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INTRODUCTION 3

have been identified as conclusively or probably vol-
canic are (1) small shield volcanoes (less than 10 km
across), commonly associated with fracture systems;
(2) fields of densely clustered cratered cones or
domes; and (3) arcuate chains of symmetrical cones.
Other features of more ambiguous origin include
low, circular domes with shallow summit depres-
sions, extensive collapse pits, cratered and uncratered
mesas and buttes that resemble Icelandic tablemoun-
tains, and dikelike structures. .

Our intent here is to portray all miartian construc-
tional landforms that can be interpreted unequivocally
as volcanic and to present examples of the more enig-
matic features for which a volcanic interpretation cur-
rently seems as plausible as any other. Interpretations
of extraterrestrial landforms are necessarily based on
comparison with, and extrapolation from, terrestrial
landforms whose morphologic and dimensional at-
tributes are similar. For some volcanic features on
Mars, such as the low shield volcanoes of the Tempe-
Mareotis province, exact analogs exist on Earth; how-
ever, most martian landforms differ greatly in scale,
context, or some other aspect, and photogeologic in-
terpretation must rely heavily on a combination of
several diagnostic features and criteria (Greeley and
Spudis, 1981). An objective of this atlas is to facilitate
further studies in comparative volcanology by provid-
ing a compendium of information on the morphology
and variety of martian volcanoes and attendant land-
forms. The atlas should also be useful in planning
future spacecraft missions to Mars.

DIMENSIONS OF FEATURES

The average dimensions of the large volcanic edi-
fices as listed here are primarily from Pike and Clow
(1981b). Some uncertainty exists in these values, aris-
ing from interpretations of base configurations as well
as from the somewhat limited and varied sources of
topographic information. If we noted obvious dispari-
ties with the most recent 1:15,000,000-scale topo-
graphic maps (U.S. Geological Survey, 1989, 1991),
we modified the dimensions accordingly. Elevations
are from these maps, with a contour interval of
1.0 km; probable error in these contours is £1.0 km
between 30° N. and 30° S., and 1.5 km elsewhere.
Overall heights and base diameters of some volcanoes
are uncertain because they are partly buried by young-
er flows, and true configurations are obscured by an
unknown thickness of lava. Profiles of some small
volcanic edifices and tube-fed flows were obtained by
using photoclinometry (for example, Davis and Sod-
erblom, 1984); errors in the relief of these small fea-
tures may be as great as 30 percent.

NOMENCLATURE

Geographic names on Mars derive from Latin
words (the planet itself is named for the Roman god
of war), and it may be helpful to clarify some of the
most common terms applied to volcanic and related
features, as defined by Strobell and Masursky (1990).
The largest martian volcanic edifices are called mon-
tes (singular, mons, “mountain”), and the smaller
ones tholi (singluar, tholus, “small domical mountain
or hill”). Other volcanoes of low relief are identified
by the names of their summit depressions, called pa-
terae (singular, patera, “shallow crater with scal-
loped or complex edge”), but not all paterae on the
planet are atop volcanoes. Northern plains units are
planitiae (singular, planitia, “low plain”), and high-
lands plains are plana (singular, planum, “plateau or
high plain”). Clusters of fractures and grabens are
fossae (singular, fossa, “long, narrow, shallow de-
pression”). The term “low shield” designates small
volcanoes with dimensions (2-10 km across) similar
to those of low shield volcanoes on Earth (Greeley,
1977b, 1982).

DISTRIBUTION OF VOLCANIC LANDFORMS

Two major terrain types characterize the martian
surface: a vast, low-lying northern plains unit, and
the cratered highlands, primarily in the Southern
Hemisphere. The boundary between these two ter-
rains is commonly an escarpment, 1 to 3 km high
(U.S. Geological Survey, 1976, 1989). As is readily
apparent on the accompanying map (pl. 1), all of the
great shield volcanoes and most of the lesser volcanic
landforms on Mars are localized in the northern plains
province. The densely cratered highlands have few
demonstrably volcanic landforms, and those that can
be identified confidently, specifically Tyrrhena and
Hadriaca Paterae, have little relief. A few features
in the highlands morphologically resemble those of
terrestrial continental calderas, resurgent domes, and
composite volcanoes, but these features are rare and
questionable. The confinement of most large martian
shield volcanoes to the plains is somewhat analogous
to the localization of the largest basaltic shield vol-
canoes on Earth within the ocean basins; the martian
volcanoes are, however, as much as three times
higher and five times broader than their terrestrial
counterparts.

The so-called Tharsis bulge, encompassing much
of the Tharsis volcanic region, is topographically the
highest part of the planet; it rises 8 to 9 km above
datum (U.S. Geological Survey, 1989, 1991) and is
surmounted by the large shield volcanoes Ascraeus,



4 ATLAS OF VOLCANIC LANDFORMS ON MARS

Pavonis, and Arsia Montes. A conspicuous and ex-
tensive system of radial fractures (Carr, 1984) sur-
rounds the Tharsis bulge. Lava flows emanating from
these volcanoes totally cover the adjacent plains
(figs. I-1, I-2), which meet the nearest highlands
province, Syria Planum to the southeast, along an es-
carpment more than 1 km high.

The Tharsis region, as defined here, includes those
volcanoes aligned along the northeast-trending axis
of the Tharsis bulge, all adjacent shields, and local-
ized areas of minor volcanic features in the Ceraun-
ius Fossae and Tempe-Mareotis provinces (pl. 1); the
entire region covers about a quarter of the planet’s
surface. In addition to the specific provinces outlined
and described within the Tharsis region, the plains
surrounding the volcanoes are characterized by con-
spicuous lava flows, fissure vents, and small, barely
discernible low-shield vents, but these features are
not sufficiently distinctive to include here. General
relations between lava flows, small volcanoes, vents,
and the large Tharsis volcanoes are shown in figure
I-2 (see Mouginis-Mark and others, 1982b). For a
discussion of the extensive and conspicuous lava
plains units of Tharsis, the reader is referred to the
series of 13 maps by D.H. Scott and coworkers
(Scott, 1981; Scott and Tanaka, 1981a-e; Scott and
others, 1981a—e, g). Theilig and Greeley (1986) de-
scribed some of the small-scale surface features that
characterize the Tharsis lava flows.

The Elysium region includes Elysium Mons, Albor
Tholus, Hecates Tholus, Apollinaris Patera, and some
lesser provinces (fig. I-3). Elysium Mons surmounts
a structural and topographic high somewhat similar
to the Tharsis bulge, but only about 2 to 3 km above
datum.

The major volcanoes of the highlands province are
Hadriaca and Tyrrhena Paterae, respectively on the
northeast rim and flank of the large Hellas impact
basin. These shield calderas have low relief (1-
2 km), but each is surrounded by a radial pattern of
channels. Two large, partly foundered calderas near
the north boundary of the highlands erupted conspic-
uous lava flows that formed the volcanic plains with-
in Syrtis Major (fig. I-4). Several candidates for
silicic caldera domes, one possible composite cone,
two probably volcanic paterae, and several small
enigmatic features also occur in the highlands, but
the array of volcanic landforms does not compare to
that of the northern plains. Lucchitta (1987, 1990)
presented evidence for relatively young mafic vol-
canism in the Valles Marineris equatorial canyon sys-
tem, but these dark-gray patches, interpreted as
vents, do not exhibit significant positive relief, and
they are not discussed further here.

TECTONICS, ERUPTIVE STYLE,
AND PETROLOGY

In contrast to Earth, Mars does not have belts of
composite cones (stratovolcanoes) like those of the
Cascades, Andes, and other ranges of the American
Cordillera, or the island arcs of the Aleutians and the
western Pacific rim. These edifices, built of both ef-
fusive and pyroclastic layers, with typically concave
slopes ranging from about 10° to 35° (Macdonald,
1972), have resulted from magma generation and
eruption along the subduction zones between oceanic
plates and the overlying, more silicic continental
plates. Composite volcanoes also characterize conti-
nental rift zones, as in East Africa. Such volcanoes
may attain great heights, 3 to 5 km above sea level,
but their volumes are trivial in comparison with
those of oceanic shield volcanoes: Mauna Loa is 300
times larger volumetrically than Fujiyama, one of
Earth’s largest composite cones (Williams and
McBirney, 1979). Composite volcanoes vary in com-
position, although they are predominantly andesitic,
and their eruptions are more commonly explosive
than effusive, producing vast pyroclastic deposits.
Oceanic shield volcanoes, in contrast, are character-
ized by effusive eruptions of low-viscosity basaltic
lavas, normally convex profiles, and slopes averaging
about 2°-12° (Macdonald, 1972).

According to Carr (1973, 1984), the differences in
size, type, and distribution between the volcanoes on
Mars and those on Earth “* * * appear to result
largely from the absence of plate tectonics on Mars.”
Although extensional faulting may have occurred

P Figure I-2. Sketch map of Tharsis region of Mars,
showing geographic relations between volcanoes and lava
flows. Area approximately the same as in figure I-1. Mon-
tes: OM, Olympus; AsM, Ascraeus; PM, Pavonis; ArM,
Arsia. Tholi: CT, Ceraunius; TT, Tharsis; UT, Uranius; JT,
Jovis Tholus. Patera shields: AP, Alba; BP, Biblis; UIP, Ul-
ysses; UrP, Uranius. Collapse structure: HF, Halex Fossae.
Volcanic fields with small edifices: CF, Ceraunius Fossae;
SP, Syria Planum; TM, Tempe-Mareotis; TV, Tempe Vol-
cano; UPn, Uranius Patera north. Volcano subunits: AsMf,
Ascraecus Mons lava fans; Pa, Pavonis Mons east lava
apron; ArMf, Arsia Mons lava fans. Aureole materials:
OMa, Olympus Mons; AsMa, Ascraeus Mons; PMa, Pavo-
nis Mons; ArMa, Arsia Mons. Outlines denote lava-flow
fields of various volcanic centers; arrows within outlines
indicate paleoflow directions of lavas. Dashes, lava fans of
Ascraeus, Pavonis, and Arsia Montes; dashes near Tempe
Volcano, lava-tube ridges; dots, small volcanic edifices
with low relief; irregular line with small dots, fissures;
hachures, calderas. Mercator projection.
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Figure I-3. Sketch map of Elysium region of Mars,
showing relations between volcanoes, lava flows, and
channels. EM, Elysium Mons, AT, Albor Tholus; HT,
Hecates Tholus; ApP, Apollinaris Patera shield; Cb,
Cerberus Planitia lava field; dp, thick deposits of possi-
ble pyroclastic debris. Outlines denote lava-flow fields
of various volcanic centers; arrows within outlines in-

along the great canyon system of Valles Marineris,
which spans more than 3,000 km along the equatori-
al belt of the planet, there is no evidence of the rift-
ing and accompanying extension required by plate
tectonics; no discrete plate segments are definable,
and no indication of spreading, migration, or subduc-
tion is apparent. Mars is a one-plate planet, and thus
development of composite cones as we know them
on Earth may have been precluded.

