set of clinoforms lies above the thinly-stratified unit and is

overlain by a 146 m thick convolute folded unit. No massive unit is observed below the
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convolute foldsin thislocation. The convolute folded unit may be arelatively thin unit
deposited on a paleo-dope or it may fit conformably into the stratigraphy. However, there
isno evidence for onlap of the slope by the convolute folded unit. Above the convolute
folded unit is a 148 m-thick medium-toned unit that lacks signs of bedding. At the position
of stratigraphic column 1, the medium-toned unit is overlain by a 44 m-thick massive unit
that weathersinto boulders, and this unit thickens to the west to 282 m at the position of
stratigraphic column 1. The medium-toned unit interfingers and grades into a 131 m-thick
thinly stratified unit that caps the ridge on the north side of southern Melas basin. On the
west side of southern Melas basin this thinly-stratified unit is only 56 m thick and has been

eroded viafluvia incision.

On the south chasmawall of southern Melas basin, a unit that appears to have
slumped down the chasmawall is observed (Fig. 5.12). Thisunit contains bedding that
dipsto the north at ~7° which is steeper than the ~1° dips of strata present on the basin
floor. A large section of rock appearsto have did away from the chasmawall, including a
small stratified section of rock (Fig. 5.12B). An S-fold is observed where the section of
'diding' rock haslikely collided with the layered sediments on the basin floor (Fig. 5.12B).
A set of isolated eliptical patternsis exposed in asevera hundred meter long vertical
exposure of rock near where the diding block collided with the basin floor sediments (Fig.

5.12C).

A cross-section from the north to south end of southern Me as basin was measured

at the location of stratigraphic column 2 (Figs. 5.1B and 5.6). This shows how the
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stratigraphy fitsinto the regional topography of the basin. There are at |east two possible
interpretations for the stratigraphy at depth in southern Melas basin as shown in Fig. 5.6A
and B. The strata observed at the surface could onlap the side of an older buried
depositional basin (Fig. 5.6A). One constraint that could favor this interpretation is that
bedding in the northern wall of southern Melas basin dips at ~19° to the south. If these
beds were deposited on a pre-existing slope, they would be expected to dip to the south. In

the second possible interpretation, the strata observed at the surface are older than the wall-

2

Kilometers

Fig 5.9. Map showing locations of stratigraphic sections measured in region 1-SW (labeled
Strat 1-3). Contacts between units are indicated using the same color scheme as Fig 5.8.
Dashed red line shows gradational contact between convolute folds and detached dabs.
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rock composing the chasmawalls of Valles Marineris and are exposed through erosion
(Fig. 5.6B). The exposed stratigraphy and contacts within southern Melas basin do not
allow discrimination between these two options. However, just to the east of southern
Meélas basin, layered sediments are observed to onlap the wall of the basin, suggesting at

least some deposition of layered sediments occurred after the formation of the basin.

In the southwestern outcrop of convolute foldsin region 1, which is ~27 km to the
west of the southeastern outcrop (Fig. 5.1D), asimilar stratigraphy to the southeastern
outcrop was observed. Three stratigraphic columns were constructed for the southwestern
outcrop using MOLA data (Fig. 5.9). At the position of stratigraphic column 3, athick
interval (~325 m) of km-sca e convolute folds is observed. The deformed unit is overlain
by the same three units observed to overlie the foldsin region 1, amedium-toned unit, a
massive unit and alateraly interfingering massive and thinly-stratified unit. The two other
stratigraphi c columns measured in the area show ~100 m thick exposures of convolute
folds. In stratigraphic column 2, the folds are covered with athin medium-toned unit that is
overlain by athin light-toned unit. In stratigraphic column 1, the folds are covered by a
thin (~15 m thick), dark-toned stratified unit overlain by athin (~15 m thick), medium-

toned and stratified unit.

A stratigraphic column was estimated using MOLA datain the central outcrop of
region 1 in western Melas Chasma (Fig. 5.1D). Thelowest unit isa~150 m-thick exposure

of detached dabs. Thereisathin, light-toned deposit that drapes the detached dabs and the
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ridge adjacent to the detached dabs. The light toned drape appears similar in tone and
texture to alight-toned draping deposit seen on the ridge in the western part of southern
Méelas basin (Fig. 5.13). The light-toned drape also appears similar to the materia
composing the convolute folds. However, because the light-toned unit drapes detached
dabs that can be seen to grade into the convol ute folds, the light-toned unit must be

stratigraphically younger.

Fig 5.10. Some of the detached dlabs show resistant edges as isillustrated by the white
arrows (ESP_014339 1710).
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A stratigraphic column was constructed for the southeastern outcrop of deformed
stratain region 7 in southeastern Melas Chasma (Figs. 5.5 and 5.14). The base of the
column consists of ~600 m of stratified deposits. A ~500 m thick unit with aweathering
pattern that makesit difficult to determine the type of bedding occurs above the layered
stratain the location where the stratigraphic column was measured. However, farther to the
west at the same stratigraphic interval the deposits consist of folded strata (Fig. 5.14 A and
B). Thesefolds arelargely elongated in adowns ope direction. We have tentatively
assumed the unit with the lattice-like weathering pattern also consists of folded strata.
Above the unit with the | attice-like weathering pattern is another 100 m of stratified
deposits. Above these are ~125 m of pulled-apart strata (Fig. 5.14 A and C). The eastern
boundary of the areal exposure of the pulled-apart stratais very linear and may be afault.

At the top of the section are ~375 m of stratified deposits.

In the stratigraphic columns measured in the southeastern outcrops in region 1 and region
7, both the lower and upper contacts of the deformed units could be identified. In the other
outcrops, either the lower or upper contact was observed, but not both in the location where
the stratigraphic column was measured. However, in many regions these missing upper or
lower contacts were observed in other outcrops within the region. The fact that both lower
and upper contacts are observed in many areas impliesthat the deformation is restricted to

alimited, relatively thin stratigraphic interval. The thickness of the deformed unit ranges
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Fig 5.11. Severa styles of deformation can be seen to grade into each other. Dashed black
lines show gradational contacts. A.) Lateral gradation between deformation types.

Location of image shown in Fig. 5.1A. B.) Vertica transition between folded strata and
detached dabs. Location of image shownin Fig. 5.1A.

from 100 m to 350 m thick, although in many areas only minimum thicknesses could be

estimated, since both the lower and upper contacts were not observed.

