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Abstract

Distinct competent layers are obsened in the slopes of eastern Coprates Chasma, part of the Valles
Marineris system on Mars. Our obsenations indicate that the stratigraphy of Coprates Chasma consists
of alternating thin strong layers and thicker sequencef relatively weak layers. The strong, competert
layers maintain steeper slopes and play a major role in cortrolling the overall shape and geomorphology
of the chasmata slopes. The topmost competent layer in this areais well presened and easyto identify
in outcrops on the northern rim of Coprates Chasma lessthan 100 m below the southern Ophir Planum
surface. The volume of the topmost emplacedlayer is at least 70 km® and may be greater than 2100 km?3
if the unit underlies most of Ophir Planum. The broad extent of this layer allows us to measureeleation
o sets within the north rim of the chasmaand in a freestanding massifwithin Coprates Chasmawhere the
layer is also obsened. Rim outcrop morphology and elewation di erences betweenOphir and Aurorae Plana
may be indicativ e of the easternmostextent of the topmost competent layer. These obsenations allow an
insight into the depositional processeghat formed the stratigraphic stadk into which this portion of the
Valles Marineris is carved, and they presernt a picture of some of the last volcanic activity in this area.
Furthermore, the elewation o sets within the layer are evidenceof signi cant subsidenceof the massifand
surrounding material.
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Figure 1: Mars Digital Image Mosaic(MDIM2.1) (Archinal et al., 2003;Kirk and Lee,2005) of Viking orbiter
data showing the primary study area of eastern Coprates Chasma. Locations of MOC narrow-angle images

usedin this study are indicated by their outlines.
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Figure 2: Elevation map of easternCoprates Chasmacreated from the 1/128th degreeMOLA gridded data.
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1 Intro duction

The Mars Orbiter Camera (MOC) (Malin et al.,
1992; Malin and Edgett, 2001) on-board the Mars
Global Surveyor (MGS) spacecrafthas obsened ex-
tensive layering near the martian surfaceand in the
Valles Marineris system (e.g. McEwen et al., 1999;
Malin and Edgett, 2001). Layering exposedin the
walls of terrestrial canyons is often sedimenary in
nature, with new layers having beendeposited from
rivers, lakes, or oceans. Alternately, volcanic pro-
cessesvith multiple episadesor pulsesof activity can
deposit many layers of volcanic rocks and/or tephra,
and intrusive magmatism can also create layered se-
guencesat depth that are later revealed by erosion
and uplift. The Valles Marineris is the only feature
that cuts down over 9 km into the martian crust.
The origin of the layers is unknown, but there are
hypothesesfor both uvial sedimenary (e.g. Malin
and Edgett, 2000)and volcanic origins (e.g. MCEwen
et al., 1999; Williams et al., 2003). Even diagenetic
processehave beenproposed(Treiman et al., 1995).
Also relevant to the exposuresthat we seetoday
are the formation processe®f the giant chasmasys-
tem itself (e.g. Sharp, 1973; Tanaka and Golombek,
1989; Schultz, 1991; Lucchitta et al., 1992, 1994;
Peulvast et al., 2001; Megeet al., 2003) and what
geologicchangesthe region has gone through since
these chasmata opened.

Layering can be seenin the high-resolution MOC
images,and correlated with particular heights from
individual Mars Orbiter Laser Altimeter (MOLA)
(Zuber et al., 1992; Smith et al., 2001) tracks. In
addition to the tracks that were acquired simultane-
ously with many MOC images,there are a number of
MOLA tracksthat criss-crossan areanot tied to any
particular image. Thermal Emission Imaging Sys-
tem (THEMIS) (Christensen et al., 2004) infrared
multi-band imagesat 100 m/pixel and visible wave-
length imagesat 18 m/pixel are useful for tracing
layers, and for constraining their thermo-physical
properties (emissivity and thermal inertia).

We examinedlayering seenin the easternportion
of Coprates Chasma (Figs. 1, 2) and the north rim
of Capri Chasma (Fig. 3). We estimated individ-
ual layer thickness, measuredthe thicknessof lay-
ered units, and measuredthe horizontal extent and
elevations of layer outcrops. Layers are identi ed
in seweral MOC and THEMIS imagesto determine
how far they extend along the chasmata. This map-
ping allowsusto determineif the layersare at-lying

Figure 3: Viking mosaic (MDIM2.1) showing the
Capri Chasmarim and Aurorae Planum above it.
The locations of MOC narrow-angle images that
wereusedin this study are indicated by the outlines.

or if they dip down in a particular direction over
large distances. Lacustrine or deepoceanicdeposits
should be horizontal unlessthey have been tecton-
ically tilted, in which casethe tilted layers should
have a systematic relationship to regional tectonics.
Air-fall ash or dust will drape over pre-existing to-
pography. Wind-blown sandwill pile up against to-
pographic obstacles. Lava o ws will be largely but
not ertirely horizontal. Horizontal layers may also
be interbeddedlavas, tephra, and sedimerns.

We begin with a brief description of the method
we used to obtain the layer elewations (Section 2).
We then state the obsenations that we made of
the massif, the chasmatarims, and chasmata slopes
(Section 3). Finally, we discussthese obsenations
(Section 4) and our conclusions(Section 5).

2 Layer elevation

ment

measure-

Obtaining an accurate measuremen for the elewa-
tion of an outcrop of thin (10 m thick) layers
with MOLA data cannot be done by simply read-
ing o the elewation of individual MOLA shots.
MOLA footprints are 168 m in diameter (Smith
et al., 1999a) and have certer-to-center spacingsof
about 300 m. This meansthat a MOLA shot, even
if it happensto fall directly on a thin layer is also
sampling the elevations above and below that layer.
However, theselayersoften sit above constart slopes



MOLA Shot

™~

Figure 4: Sketch shaving an example cross-section
at the top of Eastern Coprates Chasmaand the way
that MOLA measuremets intersect with the sur-
face. It illustrates how we obtain an elevation mea-
suremen for the outcrop of the thin dark layer. See
Section 2 for an explanation of the symbols.

with many MOLA shotson it (Fig. 4). We can get
a measuremetn of the absolute elevation of the thin
layer by using the equation h = stan , where h
is the dierence in elewation betweenthe elewation
of the layer and the elewation of the certer of the
MOLA shot just below the layer, s is the plan form
distance betweenthe certer of the MOLA shot just
below the layer and the layer itself, and is a mea-
suremen of the slope. This method works even if
the orientation of the MOLA track is not perpendic-
ular to the strike of the layer outcrop aslong ass is
measuredalong the direction of the MOLA track.

This measuremen estimate breaksdown if there
is a sewere change in slope just above the highest
MOLA shot on the slope. With the shot asfar down
the slope as possible (maximum s given shot spac-
ing), a ten degreeslope di erence yields a maximum
error in elevation of about 30 m. This error linearly
decreaseswith the value of s, which is dierent for
ead measuremen In practice wethink that this er-
ror is on the order of meters for our measuremets.

When we quote an elevation measuremetn in this
study, it is basedon the MOLA equipotential to-
pography (Smith et al., 1999a). These elewations
are the planetary radius (the distance from the cen-
ter of Mars to the point on the surface) minus the
areoid radius (the radius of the referenceareoid with
a 3396 km mean equatorial radius).
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Figure 5: Context imagesfor the westernmost at-
topped area on the massif in eastern Coprates
Chasma. (a) MOC image AB-1-080/03, 4.7 m/pixel.
(b) THEMIS nighttime IR image 100820002 (band
9), 100 m/pixel. All imagesin this study are dis-
played with north to the top.