The great volcanoes of the Tharsis ridge achieved
their immensity at least in part because they were
stationary over their respective hotspots (Carr, 1973,

—|— 20°8

170°W

dicate paleoflow directions of lavas. Long, narrow fea-
tures are discrete flows or channels. Outline with
paired hachures, boundary scarp between highlands
and northern plains; dashes, apron of Apollinaris
Patera; dots, small volcanic edifices with low relief; ir-
regular line with small dots, fissures; hachures, calder-
as. Mercator projection.

1976b). In contrast, terrestrial shield volcanoes are
small “because the Earth’s mobile plates move grow-
ing shields away” from their deep magma sources
(Wood, 1984a). As pointed out by Carr (1980), how-
ever, a volcano can grow only as high as a column of
magma can be forced to rise; that height is governed
in part by the pressure head that results from differ-
ences in density between the magma and the sur-
rounding rocks. Carr (1974, 1976a, 1980) estimated
that the depth to magma generation at the Tharsis
volcanoes must have been about 200 km to attain the
pressure difference necessary for magma to rise to
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Figure I-4. Sketch map of Syrtis Major and part of Hellas Basin regions, showing relations
between calderas, volcanoes, lava flows, and channels. HP, Hadriaca Patera; TP, Tyrrhena Patera;
HsP, Hesperia Planum; SM, Syrtis Major. Outlines denote lava-flow fields of various volcanic
centers; arrows within outlines indicate paleoflow directions of lavas. Dot-dashed arc marks most
conspicuous ring of Hellas impact basin; short dashes, Isidis impact basin; line with paired hach-
ures, boundary scarp between highlands and northern plains; dot, chains of small cratered cones;
irregular line with small dots, fissures; hachures, calderas. Mercator projection.

elevations above 25 km. In contrast, generation of
magma by partial melting of the mantle beneath Ha-
waiian shield volcanoes is thought to occur at about
60-km depth (Eaton and Murata, 1960). On Earth,
lithospheric plates are only a few kilometers thick at
the midoceanic ridges, whereas beneath the topo-
graphically highest parts of the continents, plates
may be as thick as 100 km; on Mars, the apparently
stationary, globally continuous, elastic lithosphere
has been estimated at 100 to 200 km thick (Solomon
and Head, 1990). According to Plescia and Saunders
(1982), the extensive systems of normal faults and
fractures so conspicuous in the Tharsis region result-
ed from several discrete episodes of tectonism that
began in the southern part of the plains province
(Thaumasia area) and migrated first to the northern

Syria Planum area and later to the central Tharsis re-
gion near Pavonis Mons; volcanic eruptions predom-
inated between periods of tectonism and culminated
in the development of the huge Tharsis shield volca-
noes. The topographic prominence of the Tharsis re-
gion may be attributable to the combined effects of
volcanic construction and ‘“‘compositional buoyant
uplift” (Phillips and others, 1981).

Several investigators have speculated that pyroclas-
tic activity played a significant role in shaping the
martian landscape (Malin, 1977; Saunders and others,
1980; Mouginis-Mark and others, 1982a; Scott and
Tanaka, 1982; Greeley and Crown, 1990; Crown and
Greeley, 1990a, b). On Earth, extensive pyroclastic
materials are commonly more silicic than basalt, so
that positive identification of such materials on Mars
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has important implications for composition, as well as
eruptive style. Scott and Tanaka (1982) proposed that
a substantial part of the plains west and southwest of
Olympus Mons in the Amazonis Planitia area, and the
fluted deposits around Apollinaris Patera are com-
posed of welded and nonwelded ignimbrites. Francis
and Wood (1982) noted, however, that the physical
appearance of these deposits is equally characteristic
of many fine-grained, bedded sedimentary deposits;
and the absence of an identifiable source caldera for
such widespread (more than 1 million km2) ash depos-
its virtually precludes an analogy with terrestrial ign-
imbrites. Thick pyroclastic deposits likely of basaltic
composition may exist around the large highlands cal-
deras Tyrrhena Patera (Greeley and Crown, 1990) and
Hadriaca Patera (Crown and Greeley, 1990a, b). Sev-
eral highlands structures a few kilometers across have
been compared to the resurgent domes of terrestrial
continental calderas, such as Valles Caldera in New
Mexico or Cerro Gal4n in Argentina, which common-
ly erupt enormous volumes of pyroclastic ejecta; al-
though the evidence is not compelling, these rugged
highlands features are illustrated and discussed in the
following text. By far the best candidate for a compos-
ite volcano is the symmetrical structure south of Apol-
linaris Patera in the Aeolis quadrangle. Conical in
shape, it is about 30 km across at the base and 2 km
high, with deeply dissected flanks and a summit cal-
dera. Another landform of possible silicic composition
lies northwest of Olympus Mons, where a cluster of
features reminiscent of terrestrial rhyolitic and dacitic
domes is associated with crenulated-ridge deposits
that resemble viscous, silicic lava flows (Fink, 1980;
Hodges, 1980b).

Wilson and Head (1983) noted that the probable
abundance of CO, and H,O in the uppermost crustal
deposits of Mars could engender explosive erup-
tions, regardless of magma composition. Instead of
the silicic pyroclastic volcanism common on Earth,
massive tephra deposits in the martian highlands
could have been produced by the explosive commi-
nution of basaltic lava as it interacted with subsur-
face ice or ground water (Reimers and Komar, 1979;
Crown and Greeley, 1990b). The strong geomorphic
evidence for a high volatile content in the martian
crust, together with the high water content of sher-
gottite, nakhlite, and chassignite (SNC) meteorites,
thought to be of martian origin (Johnson and others,
1990), supports the interpretation that basaltic pyro-
clastic deposits occur. Crown and Greeley (1990b)
believed that the “morphologies and the energetics
of explosive eruptions are consistent with both mag-
matic and hydromagmatic origins” for the large
highland shields of Tyrrhena and Hadriaca Paterae,
but they concluded that the regional setting was

more favorable for hydromagmatic (phreatomag-
matic) processes.

Francis and Wood (1982), however, pointed out
that phreatomagmatic activity is unlikely to have
produced such large volcanoes as the highlands pa-
terae, inasmuch as initial water-charged eruptions
would probably evolve to less explosive activity
as the conduit became coated with lava, reducing
water/magma interaction. They speculated that pater-
ae might, instead, be formed by volatile-rich kimber-
litic eruptions during a stage of vigorous degassing
early in the planet’s history. Wood (1984a) concluded
from a survey of the calderas thus far identified in
the Solar System that the highland paterae constitute
a class of calderas unique to Mars.

Based on terrestrial comparisons, the inescapable
conclusion is that most volcanoes on Mars formed
largely by effusive eruptions of basaltic lavas. Hulme
(1976) and Zimbelman (1985) suggested that the
most recent flows on the flanks of Olympus and As-
cracus Montes may be basaltic andesite or andesite,
with higher silica contents than Hawaiian basalts,
and that the steeper, uppermost slopes of Elysium
Mons may be surfaced by more differentiated flows
or pyroclastic deposits (Scott and Allingham, 1976;
Malin, 1977; Blasius and Cutts, 1981), as occurs at
Hawaiian shield volcanoes. Evidence for major si-
licic or felsic volcanism is equivocal at best, howev-
er, implying that martian crustal history with respect
to mineralogic differentiation and fractionation may
differ greatly from that of Earth (Francis and Wood,
1982). The confinement of most postulated felsic
volcanic features to the highlands suggests that, if
differentiation did occur, a compositional distinction
could have developed between the martian crust of
the northern lava plains and that of the southern cra-
tered highlands. Such a compositional difference
might be similar to the general mafic/felsic dichoto-
my between the ocean basins and continents on
Earth, but data are unavailable to test this inference.

ATMOSPHERIC INFLUENCE

Volcanof/ice interactions have been invoked to ex-
plain numerous enigmatic features on Mars, particu-
larly in the northern plains. Justification for such
interpretations ultimately requires a knowledge of at-
mospheric history, detailed analysis of which is be-
yond the scope of this atlas, but brief comments on
the planet’s volatile budget are pertinent.

The history of the martian atmosphere, a topic of
extensive investigation and debate (for example, Fa-
nale, 1976; Fanale and Cannon, 1979; Toon and oth-
ers, 1980; Hunten and others, 1989; Pepin, 1985;
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Pollack and others, 1987; Dreibus and Winke, 1987;
Kasting and Toon, 1989), is related intrinsically to the
volcanic record. The composition of the present atmo-
sphere, derived mainly from volcanic outgassing, is
largely CO, (95.3 volume percent), with 2.7 percent
Nj, 1.6 percent Ar, and only 0.13 percent O, (Owen
and others, 1977). Water vapor is near saturation for
night-time temperatures, ranging from 1 to 100 precip-
itable micrometers (pr pum, the depth of water that
would result if all the vapor in the atmosphere were
precipitated evenly over the entire planetary surface)
and averaging about 12 pr pm (Farmer and Doms,
1979). Atmospheric pressure on Mars currently aver-
ages only about 7 mbars (Pollack and others, 1987),
less than 1100 that on Earth; it varies by about a factor
of 10 from the summit of Olympus Mons, at 26 km
above datum, to the floor of the Hellas Basin, at —4km
(Carr, 1984). Liquid water is everywhere unstable at
the surface, and ice is stable throughout the year only
at the poles. Surface temperatures range from 150 K
at the winter pole to 220 K at low latitudes (Carr,
1987), so that, depending on time of day, location, and
season, water will evaporate, sublimate, or freeze
(Carr, 1984). (The mean martian temperature is 218 K;
Earth’s present mean temperature is 288 K.) Most of
the outgassed volatile materials retained by the planet
are trapped within the martian megaregolith and polar
icecaps rather than in the atmosphere (Carr, 1984).
Mars today is a polar desert, but it may not always
have been so.

Numerous channels and valley networks that ap-
pear to have formed or been modified by fluvial and
(or) glacial erosion (Carr and Clow, 1981; Lucchitta,
1981; Baker, 1982; Gulick and Baker, 1990a, b) sug-
gest that the atmosphere was once considerably dens-
er than it is now (Carr, 1981; Pollack and others,
1987); the more temperate climate thus created could
have permitted ice and (or) water to exist at the sur-
face in the equatorial regions of the planet. Baker
and others (1990) postulated that Mars underwent
cyclical epochs during which atmospheric pressure
was well above its current level, permitting intense
fluvial, glacial, and related processes to occur in con-
junction with formation of a northern-hemispheric
ocean. Mouginis-Mark (1990) observed that channels
near the southeast base of Olympus Mons indicate
recent release of water in the Tharsis region. Parker
and others (1989) cited evidence for standing bodies
of water in the northern plains. Schaefer (1990) con-
cluded that an ocean 1,000 to 2,800 m deep could
have inundated the lowland terrain, enabling deposi-
tion of extensive carbonate beds several hundred or
more meters thick.

To raise the surface temperature above the freezing
point of water, “atmospheres containing several bars

of CO,” would be required (Pollack and others,
1987). According to Dreibus and Winke (1987),
most of the water incorporated in the planet during
accretion would have been reduced by metallic Fe to
yield H,, which would escape; thus, the occurrence
of H,O at the surface largely depended on volcanic
outgassing. The escape velocity of Mars, 5 km/s, is
less than half that of Earth (11.5 km/s) but is suffi-
ciently high to have retained outgassed H,O and
CO, for billions of years. The controlling mechanism
seems to have been the efficiency of outgassing,
which Pollack and Black (1979) estimated at 120 to
5 that of Earth.

