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INTRODUCTION

This map, based on Viking images obtained during the late 1970’s,
supersedes 1:5,000,000-scale maps of the region based on Mariner 9 data
(Masursky and others, 1978; McCauley, 1978; Saunders, 1979). Geologic
mapping was compiled on 1:2,000,000-scale photomosaics of subquad-
rangles MC-17NE, MC-18NW, MC-18NE, and MC-19NW and of the
northern thirds of MC-18SE and MC-19SW. Most of the geologic units of
the plateau and high-plains assemblage were established during mapping at
1:15,000,000 scale of the western equatorial region of Mars (Scott and
Tanaka, 1986); additional units and symbols are employed here to reflect the
complex geology within Valles Marineris. The units were identified on
individual images and large-scale mosaics ranging in resolution from about
30 to 150 m/pixel. (Volcanic rocks of the subquadrangle MC-17NE were
previously mapped (Scott and Tanaka, 1981a) as part of a map series at
1:2,000,000 scale of the Tharsis and Syria Planum lava flows (Scott and
others, 1981); where minor discrepancies exist between this 1981 map and
the 1986 map of the western equatorial region, our interpretations on the
current map are consistent with the latter because it is more recent and
global in scope).

The canyons of Valles Marineris were named in honor of the Mariner 9
mission to Mars, which discovered them in 1972. These canyons intercon-
nect to form a 4,000-km-long system (fig. 1), the largest known in the Solar
System. They cut highland plateaus as much as 10 km high made up of
ancient cratered material (exposed at Margaritifer Terra), which is covered
by a veneer of intermediate-age (Hesperian) plains material in the western
and central parts of the canyon system. Thus the walls of Valles Marineris
display the thickest vertical stratigraphic section on Mars, exposing some of
the planet’s oldest and deepest crustal rocks. Uplift and crustal rifting
associated with tectonic activity in the Tharsis region to the west appear to
be the primary processes that formed the high plateaus and deep canyons.
The eastern canyons contain chaotic terrain (closely spaced knobs and
mesas) associated with huge outflow channels. Both layered and massive
deposits occur within the canyons. Faulting, landsliding, wind erosion, and
gullying have shaped the canyon walls in recent geologic time.

The structural development of the canyons is complex. Although
Noctis Labyrinthus connects with the west end of Valles Marineris, the
structures of these two canyon systems have distinct patterns and histories.
Analyses of gravity profiles and topography and comparisons with terrestrial
rift systems provide clues to the nature of the canyons’ tectonic origin. Like
the much smaller Grand Canyon on Earth, the canyons of Valles Marineris
have provided geologic information that has advanced our knowledge of the
regional and global geology of Mars.

PHYSIOGRAPHIC SETTING

The Valles Marineris region lies east of Tharsis Montes (which extend
fromlat 12°to 16° S., long 101° to 125°). Part of the region is in the midst of a
vast plateau bounded on the west and east by Claritas and Nectaris Fossae,
respectively; the remainder extends farther east into southern Xanthe Terra
and western Margaritifer Terra. Channel trends, stereophotogrammetry,
and radar altimetry indicate that the surface north and east of the canyons
slopes toward Chryse Planitia (centered at about lat 25° N., long 45°). Within
the broad Valles Marineris region, three distinct physiographic provinces
are recognized (fig. 1): (1) the Noctis Labyrinthus province, consisting of a
high plateau cut by a network of structurally controlled troughs; (2) the
Valles Marineris province, characterized by broad, linear valleys hundreds
to thousands of kilometers long; and (3) the eastern canyon province,
containingirregular depressions as much as 900 km across. Topography has
been determined from a preliminary stereophotogrammetric map having a
contour interval and a precision of about 1 km (Wu and others, 1986) and
from latitudinal tracks of radar altimetry having a precision of 200 m (Roth
and others, 1980). (See perspective view, fig. 2.)The topographic map was
used to construct geologic cross sections; minor discrepancies in geo-
graphic locations between the photomosaic and topographic bases occur in
places. Formal geographic names are used whenever possible; the few
informal names that are used are within quotes.

NOCTIS LABYRINTHUS PROVINCE

In the map area west of long 94°, the canyons of Noctis Labyrinthus cut
an elongate, crested plateau, the “Syria rise.” This rise has the form of a
broad arc that partly encircles northern Syria Planum and reaches an
elevation of about 4 km above the surrounding plains, or about 10 km above
the Mars datum. The canyons of Noctis Labyrinthus are as much as 3 km
deep and 20 km across and form a complex, crosscutting pattern of faults,
grabens, and collapse depressions. Noctis Labyrinthus grades northward
into the densely fractured area of Noctis Fossae and southwestward into
Claritas Fossae, a complex of faults that cut a north-trending ridge rising
about 1 km above the adjacent plains. Together, this ridge and the adjoining
Noctis Labyrinthus separate Syria Planum from the plains surrounding
Tharsis Montes.

VALLES MARINERIS PROVINCE

This province includes the high, vast, ridged plains of Ophir Planum and
part of Sinai and Lunae Plana and the long, linear, central canyons of Valles
Marineris between long 53° and 94°. Three smaller isolated canyons (Echus,
Hebes, and Juventae Chasmata) are north of the main canyon system. Kasei
Valles (lat 18° to 27° N., long 56° to 75°), which are large outflow channels

from Echus Chasma, form the present west margin of Lunae Planum north
of the map area; the east margin is dissected by Maja Valles, large outflow
channels from Juventae Chasma that are also north of the map area (at lat
16° to 21° N., long 49° to 57°). Both channel systems terminate in Chryse
Planitia to the northeast.

The central canyons cut the summit of a broad topographic high 6 to 9
km in elevation. The floors of Candor and Melas Chasmata are as low as 2
km below datum, resulting in a canyon relief of as much as 10 km. Large
mesas (Hebes, Candor, and Baetis Mensae) within Hebes, Ophir, and
Candor Chasmata approach the elevations of the surrounding canyon rims.
Near the chasmata, the broad high is also cut by smaller, generally elongate
pit chains and fractures (including Baetis, Ceti, and Hydrae Chasmata; Ceti,
Ganges, and Tithonia Catena; and Tithoniae Fossae).

The “Coprates rise,” a broad ridge cut by Nectaris Fossae, is 2 to 3 km
above the surrounding plains. This rise and small patches of deformed
terrain form local highlands on the plateau south of Coprates Chasma;
similar patches form high areas on Sinai Planum.

EASTERN CANYON PROVINCE

The eastern part of the canyon system extends across a relatively low
plateau (only a few kilometers high) that has been deeply eroded to form
Capri, Eos, and Gangis Chasmata and small areas of chaotic terrain
(including Arsinoes, Margaritifer, and Pyrrhae Chaos). Relatively shallow
channels (such as Ravi Valles) cut the piateau surface and connect with
these chasmata and chaotic terrain. The chasmata are characterized by
wide depressions that also contain chaotic terrains (Eos, Hydraotes, and
Aureum Chaos) and that merge with broad channels extending northward
into Chryse Planitia. Canyon floors are as deep as 6 km below surfaces of
adjacent plateaus. East of Eos Chasma, the landscape is dominated by a
large, eroded, and partly filled impact structure informally named the
“Ladon basin” (Schultz and others, 1982), whose south rim is breached by
Ladorn Valles.

STRATIGRAPHY

Relative ages of the geologic units are determined from crater densities
(table 1) and stratigraphic and structural relations. The units are assigned to
the formal stratigraphic systems (Noachian, Hesperian, and Amazonian)
formulated by Scott and Carr (1978). In many cases, more precise
descriptions of their relative positions are given in terms of series (upper,
middle, and lower divisions of the systems) defined by Tanaka (1986). Many
of the general stratigraphic observations and inferences and the registration
of crater densities to stratigraphic units were taken from Tanaka (1986) and
the geologic map of the western equatorial region of Mars (Scott and
Tanaka, 1986).

