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Figure 1. Index map (part of U.S. Geological Survey, 1991) showing
locations of MTM maps (numbered) covering map area.

127°

126° 125°

0 100 KILOMETERS
L J

Figure 2. West flank of Arsia Mons. Scarp shown by arrows separates rugged lava
flows (unit AHt3) from older, relatively smooth flows (unit Ht4). North at top. Viking
image 641A62; resolution 256 m/pixel.

124°

123° 122°

SCALE 1:1 004 000 (1 mm = 1.004 km) AT 122.5° LONGITUDE
TRANSVERSE MERCATOR PROJECTION

0 25 50 75 100

] j— —

e

0 100 KILOMETERS
[ |

Figure 3. Ejecta blanket of impact crater at A is covered by ridged facies (unit
Ar) of fan-shaped deposits; ridges extend across crater material without deflection.
Flat-topped mountain at B is also buried by ridged facies. Impact crater at C is superposed
on ridged facies. Symbol Ak denotes knobby facies. North at top. Viking image
890A52; resolution 177 m/pixel.
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Figure 4. Large (25-km wide), fault-bounded depression
at top of image shows an overflow (arrow) of smooth ma-
terial (unit As) that has formed thick deposit along depression
rim. A similar source of smooth material lies farther north
outside image. North at top. Viking image 042B40;
resolution 173 m/pixel.
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DESCRIPTION OF MAP UNITS

[Map-unit symbol in parentheses on map denotes buried unit]

THARSIS MONTES FORMATION

[Includes large volcanic shields and associated lava flows of Arsia Mons, Pavonis
Mons, and Ascraeus Mons (Scott and Tanaka, 1986). Members are difficult
to distinguish on 1:500,000-scale maps, but at smaller scales they can be
broadly separated by crater counts)

- Member 6—Fresh, smooth-appearing, overlapping lava
flows erupted from summit caldera and fissures on

upper and lower flanks of Arsia Mons. Individual low
shields within caldera (Carr and others, 1977). Overlies
knobby and ridged facies of fan-shaped deposits; strati-
graphic position with respect to smooth facies uncertain
but probably about same age

Member 5—Similar in appearance to member 6 but
individual flow lobes appear thicker and more abun-
dant. In places overlies knobby facies but underlies
ridged facies. Contact with member 6 poorly defined
except where marked by flow fronts

| Member 4—Covers crest of central shield. Smooth surface

cut by many faults and grabens concentric to sum-

mit caldera. Collapse pits commonly coalesced into

large vents are interpreted as sources of member 6

lava flows

Member 3—Consists of overlapping, deeply eroded lava
flows that have rough surfaces; locally capped by rela-
tively smooth remnants of member 4. In places appears
gradational with knobby facies

- Member 2—Forms gently rolling surface of subdued hills
in contrast to rougher, more prominent hills in member
3. Most of boundary with member 3 marked by scarp

- Member 1—Smooth, slightly streaked surface; cut by more
faults and grabens than members 2 and 3; resembles
member 4

FAN-SHAPED SURFICIAL DEPOSITS

As Smooth facies—Smooth surfaces with arcuate lineations
and diffuse to lobate margins. Overlies large areas
of knobby facies. Partly fills and appears to be extruded
from faulted collapse depressions. Interpretation: Ash-
flow tuffs or lahars
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Ar | Ridged facies—Broad, thin sheet marked by abundant
— ridges that extend over topographic barriers without
apparent deflection. Individual ridges are about 1 to
more than 10 km long, spaced a few hundred meters
to several kilometers apart; ridges connected in places
by shorter crossribs. Interpretation: Recessional
moraines

Knobby facies—Forms large area of chaotic terrain con-
sisting of hills as much as several kilometers across
that are subrounded to elongated downslope; chains
of hills aligned parallel to ridges in ridged facies;
individual hills and patches interspersed in ridged facies.
Overlapped and embayed by member 6 of Tharsis
Montes Formation and partly embayed by member 5.
Interpretation: Hills and knobs formed in wastage
zone of ice sheet; includes some landslide material

CRATER MATERIALS

[All craters interpreted to be of impact origin. Those less than 3 km in
diameter not mapped]

Material of fresh-appearing craters larger than 8 km
in diameter
Crater floor material—Smooth, flat; consists of ejecta
fallback and lava flows

Acw Crater wall material —Smooth; largely composed of
bedrock and some ejecta fallback

