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Tharsis Tholus: an unusual martian volcano
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Abstract

Tharsis Tholus is unusual martian shield volcano in that the edifice is cut by a series of large normal faults that appear to pen
entire volcano. Northeast-trending narrow graben also cut the flank. The large normal faults may be caused by loading of a ductile
layer allowing failure of the edifice; the narrow graben are typical tensional faults. The flank is heavily mantled by aeolian material
the bulbous appearance, the overall morphology of Tharsis Tholus suggests it is a basaltic shield. Crater counts indicate an a
Hesperian placing Tharsis Tholus in the middle of the period of activity that built the other small Tharsis volcanoes.
Published by Elsevier Inc.
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1. Introduction

Volcanism is the primary geologic process of the Th
sis region of Mars (Carr, 1973, 1974); the area has
merous large central-vent volcanoes with a variety of m
phologies that range in size (e.g., Plescia, 2003) from J
Tholus (50× 60 km across) to Olympus Mons (800 k
across). In addition to the large structures, there are co
less low shields hundreds of meters high and several to
of kilometers wide (e.g., Sakimoto et al., 2003; Hiesin
and Head, 2002). Aspects of Tharsis volcanism have b
studied by many investigators and most of the constr
have been the subject of specific investigations (e.g., Cr
pler and Aubele, 1978; Greeley and Spudis, 1981; Ca
mole, 1990; Hodges and Moore, 1994; Morris and Tana
1994; Plescia, 1994, 2000; Scott and Zimbelman, 19
Scott et al., 1998).

The purpose of this paper is to describe the geology
geologic history of Tharsis Tholus, a bulbous-appearing
cano lying on the gentle regional slope in eastern Tha
The volcano is∼ 158 km× 131 km across with a summ
caldera complex 48× 47 km; the long axis of both feature
is oriented northwest. Tharsis Tholus exhibits the unique
tribute of large normal faults having hundreds of meters
offset that cut across the entire flank and presumably thro

E-mail address: jplescia@usgs.gov.
0019-1035/$ – see front matter Published by Elsevier Inc.
doi:10.1016/S0019-1035(03)00199-4
the entire edifice. No other martian volcano exhibits s
faulting. Tharsis Tholus, like other smaller Tharsis vol
noes, is surrounded and partly buried by younger lavas
has a caldera that is relatively large compared with terres
volcanoes.

2. Previous work

Previous mention of Tharsis Tholus (Fig. 1) has typica
been in the context of broader studies. Carr (1975) map
it as cratered shield material, a unit to which he assig
all of the small volcanoes within the Tharsis 1:5,000,0
quadrangle. Scott et al. (1981) assigned Tharsis Tholu
Amazonian–Hesperian undivided volcanic material. S
and Tanaka (1986), in their 1:15,000,000 map of the wes
hemisphere, simply mapped it as an undifferentiated
cano. Greeley and Spudis (1981) suggested Tharsis Th
is a dome based on the assumption that it has steep
slopes and a convex profile. Robinson (1993) reviewed
geology and concluded, based on its morphology, that it
probably built dominantly by explosive volcanism. Hodg
and Moore (1994) suggested that the volcano is a bas
shield. In their study of the various types of volcanic calde
on Mars, Crumpler et al. (1996) cited Tharsis Tholus as
best example of a volcano with sector structure having la
scale faulting and slumping.

http://www.elsevier.com/locate/icarus
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Fig. 1. Large normal faults cut the flanks to the north-northeast, east, southwest and northwest of the caldera and a fault cuts up across the sonk.
Note blocks at the base of the northwest flank, knobs of basement with circular outline protruding through lavas east of the volcano, and the darkreak
extending to the northeast of the volcano. Viking images 858A21, 23, 186 m/pixel; north is at the top.
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3. Morphometry

MOLA data (Zuber et al., 1992; Smith et al., 2001), MO
images (Malin et al., 1992; Malin and Edgett, 2001), a
THEMIS data (Christensen et al., 1999) allow a more co
plete understanding of the geology of Tharsis Tholus to
developed than was possible with Viking images and Viki
era topography (e.g., US Geol. Survey, 1989, 1991). Num
ous studies have already taken advantage of the MOLA
to assist in the interpretation of the geologic and struct
history of martian volcanoes (e.g., Head et al., 1998a, 19
McGovern et al., 2001; Mouginis-Mark and Kallianpu
2002; Plescia, 2003).

The basic MOLA data set of individual orbits was used
compile a digital elevation model of Tharsis Tholus (Fig.
Data covering the region were extracted and then grid
Bad and overlapping tracks were removed from the data
to eliminate noise and spurious spikes caused by the
ding. A 500 m grid spacing was used for the DEM.

The volcano exhibits considerable relief across its
face. Maximum elevation is just over 9 km on the fla
immediately to the west of the caldera rim. Plains to
west have an elevation of 2.2 km, whereas those to the
have an elevation of about 1.1 km, thus the volcano sta
7–8 km above the surrounding region. Tharsis Tholus
clearly acted as an obstruction to lava flows extending d
slope to the northeast from the interior of the Tharsis
gion. There is almost a 1 km elevation difference betw
plains on the northeast and southwest margins of the vol
and lava flows are observed to flow around the structure
to be ponded on the southwest side. The northeast reg
;

t

l

slope is< 0.2◦ that would suggest plains elevation diffe
ences of only a few hundred meters across the edifice. T
the larger elevation difference reflects the thickness of
lavas ponded against the southwest side of the volcano.

Along the western caldera rim elevations increase f
7.5 to 9 km and then down to 6.6 km; along the eastern e
of the caldera the elevations are more constant at abou
to 5.3 km. Maximum elevation on the north flank is 8.3 k
and about 7 km on the south flank. The elevation of
caldera rim on the east side is lower, at about 5 km. M
of the caldera floor lies at an elevation of about 2.2 km.
western part of the floor rises from 2.2 to 3.2 km toward
western wall. This area has been mapped as a landslide
below). Relief from the caldera rim to the floor varies fro
almost 7 km on the west wall to about 2.5 km on the e
wall. Robinson (1993) suggested the western caldera
was at least 4.2 km high, the eastern wall at least 2.5 km
that the caldera floor lay about 1 km below the surround
plains. The MOLA elevations place the floor just above
level of the exterior plain, rather than 1 km below.