Following a mapping procedure developed by Scott and others (1981),
we have classified crater materials as superposed or partly buried on the
basis of their stratigraphic relation to adjoining geologic units, rather than
according to their degradational state. As shown on the correlation chart,
the map units are grouped into four main types: dune and slide materials,
channel-system materials, Valles Marineris interior deposits, and the plateau
and high-plains assemblage. This organization of map units is similar to that
used by Scott and Tanaka (1986). ‘

The dune and slide materials are composed of young surficial deposits
having the morphologic characteristics of similar features found on Earth.
Channel-system materials consist of channel-floor deposits and chaotic
material (which is common at the heads of outflow channels). Valles
Marineris interior deposits occur locally in canyons and range in age, albedo,
layering character, and thickness. The plateau and high-plains assemblage,
consisting of materials forming the plateaus, high plains, and other
highlands, is exposed in canyon walls and on surrounding plateaus. (In the
remainder of this section, unit names are italicized where important relations
and characteristics of individual units are given.)

NOACHIAN SYSTEM

The Noachian System comprises the oldest materials exposed on Mars
(Scott and Carr, 1978). During the Noachian Period, a high flux of
meteorites produced impact basins and large impact craters. The atmos-
phere was probably denser and surface temperatures were higher than later
in Mars’ history, and local channels formed in rugged highland terrain.
Volcanism and tectonism were widespread, but many of the resulting
landforms were continually effaced by burial and erosion. Most materials of
the plateau sequence were emplaced throughout the highlands of Mars.
These highly cratered volcanic materials and impact breccias remain
exposed in the eastern canyon province and where they are highly deformed
in places by faults and ridges.

The oldest exposed materials are basin-rim material (unit Nbr), lower
sections of undivided material (unit HNu), and the hilly unit (unit Nplh) of the
plateau sequence. The “Ladon basin” is surrounded by isolated mountains
that are remnants of basin-rim material; its rim is deeply eroded and the
basin is embayed by younger materials. In the canyon walls and fault scarps
throughout the region, the lower part of the undivided material represents
possibly the lowest basement rocks exposed on Mars (as much as 10 km
below Lower Hesperian material). Little is known about the older undivided
material except that it forms rugged slopes and has locally massive layers
about 1 km thick. A much more complex stratigraphy in the canyon walls

cannot be ruled out; a study of Landsat images of the Grand Canyon, at
resolutions similar to those of Viking, indicates that major stratigraphic
unconformities in the canyon walls are commonly unresolvable. The hilly
unit of the plateau sequence forms rugged, heavily cratered terrain on the
plateau northeast of the central canyons. The northeast trends of old faults
that cut the hilly unit are unrelated to the trend of the younger canyons,
indicating that the unit was deformed prior to canyon formation.

Later, owing to continued bombardment and perhaps widespread
volcanic activity (Saunders, 1979; Greeley and Spudis, 1981), the cratered
unit (unit Nplq) of the plateau sequence was emplaced. This material
probably covered all lower lying areas of Mars. It now forms parts of many
cliffs, but it cannot be separately identified on the cliff faces and is there
included in undivided material. The unit’s thickness was largely determined
by preexisting topography and is probably highly varied. The unit is
interpreted to be volcanic, as are most major rock units on Mars, but few
volcanic vents are visible where the unit occurs; many could be buried.

One construct that appears to be a volcano forms a conical mountain
west of Nectaris Fossae. This mountain has a summit crater more than 20
km in diameter and its flanks display radial channels; it is embayed by
younger Noachian material. The mountain material is mapped as older flow
and shield material, undivided (unit Nfu). Saunders and others (1980) and
Scott (1982) interpreted this feature as a shield volcano and noted other
possible old volcanoces south of the map region.

Valley networks dissect many areas of the hilly and cratered units (for
example, the slopes of “Ladon basin”). The valleys are small, commonly
simple gullies or troughs a few tens of kilometers long, and they may have
been formed by rainwater runoff (Masursky and others, 1977) or ground-
water sapping (Pieri, 1980, p. 148). The areal density of valleys appears to be
proportional to surface age (Schultz and Britt, 1986).

Valleys are uncommon in intercrater and intracrater areas of the older
terrains that are partly smoothed by mantling deposits, which are mapped as
the subdued cratered unit (unit Npls). This material may be made up in part
of lavas emplaced during the waning stage of the postulated volcanic activity
that had produced the cratered unit; however, diagnostic surface features
such as lobate scarps are few. In “Ladon basin,” the unit may consist of
flood-plain materials deposited from Ladon Valles. The erosion and resur-
facing associated with emplacement of the unit greatly affected the cratered
unit as well, which has virtually the same crater densities as the subdued
cratered unit in the map region (table 1).

Southwest of Melas Chasma, a rough cratered surface having sublinear
to irregular ridges characterizes the ridged unit (unit Nplr). Both tectonic
and volcanic origins have been proposed for the ridges (Scott and Tanaka,
1986). Crater densities (table 1) and the unit’s superposition by Hesperian
ridged plains material place the age of the ridged unit in the Middle to Late
Noachian.

In the southern and western parts of the map region (notably in Noctis,
Claritas, and Nectaris Fossae), Noachian surfaces are cut by many complex
fractures and graben-bounding faults and have higher relief than surrounding
younger plains material. The rocks of these areas are mapped as older
fractured material (unit Nf). Structures dissecting the unit have obliterated
most primary morphologic features indicative of its origin. Craters less than
the width of the grabens (about 5 to 10 km) are less numerous than on other
Noachian surfaces and were apparently destroyed by the fracturing. Crater
densities on older fractured material differ from place to place (table 1),
probably because of local, episodic deformation.

HESPERIAN SYSTEM

Extensive volcanism, tectonism, and canyon and channel development
occurred during the Hesperian Period (Scott and Tanaka, 1986). The impact-
cratering rate declined and cratering was no longer the major process
modifying the surface of the planet. Extensive areas of Noachian materials,
particularly in the Noctis Labyrinthus and Valles Marineris provinces, were
buried by lava flows of the ridged plains material and the Tharsis Montes and
Syria Planum Formations.

Ridged plains material (unit Hr), the basal rock-stratigraphic unit of the
Hesperian System (Scott and Carr, 1978), is one of the most extensive
deposits on Mars. It occurs dominantly on the plateaus surrounding Valles
Marineris, overlies rocks of the plateau sequence in the east half of the map
region, and is buried by younger volcanic material from Tharsis Montes and
Syria Planum in the west half. The ridged plains material has been estimated
to have a maximum thickness of about 1.5 km in the western part of Lunae
Planum and to thin eastward (De Hon, 1982), overlapping older rocks of the
plateau sequence. It is thought to consist of low-viscosity lava flows erupted
from fissures at high extrusion rates (Greeley and Spudis, 1981); lobate flow
fronts are rare. North of Valles Marineris, the unit is dissected by long,
sinuous channels (for example, Dittaino Valles) resembling those produced
by lava flows. Volcanic sources of ridged plains material on Lunae Planum
may be fissures associated with the incipient formation of Valles Marineris.

The smooth unit (unit Hpl3) of the plateau sequence, generally younger
than the ridged plains material, was emplaced adjacent to the central and
eastern canyons. South of Hebes Chasma, the unit buries fractures of
adjacent younger fractured material (unit Hf). At Aurorae Planum and in
plains north of Gangis Chasma, the smooth unit surrounds apparent source
areas of outflow channels and fills a faulted trough adjacent to plateau
chaotic material (unit Hep). Although its origin is uncertain, these occur-
rences suggest that the unit consists of flood-plain material deposited during
early chasma development.