Carr (1986a, 1987) summarized geologic and geo-
morphic evidence that suggests an important role for
water as an erosional agent, as well as the presence
of ground ice at latitudes above 30°. Further support
for an early volatile-rich planet is found in SNC me-
teorites, which are widely assumed to be of martian
origin (Wood and Ashwal, 1981; McSween, 1985;
Carr, 1987; Dreibus and Winke, 1987). These stony
meteorites not only are volatile-rich but also have
distinctive differentiated compositions and show
remarkably young crystallization ages of 1.3 Ga—
3 b.y. younger than any other known meteorites
(Wood and Ashwal, 1981; Dreibus and Winke,
1987).

The issue of present and past martian water en-
dowment has been continuously debated since the
Viking mission; theoretical analyses, largely driven
by geologic observation and interpretation, have
yielded progressively increasing estimates of the
total water budget on the planet. In the late 1970’s,
immediately after the Viking Lander mission, Anders
and Owen (1977), using argon-isotopic data, estimat-
ed that Mars hosted only enough water to cover the
planet to a depth of 9 m. On the basis of nitrogen-
isotopic data, McElroy and others (1977) estimated
that about 120 m of water had outgassed. Subsequent
reassessments of nitrogen sinks led Yung and McEI-
roy (1979) to increase the water estimate to as much
as 500 m. Greeley (1987) concluded that water re-
leased in association with surface volcanism amount-
ed only to 46 m planetwide. On the basis of analyses
of halogens in SNC meteorites and assumptions re-
garding the amount of H,O left in the mantle of
Mars after accretion and oxidation of metallic Fe,
Dreibus and Winke (1987) concluded that 36 ppm
H,O remained in the martian mantle, corresponding
to a planetwide envelope 130 m thick. Carr (1986a,
1987) suggested that the equivalent of 500 to
1,000 m of water planetwide could have outgassed.
Inasmuch as the planet’s original inventory is now
thought to reside largely within the northern icecap
and within the regolith, this retained water, when
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encountered by magma both before and after
eruption, would have influenced martian landscape
development. Aside from features of apparent hydro-
magmatic origin, escarpments and impact craters also
show morphologic modifications, such as terrain
“softening” and fluidized ejecta blankets, that may
indicate the presence of ground ice in the escarpment
and target materials. The interaction of magma with
both water and ice, in the subsurface as well as at the
surface, is likely to have occurred, and geomorphic
analyses may provide evidence of where and when
either state of H,O has existed.

For example, large debris aprons termed “aureoles”
occur on the northwest sides of each of the main
shield volcanoes atop the Tharsis ridge; these lobate
deposits have a surface texture and morphology dif-
ferent from those of the more conspicuous aureoles
that surround Olympus Mons but strongly resem-
bling those of the relatively small debris lobes at the
northwest base of the Olympus Mons escarpment.
All of these deposits have been interpreted as prod-
ucts of glacial processes (Williams, 1978; Hodges
and Moore, 1979; Lucchitta, 1981). Inasmuch as
they show a conspicuous decrease in size from the
oldest volcano, Arsia Mons, to the youngest, Olym-
pus Mons, an ice-related hypothesis of origin for
these materials has implications for the interpretation
of climatic history and, if valid, suggests that intense
glaciation was occurring during or after formation of
Arsia Mons, decreasing over time to a much less ex-
tensive stage by the end of Olympus Mons develop-
ment. Alternatively, the relative sizes of the aureoles
could reflect the decreasing ages of the volcanoes
under essentially static glacial conditions. Demise of
the last glacial ice could have provided the water in-
ferred by Mouginis-Mark (1990) to have carved re-
cent channels at the southeast base of Olympus
Mons.

GRAVITATIONAL INFLUENCE

Acceleration of gravity at the surface of Mars is
about 3.7 m/s2, approximately 38 that of Earth (9.8
m/sz), and the difference should be reflected in the
shapes and sizes of volcanic landforms. Low surface
gravity, in combination with low atmospheric pres-
sure, dictates that explosive eruptions on Mars
should produce such fine-grained and widely dis-
persed ejecta that a positive construct around a vent
would be lower and wider than on Earth or might not
form at all (Wilson and Head, 1983). Such an effect
may be manifest at the highlands calderas Tyrrhena
and Hadriaca Paterae, which have very low relief.
Low gravity also may augment the construction of

massive shield volcanoes. All other variables being
equal, lower surface gravity causes lava flows to be
thicker on Mars than on Earth (for example, Moore
and others, 1978).

STRATIGRAPHY AND RELATIVE AGES
OF VOLCANIC LANDFORMS

Estimates of the relative ages of martian volcanic
edifices and eruptive centers rely on the interpreta-
tion of superposition and intersection relations and
the number of superimposed impact craters obtained
from crater counts. (Interpretation of the impact ori-
gin of craters is based on the overall morphology of
their flanks and ejecta blankets, as well as on their
inner configuration and relation to surrounding
grade.) Superposition and intersection criteria have
priority over crater counts if the evidence is conflict-
ing. For the purposes of this atlas, stratigraphic ages
were obtained from the three latest geologic maps of
the planet, at 1:15,000,000 scale (Scott and Tanaka,
1986; Greeley and Guest, 1987; Tanaka and Scott,
1987), and are designated by system and rock unit.
The time-stratigraphic systems established for Mars
are, from oldest to youngest, Noachian, Hesperian,
and Amazonian (Scott and Carr, 1978). Volcanic pro-
cesses have been active throughout the history of the
planet, but the major shield-building eruptions appear
to have occurred during the Late Hesperian (Tanaka,
1986) and Early Amazonian (Greeley and Spudis,
1981) epochs. The age relations between the princi-
pal shield volcanoes and small eruptive centers,
based on crater counts, are plotted in figure I-5. The
flanks, lava fans, and calderas of large shield volca-
noes are dated separately where crater-count data
permit. The flanks and calderas of the Tharsis shields
were resurfaced by lavas through late Amazonian
time, and small edifices also erupted through the late
Amazonian (fig. I-5).

In the procedure for estimating relative ages from
the number of superposed impact craters, a frequency
distribution of craters as a function of size is estab-
lished. The relative ages of landforms are expressed
as the cumulative number of craters per square kilo-
meter that are larger than a given diameter (generally
1.0 km), with an uncertainty related to the number of
craters counted (U.S. National Aeronautics and
Space Administration, 1978). Landforms and surfac-
es with a smaller number of superposed craters per
unit area are presumed to be younger than those with
a larger number of superposed craters per unit area.
In the following descriptions of volcanic provinces,
relative ages are reported as the cumulative number
of craters larger than 1.0 km in diameter per square
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Figure I-5. Summit relief versus relative age of volcanoes and related subunits on Mars. Lines with dots represent
best estimates of ages (dots) and error ranges in ages (ends of lines); lines without dots represent estimated age ranges (ends
of lines) (AsM is older than its caldera, AsMc, and is so indicated); dashed line with question mark (AsMf) is based on
superposition and geologic interpretation; dashed line with dot represents best estimate of relative age (dot) and geologic
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HT, Hecates; CT, Ceraunius; TT, Tharsis; AT, Albor; UT, Uranius; JT, Jovis. Patera shields: AP, Alba; UrP, Uranius; BP,
Biblis; UIP, Ulysses; ApP, Apollinaris; AmP, Amphitrites; TP, Tyrrhena; HP, Hadriaca; SM, Syrtis Major. Collapse structure:
HF, Halex Fossae. Volcanic fields with small edifices: SP, Syria Planum; TV, Tempe Volcano; TM, Tempe-Mareotis; UPn,
Uranius Patera North; CP, Chryse Planitia; CF, Ceraunius Fossae; Cb, Cerberus. Volcanic sub-units: ArMf, Arsia lava fans;
ArMc, Arsia caldera; AsMf, Ascraeus lava fans; AsMc, Ascraeus caldera; Pa, Pavonis east lava apron. Model ages at top
from (1) Neukum and Hiller (1981) and (2) Soderblom (1977); estimated stratigraphic ages from Tanaka (1986) and geologic
maps by Scott and Tanaka (1986) and Greeley and Guest (1987).



12 ATLAS OF VOLCANIC LANDFORMS ON MARS

kilometer. Sources for these data are, chiefly, Neu-
kum and Hiller (1981), Plescia and Saunders (1979),
and H.J. Moore (unpub. data, 1990). If the province
description does not include a relative age, the area
is too small to obtain reliable crater-count data.

Ages (in years) estimated from relative ages are
model dependent, and those reported here have been
inferred from two models: model 1, largely promoted
by Gerhard Neukum (Neukum and Wise, 1976; Neu-
kum and others, 1978; Neukum and Hiller, 1981);
and model 2, developed by L.A. Soderblom (Soder-
blom and others, 1974; Soderblom, 1977). Inferred
ages according to these two models may differ by a
factor of nearly 5. For example, for a relative age of
1x1073 craters/kmz, the inferred age is 3.4 Ga in
model 1 and 0.9 Ga in model 2. No attempt is made
here to evaluate the relative merits or accuracy of
these two models; however, we note that if SNC me-
teorites do derive from Mars, as is widely assumed,
the case for the older ages in model 1 is greatly
weakened. Ages estimated from superposed impact
craters larger than 4 km in diameter, and reckoning
of cratering rates for Mars from various sources
(Hartmann and others, 1981), yield ages and uncer-
tainties similar to those in the model 1-2 range re-
ported here. For example, the age range of the
Chryse Planitia area is here given as 3.6 to 1.1 Ga,
reasonably close to that (3.8-1.2 Ga) reported by
Hartmann and others (1981). Differences in the re-
ported ages are partly related to the fact that materi-
als of a volcano are not everywhere of the same age.

Relative age, stratigraphic age, and the two models
for inferred age versus the relief of volcanic features
are plotted in figure I-5. Several observations are il-
lustrated by this plot. (1) Volcanic processes have
been active throughout the history of Mars, but the
major shield-building eruptions apparently occurred
during the Hesperian (Tanaka, 1986) and Amazonian
(Greeley and Spudis, 1981) periods. Volcanism
began on Mars before about 3.9-3.6 Ga and persisted
to about 0.1-0.02 Ga. Indeed, Soderblom and others
(1974) speculated that volcanism could be active on
the planet even today. (2) The volcanic edifices fall
into three fairly distinct groups: (a) shield volcanoes
with huge relief that are mainly Amazonian in age,
except Elysium Mons, which may be late Hesperian
or early Amazonian; (b) large shield volcanoes with
moderate relief that are primarily Hesperian and
Noachian in age, except Alba Patera, which may be
late Hesperian or early Amazonian; and (c¢) small
volcanoes with low relief that are Hesperian and
Amazonian. (3) Regardless of model, many volcanic
landforms on Mars that appear to be relatively pris-
tine are as old as 3.5 to 1 Ga, in contrast to those on
Earth, where coeval rocks have long since been de-

formed, metamorphosed, and eroded. (4) The largest
shield volcanoes, many of which have datable sub-
units, were active for long periods of time (Neukum
and Hiller, 1981)—possibly as long as 0.2 to 2.0 Ga,
depending on the model; in contrast, large shield vol-
canoes on Earth have lifetimes of only a few million
years (Wood, 1984a). The smaller martian shield vol-
canoes with low to moderate relief were active con-
currently with the large shields during Hesperian and
Amazonian time. The general sequence described
here is mostly consistent with the relative chronology
of martian volcanoes derived by Landheim and Bar-
low (1991) on the basis of crater-size/frequency-dis-
tribution curves, using craters in the 1.5- to 8-km-
diameter range.