US Geol. Survey (1989, 1991) stereogrammetry-ba
topography of the volcano indicated flank slopes of∼ 6◦,
although locally they could have been as large as 12◦. Robin-
son (1993) suggested that slopes might approach 16◦ on
the northwest side based on shadow measurements. M
data indicate that slopes are variable around the flanks
with elevation (Table 1). Figure 3 shows the topography
slopes along northeast-southwest and northwest-sout
profiles across the volcano. A convex shape is clearly sh
by the profiles. Slopes are greatest at the base of the
and decrease toward the summit (Fig. 4). Mean slopes
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Fig. 2. MOLA based shaded relief and topography. Upper panel sh
shaded relief with illumination from the south. Lower panel shows c
tour map with 1 km contour interval, every other contour is highlight
North is at the top.

Table 1
Mean slope, RMS height and RMS slope for Tharsis Tholus flanks

Flank Mean slope◦ RMS height RMS slope◦

East 6.13 3361 6.13
North 13.94 1465 14.15
Northeast 6.62 1622 6.97
Northwest 12.88 3061 13.86
Southeast lower 7.85 541 8.71
Southeast upper 3.34 1545 3.48
Southwest 15.03 1410 15.44
West 12.71 1701 17.54

Mean slope was calculated using data from profiles extending throug
DEM over distances of 1 km. RMS height and slope were calculated u
the equations presented in Shepard et al. (2001) and the DEM profiles

culated over a few MOLA shot points) are highest on
north and west flanks reaching 12◦–15◦ similar to Robin-
son’s data. Steeper slopes at the base and gentler slope
the summit (about 3◦) are well illustrated in Figs. 2 and 3.
ar

Fig. 3. Northeast–southwest profile showing topography and slope (up
Southeast–northwest profile showing topography and slope (lower). S
+ symbols denote the elevation, open circles o denote the slope. Ve
exaggeration is about 21X.

Fig. 4. DEM derived slopes; bright shades indicate low slopes; da
shades indicate steeper slopes. Note flat plains and steep slopes on th
and on the interior of the caldera walls.
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4. Geology

This interpretation of the geology of Tharsis Tho
(Fig. 5) is based on an analysis of Viking, MOC a
THEMIS images. Appendix A lists the images used in
study and their associated data. Most of the volcan
mapped as a single unit termed “flank material” beca
the thick mantle obscures the details of the underlying
face and prevents discrimination of additional units. Tha
Tholus is surrounded by volcanic plains that are mappe
part of Member 5 of the Tharsis Montes Formation (Sc
and Tanaka, 1986). The caldera complex includes cal
wall material (cw), two caldera floor surfaces (cf1, cf2), and
landslide material (ls). A small patch of plains (p) is mapp
surrounding the blocks at the base of the northwest flank
the east and north of the volcano, exposures of baseme
protrude through the lavas. Those to the east have a cir
pattern that is interpreted to be a buried impact crater.
ure 6 illustrates the location of the MOC and Viking imag
referenced below.

4.1. Flank

The flanks of Tharsis Tholus (Fig. 6) exhibit a hummoc
texture, a few troughs, narrow graben, and the large
mal faults that divide the volcano into five major bloc
(Figs. 1, 5). Robinson (1993) also noted that the flanks w
smooth to hummocky and lacked recognizable lava flo
)
r

he also reported that it lacked valleys (as occur on Cerau
Tholus) although several are reported here.

The lack of morphologic detail observable in Viking im
ages suggested the surface was heavily mantled. Tha
pression is clearly borne out in the MOC images wh
show extensive mantling of the surface (Figs. 7 and 8).
mantling of the volcano is in sharp contrast to the re
tively pristine nature of the surrounding plains. MOC imag
showing the volcano-plains contact (e.g., M03-05935, M
00801) and those of the nearby plains show the plains
considerably less mantled such that their volcanic morp
ogy and small-crater populations can be clearly observe

As suggested by Crumpler et al. (1996) the degre
mantling is variable. They suggested the eastern flank
smoother than other sectors and that the north and s
flanks were rougher. For example (Fig. 7), on some p
of the flank (e.g., northeast and western margins) na
graben are quite distinct; elsewhere their appearance is
dued (e.g., southern flank). Craters are filled to differ
degree and small-crater ejecta blankets are rarely obse
Pieces of the underlying volcanic surface are either exp
or only thinly mantled in scattered locations. Variability
also expressed in the frequency of relatively fresh sm
diameter craters (< 50 m) which vary across the surfac
Mantling material is also drifted against the large norm
faults scarps and along the contact of the flank with
plains.
materia
interiors
Fig. 5. Geologic sketch map of Tharsis Tholus. Units include: f: flank material; At5: Member 5 of the Tharsis Montes Formation; cw: caldera walll;
cf1: caldera floor material 1; cf2: caldera floor material 2; ls: landslide; b: exposures of pre-plains bedrock; p: plains units; light areas denote crater
and crater ejecta.
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lted
Fig. 6. Western flank of Tharsis Tholus (mosaic of Viking images 699A11-16; 36 m/pixel). Narrow, northeast-trending graben cut much of the flank. Fau
blocks at base of northwest flank (a), southwest normal fault (b), normal fault cutting south flank (c), and trough with curvilinear margins (d).
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Mantling material has several morphologies (Fig. 8)
can appear smooth, granular, or have a linear to rectan
appearance. The linear and rectangular appearance is
preted as a surface covered with dunes. In other locat
a patchy surface texture suggests material is being str
away rather than transported across the surface as dune
variability morphology and the range of preservation sta
of small-diameter craters suggest the surface is in some
of equilibrium between small-diameter cratering and the
position and erosion of the mantling material, rather than
mantling being a discrete event.

The absence of widespread bedrock exposures is als
dicated by night-time THEMIS imaging. Figure 9 show
three night time (12.57 micron) strips across the volca
Most of the surface has a relatively dark tone indicatin
cool, low thermal inertia surface (e.g., mantling materi
Only along portions of the rough western caldera wall, alo
the top of northern edge caldera wall and the rim of
large (8.8 km) impact crater on the south flank and so
of the smaller impact craters are warm surfaces (high t
mal inertia), suggesting the presence of exposed bed
observed. The large fault scarps that cut the flank are slig
r
r-
,

e

-

,

warmer than the surrounding areas but not as warm a
locations noted above, possibly indicating the presenc
pieces of bedrock exposed within the debris along the s
rather than in place bedrock exposed along the fault sca
However, some of graben along the southern flank are w
(Fig. 10c) suggesting the presence of exposed rock a
those scarps.