The younger fractured material (unit Hf) occurs at Noctis Labyrinthus
and surrounds the west end of Valles Marineris. It is highly faulted and
trenched by grabens and collapse depressions. The unit is contemporaneous
with or slightly younger than ridged plains material. The faults are closely
spaced and obscure most older features such as flow fronts and wrinkle
ridges that may have been present. The unit may consist of the smooth unit,
ridged plains material, and older flows of Syria Planum that later were faulted
beyond recognition. Faults of this unit are less complex and more widely
spaced than those of the older fractured material, but the two units
commonly intergrade, as at Noctis Fossae. The younger fractured unit also
grades into the smooth unit of the plateau sequence in southwestern Ophir
Planum. The younger fractured unit’s relative age is determined by crater
densities, by its embayment of older fractured material cut by Noctis Fossae,
and by burial of its faults by Upper Hesperian flows of the Syria Planum
Formation.

More difficult to estimate is the time of formation of Valles Marineris. Its
onset eludes direct measurement by crater counting and superposition
relations because faulting and erosion of the canyon walls continued into
Late Amazonian time. We infer, however, that the major episode of canyon
development occurred during faulting of the younger fractured material, for
several reasons: (1) Noachian materials adjacent to the canyons generally
are no more highly deformed than Hesperian units. (Exceptions are the hilly
unit (unit Nplh), which is cut by northeast-trending faults apparently
unrelated to and predating Valles Marineris, and the older fractured material
(unit Nf) of the “Coprates rise,” which material may have been faulted by
local deformation.) (2) Many faults, grabens, and collapse depressions of the
younger fractured material parallel the large canyons. (3) Small, linear,
incipient canyons (for example, pit chains south of Coprates Chasma) have
developed along the faults. This same relation probably holds for Noctis
Labyrinthus and its adjacent faults. The inferred timing of canyon develop-
ment is in general agreement with other studies of the structural history of
the region (see below).

Stratigraphic relations indicate that the eastern canyons, chaotic
terrain, and outflow channels were formed at about the same time as the
central canyons. However, the eastern canyons are not structurally
controlled as are the central canyons, and they generally have floors of
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chaotic terrain that are connected with huge outflow channels (Carr, 1981,
p. 134). Two stages of formation are reflected in the mapped channel-system
units. During the first stage, ground water (perhaps melted ground ice) was
apparently released (Sharp, 1973) from the uppermost several hundred
meters or so of the plateau material. This release caused fracturing of the
plateau materials into polygonal mesas to form the plateau chaotic material
(unit Hep), carving of shallow outflow channels, and depositing of plateau
channel material (unit Hchp) within the channels. Also during the first stage,
the rolling surfaces of the subdued cratered unit north of Aureum Chaos and
of the smooth unit north of Gangis Chasma probably developed; these
surfaces are marked by complex scarps and depressions. The second stage
involved deeper ground-water release and subsequent erosion that cut into
features and materials of the first stage. Results of this erosion include the
deep Eos, Capri, and Juventae Chasmata, which have knobby floors
composed largely of chasma chaotic material (unit Hee). In eastern Eos
Chasma, linear sides of degraded knobs are aligned for tens of kilometers in
various directions and are probably structurally controlled.

The eastern chasmata connect with deep, broad outflow channels that
enter Chryse Planitia and are floored by chasma channel material (unit
Hchc). Several channels contain streamlined bars (symbol b), formed either
by divergent flow around island remnants of plateau material or by
deposition of base-load materials from running water. North of the map
region, the channels cut ridged plains material and, in places such as Echus
Chasma, the channels are buried by lava flows from Tharsis Montes and by
smooth floor material (unit Avfs).

Most workers attribute the formation of the outflow channels to
catastrophic flooding (McCauley and others, 1972; Milton, 1973; Masursky
and others, 1977; Baker, 1982, p. 174; Mars Channel Working Group, 1983).
Carr (1979) suggested that artesian conditions developed in the area by
gravity flow through an aquifer in the flanks of the Tharsis rise and by
confinement due to freezing of the top of the aquifer. Nummedal and Prior
(1981) suggested that the chasmata and channels were formed by huge
debris flows. Other proposed mechanisms for channel formation include
wind erosion (Cutts, 1973) and glaciation (Lucchitta and others, 1981). If
water was indeed a primary factor in the formation of these features, a
tremendous volume of it must have been available in the plateau materials of
the region. Such a subsurface reservoir of ground water and ground ice
would have been transient or restricted to depths greater than about 100 m
(base of the zone of desiccation). Desiccation of the equatorial region of
Mars is indicated by geomorphologic relations (Squyres and Carr, 1986) and
models of subsurface ice distribution (Fanale and others, 1986).

In afew areas in the central canyons, high floor material (unit Hvf) forms
terraces above other floor units. It may be old slide or plains material,
possibly remnants of previous canyon floors, left on an earlier, higher floor
level as the canyons continued to subside. The outcrop of high floor material
between Melas and Candor Chasmata has a faulted surface similar to that of
the younger fractured material.

Soon after formation of Valles Marineris began and after most outflow
channel activity, thick sequences of alternating light and dark layered
material (unit Hvl) were deposited in central Valles Marineris as well as in the
isolated Hebes, Juventae, and Gangis Chasmata. These sequences may be
hundreds to thousands of meters thick, and they may have once filled some
of the chasmata. In Juventae and Gangis Chasmata, the layered material
was deposited on chasma chaotic material, indicating that the layered
material postdates the outflow channel material. In most places the layered
material is fluted, indicatingits relatively low resistance to wind erosion. Hills
of layered material in Juventae Chasma are fluted parallel to channel-flow
directions, but whether this fluting was caused by wind or further channel
scouring is unclear. Although Lucchitta (1985) reported that layered
deposits overlie slide material in western Candor Chasma, contact relations
elsewhere are too obscure either to confirm this relation or to subdivide the
layered material consistently at the map scale.

Origin of the layered material is unknown. It differs from canyon wall
rocks in morphology and color. McCauley (1978) proposed that the unit
consists of lake beds subsequently eroded by catastrophic floods. Peterson
(1981) suggested that the layered deposits of the central plateau of Hebes
Chasma consist of a thick sequence of volcanic ash interbedded with layers
of relatively resistant welded tuffs that were erupted from within the chasma
or from the Tharsis volcanoes.

Another thick deposit within Valles Marineris is mapped as the older
massive unit (unit AHvm), which is draped over chasma chaotic material in
Eos Chasma. The massive unit has an undulatory surface and appears to be
highly modified by wind erosion. Nedell and Squyres (1984) suggested that
the deposit originated from layered material that was eroded by water
flowing eastward through the narrow Coprates Chasma, and that the
material was redeposited where the flowing water lost load as Coprates
widens into Eos and Capri Chasmata. However, extensive evidence
supporting a large fluvial drainage through Coprates, such as terraces and
streamlined features, is lacking. Alternatively, the unit may be made up of
eolian deposits or volcanic material erupted from the chasma floor. Its upper
age limit is unknown.

Perhaps following much of the canyon formation, lava flows of the
upper member (unit Hsu) of the Syria Planum Formation (Scott and
Tanaka, 1986) were emplaced on the plateau in the west half of the map
region; most flows traveled eastward and southeastward from the crestal
region of Syria Planum. The flows bury most adjacent materials and faults of
the younger fractured material (unit Hf), and crater counts (Scott and
Tanaka, 1981b) indicate a Late Hesperian age. Flows that may have once
entered the canyons would have been destroyed by the continued faulting
and erosional retreat of the canyon walls. Oudemans crater (about 100 km in
diameter) was emplaced on the Syria Planum lavas, as indicated by
secondary craters extending at least 200 km from the crater rim onto Sinai
Planum; hummocky deposits in the canyons north of Oudemans are
probably its ejecta. Further labyrinth and canyon development breached the
crater rim, and related faulting cut parts of the Syria Planum Formation.

