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Abstract. Inversion of Martian topography, using a three-dimensional boundary element model,
permits revised estimates of fault dip angle, depth of faulting, paleogeothermal gradient, and
extensional strain in the Valles Marineris region. The major normal faults dip at 40°-55° to
depths of ~60-75 km with comparatively small footwall uplifts (< 500 m for throws to 10 km),
implying that paleogeothermal gradients during faulting were ~10 K km™ or less, assuming
relatively rapid strain rates appropriate to the extending Martian crust. Accumulation of dip-slip
offsets along the main normal faults likely was associated with anticlinal flexure and deformation
of preexisting strata within the troughs. The magnitudes of the predicted vertical and horizontal
displacements outside the troughs, as well as extensional strains, are spatially variable, depending
on both cross- and along-strike position relative to the troughs. The predicted displacements and
strains attain maximum values at the troughs and decay to background values at cross-strike
distances of ~250 km, corresponding to 3—4 times the depth of faulting, with an average prov-
ince-wide strain of 4-15%. By implication, the aggregate strain field surrounding Tharsis is a
highly variable spatial and temporal composite of the inhomogeneous strain fields, each associ-
ated and scaling in size with an individual graben, from the smallest structures through the largest

Valles Marineris troughs.

1. Introduction

The Valles Marineris system of normal-fault-bounded troughs
contains the largest grabens on Mars [e.g., Blasius et al., 1977,
Banerdt et al., 1992; Schultz, 1997]. These structures have
developed relatively recently in Martian geologic history [Witbeck
etal., 1991; Lucchitta et al., 1992; Schultz, 1998a], thus only modest
amounts of erosion and deposition obscure their structural
topography and morphology. Newly acquired precision topographic
measurements made using the Mars Orbiter Laser Altimeter
(MOLA) installed on the Mars Global Surveyor (MGS) spacecraft,
combined with a three-dimensional (3-D) mechanical boundary
element model of normal faulting, permit a geodetic inversion of
the topography for these large structures. The results shed new light
on the crustal structure beneath Valles Marineris and the
geodynamic development of the Tharsis region.

In this paper, we explore the influence of normal faulting in the
Valles Marineris by using a 3-D mechanical model that relates dip-
slip fault offsets to deformation and stress changes in the
surrounding Martian crust. We extract topographic characteristics
of the trough system using newly acquired data from MOLA. These
topographic constraints, along with the magnitudes of cumulative
normal fault offset inferred along the major trough-bounding faults,
permit an inversion of topography for the unique, best fitting
parameters for particular faults, including dip angle and depth. The
full set of fault parameters for the entire Valles Marineris trough
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system is then used to calculate predicted deformation and changes
in cumulative Coulomb failure stress for the planetary surface. The
resulting maps of fault-related uplift, horizontal extension,
horizontal strain, and Coulomb stress change are discussed in light
of the geodynamic evolution of the Tharsis region.

2. Background on Valles Marineris

The Valles Marineris system of trough depressions is a complex,
polyphase suite of partially filled structural basins (see Lucchitta
et al. [1992] and Schultz [1998a, 2000a] for review). The latest
phase of deformation, discussed and investigated in this paper, is
represented by a series of large grabens that, while perhaps best
described as lithospheric rift basins [e.g., Banerdt et al., 1992;
Anderson and Grimm, 1998; Schultz, 2000a], are remarkably devoid
of volcanism and basin-filling deposits that could otherwise obscure
their structural and topographic signatures [e.g., Witbeck et al.,
1991; Lucchitta et al., 1994]. These troughs (or grabens) attain
aggregate lengths of several hundred kilometers and widths of
several tens of kilometers [Blasius et al., 1977], with depths
approaching 10 km [Smith et al., 1999]. The main troughs are
associated with numerous smaller grabens on adjacent plateaus
(Figure 1) having a variety of spacings, lengths, and orientations
[Schultz, 1997, 2000a] that may locally predate the main trough
depressions [Witbeck et al., 1991]. The troughs are oriented
subradial to the center of Tharsis, as are other radial graben sets
elsewhere on the Martian western hemisphere [e.g., Carr, 1974;

“Plescia and Saunders, 1982], implying a roughly circumferential

extensional strain field about the Tharsis region [Banerdt et al.,
1992] during their development.
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Figure 1. Location map showing major named troughs and profiles A and B in the Valles Marineris region. Box
shows calculation grid (Figures 7, 8, and 9). Asterisk indicates location of Candor Mensa.

The Valles Marineris Extensional Province is developed along -
the eastern part of the larger Tharsis volcanotectonic assemblage.
Tharsis is a long-lived locus of successive phases of volcanism
and tectonism that affect nearly one half of the surface area of Mars
le.g., Carr, 1974; Plescia and Saunders, 1982; Tanaka et al., 1991,
Banerdt et al., 1992; Mége and Masson, 1996a]. In general, older
concentric arrays of contractional structures (“wrinkle ridges”
[Watters, 1993; Schultz, 2000b]) are overprinted by younger,
radially oriented sets of narrow grabens [Tanaka et al., 1991].
Several smaller areas associated with their own radial and
concentric normal faults and grabens, such as Syria Planum, are
nested within the larger Tharsis province, contributing to a complex
superposition of structures and stress states. Tanaka et al. [1991],
Meége and Masson [1996a], and Smith et al. [1999] discuss possible
geodynamic scenarios for the development of the Tharsis.

The overall geologic development of the Valles Marineris region
is well understood [e.g., Witbeck et al., 1991]. Volcanotectonic
activity, centered initially to the west in Syria Planum [Frey, 1979;
Plescia and Saunders, 1982; Tanaka and Davis, 1988; Mége and
Masson, 1996b] and to the south in Thaumasia [Dohm and Tanaka,
1999], was active from perhaps late Noachian through early
Hesperian time. This early phase of activity is associated with
attainment of high regional topography and crustal thickening
[Anderson and Grimm, 1998; Dohm et al., 1998] (perhaps visible
as discrete layers as recently identified in Mars Orbiter Camera
(MOC) images by McEwen et al. [1999]), fissure-fed lava plains
extrusion [Mouginis-Mark et al., 1992], subsurface dike
emplacement [Mége and Masson, 1996b], growth of the early
Hesperian sets of radial grabens [Tanaka et al., 1991], and wrinkle
ridge deformation [e.g., Watters, 1993; Schultz, 2000b]. During
the succeeding phase a widespread hydrologic system was
apparently active in the Valles Marineris region. Subsurface and
surface fluid flow is associated with a variety of large-scale

landforms during late Hesperian time, including ancestral basins
(closed trough depressions [Spencer and Fanale, 1990]),
accumulation of interior layered deposits (“‘basin beds”) [Lucchitta
etal., 1992, 1994], and formation of chaotic terrain and catastrophic
outflow channels [e.g. Baker et al., 1992; Komatsu et al., 1993].
Progressive desiccation and/or freezing of subsurface aquifers
[Clifford, 1993; Carr, 1999] may have occurred into early
Amazonian time.

In the latest stage, during latest Hesperian or Amazonian time
[Schultz, 1998a], regionally distributed stresses associated with
classical Tharsis-centered deformation [e.g., Banerdt et al., 1992]
induced crustal extension visible at the surface surrounding Tharsis,
producing a second set of Tharsis radial grabens [e.g., Carr, 1974;
Plescia and Saunders, 1982; Tanaka et al., 1991] and larger
structures such as Valles Marineris (the “rectangular” structural
troughs [Schultz, 1991, 2000a; Lucchitta et al., 1992]) and the
Thaumasia graben [Plescia and Saunders, 1982; Tanaka and Davis,
1988]. Landslides [Lucchitta, 1979; McEwen, 1989; Dade and
Huppert, 1998] suggest geologically recent slope failures along
the major trough-bounding normal faults in the central Ius-Melas-
Coprates graben [Schultz, 1995a, 1998a, 1998b; Mége and Masson,
1996¢]. The slope failures represent some of the most recent activity
within the troughs, approximately coeval with emplacement of
young interior deposits over previously tilted basin beds [Lucchitta,
1990]. A mechanical analysis of the influence of the major trough-
bounding normal faults on deformation and stress changes of the
Martian surface is the central purpose of this paper.

3. Modeling Approach

In order to investigate the relationship between normal faulting
at Valles Marineris and deformation of the surface we adopt standard
techniques of geodetic inversion of fault-related topography [e.g.,
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Cohen, 1999]. Given independent estimates of surface topography,
forward mechanical models are used to calculate the displacements
of surface rocks due to prescribed fault geometries and offset
magnitudes. A good correspondence between the calculated and
observed topographies would suggest that the fault parameters
obtained in the model adequately represent the Martian fault
characteristics. Deformation of the planetary surface surrounding
a normal fault array produces a spatially varying, inhomogeneous
displacement field [e.g., Ma and Kuznir, 1993; Taboada et al.,
1993], and we demonstrate that the calculated quantities vary in
magnitude, and spatially, relative to the troughs.