5.4.2.2 lus Chasma

Regions 2-4 occur in lus Chasma. All of the outcropsin lus occur on the floor of the
chasmain areas previousdy mapped as interior floor (Avfr) and surface materials (Avsd
(Amazonian Vales Marineris dark surface material)) by Scott and Tanaka (1986). There
are no interior layered deposits or mounds near the deformed stratain lus Chasma,
suggesting the origin of the latter is not linked to the former. In region 2, the deformed
strata are exposed in the lowest topographic areas, and in the eastern part of the region are
covered by aterraced dluvia fan. Sediment eroded from the southern wall of lus overlies
the southern end of the deformed unit. In the western part of the region deformed strata are
observed up to the level of aresistant bed in the northern wall of lus. The areas above the
resistant bed are mantled with eolian sediments. The southern portion of the deformed
strataiis covered with materials derived from erosion of the southern wall of lus. Roach et
al. (2009b) also examined the stratain this topographic low and found that they were
composed of kieserite, polyhydrated sulfate and hydrated silicate with the polyhydrated

sulfates found at higher elevations than the kieserite. In region 4 in the northern portion of
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lus Chasma, several types of deformed strata are observed and are partialy covered by
Amazonian landdide deposits. CRISM image FRTO0O00A 396 examined by Roach et a

(2009b) shows that the deformed stratain this area are composed of non-hydrated material.

Severd different types of deformed strata are exposed in Region 3 at the bottom of
the floor of western lus Chasma (Fig. 5.15). Stratigraphic sections for this area are shown
inFig. 5.5. Inthe western outcrop of this region grading between detached dlabs, pull-apart
strataand folded stratais observed. The deformed strata occur in topographic lows and are
exposed in an erosiona window; several landdlides overlie the deformed strata. A
stratigraphic column was measured in this area and consists of ~100 m of deformed strata
at the base overlain by a~50 m thick light-toned unit (Fig. 5.15). At thetop of the section
is~150 m of adark toned mantling unit. The deformed strata are covered by eolian dunes

in some of the low areas where the dark-toned unit has been eroded away.

5.4.2.3 Candor Chasma

Region 5 islocated in western Candor Chasma and region 6 in eastern Candor
Chasma. They occur in areas previousy mapped as massive deposits (Avme), surface
materias (Avsd), floor materials (Avfs, Amazonian Vales Marineris smooth floor
materia), and layered materials (Hvl, Hesperian Valles Marineris layered materia) (Scott
and Tanaka 1986). The deformed strata are observed up to the el evation of atopographic
bench that runs around western Candor Chasma and is shown by the whitelinein Fig 5.1.
The bench was interpreted by Lucchitta (2008) as a shoreline and by Okubo (2010) as

forming through eolian erosion. Severa large outcrops of the folded strata are found in the
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Fig 5.12. A.) Location of slump in southern Melas basin. Dashed line shows edge of
dump. White arrows show where dump block dlid into pre-existing basin floor strata.
White boxes show locations of b and c. B.) Zoomed-in portion of dump showing a small
stratified block that has pulled away from the main Sump mass (white arrow). Black arrow
shows S-fold where the dump collides with basin-floor strata. C.) Vertical section where
hypothesized lump folds are shown in cross-section. White arrows highlight folds. B and
C arefrom PSP_002828 1700.

western portion of region 5 in Candor at the base of the chasmawall and up to thelevel of
the topographic bench. Another large exposure of deformed stratais found in the
topographic low to the east of Ceti Mensa. In severa areas in the eastern outcrops of
region 5, detached dabs overlie folded strata (Fig. 5.11B). Much of the outcrop of

deformed stratain the central portion of region 5 islocated on the lower portion of Ceti
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Mensa. A light-toned unit covers much of the central part of western Candor and appears
to overlie the deformed strata. In some areas the deformed strata are exposed in erosional
windows through the light-toned unit. Exposures of detached slabs cap elongated mesasin

severa areas. One exampleisshownin Fig. 5.16A.

A stratigraphic column was measured within a crater in the northern part of region
5using DEM C3 (Figs. 5.5 and 5.16). At the base of the section is 25 m of undeformed
sediments. At -125 m elevation, thereis alow-angle fault and the layers above the fault
were folded into an overturned concentric fold. There are several additional folds and
many high-angle faults in the 225 m above the low-angle fault at -125 m (Fig 5.16). Inthe
southwestern portion of the deformed unit is apotentia interval of repeated stratigraphy.
Thereis another 25 m of stratified sediments above the deformed interval. Thetop of the
section is 125 m thick and consists of detached dabs that form aresistant cap. Faults were
mapped in the crater wall and the orientations of the faultsindicated in Fig. 5.16 B are

shown in the equal-area stereonet in Fig. 5.16C.

5.4.3 Elevations of deformed strata
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The deformed units are observed to occur at avariety of eevations, including as
low as-4100 min Meas Chasmaand up to 3400 m in Candor Chasma. The eevations of
the deformed strata range from -4200 to -1000 m in lus Chasma, from -4100 to 400 min
Melas Chasma, and from -2500 to 3400 m in Candor Chasma. There does not seem to bea

pattern in the el evations where deformed strata are observed.

1
]
Kilometers

Fig 5.13. Light-toned unit that drapes the ridge in the western part of southern Melas basin
(PSP_009025_1705).
5.4.4 Fold orientations

Orientations of fold axial traces were measured wherever possible (i.e. for folded

strata and convolute folds) and have largely bimodal trends as shown in Fig. 7. Thereis
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one set of fold axeswith a NE-SW orientation and another set with a SE-NW orientation.
Thistrend holds well for the folds in western Candor Chasma and for those in lus Chasma.
Folds in Melas Chasma exhibit more variation, with the fold axes in eastern Melas Chasma
having primarily aNE-SW orientation, which is roughly perpendicular to the nearest

chasmawall.

5.4.5 Composition of deformed strata inferred from CRISM spectra

CRISM images covering the deformed strata exhibit spectra signatures consistent
with the presence of sulfates. Monohydrated sulfate (likely the Mg-variety kieserite) and
polyhydrated sulfates are detected in spectra of deformed beds in lus, Candor and Melas
Chasmata (Fig. 5.17). Another type of materia that does not show a good spectral match
to any library spectrais detected in lus and Melas Chasmata (Fig. 5.17 C, E). Ratio spectra
of this unknown material has absorption bands at 1.4 pm, 1.91 um and a 'doublet’ near
2.21 and 2.27 um (Fig. 5.17 D, F). Roach et a. (2009b) previoudly identified this materia
in lus and Coprates Chasmata and Noctis Labrynthus and discuss its spectral characteristics
indetaill. We aso note that the strength of the 1.4 um band for this material isvariable, and
the relative strengths of the 2.21 and 2.27 bands also vary (Fig. 5.17 D, F). Thissuggests
that the material isamixture of at least two different phases, similar to the findings of
Roach et al. (2009b). Laboratory experiments by Tosca et a. (2008b) formed a materia
which may be jarosite mixed with poorly crystalline clays or silica, and it has similar
spectral properties to this unknown phase. The materia precipitated in the Tosca et al.

