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Preface

The work described in this Report was performed under the cognizance of the
Mariner Mars 1971 Project.

This five-volume document constitutes the Mariner Mars 1971 Project Final
Report. Volume 1 consists of Project development through launch and trajectory-
correction maneuver. Volume II presents the preliminary science results derived
from data evaluation to December 14, 1971. (The information contained in Vol-
ume IT has appeared in Science, Vol, 175, January 1972.) Volume IIT describes the
Mission Operations System and covers flight operations after trajectory-correction
maneuver through the standard orbital mission up to the onset of solar occultations
in April 1972. Volume IV consists of the science results derived from the standard
orbital mission and some preliminary interpretations of the data obtained
from the extended mission. Volume V is an evaluation of mission success based
upon comparisons of science results with the experiment objectives.

Detailed information on Project organization, Project policies and requirements,
subsystem development, and other technical subjects has been excluded from the
Project Final Report volumes. Where appropriate, reference is made to the JPL
informal documentation containing this information. The development of most
Mariner 9 subsystems is documented in JPL Technical Memorandums.
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Abstract

This Technical Report contains science results from the mission of Mariner 9,
the first planetary orbiting spacecraft. Mariner 9 was inserted into Mars orbit on
November 14, 1971, and expired on October 27, 1972. A summary of significant
mission events is also included.

Mariner 9 observed the impact-cratered surface of Mars, discovered volcanic
mountains, rift valleys, tectonic faults, and various types of terrain showing
evidence of fluvial and wind erosion. It recorded an atmosphere with a complex
meteorology of clouds, storms, and weather fronts; and photographed Phobos and
Deimos, the two satellites of Mars. The results of analyses derived from these
observations are presented in this Report. They have been written by individual
experimenters or by members of the experiment teams and represent analysis
efforts through November 1972.
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Note to Data Users

National Aeronautics and Space Administration (NASA) policy requires that
experimental data acquired from NASA-sponsored missions be deposited in the
National Space Science Data Center' (NSSDC). These data are then available
to the general science user at distribution costs determined by NSSDC. The con-
tent of the filed data is negotiated with each experiment’s Principal Investigator
and is dependent on the instrumentation used. Generally, the attempt is to store
the received experimental data, after processing to remove instrumental distor-
tions and effects. Results of analysis are not maintained at NSSDC. Inquiries
regarding the specific nature of the Mariner 9 data available should be made to
NSSDC.

More explicit guidance can be given for the Mariner 9 television pictures,
especially with respect to the material used in this Report. The pictures are
derived from five processing sources:

(1) Real time during operations (MTVS, JPL).
(2) Reduced Data Record (RDR: Image Processing Laboratory, JPL).

)
)

(3) Rectified and Scaled (R&S: Image Processing Laboratory, JPL).

4) Experimenter Analysis Support (EAS: Image Processing Laboratory, JPL).
)

(
(8) Special Processing (AIL: Artificial Intelligence Laboratory, Stanford Uni-
versity).

The first two listed items (MTVS, RDR) for Mariner 9 pictures are available from
NSSDC with supporting data primarily describing the location of the pictures.
The R&S products were made only for “Mapping A frames” (wide-angle camera
pictures) and selected “B frames” (narrow-angle camera pictures). These are also
available from NSSDC. EAS and AIL processing, by their nature, are specialized
to assist analysis. For general distribution each picture would require an extensive
description to clarify the processing, its intent, and cautions for interpretation.
Therefore, EAS and AIL processed pictures are not stored at NSSDC. Users wish-
ing copies of such material should communicate directly with the responsible
author.

Finally, some remarks about identification. Because of the large number of
pictures and the many processed versions, a specific identification method was
devised for ordering copies from NSSDC and for references. The picture identi-
fication must include (a) and either (b) or (c) including the designation MTVS
or RDR or EAS, etc.

(a) DAS Time, an 8 digit number between 1,491,192 and 13,511,828. This
number is derived from a spacecraft clock and is common to all versions of the
same picture. It is also used to identify the supporting data and to correlate with
data from other Mariner 9 instruments.

1National Space Science Data Center

National Aeronautics and Space Administration
Goddard Space Flight Center

Greenbelt, Maryland 20771

JPL TECHNICAL REPORT 32-1550, VOL. IV sexd



(b) MTVS Roll and File Number, of the form xxxx-xx. The first four digits are
the MTVS roll number and are normally unique for each orbit. The numbers
were controlled by the acquisition sequence of the spacecraft operation. The
remaining digits are the file number or sequential position in the roll where a
particular version of a picture can be found.

(c) RDR, R&S, EAS, and AIL products are identified by an Image Processing
Laboratory (IPL) roll and process time of the form “roll number given,” numerical
month, day, year and time of day (hours, minutes, seconds in 24-hour time).
Similar to the MTVS identifier, the IPL roll number identifies the picture roll,
and the process time indicates the sequential position within the roll. However,
the ordering of pictures and the numbering are controlled by the processing
sequence requested and have no formal relation to the MTVS or spacecraft
acquisition sequence,

More detailed information describing the Mariner 9 mission, data acquisition,
and data processing, especially for the television imagery, can be found in Vol-
umes I, II, and Volume II Addendum, of the Mariner Mars 1971 Television
Picture Catalog, JPL. Technical Memorandum 33-585. Questions regarding the
availability and distribution of this Catalog should be addressed to NSSDC.

xxii JPL TECHNICAL REPORT 31-1550, VOL. IV



cartographers will attempt to compare integrated con-
tour maps tied to occultation measurements (Refs. I-8
and I-9; also see Section XXXVII of this Report) and
Earth-based radar (Refs. I-10 and I-11). Systematic
geologic mapping will be performed on the final carto-
graphic products. Rectification, scaling, and additional
enhancement of pictures and their integration with nu-
merical results from the other experiments, such as gravity
measurements provided by the celestial mechanics ex-
perimenters (Ref. I-12), will allow more sophisticated
analysis, particularly about the thickness and density of
the crust.

Because Mars is a low-contrast object, the pictures
must be extensively computer-enhanced to bring out
surface detail. Suppression of electronic noise in the
television subsystem and upgrading of enhancement
techniques, especially early in the mission when dust
obscured the surface, allowed the image detail to be
made visible (Ref. 1-13).

With the loss of Mariner 8, extensively pre-planned
different, but complementary, objectives established for
both spacecraft had to be integrated into a new mission
plan for Mariner 9. On the arrival of Mariner 9 at
Mars, the planet-wide dust storm that had been ob-
served in late September was still raging (Ref. 1-14)
so that this complex post-launch mission plan also had
to be abandoned. Reconnaissance pictures were taken
until January 1 when the dust storm subsided sufficiently
to begin mapping sequences along with selected pictures
taken for geodesy, variable features, atmosphere, and
satellite studies. This mode continued with numerous
successive modifications brought on by operational con-
straints until 70% of the planet had been mapped.

After a period of 2 months, when pictures could not
be taken because of solar occultation, the mapping mis-
sion was resumed. During this period the northern spring
season progressed, and the north polar hood had dis-
appeared. Two new stars (Arcturus and Vega) were
used for the first time in any space program to orient
the spacecraft in more favorable picture-taking attitudes,
thus allowing the remaining 30% of the planet in the
northern hemisphere to be mapped. Some candidate
landing sites for the Viking Program (Ref. I-15) also
were photographed. After another interruption of 6
weeks during superior conjunction (Mars and the space-
craft passed behind the Sun), the final extended mission
picture sequences were taken to fill gaps in the photo-
graphic coverage, to photograph areas of special interest,

to monitor the retreat of the north polar cap (Ref.
1-16), and to study cloud formation over the volcanic
constructs such as Nix Olympia (Ref. I-17).

B. Volcanic Features

The first features that emerged through the dust pall
that blanketed the planet were four dark spots visible
in high-altitude reconnaissance pictures; these spots
later proved to be the four highest peaks on the planet,
each of which is surmounted by a summit crater or
complex of craters (Ref. I-18; Figure 1 of Ref. I-19).
Gradual atmospheric clearing revealed first the full extent
of the great volcanic pile of Nix Olympica, which rises
high above the Amazonis basin floor (Figure 10 of Ref.
I-20; Ref. I-21). (Estimates of its height by various meth-
ods of altimetry vary from 8 to 27 km.) This single vol-
canic edifice is about twice as wide as the largest of the
Hawaiian volcanic pile and is about equal in volume to
the total extrusive mass of the Hawaiian Islands chain.
The form of the flank flows and of the lava channels with
natural levees is strikingly similar to those of Hawaii
and the Galapagos, suggesting that the flows may be
basaltic in composition as on these comparable terrestrial
structures (Refs, I-19 and 1-22).

The three other volcanoes, also of surprisingly large
size, lie along the Tharsis ridge. The summit of South
Spot, from current altimetry data, lies more than 17 km
above the floor of the Amazonis basin to the west, This
estimated elevation difference almost equals the maxi-
mum relief on Earth, which amounts to about 20 km.
The lava flows that radiate from the summit caldera
of South Spot are not long and thin as are those of Nix
Olympica, but rather are short and stubby (Refs. 1-19
and I-21; also see Section II of this Report). This differ-
ence in form suggests probable differences in the com-
position of the flank flows. Those of South Spot are
clearly less fluid than those of Nix Olympica and may
be more silicie, possibly andesitic in composition. Short
stubby flows of similar appearance are common in the
upper parts of some continental volcanoes such as Mt.
Hood and Mt. Rainier.

It is possible that variation in temperature and gas
content could account for these differences in flow
morphology, rather than a difference in original composi-
tion. The lack of craters and the morphologic crispness
of the lava flows indicate that the upper layers of these
large volcanoes are relatively young geologically, what-
ever their composition. The discovery of geologically
youthful, large volcanic structures indicates that Mars
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has been internally active. These features also provide a
plausible source for much of the carbon dioxide and
water in the atmosphere.

The Amazonis basin floor is covered in many places
by a succession of lobate-fronted flows (Fig. I-1a) that
resemble terrestrial basalt flows and the basalt flows that
£l the mare basins on the Moon (Figs. I-1b and I-1c).

Fig. I-1a. Lobate lava flow front on basin floor similar to basaltic
flows on Earth and the Moon. (MTVS 4179-30, DAS 06966613)

Fig. I-1b. Lunar Orbiter V photograph showing lobate flow front
on the Moon in the central part of the Imbrium basin. Similar
flows collected at the Apollo landing site are basaltic in com-
position.
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Fig. I-1c. Elongate lava flows in northern Oceanus Procellarum
photographed by the metric camera on Apollo 15.

Low mare-type domes with summit craters resemble
basaltic shield volcanoes common on both Earth and the
Moon. Domes of this type are scattered over the basin
floors in the Amazonis and Elysium regions (Refs. I-20
and 1-21; also see Section II of this Report).

In some areas the plains are slightly uplifted and trans-
sected by faults. Some of these closely spaced horsts and
graben are modified, often assuming a streamlined ap-
pearance attributed to the long-term effects of eolian
erosion (Figs. 2a, 2b of Ref. 1-23; also see Figs. X-2a and
X-2b of this Report). Craters are more abundant in these
structured terrains than on unfaulted plains; the most
obvious of these faulted areas forms a large aureole
around Nix Olympica. These rocks may represent an
earlier generation of lava flows related to ancestral Nix
Olympica volcanism (Ref. I-21; also see Section II of
this Report).

Another type of voleanic feature is exemplified in the
Hesperia region (22°S, 253°W; see Ref. 1-19). This fea-
ture is characterized by a line of calderas in the center
of a pattern of circular and radiating faults and channels
with irregularly distributed volcanic blankets. This un-
usual feature lies within an area of plains, and no large
volcanic pile or constructional edifice is evident (Ref.
1-24; also see Section IV of this Report). The channels
closely resemble terrestrial and lunar lava channels.



Fig. I-2a. Mosaic of wide-angle pictures showing complex of
faults surrounding the volcanic structure in the Alba region. It
resembles terrestrial volcanic complexes with central cauldrons.
(MTVS 4224-63, DAS 08443019; MTVS 4222-69, DAS 08371134;
MTVS 4222-57, DAS 08370854)

Another example of a volcanic feature lies in the Alba
region (40°N, 110°W; Fig. I-2a). Here an array of
faults encircles a large depression in the central part of
a very low prominence. This depression resembles a
cauldron rather than a caldera. The morphology of these
deposits and their relation to the tectonic features re-
semble those of terrestrial intracontinental volcanic cen-
ters such as those of Scotland (Refs. I-25 through I1-27);
Norway (Ref. 1-28); New England (Ref. I-29); and
Africa (Ref. I-30) that contain more differentiated rocks
of more variable composition than flood basalts and
shield volcanoes. These terrestrial volcanic centers, when
deeply eroded, commonly display ring and radial dikes,
cone sheets, and evidence of cauldron subsidence.