3.1. MOLA Topography Across Valles Marineris

The topography of the Valles Marineris trough region has been
substantially revised through the acquisition of precision data from
the Mars Global Surveyor spacecraft and the Mars Orbiter Laser
Altimeter (MOLA) [Zuber et al., 1992; Smith et al., 1999; Ladbury,
1999]. Prior to MOLA, elevations were determined (with
considerably larger uncertainties) by using combinations of
stereophotogrammetry, stellar occultation data, and Earth-based
radar.

We calculated values for the cross-sectional topographic relief
across the troughs by using the MOLA data available to the
scientific community during late 1999. These data include one
MOLA profile (part of orbit 25 available from the MGS Science
Sampler CD: http://mars.jpl.nasa.gov/mgs/sci/Cdsampler/browse/
mola.htm [Smith et al., 1998]) that crosses the west central part of
the trough system between 77° and 76°W and ~3°-11°S (profile
B, Figure 1) and the 1°x1° digital elevation model (DEM) of the
region’s topography [Smith et al., 1999; Ladbury, 1999] produced
by the MOLA team from data interpolated between successive
orbital tracks (grid spacing ~59 km). Values of topographic relief
for each trough were obtained by subtracting the elevations of the
trough floor [Smith et al., 1999] in the main, composite Ius-Melas-
Coprates Chasma [Lucchitta et al., 1994; Mége, 1994; Mége and
Masson, 1996¢; Schultz, 1995a, 1997, 1998a] from those of the
adjacent plateaus (Figure 2a). In this central, composite graben,
trough floors appear to be only thinly mantled by surficial deposits
[e.g., Lucchitta et al., 1994; Schultz, 1998b], in contrast to other,
nearby troughs such as southern Melas Chasma, Ophir and Candor
Chasmata, and Hebes Chasma that all contain variable or substantial
thicknesses (> 3 km) of layered deposits [Nedell et al., 1987;
Witbeck et al., 1991; Lucchitta et al., 1992, 1994]. Trough floors
(in the Ius-Melas-Coprates Chasma composite graben) are observed
to be correlative (or nearly so) with ridged plains materials that
cap the adjacent plateaus [Lucchitta et al., 1994; Schultz, 1991,
1997, 1998b]. Thus the topographic relief, measured as the
difference in elevation between the plateau and floor, defines the
vertical component of cumulative structural offset (“throw”) across
the major trough-bounding normal faults in Valles Marineris. This
set of known throws is a primary constraint in the boundary element
modeling. '

AMOLA-based map of trough relief, shown in Figure 2b, reveals
variations in the throws associated with the northern and southern
(fault) walls of the composite Ius-Melas-Coprates Chasma trough.
The trough elevations and relief from the DEM agree well with the
precise measurements extracted from the single MOLA profile
(Figure 1, profile B; see Figure 6). We find that the fault throws
vary systematically with along-strike position, in agreement with
previous determinations that used Viking-based topography [Mege,
1994; Schultz, 1995a, 1997; Mege and Masson, 1996¢] (Figure 2b).
The dip-slip throw for both the northern and southern trough walls
is greatest at ~65°W, in Coprates Chasma, and is minimum at the
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Figure 2. (a) MOLA elevations of trough floor (open triangles)
and bounding northern (solid squares) and southern plateaus (open
diamonds) of composite Ius-Melas-Coprates Chasmata graben.
Half-solid squares show details of trough structure not adequately
resolved by the 1°x1° MOLA gridded data set. (b) Stratigraphic
cutoff diagrams showing inferred structural throws (solid curves)
between plateau caprock and trough floor. Viking-based estimates
of along-strike structural relief are open symbols with dashed
curves; data are from Schultz [1995a]. Note the dual maxima, at
80° and 65°W, apparent on both sides of the composite trough.
Top part of Figure 2b is northern plateau; lower part is southern
plateau. Note that the vertical scale for relief along the southern
wall has been inverted in Figure 2b for clearer comparison with
that along the northern wall.

trough ends. However, the new MOLA elevations demonstrate a
more systematic and smoothly varying distribution along the length
of the trough system than was previously revealed using Viking
data (see Figure 2b). For example, the along-strike throw increases
from minimum values of 5-6 km near the trough ends [e.g., Smith
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et al., 1999] to a maximum value of 9-10 km (Figure 2b) near its
center. However, the MOLA data reveal a secondary maximum of
~8 km located in central Ius Chasma (Figures 2a and 2b) that is
more pronounced for the northern wall than for the southern wall.

The gridded MOLA data used for this analysis appear too coarse
to adequately resolve certain elements of trough physiography. For
example, the east sloping plateau segment that separates Candor
Chasma to the north from central Melas Chasma to the south is
only 1°-2° (~60-120 km) wide. The gridded MOLA data do not
resolve this structure as well as the later 1/16th degree data
(qualitatively presented by Ladbury [1999]), leading to uncertainties
in its topography. Because this sloping plateau segment partially
defines the northern wall of the composite structural trough, these
uncertainties (half-solid squares in Figure 2a) contribute to some
imprecision in both the along-strike variation in plateau elevations
(Fi‘gure 2a) and the associated trough relief (Figure 2b). More
importantly, however, this plateau segment may have been
deformed by a subsequent phase of deformation that breached the
two troughs [e.g., Lucchitta et al., 1994]. We choose to estimate
the original plateau segment elevations by extrapolating the
topography horizontally across the northern Melas Chasma area
onto Ophir Planum (solid squares in Figure 2a).

In general, throws along the northern and southern walls appear
comparable in magnitude and distribution, with the maximum-
throws larger along the northern walls (Figure 2b, upper panel)
than along the southern walls (Figure 2b, lower panel with inverted
scale to show symmetry with northern wall’s throw distribution).
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Previous estimates based on Viking data [Schultz, 1995a; Mége
and Masson, 1996c] placed the maximum trough depth in
westernmost Coprates Chasma or central Melas Chasma, near the
composite trough’s midpoint, with considerably smaller values of
trough relief inferred along the southern walls (Figure 2b). The
MOLA-based data, however, demonstrate that the maximum value
of throw is located ~450 km east of the trough midpoint, with a
secondary maximum located ~500 km to the west of the midpoint.
These dual maxima, in conjunction with the form of the along-
strike throw distribution, suggest that the composite trough may
represent two linked segments (Figure 2b, lower panel, shaded
bars), each with its own respective maximum [Schultz, 2000a],
rather than one single graben.

3.2. Boundary Element Model

We use the three-dimensional mechanical boundary element
model Coulomb (available at http://quake.usgs.gov/research/
deformation/modeling/coulomb; see King et al. [1994] and Toda
et al. [1998] for applications of this computational approach to
tectonic problems), which uses the stress functions derived by
Okada [1992], to relate deformation of the planetary surface to the
cumulative, geologic offsets along the major Valles Marineris faults.
In our calculations the magnitude of cumulative dip-slip offset D
is prescribed along a particular fault in the system (using Figure 2b
and the individual fault traces, e.g., Schultz [2000a]), which has a
specified geometry (map view length L, dip angle 6, downdip height
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Figure 3. Definition of terms used in this study. (a) Fault geometry parameters L, H, T, and & with half-space
parameters E*, v, and u. (b) Relationship between cumulative fault offset D, dip angle J, throw, relief, and structural

uplift of the footwall for a single normal fault.
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Table 2. Best Fitting Parameters for Valles Marineris Faults

Trough® Fault® Profile Depth Fault Dip Offset Downdip Moment?, M,

T, km 6, deg D, km Height® H, km 10*Nm

Candor

N wall, W 1 B 75 45°S 6 106 1.1

N wall, E 2 D 75 45°S 6 106 1.3

Ant. W © 3 B 60 55°N 2 73 0.23

Ant. E 4 D 60 55°N 2 73 0.26

S wall, W 5 B 75 45°N 6 106 0.98

S wall, E 6 D 75 45°N 6 106 1.1
Tus

N wall, W 7 G 60 45°S 6 85 0.65

N wall, center 8 F 75 45°S 6 106 0.89

N wall, E 9 B 75 45°S 8 106 1.3

S wall, W 15 G,F 60 40°N 6 93 1.2

Swall, E 16 B 75 40°N 6 117 0.87
Melas

N wall, W 10 - 75 55°SW 8 92 0.10

N wall, E 11 D 75 45°SW 8 106 0.76

S scarp 17 E,D 75 40°N 6 117 1.2
Coprates

N wall, W 12 C 75 55°S 12 92 1.2

N wall, center 13 A 75 55°S 10 92 1.3

N wall, E 14 H 75 55°S 6 92 0.79

S wall 18 C A 75 40°N 12 117 59

* N wall, northern wall; S wall, southern wall; Ant., antithetic fault; S scarp, southern scarp.

