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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 penetrate the
entire volcano. Northeast-trending narrow graben also cut the flank. The large normal faults may be caused by loading of a ductile subsurface
layer allowing failure of the edifice; the narrow graben are typical tensional faults. The flank is heavily mantled by aeolian material. Despite
the bulbous appearance, the overall morphology of Tharsis Tholus suggests it is a basaltic shield. Crater counts indicate an age of early
Hesperian placing Tharsis Tholus in the middle of the period of activity that built the other small Tharsis volcanoes.
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1. Introduction the entire edifice. No other martian volcano exhibits such
faulting. Tharsis Tholus, like other smaller Tharsis volca-

Volcanism is the primary geologic process of the Thar- noes, is surrounded and partly buried by younger lavas and

sis region of Mars (Carr, 1973, 1974); the area has nu- has a calderathat is relatively large compared with terrestrial

merous large central-vent volcanoes with a variety of mor- volcanoes.

phologies that range in size (e.g., Plescia, 2003) from Jovis

Tholus (50x 60 km across) to Olympus Mons (800 km

across). In addition to the large structures, there are count-2. Previouswork

less low shields hundreds of meters high and several to tens

of kilometers wide (e.g., Sakimoto et al., 2003; Hiesinger Previous mention of Tharsis Tholus (Fig. 1) has typically

and Head, 2002). Aspects of Tharsis volcanism have beenpeen in the context of broader studies. Carr (1975) mapped
studied by many investigators and most of the constructsit a5 cratered shield material, a unit to which he assigned

have been the subject of specific investigations (e.g., Crum-gy| of the small volcanoes within the Tharsis 1:5,000,000
pler and Aubele, 1978; Greeley and Spudis, 1981; Catter-q,adrangle. Scott et al. (1981) assigned Tharsis Tholus to
mole, 1990; Hodges and Moore, 1994; Morris and Tanaka, amazonian—Hesperian undivided volcanic material. Scott
1994; Plescia, 1994, 2000; Scott and Zimbelman, 1995; 4 Tanaka (1986), in their 1:15,000,000 map of the western
Scottetal., 1998). _ _ hemisphere, simply mapped it as an undifferentiated vol-
The purpose of this paper is to describe the geology and 4, Greeley and Spudis (1981) suggested Tharsis Tholus
geologic history of Tharsis Tholus, a bulbous-appearing vol- is 5 qome based on the assumption that it has steep flank
cano lying on the gentle regional slope in eastern Tharsis. q1oh65 and a convex profile. Robinson (1993) reviewed its
The volcano is~ 158 kmx 131 km across with a summit 104y and concluded, based on its morphology, that it was
caldera complex 4& 47 km; the long axis of both features 2y it dominantly by explosive volcanism. Hodges
is oriented northwest. Tharsis Tholus exhibits the unique at- and Moore (1994) suggested that the volcano is a basaltic

tribute of large normal faultg having hundreds of meters of shield. In their study of the various types of volcanic calderas
offset that cut across the entire flank and presumably through | Mars, Crumpler et al. (1996) cited Tharsis Tholus as the

best example of a volcano with sector structure having large-
E-mail address: jplescia@usgs.gov. scale faulting and slumping.
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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 thaksouthern fla
Note blocks at the base of the northwest flank, knobs of basement with circular outline protruding through lavas east of the volcano, and the sk wind st
extending to the northeast of the volcano. Viking images 858A21, 23, 1@6xai; north is at the top.

3. Morphometry slope is< 0.2° that would suggest plains elevation differ-
ences of only a few hundred meters across the edifice. Thus,

MOLA data (Zuber et al., 1992; Smith et al., 2001), MOC the larger elevation difference reflects the thickness of the
images (Malin et al., 1992; Malin and Edgett, 2001), and lavas ponded against the southwest side of the volcano.
THEMIS data (Christensen et al., 1999) allow a more com-  Along the western caldera rim elevations increase from
plete understanding of the geology of Tharsis Tholus to be 7-5 to 9 km and then down to 6.6 km; along the eastern edge
developed than was possible with Vikingimages and Viking- ©of the caldera the elevations are more constant at about 4.8
era topography (e.g., US Geol. Survey, 1989, 1991). Numer-to 5.3 km. Maximum elevation on the north flank is 8.3 km
ous studies have already taken advantage of the MOLA data@nd about 7 km on the south flank. The elevation of the
to assist in the interpretation of the geologic and structural caldera rim on the east side is lower, at about 5 km. Most

history of martian volcanoes (e.g., Head et al., 1998a, 1998b;0f the caldera floor lies at an elevation of about 2.2 km. The
McGovern et al., 2001; Mouginis-Mark and Kallianpur, Western part of the floor rises from 2.2 to 3.2 km toward the

2002; Plescia, 2003). western wall. This area has been mapped as a landslide (see
The basic MOLA data set of individual orbits was used to below). Relief from the caldera rim to the floor varies from
compile a digital elevation model of Tharsis Tholus (Fig. 2). almost 7 km on the west wall to about 2.5 km on the east
Data covering the region were extracted and then gridded.wall. Robinson (1993) suggested the western caldera wall
Bad and overlapping tracks were removed from the data basewas at least 4.2 km high, the eastern wall at least 2.5 km, and
to eliminate noise and spurious spikes caused by the grid-that the caldera floor lay about 1 km below the surrounding
ding. A 500 m grid spacing was used for the DEM. plains. The MOLA elevations place the floor just above the
The volcano exhibits considerable relief across its sur- level of the exterior plain, rather than 1 km below.
face. Maximum elevation is just over 9 km on the flank US Geol. Survey (1989, 1991) stereogrammetry-based
immediately to the west of the caldera rim. Plains to the topography of the volcano indicated flank slopes~o6°,
west have an elevation of 2.2 km, whereas those to the easalthough locally they could have been as large &s R2bin-
have an elevation of about 1.1 km, thus the volcano standsson (1993) suggested that slopes might approac¢hob6
7-8 km above the surrounding region. Tharsis Tholus hasthe northwest side based on shadow measurements. MOLA
clearly acted as an obstruction to lava flows extending down data indicate that slopes are variable around the flanks and
slope to the northeast from the interior of the Tharsis re- with elevation (Table 1). Figure 3 shows the topography and
gion. There is almost a 1 km elevation difference between slopes along northeast-southwest and northwest-southeast
plains on the northeast and southwest margins of the volcanoprofiles across the volcano. A convex shape is clearly shown
and lava flows are observed to flow around the structure andby the profiles. Slopes are greatest at the base of the flank
to be ponded on the southwest side. The northeast regionabnd decrease toward the summit (Fig. 4). Mean slopes (cal-
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& Fig. 3. Northeast—southwest profile showing topography and slope (upper).