Three other types of volcanic features are well de-
veloped. The first is typified by lines of craters 2 to 10
km in diameter along structural breaks parallel to major
graben (Figs. 25 and 26 of Ref. 1-20). Lines of volcanic

Fig. i-2b. Polygonally broken filling of crater cut by faulit; in-
ferred to be volcanic filling. Resembles terrestrial lava lakes that
have solidified. (MTVS 4174-27, DAS 06822588)

vents such as the craters along the southwest rift zone
of Mauna Loa, Hawaii (Ref. I-31) are common in ter-
restrial areas with a similar structural pattern. The sec-
ond type, which occurs in the floors of some Martian
craters (Fig. 1-2b) along fault zones, consists of poly-
gonal blocks segmenting what appear to be frozen lava
lakes in pit craters like those near the summit of Kilauea,
Hawaii. Craters of this type also occur on the Moon,
where they have been called “turtleback” craters (Fig.
I-2¢). The third type of volcanic feature consists of
complex ridges that are commonly steeper on one side
(Figs. I-3a and I-3b). They occur in areas where lobate
flow fronts and broad low domes imply basaltic vol-
canism. They resemble the lunar mare ridges that are
interpreted as faults along which basaltic lava has
squeezed upward. Similar squeezeups are common on
terrestrial basalt flows, but on a much smaller scale,

C. Tectonic Features

Sloping eastward from the Tharsis ridge crest is a
large equatorial plateau or tableland. This plateau is
broken by three sets of fractures trending east—west,
northwest, and northeast. The paucity of craters indicates
that the rocks underlying the plateau are geologically
young. East of the mosaic of fault blocks, the graben
between blocks coalesce into the great equatorial canyon
or rift valley system (Fig. I-4), 6 km deep in places, that
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Fig. I-2c. “Turtleback” lunar crater near crater Tycho photo-
graphed by Lunar Orbiter V; inferred to be volcanic filling of
crater.

Fig. 1-3b. Narrow-angle view of Middle Spot showing radiating
fracture with accompanying extrusives similar to lunar mare
ridges. (MTVS 4096-81, DAS 04402170)

Fig. |-3a. Wide-angle view of Middle Spot caldera.
(MTVS 4081-3, DAS 03930239)

extends almost 5000 km to the east (Fig. 1-5a). Some
volcanism associated with the inferred faulting that initi-
ated these unanticipated Martian structures is suggested
by the previously mentioned lines of craters along frac-
tures parallel to the main rift valley system. These chain
craters, however, lack obvious rim deposits and alterna-
tively could be the product of collapse of surficial ma-
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Fig. I-3c. Complex fracture with extrusives on floor of the
Amazonis basin. (MTVS 4287-15, DAS 11443439)

terials into subsurface fissures. The steep lateral valleys
in places appear to be debris channels for mass wasted
material. In other channels there are closed depressions
that may be degraded volcanic vents. The upper reaches
of the shallow sinuous valleys along the southern margin
of the rift valley system appear to require formational
processes other than mass wasting (Ref. 1-32).



Fig. I-4. Mosaic of Mariner 9 wide-angle pictures of rift valley system showing termination
in the fauit complex at the west end where the area stands highest.

Along the cliffs bounding the high plateau, layers and
deposits are exposed which average about 100 m in thick-
ness. The uppermost layer usually seems to be the most
resistant and forms a rocky rim. The rocks may be
volcanic, as they lie adjacent to the lines of craters that
could be feeder vents. In places, markedly eroded layers
are visible within the canyon floors, and many layers of
light and dark rocks are exposed (Fig. I-5b). The layers
within these presumed valley fill deposits do not seem
to match the more obscure and massive layering in the
canyon walls; thus, these more finely layered deposits
could represent earlier generations of valley fill now
being stripped out by erosion. In many areas the cliffs
are bordered by masses of debris that apparently have
slid into the adjacent lowlands. In other areas the ma-
terial retains its coherence and descends in a series of
terraces that are similar in appearance to the chaotic
terrain described in pictures taken by Mariners 6 and 7
(Refs. 1-33 and 1-34; also see Section VI of this Report).

D. Channels

Emerging from the northern plateau lands, a complex
array of broad, sinuous channels descends into a region-
ally depressed area (Figs. I-6a and I-8b). As the chan-
nels merge on the border of the flat, low Chryse area,
the channel floors show multiple braided channels and
streamlined islands (Fig. I-6¢) that confirm the north-
ward direction of flow consistent with the regional slope
of the surface determined from infrared and ultraviolet
spectral data.

Lying on the level, high plateau surface are other
channels; these are sinuous and have many tributaries
(Refs. I-35 through I-37; also see Section IIT of this
Report). These channels descend to the east and north,
becoming broader and more clearly defined. The tribu-
taries and the form of the braided channels are unlike
those of terrestrial and lunar volcanic sinuous rilles, and
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Fig. 1-5a. Inferred elevation profile across rift valley system using pressure measurements made by the ultraviolet spectrometer,

closely resemble terrestrial intermittent stream channels.
Their form and degree of freshness strongly suggest flow

of liquid water in the recent geologic past of Mars (Fig.
I-7).

Some channels originate in great masses of hummocky
to broken, slabby material at the base of cliffs, and may
be related in origin to this chaotic terrain as proposed
by McCauley et al. (Ref, 1-20) and Masursky et al. (Ref.
1-19). Sharp et al. (Ref. 1-33) proposed, from the Mar-
iner 6 and 7 pictures, that the collapse of these rocks
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and formation of large-scale landslides may be caused
by melting of permafrost. The more extensive photo-
graphic coverage leads to the logical extension of the
permafrost proposal; that is, water derived from the
melting of the permafrost seeped out from under the
slides, formed the broad sinuous channels, and flowed
into the northern lowlands. The only terrestrial analogs
to these enormous channels, which are 30 to 60 km wide,
are the Channeled Scablands of the Columbia plateau in
the United States and the sandur plains {glacial out-
wash) of Iceland, which fringe the large glaciers (Ref,



Fig. I-5b. Light and dark layers in equatorial zone; layers do not
match layers in adjacent walls of canyon and may be later fill
now being stripped by erosion. (MTVS 4282-11, DAS 10492589)

Fig. I-6a. Mosaic of wide-angle pictures showing broad, sinuous
channels emerging from base of landslide debris and flowing
north into the lowland. )

Fig. I-6b. Wide-angle picture showing channel and landslide
debris. (MTVS 4201-60, DAS 07686808)

Fig. I-6¢c. Braided channel with its source near the toe of a
hummocky debris landslide. (MTVS 4206-63, DAS 07830588)

1-37; also see Section IIT of this Report). In both areas,
great volumes of glacial meltwater result in torrential
floods with accompanying fluvial erosion and de-
position.

Two proposals have been made to account for the
melting of permafrost over large areas. The first hypo-
thesis is that local heating by volcanic activity would
mobilize the fluids; the second proposes planet-wide

JPL TECHNICAL REPORT 32-1550, VOL. IV



=z BROAD CHANNELS

= SINUOUS CHANNELS

D CHANNEL NETWORKS

Fig. I-7. Map showing distribution of three fluvial-type channels on Mars.

heating as a result of secular or cyclical changes in clim-
ate. A climate interglacial episode conceivably could melt
the permafrost in the large equatorial region and thus
be the cause not only of the chaotic terrain, but also of
the channels.

Somewhat different, very sinuous valleys with many
tributaries lie on the high-level plateau surface in the
Rasena, Mare Erythraeum, and Memnonia regions. The
channels with braided floors descend to the east and
north, becoming breader and more clearly defined (Ref.
1-32). They apparently are formed by a different process
than the broad, chaos-related channels. Their primary
and secondary tributaries, dendritic patterns, and lack
of apparent source areas seem to require rainfall collected
into integrated channels along with both surface erosion
and deposition in alluvial basins.

Another type of channel is widespread in the ancient
cratered terrain as near Sinus Sabaeus (8°S, 334°W).
Complex networks of tiny coalescent channels run down
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the sides of many craters. Their origin is not unequivocal,
but they also resemble fluvial channels and imply forma-
tion of precipitation collection. If this origin is correct,
widespread rainfall is necessary to feed the channels.
The occurrence of the channels in the equatorial zone
suggests that only a slight temperature rise would be
necessary to produce liquid water there if the water par-
tial pressure were to be raised at the same time. An
“interglacial” episode that melted the polar caps and
planet-wide permafrost should be adequate to allow
flowing water to exist in the equatorial zone on the
surface of Mars.

Another type of channel is associated with volcanic
centers (Fig, I-8a). The channels start on the flanks of
volcanic craters and are less well defined downstream.
This relationship is the opposite of that generally ob-
served in fluvial channels. These features closely re-
semble lunar sinuous rilles such as the Hadley and
Prinz rilles (Fig. I-8b) and are now generally thought
to be collapsed lava channels in basaltic rocks, as is



Fig. 1-8a. Lava channel on flank of crater; starts in crater
and descends, becoming smaller in contrast to the fluvial-
type channels that grow downstream. (MTVS 4298-39, DAS
13496088)

Fig. I-8b. Prinz Rilles in northwest part of Moon photographed
by Lunar Orbiter V. Crater at head of the rille is the size of the
crater Prinz. The rille descends to the north, becoming narrower
and more shallow in contrast to the fluvial channels on Mars.
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inferred from the samples and photographs returned as
a result of the Apollo 15 mission.

In summary, channels can be divided into four groups:
the three varieties discussed with characteristics that
imply a fluvial origin in which water must be the
transport medium (broad and sinuous, narrow with
braided floors and tributaries, and small and closely
spaced), and a fourth variety with characteristics that
imply a volcanic origin involving molten lava flows.

E. Polar Features

Monitoring of the polar regions allowed observation
of the rapid retreat of the frost cover from its maximum
extent of more than 50° across when photographed in
1969 to a minimum of less than 10° across in 1972
(Refs. I-16, I-19, and I-38). Ancient cratered terrain
extends from north of the equator southward to the
south polar region, where it is overlapped by two
younger units. The older of these overlying units is
moderately cratered and has many closed depressions
that appear to be deflation hollows (Fig. 1-9a). This
“etch-pitted” unit is composed of alternating resistant
and non-resistant rock layers which produce numerous
topographic benches and slopes along exposed edges.
The exposures of etch-pitted terrain surrounding the
polar region indicate a zone of high wind velocity which

Fig. I-9a. Etch-pitted terrain in south polar region which overlies
the ancient cratered terrain and is overlain by the laminated ter-
rain. The closed depressions probably were made by the defla-
tion. The winds are particularly strong adjacent to the polar ice,
as they are on Earth in Antarctica and Greenland. (MTVS 4132-
21, DAS 05453843)
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is stripping the surface and forming deflation hollows.
The etch-pitted unit is overlain by layered rocks origin-
ally termed the “laminated terrain” (Fig. 1-9b). The two
units of young layered deposits do not overlie the ancient
terrain in a plate-like fashion. Although they total 6 km
in thickness, they occur at a lower elevation than the
surrounding ancient cratered terrain and are covered by
ice at the pole (Ref. 1.7). Thus, these layered rocks
occupy a saucer-shaped depression that defines a discrete
basin in both polar regions. It may be that the polar rocks
have been depressed by formerly thicker polar ice. A
quantitative measure of the degree of this deformation
could be an indicator of the mobility of the Martian
subcrust.

The uniformly bedded layers best observed in the
laminated terrain are estimated to range from 10 to 30 m
in thickness. There are about 20 layers in each cuesta-
like ridge, of which there are 6 to 12 encircling the pole.
The individual thin layers appear to be cyclical deposits,
as may be the groups of layers that form the ridges that
showed in the Mariner 6 and 7 pictures (Ref. I-39). The
ledges are being eroded; they are smoothly rounded,
unlike the sharp-edge ridges in the etch-pitted and cen-
tral plateau regions. Subjacent craters are partially
covered in many places, apparently being re-exhumed
after burial. The upper surfaces of these deposits on

Fig. I-9b. Laminated terrain in the south polar region overlain
by residual ice. It eroded with rounded edges and was deposited
cyclically. The short cycles comprise eight to ten layers which
make up ledges that form the circumpolar features. (MTVS
4213-21, DAS 08080243)
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Fig. 1-10. Mosaic of wide-angle pictures of south polar region
showing the terrain units and residual cap. The polar deposits
stand higher and overlie the ancient “continental’”’ cratered ter-
rain. The laminated deposits dip inward and are topographically
lower than the surrounding cratered terrain forming the polar
basin.

which the remnant polar ice cap lies are grooved radial
to the pole (Ref. 1-32). These grooves may have been
formed by wind erosion or perhaps even glacial scour.

The south and north polar regions are similar (Figs.
I-10 and I-11) and apparently have acted as sediment
traps throughout much of the history of Mars. Sedi-
mentation in these areas must have started when the
planet cooled enough to initiate frost accumulation in
the polar region. Pervasive wind erosion in the equatorial
regions took place; these sediments then were trans-
ported, principally in suspension, and deposited into the
polar regions. The polar deposits may be thought of as
glacio-eolian, formed when the dust particles, acting as
nuclei around which the snow crystals form, are laid
down as horizontal layers. A similar process takes place
on Earth where rain, wind, and snow sweep the atmos-
phere clean of dust particles. Alternatively descending
air currents in the polar high-pressure zone may abet the
entrapment of dust particles on the surface ice, much
in the same way as dust is entrapped in terrestrial ice
fields and in glaciers.
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Fig. 1-11. Mosaic of wide-angle pictures of the north polar re-
gion showing the terrain and residual cap. The region lies 3 km
lower than the south pole. The polar deposits lie on plains de-
posits of “ocean basin’’ type. The topography is not well enough
known to determine whether the deposits are in a basin.

F. Eolian Features

The planet-wide dust storm appears to have blanketed
much of the surface with bright silt and clay-size
particles, obscuring most of the dark markings normally
observed telescopically. Since the end of the storm,
bright material has been locally scoured from the sur-
face revealing the darker, presumably coarse-grained,
underlying surface. During the mission, a local dust
storm was observed, and after its passage a dark track
was visible (Ref. 1-7). As the mission progressed, the
classic dark surface markings began to re-emerge as
the fine-grained and brighter surficial materials were
scoured and redeposited (Ref. I-4).

Uniformly distributed deposits that fringe the polar
regions and blanket the plains correspond to terrestrial
loess, widespread deposits of silt and clay-size particles.
Their redistribution reveals dark, irregular markings and
light and dark tails emanating from craters and other
topographic obstacles. The light tails appear to be wind-
deposited material; the dark tails appear to be mostly
wind-scoured zones in the lee of various topographic
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obstacles. In other cases some dark streaks appear to be
dark deposits.

