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\ Truncated /

landslides

Figure 22. (A) Context Camera (CTX) image
P07_003882_1645_XN_15S053W showing trun-
cation of two landslides by a sharp fault scarp
at the base of the north wall of the northern
Coprates trough zone. See Figure 17 for loca-
tion. (B) Restored landslide positions after
matching their truncated upper edges against
compatible channel outlets at the northern
trough walls.
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Figure 23. (A) Uninterpreted THE-
MIS (Thermal Emission Imag-
ing System) image V09827002,
with location shown in Figure 1C
on the plateau region north of
Coprates Chasma. (B) Interpreted
geologic map based on image
shown in A. Note presence of a
series of left-slip faults trending
parallel to Valles Marineris on the
plateau margin north of Coprates
Chasma.
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structures (folds, lobate scarps, and thrusts),
northeast-trending normal faults, and west-
northwest—trending left-slip shear zones in the
trough zones is also compatible with trough-
parallel left-slip shear (Figs. 16, 17, and 20).

The strongest evidence for left-slip fault-
ing across Coprates Chasma is the presence of
left-slip faults on the plateau margin north of
Coprates Chasma (Figs. 23, 24, and 25). Simi-
lar to the observed structures within the trough
' zones, left-slip transtensional deformation also
/ occurred on the plateau margin, which is indi-
cated by the formation of closely spaced trough-
parallel, left-slip faults, northeast-striking nor-
mal faults, and northwest-trending contractional
structures (Fig. 25). The fresh fault scarps and
left-lateral deflection of recent drainages all
indicate that left-slip faulting on plateau mar-
gins occurred recently, similar to the age of
faulting within the trough zones in the Late
Amazonian (i.e., younger than 0.7 Ga) (Witbeck
etal., 1991).

Due to extensive cover of sand dunes and
recent landslides (unit Avm of Witbeck et al.,
1991; Peulvast and Masson, 1993), Melas
Chasma does not display long linear traces of
scarps as those seen along Ius and Coprates
Chasmata. For this reason, this study did not
examine the margin and interior structures
of this trough. However, my reconnaissance
work indicates that the trough floors of Melas
Chasma also expose northwest-trending folds
(e.g., see CTX image PO1_001575_1702_
XN_09S075W), compatible with trough-
parallel left-slip shear as seen in Ius and
Coprates Chasmata. The details of this work
will be presented elsewhere. In any case, it
appears that the trough-bounding fault zone
in Melas Chasma linking the North Ius fault
in the west and the North Coprates fault in the
east may have been largely buried below thick
trough-fill deposits, some of which are folded
due to deep-seated, left-slip faulting.
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Testing Models for the Origin of Valles
Marineris

image

Observations from this study have important
implications for testing the competing models
for the origin of the Valles Marineris trough sys-
tem. First, the occurrence of continuous linear
scarps over tens of kilometers to >100 km along
the bases of the steep trough walls of Ius and
Coprates Chasmata is best explained by the for-
mation of fault scarps as originally suggested by
Blasius et al. (1977). This argument is supported
by the observation that trough-bounding scarps
can be related to left-slip faults at several places
examined by this study (Figs. 7, 15, 16, and 17).
Thus, the results from this study strongly favor

Imaging System)
V06856002 on plateau margin north of

Figure 24. (A) Uninterpreted THEMIS (Ther-
Emission

expressed by linear scarps. (B) Interpreted
geologic map based on image shown in A.
plateau margin. (C-E) Step-by-step kinematic
restoration of the drainage system by remov-
ing left-slip motion on the interpreted fault.
(F-G) Present and restored stream channels
along the right-slip San Andreas fault in cen-
tral California. Image was taken from Google

Figure 1C. Note that the interpreted fault is
Note left-lateral deflection of a south-flowing
drainage system across a left-slip fault on
Earth. (H) Location of the image.

Coprates Chasma, with location shown in
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Figure 25. (A) Uninterpreted THEMIS (Thermal Emission Imaging System) image 109802001, with
location shown in Figure 1C. (B) Interpreted fault map based on image shown in A. Note that
interpreted northeast-striking normal faults either terminate into or are cut by the west-northwest-
striking left-slip faults. Also note that west-northwest-trending narrow grabens are present in the
uplifted footwalls of northeast-striking normal faults.

a tectonic origin for the development of Ius
and Coprates Chasma and likely for the entire
Valles Marineris system (see following discus-
sion on closed basins). Second, wide occur-
rence of left-slip faults parallel to trough walls,
as well as northwest-trending folds and thrusts
oblique to trough walls, does not support either
the right-slip or pure-rift models (Fig. 3). Third,
the Coprates fault zone extends at least several
hundreds of kilometers east of the northern ter-
mination of the Thaumasia thrust belt, which
rules out the suggestion that the left-slip Valles
Marineris fault zone terminates at the thrust
belt as required by the megalandslide model of

Montgomery et al. (2009) and the gravitational-
spreading or extrusion model of Webb and Head
(2002) and Anguita et al. (2006) (Table 1).