Acr Crater rim material —Rough ejecta outside rim crest

Ac Material of fresh-appearing craters smaller than 8 km

in diameter—Bowl-shaped, sharp-rimmed craters;
ejecta recognized as far as one crater diameter from
rim crest

Material of degraded crater—Forms ring of irregular knobs
embayed by lava flows of Tharsis Montes Formation.
Tentatively assigned a Noachian age

Contact—Dashed where approximately located

Fault or graben—Dashed where approximately located;
bar and ball on downthrown side. Forms contact in
places

Scarp—Line marks base of slope; barbs point downslope.
Forms contact in places

=
ST
@ Depression
+
——

Chain of pit craters
Large ridge
Narrow ridge—Interpreted as recessional moraine
——————— Lineation—In smooth facies. Probably a flow line
); Lava flow front—Dashed where buried
. Mountain—Age indeterminate; dotted where buried
: ‘ Volcano of uncertain age—Possibly Amazonian
@ Crater rim crest
% Buried crater—Rim crest and ejecta blanket
—Q— Crater central peak
Caldera—Dashed where approximately located
* Small dome

Low-albedo patch
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INTRODUCTION

The geologic map shows the flanks and summit caldera of Arsia
Mons, the southernmost of three large shield volcanoes (Arsia, Pavonis,
and Ascraeus Montes) that form the Tharsis Montes volcanic chain
(fig. 1). The volcanoes lie along the crest of a regional northeast-
trending rise that extends more than 3,000 km along or near the
planet-wide boundary that separates the southern highlands from the
northern lowlands. Previous geologic mapping of this region (Scott
and others, 1981; Scott and Tanaka, 1986) shows six major lava
flows that were extruded from the Tharsis volcanoes during the Early
Hesperian to Late Amazonian Epochs; the flows cover an area exceeding
7x106 km? around the volcanic centers. All of these flows—mapped
as members of the Tharsis Montes Formation—are present in the
map area. Broad, fan-shaped surficial deposits that resemble land-
slides extend down the northwest sides of each volcano and of Olympus
Mons, about 1,500 km northwest of Arsia Mons (fig. 1). The largest
of these gently sloping, lobate deposits is on Arsia Mons, where
ambiguous relations between one facies of the fan-shaped accumu-
lations and underlying topographic features have provoked questions
as to the origin of the deposits.

The present map was compiled originally on six Viking 1:500,000-
scale photomosaic bases (fig. 1). Then, to show more clearly the
regional relations, the maps were reduced to 1:1,000,000 scale and
combined on one map sheet.

The primary objectives of the original large-scale mapping were
(1) to record detailed stratigraphic relations and emplacement mor-
phologies of the fan-shaped deposits that may lead to an understanding
of their origin and (2) to map more accurately lava-flow sequences
on the central construct of Arsia Mons and to determine their relative
ages. Unfortunately, in the map area many Viking images have opposing
sun directions and resolutions that range from 31 to 269 m/pixel.
(Compare figs. 2 and 4 for an example of the former.) These large
disparities in lighting direction and resolution produce great differ-
ences in the appearance of the same geologic unit from place to
place on the photomosaic base maps. Thus, morphologic criteria
useful for distinguishing boundaries between map units are not ev-
erywhere clear or visually consistent throughout the map area, and
the placement of some contacts is highly subjective.

GEOLOGIC AND PHYSIOGRAPHIC SETTING

Arsia Mons is in the Phoenicis Lacus northwest quadrangle of
Mars (MC-17NW; U.S. Geological Survey, 1986). This shield volcano
has a summit caldera about 140 km in diameter, a summit eleva-
tion of 21,000 m above the Martian datum, and relief of nearly 16,000
m above the adjacent plains (U.S. Geological Survey, 1991; fig. 1).
The upper part of the shield (above 10,000 m) has an average slope
of about 5.7°. Crater densities determined by Scott and Tanaka (1986)
and by us indicate that Arsia and the other Tharsis volcanoes were
active from Early Hesperian to Late Amazonian time. Some of the
older flows extend more than 2,000 km from the center of Arsia,
which suggests that they were low-viscosity, basaltic lavas. Some
of the youngest flows have overflowed the northeast rim of the caldera;
other young flows have been extruded from fissures and collapse pits
on the northeast and southwest sides of the volcano along the trend
of a regional fault zone (Carr and others, 1977). A series of aligned
collapse pits occurs between Arsia and Pavonis Montes, following
the general northeast trend of the Tharsis Montes.