Despite the clearly volcanic morphology of the surrou
ing plains and the large-scale volcanic character of Tha
Tholus, lavas flows are not clearly observed on the flank
either Viking or MOC images. The morphology observ
in the high-illumination angle MOC images is dominat
by the mantle. However, two THEMIS images, one of
southern flank and the other of the summit region (Fig.
show linear topographic highs extending down slope. S
lar linear features are observed in the Viking images of
western flank (Fig. 6). The topography and morphology
these features suggest they are heavily mantled lava flo

Troughs are observed in several locations on the w
ern and northern flanks and are either hidden or ab
elsewhere. They are several hundred meters to just ov
kilometer wide. Figure 7a shows one on the northern fl
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Fig. 7. Flank morphology. (a) Base of northwest flank showing branching trough (500 m across; 8.5 km long) and mantled surface (MOC E09-01814on
6.21 m/pixel). (b) Upper northwest flank crossing the northwest normal fault showing mantling, infilling of craters and graben and drifting against
and a meandering trough about 990 m wide (MOC E09-01814, resolution 6.21 m/pixel). (c) Upper southern flank showing heavily mantled (a) and
mantled (b) northeast-trending graben (MOC M03-05935, resolution 5.86 m/pixel). (d) Southeast flank margin (MOC E12-01907, resolution 6.2 m/pixel)
showing mantled surface at the top of the strip and less mantled (more cratered) surface at the bottom. North is at the top is all images.
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above the contact with the surrounding plains. The troug
about 900 m wide; two troughs extend down the flank
merge into a single trough that extends to the contact
the plains. It has levees on both side of the channel.
ures 6 and 11 show other troughs on the western and n
ern flanks, respectively. The western flank has a trough
extends more than 20 km down the flank. It is 700–130
wide and has a curvilinear margin. Troughs observed ext
ing down the north flank (Fig. 12) are about 500 m wide a
begin at irregular shaped depressions high on the flank.

The morphologic attributes of the trough, such as a sin
channel of uniform width, levees, lack of tributaries, and
stricted occurrence, are more suggestive of a volcanic th
fluvial origin. However, many of the channels on Ceraun
Tholus (Plescia, 2000) have morphologies similar to th
on Tharsis Tholus, and the Ceraunius troughs have bee
terpreted as fluvial in origin (Gulick, 2001).

Immediately adjacent to the northwest flank is a gro
of north- to northeast-trending blocks (Figs. 1, 13). Th
are almost certainly related to Tharsis Tholus rather t
being pieces of unrelated older pre-volcanic bedrock
truding through the plains. The group extends over an
of 30×25 km with individual blocks being up to 15 km lon
and 12 km wide and 300–1100 m high. Some scarps s
layering. Block geometries suggest that they have been
ken up by faults of variable strike. The blocks are emba
by a plains unit that is younger than the volcano but o
-

-

-

than the regional volcanic plains. This plains unit is cut
the northeast-trending graben.

Crumpler et al. (1996) suggest the blocks might repre
slide material derived from the volcano flank. The blo
do resemble, at least superficially, landslides shed from
Hawaiian islands, particularly those north of Oahu—e.g.,
Nuuanu landslide (Moore et al., 1989, 1995; Naka et
2000). However, there is no obvious source on the fla
It is possible that the source area for the landslide n
lies buried beneath younger flows. Alternatively, the blo
could represent a portion of the flank that was disrupte
a more random manner during the formation of the adja
northwest-trending normal fault. An another possible ex
nation is that the blocks were formed by a thrust fault ram
ing up from beneath the edifice (see below), but the vari
strike of the faults that break the blocks might argue aga
such a model. Finally, they could represent the surface m
ifestations of a shallow intrusion such as a laccolith. Th
is, unfortunately, insufficient data to discriminate among
models.

Rimless pits are observed in a few locations on the fla
Several large pits occur on the northwest flank, ther
large pit (3.4×1.6 km) is centered over a northeast-trend
graben (Fig. 12). Two additional pits (∼ 1–1.2 km×0.7 km)
occur in a graben on the southwest flank. The associatio
pits with the graben suggest they are collapse feature
lated to the extension expressed by the graben. Grabe
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Fig. 8. Flank mantle morphology. Note the variation in frequency of small impact craters and the degree to which larger craters are in filled. (a)ly
mantled surface. Small areas of the underlying flank material are either thinly or unmantled (MOC M03-00801). (b) Mantled surface with low relief rilinear
pattern. Small areas the underlying flank material are either thinly or unmantled (MOC M03-00801). (c) Distinct northwest and northeast trendinglpting
of mantled surface (MOC M03-04592). (d) Mantle with granular texture (MOC M03-05935). This texture may represent a very subdued exam
rectilinear texture in (c). MOC image M03-00801 has a resolution of 7.36 m/pixel and M03-05935 has a resolution of 2.94 m/pixel. North is at the top.
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pits are often found together in Tharsis such as in Tra
and Acheron Catena near Alba Patera. Presumably thes
are formed due to collapse of surface material into cra
as observed on Kilauea (Okubo and Martel, 1998). A nu
ber of small, elongate pits are observed on the eastern
(Fig. 14), but these appear to be secondary craters.

4.2. Caldera complex

The caldera’s outline is relatively circular and it is co
posed of two overlapping calderas (Figs. 5, 15)—an o
older one and an inner younger one. Map units include w
and floor materials. Wall material (cw) is presumably e
posed lava flows and possibly other volcanic material (e
pyroclastics or intrusions). The upper caldera walls fo
cliffs with a spur and groove morphology interpreted to
dicate the presence of exposed bedrock (Figs. 15 and
Farther down slope the material appears to be talus w
in some places feathers onto the caldera floor withou
abrupt contact. The talus locally has an interesting morp
ogy composed of linear parallel ridges and troughs ten
meters wide, spaced 100–200 m apart and about 1 km
suggestive of erosion. In other locations the talus surface
pears smooth.
s

.