3 Observ ations

3.1 Massif in
Chasma

eastern  Coprates

A large massifin eastern Coprates Chasmais situ-
ated closerto the north wall of Coprates Chasma
than the southern wall, near where the Valles
Marineris widens into Capri Chasma (Figs. 1 and
2). 1t is located near 15 S, between 304 and
307 E. MOC imagesdisplay spur-and-gully mor-
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Figure 6: THEMIS VIS image V03810003 shawing the westernmost at-topp ed areaof the massifin Coprates
Chasmaand a dark, competert layer below the level of the at top. This layer can clearly be seen,even on
sunward-facing slopes,demonstrating that it has a lower albedo. This dark layer is indicated by arrows.

Figure 7: MOC imagesshawing the cli -forming layer near the top of the at-topp ed areason the massif. In
both images,the south face of the massif slopesdown towards the bottom of the image. Image M07/03302
on the left and image M08/05277 on the right are separatedby about 22 km.



Elev ations of Comp etent Layer Outcrops

MOC Image MOLA Elev ation E Longitude Latitude
Orbit (m)

Massif Outcrops

AB1/08003 12359 1895 (N) 304.16 -14.40
1905 (S) 304.17 -14.46

MO08/05277 12774 2034 304.50 -14.56

M04/03869 12120 2160 305.86 -14.74

M03/06302 11793 2180 (N) 306.25 -14.78
2130 (S) 306.25 -14.79

M00/02438 10460 2130 306.27 -14.79

North Rim Outcrops

M09/04413 13101 2273 303.88 -13.61

E03/02145 19526 2300° 305.12 -13.77

MO08/07133 12862 2330 305.36 -13.83

E03/01557 19438 2409° 306.76 -13.87

Table 1: Measuremetts in order from west to east.
They showv the MOC image and the MOLA track
that was paired with it to yield the elewation.
M03/06302 and M00/02438 are very near one an-
other.

? These measuremets have an error on the order
of 100 m becausethese MOLA tracks have pointing
uncertainties that make precisealignment with their
MOC imagesdi cult.

phology and layers on the massifthat are very sim-
ilar to the chasmawall rock. The massif appears
to be compositionally and structurally similar to the
chasmawall rock aswell (Frey, 1979;Scultz, 1991).
This massif has a few at-topp ed areas along its
roughly 230 km length (Fig. 5). The at-topp ed
areas along the spine of the massif are most likely
the remnarts of the plains surfacethat coveredthis
areaprior to the opening of Coprates Chasma.

Just below the level of those at-topp ed areas
on the massifand in other placesalong the crest of
the massif, a distinct, dark-toned layer can be seen
(Fig. 5a), even in sunward facing slopes (Fig. 6).
Figure 7 shows higher resolution images highlight-
ing this resistart cli -forming unit which crops out
below the at-topp ed surfaces. Since this layer can
be seeneverywhere along the edgein Fig. 6, and a
layer with a similar expressionand morphology is
obsened 22 km farther east (Fig. 7), we think that
it may be extensive. In fact, there are several MOC
imagesalong the massifwherea layer with very sim-
ilar characteristics is exposed(Table 1).

The elevation measuremets of this topmost
strong layer (Table 1) allow us to estimate the ap-
parent dip of this layer. We assumethat the layer
was originally horizontal (see Section 4.1 for why
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Layer Apparen t Dips

MOC Images Distance Apparen t Dip
(km) dip () direction
Massif
AB1/08003 & MO08/05277 20 0.39 West
MO08/05277 & MO04/03869 78 0.09 West
M04/03869 & MO03/06302 23 0:05 West
AB1/08003(N) & AB1/08003(S) 4 0.00 North
MO03/06302(N) & MO03/06302(S) 0.61 3.65 South
AB1/08003 & MO03/06302 122 0.13 West
North  Rim
M09/04413 & MO08/07133 60 0.04 West

Table 2: These apparent dip measuremelis are in
order from west to east along the massif between
the measuredelewations in Table 1. The last massif
apparert dip is from the westernmostmeasuremen
to the easternmost. The 0:05 measuremen is for
the apparert dip betweenthe outcrop in M04/03869
and either the north outcrop in M03/06302 (+0 :05 )
or to the south outcrop ( 0:05 ). The apparert dip
betweenthe north and south outcropsin AB1/08003
is zero for the number of signicant gures in the
above table.

we think that this is a reasonableassumption). We
can measureapparert dips in two generaldirections
(Table 2). The massifis oriented roughly east-west,
with its generaltrend about 10 north of west, and
we have seweral measuremets of the layer outcrop
along it. In a few placesthe layer is exposed on
both the north and south facesof the massif, allow-
ing us to measurea few apparert dips in a more
north-south direction (Fig. 8).

An exampleof north-south extensioncanbe seen
on the westernmost at-topp ed area of the massif.
MOC image E01/02131 (Fig. 9) shows the strong
layer about a hundred meters below the at-topp ed
level of the massif, and a 420 m long segmen that
dropped about 70 m. This measuremen is based
on extrapolations of the elewations of the topmost
strong layer in this area. Given the length of the
segmen, the width of the gap in the layer above,
and the 70 m of down-drop, we nd that the normal
faults which bound this down-dropped block have
fault anglesof 60 , consistert with normal faults on
the Earth. The layer isn't the only thing showing
that there is a down-dropped block here, MOC and
MOLA data also shav a shallow depression(60 m
deepabove the down-dropped layer exposure) which
probably indicates the extent of this block. Unfortu-
nately, there are no MOC imagesto help determine
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Figure 8: Portion of MOC image M03/06302, with
the MOLA data from the track that was acquired
simultaneously with the image plotted on top. The
size of the circles is the approximate size of the
MOLA footprint (168 m diameter). This image cov-
ers the crest of the massif, and the white arrows
point to the outcrops of the topmost competent layer
on both sides.

the easternextent of this block.

The topmost strong layer is the most easily iden-
tiable layer in the stack due to its visual cortrast
and high apparert strength. However, other resis-
tant layerscanbeidenti ed below it. The next lower
exposure of competent layers is part of a sequence
at least 200 m thick. It is dicult to determine
if this sequenceis varying in thicknessfrom place
to place or if it is partially buried by talus. This
sequencealso cortributes to the steep slopes near
the crest of the massif and supports a topographic
bendh in MOC image M08/05277 (Fig. 10). Unlike
the distinct topmost layer, this unit appearsto be a
sequenceof more resistart layers, and while not as
dark asthe topmost competent layer, it doeshave a

Figure 9: (a) Portion of MOC image E01/02131
showing a closeup of the westernmost at-topp ed
areashown in Fig. 5a. The white arrowsindicate the
topmost strong layer. (b) This schematic illustrates
the down-dropped block as seenfrom the westalong
the A-A' line (top pro le is the surface,straight lines
below it represen the dark layer). It showsthat the
dark layer exposedon the western facing slope has
a 420 m long segmen that is about 70 m in ele-
vation below the level of the majority of the dark
layer. Distancesand elewations derived from MOC
and MOLA data.

slightly darker tone than surrounding weak layers.

The western exposuresof this topmost layer and
next most competent unit appear to have a 100 m
thick sequenceof slightly lighter-toned thinly bed-
ded materials betweenthem. However, M03/06302
and M00/02438 (in the eastern part of the massif)



Figure 10: Portion of MOC image M08/05277 over-
lain with MOLA track 12774, north is to the top.
Slopes are locally steepened by the presenceof the
topmost dark layer (indicated by an arrow on this
image). Stratigraphically lower is a topographic
bendh. This bench appearsto be supported by the
next most competent sequenceof layers (visible on
both the north and south sidesof the massif as in-
dicated by the brackets). Schematic at the bottom
givesa view from the west, north is to the left, and
the vertical exaggerationis 2.5.
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do not shawv such a gap between these two units.

