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[1] Motivated by conflicting interpretations concerning the origin of blunt terminations of
troughs at Valles Marineris, Mars, we investigate the reactivation of preexisting cross
faults in response to stress changes associated with slippage along a major, basin-bounding
normal fault (i.e., border fault). Coulomb stress changes indicate that cross fault
reactivation is possible in both the footwalls and hanging walls of border faults, although
this is dependent on the distance between the border and cross faults. Cross faults
accommodate dip-slip normal motion for most border fault geometries and conditions we
tested, but strike-slip motions are predicted when preexisting cross faults are vertical.
Furthermore, although lateral extensions of the border fault (LEBFs) may nucleate within
cross fault footwalls at all stages of border fault development, they are favored to develop
when border faults and cross fault tip lines are proximal. Observations from the Valles
Marineris extensional province, Mars, are consistent with (1) normal displacements along
cross faults, (2) numerous examples of pit-chains, interpreted to represent surface
expressions of lateral extensions to the border fault (LEBF), (3) the lack of well-developed
cross faults in the footwall of border faults, and (4) the inference that tapered trough ends
formed in areas that lacked cross faults prior to the main phase of extension at Valles
Marineris. We suggest a new sequence of deformation that accounts for the formation of
blunt-trough terminations during the major phase of Valles Marineris extension: coeval
and locally bidirectional extension, that results from local stress field changes associated
with border fault growth in a dominantly unidirectional remote (extensional) strain field.
By implication, many of the irregular closed troughs such as Hebes Chasma are better
interpreted as grabens rather than collapse depressions. INDEX TERMS: 6225 Planetology:

Solar System Objects: Mars; 8010 Structural Geology: Fractures and faults; 8020 Structural Geology:

Mechanics; 8109 Tectonophysics: Continental tectonics—extensional (0905); 8164 Tectonophysics:

Stresses—crust and lithosphere; KEYWORDS: Cross faults, release faults, stress triggering, Valles Marineris,

Hebes Chasma, rift mechanics
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1. Introduction

[2] Fault slip causes changes in the ambient stress field
that can both stimulate and impede earthquakes in regions
near the rupture patch [e.g., Das and Scholz, 1981; Hudnut
et al., 1989; King et al., 1994; Freed and Lin, 1998;
Gomberg et al., 1998; Harris, 1998; Harris and Simpson,
1998; Toda et al., 1998; Stein, 1999; Ziv and Rubin, 2000].
Models of stress changes associated with coseismic slip
have been successful in accounting for triggered earth-
quakes on neighboring faults, and these suggest the impor-

tance of stress interactions in controlling the development
(i.e., cumulative displacements) of linked fault systems
[e.g., Davison, 1994]. In this paper we investigate the
importance of triggered slip in reactivating preexisting cross
faults, faults that are oriented at high angles to the major,
basin-bounding normal fault (referred to as a border fault in
this paper) in extensional provinces. Although seismogenic
triggering of slip along cross faults has been observed most
commonly along fault systems with strike-slip motion
[Hudnut et al., 1989; Mori, 1993; Ichinose et al., 1998;
Smith and Priestley, 2000], examples in normal faulting
environments have also been observed [Smith et al., 2001b]
and inferred [e.g., Janecke, 1993]. We explore the mechan-
ics and kinematics of cross faults that develop in response to
stress changes induced by the growth of a major, basin-
bounding normal fault.
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[3] The motivation for this work stems from conflicting
interpretations of rectangular-shaped troughs within the
Valles Marineris system of grabens on Mars (Figure 1).
Although some researchers have suggested that blunt-
ended, rectangular-shaped troughs formed partly in re-
sponse to erosional processes [e.g., Spencer and Fanale,
1990], we explore the possibility that blunt trough termi-
nations are related instead to triggered slip along release
faults (defined below), and that a tectonic origin is consist-
ent with observations. We show that irregular troughs, such
as Hebes and Candor Chasmata, formed as grabens whose
border faults partially reactivated the preexisting cross
faults. Our stress transfer modeling provides the first
mechanically based explanation that supports faulting for
the formation of blunt trough ends within the Valles
Marineris extensional province, Mars, and more generally,
the locally orthogonal extension observed in numerous
extensional environments.

[4] Release faults are a specific class of cross faults that
display predominantly normal displacements and are located
primarily in the hanging walls of border faults, near the
border fault tip line [Destro, 1995]. Destro [1995] sug-
gested that release faults relieve the bending stress within
the hanging wall that arises from along-strike displacement
gradients along border faults (Figure 2a). However, cross
faults in extended regions have also been referred to as
transfer faults [Gibbs, 1984, 1990; Morley et al., 1990;
Faulds and Varga, 1998], after analogies with transfer
zones or tear faults in thrust terrains [e.g., Dahlstrom,
1969] and transform faults at oceanic spreading centers
[e.g., McKenzie and Morgan, 1969]. Using fault models
that assume constant displacement along the fault surface,
Gibbs [1984, 1990] argued that strike-slip displacements
should predominate along cross faults because they accom-
modate extension along the main border faults (Figure 2b)
(see Carr [1981] for application to Valles Marineris).
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Figure 1. Color-coded topography of (a) Tharsis region derived from MOLA (saturated above 12 km
(white), blue is low (��8 km); 1/16� spatial resolution; Zuber et al. [2000]) and (b) the Coprates
quadrangle (MC-18, 125 m/degree, 1� latitude = �59 km, scale shown above), which shows the portions
of the Thaumasia Plateau (south of Valles Marineris) and interpreted antiform and subsurface thrust fault
(teeth point in dip direction) along Coprates Rise [Schultz and Tanaka, 1994]. (c) Viking image mosaic of
central Valles Marineris. Note the blunt-trough terminations (arrows) at W. Hebes, E. Echus, Candor and
Ophir Chasmata.
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However, mapped cross faults commonly exhibit dip-slip
normal or oblique displacements [e.g., Colleta et al., 1988;
Faulds et al., 1990; Janecke, 1993; Destro, 1995; Roberts
and Yielding, 1994; Fossen and Hesthammer, 1998; More-
wood and Roberts, 2000, 2001; Maerten et al., 1999,
2002], conflicting with Gibbs’ [1984] model. Furthermore,
from detailed structural and stratigraphic work, Morewood
and Roberts [1997, 2000, 2001] have demonstrated syn-
chronous extension on orthogonal normal faults in terres-
trial settings.
[5] Developing a mechanical framework for the evolution

of cross faults is important for several reasons. Mechani-
cally based explanations of cross fault development would
improve tectonic reconstructions that rely on strain meas-
urements [Faulds et al., 1990; Morewood and Roberts,

2001]. For example, we demonstrate that simultaneous
normal slip along orthogonal normal faults can occur under
a dominantly uniaxial remote plane strain field, which is
consistent with conclusions based on geometrical [Ferrill
and Morris, 2001] and mechanical [Maerten et al., 1999,
2002] considerations. This local three-dimensional strain
differs from two separate phases of regional extension as
sometimes inferred, or from three-dimensional strains that
form only if the magnitudes of driving stress do not
correspond to plane strain in the slip model of Reches
[1983] or odd-axis model of Krantz [1988].
[6] Second, cross-strike structures commonly occur at the

terminus or origin of earthquake ruptures, suggesting they
act to limit the along-strike length of coseismic ruptures
[Bruhn et al., 1987; Crone and Haller, 1991; dePolo et al.,
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Figure 2. Schematics of the transfer of slip from a border fault to (a) a release fault and (b) a transfer
fault (modified from Destro [1995] and Gibbs [1984]). Pure dip-slip normal displacements (Dn) occur on
the release fault, whereas transfer faults accommodate displacements (Do) that are predominantly strike-
slip.
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1991; Janecke, 1993; Roberts, 1996a; Ichinose et al., 1998;
Morewood and Roberts, 2001]. Rupture length is one of the
most important parameters in seismic hazard models [e.g.,
Wells and Coppersmith, 1994] but also one of the most
difficult to forecast [dePolo et al., 1991, McCalpin, 1996],
partly because cross faults (or transverse structures in
general) may act as both conservative and non-conservative
rupture barriers [e.g., Roberts, 1996a].
[7] Third, cross faults have important economic implica-

tions in that they may compartmentalize economic deposits
[e.g., Gibbs, 1990; Milani and Davison, 1988; Morley et al.,
1990; Faulds and Varga, 1998]. Insights about the origin
and development of cross faults can provide clues to their
spatial extent and structural characteristics, and to previous-
ly undiscovered economic reservoirs.
[8] We first provide evidence for cross faults at Valles

Marineris, Mars, incorporating geologic interpretations of
Viking [Snyder, 1977] and Mars Orbiter Camera (MOC)
[Malin et al., 1992, 1998] images, in addition to topographic
data acquired by the Mars Orbiter Laser Altimeter (MOLA)
[Zuber et al., 1992; Smith et al., 1999a]. These observa-
tions, together with mechanical models of fault-related
topography [Schultz and Lin, 2001] and empirically based
estimates of slip from earthquake source parameters [Wells
and Coppersmith, 1994], form the basis for prescribing slip
distributions and fault geometries that we use to analyze
the slip tendency (i.e., potential for reactivation) of a
preexisting cross fault in response to slip on a border fault.
Model results are then applied to the general kinematic
development of cross faults in extensional settings, as well
as the formation of rectangular troughs at Valles Marineris,
Mars.

