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THE OLYMPUS MONS SCARP: A FAULT-PROPAGATION FOLD
GENERATED BY GRAVITY FAILURE OF THE VOLCANO?; Andrea Borgia, Jet

Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA
91109, USA; Jeremia Burr, Department of Geological Sciences, MacAllister College, 1600 Grand
Avenue, St. Paul, MN 55145, USA; Walter Montero and Luis Diego Morales, Escuela
Centroamericana de Geologia, Universidad de Costa Rica, Ciudad Universitaria "Rodrigo Facio",
Costa Rica; Guillermo Induni Alvarado, Departamento de Geologia, lnstituto Costarricense de
Electricidad, Apt. 10032, San Jose, Costa Rica.
The prominent scarp that surrounds Olympus Mons on Mars has been interpreted to be a
result of: 1) differential erosion between outer more erodible tuff deposits and inner less erodible
lava flows (Carr et al., 1973; King and Riehle,1974; Williams, 1988); 2) landsliding of the outer
flanks of the volcano (Head et al., 1976; Lopes et al., 1980; Francis and Wadge, 1983); and 3)
subglacial birth of Olympus Mons (Hodges and Moore, 1979). None of these interpretations fully
accounts for the available topographic data (for instance: the ridges and the gentle counter slope
uphill from the scarp, the secondary scarps downhill from the scarp, and the mirror symmetry of
the scarp around the volcano). We suggest that the scarp is the surface expression of a
fault-propagation fold that has formed by gravitational failure and spreading of the volcano.
This thesis is based on a terrestrial analog found in the Central Costa Rica Volcanic Range.
This west-northwest trending volcanic range is bordered by 10-20 krn long and 100-200 m high
scarps, which are symmetrically located 20 krn to the north and to the south of the range, parallel
the range axis, and face away from it. A ridge and secondary scarps exist at the summit and at the
base of the scarp respectively. The southern scarp (the Alajuela Scarp) was interpreted as: 1) a lake
or alluvial terrace; 2) a normal fault of an intra-arc basin; or 3) lava flow fronts. The northern
scarps (the San Miguel and the Guappiles Scarps) were interpreted as the normal faults delimiting a
back-arc basin (the Nicaragua Graben).
Detailed geological and geophysical work was conducted on the Alajuela Scarp and
preliminary work on the other two scarps (Borgia et al., 1987). The stratigraphic sequence consists
of the Pliocene, clay-rich, volcano sedimentary Aguacate Formation overlyain by Pleistocene,
massive, >10m thick, basaltic andesite lava flows and ignimbrites interbedded with weathered,
partially consolidated ash beds. Recent fluvial and lake deposits crop out uphill and downhill from
the scarp; lahars and talus slope deposits exist only downhill from the scarp. The structure shows
that the scarps are the steeply dipping frontal limbs of asymmetric angular anticlines that verge
a way from the Volcanic Range (Fig. 1). The ridges correspond to the hinge zone of the anticlines
whose back limbs gently dip towards the range. The geometry of these anticlines and associated
faults suggest that they are fault-propagation folds (Suppe, 1985) formed in front of low-angle
thrust faults at the base of the volcanic range. The thrust faults step up from depths of about 500 m
over distances of approximately 2 km and terminate in the axial surfaces of the frontal synclines.
Frequently, syncline breakthrough and high-angle breakthrough are observed. Tear faults separate
blocks with different fault-propagation fold geometries. The hanging wall of each fault has been
thrusted about 200 m away from the volcanic edifice. The presence of secondary scarps in front of
the main one suggests that thrusting might occur also along secondary thrust faults. Thrusting on
the lower flanks of the range is compensated by extention on the range axis with the formation of
summit grabens. Gravity and magnetic surveys of the Alajuela Scarp are consistent with this
interpretation. Shallow seismicity in the volcanic range indicates that tear faulting and thrusting are
still active. We suggest that the thrust faults are located at the Pliocene-Pleistocene boundary and
formed by gravitational failure and consequent spreading of the Volcanic Range possibly triggered
by the intrusion of magma over the last 50 ka.
The morphologies of the Olympus Mons scarp and related structures, such as tear faults
and secondary scarps, are very similar to those of the Central Costa Rica Volcanic Range and to the
geometry of fault-propagation folds. Thus, we envision a similar process for the formation of the
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scarps at Olimpus Mons. In this senario, the structure of Olympus Mons (and perhaps part of the
lithosphere) failed under its own weight. The consequent spreading along low-angle thrust faults
produced the scarps according to the fault-propagation fold mechanism. The presence of low-angle
thrust faults on Olympus Mons and its aureole has also been suggested by Harris (1977).
Spreading of the lower flanks of the volcano was predominantly towards the northwest and the
southeast, and induced rifting and volcanic activity along a northeast-southwest trend (Francis and
Wadge, 1983). The increase in topographic gradient at the scarp during uplift of the anticline
produced the large landslides found in the aureole. This model suggests that Olympus Mons has
been fairly symmetric and that no ancestral Olympus Mons (Harris, 1977; Lopes et al., 1980) nor
rotation in the stress field (Francis and Wadge, 1983) are necessary to account for the presence of
the scarp and for the orientation of the latest northeast-southwest volcanic activity.
References
Borgia A., Burr J., Montero W., Morales L.D., and Alvarado G.I., 1987. Trans. Am. Geoph.
Union, v. 68, n. 16, p. 406.
Carr M.H., Masursky H., and Saunders R.S., 1973. J. Geoph. R., v. 78, p. 4031-4036.
Francis P.W. and Wadge G., 1983. J. Geoph. R., v. 88, n. B 10, p. 8333-8344.
Harris S.A., 1977. J. Geoph. R., v. 82, p. 3099-3107.
Head J.W., Settle M., and Wood C., 1976. Nature, v. 263, n. 5579, p. 667-668.
Hodges C.A. and Moore H.J., 1979. J. Geoph. R., v. 84, p. 8061-8074.
King J.S. and Riehle J.R., 1974. Icarus, v. 23, p.300-317.
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Fig. 1. Retrodeformable geologic cross-section of the Alajuela Scarp along Rio Itiquis. Geometry of
surficial beds is measured, dip structure is based on fault-propagation fold theory (Suppe, 1985).
Upper continuos line is topography. North is to the right. A similar model may be applicable to
Olympus Mons scarp.
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NORMAL FAULTING ASSOCIATED WITH THE DAEDALIA IMPACT
BASIN, MARS; Robert A. Craddock, James R. Zimbelman, and Thomas
R. Watters; Center for Earth and Planetary Studies, National Air
and Space Museum, Smithsonian Institution, Washington, D.C.
20560
Identification of impact basins on Mars is important for
several reasons: accurate knowledge of the number of basins is
necessary for determining cratering flux and the role of
resurfacing processes, large andjor numerous impacts may have
played an important role in establishing the present crustal
dichotomy (1,2), and basins influence a wide variety of surface
processes due to the intense energy released during formation
and the associated large-scale modification of the crust.
Geomorphic evidence based upon Viking photographic and
earth-based radar data suggest that an additional 1100- to
1500-km-diameter basin exists in the Daedalia Planum region of
the western hemisphere of Mars (3,4). This large semi-circular
region contains Hesperian to Amazonian age volcanic materials
(5) and is bounded by numerous features which may be related to
possible ring structures.
The first suggestion of a Daedalia Planum basin was made by
Plescia et al. (1980; 6) using earth-based radar observations
(Fig. 1). These observations showed fault blocks tilted
symmetrically towards 120.0" longitude. This corresponds
closely to the Daedalia basin center (-26.0", 125.0") determined
by the structural analysis of highland features which
morphologically resemble lunar Imbrium Sculpture (3,4,7,8).
More recently, correlation of results from photogeologic mapping
(9,10) with the earth-based radar observations has identified
several north-south oriented normal faults within the ancient
materials near Mangala Valles (11,12; Fig. 2). The vertical
relief along the faults ranges from 500 to 2500 meters, and the
N5E orientation for the faults indicates that they probably are
not related to stresses associated with the Tharsis uplift as
exemplified by the N65E trend for graben of Memnonia Fossae.
The oldest unit of the Mangala Valles materials superposed on
the eastern margin of the faulted highland materials is lower
Hesperian in age, supporting a Noachian age for the large faults
(12). The faults are approximately concentric to the proposed
Noachian age impact basin in Daedalia Planum and may be related
to an extended ring system for that basin (4). Compressional
features such as wrinkle ridges are frequently associated with
the faults (Fig. 3), suggesting that zones of weakness caused by
the impact were reactivated during isostatic rebound following
basin formation or crustal loading due to mare style volcanism.
REFERENCES:
(1) Wilhelms, D.E. and S.W. Squyres, Nature, 309,
138-140, 1984. {2) Frey, H. and R.A. Schultz, Geophy~ Res.
Lett., 15, 229-232, 1988. (3) Craddock, R.A. et al., Lunar and
Planet. Sci., 20, 195-196, 1989. (4) Craddock, R.A. et al.,
Evidence for an Ancient Impact Basin in Daedalia Planum, Mars.
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and R.A. Craddock, Geologic Map of the Southern Mangala Valles
Region of Mars (MTM -20147), submitted for review.
(10)
Zimbelman, J.R. et al., Geologic Map of the Southern Mangala
Valles Region of Mars (MTM -15147), submitted for review. (11)
Zimbelman, J.R., Trans. AGU 69 ll&l, 390, 1980. (12) Zimbelman,
J.R., Lunar and Planet Sci., 20, 1239-1240, 1989. (13)
Zimbelman, J.R., Abstracts for the MEVTV-LPI Workshop~ Early
Tectonic and Volcanic Evolution of Mars, 72-74, 1988. (14) u.s.
Geological Survey, Map I-1187 (MC-16 SE), u.s. Geol. Surv.,
Denver, co, 1979.
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Figure 1. Topographic profiles obtained from earth-based radar
measurements (from 6). (A) Data from the Memnonia region (190°
to 150° long.) and (B) data from the Syria Planum region (90° to
50° long.). Note the slope of materials tilted towards each
other and symmetric to the 120° longitude line, or roughly the
center of Daedalia Planum. Plescia et al. (1980; 6) interpreted
these tilted blocks as being the result of Tharsis tectonics or
representing the rim of an ancient impact basin centered in
Tharsis. Photogeologic and structural analysis of the
surrounding region suggests that the latter interpretation is
correct (3,4,7,8).
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Figure 2 (above). Location of
the major faults within the
Memnonia quadrangle. Heavy
lines show normal faults,
dashed lines show presummed
normal faults, and dotted
lines show compressional
features. Trend is to the
northeast, indicating that the
faults are concentric to the
Daedalia basin. Modified from
( 13) •

Figure 3 (right). Photomosaic
(14) of a Memnonia normal
fault with some strike-slip
(arrow). Inset shows location
of normal faults and their
relationship with compressional features.
Area shown is
from about l5°S to 30°S and
from 146°W to about 157°W.
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The transcurrent fault hypothesis for Mars' Gordii Dorsum Escarpment
Randall D. Forsythe, Lamont Doherty Gaol. Obs., Palisades N.Y. 10096; and
James R. Zimbelman, Center for Earth and Planetary Studies, National Air and Space Museum,
Smithsonian lnst., Washington D.C. 20560

The Gordii Dorsum Escarpment has been hypothesized to represent an exhumed ancient
(Noachian - early Hesperian) left-lateral transcurrent fault zone within the equatorial
transitional region to the west of Tharsis Montes (see fig. 1, ref. 1,2). Within this province,
which has been argued to be intermediate in age between the Amazonian age surfaces to
the north, and the intensely cratered, Noachian, surfaces to the south, the Gordii Dorsum is
merely one of a number of NNW trending ridges that appears to be a distinctive or
characteristic feature of this province (3-5). It is thus reasonable to argue that what is true for
the Gordii Dorsum is likely to be also true for these other NNW trending ridges.

Figure 1. Location and terrain
map for the equatorial region to
the west of Tharsis Montes. The
Gordii Dorsum Escarpment is
merely one of a series of sub-·
parallel NNW trending ridges or
escarpments in this 'transitional'
province between the highlands
of the southern hemisphere and
the plains of the northern
hemisphere.