The gap between these units is identied by slope
morphology and a slight changein tone betweenthe
intervening weak layer and the next competent unit.

To determine whether these strata represent thin-

ning and thickening units, a true unconformity, or
if we are not correctly interpreting these exposures
will require more coverage.

Other competent layersare seenfarther down the
stratigraphic stack but are more di cult to discern
due to the amournts of talus that mantle the slopes.
These lower competent units are evident in occa-
sional spurs or ridges that crop out from the talus
mantle on the slopes. However, it is di cult to cor-
relate these layers along the chasmaslopes because
they are not seeneverywhere at a particular elewa-
tion due to the spur-and-gully morphology of the
slopes, and the di erential accunulation of talus at
dierent locales.

3.2 Coprates Chasma slope, north of
massif

The topmost strong layer obsened in the massifis
alsoevidert directly north of the massifin the north
rim of Coprates Chasma (see Table 1). Unfortu-
nately, due to small pointing errors in the MOLA
dataset, only two of these four MOC images can
be precisely aligned with their MOLA tracks. The
two good outcrops yield a 0:04 slope down to the
west (Table 2). Our estimatesfor the elewations of
the other outcrops are consistert with this slope as
well. Thesemeasuremets indicate that the topmost
strong layer in the north rim of Coprates Chasma
is at-lying relative to the layer in the massif. The
outcrop elewations hereare higher than in the massif
(Fig. 11).

The next unit of strong layers seento crop out
below the topmost strong layer in the massifis also
evident here on the north rim of Coprates Chasma
(Fig. 12), where it is not obscuredby talus on the
slope. Again, it appearsto be 100to 200 m thick,
but seemdo be about 200m stratigraphically below
the topmost strong layer.

The topmost strong layer is modi ed by a 7.5km
diameter crater perched near the edgeof the plateau
that is sectionedby the chasma(Fig. 13). The layer
is obsenedin the chasmarim to the eastand west of
the crater. Therefore the bowl of the crater should
intersect the layer, however it is not immediately
apparert. A thin, bright layer can be seenin the
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Outcrop Elevations of Topmost Competent Layer
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Figure 11: East longitude of the topmost strong layer outcrop locations and their elewations both in the
massifand in the north rim of easternCoprates Chasmaare shonvn. The elewations of the crest of the massif
are alsoplotted to shaw the variabilit y of the massifcrestin relation to the layer outcrops. The westernmost
north rim data point has an arrow which points to the estimated elewation of the layer in this location
prior to the 150 m down-dropping of this portion of the plateau (seeSections3.4 and 4.1 for details). The
error bars on the other two data points result from imperfect pointing information which prevents accurate
MOC/MOLA alignment for these outcrops.

Figure 12: Portion of MOC image E03/02145. Arrows indicate the location of the topmost strong layer just
below the plateau surface. Brackets indicate a competernt sequenceof darker-toned layers.
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Figure 13: The topmost strong layer is interrupted by a crater, but is seenon either side of it on the chasma
slope, and may be presert within the bowl of the crater itself. (a) Portion of THEMIS nighttime IR image
107486008.The bowl of the crater is dark and therefore has a lower temperature relative to the surrounding
terrain. Thesetemperatures may meanthat there is more lower-thermal-inertia dust within the crater than
outside. Howevwer, a bright layer can be seenwithin the bowl of the crater that could correspond to the
topmost strong layer. (b) Portion of THEMIS VIS image V06831002,the black boxes show the locations of
c and d. (c) Portion of MOC image M02/03108. A faint hint of a break in the slope of the crater 75 m in
elevation below the rim height, the arrows indicate this slope break. Slope break may be the expressionof
the topmost layer in the crater. (d) Portion of MOC image M09/04413. The topmost strong layer is evidernt

here below a 100 m thicknessof weaker materials.

nighttime THEMIS data (Fig. 13a)in approximately
the expected location within the crater. Arrows in
Fig. 13cpoint out an apparert breakin slope on the
crater wall. This break in slope is 75 m in elewation
below the rim of the crater, but 130 m above the
elewation of the topmost competent layer asobsened
in M09/04413 (Fig. 13d). The rim of the crater is

about 100 m above the surrounding plateau. If that
is how much the stratigraphy here hasbeenuplifted
becauseof the impact, then this break in slope may
indeed be the topmost competent layer uplifted by
the impact.
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Figure 14: Slope map created from 1/128th degreegridded MOLA data. The elewation contours are every

1000m.

3.3 Coprates Chasma slope, south of
massif

The rim of Coprates Chasma directly south of the
massif has a very di erent character from that di-
rectly to the north of the massif and the slopes of
the massifitself. Schultz (1991) noted a structural
di erence betweenthe north and south slopesof Co-
prates Chasmain general. There is also a di erence
betweenthe the southernrim and slope of this east-
ernmost section of Coprates Chasmafrom that far-
ther west. The plateau beyond the south rim hereis
just eastof the Copratesrise (Fig. 2) into which are
carvedthe Nectaris Fossaefarther south. This broad
anticline separatesthe higher Thaumasia Planum to
the west from the lower-lying Noachis Terra to the
south and east of Valles Marineris. Therefore the

character of the greater plateau geograply south of
the rim hereis dierent than that farther west to-
wards Tharsis.

The dierences between the north and south
rims of Coprates Chasma are highlighted by high-
resolution imagesand topography. MOLA data in-
dicate that the range of surface slopes is similar
on the slopes of Coprates Chasma both north and
south of the massif, as well as on the massif itself
(Fig. 14). The trend of the chasma'srim to the south
is more irregular and scalloped by large landslide al-
covesthan on the north rim of the chasmain this
region. Along the northern slope, the ridgesin the
spur-and-gully morphology have a roughly regular
wavelength from 1.5to 5 km. The south slope dis-
plays two characters: to the west, it is dominated by
large landslide alcoves,whosebounding spurshave a
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Figure 15: Image portions covering the the south rim of CopratesChasmasouth of the massif. (a) M04/02407.
No topmost dark, strong layer evidert, but the plateau surfaceseemsndurated. (b) M08/07133. This image
shaowsthat there is a layer that hasretreated badk 80to 120 m from the plateau edge(indicated by brackets)
Basedon MOLA elewation data, this layer is 30 to 40 m thick.

wavelengthfrom 5.5to 6.5km; to the east,the slopes
are not dominated by landslide alcoves,and show a
more regular spur-and-gully morphology with a spur
wavelength similar to that of the north slope.

These grossdi erences in slope morphology are
not the only di erences betweenthe east and west
portions of the slope of Coprates Chasma south of
the massif. The elewation of the plateau along the
north rim of CopratesChasmamaintains a relativ ely
constart elewvation along the 230 km length of the
massif. However, the plateau along the south rim
varies from 600 m below the elewation of the north
rim in the west to nearly the sameelewation as the
north rim in the east (Fig. 2).

Although portions of the southern plateau edge

have higher eleations than the summit of the massif,
no evidence of the topmost dark competent layer

can be seenalong its length. Here, the rim doesnot
show cli -forming layersalthough such sequencesire
obsened farther down-section (Fig. 15).

The MOC caoveragealong the south rim is quite
sparse,and so there may be an obsenational bias,
but there are only occasionaloutcrops of competent
units below the plateau surfacealongthe slopes,and
we cannot correlate them to other outcropsalongthe
south slope, nor to those within the massifor north

slope.