2. Geologic Background of Valles
Marineris, Mars

[9] The Valles Marineris are a series of WNW trending,
parallel troughs (called ‘‘chasmata,’’ defined as elongate
depressions) that incise a broad plateau on the eastern
flanks of the Tharsis volcanic-tectonic province (Figure 1)
[Sharp, 1973; Blasius et al., 1977; Scott and Tanaka, 1986;
Witbeck et al., 1991; Lucchitta et al., 1992]. The uppermost
geologic unit on the plateau, the Hesperian-aged ridged
plains (Hpl3 from Tanaka et al. [1992]) (Figure 3), is
interpreted to represent a regionally extensive series of lava
flows [Scott and Tanaka, 1986]. Younger deposits exposed
within the troughs (i.e., interior layered deposits [Nedell et
al., 1987]) span Hesperian through (younger) Amazonian
ages, whereas landslide materials are mostly Amazonian
[Witbeck et al., 1991; Lucchitta et al., 1992; Lucchitta,
1999]. Trough inception began in post-early Hesperian
times [Witbeck et al., 1991; Lucchitta et al., 1992; Schultz,
1998; Lucchitta, 1999]. The Valles Marineris are interpreted
here to represent tectonically formed grabens that are
bounded by normal faults that dip toward the interiors of
the troughs [following Blasius et al., 1977; Masson, 1977,
1985; Lucchitta et al., 1992; Peulvast and Masson, 1993;
Schultz, 1998; Peulvast et al., 2001; Schultz and Lin, 2001].
[10] The Valles Marineris region includes four major

structural elements, listed in their interpreted order of
inception, (1) a broad dome [Tanaka and Davis, 1988;
Schultz, 1998] �4–5 km in height [Smith et al., 1999a], (2)

�N-S trending wrinkle ridges, interpreted to be anticlines
that developed above the tips of blind thrust faults [Plescia
and Golombek, 1986; Schultz, 2000], (3) a widely distrib-
uted set of small, �NNE-SSW trending grabens [Frey,
1979; Witbeck et al., 1991], and (4) major �WNW-ESE
trending grabens of Amazonian age that accommodated the
maximum component of extension (oriented NNE-SSW)
within the region [Schultz, 1995; Mège and Masson,
1996a]. Numerous, well-exposed fault scarps, aligned both
parallel and highly oblique to the NNE-SSW axis of
extension, displace the youngest material within the
troughs (Figures 4–6; Late Amazonian epoch, <�1 Ga)

Figure 3. Martian stratigraphic epochs and absolute
timescale according to most recent analysis by Hartmann
and Neukum [2001]. Gray areas show range of possible
ages for epoch boundaries. (L) is late, (M) is middle, and
(E) is early. Modified from Zuber [2000].
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and provide evidence of relatively recent (Late Amazonian)
deformation within the troughs [Blasius et al., 1977;
Lucchitta, 1979, 1999; Spencer, 1983; Schultz, 1991;
Lucchitta et al., 1992]. These observations do not preclude
the possibility that both �N-S striking transverse faults and
the main WNW-ESE striking border faults were simulta-
neously active. On the ridged plains surrounding the

troughs, mutually cross-cutting �N-S and �E-W trending
grabens exist (Figure 7) [see Witbeck et al., 1991], which
also suggests coeval growth among these two orthogonal
fault sets.
[11] The interpretation of Valles Marineris as an analogue

to a terrestrial rift relies on the recognition that the troughs are
bounded by normal faults that accommodated extension

Figure 4. (a) NNE striking fault scarps (i.e., cross-faults, located in zone between arrows) displace
landslide deposits derived from the trough walls in Candor Chasma (Viking image 66A20). Mars Orbiter
Camera (MOC) image M2101824 location outlined in black, white portion shown in (b). (b) Probable
normal fault scarps (between arrows) in Amazonian deposits.
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[e.g., Blasius et al., 1977]. Although extensive deposition
within the troughs [e.g., Nedell et al., 1987] and erosion of
trough walls [e.g., Lucchitta, 1979] has obscured some of the
evidence for normal faulting [e.g., Blasius et al., 1977;
Schultz, 1991; Witbeck et al., 1991; Lucchitta et al., 1992;
Peulvast andMasson, 1993; Lucchitta, 1999], morphological
evidence of normal faulting is still apparent throughout
Valles Marineris. This evidence includes elongate and paral-
lel geometries (Figure 1), linear arrangements of faceted
spurs and gullies (Figures 5, 8a, and 9), and basal fault scarps

that locally truncate spurs and gullies within the wall rock
(Figure 8) [Blasius et al., 1977; Schultz, 1991; Lucchitta et
al., 1992; Peulvast et al., 2001]. Compelling evidence for the
downward displacement of ridged plains plateau materials is
given by the presence of plateau materials on trough floors
that display the samemorphological characteristics and crater
densities (i.e., age) as the upland plateau material bounding
the troughs (Figure 8) [Blasius et al., 1977; Schultz, 1991;
Peulvast and Masson, 1993; Lucchitta, 1999]. Plateau ma-
terial has been identified on trough floors in Ganges, Capri,

Figure 5. (opposite) (a) Pit-chain emanating from northwest Candor Chasmata (Viking image 065a25, cropped) and
interpreted image (b). The cross fault (cf) displaces the hanging wall ridge (hwr) from the footwall ridge (fwr), ball on
down-thrown side of fault (solid line). Note the triangular facets (tf) developed at the base of the cross fault scarp where it
truncates spur and gully morphology in the footwall. Plateau material in the footwall (fwp) is preserved at a lower structural
elevation in the hanging wall (hwp) along the pit-chain, and appears to be tilted southward toward the north facing scarp.
Box shows location of (c), MOC image (M14-00191, 2.85 m/pixel).

Figure 6. (a) A NNE striking fault is interpreted to breach the surface east of the faceted spurs (dipping
east) and hanging gullies on the east facing wall of Ophir Chasma (Viking image 915A10). MOC image
M2301765 (5.74 m/pixel) location outlined in black, white portion shown in (b). Triangular facets (tf) are
visible on footwall of cross fault. Probable normal cross fault scarps (between arrows) in Amazonian
deposits. Note èchelon stepovers along scarps, one example pointed out by northwest trending arrow.
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Eos, between Candor and Melas, and Coprates (Figure 8)
Chasmata [Blasius et al., 1977; Schultz, 1991; Lucchitta et
al., 1992; Peulvast andMasson, 1993; Lucchitta, 1999]. This
observation alone does not provide unequivocal evidence for
normal faulting because materials could be displaced down-
ward in response to collapse associated with pseudokarst
mechanisms [McCauley et al., 1972; Sharp, 1973; Tanaka
and MacKinnon, 2000]; subsurface erosion without the
presenceofcarbonate rocks.However, theapparent continuity
of these displaced plateau remnants on trough floors is
inconsistent with collapse mechanisms, because chaotically
broken and jumbled floors are expected if the rates of
downward displacement are sudden (km/sec), in contrast
to slower rates associated with faulting (km/Ma) [Schultz,
1991]. Furthermore, in some examples the displaced plateau
remnant is in contact with a distinct scarp at the base of the
trough wall. Such scarps truncate erosional spur and gully
morphology within the wall to form triangular facets, and
thus provide compelling evidence for normal faults (e.g.,
Figure 8) [Blasius et al., 1977; Schultz, 1991, Lucchitta et
al., 1992; Peulvast and Masson, 1993; Peulvast et al., 2001].
[12] A passive rifting origin of Valles Marineris has been