(2008b) experiments formed at a moderate pH of 6-7 and was XRD amorphous. This
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Strat 1
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Kilometers

Fig. 5.14 A.) Multiple types of deformation exposed in region 7-W (PO7_003909 1686,
P17 _007535_1688). White boxes show locations of b and c. White line shows location
where stratigraphic column was estimated. B.) Folded strata (ESP_013719_1665). C.)
Pull-apart strata (ESP_013508_1665).

material isalso seenin layered material that onlaps the ridgelines to the west of region 8.

Thisnovel materia isnot identified in any of the ILD mesasin Candor or Melas Chasma,
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instead these ILD show strong spectral signatures consistent with the presence of kieserite

and polyhydrated sulfates (Roach et a. 20098). The deformed unitsin region 7 aso do not

show the novel materid.

Folded strata

Detached slabs

Pulled-apart

[ ]strata

Fig. 3E

Fig 5.15. Deformation exposed in region 3. A.) White and black dashed lines show extent
of deformed strata. White box shows location of B. B.) Grading between detached dabs,
pull-apart strata and folded stratais observed. The white box shows the location of Fig.
5.3E. Thelocation where stratigraphic column 1 was measured is shown by the white line.
5.5. Discussion
5.5.1 Rheology of deformed strata

The styles of deformation observed in Valles Marineris suggest that much of the
deformation occurred in the plastic regime. The exception to thisis the pull-apart
structures that likely were deformed in the brittle regime. Because the deformed strata
appear to be largely composed of several types of sulfates, including kieserite (p=2.57 g
cm®) and polyhydrated sulfates, it isimportant to consider the deformational behavior of

these minerals. Though published data on the materia properties of sulfatesislimited, the

density of gypsum (p=2.32 g cm™) isless than that of most sedimentary and volcanic rocks,
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so given this flow-strength contrast it should theoretically deform in afashion similar to
halite at low strain rates (Williams-Stroud and Paul 1997). Haliteisweak and easily
mobilized by solid state flow and can flow at low temperatures and differential stresses
(Jackson and Talbot 1986). Some work has been done on the deformation of gypsum
which showsthat at very slow strain rates the strength of gypsum approaches that of halite,
which deforms plastically at shallow depths at strain rates of 108-10* s* (Williams-Stroud
and Paul 1997; Jackson and Talbot 1986). Gypsum undergoes creep at faster strain ratesif
water is present (de Meer and Spiers 1995). In order for water to be trapped with the
gypsum during deformation, it would need to be covered with low permeability rock, such
as clay-rich mudstones (Heard and Rubey 1966). The strength of these sulfates increases
with water loss. Anhydrite requires two orders of magnitude larger differential stressthan

gypsum in order to attain diapiric strain rates (Williams-Stroud and Paul 1997).

The deformed sedimentsin lus and Melas could also consist of volcanic ash that
was deposited rapidly over alarge area and became water saturated and subsequently
atered. Thisinterpretation could fit with the spectral detection of the material that may be
jarosite mixed with poorly crystalline atered clays or silica. Studies of ash rheology show
that the transition from brittle to ductile deformation occurs between 800-850 °C but shifts
to lower temperatures with increasing water pressure or with lower rates of displacement

(Robert et a. 2008).
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Fig 5.16. A.) Perspective view of DEM showing that the detached dabs form aresistant
mesa. White box shows location of b. B.) Portion of crater wall in DEM with key stratato
help visualize deformation mapped in red and faultsin yellow. Faultswhose orientation
was measured are numbered 1-10. C.) Equal-angle stereonet of orientations of faults
indicated in B (n=10).

5.5.2 Relative age of deformed strata

An important consideration is whether the strata on the floor of Vales Marineris,
both the mounds of light-toned strata (ILD) and the surrounding sediments, pre- or post-
date chasmaformation. This question has been debated in the literature with severa
authors suggesting the light-toned layered rock predates chasma formation and is being
exhumed from below the wallrock (Malin and Edgett 2000; Montgomery and Gillespie
2005; Catling et al. 2006) and most others suggesting the sediments postdate or were

contemporaneous with chasmata formation (Lucchitta et al. 1992; Peulvast and Masson
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1993; Lucchitta et a. 1994; Chapman and Tanaka 2001; Weitz et a. 2001; Komatsu et al.
2004; Fueten et al. 2006; Fueten et al. 2008; Okubo et a. 2008; Okubo 2010). Much of
this controversy arises from the fact that there are very few clear, unambiguous contacts
between the light-toned layered deposits, which are often near the centers of chasmata, and
the canyon wallrock. Here we review the evidence presented in previous literature to

support relative age interpretations for the ILD (cited images are listed in Table 5.3).

From the first images sent back by the Mariner and Viking spacecraft, the wallrock
of Vales Marineris was seen as distinct from the light-toned layered rock found on the
floors of the chasmata. Wallrock is described as showing 'spur and gully' morphology or
smooth talus slopes and as giving rise to landsdlides, whereasthe ILD are described as
showing light-colored smooth surfaces with fluted topography distinctly different from
wallrock (Lucchittaet a. 1992). An early study based on Viking images (Viking Orbiter 1
frames 913A 11 and 913A 13, 20-125 m/pixel) observed that the ILD in the divide between
Ophir and central Candor Chasma onlap the spur and gully morphology of the canyon wall
(Neddll et a. 1987). Lucchittaet al. (1994) observed that in east Candor, the ILD abuts and
buries wallrock already eroded into spurs and gullies along the south part of the chasma.
Witbeck et a. (1991) suggest that in Juventae and Ganges Chasmata layered deposits
overlie conicd hillsthat are smilar to chaotic terrain farther west. In Melas Chasma,

Peulvast and Masson (1993) state that 'no direct contact can be seen between the smooth
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Fig 5.17. A.) Band parameter map from CRISM targeted image HRL0O0007C86 overlaid
on CTX image from region 5 in Candor Chasma. Red channel is BD 2210, green channel
isBD 2100 and blue channel is SINDEX. Green areas show kieserite. B.) Four CRISM
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spectra (from areas indicated by arrows) show a good spectral match to the laboratory
gpectrum of kieserite. C.) Band parameter map from CRISM targeted image
FRTOOOOAD3D overlayed on CTX image from region 1 in Melas Chasma. Red channdl is
BD 2210, green channel is BD 2100 and blue channel is SINDEX. D.) Four CRISM
spectra (from areas indicated by arrows) show the unknown material with bands near 1.9
pm, and adoublet at 2.21 and 2.27um. The drop in reflectance near 2.01 umisdueto
incomplete remova of atmospheric CO, and is not a surface absorption. E.) Band
parameter map from CRISM targeted images FRT0000905B, FRTO00027E2 and
FRTOOO0OA 396 overlayed on CTX image from region 4 in lus Chasma. Purple areas show
the unknown material. Red channel is BD 2210, green channd is BD 2100 and blue
channel is BD 1900. F.) CRISM spectrafrom FRT0O000905B and FRT000027E2 show the
unknown materia in the purple areas with bands at 1.43 um, 1.91 um and adoublet at 2.21
and 2.27 um. The relative strength of the bandsin the doublet varies. Thedrop in
reflectance near 2.01 um is due to incomplete remova of atmospheric CO, and isnot a
surface absorption.

surfaces (of the ILD) and the south Melas Chasmawall, as a 15-50 km 'moat’ separates
them." They further note that landdides from the south Melas wallrock partly fill the moat
and cover the base of the ILD bench, obscuring the contact. Peulvast and Masson (1993)
suggest that the layered sediments in south Melas embay the wide reentrants and ridges,

and thus formed in a basin whose walls aready had their present outline.