ATLAS ORGANIZATION AND
ILLUSTRATIONS

This atlas includes an index map, at 1:25,000,000
scale (pl. 1). All provinces dominated by volcanic or
possibly volcanic features are outlined schematically
on this map, and characteristic landforms are indicat-
ed for each; base outlines of the major shield vol-
canoes are drawn as accurately as possible. Repre-
sentative photographs (most greatly reduced in scale)
portray the dominant landform(s) in each province.
Numbers correspond to the 1:5,000,000-scale Mars
Chart (MC) of Batson and others (1979) that includes
the volcanic province, and letters distinguish separate
features or provinces within the chart area; if there is
overlap, a second number refers to the adjacent chart.
The provinces are summarized in table 1.

For each named province or feature discussed and
illustrated in the text, the following information is
included: (1) number of the best Viking 211-series
mosaic(s) (Evans, 1982; mosaic numbers higher
than 5869, undocumented); (2) MC number and
identifying letter; (3) center or boundary coordi-
nates, as appropriate, to the nearest degree; (4) ap-
proximate dimensions; (5) estimated relative age; (6)
inferred age; (7) stratigraphic age; (8) an outline of
especially distinctive characteristics; (9) a detailed
description and applicable interpretations; (10) a
concise list of references, and (11) representative il-
lustrations. Where appropriate, photographs of pos-
sible terrestrial analogs are included for comparison.
Each province description was intended essentially
to stand alone, to enhance the use of this atlas as a
reference volume; therefore, although redundancies
in the descriptions of similar features in different
provinces are numerous, we decided against consol-
idation (except for minor shield volcanoes of the
Tharsis region).
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Reference is sometimes made to controlled mosaics
in the Miscellaneous Investigations Series Maps of
MC subquadrangles prepared by the U.S. Geological
Survey at 1:2,000,000 scale (Batson, 1990), in addi-
tion to the 211-series mosaics; these mosaics cover
the entire planet and include the Viking Orbiter frame
numbers used to prepare them. All of the relevant MC
subquadrangles are listed in table 1. For some volcan-
ic features and areas, Miscellaneous Investigation Se-
ries controlled mosaics were prepared by the U.S.
Geological Survey at 1:500,000 scale on transverse
Mercator projections; these Mars Transverse Mercator
(MTM) controlled mosaics, which are used for special
geologic studies, include high-resolution Viking Or-
biter images and the frame numbers used to prepare
them. Available MTM controlled mosaics include
parts or all of Olympus, Arsia, Ascraeus, and Elysium
Montes, Alba, Tyrrhena, and Hadriaca Paterae, and
Tempe-Mareotis Fossae.

Organization of the text is as follows: The numer-
ous provinces of the Tharsis region, where volcanism
was especially widespread and intense, are described
and illustrated first, from large, unambiguous struc-
tures to small, enigmatic features. After Tharsis, the
Elysium region and adjacent provinces are reviewed,
followed by the minor provinces of the northern
plains. The large calderas of Syrtis Major and the
several large shield volcanoes in the cratered high-
lands are next addressed, succeeded by small volcan-
ic features within the highlands. Finally, the small,
isolated landforms of the north polar province at the
margin of the icecap are discussed.

A few words about Viking photographic coverage
are in order. The entire planet was photographed at a
resolution of 200 m (Carr, 1984) by Orbiters A and
B (identified by revolution/frame number), and some
areas are covered at much higher resolutions (extend-
ed-mission S-frames) down to 10 m—a superb and
remarkable technological achievement. Nonetheless,
the collection has some limitations for purposes of
interpretation and comparison with terrestrial land-
forms. Many features normally diagnostic of volcan-
ic provinces on Earth (for example, dikes, necks, or

lava-flow textures) could be well below the limits of
resolution of Viking Orbiter images of a specific
area. Thus, we may have overlooked some small
volcanic features in the northern plains (north of
50° N.), simply because image resolution is insuffi-
cient to identify them.

In each of the photographs that follow, north is
generally at the top unless otherwise indicated; north
arrows, where shown, are approximate. Viking Orbit-
er images are orthographic (rectified; scale constant)
except for a few rectilinear (oblique; scale variable)
frames, as noted. Digital-image mosaics are sinusoi-
dal-equal-area projections. Photographs of possible
terrestrial analogs are interspersed throughout the
atlas with their presumed martian counterparts. Topo-
graphic profiles of martian features are included
where available.

The bibliography is not exhaustive; references are
limited to those cited, but they represent a selection
of principal observations and ideas from the large
body of literature related to volcanism on Mars. De-
tailed reviews of the planet’s geologic history and in-
terpretations of its landscape are provided in the
splendid books by Mutch and others (1976), Baker
(1982), and Carr (1981, 1984).

In this atlas, comparative characteristics are dis-
cussed and tentative interpretations proposed, but the
primary emphasis is on the identification, description,
and classification of volcanic constructs, based on
morphologic characteristics as described by Pike
(1978) and Pike and Clow (1981a, b). For some fea-
tures, more complete analyses can be found in the
references. This compilation developed over a period
of many years, during which our own thinking and
that of our colleagues evolved and changed; any in-
consistencies that remain are probably attributable in
part to the long period of gestation. Although we en-
deavored to make a thorough and comprehensive sur-
vey of the planet’s surface, we may have failed to
identify some volcanic landforms, and our interpreta-
tions may differ from those of other investigators who
have found or will find additional features of volcanic
origin; we welcome amendments to our inventory.
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Table 1. Volcanic provinces of Mars, listed sequentially by Mars Chart number, with documentation data and brief
interpretive description

[Selected Viking frames listed are representative but may not include every image available. Additional frame numbers are listed in the mosaic indices
(Evans, 1982). Mars Chart subquadrangles from Batson and others (1979); selected Viking 211-series mosaics through number 5869 from Evans (1982);
mosaic numbers higher than 5869 are undocumented]

Mars Chart (MC) Mars Chart Location Viking 211- Viking
province Volcanic province MO) (lat., series revolution/ Interpretative description
identification subquadrangle long. W.) mosaic frame
1A Borealis --------=-=saeuamv 1B, 1D 77°-81°N., 5562, 70B/09, Four cratered cones, all of different
60°-75° 5869 70B/27, shape; two flat-topped mesas with-
70B/29, out craters—probable cinder cones
560B/42 and maars; possible tablemountains.
2A Arcadia Planitia---------- 28C 42°-50° N., 5558 115A/11-28  Several low convex domes with summit
140°-162° depressions atop series of arcuate
parallel ridges; associated with linear
trough containing median ridge—
possible silicic eruptive center.
2B Olympus Mons Aureole 2S8C 33°-35°N., 5327 49B/04, Small cluster of cones with summit cra-
North. 133°-137° 49B/06 ters amid disintegrating margin of
aureole materials—possibly cinder
cones or pseudocraters.
3A-2 Alba Patera--------=------ 2 SE, 2 NE, 40°N., 110° 5065, 7B/01-94, Major shield volcano, probably basaltic,
3 NW, 3 SW, 5068, 252S/01-34, with central caldera; broad, flat sum-
3SE 5071, 516A/03-07, mit area outlined by numerous curvi-
5728 857A01-24 linear grabens; low relief of about 2
to 5 km; flows, lava tubes, channels,
and associated features on flanks of
shield.
3B Tempe-Mareotis --------- 3SE 31°-40°N., 5813 627A/01-58  Small, low shields of various shapes; ex-
79°-91° cellent examples, 2 to 7 km across,
with surrounding flow aprons, local-
ized by fractures; numerous collapse
pits and leveed fissures—features
characteristic of basaltic volcanism.
3C9 Ceraunius Fossag ------—- 3SW,9NE 16°-40° N., 5391 224A/01-70,  Small, low shields with conspicuous
92°-117° 516A/08-32 lava flows superposed on densely
fractured terrain; numerous collapse
pits aligned along fractures and
grabens.
3D Tempe Volcano---------- 3SE 38°N., 76° 5866 519A/15, Isolated volcano with irregular peak and
704B/52 radial pattern of narrow lava flows;
lava tubes and tube ridges to south-
east.
3E4 Tempe Patera ------------ 3 SE, 4 SW 44° N, 62° 5866 704B/30-39  Central depression that resembles cal-
dera, with radial pattern of broad
channels but no obvious edifice;
also, filled lava ring and possible
silicic dome.
4A Acidalia Planitia --------- 4 SE 34°-48°N., 5025, 26A/21-40, Small cones with summit craters, resem-
3°-31° 5036, 35A/61-82, bling cinder cones or pseudocraters,
5557 38A/11-32, amid remnants of highlands plateau;
70A/01-12, also, cratered ridges that could be
72A/01-25 tablemountains of subglacial origin.
6A Utopia Planitia 6 NW 47°-51°N., 5078 11B/01-05 Narrow, arcuate, parallel ridges similar
Northwest. 284°-291° to those in Isidis Planitia (13B-14)
that consist partly of conical, cra-
tered elements—pattern possibly
caused by fracture-controlled chains
of cinder cones.
6B-7 Utopia Planitia----------- 6 NE, 6 SE, °-50° N., 5072, 9B/01-60, Small cratered buttes and mesas desig-
7 NW, 7 SW, 223°-273° 5080 10B/10-69 nated as "type” tablemountains,
78C possibly formed by subglacial erup-

tions; terrain flooded by lava that
embays impact craters.