3.4 Coprates Chasma slope, west of
massif

On the north rim, westof the areawherethe crater is
sectionedby the chasmaslope (Fig. 13), a re-ertrant
cuts northwards into Ophir Planum (Fig. 16), and
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Figure 16: Portion of THEMIS VIS image V03835003. The context for this imageis in Fig. 17d. A small
chasmthat cuts north into the southern Ophir Planum surfaceto the northwest of the massifin Coprates

Chasmacan be seen. A dark layer can be seenin the sunlit easternslope just below the cli

by arrows).

the dark layer is visible on the west-facing slope in
the afternoon sunlight.

Farther west a promontory near 303 E, 135 S
juts south into the chasma (Fig. 17). The plateau
surfaceof this promontory shows east-westlinear de-
pressions,and a slight drop in elewation, which led
With e et al. (1991) to mark a normal fault in this
area. MOC image E03/01374 (Fig. 17c) shows the
topmost layer cropping out here. In this areainstead
of an even stadk of material above the strong layer,

edge(indicated

there are hills or hummocks from 500 m to 1 km in
diameter. The elewation of the topmost strong layer
hereis 2106m, 167m lower than the elevation 45km
to the east. MOLA data show that the plateau sur-
face at the south edge of the promontory is about
150 m lower than the plateau surface north of the
fault zone. If the layer here was down-dropped a
similar amourt, then the pre-fault elewation of the
layer hereis consistert with the elewation of the layer
in the chasmaslope north of the massif(Fig. 11). In
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Figure 17: Promontory on N rim jutting out into Coprates Chasma just west of the massif. (a) Portion
of THEMIS VIS image V06856002. The topmost dark layer can be seenjust below the plateau surface
along the slopesto the west and along the south of this promontory. Additionally , the hummocky surface
texture of the promontory can be seenhere. (b) Portion of THEMIS nighttime IR image 108235013. This
image highlights the relative temperature di erences at night betweenthe hummocks and the lanesbetween
them. (c) Portion of MOC image E03/01374. This image shaws the topmost strong layer that underliesthe
hummocky surfacehere. (d) MDIM2.1 context image shows the outlines of the whole imagesfor a and c.
The unlabeled outline is that of THEMIS VIS image V03835003(Fig. 16).

addition to being evidenceof the extent of the layer,
this outcrop also displays how normal faulting has
modi ed the layer.

Farther westfrom the immediate areaof the mas-
sif, coveragedecreasesand identi cation of the top-
most strong layer becomesmore di cult. MOC im-
age E02/01171 (Fig. 18) displays a resistart layer,
but the material above it has retreated back from
the edgeby 100to 200m (MOLA indicates that the
thicknessof that layer is only 10 m). The elewation
of the resistart layeris 2787m, roughly 500m above
the elewations of the topmost resistart layer north of

the massif. MOC imagesfarther west along the Co-
prates Chasmanorth rim alsoshow a resistart layer
just below the plateau surface. If it is all the same
layer, its elevation mimics that of the plateau sur-
face (the layer is obsened either at the elewation of
the plateau surfaceor tens of meters below it) asit
risesup above 5000m and then descendsack down
where Coprates ChasmameetsMelas Chasmato the
west (Fig. 19, Table 3).

It is dicult to tell if theseoutcrops of resistart
rocks that form a distinct breakin slope betweenthe
plateau surfacesand the slopes are all part of the
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Figure 18: Portion of MOC image E02/01171 show-
ing how the material that overliesthe resistart layer
(indicated by the arrow) hasretreated 100to 200 m
bad from that edge. MOLA data indicate the layer
is 10 m thick.

sametopmost resistart strong layer obsened north
of the massifin easternCopratesChasma. The high-
resolution coverage is sparse, which makes lateral
cortinuity of the layersdi cult to establish.

Figure 19 shows the locations of outcrops of the
topmost competent layer wherewe were able to pos-
itiv ely identify it in MOC and THEMIS VIS images
in eastern Coprates Chasma.

3.5 Capri Chasma slope

Where Witb e et al. (1991) show the boundary be-
tweenthe Hr and Hpls units, roughly coinciding with

Qutcrop Elev ations W est of Massif

MOC Image MOLA Elev ation E Longitude Latitude
Orbit (m)

E02/02151 19137 4075 291.02 -9.76

M12/02722 14359 4950 293.79 -10.95

M08/06016 12812 5140 296.32 -11.52

M10/03722 13642 5050 297.32 -11.75

E02/01171 19011 2787 301.60 -12.84

Table 3: Thesemeasuremets are in order from west
to east. They show the MOC imagethat the MOLA
track was matched with to yield the elewation mea-
surement of the competent layer that is presert on
the rim.

the boundary between Ophir Planum and Aurorae
Planum (Figs. 2 and 20), we note an additional el-
evation di erence betweenthe two plana and a dif-
ferencein chasma rim morphology. North of the
massifin Coprates Chasma, that rim is marked by
the presenceof the topmost competernt layer sup-
porting a stack of presumably weaker overburden
materials that form the edgeof the plateau. East of
this Ophir/Aurorae boundary, where the MOC im-
agesshow a sharp edge,that rim appearsto consist
of a stack of resistart layers, rather than shawing a
distinct, single layer. The elewations of the top of
this stack are consisterilly 200-300m below the ele-
vation of the topmost competert layer north of the
massifin Coprates Chasma. An example of this is
in E05/02164 (Fig. 21).

A small tributary chasma(Fig. 22) cuts into the
side of Capri Chasma (Fig. 3) near 308 E, 13 S,
and displays more of its stratigraphy. M02/03555
(Fig. 23) shows a detail of the north rim of this trib-
utary chasmacutting into the plateau surface(which
is at 1820m). A unit of cli -forming layers can be
seenon the north rim of the tributary chasma,and
the corner where a short, theater-headeddepression
intersects the tributary chasma. However, the ex-
pressionof this unit disappearsnorthward along the
easternrim of that shallow depression.The depres-
sion's depth appearsto be limited by a unit that
cropsout from 1050m to 700m elewation in the trib-
utary chasma. The morphology of the depressionin-
dicatesthat it wasperhapsa channelformed by sap-
ping into the massiwe layer. If so,this would indicate
that perhapsthat unit is not only relativ ely stronger,
but also potentially an aquitard. Just slightly far-
ther east, M09/04970 (Fig. 24) also coversthe north
rim of the tributary chasma, shonving a competent
unit around 1750m elewation.
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Figure 19: The 1/128th degree MOLA gridded data has been stretched to show a restricted elevation range to
highlight the variabilit y in the elevation of the plateau surface beyond the north rim of Coprates Chasma. Locations
of topmost strong layer outcrops as seenin MOC imagesare noted by round red dots, and the two red lines indicate
where the layer can be seenin THEMIS VIS images. The yellow triangles indicate those locations noted in Table 3
where a resistant layer is observed, but it is uncertain asto whether it is the same dark, competent layer noted by
the circles. The orange squaresindicate the locations of the approximately 70 m thick unit of resistant layers that
cap the Capri Chasma edge.

Figure 20: This unit map is simplied from the Witb ek et al. (1991) map, but usesthe same notation, for more
information seethe original map. The following units are de ned on that map: As - Slide material, Hcc - Chasma
chaotic material, Avfs - Smooth o or material, Avfr - Rough o or material, Hpls - Smooth unit, Npl, - Subdued
cratered unit, Hf - Younger fractured material, Hr - Ridged plains, HNu - Undivided material. The black line and
circle denote a fault that was identied by Witb ed et al. (1991) and is discussedin this study. Furthermore, the
at-topp ed areasalong the top of the massif are marked as younger fractured material (Hf), but this study indicates
that they are underlain by the samelayered stack.
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Figure 21: Portion of the MOC image E05/02164
shawing that instead of a single thin strong layer,
a stack of resistart layers underlies the the plateau
here. Sequencas indicated with brackets.