® Fault numbers keyed to Figure 7.

¢ Downdip fault height H = (depth of faulting)/[sin (fault dip angle)]; see Figure 3a. )
4 Total geologic moment My = GAD, where G = 4 GPa (shear modulus), A is fault area (map length L x downdip height H), and D is

average cumulative geologic offset.

© North facing antithetic fault within subsidiary graben in northern Candor Chasma.

H) and position (in map view, relative to the trough system) in an
elastic half-space (Figure 3a); the offset D along the fault induces
displacements and stress changes in the material surrounding it
[e.g., Bruhn and Schultz, 1996; Cohen, 1999]. The final fields of
predicted displacement and Coulomb stress change for the Martian
surface are the sum of the individual fields from each model fault.

Precision measurements of the structural trough relief from
MOLA provide tight bounds on the magnitudes and along-strike
distribution of normal fault throws that are used in the model. By
prescribing the fault throws, the other free parameters (fault dip &
and fault depth 7)) can vary within only a narrow range, leading to
a unique solution for the fault’s geometric properties in cross sec-
tion (for given values of modulus and Poisson’s ratio). As discussed
in section 3.3.5, the absence of significant trough flank uplifts ar-
gues against both very steep (§> 55°) and very shallow (less deep;
8 < 60 km) faults (having the magnitudes of throws given by the
MOLA data, Figure 2b). The resulting distribution of displacements
and cumulative Coulomb stress change for the planetary surface,
calculated once the faults’ geometric parameters have been obtained
from the full 3-D solution, are generally consistent with those that
would be obtained from a full mechanical solution for the fault
parameters (offset D, dip angle 8, and downdip height H, or verti-
cal depth T)) that additionally must specify the 3-D stress state in

the Martian lithosphere and the constitutive relations (e.g., fric-
tion, pore pressure distribution, surface roughness, rate and state
variables) of the faults [e.g., Rudnicki, 1980; Cohen, 1999]. Be-
cause the magnitude and depth distribution of stress associated with
trough development are unknown for Mars, we choose to model
fault-related topography and surface deformation by using a dislo-
cation model that uses the observed fault configuration (map length,
throw, estimated dips; Figure 3b) as constraints. Although the dis-
location approach we employ in this paper adequately represents
the deformation and Coulomb stress changes in the Martian crust
due to the cumulative dip-slip offsets along Valles Marineris nor-
mal faults, it neglects the influence on topography and stress change
due to nonfault effects, such as crustal stress states and inelastic
rheologies. The contribution of these far-field effects on deforma-
tion, strain, and Coulomb stress change near the surface should be
small, however, compared to the effects of fault offsets, as sug-
gested by previous work on terrestrial fault systems [e.g., Freed -
and Lin, 1998].

Elastic properties for the faulted half-space, appropriate for the
near-surface region, are given by deformation modulus E* = 10
GPa (equivalent to the Young’s modulus parameter for crustal scales
[Schultz, 1996]) and Poisson’s ratio v = 0.25. These values are
comparable to those used to model deformation associated with
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fault offset in the terrestrial continental crust [e.g., Freed and Lin,
1998] (Table 1). We use a constant value of dip-slip offset D along
each fault segment, with each segment idealized as a rectangular
plane having horizontal length L, downdip height H, dip angle &,
and vertical depth of faulting 7} (Figure 3a).

An elastic half-space solution was used to model the changes in
surface displacement and cumulative Coulomb failure stress due
to prescribed dip-slip offset along model faults. For Mars, no time-
dependent data for fault offset rates (either incremental, for indi-
vidual slip events, or cumulative, for total geologically observed
offsets) or postseismic deformation are available. Terrestrial stud-

-ies suggest that longer-term deformation due to fault afterslip or
viscous relaxation of subjacent lower crust or mantle rocks con-
tributes to displacements at the surface that are perhaps 1-2 orders
of magnitude smaller than the coseismic values [Freed and Lin,
1998; Cohen, 1999]. Layered systems involving an elastic plate
over an inviscid or homogeneously deforming substrate may be
unrealistic representations of crustal behavior in the vicinity of
trough faults. Stress gradients that are generated locally in the sub-
strate because of fault offsets can profoundly increase or decrease
the local rates of flow near the faults [Freed and Lin, 1998], lead-
ing to incomplete transfer of stress (from the entire substrate) to
the overlying elastic crust, preferential softening around faults, and
inhomogeneous strain rates. These effects render crustal strength
envelopes (that assume homogeneous stresses and constant strain
rates) unreliable in the proximity of faults [Kirby and Kronenberg,
1987; Albert et al., 2000]. As discussed in section 3.3.5, the ab-
sence of significant trough flank uplifts at Valles Marineris argues
against large reductions in viscosity (or presence of ductile layers)
in the crust below the troughs. As a result, an elastic analysis is
considered as a good first-order approximation to capture the main
characteristics of cumulative fault offset in the Martian crust.

3.3. Sensitivity of Topography to Fault Parameters

A series of 2-D calculations were performed to investigate the
influence of key parameters on the topography associated with
normal faulting in the troughs. Profile A (see Figure 1) was chosen
as a reference for these calculations because (1) it cuts across the
central part of Coprates Chasma where it is defined by only two
major normal faults, and (2) the trough is long enough (L > 800
km) that variations in the along-strike (L, third) dimension may
not be critically important. Vertical displacements calculated from
the model (along a vertical slice perpendicular to, and through the
approximate center of, the Coprates Chasma graben) are used to
infer the topographic changes (uplift and subsidence) related to
the cumulative dip-slip fault offsets. We first conducted a series of
2-D modeling runs to determine the sensitivity of predicted
topography to key parameters including cumulative fault offset D,
depth of faulting T}, fault dip angle & (Figure 3b), and the elastic
properties of the faulted half-space (E* and v). On the basis of the
results of these sensitivity studies, values for cumulative fault offset
D, dip 6, and depth T, were then adjusted for each fault within the
total 3-D Valles Marineris model until the best fit to the observed
topography was achieved. .

Our reference case for the. sensitivity study is a graben with two
inwardly dipping normal faults. The graben is 60 km wide, with a
master fault (labeled curves shown in Figures 4a, 4b, and 4c) and
an antithetic fault (labeled curves shown in Figures 4a, 4b, and 4c)
having a cumulative offset D consistently 1 km less than that on
the master. This slightly asymmetric graben is based on the cross-
sectional form of central Coprates Chasma. The-provisional 1 km
difference in cumulative fault offset is associated (by fault dip angle
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&) with the difference in elevation across Coprates Chasma, along
profile A (greater relief across the northern wall than across the
southern wall; cf. Figure 2b). The vertical slice is coincident with
the location of profile A (Figure 1).

3.3.1. Fault offset D. Increasing the magnitude of cumulative
normal (dip-slip) offset D along the paired graben faults, while
holding the other parameters constant, increases both the amplitude

- of uplifts that flank the troughs (Figure 3b; Figure 4a, right) and

the depth of the trough floor (Figure 4a, left). Because the heights
of flanking uplifts increase with fault offset, the structural relief
(difference between maximum and minimum values across the
fault; see Figure 3b) also increases. For example, increasing the
offset from D = 10 to D = 12 km (along the master fault; offsets
along the antithetic fault are 1 km less), while holding depth (7, =
60 km) and fault dip (6 = 60°) constant, increases the height of
uplift flanking the master fault from 1870 m to 2200 m, or 18%
(Figure 4a, right), while graben floor depth increases from 6.8 to
8.2 km, a 21% increase (Figure 4a, left). Fault offset D influences
the amplitude of displacement, but not the shape of the displacement
profile, across the graben, for constant values of fault dip & and
depth Tf.

3.3.2. Fault dip 6. Variations in fault dip angle § affect both the
amplitude and shape of fault-related surface topography (Figure
4b). For constant depth (7, = 60 km) and cumulative offset
magnitude (D = 10 km along the master fault, D = 9 km along the
antithetic fault), steeper dips promote flanking uplifts and upwardly
bowed, dome-like graben floors, whereas shallower dips promote
subhorizontal to trough-dipping flanks and convex downward,
basin-like floors. These results are comparable to those reported
previously by King et al. [1988]. For depth 7,= 60 km and offset D
= 10 km (along the master fault), fault dips steeper than § ~ 55°
lead to flank uplifts (Figure 3b) and bowed graben floors (Figure
4b, right).

3.3.3. Depth of faulting T, The vertical depth of faulting T,
(Figure 3a) also influences both the amplitude and shape of the
predicted topography. Shallower faults (smaller T}, for constant dip
8 and cumulative offset D) promote sharp flanking uplifts and
upwardly bowed floors, whereas deeper faults (with the same values
of dip and offset) inhibit flank uplift and promote flatter graben
floors (Figure 4c). For constant values of cumulative offset
magnitude (D = 10 km) and fault dip angle (6 = 60°), faults with
depths T} less than ~70 km (and associated downdip heights H of
81 km) produce significant flank uplifts (> 2 km in height) and
bowed graben floors.