In some areas dark markings in wide-angle pictures
have been resolved into sand dune fields in the narrow-
angle pictures (Ref. 1-40; see Section XI of this Report).
This dune field, about 50 km across, lies in the bottom
of a crater. The spacing of the crests of individual dunes
is on the order of 1 to 2 km. In size and shape this
feature is similar to many dune fields and sand sheets in
terrestrial deserts such as the Mojave Desert in southern
California, within which the Kelso dune field is a good
analog (Ref. I-41). Adjacent to the etch-pitted south
polar terrain is an area of “riffles” that resemble longi-
tudinal or seif dunes. Equatorward, in addition to the
dune fields, the mottled cratered plains and smooth
plains are areas of irregular to uniform, eolian loess-like
deposits that indicate even lower wind velocities. The
identification of dunes is significant because dunes indi-
cate that saltation is operative on the surface despite the
tenuous atmosphere. With saltation occurring, numerous
eolian erosion and depositional features should be ex-
pected at larger scales; some of these features are de-
scribed in Ref. I-23 (see Section X of this Report) and
are compared with pure erosion forms in the coastal
desert of Peru.

G. Impact Craters

Although impact craters are common on about one-
half of the planet’s surface, fresh craters with well
developed ejecta blankets are rare (Ref. 1-36). A few
small craters show hummocky continuous ejecta blankets
and well developed rays. Most small craters, however,
exhibit degraded ejecta blankets and no ray patterns.

Interpretation of lunar craters indicates that the first
crater-related feature that disappears by erosion is the
ray material, which originally extended outward for
many crater diameters. The continuous ejecta blankets,
up to two crater diameters in width, are more resistant
to wind erosion. However, these deposits eventually lose
their hummocky character, but the outer irregular edges
remain as low ridges. The very slow degradation of
craters on the Moon is largely by impact gardening; on
Mars the erosion is probably dominantly eolian. Most
of the ray material of lunar craters and terrestrial ex-
perimental craters is fine-grained; such material on Mars
would be subject to degradation and transportation by
winds. Thus, the paucity of ray craters is an indicator
of the effectiveness of the eolian erosional and deposi-
tional processes on Mars.
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Prominent in the southern hemisphere of the planet
are craters ranging from the limit of resolution (200 to
300 m) up to the Hellas and Argyre basins. (Hellas
is 2000 km in diameter and one-half again the size of
the Imbrium basin on the Moon.) The cratering in this
hemisphere is similar to that in the southern highlands
of the near side and much of the far side of the Moon
(Refs. 1-19 and I-42; also see Section VII of this Report).
The abundance of craters here is such that this terrain
must be very old geologically. The crater frequency is
less, however, than on Phobos, the satellite of Mars, and
in the most heavily cratered of the lunar uplands (Ref.
1-43; also see Section VIII of this Report). This lower
crater frequency probably indicates destruction of some
craters by wvarious processes that include all previously
mentioned, i.e., volcanism, tectonism, channel generation,
and eolian erosion and deposition.

The Argyre basin is ringed by radially and concen-
trically textured mountainous terrain that indicates its
similarity to the lunar multi-ringed impact basins such
as Imbrium and Orientale (Refs. 1-44 and I1-45). How-
ever, the deposits are altered by subsequent events,
including eolian modification, so they do not display
the structural and depositional textures still preserved
in the drastically less dynamic lunar environment (Ref.
1-46). Rough textured, externally and internally terraced,
generally circular craters with central peaks are thought,
as on the Moon, to be of impact origin if not so degraded
as to have these diagnostic characteristics obliterated.

Craters of impact type are clearly distinct from the
smooth-rimmed volcanic craters with their commonly
attendant radiating lava channels and flows. Secondary
crater arrays are visible in several areas and are distinct
from the linear arrays of volcanic craters along structural
lineaments. They are, however, far less abundant than
on the Moon and generally cannot be identified as to
source.

H. Planet-Wide Distribution of Geologic Units

The cratered terrain apparently is the most ancient on
Mars, and probably records, as on the Moon, the impact
of cosmic debris on the early differentiated planet (Refs.
1-47 and Fig. 1 of 1-21; also see Fig. II-1 of this Report).
Preliminary correlation of gravity mapping achieved
by tracking the Mariner 9 spacecraft with topography from
several sources indicates that the rocks in the lowlands
and plateau regions previously described are largely
isostatically compensated. This result is in agreement
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with the distribution of rocks on the Moon, where the
highlands are underlain by low-density crustal rocks
with high Al/Si ratios, and the lowlands are underlain
by basalts that probably rest directly on mantle rocks.
For Mars, the cratered terrain that occupies most of the
southern hemisphere may represent the more siliceous
“continental” crustal rocks. The Amazonis and adjacent
Elysium basin and the northern lowlands may be under-
lain by basalts resting on the mantle and may be the
gross equivalents to the terrestrial ocean basins and
Oceanus Procellarum on the Moon. Within the primitive
cratered terrain are areas filled by smoother, younger
material with lower, but still substantial, crater popula-
tions. These “cratered plains™ are overlain by smooth
deposits which form the smooth plains that comprise
several different units. The smooth plains locally exhibit

‘lobate lava flow fronts and broad low shield volcanoes,

attesting to the probable basaltic nature of the smooth
deposits.

Mantling the smooth lava plains are possible alluvial
deposits at the mouths of the channels in the Chryse
and Lunae Palus regions. These deposits probably form
piedmont alluvial and possibly playa sequences near
where the channels debouch into the lowlands, so that
some of the smooth plains may consist of sedimentary
deposits. Pediplanation may have taken place in a few
areas along channel margins and where plateau edges
and isolated hills and mesas seem to be retreating (Ref.
1-37; also see Section IIT of this Report).

Eolian deposits derived from the polar-eolian sediment
traps may have been spread equatorward (Ref. I-4S;
also see Section IX of this Report). The thickness of
these loess and dune deposits on the northern lava plains
can be estimated from their apparent thickness in the
south polar region. Here the mantling eolian material
cannot exceed tens to hundreds of meters in thickness,
for it partially masks but does not fill in the south polar
cratered terrain. Thinner deposits of eolian sediments
(possibly silt and sand) cover the central part of the
planet in places. Apparently these deposits in the central
part of the planet are mobile, as the continually changing
light and dark patterns monitored after the great dust
storm attest. They must be only a few meters in thick-
ness, as they do not obscure textural detail in the cratered
and faulted terrain. Thicker loess deposits probably lie
within Hellas and other similar large circular basins and
craters, but their thickness cannot be determined; such
regions do appear, however, to be the source areas for
many Martian dust storms including that of 1971 (Ref.
1-14).



The south polar glacio-eolian rocks overlie the cratered
terrain; the north polar deposits overlie smooth and
cratered plains. The north polar region is about 3 km
lower than the southern region. This observation is con-
sistent with the morphology of the terrain, which sug-
gests that the south polar region is part of the continental
mass; the north polar region is part of the “ocean”
basin floor.

The margins of the central continental block are
different. At 100° to 130°W, the margin is abrupt and
the slopes are steep; the crest of the Tharsis ridge is
marked by the three aligned volcanic structures. Per-
haps this continental margin is the site of incipient plate
tectonic movement; alternatively, the volcanoes may lie
along a zone of vertical movement bounding the con-
tinental block., The northern margin is irregular with
gentler slopes. The contact between the cratered plains
and the low-lying smooth plains is gradational, and has
many irregularly disposed hills and mesas. The central
canyon or troughed zone may mark a rift zone developed
by the highland rocks sliding into the northern lowlands;
again alternatively, the canyons may mark complex
vertical faulting with the most complex faulting in the
area of greatest uplift and adjacent to the thickest young
volcanic rocks that overlie the continental crust.

I. Geologic History

The various topical studies presented in this Report
and the regional geologic mapping accomplished to date
permit an expansion and refinement of the earlier pre-
liminary geologic histories presented for the equatorial
belt (Refs. I-20 and I-21; also see Section II of this
Report). The principal data used are overlap relations
between geologic units and differences in their crater
populations. These relations show that Mars has a deci-
pherable history that dates far back in time. This history
may place some boundary conditions on theories about
the evolution of its atmosphere and development of an
ice regime. The heavily cratered, generally high-standing
rocks that lie predominantly in the mid- and southern
latitudes are the most ancient on the planet, as has been
recognized since Mariners 6 and 7 (Ref. 1-49).

Large lunar basins such as Imbrium formed after the
initial differentiation of the entire Moon. Ejecta from
these basins contain norites, anorthositic gabbros, and
anorthosites that form the crustal rocks which stand high
because of their lesser density. A similar process prob-

14

ably took place on Mars so that the high-standing,
heavily cratered rocks are part of the early differentiated
“continental” crust.

During the time of rapidly decreasing flux of impact-
ing bodies, the many large, flat-floored craters formed
as well as the large impact basins, Hellas, Argyre, and
Libya. Hellas appears to be the oldest as its rim has
been almost completely destroyed, and the number of
superimposed craters around its edge is comparable to
the rest of the heavily cratered terrain. Argyre and Libya
are more rugged than Hellas and have fewer superim-
posed craters. They probably formed later.

Impact presumably continued at a decreasing rate,
but volcanism started early in this episode. The oldest
volcanic feature recognized is a shield volcano on the
northeast rim of the Hellas basin. This heavily cratered
(it has twice as many craters as the oldest of the plains
units) and eroded feature at first was difficult to recog-
nize; other features may be found as systematic geologic
analysis continues. The ancient volcano is particularly
significant because it indicates that volcanism of the
type observed in the Amazonis region began very early
in Mars history and within the ancient cratered terrain.
Old plains units mantle parts of the ancient cratered
terrain and are marked by lower crater frequencies.
They are difficult to delineate because erosion and
deposition have obscured the contacts. The oldest plains
unit that can be mapped satisfactorily occurs in the
Lunae Palus area and overlies part of the volcanic
structures in the Hesperia region. It has a crater density
greater than most of the lunar maria. Its absolute age,
like that of other Martian units, is difficult to assess
because the relative contributions to the flux of cometary
and asteroidal impacts are not known.

Next younger in age are the heavily faulted plains
around Nix Olympica, in Arcadia, and in Alba. They
appear to be basalt lows similar to those in the surround-
ing smooth plains, which have been slightly uplifted,
faulted, heavily modified by eolian erosion, and moder-
ately cratered. Mottled cratered terrain underlies large
areas in the northern regions. It is moderately cratered
and partially covered by eolian deposits. Volcanism prob-
ably started in the Nix Olympica area about the same
time that these plains formed. The erosional scarp at the
base of Nix Olympica suggests that these layers were
being eroded while the upper part of the mountain was
still being constructed. The next youngest plains unit
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occurs in the Phoenicis Lacus and Elysium areas. It is
moderately cratered and faulted; the number of craters is
comparable to that on most lunar maria. It embays
knobby terrain, indicating that the process forming the
latter unit began before deposition of the moderately
cratered plains. :

Upwarping or epirorogeny then took place in the
Tharsis region, resulting in mosaic-like fault patterns as
well as the extensive rifting to the east in the main part
of the Coprates canyon system. The upper part of the
Nix Olympica, as well as the Tharsis, shield volcanoes
then formed. Contemporaneously the young lava plains
with their abundant flow fronts and lava domes were
extruded. Chaotic terrain developed later along the
margins of the equatorial plateau. Broad channels then
formed, apparently over a considerable time, as some of
their floors are moderately cratered and others are little
cratered. Their development may have paralleled the
construction of the large volcanoes.

Eolian deposition and erosion extended over a con-
siderable time up to the present; in the polar regions,
deposits of the laminated terrains were being deposited
and eroded and redeposited in great mantles of loess-like
deposits that thin equatorward. Etch-pitted plains suz-
rounding the poles attest to the intensity of eolian erosion
of earlier deposits in the vicinity of the polar caps. This
erosion raises the possibility that earlier generations of
laminated terrain have been redistributed. The present
polar deposits may record only the latest such episode of
deposition of layered materials.

The possible fluvial channels may record episodes
when water was much more abundant in the atmosphere
than at present. Planet-wide warmer “interglacial” peri-
ods would release not only the water locked in the polar
caps, but also that frozen in the subsurface as permafrost.
Similar warmer and colder periods also are characteristic
of terrestrial history. Still continuing is the erosional
modification of landforms and deposition of widespread
silt and clay “loess” deposits and local sand dunes.
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Il. A Generalized Geologic Map of Mars!
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A generalized geologic map of Mars has been con-
structed largely on the basis of differences in the topog-
raphy of the surface. The success by which the geology
can be deduced from surface topography depends on
how distinctively the original topography of a feature
reflects its mode of origin and the extent to which subse-
quent modification can be recognized and assessed. We
are fortunate in having a number of topographic features
on Mars whose form is highly diagnostic of their origin.
Of particular note are the shield volcanoes and lava
plains. In some areas, the original features have been
considerably modified by subsequent erosional and tec-
tonic processes. These have not, however, resulted in
homogenization of the planets surface, but rather have
emphasized its variegated character by leaving a char-
acteristic imprint in specific areas. The topography of
the planet, therefore, lends itself well to remote geologic
interpretation.

The map (Fig. 1I-1) is an outgrowth of an earlier
version of the equatorial belt (Ref. 1I-1). The techniques

1Publication authorized by the Director, U, S. Geological Survey.
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and conventions used are similar to those used for the
Moon and have been fully described elsewhere (Ref.
I1-2). The surface has been divided into several units,
each of which has a specific range of topographic char-
acteristics. In the map explanation (Fig. 11-2), the units
are arranged according to their age as inferred from
superposition and transection relations, crater counts, etc.
The map also provides a generalized indication of tec-
tonic deformation. Most of the units represent materials
of a specific origin deposited within a restricted period
of time. Other units, such as the chaotic and knobby
materials, are not strictly geologic deposits, but are modi-
fications of pre-existing materials. The modifications,
however, have been so drastic as to, in effect, create new
geologic units, and they are mapped as such.