Figure 22: Portion of daytime THEMIS IR image
101875001, shaving a small side chasmathat cuts
into the slope of Capri Chasma(Fig. 3) near308 E,
13 S.

More evidenceof a uniform stratigraphy beneath
Aurorae Planum can be seenfarther northeast along
the Capri Chasmarim. E09/02363 and M08/05759
show a stadk of resistart layersthat form the chasma
rim, then a massiwe unit, and another resistart unit
from 800to 500 m elevation. M07/01362 (Fig. 25)

Figure 23: MOC image M02/03555 shows an
east-west tributary chasmathat opensfrom Capri
Chasmaand a shallow northward trending theater-
headeddepression. A cli -forming sequencecan be
seenalong the north rim of the tributary chasma
(indicated with the bracket), but it becomedessdis-
cernible along the depression'seastrim.

shows a strong cli edge,and a possibledust cover
on the plateau that appearsto have recededbadk re-
vealinga morerocky surfacewhich appearsto bethe
top of a layered stack 70 m thick, a massiwe section
(possibly talus covered), and then resistart layering
from 880to 640m elevation. Evenfarther northeast,
M11/01959 also displays a distinct resistart layered
stadk, 70 m thick, that forms the chasmarim. This
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Figure 24: MOC image M09/04970 shows a side
chasma from Capri Chasma (farther east from
Fig. 23). A sequenceof strong layers can be seen
to outcrop below the plateau surface(indicated with

the bracket). The sequencds moredicult to make
out in this image than in Fig. 23 becausethe reso-
lution is two times better in that image.

Figure 25: MOC imageM07/01362 along the edgeof
Capri Chasmashaws a resistarnt sequenceof layered
materials 70 m thick (indicated by the bracket) right
up at the chasmarim, not covered by a mantle of
other material.

image also shavs a massiwe section (possibly talus
covered) and then a resistart layeredunit from 1040
to 840 m in elewation.

The expressionof a 70 m thick unit of cli -
forming layers at the chasmarim followed below by
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a massiwe unit or talus covering, and then a resis-
tant unit of 200to 300 m thicknessis obsened along
a 250 km stretch of Capri Chasma. These obser-
vations indicate a relatively consistert stratigraphy
over a large distance and may also be indicativ e of
the stratigraphy that underlies the ertire Aurorae
Planum. The elewation of the top of that 70 m thick
unit varies by 200 m along that distance, but is still
relatively at-lying. Similarly, the outcrops of the
resistart layer within the slope vary, but are also
relatively at-lying.

3.6 Thic kness and extent of the top-
most strong layer

We were unable to make a direct measuremei with
MOLA data of the thicknessof the topmost layer in
Coprates Chasma. Howewer, basedon elewation and
slope information from the various outcrop locations
and plan form extents in narrow angle MOC images,
we estimate that its thicknessis about 10 m.

With ek et al. (1991) interpreted both the the
at-topp ed areasalong the spine of the massif and
the plateau at the north rim asearly Hesperian lava
ows but mapped them dierently basedon their
structural modi cation (normal faults on the massif,
wrinkle ridges on the plateau, Fig. 20). Our obser-
vations indicate that both terrains are underlain by
the samesequenceof layers.

Our MOC and THEMIS VIS surveysof Coprates
Chasmaindicate that the topmost competent dark
layer seenin the massifis also positively identi ed
in the rim of Coprates Chasmadirectly north of the
massif (Fig. 19). If we draw a simple polygon con-
necting theseoutcrops, we estimate a 8700km? areal
extent. This estimate does not take into accourt
the unknown amount of north-south extension be-
tweenthe north slope and the massif. If we assume
60 fault surfaces,and that the o or of Coprates
Chasmabetweenthe massifand the north wall was
the former plateau surface,we can estimate that ex-
tension at about 7 km (the estimate risesto 8 km
if the graben block is buried by a kilometer of II).
If we take this estimate of extension into accoun,
then the area is only about 7000 km?. However,
both of theseestimatesassumethat the layer termi-
natesjust inside the north wall, and doesn't accourt
for how extensive the layer might have beenbefore
creation of the chasma. Due to this uncertainty, the
true areal extent of this layer is likely to be greater
than thesevalues.
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4 Discussion

We hypothesizethat the stratigraphy exposedalong
the north rim of this section of eastern Coprates
Chasma,alongthe edgesof the massif,and alongthe
rim of Capri Chasmaare all a part of the sameex-
tensive stratigraphic stack presert in this region. At
many locations we obsene a single, approximately
10 m thick, dark-toned, competert layer that ap-
pearsto act as a resistart cap just below the break
in slope betweenplateau surfacesand chasmaslopes
(Table 1, Fig. 19). Below that layer, there are a few
hundred metersof lighter-toned, nely layeredmate-
rial that appearslesscompetent. Below that we see
a sequenceof darker-toned competent layers, about

100 m thick. Sincethis pattern is seenalong the
north rim of eastern Coprates Chasma, along the
edge of the at-topp ed areasof the massif, and to
a lesserextent along the rim of Capri Chasma, we
think that we are observingdi erent portions of an
extensive set of layers.

Using Viking Orbiter data, Treiman et al. (1995)
identied a layering padket 400 m thick that they
thought wasubiquitous throughout VallesMarineris.
It was presen at the chasmatarims with a similar
thicknessregardlessof plateau elevation. From this
data, they interpreted the layering to be the result
of diagenetic processes. Although our study does
not include all of the chasmata rims examined by
Treiman et al. (1995), we can commen on those in
eastern Coprates and Capri Chasmata. The top-
most strong layer that we obsene directly contra-
dicts many of the argumernts that study makes for
diagenesis. We nd that where the layer intersects
a large crater, it is modi ed by the impact (Section
3.2and Fig. 13), indicating that it was preser prior
to that impact. We nd this layer to be at di erent
depths below the plateau surfacein di erent places.
Wedonot nd evidenceof the topmost strong layer
along the Capri Chasmarim, indicating the extent
of this particular layer, furthermore we nd dier-
encesbetween the north and south rims of eastern
Coprates Chasma. Therefore, we nd no evidence
for the structural and stratigraphic \transgressions"
indicated by Treiman et al. (1995), nor do we think
that a diagenetic origin is likely for the layers ob-
sened along the rims of these chasmata.

Giventhe dark tone and relatively high strength
of the few competent layers or competert layered
units, we think that their most likely composition
is that of a relatively densebasalt. The topmost

competent layer exhibits a morphology and extent
that is comparable to terrestrial o od basalts and
in ated sheet ows (e.g. Keszthelyi and Self, 1998;
Thordarson and Self, 1998; Keszthelyi et al., 2000).
The presenceof o od lavas on Mars has been sus-
pectedfor sometime (e.g. Greeleyand Spudis, 1981;
Mouginis-Mark et al., 1992; McEwen et al., 1999;
Keszthelyi et al., 2000), and suggestedrecertly by
Ori and Karna (2003). The other competent layers
farther down the stack are more di cult to charac-
terize, and may be sequence®f thin o ws interbed-
ded with tephra or other sedimers. A basaltic
composition for Valles Marineris in generalis indi-
cated by Phobos ISM (Murchie et al., 2000), TES
(Band eld et al., 2000), and THEMIS (Christensen
et al., 2003a) measuremets although speci c layers
are not resolved. Given the footprint sizesof these
instruments (22 km/pixel for PhobosISM, 3 9 km
pixels for TES, and 100 m/pixel for THEMIS), they
are probably sampling the intervening weak layers
and talus to a large extent, although the strong lay-
ers could have stronger absorption bands, dominat-
ing the signal. The relatively weaklayers(either vol-
canic tephra or sedimeris derived from competent
volcanic material) are probably not thick competert
lava ows, but could have a basaltic composition.
It is expected that there is a much greater ratio of
tephra to lava on Mars than on Earth (Wilson and
Head, 1994). However, given the overall strength
of the slopes (Schultz, 2002), the intervening rela-
tively weak sequencesre probably lithi ed, but not
as strong as the thin dark-toned sequences.