INTRODUCTION 15

Table 1. Volcanic provinces of Mars, listed sequentially by Mars Chart number, with documentation data and brief
interpretive description—Continued

Mars Chart (MC) Mars Chart Location Viking 211- Viking
province Volcanic province MC) (lat., series revolution/ Interpretative description
identification subquadrangle long. W.) Mosaic frame
6C-14 Utopia Planitia South--- 6 SE, 6 SW, 24°-36° N., 5781, 572A/03-08,  Narrow arcuate ridges and knobs, pos-
14 NW 254°-277° 5884 572A/27-36, sibly formed by coalescent volcanic
608A/03-09, cones; furrows with central ridges;
645A/01-48, ridges and chains of cratered cones;
838A/25-27 some cones atop small plateaus with
marginal cracks, resembling terres-
trial pressure plateaus or, possibly,
tablemountains.
7A Phlegra Montes---------- 7NE,7SE 43°-55°N., 5579, 76B/84-90, Narrow curvilinear ridges, similar to
178°-210° 5993 279S/04-50, those with more obvious cone ele-
T76A/27-34, ments; irregular rilles or troughs
810A/29 forming distinctively patterned
ground that may have formed by
volcano/ice interaction.
7B-15 Elysium Mons, 7SW, 78C, 14°-39°N., 5601, 86A/31-46, One major and two minor shield volca-
Albor Tholus, 15 NW 202°-233° 5643, 106A/81-88, noes, numerous flows, channels,
Hecates Tholus. 5787, 541A/01-46, collapse pits, and extensive irregular
5906 651A/01-24, terrain; many possible examples of
729A/01-03, lahars and hyaloclastite ridges;
732A/13, apparent pyroclastic deposits at
846A/13-22, summits of all three shields.
881A/06,
881A/08,
881A/10
8A-9 Olympus Mons---------- 8 NE, 8 SE, 18°N., 133° 5275, 512A/23-71,  Largest shield volcano on Mars, with
9NW 5276, 852A/5-12, conspicuous caldera and distinctive
5323, 890A/32-50, basal escarpment, lava flows and
5360, 890A/61-71 tubes; related aureole lobes of uncer-
5722 tain and controversial origin.
8B-9 Olympus Mons South-- 8 SE, 9 SW 0°-11°N., 5512, 44B/11-49, Eroded deposit resembling Icelandic
120°-150° 5513, 3558/01-20, moberg—may be pyroclastic debris;
5944 4698/01-36, few cratered cones and tablemoun-
4705/01-36, tain features, lava domes, and lava
4715/01-36, tubes.
888A/03-16
8C Amazonis Planitia------- 8 NwW 16°N., 171° 5845 — 691A/43-44  Two symmetrical cones with summit
craters—possibly cinder cones; de-
bris lobe at base of one, resembling
lava flow.
9A-17 Pavonis Mons ----------- 9 SW, 9 SE, 0.5°N,,112.5° 5514 49B/33-41,  Major shield volcano, with lava flows,
17 NW, 17 NE 49B/73-80, channels, tubes, and collapse pits;
49B/89-94, large lava fans on northeast and
90B/29-36, southwest flanks, and younger lava
388B/01-20, apron on east flank; conspicuous lobe
643A/23-30, of textured aureole materials beyond
643A/52-54 northwest flank, with marginal
parallel (concentric) ridges resem-
bling a sequence of recessional
moraines; origin of aureole uncertain.
9B Ascraeus Mons ---------- 9 SE, 9 NE 11°N., 104° 5373, 223A/03-16,  Major shield volcano; large fans of dis-
5725 224A/81-96, tinct lava flows to northeast and
401B/14-24, southwest; flows, channels, and pits
516A/44-54, on flanks; small crescentic aureole of
892A/07-16, textured material at northwest base;
892A/29-36 origin of aureole uncertain,
9C Uranius Patera, 9 NE, 9 SE 12°-27°N., 5373, 225A/11-16,  Four minor shield volcanoes, each with
Uranius Tholus, 90°-100° 5639, 516A/21-24, conspicuous summit caldera. Shield
Ceraunius Tholus, 5863, 662A/02-12, of Uranius Patera is asymmetric and
Tharsis Tholus. 5904 699A/09-16, has cratered cones and lava flows on
857A/43-48, flanks; Uranius Tholus is nearly
858A/20-26 conical, with filled caldera; Cerauni-
us Tholus has conspicuous channels
on flanks; Tharsis Tholus is con-
spicuously faulted.
9D Jovis_Tholus-------=----- 9NW 18°N,, 118° 5430, 41B/19, Minor shield volcano; unusually low
5639 516A/36, relief; flanks buried by surrounding

890A/05 lava flows.
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Table 1. Volcanic provinces of Mars, listed sequentially by Mars Chart number, with documentation data and brief
interpretive description—Continued

Mars Chart (MC) Mars Chart Location Viking 211- Viking
province Volcanic province MC) (lat., series revolution/ Interpretative description
identification subquadrangle long. W.) mosaic frame
9E Biblis Patera, 9SW 1°-3°N.,, 5513 44B/50, Two minor shield volcanoes; Biblis
Ulysses Patera. 120°-126° 49B/85, shield has asymmetric flanks; Ulys-
641A/79, ses shield is scarred by large impact
641A/82 craters.
9F-10 Uranius Patera North--- 9 NE, 10 NW 27°-30°N., 5787 626A/61-70 Low shields and domes, associated with
87°-97° flows, fissures, grabens, cone
chains, and collapse pits.
9G Halex Fossae ------------ INW 25°-31°N,, 5330, 43B/18-30,  Volcanotectonic structure with ring
123°-130° 5537, 623A/01-59, fractures, partly buried by flows
5771 853A/10, from Olympus Mons, Alba Patera,
890A/32 and elsewhere; prominent buttes
with radial flow patterns.
11A Chryse Planitia ---------- 11 N\W 18°-25°N., 4989, 3A/01-02, Broad, low, pancake-shaped shields
34°-44° 4990, 4A/33-37, with small craters; long, narrow
4992, 6A/16-21, linear, dikelike ridges, cratered and
4994, 6A/33-42, uncratered cones, and buttes and
5051 8A/33-37 knobs resembling volcanic necks.
13A Syrtis Major—Niliand 13 SE, 13 SW °-9°N.,, 5853, 341S/47, Two calderas, one circular, one partly
Meroe Paterae. 292°-293° 5862, 3758/13, foundered—probable sources of
6059 3758/32, surrounding flood lavas.
716A/06-20,
T16A/46-53
13B-14 Isidis Planitia ------------ 13 SE, 13 NE, °25°N., 5579, 67B/55-63,  Curvilinear ridges and cratered cones
14 SW, 14 NW 262°-282° 6041, 1425/01-14, occurring singly or in doublets, trip-
6051, 1425/21-30, lets, and long chains; detailed mor-
6054, 143S/01-14, phology visible on high-resolution
6070, 1435/21-30, extended-mission (S) images.
6077 1445/01-15,
1455/01-24,
146S/01-24,
1475/01-24,
1485/01-24,
1495/01-24,
150S/01-24,
499A/55-60
14A Hephaestus Fossae ----- 14 NE 21°-25°N., — 647A/42-47  Isolated cratered domes or cones.
234°-239°
15A Cerberus ------=----nn-nnx 15SE 0°-8°N., 6075 3855/42-48,  Very low volcanic shields, 50 to 100 km
194°-208° 596A/10, in diameter, with circular to lincar
596A/12, vents surrounded by radial textures
596A/14, and long lava flows; extensive vol-
596A/16, canic plains.
635A/54,
672A/61-64,
672A/66-68
17A Arsia Mons -------------- 17 NW 9°8.,120.5° 5228, 42B/11-20, Major shield volcano, with lava flows,
5248, 42B/31-46, channels, tubes, and collapse pits;
5302, 52A/07-08, low shields in caldera; enormous
5317, 56A/01-52, lava fans on northeast and southwest
5324, 62A/41-48, flanks; associated aureole deposits at
5820 90A/01-12, base of northwest flank, with con-
641A/57-64, spicuous parallel (concentric) ridges
641A/83, in finely striated pattern resembling
641A/85, recessional moraines; origin of
890A/51-52 aureole uncertain.
17B-18 Syria Planum ------------ 17 NE, 17 SE, °-30°S., 5780 643A/33-43,  Eruptive center, with flows, fissures,
18 SW 82°-109° 643A/57-70, low shields, collapse pits, and curi-
643A/81-94 ous protuberances.
18A Coprates Chasma 18 SE 19°8S., 59° 5750 610A/24, Two large, radially dissected knobs, one
South. 610A/26 with summit crater and one without,
somewhat resembling silicic com-
posite cones or caldera domes.
22A Tyrrhena Patera --------- 22 SW 22°8S.,253.5° 5213, 87A/10-17, Highlands volcanic shield with unusual
5730, 3655/33-45, dumbell-shaped caldera surrounded
6034, 365S/62-74, by broad, deep channels; flanks pos-
6092 445A/41-56 sibly composed of pyroclastic

debris.
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Table 1. Volcanic provinces of Mars, listed sequentially by Mars Chart number, with documentation data and brief

interpretive description—Continued

Mars Chart (MC) Mars Chart Location Viking 211- Viking
province Volcanic province MC) (lat., series revolution/ Interpretative description
identification subquadrangle long. W.) mosaic frame
23A Apollinaris Patera ------- 23 NE 8.5°8.,186° 5213, 88A/48-51,  Broad shield volcano with large caldera,
5852, 3725/56-58, highly dissected flanks, basal escarp-
6083 603A/41-42, ment, and large lava fan, surrounded
635A/57 by extensive deposits of poorly con-
solidated, possibly pyroclastic mate-
rial, apparently wind sculptured.
23B Acolis----rmemmemaecaaee 23 SE 19°S., 188° 5760, 430S/23, Conspicuous symmetrical cone with
5945 596A/53 nearly filled summit crater and radi-
ally dissected flanks; distinctive
morphology among highlands fea-
tures—good candidate for compos-
ite volcano.
23C Elysium South----------- 23 NW 2°S-0.5° N., 5813 724A/01-24  Small area at margin of fluted deposits
209°-218° on boundary between Elysium
plains and highlands plateau; long,
narrow, curvilinear ridges, associ-
ated with at least two cratered
cones—possibly volcanic.
25A-D Thaumasia ----------=---- 25 NE, 25 NW 37°-42°S,, 5471 56A/66, Four isolated, rugged highlands peaks,
88°-111° 57A/02, radially dissected, somewhat resem-
57A/05, bling resurgent caldera domes—
57A/07, possibly volcanic.
63A/08,
63A/13,
567A/73,
567A/16
27A-28 Amphitrites and Peneus 27 SE, 28 SW 52°-65°8S., 5335, 94A/65-76,  Two flooded, low-rimmed, circular
Paterae. 292°-333° 5524, 361S/01-17, depressions on southwest flank of
5976 539B/49 Hellas Basin; several mesas with
rimless craters resembling table-
mountains—possible calderas may
be source of flows forming Mare
Aaustralis.
28A Hadriaca Patera---------- 28 NE 31°8S.,267° 5211, 87A/01-04, Highlands volcanic shield with caldera;
5213, 97A/39-42, prominent V-shaped valleys on
5977 408S/01-08, flanks; flanks possibly composed
408S/67-69, primarily of pyroclastic debris;
410S8/01-08 large collapse depressions at south-
east base of shield.
29A Arrhenius ------=-=====--- 29 NW 40°-45°8S., 5870 586B/31-41, Field of clustered, dark buttes and
235°-240° 518A/48, knobs, many cratered; lobate
518A/50 ground pattern suggestive of lava

plains—possibly volcanic.
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OLYMPUS MONS

(Mosaic: 211-5360; MC: 8A-9; Coordinates: 18° N., 133° W.)

Approximate dimensions (km):

Base diameter (avg) .......cococvvrminnncnennnns 800

Summit levation ...........c.eeceeuererieeeerneeneenereeneas 26

Relief ..o 24-26

Caldera diameter 65 by 85

Caldera depth .........ccecevervrrcrinnicciiniiciniinene 2.5
Height/base ratio.........ccocveeieeerceneniecnecicineceneen 0.03
Estimated relative age (100‘3 craters/kmz):

Scott and Tanaka (1980) .........ccceerevrvcrernecenneens 0.2+0.05

............................................................................. 0.12+0.06
Inferred age (Ga):

Model 1 0.25-1.0

Model 2 0.06-0.24

Stratigraphic age:
Amazonian; Olympus Mons Formation

DISTINCTIVE CHARACTERISTICS

(1) Morphologically analogous to terrestrial ocean-
ic shield volcano, with broad convex flanks
(fig. 1A).