3.3.4. Elastic (deformation) modulus E* and Poisson’s ratio
v. Variations in the elastic modulus E* for the faulted elastic half-
space, from 1 to 100 GPa in the models, contribute to an
insignificant change (< 10 m at maximum amplitude) in the
calculated topography. Increasing Poisson’s ratio v from 0.2 to 0.5
leads to a small reduction in trough depth from 6.81 to 6.58 km (<
4%, assuming a D = 10 km offset, § = 60° dip, and depth 7, = 60
km) and a somewhat larger increase in flank uplift in this case
from 1.83 t0 2.06 km (13%). Neither property is expected to change
significantly with position along the trough system, so that constant
values used in the calculations are expected to contribute an
uncertainty of perhaps £10% or less to the calculated topography
across the troughs.

3.3.5. Parameter trade-offs. The most important parameters
affecting the magnitude and shape of the predicted topography (once
the magnitude of cumulative fault offset D is chosen) are fault dip
0 and fault depth T,. Both of these promote similar changes in the
displacement profiles and both can trade off, leading to a unique
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Figure 4. Trade-offs of key parameters from boundary element modeling of vertical displacements of the planetary
surface for the two-fault graben, based on the geometry of central Coprates Chasma. (left) Full displacement profiles
and (right) detail near master fault (northern) side of graben. (a) Effect of cumulative offset magnitude D along both
faults on surface displacement (dip angle § and depth T, held constant). Master fault (numbers to right of curves) has
1 km consistently greater cumulative offset than the antithetic fault (numbers to left of curves). Master and antithetic
faults both dip at & = 60° and reach T, = 60 km vertical depth. (b) Effect of dip angle & (offset D and depth T,
constant). Master fault has D = 10 km cumulative offset and antithetic has D =9 km; both reach T,= 60 km depth. (c)

Effect of fault depth T (dip angle & and cumulative offset
and antithetic has D = 9 km; both dip at § = 60°.

range of permissible solutions to the observed topography. This
trade-off is illustrated in Figure 5 by setting the cumulative fault
offset (using a single normal fault) to D = 10 km, varying (in turn)
the fault dip angle & and depth T}, calculating the predicted
maximum vertical displacement of the footwall (see Figure 3b,
assuming elastic parameters listed in Table 1), and contouring the
values. The shaded region in Figure 5 (within labeled contours of
predicted footwall topography) brackets the approximate range of
values permitted by MOLA for footwall uplift flanking the larger
Valles Marineris troughs [e.g., Anderson and Banerdt, 2000]; the
two points (solid symbols) in Figure 5 represent particular values

D constant). Master fault has D = 10 km cumulative offset

of footwall topography extracted along profile A (Figure 6a). Figure
5 shows that footwall uplifts of 0.5 to 1 km are consistent with
normal faults having a D = 10 km dip-slip offset, dip angles &
between 55° and 60°, and vertical depths (7)) between 60 and 75
km (using the elastic parameters listed in Table 1). As demonstrated
in Figure 4, variations in the magnitude of cumulative dip-slip fault
offset D modulate the amplitude of the topography associated with
each paired combination of dip and depth. Variations in elastic
properties of the faulted half-space contribute only a relatively small
systematic uncertainty to the calculated topography.
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Figure 5. Contours of the predicted magnitude of footwall uplift
as a function of variations in fault dip angle § and fault depth 7, A
cumulative offset magnitude of D = 10 km along a single normal
fault is assumed. Shaded band between 0.5 and 1.0 km shows
maximum uplift permitted by MOLA topographic data for
comparable troughs; stippled region shows area of potential
footwall subsidence. Solid symbols represent MOLA data for
footwall uplift (Figure 3b) observed across central Coprates Chasma
(profile A).

4. Results
4.1. Comparison with Topographic Profiles A and B

The best fits to the topography along profile A (using the model
configuration of section 3.3) are shown in Figure 6a. The data for
profile A were extracted from the 1°x1° gridded data set. Acceptable
fits to the MOLA data across central Coprates Chasma are obtained
from the preliminary 2-D solution alone for fault depths 7, between
60 and 75 km and fault dips 6 between 55° and 60°. These values
assume a constant D = 10 km cumulative offset along the northern
fault and a D = 9 km cumulative offset along the entire southern
fault, with both faults using the same values of dip and depth during
the model runs. Shallower depths of faulting (e.g., T, < 45 km)
and/or steeper fault dips lead to large flanking uplifts, with
amplitudes exceeding 3 km within 100 km of the trough edge.
Because such prominent flanking uplifts are not observed in this
region or elsewhere along the troughs [Schultz, 1991; Anderson
and Grimm, 1998; Anderson and Banerdt, 2000], substantially
smaller depths of faulting, and steeper fault dips, do not appear to
be consistent with the observed trough topography.

Comparison between the modeling results and the MOLA
topography along profile A reveals that graben width can also
provide an additional constraint on the fault parameters. For
example, cumulative offset D along a shallowly dipping normal
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fault promotes upward displacement of near-surface rocks located
vertically above the lower fault tip [e.g., Bruhn and Schultz, 1996],
leading to locally increased surface elevations and anticlinal flexure
there (Figure 4b). As a result, faults having shallow dips (8) and/or
depths (T)) can promote higher topography and steeper slopes (away
from the trough) of the opposing trough-bounding plateau, leading
to poorer fits to the observed topography, because the lower fault
tips are located directly beneath the opposing plateau. As a result,
the measured trough widths supplement the MOLA topography in
bounding the admissible range of fault parameters, leading in many
cases to modifications in the parameters for the faults (e.g., in central
Coprates Chasma).

Avreanalysis of the topography along profile A using the complete
set of faults in Coprates Chasma and the full, 3-D model modified
the preliminary estimate of the fault parameters shown in Figure
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Figure 6. (a) Variation in fault parameters compared to MOLA
topographic profile across eastern Valles Marineris troughs along
profile A, central Coprates Chasma. Model is set up as in Figure 4.
(b) Best fitting solution for fault parameters along profile B, central
Ius and westernmost Candor Chasmata; MOLA data from orbit 25
[Smith et al., 1998]. Asterisk indicates position of Candor Mensa.
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Table 1. Parameters for Boundary Element Model

Parameter Symbol Values Investigated Final Model Value(s)
Fault offset D 1-15 km 2-12 km
Fault dip 6 40°-75° 40°-55°
Fault depth T, 15-90 km 60-75 km
Deformation modulus E* 1-100 GPa 10 GPa
Poisson’s ratio v 0.2-0.5 0.25
Friction coefficient u 0.2-0.8 0.4

6a and discussed in this section. A better match with the gridded
MOLA topography on either side of Coprates Chasma was obtained
by explicitly varying the magnitudes of cumulative fault offsets D
along-strike, along both northern and southern sides, simulating
(using trigonometric corrections for fault dip) the observed
variations in trough relief (shown in Figure 2b). Combined with
the trough width constraint just discussed, the best fitting parameters
for the central part of Coprates Chasma (along profile A) are, for
the northern wall (fault 13 on Table 2): cumulative dip-slip offset
D = 12 km, dip angle § = 55°S, and depth of faulting T, = 75 km;
for the opposing, southern wall (fault 18 on Table 2) the best fitting
parameters are cumulative dip-slip offset D = 12 km, dip angle § =
40°N, and depth of faulting T, =75 km.

Profile B crosses a more complex trough configuration along
~78°W, including the central part of Ius Chasma to the south and
the westernmost part of Candor Chasma to the north (Figure 1).
The MOLA track from orbit 25 [Smith et al., 1998] reveals the
topography much more precisely than do the interpolated 1°
intervals available along profile A and elsewhere along the trough
system. The MOLA topography suggests that the plateaus adjacent
to Ius and western Candor Chasmata slope gently away from the
troughs, but with no evidence for significant flanking uplifts. Trough
floor in Ius Chasma appears either concave downward or gently

sloping to the south. Interior layered deposits in Candor Chasma
(“Candor Mensa”; near 7.5°S and asterisk in Figure 5b) exhibit an
apparent relief of ~2 km relative to the southern trough floor; the
subsidiary trough in northern Candor Chasma is lower by perhaps
1-1.5 km than the floor near Candor Chasma’s southern wall. This
set of troughs displays a multistage deformational sequence, with
western Candor Chasma forming first, followed by faulting and
graben formation in Ius Chasma and in northern Candor Chasma
(the “subsidiary trough” noted above) [e.g., Peulvast and Masson,
1993; Lucchitta et al., 1994; Schultz, 1998a].