For this early version of the map, data from the various
spectral instruments have been largely ignored because
of the difficulty in obtaining the data in a form readily
correlatable with the visual image. However, we would
not expect that, at the scale at which the map is depicted
here, the spectral data would significantly affect deline-
ation of the various units. The scale was dictated by
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Fig. 11-2. Age relations and explanations of map symbols.

publication format and should not be taken as indicative
of a present level of knowledge. The map is a very coarse
generalization of the information available. A more de-
tailed map that will do justice to the wealth of informa-
tion in the Mariner 9 photography will be published in
the not too distant future.

A. Description of Units
1. Densely Cratered Units

Densely cratered terrain covers approximately one-half
of the planet’s surface, including most of the central and
southern portions of the map and the south polar regions.
The cratered area was photographed by Mariners 4, 6,
and 7 in 1964 and 1969 and has been described in detail
by Murray et al. (Ref. 11-3). The surface is almost satu-
rated with large (>20 km), flat-floored craters; the density
of smaller craters, which are mostly bowl-shaped, falls
short of saturation by a factor of 10. Several large ring
structures resembling lunar basins occur within the
densely cratered terrain (Ref. I11-4; also see Section VII
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of this Report). The character of the cratered terrain
varies both locally and on a regional scale. Around the
large impact basins, positive relief features are more
common than elsewhere, providing the basis for discrimi-
nating a mountainous unit (m). In other areas, the
cratered terrain appears to be partly mantled, so that
fewer intermediate and small (<20 km) craters are
present, and the larger craters appear subdued. A unit
termed “cratered deposits, mantled” (cm) has therefore
been designated; the rest of the densely cratered deposits
is left undivided (cu).

a. Cratered deposits, undivided (cu). Forms the primi-
tive accretionary surface of the planet. Occurs primarily
in the southern mid-latitudes, but extends to 40°N around
the 330°W meridian. Isolated areas occur in the volcanic
province. Saturated with large, flat-floored, commonly
rimless, craters. Intercrater areas flat and featureless
except for scattered small, bowl-shaped craters. Locally
may be partly covered by younger deposits, so that the
topography has a muted appearance. Ridges, resembling
those on the lunar maria, occur in some of the muted
areas. Probably consists mostly of reworked impact
breccias, but locally includes younger voicanic and eolian
deposits.

b. Cratered deposits, mantled (ecm). Mapped only
where extensive areas appear mantled. Fewer intermedi-
ate and small-size craters (<20 km) than unit cu. Occurs
primarily in high southern latitudes. Interpreted as
cratered deposits mantled by various thicknesses of
younger material. Lobate flow fronts indicate volcanic
materials in some areas, but the mantling material almost
certainly includes significant portions of eolian debris.

¢. Mountainous deposits (m). Forms the rugged parts
of the rims of the three largest recognized impact basins,
Argyre, Libya, and Hellas. Argyre (50°S, 43°W) is sur-
rounded by rugged terrain that is cut by graben. The
Libya basin (15°N, 270°W) rim is preserved as a distinct
mountainous unit only at the south side of the basin. The
Hellas (45°S, 295°W) rim is subdued. Mountainous ter-
rain with relief comparable to Argyre is preserved only
in isolated areas, particularly to the east where there is
a complex array of isolated mountains. The mountainous
unit is interpreted as remnants of parts of the primitive
crust uplifted during the formation of the impact basins.
Remnants of basin ejecta are also included.

2. Plains-Forming Materials

Plains, showing various degrees of cratering, occur over
most of the planet not covered by the densely cratered

23



units. The plains-forming materials are thought to be
largely volcanic and eolian in origin. They have been
divided into three units on the basis of the number and
character of the superimposed craters.

a. Heavily cratered plains materials (pc). The most
heavily cratered of the plains umits, but has fewer large
craters than the densely cratered units described. Equiva-
lent to unit me of McCauley et al. (Ref. II-1). Occurs
mainly in the areas north and south of Lunae Palus and
in Hesperia. Ridges resembling those on the lunar maria
are common. Interpreted as old lava plains similar to the
lunar maria. (Small areas of material similar to this are
present widely throughout the densely cratered area;
they are not mapped because of scale limitations.)

b. Moderately cratered plains materials (pm). Has
fewer craters in the size range of 2 to 20 km than unit
pe, but more than unit ps (Ref. II-5; see Section IV of
this Report). Occurs in Elysium around the major shield
volcanoes, in the Arcadia-Tharsis region, where it is
exposed mainly as islands surrounded by unit ps, and
in the region of Phoenicus Lacus. In the Arcadia—Tharsis
region, the unit is almost everywhere intensely fractured.
It is interpreted as volcanic lava plains intermediate in
age between units ps and pc.

c. Sparsely cratered plains materials (pc). Occurs
mainly in the Amazonis—Tharsis region and in the large
impact basins in the densely cratered province. Unit ps
is the least cratered and presumably the youngest of the
plains units. At wide-angle resolution, it is relatively
featureless, except in places close to its contact with the
densely cratered terrain where indistinct ridges and low
rounded hills are common. At narrow-angle resolution,
irregular lobate scarps suggestive of flow fronts are com-
mon, especially in the Tharsis region. Low hills, islands
of highly fractured terrain, sinuous channels, and poly-
gonal fractures occur in other areas. More rarely, the
narrow-angle pictures are featureless. In the Tharsis
region, the plains appear to be composed mainly of
volcanic flows, as lobate flows are detectable on nearly
all narrow-angle pictures. In the Amazonis region and in
the large impact basins, Argyre, Hellas, and Libya,
volcanic features are rare and the eolian component
probably dominates. The unit embays all other units,
confirming the young age inferred from the crater counts.

d. Mottled cratered plains materials (pp). Occurs only
at high northern latitudes where it forms an annulus
around the pole. The density of large (>20 km) craters
is comparable to that of unit pc, but the density of
smaller craters is substantially lower. Large craters are
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subdued and apparent mainly because of an albedo con-
trast between the light crater floors and the dark sur-
rounding materials. The local albedo contrasts give the
unit a mottled appearance. The albedo of the unit as a
whole is lower than that of unit ps with which it is gen-
erally in contact to the south. It is interpreted as cratered
plains material (pc) overlain by a mantle of eolian debris.

3. Volcanic Units

Included under this heading are all volcanic units
associated with roughly circular volcanic structures, as
distinct from the extensive plains units. Because of
limitations of scale, only two categories are depicted: a
general unit (v) and another unit, consisting of two facies
(gc and gf), which form some very distinctive terrain
around Nix Olympica.

a. Volcanic materials (v). Includes materials associated
with shield volcanoes, volcanic domes, and volcanic
craters (units vs, vd, and vc of Ref. II-1). Most of these
features are circular, radially symmetric, have a central
crater and gently sloping flanks. They occur primarily
outside the densely cratered region, although two fea-
tures within the densely cratered province are indicated
on the map. The volcanic deposits have a wide range of
ages. Those associated with Nix Olympica are relatively
young (Ref. 11-6; also see Section VIII of this Report);
those within the cratered province are relatively old
(Ref. I1-5; see Section IV of this Report).

b. Grooved terrain materials (gf and gc). Two facies
of grooved terrain are recognized: a unit gc with a
coarse surface topography which occurs close to Nix
Olympica, and a unit gf with a finer surface texture which
occurs farther away. The coarse unit ge is characterized
by linear mountains 1 to 5 km wide and typically 100 km
long. The mountains are commonly separated by valleys
that have flat floors with a fine striation parallel to the
length of the valleys. The unit appears to be broken into
blocks along arcuate faults that tilt the blocks gently
inward toward Nix Olympica. The fine textured unit gf
is characterized by closely spaced equidimensional moun-
tains whose horizontal and vertical dimensions decrease
outward from Nix Olympica until the mountains merge
with the surrounding plains. Both units are complexly
embayed by the surrounding plains deposits.

The grooved terrain deposits may represent old vol-
canic materials derived from the Nix Olympica center
and since complexly fractured by the continual tectonic
activity associated with the formation of the central
shield. An alternative hypothesis is that the grooved ter-
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rain represents the outer remnants of a once much larger
Nix Olympica that has been reduced in size by whatever
process has formed the bounding scarp.

4. Other Units

In several areas, erosional and tectonic processes have
resulted in the formation of distinctive geologic units.
Four categories have been identified:

(1) Channel deposits (ch). These have all the charac-
teristics of terrestrial stream deposits. They occur
in long, linear, sometimes sinuous channels that
commonly have well developed tributaries. Narrow-
angle pictures show terraces, bars, finely braided
networks of channels, and superimposed meanders.
The most prominent channels head in the area of
chaotic terrain around 2°N, 30°W, and run north-
west to the Chryse basin. Most, but not all, other
channels occur in the densely cratered terrain near
its contact with the plains. The unit is interpreted
as materials deposited by a fluid, presumably water
(Ref. I1-7; also see Section IIT of this Report).

(2) Canyon deposits (y). This unit includes materials
that are exposed on the floor of the major rift sys-
tem that extends 4000 km across the surface close
to the equator between 30° and 100°W. The talus
on the canyon walls is excluded. In most places
the floor appears smooth, but locally jumbled
blocks are present. At the eastern end of the can-
von, the unit merges with the chaotic terrain. At
the western end, the unit is pinched out as the
canyon grades into a zone of branching troughs.

(38) Chaotic deposits (h). Chaotic deposits have been
described in detail previously (Ref. II-8). The
surface of the unit is crossed by numerous inter-
secting cracks that break the surface into blocks
with a wide range of sizes and which may be
tilted slightly in different directions. The chaotic
deposits normally occur in locally low areas, occa-
sionally in completely closed basins. The outcrop
areas are usually surrounded by an inward-facing
scarp. The main area of occurrence is a broad
region around 5°S latitude, 35°W longitude. The
origin of the unit is obscure. Some process of
sapping from below and subsequent collapse is
required.
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(4) Knobby deposits (k). The unit is characterized by
irregular rounded hills and intervening plains. The
hills are all sizes, from several hundred kilometers
down to the limit of resolution (<1 km). The unit
occurs mostly in a zone up to 500 ki wide between
the cratered terrain and the plains units. In gen-
eral, the individual hills are larger, have more
rectilinear outlines and flatter tops closer to the
cratered terrain. Farther from the cratered terrain,
they become rounded and smaller in both hori-
zontal and vertical dimensions until they merge
with the surrounding plain. The unit includes the
unit kt of McCauley et al. (Ref. II-1), and the
fretted terrain of Sharp (Ref. I1-9; also see Section
VI of this Report).

B. Structural Features

Mars is characterized by an abundance, if not a great
variety, of structural features. The most common are
graben, typically 1 to 5 km wide. They may occur as
closely spaced, parallel arrays as in the Arcadia region,
or as isolated fractures several thousand kilometers long
as in the Mare Sirenum region. The distribution of
graben is markedly nonuniform. Most are part of a sys-
tem of faults approximately radial to the Tharsis ridge.
The western part of the Coprates canyon also appears to
be part of this set. The focal point of this vast system of
fractures is the Phoenicis Lacus area, which is also the
highest part of the ridge. The pattern appears to have
formed as a result of the extension associated with the
broad domical uplift of the Tharsis region.

Elsewhere fractures occur concentric and radial to the
large impact basin of the densely cratered province (Ref.
1I-4; see Section VII of this Report) Fractures also occur
locally around the large shield volcances (Ref. 1I-5; see
Section IV of this Report) and at, and parallel to, the
margin of the densely cratered terrain to form the knobby
and fretted terrains (Ref. I1-9; also see Section VI of this
Report).

Mare ridges are the other common structural feature.
They occur primarily on the most heavily cratered plains
unit (pc). West of the Tharsis ridge, they are aligned
along directions concentric with the center of the Tharsis
ridge.
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lll. Water and Processes of Degradation
in the Martian Landscape’

Daniel J. Milton
U. 8. Geological Survey, Menlo Park, California 94025

Since at least the Mariner encounters in 1969, Mars,
despite its own individuality, has been regarded as a
planet in a state of development intermediate between
that of the Moon and Earth. The histories of impact,
voleanism, and Zectonic disturbance on three bodies are
to a first approximation similar, despite such differences
as the horizontal mobility of crustal segments on Earth
and their apparent stability on the other two bodies.
On the Moon we see constructional landforms such as
impact craters, volcanoes, and voleanic plains, most per-
sisting from the early epochs of lunar history. Most land-
scapes on FEarth, however, owe their appearance to
erosion, principally the work of running water, as much
as to constructional processes. Features of the primeval
epoch have long since been destroyed, and any area has
passed through so many cycles of erosion and rejuvena-
tion that there is some time in the past beyond which
its history is indecipherable.

It is the thesis of this section that erosion has been
active on Mars so that, unlike the Moon, many of the
surface landforms are products of degradation. Unlike
Earth, erosion has not been a universal process, but one
areally restricted and intermittently active, so that we
see a landscape that is the product of one or two cycles
of erosion and large areas of essentially undisturbed
primitive terrain.