. . . . . oo

The Gordii Dorsum Escarpment was originally interpreted as a fault zone that vertically
displaced the surface a couple hundred meters, as well as juxtaposed surfaces of variable
morphologies and age (3 ).
Horst & Grabens
Wrinkle Ridges
Crordii Dorsum
The later arguements for left-lateral
northeast Tlrarsis
Escarpment
Lunae Planum
strike-slip movement were based on
the comparative analysis of surface
features along the escarpment with
other faults on Mars, Earth, or in
laboratory analogs. First, it was
readily apparent that the morphology
of the escarpment was distinct from
that typical of either 'wrinkle ridges' or
horst and graben-bounding faults
developed in Martian plain materials
(fig. 2). Secondly, as illustrated in
figure 3 (and documented in ref. 1 ,2)
the Gordii Dorsum Escarpment is
bordered by a narrow zone of oblique
E
trending lineaments. The lineaments'
c
orientation, distribution, and relation to
the staggered or en echelon fault
scarps that compose the main
Fig. 2. Comparative tectonic surface morphologies (1 ,6,7).
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R. D. Forsythe and J. R. Zimbelman
escarpment are believed directly comparable to the array of oblique trending features seen
along some of the strike-slip faults on Earth or in laboratory models. In these situations a
discrete strike-slip fault at depth is believed to propagate upwards through unconsolidated or
semi-consolidated strata that cover the basement (Wilcox et al., 1973; Tchalenko, 1970) in a
progression of stages during which oblique trending features are formed and the resistance to
shearing in the cover first rises and then falls (Fig. 3d). On the Earth the marginal fringe of
oblique-trending secondary faults is found to be a trait common for transcurrent faults in both
continental and oceanic crust (fig. 3a-c). Experiments in the laboratory have demonstrated the
unique way in which the early-formed oblique-trending 'Reidel shears' influence the eventual
geometry of a mature strike-slip fault zone (fig. 3d).
On the basis of the comparative structural analysis we argue for the presence of a deep
lithospheric fault zone of left-lateral character under the general trace of the escarpment that
has propagated upwards into less competent cover and evolved through stages similar to that
of Earth or laboratory analogs. The cover is probably a semi-consolidated composite of impact
ejecta, volcanic units, and eolian and mass wasting deposits. The nature of the basement is
unknown. The pattern of repeating NNW trending ridges see in fig. 1 is somewhat comparable
to that of oceanic transforms on Earth. However, in what high resolution sensing (side-scan
sonar) has been done of Earths' oceanic transforms, there has appeared the dominance of a
cross-striking series of normal fault scarps (fig. 3c). Continental transcurrent faults, while
having limited zones of extensional tectonism ('pull-aparts') are not commonly found to have a
pervasive or systematic array of such extensional features. To the contrary, in the latter the
'Reidel shears' tend to dominate. Thus, at first glance, there is little other than the spatial
pattern of the NNW ridges in the western equatorial region of Mars to suggest an oceanic
transform analog. The finer details of the Gordii Dorsum are found most analogous to that of
the continental Dast-e-Bayaz left-lateral fault in Iran (fig. 3a&b).
Despite the number and internal consistency of arguements for the Gordii Dorsum
Escarpment representing a left-lateral fault zone, the hypothesis raises a number of perplexing
issues concerning the age and interrelation of faulting to other processes that have shaped the
Martian landscape in the transitional regions. The apparent ages (from crater densities) of
surfaces adjacent the escarpment are not in agreement with the structural analysis. While
undeformed flat lying strata at the base of the escarpment are sparsely cratered (51
craters/9,000 km 2); consistent with their origin as part of the northern Amazonian plains
materials, the uplifted and deformed side of the escarpment does not have a single visible
crater in an area of 16,000 km 2. Further complicating the relations are ablated, but previously
intensely cratered, surfaces that appear to onlap and bury the escarpment's southern extension
towards the southern Highlands. Acceptance of the hypothesis that the Gordii Dorsum
escarpment is ancient fault zone that remains buried in its southern extension along the
boundary between the 'transitional zone' and the ancient cratered surfaces of the southern
Highlands necessitates rethinking of the ages of surface materials and surface processes of the
equatorial transitional regions.
REFERENCES (1) Forsythe, 8. D., Zimbelman, J.R., 1988, LPSC XIX, 344-345, (2) Forsythe, 8. D.,
Zimbelman, J.R., 1988, Nature, 336, 143-146, (3) Scott, D. H., Tanaka, K. L., J. Geophy. Res., 1982,
87,1179-1190, (4) Scott, D. H., Carr, M. H., 1978, U.S. Geol. Surv. Map 1-1083, (5) Schaber, G. E.,
and others, 1982, U.S. Geol. Surv. Map 1-893, (6) Plescia, J. B., Golombek, M.P., 1986, G. S. A. Bull.,
97, 1289-1299, (7) Carr, D. H., 1981, The Surface of Mars, Yale Univ. Press, 232, (8) Tchalenko,
J. S., Abraseys, N. N., 1970, G. S. Bull., 81, 41-61, (9) Searle, 8. C., 1979, J. Geol. Soc. Am., 136,
283-292, (10) Wilcox, R. E., Harding, T. P., Seely, D. 8., 1973, Bull. A. A. P. G., 57, 74-96, (11)
Tchalenko, J. S., 1970, G. S. A. Bull., 81,1625-1640.
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A REVIEW OF EXTENSIONAL TECTONIC FEATURES ON MARS;
Matthew Golombek, Jet Propulsion Laboratory, California Institute of Technology,
M.S. 183-501,4800 Oak Grove Dr., Pasadena, CA 91109.

..