The lower northwestern flank of Arsia Mons is covered by a large
(10 km?) group of fan-shaped deposits composed of three distinct
facies. Uncertainty arises as to the origin of these deposits and of
similar-appearing but smaller occurrences on Pavonis, Ascraeus, and
Olympus Montes, because the morphologic features of the deposits
are characteristic of different types of emplacement processes rec-
ognized on Earth. (Those on Olympus Mons should not be confused
with the huge aureole deposits around the base of this volcano.) Some
of these features suggest mass movement such as landsliding and
debris avalanching, whereas others are characteristic of ash-flow or
glacial-periglacial processes. Interpretations of the deposits include
(1) large landslides initially deposited on ice-covered plains (Wilhelm:s,
1973), (2) ash-flow tuffs or slump material (Carr, 1975), (3) fluid
volcanic flows modified by wind erosion (Masursky and others, 1978),
(4) recessional moraines emplaced by former local ice caps (Lucchitta,
1981), (5) landslides or debris flows (Carr, 1981), (6) volcanic-de-
bris avalanches resulting from either slope failure or explosive vol-
canism (Scott and Tanaka, 1986), and (7) pyroclastic deposits (Zimbelman
and Edgett, 1992).

STRATIGRAPHY

Geologic units shown on this map generally correspond to lava-
flow members of the Tharsis Montes Formation originally described
by Scott and Tanaka (1986) and to the terrain units on Arsia Mons
defined by Zimbelman and Edgett (1992). Most differences occur
where more detailed mapping at a larger scale (1:500,000) has allowed
the subdividing of some units. Relative ages of units are based on
stratigraphic relations, morphology, and crater counts. The valid-
ity of crater-frequency distributions, however, is questionable in local
areas around the volcanoes of Tharsis Montes because the lava flows
are relatively young, and impact craters are comparatively few and
difficult to distinguish from the circular collapse pits that are com-
mon on many of the flows.

HESPERIAN SYSTEM

The oldest lava flows from Arsia Mons are Late Hesperian in
age and belong to the lowermost members (units Htq and Ht,) of
the Tharsis Montes Formation; they were described by Scott and Tanaka
(1986) from exposures that they mapped only along the distal margins
of flows extruded from Arsia Mons. The present large-scale map-
ping shows that these two members are also present along the lower
western flanks of Arsia. Although the units mapped as members
1 and 2 may not be the same lava flows as those exposed farther
down the flank, they are probably correlative in age, because they
occupy a similar stratigraphic position and are more densely frac-
tured and faulted than the overlying rocks. In places where mem-
ber 2 appears to have been stripped away, an irregular scarp forms
a boundary between the relatively smooth surface of the lower member
(unit Ht4) and overlying, deeply eroded, rough material (unit AHts;
fig. 2). The irregular face and deep reentrants of the boundary scarp
suggest that localized collapse (Zimbelman and Edgett, 1992), perhaps
accompanied by sliding of dislocated Amazonian-Hesperian rocks,
exposed the Hesperian surfaces and locally contributed material to
the knobby facies of the fan-shaped deposits.

AMAZONIAN-HESPERIAN SYSTEMS

A large part of the central shield of Arsia Mons consists of deeply
eroded, rough material that is somewhat ambiguous in stratigraphic
position and origin. It is mapped as member 3 of the Tharsis Montes
Formation (unit AHt3). It may be, in part, a result of the erosion
and dislocation of the smooth-surfaced Amazonian lava flow (unit
At,) that it borders. More probably, the rough material was sepa-
rately emplaced by earlier eruptions from the volcano, as shown by
the many individual flows within the unit (fig. 2); this origin has been
assumed in assigning its age. Another problem is the boundary between
the rough material and the knobby facies (unit Ak) where the two
units appear to intergrade on the lower northwestern slopes of Arsia
Mons. Here the mapped contact is highly conjectural and has been
placed where the hills in the rough material are noticeably smaller
and more rounded. These differences in morphology further sug-
gest that the knobby material is partly composed of displaced rocks
from the rough material.