The best fit to the topography along profile B using the 2-D
solution is shown in Figure 6b. In general, the calculated topography
matches the slopes and amplitudes of the observed topography
reasonably well, and the fault parameters obtained here are not
significantly different from those used in the 3-D model (Table 2).
Faults in the model for this part of the trough system dip rather
shallowly, between 40° and 55°, to depths T, of 6075 km. The
elevations of plateaus adjacent to Ius Chasma are overpredicted in
the model by ~1 km, whereas the plateau north of Candor Chasma
is lower than observed by ~500 m. Variations in fault parameters
beyond the range given here and in Table 2 lead to substantially
poorer fits to the topography, including significant flank uplifts,
upwardly bowed trough floors, and steeper plateau slopes. However,
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Figure 7. Map showing fault geometries used in 3-D boundary element modeling of the entire trough system.
Dashed curves show profiles A-H for which individual boundary element solutions were compared against MOLA
topography; numbers denote fault segments in the model (see Table 2). Surface breaks of fault segments are indicated
by solid symbols on heavy (solid or dotted) curves. Box shows boundary of calculation grid, spanning ~22° (2°N to

20°S) by ~36° (52°W to 88°W).
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the amplitude of trough topography (plateau to floor) discussed
here is matched within 4-11% for Ius and Candor Chasmata,
suggesting that the fault parameters provide a reasonable first-order
estimate of the actual fault configuration.

The best fitting fault parameters for the main Valles Marineris
faults are listed in Table 2 and keyed to the map view representation
shown in Figure 7. In general, faults bounding the troughs are
predicted to dip § = 40°-55° to depths of T, = 6075 km. Fault
parameter solutions for all profiles shown in Figure 7 were checked
against the available MOLA data, and the results were comparable
to those discussed above for profiles A and B. Given reasonable
matches between the calculated and observed topographies along
the 2-D transects (Figure 7), the three-dimensional deformation
field of the planetary surface surrounding the troughs can be
calculated by including the combined effects of all faults in the
best fitting cross-sectional models.

4.2. Predicted Topography

The origin, spatial distribution, and time dependence of vertical
displacements (uplift and subsidence) at the surface caused by offset
along normal faults are well known [e.g., Savage and Hastie, 1966;
Cohen, 1999; King et al., 1988; Willemse, 1997]. Coseismic
(incremental) offset along a normal fault induces subsidence of
the surface above the fault plane (forming a basin in the hanging
wall) and a smaller amount of uplift of the footwall [Weissel and
Karner, 1989; Ma and Kuznir, 1993; Willemse, 1997; Crider and
Pollard, 1998] (see Figures 3b and 4a). In addition, however,
postseismic deformation of the surface due to dip-slip faulting
typically occurs over longer timescales when the faulted brittle/
elastic layer overlies a viscoelastic channel in the ductile lower
crust [Rundle, 1982; King et al., 1988; Freed and Lin, 1998). Freed
and Lin [1998] demonstrated that postseismic stress relaxation in
subjacent viscoelastic crust can modify surface elevations behind
the fault plane. Although the additional topography associated with
such stress relaxation may be difficult to distinguish from
postseismic afterslip on the fault without precise geodetic leveling
data covering a sufficiently long time period, both sources of
postseismic elevation change may contribute to the final
(cumulative) surface topography [Freed and Lin, 1998]. We use
the Coulomb model to calculate the cumulative “coseismic”
displacements of the surface (both at the fault and away from it) to
model the total surface displacements, strains, and cumulative
Coulomb stress changes associated with the total geologic offsets
along the faults.

The predicted vertical displacements of the planetary surface
surrounding the Valles Marineris were calculated at grid points
having a (small) regular spacing of 10 km over an area spanning
1300 by 2150 km (see box, Figure 7), using parameters listed in
Tables 1 and 2 and the map view fault geometry shown in Figure
7. The results are shown in Figure 8a as contoured values. The
uplift due to cumulative dip-slip offset D along the main trough
faults is predicted to be greatest at the trough margins (of order 1
km) and decreases smoothly away toward zero in the cross-strike
directions. The predicted uplift is negligible beyond ~250 km from
the trough. Ophir Planum and Candor Mensa (asterisk on Figures
1 and 6), located between the Ius-Melas-Coprates and Candor-Ophir
Chasma composite troughs, are associated with maximum uplifts
of perhaps 1.8 km, with most other regions uplifted only a few
hundred meters.

The effect of cumulative dip-slip offset D along trough faults in
Valles Marineris is predicted to produce an area of gently elevated
topography that parallels the trough system over a distance of ~250
km to either side. Because the predicted induced uplift is generally
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<500 m beyond the immediate trough vicinity, faulting in the
troughs does not appear to have contributed significantly to the
regional topography that has been noted as anomalously high [e.g.,
Witbeck et al., 1991; Anderson and Grimm, 1998].

4.3. Horizontal Displacements Across Valles Marineris

Horizontal displacements predicted as a result of localized
cumulative fault offsets D were calculated using the same, small,
10-km grid points as the vertical displacements. In the limit of
infinitesimally small grid spacing, the predicted displacement field
would resemble a continuous array of material points each moving
along a vector determined by the aggregate effect of the fault offsets.
Adjacent to a fault, the horizontal displacement is maximum and -
given by D cosd (see Figure 3b). Very far from the fault, the
horizontal displacement is negligibly small (St. Venant’s principle;
Timoshenko and Goodier [1970], pp. 39—40) because it is driven
by the equivalent of a concentrated load at infinity. At intermediate
distances the magnitude of the predicted horizontal displacement
depends on the elastic properties of the half-space and on the relative
distance to the fault [e.g., Freund and Barnett, 1976; Savage and
Hastie, 1966; Barnett et al., 1987; Buck, 1988; Stein et al., 1988;
Weissel and Karner, 1989; Okada, 1992; Ma and Kusznir, 1993].

The predicted horizontal component of deformation of the
planetary surface, perpendicular to the troughs, is calculated and
shown in Figure 8b. Like the distribution of vertical displacement
(uplift and subsidence) associated with trough faulting, the predicted
horizontal displacement is spatially variable: It is greatest near the
troughs, with magnitudes within each 10-km cell exceeding 4-5
km, and decays with distance to < 1 km beyond 250-500 km away.

For normal faults having a D = 10 km cumulative offset and
dipping at § = 55° the (maximum) horizontal displacement across
the fault (calculated at the surface using simple trigonometry; see
Figure 3b) would be 5 km, suggesting values of 10 km along a
traverse across a single graben trough like Coprates Chasma, or 20
km across a two-graben system (e.g., western Coprates Chasma
and Candor Chasma) in central Valles Marineris. These values are
comparable to those calculated from the 3-D boundary element
model for the surface in the vicinity of a trough-bounding normal
fault (4-5 km; Figure 8b). However, the predicted horizontal
displacements are nonzero away from the troughs, demonstrating
that the region surrounding the troughs is influenced by the trough
fault offsets D (250-500 km; Figure 8b). This means that the total,
cumulative horizontal displacement of rocks at the Martian surface
in the Valles Marineris region can exceed the value calculated from
trigonometry for the individual fault(s) alone.

Previous work suggested maximum values of horizontal
displacement (called “extension” in the previous studies) across
the troughs comparable to those reported here. Using Viking
topography and fault dip angles of § = 50°-70°, Schultz [1995a]
obtained values of ~12—48 km for the center of the trough system
and ~5-15 km for its ends. Using dip angles between 40° and 80°,
along with estimates of the thicknesses of deposits that partially
fill certain troughs, Meége and Masson [1996a] independently
obtained values ranging from ~45-90 km at trough center to ~5—
45 km near the ends. Although uncertainties in topography across
the troughs were estimated to be *1 km in both studies, the major
source of uncertainty in these pre-MOLA studies is the fault dip
angle 8, leading to considerable variability in the estimates of
extension accommodated by the troughs. By comparing the Viking-
based topography with available gravity data, Anderson and Grimm
[1998] inferred values of extension across Valles Marineris of ~70—
140 km.
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Figure 8. (a) Calculated vertical displacements (uplift and subsidence) associated with cumulative offsets (D) along
main Valles Marineris normal faults. (b) Horizontal displacement calculated for the planetary surface for Valles
Marineris region. (c) Contour plot showing horizontal strains £* predicted for Valles Marineris. Note how predicted
strain magnitudes vary with position relative to troughs.