Magnitude of Left-Slip Motion,
Fault Termination, and Palinspastic
Reconstruction

The overwhelming evidence for a left-slip
origin of Ius and Coprates Chasmata begs two
important questions: (1) What is the total mag-
nitude of left-slip motion along the trough-
bounding fault zone? (2) How does the Ius-
Melas-Coprates fault system terminate at the

western and eastern ends? The two issues are
discussed next.

Magnitude of Left-Slip Motion

Offset of the Thaumasia thrust. A poten-
tial candidate for measuring left-slip offset of
the Ius-Melas-Coprates fault zone is the trun-
cated Thaumasia mountain belt consisting of
the Coprates Rise directly south of Coprates
Chasma. The origin of the Thaumasia moun-
tain belt has been attributed to two mechanisms.
First, Schultz and Tanaka (1994), Dohm and
Tanaka (1999), Anguita et al. (2006), Dohm et
al. (2001a, 2001b, 2007, 2009), and Nahm and
Schultz (2010) all suggested that the base of
the eastern topographic front of the mountain
range is marked by a major thrust they termed
the Thaumasia thrust (Fig. 1). This inference
is consistent with terrestrial analogues for a
mountain belt such as the Himalayan orogen.
There, the leading edge thrust is the Main Fron-
tal thrust, marking the base of the Himalayan
orogen against the Indus-Ganges plains (Yin,
2006). This interpretation yields ~160 km of
left-slip displacement across the Coprates fault
zone (Fig. 1C). Alternatively, the Thaumasia
mountain belt is interpreted to have been cre-
ated by the construction of a large volcanic pile
(Williams et al., 2008). Both models explain the
presence of a negative gravity anomaly rimming
the eastern margin of the range and its topogra-
phy. Regardless of the mountain-building mech-
anism, the location of the topographic front cor-
relates closely to the geologic contact between
the Early Hesperian volcanic unit of Hr and the
Late Noachian plain units of Npl2 and Npl3 in
Witbeck et al. (1991) (Fig. 1C). The contact
between the Hesperian wrinkle-ridge terrane in
the east and the Noachian plain deposits in the
west in the map by Witbeck et al. (1991) is off-
set by ~160 km. This same contact corresponds
to the topographic front.

Offset of a pluton. As shown in Figure 17,
the north wall of easternmost Coprates Chasma
is dominated by layered rocks that are locally
disrupted by thrusts and folds (also see Williams
et al., 2003). The layered unit terminates at the
very eastern end of the north trough wall where
a southward-pointing promontory occurs at the
intersection between Coprates and Capri Chas-
mata (Fig. 1B). Williams et al. (2003) suggested
that this feature is related to the presence of a
mafic pluton covered by younger Early Hes-
perian volcanic flows. An examination of a CTX
image indicates the presence of a massive unit
overlain by layered rocks at this promontory.
The homogeneous appearance of this massive
unit is best interpreted as a pluton and thus sup-
ports the interpretation by Williams et al. (2003)
(Figs. 26A and 26B).
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Figure 26. (A) MOLA (Mars Orbiter Laser Altimeter) topographic map of eastern Coprates and Capri Chasmata area viewed from Google Mars. Traces
of the North and South Coprates faults across Capri Chasma are interpreted based on their linear morphologic expression. Locations of B, C, and D
are also shown. (B) A massive unit at the easternmost end of Coprates Chasma interpreted as a pluton. Background is Context Camera (CTX) image
P20_008945_1647_XN_15S052W. (C) A massive unit inside Capri Chasma interpreted as a pluton against layered Noachian-Hesperian strata to the
west. Background is CTX image P06_003394_1652_XN_14S050. (D) Normal-fault scarps along a releasing bend of the South Coprates fault in Capri
Chasma. The fault trace is buried below young surficial deposits. Background is CTX image P08_003961_1652_XN_14S050W.
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The traces of the North Coprates fault can
be followed farther eastward across Capri
Chasma along a linear morphologic depression
(Fig. 26A). A reconnaissance examination of
the fault trace using CTX and HiRISE images
indicates that the fault trace is mostly covered
by unconsolidated young deposits that do not
display observable deformation. As morpho-
logical expression of a terrestrial active fault
is a result of competition between the rates of
deformation and sedimentation/erosion, a high
sedimentation/erosion rate can completely
cover or remove the morphologic expression of
the active structures. Thus, the buried fault and
its related structures might have been covered
by young sediments.

