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Introduction: The 600-km-diameter Olympus
Mons volcano on Mars towers some 23 km above the
surrounding plains (Figure 1). This immense edifice is
covered by numerous long, narrow volcanic flows that
appear to be basaltic in composition. The relatively
gentle slopes of the edifice are bounded in some sec-
tors by an escarpment, termed the basal scarp, of up to
8 km height. In others sectors, the flow-draped flanks
slope smoothly to the surrounding terrain. Broad lobes
of rough terrain, called the Olympus Mons aureole
deposits, cover the lowlands surrounding the edifice;
the aureoles have greatest areal coverage and extent to
the northwest of Olympus Mons. The distributions of
aureole lobes and tectonic features and have long been
seen as signs of lateral movement of volcanic or base-
ment material rooted in a basal weak zone. But no me-
chanically plausible and geologically consistent sce-
nario has been proposed to account for the variety and
azimuthal distribution of features seen on and around
Olympus Mons.

Here we consider the effects of weak basal zones
on the evolution of the entire Olympus Mons volcanic
edifice. We present new Distinct Element Method
(DEM) models of volcanic growth and spreading,
subject to variations in basal friction and long-
wavelength topographic slope. We suggest that, to first
order, the tectonic and topographic structure of Olym-
pus Mons is controlled by spatially varying frictional
conditions at the base of the edifice, which in turn are
established by variations in ancient sediment deposits
imposed by regional topography and basement rough-
ness.

Edifice Structure:  The effects of subsurface
zones of weakness at Olympus Mons were first ex-
plored in the context of the origin of the Olympus
Mons aureoles. Scenarios for aureole formation in-
voked mechanically weak material layers as horizons
enabling lateral movement of material. For example,
“bedded” basement strata may have been squeezed
outward from under the Olympus Mons edifice in
thrust sheets that constitute the aureoles [1]. This
basement layer may have contained materials that fa-
cilitated slip such as clays. Under this scenario, the
influence of the regional slope of the Tharsis Rise
(“Syria Rise” in [1]) caused the extent of the aureoles
to be much greater in the downslope direction, i.e., to

the northwest.  Alternatively, landslides of ancient vol-
canic “pedestal material” may have resulted from the
reduction of shear strength and increase of pore pres-
sure by melting permafrost [2]. Ductile ice and ele-
vated pore fluid pressure in the substrata were invoked
as weakening agents for aureole-generating thrusts [3].
Thrusting of outer edifice materials over a “decoupling
surface”, which was either the original “topographic
surface” or followed “bedding discontinuities” in the
lower edifice was proposed by [4]. The extensional
stress state in a basally detached Olympus Mons was
found to be consistent with giant landslides capable of
forming the extensive aureole lobes and basal scarps
[5].

Despite the several earlier suggestions that the
Olympus Mons aureoles were derived from various
forms of weak-based thrusting or mass movement, [6]
first demonstrated that large sections of the current
volcanic edifice itself have spread outwards, by anal-
ogy to the spreading observed at Hawaiian volcanoes
[e.g., 7]. Radial “tear” faults in the NW and SE quad-
rants [6] accommodate extensional circumferential
stress from (radial) outward spreading of the edifice
[5]. Wrinkle ridge-like thrust faults at the eastern mar-
gin of the edifice also indicate spreading [6].

A number of workers have suggested that the re-
gional slope induced by the neighboring Tharsis Rise
has influenced the structure of the Olympus Mons edi-
fice, caldera system, and aureoles [e.g., 1, 5, 8]. This
slope, measured from Amazonis Planitia north and
west of the edifice to the top of the rise, averages about
0.2°. In isolation, the mechanical effect of such a small
slope is likely to be limited. However, in concert with
conditions such as low basal friction, the regional slope
can influence the structure of an Olympus Mons type
volcano [5]. Given the friction-reducing effects of ba-
sal sediment layers [e.g., 9], we suggest that Tharsis-
derived sediments may have produced a low-friction
surface beneath Olympus Mons. Northern lowland
regions of Mars such as Utopia have been resurfaced
by downslope deposition of sediments derived from
southerly highlands. The Tharsis Rise is ancient [10];
therefore, sediments of appreciable thickness could be
present on its flanks at the time of origin of the much
younger Olympus Mons edifice. Such a layer could
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correspond to the inferred Olympus Mons basal de-
tachment [5, 6].

New Views from Orbit: The structural charac-
teristics of the Olympus Mons edifice are revealed in
topography data from the Mars Global Surveyor mis-
sion’s Mars Orbiter Laser Altimeter (MOLA) [11]. In
Figure 1, we display cross-section profiles of topogra-
phy and broad-scale slopes. Cross-sections along NW-
SE-directed axes demonstrate that the Olympus Mons
edifice is asymmetric with respect to the central cal-
dera complex that presumably indicates the location of
the underlying mantle magma source.The NW and SE
flanks (Figs. 1a, b), are bounded by the basal scarp,
which separates gently sloping flank regions above and
the nearly horizontal smooth plains below. The steep-
est scarp sectors, bounding the north and west flanks
(Figs. 1a, b, left side), are associated with the youngest
aureole lobes [e.g., 12]. The NW flank extends up to
320 km from center, whereas the SE flank extends
only to about 260 km (Figs. 1a, b). Broad-scale slopes
(red symbols in Figure 1) are also asymmetric: NW
flank slopes are generally < 6°, whereas SE flank
slopes can be as high as 8°. The highest upper edifice
slopes coincide with the locations of arcuate terraces,
believed to be thrust faults [13] The terraces produce
short-scale slope variations of up to ~16 degrees and
are most prominent in the SE quadrant. Both the SE
and NW profiles are concave-upward between the
summit and the scarp (i.e., slopes decreasing with in-
creasing radius).