- 100 km — 90°

Fig. 2. MOLA based shaded relief and topography. Upper panel shows
shaded relief with illumination from the south. Lower panel shows con-
tour map with 1 km contour interval, every other contour is highlighted.
North is at the top.

Southeast—northwest profile showing topography and slope (lower). Small
+ symbols denote the elevation, open circles o denote the slope. Vertical

exaggeration is about 21X.

Table 1

Mean slope, RMS height and RMS slope for Tharsis Tholus flanks c
Flank Mean slope RMS height RMS slopge

East 613 3361 613 o
North 1394 1465 1415

Northeast 62 1622 697

Northwest 1288 3061 136

Southeast lower .85 541 871

Southeast upper A 1545 348

Southwest 193 1410 144

West 1271 1701 154

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

culated over a few MOLA shot points) are highest on the

north and west flanks reaChmg A5 similar to Robin- Fig. 4. DEM derived slopes; bright shades indicate low slopes; darker

son’s data_- Steeper slopes at_the base a}nd gentler slopes Negkades indicate steeper slopes. Note flat plains and steep slopes on the faults
the summit (aboutj are well illustrated in Figs. 2 and 3. and on the interior of the caldera walls.
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4. Geology he also reported that it lacked valleys (as occur on Ceraunius
Tholus) although several are reported here.

This interpretation of the geology of Tharsis Tholus  The lack of morphologic detail observable in Viking im-
(Fig. 5) is based on an analysis of Viking, MOC and ages suggested the surface was heavily mantled. That im-
THEMIS images. Appendix A lists the images used in the pression is clearly borne out in the MOC images which
study and their associated data. Most of the volcano is show extensive mantling of the surface (Figs. 7 and 8). The
mapped as a single unit termed “flank material” because mantiing of the volcano is in sharp contrast to the rela-
the thick mantle obscures the details of the underlying sur- tjyely pristine nature of the surrounding plains. MOC images
face and prevents discrimination of additional units. Tharsis showing the volcano-plains contact (e.g., M03-05935, MO3-
Tholus is surrounded by volcan_ic plains that are mapped 8S00801) and those of the nearby plains show the plains are
part of Member S of the Tharsis Montes Formation (SCott ¢, siderably less mantled such that their volcanic morphol-

and Tanaka, 1986). The caldera complex includes calderaogy and small-crater populations can be clearly observed.
wall material (cw), two caldera floor surfacesy(ctfz), and As suggested by Crumpler et al. (1996) the degree of

landslide material (Is). A small patch of plains (p) is mapped mantling is variable. They suggested the eastern flank was

surrounding the blocks at the base of the northwest flank. To
moother than other sectors and that the north and south
the east and north of the volcano, exposures of basement (b .

lanks were rougher. For example (Fig. 7), on some parts

protrude through the lavas. Those to the east have a circula

pattern that is interpreted to be a buried impact crater. Fig- of the flank (g.g., 'nc_)rth?ast and weste_rn margins) harrow
ure 6 illustrates the location of the MOC and Viking images graben are quite distinct; elsewhere their appearance is sub-
referenced below. dued (e.g., southern flank). Craters are filled to different

degree and small-crater ejecta blankets are rarely observed.
4.1. Flank Pieces of the underlying volcanic surface are either exposed

or only thinly mantled in scattered locations. Variability is

The flanks of Tharsis Tholus (Fig. 6) exhibita hummocky also expressed in the frequency of relatively fresh small-

texture, a few troughs, narrow graben, and the large nor-diameter craters< 50 m) which vary across the surface.
mal faults that divide the volcano into five major blocks Mantling material is also drifted against the large normal
(Figs. 1, 5). Robinson (1993) also noted that the flanks were faults scarps and along the contact of the flank with the
smooth to hummocky and lacked recognizable lava flows; plains.

‘({ Fault, bard on downthrown side.

/A
o Trough.
/" Undivided faults and lincaments.

® Crater rim.

Fig. 5. Geologic sketch map of Tharsis Tholus. Units include: f: flank material; At5: Member 5 of the Tharsis Montes Formation; cw: caldera wéll materia
cfy: caldera floor material 1; gf caldera floor material 2; Is: landslide; b: exposures of pre-plains bedrock; p: plains units; light areas denote crater interiors
and crater ejecta.
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Fig. 6. Western flank of Tharsis Tholus (mosaic of Viking images 699A11-16; fixal). Narrow, northeast-trending graben cut much of the flank. Faulted
blocks at base of northwest flank (a), southwest normal fault (b), normal fault cutting south flank (c), and trough with curvilinear margins (d).