When the Mars Orbiter Camera (MOC) on the Mars Global Surveyor began
sending back images (4-10 m/pixel), new details of the ILD and wallrock were evident.
Malin and Edgett (2000) suggest that severa MOC images show that light-toned layered
strata underlie the wallrock. They cite MOC images (M17-000468, M 17-00467 and M 20-
01506) covering the eastern part of the wall of northwest Candor as evidence that the ILD
continue under the chasmawalls. While light-toned material can be seen high up on the
wallrock in thislocation, adirect stratigraphic contact between the light-toned layered

material and the wallrock is obscured by an eolian mantle, making the stratigraphic
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relationship ambiguous. It is possible the light-toned layers could underlie the wallrock
here, but they could also onlap the wallrock. Additional images from west Candor (M 14-
00631, M-18-00099 and M 19-00784) are cited as the best locations where layered units can
be seen going into and under the chasm walls (Main and Edgett 2000). In these areas,
light-toned layered rocks are observed up to the level of atopographic bench, as described
earlier inthis paper. However, the direct stratigraphic contacts are also obscured here by
eolian mantles and talus deposits. Their other examples from Coprates (M 20-00380, M 20-
01760, M21-00103) and lus (M08-07173) are a so ambiguous with the actual contacts
obscured by eolian mantle or talus deposits. Montgomery and Gillespie (2005) cite
additional areasin Candor (R07-00897) and southwest M el as (R04-01897, R08-00286 and
R08-00287) where they interpret wallrock as underlain by light-toned layered deposits.
These areas also show ambiguous contacts that could represent onlap or wallrock underlain

by light-toned strata.

Catling et a. (2006) examined many MOC images (Table 3) in Juventae Chasma
which they state show that the ILD are older than the wallrock and chaos material. Many
of these images do show promising contacts, and HiRISE images (PSP_005557_1755 and
PSP_003790_ 1755, ~25 cm/pixel) confirm that light-toned strata do underlie wallrock near
mound A of Catling et a. (2006). In thislocation, the HiRISE images resolve arelatively
long exposure of a contact between the light-toned strata and the wallrock (Fig. 5.18B).
This exposure occurs dong aridgeline in a spur and shows a sharp, irregular contact that

cuts across eevation. The light-toned strata are | ess resistant to erosion than the dark-toned
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wallrock material which capstheridge. The contact appears to be an erosional

unconformity and shows that the local wallrock directly overliesthe light-toned strata.

Other authors have described locations in MOC imagery where layered deposits appear to
onlap chasmawalls. Chapman and Tanaka (2001) observed layered deposits 'plastered
onto' the chasmawallsin Coprates (MOC image AB-106306). Komatsu et al. (2004)
observed that an ILD mound overlaid the chaotic terrain in Juventae (MOC image M 10-
00466) and that the ILD are covered by younger landslides and eolian material. MOC
image M 10-00466 was | ater cited by Catling et a. (2006) to show that light-toned strata
underlie the wallrock. Flauhaut et a (In Press) similarly observe ILD to overlie chaotic
mounds in Capri. Chojnacki and Hynek (2008) suggest light-toned layers are 'pasted-on' to
wallrock in Ophir Chasma (S04-01271). We regard these interpretations as ambiguous,
because the contacts are mostly obscured by eolian mantles, talus deposits, and landdlides,
in areas where there may be direct contacts (such as Juventae), these contacts are not fully

resolved in MOC imagery.

Structural relationships have aso been used to argue the relative ages of the ILD.
Using High Resolution Stereo Camera (HRSC)-derived DEMSs, Fueten et al. (2006)
measured the dips of layersin the ILD mounds of southwestern Candor Chasma and found
that they were paralé to local dopes. Similar results were found for the ILD in Ophir
(Zegers et d. 2006), Hebes (Hauber et d. 2006), lani (Sowe et a. 2007), and Coprates
Chasma (Hamelin et a. 2008). Okubo et a. (2008) and Okubo (In Press) used HiRISE

DEMs to measure the dips of stratato the south of the ILD mounds in southwest Candor
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Fig. 5.18 A.) Onlap relationship between the light-toned stratified deposits and the
wallrock in south Melas Chasma. The light toned layersfill in the topographic lows

between the ridgelines (PO5_002907_1706, PSP_004397_1695). B.) Contact between
wallrock and light-toned layers in aridgeline in Juventae Chasma (PSP_5557_1755).

and found that they generally dip toward the center of Candor, suggesting they postdate

formation of the ancestral basin.

A search for unambiguous contacts between wallrock and light-toned stratified
deposits was made in a separate effort by J. Metz and R. Milliken (unpublished analysis)
using CTX and HiRISE imagery, but none were found in central Vales Marineris. In
virtually every location, these contacts are obscured by eolian mantles, talus deposits, or
landdides. In southern Meas Chasma, just to the east of southern Meas basin, thereisa
convincing area where the light-toned stratified deposits clearly onlap and fill in the
topographic lows between ridges of wallrock (Fig. 5.18A). Structural data aso seemsto
support ayounger age for the light-toned deposits. The exception to thisisin Juventae
Chasma, where promising contacts showing wallrock overlying light-toned layers are
observed. These few relatively unambiguous examplesillustrate that the rel ative ages may
differ in each chasma. Localy, light-toned layers may underlie wallrock, but in other
locations the light-toned strata may have infilled pre- existing basins. Thus, resolving the
controversy in the ages of the wallrock and light-toned layers may have to wait until landed

missions can use absol ute age-dating techniques in multiple chasmata.
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Camera | Image | Location | Resolution | Reference