Profiles with azimuths directed NE-SW are sig-
nificantly different from the NW-SE ones. Basal scarps
are either subdued (Fig. 1c) (covered by smooth lava
flows, see below) or absent entirely (Fig 1d). Aureole
lobes distal to these flanks tend to be older and em-
bayed by flow units, or absent. The NW-SE profile in
Fig. 1c is roughly symmetric in terms of distance to the
edifice margin (i.e., radius; about 270 km in Fig. 1c)
and in broad-scale slopes (low magnitudes of about 4-6
degrees). Furthermore, the mid-edifice slopes are
roughly constant as a function of distance from center
(although there are small segments with slightly con-
cave upward profiles). Another NE-SW-directed pro-
file (Fig. 1d) is somewhat less symmetric in radius, but
exhibits similar flank slope magnitudes (3°-6°) and
constancy. The NE-SW profiles are similar to the NW-
SE ones, however,  in that all exhibit shallow slopes in
the vicinity of the summit and caldera complex.

Figure 1. Topographic and slope cross-sections of Olym-
pus Mons, along NW-SE (top 2) and NE-SW (bottom 2)
oriented axes. Azimuths of each half-section are listed in the
upper corners. Left axes: topography (black lines). Right
axes: slopes determined by running least-squares filter along
100 km-spaced flank sections. (a) Azimuths 315°-135°. (b)
Azimuths 300°-120°. (c) Azimuths 45°-225°. (d) Azimuths
60°-240°.

Figure 2. Topographic cross-sections for four Distinct
Element Method (DEM) models of volcanic growth and
spreading. Left axes: topography (black lines). Right axes:
slopes determined by running least-squares filter along 100
km-spaced flank sections.

Models: The observed asymmetries between the
NW and SE quadrants of Olympus Mons likely result
from an interaction between the base of the volcanic
edifice and the southeastward-rising topography of the
Tharsis rise. To evaluate the effect of such conditions
on the evolution of Olympus Mons, we construct nu-
merical models of the growth and deformation of the
Olympus Mons edifice, subject to basal slope and fric-
tion variations. Two-dimensional numerical simula-
tions using the Distinct Element Method (DEM) have
successfully reproduced the gross morphology and
structure of symmetric volcanoes built above a fric-
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tional interface, providing insights into the internal
structure and mechanical controls on volcanic spread-
ing [14]. The method resolves contact forces acting on
discrete particles, and solves Newton’s equations of
motion for each particle to maintain quasi-static equi-
librium of the assemblages.  Growth of the volcanic
edifice is simulated by “raining” frictional particles
upon a planar substrate. Once each increment of parti-
cles has settled, particle positions, contacts, and forces
are recorded for processing. The radius and friction
coefficient of the basal layer of particles set the char-
acteristic basal friction µb of the volcano/substrate in-
terface. We seek models that can reproduce the overall
structure of Olympus Mons, including height and sev-
eral aspects of the NW-SE asymmetry (flank length,
slopes, and tectonic style).

Results. Following [14], we apply low values of ba-
sal friction µb ~ 0.09 to the base of the volcanic pile in
order to simulate basal weak zones and to reproduce
the characteristically gentle slopes of Olympus Mons.
In a model with constant basal friction and a flat base
(Model PJM10, Figure 2a), the simulated edifice grows
self-similarly and symmetrically, developing flanks
with slopes generally less than 6°, and most within the
range 3-4°. The lower flanks of the spreading edifice
occasionally display steepening at the periphery, as
seen on the lower left side of Figure 2a. As the edifice
grows to a height comparable to Olympus Mons (Fig.
2a), broad-scale mid-flank slopes on both sides aver-
age around 2.5°. The stratigraphy shows that large
amounts of the oldest material are exposed at the sur-
face of the lowermost flanks.

To test the role of substrate dip on the asymmetry of
spreading, models were constructed upon dipping basal
planes. One such model, for a basal plane dipping 0.6°
to the left and constant basal friction mb = 0.1 (Model
PJM 16; Figure 2b) shows the upslope (right) flank to
be shorter in lateral extent and slightly steeper, on av-
erage,  than the downslope (left) flank. A broad, 100-
km wide region of low slopes at the summit is roughly
at the center of the model.