If the interpreted pluton at the mouth of
Coprates Chasma is cut by the North Coprates
fault, its offset counterpart should be exposed
south of the fault, exhibiting similar weathering-
resistant morphology. A small mesa with relics
of the old plateau surface is preserved south of
the projected North Coprates fault in central
Capri Chasma at the eastern end of the central
ridge separating the northern and southern sub-
trough zones of Coprates Chasma (Fig. 26C).
The mesa is composed entirely of layered rocks,
which are bounded to the east by an irregularly
shaped, massive, and homogeneous unit that is
interpreted in this study as a pluton. Correlat-
ing this pluton with the one at the eastern mount
of Coprates Chasma yields ~150 km of left-slip
motion along the North Coprates fault. A pos-
sible test is to use Compact Reconnaissance
Imaging Spectrometer Data for Mars (CRISM)
aboard the Mars Reconnaissance Orbiter
(MRO) (Pelkey et al., 2007). Its hyperspectral
imager, covering visible to near-infrared wave-
lengths (0.37-3.92 um at 6.55 nm/channel),
allows characterization of possible mineralogi-
cal composition of surface rock. To make this
technique effective in detecting the composition
of bedrock, its exposure must be pristine and
free of dust cover (e.g., Flahaut et al., 2011).
From the images shown in Figure 26, dust cover
is clearly a problem, and a CRISM test would
yield an ambiguous result.

The trace of the South Coprates fault can
also be followed along a sharp linear depres-
sion in the MOLA (Mars Orbiter Laser Altim-
eter) topographic map into Capri Chasma
(Fig. 26A). The fault makes a sharp left-step
bend, along which a well-developed linear
normal-fault scarp occurs at a northward-
pointing promontory (Fig. 26D). This promon-
tory, extending far into the lowlands of Capri
Chasma from the plateau margin, also appears
to be controlled by the presence of a pluton
(Fig. 26D). The presence of normal faulting at
this left-step bend is consistent with the South

Coprates fault being a left-slip structure with a
significant normal-slip component.

Offset of a caldera complex or an impact
basin. Melas Chasma is unusual in the Valles
Marineris trough system in that its trough zone
is much wider and its trough margins are curvi-
linear rather than linear, as in all other troughs
of Valles Marineris (Fig. 1). The southern trough
margin is dominated by two semicircular, spoon-
shaped scarps. The smaller western scarp has a
radius of ~50 km and does not display scarp-
parallel fractures. In contrast, the larger and east-
ern scarp has a radius of ~150 km and displays
margin-parallel concentric-ring fractures that
extend more than 100 km southward into the
interior of the plateau region (Fig. 27). Note the
smaller western scarp truncates the concentric-
ring fractures parallel to the eastern and larger
scarp (Fig. 27B) indicating that the smaller west-
ern scarp postdates the eastern scarp.

Despite its unusual geometry, the origin of
Melas Chasma has not been discussed system-
atically in the literature. Borraccini et al. (2007)
attributed the formation of concentric-ring
structures to collapse of the trough walls via
landsliding. However, this would require the
presence of a large volume of landslide materi-
als at the base of the scarp, an inference that is
inconsistent with the mapping by Witbeck et al.
(1991). Witbeck et al. (1991) showed that the
area is dominated by Hesperian trough-fill lay-
ered deposits covering isolated Noachian and
early Hesperian basement rocks sticking out as
isolated knobs inside the Melas basin (Fig. 1).
For a landslide origin, one would expect the
base of the scarp to be dominated by chaoti-
cally deformed rocks from the Noachian and
Early Hesperian wall rocks. Furthermore, it is
also difficult to conceive how a landslide scarp
can generate concentric-ring fractures that are
located more than 100 km away.

It is also possible that the Melas basin origi-
nated from magmatic-driven tectonic activ-
ity, which includes uplift (Dohm et al., 2001a,
2001b, 2009). This hypothesis is consistent
with the fact that the region associated with ring
fractures is a broad uplift, although the uplift
appears to be a broad linear ridge trending in
the northwest direction. Thus, it is possible that
the large circular basin originated from a highly
modified volcanic center.

The semicircular Melas basin and the associ-
ated concentric-ring structures could also have
been generated by impact. A pristine complex
impact crater should have well-defined rims, a
central peak, well-developed ejecta surrounding
the impact basin, and concentric ring fractures
commonly exposed by step terraces (Melosh,
1989). However, if crater basins had experi-
enced significant erosion, their morphologic and

sedimentologic expressions such as crater rims,
central peaks, and ejecta could all be removed.
In this case, only the concentric-ring fractures
rooting deep into the crust may be preserved.
This scenario implies that if the Melas basin
originated from an impact, its central peak may
have been eroded away by catastrophic floods
traveling through Valles Marineris (e.g., Burr
et al.,, 2009). Abundant dendritic networks of
drainage channels, which dissect the southern
margin of Ius Chasma, for example, display evi-
dence of regional fluvial modification of land-
scape (e.g., Sharp, 1973). Such a process may
have removed the inferred crater rims and the
related ejecta deposits.