1Publication authorized by the Director, U. S. Geological Survey.
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It is a second thesis that, as on the continents of Earth,
running water has been the principal agent of degrada-
tion. At the present time, the surface temperature and
the pressure and water content of the atmosphere make
bodies of liquid water at the surface impossible or at
least confined to a few small areas at certain seasons.
Many features on Mars, however, are most easily ex-
plained by assuming running surface water at some time
in the past. For a few features, running water is not
merely the easiest explanation within the range of our
imagination, but the only possible explanation. If these
cases, which involve water courses as large as the largest
rivers or torrential floods on Earth, can be established,
then an hypothesis of aqueous origin should have a favor-
able hearing for the much wider spread of features for
which the evidence is less conclusive.

A. Channels Shaped by Flowing Water

The first great Martian controversy began almost a
century ago with Schiaparelli’s announcement that he
had discovered channels (canali) on Mars. Mariner 9
has revealed that channels are indeed a prominent fea-
ture of the Martian surface (although very different from
those envisioned by Schiaparelli and Lowell) and intro-
duced a second controversy on Martian channels, al-
though this time on a higher level of their nature rather
than their reality. A preliminary description and maps of

27



28

Fig. Ill-1a. Channel between Memnonia and Amazonis near 6°S latitude, 150°W longitude,
apparently eroded by running water. Wide-angle view with direction of flow from top to
bottom (south to north). The width of the area is about 260 km. Lighting is from the right.
(MTVS 4174-45, DAS 06822798; MTVS 4258-31, DAS 09628614)
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Fig. 1lI-1b. Middle section of Amazonis channel. The individual narrow-angle frames
cover an area of about 30 by 40 km. Figure Ill-1b is reoriented so that lighting is from
the top. (MTVS 4294-12, DAS 12477650; MTVS 4294-16, DAS 12499720; MTVS 4294-20,
DAS 12499790)

their distribution within the equatorial region are given
by McCauley et al. (Ref. III-1). Carr et al. (Ref. III-2;
see Section Il of this Report) also map the location
of major channels. The most convincing evidence for an
aqueous origin, in the available photography, is found
in the broad channels in Chryse, the two long channels
in Lunae Palus, and especially a smaller channel between
Memnonia and Amazonis.

The Amazonis channel (Fig. III-1a) is about 350 km
long, and the widest of a complex of channels spread
over a zone almost 100 km wide. Positive indication of
the direction of flow is difficult, but flow from south to
north is suggested by bars in the wake of islands and
the pattern of truncation at the base of bars. Establishing
the direction of flow is never a problem terrestrially, and
it is surprising how symmetrical are the up- and down-
stream directions of single channels without tributaries.
Flow from south to north is consistent with a regional
gradient of about 1 km over the length of the channel,
as indicated by Mariner 9 infrared spectroscopy (Ref.
TI1-3; also see Section XX of this Report) although
regional warping of the surface may have occurred since
the formation of the channels.

Segments of the Amazonis channel differ in character.
The upstream section (right-hand frame of Fig. ITI-1b)
lies within the somewhat diffuse outlines of a crater.
Here the channel consists of many broad branches, one
of which is smooth-floored; the others are marked by
ridges and troughs parallel to its length. The middle
section has a slightly sinuous, smooth-floored main chan-
nel of even width. This broadens downstream into a
complexly braided reach (Fig. III-lc), which, beyond
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these narrow-angle pictures, gathers again into a single
channel that crosses a crater and debouches onto a
featureless plain.

If a single feature is to be chosen on which to base
an argument for running water on Mars, it is this braided
reach of the Amazonis channel. The similarity to the
braided type of terrestrial river channel (Fig. III-2) is
so great that were it not for the craters, it would be easy
to envision these as pictures of Earth. Analogy, however,
is an insufficient argument, unless it is shown that the
features reflect phenomena unique to flowing water. It
is hardly believable that this pattern could have arisen
by any means not involving horizontal flow, for example
by faulting or vertical collapse. Water, however, is not
the only substance that can flow. On Earth the wind
blows, ice moves as glaciers, lava pours forth from
volcanoes, and flows of volcanic ash and perhaps some
avalanches and landslides are dense, turbulent, fluidized
suspensions of solid particles entrained in gas. Each of
these produces characteristic landforms quite different
from that in question. Some consideration of why they
differ may help to clarify the unique nature of water as
a morphologic agent.

Both erosional and depositional landforms produced
by wind are seen in the Mariner 9 pictures, as discussed
by McCauley (Ref. III-4; see Section X of this Report) and
Cutts and Smith (Ref. III-5; see Section XI of this
Report). The power of wind in transporting material
depends on the exchange of momentum between the
boundary layer and a large mass extending far above the
zone of interaction with the ground surface. On an
almost smooth surface, wind erosion produces parallel
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Fig. Hi-1c. Braided section in lower part of Amazonis channel. This narrow-angle mosaic,
like Fig. lI-1b, contains frames covering 30 by 40 km. (MTVS 4258-35, DAS 09628649;
MTVS 4258-39, DAS 09628729)

linear scours and ridges. Dunes, the ordinary depositional
feature, may have complex forms individually, but dune
fields as a whole show a symmetry with respect to the
direction of prevailing winds. The lateral sinuosities
which characterize the braided reach of the Amazonis
channel indicate a fluid uncoupled from a larger moving
mass and hence a fluid that, unlike wind, is confined or
almost confined to the channels themselves.

The sinuosities also rule out glacier ice, although for
somewhat different physical reasons. The curvature of
the channels and subchannels indicates a fluid with
considerable momentum, eliminating any fluid moving
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as slowly as ice. Erosive glacial features are simple;
arcuate features may be deposited at the ice margin,
but these are transverse to flow direction. Any features
at all resembling those of the braided Amazonis channel
associated with terrestrial glacial deposits are attributed
to the action of meltwater rather than to ice itself.

The impression on the observer implied by the term
“river of lava” conceals some fundamental differences
between lava and water. The eroding and transporting
capacity of water results from the turbulent nature of its
flow. Lava, however, generally flows laminarly and has
little or no erosive capacity. Lava channels on Earth and
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Fig. 11-2. Braided section of Sagavanirtok River, Alaska. Compare obliquely truncated
downstream end of bars (toward bottom of frame) with those in Fig. 1lI-1c. Width of
frame about 2 km. (U. S. Navy Photograph BAR 283-055)
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the apparently identical features photographed on the
flanks of Nix Olympica (Ref. III-6; also see Section IV
of this Report) form as liquid lava withdraws from the
already solidified portions of the flow. The truncation of
older subchannels at the bottom end of bars in the
Amazonis channel indicates active erosion of material,
which would not be accomplished by lava.

Fluidized suspensions of volcanic ash in volcanic gas
(nuées ardentes) have been proposed by Cameron (Ref.
III-7) as the erosive agent responsible for sinuous rilles
on the Moon. The terrestrial examples cited by Cameron
to indicate that nuées ardentes have significant erosive
power appear, however, to involve a misreading of her
sources. Nuées ardentes at Mt. Pelée characteristically
deposit rather than erode; troughs apparently are formed
only on steep slopes after the quantity of gas is dimin-
ished to a point at which the flow is essentially a debris
slide rather than a gas-charged flow (Ref. 11I-8). The
1783 flow at Asama Volcano eroded only below the point
at which the ash flow encountered and engulfed a pond,
transforming it into a mud flow (Ref. I11-9). The weak
erosive capacity of ash flows probably reflects a low
margin of energy above that necessary to maintain the
suspension itself; that is, any expenditure of energy for
erosion would result in the collapse of the flow.

Only a high-density, low-viscosity true liquid moving
over a particulate bed could form channels like those
in Amazonis. Water would be available with less violent
change from the present Martian regimen than such
conceivable alternatives as ammonia or hydrocarbons
or, if the atmospheric pressure exceeded 5 bars, carbon
dioxide itself.

Terrestrial stream channels exhibit systematic rela-
tionships between their various dimensional character-
istics and the conditions of flow, and these have been
extensively quantified. Few of these involve planimetric
data alone, which is nearly all that Mariner 9 provides.
For example, the ratios of meander length and radius
of curvature to the channel width for the northern
channel in Lunae Palus (Fig. III-3) lie close to an
extrapolation of the lines of empirical fit for terrestrial
aqueous channels (Ref. 111-10). It is tempting to apply
more complex relationships to the Martian channels,
for example to use the Manning equation to compute
discharge, but the error involved in estimating small
differences in elevation such as bank heights and slopes
is so large that the procedure seems futile. Qualitative
description and inferences seem sufficient for the present.
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In terrestrial braided streams, the bars reflect deposi-
tion and erosion of sediment in a quasi-steady state. Once
material is deposited in the channel, flow is concentrated
in the flanking channels, scouring their beds and eroding
the banks until the bar emerges as an island. In order
for braiding to develop, sediment transport is essential;
in addition, the outer banks of the channel must be
erodible, so that they, rather than the incipient bars,
are attacked. Highly braided streams tend to have greatly
and rapidly fluctuating volumes of flow. Bars generally
build up during the high stage until they are awash.
The relief of the Martian channels is not measurable to
an accuracy that would allow calculation of the cross
section, but the volume of flow of the Amazonis channel,
which is far from the largest on Mars, must have been
at least the proportions of its terrestrial namesake.

The straight or slightly sinuous single channel upstream
reflects greater confinement of the developing channel.
There appears to be a raised embankment along the west
bank. If this is not an illusion of albedo, it may be the
edge of a tilted fault block (faults parallel to this occur
in the region) along which the stream was confined, and
which provided a notch that allowed it to break through
the rim of the crater just upstream. Within the crater
there is another complex reach. It does not appear to be
in a state of equilibrium as does the braided reach, but
to have developed in discrete stages. The smooth-surfaced
high remnant could be a lake deposit formed when the
crater was a closed basin, and the channels of different
character may have developed successively when local
baselevel changed as the crater was breached. The
lineated channels here and on the margins of the middle
section downstream suggest scouring of the bed without
deposition.

Altogether, the Amazonis channel and the entire set of
narrower, more or less parallel channels form a very im-
mature drainage system, clearly discordant to the cratered
terrain which it traverses. It resembles terrestrial cat-
astrophic flood channels more than evolved river systems.
The most violent flood recognized in the terrestrial geo-
logic record, the discharge of the ice-dammed glacial
Lake Missoula, which produced the Channeled Scablands
of Washington (Ref. I11-11), yielded 40 km*/hr (Ref.
I11-12) or 70 times the average discharge of the Amazon.
The erosional landforms produced resemble those in the
upper part of the channel. While depositional bars occur
in the Channeled Scablands, they do not have the com-
plexity or perfection of those of the lower reach of the
Amazonis channel, The history of the Amazonis and other
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Fig. I1I-3. Large channels in Lunae Palus near 22°N, 65°W. North is at the top. Direction
of flow in the two large channels is to the east. Width of frame about 600 km. The area
west of the bend in the southern channel (partly concealed by a dark circle produced in
the Mariner television subsystem) is shown in Fig. I1-6. (MTVS 4193-90, DAS 07399738)

Martian channels may have involved a succession of cat-
astrophic floods punctuating periods of more steady flow.

Other channels on Mars appear similar to those in
Amazonis, but their nature is obscured either by the lack
of good narrow-angle camera coverage or by actual modi-
fication. (Some features resemble, perhaps more than ac-
cidentally, dry desert watercourses choked by windblown
sand.) Teardrop-shaped bars are seen at the mouths of
the two long channels in Lunae Palus, which show bends
that appear to correspond to the free meanders of ter-
restrial rivers (Fig. III-2). The broadest channels, those
in Chryse, show scoured channel forms and depositional
bars.

The Chryse channels are the only ones for which a
potential source of water is apparent. They head in
chaotic terrain and have tributaries more or less propor-
tional in size to the area of chaotic terrain which they
drain (Ref. III-1). Sharp et al. (Ref. III-13) suggested that
chaotic terrain, as seen in the Mariner 6 pictures, is a
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region of decayed ground ice. The relation to the Chryse
channels revealed by Mariner 9 suggests that decay in-
volved not merely evaporation but rapid melting of large
volumes of ground ice. In contrast, there is no obvious
source of water near the heads of the Amazonis or Lunae
Palus channels.

B. Channels Probably Shaped
by Running Water

A pattern entirely different from that of the channels dis-
cussed above is shown by a channel in Mare Erythraeum
(Fig. 111-4). The downstream half of the channel shows
the interlocking tight bends with high, sharp-pointed
inner cusps, irregular widenings, and the (apparently)
large depth-width ratio which are features characteristic
of lunar sinuous rilles rather than meandering terrestrial
rivers. Lunar sinuous rilles are now generally regarded
as unroofed lava tubes (Refs. III-14 and III-15). The
dendritic pattern of tributaries in the upper part of the
channel is not found in lunar rilles, but resembles that of
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Fig. l1I-4. Channel in Mare Erythraeum, approximately 400 km in length. Center of frame
near 29°S, 40°W. Lower section resembles sinuous rilles on the Moon; upper section
resembles entrenched arroyos of deserts on Earth. (MTVS 4160-78, DAS 06354848;
MTVS 4245-27, DAS 09160804; MTVS 4158-87, DAS 06283028)

entrenched arroyo systems on Earth. Nevertheless, the
entire channel system seems to exhibit an internal coher-
ence that makes any twofold hypothesis of origin unap-
pealing, for example a lava tube extended headward by
subsequent aqueous erosion. A larger channel (Fig. I1I-5)
in Rasena with the same high apparent depth-width ratio
but lower sinuosity again resembles lunar rilles. In this
case its course through heavily cratered terrain makes a
lava tube seem especially unlikely.

The characteristic features of sinuous rilles on the
Moon remain unexplained. Hadley Rille is clearly not
the core of a narrow flow (as are the channels on the
flanks of Nix Olympica), but is thought to have formed
during the drainage of a semiconsolidated lava lake (Ref.
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I11-15). Its difference from terrestrial rivers may depend
less on the different rheologic properties of lava and water
than on the fact that its boundaries are determined by
thermal processes rather than mechanical erosion and
sedimentation. The speculation may be hazarded that
sinuous rille-like channels on Mars may have formed by
the partial melting of a permafrost zone.