Mantling material has several morphologies (Fig. 8); it warmer than the surrounding areas but not as warm as the
can appear smooth, granular, or have a linear to rectangulatocations noted above, possibly indicating the presence of
appearance. The linear and rectangular appearance is intempieces of bedrock exposed within the debris along the scarp
preted as a surface covered with dunes. In other locations,rather than in place bedrock exposed along the fault scarps.
a patchy surface texture suggests material is being stripedHowever, some of graben along the southern flank are warm
away rather than transported across the surface as dunes. Thigig. 10c) suggesting the presence of exposed rock along
variability morphology and the range of preservation states those scarps.
of small-diameter craters suggest the surface isin some form Despite the clearly volcanic morphology of the surround-
of equilibrium between small-diameter cratering and the de- ing plains and the large-scale volcanic character of Tharsis
position and erosion of the mantling material, rather than the Tholus, lavas flows are not clearly observed on the flanks in
mantling being a discrete event. either Viking or MOC images. The morphology observed

The absence of widespread bedrock exposures is also inin the high-illumination angle MOC images is dominated
dicated by night-time THEMIS imaging. Figure 9 shows by the mantle. However, two THEMIS images, one of the
three night time (12.57 micron) strips across the volcano. southern flank and the other of the summit region (Fig. 10)
Most of the surface has a relatively dark tone indicating a show linear topographic highs extending down slope. Simi-
cool, low thermal inertia surface (e.g., mantling material). lar linear features are observed in the Viking images of the
Only along portions of the rough western caldera wall, along western flank (Fig. 6). The topography and morphology of
the top of northern edge caldera wall and the rim of the these features suggest they are heavily mantled lava flows.
large (8.8 km) impact crater on the south flank and some  Troughs are observed in several locations on the west-
of the smaller impact craters are warm surfaces (high ther-ern and northern flanks and are either hidden or absent
mal inertia), suggesting the presence of exposed bedrockelsewhere. They are several hundred meters to just over a
observed. The large fault scarps that cut the flank are slightly kilometer wide. Figure 7a shows one on the northern flank



228 J.B. Plescia / |carus 165 (2003) 223-241

2 km

(b)

Fig. 7. Flank morphology. (a) Base of northwest flank showing branching trough (500 m across; 8.5 km long) and mantled surface (MOC E09-01814, resoluti
6.21 nmypixel). (b) Upper northwest flank crossing the northwest normal fault showing mantling, infilling of craters and graben and drifting against the scarp
and a meandering trough about 990 m wide (MOC E09-01814, resolution §.gikef). (c) Upper southern flank showing heavily mantled (a) and less
mantled (b) northeast-trending graben (MOC M03-05935, resolution 5/&fixel). (d) Southeast flank margin (MOC E12-01907, resolution 6/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.

above the contact with the surrounding plains. The trough is than the regional volcanic plains. This plains unit is cut by
about 900 m wide; two troughs extend down the flank and the northeast-trending graben.
merge into a single trough that extends to the contact with  Crumpler et al. (1996) suggest the blocks might represent
the plains. It has levees on both side of the channel. Fig- slide material derived from the volcano flank. The blocks
ures 6 and 11 show other troughs on the western and north-do resemble, at least superficially, landslides shed from the
ern flanks, respectively. The western flank has a trough thatHawaiian islands, particularly those north of Oahu—e.g., the
extends more than 20 km down the flank. It is 700—1300 m Nuuanu landslide (Moore et al., 1989, 1995; Naka et al.,
wide and has a curvilinear margin. Troughs observed extend-2000). However, there is no obvious source on the flank.
ing down the north flank (Fig. 12) are about 500 m wide and It is possible that the source area for the landslide now
begin at irregular shaped depressions high on the flank. lies buried beneath younger flows. Alternatively, the blocks
The morphologic attributes of the trough, such as a single could represent a portion of the flank that was disrupted in
channel of uniform width, levees, lack of tributaries, and re- a more random manner during the formation of the adjacent
stricted occurrence, are more suggestive of a volcanic than anorthwest-trending normal fault. An another possible expla-
fluvial origin. However, many of the channels on Ceraunius nation is that the blocks were formed by a thrust fault ramp-
Tholus (Plescia, 2000) have morphologies similar to those ing up from beneath the edifice (see below), but the variable
on Tharsis Tholus, and the Ceraunius troughs have been in-strike of the faults that break the blocks might argue against
terpreted as fluvial in origin (Gulick, 2001). such a model. Finally, they could represent the surface man-
Immediately adjacent to the northwest flank is a group ifestations of a shallow intrusion such as a laccolith. There
of north- to northeast-trending blocks (Figs. 1, 13). These is, unfortunately, insufficient data to discriminate among the
are almost certainly related to Tharsis Tholus rather than models.
being pieces of unrelated older pre-volcanic bedrock pro-  Rimless pits are observed in a few locations on the flank.
truding through the plains. The group extends over an areaSeveral large pits occur on the northwest flank, there, a
of 30x 25 km with individual blocks beingupto 15 kmlong large pit (34 x 1.6 km) is centered over a northeast-trending
and 12 km wide and 300-1100 m high. Some scarps showgraben (Fig. 12). Two additional pits-(1—1.2 kmx 0.7 km)
layering. Block geometries suggest that they have been bro-occur in a graben on the southwest flank. The association of
ken up by faults of variable strike. The blocks are embayed pits with the graben suggest they are collapse features re-
by a plains unit that is younger than the volcano but older lated to the extension expressed by the graben. Graben and
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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. g) Smooth
mantled surface. Small areas of the underlying flank material are either thinly or unmantled (MOC M03-00801). (b) Mantled surface with lowilnedief rect
pattern. Small areas the underlying flank material are either thinly or unmantled (MOC M03-00801). (c) Distinct northwest and northeast tiptidong scu

of mantled surface (MOC M03-04592). (d) Mantle with granular texture (MOC MO03-05935). This texture may represent a very subdued example of the
rectilinear texture in (c). MOC image M03-00801 has a resolution of 7.36xal and M03-05935 has a resolution of 2.94pixel. North is at the top.

pits are often found together in Tharsis such as in Tractus  The older, outer caldera is 48 x 47 km across and is
and Acheron Catena near Alba Patera. Presumably these pitslefined by a piece of the floor (9f preserved along the
are formed due to collapse of surface material into cracks southern margin of the younger caldera and in a small sliver
as observed on Kilauea (Okubo and Martel, 1998). A num- on the north side. It is bounded along its exterior margin by
ber of small, elongate pits are observed on the eastern flanknward-facing normal faults. On the east side, the floor is

(Fig. 14), but these appear to be secondary craters. broken into blocks down-dropped along parallel faults. Most
of this unit is smooth and mantled and lies at an elevation of
4.2. Caldera complex ~5.1-52 km.