inferred from the analysis of geophysical data measured with
MOLA aboard the Mars Global Surveyor (MGS) satellite
[Smith et al., 1999b; Zuber et al., 2000; Smith et al., 2001a].
Smith et al. [2001a, pp. 23,609–23,610] stated that ‘‘Valles
Marineris lacks a regional (topographic) dome. . .which
indicates that the canyon system was a consequence of
passive rifting [Sengör and Burke, 1978] associated with
stresses due to the formation of the Tharsis rise, rather than
an active rift formed above a localized mantle plume.’’ This
interpretation is consistent with the observed negative free-
air gravity anomaly (��400 mGal) that is congruent with
the trough topography, and gravity highs along trough flanks
(�100–200 mGal), which indicates that the broad negative
anomaly commonly found beyond the troughs along active
rifts on Earth, does not exist at Valles Marineris [Smith et al.,
2001a]. Anderson and Grimm [1998] reached similar results
on the basis of an analysis of pre-MGS (Viking) gravity and
topographic data and suggested that the inferred elastic
thickness of the lithosphere (<30 km), low heat flow (>20

mW/m2), and width of Valles Marineris are consistent with
slow, passive rifting.
[13] Similar to terrestrial rift zones associated with litho-

spheric stretching, the crust beneath Valles Marineris is
thinned along its central axis [Zuber et al., 2000]. Further-
more, the Valles Marineris troughs are not isostatically
compensated, suggesting the lithosphere has not fully ad-
justed to their presence [Smith et al., 1999b]. This is
consistent with the interpretation that the Valles Marineris
formed relatively late (Late Hesperian-Amazonian) in Mar-
tian history [e.g., Schultz, 1998].
[14] Some researchers have suggested that the Valles

Marineris formed in a ‘‘transtensive’’ strain field with both
strike-slip and normal displacements along the border faults
[Anguita et al., 2001, Webb and Head, 2002]. For example,
Anguita et al. [2001] suggested that Valles Marineris accom-
modated right oblique motion during the Noachian to Early
Hesperian time period [see also Webb and Head, 2002]. The
inference of right-oblique displacements by Anguita et al.
[2001] is based on apparent dextral (i.e., right-lateral) offsets
of wrinkle ridges on Thaumasia Plateau, along WNW-ESE
and ENE-WSW trends, of which the former is similar to the
major trend of Valles Marineris troughs. However, right-
lateral displacements along Valles Marineris would be in-
consistent with east-southeast directed vergence that is
thought to be required for kinematic compatibility with the
structural development of Coprates Rise during the same
general time. Coprates Rise is a north-trending, �900 km
long, east-vergent, asymmetric anticline, interpreted to form
in response to folding and thrust faulting by Schultz and
Tanaka [1994], which may have formed during the same time
as the earliest stages of trough formation at Valles Marineris
[Schultz and Tanaka, 1994]. In contrast to Anguita et al.
[2001], Webb and Head [2002] suggested that Valles Mari-
neris accommodated left-lateral displacements in the Noa-
chian to Early Hesperian, in response to gravity-induced
sliding of the Thaumasia Plateau toward the southeast
(Figure 1b). In their model, left-oblique motion along Valles
Marineris is required to be kinematically compatible with
east-vergent, contractional structures at Coprates Rise. How-
ever, no evidence of strike-slip displacements within or

Figure 7. Viking image 919A14 of (a) mutually cross cutting grabens exposed on plateau surface. (b)
NNE-SSW trending graben scarps displace WNW-ESE trending grabens at location (1), whereas WNW-
ESE trending grabens displace NNE-SSW trending grabens at location (2).
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Figure 8. (a) Viking image mosaic (256 m/pixel) and (b) DEM of Coprates Chasma (125 pix/degree, 1�
latitude = �59 km) showing locations of footwall plateau (fwp) and hanging wall plateau (hwp) remnants
preserved as mesas on the trough floor. Well-defined, linear basal scarps (s) truncate erosional spurs and
gullies on wall rock and appear to truncate landslide materials (ls). (c) MOC image M1902111 (5.68 m/
pixel, location shown in (a)) displaying scarp (s) and hanging wall plateau (hwp) remnants. (d-d0)
Schematic structural cross section across Coprates Chasma, illustrating an example of how plateau
material is exposed in the hanging wall.
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outside the troughs was identified byWebb and Head [2002].
Structural or geomorphic evidence for strike-slip faulting
may be expected to include 1) laterally offset features such as
bedrock, faults (grabens or wrinkle ridges), gullies, ridges or
slide deposits; or either 2) pull-apart and/or 3) push-up
structures at fault step-overs (i.e., sag-ponds or shutter ridges
[McCalpin, 1996]; for Martian examples, see Schultz
[1989]). None of these lines of evidence have been identified
in young deposits within the troughs, along basal scarps at the
trough walls, or on adjacent plateaus north of the southern-
most chasmata [Blasius et al., 1977; Schultz, 1991; Lucchitta
et al., 1992; Peulvast and Masson, 1993; Lucchitta, 1999;
Peulvast et al., 2001]. Furthermore, structural and strati-
graphic relationships suggest that troughs formed after the
early Hesperian, [Witbeck et al., 1991; Lucchitta et al., 1992;
Schultz, 1991; Lucchitta, 1999] with the majority of struc-
tural displacement having occurred in the Late Hesperian-

Early Amazonian [Schultz, 1991, 1998]. Trough develop-
ment therefore primarily postdates any hypothesized episode
of strike-slip faulting.
[15] Interestingly, Purucker et al. [2000, 2001] inter-

preted the pattern of magnetic anomalies at Coprates and
Ganges Chasmata, Valles Marineris, to have resulted from
lateral offsets of �150 km. However, the structural inter-
pretation is complex because the apparent right-lateral offset
of magnetic anomalies at Ganges Chasma and left-lateral
offset of magnetic anomalies at Coprates Chasma occur
along the same structural trend. This would be difficult to
reconcile kinematically or mechanically with the trough
geology and tectonics. Additionally, the magnetic anoma-
lies that appear truncated and offset are suspect because
they are adjacent to regions of inadequate data coverage
[Purucker et al., 2000, 2001]. Furthermore, the interpreta-
tion of lateral offsets relies on the assumption that the

Figure 9. (a) Viking image mosaic (256 m/pixel) of Hebes Chasma, with interpreted faults and
landslides (ls). Note the development of spurs and gullies, and triangular facets on trough walls that lack
landslide scarps. (b) Viking image (919A04) with major border faults (dashes), cross faults (thick solid
lines), and minor border faults (thin solid lines) at NW Hebes and NE Echus Chasmata. Note the
orthogonal configuration of the mapped faults. (c) Close-up view of (b). Triagular facets (tf) define the
basal fault scarp.
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magnetization vector is vertical [Purucker et al., 2000,
2001].
[16] Many early researchers favored collapse or erosional

processes to explain the development of blunt trough ends
at E. Echus, Ophir, Candor, and W. Hebes Chasmata
(Figures 1b, 1c, 4–6, 9b, and 9c) because they concluded
that tectonic hypotheses are improbable [McCauley et al.,
1972; Carr, 1981; Spencer and Fanale, 1990; Lucchitta et
al., 1992]. Carr [1981] stated that a normal sense of
displacement along trough-bounding cross faults poses a
significant problem for tectonic hypotheses. In contrast to
the above discussion concerning strike-slip faulting along
ENE-WNW striking faults at Valles Marineris, Carr [1981]
suggested that strike-slip displacements should exist along
�N-S striking faults at blunt trough ends, as required by
rigid block fault models (Figure 2b), provided the dominant
direction of extension trends �N-S. The absence of laterally
displaced bedrock or geomorphic features at blunt ends of
troughs led Carr [1981] and subsequent researchers [e.g.,
Spencer and Fanale, 1990] to question a tectonic origin.
Spencer and Fanale [1990] thus invoked the removal of
subsurface carbonate deposits to produce box-shaped
troughs. However, in a transect across Hebes Chasma
significant carbonate spectral signatures were not observed
by the Thermal Emission Spectrometer (TES) [Christensen
et al., 1998].
[17] An origin related to collapse is also based on the

presence of chains of pit-craters (linear arrays of shallow,
scalloped shaped depressions; Figure 5), which are hypoth-
esized to coalesce to form larger chasmata [e.g., Sharp,
1973; Tanaka and Golombek, 1989]. These chains were
explained by stoping into large subsurface voids [e.g.,
Sharp, 1973; Tanaka and Golombek, 1989]. Importantly,
the formation of voids from subsurface dilatant fractures
(i.e., joints or dikes) is not a plausible mechanism for the
formation of the large Valles Marineris troughs, because
dilatant fracturing should be restricted to the zone of rock
mass properties within the uppermost �2.5 km of the crust,
below which shear fractures should form [Schultz, 1996,
1998]. In addition, voids produced from subsurface joints or
dikes would be too small to accommodate the collapse of
the great volume of material necessary to form the troughs
[e.g., Spencer and Fanale, 1990]. Furthermore, the linearity
of pit-crater chains and their association with small grabens
and/or perhaps underlying dikes [Mège and Masson,
1996b], suggests that subsurface structures controlled the
location of secondary erosional or collapse landforms. In
some cases, vertically displaced, continuous plateau rem-
nants are exposed in some pit-chains and appear tilted
(Figure 5), indicating that these pit-chains may be surface
features that formed above subsurface normal faults.
[18] There is no evidence for strike-slip displacements

associated with the pit-chains, or features inferred to ac-
commodate lateral displacements (such as échelon chains of
faults with depressed ridges at the fault segment step-over,
as identified by Schultz [1989]), indicating that a compar-
ison with terrestrial sag-ponds is not justified. The lack of
spur and gully development on pit-chain slopes provides
supporting evidence for relatively recent (Late Amazonian)
development, as suggested by Peulvast et al. [2001], who
suggested that the youngest scarp walls do not exhibit spur
and gullied morphologies.