The smaller deep valleys on the margins of wide de-
pressions, notably the great equatorial chasm of Mars,
markedly resemble terrestrial canyon systems (Fig. 4a of
Ref. T11-16; also see Fig. V-4a of this Report). In fact, the
larger systems on the south side of the chasm are a good
match in size and in plan for the Grand Canyon of the
Colorado. In both, the side canyons end at steep head-
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Fig. Ill-5. Channel in Rasena. Center of frame near 20°S, 182°W. Length of channel about
700 km. The apparently high depth-to-width ratio is more suggestive of lunar rilles than
terrestrial river channels. (MTVS 4167-18, DAS 06606778)
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Fig. IlI-6. Two-picture mosaic showing dendritic canyon system developed from an angular
fracture set. Wind scour has modified the upper plateau level. Note that the ejecta from
the large crater has been more resistant to erosion. The area shown is about 50 km wide,
located at 22°N and 73.5°W. Sunlight is from the right. (MTVS 4297-8, DAS 13313735:

MTVS 4297-12, DAS 13313806)

walls, most of which appear to have been etched out
along joints and faults. The transformation by erosion of
an angular fracture pattern to a system of curving can-
yons can be clearly seen at the bend of the southern
Lunae Palus channel (see Fig. I1I-6). A controlling factor
in the excavation of the side canyons of the Grand Can-
yon is artesian sapping, undermining of the head walls
by springs. The distance from the Colorado River to
which these canyons have reached is roughly proportional
to the volume of ground water flow. Artesian sapping
could be responsible for Martian canyons as well.
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Sharp (Ref. II1-16; see Section V of this Report) pro-
poses that erosion of Martian canyons takes place by
hypothetical dry sapping in which the cliffs are under-
mined by evaporation of ground ice without production
of liquid water. One would expect such a process to act
uniformly on all exposed walls, and thus reduce rather
than increase anfractuosities. Narrow relicts such as those
in the left-hand picture of the narrow-angle mosaic (Fig.
I11-7b) suggest that retreat diminishes when the hinter-
land is reduced, which would be the case if ground water
flow toward the scarp were important. Nevertheless, some
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mechanism of cliff recession on a broad front seems neces-
sary to explain the many wide, flat-floored valleys, for
example those in Ismenius Lacus (Fig. III-7a). Broad
valleys on Earth are generally caused by lateral corrasion
by a stream meandering from side to side eroding where-
ever the outside of a bend impinges on the valley wall.
A different mechanism is probable for at least some val-
leys on Mars. The exhumation of craters as the cliff re-
treats (see the middle picture in Fig. III-7b) points to
some form of sapping rather than lateral corrasion. The
inner and outer walls of the bend of the narrower can-
yons, which show a broad curve on the outside and a
cuspate point on the inside, are approximately equidis-
tant from a simple curve in the center of the channel,
suggesting parallel retreat.

In the same valley system, a large mass tilts down into
the valley (Fig. III-7b, bottom left). This is not the usual
pattern of slump, in which blocks slip downward so that
their upper surface slopes back from the valley (which
commonly is seen on Mars, as well as Earth), but one
that suggests removal of a considerable amount of ma-
terial from the lower part of the slump block, not just at
its outer edge. An analogous configuration in Tennessee,
found by an analysis of topographic data, has been ex-
plained as a result of ground water sapping (Ref. III-17),

In summary, the pattern of cliffs, canyons, and flat-
floored valleys indicates sapping of some type. Certain
features specifically indicate localized ground water sap-
ping; others possibly can be explained by dry sapping or
a relatively unlocalized ground water flow. Removal of
debris remains a problem. Either water was sufficient for
transport, even in valleys and on plains in which Mariner 9
pictures do not reveal the marks of running water, or
the residue after decay of ground ice was so minor, or
finely comminuted, that it could be removed by the wind.
Either hypothesis is tenable, and both may be true; some
arguments for the first are given below.

The erosional features discussed above have been ex-
plained by the action of water largely of subterranean
origin. Melting of ground ice is indicated in the case of
the Chryse channels, which emanate from chaotic terrain,
and is probable elsewhere. A separate question is whether
it has rained (or snowed and melted at the surface) on
Mars. If the Martian surface has a high infiltration ca-
pacity, water would sink underground before it would
gather into streams large enough for detectable erosion.
There are many areas on Mars, however, which have
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small channels that suggest a surface source of water
(Figs. T11-8 and II1-9). The pattern of closely spaced,
slightly sinuous channels joining and redividing to form
a reticulate rather than dendritic system, but with a pre-
ponderance of junctions in the downslope direction, re-
sembles that which develops on steep pediments and
alluvial slopes in arid regions of Earth. On Mars these
channels generally occur on moderately steep but smooth
slopes, particularly on the outer rims of craters. In general,
narrow-angle pictures of these channels are disappoint-
ingly uninformative, in part because viewing conditions
happened to be unfavorable, but perhaps also because
the channels are ancient and have been subsequently
modified by other processes. Excellent narrow-angle pic-
tures, however, have been taken of a set of gullies on the
slopes of Alba (Fig. I11-9). Although here a case could be
made for an origin as lava channels, channels of this type
occur commonly on the slopes of apparent impact craters
(Fig. III-8). An atmospheric source for the water is sug-
gested by the fact that the channels head very close to
the ridge crests, and by the presence of channels on both
the inside and outside walls of the same craters. Such
channel nets occur abundantly in certain areas of Mars.
Their distribution may have a climatic basis, although
it may in part represent areas relict from a wider distribu-
tion, where they have not been destroyed by subsequent
geologic events.

C. Planation as a General Process on Mars

The product of scarp retreat is a plain at the foot of
the scarp. If, as suggested above, scarp retreat is the
result of the action of running water, a plain so produced
may be regarded, in a broad sense, as a fluvial landform
to which the channels are merely headward extensions.
Whether water in any significant amount ever flowed
over the surfaces, except near the head scarp and in the
channels, is difficult to determine. Certainly the detail
observed in many narrow-angle pictures of such surfaces
points to wind as the active morphologic agent (Ref.
I1I-4; see Section X of this Report), but this reflects the
regime in the present and recent past rather than at the
time of formation of the surface.

It has been established as a basic principle of terres-
trial geomorphology that regional erosion normally does
not involve a general lowering of ground level, but takes
place by recession of a scarp that maintains a character-
istic angle of slope, leaving a planation surface, or
pediplain, to mark its retreat. A history of development
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Fig. lll-7a. Broad, flat-floored valley in Ismenius Lacus, debouching into fretted terrain.
Center of frame near 41°N, 342°W. Width of frame approximately 550 km. (MTVS 4251-47,
DAS 09378149; MTVS 4251-55, DAS 09378289)

Fig. llI-7b. This narrow-angle mosaic shows the detail in the area outlined in Fig. 1li-7a.
Scrap retreat by artesian sapping would explain most of the features. (MTVS 4285-48,
DAS 10650904; MTVS 4251-51, DAS 09378189; MTVS 4210-66, DAS 07975343)
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Fig. Ili-8. Gullies on rim of old impact craters in Sinus Sabaeus, near 9°S, 327°W.
Width of frame about 300 km. The patterns in this figure and in Fig. {119 resemble guily
systems on moderate slopes in terrestrial deserts, and may have formed by runoff of
precipitation. (MTVS 4261-36, DAS 09736554)

of successive surfaces, or denudation chronology, can be
worked out. In the geologically less complex continents,
notably those of the southern hemisphere, attempts to
integrate morphologic history with stratigraphic and
tectonic histories have met with considerable success

(Ref. TT1-18).

Analysis of landscape development on Mars in terms
of planation surfaces introduces a perspective to Martian
history that is valuable in supplementing the approach
based on methods used on the essentially erosion-free
Moon. Although analogies to Earth may be misleading,
they also can be useful. As a trivial example, it was
suggested in early press reports on the Mariner 9 mission
that the cliffs at the base of Nix Olympica could be sea
cliffs. The corollary was not considered, that the sur-
faces at the base would then be surfaces of marine
planation. The ineffectiveness of marine erosion in
producing broad, level surfaces was established in the
nineteenth century as the outcome of long controversy.
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The same arguments could be applied to Mars, even if
the former presence of oceans is not excluded a priori.

More significantly, the level surfaces are the key to
dating in Martian history. Relative and eventually abso-
lute dating must rely on crater statistics. As on the
Moon, either crater frequency or crater morphology
can be used as an index of age; both depend on the
mechanism of erosion. The assertion by McGill and Wise
(Ref. III-19) that crater degradation has been a contin-
uous process is assuredly premature. There are indica-
tions that some plains on Mars are stripped surfaces
where erosion has removed a weaker upper layer and
stopped at a more resistant layer. Craters on these sur-
faces may have formed during the earlier period of
exposure. In addition, some level-rimmed craters appear
to be collapse features developed on younger deposits
over the site of buried impact craters so that their
frequency dates, if anything, a surface that is not even
exposed.
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Fig. 11-9. Gullies on slope of volcano Alba near 45°N, 116°W. Width of frame about

60 km. (MTVS 4182-96, DAS 07039903)

If there is no marked layering, planation commonly
works back from a base level so as to maintain a slope
at a grade on which it is just possible for debris to be
transported. Such graded surfaces appear to exist on
Mars, and would be additional evidence for a gravity-
controlled, presumably fluvial, erosion system, but
more accurate elevations than currently available are
necessary to distinguish them with certainty. The prob-
lem of the control of erosion levels on Mars, whether of
graded or stripped surfaces, is an important one. If
artesian sapping is a major factor in scarp retreat,
stripped surfaces could mark the base of a permeable
(or potentially permeable, if melting is of importance)
layer. The presence of multiple stepped surfaces, how-
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ever, suggests that there is no single planet-wide control
on erosion levels.

Although they may show features relict from an earlier
stage of cratering and a later stage of eolian erosion, the
broad plains may be regarded as the most extensive of
the landforms produced during a fluvial stage of Martian
history. When this age occurred and whether there was
more than one are problems that seem answerable with
further analysis of the data. Questions beginning “Why”
are of a different order. If a century of speculation has
not produced a convincing cause for glacial ages on
Earth, the explanation for a fluvial age on Mars may
not be soon forthcoming.
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(Material printed in Journal of Geophysical Research, Vol. 78, 1973)

IV. Volcanism on Mars!

Michael H. Carr
U. S. Geological Survey, Menlo Park, California 94025

One of the earliest and most significant of the Mariner 9
results was the recognition of prominent volcanic features
on Mars. At the height of the dust storm, which occurred
at the beginning of the orbital phase of the mission, the
only surface features clearly visible outside the polar
areas were four dark spots in the Amazonis—Tharsis region.
Each was soon seen to include, at its center, a complex
summit pit. The morphology of the craters, and their
position atop mountains high enough to be above much
of the obscuring dust in the atmosphere, strongly sug-
gested a volcanic origin, As the atmosphere cleared, the
four spots were revealed to be centered on four enormous
shield volcanoes with summit calderas (Refs. IV-1 and
IV-2). Subsequent photography of the remainder of the
planet has revealed a wide variety of volcanic features,
indicating that volcanism has played a major role in the
evolution of the planet.

The voleanic features have a markedly asymmetric dis-
tribution (Fig. IV-1). The planet can be roughly divided
into two hemispheres. One includes nearly all the central
volcanic features and the sparsely cratered plains; the
other, for the most part, is densely cratered terrain, super-
ficially resembling the lunar highlands.

1Publication authorized by the Director, U.S. Geological Survey.
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The volcanic areas are generally high. The three shield
volcanoes in Tharsis appear to lie on a broad northeast—
southwest trending ridge, approximately 3 to 5 km above
the mean Mars level (Ref, IV-3; also see Section XXXVI
of this Report); the largest of all the shields, Nix
Olympica, lies on the western flank of this ridge. The
volecanic features of Elysium are similarly in a region of
high elevation.

Volcanic and tectonic features appear to be closely re-
lated. Fractures radiate in nearly all directions from the
Tharsis region (Ref. IV4; also see Section II of this Re-
port), especially to the northeast where one of the most
intensely fractured regions of Mars occurs. Here numer-
ous fractures trend northeast-southwest, the same direc-
tion along which the three Tharsis shield volcanoes are
aligned. Additional highly fractured terrain occurs just
south of Tharsis in the Phoenicis Lacus area, and the
Coprates canyon (“Grand Canyon of Mars”) begins on
the eastern flank of the Tharsis ridge.

Because the Mariner 4, 6, and 7 photography was
largely confined to the densely cratered terrain, the spec-
tacular volcanic constructs of the Amazonis, Tharsis, and
Elysium regions were unsuspected. On the basis of
Mariner 6 and 7 pictures, several authors (Refs. V-5 and
IV-6), employing arguments similar to those applied to
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Index map showing the location of the main volcanic features patterned. Most lie in the Tharsis—Arcadia and Elysium

regions, but isolated features occur elsewhere. The shaded line marks the boundary between the densely cratered province and

the sparsely cratered plains. Major structures are also shown.

the lunar highlands, suggested that volcanic processes
had been significant on Mars and were responsible for
the formation of many of the craters in the densely cra-
tered terrain. The problem of the origin of the densely
cratered terrain is not, however, addressed in this section.
The concern here is with the obvious volcanic constructs
which lie largely, but not exclusively, outside the cratered
terrain. It is assumed that the densely cratered terrain
is a very primitive part of the Martian crust. If volcanic
features are widely present there, they bear very little
genetic relation to the younger, less ambiguous, volcanic
features that abound elsewhere.