Candor

Viking 913A11 Ophir-Candor 63 m/pixe Nedell et a. 1987

Orbiter 1

Viking 913A13 Ophir-Candor 63 m/pixel Nedell et a. 1987

Orbiter 1

MOC M17-00468 5.56°S, 74.20°W | 244 m/pixel | Mdin and Edgett 2000

MOC M17-00467 5.52°S, 7456°W | 5.8 m/pixel | Mdin and Edgett 2000

MOC M?20-01506 5.17°S, 74.52°W | 29 m/pixel | Malin and Edgett 2000

MOC M14-00631 5.10°S, 77.1°W 5.71 m/pixel | Mdin and Edgett 2000

MOC M18-00099 4.98°S, 77.33°W | 429 m/pixel | Mdin and Edgett 2000

MOC M19-00784 5.17°S, 77.36°W | 4.29 m/pixel | Malin and Edgett 2000

MOC R07-00897 4.90°S, 76.80°W 3.02 m/pixel | Montgomery and Gillespie
2005

Coprates

MOC M?20-00380 14.64°S, 53.86°W | 4.25 m/pixel | Malin and Edgett 2000

MOC M20-01760 13.04°S, 65.13°W | 5.68 m/pixel | Malin and Edgett 2000

MOC M21-00103 14.64°S, 56.58°W | 2.84 m/pixel | Malin and Edgett 2000

MOC AB-106306 10.26°S, 69.31°W | 597 m/pixel | Chapman and Tanaka
2001

lus

MOC [ M08-07173 [ 8.10°S,84.30°W | 5.7 m/pixel | Malin and Edgett 2000

Melas

MOC R04-01897 11.11°S, 75.45°W | 5.96 m/pixel | Montgomery and Gillespie
2005

MOC R08-00286 10.48°S, 75.77°W | 448 m/pixel | Montgomery and Gillespie
2005

MOC R08-00287 10.52°S, 75.40°W | 250 m/pixel | Montgomery and Gillespie
2005

Juventae

MOC M 10-00466 4.58°S, 63.43°W 287 m/pixel | Komatsu et a. 2004
Catling et a. 2006

MOC E22-00455 2.31°S,62.00°W | 6.03 m/pixel | Catling et al. 2006

MOC R03-00948 4.84°S, 63.50°W | 2.87 m/pixel | Catling et al. 2006

MOC E02-02546 4.15°S, 62.67°W | 4.33 m/pixel | Catling et al. 2006

MOC M11-02064 3.33°S,62.01°W | 1.43 m/pixel | Catling et al. 2006

MOC E22-01273 2.46°S, 62.28°W | 453 m/pixel | Catling et a. 2006

MOC M10-00466 4.58°S, 63.43°W | 2.87 m/pixel | Catling et al. 2006

MOC E23-01035 4.47°S, 62.60°W | 3.01 m/pixel | Catling et al. 2006

MOC M04-00651 3.60°S, 61.98°W | 43 m/pixel | Catling et a. 2006

MOC E16-00591 2.37°S,62.21°W | 454 m/pixel | Catling et al. 2006

MOC E11-02581 4.63°S, 63.39°W | 3.02 m/pixel | Catling et a. 2006

MOC E11-01370 4.28°S, 62.55°W | 3.02 m/pixel | Catling et a. 2006

MOC M21-00460 3.42°S,61.93°W | 5.75m/pixel | Catling et a. 2006

MOC E16-00591 2.37°S,62.21°W | 454 m/pixel | Catling et al. 2006
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MOC R02-00160 4.61°S, 63.30°W | 3.01 m/pixel | Catling et al. 2006
MOC MO07-02818 3.37°S,61.92°W | 2.87 m/pixel | Catling et al. 2006
MOC E14-01770 2.34°S,62.15°W | 3.02 m/pixel | Catling et al. 2006
MOC E22-00892 2.28°S,62.15°W | 4.52 m/pixel | Catling et al. 2006
MOC E22-00455 2.31°S, 62.00°W | 6.03 m/pixel | Catling et al. 2006
MOC R15-02329 2.27°S,62.12°W | 453 m/pixel | Catling et al. 2006
MOC M08-04669 2.75°S,61.70°W | 5.74 m/pixel | Catling et al. 2006
MOC E17-01902 2.85°S,61.76°W | 4.52 m/pixel | Catling et al. 2006
MOC R05-00012 4.49°S, 64.07°W | 3.01 m/pixel | Catling et al. 2006
MOC R05-01255 4.44°S, 64.12°W | 3.01 m/pixel | Catling et al. 2006
HiRISE PSP_005557_1755 | 4.69°S, 63.20°W | 27.1 This paper
cnm/pixel
HiRISE PSP_003790_1755 | 4.61°S, 63.10°W | 26.7 This paper
cm/pixel
Ophir
MOC S04-01271 4.75°S, 73.43°W | 3.01 m/pixel | Chojnacki and Hynek
2008

Table 5.3. Images cited in the literature as showing the contact between light-toned
deposits and wallrock in Vales Marineris.

5.5.3 Possible causes of deformation

There are severa possible mechanisms that could explain the observed deformation

featuresin the strata of Vales Marineris. The salient features which need to be explained

are (1) the latera distribution pattern of deformation, including exposures as large as 1800

km? across spanning ~1000 km of Valles Marineris; (2) the deformational styles, including

convolute folds, detached dabs, folded strata and pull apart structures and their gradations,

both laterally and verticaly, between different styles; (3) fold axis orientations which are

largely bimodal with NE-SW and SE-NW orientations; (4) the scale of the deformation

features, including km-scale convolute folds and 60 m to 1 km-sized detached dabs; (5) the

thickness of the deformed intervals which range up to 350 m; (6) confinement of

deformation to discrete stratigraphic intervals that occur at widely different elevations
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throughout the Valles Marineris system; and (7) composition of the deformed strata, which

includes at least a component of sulfates.

Salt diapirism has been previoudy invoked to explain the folding in Candor and
Melas Chasma (Beyer et a. 2000; Milliken et a 2007) . However, subsequent examination
of new localities showed that undeformed strata are found directly beneath the foldsin
several areasin Candor and Méelas and suggests that this mechanism is not consistent with
all observations. Deformation caused by salt diapirism should show evidence of vertical
motions, but the deformation observed in Valles Marineris does not show this, and where
the orientations of fold axes can be measured, they are found to dip shallowly, consistent
with subhorizontal shear. Dueto this evidence, we will not consider salt diapirism any

further.

Alternative mechanisms that may explain many of the observed features include

liquefaction, landdiding, and gravity gliding.