The older, outer caldera is∼ 48× 47 km across and i
defined by a piece of the floor (cf1) preserved along th
southern margin of the younger caldera and in a small s
on the north side. It is bounded along its exterior margin
inward-facing normal faults. On the east side, the floo
broken into blocks down-dropped along parallel faults. M
of this unit is smooth and mantled and lies at an elevatio
∼ 5.1–5.2 km.

The younger inner caldera has a diameter of∼ 41 ×
40 km. It is fault bounded on all sides except the we
The floor is composed of two units, floor material (c2)

and landslide material (ls). Unit cf2 presumably represen
the original caldera floor formed during the last episode
caldera volcanism and later modified by mass wasting
aeolian processes. It is a level (∼ 2.2 km), mantled surface
locally covered with dunes; there are no obvious volca
morphologies. A well-defined contact between the cald
floor and walls does not always occur. Although it is ma
tled, the floor material is either older or more thinly ma
tled than the flank as a significant numbers of small imp
craters are observed. Landslides have affected the sout
western margins of the caldera. A large alcove on the s
side, within which is a jumbled slide deposit, formed by
failure of the older floor (Fig. 15).
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Fig. 9. THEMIS night-time (12.57 micron) images of Tharsis Tholus. (a) Northern flank, caldera and southern flank (I02319005). (b) Eastern p
caldera, the northern flank and the upper part of the south flank. This strip is not reprojected due to missing geometry data (I01233003). (c) Easterk. The
crater on the southern flank is the same one that is observed south of the caldera in B (I00871005).
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The western caldera wall has a rough morphology
four large alcove-shaped re-entrants separated by long
of bedrock (Figs. 15 and 17). The upper caldera wall is c
acterized by ridges and spurs∼ 500 apart; layering is appa
ent in the walls. THEMIS data (Fig. 9a) suggest the prese
of bedrock along the ridge lines. At the base of the wa
a hummocky deposit extending onto the caldera floor th
mapped as landslide material (ls). Elevations rise acros
landslide deposit from 2.2 km at its eastern edge to 3.2
against the western wall, suggesting the apron of mat
could be a kilometer thick at the base of the wall. The ro
morphology of the western wall is consistent with a la
slide scar. Presumably the original west caldera margin
formed by a fault that extended in a simple arc around
western side of the caldera merging with the fault trace
the southwest side.

5. Structure

Two types of tectonic features are observed on
flanks of Tharsis Tholus: narrow, northeast-trending gra
(Figs. 6, 7, 10, 11, 14) and large normal faults (Fig. 1). N
ther fault type cuts the surrounding plains indicating t
flank deformation predates the emplacement of those pl
s

.

5.1. Normal faults

There are five major normal faults cutting across
flanks each having large offsets. Four of them extend f
the caldera: north–northeast (azimuth 18◦), east (110–120◦),
southwest (225◦), and northwest (294◦); a fifth cuts across
the southern flank from the southeast fault (210◦). The
length and offset suggest these faults cut the entire ed
Individual scarps have exposed lengths of 30–60 km and
tend from the summit down the flank. The northwest a
southwest fault scarps extend from the summit all the
to the base. Those on the east and south sides are n
posed all the way to the contact with the surrounding pla
and appear to be buried at their distal ends by younger fl
lava flows. The fault on the south flank is also partly buri
MOLA data indicate the scarps are several hundred me
to a kilometer high with the height decreasing down slop

The distal ends of the faults on the east side are cle
buried by younger flank materials (Fig. 11). Geologic
lations are consistent with two possible timings. All of t
faults formed at the same time and later volcanism on
eastern flank buried the distal ends of the north–north
and southeast faults. Or, the faults on the east side for
widespread volcanism occurred and then the faults on
west side formed.
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Fig. 10. THEMIS images showing linear topographic highs extending d
the flank interpreted to be mantled lava flows. A few locations are h
lighted with arrows. Upper panel shows the southern flank with linear
tures extending southeast down the slope. It also shows northeast-tre
graben cutting the flank at the base and about a third of the way up the
(THEMIS I02200005, resolution 100 m/pixel). Lower panel shows the are
to the west of the caldera with a radial pattern of linear highs exte
ing away from the caldera edge. Also shown is a portion of the north
normal faults and small northeast-trending fractures (THEMIS I01164
resolution 100 m/pixel).

The east and western flanks are down dropped relativ
the north and south flanks, a geometry similar to the no
east trending graben. The decrease in scarp height a
strike for the normal faults on the east flank suggest
the portions near the volcano margins are buried by you
lavas, that the faults have a scissors-type motion with
creasing displacement up-slope toward the caldera, o
there is a lateral component of motions as well such tha
east and west blocks moved both down and out relativ
the north and south blocks.

5.2. Graben

Narrow graben cutting the volcano are observed on al
the eastern flank, although this may be an observational
(lack of appropriate imaging) rather than a lack of faultin
The general trend is northeast but the strikes can be
able. Graben on the north flank strike 50◦ N–65◦ E, those
on the west flank 45◦ N–70◦ E, and those on the south flan
35◦ N–70◦ E with some having distinctly curvilinear trend
Fig. 11. THEMIS image (I01863002, resolution 100 m/pixel) showing the
northern flank of Tharsis Tholus and the north-northeast trending no
fault. The distal down slope end of the fault is covered by younger la
from the summit region. Note also the northeast-trending graben an
narrow troughs extending down the flank.

Widths range from a few hundred meters to∼ 3 km; typi-
cal widths are 500–600 m. Some graben are quite irreg
for example a graben on the northwest flank varies in w
from ∼ 1 km to 2.8 km over a distance of 12 km. A num
ber of additional linear features occur on the flank that
interpreted to be unresolved or buried graben. The degre
mantling is sufficient to obscure some of the graben (Fig
These observations are similar to those noted by Robin
(1993).

Most graben are simple, having a single scarp on e
side. Some graben on the north flank have multiple bou
ing faults. Graben on the southern flank are narrower t
those on the north flank. The observed widths suggest
the graben-bounding faults intersect at depths of< 1 km (as-
suming a 60◦ dip on both faults). Thus, some aspect of
internal layering of the volcano controls the style nature
faulting rather than the entire edifice.