A. Volcanic Features
1. Shield Volcanoes

The largest volcanic features on Mars are shield vol-
canoes. The term “shield” is applied to terrestrial volca-
noes that are built by successive outpourings of mainly
basaltic lavas into broad, gently sloping structures. Mauna
Loa in Hawaii is the classic example and the largest
active volcanic feature on Earth. It is approximately
200 km across at its base and stands approximately 9 km
above the sea floor. The main mode of eruption is rela-
tively quiet effusion of lavas either along fissures on the

flanks of the structure or from the summit caldera (Ref.
Iv-7).

By analogy with terrestrial examples, the term shield
has been applied to several features on Mars which ap-
pear to be broad volcanic constructs with central calderas.
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The most prominent are Nix Olympica (18°N, 134°W),
North Spot (11°N, 104°W), South Spot (9°S, 120°W),
and Middle Spot (1°N, 113°W), all in the Amazonis—
Tharsis region, and an unnamed feature at 24°N, 212°W,
in Elysium. The Martian shields are substantially larger
than their terrestrial counterparts. The Nix Olympica
shield is 600 km across, and there is some evidence that
its size has been reduced significantly by erosion. North,
South, and Middle Spot are each approximately 400 km
across. The heights are still uncertain, but present indica-
tions are that the summit of Nix Olympica stands 23 km
above the surrounding terrain (Ref. IV-§; also see Section
XXXI of this Report), and that the other shields have
similar, but slightly smaller, vertical dimensions.

Although they differ in detail, the shields all have the
same general characteristics. Each is roughly circular in
outline and has a central summit depression. The central
pit may be simple or complex. South Spot (Fig. IV-2),
Middle Spot, and the Elysium shield all have simple
summit craters. Nix Olympica (Fig. IV-3) and North Spot
have complex summit calderas in which successive col-
lapse pits have formed about different centers. At the
scale of the wide-angle camera, the flanks of the shields
have a fine radial pattern that either feathers out into the
surrounding terrain or terminates abruptly at a scarp
marking the edge of the shield. The radial pattern at the
outer edge of the South Spot shield is unusually coarse
and results from numerous radially elongate lobes, super-
imposed on one another, and more rarely from short,
sinuous, rille-like radial depressions (Fig. IV-2). Narrow-
angle detail of the flanks of Nix Olympica (Fig. IV-4) also
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Fig. IV-2. West flank of the shield volcano at Nodus Gordii (9°S, 120°W), informally
called South Spot. The smooth-floored central caldera is approximately 140 km across
and surrounded by a smooth zone with concentric graben. Beyond the smooth zone,
the surface has a marked radial pattern made up largely of numerous mutually inter-
secting, radially elongate, lobes. The surrounding plains appear to cover part of the shield
to the southwest. (MTVS 4182-45, DAS 07038748)

reveals long, radially elongate lobes and a narrow channel-
like feature, interpreted as a lava channel or collapsed
lava tube, running along the crest of a low radial ridge.
On all the shields a much coarser, crudely concentric,
pattern is superimposed on the radial pattern. The con-
centric pattern appears to result from slight breaks in
slope which divide the shield flanks into a series of indis-
tinct, rounded, sometimes mutually intersecting terraces.

The Tharsis shields have, in addition to the subtle
slope changes, a well developed concentric fracture pat-
tern. South Spot has a prominent set of graben im-
mediately outside the central crater and several less
distinet circular fractures as far out as two crater diam-
eters from the center of the shield. Along parts of some
of the fractures are lines of craters.

North Spot and the Elysium shield (Fig. IV-5) both

have concentric fractures as far as 300 km from the cen-
tral crater. Middle Spot has numerous concentric graben
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on its flanks (Fig. IV-8) in addition to concentric lines of
craters (MTVS 4267-52, DAS 09917609).2 Some concen-
tric structures occur outside the shield itself, and very
prominent concentric cracks occur just to the north. Near
the central crater is a different type of circular structure,
part scarp, part ridge; its center is farther north than the
center of the central crater (Fig. IV-7). The origin of the
structure is uncertain. It may have formed by movement
along a circular fault or by ring-dike intrusion, or both.

The three Tharsis shields appear to have undergone
modification that is in some way related to the major
northeast-southwest structure along which the three
shields are aligned. The northeast and southwest edges
of the Tharsis shields are embayed, and the shields are

2Numbers in parentheses that appear in the text refer to Mariner 9

television pictures not included in this section, but that provide ad-
ditional pertinent explanatory material. All Mariner 9 pictures may
be ordered from the National Space Science Data Center, Code
601, Greenbelt, Maryland 20771.
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Fig. IV-3. Computer-processed picture of Nix Olympica (18°N, 134°W), the largest of the
Martian shield volcanoes. The structure is approximately 600 km across. The summit
caldera is 65 km in diameter and stands 23 km across the surrounding plains. The edge of
the structure is marked by an escarpment approximately 2 km high. (IPL Roll 1288, 160226)

cut by numerous closely spaced, linear, almost crevasse-
like, depressions aligned along the northeast-southwest
direction. The embayment in the edge of South Spot
almost reaches the central crater. Sparsely cratered ter-
rain surrounds each of the shields, and contacts take vari-
ous forms. The edge of the Nix Olympica shield is almost
everywhere a steep escarpment against which the sur-
rounding plains abut. In contrast, plains materials appear
to cover the edges of the three Tharsis shields so that the
radial and concentric structures of the shields are trun-
cated as they dip beneath the plains (Fig. IX-6). Scarps
occur only to the northeast and southwest of the shields,
around the embayments. Here plains materials appear
to have encroached at the expense of the shield to form
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steep escarpments. The most prominent of the Elysium
shields grades imperceptibly into the surrounding plains in
such a way that its edge cannot be precisely determined.

Nix Olympica is unique among the Martian shield vol-
canoes in being surrounded by an aureole of what ap-
pears to be highly fractured terrain (Ref. IV-4). This
distinctive unit extends from the edge of the shield to as
far as 1400 to 1500 km from the shield center. It is not
continuous, but complexly embayed by the plains. The
terrain is made up of closely spaced, elongate, sub-
parallel ridges and troughs such that the tops of the
ridges form accordant summits at a somewhat higher
elevation than the surrounding plains. The individual
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Fig. IV-4. Narrow-angle picture of the northwest flanks of Nix Olympica showing the fine
surface detail. The arrows indicate radially elongate lobes. In the west half of the picture,
on top of a low ridge, is a 250-m-wide channel, interpreted as a lava channel or collapsed
lava tube. (MTVS 4133-96, DAS 05492413)

troughs are for the most part embayed by the plains
materials. Movement appears to have occurred along
arcuate faults, which, west of Nix Olympica, divide the
fractured terrain into a series of blocks that dip gently
northeast.

The origin of the aureole is unclear. One possibility is
that it is a pediment that formed as the escarpment
around Nix Olympica advanced toward the center of the
shield. Another possibility is that the aureole is all that
remains of one or more ancient shield volcanoes. The
pediment hypothesis implies that the Nix Olympica shield
was once two to three times its present size and that it
has been reduced to its present size by erosion. There
are several difficulties with this interpretation. The sur-
face of the Nix Olympica shield appears to be relatively
young (Ref. IV-9; also see Section VIII of this Report);
a very fine surface texture is preserved on the flanks, and
very few impact craters are present. Thus, if the aureole
is a pediment, then either it had to form in a relatively
short time during which there was little modification to
the surface of the shield itself, or renewed eruptions
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created a relatively fresh surface on the shield. There is
a strong contrast between the structure of the aureole
and the structure of the shield. No traces of the large
arcuate faults that cut the aureole can be found on the
shield. The finer-scale fracturing of the aureole is also
absent. The major structures of the aureole are so large
that a considerable thickness of younger deposits would
be required to achieve their complete burial. The impli-
cation is that the aureole is older than much of the upper-
most portions of the shield, supporting the hypothesis
that it represents the remnants of one or more old shield
volcanoes similar to Nix Olympica but long since de-
stroyed.

2. Domes

In the Tharsis region are several volcanic constructs
that differ from the shields by being smaller and having
steeply sloping sides. Their genetic significance is uncer-
tain. They may be the form that a shield takes with only
a small volume of lava. On the other hand, they may
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Fig. IV-5. (a) The Elysium shield at 24°N, 212°W, The structure is approximately 200 to
250 km across and markedly symmetrical, Concentric fractures occur as far as 300 km
from the central crater. The surrounding plains are more heavily cratered than in the
Tharsis region. (MTVS 4298-43, DAS 13496123) (b) Narrow-angle detail showing the
central crater and the fine radial structure on the flanks. (MTVS 4298-39, DAS 13496088)
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Fig. IV-6. Two-picture mosaic of the shield volcano at Pavonis Lacus (1°N, 113°W),
informally named Middle Spot. The entire structure is approximately 400 km across. The
central crater is 40 km in diameter and intersects a ring structure to the north. Concentric
graben occur both on the flanks of the shield and in the surrounding plains. To the
northwest are embayments in the edge of the shield. (MTVS 4184-54, DAS 07111128;
MTVS 4184-60, DAS 07111198)
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Fig. IV-7. Oblique narrow-angle view of the central pit and ring
structure of Middle Spot. The smooth crater-free floor and talus
on the walls of the summit pit are clearly visible. Radial ridges
similar to lunar mare ridges connect the central pit to the ring.
The dark patches formed during the mission and are almost
certainly eolian in origin. (MTVS 4267-44, DAS 09917329)

indicate a different lava chemistry. They are sufficiently
distinctive morphologically to be separated from shield
volcanoes and are here termed “domes.” At 13°N latitude,
91° longitude, is a dome approximately 180 km across
with a central summit pit 60 km across (MTVS 4189-72,
DAS 07255398). The flanks are smooth, convex upward,
and form a sharp contact with the surrounding plains
(Ref. TV-2). The central pit is complex, consisting of sev-
eral nested craters, each with steep walls and level,
sparsely cratered floors (MTVS 4231-39, DAS 08657889).
Some larger, more subdued, circular depressions occur
on the flanks on either side of the central pit. Another
150-km-diameter dome at 24°N, 97°W, differs markedly
from the one just described (Fig. IV-8). Numerous closely
spaced, fine channels run from the central pit down the
flanks of the dome and disappear under the surrounding
plains (MTVS 4271-52, DAS 10061459). A larger channel,
2 km across, begins in the central crater and ends in an
irregular depression in the plains just beyond the edge
of the dome. Several other more subdued domes also
occur in this same north Tharsis region.

A different type of dome occurs in Elysium at 32°N,
209°W. It is approximately 200 km across, has a flat top,
but steep sides that terminate abruptly against the sur-
rounding plains (Fig. IV-9). At the resolution of the
wide-angle camera, the top of the dome appears rough
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in contrast to the smooth appearance of the two domes
previously described. The feature lacks a prominent cen-
tral pit, but there are numerous small craters (< 15 km)
on the surface; the largest appears to be a caldera that
has undergone several episodes of collapse (Fig. IV-10a).
Radiating from the crater are several narrow channels,
chains of craters, and numerous fine strine. A narrow
sinuous channel occurs at the eastern edge of the dome
at its junction with the surrounding plains. The surface
features of the dome appear to dip under the surround-
ing plains, except to the west, where an escarpment cuts
into the dome (Fig. IV-10b).

3. Craters

Several craters, morphologically distinet from typical
impact craters, occur in the Tharsis and Elysium regions.
These craters are presumed to be volcanic. Particularly
distinctive because of their scalloped outlines are multiple
craters at 40°N, 110°W (Fig. IV-11), 36°N, 93°W (Fig.
IV-8a), and 11°N, 185°W. Crater rims, where present,
have a smooth surface that terminates against the sur-
rounding terrain with a sharp break in slope, giving the
features very distinct circular outlines. These circular
outlines contrast markedly with the irregular stellate out-
lines that characterize the rims of large, fresh impact
craters. Other probable volcanic craters to the west of
Middle Spot have a simple outline, but they also have
smooth, regularly shaped, well demarcated rims.

The craters at 40°N, 110°W, are at the center of a
much larger circular structure. The regional northeast—
southwest fracture patterns are deflected around the
structure, so that the fractures form an almost complete
ring approximately 700 km in diameter (Fig. IV-11). At
the center of the ring is a complex of several intersecting
craters. Faint radial ridges connect the craters to the
fracture ring; otherwise, the terrain within the ring is
relatively featureless. Outside the ring is a faint radial
pattern similar to that at the edges of the large Tharsis
shield volcanoes. Narrow-angle television pictures show
the radial pattern to result partly from numerous fine
channels with well developed tributaries (MTVS 4182-
96, DAS 07039903). Several impact craters occur both
on and within the fracture ring. In the discussion below,
a case will be made for this feature being an old, partly
collapsed, shield volcano.

4. Other Central Volcanic Structures

Throughout the cratered province are many craters
with morphologies difficalt to reconcile with a simple
impact origin. Many may have been changed so
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Fig. IV-8. (a) Dome, 150 km in diameter, at 24°N, 97°W. To the northeast corner of the
picture is a large volcanic crater with a scalloped outline and smooth, well defined rim.
(MTVS 4187-90, DAS 07183788) (b) Narrow-angle picture showing the channels on the
flanks of the dome. A 2-km-wide channel begins in the central pit and ends in a shallow
depression in the surrounding plains. Numerous other narrower channels extend down the
flanks of the dome and are cut off at the base by the surrounding plains. (MTVS 4271-52,
DAS 10061459)
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Fig. IV-9. Flat-topped dome at 32°N, 209°W, in Elysium, The
structure is approximately 200 km across, has a very sharp
outline and no large central summit pit. A channel runs along
the northeast edge of the structure, To the west is an embay-
ment around which an escarpment has developed. (MTVS
4242-56, DAS 09054544)

thoroughly by eolian processes that the characteristics
of impact have been almost completely obliterated.
Others, however, are so unlike typical impact craters
that some form of volcanism must be invoked to explain
their origin. There are widespread areas formed by
volcanic plains in the cratered province (see below), so
that the presence of volcanic craters in the region is
not surprising. Two particularly striking examples are

described here.