4.1 Tectonic implications

In order to interpret our measuremets of the top-
most strong layer, we must make someassumptions
about its original position. The topmost strong layer
was either emplaced horizontally and subsequetly
altered by tectonic forcesinto the exposuresthat we
measuretoday, or it was emplacedover an undula-
tory pre-existing surface, and the elewvations where
we obsene it are the original locations of these out-
crops, or a combination of thesetwo. Basedon the
data that are available to us, we cannot truly deter-
mine which of these scenariosoccurred, but there is
someevidencethat leadsus to think that the layer
was emplacedhorizontally (for the most part), and
the o sets obsenedwithin the massifare due to tec-
tonic activity.

The apparernt dips measured between the out-
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crops within the massif and the north rim are all
quite low (Table 2), the largest being 3:65 dipping
down to the south within the massif. Keszthelyi and
Self(1998)indicate that long lava o wson the Earth
can occur on slopesup to about 5 , and that the ef-
fect of reduced gravity would allow long lava o ws
on steeyer slopes. So these slopeson their own, do
not suggesttectonic movemert.

In most locations where the next most compe-
tent sequenceis obsened, it has a consistert eleva-
tion di erence with the topmost strong layer. Again,
this by itself might only argue that the next most
competent sequencavaslaid down on an undulatory
surface,making its surfaceundulatory, and the over-
lying strata (topmost strong layer included) simply
conformedto this surface.

Howevwer, all of these data together, combined
with the obsenations of the down-dropped block
(Section 3.1 and Fig. 9) and the down-dropped
promontory surface(Section3.4 and Fig. 17) lead us
to the conclusionthat the topmost strong layer was
emplacedmostly horizontally. Therefore, the variety
of elevations at which the topmost strong layer is ob-
served are the result of tectonic movemerts, not just
original emplacemen at a variety of elewations. Ad-
ditionally, this supports the theory that easternCo-
prates Chasmaunderwent somenorth-south exten-
sional motion and subsidence(Schultz, 1991, 1997,
1998; Lucchitta et al., 1992; Peulvast et al., 2001;
Fueten et al., 2005) and the massif here is a horst
block.

In addition to this large scalehorst and graben
structure, this portion of Coprates Chasmadisplays
a kind of blunt-canyon morphology in the rim to the
northwest of the massif, and there is a short north-
south oriented re-ertrant cut into the slope there
(Fig. 16). That might be the remnant of a cross-
fault (Wilkins and Schultz, 2003) that demarcated
the western extent of the massif block.

The massif block subsided on the order of a
hundred meters (over 350 m at the west end and
150m at the eastend), and it must have tilted down
slightly to the west either during chasmaformation
or in the time since. We nd two dierent mea-
sures of the north-south apparernt dip of the top-
most strong layer in the massif, so there must also
be faults within the massifthat are responsible for
the apparert dip angle di erence and allowed for a
twisting motion within the massif. Additionally , the
promontory to the west indicates subsidenceon the
south side of the grabenidenti ed there by Witb ek
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et al. (1991) of about 150 m.

While the apparent dip anglesin the massiflayer
display a greater east-west tilt than the relatively
at-lying layer in the north slope, the measure-
ments of the topmost layer outcrops there display
a faint apparert dip down towards the west (Ta-
ble 2). These measuremets are consistert with the
gradient of 0:03 found by Smith et al. (1999b) in
the o or of Coprates Chasma east of about 300 E
longitude. This similarity indicates that the gradi-
ent of the chasma o or may not be independen of
the chasmaslope rock strata in this region.

A qualitativ e obsenation can be made that the
rim of Coprates Chasmadirectly north of the mas-
sif has a mostly linear trend, however farther west-
wards, the northern slope of Coprates Chasmacon-
tains more arcuate landslide alcoves, as do portions
of the slope south of the massif. We hypothesizethat
the infrequent strong layersare cortributing to both
of thesemorphologic characters. Thesesequence®f
more resistart rock may be acting to provide struc-
tural support, and therefore their presenceor ab-
senceis an important factor in the overall morphol-
ogy of the slope. Thicknessof individual resistart se-
quencesyertical density of such sequencesand even
fault patterns within thosesequencesnay be govern-
ing whether a particular stretch of chasmarim hasa
mostly linear trend with small spur-and-gully mor-
phology or whether the rim is susceptibleto large
landslides. As slopesare eroded, the presenceof re-
sistant layerswill provide structure and may help to
maintain broad linear trends. Howewer, these layers
will also causelocally steepenedslopesbelowv them,
eventually making these areas more susceptible to
catastrophic failure, perhapstriggered by a seismic
event (Schultz, 2002).

4.2 Boulders and blocks

Malin and Edgett (2001) note that there are few
boulders obsened at the basesof the slopes within
Valles Marineris. They infer that particles derived
from wall materials do not have su cien t strength
to maintain large sizesduring their descen to the
baseof the slope. Malin and Edgett (2000) indicate
that where steep scarpsoccur in obviously volcanic
terrain, boulders are often seendownslope.

In order to gain an understanding of the compe-
tency and strength of eroding units, we surveyed all
MOC imageswith resolutions better than 4 m/pixel
(up to 1.41m/pixel) in the easternCopratesChasma
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Figure 26: MOC images showing boulders and blocks on the slopes of Coprates Chasma. (a) Portion of
MOC image M00/02438. (b) Portion of MOC image M07/00865. (c-e) Portions of MOC image E01/02131.
(f) Portion of MOC image M21/01517. (g) Portion of MOC image M00/02870. Figures c through g share

the samel km scalebar.

regionto look for bouldersand blocks. Objects must
be at leasttwo pixels in diameter to be obsenedun-
der the best conditions. Objects would have to be
many more pixelsin diameter if the photometric con-
ditions were lessthan perfect, or if the objects were
largely buried. Given these size parameters we are
looking for objects that fall into the very coarseboul-

der to coarseblock categoriesof Blair and McPher-
son (1999). We will refer to all of the objectsin this
sizerange as blocks for simplicity.

We obsened blocks in someimages,at a host of
di erent elewvations on the slopes, but none on the
at o or of Coprates Chasma or near the base of
the slopes. In all caseswhere we did obsene blocks,
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it was clear that these blocks had been shed from
strong layersimmediately upslope of their locations
(Fig. 26). We conclude that the strong layers here
produce blocks of similar sizesas seenelsewhereon
Mars, but that they either do not roll farther than
about 1 km or do not survive transport over more
than about 1 km.

