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Abstract. Terrestrial grabens and continental rifts are
compared with the Valles Marineris system, in order
to define the mechanisms which could be responsible
for its geometry and formation. Simple shear/pure
shear mechanisms, symmetric/asymmetric grabens and
faults, high/low dip angles, block tilting/no block tilt-
ing, shouldering or not, lithospheric layering, and
amount of sedimentation on chasma floors are
discussed. Amounts of stretching on several transverse
topographic profiles are then calculated. assuming
either block tilting or no block tilting. On each profile
initial dip angles ranging from 40 to 90", and sediment
thicknesses ranging from 0 to 3 km are considered, as
well as symmetric and asymmetric border fault dips.
The case of [us Chasma, the southwestern trough of
the Valles Marineris system, is first considered, then the
entire graben system. Considering a constant 660 km
profile length, stretching increases eastward in lus
Chasma from the Noctis Labyrinthus boundary
(stretching factor f = 1.01-1.02, assuming initial 60
dipping faults) to the middle part of this trough
(f=1.04-1.06). Then Ius Chasma stretching
decreases, but is partly taken over by stretching in
Candor and Ophir chasmata. Stretching decreases
from the eastern part of Melas Chasma (ff = 1.05-
1.06) to almost the eastern end of Coprates Chasma
(f = 1.01). Then stretching increases again eastward
(f = 1.02-1.04) at the longitude Coprates Chasma
splits around a horst and Gangis Chasma opens north-
ward. A striking feature is that a low peak of extension
in the centre of the Valles Marineris troughs is observed
(B = 1.03-1.04). The low stretching peak in the central
part of Valles Marineris may originate from the exis-
tence of buried structures in the grabens, and/or along-
strike variations in sediment thickness. According to
the profiles and to the hypotheses, some 9-26 km of
additional normal movements along faults with dip
angles equivalent to the dip angles of the walls would
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be expected within the central Valles Marineris grabens
to get constant stretching from lus to Coprates chas-
mata. The amount of this lacking offset may be partly
explained by a few km subsidence of Ophir Planum,
and the shallow inter-chasmata grabens. Part of the
remaining lacking normal movements are best explai-
ned by buried structures (possibly shallow horst and
graben alternances or other structures) in the major
canyons: Melas, Candor, and/or Ophir chasmata—
probably mainly in Melas Chasma. Alternatively.
along-strike variations of sediment thickness (about
3km) without taking such buried structures into
account, can explain the results as well. Observation of
images shows up that the most realistic structural
model of Valles Marineris should probably consider
both variations of sediment thicknesses and existence
of buried structures. Models for the ornigin of Valles
Marineris stretching are discussed. The role of passive
rifting in crust weakened by hot spot is emphasized.
although extensional stresses due to the Tharsis load
should have also contributed to stretching. Copyright
T 1996 Elsevier Science Ltd

1. Introduction

Valles Marineris (Fig. 1) is located on the eastern side of
the Martian Tharsis bulge. It includes several troughs of
structural origin (see some of the main structures on Fig.
2), hundreds of km long, tens of km wide, and 4-10km
deep, whose major deepening stage dates back to Hesp-
erian (Tanaka, 1986; Scott and Tanaka, 1986 Lucchitta
et al., 1992 ; Peulvast et al., 1996). In this study we discuss
in detail the comparison with terrestrial rifts, and attempt
to obtain more accurate indications in calculating the
amount of Valles Marineris crustal stretching under a
wide range of plausible parameters. We first consider ser-
ies of grabens bounded by planar faults, slipping without
tilting, and then the effects of possible block tilting are
added. Both methods are likely rudimentary compared
with the graben complexity.
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Fig. 1. Toponymlc map of Valles Marineris

1.1. Previous works

Structural analysis, and, frequently, comparison with ter-
restrial rifts, have been investigated by Mutch et al. (1976),
Blasius et al. (1977), Masson (1977, 1980, 1985), Frey
(1979), Carr (1981), Schultz (1991, 1995), Anderson and
Grimm (1994, 1995), Mége (1994), M¢ge and Masson
(1994a, b), Kiefer and Johnson (1995), and Peulvast et al.
(1996). The structural pattern analyses carried out by

Masson (1977) both in Valles Marineris and the East
African Rift revealed similarities between these two
regions. The conclusions of Schultz (1991) include the
possibility of gentle northward tilt of the Coprates
Chasma floor, and the existence of systematic altitude
differences between plateaus located north and south of
both Ius and Coprates chasmata. The northern plateaus
lie above the 8 km level, whereas the southern ones cur-
rently lie at 8 km or less. These observations are consistent
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Fig. 2. Very simplified structural map of Valles Marineris. Lines: faults; stippled lines: suspected
faults ; lines with two thin dots, left and right : vertical fractures mainly shown up as zones of weakness
(pit chains, sapping channels, oblique troughs on wallslopes) ; lines with thick dots on both ends: the
line trends give local extensional direction inferred by some narrow grabens on plateaus; lines with
thick dots in the middle : the line trends give local contractional directions inferred from some wrinkle
ridges. The thick lines cut by perpendicular segments in the canyons show the main crest lines. A, B:
Location of two large impact craters on the floor of Ius and Coprates chasmata, perhaps directly
formed on plateau materials before Valles Marineris subsidence. C: Buried structures east of Geryon
Montes underlined by dark fissural lava flows. D : Border faults of minor horsts in the western part
of Coprates Chasma. E: En échelon vertical joints underlining the gradual reorientation of the Valles
Marineris structure from the N105°E westward trend toward the E/W trend observed in Gangis

Chasma
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with block tilting in terrestrial rifts. Valles Marineris
would have first developed asymmetrically with north
major border faults dipping southward, evolving further
in a more symmetric way, the other faults developing as
synthetic or antithetic faults. Moreover, the structural
division of lus Chasma presents some analogy with ter-
restrial continental rift division (Peulvast et al., 1996).
An asymmetric structure is also expected in other Valles
Marineris troughs, including Coprates (Schultz, 1991) and
Candor chasmata (Mége and Masson, 1994a).

In order to explain the structural asymmetry, Schultz
(1991) investigated the possibility of a deep detachment
fault, noting that this would result in a detachment level
more than 90 km deep, involving a very thick brittle crust.
He did not dismiss the possibility of planar major normal
faults, a hypothesis which is also consistent with structural
asymmetry.

Detailed quantification of stretching across the Valles
Marineris chasmata has not been attempted yet before
this study and the parallel study by Schultz (1995). The
style of rifting in Valles Marineris, i.e. wide (Basin and
Range type) or narrow (East African rift type) has been
investigated by Anderson and Grimm (1994, 1995), and
Kiefer and Johnson (1995). Attempts of calculating
crustal stretching on the northern Tharsis region were
made by Carr (1974) and Plescia (1991).

1.2. Can Valles Marineris reasonablv be a rift?

Strictly speaking, Valles Marineris (like most of the exten-
sional structures on planetary surfaces except the Earth’s
surface) is unable to be treated as terrestrial rifts since the
latter are consequences of horizontal traction of rigid
plates, mostly due to subduction pull and that temptative
subduction of the Martian crust is still not predicted by
any audacious but realistic evolution model of Mars (Pruis
and Tanaka, 1995). However, for conveniency, the fol-
lowing text will consider that rifts are sites of crustal
breaking, whatever the basic processes involved.

Mechanisms alternative to the rift interpretation have
been suggested—-the most quoted one was presented by
Tanaka and Golombek (1989)—but encounter some
difficulty with rock mechanics (Schultz, 1991, 1992) and
morphostructural observations (Mége, 1994 ; Mége and
Masson, 1996b).

Tanaka and Golombek (1989) rejected the rift hypoth-
esis for two main reasons. First, terrestrial rifts are not
associated with pit chains. This argument is not valid for
the following reasons. On Earth, oceanic rifting is usually
associated with dyke swarm emplacement. Dyke swarms
form first, and influence the location of the border faults
of the future rift (Fahrig, 1987). The existence of buried
dykes can be suspected in remote sensing studies when
subsurface ice or water in the bedrock interact with
magma, resulting in surface phenomena along the dyke
propagation path such as thermokarstic depressions
(Squyres et al., 1987 Costard, 1990a,b; Costard and
Kargel, 1995 Davis et al., 1995), and explosive eruptions
(Lorenz, 1986) under some pressure condition and when
the water content in the bedrock is close to 0.35% (Sher-

idan and Wohletz, 1981; Kokelaar, 1986). Structural
effects may also arise when dykes are shallow enough.
Dyke emplacement has a wedging effect on the bedrock
above the dyke top (see pp. 152-153 of Anderson (1951))
which can participate to crustal stretching if the remote
stress is also extensional (Opheim and Gudmundsson,
1989 ; Rubin, 1990 ; Forslund and Gudmundsson, 1991 ;
Gudmundsson, 1995). Dykes are also density and strength
discontinuities which focus the remote stress (e.g. Zoback,
1992). All these mechanisms have been shown by Mége
and Masson (1995b, 1996b) to have played a role in the
formation of some pits and troughs aligned with the chas-
mata, suggesting analogy with alignment of dyke swarms
and normal faults in some terrestrial rifts.

The second reason is that the Valles Marineris structure
would not be complex enough. This is not confirmed by
detailed mapping (Fig. 2, and Mége (1991), Peulvast and
Masson (1993), and Peulvast er a/. (1996)). The main
characteristics of terrestrial rifts also include a structural
asymmetry, which was shown to exist in Valles Marineris
in the works mentioned above and in Schultz (1991). An-
other characteristic in terrestrial continental rifts is the
existence of transfer zones on Earth, which include several
categories of oblique structural trends (Gawthorpe and
Hurst, 1993). Although this is not the main purpose of
this paper. some kinds of transfer zones should also exist
in Valles Marineris. Of particular interest is the case of
some transfer faults which sometimes shift the main bor-
der faults from one side of a graben to the other side.
Although transfer faults exist in Valles Marineris, such a
shift appears not to exist. They reactivate ancient major
lineaments in the basement on Earth (Precambrian shear
zones for instance; e.g. Villeneuve (1983), Rosendahl
(1987), Chorowicz et al. (1988, 1989), Chorowicz (1989),
Daly er al. (1989), Maurin and Guiraud (1993), and Piper
(1989)). Therefore many of them could not exist without
large horizontal block movements. In Valles Marineris,
their absence may be directly linked with the lack of plate
tectonics. Thus the structural complexity appears not to
be a suitable argument against the rift hypothesis in the
Valles Marineris case.

The following section compares the structural features
of the terrestrial rifts with those of Valles Marineris in
order to better investigate the mechanisms of crustal
stretching. This will also help to quantify the parameters
required to calculate the amount of stretching (Section
3). The main results are then presented (Section 4) and
discussed (Section 5).

2. Mechanisms and geometry of terrestrial rifts and
Valles Marineris

Calculation of stretching implies the definition of plaus-
ible graben geometries. To this end, some preliminary
points should be discussed, including the amount of sedi-
mentation in troughs, the location of the main faults, the
fault throws, and the fault dips. We first discuss in detail
the possible rifting mechanisms and the geometry of Valles
Marineris, in comparison with terrestrial rifts. The fol-
lowing aspects are considered : pure shear/simple shear
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thinning, symmetric/asymmetric border faults, listric/
planar faults, steep/gentle dips, lithospheric layering.

2.1. Thinning process (pure shear/simple shear)

Although thinning at the lithospheric scale is obviously
completed by pure shear, at the crust scale, two end-
member mechanisms for thinning may take place: pure
shear (McKenzie, 1978) or simple shear (Wernicke, 1985).

Rosendahl (1987) synthesized a rift evolution model.
Before possible oceanization, the asymmetry is developed
from the earliest tectonic stage by lithospheric simple
shear following Wernicke’s model. The rift has a half
graben geometry, which tends to evolve to a rather sym-
metric geometry shortly before oceanization.