Admittedly, the impact-basin interpretation
for the origin of Melas Chasma is tenuous.
However, if the Melas basin had original circu-
lar geometry regardless of its origin, the north-
ern rim of the circular basin is missing; the
inferred circular depression may have been off-
set ~150 km in a left-slip sense along the North
Tus—Coprates fault zone (Fig. 27). This inference
is consistent with the estimates from offsets of
the pluton and a thrust belt discussed earlier.
The “circular-basin” hypothesis may be testable
using detailed gravity modeling in the future,
expanding from the work of Dohm et al. (2009).

Note that the 160 km left-slip estimate
from the offset of the Thaumasia topographic
front measures the total offset across the whole
Coprates fault zone, while the 150 km esti-
mate from inferred offsets of the pluton and the
inferred impact or volcanic basin only measures
the slip on the North Ius—Coprates fault. The dif-
ference, at a face value, between the two esti-
mates implies that the total left-slip motion on
the South Coprates fault is much less than that
on the North Coprates fault (i.e., only ~10 km).
The inference is clearly crude with a large uncer-
tainty. First, the exact cutoft point of the Thau-
masia topographic front at the Coprates fault
zone is uncertain, because the thrust may have
variable trend across the 100-km-wide trough
zone that has erased or buried the thrust trace.
Uncertainty with this estimate ranges 60 km
to 100 km, depending on how the trend of the
thrust is projected from north to south. Second,
the three-dimensional shape of the offset pluton
could vary considerably, leaving a large range
of possibilities for the cutoff location of the plu-
ton against the fault (e.g., the truncation points
in the west and east are exposed at the same
structural levels). The exposed size of the plu-
ton of 20-30 km across may be used as a bound
for this uncertainty. Third, the margins of the
inferred impact basin across Melas Chasma may
have been modified by later erosion; its origi-
nal radius may be much smaller than its present
size, which would affect the previous estimate.
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Figure 27. (A) MOLA (Mars Orbiter Laser Altimeter) topographic map of Melas Chasma viewed from Google Mars. The origin of the semicircular
basin in southern Melas Chasma may have been related to deep magmatic-driven tectonic activity as proposed by Dohm et al. (2009), forming a
caldera-like feature that was later offset by the Valles Marineris fault zone left laterally. (B) Close-up view of concentric ring fractures parallel to the
circular scarp directly south of Melas Chasma.The ring fractures may have been related to deep magmatic processes causing local uplift, develop-
ment of a landslide complex, and possibly formation of an impact basin (see text for details).

LITHOSPHERE | Volume 4 | Number4 | www.gsapubs.org



http://lithosphere.gsapubs.org/

Downloaded from lithosphere.gsapubs.org on July 26, 2012

YIN

Most importantly, there is a range of possible fits
up to 40-80 km for the postulated location of the
northern offset impact basin. Considering these
uncertainties, the estimated total slip across the
Coprates fault zone is probably on the order of
160 + 50 km. It is interesting to note that the
north-trending boundary between regions with
and without crustal magnetic anomalies across
the Coprates fault zone is ~150 km (Purucker et
al., 2000; also see fig. 1 in Lillis et al., 2009)
which is broadly consistent with the estimate
slip obtained from this study.