The effects of a lateral variation in basal friction, ex-
pressed as a ramp between µb ~ 0.09 for x < 0 and µb ~
0.12 for x > 0 (Model PJM21) are demonstrated in
Figure 2c. The difference in slopes between the two
sides is more apparent than in Figure 2b. The zone of
highest elevation is shifted to the right of the summit
region (i.e., on the high-friction side), as observed for
highest point of the edifice (Figure 1). The left flank
displays distinctly lower broad-scale slopes of 2° to 3°,
whereas the right (high-friction) flank displays higher
slopes of up to 7°. A slight tendency toward concave-
upward slopes is seen mid-flank on the low-friction
side.

The effects of a more gradual variation in basal fric-
tion are shown in Figure 2d. This model (PJM24) var-
ies friction in four steps: µb = 0.09, 0.12, 0.18, and

0.24, with transitions occurring at x = -300, 0 and 300
km. This experiment produced a substantial segment of
concave-upward topography on the lower-friction (left)
side, althought the higher-friction (right) side of the
edifice did not propagate far enough outwards to feel
the effect of the friction transision (resulting in the
near-constant slope values on that side.

Discussion. The geologic and structural evidence
indicates that the Olympus Mons volcanic edifice has
undergone the process of volcanic spreading, and that
the manifestations of the spreading vary systematically
by azimuth. The overall configuration of the edifice
appears to be controlled by or aligned with the regional
slope of the neighboring Tharsis rise. The most obvi-
ous mechanism is simple mechanical support from the
regional slope, i.e. buttressing of the southeastern flank
of Olympus Mons by the ancient Tharsis Rise topogra-
phy [5, 8] in the same manner that Mauna Loa but-
tresses the younger and smaller Kilauea volcano
[15,16]. Conversely, flank movement in the downslope
direction is favored gravitationally (e.g., the aureole
formation scenario of [1]).  However, models with
basement slopes do not produce the concave upward
slopes (Figure 2b) that are characteristic of the NW
and SE flanks (Figure 1a-b). Furthermore, the regional
slope beneath the NW quadrant of Olympus Mons will
be countered by loading-induced lithospheric slopes of
greater magnitude and opposite sign [e.g., 5]. The fric-
tional variation can play a large role (Figure 2c-d) in-
dependent of slope.

For this reason, we propose that the greatest effect of
regional topography is in setting the basal boundary
conditions for the edifice, a key factor controlling vol-
cano morphology [5, 14]. If an Olympus Mons basal
decollement is rooted in sediments emplaced atop an-
cient lowlands basement, sediment thickness will tend
to decrease with increasing elevation, i.e., with in-
creasing proximity to the proto-Tharsis Rise. A south-
eastward-thinning sediment horizon will cause lateral
strengthening of the decollement, reducing slip in the
flank sector overlying the thinner sediments. The
roughness of the pre-sediment basement, induced by
ancient (Noachian-aged) heavy impact bombardment
and tectonism, will tend to inhibit flank slip [14, 17].
For a given basement roughness, the resistance to slip
will increase with decreasing sediment thickness (i.e.,
increase upslope, with increasing proximity to Thar-
sis).

Volcanic spreading of Hawaiian volcanoes has
been attributed to the presence of mechanically weak
sediments at their bases [18]. High pore fluid pressures
are thought to be required to facilitate fault slip at the
bases of Hawaiian volcanoes [9], and therefore the
sediments involved must have low hydraulic diffusiv-
ity (to trap the pore fluid). Clays exhibit this property
[9], and a pelagic unit at least 200 m thick, containing
fine grain clays, of the sediment layer at the base of
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Hawaiian volcanoes [19]. In contrast, volcanoes con-
structed on other types of sediments appear to lack
Hawaiian-style decollements [14, 17].

 The scenario for flank spreading and failure at
Olympus Mons given by [12] invoked the mechanism
described by [9]: pore fluid (water) trapped in an over-
pressurized basal layer reduced the effective friction at
the base of the volcano. The existence of a bentonite
clay layer beneath and around Olympus Mons was
proposed, to facilitate aureole emplacement [1].  In
fact, recent data suggests that such a layer exists be-
neath Olympus Mons. The spectral signatures of
phyllosilicate (clay) minerals have been detected on
Mars by the OMEGA imaging spectrometer onboard
the Mars Express spacecraft [20]. These workers infer
broadly distributed formation and deposition of clay
minerals in the early Noachian epoch, followed by a
change in pH (which halted clay formation) and burial
of the clays. The geologic context of the observed out-
crops implies a stratigraphically low (i.e., early Noa-
chian) and areally broad distribution of clays. These
findings are concordant with the model presented
above, i.e., a detachment beneath Olympus Mons
rooted in clay-rich Noachian-era sediments emplaced
on northern lowlands terrain. Additionally the relative
absence of spreading-related features (steep scarps,
massive flank failures) on the Tharsis Montes volca-
noes,is consistent with an absence of water-laden, clay-
rich sediments on elevated and relatively young base-
ment materials.

Future work will include a rigorous accounting for
the effects of non-uniform basal slopes on the evolu-
tion of large edifices, in particular, the effects of plate
flexure [e.g., 5]. Comparisons on analogous structures
on and beyond the flanks of Olympus Mons and large
Hawaiian edifices [e.g., 12] will also be pursued to
yield clues to and constraints on the behavior and
evolution of these large edifices.
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