5.5.3.1 Liquefaction

Liquefaction occurs when metastable, loosely packed grains become temporarily
suspended in their pore fluid, and the drag exerted from the moving pore fluid exceeds the
weight of the grains, lifting the grains and destroying the framework; this reduces the
sediment strength to nearly zero (Lowe 1975). Liquefaction arises in unconsolidated
sediments either before or soon after burial (Fernandes et al. 2007). On Earth, liquefaction

is often triggered by seismic shaking associated with surface waves generated by large
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earthquakes; the deformed deposits that result are called "seismites” (Seilacher 1969).
Seismic induced liquefaction typically occurs when aliquefiable sand layer isoverlain by a
thin, nonliquefiable stratum and the water table is shallow; this causes the pore fluid
pressure to increase (Obermeier 1996). Other factors that increase the susceptibility of
sediments to liquefaction include: (1) recent deposition; (2) rapid deposition; (3) water-
saturation; (4) presence of homogenous fine-grained sediment; (4) shallow-burial; and (5)
absence of cements (Allen 1986; Montenat et a. 2007). Sediments are commonly
undeformed below the seismites, since these sediments have aready been consolidated or

cemented and are no longer susceptible to liquefaction (Pope et al. 1997).

Criteriathat are used to recognize seismitesinclude (1) restriction of deformation to
adtratigraphic interval separated by undeformed beds; (2) occurrence in potentially
liquefiable sediments; (3) zones of structures correlatable over large areas; and (4) presence
of structuresthat suggest liquefaction (Sims 1975) . The deformation observed in Valles
Marineris meets many of the criteria used to recognize seismites. The deformationis
confined to a discrete interval with undeformed overlying and underlying beds. The
deformation occurs over alarge area and the deformational structures are consistent with
those commonly reported to form from liquefaction. Seismites show avariety of
deformationa features including: ball-and-pillow structures, convoluted folded strata, sand
blows, sand dikes, sedimentary breccias, homogenized beds, pull-apart structures, and
dumps and dides (Davenport and Ringrose 1987; Roep and Everts 1992; Mohindra and
Bagati 1996; Pope et a. 1997; Rodriguez-Pascua et al. 2000; Fernandes et a. 2007;

Monentat et a. 2007). Earthquakes can cause stratato fail and shear on gently inclined
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dopes aslow as 0.1-5% causing separation between individual dide blocks of as much as
severa meters (Obermeier 1996). The deformational structures observed in Valles
Marineris are similar to many of those reported in seismites on Earth, such as convolute
folded strata, detached dlabs and pull-apart structures. The variation in seismite typesis
thought to be related to the stage of lithification, sediment characteristics and lithostatic
pressure (Roep and Everts 1992; Monentat et al. 2007). The style of deformation can be
seento vary laterally in seismites, asis also observed in the deformation in Valles

Marineris (Mohindraand Thakur 1998).

The cyclic shaking required to cause liquefaction is a horizontal acceleration of at
least 0.1xg, and features caused by earthquake-induced liquefaction have been observed to
occur from earthquakes greater than magnitude 5.5 (Obermeier 1996). The distance at
which liquefaction features have been observed to occur from earthquakes of various
magnitudes has been recorded. From Allen (1986) the relationship between earthquake

magnitude (M) and distance (X) is

X

Because the deformation that we observe in Valles Marineris occurred across a distance of
1180 km, this implies that if this deformation was caused by earthquake-induced
liquefaction then the 'marsquake’ may have been at least magnitude 8.7, subject to the
cavedt that the effect of different crusta properties of Mars on this empirica reation is
unknown. Another possibility is that the liquefaction was not caused by a marsquake, but
by seismic energy generated from an impact event. Severa seismites on Earth are

suggested to have been induced from impact events, including deformation in the Carmel
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Formation and Slickrock Member of the Entrada Sandstone in southeastern Utah (Alvarez
et al. 1998); in the Cotham Member of Penarth Group in the United Kingdom (Simms
2003); and in the Alamo breccia in southern Nevada (French 2004). The Cretaceous-
Tertiary impact is suggested to have generated a magnitude 13 earthquake which could
have deformed unlithified sediments over several thousand kilometers (Collins et a. 2005).
If an impactor was the source of the seismic energy that caused the deformation in Valles
Mariners, it would likely have been a least 3 km in size to generate magnitude 8.7
marsquakes (calculated using Impact Effects Program from Collins et d. 2005). The crater
formed by this impact would be about 36 km in size. There are severa impact craters of
thissize or larger surrounding central Vales Marineris.

On Earth, ligquefaction caused by earthquakes commonly arises at a depth ranging
from a few meters to about 15 m and becomes increasingly difficult at depth; this is
because the vertical stress applied by the overburden increases the resistance of the
sediment to shearing and deformation (Obermeier 1996). The thickness of deformed
sediments is thus limited by the maximum depth of sediments susceptible to liquefaction at
the time of the earthquake (Simms 2003). On Earth, seismites are typically on the order of
tens of centimeters to ten meters thick (Roep and Everts 1992, Mohindra and Bagati 1996,
Pope et a. 1997, Mohindra and Thakur 1998, Jones and Omoto 2000, Rodriguez-Pascua et
al. 2000, Simms 2003, Fernandes et a. 2007). This contrasts with the exposures of
deformed beds in Valles Marineris which are up to 350 m thick. If these are seismites, it
would require that sediments compact and lithify much more dowly on Mars. Sediments
may not compact as easily on Mars due to the lower gravity; the mass of overburden would

need to be about athird larger in order to have a similar weight of overburden with depth as
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on Earth. If sesmites are indeed up to 350 m thick on Mars, it may also imply that
cementation occurs more sowly there than on Earth. The degree of lithification would be
lower if water in groundwater systems on Mars was less abundant on average than in
groundwater systems on Earth. This is consistent with the evidence of incomplete
lithification of the rocks observed in Meridiani Planum (McLennan et a. 2005).

Another challenge to interpreting the deformation in Vales Marineris as seismites
is that the wavelength of folds in seismites on Earth is typicaly tens of centimeters to a
couple of meters. The wavelength of folding observed on Mars is ~50 m to a kilometer.
The factors controlling the wavelength of folding in seismites on Earth are uncertain, but
Rodriguez-Pascua et a. (2000) suggest that folding is the result of the upward flow of
liquefied sand at more or less regularly spaced sites. The wavelength may also depend on
the thickness of the deforming layer or on the amplitude of the seismic waves. Pope et .
(1997) found that the fold axes of seismites were randomly oriented, athough Simms
(2003) found seismite fold axes had a strong preferred orientation. Simms (2003) suggests
the preferred fold axes orientations are perpendicular to the direction of travel of seismic
waves. Rodriguez-Pascua et d. (2000) observed that the axes of seismite convolute folds
were bimoda with the two directions roughly perpendicular to each other. They suggest
this is related to the directions of maximum compression and maximum stress from the
paleostress dlipse.