Termination Mechanism of lus-Melas-
Coprates Fault Zone

It has long been known that northeast-trend-
ing troughs north of and at the eastern end of the
Valles Marineris trough system are controlled by
normal faults (Witbeck et al., 1991; Flahaut et
al., 2010). These troughs either terminate at the
Valles Marineris system or are linked at its two
ends (Fig. 1). A kinematic linkage between pos-
sible left-slip faulting and extension across this
area and at the western end of the Valles Mari-
neris in the Noctis Labyrinthus and Syria Pla-
num area has been inferred by Webb and Head
(2002) and Montgomery et al. (2009). However,
the way in which the fault zone terminates east
of the inferred Thaumasia thrust has never been
discussed explicitly. Mapping by Witbeck et
al. (1991) indicated that the fault bounding the
northern Coprates trough links the northeast-
striking trough-bounding fault of Capri Chasma
(Fig. 1). As the North Coprates fault is a left-slip
structure, it requires the Capri fault to be a nor-
mal fault. Indeed, the Capri fault shows promi-
nent down-to-the-east scarps (Witbeck et al.,
1991). The North and South Coprates faults also
extend into Eos Chasma (Fig. 26). This interpre-
tation requires that Eos Chasma also be bounded
by normal faults. A preliminary analysis of a
HiRISE image indicates this is indeed the case.
As shown in Figure 28, small gullies cut by the
scarp-forming faults are not offset laterally, sup-
porting the interpretation that the structures are
normal faults. Note that there are two phases of
fan constructions. The first phase predates most
scarp-forming faults and exhibits rough surfaces
with numerous craters. The second phase is spa-
tially restricted and displays smooth- and fine-
textured surfaces along younger narrow chan-
nels. The young channel deposits drape over fault
scarps, suggesting its occurrence to have post-
dated scarp-forming normal faulting. The spatial
correlation of the channels originated from deep
valleys on the north trough wall of Capri Chasma
and fine-textured channel fills suggests that the
fluvial sediments were delivered by surface water.

Extensional structures across the Noctis
Labyrinthus and Syria Planum areas have

Figure 28. Normal fault scarps cut-
ting young sediments derived from
trough-wall channels along the Eos
normal fault. Background is HiRISE
image PSP_009960_1665 RED. See
Figure 1B for location. Note that there
are two phases of fan construction.
The first phase predated most scarp-
forming faults and exhibits rough
surfaces with numerous craters. The
second phase is spatially restricted
and displays smooth and fine-tex-
tured surfaces along younger narrow
channels. The young channel deposits
drape over fault scarps, suggesting its
occurrence to have postdated scarp-
forming normal faulting. The spatial
correlation of the channels originated
from deep valleys in the mountains,
and fine-textured channel fills suggest
that the sediments were delivered by
surface water.

been documented by Masson (1977), Tanaka
and Davis (1988), Anderson et al. (2004),
and Bistacchi et al. (2004). The area has been
complexly deformed, and its northern part is
marked by two sets of orthogonal fractures.
Their relations to faults in Valles Marineris are
all not well constrained. Additionally, there has
been no systematic evaluation of the magnitude
of deformation in this area. For these reasons,
the way in which the Ius left-slip fault zone ter-
minates at its western end remains unknown.

The estimated left-slip motion on the
Coprates fault zone implies >100 km of east-
west extension across Capri and Eos Chas-
mata. At this point, it is difficult to test this pre-
diction because the older normal faults in Capri
and Eos Chasma may have been buried in the
rift basins, preserving only the younger and
most outward trough-bounding normal faults.
Perhaps detailed gravity modeling in the future
could shed some light on this issue.

Regardless of the uncertainties on the mag-
nitude of extension along northeast-striking
normal faults adjacent to the Valles Marineris
system, it appears that the left-slip fault zones
across Valles Marineris act as a large accom-
modation system, which separates the more
extended northern domain (Lunae Planum to
Xanthe Terra) from the less extended south-
ern domain (i.e., across the Thaumasia plateau
bounded by Syria Planum to the west, Claritas
Fossae to the south, and Valles Marineris to
the north). The dynamic cause for the forma-
tion of this accommodation zone is currently
unknown.

Palinspastic Reconstruction
Based on the estimated magnitude of slip
on the ITus-Melas-Coprates fault zone, a palin-

Eos normal
fault
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spastic reconstruction of the southern Valles
Marineris trough system was performed (Figs.
29A and 29B). In this reconstruction, the Ius-
Melas-Coprates fault zone is treated as a left-
slip transtensional structure, and the Capri
and Eos faults are trough-bounding normal
faults without any strike-slip motion. The lat-
ter assumption, supported by the observation
made in this study, implies that the relative
motion of the blocks north and south of the
Tus-Melas-Coprates fault zone (i.e., the Valles
Marineris—North and Valles Marineris—South
blocks in Figs. 29A and 29B) is not parallel
to the strike of the Ius-Melas-Coprates fault
zone. The oblique angle at 136° rather than
90° requires transtensional tectonics across
southern Valles Marineris. A leaky transform-
fault model is proposed here for the origin of
the Ius-Melas-Coprates fault zone. The fault
zone separating the Valles Marineris—North
and Valles Marineris—South blocks terminates
at an expanding zone filled by intrusive and
extrusive igneous rocks that had accommo-
dated east-west extension in the west. In the
east, the fault zone ends at the Capri-Eos rift
zone, which had accommodated northwest-
southeast extension. The transtensional motion
and the oblique relationship between the ITus-
Melas-Coprates and Capri-Eos rift fault zones
is similar to the Dead Sea transform rift zone
on Earth (Garfunkel, 1981).