Small conical structures on Syria Planum and in Noctis Fossae and
flows emanating from a fissure in the floor of a Noctis Labyrinthus trough are
mapped as younger flow and shield material, undivided (unit AHfu). The
conical structures, along with fractures, rilles, and pits, appear to be sources
of the Syria Planum flows as well. Volcanic activity was also occurring at
Pavonis Mons, building its shield with lava flows mapped as member 3 (unit
AHt3) of the Tharsis Montes Formation (Scott and Tanaka, 1986). Its Late
Hesperian to Early Amazonian age is supported by crater counts (Neukum
and Hiller, 1981).

AMAZONIAN SYSTEM

Amazonian deposits consist largely of eolian and mass-wasting products
in the eanyons and relatively thin plains material in lowland areas. Channel
formation in the map region decreased in Amazonian time. Highland
geologic activity also lessened considerably and was mostly restricted to the
continued emplacement of lava flows from the Tharsis region (Scott and
Tanaka, 1986). In the plains surrounding Pavonis Mons, flows of members 5
and 6 (units Ats and Atg) of the Tharsis Montes Formation embayed and
buried fractured materials around Noctis Labyrinthus. Very little faulting
occurred in this area after these units were emplaced.

Most units of the Valles Marineris interior deposits—considered to be
largely eolian or volcanic—were emplaced during the Amazonian Period.
Rough floor material (unit Avfr) may be a combination of rubble and debris
eroded from the canyon walls and eolian material that partly buries older
landslides and other rugged landforms.

Younger massive material (unit Avm) may be derived from both the
erosion of layered material and eolian deposition; it may consist locally of
volcanic material (Lucchitta, 1985). Generally the massive material has high
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relief, but in some areas it grades into smooth floor material (unit Avfs),
interpreted as an eolian mantle, which occurs throughout the canyon
system. Where the massive material contains pits and grooves, probably
from eolian erosion, it is mapped as etched massive material (unit Avme).

Small patches of light surficial material (unit Avsl) and dark surficial
material (unit Avsd) occur throughout the central canyons and in Ius and
Tithonium Chasmata. The dark unit is more prevalent. Its occurrences
along relatively fresh fault scarps in Coprates Chasma have been proposed
to be volcanic deposits (Lucchitta, 1987).

Erosion of the canyon walls occurred throughout Amazonian time.
Three types of canyon-wall morphology have been recognized: spurs and
gullies, landslide scars, and tributary canyons (Blasius and others, 1977;
Lucchitta, 1978b; McCauley, 1978; Carr, 1981, p. 128). The canyon walls are
also terraced locally along fault scarps. Spur-and-gully morphology consists
of branching ridges and troughs descending to the canyon floor. Landslide
scars form smooth, steep canyon walls. Tributary canyons, which make up
Louros Valles along the south wall of Ius Chasma, have short, broad theater
heads. Structural control of these features is indicated by linear trends in
them that follow fracture systems on plateau surfaces and in canyon walls.
An unusual canyon-wall pattern consists of a set of parallel lineaments on
walls of undivided material (unit HNu) in Noctis Labyrinthus at lat 5.5° S.,
long 94.7°. These lineaments trend across local topography and their
attitude appears inconsistent with bedding. Their origin is unknown.

The slide material (unit As), whose age has been determined from
crater counts (Lucchitta, 1979), has two facies (not mapped separately). The
smooth facies commonly forms wide aprons; where unrestricted by
topographic barriers, they may extend as far as 100 km onto the canyon
floor. The hummocky facies consists of jumbled blocks closer to canyon
walls. The slides may have been caused, at least in part, by ground water or
ground ice that reduced the shear strength of the walls, resulting in
catastrophic failure and fluidization of the wall material (Lucchitta, 1978a,
1979). Alternatively, thixotropic flow has been proposed (Christiansen and
Head, 1978). Several huge landslides from the north wall of Ophir Chasma
appear to have produced a debris-laden flood that deposited the channel
material of Ophir Chasma (unit Acho) (Lucchitta, 1986). This unit fills the
valley between Baetis Mensa and a lower mesa to the east. It grades into
grooved floor material (unit Avfg) that makes up Candor Chaos. The
grooves may be caused by compaction of channel deposits after water or ice
was removed. Grooved floor material also covers part of the canyon floors in
eastern Noctis Labyrinthus.

An active eolian regime within the central canyons is indicated by
extensive fields of flutes and yardangs carved into the layered material (unit
Hvl) and older massive material (unit AHvm) (Breed and others, 1983). The
yardangs show a wide variety of orientations indicating complex wind
patterns, most likely due to the varied topography within the chasmata.
Eolian deposition, also, is indicated by dune material (unit Ad) in small fields
on the floors of Melas, Juventae, and Gangis Chasmata.

STRUCTURE

Much of the Noctis Labyrinthus-Valles Marineris canyon system runs
along the crest of a high, broad ridge (fig. 2). This ridge extends from north of
Syria Planum to central Valles Marineris and is comparable in size and height
to the “Tharsis rise” exclusive of the Tharsis Montes (Wu and others, 1986).
(On the basis of earlier data, this ridge had been depicted as a minor
topographic bulge secondary to the “Tharsis rise” (U.S. Geological Survey,
1976).) Grabens and canyons of Noctis Labyrinthus and Valles Marineris are
deepest and most extensive where elevations are highest. The structural
histories of these two canyon systems and discussions of their origins are
given below.

NOCTIS LABYRINTHUS SYSTEM

Noctis Labyrinthus, on the north border of Syria Planum, exhibits a
complex pattern of intersecting fault systems, including fractures and
graben-bounding faults. Chainlike alignment of some pits indicates that
collapse was caused, at least in part, by subsurface erosion along fractures
rather than by tectonic lowering of fault blocks. In Syria Planum, a few
elongate depressions appear to be sources of lava flows, and some of the pits
of Noctis Labyrinthus may have formed by collapse of magma chambers and
conduits. (See cross section A-A".)

The 6arliest faults of Noctis Labyrinthus cut the older fractured material
(unit Nf) in areas of high elevation (8 to 9 km) along the complexly faulted
crest of Noctis Labyrinthus and in Noctis Fossae, where the north-sloping
surface is densely fractured by faults radial to Syria Planum that trend
north-northeast (Masursky and others, 1978; Masson, 1980). Crater counts
(table 1; Wise and others, 1979; Plescia and Saunders, 1982) indicate a
Middle and Late Noachian age for the older fractured material.

The Noctis Labyrinthus area was later resurfaced by younger fractured
material and cut by faults that form the area’s characteristic interconnecting
network of grabens. The grabens are as wide as 20 km, more than 100 km
long, and as deep as 3 km. The grabens and pits developed along fractures
radial and concentric to Syria Planum and along northwest-trending faults
radial to Pavonis Mons. In eastern Noctis Labyrinthus, grabens and pit
chains merge with east-trending valleys of Valles Marineris. The physio-
graphic continuity of Noctis Labyrinthus and Valles Marineris indicates that
their developments were related. Trough formation may largely be dependent
on the removal of subsurface volatiles, and therefore incipient formation of
Valles Marineris may have provided necessary conduits for the removal of
material at Noctis Labyrinthus. These conduits may have formed at a depth
slightly below the base of the pits and troughs. Therefore, Noctis Labyrinthus
probably developed during or shortly after the opening of Valles Marineris.
This inference is consistent with Masson’s (1980) suggestion that the
grabens of Noctis Labyrinthus widened during the opening of western Valles
Marineris. The flows of Syria Planum are cut by faults of Noctis Labyrinthus
(Scott and Tanaka, 1981a; Plescia and Saunders, 1982); however, no
evidence precludes the possibility that initial faulting of Noctis Labyrinthus
preceded the flows. The main development of Noctis Labyrinthus probably
occurred in the Late Hesperian Epoch.