The most common type of extensional tectonic feature on Mars is the simple
graben. These grabens define the enormous radial fracture system around Tharsis
(Wise et al., 1979). This observation and their interpretation resulted from
analogous structures having already been identified on the moon (e.g., Quaide, 1965;
McGill, 1971; Baldwin, 1971) and studied on the earth (Smith, 1966; McGill and
Stromquist, 1979). Similar structures also exist on three of the four Galilean
satellites (Schaber, 1980; McKinnon and Melosh, 1980; Golombek, 1982) and on some
of the Saturnian and Uranian satellites (Smith et al., 1981; 1982; 1986). Nevertheless,
in addition to the simple grabens, a variety of other extensional tectonic features
have been identified on Mars: complex grabens (Plescia and Saunders, 1982); tension
cracks (Schumm, 1974; Tanaka and Golombek, 1989), downdropped blocks within
Valles Marineris (e.g., Frey, 1979; Lucchitta et al, 1989), and giant polygon structures
that have been interpreted to be small grabens (Pechmann, 1980), but don't resemble
any structures known to be tectonic in origin (McGill, 1986). In this review, I will
briefly discuss all but the latter extensional tectonic features on Mars and their
probable origin, as well as what can be inferred from them about shallow crustal and
lithospheric structure.
Simple grabens are found in a variety of forms and settings within the
Tharsis and Elysium regions of Mars. At their simplest, they are long (many
hundreds of kilometers) narrow (a few kilometers wide) troughs with large spacings
(tens of kilometers) between them (e.g., Memnonia, Sirenum, and lcaria Fossae). In
other places the individual grabens are also generally narrow, although shorter in
length (tens of kilometers), and spaced immediately adjacent to each other. These
terrains (e.g., Claritas and Ceraunius Fossae) have a highly disrupted appearance
with ridge-groove topography and less well defined individual grabens. In other
places such as Alba Patera, grabens appear in swarms. Individual structures are
wider (up to ten kilometers) with well defined flat floors. The grabens typically
intersect each other at small angles, with younger grabens utilizing older graben
faults for short distances. In many places (e.g., Noctis Labyrinthus and Valles
Marineris) graben structures are highly eroded by mass wasting or other processes,
so that individual fault bounded structures are either highly modified or difficult to
define.
Simple grabens are a special class of grabens that are very common on the
surfaces of the planets and satellites, yet rare on the earth. They are named for their
simple surface morphology, which in turn requires a simple geometry and
subsurface structure (McGill and Stromquist, 1979; Golombek, 1979; Golombek and
McGill, 1983). The grabens are bounded by two inward dipping normal faults,
whose surface scarps have equal heights and whose shoulders are at the same
elevation. The floor of the graben is flat (not tilted) and unbroken by subsidiary or
antithetic faults. The equal scarp heights of the bounding faults and the flat graben
floor indicate that both faults have experienced equal displacements (on the order of
tens to hundreds of meters). This suggests that both faults are of equal importance,
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and extend to their mutual point of intersection at depth and terminate, indicating
that both faults initiate at a common point at depth and propagate to the surface.
Analysis of a variety of simple grabens indicates that the depth at which the faults
initiate is typically controlled by a subsurface mechanical discontinuity where
extensional stresses are concentrated; this provides a convenient and
straightforward explanation for the consistent graben widths and equal spacings
between members of a set.
A number of arguments and data indicate that faults bounding simple
grabens typically dip at about 60°. Fault dips of about 60° are supported by
observations of fault dip on the moon, mechanical scale model studies, fault angle
information from experimental work (Golombek, 1979 and discussion and
references therein), and likely failure criteria based on the frictional resistance to
sliding on preexisting faults applicable to the shallow crust of Mars (Tanaka and
Golombek, 1989 and discussion and references therein). Contrary to previous
interpretations suggesting near vertical dips for faults bounding grabens on Mars
(Carr, 1981), unambiguous surface expressions of faults in the walls of troughs and
valleys provide direct measurements of fault dips of about 60° (Davis and
Golombek, 1989). For this fault dip, faults bounding grabens intersect at depths of 0.5
to 5 km beneath the surface (Runyon and Golombek, 1983; Tanaka and Davis, 1988;
Davis and Golombek, 1989), with a distinct peak in frequency of intersections at
about 1 km depth. This indicates failure of only the uppermost crust (not failure of
the entire lithosphere), which effectively limits the maximum stress differences
required for shear failure associated with simple grabens to on the order of tens of
MPa. The only type of fracture possible beneath the intersection of faults bounding
grabens that does not violate their simple geometry is a tension crack, for which
there is support for a small subset of Martian grabens (Tanaka and Golombek, 1989).
In many intensely faulted regions surrounding Tharsis, larger more complex
grabens can be found. These complex grabens range in width from about 5 km to
100 km and typically have multiple border faults and deeper, multiply faulted floors.
The largest of this type of structure is 100 km wide, a few kilometers deep, and more
than a thousand kilometers long (in Claritas Fossae) and resembles large rifts on the
earth (Plescia and Saunders, 1982). The border faults are reactivated older faults
with greater slip and the floor is intensely fractured, with many tilted blocks. Many
other complex grabens share many of these characteristics except that they are
narrower and shallower than this, yet wider and deeper than simple grabens;
obvious volcanism is absent. The inherited border faults probably propagate deeper
into the crust as they become involved in deformation associated with larger more
complex structures. As a result, these large complex grabens probably mark the site
of failure deeper into the lithosphere than simple grabens (depth of failure is most
likely proportional to the width of the structure). It seems likely that the largest of
these structures involves failure of the entire lithosphere, as is the case for rifts on
the earth.
Enlarged tension cracks and joints have also been identified in near surface
rocks and deep within the crust of Mars (Schumm, 1974; Tanaka and Golombek,
1989). Tension cracks are morphologically distinct from simple grabens in that they
are typically narrow deep structures without identifiable flat floors. Examples
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include grooves within near surface rock units, ice-wedge polygons, some channels,
volcanic fissures and subsurface tension cracks. Near Valles Marineris, the
association of collapse pits and pit chains with simple grabens, implies deep tension
cracks beneath the grabens that may accommodate some subsurface drainage of
material. Pit chains within grabens in Tantalus Fossae ( east side of Alba Patera)
suggest that these grabens are also underlain by tension cracks. Depending on the
mechanical properties of the rocks and subsurface conditions such as possible porewater pressure, these tension cracks could extend to substantial depths (tens of
kilometers). Failure criteria suggest yield stresses in the hundreds of MPa at these
depths and implies much if not all of the lithosphere has failed.
The identification of structural blocks defined by scarps and apparent
downdropped surfaces has suggested for some time that many, if not most of the
troughs making up Valles Marineris are block-faulted structures analogous to rifts
on the earth (e.g., Frey, 1979; Lucchitta et al., 1989 and references therein). Although
there has clearly been severe subsequent mass wasting and collapse, triangular facets
along trough edges provide strong evidence for fault control of many of the troughs.
There has been little detailed work on what these scarps imply for the subsurface
structure of the troughs, but it seems likely that at least some of the troughs are
modified fault bounded valleys. If so, their width (tens to hundreds of kilometers
wide) and size (individually hundreds of kilometers long, together thousands of
kilometers long and many kilometers deep; Frey, 1979) suggest faulting of the entire
lithosphere, analogous to rifts on earth.
In summary, the most common extensional tectonic structure on Mars is the
simple graben, which provides direct evidence for failure of only the upper few
kilometers of the crust. Wider and more complex grabens are present (although
fewer in number) that imply deeper failure and involvement of the lithosphere.
The largest complex graben on Mars resembles rifts on earth, indicating the likely
extensional failure of the entire lithosphere. Tension cracks are also present in
surface materials on Mars, and collapse features associated with grabens suggest deep
underlying tension cracks (tens of kilometers deep) that could allow the observed
subsurface drainage of material. Some troughs within Valles Marineris are probably
highly modified fault bounded valleys, whose size and loose analogy with rifts on
earth, suggest extensional failure of the entire lithosphere
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INVOLVEMENT OF THE LITHOSPHERE IN THE FORMATION OF
WRINKLE RIDGES ON MARS; M. Golombekl, J. Suppe2,3, W. Narr3, J. Plescial, and
B. Banerdtl; lJet Propulsion Laboratory, Caltech, Pasadena, CA 91109, 2Seismological
Laboratory, Caltech, Pasadena, CA 91125, 3Dept. Geological and Geophysical Sciences,
Princeton University, Princeton, NJ 08544.
Recent work on the origin of wrinkle ridges suggests that they are compressional
structures, but the subsurface structure and the possible involvement of the lithosphere in their
formation are not understood. In this abstract, we briefly review important characteristics of
Martian wrinkle ridges, including their subsurface structure and amount of shortening, both of
which suggest that they are the surface expression of thrust faults that extend through much of
the lithosphere.
Photoclinometric topographic profiles across wrinkle ridges in Lunae Planum and
Amazonis Planitia show an average regional elevation offset across the ridges (plains on one side
of the ridge are at a distinctly different elevation than plains on the other) of about 100 m. The
offset in regional elevation extends for many kilometers on either side of the ridge and requires a
fault beneath the structure; simple fold structures or faults that flatten into a decollement cannot
readily explain the elevation offset. Vertical faulting at depth does not provide an obvious
mechanism for producing the broad low positive relief structure characteristic of wrinkle ridges.
A combination of folding and low-angle faulting, however, can produce both the observed ridge
morphology and the offset in regional elevation. The lateral extent of the regional elevation
change requires a planar fault that does not shallow with depth, because the regional elevation
change would decrease to zero above the point where the fault flattens to a decollement
(Golombek et al., 1989).
We have calculated the amount of shortening due to folding for Martian wrinkle ridges
(5-25 m) by simply unfolding the surface profile along the ridge . The shortening due to faulting
was obtained by dividing the regional elevation change, which is produced by slip on the fault,
by the tangent of the fault dip. Although the dip of the fault is not known, measurements of the
dip of normal faults on Mars (Davis and Golombek, 1989) and lab experiments of prefractured
rock suggest a dip of about 25" for thrust faults (Brace and Kohlstedt, 1980; Byerlee, 1978).
Shortening due to faulting averages between 100 and 300m. Total shortening across Martian
wrinkle ridges is therefore on the order of hundreds of meters, similar to values for lunar wrinkle
ridges (Golombek et al., 1988); strain is on the order of a few percent. The ratio of shortening
due to faulting to that due to folding is in the range of 5 to 20, indicating that faulting is the
dominant mechanism for accommodating shortening in Martian wrinkle ridges and that folding is
subsidiary.
A number of attempts have been made to identify kinematic models capable of explaining
the salient characteristics of wrinkle ridges. In particular, fault-bend and fault-propagation
folding have been suggested as possible models for the development of wrinkle ridges (Plescia
and Golombek, 1986; Watters, 1988). Fault-bend folding (Suppe, 1983) can produce an
anticlinal fold when surficial rocks are translated over a surface-flattening bend in a thrust fault.
Fault-propagation folding (Reidel, 1984; Suppe, 1985; Suppe and Medwedeff, 1984; Woodward
et al., 1985; Jamison, 1987) occurs when displacement along a reverse fault at depth is
accommodated by folding of overlying layers. Both types of structures are capable of producing
surface folds with complex near surface faulting, similar to wrinkle ridges. More detailed
considerations suggest, however, that the gross structure of wrinkle ridges is different from
typical fault-bend and fault-propagation folds. In particular, faults responsible for both faultbend and fault-propagation folds most commonly shallow out into horizontal decollements at
bedding-plane contacts between rocks with distinct mechanical properties. In addition, where
observed on the earth, the step-up ramps associated with these types of structures are sharp,
rather than gradual, so that a gradually changing fault dip (for example a thrust fault gradually
shallowing with depth) beneath wrinkle ridges is not supported by observations on earth. If the
fault dip shallowed or completely flattened with depth, the offset in regional elevation would also
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decrease or disappear and abrupt changes in fault dip would produce correspondingly abrupt
changes in surface elevation away from wrinkle ridges. In addition, the slip across wrinkle
ridges is small, much less than that likely by formation of these structures by fault-bend or faultpropagation folding. For these types of folds, the long rear limb of the fold is produced by
translation of rocks above the thrust ramp. This in turn requires that the slip across the structure
be roughly equal to the width of the rear limb. The rear limb of most wrinkle ridges is many
kilometers wide, which is an order of magnitude greater than the shortening that can be
reasonably accommodated across them. Thus, the lack of evidence for horizontal decollements
beneath wrinkle ridges and the excessive strains suggested for fault-bend and fault-propagation
folds indicate that a different deep subsurface structure might be more applicable for the overall
geometry of planetary wrinkle ridges. Fault-bend and fault-propagation folding could still be
responsible for the complex near-surface folding and faulting implied by wrinkle ridges.
In northwestern Lunae Planum wrinkle ridges are spaced about 50 km apart and
consistently have an uplifted eastern side. Within the accuracy of the photoclinometric method
the regional elevation change appears to persist laterally for many kilometers away from the
ridges. There is no evidence for tilted blocks between the ridges (dips of 1o or greater would
have been detected), and no evidence for any folding or warping of the surface between the
ridges. To first approximation, the faults beneath these ridges must dip to the east, to produce
the uplifted eastern side, and continue at least 50 km to the next ridge. If the fault dips at roughly
25°, then the fault is roughly 25 km beneath the surface at this distance. Steeper dips would
result in greater depths of penetration; a 45° dipping fault would be at 50 km depth beneath the
adjacent ridge. Note that even if the surface between adjacent wrinkle ridges was tilted at less
than a degree, the underlying fault must still continue laterally to the next ridge, at which point it
would probably be tens of kilometers below the surface (e.g., Erslev, 1986). This indicates that
the faults responsible for wrinkle ridges clearly involve a significant thickness of the Martian
lithosphere and are not simply surface folds affecting the upper few kilometers of the crust.
There is strong evidence that faults beneath foreland basement uplifts, such as the Rocky
Mountains, are underlain by planar faults that root in the weak ductile lower crust near the Moho.
Best known of these basement thrusts is the Wind River thrust (Smithson et al., 1979), which
dips about 40°, has slipped about 5-7 km, and is clearly imaged on seismic profiles to about 20
km depth. Geometric considerations indicate the fault zone flattens near the Moho at about 35
km depth. Numerous other basement thrusts have been documented in the Rocky Mountain
foreland and elsewhere worldwide in the course of petroleum exploration (for example Gries,
1983; Gries and Dyer, 1985). Many of these basement thrusts have small offsets on the order of
hundreds of meters and have a change in elevation across the structure, similar to wrinkle ridges.
Some of the best documented examples are in the Wind River basin (Gries and Dyer, 1985).
The deformation is entirely by fault slip in the basement, but as the fault enters the 1-3 km thick
sedimentary cover, fault-bend folding, wedging and fault-propagation folding produce structures
that are quantitatively similar to the kilometer-scale aspects of wrinkle ridges.
On Mars, a number of supporting arguments and models also permit the rooting of faults
responsible for wrinkle ridges in a weak ductile lower crust or lithosphere. The flexure of
volcanic loads on the Martian surface (Comer et al., 1985) and the magma source region required
beneath the giant Tharsis volcanoes (Carr, 1973; Blasius and Cutts, 1976) both suggest a
lithosphere on the order of 50 km thick at the period in Tharsis history when wrinkle ridges
formed. Assuming a 50 km thick lithosphere, with a basaltic crust 30 km (Bills and Ferrari,
1978) to 100 km thick (Sjogren and Wimberly, 1981; Sjogren and Ritke, 1982; Janie and
Ropers, 1983) and an olivine mantle (Wood and Ashwal, 1981; Francis and Wood, 1982),
requires thermal gradients of 9•/km to 16°/km from ductile creep properties of basalt and olivine.
Thermal evolution models of Mars (Toksoz et al., 1978) also predict a present average crustal
thermal gradient of 9°/km, which is a likely minimum as thermal gradients were undoubtably
greater during Tharsis volcanic and tectonic activity. Given these constraints, we have assumed
9°/km, 15°/km, and 20°/km and various crustal thicknesses for the construction of lithospheric
strength envelopes (brittle and ductile yield stress versus depth curves) to gain a better
understanding of likely lithospheric strong and weak zones at depth.
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Results show that even under the coolest conditions a lower crustal weak zone is present
below 40 km, assuming a minimum 50 km thick crust. Under the warmer conditions more likely
for Tharsis, lower crustal weak zones begin at about 20 km depth, with all strength in the upper
mantle gone at 40-60 km depth. These calculations indicate that under conditions likely during
Tharsis deformation, weak zones at fairly shallow depths existed within the crust and mantle in
which thrust faults could root, analogous to faults beneath foreland basement uplifts on the earth.
In conclusion, the observation that some regularly spaced wrinkle ridges accommodate
regional elevation changes with a consistent uplifted side suggests that planar thrust faults extend
to depths of tens of kilometers. Consideration of earth analogs most compatible with this
subsurface structure and the low strains measured across wrinkle ridges (a few percent) suggest
foreland basement uplifts are more appropriate earth analogs for the overall structure of wrinkle
ridges; fault-bend and fault-propagation folding are probably responsible for the near-surface
folding and faulting associated with wrinkle ridges. Foreland basement uplifts on earth are
typically underlain by moderately dipping thrust faults that root in a weak ductile zone at the base
of the crust. Evaluation of likely conditions around Tharsis indicates that faults beneath wrinkle
ridges also could have rooted in a ductile zone of the lower crust at depths of a few tens of
kilometers. These results suggest that deformation associated with wrinkle ridges involves much
of the lithosphere.
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ORIGlli OF PIANErARY WRINKLE RICGES - AN OVERVIEW.
Ted A.
Maxwell, Center for Earth and Planetary Studies, National Air and Space
Muse1.m1, Smithsonian Institution, Washington, D.C. 20560
1958: "These low ridges are obviously flow markings,
undoubtedly fonned when the floors of the maria were in a hot
viscous condition." (1).
1965: "It is thus probable that some wrinkle ridges, like some
rilles, follow faults rather than just fractures.
Possibly,
the reason why definite throws or offsets are difficult to
detect in wrinkle ridges is that displacements would be largely
masked by the extrusions that built up the ridges." (2) .
1966: "Turning now to the subject of mare ridges, •.. they have
'!he
intrusive material is presumed to have risen through fissures,
but failing to reach the surface, it spread out horizontally,
instead, at some specific depth or depths, thereby raising the
surface into the fonns that we observe. " (3) •

been caused by intrusions, presumably of lava, from below.

1976: "... it is clear that concentric systems of mare ridges
fonn close to scarp-like rings on the basin floors." (4).
1987: "... most ridges originate basically by compression
resulting from vertical tectonism, although some are probably
of volcanic origin." (5).