AMAZONIAN SYSTEM

Three lava-flow members of the Tharsis Montes Formation and
the three facies of the fan-shaped complex that partly cover the western
slope of Arsia Mons were deposited throughout most of the Ama-
zonian Period. Member 4 (unit At,) was extruded from the summit
caldera as well as from fissures and faults near the crest of the volcano;
it has a smooth surface except where cut by faults and grabens concentric
to the caldera and where many individual and coalesced collapse pits
occur along the upper northeastern and southwestern parts of the
structure. Member 4 is not in contact with member 5 in the map
area. Grabens in member 4 are distributed asymmetrically: the west
flank contains many grabens extending around and up to the caldera
rim, whereas the east flank has relatively few on its upper slopes.
This graben distribution may result from asymmetric stresses within
the construct due to its location on the western margin of the Tharsis
uplift (McGovern and Solomon, 1993). Most of the boundary be-
tween members 5 and 6 in the southwestern part of the map area
is arbitrarily shown without a contact symbol; low image quality and
resolution (more than 250 m/pixel) generally preclude the recog-
nition of boundaries between individual members. The contact between
members 5 and 6 is also not mapped precisely on the north side
of Arsia Mons, where it cannot be determined on the images; it has
been broadly placed where northerly directed flow lobes of member
5 change to west-trending flows of member 6. A subtle low-albedo
patch is mapped on member 6 on the southeastern margin of Arsia;
thermal infrared measurements show this patch to be some of the
highest thermal-inertia material exposed in the Tharsis region (Kieffer
and others, 1976, 1977; Edgett and Zimbelman, 1990). Mapping
shows that several individual lava flows can be traced across the margins
of this patch, which indicates that the remote-sensing signature is
more likely due to modification of surface materials than to exposed
competent bedrock; pore space in the lava flows here may be filled
by ice, providing a more indurated material.

The three facies of the large fan-shaped lobe on the western
slope of Arsia Mons are (1) knobby material (unit Ak), which forms
rough terrain consisting of hills 100 m to more than 2 km wide randomly
distributed on the middle and upper slopes of Arsia Mons; the unit
is mixed in places with the ridged material and has lineation pat-
terns produced by alignments of some hills; these lineations are transverse
to the inferred direction of emplacement; (2) ridged material (unit
Ar) deposited in a relatively thin sheet along the lower slope of the
volcano and characterized by successions of evenly spaced ridges;
the ridges extend without deflection across the ejecta blanket of a
buried crater (fig. 3); and (3) smooth material (unit As) overlying large
parts of the knobby facies; it is characterized by lobate, flow-shaped
margins and thin, arcuate lineations that are convex downslope. The
smooth material covers the floors of large grabens and collapse
depressions.

Although the origins of the three facies may differ, collectively
they appear to result from a series of interrelated, nearly contem-
poraneous processes that probably occurred over an extended period.
The knobby, and possibly the smooth facies, appear to be partly
embayed on the north side of the volcano by member 5 of the Tharsis
Montes Formation, but this stratigraphic relation is not entirely reliable
because of boundary uncertainty between members 5 and 6. The
knobby facies is tentatively assigned a Middle Amazonian age. The
ridged facies clearly overlies member 5 and is therefore considered
Late Amazonian in age, but it is overlain in places by member 6.
On the other hand, patches of ridged material that occur well within
the knobby terrain and faint alignments of small hills in the knobby
terrain may reflect a gradational relation between the knobby and
ridged facies. Smooth material is the youngest deposit on Arsia,
with the possible exception of lava flow member 6.

ORIGIN OF THE FAN-SHAPED DEPOSITS

Large landslide deposits are common along the walls and floors
of canyons in Valles Marineris (Lucchitta, 1979; Lucchitta and oth-
ers, 1992). Tongue-shaped features resembling solifluction lobes
occur around the bases of hills in many highland areas (Scott, 1978,
Squyres and others, 1992). Pyroclastic materials are believed to be
present on large volcanoes such as Alba Patera, Elysium Mons, and
Hecates Tholus (Reimers and Komar, 1979; Mouginis-Mark and others,
1988). Each of these different types of deposits has morphologic
characteristics that indicate its mode of origin and generally allow
the deposits to be distinguished.