Geometrical considerations led Morley (1989) to define
two kinds of rifts in the East African Rift System. The
first type (e.g. Lake Tanganyika rift) presents high angle
fault dips in the upper crust, which deformed by pure
shear. The lower ductile crust is deformed by pure shear
as well ; nevertheless it may consist of distributed, ana-
stomosing simple shear zones. This mechanism lasts until
the crust has been stretched by several kilometres. In more
evolved rifts, such as the Kenya rift, pure shear in the
lower crust would be abandoned with stretching increase.
A low angle detachment would develop from the ana-
stomosing simple shear zone in the ductile crust. Once
this step is reached, this mechanism would be suitable to
accommodate tens or hundreds of km extension. At the
end, the whole crust is dominated by simple shear, which
simultaneously affects deeper and deeper levels in the
lithosphere, reaching the bottom of the lithospheric
mantle.

Another example is provided by the Oslo rift, where
the upper crustal stretching factor (defined as the final
length/initial length ratio in a stretched area) averages
B = 1.4 (Klemperer, 1988). Simple shear is developed in
the upper crust and in the upper mantle, suggesting that
such a moderate extension may be enough for simple shear
to be significant. In the Rhenish rift, the limited extension
observed may be completed by pure shear (Ziegler, 1992a).
However, Brun et al. (1992) estimated from deep seismic
reflection data that a low angle detachment might exist
from the upper crust to the lithospheric mantle, with a
possible gap within the lower crust. It should be noted
indeed that the existence of low angle detachments involv-
ing the whole lithosphere has not been as frequently dem-
onstrated as popularized (see other examples in Klemperer
(1988) and Keen et al. (1989)).

What happened in the Valles Marineris lithosphere? In
order to discuss possible processes analogous to those in
terrestrial rifts, it is important to ensure that the thickness
of the crust prior to rifting was similar, because this par-
ameter influences the amount of stretching required to
develop simple shear. Most of the deformation occurred
prior to the deposit of stratified materials and during the
period of development of the spur and gully morphology
(Lucchitta et al., 1992). The location of spurs and gullies
(especially those displaying faceted spurs) gives a good
idea on the location of walls on which most of the tectonic

events occurred. However, it is not possible yet to infer
fault behaviour at depth and thus to define how far is the
stretching level advanced, and calculation of the stretching
factor will provide an idea on the dominant shear process
in the crust when Valles Marineris stretching stopped. If
the usually considered ~50km thick “‘normal™ current
Martian crust is correct, and if the scenarios of thermal
evolution predicting monotonous planetary cooling and
crust thickening with time (e.g. Schubert e al., 1992) are
correct, then the mean current terrestrial crust thickness
(=30km) may be a good approximation for Mars when
Valles Marineris formed, about 2 or 3 Gy ago (Neukum
and Wise, 1976 ; Hartmann ef al., 1981).

2.2. Graben geometry (symmetric/asymmetric)

A general structural asymmetry between one main border
fault and antithetic border faults is a frequent feature of
terrestrial rifts. It develops and grows up from the earliest
stages of rift evolution, and extends throughout the pro-
cess (Morley, 1989).

Pure shear allows asymmetric rifts to form, basically
because mechanically, stress and strain focus on a number
of crustal discontinuities inversely dependent on their
spacing (Nur, 1982). This asymmetry generally leads to
half graben development, like for instance in the East
African Rift System (e.g. Rosendahl, 1987; Hetzel and
Strecker, 1994), West and Central African Rift System
(see references in Maurin and Guiraud (1993)), Oslo rift
(Ziegler, 1992b), Rhenish rift (Brun et al., 1992) and, more
generally, basins belonging to the Southwestern European
Rift System (Bois, 1993). In the Baikal Rift System, Logat-
chev (1993) attributes the half graben geometry to three
possible processes: asymmetric mantle upwelling, reac-
tivation of Precambrian and Paleozoic thrust zones, and
location of the rift system at the edge of the Siberian
craton. It is of interest also to notice that recent works
on the Kenya rift structure put forward the same four
characteristics: half graben geometry, asymmetric
asthenospheric rise, reactivation of old (Pan-African)
structures, and location on a suture zone between two
lithospheric units (Archean Tanzania Craton and Pro-
terozoic Mozambique Belt) (Hetzel and Strecker, 1994).
An asymmetric upwelling is also considered by Melosh
and Williams (1989) to explain the asymmetric structure
of some terrestrial rifts. We point out that even without
these circumstances asymmetry in continental rifts may
merely develop from the fact that all the faults are in the
same strain field: strain focuses on a number of faults
inversely proportional to the distance between the faults,
favouring the formation of a single major fault in a rift
cross-section.,

A structural asymmetry is observed in some Valles
Marineris troughs where the northern walls of Ius Chasma
(Peulvast et al., 1996; Mége, 1991), Coprates Chasma
(Schultz, 1991), and Candor Chasma (Mége and Masson,
1994b) underwent more extensional deformation than the
southern walls. However, both image interpretation and
topographic analyses strongly argue against half graben
structures. Reactivation of ancient structures and location
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on a suture zone are not supported by observations
{Mutch et al. (1976) and subsequent works). Existence of
possible links with asymmetric asthenospheric upwelling
is of course very speculative.

2.3. Fault geometry (high angle/low angle ; planar/listric)

2.3.1. Slope angles of the Valles Marineris fault scarps.
The dips of the major faults in Valles Marineris cannot
be deduced from image interpretation, because of the high
but unclear amount of erosion. If we assume a homo-
geneous crust, the Anderson model is valid and the first
fault will be 60" dipping. But the possible occurrence of
inherited fractures leads to modify this model. Previous
fractures, formed as parts of the Tharsis radial fracture
system, existed before the opening of Valles Marineris,
during the Noachian and lower Hesperian (e.g. Scott and
Tanaka, 1986). All the previous interpretations of this
radial fracture system (Mutch er al., 1976; Schultz and
Glicken, 1979 ; Wise et al., 1979 ; Plescia and Saunders,
1982) imply that these fractures are vertical (Carr, 1981).
The initial fractures of Valles Marineris were part of this
network, as deep tension fractures (Tanaka and Golom-
bek, 1989) or intruded joints (Mége and Masson, 1995b,
1996b). Our calculations must then consider the case for
very steep dips at the initiating stage of graben formation.

If we assume that the Geryon Montes horst initially
reached the same clevation as the surrounding plateaus
(8.5km) at the middle of Ius Chasma, where it passes
over the 7km elevation, and was then eroded without
significant subsiding, a constraint can be put on the mini-
mal fault dips of the border faults north and south of
Geryon Montes. The distance between both of them
implies that their minimum dips averaged 40°, possibly
50 ; and assuming 60" dips, the initial width of Geryon
Montes would average 10 km. Some other minimum dip
values calculated from photogrammetric analyses in
Valles Marineris are presented by Chadwick and Luc-
chitta (1992), and range from 46 ' to 70°. However, these
faults are not border faults, and their genesis and evol-
ution may have not been the same. Higher values (52—
86"} have been found for trough-wall faults that parallel
the long axis of the troughs (Chadwick and Lucchitta,
1993). However the faults measured by Chadwick and
Lucchitta (1993) could be representative of narrow radial
graben faults, but not representative of chasma faults.
The difference could be appreciable if the mechanism for
chasma formation is different from that of narrow graben
formation (see discussion and Schultz (1995)).

We attempted to measure the dip angle of the faceted
spurs and other recent fault scarps located at the bottom
of the border faults, from comparison between high res-
olution pictures and the experimental detailed topo-
graphic map of Ius and Tithonium chasmata (USGS,
1980). We found that the current slopes could be as low
as 20-40 . These low values do not prevent steep initial
dips. On Earth, under semi-arid conditions, fault scarps
evolve following the equation of diffusion (Nash, 1980),
which states that the variation of elevation is proportional
to the slope curvature: 8z/6t = C(8°z/3x?), where ¢ rep-

resents time, z and x are the vertical axis and the horizontal
axis perpendicular to the slope of the scarp, respectively.
C (m’y™') is a constant, assuming that the cohesion of
slope material is negligible and particle properties are
uniform. The scarp angle diminishes under the control of
gravity and may typically reach 35. The further scarp
evolution is wash-controlled and the scarp may reach
values within the 25-8" range (Wallace, 1977). On Earth,
20-35" are particularly stable under favourable geo-
morphological conditions, and slopes ranging between 25
and 35 can be preserved for a few million years (Wallace,
1978). The current dips of the Martian faceted spurs are
thus not indicative of the initial fault dips. and, in particu-
lar, not inconsistent with steep border faults.

2.3.2. Initial dip angles of the Valles Marineris border

Jaults. Possible values for the initial dip angles of the

Valles Marineris border faults must be discussed in order
to define which ones should be included in the stretching
calculations. A simple hypothesis is considering that all
the faults have a 60" initial dip. This hypothesis was used
for a number of stretching calculations across shaliow
Martian grabens, from some of the oldest works (Carr,
1974) to very recently (Davis et al., 1995). For the Valles
Marineris grabens, although this hypothesis may be
correct, a wider range of dips should be considered to
account for different models of fault initiation.

Steep dips (>70°). Some models involving formation
of the border faults from vertical joints, together with
the results obtained by Chadwick and Lucchitta (1993),
require very steep initial faults. In extensional regions on
Earth such as Iceland, the normal faults develop from
vertical tension fractures (Gudmundsson, 1992). Tension
fractures form at the surface with a small length, and.
individually or by coalescence, grow in length and depth
for several hundred metres. At a typical depth range of
0.5-1.5km a throw begins to develop and the ten-
sion fracture progressively becomes a steeply dipping
normal fault (Bickstrom and Gudmundsson, 1989;
Gudmundsson and Bickstrom, 1991: Forslund and
Gudmundsson, 1992) whose throw linearly increases as a
function of length (Gudmundsson, 1992). Measurements
on 315 faults by Forslund and Gudmundsson indicated
that the dip range is 42-89", 80% are within the range 65--
79", and the mean dipis 73". The maximum vertical throws
are several hundreds of metres, and there seems to be a
correlation between the maximum vertical throw increase
and the dip angle decrease (from 89 to 737). Thus in case
of faults forming from vertical joints, one can suggest that
the dips rapidly decrease to 70° (they would probably
reach 60 if the throws were larger). This agrees with the
resuits by Brun and Choukroune (1983) shown on Fig. 3.
Models involving intruded joints (Carr, 1974 ; Mége and
Masson, 1995a.b, 1996b) require such steeply dipping
initial faults as well.

“Classic” dips (607). The case for initial 60" dipping
faults corresponds to models based on the Anderson rule
(Anderson, 1951). This rule is adapted to the assumption
of newly formed faults in fractured crust. Numerous
works on crustal stretching have assumed 60" dipping
normal faults ; in Valles Marineris, this value was assumed
in the model proposed by Tanaka and Golombek (1989).
In this model. the faults would have developed above deep
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tension cracks. The crack upper tips would correspond to
the depth of fault initiation, ruling out possible analogy
with the Icelandic rift.

Moderate dips (< 50%). Low angle initial normal faults
may result from inheritance of low angle discontinuities
in the crust. This case is encountered on Earth when old
thrusts are reactivated (Jackson and McKenzie, 1983;
Daly et al., 1989). This requires large-scale horizontal
block movements, and cannot apply to Valles Marineris,
as previously stated. A few studies (Plescia and Golom-
bek, 1986 ; Zuber, 1995) have suggested that the wrinkle
ridges could involve low angle faulting of much of the
Martian crust. Since wrinkle ridges are observed in the
Valles Marineris surrounding plateaus, and formed earlier
than Valles Marineris, low angle discontinuities could
have influenced its development if these interpretations
are correct. However, the wrinkle ridges are mostly per-
pendicular to the Valles Marineris grabens (Chicarro er
al., 1985; Watters and Maxwell, 1986), and thus could
not have been reactivated as border faults.

Without considering the stress field, dyke intrusion cre-
ates a local extensional field (e.g. Pollard, 1987). If a
global remote stress field is accounted for, Parsons and
Thompson (1993) showed that the superimposition of
both fields favours the development of low angle normal
faults above the dykes. Therefore, models involving dyke
emplacement parallel to Valles Marineris should also take
possible low angle faults into account if the emplacement
of some dykes was contemporaneous to the formation of
nearby normal faults.

Consequently, we consider that the initial dips of the

Valles Marineris border faults ranged from 90" (inherited
faults from previous vertical joints, consistent with results
obtained by Chadwick and Lucchitta (1993)), to 60"
(newly formed faults in Anderson’s model), and to 40"
(normal fault initiation contemporaneous to, and influ-
enced by, vertical dyke emplacement).