•

Although interpreted by Gilbert as anticlinal and monoclinal fonns
in 1893 (6), it was not until the mid-1960's that the details of
wrinkle ridge structures began to be seriously considered as a key to
understanding the structural and volcanic history of the Moon.
Recognizing them as part of the "lunar grid", Strom (7) divided the
structures into mare ridges, 0.5 to 5 kin wide, sharply crenulated
topographic highs; and arches, subdued elevated linear highs up to 40
km wide, only visible under low sun illl.mlination.
'!hrough the
acquisition of metric and panoramic photography from Apollo missions 15
through 17, debates on the origin of lunar ridges and arches ranged
over whether they fonned by purely volcanic means by intrusion or
extrusion (3 , 8, 9, 10) , or by tectonism ( 11, 12, 13) •
In addition to
photography, Apollo results provided several lines of evidence that
favored a tectonic origin for at least some classes of ridges systems:
x-ray and Gannna-ray . experiments had the spatial resolution to define
unique chemical signatures associated with ridges, and thus to
determine whether an extrusive origin was favored.
No anomalies
associated with ridge systems were found.
Detailed topography from
photogranunetric resu1ts and from the I.llnar Sounder provided evidence
that some concentric ridge systems within basins were at the sites. of
topographic offsets.
Gravity models for roascon basins indicated that
concentric basin ridges marked the location of the best-fit surface
disc models for the roascons, suggesting subsurface involvement ( 14) .
Subsurface reflectors detected by the I.llnar Sounder indicated an
anticlinal rise in the horizons beneath the location of ridges in Mare
Serenitatis.
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With a tectonic or1gm strongly indicated, the potential for
constraining geophysical models of lunar tectonism was recognized, and
subsequent studies used the radial placement of ridges to determine the
structural history of Mare Serenitatis (15, 16). Two models were used:
a thin shell model to approximate stress i.nposed by subsidence of a
cylindrical load on a spherical elastic shell, and a finite element
model to determine the magnitude of elastic defo:rrnation.
Using the
position of ridges to constrain the location of compressive stress, the
maximum compressive stress levels were found to be on the order of
200-400 bars, nn.1ch less than the compressive strength of basalt (16).
'Ihus, either global contraction was needed, or another method for
concentrating stress at the radial location of the concentric ridge
systems, such as subsurface basin ring structure causing zones of thin
fill , or thin layers of competent material separated by weaker
interbeds (17). While the finite element model successfully predicted
the location of the ridge systems, it too failed to provide reasonable
stress levels (15) •
With the investigations of Mariner 10 and Viking data, these
results became especially i.nportant for 3 reasons: 1) Ridges were found
to be present not just on the Moon, but on Mercury and Mars, and the
high resolution lunar photography had the potential for defining
morphologic indicators of their origin, 2) 'Ihe presence or absence of
ridges could be used as supplemental evidence for a basal tic
composition of plains units, and 3) '!heir recognition as primary
tectonic landfonns that could be used to constrain tectonic and the:rrnal
history models provided the need for detailed mapping of other
planetary ridge systems.
On Mercury, the relatively low resolution
images from Mariner 10 revealed ridges in smooth plains materials 1
particularly in the caloris basin.
Recognized as a part of the
Mercurian scarp system ( 18) , investigators found that the predominant
northerly orientation of ridges in the intercrater plains was similar
to that of scarps, consistent with stresses that would result from ·
tidal despinning coupled with global contraction (19). Ridges in the
caloris basin were found to be concentrated in the same radial location
as those of lunar basins (20) 1 lending support to a similar mechanism
of fo:rrnation.
'Ihe extensive fracture system of the inner part of
caloris remained a problem, though it could be explained by loading of
the basin as a ring annulus (21) •
Investigations of the radial fault system surrounding the 'Iharsis
region of Mars, coupled with gravity studies of the load initially
suggested uplift as a source of stress to produce extensional faulting
(22), which was later found to be not applicable based on stress
trajectories (23). Ridges display a concentric arrangement surrounding
'Iharsis, and stress trajectories in models involving isostatic support
and flexural loading best fit the obsel:Ved distribution (24). Unlike
ridge systems of lunar basins, however, those surrounding 'Iharsis show
no apparent relationship to basement structure (25), and fanned before
at least the last episodes of extensional faulting (26).
The use of ridges to constrain geophysical models is highly
dependent on which particular model of fo:rrnation is employed.
If
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folding of the upper few kilometers of material is the primary cause,
then surface deviatoric compressional stress trajectories should be
no mal to the orientation of the ridge systems.
If faulting is
considered to precede folding or is invoked solely, then such
comparisons may not be valid, as shear failure would result.
'Ihus,
recent investigations into the exact mechanism of ridge fomation ( 27,
28) are a prerequisite to the use of these features as constraints on
models for basin evolution and thermal evolution of planets.
Despite the number of papers listed here (and omitted) , several
problems remain unresolved: 1) Not all ridges are of tectonic origin;
detailed mapping and criteria need to be derived to tell them apart (to
the extent possible) on a case by case basis.
2) '!he influence of
subsurface structure (basin rings and fracture systems) is
unconstrained.
3) Tectonic implications of ridges with no obvious
regional or local controlling factors remain uncertain.
'!hose on the
Moon and Mercul:y can be explained by contraction and despinning, but
the origin of many Martian ridges remains problematic.
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Extensional structures have received much attention in recent years, and
are among the "hottest" topics in structural geology. This is primarily a result
of field studies indicating their importance in tectonic settings hitherto
believed to be entirely characterized by compression. For several reasons, a
thorough review of structures resulting from extensional stresses is not
practical here; in fact, many of these structures have limited relevance as
analogues for planetary features. What will be attempted is a ~ough classification of extensional structures, primarily based on scale, and an b?aluation
of their usefulness as analogues. Specific citations are intentionally sparse
because of space constraints.
On the earth, extensional structures range in scale from features seen in
thin section to features of global significance.
Although beloved of many
structural geologists' joints, boudinage r stretching lineations, dismembered
bedding, and other indicators of extension seen in outcrop, hand specimen, and
thin section are of little relevance to planetary studies because they range from
one to four orders of magnitude below the resolution of the best orbital images.
It is convenient to separate structures that are large enough to be resolved on
orbital images into two categories: 1) those that are of crustal to global scale,
and 2) those that are generally of less than crustal scale. The first group is
intended to include structures associated with globally significant tectonic
regimes, the second group incorporates a variety of more local structures
generally not directly related to global tectonics.
Structures from both
categories are potentially useful as planetary analogues because they can provide
clues to the kinematics and mechanics of their formation, and thus constr~in
hypotheses for the origin of similar structures on other planets. However, a
major problem yet to be resolved is whether it is sound practice to transfer the
specific crustal and tectonic environments associated with analogue structures
from the earth to other planets.
My bias is that this is, in general, a
dangerous thing to do.
Structures of crustal to global scale:
The importance of extensional
structures within the earth's tectonic system has been greatly enhanced by some
very exciting discoveries that have occurred in just the past few years. It is
now apparent that extension is an important element in the structural evolution
of all types of plate boundaries, not just divergent ones (1). The following
paragraphs comment briefly on important terrestrial extensional structures, and
on their probable value as analogues.
1. Mid-ocean ridges and rifts: The global system of oceanic divergent
boundaries is the most prominent tectonic feature on the earth. In addition to
the gross topography, there are several associated characteristics that derive
from the specific processes occurring at mid-ocean ridges: positive Bouguer
gravity anomalies, magnetic "stripes", elevation decrease with distance from the
ridge that is correlated with age, high heat flow, ridge offsets across
transforms, shallow seismic activity, and "anomalous" mantle. Furthermore, the
great length of the mid-ocean ridge system clearly depends on the earth's dynamic
plate tectonics; consequently, it seems risky to use mid-ocean ridges as
analogues for short, discontinuous ridges with axial troughs on other planets.
Even the presence of one of the associated characteristics does not help very
much. For example, cross-structural offsets that, on another planet, might be
interpreted as mid-ocean ridge transforms, also occur on the earth as
synkinematic features in foreland thrust belts and belts of metamorphic core
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complexes, and are common as later modifications of most of the earth's Archean
tectonic belts.
2. Continental rifts: These are very promising analogues, because some
on the earth appear to "fail", and thus are not required to be part of a dynamic
global plate-tectonic system.
The extension normal to the long axes of
continental rifts is too great to be explained by bending and membrane strains
generated by the associated uplift, but is generally less than a few 10's of km.
(2).
Gravity anomalies, high heat flow, and seismic data suggest that
continental rifts overlie regions where the mantle lithosphere has been thinned,
and some calculations suggest that this thinning is a necessary precursor to
crustal-scale brittle failure (3). Brittle graben faults in the shallow crust
thus pass downward into a more ductile regime. By making reasonable assumptions
concerning fault attitude, the widths of continental rifts provide an upper
bound on the effective elastic thickness of the crust or lithosphere (4), the
best estimates coming from places where extension is least. Continental rifts
have been used as analogues for inferring near-surface rheology and the existence
of lateral tectonic movements on Venus.
There is a major controversy concerning the ultimate causes of continental
rifts: either they are "passive", with extension and rifting caused by far-field
stresses and with uplift following later as a result of lithospheric thinning;
or they are "active'', with uplift, lithospheric thinning, and rifting directly
caused by a mantle thermal anomaly (5). Both types seem mechanically feasibl 2 ,
and the evidence needed to choose between them must come from geological and
geophysical studies, as along the Red Sea rift where fission-track ages in rocks
adjacent to the Red Sea demonstrate that uplift followed both rifting and the
initiation of volcanism by 10-15 my. (6), requiring a passive formation
mechanism. The distinction is of some importance, because the active mechanism
implies vertical tectonics (at least locally), whereas the passive mechanism is
more consistent with horizontal tectonics. At present, we cannot easily obtain
diagnostic geological or geophysical data on other planets needed to distinguish
befween these, but such data are not totally out of reach when field work ~rith
landers begins.
3. Convergent plate boundaries: Extensional structures occur in a variety
of tectonic environments associated with convergent boundaries. Normal-fault
earthquakes occur oceanward of trenches as a result of tensional bending stresses
in the upper part of the elastic lithosphere. Extension occurs behind many
island arcs, commonly producing "back-arc basins'', because the motion vector for
the subducting slab is steeper than the slab itself (1), requiring that the hinge
migrate away from the arc (this is sometimes inappropriately called "trench
suction"). The value of either of these types of extensional structures for
analogue studies is unclear. The Basin and Range and metamorphic core compl ex
structures in the North American Cordillera may be continental equivalents of
back-arc structures in the oceans, or they may be related in a more complex way
to changes in relative plate motions (7).
Recognition of either type of
structure on another body would be strong evidence for horizontal tectonic
movement.
Despite the "blobby" distribution of exposed metamorphic core
complexes, their origin requires large (>100%) horizontal extension, with
proportionately less vertical movement. Consequently, we must avoid assuming
automatically that planetary tectonic topography characte rized by dome-like
features is necessarily due to vertical movements.
Excessively elevated topography produced by collision commonly fails by
extension simply due to gravity (8); in fact, there is a major young, low-angl e
Because gravitational failure of high
normal fault cutting Mount Everest!
topography does not depend on the mechanism for creating the topography, these
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collapse structures could serve as potential analogues for studies of elevated
terrain on other bodies.
4. Transform boundaries:
Oblique movement 'lectors (:ommon ly produce
transtensional basins on the earth, but their value as analogues is problematical
because of the almost total absence of strike-slip faults on other bodies.
Structures of "local" scale: These include grabens and normal faults d1.1e
to: 1) bending, 2) lateral slip or flow along a discontinuity, and 3) adjust~ents
of surficial materials to topography or movements in underlying rocks.
1. From considerations of simple plate bending, shallow normal faults and
grabens can form in the hinge regions of structural arches and domes, and along
the anticlinal hinges peripheral to basins. Numerous examples are discussed in
the literature. Because most of these structures are of less than crustal scale,
and because most involve the bending of layered rocks, the total exte~sional
strain developed is not very large.
2. If local conditions permit, sud ace mat erials can slide or flo•;
laterally along a subsurface discontinuity, with the extension accommodated by
the formation of normal faults and grabens. Even though the specific geologic
conditions are unlikely to be duplicated on another body, these stuctures are
useful analogues because they demonstrate that the spacing and width of
geometrically simple grabens provide direct evidence for th~ thickn~ss 0f the
faulted layer (9).
3. Sediments deposited over a high-relief surface will dt:velop drapt:
structures when they compact.
Drape anticlines ("supratenuous" anticlines)
formed this way have been known for a long time. Normal faults are mechanically
possible in the hinge regions of these drape anticlines, but I am not aware of
any published studies describing them. In structurally active areas, poorly
consolidated surface materials must adjust to bending and faulting in
consolidated rocks buried beneath them. One common result is the developmtnt
of collapse grabens in the surface materials such as the shallow grabe!IR forme d
in gravels overlying bedrock gjAu that were opened in the winter of 1975-76 by
rifting in northern Iceland.
Nany of these "local" structures are geometrically .:tnd rr'echanically useful
as analogues, and they have been used to infer the mechanisms of formation of
faults and grabens on Mercury, Mars, Ganymede, and the Moon. The primary problem
is one of scale -- most of the planetary features are larger than th~ €arth
analogues.
There are good reasons why this might be so, but this scale
difference requires that we use structural analogues with care. However, it is
entirely possible that crustal-scale equivalents of smaller structures on the
earth appear so important on other planets and moons simply because there are
no dynamic tectonic and degradational systems to mask them.
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DO PIT-CRATER CHAINS GROW UP TO BE VALLES
MARINERIS CANYONS? Richard A. Schultz, Geodynamics Branch. NASA Goddard
Space Flight Center. Greenbelt. MD 20111.
No.
The Valles Marineris (VM) canyon system on Mars is a spectacular planetary
rift [1-3]. It has been proposed that the canyons nucleated and grew as collapse
structures from a set of initially tiny pit-crater chains [4], but this scenario is not
supported by structural relationships seen in Viking images.
A distinction should be made between canyons controlled by normal faulting and
pit-crater chains that look superficially like canyons controlled by normal faulting.
Structural mapping on enlarged 1:2 million scale photomosaics confirms that the
original structural canyons are much narrower (factor of 3) than the present canyon
width, and that normal faulting has controlled the lengths and depths of these
canyons. Some canyons are controlled by 2 long, mutually parallel, inward dipping
normal faults (Ius, western Tithonium Chasmata). Other canyons are defined by one
continuous normal fault scarp faced by several discontinuous, echelon scarps
(Coprates). Structures forming one or both graben walls can be inferred in Ophir
and Melas Chasmata only by extrapolating along isolated spurs and massifs on
canyon floors or by examining canyon terminations. These wide canyons are
probably composed of several parallel grabens and are terminated in many cases by
oblique trending normal faults.
In contrast, pit-crater chains (PCC) are restricted in extent and differ in
morphology and structure from the canyons. Whereas grabens are found throughout
VM plateaus, large PCC only occur north of Ius and South of Coprates Chasmata,
respectively (Fig. 1). PCC distribution is neither random nor uniform but
antisymmetric about the canyon system. Where PCC appear to merge into canyons,
such as eastern Tithonium Chasma and Candor Chasma, the structure of each is
distinct. Candor is defined by several parallel and oblique grabens, whereas eastern
Tithonium is an echelon array of closed to partly closed depressions. Indeed, PCC
are characterized by their segmented, echelon geometry [5], limited extent, and lack
of clear fault control.
Mapping shows a variety of PCC trends along the canyon system. PCC north
of Coprates Chasma are independent of (not parallel to) VM grabens and, somewhat
surprisingly, are linked in orientation and location to wrinkle ridges (Fig. 1). In
contrast, many large PCC nearest the major canyons parallel them, although the
PCC south of Coprates are crosscut by oblique, northeast trending grabens. This
implies that the stress state associated with the growth of PCC varied spatially
along the canyon system, and certain PCC may record a set of early, pre- VM
regional stress states. Valles Marineris and associated structures are said canonically
to be oriented "radial to Tharsis" and this is taken to indicate some profound
geometric, and presumably genetic mechanical, relationship [6]. Although a good
correlation exists between principal stresses calculated from Tharsis loading models
and the overall trend of VM canyons, the variety of structure locations, trends, and
relative ages underscores the limited applicablility of available geophysical models to
canyon tectonics. Indeed, classification of structures as "radial or non radial to
Tharsis" probably is no longer a useful or precise exercise.
Structural relationships listed above suggest that pit-crater chains have a
different origin than canyons. Echelon geometry indicates that the chains of pit
craters behaved mechanically as interacting cracks. This suggests that pit-crater
chains may be the surface expression of laterally propagating subsurface dikes or
hydrofractures. The pits themselves may be surficial collapse depressions.
Systematic locations of PCC in the canyon system and growth early in the rifting
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process [7) perhaps suggest a magmatic (dike) origin as the more likely. Thus, the
principal Valles Marineris canyons and pit-crater chains both have a structural origin,
but canyons appear controlled by normal faulting (not dikes or cracks) and pit-crater
chains by subsurface dikes or cracks (not normal faulting).
REFERENCES: (1) Sharp (1973) JGR 78, 4063-4073. [2] Blasius et al. (1977) JGR
82, 4067-4091. (3) Frey (1979) Icarus 37, 142-155. (4 See discussions by Croft
(1989), 4th lntern.Mars Conf. (41MC), 88-89; Spencer et al. (1989) 41MC, 193-194;
and Lucchitta et al. (1989) 41MC, 36-37. (5) Pollard and Aydin (1988) GSA Bull.
100, 1181-1204. (6) For example, Wise et al. (1979) Icarus 38, 456-472; Plescia and
Saunders (1982) JGR 87, 9775-9791; and Banerdt et al. (1982) JGR 87, 9723-9733.
(7) Schultz and Frey (1988) EOS 69, 389-390: Schultz (1989) Lunar Planet. Sci. XX,
974-975.
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Figure 1. Distribution of wrinkle ridges and pit-crater chains (stippled} in the Valles
Marineris region. Canyon outlines omitted for clarity.
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STRIKE-SLIP FAULTING IN THE RIDGED PLAINS OF MARS. Richard
A. Schultz. NASA Goddard Space Flight Center. Greenbelt. MD 20711.
The surface of Mars shows abundant evidence of extensional and contractional
deformation in the form of normal faults, grabens, and wrinkle ridges [1]. In
contrast, strike-slip faults have been considered to be extremely rare or absent on
Mars [2,3]. However, careful study of Viking Orbiter images is revealing that strikeslip faults were produced on Mars [4]. Here I document several well-preserved
examples of martian strike-slip faults, examine their relationships to wrinkle ridges,
and discuss their tectonic significance.
The strike-slip faults presented here deform moderately cratered plains of
presumed volcanic origin southeast of Valles Marineris (Fig. 1 )[5]. North-south
striking wrinkle ridges also deform plains materials throughout the area. The strikeslip faults are defined by a series of localized plateaus whose overall trend is oblique
to the dominent trend of the wrinkle ridges. These polygonal or rhombohedral
plateaus are connected by linear structures that are arranged en echelon. The arrays
of echelon structures and plateaus are distinct morphologically from typical wrinkle
ridges on the Moon and Mars [6]. The plateaus do not appear to result from
disruption and lateral offset of pre-existing wrinkle ridge topography because the
ridges do not match up across the echelon structures. Further, the location of
plateaus within stepovers . argues against simple offset because not all echelon arrays
are associated with wrinkle ridges or other high topography outside the stepover.
Thus, the presence of polygonal plateaus within the stepovers of echelon structures
suggests that the plateaus formed as a result of mechanical interaction between
those structures. Extensional basins can occur within stepovers along dilatant
echelon cracks [7] and extensional stepovers along strike-slip faults [8]; stepovers
between dip-slip faults are not generally associated with basins or uplifts. [9]. The
rhombohedral shape of many plateaus is consistent with the geometry of rock
fracture in a strike-slip stepover. Hence, the linear echelon structures are probably
strike-slip faults and the plateaus correspond to uplifts within contractional stepovers.
The echelon structures and plateaus on Mars are similar geometrically to strikeslip faults and push-up ranges on the Earth (Fig. 2). Dimensions of overlap and
separation of echelon faults are comparable for martian and terrestrial strike-slip
faults, although overlaps along the martian contractional stepovers are somewhat
smaller than those along terrestrial extensional stepovers of similar separation.
However, smaller overlaps for contractional vs. extensional stepovers may be produced
during the growth of strike-slip faults in echelon arrays [10], so the mechanics of
strike-slip faulting on Mars does not appear to differ significantly from that on Earth.
Determination of the sense of slip along echelon strike-slip faults is
straightforward given the type of stepover and sense of step. For example,
contractional stepovers occur for right steps along a left lateral fault or left steps
along a right lateral fault. The northwest trending strike-slip faults (Fig. 3) step
consistently to the right, implying left lateral slip along the echelon array. The
northeast trending faults to the south step consistently to the left, implying right
lateral slip along that array. Secondary structures such as end-cracks, joints, and
normal faults or stylolites, folds, and reverse faults can grow near strike-slip fault
terminations as a result of fault slip [11], and the locations of these structures
depend on the sense of slip. For a right lateral fault, large ~orizontal compressive
stresses build up in the north-east and south-west quadrants, promoting nucleation
and growth of folds and reverse faults. The right lateral fault arrays are associated
with wrinkle ridges in the north-east and south-west quadrants, and left lateral faults
join wrinkle ridges in north-west and south-east quadrants. Wrinkle ridges are notably
absent in the opposing, extensional quadrants of these faults. These relationships
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suggest that these wrinkle ridges may have nucleated in response to slip along the
strike-slip faults and propagated away from the fault termination regions. High-angle
(but not orthogonal) intersections between wrinkle ridges and the strike-slip faults are
consistent with this hypothesis. In some cases, small crenulations that extend away
from some fault terminations are superimposed on larger ridges, perhaps implying
multiple stages of contractional deformation and local uplift. The location and
orientation of wrinkle ridges near terminations of strike-slip faults provide independent
evidence that wrinkle ridges represent contractional deformation such as folding or
reverse faulting.
The amount of overlap provides a rough estimate of the magnitude of lateral
offset along echelon faults with extensional stepovers (12]. Applying this relationship
to contractional stepovers, the cumulative lateral offset along each martian strike-slip
fault array appears to be several tens of kilometers. This kinematic estimate
probably underestimates fault slip because it assumes rigid materials with no internal
deformation in the stepover region and neglects shortening within wrinkle ridges
located near fault terminations. However, it demonstrates that significant lateral
displacement of the martian crust has indeed occurred. Relationships between several
strike-slip faults and wrinkle ridges suggest that strike-slip faulting predated growth
of at least some wrinkle ridges. In a few cases, however, apparent superposition of
fault-termination wrinkle ridges on much larger ridges implies the reverse sequence.
No examples were found that would suggest strike-slip faulting that clearly postdated
wrinkle ridge formation. · Thus, it appears that strike-slip faulting predated and
overlapped the episodes of wrinkle ridge growth.
The remote stress state associated with the martian strike-slip faults is inferred
from their orientations and sense of slip. Using typical values of fault friction (13]
and a Coulomb slip condition, the direction of maximum horizontal compressive
principal stress u:l would be oriented 30° to the faults, or approximately east-west
(Fig. 3). Remote stress states associated with wrinkle ridge formation are usually
obtained by assuming that u 3 is oriented normal to the overall trend of the ridges
[14]. The orientations of u 3 defined by both sets of structures are very similar.
This result is consistent witll the relative timing of strike- slip faults and wrinkle
ridges discussed above and suggests that magnitudes of the other two principal
stresses varied spatially or temporally within the region.
The strike-slip faults and associated wrinkle ridges may be related to isostatic
adjustments in Tharsis. However, Tharsis principal stress trajectories (14) differ by
10-30° from those derived from structure orientations (Fig. 3). One possibility is
that the differences between Tharsis geophysics and structure orientations arise from
idealizations or assumptions in the models. On the other hand, the region southeast of Valles Marineris is tectonically complex, and Tharsis-related remote stress
states may have been modified by more local stresses. More refined geophysical
modeling of Tharsis deformation and analysis of local deformation will help resolve
these alternatives. The age of strike-slip and wrinkle ridge deformation is early
Hesperian, or about 3-3.5 b.y. ago (15]. Strike-slip faulting south-east of Valles
Marineris was either roughly comparable in age or younger than that inferred along
the Gordii Dorsum escarpment west of Tharsis [4]. However, principal stress
trajectories from Tharsis deformation models [141 do not appear to be suitably
oriented to drive left lateral slip along Gordii Dorsum faults. Thus, there were
probably at least two episodes of strike-slip faulting in widely separated regions of
Mars. Given the complexity of deformation observed in many ancient terrains, it is
possible that strike-slip faulting was fairly common on Mars.