On the other hand, the fan-shaped materials on Arsia Mons,
as well as those on Pavonis, Ascraeus, and Olympus Montes, are
more difficult to classify. As Zimbelman and Edgett (1992) recog-
nized, any hypothesis for the origin of the deposits must address
the complex arrangements of their associated landforms, as well as
their restricted occurrence on the western slopes of the volcanoes.
The Arsia Mons deposits cover the largest area and probably can
be assumed to be a prototype for those on the other Tharsis Montes
and on Olympus Mons. Hypotheses as to their origin can be prob-
ably attributed individually or collectively to three major processes:
(1) mass movement (including landslides, volcanic-debris avalanches,
and lahars), (2) volcanism (pyroclastic flows and ash flows), and (3)
glacial and periglacial activity (erosion and deposition caused by the
advance and retreat of ice).

Some features in the middle and upper parts of the deposits,
such as marginal levees and hummocky and smooth textures, are
not clearly diagnostic of a single emplacement process. They do
suggest, however, that landsliding and volcanism contributed to their
formation. If all the fan-shaped deposits were the result of gravi-
tative transfer of materials downslope, they must have been extremely
mobile; estimates of their runout length (L) as a function of vertical
drop (H) show H/L ratios ranging from about 0.01 at Arsia Mons
to about 0.02 at Pavonis Mons; these H/L ratios are comparable
with those of lahars and pyroclastic flows on Earth (Siebert, 1984;
McEwen, 1989, fig. 10). Terrestrial nonvolcanic landslides and volcanic-

debris avalanches have considerably higher ratios of about 0.2 and
0.1, respectively (Siebert, 1984; Francis and Wells, 1988). Many
factors, however, affect the extent of landslides and avalanches: these
factors are not examined here because the fan-shaped material is
not thought to result solely from mass movement.

KNOBBY FACIES

Both the ridged and knobby materials, though gradational in places,
are interspersed over a wide area along their common boundary.
This intermixed association may represent types of depositional landforms
that develop beneath the wastage zone of a disintegrating ice sheet
just after it has reached its maximum extent. In this model (Sugden
and John, 1976), the recession of ice forms an outer facies com-
posed of till in the form of ground moraine and many concentri-
cally arranged end moraines. Inside this area, end moraines become
less common and are superseded by ice-disintegration features in-
cluding rough, undulate, and hummocky terrain and a few ridges with
preferred orientations; eskers also become more prominent in this
zone, but none are evident in the fan-shaped deposits.

At higher elevations on the volcano, however, the knobby facies
is gradational with member 3 of the Tharsis Montes Formation and
may consist of displaced parts of this member. Also, some con-
tribution of landsliding to the development of knobby material is sup-
ported by the scarp between members 3 and 1 of the formation (fig.
2). The relatively smooth surfaces of members 1 and 2 are marked
by faint albedo streaks parallel to their slope. Their boundary with
member 3 is at the base of a broad, irregular break in slope at an
elevation of about 11,000 m (U.S. Geological Survey, 1986). This
scarp separates the more gently dipping (4.2°), smoother underly-
ing rocks from the more steeply inclined (8.5°), rough-surfaced member
3. The scarp has the appearance of a detachment surface whose
trace marks the separation of parts of member 3 by landsliding. This
dislocated, gravity-driven mass of material may have largely contributed
to the knobby unit and exposed the relatively smooth surfaces of
underlying members 1 and 2.

RIDGED FACIES

A major objection to mass movement as the origin for the ridged
facies on Arsia Mons is that the material is apparently not deflected
around preexisting topographic obstacles (Williams, 1978; Lucchitta,
1981; Scott and Tanaka, 1986). This characteristic is especially
noticeable where a parallel alignment of ridges and swales is main-
tained over the ejecta blanket of an 8-km-diameter crater (A in fig.
3). Other less conspicuous examples occur where the lineated or
ribbed parts of the deposits overlie relatively low lava-flow lobes. These
superposition relations suggest a possible origin for parts of the deposit
by downwasting of morainal material from the surface of a retreat-
ing glacier or ice field. Although one might argue that thin, low-
viscosity ejecta from a superposed crater could mimic underlying terrain
features, such is not apparent at crater C (fig. 3), whose ejecta completely
bury that part of the ridged deposit on which they lie. Moreover,
large, irregularly shaped blocks and hills in the adjacent knobby facies
do not become progressively more fragmented, nor do they decrease
in size and number downslope, away from the volcano, as would
be expected in a landslide or debris-type flow. In other respects,
however, these ridged and knobby materials resemble those described
by Crandell and others (1984) in a very large debris-avalanche deposit
on Mount Shasta, California, where many scattered hills and ridges
transverse to the slide movement are separated by intervening flat
areas. Also somewhat similar are the slope gradients, about 8 m/
km for fan-shaped material on Arsia and 5 m/km for the avalanche
deposit on Mount Shasta.