(2) Summit caldera with nested collapse craters
and rim terraces (fig. 1B).

(3) Encircling basal scarp, 2 to 10 km high
(fig. 14).

(4) Lava-tube ridges and long, narrow lava flows
with lobes, levees, and channels on lower
flanks, draped over scarp in places (figs. 1A,
1D).

(5) Aureole deposits—Ilobes of rough, ridged, and
fractured material forming broad, generally
accordant, distinctively textured surfaces,
nearly surrounding base of volcano, espe-
cially conspicuous and massive to the
north-northwest (fig. 14). Obvious differ-
ences in states of degradation and burial
among separately identifiable units suggest
sequential development. Formation of aure-
ole materials preceded final eruptions of
volcano.

(6) Lobate, overlapping debris aprons at west-
northwest base of scarp, each with conspicu-
ous series of long, curvilinear ridges parallel
to (concentric with) exterior margin of de-
posits (fig. 1F).

(7) Strong positive gravity anomaly (344 mGal at
a spacecraft altitade of 275 km) coincident
with volcano and extending northwestward
over major aureole lobes (Sjogren, 1979).

DISCUSSION

The immensity of Olympus Mons is without known
counterpart in the Solar System (see frontispiece).
Earth’s largest volcano, Mauna Loa in Hawaii, stands
only 9 km above the ocean floor, has a summit caldera
2.7 by 6 km (fig. 1C), and is approximately 120 km
across at its base. (Accurate dimensions are difficult
to define, inasmuch as Mauna Loa is built on the
foundations of older volcanoes, notably Mauna Kea.)
The aspect (height to base diameter) ratio of Olympus
Mons, however, compares closely to that typical of
terrestrial oceanic shield volcanoes, as exemplified by
the Hawaiian Islands. The flanks of the martian shield
have an average slope of about 4° (Blasius and Cutts,
1981) but locally may be as steep as 10° near the
summit (Scott, 1982); flanks of terrestrial shield vol-
canoes generally slope from 2° to 10°, rarely as high
as 15° (Macdonald, 1972). Most of the subaerial
slopes of Mauna Loa, for example, average about 3°—
6°; the steepest average slope is 8° at 3.3-km eleva-
tion (Mark and Moore, 1987).

The height of Olympus Mons indicates long-term
crustal stability (Carr, 1973), whereas growth of the
Hawaiian shield volcanoes is eventually terminated
by severance from the magmatic conduit as the Pa-
cific Plate drifts northward (Clague and Dalrymple,
1987). On the basis of terrestrial magma and mantle
densities, Carr (1976a, b, 1980) estimated that a lith-
ospheric thickness of about 200 km would have been
required for basaltic magma to rise to the summit of
Olympus Mons. In contrast, similar calculations and
seismic evidence in Hawaii indicate a depth to the
magma source. region at Mauna Loa of about 60 km
(Eaton and Murata, 1960). Wilson and others (1991)
noted, however, that the relation between volcano
height and depth to magma source is considerably
more complex than commonly assumed in such cal-
culations. On the basis of stress analyses of ridges

P Figure 1. Olympus Mons. A, Olympus Mons and
aureole deposits, with representative profile (at scale larger
than image). Numbers 1 through 8 indicate apparent se-
quence of aureole materials, from oldest to youngest; ar-
rows denote nested caldera (a), basal scarp (b), lava flows
draped over scarp (c), and debris aprons at northwest base
of scarp (d; see fig. 1F). Sun illumination mainly from
right, except at left center and lower right corner, where it
is from left. Digital-image mosaic. North-south profile
across approximate center of volcano drawn from topo-
graphic map MIM 19/134 T (U.S. Geological Survey,
1981c; Wu and others, 1984).















OLYMPUS MONS

of surficial origin. Hiller and others (1982), however,
maintained that this anomaly can be accounted for
by the observed mass of the volcano and its aureole
deposits and thus is consistent with a surficial source.

Although Olympus Mons is among the youngest
volcanoes on Mars (Neukum and Hiller, 1981), its age
relations to other young volcanoes are less clear be-
cause of its isolation. Lavas from Olympus Mons are
superposed on the surrounding aureole deposits and
adjacent plains, but below the scarp on the east and
south they are covered by still-younger lava flows
(fig. 1-2). Because of the volcano’s isolation, heavy
reliance must be placed on the number of superposed
impact craters to establish a relative age. By all anal-
yses, Olympus Mons is the youngest martian shield
volcano (Neukum and Hiller, 1981; Tanaka, 1986;
Landheim and Barlow, 1991), although subunits of
Ascraeus, Pavonis, and Arsia Montes may be compa-
rable (fig. I-5). Nonetheless, despite its pristine ap-
pearance, Olympus Mons is vastly older (1,000-
60 Ma) than any of its terrestrial analogs.
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ARSIA MONS

Mosaics: 211-5317, 17NW MC: 17A Coordinates: 9° S., 120.5° W.

Approximate dimensions (km):

Base diameter..........ccoeevverieverreereenrereieeseeieseenens 700
Summit elevation ..........ccceveeeeveieiveeiiineneeeineens 20
REBEf oottt 13
Caldera diameter ..........coeeevevevrereeevericrenreresneannees 132
Caldera depth ......ccccovvvveriicneiieencieeesicnnnns 0.6
Height/base ratio ...........ccoceeevrevereevenenecreseeseereienanns 0.02

Estimated relative age (1073 craters/km?):

Central shield (Plescia and Saunders, 1979).......... 0.810.1
Lava fan ....cococoveriernverenseseeeeee e 0.310.1
Caldera fill .......coeeeeivreeeeecenere e 0.0910.1
Inferred age (Ga):
Central shield:
Model 1.t 2.6-34
Model 2. 0.6-0.9
Lava fan:
Model L. 0.9-1.7
Model 2. 0.2-04
Caldera fill:
Model 1. 0.4-0.5
Model 2.....cccoiieeeieeeee e 0.08-0.1

Stratigraphic age:
Amazonian; Tharsis Montes Formation

DISTINCTIVE CHARACTERISTICS

(1) Typical central-shield morphology with convex
flanks (figs. 24, 2B).

(2) Large lava fans emanating from vents high on
northeast and south-southwest flanks (fig. I-
2), aligned parallel to trend of Tharsis ridge
(arrows 2, fig. 2A).

(3) Lava flows, channels, and lava-tube ridges on
flanks, fans, and summit.

(4) Near-circular caldera surrounded by circumfer-
ential fractures and grabens (fig. 2A).

(5) Aureole deposits at northwest base, forming a
distinctive, broad lobe of rugged materials
(approx 400 by 500 km across). Outer mar-
gin is distinguished by narrow ridges form-
ing a conspicuous striated pattern parallel to
outer edge of deposits (arrows 3-5, fig. 24;
fig. 2C); a similar but less conspicuous,
concentric pattern is also discernible in rug-
ged, highly textured deposits central to this
lobe.

(6) Numerous collapse pits associated with lava
tubes and grabens.

(7) Low shields on lava plains filling caldera (ar-
row 6, fig. 2A).

DISCUSSION

Although none is as enormous as Olympus Mons,
each of the three shield volcanoes aligned along the
Tharsis ridge (fig. I-1) has, at 13 to 19 km, substantially
more relief than the largest terrestrial shield, Mauna
Loa in Hawaii (9 km). The profile of Arsia Mons
(figs. 2A, B) suggests that it most resembles the invert-
ed-soupbowl shape of the Galdpagos shield volcanoes
(fig. 2D), which also are characterized by concentric
faults and grabens around a summit caldera (Simkin
and Howard, 1970). Carr and others (1977) noted a
line of low hills across the caldera floor (arrow 5,
fig. 2A) between the northeast-southwest-trending
vent areas and interpreted them as secondary shield
volcanoes. Long, narrow flows emanate from the sum-
mit area, but the latest, most profuse activity appears
to have been related to parasitic cones (Roth and others,
1980) or lava fans with their apices localized high on
the northeast and southwest flanks (Crumpler and
Aubele, 1978; Mouginis-Mark and others, 1982b),
conspicuously aligned with the trend of the Tharsis
ridge (fig. I-2; arrows 2, fig. 2A). Flows from these
lava fans are typically 2 to 4 km wide and 11 to 20 m
thick (Moore and others, 1978). Flows from Arsia
Mons can be traced for more than 1,000 km to the
south and southwest, probably indicating low v1scos-
1t1es and high eruption rates (approx 5x103-5%104
m3/s) from a huge magma chamber, if analogous to
terrestrial eruption conditions (Walker, 1973; Wood,
1984b). Deep radial valleys and high radial ridges
dominate the northwest flank of the volcano; some of
these ridges, as much as 6 to 10 km wide and 400 m
high, may represent flows, possibly rock glaciers, land-
slides, mudflows, or silicic lavas (Moore, 1979).

The aureole, with its marginal belt of finely striated
terrane (arrow 3, fig. 2A; fig. 2C), constitutes one of the
most perplexing aspects of Arsia Mons. The striations
are particularly enigmatic because they traverse a clear-
ly young impact crater (arrow 4, fig. 24; fig. 2C) without
deviation or deformation and are superposed on lava
flows of the southwestern lava fan. Attempts to interpret
this terrane have provoked controversy, but a widely
accepted explanation has thus far eluded investigators.
Among the hypotheses proposed are (1) that the aureole
deposits behind the striated ridges constitute a large
landslide detached from the flanks of the volcano, and
that the concentric ridges are folds or reverse faults in
underlying terrain at the frontal margin caused by drag
of the slide (Carr and others, 1977); or (2) that the
aureole deposits represent recessional moraines depos-
ited by a retreating icecap (Williams, 1978; Lucchitta,
1981), the water for which could have been generated
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DISCUSSION (MINOR SHIELD VOLCANOES)

The seven shield volcanoes of these provinces
form a distinct population whose dimensions are as
small as a tenth those of the major Tharsis volca-
noes (fig. I-1). General morphology among these
shields is similar, but their relief ranges from about
1 to as much as 6 km, and their basal diameters
from 60 to 240 km. The shields are surrounded and
embayed by lava plains (fig. I-2) that evidently ob-
scure their original base and height dimensions.
Morphologic distinctions permit grouping the volca-
noes for discussion purposes as follows: (1) Uranius
Tholus and Ceraunius Tholus (fig. 6A), with height-
to-base (h/b) ratios of 0.04 to 0.05; and (2) Uranius
Patera (fig. 64), Jovis Tholus (fig. 104), Ulysses Pa-
tera, and Biblis Patera (fig. 11A), with A/b ratios
about 0.01 to 0.02. Tharsis Tholus (fig. 94;), with an
h/b ratio of about 0.04, is unique in being conspicu-
ously faulted.