The age relation between the normal faults and the no
east trending graben is complex. In each location where
surface is observed with sufficient resolution, the northe
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IS image
Fig. 12. Trough with curvilinear margins extending down the west flank. Arrows denote proximal and distal ends. Viking image 699A10 and THEM
I01164006.
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Fig. 13. Blocks at the base of the northwest flank. Blocks are embaye
the west and north by younger regional volcanic plains and on the ea
an older faulted plains unit that is younger than the blocks and the
struct, but older than the regional plains. Note narrow, northeast-tren
graben that cut the blocks and the plains between the blocks and the
but not the surrounding plains. THEMIS base image (I01888005, re
tion 100 m/pixel) with MOC images M08-04702 (resolution 2.94 m/pixel),
E13-00672 (resolution 6.2 m/pixel), E12-00031 (resolution 4.66 m/pixel),
SP1-23106 (resolution 3.15 m/pixel) overlain. North is at the top.

trending graben cut the normal faults, indicating the gra
are younger. However, the northwest normal fault has a t
which locally has a northeast strike (Fig. 5) indicating t
it has been influenced (i.e., is younger) by northeast l
of weakness. This suggests that northeast trending gr
formed repeatedly over an extended period.
,

n

Fig. 14. THEMIS image (I02200005, resolution 100 m/pixel) showing
northeast trending graben (1.7–2.2 km wide) cutting the northeast fl
Also shown are irregular depressions scattered across the flank that
terpreted to be secondary craters.

6. Discussion

6.1. Composition

The visual impression of steep slopes and a bulb
morphology led some previous investigators to suggest
Tharsis Tholus had a more silicic composition than the o
Tharsis volcanoes, all of which are probably basaltic sh
volcanoes (Hodges and Moore, 1994; Plescia, 2003). H
ever, the morphology of the volcano (Fig. 1) and the fla
slopes (Figs. 3 and 4) are consistent with a basaltic com
tion. The caldera complex is deep and well-defined, form
by down dropping of blocks along concentric normal fau
This style of caldera formation is typical of terrestrial a
martian basaltic shield volcanoes. Flank slopes (7◦ to 17◦)
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de at “
m

resumabl
e THEMIS
Fig. 15. Caldera interior showing the dissected western wall at “a” with bedrock ridges, debris apron at base of the slope at “b,” smaller landslic,”
and pieces of the an older caldera floor (“d”) locally down-dropped on the eastern margin. Images include THEMIS V01164007 (resolution 19/pixel),
V0863003 (resolution 19 m/pixel) and MOC image SP2-43405 (resolution 7.75 m/pixel), M04-03513 (resolution 2.95 m/pixel), and M03-00801 (resolution
7.36 m/pixel) on a low resolution MOC image base.

Fig. 16. North wall of the caldera showing typical wall morphology: steep upper slope—presumably exposed bedrock—and gentle lower slope—py
a talus slope. Both the flank and the caldera floor are mantled. Note small piece of perched caldera floor at the top of the wall. Images includ
V01164007 (resolution 19 m/pixel), V01863003 (resolution 19 m/pixel), MOC SP2-43404 (resolution 7.75 m/pixel), M04-03513 (resolution 2.95 m/pixel),
and M03-00801 (resolution 7.36 m/pixel).
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are also consistent with a basaltic composition. Cullen e
(1987), for example, illustrate topographic profiles acr
the Galapagos shield volcanoes: Darwin, Fernandina,
Wolf. Each has a convex profile and maximum slopes of 2◦,
26◦, 23◦, respectively. These are steep with respect to th
observed on Hawaiian shields, yet these volcanoes ar
basaltic shields. The steeper slopes of the Galapagos
canoes have been suggested to be the result of intru
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ra floor.
on
Fig. 17. Western wall of the caldera showing the scalloped amphitheater-shaped walls, linear bedrock ridges and landslide apron on the caldeIm-
ages include, from left to right: THEMIS V01164007 (resolution 19 m/pixel), V0863003 (resolution 19 m/pixel) and MOC image SP2-43405 (resoluti
7.75 m/pixel).
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(Nordlie, 1973; Cullen et al., 1987) and intrusion could a
be responsible for the relatively steep slopes on Tharsis
lus. No explicit evidence for more silicic or explosive vo
canism is observed on Tharsis Tholus as has been sugg
for other martian volcanoes (e.g., Mouginis-Mark, 20
Edgett, 1997). The material that mantles the surface app
similar to mantling material observed across the surfac
Mars and is presumably the result of deposition of wi
blown materials rather than direct deposition of volcanic a

6.2. Deformation

The numerous faults indicate that Tharsis Tholus has
perienced significant deformation. Tharsis Tholus does
show concentric graben as observed on the flanks of A
Pavonis, and Ascraeus Mons. Obvious linear rift zones
occur on Hawaiian or the Canary Island volcanoes, or
parasitic eruptive centers in reentrants on the Tharsis Mo
shields are also absent. Extrusive volcanism appears to
been localized from the summit caldera region.

Many volcano loading and deformation models (e
Comer et al., 1985; McGovern and Solomon, 1993; Bor
1994) predict that the upper flank of a volcano should ex
rience compression and the region beyond the volcano
gin should experience radial tension. These stresses w
be expected to produce circumferential thrust faults h
on the flank and circumferential normal faults around
-

d

s

,

e

-

margin. Tharsis Tholus shows no evidence of circumfe
tial compression or extension on the edifice. The abse
of such loading-induced faulting indicates that the volc
did not experience the same type or magnitude of st
or it was strong enough that it did not deform under
stresses. The normal faults around the caldera are not
sidered be due to the volcano loading stresses but r
directly related to caldera formation and collapse (Mougi
Mark and Rowland, 2001; Mouginis-Mark et al., 199
Crumpler et al., 1996; Gudmundsson, 1988; Macdon
1965).