2.3.3. Evolution of fault geometry. Once a range of initial
dips has been defined, it is necessary to examine if fault
rotation occurred or not, i.e. to determine whether the
dip angles remained constant throughout stretching or
whether they were lowered. Ultimately, large rotations
contribute to form listric faults and, subsequently, low
angle detachments. Schultz (1991) discussed either the
possibility of listric and planar major faults but does not
side with any of them. The development of listric faults
and detachments on Earth appears to be closely related
to horizontal traction and heat flow.

Individual fault geometry has been subject to numerous
discussions since the early 1980s. Dresen er al. (1991)
showed from analogue and numerical modelling that
planar faults form by subsidence in isotrope material. This
was shown along either 90° or 60" dipping basement
faults. Conversely, horizontal traction favours the develop-
ment of listric faults. Under horizontal traction, planar
faults get a curved shape due to block tilting (Jackson
and McKenzie, 1983). Jackson (1987) suggested that the
steeply dipping planar faults in the upper crust may also
undergo a diminution of the dip angle in a small tran-
sitional brittle-ductile zone between the upper crust and
the lower crust. Listric faults evolve into low angle or flat
detachments with increasing stretching.

The style of propagation of faults at depth appears to
be also dependent on the thickness of the brittle upper
lithospheric layer, i.c. on heat flow (Buck, 1988, 1993;
Morley, 1989). If the heat flow is weak (leading to a thick
brittle crust), the fault is steeply dipping and may cut the
entire brittle upper part of the lithosphere. Conversely,
high thermal gradient (leading to a thin brittle crust) in
regions of extension is responsible for major fault flat-
tening at depth, and connecting them with a subhorizontal
detachment. In detail, the lower part of the steep fault
may be abandoned and absorbed in the ductile crust the
top of which is rising. The higher part of the fault keeps
active and its dip angle slightly decreases. It prolongates
at depth, following a new low dip trend. Connecting all
the low angle faults leads to a low angle or flat detachment
(Morley, 1989), such as in metamorphic core complexes,
which may move upward or downward according to the
initial distance between the initial normal faults, com-
pared with the detachment depth, and to basin infill and
loading (Barr, 1987).

Since plate tectonics does not exist on Mars, large hori-
zontal tractions are unlikely. Horizontal stresses from
planetary cooling, which might have an effect at the time
of formation of Valles Marineris are compressive and
hydrostatic and thus cannot produce large-scale hori-
zontal movements and replace the effect of plate tectonics.
Similarly, the wrinkle ridge trends cannot have been
induced by Valles Marineris stretching (e.g. Watters and
Maxwell, 1986; Watters, 1993). Therefore, following
Dresen et al. (1991), if listric faults formed in Valles Mari-
neris, their development should have remained embry-
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onic. Moreover, Valles Marineris does not look like core
complexes, as also pointed out by Anderson and Grimm
(1994). The virtual detachment depth calculated by
Schultz in Coprates Chasma, assuming a 8 km offset, 60
dip and a tilting angle less than 3 (close to the maximum
value for Coprates Chasma allowed considering that the
poorly constrained topography is horizontal) would be
90 km. Since detachments occur in the case of thin crusts,
the depth calculated by Schultz (1991) tends to argue
against 4 major detachment beneath Valles Marineris.

2.4. Fault rotation

Listric faults are not expected to have developed in Valles
Marineris. however, before planar faults become listric,
horizontal stretching needs and produces block rotation :
(1) it 1s an intrinsic geometrical necessity in elastic crust
stretching. Horizontal extension is achieved by vertical
thinning : pure shear results from a combination of simple
shear and rotation (Jackson and McKenzie, 1983 ; Jack-
son, 1987). (2) An additional component of rotation is
required to account for field observations, and is due to
the lithospheric response to thinning. The latter rotation
component is especially observed on rift borders where it
leads to footwall uplift. In the subsequent part of the
text “'stretching rotations” and ‘‘lithospheric response to
thinning™" will be distinguished to account for these two
sets of mechanisms.

2.4.1. Stretching rotation. Since block tilting has been
generally investigated in the case of “domino” block
geometry (like in core complexes), its validity for *“full”
grabens should be discussed. In the case of horizontal
traction (“passive” rifting on Earth), rotation on one bor-
der fault in a full graben (i.e. in the early stages stretching,
before the development of significant asymmetry) may be
counteracted by the attempt of the antithetic border faults
to rotate in the opposite sense, and finally no rotation
may result (Fig. 4a, c). In this early stage, the lithospheric
uplift due to unloading is estimated to be negligible, con-
trary to later stages during which lithospheric uplift
induces fault rotation.

Conversely, in the case of crustal stretching induced by
vertical forces (mantle upwelling ; ““"dynamic” or *‘active”
rifting on Earth), important extensional forces are
expected to be distributed under the entire extended area.
One fault may not absorb all the extensional forces under-
lying the rift. Each movement produced on one fault does
not counteract movement on other faults (Fig. 4b. d).
Block rotation may occur. After rift initiation, this differ-
ence between passive and active rifting becomes less
important because passive rifting induces vertical uplift.
and dynamic rifting becomes mainly accommodated by
horizontal stretching. Therefore block rotation should be
possible in both configurations. An important factor
determining if block rotation can have taken place in
Valles Marineris is thus the amount of stretching: for
rather small stretching, rotation may have been impeded ;
for more advanced stretching, block rotation is likely to
have occurred.

2.4.2. Lithospheric response to thinning. It is here

assumed that lithospheric response to thinning does not
produce additional extension. Jackson (1987) mentions
the case of the Gulf of Mexico and Niger Delta, where
vertical readjustment of the margin produced stretching
in the up-dip direction and shortening in the down-dip
direction, in such a way that the net stretching is null. This
is an important point because otherwise the lithospheric
response to thinning should be taken into account in cal-
culating the stretching factor. This would require the
assumption of some highly speculative values on various
parameters, such as the lithospheric thickness in the Valles
Marineris region at the time of tectonic activity.

As a consequence of this mechanism, tilting due to the
lithospheric response to its thinning is responsible for
overestimating the dip angle variation on faults produced
by stretching. Morley (1989) studied the possible influence
of footwall uplift in the Kenya rift case. The component
of dip variation during extension due to footwall uplift is
as high as 10 . The fact that the lithospheric response to
thinning lowers the dip angle is not important for the
stretching estimations here since the calculations will not
consider the observed fault dips, because intense wall ero-
sion occurred and the current slopes do not reflect fault
dips. Nevertheless its influence on rotation of the Valles
Marineris border faults is important to consider, because
it may partly explain the discrepancy between the current
slopes and the fault dips that will be modelled in the next
section, together with wall erosion.

A clue to that past rotation induced by the lithospheric
response to thinning should have taken place in Valles
Marineris is illustrated below. Footwall uplift has a con-
troversial origin, but necking due to buoyant forces result-
ing from basin unloading appears to be an essential pro-
cess (Weissel and Karner, 1989; Kusznir ef af.. 1991).
Other mechanisms (for instance isostatic uplift caused by
underplating, and dynamic uplift due to convection) may
play a role as well, which in some cases is supported by
geophysical data, but in some other cases is not (van der
Beek er al., 1994).

Schultz and Senske (1995) have shown that the bulged
topography of the plateaus surrounding the central and
eastern parts of Valles Marineris can be explained by
footwall uplift through trough unloading. This mech-
anism may have also played a role westward, but cannot
explain the entire Valles Marineris topographic uplift. The
interpretation by Schultz and Senske is supported by the
observation that the plateaus near the cornices of the
Valles Marineris grabens often display continuous bright
edges about 10 km wide on images whose sun azimuth is
perpendicular to the graben trend (such as orbits 64A,
65A. and 66A). They are sometimes associated with dark
wind streaks. Wind is an efficient erosional process on
Mars, as shown by, e.g. Ward (1979) and Greeley and
Iversen (1985). The bright belt could correspond to more
intense wind abrasion on the plateau edges than in other
plateau parts.

On Earth, passive margins of the Gondwana continents
are affected by permanent shouldering characterized by 1-
5 km uplift gently attenuating several hundred kilometres
away from the ocean (Weissel and Karner, 1989). The
slope is the highest near the grabens. and decreases away
from it to about 1. Assuming a 30 km thick crust and
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Fig. 4. Sketches explaining why block rotations may be accommodated following Brun and Chou-
kroune’s method for “‘domino” geometry in the case of stretching produced by mantle upwelling (b)
and with more difficulty in the case of horizontal traction (a). In the latter case, strain must be
distributed among several major faults with comparable vertical offsets (several kilometres), with as
many synthetic and antithetic normal faults to fit observations. Rotation on synthetic faults is
counteracted by rotation on antithetic faults because all are in the same strain field. Fault rotations
induced by passive asthenospheric rise is assumed to be negligible in the upper crust because of the
weak f value in the Valles Marineris case. If extensional forces originate from below (b), strain is
distributed in the whole region on faults working independently. Rotation may occur. The black
arrows indicate the driving forces and the light ones induced displacements. In (b) are shown flow
lines of mantle upwelling supporting the Valles Marineris stretching. (c) Beside the cross-sections are
suggested a tensile strength envelope and a geothermal profile at the time of Valles Marineris
formation. The evolution of fault deformations may be represented by strain Mohr circles. The strain
circles are justified here because the strain ellipsoid for each deformed object is expected to be
representative of the strain ellipsoid for the whole deformed region. The circle shows reciprocal
quadratic elongation 4’ on the x-axis and shear strain y divided by 4" on the y-axis. 7 = tan (), with
¥ the angular shear strain. (d), (¢) show the Mohr circle for the entire stretched part of the Valles
Marineris upper crust, defined by 4’1 and 4'3. The influence of both mechanisms on this circle is
shown. The small circles correspond to the strain expressed on each fault. In (d), for each fault the
diameter of the initial strain circle is theoretically less by a factor n, which is equal to the number of
faults in the case of faults with exactly the same characteristics (but opposite dip angle for antithetic
faults). The white dot on the Mohr circle shows the strain if the deformation was virtually accom-
modated by one single fault, and the black dot shows the deformation in the case of n faults, and
corresponds to the dots drawn on the fault planes. In (e) the two strain circles have the same
significance as previously. The white dot corresponds to the virtual initial strain if there were one
single fault, the grey dot shows the initial strain on each fault, and the black dot shows any further
deformation stage on each fault. Contrary to (d). the arrow in the small circle shows that the faults
can rotate contemporaneously
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several kilometres of downthrown movements for these
terrestrial uplifts, passive margin uplifts might correspond
to the conditions prevailing during the Valles Marineris
formation, 2 or 3 b.y. ago, when the Valles Marineris crust
and lithosphere were thinner (e.g. Schubert er al., 1992)
than currently (the current elastic lithosphere and crust
thicknesses being generally estimated to 100-300 and 40—
70 km, respectively (Sleep and Phillips, 1985; Banerdt er
al., 1982, 1992)). Therefore the erosional patterns on the
cornices could be due to erosion of uplifted plateau edges.

The mechanism of uplift may be due to stretching
rotation, however the contribution of trough unloading
appears to be also necessary because the bright belts fol-
low the spur and gully walls (most of them are assumed
to represent eroded fault scarps, (Peulvast et al., 1996)) as
well as the landslide walls. The uplifted parts of the cor-
nices above the border faults would have been destroyed
by landsliding if the uplift were only due to stretching
rotation, or to other styles of the lithospheric response to
thinning.
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2.4.3. Maximum tilting angle. In many cases of upper
crustal stretching, faults lock up after a little extension
and some block tilting, and then tectonic stretchings occur
on a newly created fault (Jackson and McKenzie, 1983 ;
Buck, 1993). This occurs in thick brittle lithosphere under-
going quite weak heat flux, in contrast with metamorphic
core complex regions with high heat flux and thin litho-
sphere. Thus, if the Valles Marineris border faults rotated,
it is likely that a maximum allowed rotation angle existed
on each fault.