A few faults cut young Tharsis flows (units Ats and Atg) south of
Pavonis Mons. Some of these faults trend west, radial to the crest of Noctis
Labyrinthus; they may result from rejuvenation of buried structures. In
general, however, few faults formed during the Amazonian Period.

The fault patterns of Noctis Labyrinthus are indicative of the stresses
and tectonic mechanism that induced deformation. Syria Planum-centered
stresses may have influenced the fault pattern of Noctis Fossae, which
conform to a stress model based on isostatic compensation (Banerdt and
others, 1982, fig. 4a). However, Noctis Labyrinthus is not amenable to
Tharsis-centered stress models. Its complex fault pattern is similar to those
formed above terrestrial uplifts (Carr, 1974; Masson, 1977, 1980), but it
contrasts with the concentric pattern formed by local volcanic loading at
Tharsis Montes (Comer and others, 1985). Origin of Noctis Labyrinthus by
local uplift is supported by the topography (Wu and others, 1986).
Theoretical studies of stress states have shown that the proposed uplift
could be a result either of isostatic compensation of a low-density mantle
anomaly (Banerdt and others, 1982) or of crustal doming by intrusion
(Willemann and Turcotte, 1982).

VALLES MARINERIS SYSTEM

The Valles Marineris system is characterized by west-northwest-
trending fractures and linear valleys that connect with broad, irregular
depressions. Local fault sets of varied orientations are also common.
Grabens crossing the plateau and paralleling the main chasmata are
generally a few kilometers wide, tens to hundreds of kilometers long, and
perhaps hundreds of meters deep. They are locally segmented into chains,
en echelon, or widened into elongate depressions and pit-crater chains (for

o—+—T 1 |
L]

300

NOCTIS

12.5° 110°

o—

LABYRINTHUS

400 500

PROVINCE

100° 90°

80°

80°

Area of sheet 1

VALLES MARINERIS

80°

70°

Area of sheet 2

PROVINCE

60°

75°

78

EASTERN

50° 40°

CANYON

70°

ATLAS OF MARS
1:2,000,000 GEOLOGIC SERIES
VALLES MARINERIS REGION
M2M -7/90 G, 1991

MAP 1-2010 (SHEET 1 OF 2)

INTERIOR—GEOLOGICAL SURVEY, RESTON, VA—1991

70°

67.5°

0°

_po

East

=10°

-156°

67.6°

Prepared on behalf of the Planetary Geology Program, Solar System Exploration Division,
Dffice of Space Science, National Aeronautics and Space Administration, under contract

W-15,814

Compilation dates: 1983-1986

Manuscript approved for publication, September 14, 1988

PROVINCE

30°

22.5%

PAVONIS !

MONS

« S\IR\A

SYRIA

PLANUM

NOCTIS LABYRINTHUS

TITHONIUM

RISE”

CALYDON FOSSA

OUDEMANS
CRATER

SINAI

PLANUM

TITHONIA CATENA

ECHUS | HEBES MENSA
CHASMA

HEBES CHASMA

OPHIR
CHASMA

BAETIS

0 MENSA
CANDOR
MENSA CANDOR

CANDOR
CHAOS

CHASM4

TITHONIAE FOSSAE

GEj
/ i RYON Mo, NTES

LOUROS Va1 pg

/h@@&

Chy, 46‘/1,,4

GANGES CATENA
==y

LUNAE PLANUM

S
g
&

Q

<€~S‘

b

JUVENTAE
CHASMA

CETI CHASMA

HYDRAE
CHASMA

CH4s, M4

OPHIR PLANUM

CHASMA

Figure 1.

example, Calydon Fossa, Ceti and Tithonia Catenae, and Ceti Chasma).
Larger grabens and collapse structures form long linear valleys such as
Tithonium, lus, and Coprates Chasmata. Very broad subsidence and wall
collapse formed Candor, Melas, Echus, Hebes, Ophir, Juventae, Capri,
Gangis, and Eos Chasmata, some of which have coalesced. The canyons in
this last group exhibit less structural control: they have few linear walls or
adjacent systems of parallel fractures. (See cross sections B-B’ and C-C".)

During the Noachian Period, prior to canyon development, at least five
types of tectonic structures formed in the region. (1) The “Coprates rise,” a
north-trending ridge about 100 km across and 2 to 3 km high (Roth and
others, 1980), almost meets the south wall of Coprates Chasma at long 57°
to 59°. This ridge consists of older fractured material (unit Nf) that is densely
dissected by north- and west-trending faults of Nectaris Fossae. Plescia and
others (1980) proposed that the “Coprates rise” was formed by tilting of
older crust; alternatively, Saunders and others (1980) suggested that it was
the rim of a Tharsis-centered impact basin. (2) Scarps in and bounding the
ancient hilly material (unit Nplh) trend northeast between Coprates,
Candor, Juventae, and Gangis Chasmata and along the east edge of the map
region. The origin of the scarps is unknown; possibly they are related to early
Thaumasia-centered tectonism (Frey, 1979b). (3) The ancient “Ladon
basin,” in the eastern canyon province (fig. 1), has a broad, high rim nearly
600 km in diameter. A possible inner ring of this impact basin forms a scarp
paralleling the basin’s northwest edge. (4) Randomly oriented ridges, scarps,
and narrow fractures of the ridged unit of the plateau sequence (unit Nplr)
south of Ius Chasma are partly buried by ridged plains material (unit Hr).
These features are widely spaced and highly degraded. Some scarps
resemble lava flow fronts. (5) Fault systems of various orientations and
locations appear to have been rejuvenated during the Hesperian Period
(described below). The structures noted above apparently have a variety of
origins, none of which appear related to the stress conditions that led to
canyon development. However, the structures do show that the Valles
Marineris region was tectonically active during Noachian time.

During the Hesperian Period, the Valles Marineris region was resurfaced
by flows and smooth and ridged plains materials. East of Candor Chasma,
faults are sparse but collapse features are common, whereas on the plateaus
north of Ius and Coprates Chasmata, west-trending faults are dominant.
These later faults cut Lower Hesperian units, including smooth and ridged
plains materials; deposits cut by closely spaced fractures are mapped as
younger fractured material. Wrinkle ridges, which characterize the ridged
plains material, have a crater density similar to that of the smooth lava plains
on which they occur (Tanaka, 1982). Most ridges in this region trend north
and have been attributed to folding and faulting caused by radially oriented
compression from the Tharsis region (Wise and others, 1979; Maxwell,
1982) or to global, east-west compression (Gifford, 1981). Chicarro and
others (1985) suggested that many of the ridge trends are controlled by ring
structures of an ancient impact basin centered in Chryse Planitia. The ridges
could also have originated by gravity sliding; however, this process is
generally precluded because ridge orientations apparently are not aligned
perpendicular to slope directions (Roth and others, 1980).

Valles Marineris probably formed after the wrinkle ridges developed.
Because compressional and tensional features cannot in principle develop
under the same stress conditions, these features must have formed at
different times. Crosscutting relations of fractures and ridges on the
plateaus surrounding Valles Marineris indicate that the ridges are generally
older than the fractures (Watters and Maxwell, 1983). Most other workers
have concluded that the ridges were formed before the canyons (Frey,
1979b; Wise and others, 1979; Plescia and Saunders, 1982; Scott and
Tanaka, 1986), although some have not (Masson, 1980; Sleep and Phillips,
1985). During the Amazonian Period, a few faults along canyon walls have
been active (Blasius and others, 1977; Tanaka, 1986), and we have no
evidence that the extensional stress condition in surface rocks has been
interrupted since the commencement of canyon development.