Reimers and Komar (1979) contended that Uranius
and Ceraunius Tholi, together with Uranius Patera,
differ morphologically from shield volcanoes and
more closely resemble terrestrial pyroclastic cones and
composite volcanoes, particularly in the pattern of ra-
dial dissection on the flanks, which they attributed to
explosive volcanic density currents. Flank-slope an-
gles, however, of 3°~12° for the above-named features
are within the range 2°-12° characteristic of shield
volcanoes (Pike and Clow, 1981b). Furthermore, each
of these calderas has clearly been flooded with lava,
unlike terrestrial stratocones, whose last stages of
eruption commonly result in extrusive rhyolitic domes
and a central resurgent dome of tilted fault blocks on
the caldera floor (Williams and McBirney, 1979). Dis-
section of the volcanoes’ flanks can be attributed to
lava channels, collapsed lava tubes, and pit-crater
chains, all of which are characteristic of terrestrial
shield volcanoes. Analogy with basaltic shields seems
more persuasive than a pyroclastic or stratocone in-
terpretation. Uranius Tholus is unique among the en-
tire group in having filled and overflowed its caldera,
with a subsequent smaller caldera forming in the lava
fill, as is common in basaltic shields. The presence
of several conspicuous, large impact craters on its flank
suggests that Uranius Tholus may be the oldest of
these seven volcanoes.

Biblis and Ulysses Paterae, each with an /b ratio of
0.02, have a characteristic shield morphology, al-
though flank widths are narrow relative to caldera di-

ameters except on the northwest side of Biblis Patera,
where the flank is elongate downslope on the Tharsis
ridge (figs. 114, 11B, 12). The bases of these shields
are embayed by an unknown thickness of lava.

The northeast flank of Uranius Patera (h/b ratio,
0.007), like Biblis Patera, is elongate downslope at
the northeast end of the Tharsis ridge (fig. 6A4). Its
large caldera and low A/b ratio distinguish it from
nearby Ceraunius and Uranius Tholi, as do the lava
flows and small edifices on the flanks of the volcano.
Jovis Tholus (A/b ratio, 0.02) has the least relief of all
the shields and the largest caldera diameter relative to
its base diameter (figs. 10A, 10B), probably owing to
substantial embayment by lava flows around its base.

Tharsis Tholus (A/b ratio, 0.04) is distinguished by
the structural modification that has formed conspicu-
ous fault scarps on its flanks (figs. 10A, 10B). Sever-
al narrow, linear grabens cross the northwest flank,
but otherwise the edifice has smooth and notably
convex flanks, embayed by surrounding lava.

Like the major Tharsis volcanoes, these more mod-
est features also are interpreted here as basaltic
shields, whose dimensions are more nearly analogous
to their terrestrial counterparts. At about 1 to 6 km,
more or less, the heights of these volcanoes relative to
the caldera diameters, together with embayment rela-
tions, suggest that the true bases of each have been
somewhat buried by the surrounding lava flows. Al-
though the data are much too limited to speculate ex-
tensively, the observed differences in h/b ratios and
morphologies among these seven volcanoes may re-
flect differences in eruptive style attributable to com-
positional variations within the basaltic regime. Pike
(1978) noted a clear geometric distinction between
martian tholi, paterae, and montes, and suggested that
these smaller features correspond more closely to ter-
restrial subaerial shield volcanoes, composed of alka-
line or mixed lavas, than to tholeiitic oceanic shield
volcanoes. He maintained that primary-magma com-
positions on Mars could differ from those on Earth
and that the geometry of martian shield volcanoes
could reflect differences in chemical composition
unlike those expected on Earth. For these seven vol-
canoes, however, the evidence is weak because of the
unknown but substantial depth of lava flooding
around their bases.

The surfaces of all the volcanoes in this group are
older than the surface flows of the four major Tharsis
volcanoes (Neukum and Hiller, 1981), where eruptive
activity either began later or, more likely, continued
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much longer. This relation is demonstrated by both
superposition and crater-count data. Stratigraphic ages
of these minor shields range from Noachian to Hespe-
rian (fig. I-5); Ceraunius and Uranius Tholi appear to
be Noachian, whereas the others appear to be Hespe-
rian, although Jovis and Tharsis Tholi may be Noa-
chian according to the wide variation in the relative-
age estimates. The sequence of relative ages shown in
figure I-5 agrees well with the sequence of Landheim
and Barlow (1991). Inferred ages suggest that these

shield volcanoes formed between about 3.9-3.5 and
3.7-1.0 Ga, depending on the model.
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TEMPE VOLCANO 87

TEMPE VOLCANO

Mosaic: 211-5866

Province description:
Isolated butte with distinctive narrow, ribbonlike flows form-
ing radial pattern around base.

MC: 3D  Coordinates: 38° N., 76° W.

Elevation (KIM).........ccceeevvemverrenrenuiresreerecensensenens 2
Approximate dimensions:

Base diameter.......c.cocceevveecirineeeninninceneenceeenees 25

ReElIEf ...t <0.5
Estimated relative age (1073 craters/km?) ............. 3.0£0.7
Inferred ages (Ga):

Model I ...t 3.7-3.8

MOdEL 2 ...ttt ene 2.1-3.1
Stratigraphic age:

Undesignated

DISCUSSION

Conspicuous flows radiate away from Tempe Vol-
cano (fig. I-2), indicating that it is a vent (Moore and
Hodges, 1980); individual flows can be traced as far
as 120 km. Detailed morphology is difficult to see on

the images available, but the edifice appears to be a
rugged, irregular structure, with a relatively flat sum-
mit about 6 km across (fig. 20A). The flows are off-
set by grabens and fractures (fig. 20B). The fractures
form an arcuate pattern around this edifice, suggest-
ing that their position was influenced by the subsur-
face structure or, alternatively, that the fracture
pattern may have been caused by formation of the
volcano and accompanying subsurface intrusion of
melt. The narrow widths and long lengths of lava
flows suggest a fluidity typical of basalt, also indicat-
ed by the numerous tube-fed flows that occur from
50 to 300 km southeast of the volcano.

Lava flows from Tempe Volcano are superposed on
materials mapped as the upper part of the Hesperian
Tempe Terra Formation. The contemporaneity of this
volcano with Halex Fossae and other Hesperian fea-
tures is illustrated in figure I-5.
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ELYSIUM MONS

Mosaics: 211-5906, 211-5643 MC: 7B-15 Coordinates: 25° N., 214° W.

Approximate dimensions (km):

Base diameter...........ccoceeveeeeieeeiierieenireeeeneeenn 415
Summit elevation ..........cceceeeeveeieeeieneeienieseenienns 16
Relef ...t 12.5
Caldera diameter........cocvecveveereirecrerreereereesseransenns 14.5
Caldera depth .......cocevreeeevcniienecnieeecreereecnes 1
Height/base ratio.........ccccceeriieerencereeessseseerieneenens 0.03
Estimated relative age (10_3 craters/kmz) .............. 1.5£0.5
Inferred age (Ga):
Model 1 .ot 3.4-3.6
MOdEL 2 ...t 0.9-1.9
Stratigraphic age:

Amazonian; Elysium Formation

DISTINCTIVE CHARACTERISTICS

(1) Symmetrical shield with circular caldera
(figs. 214, 21B).

(2) Concentric graben segments and fractures
around base (fig. 21A).

(3) Radial channel and fracture systems with ex-
tensive collapse pits (Elysium Fossae).

(4) Long digitate radial flows with channels and
ridges formed by lava tubes (fig. 21C).

(5) Broad cobrahead rilles.

(6) Spongy-appearing distal terrain (figs. 214,
22A).

(7) Well-defined positive gravity anomaly
(Sjogren, 1979).

DISCUSSION

The three volcanoes of the Elysium Mons region—
Elysium Mons, Albor Tholus, and Hecates Tholus—
surmount a localized topographic high, the Elysium
bulge, which rises about 5 km above adjacent Elysium
Planitia to the west (U.S. Geological Survey, 1989,
1991). Despite their relative proximity (pl. 1; fig. I-3),
each of these shield volcanoes differs morphologically
from the others (figs. 21A, 22A). As in the Tharsis
region, a significant positive gravity anomaly coincides
with the Elysium bulge (Sjogren, 1979).

Elysium Mons has a single, remarkably circular
summit caldera (fig. 21B). Unlike the Tharsis
calderas, it has only one narrow terrace around half
its rim, suggesting that collapse was limited to a sin-
gle major event. Lava flows, covering an area of
1,300 by 2,200 km, are associated with conspicuous
channels, pit craters, large cobrahead rilles, and ridg-
es formed by tube-fed flows. Greeley (1973) drew an
analogy with similar-appearing structures on Mauna

Loa in Hawaii for many of these features. Several
small rilles originate near the caldera rim and extend
downslope 10 km or so. Rille segments also are
present on the steep flanks; a three-tined array of pit-
crater chains occurs on the west flank, about 20 km
from the caldera (arrow c, fig. 21A). Conspicuous
concentric grabens around the base of the volcano on
the northeast and west probably resulted from ten-
sional stress caused by loading of the volcanic pile
(Solomon and Head, 1982).

Characteristics of the channel-and-rille systems of
Elysium Mons indicate that low-viscosity fluids were
involved in their formation. Linear, closed depres-
sions attain widths of 12 km and lengths of 300 km;
they may be isolated, aligned in chains, or intercon-
nected. Several of the smaller depressions are aligned
radially from the caldera, and several others are con-
centric, but most trend northwest. These linear depres-
sions were interpreted as tectonic by Hall and others
(1983). Four box canyons, as much as 28 km across,
1 km deep, and 190 km long, occur on the west and
northwest edges of the Elysium Mons deposits
(fig. 21A). A tongue of flow deposits extends north-
westward from two of these box canyons, suggesting
that the flows issued from the canyons. One rille-
channel system consists of a cobrahead rille, 9 km
across at the head and tapering to about 3 km across,
that feeds into a distributary system of incised chan-
nels, some of which can be traced 800 km to the
northwest. Isolated channel segments with stream-
lined islands occur as far as 1,200 km to the north-
west. Typical widths of these channels range from 3
to 12 km, and depths from 0.1 to 0.6 km. One channel
becomes progressively filled to the northwest, yield-
ing flow deposits of some kind that terminate against
hills and craters (Moore, 1982a) and as thick lobes
1,400 to 1,500 km from the channelhead (fig. 21C).

The northwest flank of the Elysium rise was inundat-
ed by lava flows from the volcano, but the terrain
exhibits a spongy appearance riddled by pits, fractures,
and channels (fig. 22A). Water, derived either during
eruption or by melting of ground ice as lava en-
croached, may have contributed to erosional scarring
(Moore, 1982b), resulting in deposition of mudflows
or lahars (Christiansen, 1989). Mouginis-Mark and
others (1984) suggested that the Elysium Fossae region
of channels (fig. 21A) marks a complex vent area in
which the channels and rilles are attributable to both
lava and fluvial erosion. Moore (1982b) suggested that
some hills and ridges (arrows h, 1, fig. 21D; fig. 22A)
strongly resemble the moberg (hyaloclastite) hills and
ridges of Iceland that formed during subglacial erup-
tions (figs. 21E, 21F; Thorarinsson and others, 1973).
Many of the hills and scarps appear to be rounded and
muted. Other nearby places topographically resemble
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HEPHAESTUS FOSSAE

Mosaic: 14NE MC: 14A Coordinates: 21°-25° N., 234°-239° W.
(no 211 series available)

Province description:
Field of small cratered domes.