Implications for the Formation
Mechanism of the Closed Basin in
Northern Valles Marineris

The presence of folds or tilted beds in Can-
dor Chasma has been long known (Lucchitta et
al., 1992; Lucchitta, 1999; Fueten et al., 2005,
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2006, 2008). The work by Fueten et al. (2008)
regarding western Candor Chasma indicates
that (1) most faults are trough-parallel and show
left-slip motion when examined closely (see
their fig. 8d) and (2) most folds trend northwest
or west-northwest oblique to the main trend of
the trough walls (see their fig. 3). These observa-
tions are similar to those made in this study and
suggest that Candor Chasma may have also been
induced by trough-parallel left-slip shear. Note
that the most recent work by Fueten et al. (2010)
also showed the presence of northwest-trending
folds of interior layered sediments, which were
deposited on top of bedrock of the north wall
of Coprates Chasma, and thus the bedrock must
have also been folded together (see fig. 10b
in Fueten et al., 2010). This is consistent with
the observed northwest-trending contractional
structures from this study. A north-trending
anticline was also observed nearby by Fueten et
al. (2010). As this fold is located in the center
of a large landslide scarp and its relation to the
bedrock of the trough wall is not exposed, it is
not clear if the fold was induced by landslide
emplacement or was generated first by tectonic
stress and was later rotated during landsliding.
Okubo et al. (2008) and Okubo (2010) also
mapped part of western Candor Chasma ~80 km
west of Fueten et al.’s (2008) study area. Okubo
(2010) mapped a disharmonic fold complex and
interpreted it to have been generated by land-
slide emplacement. This landslide is cut by later
northwest-striking thrusts and northeast-striking
normal faults oblique to the trough walls. The
observations are consistent with left-slip defor-
mation as seen in Ius and Coprates Chasmata.
Interpreting deformation across Candor
Chasma to be related to left-slip shear offers
a new mechanism for the formation of closed
basins in Valles Marineris. Wilkins and Schultz
(2003) documented the presence of normal
faults bounding the north-northeast—trending
blunt edges of Candor Chasma. They suggested
that these blunt and short trough edges were
developed by orthogonal extension, assuming
the main trough-bounding faults are also nor-
mal-slip structures. However, the presence of
left-slip, trough-bounding faults together with
the occurrence of normal faults at the short and
blunt edges of the closed basins in the Valles
Marineris requires an alternative mechanism for
the formation of the closed basins. In the con-
text of left-slip tectonics, the closed basins may
have developed first via formation of two paral-
lel left-slip faults. The faults were later linked
by cross faults that are normal-slip and oriented
perpendicularly to the early long strike-slip
faults (Fig. 3). Further development of left-slip
faults with the short linking extensional struc-
tures led to the formation of pull-apart basins,

which created accommodation space for trough
fills. The trough-fill strata were in turn folded
and faulted by broad and continued left-slip
shear deformation parallel to the regional trend
of the trough zones (Fig. 3).

Timing of Deformation in Valles Marineris

Left-slip structures, as examined in this study,
all involve latest Amazonian (i.e., younger than
200 Ma) units of Witbeck et al. (1991) or have
fresh morphologic expressions such as those
exposed on plateau margins. This suggests that
left-slip deformation occurred recently across
the Valles Marineris. Displacement of recently
emplaced landslides and fault scarps cutting into
unconsolidated young talus deposits (Fig. 19) all
indicate that segments of the trough-bounding
faults are still active, supporting the early pro-
posal by Blasius et al. (1977). The synchronous
development of soft-sediment deformation in
Amazonian strata and left-slip deformation
(mostly folding) requires, at least locally, that
tectonically controlled basins were saturated
with water, allowing load structures and fluid-
ized slump structures to develop (Fig. 8). This
inference is consistent with the coeval devel-
opment of left-slip faulting and left-lateral
drainage deflection along minor left-slip faults
on plateau margins north of Coprates Chasma
(Fig. 24). Since the Ius-Melas-Coprates fault
zone cuts the Late Hesperian upper Syria Pla-
num Formation (unit Hsu of Witbeck et al.,
1991) (Fig. 1), its initiation must be younger
than the emplacement of this unit. This conclu-
sion is consistent with the timing of faulting
in the Valles Marineris established long ago
by Schultz (1998). Also, since the Ius-Melas-
Coprates fault zone links northeast-trending
normal faults at its two ends, it appears that the
eastern Tharsis Rise experienced two drastically
different tectonic events: the Late Hesperian
east-west contraction as expressed by the devel-
opment of the Thaumasia topographic front and
Late Amazonian (younger than 0.7 Ga) north-
west-southeast extension linked by large-scale
left-slip faulting. The Thaumasia topographic
front and Coprates Rise south of Valles Marin-
eris may have formed in the Noachian (Dohm
and Tanaka, 1999) and were later offset by the
Valles Marineris fault zone.