As subsidence proceeded and the canyons formed, deformation of the
plateau surface and canyon walls and floors was locally complex, as
illustrated in the following areas: (1) southwest of Echus Chasma, west of
Candor Chasma, and inside the west edge of Ophir Chasma, buried north-
northeast-trending faults were apparently rejuvenated. Such faults may also
control the linearity of canyon walls along the west edges of Echus, Candor,
Ophir, and Gangis Chasmata. Frey (1979b) attributed the initial formation of
these faults to uplift of the Thaumasia region to the southwest, which may
have predated the major tectonic episodes of Tharsis. (2) In Ius Chasma,
Geryon Montes forms a long ridge that is segmented by several northwest-
trending saddles. The ridge trends from due west north of Louros Valles to
west-northwest near the west edge of Melas Chasma. Adjacent ridge
segments are offset along the saddles by as much as 10 km in a left-lateral
sense. The offsets may have been formed by wrench faulting along older
faults, as suggested by northwest trends of some valleys in Louros Valles
and in the north wall of lus Chasma. If the ridge segments of Geryon Montes
are small crustal blocks, left-lateral offsets may have occurred by clockwise
rotation during the collapse of Ius Chasma. (3) Along the south rim of Melas
Chasma, the arcuate fractures of Nia Fossae, roughly concentric to the
canyon, cut wrinkle ridges. They probably formed by incipient gravity sliding
of the plateau edge into the canyon. (4) Along the southwest edge of Ophir
Planum, densely spaced fractures trend northwest, parallel with and close to
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Coprates Chasma. They may be due in part to lateral displacement caused
by gravity sliding of the plateau toward the southwest into Coprates, and
they may have aided the weakening and collapse of plateau material that
resulted in the huge landslides along the plateau edge.

Following the major period of canyon subsidence and deformation,
Upper Hesperian and Lower Amazonian deposits were emplaced within the
canyons. These deposits appear locally deformed by faults and folds
(Lucchitta, 1981), but whether the structures are related to continued
subsidence is unknown. If they are, the amount of subsidence has been
relatively small, perhaps less than a few hundred meters. In Ius and Coprates
Chasmata, recent faulting along the base of canyon walls has produced
steep scarps (Blasius and others, 1977) and has offset Amazonian floor
materials. Although faulting has greatly diminished since initial canyon
development, tectonic activity at Valles Marineris has been protracted and
perhaps has not yet ceased.

Valles Marineris are generally recognized to be a crustal rift system
(Hartmann, 1973; Sharp, 1973; Frey, 1979a). The cause of the rifting,
however, has been a subject of speculation and debate. Lateral, southward
displacement of Sinai and Solis Plana south of Noctis Labyrinthus-Valles
Marineris was postulated by Allegre and others (1974). Wise and others
(1979), however, did not find any clear indications of strike-slip faults to
support that idea, and they suggested that very little horizontal movement
has occurred. Schonfeld (1979) proposed that lava withdrawal caused
subsidence of the canyons, which led to erosion of the outflow channels.

However, further scrutiny of Viking images supports a fluvial origin for the

channels (Mars Channel Working Group, 1983). Structural control of the
canyons by an ancient impact basin centered in Chryse Planitia was
proposed by Schultz and others (1982); however, the structural trends of
Valles Marineris are more tangential than circumferential to Chryse, and
supporting evidence for a basin ring (such as aligned massifs) is not found.

New information provided by this map and by topographic and gravity
analyses improves our knowledge of the structural and geologic history of
the canyon system, which in turn yields insights into its origin. The
identification of a distinct rise at the central canyons indicates that uplift,
which increases surface area and promotes surface extension, was a major
contributor to canyon formation. Uplift probably was caused by a thermal
and density anomaly of the mantle. Such an anomaly is suggested by the
relatively thin lithosphere (less than 100 km thick) inferred from gravity data
(Tanaka and others, 1986) and from rift-width measurements (Wood and
Head, 1978; Frey, 1979a). Also, as suggested by Schonfeld (1979), much of
the subsidence of Valles Marineris could have resulted from magma
withdrawal associated with the extrusion of volcanic rocks (Scott and
Tanaka, 1986). Possible volcanic materials that formed during canyon
development include layered material and latest flows and deposits of the
ridged plains material, the smooth unit of the plateau sequence, and younger
fractured material. In east Africa, extrusion of volcanit rocks accompanied
rift formation, particularly during early rift development when flood lavas
were produced (Baker and others, 1972, p. 53). Other, relatively limited
processes contributing to the Martian canyon formation include removal of
subsurface ground water and wind erosion of debris (Sharp, 1973).
Formation of Valles Marineris, therefore, may have been caused primarily
by (1) crustal uplift and rifting and (2) collapse resulting from magma
withdrawal.

As discussed above, Noctis Labyrinthus probably formed during or
shortly after opening of Valles Marineris. If so, possible regional stresses
resulting from Tharsis-centered tectonism were negligible compared with
local stresses. Noctis Labyrinthus and Valles Marineris were individual
centers of uplift, as indicated by their topographic highs and distinct fault
patterns. The complex pattern of Noctis Labyrinthus may result from broad
domal uplift having rejuvenated preexisting faults oriented in several
directions, whereas Valles Marineris probably formed by uplift and north-
south extension along east-trending faults. A local origin (mantle anomaly)
for Valles Marineris is also supported by gravity data. In contrast to complex
rift systems of the Earth’s crust, Valles Marineris faults are oriented
relatively uniformly, possibly because of a paucity of major, preexisting,
deep-seated lineament systems and the absence of multiple crustal plates.

GEOLOGIC SUMMARY

1. Early Noachian—Period of intense meteorite bombardment; “Ladon
basin” forms.

2. Middle Noachian—Cratering rate remains fairly high; widespread
volcanic and impact-breccia materials of plateau sequence emplaced;
intense faulting in Claritas and Nectaris Fossae; shield volcano forms
west of Nectaris Fossae.

3. Late Noachian—Decline in cratering rate; intercrater areas resurfaced;
small channels dissect highland terrain; ridged unit of plateau sequence
emplaced; faulting radial to Syria Planum forms Noctis Fossae.

4. Early Hesperian—Cratering rate continues to decline; extensive areas
of Noachian materials resurfaced by smooth and ridged plains materials.

5. Early to Late Hesperian—Main uplift and rifting at Valles Marineris and
Noctis Labyrinthus; volcanism at Syria Planum and beginning of lava
flows from Tharsis Montes; release of ground water causes two stages
of chaotic-terrain and channel development in eastern canyon province;
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thick sequence of layered material (volcanic or lacustrine) emplaced in
chasmata.

6. Early Amazonian—Continued extrusion of lava flows from Tharsis
Montes; sapping of south wall of lus Chasma produces Louros Valles;
minor tectonic activity includes subsidence of canyon floors in places;
canyon walls erode throughout Amazonian time.

7. Middle Amazonian—Tharsis Montes volcanism continues; layered
material reworked into massive deposits; huge landslides from canyon
walls emplaced on chasma floors.

8. Late Amazonian—Light and dark surficial materials emplaced, particu-
larly along recent faults on lower canyon walls; eolian activity produces
fluted and etched textures on layered and massive materiais and
deposits small dune fields; landslides continue.

REFERENCES CITED

Allegre, C.J., Courtillot, V.E., and Mattauer, Maurice, 1974, Evidence for
lateral movements of the Martian crust: EOS (Transactions of the
American Geophysical Union), v. 55, p. 341.

Baker, B.H., Mohr, P.H., and Willimans, L.A.J., 1972, Geology of the
Eastern Rift System of Africa: Geological Society of America Special
Paper 136, 67 p.

Baker, V.B., 1982, The channels of Mars: Austin, University of Texas Press,
193 p.