The large normal faults that have broken the const
into a several large intact pieces are different from those
served on any of the other martian volcanoes. Robinson
Rowland (1994) and Robinson (1993) have suggested
the such faulting is indicative of large-scale sector collap

Sector collapse on terrestrial volcanoes usually invo
large sections of the flank being disrupted by landslide
is typically associated with composite volcanoes and res
from a weakening of the edifice due to magma intrus
earthquakes, or hydrothermal alteration such that the fl
strength is reduced allowing failure of the flank. Volcan
of the Canary Islands display numerous horseshoe-sh
valleys that are attributed to giant landslides (Carrec
1994). Similarly, such sector collapse has occurred at C
volcano in Nicaragua (van Wyk de Vries et al., 2000) a
on Piton de la Fournaise on Reunion Island (Duffield et
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1982) producing large amphitheater-shaped scars. In t
cases, the volcano flank has been weakened and catas
ically collapses under its own weight into a disaggrega
mass. This type of collapse leaves obvious scars and as
ated deposits, a morphology not observed on Tharsis Th
Thus, this type of deformation is not considered to be
cause of the large normal faults.

Deformation of Tharsis Tholus is also different from th
occurring on Kilauea where the southern flank is mov
seaward along a basal decollement, presumably withi
along the original marine sediment/extrusive volcanic c
tact (e.g., Got et al., 1994; Denlinger and Okobu, 19
Yin and Kelly, 2000). Sliding in this case occurs only in
southerly direction because the northern flank of Kilaue
buttressed against Mauna Loa. Kilauea’s south flank is m
ing seaward at several centimeters per year along a faul
dips back beneath the volcano at an angle of a few deg
The driving force for the displacement is suggested to
dike intrusion along the east and southwest rift zones
a result of seaward movement of the flank, the extensi
structures of the Koae and Hilina fault systems have de
oped. The style and cause of deformation at Kilauea do
appear to be analogs for that observed on Tharsis Tholu
there are no apparent intrusive/extrusive rift zones on T
sis Tholus.

Large-scale brittle failure of the entire volcano may be
result of slip along a weak layer at depth or the interactio
a regional stress field with that due to the loading by the
fice. Several studies have examined the influence of reg
subsurface faults and ductile layers on the deformation
volcano.

Lagmay et al. (2000) and van Wyk de Vries and Me
(1998) investigated the effects of strike-slip faulting on
deformation of volcanoes. They found in mechanical a
numerical experiments that an extensional environmen
velops at the summit. Depending upon the amount of mo
ment along the strike-slip fault at depth and the mechan
properties of the various units, the deformation can ra
from a simple sigmoidal normal fault across the volcano
well-defined graben oriented at an angle to the strike of
underlying fault; a radial geometry does not develop. Thi
not the style of deformation observed at Tharsis Tholus
obvious strike-slip faults are absent in this part of Thar
hence this model is probably not applicable.

van Wyk de Vries and Merle (1996) conducted expe
ments of a volcanic cone overlying an extensional faul
investigate the effects of the extension on the volcano
the influence of the volcano of the regional fault patter
Their model assumed a single extensional fault beneath
volcano as well as a ductile layer at depth. As a result of
load, regional fault patterns curve into the volcano prod
ing a set of normal faults on the edifice that are at an a
to the regional trend. Depending upon the ratio of the th
ness of the ductile to rigid layer, that angle changes; as
ratio of brittle layer thickness to ductile layer thickness
creases the angle of the faults increase with respect to
e
h-

i-
.

t
.

s

l

regional direction. The large normal faults at Tharsis Tho
are arcuate but have average trends producing an ang
5◦ and 65◦ with respect to the trend of the regional grab
This would suggest a similar brittle and ductile layer thic
ness. These models suggest that a major subsurface
beneath Tharsis Tholus might be the cause of the large
mal faults. However, the presence of the narrow graben
the edifice parallel to the strike of the regional faults m
indicate that the stresses that produced the graben have
agated through the edifice with no deflection making
model inapplicable to Tharsis Tholus.

Volcanoes deforming under their own mass develop c
acteristic radial summit faults. Several studies (van Wyk
Vries and Borgia, 1996; Merle and Borgia, 1996; van W
de Vries and Matela, 1998; Borgia et al., 2000) have ex
ined the styles of deformation through numerical mode
of the volcano and underlying brittle and ductile layers. S
eral volcanoes in the Central American volcanic arc, hav
a variety of basement lithologies and styles and magnitu
of deformation, were compared. These studies sugges
volcanoes built on weak substrate and those that are ra
built are the most susceptible to deformation. They sh
that a volcano loading a deep ductile layer causes the
tile layer to spread. As the ductile layer thickness increa
or the rigid layer decreases, the likelihood of spreading
creases.

A terrestrial analog for Tharsis Tholus, in the context
such models is the Maderas Volcano in Nicaragua (Fig.
Maderas is constructed of interlayered pyroclastics and l
stands∼ 1.4 km high, is 10 km across and has average fl
slopes up to 25◦ with more gentle slopes in the summit r
gion (van Wyk de Vries and Borgia, 1996). It is built o
Quaternary sediments of Lake Nicaragua overlying a de
basement of oceanic rocks. Several large normal faults
ing offsets of the order 150 m cut the volcano into a serie
half graben with a prominent irregular graben cutting acr
the summit. The deformation is the result of loading by
volcano on a weak substratum.

The deformation of Tharsis Tholus resembles that
Maderas in that the edifice is broken into several la
blocks. This similarity in morphology suggests the pos
bility of an analogous failure mechanism. If the model
applicable to Tharsis Tholus, a subsurface low-strength l
must exist. The weak layer might be the Noachian-age h
ily cratered basement, although the depth to this unit an
properties are unknown. Perhaps the brecciated cratere
terial is ice- or water-rich allowing it to behave in a duct
manner.

An interesting small-scale analog for the deformation
Tharsis Tholus may be found in the Toreva blocks of the C
orado Plateau (Reiche, 1937; Rogers, 1991). Here, bloc
Mesa Verde sandstone (typically 300–500 m across) are
ing, intact although rotated, over the nearly flat lying Man
Shale.

van Wyk de Vries and Matela (1998) also illustrate t
under different viscosity conditions thrust faults can be g
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numerous
and in
Fig. 18. Structural map of the Maderas Volcano (from van Wyk de Vries and Borgia, 1996). Upper panel shows the map view of the volcano with
graben cutting the volcano surface. Low panel shows a cross section illustrating the proposed geometry of the faults cutting through the edificeto the
underlying mudstone basement.
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erated at the base of a volcanic edifice. In one model,
illustrate the base of a volcano being pushed out and
a ductile layer. The edge of the volcano above the th
breaks-up along normal faults into a few closely spa
blocks. This model may provide an explanation for
blocks on the northwest flank of Tharsis Tholus. Such
event might have occurred when the ductile material
well coupled to the volcano and the flow of the ductile m
terial dragged the volcano with it.