•
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NEW EVIDENCE--OLD PROBLEM: WRINKLE RIDGE ORIGIN; David H. Scott,
U.S. Geological Survey, Flagstaff, AZ 86001.
Wrinkle ridges characterize lava plains on the Moon, Mars, and
t1ercury. Although they are recognized as structural features, different
interpretations as to their origin have been advanced. Some investigators
have thought that they were formed by compressional forces (1-5); others
have suggested that the ridges result from crustal extension followed by
lava intrusions along fractures and faults (6-8).
One of the least rewarding pursuits is the search for new information
from a much-used data bank that has been long unreplenished. Thus, the
fortuitous discovery of fresh evidence contributing to the understanding r.; f
a problem is stimulating. During the large-scale (1:500,000) geologic
mapping of the Kasei Va 11 es-Lunae Planum region of ~1a rs (~1Tt1 25057), a
continuous progression was observed in the transition from a wrinkle ridge
to a chain of collapse pits (a catena) to grabens (Fig. 1). A similar but
more limited association of structural elements occurs in places on the
lunar maria where wrinkle ridges lead into linear rilles or grabens (Fig. 2)
which, in turn, are commonly associated with catenae. On Mars, too, grabens
and catenae are either. coincident or intergradational in many places.
However, the occurrence of a tripartite transition between ridges, catenae,
and grabens is probably rare, because it apparently has not been observed
previously. The relations of these structures in this local area seem to be
most plausibly explained by their having commo11 nrigins that involv·~ crustal
extension, surface fracturing and collapse, magma intrusions, and the
formation of dikes that have breached surface layers.
Wrinkle ridges having nearly orthogonal intersections occur in ridged
plains material south of Valles Marineris. The cross-cutting patterns
formed by these ridges are similar to those of fractures and grabens
transecting ridged plains material north of Kasei Valles. Crustal extension
rather than compression may be the best explanation for the development of
these structures.
References
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Figure 1.