Overdl, many of the properties of the deformed sediments observed in Vales
Marineris fit with a seismite interpretation. The observation of the deformation covering a
broad region, the styles of deformation, and the confinement of the deformation to discrete

intervals al fit well with an interpretation as seismites. However, the thickness of the
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deformed interval may be difficult to achieve in seismites and would imply an unusually
thick stack of unlithified sediments on Mars. This would imply lithification occurred more
dowly on Mars. The scale of the folding and the orientations of the fold axes are not well

understood on Earth, and thus evaluating these constraints on Marsis difficult.

5.5.3.2 Landdides

Landdlides deposits are common in Valles Marineris and represent some of the
youngest geologic activity in this area (Late Hesperian to Amazonian) (Harrison and
Grimm 2003; Quantin et a. 2004). These landdides were originally thought to be wet
debris flows because of their long runout distances (Lucchitta 1979; Lucchitta 1987).
However, recent work has suggested the role of interstitial fluid was negligible, and the
runout distances are consistent with dry terrestrial landdlides (M cEwen 1989; L g eunesse et
al. 2006; Soukhovitskaya and Manga 2006). The morphology of these landslides includes
dump blocks a the head, hummocky material farther out, and a vast apron of
longitudinally ridged materia extending to the toe (Lucchitta 1978).

Landdlides are also suggested to have occurred at much earlier times in Valles
Marineris. Okubo et a. (2008) suggests that folded strata in southwestern Candor Chasma
are the result of a subaerial or subaqueous landdlide that has been eroded such that the
characteristic surface morphology is no longer present. They suggest that the folds reflect
compression at the toe of a southward directed dide/Sump from the nearby ILD. It has
also been suggested that the detached dabs in Melas Chasma may be the result of

landdliding (Skilling et al. 2002; Weitz et a. 2003).
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Fig 5.19. Plot showing landslide volume (V) on horizontal axisin km?® and landslide runout
(L) on vertica axisin km. Data for Martian landdlides is taken from Quantin et a. 2004
(squares) and for terrestrial nonvol canic landdlides from Hayashi and Self 1992 (triangles).
The volume to runout of the Martian deformed regions are from this study (diamonds).

Interpreting the deformed strata observed in Vales Marineris as the result of
ancient landdliding does fit with the limited stratigraphic extent observed for the deformed
strata. One would expect the beds dratigraphicaly below a landdide unit to be
undeformed, because beds below the detachment surface of a landslide as well as beds
below the surface over which the landdlide runs out are not affected by the slide. The beds
above a landdide deposit should also be undeformed, because they are deposited after the
landdlide occurs. The strata both underlying and overlying the deformed beds are
undisturbed in Valles Marineris, as expected for alanddide origin. This interpretation aso
fits with the variety of elevations in which the deformation is observed to occur, because
landdlides could occur at any elevations in the chasma. The large size of the deformed

units is aso possible for landdide deposits. Fig. 5.19 shows the runout distance versus
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volume for recent Martian landslides, terrestrial nonvolcanic landdides, and the deformed
units observed in Vales Marineris. The recent Martian landdlides fit along the same trend
as the terrestria nonvolcanic landslides. The deformed regions in Vales Marineris fall
close to the range of volume versus runout measurements from recent Martian landdlides,
although not along the same trend. The length for the deformed regions is actualy the
length of the deposit, not the runout length, because headscarp source regions for these
deposits are not observed. Thus, if this deformation is the result of landdliding, the runout
lengths would be expected to be longer than the values presented in Fig. 19, which would
shift the fit for the deformed regions closer to the other Martian landdlides.

The variety of deformational morphologies observed in Valles Marineris is aso
consistent with morphologies observed in large terrestrial submarine landslides (Lucente
and Pini 2003; Lucente and Pini 2008). In the Miocene age Casaglia-Monte della Colonna
landdlide in the Northern Apennines, large detached stratified slabs and many types of
folding, including overturned, recumbent, asymmetric, disharmonic, box, and refolded
folds are identified (Lucente and Pini 2003). These are similar to the deformational
morphologies of the detached dabs and folded strata observed in Vales Marineris.
Detached dabs are observed in the upper part of terrestrial submarine dides, and these are
commonly composed of undeformed strata but can aso have folded strata (Lucente and
Pini 2003). The dabs overlie asevera meter thick strongly deformed set of beds that show
isoclinal folds and overfolds; this unit acted as a shear zone (Lucente and Pini 2003).
These characteristics are similar to the observation that detached slabs in Valles Marineris
overlie folded strata in several areas in Candor Chasma (region 5) and in Melas Chasma

(region 7). Lucente and Pini (2003) also found that the size of the dabs decreases towards
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the distal portion of the dlide. The sizes of the dabs observed in Candor Chasma do show a
decrease in average dab size on the northern and eastern part of the region. In the other
regions, the size of the slabs shows no particular trend with location within a particular
exposure, athough the sizes of the dabs are abit larger in Melas and abit smaller in lus.

The scale of the slabs observed in terrestrial submarine landslides can be hundreds
of metersin size (Lucente and Pini 2003), which is of the same order as the dabs observed
in Vales Marineris. The wavelength of the folding observed in terrestrial submarine
landdlide deposits is on the order of fifty centimeters to tens of metersin size (Lucente and
Pini 2003), much smaller than the kilometer scale folds observed in Vales Marineris.
However, this may in part be due to a sample bias, because it is difficult to observe
kilometer scale foldsin the terrestrial submarine slides.

Slabs that have an appearance similar to the detached dabs observed in Valles
Marineris are aso found in very dow landdides and are caled 'block spreads. Block
spreads form when athick layer of rock overlying a softer materia fractures and separates
due to liguefaction (Cruden and Varnes 1996). Blocks in spreads can be hundreds of
meters thick and can occur over wide areas (Cruden and Varnes 1996). Thistype of feature
would not require a body of water, but only enough pore water for liquefaction to be
possible.

One of the chalenges in interpreting the deformation as the result of landdiding is
locating the source for each of the putative dides. The deformed regionsin lus Chasma are
not adjacent to ILD, so if these are dides, the source must either be the sides of the chasma
walls, or an ILD that has completely eroded away. There are ILD in Candor and Melas

Chasma within ~100 km of the deformed units in those chasmata. The deformed strata are
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mostly topographicaly lower than the ILD, which means the ILD may have been able to
serve as sources for potential dides. It could also mean that the deformed units are
stratigraphically below the ILD and hence older. If the deformed strata were formed by
landslides and these dides did originate from the ILD, then one might expect dides to have
occurred around multiple sides of the ILD, which is not observed in Melas. One would
also expect the orientation of the fold axes to be perpendicular to the direction of dide
movement (or parald to the walls of the ILD, if they were the source for the dides)
(Lucente and Pini 2003). Also, some of the deformed strata are found on part of the Ceti
Mensa ILD in Candor, so again the sources for these dides are unclear. The dides may
have originated from the chasmawalls of Valles Marineris, but if that were the case then no
remnants of the layered material remains in many of the areas where the dides should have
originated. Fold axes are oriented parald to the chasma walls in many locations which
would be expected if they were the source for the dides. However, some exceptions to this
do occur and most areas exhibit a second set of fold axes that are perpendicular to the
chasma walls. Although some dispersion of fold axes orientations are expected in dides
due to rotation of fold hinges and sheath folds, fold axes are not typically bimoda (Lucente
and Pini 2003).