4.4. Extensional Strain mass surrounding a slipped fault. We estimate values of strain at
the planetary surface from the model by explicitly comparing the

Previous work demonstrates that the strain £ accommodated ~ sizes of grid cells in their initial (undeformed) and final (deformed)
across faults varies in magnitude with position relative to the fault ~ states. For cells that are sufficiently small that variations in
[e.g., Freund and Barnett, 1976; Cohen, 1999]. As in the case of extension magnitude are negligible within them (i.e., the
horizontal extension, the strain is typically also nonzero in the rock ~ deformation is homogeneous within the cell), the change in length
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of the cell in the direction normal to the troughs gives the predicted
strain at that location (&, = Al/l;, where Al is the change in length
and J; is initial cell length). As in the calculation of displacements,
we chose a cell size of 10x10 km?. This size is small enough that
variations in strain magnitude within the cell are negligible, except
perhaps in areas of large strain gradients that are predicted to occur
at the trough edges (i.e., bounding faults). We note that the
magnitudes of strain can vary between cells, leading to an
inhomogeneous strain field predicted to be surrounding the fault-
bounded troughs. The overall strain field surrounding the Valles
Marineris in the model is thus constructed as a piecewise continuous
patchwork of locally strained cells.

The p‘redicted horizontal strain field calculated for Valles
Marineris is shown in Figure 8c. In general, strains are predicted
to be greatest at the trough margins and in the central portion of
the trough system; values decrease toward trough ends and with
distance perpendicular to the troughs. Because values of vertical
strain in each cell (calculated but not shown) are approximately an
order of magnitude smaller than the horizontal strains (beyond the
troughs), the predicted strain field is dominated by the horizontal
component. Predicted horizontal strains are extensional surrounding
the troughs, decreasing from maximum values > 10% at the trough
walls (corresponding to the bounding normal faults) to < 0.2%
beyond ~250 km away from the troughs. Strains are predicted to
be negligible beyond ~250 km, or ~2-3 downdip fault heights (or
~4 times the depth of faulting T;; Table 2), from the troughs. The
magnitude of strain from the model is spatially variable and thus
inhomogeneous, varying both along-strike and cross-strike relative
to the Valles Marineris. The distribution of strain is closely related
to that of the predicted horizontal displacement field, given that
horizontal strain is the gradient of horizontal displacement.

4.5. Coulomb Stress Change and Secondary Faulting
at the Surface

Offset (whether incremental or cumulative) along a fault changes
the state of stress in its vicinity, and the magntiude and sense of
these inhomogeneous stress perturbations vary with the relative
position to the fault [e.g., Segall and Pollard, 1980]. Changes in
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stress state and displacement are greatest near the fault and decrease
to negligibly small values at distances of 2-3 fault dimensions
(corresponding to the downdip fault heights H in this study) away
[e.g., Segall and Pollard, 1980; Barnett et al., 1987; Ma and Kuznir,
1993]. Cumulative fault offset D leads to changes in the magnitudes
of normal and shear stress (0, and 7, respectively) resolved on
surfaces of given orientation. The Coulomb failure stress, CFS =
|1 + puo, (where u is the coefficient of maximum static friction)
[e.g., King et al., 1994; Bruhn and Schultz, 1996; Harris, 1998]
explicitly compares the perturbed stress components to the Coulomb
frictional sliding criterion to determine if offset on a source fault
can trigger or impede frictional sliding on the other faults.

Previous work has demonstrated that lobes of increased Cou-
lomb failure stress develop in directions normal to the fault plane
(the “antithetic lobes” of Freed and Lin [1998]) as well as parallel
to the fault. These lobes of increased Coulomb failure stress are
associated in nature with aftershock locations following large earth-
quakes [e.g., King et al., 1994], suggesting that these lobe-like ar-
eas of coseismic stress change can influence regional deformation
surrounding the fault. Increased Coulomb failure stress promotes
frictional sliding along favorably oriented faults, whereas decreased
values can impede offset along these faults [e.g., King et al., 1994;
Harris, 1998].

Freed and Lin [1998] have evaluated postseismic stress changes
associated with fault-induced ductile flow and stress relaxation in
subjacent viscous lower crust or upper mantle. They found that
Coulomb stress changes near the free surface can increase in mag-
nitude, in some locations, as this time-dependent stress relaxation
proceeds, also leading to an increased tendency for offset along
optimally oriented surfaces. In addition, they demonstrate that the
rate and degree of relaxation in the ductilely flowing layer is great-
est immediately beneath the fault and decreases with distance from
it. This spatially variable ductile behavior arises from the stress
dependence of typical creep laws used to model lower crustal flow
[e.g., Kirby and Kronenberg, 1987; Kohlstedt et al., 1995] and the
stress gradients associated with crustal faulting. Although not in-
corporated in our boundary element modeling, such inhomogeneous
behavior is important when constructing and interpreting lithos-
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along trough-bounding normal faults, showing areas where nucleation of shallow grabens would be favored (increased
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pheric strength envelopes in the vicinity of major faults (see sec-
tion 5.1).

Predicted changes in cumulative Coulomb failure stress at the
surface in the Valles Marineris region are calculated here using the
Coulomb modeling code to examine the effect of cumulative off-
set D along the major trough-bounding normal faults on secondary
fractures within near-surface rocks. The predicted cumulative stress
changes are calculated for each point on the planetary surface in a
horizontal grid having a spacing of 10 km in both the x and y direc-
tions. The calculations illustrate cumulative Coulomb stress changes
induced by offset along the faults in the absence of confining pres-
sure or tectonic stresses, given that the total stress states associ-
ated with normal faulting on Mars are unknown. The addition of
confining pressure and/or tectonic stresses may change the orien-
tation of optimal secondary faults and the resulting Coulomb
stresses. While the details of the predicted cumulative Coulomb
stresses depend on the regional tectonic stresses, the overall stress
patterns should remain unchanged. Different values of friction co-
efficient for the near-surface rock mass (e.g., 0.2< u < 0.8, Table
1) would not alter the overall stress patterns appreciably.

The results are shown in Figure 9 for the planetary surface.
Contours of negative values show areas in which offset is impeded
in the model for fractures oriented favorably for normal fault off-
set (calculated by using a typical friction coefficient u=0.4) [e.g.,
King et al., 1994; Sibson, 1994]. Accumulation of offsets D along
the main trough-bounding normal faults changes the cumulative
local stress state so that even optimally oriented surfaces located
within ~250 km of the troughs would be impeded from accumulat-
ing normal fault offsets. If this is the case, small normal faults and
grabens that are observed in the trough region, including those lo-
cated on Ophir Planum and parallel to the main troughs [e.g., Carr,
1974; Blasius et al., 1977; Witbeck et al., 1991; Schultz, 1991,
2000a; Schultz and Fori, 1996], probably grew early in the system’s
development, then became incorporated into the growing Coulomb
stress shadow (with impeded frictional slip) as the main trough-
bounding faults developed. This inference is consistent with frac-
ture growth simulations in which small fractures grow progres-
sively into larger ones that shield, and inhibit, any smaller frac-
tures from further growth [e.g., Segall and Pollard, 1983;
Cladouhos and Marrett, 1996]. Calculation of cumulative Cou-
lomb stress changes for greater depths (z =3 km, 5 km, and 10 km;
not shown) reveals qualitatively similar results, suggesting that,
depending on the rates of increase of confining pressure and tec-
tonic stress with depth, normal fault offset along smaller struc-
tures may be impeded by the main trough-bounding faults to depths
of several kilometers.

5. Discussion and Implications

The results from 3-D boundary element modeling of Valles
Marineris troughs provide new insight into the physical behavior
of this intriguing region. Here we discuss the implications for
lithospheric structure using plausible strength envelopes, local
deformation within the troughs, and inhomogeneous strains about
Tharsis. l

5.1. Lithospheric Structure Beneath Valles Marineris

The 3-D model results imply that the main normal faults
bounding Valles Marineris troughs attain depths 7} of 60-75 km,
with relatively shallow dips of § = 40°-55°. A series of plausible
strength envelopes for extension were constructed given these
results by combining brittle and quasi-plastic strength criteria [e.g.,
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Kohlstedt et al., 1995] applicable to the trough region (Figure 10).
We note that the Martian geothermal gradient is unconstrained by
any measurements, although several model-dependent values have
been suggested in the literature [e.g., Solomon and Head, 1990;
Anderson and Grimm, 1998]. Similarly, the thickness of the Martian
crust at Valles Marineris is not known, although it is thought to
exceed the average global thickness value of z ~ 50 km [Zuber et
al., 2000] by some amount [e.g., Banerdt et al., 1992; Anderson
and Banerdt, 2000].

The brittle strength of the Martian faults can be represented by
using the Coulomb criterion written in principal stress form
[Kohlstedt et al., 1995]. A representative value of fault dip of § =
50°, as suggested from the modeling results, is shown on Figure
10. Both hydrostatic pore fluid pressures (“wet” on Figure 10) and
dry, anhydrous conditions within the Martian crust (“dry” on Fig-
ure 10) are shown given the absence of information on pore fluid
pressures at the time of faulting.