Ridged plains material of Lunae Planum (Viking frame
064A41). G-graben, C-catena, R- ridge.
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Figure 2.

Mare Serenitatis (Apollo 15 9303 Panoramic). G-graben
(rille), R-ridge, C?-questionable catena. Picture width
about 8 km.

29

FAULT-RELATED FOLDING ON THE EARTH WITH
APPLICATION TO WRINKLE RIDGES ON MARS AND THE MOON;
J. Suppe1,2, and W. Narr2, 1Division of Geological and Planetary Sciences,
Caltech, Pasadena CA 91125, 2Department of Geological and Geophysical
Sciences, Princeton University, Princeton NJ 08544.
Quantitative analysis of high-quality seismic, well, and surface geologic
data over the last decade demonstrates that many, if not most, large-scale folds
in the upper crust are formed in response to faulting. The most important
mechanisms that have been identified are fault-bend folding (Suppe, 1983) and
fault-propagation folding (Suppe and Medwedeff, 1984; Suppe, 1985;
Woodward et al., 1985).
Fault-bend folds are produced by bending of the hanging-wall fault block
as it slides over a non-planar fault surface; both compressional and extensional
fault-bend folds are common. In contrast fault-propagation folding takes
place at the tip of a propagating thrust fault (note that some thrusts propagate
slowly as slip increases with folding at the fault tip whereas others propagate
rapidly by Coulomb fracture). Quantitative geometric and kinematic
relationships between fault shape and fold shape have been derived for both
fault-bend and fault-propagation folds based on knowledge of the small-scale
deformation mechanisms. For example layer thickness is generally conserved
in compressional fault-bend folding because most of the deformation is by
bedding slip, whereas layer thickness is generally not conserved in extensional
fault-bend folding because most of the deformation is by slip on small normal
faults that cut bedding. These quantitative relationships between fault and fold
shape have been successfully tested in many cases in which the entire shape is
well known. The theory has been applied successfully to complex situations
with excellent data, including wedge-shaped faults, multiple folds and faults,
and folding of faults.
Major modification of fold shapes takes place within strata deposited
during deformation, that is within growth strata. Actual examples agree well
with theoretical predictions. In the case of deposition faster than the structural
uplift, little or no surface expression exists (for example Lost Hills anticline;
Medwedeff, 1988, 1989). At lower depositional rates, substantial topography
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or bathymetry can develop, but the surface is generally a time-transgressive
angular disconformity, which has a shape quite different from the underlying
layers (for example Wheeler Ridge anticline, Medwedeff, 1988). The
deposition of rock over such growing structures provides a complete record
of the deformation which allows quantitative kinematic reconstruction of the
deformation. However subsurface data are required and surface data alone
can be deceptive.
All the fault-related folding mechanisms involve kink-band migration, with
the band boundaries pinned to hangingwall or footwall cutoffs on the faults.
At small displacements relative to the thickness of the stratigraphic cover, the
kink band may assume a shape that is quite different from the simple theory.
An example from Casper Mountain is given, which may be analogous to some
wrinkle ridges. The kink band undergoes substantial widening vertically such
that the surface dips are quite shallow whereas at depth they are nearly
vertical. The vertical component of the deep displacement does reach the
surface, whereas the horizontal component is dissipated such that the surface
fold shape cannot be simply related to deep structure.
Medwedeff, D.A., 1988, PhD Thesis, Princeton University, 184p.
Medwedeff, D.A., 1989, Amer. Assoc. Petroleum Geol. Bull. 73, 54.
Suppe, J., 1983, Am. J. Sci. 283, 684.
Suppe, J., 1985, Principles of Structural Geology, Prentice-Hall, 537p.
Suppe, J., D.A, Medwedeff, 1984, Geol. Soc. Amer. Abstr. Prog. 16, 670.
Woodward, N.J., S.E. Boyer, J. Suppe, 1985, An Outline of Balanced CrossSections, Univ. Tenn. Dept. Geol. Sci., Studies Geol. 11, 170p.
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DEVELOPMENT OF GRABENS, TENSION CRACICS, AND PITS SOUTHEAST OF ALBA