Perhapsasthe strong layerswithin the slope are
broken up by the landslide process,the resultant
particles either ride the surface of the landslide or
are displaced upward from within. Either way, the
blocks would su er lessdamagethan they would oth-
erwise experienceif they wereto roll and fall down
the entire slope (as suggestedby Malin and Edgett,
2001). This scenariowould explain why boulders
and blocks are seenon landslide deposits on the
Valles Marineris o or (Malin and Edgett, 2001), but
not on the o or materials in general.

4.3 Wrinkle ridges and extent of the
topmost strong layer

Wrinkle ridgesare obsenedon Ophir Planum (Wat-
ters, 1991,1993; Zuber and Aist, 1990;Mueller and
Golombek, 2004). The recert quartitativ e model
by Schultz (2000) indicates that wrinkle ridges are
formed whena blind thrust fault occursbelow layers
which are capable of bedding plane slip, have large
strength contrasts, or both. This stratigraphic situ-
ation is exactly what we obsene along the north rim
of Coprates Chasma. In fact, the topmost compe-
tent layer is only obsened where the ridged plains
unit is cut by slopes (Figures 19 and 20). If blind
thrust faults occur at depth below the planum sur-
face, then bedding plane slip might occur between
the layers of di erent strength that we obsene in
the stratigraphic stadk here. This slip could re-
sult in those layers forming a wrinkle ridge in the
plateau surfacematerial, asis obsered acrossOphir
Planum. The obsenation of wrinkle ridgeson Ophir
Planum may be an indication that there is a uni-
formity of strata that underlies Ophir Planum, and
more speci cally we hypothesize that the topmost
strong layer may underlie Ophir Planum.

Since wrinkle ridges and the ridged plains unit
extend westwards on Ophir Planum from eastern
Coprates Chasma,this may strengthen the interpre-
tation that competent layers obsened farther west
(Fig. 19) are part of the same stratigraphic stadk
that we obsene near the massif. However, whether
it underliesthe smooth unit (Hpl3) and the younger
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fractured material (Hf) (Witb ek et al., 1991) of
Ophir Planum west of 298 E is unknown. Sdultz
(1991) suggeststhat the ridged plains may under-
lie this area, with the wrinkle ridges buried beneath
seweral hundred meters of material, but it is clear
that he thinks it unlikely. It is possiblethat the
sameunit underliesboth terrains, and that di erent
tectonic forces, or dierent stratigraphies at depth
are a ecting its surfaceexpressionin di erent ways.

If the topmost strong layer is an extensive and
continuous lava ow, there are only two ways for
it to achieve the anticlinal shape indicated by the
MOLA data (Fig. 19). One way is for the source
vent for this sheetto be somewhereon the local
elewvation maxima, in which casethis last volcanic
o w would have occurred after the broad top ography
formed. Alternately, this sheetcould have beenem-
placedmostly horizontally prior to crustal exure in
this area (Banerdt et al., 1992; Schultz and Tanaka,
1994;Megeand Masson,1996), and then folded into
an anticline. Howewer this theory is speculative, as
we cannot determineif the resistarnt layer obsenedin
western Coprates Chasmaalong the north rim is the
sametopmost strong layer obsened near the mas-
sif in the east. A greater amount of high-resolution
coveragewould be required along the chasmarim to
make this correlation.

4.4 Depositional implications

Coupling our consenativ e areal estimate of the top-
most strong layer (7000 km?) with our estimated
10 m thicknessyields a 70 km? volume estimate. If
the material is a single lava ow, then this mini-
mum volume of lava is similar to the smaller vol-
ume o od lava ow elds within the Columbia River
Basalts on Earth (e.g. Tolan et al., 1989; Reidel
et al., 1989; Keszthelyi and Self, 1998). For exam-
ple, the Roza o w is 1300km? (Keszthelyi and Self,
1998). Our thicknessestimate for this Martian ow
is alsowithin terrestrial norms. Reidel et al. (1989)
indicate that o wsrangein thicknessfrom a few me-
ters to about one hundred meters, averaging 30 m.
Thesevaluesare also within the range of lava o ws
measuredon Mars (Table 4).

If we assumethat this topmost strong layer un-
derlies a sizableportion of the With ed et al. (1991)
ridged plains (Hr) unit in Ophir Planum, then the
volume estimate risesto over 2100km2. Although it
is a large volume, it is still near the largest volume
for a single terrestrial o od lava ow (Tolan et al.,
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Lava Flow Characteristics Comparison

Sourceof Measuremert Location Volume (km3)  Thickness(m)
This study Ophir Planum 70- 2100 10
Cattermole (1990) Alba Patera 0.6 - 5484 14 - 125
Lopesand Kilburn (1990) Alba Patera 1.6- 2310 28- 75
Mouginis-Mark and Tatsumura Yoshioka (1998) Elysium Planitia  17.7- 68.1 40 - 60
Lanagan and McEwen (2005) Cerberusplains 1800 20- 40

Table 4:

Comparison of example individual lava ows on Mars. The range of volumes on Alba Patera

are from the di erences between ows in the caldera and those on the ank. The range of volumesfrom
Mouginis-Mark and Tatsumura Yoshiolka (1998) are typical of their measuremets, but the largest volume

they estimated was 246 km?3.

1989; Reidel et al., 1989;Keszthelyi and Self, 1998),
and still within reasonablevaluesfor measuredmar-
tian ows.

The hypothesis that the topmost strong layer
underlies, and is in fact partially responsible for
the ridged plains of Ophir Planum has implications
for the boundary betweenOphir Planum and Auro-
rae Planum. As mertioned above, a morphological
changeacrossthis boundary exists asnoted by Wit-
bed et al. (1991), and the two plana have a subtle
elevation dierence of a few hundred meters from
Ophir to Aurorae. Finally, the topmost strong layer
is not obsened at the Capri Chasmarim. We hy-
pothesizethat the boundary betweenOphir and Au-
rorae Plana is the easternmostextent of the volcanic
layer that we have beenidentifying asthe topmost
strong layer which crops out in Coprates Chasma.

The stack of resistart layersthat marksthe Capri
Chasmarim may be the next sequenceof resistart
layers that is obsened stratigraphically below the
topmost strong layer in easternCoprates Chasmain
both massif and north rim outcrops (e.g. Fig. 27).
The dierence in elevation between Ophir Planum
and Aurorae Planum could be becausethe topmost
strong layer is not preser, and the lessresistart ma-
terial obsened betweenthe topmost layer and the
next resistart sequencehas been eroded away (or
was never there), such that the top of that resis-
tant sequenceforms the basemen for the Aurorae
Planum surface. This would indicate that Aurorae
Planum must be older than Ophir Planum, although
both are Hesperian in age. This agedi erence is sup-
ported by crater-count data in Table 1 of With ek
et al. (1991). As obsened along both Coprates and
Capri Chasmata most outcrops of the topmost re-
sistant layer shov a mantle up to 100 m thick. This
mantling material coversthe surfacesof both Ophir

and Aurorae Plana, smoothing the sur cial transi-
tion betweenthe two.

Depending on the timing of wrinkle ridge for-
mation, the topographic break between Ophir and
Aurorae may be a degradedwrinkle ridge. Subtle
channelsappear to dissectboth plana, and may ac-
court for the theater headed depressionincised on
Capri Chasma. Potentially, the wrinkle ridge may
have beenpresen and blockedthe topmost Coprates
ow from entering Aurorae.

If we assumethat the at least 70 m thick unit at
the Capri Chasmarim underlies the Witb ed et al.
(1991) smooth material unit (Hpl 3, Fig. 20) of Auro-
rae Planum, its volume would be at least 4000km?,
more than that if it also underlies some portion of
Ophir Planum. Howewer, this unit is not a single
lava ow, but many individual ows (we estimate
ead at tens of meters thick) layered on top of one
another.