Mechanisms that can trigger submarine landslides include volcanic activity; seismic
activity, either faulting or impact induced; and fluid overpressurization, which occurs when
rapid deposition of low permesability sediments traps pore fluid that cannot escape as the
sediment compacts (Flemings et a. 2008; Lucente and Pini 2008). The same triggering

mechanisms have been suggested to have caused the Amazonian landdlides on Mars
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(Quantin et al. 2004; Neuffer and Schultz 2006; Soukhovitskay and Manga 2006) and

could have provided a triggering mechanism for potential ancient landslides.

5.5.3.3 Regional gravity gliding

Montgomery et a. (2009) suggest that the patterns of deformation surrounding the
Thaumasia Plateau are indicative of a gravity-driven megadide. They suggest that
extensional deformation in Syria Planum and Noctis Labryinthis connect to zones of
transtension and strike-dlip in Claritas Fossae and Valles Marineris and to compressional
uplift along the Coprates Rise and Thaumasia highlands. They propose that the large-scale
thin-skinned gravity spreading would have occurred above a detachment along a buried
weak layer of sdtsorice. Intheir model, Vales Marineris reflects extension, collapse, and
excavation along fractures radia to Tharsis as part of one lateral margin of the Thaumasia
gravity-spreading system. Their model predicts that a décollement or detachment should
exist at some depth beneath the Thaumasia plateau. Because Valles Marineris is up to 8
km deep in some locations, this detachment surface might be exposed in some aress.
Perhaps the deformation observed in Valles Marineris formed along the detachment surface
as aresult of shear from gravity gliding. This interpretation presupposes that the sediments
exposed on the floor of Vales Marineris are older than the chasmaitself.

If the deformation formed as a result of this potential mechanism, then one would
expect that the deformation would be confined to a discrete dlip surface. This surface need
not correspond to a particular elevation and could have a complex 3D geometry. However,

given aphysically plausible geometry for the detachment, it might be expected to dip to the
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east near Syria Planum and dip to the west near the Thaumasia highlands, and the
detachment surface might dip to the south at its northern boundary. This predicts that
deformation within Vales Marineris would be located within the sat layer and should
follow the detachment surface. We do find that the deformed strata in Valles Marineris
have a component of salts, both mono- and polyhydrated sulfates, which could fit with the
gravity-gliding moddl. In addition, sulfates should be easily deformed, because they are
weak and prone to viscous creep. Deformation caused by gravity gliding should be
confined to a limited stratigraphic interval as observed in Vales Marineris, but the
elevations of the deformed strata in Vales Marineris do not convincingly delineate a
discrete surface as might be expected for gravity gliding (Fig. 5.5).

The deformationa morphologies expected from gravity gliding might be similar to
alargelanddide. Folding would be expected landward of the distal pinchout of the original
sat layer as well as at the distal portion of the slide where the compressive stresses are
greatest (Rowan et a. 2004). Irregular topography along the initia dide plane could cause
convergent and divergent movement and cause broadly arcuate fold belts and dome and
basin structures (Rowan et al. 2004). Thetrend of the folds may be highly variable (Rowan
et a. 2004). Detached folds are observed to result from gravity gliding, but refolded folds
(which could be indicative of one phase of disharmonic folding, smilar to the convolute
folds observed in Melas) are not documented (Rowan et al. 2004). The structura style of
the folding that results from gravity gliding is highly dependent on the rheology and
thickness of the décollement layer as well as the thickness of the overburden (Rowan et a.
2004). Thin overburden generally produces folds with shorter wavelengths and shorter

amplitudes (Rowan et a. 2004). The wavelength of folding in Vales Marineris is
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somewhat smaller than for folds observed in terrestrial analog gravity glides, which would
imply that the overburden on Mars was thinner than typica terrestrial glides. In gravity
gliding , features somewhat similar to the detached dabs may result from many fault
bounded blocks gliding down the detachment surface (Schultz-Ela 2001). Gravity-gliding
would be expected to induce deformation over a broad area and this could explain the large
areal exposures of deformation in Valles Marineris.

Overdl, gravity gliding doesfit several of the observations of deformationin Valles
Marineris, including large areal extent of deformation, confinement to discrete stratigraphic
interval, and some of the observed morphologies. However, the geometry of the surface
defined by the deformation (at different elevations) is not consistent with what a
detachment would predict. Also, the details of the deformational morphologies and
grading between deformation types have not been described in terrestrial gravity-glide

deposits.

6. Conclusions

Four styles of deformation including convolute folds, detached dabs, folded strata,
and pull-apart structures were observed in lus, Candor and Melas Chasmata. The deformed
units are on the order of hundreds of meters thick, are underlain and overlain by
undeformed strata, and occur in large exposures over broad areas and a wide range in
elevation. Fold-axis orientations exhibit a bimodal distribution, with one set oriented NE-
SW and another set oriented NW-SE. Visible-near infrared reflectance spectra of the
deformed strata are consistent with the presence of a sulfate component, including mono-

and polyhydrated varieties.
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Overdl, liguefaction and landdiding both provide the most parsimonious
explanations for the cause of deformation observed in Vales Marineris. The morphology,
limited stratigraphic interval, and large aeria distribution of the deformation fit well with
liquefaction, but the scale of the features is much larger than similar features observed on
Earth. Submarine or dow subaerid landdiding fits with the morphology, limited
stratigraphic interval, and scale of the dabs observed in Valles Marineris, but the details of
the areal distribution make identifying a source for the dides chalenging. It is possible that
a combination of liquefaction and landsliding may have been responsible for the formation
of these features, possibly induced by local tectonic activity or alarge impact. If sediments
were deposited fairly rapidly in a submarine setting, then an impact could have triggered
liquefaction and submarine landdiding over a broad region in Valles Marineris. Gravity
gliding was considered but does not appear to be as good of afit to the observations as the
other mechanisms.
The only mechanism considered that requires the deformed strata to be deformed
before the formation of Valles Marineris is gravity gliding, and this mechanism is not a
good fit to our observations. If landdiding of ILD mounds was responsible for forming the
deformed strata, then this could have occurred anytime after the deposition of the ILD and
before the Amazonian landdides which overlie the deformed beds. If the strata deformed
as a result of liquefaction, then this would imply the deformation happened soon after
deposition of the sediments since liquefaction occurs in water-saturated unlithified

sediments.
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