The tendency for brittle failure of the crust to occur along local-
ized preexisting surfaces (as observed), rather than as distributed
cataclastic deformation, is evaluated by comparing the Coulomb
frictional strength of the Martian faults to that of crust that lacks
throughgoing fault systems [Kirby and Kronenberg, 1987]. Local-
ized frictional sliding would occur for likely values of Byerlee fric-
tional resistance [Sibson, 1994] (light shading and left-hand curves
in Figure 10) that are less than the frictional strength of unfaulted
crustal rock (sometimes inaccurately referred to as “intact” rock in
the literature; dark shading and right-hand curves in Figure 10);

‘the depth z at which this occurs is the “brittle-ductile transition”

[Kohlstedt et al., 1995]. Unfaulted Martian crust is represented by
the brittle (frictional) strength of basaltic rock masses using the
rock mass rating technique, following Bieniawski [1989] and
Schultz [1996]. A strong rock mass with basaltic composition [e.g.,
Mouginis-Mark et al., 1992; Dreibus and Wiinke, 1985; Bertka and
Fei, 1997] and typical fracture densities (inferred to be compa-
rable to first-order for both planets; see Schultz [1993, 1996] for
discussion and McEwen et al. [1999] for MOC images of layered
Martian sequences in Valles Marineris) can be represented by rock
mass ratings (RMR [Bieniawski, 1989]) of RMR ~ 75 [Schultz,
1995b] for anhydrous conditions and RMR ~ 60 for water-satu-
rated conditions. As evident on Figure 10, the Coulomb (frictional)
strength of faults that dip at 6 = 50° is much less than that of the
surrounding crust (“RMR” in Figure 10) for any degree of pore
fluid pressure, indicating that brittle deformation will remain lo-
calized, rather than become distributed, to depths of at least 75
km. Fault dips exceeding § = 65° with anhydrous conditions along
a fault appear necessary for a brittle-ductile transition to develop
within z ~ 90 km of the Martian surface.

The quasi-plastic strength depends on rock composition, tem-
perature, and strain rate [e.g., Kirby and Kronenberg, 1987,
Kohlstedt et al., 1995]. For Martian crustal rocks the strength may
be approximated by using the creep relation

1
Oa = (ﬁ_)“ eXp(ngT)

in which o, is the stress difference (0,~0, for extension) in MPa
for flow, £ is the homogeneous strain rate, 7 is the power law expo-
nent, A is a material constant, H is the activation enthalpy, R is the
gas constant, and T is absolute temperature. We choose parameters
appropriate to moist diabase [Shelton and Tullis, 1981; cf. Mackwell
etal., 1998] withA =2.0 x 10*MPa™" s, n=3.4, and H =260 kJ
mol™ [Kirby and Kronenberg, 1987]. The Martian geothermal gra-
dient for the (late Hesperian-early Amazonian [Schultz, 1998]) time

1)
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Figure 10. Strength envelope for Valles Marineris trough region
consistent with 3-D modeling results. Brittle-plastic transition
(BPT) positions are shown as circles on Coulomb slip envelopes
for § = 50° dipping fault (plotted for anhydrous and hydrostatic
pore fluid pressures) and on rock mass envelopes for unfaulted
Martian crust (anhydrous and hydrostatic). RMR, rock mass ratings.
See text for details.

of faulting is taken to be 273 K + 10 K km™' (see discussion be-
low), increasing from approximately near-freezing temperatures
at the surface. Strain rates at Valles Marineris are unknown. How-
ever, plausible rates can be bounded by two extremes. A slow rate
(£= 10" s7") appropriate to gradual planetary cooling or terrestrial
continental plate interiors is appropriate to crustal deformation far
from faults and other localized sources, whereas faster strain rates
(£=10"s") [e.g., Zoback, 1991] are more appropriate to repre-
sent large stress gradients and comparatively rapid deformation in
the vicinity of large faults (see Freed and Lin [1998] for discus-
sion of spatially variable creep rates). Fast strain rates (and spa-
tially variable strain magnitudes [Freed and Lin, 1998; Albert et
al., 2000]) are also inferred for lower crust if the faults penetrate
through it as “ductile shear zones” [Kohlistedt et al., 1995]. In view
of the major ambiguities in strain rate, stability of frictional slip,
and spatial variations of stress state near the faults, we choose not
to incorporate mantle creep laws to construct a strength envelope
for the Valles Marineris lithosphere, notwithstanding the depth of
faulting 7, suggested by the 3-D modeling results (7, < 75 km)
being comparable to, or perhaps only somewhat greater than, esti-
mates of the crustal thickness (z > 50 km [Zuber et al., 2000; Banerdt
etal., 1992; Anderson and Banerdt, 2000]). Mantle flow laws would
be necessary to fully characterize the strength and interactions be-
tween crust and lithosphere, however, over deeper vertical sec-
tions and in areas far from the trough faults where a constant, ho-
mogeneous strain rate throughout the entire lithospheric section
would be more appropriate [e.g., Albert et al., 2000].

The estimated strength envelope for the Martian crust in the
trough region (Figure 10) is generally consistent with the approxi-
mate depth of faulting inferred from the 3-D boundary element
model (T;= ~60-75 km) for two conditions: a Martian geothermal
gradient less than ~10 K km™" and strain rates of the order of 10-!!
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s~ Higher geothermal gradients and/or slower homogeneous strain
rates would decrease the depth z of the peak strength in the
semibrittle region where brittle and quasi-plastic criteria intersect
(brittle-plastic transition (BPT, circles in Figure 10) from z ~ 60
km to values perhaps half this deep. However, faster strain rates
should be anticipated in actively deforming regions, like the Valles
Marineris, rather than slow homogeneous background values char-
acteristic of tectonically dormant regions, as long as the rate of
faulting exceeds that of lower crustal relaxation. Given that yield
strength envelopes do not consider spatially variable flexural ri-
gidities (or equivalently, effective elastic thicknesses) typical of
the near-fault environment [Buck, 1988], or depth- (and tempera-
ture-) dependent frictional stability of crustal-scale faults [Tse and
Rice, 1986], the previous results obtained from long-wavelength
spatial averages (~600 km) by Anderson and Grimm [1998] are
likely unrevealing of the detailed lithospheric structure beneath
the troughs. Similarly, although large values for geothermal gradi-
ent (>> 10 K km™) have been proposed [e.g., Solomon and Head,
1990; Anderson and Grimm, 1998], the evidence for extensive
volcanism in the troughs is equivocal during the most recent pe-
riod of large-scale faulting analyzed in this paper [Lucchitta et al.,
1992; Schultz, 1998a]. Explicit modeling of rift flank uplifts using
plausible ranges of geothermal gradients and crustal structures by
Cheéry et al. [1992] and Brown and Phillips [1999] suggests that
this surface topography may not be sensitive to geothermal gradi-
ent alone. Thus comparatively low geothermal gradients suggested
by our models appear to be consistent with the geologic observa-
tions although larger ones may not be ruled out given the ambigu-
ities in local strain rate at the troughs.

5.2. Erosional Versus Structural Trough Widths

Previous work suggested that the troughs have been widened
by erosional retreat of fault surfaces by perhaps a factor of 3. The
best fitting fault dips obtained in this paper are considerably
shallower (6 = 40° at the southern wall and & = 55° at the northern
wall) than those used previously (6 > 60° [Lucchitta et al., 1994;
see also Schultz, 1991, 1995a and Mége and Masson, 1996¢]) to
evaluate the degree of erosional widening of the troughs. Using
the shallower dip angles, the degree of erosional widening implied
by map view morphology (Figure 1) is reduced. For example, the
central section of Coprates Chasma along 65°W has structural
widths of W =45 km for the graben floor and W, = 110 km for the
eroded trough (measured from Witbeck et al. [1991]), leading to
W,/W, = 0.4 if the trough depth and fault dip are not considered.
Using the best fitting fault dips for profile A (6= 55° for the northern
fault and & = 40° for the southern fault) and restoring to the same
elevation using the fault offsets, however, W,/W, = 0.6. Thus the
structural width of central Coprates Chasma is ~60% of its erosional
width, rather than ~30% as used in some previous studies. Shallower
faults require less material to be removed by erosion than previously
thought [cf. Lucchitta et al., 1994], and the mass deficit due to
faulting is associated with a larger fraction of the observed

topography.

5.3. Deformation Within the Troughs
by Late Stage Faulting

The fault parameters for central Coprates Chasma (Table 2 and
Figure 6) are consistent with-a graben floor that is relatively
undeformed. In contrast, however, the best fitting fault parameters
for the more complex, three-graben configuration in profile B imply
that the intervening plateaus and basins were deformed by trough
faulting. A cross section drawn using the MOLA topography data
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Figure 11. Geologic cross section through central Ius and westernmost Candor Chasmata (profile B) based on best
fitting fault parameters and the 3-D model results. Fault intersections are schematic and do not include small-scale
structures associated with geologically synchronous displacement accumulation along the main faults. Asterisk

indicates position of Candor Mensa.