The maximum amount of rotation corresponds to the
maximum possible angle between the fault plane and the
maximal stress direction to keep the fault active. More
precisely, according to Nur et al. (1986), the threshold
beyond which a fault is abandoned and a new fault forms
may be written as a function of the difference between
the cohesive strength of the unfractured rock S, and the
cohesive strength of pre-existing faults S|, the coeflicient
of friction u, and the effective normal stress g, acting on
the faults (actual regional normal stress less pore pres-
sure).

If A@ 1s the tilting angle. defined by

AGZCXiﬂO(r (l)

where o, is the initial fault dip and o, the final fault dip,
this threshold corresponds to the following amount of
rotation Afyax:

Lot 1= A=50/S0).
Alyax = ;€08 |:l _(] —|—ﬂ0'0/So)} @

Rotation is related to the stretching factor, f (McKenzie,
1978), measured at the surface. Both geometrical relation-
ships and field studies on Earth, especially in the Basin
and Range (Brun and Choukroune, 1983 ; Angelier and
Coletta, 1983 ; Angelier er al., 1986) allow to link the dip
angles after rotation with the stretching factor (Fig. 3).
using the relation
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where L. is the final length of the stretched crust, L; its
initial length, o; the initial dip, and o the final dip. f§ varies
from 1 (stretching null) to infinity. For instance, f = 1.5
and 2.3 means that the crust has been 50% and 130%
stretched, respectively. An important result concerning
the B behaviour is summarized by Brun and Choukroune
(1983): “rapid variations (significant) of fault dip occur
during the early 50% stretching”, and “‘fault with initial
dip ranging from 90" to 50° (i.e. a 40° fan) gives at 100%
stretching a 7° fan”. Fault dips follow an exponential-
type decrease law.

Replacing f in equation (1), the amount of rotation is
linked with the stretching factor
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and, substituting A6 of equation (2) in equation (4)
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where Byax 1s the maximum stretching accommodated by
a fault before locking. According to Angelier and Coletta
(1983) and Angelier et al. (1986), initial rift geometry locks
up between fyax = 1.5 and 2, and vertical tension gashes
formed during previous stages begin to move as second-
order normal faults.

If the Valles Marineris faults rotated, some faults may
have been locked because the amount of rotation was too
high. Equation (2) may be used to define the maximum
tilting angle beyond which new faults are likely to develop.
On Earth the most common values have been found within
the range 2045 (Nur et al., 1986). In Valles Marineris
it is difficult to define what is the depth of maximum fault
rotation, however taking some realistic parameters may
provide an insight on possible Afyax.

Most of the border faults should probably be more than
10 km deep, and without further information, this depth
can be assumed to correspond to a depth where significant
rotation could have taken place. Considering a mean
3x 10°kgm~* density for the brittle crust and the
3.71 m s~ value for the acceleration of gravity, the normal
Martian  lithostatic  pressure  gradient is about
11.1 MPakm™'. At the beginning of the trough evolution,
the lithostatic pressure would have been about 110 MPa
at 10 km depth. However, due to the possible existence of
groundwater and ground ice, this value may have been
reduced to some 50 MPa, in the case of saturated bedrock
(see p. 24 of Price and Cosgrove (1990)). Laboratory
experiments of quasi-static fault growth in granite carried
out by Lockner ez al. (1991) using a process which allows
a constant rate of acoustic emission to be maintained
allow to hypothesize that creep in a granitic-like crust
occurs at pressures of the order of 500 MPa, so that both
the two boundary values for g, 110 and 50 MPa, fall
without doubt within the brittle domain of the Martian
crust.

According to Nur er al. (1986), S, ranges from 40 to
400 MPa, according to rock hardness. The Martian base-
ment at 10 km depth could correspond to a value on the
order of 100-300 MPa. According to Nur et al., S, is the
most likely in the range 0-S,/2, and is a function of fault
hardening due to mineral crystallizations. The coefficient
of friction u for a granitic crust is in the range 0.5-0.7 (see
p. 90 of Paterson (1978)). and 0.6 is a good mean value
(Byerlee, 1978).

Figure 5 shows the maximum tilting angle cor-
responding to these values, inferred from equation (2).
Extension modelling with block tilting presented hereafter
does not take formation of new faults due to locking of
previous ones into account, and thus the results of this
study will have to be checked by the maximum tilting and
stretching values in Fig. 5.

(5)

2.5. Lithosphere rheology beneath Valles Marineris

The structural layering of the lithosphere under Valles
Marineris and the style of rifting are closely related. In
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Fig. 5. Maximum angle of fault rotation for Valles Marineris
under assumptions discussed in the text. The upper, middle, and
lower surfaces correspond to cohesive strength of unfractured
rock S, of 300, 200, and 100 MPa, respectively. S, (MPa) is the
cohesive strength of the fault and o, (MPa) the effective normal
stress acting on the fault

the previous part of this paper we implicitly assumed that
the Valles Marineris lithosphere has the same structure
as the one beneath the terrestrial continental rifts. The
following reasons explain why this assumption is valid.
Three modes of continental extension were defined on
Earth : narrow rifts, wide rifts, and core complexes (Buck,
1991). According to Buck, the difference between these
modes mainly depends on two initial conditions: the
initial thermal state and the crustal thickness. Extension
rate plays a role as well, but is expected to be minor with
respect to the role of the initial conditions. Anderson and
Grimm (1994) applied the methodology of Buck (1991)
to Valles Marineris. The core complex mode for Valles
Marineris is excluded from obvious image observation.
Anderson and Grimm use this as a constraint for the
heat flow and crustal thickness during its formation. They
concluded that considering Valles Marineris as a narrow
rift in a 40-60 km thick crust is in agreement with a wide
range of parameters ; the wide rift hypothesis is not ruled
out but requires extension rates less than 1 mmy~".
According to Buck (1991), narrow rifts correspond to
extension concentrated on a small area in the crust and
upper mantle, and wide rifts are characterized by a uni-
form extension of the crust and upper mantle over an area
larger than the lithospheric thickness. The widest Valles
Marineris profile, across Melas, Candor, Ophir and Hebes
chasmata, is 600 km long, and 400 km appears to be con-
sidered by all the geophysicists as the current extreme
upper value of lithospheric thickness (Banerdt et al.,
1992). It is expected to be less in the past (e.g. Solomon
and Chaiken, 1976 ; Toksoz and Hsui, 1978 ; Schubert et
al., 1992), so that strictly speaking, from this point of view,
the middle part of Valles Marineris could be considered as
a wide rift. The upper bound for extension rate to get a

wide rift according to Anderson and Grimm (1994) does
not cause timing problems, as shown by the results
obtained in Section 4. The outer parts of Valles Marineris
would be considered as part of aborted wide rift segments
(Anderson and Grimm, 1995). Kiefer and Johnson (1995)
argue in favour of a primary narrow rift structure, in
which high strain rate would have led to deformations
more distributed than in usual narrow rifts.

The lithospheric structure beneath wide rifts, according
to Buck (1991), is made of, from top to bottom, a brittle
upper crust, a thick ductile lower crust, a brittle mantle
layer, and a ductile one. Beneath narrow rifts the litho-
spheric structure is about the same, but the heat flow is
weaker and essentially leads to a more brittle behaviour
in the previous brittle layers and a less ductile behaviour
in the ductile layers. The upper crust is thicker and the
lower crust thinner. Allemand et al. (1989) and Allemand
and Brun (1991) studied scaled analogical modelling of
rifting. They succeeded in modelling a wide rift composed
of several parallel grabens in the only case of four litho-
spheric layers. Two layers (one brittle and one ductile)
and three layers (one brittle above, one ductile below, and
one more ductile at the bottom) were only able to form
one or two parallel grabens (Allemand and Brun, 1991).
A further constraint to get several parallel grabens is a
strong decoupling at the crust/mantle boundary. The
number of grabens is proportional to the degree of coup-
ling.

Allemand et al. (1989) obtained four slightly asym-
metric grabens with the four layer hypothesis and a strong
crust/mantle decoupling. Although the precise number of
grabens may not be essential, one can compare this result
with the geometric configuration of the widest Valles
Marineris profile, which includes Melas, Candor, Ophir,
and Hebes chasmata. Although this profile was intensively
eroded since the main tectonic episodes, the grabens of
the adjacent profiles are also slightly asymmetric (Schultz,
1991 ; Mége, 1991 ; Mége and Masson, 1994a).

Figure 4 shows the lithospheric structure adopted in our
model of Valles Marineris as a function of the arguments
discussed below. Figure 4c indicates the corresponding
rheologic profile. Four lithospheric layers are taken into
account above the weak asthenosphere.

Footwall uplift due to necking is expected if a ductile
crust exists, and is independent of the occurrence of the
shear mechanism of thinning, as illustrated in the study
by van der Beek er al. (1994). Whereas Kusznir er al.
(1991) investigated simple shear in the brittle crust, Lin
and Parmentier (1990) numerically modelled footwall
uplift in an entirely purely (and symmetrically) stretched
graben, which might provide an interesting analogy with
the Valles Marineris case. Since necking is a permanent
support, footwall uplift should be observed in Valles
Marineris if a ductile crust existed when it formed. Even
if the lithosphere cooled enough to be entirely brittle now,
the shoulders produced this way (i.e. mechanically, not
thermally) should be fossilized.

3. Method

Two simple methods to calculate stretching factors were
used. The first one assumes that block tilting is null or
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Fig. 6. Definition of the parameters used in calculations, in the
simplest, single graben case

negligible and the second one considers that it plays a
significant role. They were applied in a first stage to Ius
Chasma (independently from the other troughs) and then
to the entire Valles Marineris graben system.

The parameters to be fixed for calculation of § are: ,
tault dips. P, vertical offsets, L,, the current profile lengths
across the considered graben, and L;, the initial profile
length (Fig. 6). The cross-sections and minimum vertical
fault throws (plateau elevation less floor elevation) (Figs
7 and 8) were established from the Digital Elevation
Model of Mars computed by USGS (1992). The height
accuracy of the DEM is 4 I km, and its lateral resolution
1s a few kilometres. This uncertainty should not alter the
validity of the results because the other parameters, such
as sediment thickness and fault dip, were varied in order
to cover a wide range of geometric configurations. The low
vertical and horizontal DEM resolution are thus implicitly
accounted for. For profiles D and E, the USGS DEM can
be compared with the DEM of lus and Tithonium Chasma
established at University College London (Fig. 9) (Day et
al., 1992; Muller ¢t al.. 1993). The USGS DEM was
derived from digitized contour maps, and some of the
steps for DEM generation were manually carried out.
Conversely, the UCL DEM has been derived from auto-
mated digital matching of image stereo-pairs, improving
both the lateral DEM resolution and height accuracy (a
few hundred metres). Both techniques are very different,
and give an idea on the reliability of the profiles. The
discrepancy between the UCL and USGS DEMs is almost
everywhere less than I km. The comparison of both shows
that if the UCL DEM is better than the USGS DEM.,
then the fault throws could be often higher (0.5-1km)
than usually estimated. Future DEMs in Valles Marineris
resulting from digital matching of stereo-pairs are needed
to transform many speculations on Valles Marineris
topography and structure into certainties.

The faults observed at the surface may represent part
of the structures existing in Valles Marineris only, some
other ones being possibly buried. The results will thus
provide minimum stretching estimations.

Profile lengths have to include the whole width of the
extended area at its widest profile (Fig. 7). We chose
L;=110km for Ius Chasma and L; = 660 km when the
entire Valles Marineris is considered. The structure of
Tithonium Chasma is unclear. On several sites displaying
evidence of recent faulting, Tithonium Chasma may have
a graben structure. However this may not be the case in
the entire trough (Mége, 1991 ; Peulvast ef al., 1995) and

both end-member cases were considered: (1) a graben-
type structure ; (2) no tectonic extension.

3.1. Extension without block tilting

3.1.1. Input parameters. Dip angles o, and a,. Planar
faults and dips within the range of 40 80" are assumed.
We do not take the 90" case into account because theor-
etically it would imply an infinite subsidence. This case
will be considered when tilting will also be considered.

We modelled stretching for both identical and different
fault dips, o, and a,, on each graben of each profile. The
case of asymmetric fault dip is investigated : in a simple
graben, the two border faults have different dips ranging
between 40 and 80" each. On profiles B and F two border
faults are assumed to have the same dip, and the two other
ones, another but identical dip.