Banerdt, W.B., Phillips, R.J., Sleep, N.H., and Saunders, R.S., 1982, Thick
shell tectonics on one-plate planets—Applications to Mars: Journal
of Geophysical Research, v. 87, no. B12, p. 9723-9733.

Blasius, K.R., Cutts, J.A., Guest, J.E., and Masursky, Harold, 1977,
Geology of the Valles Marineris—First analysis of imaging from the
Viking 1 Orbiter primary mission: Journal of Geophysical Research,
v. 82, no. 28, p. 4067-4091.

Breed, C.S., McCauley, J.F., and Grolier, M.d., 1983, Multiprocess evolution
of landforms in the Kharga region, Egypt—Applications to Mars:
National Aeronautics and Space Administration Technical Memo-
randum 86246, p. 225-227.

Carr, M.H., 1974, Tectonism and volcanism of the Tharsis region of Mars:
Journal of Geophysical Research, v. 79, no. 26, p. 3943-3949.

1979, Formation of Martian flood features by release of water from
confined aquifers: Journal of Geophysical Research, v. 84, no. B6, p.
2995-3007.

1981, The surface of Mars: New Haven and London, Yale University
Press, 232 p.

Chicarro, A.F., Schultz, P.H., and Masson, Philippe, 1985, Global and
regional ridge patterns on Mars: Icarus, v. 63, no. 1, p. 153-174.

Christiansen, E.H., and Head, J.W., 1978, Martian landslides—Classification
and genesis: National Aeronautics and Space Administration Techni-
cal Memorandum 79729, p. 285-287.

Comer, R.P., Solomon, S.C., and Head, J.W., 1985, Mars— Thickness of the
lithosphere from the tectonic response to volcanic loads: Reviews of
Geophysics, v. 23, no. 1, p. 61-92.

Cutts, J.A., 1973, Nature and origin of layered deposits of the Martian polar
regions: Journal of Geophysical Research, v. 78, no. 20, p. 4231-4249.

De Hon, R.A., 1982, Martian volcanic materials—Preliminary thickness
estimates in eastern Tharsis region: Journal of Geophysical Research,
v. 87, no. B12, p. 9821-9828.

Fanale, F.P., Salvail, J.R., Zent, A.P., and Postawko, S.E., 1986, Global
distribution and migration of subsurface ice on Mars: Icarus, v. 67,
no. 1, p. 1-18.

Frey, Herbert, 1979a, Martian canyons and African rifts—Structural
comparisons and implications: Icarus, v. 37, no. 1, p. 142-155.

— 1979b, Thaumasia—A fossilized early forming Tharsis uplift:
Journal of Geophysical Research, v. 84, no. B3, p. 1009-1023.
Gifford, A.W., 1981, Ridge systems on Mars: Advances in Planetary
Geology, National Aeronautics and Space Administration Technical

Memorandum 84412, p. 219-363.

Greeley, Ronald, and Spudis, P.D., 1981, Volcanism on Mars: Reviews of
Geophysics and Space Physics, v. 19, no. 1, p. 13-41.

Hartmann, W.K., 1973, Martian surface and crust—Review and synthesis:
Icarus, v. 19, no. 4, p. 550-575.

Lucchitta, B.K., 1978a, A large landslide on Mars: Geological Society of
America Bulletin, v. 89, no. 11, p. 1601-1609.

_1978b, Morphology of chasma walls, Mars: Journal of Research of
the U.S. Geological Survey, v. 6, no. 5, p. 651-662.

1979, Landslides in Valles Marineris: Journal of Geophysical
Research, v. 84, no. B14, p. 8097-8113.

1985, Young volcanic deposits in the Valles Marineris, Mars, in
Abstracts of papers submitted to the 16th Lunar and Planetary
Science Conference, Lunar and Planetary Institute, Houston, March
11-15, 1985, p. 503-504.

— 1987, Recent mafic volcanism on Mars: Science, v. 235, p. 565-567.

Lucchitta, B.K., Anderson, D.M., and Shoji, Hitoshi, 1981, Did ice streams
carve martian outflow channels?: Nature, v. 290, no. 5809, p.
759-763.

70°

NECTARIS

“COPRATES
RISE
FOSSAE

XANTHE o

r«“‘qp
Q

GANGIS CHASMA

AURORAE
PLANUM

gos

EOS CHAOS

|
TERRA

HYDRAOTES ‘
CHAOS

AUREUM

M

/ “LADON
/ BASIN”

| LADON vALLES

CHAOS

MARGARITIFER

MARGARITIFER

CHAOS

TERRA

0°

— —10°

—20°

60°

Lucchitta, B.K., Ferguson, H.M., and Summers, Cathy, 1986, Sedimentary
deposits in the northern lowland plains, Mars: Journal of Geophysical
Research, v. 91, no. B13, p. E166-E174.

Mars Channel Working Group, 1983, Channels and valleys on Mars:
Geological Society of America Bulletin, v. 94, no. 9, p. 1035-1054.

Masson, Philippe, 1977, Structure pattern analysis of the Noctis Labyrinthus-
Valles Marineris regions of Mars: Icarus, v. 30, no. 1, p. 49-62.

1980, Contribution to the structural interpretation of the Valles
Marineris, Noctis Labyrinthus, Claritas Fossae regions of Mars: The
Moon and the Planets, v. 122, p. 211-219.

Masursky, Harold, Boyce, J. M., Dial, A.L., Jr., Schaber, G.G., and Strobell,
M.E., 1977, Classification and time of formation of Martian channels
based on Vikingdata: Journal of Geophysical Research, v. 82, no. 28,
p. 4016-4037.

Masursky, Harold, Dial, A.L., Jr., and Strobell, M.E., 1978, Geologic map of
the Phoenicis Lacus quadrangle of Mars: U.S. Geological Survey
Miscellaneous Investigations Series Map 1-896, scale 1:5,000,000.

Maxwell, T.A., 1982, Orientation and origin of the ridges in the Lunae
Palus-Coprates region of Mars: Journal of Geophysical Research, v.
87, Supplement, p. A97-A108.

McCauley, J.F., 1978, Geologic map of the Coprates quadrangle of
Mars: U.S. Geological Survey Miscellaneous Investigations Series
Map [-897, scale 1:5,000,000.

McCauley, J.F., Carr, M.H., Cutts, J.A., Hartmann, W.K., Masursky,
Harold, Milton, D.J., Sharp, R.P., and Wilhelms, D.E., 1972, Pre-
liminary Mariner 9 report on the geology of Mars: Icarus, v. 17, no. 2,
p. 289-327.

Milton, D.J., 1973, Water and processes of degradation in the Martian
landscape: Journal of Geophysical Research, v. 78, no. 20, p.
4037-4047.

Nedell, S.S., and Squyres, S.W., 1984, Geology of the layered deposits in
Valles Marineris: Water on Mars Conference, November 30-Decem-
ber 1, 1984, NASA Ames Research Center, p. 56-57.

Neukum, Gerhard, and Hiller, Konrad, 1981, Martian ages: Journal of
Geophysical Research, v. 86, no. B4, p. 3097-3121.

Nummedal, Dag, and Prior, D.B., 1981, Generation of Martian chaos and
channels by debris flows: Icarus, v. 45, no. 1, p. 77-86.

Peterson, Christine, 1981, A secondary origin for the central plateau of
Hebes Chasma: Lunar and Planetary Science Conference, 12th,
Houston, March 16-20, 1981, Proceedings, Geochimica et Cosmo-
chimica Acta, p. 1459-1471.

Pieri, D.C., 1980, Martian valleys: Morphology, distribution, age, and
origin: Science, v. 210, no. 4472, p. 895-897.

Plescia, J.B., and Saunders, R.S., 1982, Tectonic history of the Tharsis
region, Mars: Journal of Geophysical Research, v. 87, no. B12, p.
9775-9791.