Narrow graben have a consistent northeast trend ac
the volcano suggesting they are due to a regional ra
than local stress system. A stress system having a n
west extension direction in this part of Tharsis is con
tent with a Tharsis-centered stress system (Banerdt e
1992). The strike of these faults (55◦ N–65◦ E) points
back toward Pavonis Mons. Pavonis Mons is coincid
with one of the loci of regional faulting that have been
fined for the Tharsis region (Plescia and Saunders, 1
Anderson et al., 2001). Based on the average Early H
perian age of the flanks of Tharsis Tholus (see belo
these faults would correspond with the “Pavonis I” ph
s

-

,

;

of faulting defined by Plescia and Saunders (1982). H
ever, younger faulting associated with the “Pavonis II” ph
would probably not be applicable since the surrounding
canic plains are not cut by the faults.

A possible chronology for fault formation would b
formation of some northeast trending graben, forma
of the large normal faults breaking the entire edifice,
newed/continued volcanism which buried the distal do
slope ends of the eastern faults, and then renewed nort
trending graben formation.

6.3. Flank burial

The flanks of Tharsis Tholus are clearly embayed by
younger volcanic plains. The amount of burial is, howev
uncertain. On the basis of caldera diameter/volcano dia
ter data (Pike, 1978; Pike and Clow, 1981), Whitford-St
(1982) suggested the flanks of Tharsis Tholus were burie
∼ 850 m of younger material. If true, the total edifice wou
be about 20% wider. Robinson (1993) suggested 3.5 k
burial based on analogies to terrestrial volcano dimensi
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ratios which suggest a considerably greater diameter fo
original construct.

The only data point that provides a constraint on
thickness of the surrounding plains in the immediate vicin
is from a partially buried crater east of the volcano (Fig.
That crater has an apparent diameter of∼ 47 km, based on
an exposed arcuate piece of pre-plains bedrock. Howe
the eastern flank of Tharsis Tholus also has a concave bo
ary that might represent the actual crater rim, in which c
the 47 km diameter feature is an interior ring and the ac
crater diameter is∼ 70 km. Using crater rim height rela
tions for martian craters based on MOLA data (Garvin et
2000) the original rim height would have been 430–520
(for a crater 47–70 km in diameter). Given that some t
of meters of rim remains exposed and that the rim he
could have been reduced by erosion, a maximum thick
of the plains would be on the order of 500 m. Regional st
ies (Plescia and Saunders, 1980) also suggest that arou
margins of the Tharsis uplift the extrusive volcanics are a
atively thin (hundreds of meters as opposed to kilometer

Assuming a 15◦ flank slope, a layer of lava 500 m thic
would reduce the volcano radius by only∼ 2 km. Thus, the
edifice would not have been much wider before being
bayed. In the cases of the other small volcanoes in Tha
it has been suggested (Plescia, 1994, 2000) that the re
,
-

e

,
n

the morphometric ratios are different from those of terr
trial volcanoes is not that they are buried to a signific
degree, but simply that the calderas are relatively larg
the older smaller martian shield volcanoes, perhaps du
a relatively large magma chambers. A similar situation m
hold for Tharsis Tholus.

7. Chronology

Crater counts were made to determine the stratigra
position of Tharsis Tholus. Counts of the flank were ma
using Viking and MOC images; for the caldera using MO
images; and for the surrounding plains using Viking imag
Table 2 lists the summaries of these counts. Counts u
the three sets of Viking images overlap at the four diame
listed. The variation in counts between the different ima
sets is probably the result of differences in crater reco
tion and the statistics of the low number of craters and sm
areas. The largest variations occur at 1 km which repres
only 4–5 pixels in the Viking 858A and 857A images.

Figure 19 illustrates the cumulative size-frequency p
for the Viking 669A images. It can be seen that the cu
has an inflection around 3 km indicating that two popu
tions of craters occur on the surface, consistent with re
facing of the flank. Cumulative frequency values deriv
nk
.

Fig. 19. Cumulative size-frequency distribution of craters on the flank and adjacent plains. Upper two curves (filled symbols) show counts for the fladerived
from Viking frames 857A51 and 669A11-16. Dashed line with open circles illustrates counts for surrounding plains from Viking images 857A49-52
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Table 2
Morphometric data for Tharsis Tholus

Parameter Value

Location 13.5◦ N–91◦ W
Edifice dimensions 158× 131 km
Caldera dimensions 48× 47 km
Maximum summit elevation +9 km
Caldera floor elevation +2.2–3.2 km
Caldera depth relative to Rim 2.5–7 km
Relief 7–8 km
Volume 22.1× 103 km3

Flank slope 3–15◦

from Viking images indicate the flank of Tharsis Thol
has an Early Hesperian age, usingN(2) and the chronol
ogy of Tanaka et al. (1992). This places Tharsis Tholu
a time period older than the Uranius Group of volcan
to the north, which are Late Hesperian in age, and c
temporaneous with Biblis Patera and Ulysses Patera o
west side of Tharsis, which are approximately Early H
perian in age (Plescia 1994, 2000; Neukum and Hiller, 19
Plescia and Saunders, 1979).

The surrounding plains are assigned to Member 5 of
Tharsis Montes Formation (Scott and Tanaka, 1986). Sco
al. (1981) define he surrounding plains as part of the Tha
Montes flows with crater frequencies ofN(1) = 430–570.
Counts compiled during this study for the area immedia
surrounding the volcano indicateN(1) of 179± 31 and
N(2) of 85± 21 (Table 3), considerably younger than t
data from Scott et al. (1981). These new counts place
surrounding plains in the Middle Amazonian, although s
within the range of ages indicated for Member 5 of the Th
sis Montes Formation by Scott and Tanaka (1986).