Vertical offsets P, and P,. Vertical offsets include both
the whole wall heights and sediment thicknesses. Very
poor information exists on the amount of sediments on
the Valles Marineris floor. It cannot be compared with
the quantity of bedded sediments (Nedell, 1987) because
the latter appear to have formed after the development of
the spur and gully morphology, which is contempor-
aneous to most of the graben formation (Witbeck ef al..
1991 : Peulvast et al., 1996).

Sedimentary deposits in Coprates Chasma are probably
thin (Schultz, 1991). since some remnants of large diam-
eter craters. expected to have been carved into plateau
materials, are observed on canyon floors. We attempted
to infer the depth of the buried plateau underneath two
such craters, located on the Coprates and lus Chasma
floors. respectively (A. B on Fig. 2).

For craters less than 21 km in diameter (p. 133 of
Melosh (1989)). the theoretical rim height is equal to
h =0.036D"""* (Pike, 1977). The rim height of the first
crater, I5km in diameter, should have been about 560 m
before erosion. The diameter of the second crater is about
7.7km and its rim height should have been about 285m.
The current rim heights for both cannot be precisely
defined from the available topographic information ; how-
ever, the most important thing is that they can still be
observed. If they directly formed on plateau material, the
sedimentary blanket should be very thin, a few hundred
metres at most. These craters may also have formed later.
but they appear to be highly degraded and must be quite
old anyway. implying a rather thin blanket as well.

From this information we assume that the sediment
thickness in Valles Marineris may range from very few
(Okm as an end-member value) to 1. 2 or 3km at most.
We assume that all the current elevation of the plateau is
due to tectonic subsidence of the canyon fioor. This scems
plausible since faceted spurs often reach a very high level
on the wallslopes. The vertical throws recorded on present
walls do not exceed about 10km (USGS. 1991): this
implies that the maximum possible vertical offsets are
likely to be around 13 km. This assumption of 4 bulk 3 km
value for the maximum sediment thickness allows to take
into account possible local variations, like unsuspected
very high sediment thicknesses in Melas Chasma for
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instance. Because of the complexity of its (essentially
buried) structural, and geomorphological histories, the
structure of Melas Chasma is mostly unconstrained. Sedi-
ment thicknesses might be higher than in other parts of
the trough system. The flexibility of the model fits with the
assumption of 5 km sediments in Melas Chasma, together
with more than 2 km in both Candor and Ophir chasmata,
as well as the assumption of 3km in the three troughs.

In Ius Chasma, we assume that Geryon Montes are a
horst but did not significantly subside tectonically, at least
from its eastern end up to the longitude of profile B. On
profile B its elevation is more than 7 km above the canyon
floor (USGS, 1986) and the adjacent plateau elevation is
8 km. The lacking 1 km can be reasonably attributed to
erosion during the 2 or 3 b.y. long-lasting Geryon Montes
evolution (Neukum and Wise, 1976; Hartmann et al.,
1981).

The elevation of the Geryon Montes crest diminishes
eastward from profile B (USGS, 1986) and Geryon
Montes finally disappears under the canyon sedimentary
cover near longitude 78°W. On profile C we expect that
Geryon Montes might still be present under the sediments

s, the thickness of which has been assumed to be 3 km at
most. We consider in computations that vertical offsets P
on both sides of Geryon Montes range between 0 and
s—0.5km,

3.1.2. Calculation. The strectching factor is deduced
using equation (3), which may be precised according to
the parameters defined on Fig. 6:

L

= 6
Bnr " P, (6)

T tan oy,

L,
where Byr is the stretching factor in the non-rotational
case, and #» is the number of border faults.

3.2. Extension with block tilting
3.2.1. Input parameters. We use in this method the same
parameters as in the previous one. The 110km value for

the final length L, and the hypotheses on the vertical offset
P are kept. We take 60° and 90° as initial dip angle values
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Fig. 8. Topographic profiles across Valles Marineris (location on Fig. 7), and structural interpret-
ations. As a lower boundary condition, no sediment thicknesses, except those corresponding to the
stratified deposits, are represented. In models we assume higher boundary conditions corresponding
to a bulk 3 km sediment thickness in all the canyons. On any profile of Fig. 7, more sediments in one
canyon are compensated by less sediments in the others. This figure is mainly derived from observation
of high resolution pictures, topographic maps (USGS, 1980, 1986), digital topographic maps at 1/16

at 1/64° per pixel (USGS, 1992), and works by Nedell (1987), Peulvast e al. (1995), and Meége and
Masson (1994b). Numbers are estimations of the minimum vertical offsets of border faults in kilo-
metres (sedimentary thicknesses other than those of layered formations have to be added to these
values). These numbers are used to calculate the stretching factor with the non-rotational and the
rotational methods. For each value, the cases with sediment thicknesses between 0 and 3 km were
considered. The dip angles on the figure are arbitrary
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Fig. 7. Topographic map of Valles Marineris and location of topographic profiles used for calculation
of stretching (cross-sections displayed and interpreted on Fig. 8). Numbers refer to contours (km)
(USGS. 1992)
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Fig. 9. Comparison of topographic profiles D and E (Fig. 7)
given by USGS and UCL DEMs (USGS, 1992 ; UCL, unpub-
lished, used with permission)

Profile E
g

oo. Significant tilting for smaller initial angle values, such
as the 40° case investigated in the non-rotational case, are
obtained for very high stretching factors only (Fig. 3)
unexpected in Valles Marineris, so that such low angles
are not considered here.

3.2.2. Calculation. Modifying equation (6), the stretch-
ing factor is given by:

in| tan~! P
s a L—L
P .
) . B
sin [tan (L,»— Li) A6:|

The calculations have been proceeded following inter-
active iterations, assuming a globally synchronous
stretching mechanism for each graben. In this process, the
evolution of a, # and s may be visualized at any inter-
mediate deepening stage. However the results presented
here, to make the interpretations clearer, consider the
initial stage (no sediments) and the maximum reasonable
stage (3 km thick sediments).

The whole method is described in Mége (1994), and
does not need to be discussed much here. We consider that
the rotational process may be approximated by discrete
successive stretching stages during which small amounts
of rotation are completed. The grabens are “closed” with
successive decrementation steps from their current
geometry to the initial horizontal profile. During the iter-
ations, the variations of o and P are recorded, and the
iterations stop when P reached the value required to
account for the quantity of sediments desired on the
graben floor. Then the initial and final values of a are
compared in order to find Af.

ﬁR = (7)

4. Results

The along-strike variations of stretching in both rotational
and no rotational cases are the same, but under similar
conditions rotation increases the amount of stretching.
For instance, 60° initial dips in the rotational modelling
of Ius Chasma would lead to 30 km stretching with s = 0
on the small B profile, versus 59 km with s = 3km. In the

non-rotational case, these conditions would respectively
lead to 20 and 30km stretching (Fig. 11). At the Valles
Marineris scale, block tilting on the longer J profile would
lead to 31 and 45km stretching with s =0 and 3km,
respectively ; these values would decrease to 28 and 40 km
without tilting (Fig. 13a).

The latter examples refer to the most stretched profiles.
They illustrate the fact that rotation or non-rotation has
a significant influence on the ratio between the width
of the deformed zone (canyons) and the width of the
undeformed zone (roughly the plateaus). When a small
plateau length is considered, tilting is responsible for an
important stretching increase. For the lus Chasma
profiles, the stretching increase reaches 50% in the pre-
vious example. On profiles taking into account more unde-
formed plateau zones, stretching is lower. For the Valles
Marineris profiles the stretching increase due to rotation
is a few kilometres at most (10% of additional stretching).
To summarize, when tilting is considered, the choice of the
dimensions of the geodynamic unit, and thus the profile
length, including both areas where deformation con-
centrated and non-deformed areas, has direct implications
on the amount of tilting and fault flattening in the results.

4.1. Tus Chasma (Figs 10 and 11)

The stretching factors are shown on Fig. 10 (asymmetric
configurations) and Fig. 11 (symmetric configurations). f§
is generally moderate, even with 3 km thick sediments on
floors between 80” and 60° dip angles. In these conditions,
under the non-rotational configuration (Figs 10 and
11a,b), f is in the range 1.02-1.11 (2.2-12.1km) at 88",
1.05-1.27 (5.5-30km) at 82°W, and 1.03~1.18 (3.3-20 km)
at 77.5°W for a 100 km final profile length, corresponding
to about the distance between the northern and southern
slopes of lus Chasma on profile C. The maximum
stretching is reached by the 40” dipping configuration
calculated with 3 km sediments, and leads to f = 1.8 (pro-
file B on Fig. 10, and Fig. 11a). § rapidly falls down to
1.2 when both faults have a dip <60° (Fig. 10). With
f = 1.8 the profile length before stretching would have
been about 60 km. However, we think that four initially
40° dipping faults is an unlikely configuration. Despite
important error bars due to uncertainty on sediment thick-
nesses and distribution, these variations clearly indicate
an increase of extension eastward from the western end of
Tus Chasma to 82“W. Under the rotational configuration
(Fig. llc,d), the variations of stretching are similar but
the higher and lower stretching values for initial 60" and
90° dipping faults are 1.1 and 59 km.

The maximum stretching in terrestrial continental rifts
is observed in the central part of rifts. Thus if Valles
Marineris can be compared with terrestrial continental
rifts, stretching is expected to increase eastward in lus
Chasma up to the centre of Melas Chasma. However,
decreases east of profile B. This is due to the absence of
Geryon Montes in the eastern part of [us Chasma, even
when a 2.5km high Geryon Montes is assumed to exist
and be buried under 0.5 km sediments east of its current
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Fig. 10. Results of computation in Ius Chasma in the non-rotational cases for variable combinations
of dip angles on border faults. a,, o, = dip angle, s = sediment thickness. In each graben half of the
faults is expected to have an «, dip and the other half an «, dip. Evolution of the stretching factor
is given as a function of «,, o, and vertical offsets of border faults. On profile C a horst is expected to
be buried under sediments east of the current topographic end of Geryon Montes. The horst is
bounded with two border faults whose vertical offsets are equal to = = 2.5km. Location of profiles

on Fig. 7

topographic end (compare profiles B and C on Figs 10
and 1la).

This may be explained two ways. (1) It is possible that
the extensional structures buried below floor sediments
have a more complex geometry than expected with this
model and accommodated more deformation. For
instance. several shallow horst and graben structures
might exist, and could be able to sufficiently increase
stretching at 77°W to average or exceed the stretching
factor calculated at 82°W. (2) At the 77.5°W longitude,
and farther east, the canyon system strongly widens and
an important amount of stretching is accommodated in
the Candor, Ophir and Hebes grabens. Thus, it would not
be surprising that the stretching factor measured in the lus
Chasma region is not representative of the whole Valles
Marineris stretching at this longitude. Extension may
decrease eastward at the Tus Chasma scale but increase at
the Valles Marineris scale.

The comparison between Fig. 11b,d and Figs 13, 14

indicates that the eastward stretching lowering in lus
Chasma is indeed strongly compensated by stretching at
the entire Valles Marineris scale. Considering the case for
tectonic stretching in Tithonium Chasma or not does not
influence the global variations of stretching.

4.2. Valles Marineris (Figs 12-14)

The variations of B are shown on Figs 12-14. Figure
12 shows that the amount of stretching is only a little
dependent on the dip angle in the outermost parts of
Valles Marineris (profiles D and L). An asymmetric struc-
ture very weakly influences the amount of stretching if the
dips are within the range 60-80" on profiles D, E. K, and
L (stretching < 10 km), but for one low angle (40") border
fault and a steep second border fault, asymmetry influ-
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Fig. 11. Extension of Ius Chasma assuming no block tilting (a, ¢) and block tilting (b, d) if all the
faults have the same « dip, with a = 40°, 60°, and 80° (a, c) or the same initial o, dip, with oy = 60°
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length used for the whole Valles Marineris calculations for comparison with Figs 12-16)

ences f§ a lot. The sediment thickness has an appreciable
influence on stretching for most profiles.