PATERA, MARSi Xenneth L. Tanaka and Philip A· Davis, u.s. Geological Survey,
Flagstaff, AZ 86001 and Matthew p. Golombek, Jet Propulsion Laboratory,
Caltech, Pasadena, CA 91109.
The two major regions on Mars that are dominated by grabens and collapse
features (e.g., pits, pit chains, and troughs) are the regions surrounding
Valles Marineris and Alba Patera. Most of these collapse features formed
along or parallel to graben floors and walls.
Possible genetic relations
among grabens, tension fractures, and pits can be bettet" studied in the Alba
Patera region because (1) the pit chains at Valles Marineris show progressive
enlargement and coalescence into troughs due to mass-wasting and erosional
processes that are as yet poorly understood, and (2) volcanism and tectonism
in the Valles Marineris region were long lived, and they have obscured crustal
stratigraphy, tectonic history, and relations among pit and pit-chain size and
distribution and fracture size and distribution.
The pits near Alba Patera, on the other hand, appear to have undergone
only minor modifications. The pits formed chiefly in frac·tured lava flows on
the southeast flank of Alba Patera over an area of several hundred
kilometet"s. Pit development postdates Alba Patera volcanism and faulting, and
it appears to be related to the latest tectonic activity in the t"egion, which
was centered on Ascraeus l-ions [ 1] • The pits show no indication of significant
alteration by other processes, although their walls appear to have been eroded
back by mass wasting and the pits have possibly been partly filled with eolian
material. Only a few of the southernmost pits may have been buried by late
lava flows of Ceraunius Fossae and Acraeus T:1ons.
Four major pit chains (the longest of which is 1100 krn) on the southeast
flank of Alba Patera parallel the dominant northeast strike of the grabens and
are of similar age to the grabens; spacing between the chains (about 150 km)
is fairly uniform. Many smaller pit chains, mostly within grabens, occur
between the four large chains. Because the grabens that contain pits wet:'e
formed by regional tectonic activity, we infer that the drainage of the pits
was also initiated by tectonic processes. The model by [2] proposes that
major tension cracks developed in intact megaregolith (ejected breccia whose
impact-induced fractures were healed by carbonate cementation and which may
have had pore-fluid pressure if water was present). The open tension cracks
provided voids into which weaker, overlying material (such as uncemented
megaregolith) may have collapsed to form pits.
Also, the model indicates that
the cracks would originate at the same subsurface mechanical discontinuity at
YThich faults bounding grabens intersect. This model is consistent with the
general association of pits YTith grabens and the tectonic setting and likely
crustal stratigraphy where pits formed.
The mininum pit spacings within the four large chains mentioned above
average about 1 to 2 km. According to laboratory experiments [3], this
distance may also represent the thickness of unconsolidated material above a
tension crack.
(However, these laboratory experiments used unconsolidated
material that may not be completely analogous to the material involved in
vertical pit drainage on l-iars.)
A probable measure of the thickness o .f the
unconsolidated material above tension cracks is the depth to the mechanical
discontinuity where faults bounding grabens initiated, which is suggested by
the model of [2] and the laboratory results of [3]. This mechanical
discontinuity in Lunae, Syria, and Sinai Plana was recently estimated to be
between 1 and 1.5 km deep, which is close to the modal depth value for
measured pits and troughs in these three regions [4].
If the faulted-layer
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thickness around Alba Patera (which we are currently investigating) is similar
to that estimated for these other regions, then the tension-fracture model
proposed by [2) explains graben and pit development in which both faulting and
fracturing initiated at the same mechanical discontinuity.
Certain predictions can be made regarding faulting on Mars on the basis
of the Griffith failure criteria that describes the formation of tension
cracks and shear faults in intact rock, Byerlee's law that describes failure
in shear for prefractured material, and a crustal stratigraphy in which
prefactured material (e.g., ejected breccia) overlies intact material (e.g.,
cemented breccia).
Shear faults bounding grabens will form in the
prefractured material and connect with tension cracks that may form in the
underlying intact rock, if the stresses are high enough to form tension cracks
[2]. The shear faults will form at lower deviatoric stresses than those
required to form tension cracks. This suggests that the faults bounding
grabens will initiate at the controlling subsurface mechanical discontinuity
and propagate to the surface before tension cracks initiate at the same
discontinuity and propagate down.
Subsurface drainag8 of unconsolidated
breccia into sufficiently large tension cracks beneath the grabens would
result in the formation of pits along graben traces.
Because most grabens on
Mars do not have drainage pits associated with them, the mate.rial below the
mechanical discontinuity either does not fail due to its greater strength or
forms ·tension cracks that are too small to allow the subsurface drainage of
material. However, grabens will always form above subsurface tension cracks,
provided the overlying material is prefractured (suggested by the presence of
the grabens) and thus weaker than the underlying intact rock. This model is
in accord with the observation that most pits occur along the trace of
grabens.
Some smaller pit chains near Alba Patera are not spatially associated
with grabens, which requires either lateral changes in mechanical properties
or formation by a different process such as gas venting. The latter
alternative seems unlikely because of the apparent lack of coeval volcanic
deposits in the area (the pits clearly postdate the volcanism of Alba Patera),
the lack of rims on the pits, and the linear alignment of the pit chains.
Note that pits produced by gas venting generally have raised rims and form
sinuous chains [5,6].
We therefore propose that the mechanical properties of the crustal
material determines where tension cracks may form in subsurface material
without forming grabens that breach the surface above them. The general
stratigraphy of Syria, Sinai, and Lunae Plana may be similar to that near Alba
Patera and may therefore provide some insight into the mechanical properties
of the crustal materials that control graben, tension fracture, and pit
formation in the latter region. We interpret from recent studies of depths to
various erosional and mechanical discontinuities [4, 7, 8] that the
stratigraphy within those three plana consist, from top to bottom, of a
layered sequence of lava flows, sedimentary rock, and ejected breccia (about
Q.S km thick), a relatively pristine ejected breccia layer (about o.s km
thick), a cemented, resistant ejected breccia layer (about 1.5-2.0 km thick),
and a healed basement. The correspondence between head depths of sapping
valleys and the depth of the cemented ejected breccia layer (about 1 km)
suggests that water (either ice or liquid) was present. Tension fractures
could develop in the cemented breccia layer regardless of the prese nce or
absence of water; pore-fluid pressure in the cemented breccia would augment
the development of tension fractures.
Some areas of the shallow crust around Alba Patera where there are pits
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apparently impeded graben formation, and therefore differ from the above
stratigraphy. If the surficial layers were intact and sufficiently strong
such that tensile stresses adequate to crack the cemented breccia were below
those required to crack the stronger overlying rocks, faults would not
propagate to the surface. Locally, lava flows near Alba Patera thus may be
without throughgoing thermal-contraction fractures to satisfy this strength
requirement. Failure criteria [2] indicate that pore-fluid pressure in the
cemented breccia and basement rocks is probably required so that their tensile
strengths at depth are lower than the surficial volcanic rocks.
In this case,
subsurface drainage of the layer of unconsolidated breccia into the tension
cracks would, at some point, cause overburden failure in the volcanic rocks
and result in collapse, without associated graben development.
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1
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14853 USA; 2 US Geological Survey, Astrogeology Branch, Menlo Park CA 94025.
Olympus Mons exhibits a series of terraces on its slopes, concentrically distributed around the caldera. The base of each terrace is marked by a modest but
abrupt change in slope. Above the base, the slope decreases gradually with height,
creating a gentle, convex topographic profile. In some locations, several terraces
are located one above another. They occur in a region roughly 20% to 55% of the
radius from summit to base, at altitudes of 20 - 12 km above Mars datum.
The sharp break in slope at the base of the terraces and the apparent dislocation
of some flows suggests an origin by faulting. However, the faulting does not appear
to be analogous to the "pali" around the periphery of the Hawaiian shields, which
result from normal faulting associated with outward movement of the shield flanks.
Normal faults typically are marked by a steep escarpment with sharp breaks in
slope at their base and crest. This is true of the peripheral faults on Kilauea and
Mauna Loa, and is true also of the numerous normal faults on Mars. In contrast,
the terraces on Olympus Mons have a sharp break in slope at their base, and gentle
convex upward profiles. Here we explore the possibility that the breaks in slope are
caused by thrust faults that formed penecontemporaneously with emplacement of
the flows on the volcano flanks, due to compressional failure of the cone.
In an attempt to understand the mechanism of faulting and the possible influences of the interior structure of Olympus Mons, we have constructed a numerical
model for elastic stresses within a martian volcano using an incompressible, Eulerian
finite element formulation (1,2).
For Olympus Mons, our model represents the volcano as an axisymmetric truncated cone, 21 km in height, with upper and basal radii of 50 km and 250 km, respectively. The cone rests upon a base 100 km thick and 500 km in radius. The base
is constrained below and at its outer edge by rigid boundary conditions. Numerical
tests show that the base is sufficiently large to completely avoid edge effects.
The model incorporates a magma chamber. The magma chamber has a diameter equal to that of the caldera, ~ 100 km. Given this diameter, the magma chamber
clearly is far from spherical; we model it as an oblate spheroid. For the case of Kilauea, accurate measurements of surface tilting are best explained by pressurization
of a magma chamber at a depth of 2- 6 km (3). This requires that the chamber
be within the edifice, raised above the surrounding plains. The vertical location of
the magma chamber probably is controlled by the buoyancy of the magma, as it
ascends though material of decreasing density ( 4). The variation in density with
depth is predominantly due to the closing of voids by hydrostatic pressure at depth.
Scaling the depth of the Kilauea magma chamber ( 4) for gravity, we find that an
appropriate vertical extent is 5 - 15 km below the summit. This implies that the
magma chamber is elevated over 10 km above the surrounding plains.
The magma chamber in the model may be vacant, filled but unpressurized,
or pressurized. Pressurization of the magma chamber is simulated by specifying
normal stresses as boundary conditions on the magma chamber walls. The density
of the material throughout the volcano is 2050 kg m- 3 , and a value of Young's
modulus appropriate to basalt, 9 x 10 10 Pas, is adopted.
For a full magma chamber, the stress environment at the surface is dominated
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by a region of compressive stress occupying the upper two thirds of the slope,
appropriate to the formation of thrust faults there. Maximum compressive stresses
are ""250 MPa. These stresses arise from the general elastic deformation of the cone,
and represent a net reduction in surface area. In addition to these prominent stress
features, there is a region of compressive tangential stress at the summit, ringed
by a region of extensional stress. However, the stresses here are much smaller
( ""10 MPa). The location of the greatest extensional stresses is found on the lower
slopes of the cone when the chamber is filled, occupying roughly the lowest third of
the flanks. The stresses here are < 30 MPa.
A similar stress distribution is observed when the cone contains a vacant magma
chamber. In this case, however, compressive stresses tend to be more equally distributed over the volcano slopes, and no extensional stress is evident on the lower
slopes. This is apparently because the presence of a vacant magma chamber permits
increased compression of the edifice and, accordingly, more pronounced compression on the slopes. Assuming that the escarpments on Olympus Mons are indeed
the expressions of the thrust faults, we find that a full chamber produces a stress
distribution most consistent with the observed distribution.
If the magma chamber is pressurized, additional extensional stresses can occur
at the summit and the upper slopes of the cone. For a magma chamber pressure
of 100 MPa (twice the overburden), the maximum extensional stress is ,...,go MPa.
While such stresses could readily cause extensional faulting, it is unlikely that the
material of the volcano could support such large overpressures without extrusion
taking place. We find that the location of the expected zone of thrust faulting is
a complicated function of the size and shape of the volcano and magma chamber
and the internal pressures within the chamber, but to a limited extent the position
of the faults may be used to derive information about the internal structure of the
volcano at the time of faulting.
Terraces like those on the flanks of Olympus Mons are also observed on three
other martian volcanoes: they are very prominent on Ascraeus Mons, and present
but less well-developed on Arsia Mons and Pavonis Mons. Alba Patera, which has
a diameter over twice that of Olympus Mons, does not have them. If the occurrence
of these features, which we believe are due to thrust faulting, is related to edifice
size, then clearly large diameter alone is not a sufficient requirement. We therefore
considered the influence of both diameter D and mean slope hID, where h is the
edifice height, on flank stresses.
Calculations for a range of hiD and D show that the maximum compressive
stress found on the flanks is a simple linear function of these parameters. By
modeling volcanoes with various diameters and slopes, then, we can extend the
results obtained for Olympus Mons to the other martian volcanoes. We find that
the four volcanoes with the largest stresses are the only ones on which concentric
flank terraces are observed, lending considerable support to the view that these
features form by thrust faulting.
It is useful to compare our calculated maximum stresses to laboratory data for
the strength of basalt. Estimates for the unconfined uniaxial compressional strength
of basalt vary from 124 MPa (5) to 262 MPa (6) for basalts with densities similar
to that assumed for this model. Figure 1 shows the range of edifice dimensions hID
and D that will produce flank stresses that meet or exceed this failure strength.
Dimensions of the major martian volcanoes are shown, using topographic data
from Pike (8). All four volcanoes that exhibit flank terraces lie well within the
region where failure, and hence thrust faulting, is expected. All other martian
volcanoes, which are free of t erraces, have flank stresses below the failure strength
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of basalt. Simplifying assumptions of this model, in particular incompressibility (7)
and neglect of lithospheric flexure, have the effect of understimating stresses on the
volcano flanks, and do not alter our major conclusions.

I. Olympua Mona
2. Pavonia Mona

1500

3. Aacraeua Mona

4. Araia Mona

_1000

500

h/D
Figure 1. Volcano diameter vs. average slope for all major martian volcanoes.
The range where maximum flank stresses equal compressional strength values for
basalts are indicated by the hatched region.
References: (1) Thompson, E.G. & M.l. Haque {1973) Int. J. Num. Methods
Eng., 6, 315-321. (2) Thompson, E.G. (1975) Int. J. Num. Methods Eng. 9, 925932. (3) Macdonald, G.A. {1961) Science, 133, 673-679. ( 4) Ryan, M.P. (1987)
U.S. Geol. Surv. Prof. Pap. 1350, vol. 2, 1395-1447. (5) Hathaway, A.W. & G.A.
Kiersch (1982) in Handbook of physical properties of rock, CRC Press. (6) Handin,
J. (1966) in Handbook of Physical Constants, GSA Memoir 97. (7) Deterich, J.H.
(1988) J. Geophys. Res., 93, 4258-4270, 1988. (8) Pike, R.J. (1979) in Proc. 9th
Lunar Planet. Sci. Conf., pp. 3239-73, Pergamon, New York.
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ORIGIN AND CHARACTERISTICS OF DEXTRAL STRIKE-SLIP FAULTS
WITHIN THE YAKIMA FOLD BELT, COLUMBIA RIVER FLOOD-BASALT
PROVINCE, USA
Terry L. Tolan, Geology Department, Portland State University,
P.O. Box 751, Portland, Oregon 97207, James Lee Anderson,
Department of Geology, University of Hawaii at Hila, 523 W.
Lanikuala St., Hila, Hawaii 96720, Marvin H. Beeson, Geology
Department, Portland State University
The presence of northwest-trending, dextral strike-slip
faults within the Yakima Fold Belt (YFB) has been firmly
established and recent studies (1,2,3,4,5,6,7) suggest that these
faults can be informally grouped into 3 categories based on their
physical characteristics and mode of origin: 1) tear faults local
to ridge uplift, 2) faults or shear zones of limited extent and
minor displacement that do not influence ridge-fold geometry, and
3) wrench faults of regional extent that can be traced across
ridge uplifts and interridge basins.
The first two categories
of dextral strike-slip faults can be found throughout the YFB
while the last category of faults occurs mainly in the
southwestern and southern portions of the YFB.
The first category of dextral strike-slip faults consists of
tear faults (and associated folds) which commonly define the
boundaries of anticlinal ridge segments within the YFB (1,2,4,7).
These faults and associated folds are typically confined to the
area of ridge uplift and do not extend any appreciable distance
into adjacent basins (2, 7, 5).
Trend of these structures is
variable, ranging from N 10 degrees to 60 degrees W. Faults of
this first category are thought to originate in response to
differences in developing anticlinal fold geometry along the
ridge trend and do not necessarily reflect the presence of
pre-Columbia River basalt structures (8,2,5).
The second category consists of faults that typically have
small displacements and do not appear to have exerted any control
on ridge-fold geometry. The trend of these faults is variable,
ranging from N 5 degrees to 65 degrees W.
Fault planes are
typically near vertical to vertical and have narrow (<1 m-wide)
brecciajgouge zones.
Lateral displacement on these faults is
generally thought to be on the order of a few meters to tens of
meters (1) and vertical displacement is commonly less 5 m.
Because of their subtle topographic and geologic expression, this
category of fault is often difficult to recognize except in areas
of excellent exposure or where the trace of these faults have
been accentuated by erosion andjor vegetation. These faults are
known to occur throughout the YFB, but appear to increase in
frequency of occurrence in the southwestern portion of the YFB
(9,1). Faults of this category are an expected consequence the
development and growth of the YFB. However it has been
postulated that these faults could have also originated as part
of a broader "distributed shear" system operating on western
North America (10).
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The last category consists of at least 12 northwest-trending,
dextral wrench fault zones. These zones typically strike between
N 30 degrees to 50 degrees W and usually exceed 40 km in length
(4,5,6).
Where these zones transect an anticlinal ridge they
often mark ridge-segment boundaries. But unlike tear faults of
the first category, these features can be traced into, and often
through, adjacent basins.
Within the interridge basins these
fault zones commonly display a combination of structural
features(4,5,6) including:
- en echelon faults, with reversal of apparent dip-slip
separation along strike commonly observed;
- transpressive, en echelon, faulted, asymmetric,
doubly-plunging anticlines (flower structures);
- transtensional horsts and grabens.
Amount of lateral displacement on these wrench fault zones is
estimated to be generally less than 1 km (5). Evidence indicates
that these dextral wrench fault zones are the present expression
of older strike-slip faults that existed prior to the emplacement
of Columbia River basalt flows in middle Miocene time (3,5,6) and
therefore not a direct consequence of YFB development(S).
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STRUCTURAL GEOMETRY, STRAIN DISTRIBUTION AND FOLD
MECHANICS WITHIN EASTERN UMTANUM FOLD RIDGE, SOUTH CENTRAL
WASHINGTON; A.J. Watkinson, Geology Department, Washington State
University, Pullman, WA 99164 USA
E.H. Price, CER Corporation, P.O. Box 94977, Las Vegas, NV 89193
Umtanum Ridge is one of the best-exposed Yakima ridges formed by
folded basalt flows in south-central Washington. An analysis was made of the
structural geometry and strain distribution in the deformed basalt layers exposed
on the ridge at Priest Rapids. The purpose of the analysis was to gain an
understanding of the distribution and orientations of the small-scale structures
[faults, breccias and joints] around the anticlinal structure. From this we can
assess the relative strain intensity and distribution around the fold and use this
information, along with the mapped profile shape of the fold and associated faults,
to construct a balanced section leading to constraints on the tectonic models of
the Columbia Plateau.
The strain distributions and structural geometries within the Umtanum fold
accord well with an asymmetric kink-fold geometry with predominantly flexural
strains in the steep limb; however, the internal cataclastic flow in the steep limb is
not penetrative at field observation scale. Discrete flexural slip has occurred, both
within and long flow contacts, along with some internal shatter brecciation and
faulting between and at angles to the flow-parallel faults.
Two major faults are associated with the fold. The upper, the Buck thrust,
appears to be specifically associated with the change in trend of the anticline, and
as such is interpreted to be an accommodation structure. The other major fault,
the Umtanum fault, is conjectured to have formed out of the kink-like fold at depth.
Slickenside striae orientations on faults developed during folding are generally
perpendicular to the fold axis.
Our fold reconstruction is based on the following constraints:
1. The Cold Creek syncline on the south side of the Umtanum anticline is
structurally higher than the Wahluke syncline on the north side.
2. Because the Buck thrust dies out along strike, and appears to be
formed as a result of the bend in the trace of the anticline, we assume that the
major fault is the Umtanum fault. We therefore use the southerly dip [20-25] of the
southern back limb of the fold structure as a guide for the extrapolated dip of the
Umtanum fault at a lower structural level.
3. The southern limb and hinge zone has a very low fracture intensity, and
therefore we do not believe that the fold has travelled far up and over any series
of ramps or flats.
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4. We assume that the dip of the Umtanum fault is very low at the surface,
based on the observations made further along strike.
5. The resulting section has be be compatible with the strain distributions
estimated from the small-scale structures.
6. We have no drill data through the structure, or access to any
geophysical information to constrain the deeper levels.
7. We place 'pin' lines, perpendicular to bedding, in the low strain areas of
the syncline to the north and the back limb of the anticline.
Our partially restored section showing the Umtanum fault to be an out-offold fault does balance and is one of the most conservative models in terms of
amount of fault displacement.
Owing to the lack of subsurface information, detailed boundary conditions
are hard to specify, making it difficult to constrain the exact mechanics of folding.
The characteristic shape of the fold is presumably as much a function of the layer
properties (1) as it is the specific structural environment.
If low angle thrust faults are regionally developed (although there is no
clear seismic, drill or field evidence that they are), other viable geometric models
are possible such as fault bend folds (2), fault propagation folds (3), or
detachment folds (4).
The current state of stress (5}, measured by hydrofracturing techniques, is
below that estimated for the critical buckling stress (6) for initiation of periodic,
sumisoidal, elastic buckling of a uniform multilayer on a weaker substrate from
sinusoidal
d4v
d2v
El d X4 + P·. d X2 + Kv =0 (7)
Attenuated folding (of form v = Ce~x sin ax) at lower values of differential stress
could occur at sites of localized shear (8) (from reactivated faults at depth?) or
localized bending moments (9) (from propagating kink/buckle folds?).
The flat synclines separating the anticlines suggests a regional model of
local decollement folding (1 0), perhaps initiated in the N/S stress field, in part
gravitationally generated in an actively subsiding basin? [cf (11 ).]
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CROSSCUTTING PERIODICALLY SPACED FIRST-ORDER RIDGES IN
THE RIDGED PLAINS OF HESPERIA PLANUM: ANOTHER CASE FOR A
BUCKLING MODEL
Thomas R. Watters and D. John Chadwick, Center for Earth and
Planetary Studies, National Air and Space Museum, Smithsonian
Institution, Washington, D.C. 20560
Hesperia Planum (20"S, 250"W) is one of the largest
contiguous areas of ridged plains on Mars outside of the Tharsis
Plateau. Ridged plains units on Mars are characterized by the
presence of landforms analogous to those in mare wrinkle ridge
assemblages (1). Like the ridged plains of Tharsis, those of
Hesperia Planum are associated with a volcanic center. Tyrrhena
Patera is a relatively small, heavily degraded shield volcano,
surrounded and embayed by ridged plains material (2). The
first-order ridges of Hesperia Planum are morphologically and
dimensionally analogous to those on Tharsis. However, the
spatial relationship of the ridges is much more complex. Many
of the ridges crosscut one another at nearly orthogonal angles
forming what have been termed as reticulate ridge patterns
(3,4).