In the cratered terrain at 23°S, 253°W, is a probable
volcanic feature unusual both in its location outside
the main volcanic regions, and in its peculiar morphology
(Fig. IV-12). The feature lies well within the cratered
terrain, but in an area where there appears to be a
relatively young, sparsely cratered unit, which resembles
the lunar maria. At the center of the structure is a
circular depression, approximately 15 km across, con-
nected by a channel to an elliptical depression of similar
dimensions, 35 km to the southwest. Around the central
depression is a fracture ring approximately 45 km in
diameter. Numerous ridges and depressions extend out-
ward from the ring as far as 200 km. A 4-km-wide, flat-
floored channel extends to the southwest of the ring; a
narrower, more sharply defined channel occurs to the
northwest; several other channels may be seen to the
west. The eastern part of the structure appears to be
buried by material resembling that of the lunar maria.
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The structure has been given the informal name of
“dandelion” because of its flower-like appearance.

About 350 km southwest of the “dandelion” is another
probable volcanic construct (Fig. IV-13). An indistinct
depression, 70 km in diameter, occurs in the center of a
structure approximately 350 km across. The flanks have
a pronounced radial pattern that terminates abruptly
against the surrounding plains. Several irregular depres-
sions suggestive of collapse occur in the plains beyond
the edge of the central structure. The number of impact
craters on the feature suggests that it is much older than
the volcanic features of the Tharsis and Elysium regions.

5. Volcanic Plains

While the radially symmetric voleanic structures such
as the shields and domes present the most spectacular
evidence of volcanism on Mars, the materials that form
the sparsely cratered plains may be volumetrically more
significant. The plains, which surround the central struc-
tures, are relatively featureless at the resolution of the
wide-angle camera. Narrow-angle pictures, however,
commonly show long, low, lobate scarps (Fig. IV-10b)
that strongly resemble features in Mare Imbrium on the
Moon. The lunar scarps, which have been widely inter-
preted as lava flow fronts, are difficult to discern, and
relatively few have been documented. In contrast, lobate
flow fronts are visible on many, if not most, of the
narrow-angle pictures of the plains in the volcanic
regions of Mars. Ridges similar to lunar mare ridges are
also common, particularly on some of the more heavily
cratered plains. By analogy with the lunar maria, then,
the plains are probably largely volcanic in origin. Eolian
deposits may be present locally, and are particularly
likely in those areas where little surface detail is appar-
ent. It is clear, from the different extent to which the
plains have been cratered, that they are not everywhere
the same age.

In many areas of the densely cratered province, the
cratered surface appears to be partly or wholly covered
by plains-forming materials. In some places, as around
the volcanic feature at 23°S, 253°W, the cratered terrain
appears to be completely buried; in other areas, only a
subdued impression of the largest craters is apparent.
In yet other areas, only the smaller craters are buried.
Such effects could result from eolian deposition and this
almost certainly has occurred. However, volcanic activity
also appears to have been widespread, as indicated by
lobate scarps (as at 5°S, 343°W), lunar-mare-like ridges,
and irregular depressions, and products of this activity
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Fig. IV-10. (a) Narrow-angle detail picture of the Elysium dome shown in Fig. IV-9. Lines
of craters and fine channels radiate from a 9-km-wide pit that has undergone multiple
collapse. The fine channels disappear under the surrounding plains in the extreme south-
west corner of the picture. (MTVS 4242-59, DAS 09054579) (b) More narrow-angle detail
of the Elysium dome showing the escarpment at the west edge and the radial channels
buried by the surrounding plains. Lobate structures on the plains are strongly suggestive
of lava flows. (MTVS 4298-51, DAS 13496368)
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Fig. IV-11. Arcadia ring at 40°N, 110°W. A northeast-southwest trending set of fractures
is deflected around a circular structure to form a fracture ring 600 km across. At the
center of the ring just below the dark band are some shallow depressions with scalloped
walls. Radial ridges connect the depression and the fracture ring. Outside the fracture
ring, the terrain has a radial pattern similar to that on the flanks of the Tharsis shields.
The white patch to the northeast is a cloud. (MTVS 4222-69, DAS 08371134)

may cover much of the cratered surface. Thus, although
the most spectacular volcanic features occur in the
sparsely cratered regions, both volcanic plains and cir-
cular constructs are found within the densely cratered
province indicating that volcanism has been in effect
all over the planet.

B. Discussion

In this discussion, it will be argued that the crust of
Mars, in contrast to that of Earth, is stationary with
respect to the rest of the planet. There are no apparent
Martian equivalents of terrestrial subduction zones and
mid-oceanic ridges that accompany crustal plate motions.
The volcanic features typically associated with these
zones on Earth are similarly absent on Mars. On the
other hand, Martian equivalents of intra-plate volcanic
features, such as shield volcanoes and flood basalts, do
occur, albeit in a somewhat different form because of

54

the lack of plate movement. It will be further argued
that volcanism has been an active process since very
early in Mars history.

One of the most striking characteristics of the volcanic
features on Mars is their distribution. Mars can be
divided into two hemispheres by a plane dipping 50°
to the equator such that on one hemisphere are nearly
all the volcanic features and sparsely cratered plains,
and on the other is nearly all the densely cratered ter-
rain. The division is not exact, as some cratered terrain
occurs in the volcanic hemisphere and vice versa; never-
theless, the difference between the two hemispheres is
striking. By analogy with Earth, one can invoke a simple
convection cell within the mantle of Mars such that
upwelling occurs in the volcanic province and down-
welling occurs in the cratered province. Some support
for this model is derived from the fracture pattern around
the Tharsis region. Fractures extend several thousand
kilometers out in different directions from Tharsis to
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Fig. IV-12. Volcanic complex in Mare Tyrrhenum (23°S, 253°W), Numerous channels and
low ridges radiate from a 15-km-diameter central depression surrounded by a fracture
ring 45 km across. The eastern part of the structure is partially buried by the adjacent
plains materials, which resemble lunar maria. (MTVS 4238-56, DAS 08909224)

form a pattern similar to that which occurs, on a much
smaller scale, around terrestrial diapirs such as salt
domes. The fractures are what one would expect from a
broad domical uplift around Tharsis as might be caused
by upwelling of the underlying mantle.

Even if such convection has occurred in the Martian
mantle, it does not appear to have caused different parts
of the crust to move laterally with respect to one another.
It is tempting to look upon the Coprates canyon as a
rift zone, away from which the crust has moved, and to
interpret the Phoenicis Lacus rift zone as a transform
fault. This interpretation does not, however, survive
close scrutiny, as the complementary transform fault at
the east end of the canyon is missing and there is no
evidence of linear subduction zones anywhere on Mars.
Terrestrial subduction zones, with their intensely folded
arcuate mountain belts, are evident even on very poor
satellite pictures, and on Mars any subduction zone
should be similarly visible. The almost complete lack of
other compressional features or strike-slip structures also
argues forcibly for a crust free of lateral movement. This
conclusion is strengthened by the types of volcanic
features on Mars, their distribution, and their size.
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1. Factors Contributing to Incidence of Volcanism

The incidence and type of most terrestrial volcanoes
are closely controlled by movement of the crustal plates
with respect to one another (see, for example, Refs.
IV-10 through IV-12). Most, but not all, volcanism is
concentrated along the plate junctions, the type of vol-
canism depending on the type of junction. Along mid-
oceanic ridges, where new crust is being formed, volcanic
activity is mainly tholeiitic, accompanied by minor
amounts of alkaline and olivine basalt (Ref. IV-13). At
subduction zones, where the plates are consumed, vol-
canism is more varied. In the case of a continental plate
over-riding a downgoing oceanic plate, the volcanic belt
may be zoned, either with tholeiites near the junction
and high-alumina basalts and alkali basalts in succession
inland, or with andesites near the junction and more
potassic rocks inland (Ref. IV-14). At the junction of two
oceanic plates, magmas are mainly andesitic; at
continent-to-continent junctions, very little volcanism
occurs (Ref. IV-12). Several types of terrestrial volcanic
activity are difficult to relate to plate margins and sub-
duction zones, although they may have been affected
by plate movement. Conspicuous among these are the
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Fig. IV-13. Volcanic dome at 29°S, 264°W, at the northeast edge of the Hellas basin. The
central depression, at the western edge of the picture, is indistinct, but a strong radial
pattern on the flanks is clearly visible. Superimposed craters suggest a relatively old age.
(MTVS 4290-04, DAS 11974069)

volcanics of mid-oceanic islands such as Hawaii, the
subaerial flood basalts such as those of the Columbia
River plateau (Ref. IV-15) and Greenland, and the con-
focal volcano-tectonic complexes such as those of the
Mogollon plateau (Ref. TV-6).

It is only these last three types of features that appear
to have equivalents on Mars. There are certainly many
resemblances between Hawaiian and Martian shield vol-
canoes, and between the Columbia River basalts and the
Martian plains. A less convincing case can be made for
resemblance between some of the large ring structures on
Mars and terrestrial ring complexes. Features resembling
stratovolcanoes and breached structures that might be
indicative of explosive activity are notable for their
absence on Mars. Terrestrially, these types of volcanoes
{(pyroclastic and explosive) are most common inland of
subduction zones in areas of andesitic or alkalic volcanism.
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2. Comparison of Nix Olympica With Hawaiian
Shield Volcanoes

Comparison of the terrestrial and Martian shield vol-
canoes will be explored in some detail, as each feature
may contribute to the understanding of the other. The
Martian shield volcanoes appear to be much larger than
their terrestrial counterparts. The large size of the shields
on Mars may result from being stationary over a magma
source for a long period of time; in contrast, terrestrial
shield volcanoes are almost certainly moving with respect
to their magma source in the mantle, and become extinct
before achieving a comparable size.

The largest and best known terrestrial shield volcanoes
occur in Hawaii. Active shields lie at the southeast end of
the Hawaiian Emperor chain, a line of extinct volcanoes
that stretches several thousand kilometers across the
Pacific Ocean (Ref. IV-16). The presently active Hawaiian
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volcanoes, Kilauea, Mauna Loa, and Hualalai are at the
southeastern end of the Hawaiian Archipeligo; the other
Hawaiian volcanoes become progressively older to the
northwest (Ref, IV-17). Similarly, the submarine vol-
canoes that make up the Hawaiian Emperor chain be-
come progressively older to the northwest such that Koko
Seamount, about 500 km from Hawaii, is 46 million
years old (Ref. IV-18). Each individual volcano of the
chain appears to go through a similar evolutionary cycle:
an initially rapid stage of building by the quiet effusion
of tholeiitic lavas is followed by a less copious, more
pyroclastic stage with eruption of more alkalic basalts,
hawaiites, and mugearites. In the final stages, nephelinitic
and related rocks may be erupted, after which the vol-
cano becomes inactive (Ref. TV-19).

According to Swanson (Ref. IV-20), the rate of magma
supply to Kilauea and Mauna Loa since 1952 averages
0.1 km?/yr, which could build the present Mauna Loa
structure within 0.3 million years (Ref. IV-T). This figure
is consistent with K-Ar dates (Ref. IV-17) and paleomag-
netic data (Ref. IV-21). There is, however, some evidence
that the eruption is episodic and that the very recent
rates may be a maximum for the Hawaiian Emperor
chain as a whole (Ref. IV-22). The source of the magma
is problematical, but Earthquake tremors as deep as 50
to 60 km directly beneath Kilauea (Ref. 1V-23) and
exotic xenoliths in some of the lavas (Ref. IV-24) have
been interpreted as indicating origin from depths of at
least 60 km.

Wilson (Ref. IV-25) suggested that the Hawaiian
Islands formed as the crust and the rigid part of the
upper mantle moved northwest over a fixed “hot spot” in
the mantle. Morgan (Ref. IV-26) extended the concept
to include the entire Hawaiian Emperor chain as well as
several other chains within the Pacific Basin. He also
introduced the concept of “convection plumes” in the
lower mantle. According to Morgan, thermal instabilities
near the core-mantle boundary caused upward convection
of a plume of hot mantle rocks., Where the plume comes
in contact with the rigid lithosphere, its constituent mate-
rials spread out over a large area to migrate slowly back
down to the lower mantle. Shield volcanoes form over
the plumes and become extinct as the plate on which the
shield sits moves away from the site of the plume. Pro-
tracted movement of the Pacific plate over the stationary
plume presently under Hawaii has resulted in the
Hawaiian Emperor chain.

If we assume that in the Martian mantle, beneath Nix
Olympica, a plume exists that is similar to the one pro-
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posed beneath the Hawaiian Emperor chain, we can
calculate how long it would take to build Nix Olympica.
Recent photogrammetric data indicate that the summit
of Nix Olympica is 23 km above the surrounding plains,
which is in good agreement with the uliraviolet spec-
trometer value of 25 km. Taking 90 km as the diameter
of the summit pit, and 600 km as the diameter of the
entire structure, then the volume of Nix Olympica is
2.6 X 10° km?. Shaw (Ref. IV-22) estimates that, in about
the last 45 million years, 85 X 10° km?® of lava have
erupted to form the Hawaiian segment of the Hawaiian
Emperor chain. This gives a rate of accumulation of
about 2 X 10~ km®/yr over the last 45 million years. If
we assume the same rate for Nix Olympica, it would take
130 million years to construct the enti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>