The general trend is stretching increase from Noctis
Labyrinthus to central Valles Marineris, and then
stretching decrease to the east; finally a small increase is
recorded further east, at the far eastern part of the graben
system. Unfortunately, the structural evolution of this
wide chaotic area and of Gangis Chasma region during
Hesperian is far from being completely understood,
because of the catastrophic geomorphological events that
occurred in these areas, and because of the poor resolution
of pictures. The following section discusses the possible
interpretation of Valles Marineris as a terrestrial con-
tinental rift as far as stretching variations are concerned.
This interpretation minimizes the role of Tharsis in the
Valles Marineris opening. However Tharsis-related
stresses should have influenced the Valles Marineris
development, and their role will also be discussed.

4.2.1. Comparison of stretching variations along Valles
Marineris and terrestrial continental rifts. To fit the ter-

restrial continental rift comparison, the stretching factor
B in the central area must be at least equal (as a lower
boundary condition) to the stretching factor calculated in
the neighbouring regions. In Valles Marineris the
maximum stretching is obtained in the central troughs,
close to its boundaries with Ius and Coprates chasmata.
Figures 13 and 14 indicate that this maximum is expressed
by two higher values, recorded on profiles G and K. An
unexpected low is observed in the models in the very
central regions of Valles Marineris, corresponding to pro-
files H and I. If Valles Marineris is a rift, this low must be
an artifact, due to (1) variations of sedimentary thick-
nesses along the troughs; (2) existence of buried struc-
tures, or both.

Variations of sedimentary thickness. Figures 13b and
14b are linear interpolations of Figs 13a and 14a. The
curves show the variations of f§ if the sediment thick-
ness is constant (s = 0 or 3km) along Valles Marineris,
whereas the dashed intervals show what can be expected
if variations of the sediment thickness exist along the
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Fig. 11. (Continued)

grabens. The thick curve on Fig. 14b is an example of a
possibly correct variation of f§ along the troughs, and
shows that the low f in the central troughs may simply be
an artifact reflecting these variations. In this example,
rotations occur along initially 60° dipping faults. Stretch-
ing increases from profile D to F, where f§ reaches 1.044.
With this value, f may remain constant up to profile J, and
then decrease westward. This would imply that s~ 0 km at
profile F, increases to s~3 km up to profile I, and then
dramatically decreases at profile J. This feature is observed
whatever the fault dips. Such a pattern of § variation does
not in fact require 0 km sediments at the Melas Chasma
western and eastern bounds as shown on Fig. 14b. Sedi-
ments could be 2 km thick there, merely this scheme would
require that they are about 3 km thicker between. Such
variations would be consistent with the suspected thicker
sedimentary deposits in Melas Chasma than in the other
grabens. However, in the wide range of parameter values
used in the model, a very small number of possibilities
allow f to remain constant.

Buried structures. Alternatively, buried structures cer-

tainly exist in Valles Marineris, some of them outcropping
in the western part of Coprates Chasma (D on Fig. 2).
We attempted to calculate what would be the lacking
vertical throws corresponding to unobserved stretching
(buried structures) in central Valles Marineris, in order
for B to reach its values in the neighbouring areas (Figs
15 and 16). We investigated only the case for a 3km
thick sediment blanket, since it is likely that this region
underwent intense deposition which is not currently
removed. Assuming that all the deformation occurred on
faults with identical dip, we found that 9 and 18 km of
additional vertical offsets in the direction perpendicular
to the profile trend are necessary. at the longitudes of
profiles H and 1, respectively, to get a constant stretching
from the eastern bound of Ius Chasma to the western
bound of Coprates Chasma in the case of no rotation
(Fig. 15). The values obtained in the case of block rotation
are 16.5km (o, = 90") or 17.5km (a, = 60°) for profile H
and 22 km (%, = 907) or 26 km (ay = 607) for profile I (Fig.
16). These additional vertical kilometres may be obtained
by assuming that the deformation is distributed among
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extension of Valles Marineris without block tilting

Extension of Valles Marineris on profile D
without Tithonlum Chasma

Extension of Valles Marineris on profile E
without Tithonium Chasma

Fig. 12. Results of extension calculations in Valles Marineris in the non-rotational cases for various
combinations of dip angles on border faults. Same parameters and representation as for Fig. 10. In
each graben, half of the faults are assumed to be «, dipping and the others «, dipping

more faults than expected in our modelling (a few faults
with major offsets or many faults with minor offsets, or a
combination of both).

Variations of sedimentary thickness and buried struc-
tures. Assuming no block rotation, 1.5km of additional
floor sediments located at the bottom of each of the six
major faults displayed on profile H, and masking 1.5km
of additional vertical offsets in the direction perpendicular
to the profile trend, are sufficient to absorb the 9 km offsets
required. If block tilting occurred, 3 km additional offsets
on each fault are required. Alternatively, or in addition,
a buried structure could exist in Ius Chasma on profile
H, and could for instance correspond to an eastward
continuation of Geryon Montes. A few structures, some-
times underlined by fissural volcanism, are observed on
the lus floor in the continuation of Geryon Montes (C
on Fig. 2). Another contribution to stretching may be
provided by subsidence of the portion of the plateau
located between Ius and Candor chasmata. However its
subsidence is particularly pronounced north of Melas
Chasma, but is probably weak at the longitude of profile
H. Its elevation is close to 8 km : 2 km less than the plateau
north of Ophir Chasma, but not significantly less than the
plateau south of Tus Chasma.

The lack of some 18 km vertical offsets on profile I in
the case of no block tilting, or 22-26 km in the case of

block tilting addresses a more serious problem. On profile
I, the free air vertical offsets on walls belong to the highest
ones in the whole trough system (more than 10 km for the
north bounding fault of Melas Chasma with s = 0). Even
with a sedimentary cover constantly 2 km thicker than on
the adjacent eastward J profile, some 10-18 km high offset
remains to be found. Part of the lacking extension may
be absorbed by the numerous narrow grabens of Ophir
Planum, studied by Schultz (1991). However there is evi-
dence in the western part of Coprates Chasma that its
structural framework is probably significantly more com-
plicated than in our model. Some low elevation plateau
remnants (D on Fig. 2) indicate that the floor structure is
in fact likely more complex than what is suggested by the
current topography and in our simple model. We thus
suggest that buried structures exist, at least on profile I,
and could be responsible for a cumulated vertical offset
of 10-15km. In addition, variations in sedimentary thick-
ness are also likely to be included in calculations of the
most realistic structural model and in further stretching
calculations.

4.2.2. Stretching increase toward Capri, Eos and Gangis
Chasma. Another important point is the significant
increasing stretching trend in East Valles Marineris
toward the chaotic Eos and Capri chasmata regions (Figs
13 and 14). This trend is emphasized by the presence of
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Fig. 12. (Continued)

Gangis Chasma northward, whose existence was included
in calculations. Despite the lack of high resolution
pictures, Gangis Chasma has a probable structural back-
ground on which intense geomorphological events took
place. Its E-W direction is slightly different than most of
the other trough trend but it seems clear that Gangis
Chasma belongs to the Valles Marineris system. Its border
faults are probably in the continuation of the major fault
sets of the other troughs. Its E-W direction is consistent
(1) with the counterclockwise evolution of the Coprates
Chasma border fault trend southward; (2) with the en
échelon trend east of Candor Chasma (E on Fig. 2); and
(3) with the apparent global reorientation of structural
trends in Capri Chasma toward the NE-SW direction.
The Gangis Chasma walls seem to be more than 2km
high (USGS., 1992) above the sedimentary cover. But the
latitudinal division of Coprates Chasma in two parts at
its eastern end would have been sufficient to observe the
increasing eastward stretching displayed on Fig. 13. We
suggest that the characteristics of stretching in central
Valles Marineris and in East Coprates might not have
been similar. Some grabens of Valles Marineris are slightly
asymmetric, whereas the morphology and profiles of the
eastern part of Coprates Chasma and in Gangis Chasma
(profile M on Fig. 8) are surprisingly symmetric according
to the currently available topographic data and morpho-

tectonic analysis of the wall (Peulvast er al., 1996). This
symmetry also tends to argue in favour of different stretch-
ing mechanisms.

4.3. Rotation angles

The lack of flank uplift due to the lithospheric response
to thinning, the diminution of dip angles due to block
rotation during stretching is equal to the height of shoul-
ders. According to our calculations, «; is always higher
than a,— 6" (Fig. 17), and thus the slope of an initially
horizontal plateau edge resulting from stretching is
expected not to exceed a few degrees (6” in the case of a
perfectly rigid crustal behaviour). The total permanent
shouldering in the rotational case should thus take a
maximum of 6° of stretching rotation into account, minus
the possible effect of rock compaction at depth produced
by the lithostatic pressure, plus an additional component
of lithospheric response to thinning.

When block tilting is considered, faults may lock due
to inadaptability of the sliding plane to the orientation of
the least compressional remote stress (Section 2.4.3). The
least favourable case investigated in Fig. 5 allows
maximum tilting angles between 23" and 42°, in agreement
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Fig. 13. (a) Extension of Valles Marineris assuming no block tilting if all the faults have the same «
dip, with o = 40°, 607, and 80°, and with s = 0 and 3 km. (b) Interpolation of the results presented in
(a). Tectonic extension (dashed intervals) and no tectonic extension (light intervals eastward) in

Tithonium Chasma are considered

with the results shown on Fig. 17. Taking a wide range of
other values for the parameters in equation (2) leads to
maximum rotation angles comprised between 19° and 42°.
Overall, each fault considered during calculations is mech-
anically able to work from the beginning of trough open-
ing up to the end of the tectonic evolution of Valles Mari-
neris, without the requirement for forming new faults. The
faults observed within the Valles Marineris walls (Mége,
1991; Chadwick and Lucchitta, 1992; Peulvast and
Masson, 1993 ; Peulvast et al., 1996) are thus expected to
be synthetic and antithetic normal faults branched with
the main border faults at depth; they should reflect the
influence of the free topographic boundary on devel-
opment of the uppermost parts of the faults, as frequently
observed on Earth in active extensional basins.

4.4. Is there a detachment fault beneath Valles
Marineris?

All the results, including the most favourable ones, indi-
cate that the stretching factor, usually less than 1.2, is
probably too low for a detachment to develop.

This low stretching also means that if Valles Marineris
were a terrestrial continental rift, it would probably not
develop strongly asymmetric border faults. The small
asymmetry in several grabens observed by Schultz (1991),
Meége (1991) and Mége and Masson (1994a), together with
the apparent symmetry of some other grabens (Peulvast
et al., 1996) are not absolute evidence, but strong con-
sistencies with the architecture of terrestrial continental
rifts, even if their dynamics may be different.
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Fig. 14. (a) Extension of Valles Marineris assuming block tilting if all the faults have the same «, dip,
with o, = 60" and 90°, and with s = 0 and 3 km. (b) Interpolation of the results presented in (a).
Tectonic extension (dashed intervals) and no tectonic extension (light intervals eastward) in Tithonium
Chasma are considered. The thick line in the dashed domain indicates a possible path for § (border
faults expected to be 60" for convenient drawing but the interpretation is the same with different dip
angles) indicating that despite the low stretching on profiles H and I, variations in sediment thickness
allow to keep f constant and successfully correlate with the patterns of f§ variations in terrestrial
continental rifts. This requires 3 km more sediments than in Ius and Coprates chasmata

5. Discussion
5.1. Comparison to results from other works

Other measurements of extension around Tharsis from
Viking imagery, mainly for Hesperian structures, i.e. more
or less contemporaneous to Valles Marineris, have been
carried out by Plescia (1991) (Tharsis northern area),
Chadwick and Lucchitta (1993) (Valles Marineris), Gol-
ombek et al. (1994, 1995a) (Sirenum Fossae, Tempe

Terra), Golombek et al. (1995b) (Thaumasia Fossae),
Tanaka and Golombek (1994) (Tempe Terra). and Schultz
(1995) (Valles Marineris).