[19] In summary, the greatest problem with previous
studies in interpreting the troughs as fault-bounded grabens
is the lack of a viable tectonic mechanism capable of
forming the blunt ends of the troughs. In this paper, we
demonstrate that blunt ends of the troughs may be normal
faults, and that dip-slip normal displacements, not strike-slip
displacements as suggested by rigid-block models, may
have occurred along the cross faults in a dominantly
uniaxial, �N-S extensional regime.

2.1. Fault Geometries and Sequential Development

[20] We first determine the deformation sequence and
geometries of cross and border faults to establish a frame-
work necessary for modeling their development. We iden-
tify a genetic link between cross faults that form blunt
trough terminations and cross faults that exist on the plateau
surface. Displacements and surface lengths of border faults
are then measured. Using these data, we test the hypothesis
that slip on border faults may have triggered reactivation of
preexisting cross faults.
[21] Trough-bounding cross faults and faults on the

adjacent ridged plains have similar orientations, supporting
a possible genetic relationship. To investigate this, we
measured the strikes of all cross-strike structures, i.e.,
wrinkle ridges and normal faults, from a geologic map
in the Valles Marineris region [Witbeck et al., 1991]. The
normal faults were divided into two groups, those that
define the ends of blunt troughs, and shorter structures on
the ridged plains (Figure 10). Although wrinkle ridges
also exhibit a NNW-SSE strike, �50% of the wrinkle
ridges strike NNE-SSW (average strike of �14� for n =
52 wrinkle ridges with strikes ranging from 0–52�).
Therefore both wrinkle ridges and normal faults on the
ridged plains have similar strikes as the trough-bounding
cross faults (�NNE-SSW). The similarity in strikes
among the major cross faults with both wrinkle ridges
and small grabens on the ridged plains supports the
possibility that these structures are genetically related. In
other words, it is possible that grabens are reactivated
wrinkle ridges, or vice versa.
[22] Insights about the sequential development of cross

faults can be deduced from the timing of related faults on
the plateaus. On the basis of stratigraphic relationships, 1)
the wrinkle ridges at Valles Marineris formed prior to the
Late Hesperian-Early Amazonian major phase of �N-S
extension [Frey, 1979; Watters and Maxwell, 1986], most
likely during Late Noachian-Late Hesperian times [Wit-
beck et al., 1991; Dohm and Tanaka, 1999] and 2)
grabens oriented perpendicular to the main Valles Mari-
neris trend are interpreted to have formed during Late
Noachian-Early Hesperian times [Frey, 1979; Dohm and
Tanaka, 1999]. If cross-strike normal faults that define
blunt trough terminations originated as older faults asso-
ciated with wrinkle ridges or small grabens, then the
cross faults formed prior to the main phase of Valles
Marineris extension. Wrinkle ridges are believed to have
formed above subsurface thrust faults [Plescia and
Golombek, 1986; Schultz, 2000]. Such thrusts may have
been reactivated as normal faults with a change in the
stress field, as demonstrated below. Therefore we infer
that blunt trough terminations may either be reactivated
normal or thrust faults.
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[23] The timing of the major episode of displacement on
cross faults is critical to the modeling approach. North-
northeast trending fault scarps in the westernmost portions
of, for example, Candor (Figure 4) [Blasius et al., 1977] and
Ophir (Figure 6) [Lucchitta, 1999] Chasmata displace
Amazonian-aged deposits within the troughs, attesting to
their relatively youthful activity. In the vicinity of Hebes
and Echus Chasmata, we mapped �E-W striking border
faults and shorter, �N-S striking cross faults, both delin-
eated by alignments of faceted spurs and hanging valleys as
well as offset ridges of wall rock and erosional surfaces
(Figure 9). Mutual cross-cutting relationships exist among
grabens that trend �N-S and �E-W on the ridged plains
plateau (Figure 7) [Witbeck et al., 1991], but cross-cutting
relations are not clear among major faults that form the
troughs. Nevertheless, evidence of relatively recent slip
(i.e., Amazonian), in combination with the inference of
prior displacements, suggests the possibility that cross strike
structures experienced a multistaged history: an initial phase
confined mostly to the Late Noachian-Early Hesperian and
extensional reactivation later, during the latest stages (i.e.,
Amazonian) of Valles Marineris faulting.

2.2. Structural Relief and Fault Segmentation
at Hebes Chasma

[24] Hebes Chasma is partly filled with a thick sequence
of interior deposits except for a trough adjacent to the wall
rock scarp that exposes and reveals the geomorphic evi-
dence of the bounding faults. Geomorphic evidence
includes triangular facets and linear scarps with apparent
offset of less consolidated and younger materials, relative to
the wall rock (e.g., Figure 9). Note that inferred faults with
�N-S strikes are found at both ends of Hebes Chasma,
although only the western fault defines the actual trough
edge. Displaced Hesperian footwall deposits have not been
observed in Hebes Chasma, because they are likely covered
by younger interior deposits, similar to grabens on Earth
[e.g., Grosfils et al., 2003]. However, footwall deposits have
been identified on the trough floors throughout other Valles
Marineris troughs (e.g., Figure 8) [Blassius et al., 1977;
Schultz, 1991; Lucchitta et al., 1992; Peulvast and Masson,
1993; Lucchitta, 1999]. Thus, as in previous studies on both

Earth [e.g., Cowie and Scholz, 1992; Dawers and Anders,
1995; Ferrill and Morris, 2001] and Mars [e.g., Schultz,
1991, 1995; Golombek et al., 1996; Mège and Masson,
1996a; Schultz and Lin, 2001] where the hanging wall is not
directly observable, we associate relief along the walls of
the trough with minimum structural throw. Inferred struc-
tural relief across the northern basin-bounding border fault
system within Hebes Chasma (hereafter the N. Hebes
Border Fault) is therefore a minimum fault-related throw
(i.e., vertical component of displacement, Figure 11). Mea-
surements were made on a digital elevation model (DEM)
of Hebes Chasma, based on MOLA data released in
December, 2001, with a �600 m/pixel grid (Figure 11a).
[25] The variation in structural relief along the N. Hebes

Border Fault system is similar to displacement variations
observed along segmented normal faults (Figure 11c),
increasing from minima near the fault tips (i.e., trough
ends) and segment boundaries to distinct maximum values
in between [e.g., Anders and Schlische, 1994; Dawers and
Anders, 1995; Morley, 1999]. Although one of the inferred
segment boundaries is overlain by a landslide deposit, the
trend of decreasing displacements on both sides of the
landslide suggests that a segment boundary exists some-
where within this region.
[26] Previous studies along active terrestrial normal faults

have shown that rupture segment boundaries coincide with
minima in range heights. For example, along the Wasatch
fault zone, Utah [e.g., Schwartz and Coppersmith, 1984;
Crone and Haller, 1991; Cowie and Scholz, 1992] and the
Dixie Valley-Pleasant Valley normal fault system [Zhang et
al., 1991] there exists a correspondence between coseismic
slip and cumulative fault displacement patterns, suggesting a
general persistence of rupture barriers for some (unknown)
portion of the faults history. Interestingly, in these cases the
footwall elevation decreases to form displacement minima,
whereas at Valles Marineris the hanging wall elevation
increases to give displacement minima. The later case is more
similar to that observed by Anders and Schlische [1994], who
show that the footwall decreases in elevation and the hanging
wall increases in elevation at segment boundaries.
[27] Lengths of the inferred segments at Hebes Chasma