The younger inner caldera has a diameter~oft1 x

The caldera’s outline is relatively circular and it is com- 40 km. It is fault bounded on all sides except the west.
posed of two overlapping calderas (Figs. 5, 15)—an outer | N€ floor is composed of two units, floor material Act
older one and an inner younger one. Map units include wall @nd landslide material (Is). Unit gpresumably represents
and floor materials. Wall material (cw) is presumably ex- the original cal_dera floor formed (_j_urlng the last epls_ode of
posed lava flows and possibly other volcanic material (e.g., caldera volcanism and later modified by mass wasting and
pyroclastics or intrusions). The upper caldera walls form @eolian processes. Itis a levet .2 km), mantled surface,
cliffs with a spur and groove morphology interpreted to in- locally covered with dunes; there are no obvious volcanic
dicate the presence of exposed bedrock (Figs. 15 and 16)morphologies. A well-defined contact between the caldera
Farther down slope the material appears to be talus whichfloor and walls does not always occur. Although it is man-
in some places feathers onto the caldera floor without antled, the floor material is either older or more thinly man-
abrupt contact. The talus locally has an interesting morphol- tled than the flank as a significant numbers of small impact
ogy composed of linear parallel ridges and troughs tens of craters are observed. Landslides have affected the south and
meters wide, spaced 100—200 m apart and about 1 km longwestern margins of the caldera. A large alcove on the south
suggestive of erosion. In other locations the talus surface ap-side, within which is a jumbled slide deposit, formed by the
pears smooth. failure of the older floor (Fig. 15).
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20 km

(b) ©

Fig. 9. THEMIS night-time (12.57 micron) images of Tharsis Tholus. (a) Northern flank, caldera and southern flank (102319005). (b) Eastern part of the
caldera, the northern flank and the upper part of the south flank. This strip is not reprojected due to missing geometry data (101233003). (c)kEaskern flan
crater on the southern flank is the same one that is observed south of the caldera in B (100871005).

The western caldera wall has a rough morphology and 5.1. Normal faults
four large alcove-shaped re-entrants separated by long spurs
of bedrock (Figs. 15 and 17). The upper caldera wall is char-
acterized by ridges and spurs500 apart; layering is appar- There are five major normal faults cutting across the
entin the walls. THEMIS data (Fig. 9a) suggest the presenceflanks each having large offsets. Four of them extend from
of bedrock along the ridge lines. At the base of the wall is the caldera: north-northeast (azimuttji @ast (110-129,
a hummocky deposit extending onto the caldera floor that is Southwest (229, and northwest (293; a fifth cuts across
mapped as landslide material (Is). Elevations rise across thethe southern flank from the southeast fault (210The
landslide deposit from 2.2 km at its eastern edge to 3.2 km length and offset suggest these faults cut the entire edifice.
against the western wall, suggesting the apron of material Individual scarps have exposed lengths of 30-60 km and ex-
could be a kilometer thick at the base of the wall. The rough tend from the summit down the flank. The northwest and
morphology of the western wall is consistent with a land- Southwest fault scarps extend from the summit all the way
slide scar. Presumably the original west caldera margin wasto the base. Those on the east and south sides are not ex-
formed by a fault that extended in a simple arc around the posed all the way to the contact with the surrounding plains
western side of the caldera merging with the fault traces on and appear to be buried at their distal ends by younger flank
the southwest side. lava flows. The fault on the south flank is also partly buried.
MOLA data indicate the scarps are several hundred meters
to a kilometer high with the height decreasing down slope.

The distal ends of the faults on the east side are clearly
buried by younger flank materials (Fig. 11). Geologic re-
lations are consistent with two possible timings. All of the

Two types of tectonic features are observed on the faults formed at the same time and later volcanism on the
flanks of Tharsis Tholus: narrow, northeast-trending graben eastern flank buried the distal ends of the north—northeast
(Figs. 6, 7, 10, 11, 14) and large normal faults (Fig. 1). Nei- and southeast faults. Or, the faults on the east side formed,
ther fault type cuts the surrounding plains indicating that widespread volcanism occurred and then the faults on the
flank deformation predates the emplacement of those plains.west side formed.

5. Structure



Tharsis Tholus 231

10 km

Fig. 10. THEMIS images showing linear topographic highs extending down
the flank interpreted to be mantled lava flows. A few locations are high-
lighted with arrows. Upper panel shows the southern flank with linear fea-
tures extending southeast down the slope. It also shows northeast-trending

graben cutting the flank at the base and about a third of the way up the flank Fig. 11. THEMIS image (101863002, resolution 10¢pixel) showing the
(THEMIS 102200005, resolution 100 fpixel). Lower panel shows the area  northern flank of Tharsis Tholus and the north-northeast trending normal
to the west of the caldera with a radial pattern of linear highs extend- fault. The distal down slope end of the fault is covered by younger lavas
ing away from the caldera edge. Also shown is a portion of the northwest from the summit region. Note also the northeast-trending graben and the
normal faults and small northeast-trending fractures (THEMIS 101164006, narrow troughs extending down the flank.

resolution 100 rypixel).

The east and western flanks are down dropped relative toWidth,S range from a few hundred meters+3 km; typi- ]
the north and south flanks, a geometry similar to the north- cal widths are 500-600 m. Some graben are quite irregular;

east trending graben. The decrease in scarp height annéor example a graben on the nor_thwest flank varies in width
strike for the normal faults on the east flank suggest that rom ~ 1 km to 2.8 km over a distance of 12 km. A num-

the portions near the volcano margins are buried by youngerber of additional linear features occur on the flank that are
lavas, that the faults have a scissors-type motion with in- interpreted to be unresolved or buried graben. The degree of

creasing displacement up-slope toward the caldera, or theMantling is sufficient to obscure some of the graben (Fig. 7).
there is a lateral component of motions as well such that the T"€se observations are similar to those noted by Robinson

east and west blocks moved both down and out relative to (1993)- ) ) .
the north and south blocks. Most graben are simple, having a single scarp on each

side. Some graben on the north flank have multiple bound-
5.2. Graben ing faults. Graben on the southern flank are narrower than
those on the north flank. The observed widths suggest that
Narrow graben cutting the volcano are observed on all but the graben-bounding faults intersect at depths dfkm (as-
the eastern flank, although this may be an observational biassuming a 60 dip on both faults). Thus, some aspect of the
(lack of appropriate imaging) rather than a lack of faulting. internal layering of the volcano controls the style nature of
The general trend is northeast but the strikes can be vari-faulting rather than the entire edifice.
able. Graben on the north flank strike°58—65" E, those The age relation between the normal faults and the north-
on the west flank 45N-70 E, and those on the south flank east trending graben is complex. In each location where the
35° N-70° E with some having distinctly curvilinear trends. surface is observed with sufficient resolution, the northeast-



232 J.B. Plescia / |carus 165 (2003) 223-241

.

a

u“h

\\~.