5.1.1. Valles Marineris. Schultz (1995) used a method
similar to ours for calculating the variations of Valles
Marineris stretching without block tilting. Both works
were carried out independently. The range of border fault
dips taken by Schultz (1995) is 50-70". For 60", he found
extension values very similar to those we obtained when
block tilting and sediments on the floors are neglected
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Fig. 15. Minimal additional vertical offsets required in central Valles Marineris in the non-rotational
case to get constant stretching from the Ius to the Coprates chasmata boundaries

(Fig. 13a). Of particular interest is that his results show
the same pattern of stretching variation along the grabens,
including the increase of extension in Coprates Chasma
toward the east. This pattern is observed even without
taking stretching in Gangis Chasma into account. A
difference however is that we standardized extension to a

constant length profile (660 km), whereas he calculated
strain at profiles of different length, including the
deformed areas only. Therefore his strain values are more
convenient for comparison with strain in other areas
calculated the same way. This is particularly helpful
because some boundaries between the stretched Tharsis
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Fig. 16, Minimal additional vertical offsets required in central Valles Marineris in the rotational case
to get constant stretching from the Tus to the Coprates chasmata boundaries
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sub-provinces (see, e.g. Tanaka and Dohm, 1989) are
partly arbitrary. They lie upon the assumption that the
distribution of extensional radial patterns reflects the
distribution of stress in the crust. The influence of crustal
heterogeneities. such as provided by previous fracturing
of various origin, by buried impact basins in the Tharsis
hemisphere (Craddock et al., 1990; Schultz and Frey,
1990 ; Frey and Roark, 1995); possible magmatic under-
plating or intra-crustal accretion ; possible differences in
crust density dating back to early crustal differentiation,
etc. are neglected. Therefore. the notion of subprovinces
1s a convenient way to distinguish between Tharsis morpho-
structural units, but that all of them have a geodynamic
significance cannot be assumed without caution. As a
result, comparing strain between different subprovinces
taking non-deformed areas into account is difficult.
Standardizing the results to the same profile length is
nevertheless helpful when the possibility that the region
submitted to the extensional forces is supposed to be larger
than the region actually deformed is considered. In the
Valles Marineris case, stretching could result from release
of stress exerted in an array which may be much wider
than the chasmata array. When the deformed arrays are

considered only, the strain measured is well adapted to
local Valles Marineris uplift, like would be produced by
dynamic rifting. Taking the non-deformed arrays into
account maybe more adapted to horizontal traction of the
crust (passtve rifting). Of course, in this respect, the
660km length of our profiles is arbitrary, it could be
considered as the minimum length of the array submitted
to horizontal traction in the central Valles Marineris zone.

Chadwick and Lucchitta (1993) measured 35km of
extension across the widest part of Valles Marineris in the
case the border faults are 60 dipping. This value is well
within the range of our estimates around Melas Chasma.
and corresponds to what we would expect if the mean
bedrock depth below the floor sediments is close to 2 km.
They found that extension would fall to 16 km in the case
of 75" dipping faulits, a result which is consistent with our
estimates as well (Fig. 13a). If block rotation occurred,
75" dipping faults would correspond to roughly initially
807 dipping faults (Fig. 17). Although other mechanisms
may explain such possible very steep dips, the formation
of these faults from intruded joints, like in the lcelandic
rift, where tectonic stretching results from some com-
bination of horizontal traction of plate and stress related
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to magma emplacement in the crust (Rubin, 1990; For-
slund and Gudmundsson, 1991), is an attractive hypothesis.

5.1.2. Other Tharsis subprovinces. As noted above,
recent works have given values of extension in other areas
of Tharsis (Plescia, 1991 ; Golombek et al., 1994, 1995a, b ;
Tanaka and Golombek, 1994). In a synthesis, Golombek
et al. (1995b) estimate that the total extension around
Tharsis should be 60+ 46 km. The results presented here,
and those presented by Schultz (1995), which unequivo-
cally show that the amount of stretching recorded in the
Valles Marineris chasmata varies along-strike, confirm the
remark by Schultz that the mechanism of Valles Marineris
stretching should be different from the mechanism of nar-
row radial graben formation, which appears not to have
produced along-strike variations of stretching. According
to Golombek et al. (1995b), some 44 4 33 km of extension
around Tharsis was not produced in Valles Marineris.
Comparison with the results presented here suggests that
the stretching mechanism for Valles Marineris formation
could have been as efficient as that for radial graben for-
mation. The uncertainty is however enormous, and the
error bars, mainly due to the uncertainty on fault dips
and to neglecting small-scale fracturing, cannot rule out
the possibility that Valles Marineris absorbed four times
more or 12 times less stretching than the other areas!
This comparison between Valles Marineris and the other
Tharsis subprovinces is however valid at the surface only.
At more than a few hundred metres depth, the amount of
stretching remains unknown, it depends in great part on
whether tension cracks, dykes, or no joints, underlie the
narrow radial grabens.

5.2. Mechanisms of Valles Marineris formation

Valles Marineris formation was the result of two possible
basic mechanisms: uplift or horizontal traction. Fol-
lowing the terminology used for the Earth, uplift would
lead to dynamic rifting, horizontal traction would lead
to passive rifting (the most common case on Earth). In
addition, Valles Marineris opening might also have been
completed by extensional stress due to Tharsis loading.
5.2.1. Dynamic rifting. Dynamic rifting is consistent
with most of the stretching variations observed (increasing
stretching from the ends to the centre of the stretched
system, provided the peak correction discussed above),
but not with the increase of extension in Coprates Chasma
eastward. It is also qualitatively consistent with the
location of Valles Marineris on a secondary topographic
bulge partially overlapping the main Tharsis bulge, which
culminates at Syria Planum. The latter reaches 11 km in
elevation, the former reaches 9 km (USGS, 1991, 1992).
The Valles Marineris bulge is centred in the Echus/
Hebes/Ophir/Candor area (Fig. 7), although some lower
summits appear to exist as well. The correlation between
the location of the top of the Valles Marineris bulge prior
to extension and the trough depth cannot be established
since it would require to accurately know sediment thick-
nesses in the chasmata. Nevertheless, as the location of
the top of this bulge and the location of the deepest

chasmata often correspond, Valles Marineris stretching
and the formation of the bulge should be linked.

Nevertheless, as pointed out by Schultz and Senske
(1995), the correspondence between the current uplift and
the location of chasmata is quite unperfect. Furthermore,
Chadwick and Lucchitta (1993) calculated that 4 km of
elastic topographic bulging could not produce more than
1 km of circumferential extension, a value much smaller
than all those calculated to date in Valles Marineris. Of
course, the current bulge may not correspond to the bulge
that existed at the onset of Valles Marineris stretching.
Topographic uplift should have been stronger, due to
thermal heating induced by upwelling below the rift, and
it can be suggested that this could have been sufficient to
produce the grabens by dynamic rifting (Chadwick and
Lucchitta, 1993 ; Mége, 1994). An argument against this
interpretation is however provided by comparison with
the Earth, where rifting above a plume cannot result from
the early doming effect of the plume. Plumes are highly
efficient in crust weakening, but appear to be inefficient in
producing rifts alone (Hill et al., 1992).

5.2.2. Passive rifting. Tectonic aspects. Passive rifting
can still not predict stretching of Gangis Chasma and the
easternmost part of Coprates Chasma. A critical argu-
ment against passive rifting is that it requires horizontal
traction, and subsequent shortening parallel to Valles
Marineris in the surrounding plateaus if the source of
extensional stress exerts in the Valles Marineris area only.
Compressional structures around Valles Marineris are
perpendicular to the direction of shortening expected
if they were induced by Valles Marineris stretching
(e.g. Watters and Maxwell, 1986). A recent study has
provided new insights on the conditions of Valles
Marineris development (Mége and Masson, 1995b,
1996b). Based on morphologic and structural arguments,
that work demonstrates that many of the narrow radial
grabens should have formed above giant swarms of dykes
propagating throughout the Tharsis hemisphere from
the Tharsis central areas from late Noachian up to
Amazonian. The arguments given are mainly based on
observations of interactions between dykes and ground
water/ground ice throughout the Tharsis province, evi-
dence of joint propagation associated with lava flows,
analogy between secondary faults within the grabens and
those obtained in analogical modelling of dyke emplace-
ment with multiple pulses by Mastin and Pollard (1988),
and frequent analogy between secondary tectonic patterns
in the grabens and tectonic patterns induced by subsurface
magma flow on Earth.

Dyke mapping revealed the existence of at least three
giant dyke swarms in the Tharsis hemisphere. They were
used to infer broad scale horizontal principal stress tra-
Jjectories (e.g. Halls, 1987), whose geometric analysis indi-
cates that a regional extensional stress system, indepen-
dent of Tharsis, existed at least in the Tharsis hemi-
sphere during the whole Hesperian, and at least part of
Amazonian, and played a major role in the formation
of the radial grabens. Valles Marineris, which formed
contemporaneously to many of them, should have also
been influenced by this stress field. Its orientation is indeed
perpendicular to the direction of the regional least prin-
cipal stress trajectory (NO20E). Therefore a source for
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horizontal traction of the Valles Marineris crust appeared
to have existed, and is not contradictory with the lack of
compressional structures parallel to the chasmata. The
magnitude of the regional deviatoric stress was strong
enough to produce the narrow grabens. For instance, it
was enough to produce 22 + 16 km of surface stretching
in Tempe Terra (Golombek et al., 1995a), a value which
is of the same order as extension values obtained in Valles
Marineris (Schultz (1995) and this study). Consequently,
this stress source should have contributed to form the
chasmata as well.

A reason for the difference in tectonic style between
Valles Marineris and the grabens elsewhere around
Tharsis must however be found (Schultz, 1995). Giant
radiating dyke swarms appear to have frequently formed
in response to hot spots on Earth (Fahrig, 1987:
LeCheminant and Heaman, 1989: Ernst et al., 1995),
which have a weakening effect on the crust that is strong
enough to trap terrestrial rifts (White and McKenzie,
1989 ; Hill er al., 1992). Rift location is governed by the
geometry of the weakened crust. Rift geometry is a
compromise between regional stress trajectory and pre-
vious fracturing. At large scale, this generally means that
the rift follows the skeleton given by those dykes that
are perpendicular to the regional least principal stress
trajectory (Fahrig, 1987). This evolution appears to have
been thoroughly followed by Valles Marineris, which
formed just after a graben and dyke swarm centred on
Syria Planum (from data in Tanaka (1986), Tanaka and
Davis (1988), and Mége (1994) corresponding in location
to the Syria Planum fracturing centre of Plescia and
Saunders (1982)). Its existence, location, and geometry,
are predicted by the existence of both (1) the plume centred
on Syria Planum, and the associated dyke swarm, and (2)
the regional extensional stress source. More details can
be found in Mége and Masson (1995a. b, 1996b), and a
detailed discussion of the model is given by Mége and
Masson (1996b). Correlation between the model and other
tectonic features is out of the scope of this paper.
However, in order to make the passive rifting interpret-
ation stronger. it is worthwhile to note that it is also
consistent with (1) the upper Noachian/lower Hesperian
south Tharsis ridge belt (Schultz and Tanaka, 1994),
expected to be due to stress at the boundary between the
uplifted and non-uplifted area around plume (Price and
Cosgrove. 1990) ; and (2) the location and orientation of
wrinkle ridges, due to local subsidence of the weakened
and thinned brittle crust under the load of the lava floods
(Hill er al., 1992) within the stress context that presided
to narrow graben and Valles Marineris formation. In this
respect, the critical points mentioned by Watters (1993)
are better fitted than previous hypotheses for wrinkle ridge
formation in the Tharsis hemisphere yet published, and
the model is also in good agreement with stratigraphic
studies (Tanaka, 1986 ; Tanaka and Dohm, 1994).

Magmatic aspects. The model is particularly consistent
with the uplifted plateaus surrounding Valles Marineris.
The uplift of the central and eastern part has been found
to be consistent with rift shouldering due to unloading
(Schultz and Senske. 1995). It is however insufficient
to explain the topography closer to Syria Planum. This
should be solved in considering the simple model of partial

melting in stretched regions (McKenzie and Bickle, 1988 :
White and McKenzie, 1989; McKenzie and O’Nions,
1991). According to the results obtained by McKenzie and
O’Nions, with a classical terrestrial mantle temperature
(1300°C), and taking the acceleration of gravity to be
3.71ms~", thinning a 140km thick Valles Marineris
mechanical lithosphere is enough to generate partial melt-
ing by adiabatic mantle decompression. Twelve per cent
partial melting is generated if lithosphere thickness is
decreased to 50 km, corresponding to a total thickness of
molten materials equal to 7km. If effects of a typical
plume, inducing a 200°C thermal anomaly, are added.
partial melting starts for a mechanical lithosphere thick-
ness of 300 km, and lithosphere thinning to 50 km results
in more than 25% partial melting (a tholeiitic basalt com-
position), and a total thickness of molten materials equal
to 45km. For comparison, the current Martian elastic
lithosphere thickness is often estimated to 150 km, sug-
gesting that the mechanical lithosphere thickness could be
of the order of, e.g. 200 km. It should have been much less
when Valles Marineris formed.