are consistent with the upper limit of rupture lengths on

Figure 10. Rose diagrams of strikes of structures on ridged plains surrounding Valles Marineris
troughs, including wrinkle ridges (a), grabens (b), and major trough-bounding normal faults at Valles
Marineris (c). Mean strikes are 356.4� ± 3.8� (95% confidence interval) in (a), 17� ± 11.3� in (b), and
21.6� ± 8.9� in (c). Note that �50% of the wrinkle ridges strike east of north, with a mean strike of 14�
amongst this group, similar to (b) and (c).
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Figure 11. Structural relief across the N. Hebes border fault. Vertical precision of topography measured
with MOLA is <�10 m [Smith et al., 1999a]. Viking topography draped over DEM with locations of
measurements on footwall (solid circles) and hanging wall (open circles). Salients (s), reentrants (r), and
major landslides (ls) are apparent on the north and south facing walls. Footwall and hanging wall
elevations (interpreted as cutoff lines) (b) and structural relief (c). Arrows in image and (c) represent
regions of possible segment linkage (1� latitude = �59 km). Note the lack of footwall uplift surrounding
Hebes Chasma.
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normal fault surfaces (�75 km [Wells and Coppersmith,
1994]) and maximum lengths of normal faults (�150 km)
on Earth [Scholz and Contreras, 1998; Ebinger et al.,
1999]. Furthermore, the proposed segment boundaries cor-
respond with topographic salients and reentrants, which are
commonly associated with rupture barriers on Earth (Figure
11) [Crone and Haller, 1991; Zhang et al., 1991; Janecke,
1993]. Therefore we use the inferred segment lengths along
the N. Hebes Border Fault as the basis for model parameters
during fault growth (see section 3.2).

3. Model Description

3.1. Coulomb Failure Stress

[28] We calculate static stress changes to determine
whether triggered slip should occur along a preexisting
cross fault in response to slip along a perpendicularly
oriented normal fault (i.e., border fault). The change in
stress resolved along the cross fault is cast in terms of a
change in Coulomb failure stress (�CFS),

�CFS ¼ �t� m0�sn ð1Þ

where �t is the change in shear stress in the slip direction
along the cross fault (i.e., rake), m0 is the apparent coefficient
of maximum static friction, and�sn is the change in normal
stress (compression positive) on the cross fault [e.g., King et
al., 1994; Harris and Simpson, 1998]. The apparent
coefficient of maximum static friction implicitly accounts
for changes in pore pressure that arise from changes in
normal stress, bulk moduli and porosity of the fault rock
(via Skempton’s coefficient for rock B0, m0 = m(1 � B0) see
Harris [1998]). We use 0.4, the commonly used value of the
apparent friction coefficient [Harris, 1998], and note that
this value would be compatible with frictional sliding along
a border fault with a 50� dip in a regional stress field where
the maximum principal stress (s1) is vertical (s1 = sv) and
the minimum principal stress (s3) is horizontal (s3 = sh) and
perpendicular to the border fault (i.e., N-S strike, see section
3.2). Although changes in pore pressure and dynamic
friction during faulting may change m0, modest variations in
this parameter would not significantly alter the results [e.g.,
King et al., 1994; Schultz and Lin, 2001]. Stress changes are
resolved into �CFS along a surface and analyzed using the
Coulomb criterion for frictional sliding [e.g., Jaeger and
Cook, 1979]; a positive �CFS value increases the potential
for triggered frictional sliding, whereas a negative value of
�CFS impedes or delays slip. Several studies of aftershock
distributions demonstrated that changes in static �CFS as
low as 0.01 MPa (0.1 bar), or about 1% of average stress
drop during an earthquake, are effective in enhancing slip
[King et al., 1994; Harris, 1998; Stein, 1999]; however, Ziv
and Rubin [2000] found that any positive values may trigger
slip. In this study, we interpret positive �CFS as a lower
threshold necessary for advancing the time to failure and
triggering slip along preexisting faults.
[29] We use �CFS instead of more sophisticated rate-

and-state constitutive failure laws [e.g., Dieterich, 1994;
Harris and Simpson, 1998; Toda et al., 1998]. Rate-and-
state formulations incorporate variables not accounted for in
the Coulomb frictional sliding criterion, including interseis-
mic sliding speeds (i.e., slip rates), recurrence intervals, and

time-dependent fault friction [Dieterich, 1994], that are
useful in estimating the rate of slip (i.e., stable sliding
versus stick-slip). Given the lack of data on temporally
dependent changes in slip rate and fault-related friction for
Martian faults, we use the simple Coulomb frictional sliding
criterion, noting that it is a special case of the rate-and-state
formulation [Gomberg et al., 1998]. However, it is impor-
tant to point out that if stick-slip behavior is dependent on
initial stress and state (i.e., effects of contact history among
fault surfaces) [e.g., Dieterich, 1994] then a simple increase
in �CFS may not result in an immediate triggering of slip,
although it increases the chances for slip in the future [e.g.,
Harris and Simpson, 1998].
[30] Coulomb stress transfer calculations are used to

model either incremental stress redistributions associated
with coseismic rupture [e.g., Das and Scholz, 1981; King et
al., 1994], or a greater portion of the seismic cycle by
accounting for postseismic deformation [e.g., Freed and
Lin, 1998] (see review by Cohen [1999]). A consequence
of a complete seismic cycle is the final slip distribution,
which incorporates slip related to both coseismic and
postseismic processes. Similarly, cumulative fault displace-
ments are the direct result of multiple seismic cycles, each
consisting of both seismic and aseismic fractions of the
total deformation. Our primary interest is evaluating the
possibility of triggering slip on cross faults in response to a
single (coseismic) slip event along a border fault and then
assessing the cross fault kinematics if the stress changes are
positive.

3.2. Model Approach and Parameters

[31] The procedure we use for calculating �CFS involves
four steps: (1) determine fault geometries and slip distribu-
tions for a range of plausible border fault geometries, (2)
solve for the stress field that results from (1) using the three-
dimensional boundary element model COULOMB [King et
al., 1994; Toda et al., 1998], (3) calculate changes in
Coulomb failure stress (�CFS) [e.g., King et al., 1994;
Harris, 1998] resolved onto the cross faults and on along-
strike extensions to the border fault to evaluate the possi-
bility of triggered slip, and then (4) determine the sense of
motion along the reactivated faults for those portions where
Coulomb failure stress is increased sufficiently to promote
slip. We analyze a case analogous to the faults of Hebes
Chasma, where border fault locations relative to the cross-
fault are determined from the image and topographic
analyses (section 2.2; Figures 9 and 11). However, the
general structural geometry observed at Hebes Chasma is
also relevant to many extensional environments on Earth
that contain preexisting, cross strike structural features
[Gibbs, 1984; Argenton and Maccagni, 1988; Colleta et
al., 1988; Faulds et al., 1990; Janecke, 1993; Destro, 1995;
Morewood and Roberts, 1997, 2000, 2001; Faulds and
Varga, 1998; Fossen and Hesthammer, 1998; Maerten et
al., 1999; Poulimenos, 2000]. We also consider the possi-
bility that (1) lateral propagation of the border fault, along-
strike, will be favored instead of reactivation of a preexist-
ing cross fault (Figure 12) and (2) that reactivation of the
cross fault may occur in the footwall and/or the hanging
wall of the border fault.
[32] Three specific cases (1–3; Figure 12) of boundary

fault geometries and slip distributions are specifically tested:
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each corresponds to a single slip event along the individual
border fault segments observed in Figure 11 and displayed
in the model setup (Figure 12b). In each case (1–3), the
border faults become progressively longer and farther away
from the intersection with the cross fault, consistent with the
observations along the N. Hebes border fault. Elliptical slip
distributions are prescribed along-strike, with maximum
values estimated from empirical relations between surface
rupture length (SRL) and maximum slip (Dmax) on terrestrial
normal faults ([log(Dmax) = �1.98 + 1.51 * log(SRL)] [Wells
and Coppersmith, 1994, Table 2c]). For each case, we
systematically change the dip of the cross fault by incre-
ments of 30� to evaluate whether triggered slip can nucleate
on preexisting faults with a range of plausible dip angles (A
= 30�, B = 60�, C = 90�, Figure 12a).
[33] Geodetic inversions (using COULOMB) based on

observed lengths and displacements with solutions that
satisfy the relatively small amount of footwall uplift (<0.6
km [Schultz and Lin, 2001]) observed with MOLA suggest
that the N. Hebes Border Fault dips �50� to �60 km depth
[Schultz and Lin, 2001]. Increasing the fault dip and
decreasing the depth both increase the amount of footwall
uplift [Schultz and Lin, 2001] beyond the observed magni-
tudes. These results are similar to those obtained for other
border faults in Valles Marineris, which suggest faults dip
45–55� to depths of 60–75 km [Schultz and Lin, 2001]. In
the following models, we incorporate a 50� fault dip to �60
km depth for the N. Hebes border fault (Figure 12).
[34] Observations and theory indicate that slip vectors