An explanation for the origin of the ridged material that does
not require continuity of motion and fluid or semifluid behavior would
be the formation of the ridges as recessional or end moraines (Williams,
1978; Lucchitta, 1981); in this interpretation, the ridges consist of
glacial drift material deposited along the margins of an ice sheet during
successive stages in its ablation and retreat. In the map area, very
little material appears to have been deposited between the postu-
lated moraine ridges, where albedo markings are clearly visible in
the subjacent terrain. This process of downward deposition of rock
from an ice cover would preserve the nearly linear continuity of ridges
over obstacles such as crater A shown in figure 3; the ridges would
otherwise be deflected in a moving mass of material. This crater
has a sharp, partly serrated rim crest and faint, narrow ridges that
extend across its ejecta blanket; the floor of the crater, however,
appears to be smooth and free of drift deposits. Semiquantitative
relations between rim-crest diameter (8 km) and crater height (Pike
and Davis, 1984) suggest that, if the enclosing ice sheet buried the
crater to its rim crest, the ice here could have been as thick as 300
m. However, evidence of downslope basal scouring, which might
be expected for moving ice hundreds of meters thick, is not seen
within the ridged unit.

In places along the distal parts of the ridged facies, the ridges
are joined by crossribs somewhat similar to those described as “Rogen
moraines” in Scandinavia (Sugden and John, 1976). Many Rogen
moraines, however, are formed into drumlins during ice advances,
and no drumlins or streamlined hills are apparent in the different
facies of fan-shaped materials on Arsia Mons.

SMOOTH FACIES

Smooth material with arcuate lineations covers parts of the knobby
facies and appears to have originated as a viscous flow from two
large fault-bounded depressions at elevations of about 8,000 to 9,000
m (fig. 4). This material may be a pyroclastic deposit that was erupted
from these and other vent depressions, as proposed by Zimbelman
and Edgett (1992); however, it resembles an ashflow rather than an
air-fall deposit of pyroclastic fragments. Alternatively, the smooth
facies may be a lahar composed of volcaniclastic fragments that were
mobilized by the melting of ground ice along large, deep grabens
on the flank of Arsia Mons. Both ashflows and mudflows act like
liquid density currents that fill topographic depressions but sweep
around obstacles in their courses; local flowage within these mate-
rials is shown by the arcuate lineations. Mudflows commonly have
levees along their margins that consist of material forced aside by
the flow, whereas ashflows have diffuse boundaries where they are
not confined by topographic barriers. The margins of the smooth
facies appear to be spread out and feather edged, and thus the material
more nearly resembles an ashflow.

Why do the fan-shaped materials occur only on the western flanks
of the Tharsis volcanoes? Why do they decrease in size northward?
Zimbelman and Edgett (1992) postulated that the lower elevations
on the western flanks of the Tharsis Montes volcanoes allowed magma
to rise to near the surface and, thus, initiate the degradation of these
flanks. This possibility seems unlikely at Arsia Mons, because the
detachment scarp where some landsliding appears to have originated
is at an elevation (about 11,000 m) where the symmetry of the volcanic
cone is unchanged by young lava flows that bury its eastern flank
at lower elevations (about 9,500 m, U.S. Geological Survey, 1986).
However, this process of magma intrusion and flank degradation cannot
be ruled out on Pavonis and Ascraeus Montes, where material dis-
locations occur at lower elevations along their west sides. Faulting
is also more prevalent on the west sides of the volcanoes, especially
on Arsia Mons; a basal scarp on Ascraeus Mons (Zimbelman and
Edgett, 1992), similar to that on Arsia, appears to be a detachment
surface where some of the fan-shaped deposits originated. Although
topography and tectonic activity may have contributed to the loca-
tions of the fan-shaped deposits, as well as to their decrease in size
from Arsia to Ascraeus, these processes do not explain their occur-
rence on Olympus Mons (Morris and Tanaka, 1994). Perhaps some
regional geologic process may be involved, such as the westward
shifting of magma reservoirs during the Late Amazonian. Whatever
processes actuated the formation of the fan-shaped deposits, heat-
ing and melting of ground ice probably contributed to the weaken-
ing of the rock, resulting in sliding; if ice sheets were present on
the lowest slopes, landsliding may have been followed by refreezing
of ponded water.