The ridged plains of Hesperia Planum with prominent
reticulate ridge patterns lie to the east and southeast of
Tyrrhena Patera. The reticulate pattern has been separated into
two sets of first-order ridges, one with a predominant NW-SE
trend and the other with a predominant NE-SW trend. Using the
1:2,000,000 Controlled Photomosaics as a base, ridge spacing was
determined using a series of sampling traverses spaced at
roughly 12 km intervals oriented perpendicular to the
predominant trend of each set of ridges. Since the method used
to determine ridge spacing includes all measurements between any
two ridges along the sampling traverse including spacings
between ridges that are not immediately adjacent, and the
frequency distribution of ridge spacing is generally asymmetric,
the mode is the most reliable measure of the average spacing.
Based on the results of this study, both the NW-SE and the NE-SW
trending ridge sets have an average spacing of 30 km.
The near consistent spacing of both sets of first-order
ridges can be explained by two superimposed episodes of buckling
of the ridged plains material at a critical wavelength where the
maximum compressive stress direction has changed by roughly
go·. In this fold model (5), it is assumed that the ridged
plains material: 1) deformed at the free surface under little or
no confining pressure and, 2) behaves like a series of thin
linearly elastic plates with essentially frictionless contacts.
An elastic rheology was chosen over linearly viscous or
power-law flow (see 6) because at low temperatures and
pressures, ductility is rarely observed in rock (7). Free slip
between laye rs is assumed based on the likely presence o f
regolit h interbeds in the ridged plains volcanic sequence. The
presence of such interbeds in a flood basalt sequence is
consistent with subsurface data in Mare Serenitatis and Mare
Crisium on the Moon and the Columbia Plateau.
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The multilayer rests on a mechanically weak regolith
substrate of finite thickness which is in turn resting on a
rigid boundary. The rigid basement does not participate in the
deformation, thus no assumption of whole lithosphere deformation
is necessary to explain the periodically spaced ridges. This is
in contrast to the models of Zuber and Aist (6) where the entire
lithosphere is free to deform.
In the model proposed here, the
basement is assumed to have elastic properties equal to the
ridged plains material. This is not unreasonable since it is
assumed that the deformation involving the ridged plains is
limited to the upper crust of Mars (< 10 km) . The observed
wavelengths of many of the ridges can be explained by this
model, at critical stresses below the maximum compressive
strength envelope of a basalt-like material, given that:
1) the
ratio in Young's modulus between the ridged plains material and
the underlying regolith E/E 0 ~ 1000; 2) the thickness of the
ridged plains material is between roughly 2,000 and 4,100 m; and
3) the average thickness of a layer in the sequence is between
250 and 500 m (figure 2).
The origin of compressional stress that resulted in
crosscutting ridges in Hesperia Planum is not clear.
In the
case of the ridged plains of the Tharsis Plateau, compressional
stress may be the result of isostatic uplift (8,9,10). However,
in the absence of a "Tharsis-like" uplift or load in Hesperia
Planum and other ridged plains provinces on Mars (i.e., Syrtis
Major Planum, Malea Planum), other mechanisms must be sought.
Compressional stress may result from local subsidence due to
loading from the ridged plains material (see 4). However, local
subsidence will likely generate only a single dominant trend
related to the geometry of the basin. A combination of local
subsidence and a later superimposed regional tectonic event
could account for the crosscutting ridge pattern.
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Figure 1.

Crosscutting first-order ridges in the
ridged plains of Hesperia Planum.
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Figure 2.

Critical wavelength of buckling as a
function of thickness of the ridged plains
material.
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STRIKE-SLIP FAULTING ASSOCIATED WITH THE FOLDED
COLUMBIA RIVER BASALTS: IMPLICATIONS FOR THE DEFORMED RIDGED
PLAINS OF MARS
Thomas R. Watters and Michael J. Tuttle, Center for Earth and
Planetary studies, National Air and Space Museum, Smithsonian
Institution, Washington, D.C. 20560
The anticlinal ridges in the continental flood basalts of
the Columbia Plateau (or Columbia Basin) are long, narrow,
periodically spaced structures with broad relatively undeformed
synclines. The orientation and spacing of the anticlines varies
throughout the Yakima Fold Belt, but is consistent within
certain domains (1). Associated with the steeply dipping
vergent side of the asymmetric anticlines are reverse to thrust
faults. Mechanisms suggested for the origin of the anticlines
or Yakima folds include: 1) drape folding over high angle
reverse faults (2); 2) buckling over shallow detachments in the
basalt sequence followed by reverse to thrust faulting (3); 3)
buckling of the basalt sequence simultaneously with the
emplacement of the oldest flows followed by dominantly reverse
to thrust faulting (4); and 4) initial buckling in response to a
horizontal compressive load coupled with a layer instability
between the basalts and sub-basalt sediments (1,5).
In addition to the anticlines, numerous strike-slip faults
have been mapped in the fold belt. Anderson (6) reports 35
right-lateral strike-slip faults (mean strike N40°W) and 10
left-lateral (mean strike Nl3°E) in the southern portion of the
fold belt. The lateral displacement along the most extensive
faults is typically small (< 1 km). Tolan et al. (7) suggest
that the strike-slip faults can be classified as either tear
faults, faults of limited extent or regional faults. Based on
paleomagnetic data, Reidel et al. (8) observe a clockwise
rotation in the anticlines relative to the synclines that they
attribute to rotation along a localized NW trending
right-laterial shear system developed in the anticlines as they
grew.
In an effort to find additional evidence of strike-slip
faults within the fold belt, Landsat Thematic Mapper (TM) data
(30 mjpixel), Seasat SAR (25 mjpixel) and topographic data are
being examined for prominent lineaments. The TM data has been
geometrically corrected and edge enhanced to optimize the
discrimination of linear features. Mapped lineaments are then
digitized to facilitate statistical analysis using double angle
method. To date over 80 lineaments have been mapped, 73 of
which are located in the southern domain of the fold belt. Many
of these correspond to previously mapped right-lateral
strike-slip faults. The mean direction of the known and
suspected strike-slip faults in the southern domain is N37°W
(circular variance = 0.15) (figure 1). No pre dominant secondary
trend corresponding to conjugate left-lateral strike-slip faults
is present in our data.
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Tectonic domains where major fold trends are transected by
conjugate strike-slip faults have been documented (9,10).
Because of the limited extent and lateral displacements of the
strike-slip faults in the fold belt, a pure shear rather than a
simple shear mechanism should best explain the geometric
relationships between the structures. Pure shear is consistent
with the development of relatively short (< 100 km) conjugate
sets of strike-slip faults (see 10). Given a N-S directed
compressive stress, the system of structures possible includes
E-W trending first-order folds and first-order right-lateral and
conjugate left-lateral strike-slip faults with a angle 9 to
the primary stress direction (figure 2). The angle 9 is
constrained by the Coulomb-Navier criterion where 9 is
related to the coefficient of internal friction ~· For
typical values of ~ between 0.58 and 1.0, 9 is in the
range of 22.5°-30°. In the southern domain of the fold belt,
the mean direction of the ridges is roughly N80°W. Taking the
normal to this to be the approximate direction of the
compressive stress, the mean direction of the known and
suspected right-lateral strike-slip faults is within the range
for 9. Although the regional faults are thought to predate
the Columbia River basalts (7), their orientation and extent are
consistent with the expected system of tectonic features.
The anticlinal ridges in the Yakima Fold Belt have been
shown to be good analogs to first-order ridges in wrinkle ridge
assemblages that occur in the ridged plains material on Mars
(5). If the ridged plains material has deformed in a similar
style to the basalts of the Yakima Fold Belt, then strike-slip
faults and their associated secondary structures may be common
on Mars. In contrast to the Gordii Dorsum escarpment,
interpreted by Forsythe and Zimbelman (11) to be a major
transcurrent fault, the strike-slip faults associated with the
first-order ridges, like their analogs in the Yakima Fold Belt,
would be expected to be limited in extent, accommodating a
portion of the relatively low bulk strain apparent in the ridged
plains.
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