TERRESTRIAL ANALOGUE AND
TECTONIC IMPLICATIONS OF LARGE-
SCALE STRIKE-SLIP FAULTING

Andrews-Hanna et al. (2008) discovered Late
Noachian—Early Hesperian conjugate strike-slip
faults subject to east-west contraction near Sire-
num Fossae west-southwest of the Tharsis Rise.

These authors attributed strike-slip faulting to
Tharsis loading. More recently, Anderson et al.
(2012) and Karasozen et al. (2012) showed that
structures controlling the Basin-and-Range-like
topography across Terra Sirenum formed both
prior to and during the formation of Tharsis
Rise. Amazonian-aged north- and northwest-
striking left-slip faults were also described in
the northwestern Tharsis Rise by Forsythe and
Zimbelman (1988) and Anguita et al. (2001). In
the northern lowland region directly northwest
of the Tharsis Rise, Okubo and Schultz (2006)
documented Amazonian conjugate strike-slip
faults associated with north-trending thrusts
accommodating east-west contraction. Right-
slip and left-slip strike-slip faults parallel to the
Valles Marineris were also described by Anguita
et al. (2001) and Borraccini et al. (2007) within
the Thaumasia Highlands south of the Valles
Marineris. Because these structures terminate or
link with wrinkle ridges, they were most likely
developed during the formation of the contrac-
tional wrinkle ridges as transfer faults (e.g.,
Borraccini et al., 2007; Golombek and Phillips,
2010) rather than related to the Late Amazonian
(younger than 0.7 Ga) left-slip faulting across
the southern Valles Marineris. Most interest-
ingly, the work by Schultz (1989) directly south
of the eastern end of the Coprates fault zone in
Capri Chasma showed the occurrence of east-
striking left-slip shear zones linking small pull-
apart basins. These faults cut wrinkle ridges in
the Early Hesperian volcanic flow unit (i.e., unit
Hr of Witbeck et al., 1991) and are subparallel to
those described in this study along the southern
Valles Marineris trough system. For these rea-
sons, the left-slip faults documented by Schultz
(1989) could have been genetically related to the
formation of Valles Marineris during broadly
distributed left-slip shear deformation.

It appears difficult to generate a left-slip fault
system with >100 km of displacement purely by
flexural loading of the Tharsis Rise (Sleep and
Phillips, 1985), not to mention that Valles Mari-
neris itself is located within this supposed load.
It is also unclear how such large-scale faulting,
which developed so late in the Tharsis history,
was induced by a plume from below (e.g.,
Golombek and Phillips, 2010).

A possible terrestrial analogue for the devel-
opment of the Ius-Melas-Coprates fault zone
may be the 1000-km-long, left-slip transten-
sional Dead Sea fault system on Earth (Fig. 30)
(Garfunkel and Zvi Ben-Avraham, 1996). This
structure bounds the western edge of the Ara-
bian plate and forms a prominent rift zone. It
links with the Red Sea spreading center in
the south and the Zagros suture zone in the
north (Ben-Avraham et al., 2008; Yin, 2010a).
Although the main motion across the fault zone
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Figure 30. (A) Topographic expression of the Dead Sea fault zone separating the African plate from Arabian plate. (B) Tec-
tonic map of the Dead Sea fault zone adopted from Ben-Avraham et al. (2008). (C) Drainage pattern on the southern margin
of western lus Chasma. (D) Drainage pattern across the central segment of the Dead Sea rift zone.

has a left-slip motion of ~100 km (Garfunkel
and Zvi Ben-Avraham, 1996), faults in this left-
slip zone also have significant normal-slip com-
ponents (Ben-Avraham et al., 2008). This led to
the development of the prominent trough zone
along the Dead Sea fault system (Fig. 30). It is
interesting to note that the nearby drainage pat-
terns next to the Dead Sea transtensional zone
are remarkably similar to those observed near
Tus Chasma (Fig. 30).

Inspired by the work of Garfunkel and Zvi
Ben-Avraham (1996), a three-dimensional

structural model is proposed for the current
deformation of the Ius-Melas-Coprates trough
zone (Fig. 31). In this model, the trough-bound-
ing faults could either be pure normal-slip faults
or oblique left-slip transtensional faults. It is
likely that the axis of the trough zone is domi-
nated by a distributed left-slip fault zone. Motion
on this fault produced the observed en echelon
folds and thrusts, and locally extensional struc-
tures such as joints and normal faults. This
model provides a new structural framework that
accounts for the early observations of rift defor-

mation across Valles Mariners and at same time
is capable of explaining diverse structures that
have been observed in the trough zones and on
the plateau margins in this study.