N

3

[

10 km

|

Fig. 12. Trough with curvilinear margins extending down the west flank. Arrows denote proximal and distal ends. Viking image 699A10 and THEMIS image
101164006.

10 km

Fig. 14. THEMIS image (102200005, resolution 100/pixel) showing
northeast trending graben (1.7-2.2 km wide) cutting the northeast flank.
] 0 kﬂ’l 4 Also shown are irregular depressions scattered across the flank that are in-
terpreted to be secondary craters.

Fig. 13. Blocks at the base of the northwest flank. Blocks are embayed on §. Djscussion
the west and north by younger regional volcanic plains and on the east by
an older faulted plains unit that is younger than the blocks and the con-
struct, but older than the regional plains. Note narrow, northeast-trending
graben that cut the blocks and the plains between the blocks and the flank,

but not the surrounding plains. THEMIS base image (101888005, resolu- The visual impression of steep slopes and a bulbous
tion 100 nypixel) with MOC images M08-04702 (resolution 2.94 pixel), morphology led some previous investigators to suggest that
E13-00672 (resolution 6.2 fpixel), 12-00031 (resolution 4.66 fpixel), Tharsis Tholus had a more silicic composition than the other
SP1-23106 (resolution 3.15/pixel) overlain. North is at the top. . . . .
Tharsis volcanoes, all of which are probably basaltic shield
volcanoes (Hodges and Moore, 1994; Plescia, 2003). How-
trending graben cut the normal faults, indicating the graben ever, the morphology of the volcano (Fig. 1) and the flank
are younger. However, the northwest normal fault has a traceslopes (Figs. 3 and 4) are consistent with a basaltic composi-
which locally has a northeast strike (Fig. 5) indicating that tion. The caldera complex is deep and well-defined, formed
it has been influenced (i.e., is younger) by northeast lines by down dropping of blocks along concentric normal faults.
of weakness. This suggests that northeast trending grabehis style of caldera formation is typical of terrestrial and
formed repeatedly over an extended period. martian basaltic shield volcanoes. Flank slopest¢717°)

6.1. Composition
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Fig. 15. Caldera interior showing the dissected western wall at “a” with bedrock ridges, debris apron at base of the slope at “b,” smaller landslide at “
and pieces of the an older caldera floor (“d”) locally down-dropped on the eastern margin. Images include THEMIS V01164007 (resolytpaxef)9 m
V0863003 (resolution 19 yipixel) and MOC image SP2-43405 (resolution 7.7Fiwel), M04-03513 (resolution 2.95 fpixel), and M03-00801 (resolution

7.36 nypixel) 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-y+presumabl
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 include THEMIS
V01164007 (resolution 19 ppixel), V01863003 (resolution 19 fpixel), MOC SP2-43404 (resolution 7.75/pixel), M04-03513 (resolution 2.95 fpixel),

and M03-00801 (resolution 7.36/pixel).

are also consistent with a basaltic composition. Cullen et al. 26°, 23, respectively. These are steep with respect to those
(1987), for example, illustrate topographic profiles across observed on Hawaiian shields, yet these volcanoes are all
the Galapagos shield volcanoes: Darwin, Fernandina, andbasaltic shields. The steeper slopes of the Galapagos vol-
Wolf. Each has a convex profile and maximum slopes 6f 24 canoes have been suggested to be the result of intrusion
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Fig. 17. Western wall of the caldera showing the scalloped amphitheater-shaped walls, linear bedrock ridges and landslide apron on the cadera floor.
ages include, from left to right: THEMIS V01164007 (resolution 1@pirel), V0863003 (resolution 19 fpixel) and MOC image SP2-43405 (resolution
7.75 ypixel).