Plescia, J.B., Roth, L.E., and Saunders, R.S., 1980, Tectonic features of
southeast Tharsis: National Aeronautics and Space Administration
Technical Memorandum 81776, p. 68-70.

Roth, L.E., Downs, G.S., Saunders, R.S., and Schubert, Gerald, 1980,
Radar altimetry of south Tharsis, Mars: Icarus, v. 42, no. 3, p.
287-316.

Saunders, R.S., 1979, Geologic map of the Margaritifer Sinus quadrangle of
Mars: U.S. Geological Survey Miscellaneous Investigations Series
Map [-1144, scale 1:5,000,000.

Saunders, R.S., Roth, L.E., and Downs, G.S., 1980, Early volcanic-tectonic
province—Coprates region of Mars: National Aeronautics and Space
Administration Technical Memorandum 81776, p. 74-76.

Schonfeld, Ernest, 1979, Origin of Valles Marineris: Lunar and Planetary
Science Conference, 10th, Houston, March 19-23, 1979, Proceedings,
p. 3031-3038.

Schultz, P.H., and Britt, D.T., 1986, Early changes in gradation styles and
rates on Mars, in Abstracts of papers submitted to the 17th Lunar and
Planetary Science Conference, Houston, March 17-21, 1986, p.
775-776.

Schultz, P.H., Schultz, R.A., and Rogers, John, 1982, The structure and
evolution of ancient impact basins on Mars: Journal of Geophysical
Research, v. 87, no. B12, p. 9803-9820.

Scott, D.H., 1982, Volcanoes and volcanic provinces: Martian western
hemisphere: Journal of Geophysical Research, v. 87, no. B12, p.
9839-9851.

Scott, D.H., and Carr, M.H., 1978, Geologic map of Mars: U.S. Geological
Survey Miscellaneous Investigations Series Map 1-1083, scale
1:25,000,000.

Scott, D.H., Schaber, G.G., Tanaka, K.L., Horstman, K.C., and Dial, A.L.,
dJr., 1981, Map series showing lava flow fronts in the Tharsis region of
Mars: U.S. Geological Survey Miscellaneous Investigations Series
Map [-1266-1280, scale 1:2,000,000.

Scott, D.H., and Tanaka, K.L., 1981a, Map showing lava flows in the
northeast part of the Phoenicis Lacus quadrangle of Mars: U.S.
Geological Survey Miscellaneous Investigations Series Map [-1277,
scale 1:2,000,000.

1981b, Paleostratigraphic restoration of buried surfaces in Tharsis
Montes: Icarus, v. 45, no. 2, p. 304-319.

50° 40°

30°

Figure 2. Perspective view of central Valles Marineris looking due east at 30° above horizon. Canyon
system cuts the crest of a high, broad ridge. lus Chasma in center, widening eastward into Melas
Chasma at top. Vertical exaggeration 5X. Produced from digital elevation data from stereo-
grammetry by S.S.C. Wu and natural-color Viking image processing by A.S. McEwen.

1986, Geologic map of the western equatorial region of Mars: U.S.
Geological Survey Miscellaneous Investigations Series Map 1-1802-A,
scale 1:15,000,000.

Sharp, R.P., 1973, Mars—Troughed terrain: Journal of Geophysical
Research, v. 78, no. 20, p. 4063-4072.

Sleep, N.H., and Phillips, R.J., 1985, Gravity and lithospheric stress on the
terrestrial planets with reference to the Tharsis region of Mars:
Journal of Geophysical Research, v. 90, no. B6, p. 4469-4489.

Squyres, S.W., and Carr, M.H., 1986, Geomorphic evidence for the
distribution of ground ice on Mars: Science, v. 231, p. 249-252.

Tanaka, K.L., 1982, A new time-saving crater-count technique, with
application to narrow features: National Aeronautics and Space
Administration Technical Memorandum 85127, p. 123-125.

1986, The stratigraphy of Mars: Lunar and Planetary Science
Conference, 17th, Houston, March 17-21, 1986, Proceedings, Part 1,
Journal of Geophysical Research, v. 91, no. B13, p. E139-E158.

Tanaka, K.L., Witbeck, N.E., and Scott, D.H., 1986, Gravity-profile analysis
over central Valles Marineris, Mars: National Aeronautics and Space
Administration Technical Memorandum 88383, p. 603-604.

U.S. Geological Survey, 1976, Topographic map of Mars: U.S. Geological
Survey Miscellaneous Investigations Series Map 1-961, scale
1:25,000,000.

Watters, T.R., and Maxwell, T.A., 1983, Crosscutting relations and relative
ages of ridges and faults in the Tharsis region of Mars: Icarus, v. 56,
no. 2, p. 278-298.

Willemann, R.J., and Turcotte, D.L., 1982, Role of lithospheric stress in the
support of the Tharsis rise: Journal of Geophysical Research, v. 87,
no. B12, p. 9793-9801.

Wise, D.U., Golombek, M.P., and McGill, G.E., 1979, Tharsis province of
Mars—Geologic sequence, geometry, and a deformation mechanism:
Icarus, v. 38, no. 3, p. 456-472.

Wood, C.A., and Head, J.W., 1978, Rift valleys on Earth, Mars, and Venus,
inRamberg, .B., and Neumann, E.R. (eds.), Tectonics and geophysics
of continental rifts, Dordrecht, Holland, D. Reidel, p. 401-408.

Wu, S.S.C., Jordan, Raymond, and Schafer, F.J., 1986, Mars global
topographic map: 1:15,0600,000 scale: National Aeronautics and
Space Administration Technical Memorandum 88383, p. 614-617.

Table 1.

Crater densities of selected map units

22.5°

[Countingareas grouped by location on 1:2,000,000-scale subquadrangles (see Introduction).
Only superposed craters counted except in counting areas of units marked by asterisk,
where all observed craters were counted]

Unit Location Area  Density (No. craters>diameter per 106 km2)
symbol (km?) 1 km 2 km 5km 16 km
MC-17NE

Ats  Tharsis Montes 612,492 90+ 12 10+ 4 -
Hsu  Syria Planum 315,537 434+ 37 76+ 15 11t 6
Hf Noctis Labyrinthus 71,904 737+101 70+ 31 -
Nf Noctis Fossae 61,396 684+105 162+ 51 -
MC-18NW

Hsu  W. Sinai Planum 189,728 627+ 58 121+ 25 -
Hf N. of Tithonium

Chasma 87,808 1,116+113 774+ 94 216+ 50 34420
Hr E. Sinai Planum 113,902 1,993+132 852+ 86 167+ 38 44420
Hr E. Sinai Planum 59,512 2,151+190 958+127 185+ 56 50+30
Nplr  E. Sinai Planum 44512 1,595+189 1,101+157 225+ 71 62+37

MC-18NE, northern third of 18SE
Hr Ophir Planum 106,260 1,167£105 273+ 50 28+16
Hr E. Coprates Chasma 96,940 1,083+106 289+ 55 47422
Hplz  Aurorae Planum 33,816 1,745+227 5624129 59+42
Nf S. Coprates Chasma 48,090 977+143 374+ 88 57+34
Nply  N. Gangis Chasma 106,920 1,038+ 99 215+ 45 51+21
Npl1* N. Gangis Chasma 106,920 1,291+110 468+ 66 159439
MC-19NW, northern third of 19SW

Npla2  N. Capri Chasma 110,798 1,2824+108 235+ 46 36+18
Nplo* N. Capri Chasma 110,798 1,598+120 551+ 70 162+38
Nplp  S. Pyrrhae Chaos 77,686 1,068+117 245+ 56 32+19
Nplo* S. Pyrrhae Chaos 77,686 1,416+135 592+ 87 180+48
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