may vary as a function of position on faults [Pollard et al.,
1993; Roberts, 1996b] and possibly result from mechanical
interactions with nearby faults [Cashman and Ellis, 1994;
Maerten et al., 1999, 2002]. Therefore we must evaluate
whether slip directions change along the cross faults. To
analyze variations in �CFS and slip direction as a function
of position along the cross fault, cross faults (200 km long)
are divided into 40 patches along strike and evaluated at
increments of 5 km depth from 0–60 km. Possible lateral
propagation of the border fault is also considered. Both
�CFS and rake along a possible lateral extension (100 km
long, 50� dip) of the border fault are analyzed at the same
increments as the cross faults (Figure 12).
[35] Local stress changes around faults are spatially

variable [e.g., Pollard and Segall, 1987; Ma and Kuznir,
1993], and therefore we calculate �CFS in a three-dimen-
sional half-space, composed of a homogeneous and isotro-
pic linear-elastic material, that accounts for stress changes
that arise from free-surface effects [e.g., Ma and Kuznir,
1993]. Modeled faults are treated as a planar displacement
discontinuity within surrounding homogeneous materials
(except for preexisting cross faults and lateral extensions
of the border faults). We use a Young’s modulus of E = 60
GPa and Poisson’s ratio n = 0.25 (Table 1) which is
consistent with average elastic properties for basaltic crust
on Earth and assumed for Mars [e.g., Schultz, 1993, 1996;
Schultz and Lin, 2001]. The assumed properties represent a
simplification of an undoubtedly complex crust with nu-
merous lithological and smaller (than the cross and border
faults) structural heterogeneities. However, the simplified
model serves as a first-order approximation so that we can
begin to understand the general mechanical development of
faults at Valles Marineris.

[36] In all calculations, we impose a regional stress field
that is appropriate for cohesionless frictional sliding [e.g.,
Brace and Kohlstedt, 1980; Townend and Zoback, 2000]
along the N. Hebes Border Fault with a dip-slip normal sense
of motion. This stress field consists of a vertical s1 repre-
sented by a depth-dependent overburden load (s1 = sv = rgh;
where r is density = 2.9 g/cm3, g is gravity = 3.72 m/s2, and
h = depth), as well as a horizontal s3 (= sh) oriented
perpendicular to the strike of the border fault (i.e., N-S;
Figure 7) and that also increases with depth so that the
shear stress resolved onto the border fault is constant [e.g.,
Townend and Zoback, 2000]:

s3 ¼ s1 m2 þ 1
� �1=2 þ m
h i�2

ð2Þ

[Jaeger and Cook, 1979; Engelder, 1993, pp. 71–75]. The
intermediate principal stress (s2 = sH) is estimated from
plane strain boundary conditions in a normal faulting
environment, where sH = n (sv + sh), or s2 = n (s1 +
s3)] for normal faults. [Engelder, 1993, p. 12]. These
conditions are significantly different from those used by
Maerten et al. [1999], who imposed a depth-independent
(constant) sv, with uniform horizontal extension (Poissonian
expansion) in both the x and y directions. Bruhn and Schultz
[1996] applied the same regional stress boundary conditions
as used here in their study of normal faulting, except they
evaluated results in two dimensions and thus did not
incorporate an intermediate principal stress (s2) parallel to
the fault strike.

4. Model Results

[37] Coulomb stress changes along preexisting cross
faults and an along-strike, lateral extension of the border
fault (LEBF) are displayed in Figure 13. The values of
�CFS (MPa�10�1 = bars) are prescribed for each patch by
resolving the induced stress tensor onto frictional surfaces
(m0 = 0.4) oriented N-S (i.e., cross fault) and dipping (a)
30�E, (b) 60�E, and (c) 90� and an LEBF (E-W strike, 50�S
dip). Slip directions (i.e., rake) are determined from a
combination of the induced stress tensor and the regional
stress field, where displacement occurs in the direction of
the maximum shear stress along the surface onto which
stress is resolved.
[38] �CFS gradients are generally largest in instances

where the border and cross faults intersect (case 1a–c and
2a, Figures 8 and 9). All LEBFs exhibit positive �CFS,
although the magnitudes significantly decrease away from
the tip line of the slipping border fault and as the distance
between the slipping border fault and LEBFs increases
(from case 1 to 3; Figures 12b and 13). The predicted rake
(slip directions of the hanging wall) along the LEBFs are
dip-slip normal, similar to the rake along the slipped portion
of the border fault (Figure 12).
[39] Moderately dipping cross faults (a–b) exhibit both

positive and negative�CFS, while negative values dominate
for a vertical cross-fault in case 1c and are mostly zero in 2c
and 3c. Interestingly, the possibility for triggered slip is
decreased along the portion of the cross fault within the
border fault footwall only in case 3 (negative �CFS),
whereas positive �CFS occurs in both the border fault
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Figure 12. (a) Three-dimensional diagram of model geometries prescribed in COULOMB (not to
scale). Schematic contours (shaded) on the border fault represent a tapered slip distribution, while patches
on the cross fault show schematically where the average slip directions and stress changes are calculated.
(b) Scaled diagram (map view, units are km) of fault geometries during border fault slippage and (c) slip
distribution at the surface during each slip event along the border fault.
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footwall and hanging wall in cases 1 and 2. Except for case 1
where the slipped border fault tip line is immediately adjacent
to the LEBF,�CFS is generally larger on dipping cross faults
than border fault extensions. Positive �CFS is located in
both the footwall and hanging wall of the border fault in cases
1a–b, although large gradients in �CFS are apparent. The
large gradients represent instabilities in the boundary element
model that occurs at fault intersections (S. Toda, personal
communication, 2002). Case 2a exhibits similar effects, with
generally positive�CFS in the border fault hanging wall and
negative �CFS in the footwall. The magnitude of negative
�CFS is reduced in case 2b relative to 2a.
[40] The predicted rakes are all dip-slip normal for

moderately dipping cross faults and dominantly lateral
(i.e., strike-slip) for vertical cross faults. The sense of
motion along the vertical faults in cases 1c and 2c may be

generalized as left-lateral in the border fault footwall and
right-lateral in the hanging wall, with a region of more
variable slip in between, while in case 3c, slip directions are
predicted to be right-lateral everywhere.
[41] The modeling results suggest that triggered slip

along preexisting cross faults and the LEBFs, into the
cross fault footwall, are possible within the range of
conditions we tested. However, differences in the location
of the slipping border fault with respect to the preexisting
faults lead to important differences in the calculated
�CFS along the preexisting faults. These differences
provide useful insight into the systematics of fault
development within these regions that may be directly
tested from observed fault patterns and from future
observations.

5. Discussion

5.1. Lateral Propagation of the Border Faults?

[42] Many of the rectangular troughs at Valles Marineris
are bounded by �N-S striking cross faults and longer �E-
W striking border faults, that all apparently dip toward the
interiors of the troughs. However, there are numerous
examples of linear geomorphic depressions (i.e., pit-chains)
located outside the main troughs, which are aligned with the
border faults (Figure 14). We suggest that the aligned chains

Table 1. Fault and Material Parameters

Parameter Value

E, Young’s modulus, Gpa 60.0
n, Poisson’s ratio 0.25
f, fault dip 50�
w, depth of faulting, km 60
G, shear modulus = E/2(1 + n)(GPa) 24.0
m0, apparent friction coefficient 0.4
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Figure 13. Calculated Coulomb stress changes (�CFS) at 0–60 km depth along cross faults and lateral
extensions of the border faults (LEBFs). The yellow line represents the intersection of the border and
cross fault. Cases 1–3 correspond to geometries of border faults relative to cross faults displayed in
Figure 8. Blue represents impeded slip whereas red represents region of potential triggered slip. Arrows
represent predicted rake directions.
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of pit craters represent relatively recent (relative to border
fault development) lateral extensions of the border faults
that have less displacement than the faults bounding the
troughs. Triggered slip on these LEBFs is predicted to occur
in all cases tested (Figure 13), but slip tendency is enhanced
when the adjacent border fault tip is closest (case 1).
[43] To determine whether the lateral extensions of the

border faults will initiate, we consider the properties of the
surrounding rock, which include an assumed average cohe-
sive strength (Co) of 66 MPa for basaltic rocks (e.g., from
the Nevada Test Site basalt, tested within a standard range
of confining pressure (3.4–34.5 MPa) [Goodman, 1989, p.
83]). Frictional slip will occur when the stress changes equal
or exceed the cohesive strength, and follows directly from
the relation,