Aside from tectonism and volcanic heating, climatological rea-
sons for ground-temperature variations in the Tharsis Montes may
have caused or contributed to the emplacement of the huge fan-shaped
deposits. Both diurnal and seasonal temperature changes affect the
Tharsis region in two ways: (1) during the day, ground tempera-
tures lag behind maximum insolation and are highest and of long-
est duration in the afternoon (Carr, 1984, fig. 7.2); also, the western
slopes of mountains receive an increase in direct solar radiation during
the warmest part of the day; (2) during summer in the southern hemi-
sphere of Mars, an above-freezing but decreasing temperature gra-
dient extends from the latitude of Arsia Mons to the latitude of Pavonis
Mons and beyond (Kieffer and others, 1977, fig. 18; Carr, 1984).
This variation would promote greater melting of ground ice at Arsia
and probably would contribute to a larger fan-shaped deposit. Although
this temperature gradient is reversed during northern summer, all
temperatures at the latitudes of the Tharsis volcanoes are then near
or below freezing.

The presence of a climatological factor may be supported by
the conspicuous groups of white clouds on the western flanks of the
Tharsis volcanoes and Olympus Mons. The clouds are most promi-
nent in the afternoon during northern spring and summer (Briggs
and others, 1977). Their heights have not been well determined,
but they are estimated as about 20 km. However, the close cor-
respondence of the boundary of a recurrent tloud with the head of
the fan-shaped material along the basal scarp of Ascraeus Mons suggests
that here, at least, this cloud originates at a lower level, possibly
near an altitude of 10 km; spectral analysis indicates that the cloud
is composed of water ice (Curran and others, 1973). Whether a
causal relation exists between the occurrence of clouds and fan-shaped
deposits on the northwestern sides of Arsia, Pavonis, Ascraeus, and
Olympus Montes is conjectural. Materials in the deposits may be
enriched in water ice that vaporizes to form clouds during seasonal,
diurnal, and latitudinal temperature changes. Or, possibly, both the
fan-shaped deposits and the clouds owe their formation to unusual
local climatological or geological conditions around the volcanoes.
On the other hand, Smith and Smith (1972) have observed discrete
white clouds over Elysium Mons (elevation about 17,000 m), as well
as over Olympus Mons, during midsummer (Lg = 90°-130°) in the
northern hemisphere; these clouds have a repetitive diurnal varia-
tion, forming in early afternoon and remaining visible as they pass
the evening terminator. Smith and Smith interpreted the clouds to
be the result of orographic phenomena or of local degassing of water
vapor from the surface. Elysium Mons has no fan-shaped deposits
on its flanks that might be sources of water vapor. However, large
deposits resembling lahars northwest of Elysium Mons (Christensen,
1989) indicate that liquid water was once abundant near this vol-
cano.

GEOLOGIC SUMMARY

The earliest recognized volcanic activity at Arsia Mons and the
other Tharsis volcanoes occurred throughout the latter half of the
Hesperian Period. The early lava flows covered large areas of the
plains around Tharsis Montes and extended about 2,000 km from
the crest of Arsia Mons. Volcanism continued during the Amazo-
nian Period but at a decreasing rate. The youngest lava flows were
erupted from a complex of northeast-trending faults along Tharsis
Montes and from the caldera on Arsia Mons. These Upper Ama-
zonian flows were concurrent with or closely followed the emplace-
ment of the fan-shaped deposits on the northwestern side of Arsia
Mons. The deposits consist of three major facies that have widely
different morphologies; in places the facies are intermixed or gra-
dational. Evidence suggests that each facies owes its origin to a
different process: knobby material was produced as a subice disin-
tegration moraine that included fluvioglacial and drift deposits and,
in its upper parts, some landslide debris; ridged material formed as
recessional moraines during successive stages in the headward and
lateral retreat of an ice sheet; and smooth material was emplaced
ashflow tuffs and lahars during the final stages of volcanic activity
on Arsia Mons.

Antecedent conditions, whether geological or climatological, that
were responsible for initiating the various processes that formed the
fan-shaped deposits are unknown. Tectonic and volcanic activity
localized on the northwestern sides of volcanoes in this region may
have been the primary factors; alternatively, critical variations in ground
temperature and atmospheric water-vapor content may have acti-
vated the originating processes.
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