(Nordlie, 1973; Cullen et al., 1987) and intrusion could also margin. Tharsis Tholus shows no evidence of circumferen-
be responsible for the relatively steep slopes on Tharsis Tho-tial compression or extension on the edifice. The absence
lus. No explicit evidence for more silicic or explosive vol- of such loading-induced faulting indicates that the volcano
canism is observed on Tharsis Tholus as has been suggestedid not experience the same type or magnitude of stress
for other martian volcanoes (e.g., Mouginis-Mark, 2002; or it was strong enough that it did not deform under the
Edgett, 1997). The material that mantles the surface appearstresses. The normal faults around the caldera are not con-
similar to mantling material observed across the surface of sidered be due to the volcano loading stresses but rather
Mars and is presumably the result of deposition of wind- directly related to caldera formation and collapse (Mouginis-
blown materials rather than direct deposition of volcanic ash. Mark and Rowland, 2001; Mouginis-Mark et al., 1992;
Crumpler et al., 1996; Gudmundsson, 1988; Macdonald,
6.2. Deformation 1965).
The large normal faults that have broken the construct
The numerous faults indicate that Tharsis Tholus has ex-into a several large intact pieces are different from those ob-
perienced significant deformation. Tharsis Tholus does not served on any of the other martian volcanoes. Robinson and
show concentric graben as observed on the flanks of Arsia,Rowland (1994) and Robinson (1993) have suggested that
Pavonis, and Ascraeus Mons. Obvious linear rift zones, asthe such faulting is indicative of large-scale sector collapse.
occur on Hawaiian or the Canary Island volcanoes, or the  Sector collapse on terrestrial volcanoes usually involves
parasitic eruptive centers in reentrants on the Tharsis Montedarge sections of the flank being disrupted by landslides. It
shields are also absent. Extrusive volcanism appears to havés typically associated with composite volcanoes and results
been localized from the summit caldera region. from a weakening of the edifice due to magma intrusion,
Many volcano loading and deformation models (e.g., earthquakes, or hydrothermal alteration such that the flank
Comer et al., 1985; McGovern and Solomon, 1993; Borgia, strength is reduced allowing failure of the flank. Volcanoes
1994) predict that the upper flank of a volcano should expe- of the Canary Islands display numerous horseshoe-shaped
rience compression and the region beyond the volcano mar-valleys that are attributed to giant landslides (Carrecedo,
gin should experience radial tension. These stresses wouldl994). Similarly, such sector collapse has occurred at Casita
be expected to produce circumferential thrust faults high volcano in Nicaragua (van Wyk de Vries et al., 2000) and
on the flank and circumferential normal faults around the on Piton de la Fournaise on Reunion Island (Duffield et al.,
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1982) producing large amphitheater-shaped scars. In theseegional direction. The large normal faults at Tharsis Tholus
cases, the volcano flank has been weakened and catastroptare arcuate but have average trends producing an angle of
ically collapses under its own weight into a disaggregated 5° and 65 with respect to the trend of the regional graben.
mass. This type of collapse leaves obvious scars and associThis would suggest a similar brittle and ductile layer thick-
ated deposits, a morphology not observed on Tharsis Tholusness. These models suggest that a major subsurface fault
Thus, this type of deformation is not considered to be the beneath Tharsis Tholus might be the cause of the large nor-
cause of the large normal faults. mal faults. However, the presence of the narrow graben on
Deformation of Tharsis Tholus is also different from that the edifice parallel to the strike of the regional faults may
occurring on Kilauea where the southern flank is moving indicate that the stresses that produced the graben have prop-
seaward along a basal decollement, presumably within oragated through the edifice with no deflection making this
along the original marine sediment/extrusive volcanic con- model inapplicable to Tharsis Tholus.
tact (e.g., Got et al., 1994; Denlinger and Okobu, 1995; \olcanoes deforming under their own mass develop char-
Yin and Kelly, 2000). Sliding in this case occurs only in a acteristic radial summit faults. Several studies (van Wyk de
southerly direction because the northern flank of Kilauea is Vries and Borgia, 1996; Merle and Borgia, 1996; van Wyk
buttressed against Mauna Loa. Kilauea's south flank is mov- de Vries and Matela, 1998; Borgia et al., 2000) have exam-
ing seaward at several centimeters per year along a fault thained the styles of deformation through numerical modeling
dips back beneath the volcano at an angle of a few degreesof the volcano and underlying brittle and ductile layers. Sev-
The driving force for the displacement is suggested to be eral volcanoes in the Central American volcanic arc, having
dike intrusion along the east and southwest rift zones. As a variety of basement lithologies and styles and magnitudes
a result of seaward movement of the flank, the extensional of deformation, were compared. These studies suggest that
structures of the Koae and Hilina fault systems have devel- volcanoes built on weak substrate and those that are rapidly
oped. The style and cause of deformation at Kilauea do notbuilt are the most susceptible to deformation. They show
appear to be analogs for that observed on Tharsis Tholus aghat a volcano loading a deep ductile layer causes the duc-
there are no apparent intrusive/extrusive rift zones on Thar-tile layer to spread. As the ductile layer thickness increases
sis Tholus. or the rigid layer decreases, the likelihood of spreading in-
Large-scale brittle failure of the entire volcano may be the creases.
result of slip along a weak layer at depth or the interaction of A terrestrial analog for Tharsis Tholus, in the context of
a regional stress field with that due to the loading by the edi- such models is the Maderas Volcano in Nicaragua (Fig. 18).
fice. Several studies have examined the influence of regionalMaderas is constructed of interlayered pyroclastics and lava,
subsurface faults and ductile layers on the deformation of astands~ 1.4 km high, is 10 km across and has average flank
volcano. slopes up to 25with more gentle slopes in the summit re-
Lagmay et al. (2000) and van Wyk de Vries and Merle gion (van Wyk de Vries and Borgia, 1996). It is built on
(1998) investigated the effects of strike-slip faulting on the Quaternary sediments of Lake Nicaragua overlying a deeper
deformation of volcanoes. They found in mechanical and basement of oceanic rocks. Several large normal faults hav-
numerical experiments that an extensional environment de-ing offsets of the order 150 m cut the volcano into a series of
velops at the summit. Depending upon the amount of move- half graben with a prominentirregular graben cutting across
ment along the strike-slip fault at depth and the mechanical the summit. The deformation is the result of loading by the
properties of the various units, the deformation can range volcano on a weak substratum.
from a simple sigmoidal normal fault across the volcanotoa  The deformation of Tharsis Tholus resembles that of
well-defined graben oriented at an angle to the strike of the Maderas in that the edifice is broken into several large
underlying fault; a radial geometry does not develop. This is blocks. This similarity in morphology suggests the possi-
not the style of deformation observed at Tharsis Tholus and bility of an analogous failure mechanism. If the model is
obvious strike-slip faults are absent in this part of Tharsis; applicable to Tharsis Tholus, a subsurface low-strength layer
hence this model is probably not applicable. must exist. The weak layer might be the Noachian-age heav-
van Wyk de Vries and Merle (1996) conducted experi- ily cratered basement, although the depth to this unit and its
ments of a volcanic cone overlying an extensional fault to properties are unknown. Perhaps the brecciated cratered ma-
investigate the effects of the extension on the volcano andterial is ice- or water-rich allowing it to behave in a ductile
the influence of the volcano of the regional fault patterns. manner.
Their model assumed a single extensional fault beneath the An interesting small-scale analog for the deformation of
volcano as well as a ductile layer at depth. As a result of the Tharsis Tholus may be found in the Toreva blocks of the Col-
load, regional fault patterns curve into the volcano produc- orado Plateau (Reiche, 1937; Rogers, 1991). Here, blocks of
ing a set of normal faults on the edifice that are at an angle Mesa Verde sandstone (typically 300—-500 m across) are slid-
to the regional trend. Depending upon the ratio of the thick- ing, intact although rotated, over the nearly flat lying Mancos
ness of the ductile to rigid layer, that angle changes; as theShale.
ratio of brittle layer thickness to ductile layer thickness de-  van Wyk de Vries and Matela (1998) also illustrate that
creases the angle of the faults increase with respect to theunder different viscosity conditions thrust faults can be gen-
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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 numerous
graben cutting the volcano surface. Low panel shows a cross section illustrating the proposed geometry of the faults cutting through the ewiftbe and in
underlying mudstone basement.