��CFS ¼ ��ti � �m0�sn;i 	 Co ð3Þ

where i represents each stress change event. Equation (3)
assumes that m0 is equivalent for frictional sliding and for the
breaking of surrounding rock (i.e., coefficient of internal
friction, mi). If mi > m0 [e.g., Lockner, 1995], then

��CFS ¼ tr þ ��tið Þ � �mi sn;r þ�sn;i
� �

	 Co; ð4Þ

where tr and sn,r represent the regional shear and normal
stress, respectively. If we assume that mi = m0, then the
regional CFS (tr� misn,r� Co) equals the cohesion, because
tr � misn,r = 0 in the frictional sliding boundary conditions
we impose throughout the models. Therefore stress changes
related to coseismic stress redistributions must overcome the
cohesion for fault nucleation within surrounding rock
(equation (3)). If we assume that the border fault has
reached its observed length very early during its develop-
ment [seeMorley, 1999] so that lateral propagation (and thus
increasing fault length) need not be explicitly incorporated in
any calculations, we can calculate the magnitude of triggered
stress required to propagate the fault. If the average�CFS is
�5 bar (case 1), this would require 133 slip events along the
border fault to reach the cohesive strength required to fault
the surrounding rock. At �6 m of slip/event, this would
accumulate to �800 m of displacement, which is �10% of
the inferred maximum structural relief (Figure 11). In
contrast, if mi > m0 then more events would be required to
nucleate a fault in the surrounding rock mass because the
(tr � misn,r) component is negative in the assumed regional
stress field, and therefore larger magnitudes of ��ti are
required for equation (4) to be satisfied. This result would
still hold if the (reduced) strength of a rock mass is used [see
Schultz, 1993, 1996]. These considerations suggest that
cross-fault reactivation will be favored initially, while lateral
propagation of the border faults, into the footwalls of the
cross faults, will occur later in the sequence of fault
development. This inference is supported by the observation
that LEBFs that lie outside the main troughs of Valles
Marineris have smaller displacements (i.e., inferred structur-
al relief; see Figure 14).

5.2. Reactivation of Cross Faults

[44] Coulomb stress change calculations in regions sur-
rounding the border faults predict that triggered dip-slip
normal motion will occur along preexisting cross faults, but

the model also suggests that significant lateral components
of slip are generated in special cases (Figure 13). Specifi-
cally, strike-slip reactivation can occur when preexisting
fractures are vertical, while dip-slip normal reactivation of
the cross faults is predicted to occur for all cases where the
faults are not vertical (cases a and b; Figure 13). For the
latter cases, we refer to the modeled cross faults as release
faults because triggered slip is predominantly dip-slip
normal, but note that they may have not initially nucleated
to release strain in the hanging wall as envisioned by Destro
[1995]. In contrast, vertical cross faults (case c) exhibit
dominantly lateral (strike-slip) motion except at the fault
intersection in case 1, where the displacement is strongly
influenced by near-field slip and deformation of the medium
around the border fault tip line (Figure 13). In the case of
the moderately dipping cross faults, this near-field influence
is apparently less important than the regional stress field
because the predicted rakes are all dip-slip, even where the
faults intersect (case 1a,b and case 2a, Figure 13). The
inability of vertical fractures to accommodate normal slip in
our models stems directly from the fact that the vertical
stress component has no effect on vertical planes, and
therefore any increase in shear stress will trigger strike-slip
motion.
[45] An important result from our models is the general

independence of kinematics and fault dip along a dipping
cross fault during triggered reactivation. Triggered slip is
characteristically dip-slip (normal) in all tested cases of
border fault slip except where cross faults are vertical
(Figure 13). Consequently, cross faults can have a variety
of different origins (e.g., thrust, reverse, or normal faults)
and still be favorably oriented for subsequent dip-slip
normal reactivation (Figure 15a). Our model results suggest
that cross fault reactivation is favored in the hanging wall of
the border fault in case 3, because slip is suppressed in the
footwall where stress shadows prevail (Figure 13 and 15
(phase 2b)). In contrast, reactivation of cross faults does not
depend on location in cases 1 and 2 (phases 2a, 2b, and 3a
in Figure 15), although the�CFS is significantly larger near
the regions where faults intersect. We thus conclude that
reactivation of cross faults may be favored in the border
fault hanging wall only where the cross faults are suffi-
ciently distant from the slipping border fault (phase 2b–3b
in Figure 15). This indicates that reactivation patterns of
cross faults may provide clues to the propagation sequences
within extensional environments (see section 5.4).
[46] Furthermore, because cross-faults have similar, and

sometimes reduced (but still positive) stress changes
relative to LEBFs, we invoke the same mechanical prin-
ciples described above (section 5.1) to reach the conclu-
sion that cross faults have greater displacements than
expected if they nucleated in response to border fault slip,
rather than simple reactivation of preexisting faults. The
latter would require relatively reduced magnitudes of
cumulative CFS (i.e., less energy) to drive larger magni-
tudes of cumulative displacement because the fault surface
is already established.

5.3. Development of Release Faults and Implications
for Evolution of Cross Faults in Extensional Terranes

[47] Our results suggest that the direction of propagation
of border faults has important consequences for displace-
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Figure 14. Examples of lateral extensions to border faults (LEBFs) in east Ophir (a,b), west Ophir and
Candor (c), and east Candor (d) Chasmata. Cross faults (cf) strike�N-S and border faults (bf) strike�E-W
throughout Valles Marineris. Note cross-strike wrinkle ridge (a,b) on plateau surface (border fault
footwall) that dips to the west (C. Okubo, personal communication, 2002).
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ment and depositional patterns along cross faults in exten-
sional settings. For example, the absence of troughs within
the border fault footwalls (as observed by Destro [1995]),
suggests that border faults propagated toward the cross fault
(phase 2b–3b in Figure 15), whereas the presence of
reactivated cross faults in the footwall regions (as observed
by Janecke [1993]) indicates that the border fault may have
propagated away from the intersection with the cross fault
(phase 2a–3a in Figure 15). In the latter case, LEBFs should
have significant displacements (as observed by Janecke
[1993]), whereas our models predict that the former scenar-
io would be marked by a young LEBF with little displace-
ment (Figure 14).
[48] Destro [1995] suggested that release faults are geo-

metrically required to accommodate variations in displace-
ments along-strike, especially near fault tips where
displacement gradients are largest, and thus develop from
elongations parallel to the hanging wall and footwall cutoff
lines [Ferrill and Morris, 2001]. More specifically, Destro
[1995] suggested that they form to accommodate bending
stresses in the hanging wall, which implies that bending
stresses do not arise in the footwall. However, numerous
authors have presented evidence of uplifted and curved
footwall cutoff lines [e.g., Stein et al., 1988; Ferrill and
Morris, 2001], as are also required by theoretical consid-
erations of footwall uplift along normal faults, whether the
uplift results from isostatic restoring forces [e.g., Weissel

and Karner, 1989] or the elastic response to faulting in the
upper crust [e.g., Pollard and Segall, 1987; Ma and Kuznir,
1993]. The lack of footwall uplift and cutoff curvature (see
Figures 11a and 11b) at N. Hebes Chasma may also be an
important factor that contributed to the lack of cross fault
development in the border fault footwall, because this
indicates that a fault-parallel extension may not have
developed there.
[49] Considerations of fault growth via segment linkage

suggest that large displacement variations may have once
existed at former segment boundaries along the border fault
[Dawers and Anders, 1995; Morley, 1999]. In such cases,
release faults may be found in more central locations along
a subsequently linked fault trace, and may explain similar
observations by Destro [1995] and Janecke [1993].
[50] Late Amazonian normal displacement along the Mar-

tian cross faults, as well as along the major border faults,
suggests that coeval and nearly orthogonal extension oc-
curred (and is possibly ongoing) within the Valles Marineris
extensional province. Coeval and orthogonal extension in our
models is a result of reactivation of preexisting cross faults
and arises because of local perturbations in the stress field. In
contrast, the accommodation of a three-dimensional strain by
preexisting faults in the slip model of Reches [1983] or odd-
axis model of Krantz [1988] is a result of a regional three-
dimensional strain, where the regional stresses do not adhere
to plane strain conditions. Coeval and locally orthogonal