(orbit 25), best fitting fault parameters, and no vertical exaggeration
is shown in Figure 11. In this region the structural widths are a
close approximation of the erosional widths: W,/W, = 0.94 for Ius
Chasma and W,/W, = 0.9 for Candor Chasma. Here the predicted
surface topography in Candor Chasma is influenced by the small,
north dipping fault along its southern margin. The calculated
topography using the best fitting fault parameters suggests that the
Candor Chasma basin, and the sequence of interior layered deposits
that predate at least some of the trough faulting, might have been
deformed into an anticline (Figure 11) as offsets accumulated along
the main normal faults. Trough faulting provides a plausible
mechanism for deforming and tilting the interior layered deposits
within the ancestral basins as has been observed [e.g., Lucchitta,
1990, 1999; Peulvast and Masson, 1993]. We hypothesize that
spatial variations in deformation within the troughs may be related
to the geometry and offset distribution of the underlying trough-
bounding normal faults.

Forward modeling of the trough topography at Valles Marineris
suggests that the main normal faults can reach depths 7, of 60-75
km with uniform dips 6 of 40°-55°. Together with observed trough
widths, the faults may intersect at shallower depths z (Figure 11).
As long as the faults are geologically synchronous [Nicol et al.,
1995; Ferrill et al., 2000], however, the cumulative offset distri-
butions [Maerten et al., 1999] and geometry can be maintained.
Cumulative offsets D along faults that were significantly less deep
(smaller T)), or nonplanar (e.g., listric), would not predict displace-
ments of the Martian surface that resemble the observed topogra-
phy. We envision that the fault intersection region at depth is a
network of crosscutting fault strands that developed as dip-slip
offsets localized repeatedly along the preexisting faults.

5.4. Strain Distribution Surrounding Tharsis

Several studies have attempted to quantify the magnitude and
distribution of extensional strain in the Tharsis province [e.g.,
Plescia, 1991; Schultz, 1995a; Mége and Masson, 1996c; Golombek
et al., 1996] in order to provide observational bounds on predicted
values of elastic strain &, from geodynamic models [e.g., Banerdt
et al., 1992; Tanaka et al., 1991; Mége and Masson, 1996a).

Significantly, however, Plescia [1991], Schultz [1995a], and Mége
and Masson [1996c¢] found that the magnitudes of strains reported
in some studies varied inversely with traverse length, implying that
the traverse lengths used in previous studies (~1000 km or more)
exceed those required to accurately represent homogeneous strains
[Jamison, 1989; Wojtal, 1989]. This means that larger strains near
grabens were inadvertently averaged with much smaller strains in
areas far from faults to produce the reported strains of << 1% across
graben systems [Golombek et al., 1996]. As a result, the low strain
values suggested for Tharsis radial graben sets [e.g., Plescia, 1991;
Golombek et al., 1996] critically underestimate the actual magnitude
of extensional strain that is recorded in those structures (see also
discussions of homogeneous and apparent strains across faulted
terranes by Jamison [1989], Wojtal [19891, and Schultz [2000a]).

Values of vertical displacement, horizontal displacement, and
horizontal strain calculated along profile A (the cross-strike direc-
tion) are compared in Figures 12a and 12b. All three quantities are
predicted to vary spatially relative to the troughs. The predicted
horizontal displacement is extensional everywhere (except within
the troughs; shaded area in Figure 12a) and typically exceeds the
magnitude of uplift (positive vertical displacement) by a factor of
5-10. The inhomogeneous strains €* predicted by the full 3-D
boundary element model for the Valles Marineris region (Figure
8c) are spatially variable, with local maximum values of £* > 10%
at the trough walls that compare favorably with previous Viking-
based results that assumed sufficiently small traverse lengths
[Schultz, 1995a]. Away from the trough faults, however, the mag-
nitude of predicted horizontal strain in the trough region is much
smaller, typically e* < 1-2% (Figures 12b and 8c). The predicted
horizontal strain thus varies spatially, decreasing in magnitude with
cross-strike distance from the troughs to €* < 0.2% beyond ~250
km (Figure 12b).

The cumulative horizontal displacement predicted across the
Valles Marineris region is estimated by summing the individual
horizontal displacements obtained from each cell in the cross-strike
direction. Cumulative horizontal displacement is predicted to vary
spatially, from ~50-100 km through the trough’s western and east-
ern terminations, respectively, to ~200 km through the trough’s
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Figure 12. (a) Predicted variation of vertical displacement,
horizontal displacement, and horizontal strain £* calculated across
central Coprates Chasma (profile A). Note that the horizontal
component of displacement predicted for the surface (“extension”)
typically exceeds the vertical component (uplift or subsidence) by
about a factor of 5, except within the trough. Strains are greatest at
the troughs and decrease significantly in magnitude with
perpendicular distance. (b) Cumulative horizontal displacement
summed in the cross-strike direction. Note similarity to structural
relief of the composite trough shown in Figure 2b. Approximate
locations of major troughs are indicated.

central region (Figure 12c). This range is comparable to, or some-
. what greater than, the values of total trough “extension” in the lit-
erature [Schultz, 1995a; Mége and Masson, 1996a; Anderson and
Grimm, 1998]. Dividing the cumulative horizontal displacement
by the perpendicular traverse length (~1300 km; Figure 8) leads to
average values of province-wide strain of €* = 4-15%, which are
comparable to those reported by Schultz [1995a]. The remarkably
good correspondence between the average province strain predicted
by the boundary element model (which includes deformation be-
yond the trough-bounding faults) and the previous values (which
neglect off-fault deformation) confirms that a large fraction of the
strain in the Valles Marineris region occurs along the largest nor-
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mal faults [e.g., Scholz and Cowie, 1990] (as suggested for Mars
by Schultz [2000a] on the basis of fault population statistics).

The predicted strain field for the Valles Marineris grabens im-
plies that small Martian grabens, having segment lengths of tens
of kilometers, widths of several kilometers, and throws of perhaps
100-500 m [Davis et al., 1995; Schultz, 1997], should also exhibit
spatially variable strain fields. Given a depth of faulting 7, at Valles
Marineris of perhaps 60-75 km, the strain £* decays to negligibly
small values over a horizontal distance of ~3—4 fault depths (i.e.,
3—4 T,). Small Martian grabens, such as those assessed in previous
studies for strain throughout the Tharsis region, may attain depths
of perhaps T, = 3-10 km (assuming typical cross-strike widths of
5-10 km and fault dips of 50° < § < 65°). We anticipate that the
strains €* at the surface, for each individual graben, will decay
from maximum values at the graben (assuming a traverse length
less than or equal to graben width) to negligibly small values over
a horizontal distance of perhaps 15-40 km. The aggregate strain
field surrounding Tharsis is likely a highly variable spatial com-
posite of the inhomogeneous strain fields associated with each of
the many grabens. The current, inhomogeneous strain field (as in-
ferred, for example, from the fault population statistics [Schultz,
2000a]) likely developed by nucleation and lateral spreading of
graben-centered fault strain fields as the grabens themselves grew
in length and offset magnitude.

6. Conclusions

The 3-D boundary element modeling of Valles Marineris,
combined with new measurements of trough topography from
MOLA, permit a geodetic inversion of the trough topography for
fault geometry in the Martian crust. Although the form of the along-
strike distribution of throws for the main Ius-Melas-Coprates
Chasma graben is similar in character to previous determinations,
the fault dips are found to be significantly shallower than previously
recognized, leading to larger values of horizontal (extensional)
displacement for given values of trough relief than previously
estimated. The small degree of footwall uplift (< 500 m) measured
along the troughs, combined with the trough widths and dip-slip
fault offsets, suggests faults that penetrate to depths of T,=60-75
km with dip angles of § = 40°-55°. These depths in turn imply
relatively cool geothermal gradients at the time of faulting, perhaps
10 K km™' or less (depending on the local strain rate at the troughs),
consistent with the apparent paucity of volcanism during trough
faulting. Calculations of cumulative Coulomb stress changes
predicted to accompany trough fault offsets suggest that small
grabens on plateaus adjacent to the troughs formed early, before
the main troughs attained their current extent, and that extensional
deformation in regions surrounding the troughs probably ceased
during a late stage of trough growth.

Given the new values of bounding-fault geometry, the structural
troughs were widened erosionally by at most a factor of 2 (at
Coprates Chasma) to <10% in other troughs. Estimates of volumes
of eroded wall rock, based on a Viking era factor of 3 widening,
thus require substantial downward revision. Shallow normal faults
beneath the Candor-Ophir composite trough in particular may be
associated with anticlinal flexure of the preexisting interior layered
deposits and attendant fracturing, as recently noted in detailed
mapping studies of trough interiors. The predicted regional strain
field is greatest at the trough-bounding faults and decays with cross-
strike distance; this inhomogeneous strain field likely also typifies
the effect of smaller Martian grabens on the overall strain field
surrounding Tharsis.
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