Counts derived from the MOC image are considera
at odds with those from Viking images indicating cum
lative frequencies at� 1 km up to an order of magnitud
greater than those calculated using the Viking images.
MOC images have a very high resolution and cover on
very small area (see Table 2). The largest crater obse
is 2.89 km; a total of 4 craters> 1 km are observed. It i
suggested that the very high normalized (to 106 km2) cumu-
t

lative values result from the very small counting area,
few number of relevant craters, and a possible upturn o
slope of size-frequency distribution at< 1 km. The possibil-
ity that the small-diameter craters observed in MOC ima
may have a significant contribution from secondary cra
has recently been suggested by McEwen et al. (2003
secondary craters do significantly affect the population
craters in the tens to hundreds of meter diameter, then
size-frequency distribution would have a significant upt
at diameters below 1 km. The extent and presence of the
turn might also be spatially variable and related to yo
large craters nearby.

Thus, counts at diameters of tens to a few hundred me
cannot be linearly extrapolated to multi-kilometer diamet
At this point in time, counts from MOC images are not co
sidered to be directly comparable with those from Vik
images and cannot be used for stratigraphic delineation

8. Conclusions

Tharsis Tholus is unique among the other martian sh
volcanoes. It has faults which are associated with regi
extension (northeast trending graben) and with failure of
entire edifice due to loading (the large normal faults). T
morphology of the edifice is consistent with that of a basa
shield volcano, but definitive volcanic morphology is hidd
by an aeolian surficial mantle. Crater counts indicate an
of Early Hesperian, placing it in the middle of the period
small edifice development in Tharsis.
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Table 3
Crater counts for Tharsis Tholus

Image set N(1) N(2) N(5) N(10) N Res Area

Viking
Flank
669A11-16 2696± 788 839± 439 (192± 210) (63± 120) 53 23 4,348
858A23 2471± 52 697± 240 202± 129 (34± 53) 33 186 12,101
857A51 (3837± 560) 832± 260 204± 129 (33± 52) 25 252 12,274
MOC 43405
Caldera 6787± 6208 (3741± 4608) (981± 2360) 178 8 176
Flank 24077± 11509 13493± 8616 (15002± 9085) 205 8 182
Surrounding plains
857A49-52 179± 31 85± 21 20± 10 9± 7 34 250 189,928

N(D) indicates the cumulative number of crater� D km per 106 km2. N is the number of craters counted; Res is the image resolution in meters/pixe
is the counting area in km2. Numbers in parentheses represent extrapolations to smaller or larger diameters beyond the observed data using a visu
Uncertainties are calculated assuming they are related to the square root of the number of craters counted.
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Appendix A
Images of Tharsis Tholus

PICNO Clat Clong Inc. Scale

090A61 12.93 92.3 7.88 50
090A62 12.49 91.43 8.52 49
090A63 13.45 91.31 7.67 49
090A64 12.89 90.49 8.5 48
090A65 13.8 90.38 7.74 48
090A66 13.27 89.54 8.61 48
225A10 10.75 95.06 43.82 138
225A12 10.92 92.5 46.26 136
225A13 13.21 92.08 47.5 136
225A14 11.07 90.1 48.55 134
225A15 13.3 89.74 49.68 134
225A16 11.21 87.81 50.75 132
357B08 14.5 88.81 69.96 48
444A06 11.3 94.82 53.03 441
444A07 17.25 95.62 55.15 444
444A09 11.56 93.32 54.52 440
444A24 17.51 91.89 58.86 437
444A26 11.64 89.76 58.23 433
444A27 17.21 90.31 60.11 436
444A29 11.29 88.33 59.43 325
682A01 12.78 91.52 75.65 325
682A22 15.56 87.8 70.6 335
699A08 13.79 92.39 72.52 36
699A09 14.08 91.88 72.89 36
699A10 13.34 91.85 73.21 36
699A11 13.61 91.34 73.58 36
699A12 12.85 91.29 73.94 36
699A13 13.15 90.8 74.28 36
699A14 12.39 90.73 74.65 36
699A15 12.67 90.22 75.02 36
699A16 11.91 90.14 75.4 36
699A42 14.00 92.22 73.41 23
699A43 14.22 91.84 73.68 23
699A44 13.8 91.92 73.79 23
699A45 14.00 91.53 74.07 23
699A46 13.58 91.62 74.18 22
701A03 13.91 89.94 59.75 776

PICNO Clat Clong Inc. Scale

857A49 17.24 89.25 71.33 249
857A52 12.94 93.41 75.52 252
858A21 14.03 93.86 79.57 189
858A42 11.62 92.67 77.85 181
858A44 11.37 89.62 74.85 178
858A46 11.07 86.28 71.57 176
SP1-23106 13.91 92.31 46.42 3.15
SP2-43405 13.89 91.15 79.05 7.75
M03-00801 13.78 90.99 39.04 7.36
M03-04592 14.32 92.08 40.88 2.94
M03-05935 12.55 90.65 41.21 5.86
M04-03513 13.94 91.17 44.16 2.95
M07-01844 14.47 89.45 45.76 1.47
M07-04361 14.23 91.94 46.72 2.95
M07-05895 13.74 90.95 47.02 5.88
M08-04702 14.15 92.54 48.37 2.94
M14-00732 12.62 91.52 28.89 4.44
E03-01974 1359 91.05 36.95 8.85
E08-01290 13.62 91.36 48.71 6.20
E09-01814 13.68 91.79 48.08 6.21
E10-03774 12.65 91.62 44.59 6.18
E11-01780 14.38 89.81 43.91 3.11
E12-00031 14.00 92.35 40.25 4.66
E12-01907 13.84 90.11 37.28 6.20
E13-00672 14.08 92.49 33.64 6.20
E14-00541 13.60 91.52 28.21 6.21
I00871005 20.556 91.571 136.06 102
I01164006 6.718 92.535 49.314 101
I01233003 21.169 91.857
I01863002 21.171 90.004 54.455 102
I01888005 21.991 91.140 54.682 102
I02200005 14.836 90.145 55.43 102
I02319005 12.979 91.209 118.338 102
I02587006 13.485 90.751
V01164007 13.485 91.6 51.721 19
V01863003 13.548 91.358 53.326 19
V02974007 13.689 91.474 60.991 37

Clat: Center latitude of original image. Clong: Center longitude of original image. Inc.: Incidence angle. Images listed here are those for which visibility was
adequate for surface observations and does include several very low resolution (700–800 m/pixel) images.
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