erated at the base of a volcanic edifice. In one model, theyof faulting defined by Plescia and Saunders (1982). How-
illustrate the base of a volcano being pushed out and overever, younger faulting associated with the “Pavonis II” phase
a ductile layer. The edge of the volcano above the thrust would probably not be applicable since the surrounding vol-
breaks-up along normal faults into a few closely spaced canic plains are not cut by the faults.
blocks. This model may provide an explanation for the A possible chronology for fault formation would be:
blocks on the northwest flank of Tharsis Tholus. Such an formation of some northeast trending graben, formation
event might have occurred when the ductile material was of the large normal faults breaking the entire edifice, re-
well coupled to the volcano and the flow of the ductile ma- newed/continued volcanism which buried the distal down
terial dragged the volcano with it. slope ends of the eastern faults, and then renewed northeast
Narrow graben have a consistent northeast trend acrosdrending graben formation.
the volcano suggesting they are due to a regional rather
than local stress system. A stress system having a north-6.3. Flank burial
west extension direction in this part of Tharsis is consis-
tent with a Tharsis-centered stress system (Banerdt et al., The flanks of Tharsis Tholus are clearly embayed by the
1992). The strike of these faults (63N-65 E) points younger volcanic plains. The amount of burial is, however,
back toward Pavonis Mons. Pavonis Mons is coincident uncertain. On the basis of caldera diameter/volcano diame-
with one of the loci of regional faulting that have been de- ter data (Pike, 1978; Pike and Clow, 1981), Whitford-Stark
fined for the Tharsis region (Plescia and Saunders, 1982;(1982) suggested the flanks of Tharsis Tholus were buried by
Anderson et al., 2001). Based on the average Early Hes-~ 850 m of younger material. If true, the total edifice would
perian age of the flanks of Tharsis Tholus (see below), be about 20% wider. Robinson (1993) suggested 3.5 km of
these faults would correspond with the “Pavonis I” phase burial based on analogies to terrestrial volcano dimensional
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ratios which suggest a considerably greater diameter for thethe morphometric ratios are different from those of terres-

original construct. trial volcanoes is not that they are buried to a significant
The only data point that provides a constraint on the degree, but simply that the calderas are relatively large in

thickness of the surrounding plains in the immediate vicinity the older smaller martian shield volcanoes, perhaps due to

is from a partially buried crater east of the volcano (Fig. 1). @ relatively large magma chambers. A similar situation may

That crater has an apparent diameterot7 km, based on  hold for Tharsis Tholus.

an exposed arcuate piece of pre-plains bedrock. However,

the eastern flank of Tharsis Tholus also has a concave bound-

ary that might represent the actual crater rim, in which case /- Chronology

the 47 km diameter feature is an interior ring and the actual

crater diameter is~ 70 km. Using crater rim height rela-

tions for martian craters based on MOLA data (Garvin et al.,

2f000) the or|g|7na7lor|rll1 h-e|g(;1.t would hfge beehn 430-520 m images; and for the surrounding plains using Viking images.
(for a crater 47— m in diameter). Given that some tens Table 2 lists the summaries of these counts. Counts using

of meters of rim remains exposed and that the rim height y,q yee sets of Viking images overlap at the four diameters
could have been reduced by erosion, a maximum thicknessjigiay The variation in counts between the different image
of the plains would be on the order of 500 m. Regional stud- gets js probably the result of differences in crater recogni-
ies (Plescia and Saunders, 1980) also suggest that around th§gon and the statistics of the low number of craters and small
margins of the Tharsis uplift the extrusive volcanics are arel- greas. The largest variations occur at 1 km which represents
atively thin (hundreds of meters as opposed to kilometers). only 4-5 pixels in the Viking 858A and 857A images.
Assuming a 15 flank slope, a layer of lava 500 m thick Figure 19 illustrates the cumulative size-frequency plot
would reduce the volcano radius by only2 km. Thus, the  for the Viking 669A images. It can be seen that the curve
edifice would not have been much wider before being em- has an inflection around 3 km indicating that two popula-
bayed. In the cases of the other small volcanoes in Tharsistions of craters occur on the surface, consistent with resur-
it has been suggested (Plescia, 1994, 2000) that the reasofacing of the flank. Cumulative frequency values derived

Crater counts were made to determine the stratigraphic
position of Tharsis Tholus. Counts of the flank were made
using Viking and MOC images; for the caldera using MOC
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Fig. 19. Cumulative size-frequency distribution of craters on the flank and adjacent plains. Upper two curves (filled symbols) show counts faletieefiank
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 lative values result from the very small counting area, the
Morphometric data for Tharsis Tholus few number of relevant craters, and a possible upturn of the
Parameter Value slope of size-frequency distribution atl km. The possibil-
Location 13.8 N—91° W ity that the small-diameter craters observed in MOC images
Edifice dimensions 158 131 km may have a significant contribution from secondary craters
Caldera dimensions 4847 km has recently been suggested by McEwen et al. (2003). If
Maximum summit elevation +9 km secondary craters do significantly affect the population of
Caldera floor elevation +2.2-3.2 km . .