The south rim of Coprates Chasmashaows no evi-
dencefor the topmost strong layer seenon the north
rim and in the massif. Its absencemay be partially
responsiblefor the varying elevation of the south rim
in this area. Erosional processegould act on the less
resistarnt materials exposedhere that are capped to
the north by the topmost strong layer. The mas-
sif retains its at-topp ed plateau remnarnts because
that topmost strong layer and to a lesserextent the
next resistart unit below it have been capping the
massif against erosion, and strengthening it against
masswasting.

Additionally , the next most competernt unit seen
in the massif and the north rim are not identi ed
here (possibly becausdts morphologicindicators are
buried by talus). Geologic mapping suggeststhat
older material is exposedat the surfacesouth of Co-
prates Chasma,exceptsomeHr eastof the Coprates
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Aurorae
Planum

/

Figure 27: This sketch is a perspective view looking northwest at the boundary betweenOphir and Aurorae
Plana. To the left is Coprates Chasmaand to the right Capri Chasma. It illustrates the hypothesis that
the boundary between Ophir and Aurorae Plana is due to the easternlimit of the topmost strong layer
(indicated by arrow, dashedlines give outline of buried strong layer). It alsoillustrates the hypothesisthat
the next most resistart layers (indicated by the brackets) obsened below the topmost strong layer along the
rim of Coprates Chasmais the sameas the resistart sequencethat forms the rim in Capri Chasma. The

strong layers displayed below that are schematic.

rise. The areawas probably active during the early
Hesperian (Schultz and Tanaka, 1994). We think
that thesesequencesre not presert in the south rim
simply becausethey did not get that far south dur-
ing emplacemem. There are many possiblereasons
for this, one possible hypothesisis that it was due
to di erential timing in the opening of the chasma.
Perhapsthe trough betweenwhat is now the mas-

sif and the south rim opened, then the strong layer
was emplacedover the area of the plateau north of
this proto-chasma, and then later the trough that
separatedthe massifand the north rim opened.

The concept of a kilometers deep megaregolith
a few kilometers below the surface (e.g. Carr,
1979, pp. 3000-3001;Tanaka and Golombek, 1989,
p. 386; Davis and Golombek, 1990, pp. 14,244-
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14,245; Cliord, 1993, p. 10,975) no longer seems
viable (McEwenet al., 1999)in this area, wherehigh

rates of volcanism may have occurred during the

Noachian and early Hesperian. The megaregolith
may be presert where early and middle Noachian

surfaces were being heavily bombarded and gar-
dened and not buried by ongoing volcanism. The

topmost strong layer obsened in Coprates Chasma,
and the resistart sequencethat forms the Capri

Chasmarim show that indurated, bedded units are
just below the plateau surfaces. Theseresistart lay-

ers are topped by a variable thickness of mantling

material (lessthan 100 m). There are a few images
where there may be a hint of bedding in this mate-
rial, but it mostly appears ne-grained and massiwe
at MOC resolution.

The individual strong layer that we seenear the
top of the layered stadk of materials in this portion
of Coprates Chasmais the exception, not the norm.
We do not obsene another individual layer by it-
self of this thickness,competency, or extent farther
down-section in the strata where it crops out, al-
though sud individual layerswould be readily cov-
ered by talus. More resistart bedded sequencesre
obsened farther down-section that have a darker
tone than surrounding units, and also form more
resistart knobsand spurs. In locations not obscured
by talus and mantling betweentheseresistart units
we obsene lighter-toned, nely bedded units which
are not as resistart to erosion. It is this material
which appears to make up the largest part of the
stratigraphic stack.

This dichotomy of strength in the slope mate-
rials is evident in the distribution of blocks within
easternCoprates Chasma. There is certainly an ob-
senational bias based on where there are images
with resolutions better than 4 m/pixel, but blocks
are only obsened downslope of resistart layers. If
ertire slopes were composed primarily of resistart
volcanic layers, we might expect a larger amourt
of obsened blocks. Similarly, if the materials that
formed the slopeswere dewid of cli -forming mate-
rial, then no blocks should be seen. The fact that
they are obsened downslope of dark-toned, layered
outcrops, indicates that theseunits are indeed rela-
tiv ely strong, but alsoinfrequent in the stratigraphic
stack. Lava breaksinto blocks about the thickness
of the lava unit, or the sizeof columnar joints within
that unit (Milazzo et al., 2003). Blocks are not seen
everywhere a resistart layer crops out perhaps be-
causethey are buried by talus, or roll down the slope

so far that they are broken into smaller fragmerts.
This lack of blocks is not surprising becauseit is rare
on the Earth for such large blocks to be transported
far without disruption.

5 Conclusions

Our obsenations indicate that the stratigraphy of
Coprates Chasma consists of alternating thin (tens
of meters) sequencesof strong layers and thicker
(hundreds of meters) sequencesof relatively weak
layers. The presenceand externt of the infrequent
strong layers which maintain steeper slopes have a
large impact on chasmaand slope morphology and
that of the surrounding plana. Dierent combina-
tions of strong and weak layers may have someim-
pact into the varying morphologic character of chas-
mata within the Valles Marineris, as well as the lo-
cations and sizesof landslides. This dierence in
strength properties could also explain the paucity
of obsened boulders and blocks on Valles Marineris
slopesif the thin strong layersare the only sourceof
boulder-sizedand larger particles.

Our ability to con dently trace layers decreases
with decreasingeleation and slope. Layersnear the
top of the stadk are easyto identify becausethey are
not covered by talus. Similarly, mantling deposits
can easily cloak outcrops of a strong unit on a rela-
tively smooth slope, whereasjust around a spur that
sameunit can be easilyidentied asacli former.

Understanding the stratigraphy has also led us
to identify a strong layer near the top of the strati-
graphic stack both in the north slope of eastern
Coprates Chasma, and near the crest of the mas-
sif there. This massif is notable becauseit is one
of the rare free-standing massifs within the Valles
Marineris to retain its original at-topp ed plateau
surface. The massif presenes this surface because
the strong layers are helping the massif resist ero-
sion and collapse.

The elewvation o set betweenthe outcrops of this
layer in the northern chasmaslope and its outcrops
in the massifindicate subsidenceof the massif, most
likely due to extensional fault motion. There are
seweral models for how the Valles Marineris formed,
including di erent combinations of rifting, collapse,
and masswasting. These obsenations con rm that
extensionalfaulting wasa contributing factor in the
formation of this portion of Coprates Chasma.

It is still dicult to determine the origin of the
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lesscompetert layers that make up the majority of
the stratigraphic sequenceof the Valles Marineris.
Whether theselayersin the Valles Marineris are u-
vial, aeolian, or volcanic sedimenary layers, thin
lava layers, weldedtu layers, or somecombination
of these, their contrast to the occasionalstrong units
indicates a changein either the volcanic sourceor en-
vironmental conditions when these layers were em-
placed.

The obsenations of the topmost strong layer
in eastern Coprates Chasma indicate that the last
basaltic lava ow in this area covered at least
7000km?, and possibly an increasedareathat con-
sistsof a large portion of Ophir Planum, either prior
to or during chasma formation. The boundary be-
tweenOphir and Aurorae Plana may be the eastern-
most extent of this layer. Similarly, outcrops along
Capri Chasma indicate that the Aurorae Planum
surfaceis underlain by a stadk of resistart layersthat
is also presen stratigraphically below the strong
layer which outcrops in eastern Coprates Chasma.
These resistart layers are buried by 100 m or less
of mantling material, which obscuresthe transition
betweenthe plana.
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