Overall, magmatic underplating and intrusion to the
Valles Marineris crust (depending on the magma density).
which has been scarcely discussed in the literature, should
probably be viewed as a necessary and major aspect of
Valles Marineris evolution. Magma accretion should have
contributed to plateau uplift, similar to several uplifted
continental regions with abnormally thick crust on Earth
(McKenzie, 1984), including around continental rifts (e.g.
McDonald and Upton, 1993), especially in the regions
close to the Syria Planum, where unloading cannot explain
the high topography. Nevertheless, the model in Meége
and Masson (1995b, 1996b) predicts that it should have
also contributed, to a somewhat smaller extent, to uplift
of the central and eastern parts of Valles Marineris as well.

Location of tectonic and magmatic events. The imperfect
correspondence between the location of chasmata and
that of the uplifted plateaus has been argued against the
dynamic rifting interpretation. This argument does not
stand for passive rifting, because, basically, rift structure
in the upper crust and partial melting in the asthenosphere
are actually very different processes (upper crustal rifting
and mantle decompression, respectively), although linked
by the same root cause (extensional stress applied to the
lithosphere). Logatchev (1993) pointed out that the
location of the Baikal rift geologic structures and that of
most intense magmatism are different, although both are
a consequence of the same geodynamics.

Gravity. Magma accretion to the Valles Marineris crust
is consistent with gravity data computed by Smith et al.
(1993), which denote (despite high uncertainties discussed
by these authors) a negative anomaly below the central
troughs, suggesting that they are not in isostatic state, in
contrast to the surrounding volcanic plateaus and cratered
highlands (Frey et al., 1995).

These data are in agreement with the passive rifting
hypothesis. Magma extraction from the mantle is a domi-
nantly vertical process. It resultsin a low-density residuum
underlying the intruded lithosphere, which contributes
to maintain a high topography in rifted regions during
stretching (White and McKenzie. 1989). Once the magma
in the lithosphere has frozen, assuming that there is no
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lateral loss of the residuum in the surrounding mantle, the
gravity anomaly is negative. This is because although the
high magma density may be counterbalanced by the low
residuum density, crust unloading due to stretching pro-
duces a negative anomaly. At longer term, a natural trend
to subsidence exists. However, if creep of the residuum
to the surrounding mantle is difficult, subsidence can be
impeded or prevented. In planets smaller than the Earth,
viscosity increase in the upper mantle with planet cooling
should be a process more rapid than on Earth. Conse-
quently, rift subsidence should be more easily impeded or
prevented than it would be on Earth, leading to a long-
lasting or permanent flexural uplift, or to partial com-
pensation, which could explain why more than 2 Ga after
its main formation stage, Valles Marineris is currently not
in isostatic state.

Some of the magma produced below Valles Marineris
could provide a basis to the hypotheses favouring a voi-
canic origin and alkalic composition for the layered
deposits (Nedell, 1987). These volcanic rocks would have
likely not played a substantial role in Valles Marineris
uplift attenuation, owing to their low density.

5.2.3. Tharsis loading. In the models of loading available
to date, the load is considered axisymmetric and be exerted
on an elastic plate. The load centre corresponds to the
Tharsis centre, therefore, the mechanism for Valles
Marineris stretching is very different from dynamic or
passive rifting,

Stress models. Many works on the Tharsis state and
evolution of stress have been carried out for 20 years
(reviews in Banerdt et al. (1992) and Mége and Masson
(1996a)). Banerdt ez al. (1982) particularly focused part
of their study to the Valles Marineris case. These works
show that the topography and gravity data are consistent
with three styles of support. Tharsis could be dynamically
supported by flexural uplift (due to mantle upwelling for
instance), or by the volcanic, and, above all, the plutonic
load (Phillips et al., 1973 ; Willemann and Turcotte, 1982 ;
Finnerty et al., 1988 ; Phillips et al., 1990). Both isostasy
(Pratt + Airy) and flexural loading were investigated.

The comparison between stress related to the Tharsis
dome and the development of Valles Marineris led to the
conclusion that Tharsis dynamic uplift produces stresses
which are inconsistent with trough orientation. Isostatic
stresses in elastic models are consistent with the formation
of the western Valles Marineris troughs, but inconsistent
with the formation of the eastern troughs. Conversely,
flexural Tharsis loading could explain the development of
the eastern troughs only. Many authors thus concluded
that the Tharsis region would be primarily supported by
isostatic forces, and increasing of the brittle lithosphere
thickness would have led to a flexural support (e.g.
Banerdt et al., 1982 ; Solomon and Head. 1982 ; Sleep and
Phillips, 1985).

As isostasy and flexural loading are two different states
of the same support mode (loading), the transition from
one to the other is gradual, and may be considered as a
single process which may have been completed in a few
ten or hundred million years. Stratigraphic relationships
(Scott and Tanaka, 1986 ; Witbeck et al., 1991) and style
of tectonic recording on walls (e.g. Peulvast er al., 1996)
show that graben formation in Valles Marineris mainly
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Fig. 18. Variation of isostatic and flexural loading stress states
(extension, strike slip, compression—north is approximately as
indicated) and magnitudes along Valles Marineris at 10°S,
extrapolated from Banerdt et al. (1992). Thick lines underline
the extenstonal domains predicted by Banerdt et al. (1992)

took place during upper Hesperian. Upper Hesperian may
have lasted 150-1300 Ma (Neukum and Wise, 1976 ; Hart-
mann ef al., 1981). Therefore, replacement of isostatic to
flexural support may have wholly taken place between the
lower and upper bounds of upper Hesperian. Opening of
western chasmata would have taken place earlier than
opening of the eastern chasmata, but no morphologic
nor structural clue for this two-stage evolution could be
currently observed.

For the opposite case, the detached crustal cap model
of Banerdt and Golombek (1990) and Tanaka et al. (1991)
allows all the chasmata to form simultaneously. The upper
crust of the internal regions of Tharsis would be decoupled
from the brittle upper mantle by a lower ductile crust,
leading to a mode of support responsible for stresses
roughly corresponding to the ones that would be produced
by isostasy (Airy) at a crustal scale. The ductile part of
the crust would lack in the external part of the dome
owing to a thinner (less intruded) crust and a weaker
thermal gradient. The crust and the lithospheric mantle
would be coupled, and the isostatic-like state could not be
reached. The western and eastern part of Valles Marineris
could thus have formed at the same time, but under
different governing processes. This scenario is temptative
for Valles Marineris, it is in addition in good agreement
with the works by Allemand ez al. (1989) and Buck (1991)
disucssed in Section 2.5. Nevertheless, under its present
form, it still encounters structural inconsistencies in other
Tharsis subprovinces (Watters, 1993 ; Mége and Masson,
19964).

Stress states and magnitudes. The stress states and
magnitudes predicted by elastic models across Valles
Marineris are displayed on Fig. 18 (extrapolated from
data in Banerdt et al. (1992)). Comparison with Figs 13a
and 14a, and with Fig. 3 in Schultz (1995) suggests a rather
poor correlation between the along-strike variations of
stretching obtained in this study and in Schultz (1995),
and the theoretical variations.

From a stress state point of view, considering com-
bination of isostatic and flexural stress states in a way to
reproduce the detached crustal cap model cannot provide
satisfying fit, because a strike-slip domain remains at the
Valles Marineris centre. However McGovern and Sol-
omon (1993) and Schultz and Zuber (1992, 1994) showed
that stretching can. occur in regions where strike-slip is
predicted in elastic models, because of the influence of
early stages of fracturing on later stages of fracturing
during load growth. Taking this remark into account, the
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stress state predicted by the detached crustal cap model
may explain the Valles Marineris formation.

The variations of stretching obtained in this study are
more difficult to correlate with the variations of stress
magnitudes on Fig. 18, basically because elastic modelling
of stress considers the present Tharsis characteristics. The
computed magnitudes would make sense if Tharsis build-
ing was an instantaneous loading process, and, conse-
quently, the lithosphere would have to be an infinite
strength. Indeed tension failure occurs for a few MPa
in traction (e.g. ~5MPa for the volcanic substratum of
Iceland (Bickstrom and Gudmundsson, 1989); see also
Schultz (1993)), whereas the maximum stress difference at
the surface computed by Banerdt er al. (1992) predicts
20-60 MPa in the Tharsis area and surroundings in the
isostatic case, and 50-250 MPa in the flexural case. The
computations by Banerdt er al. (1982) and Sleep and Phil-
lips (1985) gave about the same results. Schultz and Zuber
(1994) emphasized that the evolution of stress state in a
fractured medium is not linear, and thus the computed
stress cannot be extrapolated to find the initial failure
characteristics. Since Tharsis gradually built up over
Hesperian and Amazonian, the variations of stretching
that would have resulted from loading stress might thus
be different to those predicted in Fig. 18. Overall, it is
thus not possible to say whether loading stress states and
magnitudes provided by current loading models are in
agreement with the results given in this study or not,
because the kind of results of those studies mainly deal
with stress. and ours mainly deal with strain.

Stress trajectories. The discrepancy between stress and
strain in Valles Marineris also applies to the comparison
between theoretical stress trajectories and observations of
stretching direction. This might explain that the western-
most parts of [us and Tithonium chasmata are not con-
sistent with the theoretical stress trajectories. The latter
predict the principal most compressive stress to be NE-
SW, in contradiction with the N-S border faulits.

Except in this part of Valles Marineris. loading models
are consistent with the general N105°E Valles Marineris
trend, from lus Chasma westward up to Gangis Chasma,
and even with the easternmost part of Coprates Chasma
where this trend becomes N090. This feature is not pre-
dicted by simple models of rifting discussed above—
although it is not a major problem to the rift interpret-
ation, since previous N090 discontinuities in the crust,
such as tension fractures or dykes., could have existed and
influenced the geometry of rifting.

5.3. Svnthesis

Valles Marineris formed essentially during Hesperian. No
recent major magmatic activity has been observed in the
close surroundings (Syria Planum area) after Valles Mari-
neris formation (Tanaka (1986); however minor mag-
matic activity undoubtly took place more recently in
Valles Marineris (Lucchitta, 1990)). Therefore, this part
of the Tharsis province should produce loading stress for
a long time, maybe since lower Amazonian.

In contrast, formation of the Tharsis Montes, lava

flooding throughout Amazonian around these voicanoes,
and clues of simultaneous or later radiating dyke propa-
gation (Tanaka and Golombek, 1989; Tanaka et al..
1991 ; Mége, 1994 ; Davis et al., 1995 ; Mége and Masson,
1995b,d), require some magmatic fluid chambers very
recently in the Mars history (Tanaka, 1986). As a con-
sequence, the magmatic load of Tharsis should have been
negligible during the formation of Valles Marineris.

It is consequently possible to propose a mechanism for
Valles Marineris formation involving both dynamic and
loading processes. We suggest that most of Valles Mari-
neris formed following the passive rifting mechanism dis-
cussed in Section 5.2.2. On Earth lithospheric loads are
responsible for stress that produces tectonic deformations
in several ways (Mercier et al, 1981 : Fleitout, 1991 ;
Assumpgao, 1992 ; Zoback, 1992). [t would thus not be
surprising for the magma loads of the Tharsis region to
have contributed to Valles Marineris stretching, but
mainly after the end of the rifting process (Grana and
Richardson, 1996 ; Zoback and Richardson, 1996). The
deformations associated with these loads could include
some recent tectonic movements in Valles Marineris.
especially some of those that were not eroded in spurs and
gullies (maps in Peulvast et al. (1996)).
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