As the Dead Sea fault zone is an undisputed
plate boundary, the similarity between this fault
system and the Ius-Melas-Coprates fault zone
raises the question about the tectonic nature of
large-scale strike-slip faulting on Mars. As the
radius of Mars (3397 km) is about one half of
the radius of Earth (6378 km), the obtained slip
of the Ius-Melas-Coprates fault zone may be
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Figure 31. A three-dimensional structural model for the lus-Melas-Coprates fault zone. Notice that
the fault zone consists of multiple faults, and a trough zone that may be bounded on one side by
a normal fault and another side by a strike-slip fault due to strain partitioning of transtensional
tectonics. A strike-slip shear zone may also lie below a thick section of trough-fill sediments.

normalized to the surface area of the planet in
order to compare to slip magnitudes on major
transform faults on Earth. The ratio of fault
slip versus planet area is 3.5 m/km? for the Ius-
Melas-Coprates fault zone, assuming its total
slip is 150 km. This value is significantly greater
than 1.3 m/km? for the Dead Sea fault (~105 km
total slip; see Garfunkel and Zvi Ben-Avraham,
1996) and slightly greater than 3.2 m/km? for
the southern San Andreas fault (~255 km of
total slip; see Oskin et al., 2001). This simple
comparison suggests that the magnitude of hori-
zontal motion on the Tus-Melas-Coprates fault
zone is significant. The consistent displacement
of 150-160 km across the Ius-Melas-Coprates
fault zone over a distance of 500 km indicates
that the regions bounded by the fault behave as
rigid blocks, and their kinematics can be quanti-
fied in a similar way to the classic description
of plate kinematics on Earth (McKenzie and
Morgan, 1969). As Mars is considered to be a
planet without plate tectonics in the past 4 bil-
lion years (e.g., Golombek and Phillips, 2010),
Late Amazonian (i.e., younger than 700 Ma)
large-scale (>100 km) strike-slip faulting as
inferred from this study begs the question of
why such a process would have occurred at all
on the planet. This issue may be addressed by
systematic examination of the tectonic origin of
the Tharsis Rise, within which the Ius-Melas-

Coprates fault investigated here has developed
(Yin, 2010b, 2011).

CONCLUSIONS

This study focuses on the structural geology
of Ius and Coprates Chasmata and the nearby
plateau margins in the southern Valles Marineris
trough system. Its main result is that the trough
zones and trough margins of the two chas-
mata have experienced trough-parallel left-slip
deformation and trough-perpendicular exten-
sion. This style of deformation is expressed by
the presence of trough-bounding left-slip and
normal faults, formation of northeast-trending
extensional structures (joints), northwest-trend-
ing contractional structures (thrusts and folds),
and locally developed minor northwest-trending
left-slip structures either across the plateau mar-
gins or within trough zones. Crosscutting rela-
tionships of the left-slip structures indicate their
development in the Late Amazonian (younger
than 0.7 Ga), though perhaps complex tectonic
fabrics may have existed in the region dating
back to the Noachian Period. Locally, trough-
bounding faults may still be active, as they
cut young surface deposits and offset recently
emplaced landslides with smooth surfaces that
have nearly no impact craters. The presence of
syntectonic and intraformational soft-sediment

structures in Upper Amazonian strata and the
coeval development of left-slip transtensional
faulting and drainage deflections all suggest that
surface water was present during the tectonic for-
mation of the southern Valles Marineris trough
system. Displacement on individual left-slip
faults varies from a few meters to ~13 km. The
total estimated left-slip motion across the Ius-
Melas-Coprates fault zone is 160 = 50 km, 150
+ 30 km, and 150 + 30 km based on the offsets
of (1) the Thaumasia thrust, (2) an inferred cir-
cular basin, and (3) a pluton. The 150-160 km of
left-slip motion on the Ius-Melas-Coprates fault
zone may have been accommodated by NW-SE
extension across Noctis Labyrinthus and Syria
Planum in the west and extension across Capri
and Eos Chasmata in the east. This interpreta-
tion, together with the known regional tectonic
history, suggests that the eastern Tharsis Rise
experienced two major episodes of tectonism:
(1) Late Hesperian east-west contraction form-
ing widespread wrinkle ridges in the northern
and eastern Tharsis Rise and (2) Late Amazo-
nian left-slip faulting linking extension across
the central and northeastern parts of the Tharsis
Rise. The discovery of a large-scale (>2000 km
in length and >100 km in total slip) and rather
narrow (<50 km in width) strike-slip fault zone
begs the question of why such a structure, typi-
cally associated with plate tectonics on Earth,
was developed on Mars.
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