Elevation (Km).......coocoveeevrerecenunencnineesiereseeseeseenns 2
Approximate dimensions (m):
Base diameter ..........cccooveereicernrionnnninccnininenens 500
Crater diameter..........ccceverrcrermiiesesesnesncsneenes <200
Stratigraphic age:

Amazonian; knobby-plains material

DISTINCTIVE CHARACTERISTICS

(1) Some domes contiguous, but generally at least
1 km apart.

(2) Featureless plains, presumed to be volcanic be-
cause of their proximity to Elysium Mons.

DISCUSSION

The field of cratered cones or domes in the Hep-
haestus Fossae province (fig. 24) is associated spa-
tially with fractures or rilles but appears to be
unrelated to them genetically. These features are
similar to other fields or clusters farther west (in El-
ysium Planitia), for which Frey and Jarosewich
(1981) suggested Icelandic pseudocraters (fig. 18C;
Thorarinsson, 1953) as the most likely terrestrial an-
alog. A volcanic interpretation of their origin is in-
conclusive, but their morphology, as well as their
proximity to Elysium Mons and other apparently
volcanic features, is suggestive.
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ACIDALIA PLANITIA

Mosaics: 211-5025, 211-5036,
211-5557

MC: 4A Coordinates: 34°-48° N., 3°-31° W.
Province description:

Small cones or domes with summit craters amid remnants of
highlands plateau at northern margin; small ridges and mesas,
some with craters.

Elevation (Km).......ccveerieiiecrenenieciniiesseseneneans
Approximate dimensions (km):

Base diameter..........ccoeoeeveerereereenicireiee

Crater diameter...........ccoerevireeeerereenscneenene

Relief (shadow measurements)...........co......
Stratigraphic age:

Amazonian-Hesperian; member of the Arcadian Formation,
grooved member of the Vastitas Borealis Formation

2t00

0.5-1.5 (avg 0.8)
0.25-0.45
0.3-0.7

DISCUSSION

The Acidalia Planitia province hosts various small
landforms, several of which may be volcanic. The most
likely candidates are the numerous cratered cones and
domes clustered amid ragged remnants of the highlands
plateau at its margin (figs. 29A-29C). These features
have been interpreted both as cinder cones (Wood,
1979) and as pseudocraters (Frey and others, 1979; Frey
and Jarosewich, 1981, 1982; Frey, 1986), analogous to
those in Iceland that formed by explosive action when
lava flowed over marshy, water-saturated ground (Tho-
rarinsson, 1953). Additionally, mesas, both cratered and
uncratered (fig. 29F), are present that have been inter-
preted as tablemountains (Hodges and Moore, 1978a,
1979), as well as ridges interpreted as products of
subglacial fissure eruptions (Allen, 1979). The distinc-

tiveness of the cratered cones and their relatively re-
stricted, clustered occurrence are strong evidence for a
non-impact origin. The absence of any large impact
crater nearby precludes their being eroded secondary-
impact craters. The cratered cones are most commonly
individual, but doublets and short chains also occur
(figs. 29B, 29C), characteristics common in terrestrial
cinder-cone fields (figs. 29D, 29E); pseudocraters in
Iceland occur similarly. The larger ridges and mesas that
resemble tablemountains (figs. 29E, 29G) may be older
than the smaller cratered cones, and if their interpreta-
tion as products of subglacial eruption is correct, they
suggest the earlier presence of glacial ice in the region
(Hodges and Moore, 1978b, 1979). Disintegration of
the plateau by apparent calving at its margins is com-
patible with the presence of ground ice. The interaction
of volcanic extrusions with surface and (or) ground ice
to form tablemountains and (or) pseudocraters is a
plausible explanation for some of these landforms.

Several plateaulike features with apparently col-
lapsed centers (fig. 29C) could be analogous to the
pressure plateaus (fig. 29H) that form in terrestrial
volcanic plains as a result of opposing pressures
within moving lava flows (Greeley, 1977a). An up-
lifted crust may have been left unsupported when the
lava chilled.
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UTOPIA PLANITIA NORTHWEST

Mosaic: 211-5078 MC: 6A Coordinates: 47°-51° N., 284°-291° W.

Province description:
Arcuate, parallel, narrow, segmented ridges.
Elevation (Km)......coccceeuiveneerecienneeeneceeinneeseens 0
Approximate dimensions (ridge segments).... commonly
5-10 km long,
from several
hundred meters
to 1 km wide
Stratigraphic age:
Hesperian; ridged member of the Vastitas Borealis Formation

DISCUSSION

Carr and Schaber (1977) suggested that the stripes
or segmented ridges in the Utopia Planitia Northwest
province are remnants of ice-rich mantles, produced
by melting of ground ice and deflation of the mantles
by wind. Rossbacher and Judson (1981) preferred to
interpret these features as solifluction lobes or ice-
cored ridges, whereas Parker and others (1989) sug-
gested that similar ridges in Deuteronilus Mensae, to
the west, could be analogous to strandlines formed at
the shore of a standing body of water subject to mul-

tiple floods. The pattern of these segmented ridges
somewhat resembles that of recessional moraines,
but no cause for localization of a relatively small ice
mass in this area is apparent.

Although resolution is not high enough to discern
fine details, some ridge segments appear to consist of
rows of cratered cones or domes (arrows, fig. 31).
Thus, these chains may be similar to the chains of
cratered cones visible at higher resolution in the Isi-
dis Planitia province (see figs. 34B, 34C). The regu-
lar, curvilinear pattern indicates probable fracture
control of the cone chains. No other obviously vol-
canic features are associated with these ridges.

Terrestrial cinder cones, though commonly local-
ized along fractures, are not known to occur in so
large a field with so regular a curvilinear pattern. The
cone chains in the Utopia Planitia Northwest and Isi-
dis Planitia provinces, if volcanic, appear to reflect
an eruptive style or structural control different from
that prevalent within cinder-cone fields on Earth.
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ARRHENIUS

Mosaic: 211-5870 MC: 29A  Coordinates: 40°—45° §., 235°-240° W.
Province description:

Densely populated field of small hills and buttes, many with
summit depressions.
Elevation (KM)......ccceeevviivinienieneinee et 34
Approximate dimensions (m):

Butte base diameters ...........ccoeveceueereceiecneeinenes 100-1,000

Relief (shadow measurements)...............ccooue.ne 100
Stratigraphic age:

Amazonian; knobby-plains materials

DISTINCTIVE CHARACTERISTICS

(1) Circular to oblong buttes and hills.

(2) Some evidence of short lava flows among
buttes.

(3) Apparently random distribution.

(4) Relatively low albedo.

DISCUSSION

The cluster of buttes in the Arrhenius province
(fig. 40A) is evidently unique on the planet. These
buttes do not appear to be erosional remnants of a
highland plateau, nor are they similar to the erosional
remnants of ejecta blankets common around old im-
pact craters. Their random distribution, low albedo,
round to oblong shapes, and common but not ubiqui-
tous summit craters (fig. 40B) suggest a possible
analogy with the basalt-capped diatremes of the Hopi

Buttes, Ariz. (Shoemaker and others, 1962; Sutton,
1974), although the martian buttes are far more nu-
merous. In aerial photographs, the Hopi Buttes con-
trast sharply with the Mesozoic and Tertiary strata
through which they were erupted (figs. 40C, 40D);
their relief is due largely to differential erosion. Also
plausible are interpretations of the martian features
as cinder cones, tablemountains, or pseudocraters
(Hodges, 1979). Frey and others (1981) favored their
interpretation as pseudocraters, analogous to the root-
less pyroclastic cones in Iceland (fig. 40E), so named
because they formed as lava flowed over saturated
ground (Thorarinsson, 1953). The buttes and cones
also resemble the cinder-cone field of the San Fran-
cisco Mountains near Flagstaff, Ariz., where pyro-
clastic cones and ridges lacking any vestige of a
crater are common (fig. 40F), in association with
normal, cratered cinder cones (Hodges, 1979). Minor
mare-type ridges and lobate scarps that resemble
flow fronts suggest that the buttes occur on a volcan-
ic plain, although their low albedo contrasts sharply
with that of the underlying terrain; subsequent eolian
deposition on the plain could possibly account for
this contrast. The plains materials may be flood ba-
salts from Hadriaca and (or) Tyrrhena Paterae on the
flanks of the Hellas Basin.
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BOREALIS

Mosaics: 211-5562, 211-5869 MC: IA Coordinates: 77°-81° N., 60°-75° W.

Province description:

Four cratered cones and two mesas associated with patterned
ground near margin of north polar icecap.
Elevation (KIm).........cccoeeueieeeeieneineeeeeeieeceeeecneenenas -1
Approximate dimensions (km):

Base diameter.........ccccoceceecevrenrenennnn 4-16
Relief (two cones with shadows) 1.2
Crater diameters ......ccceevveereeeeerersenserenns 1-8
Height/base (6 Km) ratio .........ccoeevevemeveerereeseereneenens 0.2

Stratigraphic age:
Amazonian; Mantle material and Polar layered deposits

DISTINCTIVE CHARACTERISTICS

(1) Three symmetrical cones, with summit craters
clearly visible on two.

(2) Broad cratered cone in which crater diameter
(8 km) is half that of base (16 km) and
flank length is equal to length of crater
wall.

(3) Two mesas lacking craters.

DISCUSSION

The cratered cones in the Borealis province (ar-
rows a—c, fig. 45A) resemble terrestrial volcanoes.
They are relatively isolated features, 70 km to sever-
al hundred kilometers apart, standing on patterned

ground (fig. 45B). The cone nearest the icecap is on
the higher of two apparently stripped surfaces, each
showing a polygonal network of troughs. The west-
ernmost cratered peak (arrow c, fig. 454; fig. 45C)
exhibits smooth flanks and a symmetrical apron of
debris around its base, much like some cinder cones
on Earth. South of these cones, a larger cratered cone
has a flank width equal to the width of its crater wall
(arrow d, fig. 45A; fig. 45D), a relation not character-
istic of impact craters but typical of terrestrial tuff
rings or maars; phreatomagmatic eruptions would be
compatible with this location near the polar icecap.

Hodges and Moore (1979) speculated that if these
cones were volcanic, as seems likely, then the two
isolated mesas (arrows e, fig. 45A; fig. 45E) could be
also, possibly having formed as tablemountains (fig.
29G) by subglacial eruption when the icecap was
somewhat more extensive. Alternatively, they could
be tuff cones analogous to the dish-shaped Menan
Buttes in Idaho (fig. 45F). “Frost” appears to be
present on the north-facing slopes of the mesas and
the two nearest cones. The pronounced scarcity of
impact craters in the entire region suggests that ice
was considerably more extensive in the recent past.
These features are exceptionally good candidates for
volcanic landforms. No comparable landforms have
been found in the south polar region.
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