Caldera depth relative to Rim 257 km craters in the tens to hgndreds of meter d_|am§ter, then the
Relief 7_8 km size-frequency distribution would have a significant upturn
Volume 221 x 103 km3 at diameters below 1 km. The extent and presence of the up-
Flank slope 3-1%5 turn might also be spatially variable and related to young

large craters nearby.
from Viking images indicate the flank of Tharsis Tholus Thus, counts at diameters of tens to a few hundred meters

has an Early Hesperian age, usivg2) and the chronol- cannot be linearly extrapolated to multi-kilometer diameters.

ogy of Tanaka et al. (1992). This places Tharsis Tholus in At this pointin time, counts from MOC images are not con-
a time period older than the Uranius Group of volcanoes sidered to be directly comparable with those from Viking
to the north, which are Late Hesperian in age, and con- images and cannot be used for stratigraphic delineation.
temporaneous with Biblis Patera and Ulysses Patera on the
west side of Tharsis, which are approximately Early Hes-
perianin age (Plescia 1994, 2000; Neukum and Hiller, 1981;
Plescia and Saunders, 1979). . . . . .
The surrounding plains ar)e assigned to Member 5 of the Tharsis Tholus is unique among the other martian shield

Tharsis Montes Formation (Scott and Tanaka, 1986). Scott etvolcanpes. It has faults WhICh are assouatgd W't.h regional
- _extension (northeast trending graben) and with failure of the

al. (1981) define he surrounding plains as part of the TharSISentire edifice due to loading (the large normal faults). The

Montes flows with crater frequencies df(1) = 430-570. e ; . .
Counts compiled during this study for the area immediatel morphology of the edifice is consistent with that of a basaltic
P 9 y Y shield volcano, but definitive volcanic morphology is hidden

surrounding the volcano indicat¥ (1) of 179+ 31 and . - 2
: by an aeolian surficial mantle. Crater counts indicate an age
N(2) of 85+ 21 (Table 3), considerably younger than the of Early Hesperian, placing it in the middle of the period of

data from Scott et al. (1981). These new counts place the o ? .

. T : . . Il edif I tinTh .
surrounding plains in the Middle Amazonian, although still small edifice developmentin Tharsis
within the range of ages indicated for Member 5 of the Thar-

8. Conclusions

sis Montes Formation by Scott and Tanaka (1986). Acknowledgment
Counts derived from the MOC image are considerably
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lative frequencies at= 1 km up to an order of magnitude and an anonymous reviewer are appreciated as they pointed
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very small area (see Table 2). The largest crater observedand Jeffrey Johnson of the draft manuscript were also quite
is 2.89 km; a total of 4 craters 1 km are observed. It is  helpful. This research was supported by the NASA Planetary
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Table 3

Crater counts for Tharsis Tholus

Image set N(Q) N(2) N(5) N(10 N Res Area
Viking

Flank

669A11-16 2696t 788 839+ 439 (192+ 210 (63+ 120 53 23 4348
858A23 2471 52 697+ 240 202+ 129 (34£ 53 33 186 12101
857A51 (3837 560 832+ 260 204+ 129 (33£52) 25 252 12274
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 189928

N (D) indicates the cumulative number of craterD km per 1 km2. N is the number of craters counted; Res is the image resolution in meters/pixel; area
is the counting area in kfn Numbers in parentheses represent extrapolations to smaller or larger diameters beyond the observed data using a visually fit line.
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 PICNO Clat Clong Inc. Scale
090A61 1293 923 7.88 50 857A49 1724 8925 7133 249
090A62 1249 9143 852 49 857A52 1294 9341 7552 252
090A63 1345 9131 767 49 858A21 1403 9386 7957 189
090A64 1289 9049 85 48 858A42 1162 9267 7785 181
090A65 138 9038 774 48 858A44 1137 8962 7485 178
090A66 1327 8954 861 48 858A46 1107 8628 7157 176
225A10 1075 9506 4382 138 SP1-23106 131 9231 4642 315
225A12 1092 925 4626 136 SP2-43405 139 9115 7905 775
225A13 1321 9208 475 136 MO03-00801 1378 9099 3904 7.36
225A14 1107 901 4855 134 MO03-04592 1432 9208 4088 294
225A15 133 8974 4968 134 MO03-05935 1255 9065 4121 586
225A16 1121 8781 5075 132 MO04-03513 1394 9117 4416 295
357B08 145 8881 6996 48 MO07-01844 147 8945 4576 147
44406 113 94.82 5303 441 MO07-04361 143 9194 4672 295
444007 1725 9562 5515 444 MO07-05895 1374 9095 4702 588
44409 1156 9332 5452 440 MO08-04702 1415 9254 4837 294
44424 1751 9189 5886 437 M14-00732 162 9152 2889 444
444M26 1164 8976 5823 433 E03-01974 1359 a05 3695 885
444727 1721 9031 6011 436 E08-01290 132 9136 4871 620
444M29 1129 8833 5943 325 E09-01814 138 9179 4808 621
682A01 1278 9152 7565 325 E10-03774 1385 9162 4459 618
682A22 1556 878 706 335 E11-01780 188 8981 4391 311
699A08 1379 9239 7252 36 E12-00031 100 9235 4025 466
699A09 1408 9188 7289 36 E12-01907 134 9011 3728 620
699A10 1334 9185 7321 36 E13-00672 108 9249 3364 620
699A11 1361 9134 7358 36 E14-00541 130 9152 2821 621
699A12 1285 9129 7394 36 100871005 20656 91571 13606 102
699A13 1315 908 7428 36 101164006 6718 92535 49314 101
699A14 1239 9073 7465 36 101233003 2169 91857

699A15 1267 9022 7502 36 101863002 2171 90004 54455 102
699A16 1191 9014 754 36 101888005 21991 91140 54682 102
699A42 1400 9222 7341 23 102200005 1836 90145 5543 102
699A43 1422 9184 7368 23 102319005 12979 91209 118338 102
699A44 138 9192 7379 23 102587006 13185 90751

699A45 1400 9153 7407 23 V01164007 13185 916 51721 19
699A46 1358 9162 7418 22 V01863003 1548 91358 53326 19
701A03 1391 8994 5975 776 V02974007 1389 91474 60991 37

Clat: Center latitude of original image. Clong: Center longitude of original image. Inc.: Incidence angle. Images listed here are those foibilihjclvass
adequate for surface observations and does include several very low resolution (700p8@9)nmages.
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