Figure 15. Schematic illustrating two possible sequences of chasma development in response to border
fault (black planes) growth and cross fault (gray planes) reactivation. Initial cross faults can be either
wrinkle ridges (1a) or normal faults (1b), and subsequent deformation is dependent on the propagation
direction of the border faults. When border faults propagate away from cross faults (2–3a), dip-slip
normal cross fault reactivation occurs in both the hanging wall and footwall of the border fault and
significant development of pit-chains occurs above a subsurface lateral extension of the border fault
(within the cross fault footwall). When border faults propagate toward the preexisting cross fault (2–3b),
dip-slip normal cross fault reactivation is favored in the footwall of the border fault, and development of
pit-chains associated with LEBFs occurs only in the last stage of deformation, once the border fault
reaches the cross fault. This latter scenario best matches the observations from many troughs at Valles
Marineris.
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extension has also been proposed for other extended regions
on Earth, such as the Suez rift, Egypt [Argenton and Mac-
cagni, 1988; Colleta et al., 1988], Gulf of Corinth, Greece
[Morewood and Roberts, 1997, 2001; Poulimenos, 2000],
Sergipe-Alagoas Basin, Brazil [Destro, 1995], southern Ba-
sin and Range, USA [Faulds et al., 1990], the North-Sea
[Fossen and Hesthammer, 1998; Maerten et al., 2002], and
central Apennines, Italy [Morewood and Roberts, 2000]. Our
model results and the observations from Valles Marineris
troughs suggest that the extension is accommodated with a
local three-dimensional flattening strain: e1 > e2 > e3 where e1
and e2 are positive (extension) and e3 is negative (shortening)
[Ramsay and Huber, 1983, p. 172; Morewood and Roberts,
2000] in a regional, dominantly biaxial strain regime.
Regionally, e1 is positive and trends �N-S, e2 is close to
zero, and e3 is negative and vertical (i.e., crustal thinning).

5.4. Origin of Blunt Terminations of Troughs
at Valles Marineris

[51] The eastern edge of Hebes Chasma lacks an obvious
surficial expression of cross faults, and interestingly, is more
tapered in map view than trough edges that are visibly
bounded by cross faults (Figures 1c and 9). Because most
troughs at Valles Marineris are rectangular (i.e., blunt
instead of tapered terminations) and exhibit evidence for
cross faults, we infer that the tapered termination of E.
Hebes Chasma results from the lack of development of
cross faults prior to the major phase of �N-S extension.
[52] The predominance of normal displacements on cross

faults in our model is consistent with the tectonic geomor-
phology near blunt trough ends within Valles Marineris.
Late Amazonian fault activity is apparent near the edges of
Hebes Chasma, along both the border faults and the cross
faults. Our preliminary mapping also indicates that recent
(Amazonian) faulting along cross-strike (�N-S) trends is
observable at other blunt trough ends (e.g., W. Ophir, W.
Candor; Figures 4 and 6, see index Figures 1b and 1c for
full context). The geomorphic evidence for relatively youth-
ful faulting, such as scarps that vertically offset Late
Amazonian deposits and linear arrangements of faceted
spurs and hanging gullies (Figures 4–6 and 9), is consistent
with normal faulting [e.g., McCalpin, 1996].
[53] Our model results indicate that reactivation of cross

faults to produce normal faults is not sensitive to initial fault
dip (except vertical). A direct consequence is that faults
associated with earlier stages of wrinkle ridge or normal fault
deformation (i.e., pre-Valles Marineris) [Frey, 1979; Watters
andMaxwell, 1986;Dohm and Tanaka, 1999] may have been
utilized to form cross faults at the blunt terminations of
troughs (Figure 15a). Well-developed cross faults do not
occur within the footwalls of border faults at Valles Mari-
neris. Therefore pre-Valles Marineris structures were only
reactivated to form blunt trough-bounding faults where they
intersected the hangingwalls of growing border faults. This is
consistent with negative �CFS (i.e., stress shadows) ob-
served within the footwalls during case 3 of border fault
growth, but not cases 1 or 2, suggesting that perhaps the
border fault first propagated toward the cross fault (as
discussed in section 5.3, (phase 2b–3b in Figure 15). The
existence of LEBFs with relatively small trough depths (i.e.,
vertical structural relief; Figure 14), within the cross fault
footwalls and outside of the troughs, provides additional

support for this propagation sequence. We would expect
larger displacements on LEBFs if slippage commenced on
border faults in close proximity to the cross faults (i.e., Case 1
in Figures 8 and 9; phase 2a–3a in Figure 15). This scenario
is consistent with the inferred structure at Hebes Chasma
(Figure 9). For example, a prominent NNE-SSW striking
cross fault occurs �50 km west of the eastern trough edge at
Hebes Chasma (Figure 9). If border faults propagation was
toward the west, then the LEBFs would be well developed in
eastern Hebes Chasma, as suggested by the extension of the
trough toward the east, beyond the cross fault.
[54] Previous researchers suggested that subsurface ver-

tical ‘‘tension’’ fractures [Tanaka and Golombek, 1989;
Davis and Golombek, 1990] or dykes [McKenzie and
Nimmo, 1999] underlie grabens and led to their formation
in Valles Marineris. Evidence for the existence of dykes
underneath Valles Marineris include low ratios of displace-
ment to length (but see data and discussion of Schultz
[1997]), the long length of Valles Marineris, and its apparent
spatial association with a large volcano (Pavonis Mons)
[McKenzie and Nimmo, 1999]. There are numerous prob-
lems with McKenzie and Nimmo’s [1999] hypothesis,
including an incorrect portrayal of the timing of deforma-
tion, landslides, and geology within the troughs [see
Schultz, 1998; Anderson et al., 2001] relative to the timing
of possible catastrophic flooding [e.g., Phillips et al., 2001],
and the fact that low ratios of fault displacement to length
can result for numerous reasons unrelated to dykes (e.g.,
rock strength, the stage of segment linkage, or degree of
restriction). Our results bring to attention another important
problem: if cross faults nucleated on vertical fractures, then
our models predict that strike-slip displacements should
predominate on any associated surface faults. The absence
of strike-slip displacements along cross faults suggests that
subsurface vertical fractures are not present as large discrete
planes in the upper part of Martian crust near Valles
Marineris.
[55] New observations from the Mars Global Surveyor

and future missions can be used to test our results. Detailed
structural mapping of hanging wall deposits and fault-related
geomorphology with Mars Orbiter Camera images (highest
resolution �1.5 m [Malin et al., 1992]) should provide
useful information on blunt trough terminations. For exam-
ple, the recognition of cross-strike hanging wall anticlines,
such as those interpreted by Lucchitta et al. [1992] and
Lucchitta [1999] in western Ophir and eastern Candor
Chasmata, supports the presence of cross-strike normal
faults. In contrast, lateral drag folds having vertical fold
axes or unfolded strata (i.e., in a vertical sense, with
horizontal fold axes) would be indicative of strike-slip faults.
Distinct depocenters that commonly occur in the hanging
wall of normal fault segments [e.g., Morley, 1999] would be
relatively small along strike-slip faults, except at extensional
step-overs. If the density of the sediment at depocenters is
less than the subjacent rock, such depocenters may be
detectable from an analysis of gravity measurements once
higher spatial resolutions become available [Zuber et al.,
2000]. Deployment of seismometers would also aid in
delineating these fault-related features near the blunt trough
terminations. It would also be useful to analyze and model
observed (terrestrial) border fault growth sequences (such as
those based on sediment depositional histories [e.g., Morley,
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1999]) with a finite element model having variable rheolo-
gies. Such models should also incorporate propagation and
nucleation criteria to develop faults in response to stress
changes associated with border fault slippage.

6. Conclusions

[56] Our stress transfer modeling provides the first me-
chanically based explanation that supports faulting for the
formation of blunt trough ends within the Valles Marineris
extensional province, Mars, and more generally, the locally
orthogonal extension observed in numerous extensional
environments. We demonstrate that preexisting normal or
thrust faults with strikes parallel to the principal direction of
extension in Valles Marineris were locally reactivated with
normal slip in response to the growth of border faults to
form release faults at blunt trough ends. The lack of
significant cross faults in the footwalls of Valles Marineris
border faults agrees with model predictions. The match
between these observations and model results suggests that
border faults grew toward cross faults within Valles Mari-
neris. The result is also consistent with the incipient
development of lateral extensions to border faults (i.e.,
pit-chains overlying subsurface faults) within the footwalls
of cross faults.
[57] We provide a new hypothesis for the formation of

rectangular, blunt troughs at Valles Marineris: locally con-
current orthogonal extension in the �N-S and �E-W
directions, that results from local stress field changes
associated with growth of border faults during predomi-
nantly unidirectional regional extension. Our results imply
that tapered trough ends formed in areas with no cross fault
development prior to the main phase of extension at Valles
Marineris. These results are also applicable to many exten-
sional environments on Earth and may be tested with
observations of future seismic activity.
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