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[1] The Acheron Fossae region is an ancient crustal block exposed in the northwestern
Tharsis province on Mars. It is named after the Acheron Fossae, a particularly well-
developed system of extensional tectonic grabens. This study is the first to describe
the tectonic inventory in detail, using topographic and image data from the Global
Surveyor and Mars Express missions. We see the extensional tectonics along the east–
west trending topographic high of Acheron Fossae as a surface expression of upwelling
asthenospheric material that initiated regional uplift, crustal extension and breakup, and
associated volcanic activity in Noachian time. The tectonic architecture and the
dimensions of the extensional structures are comparable to those of terrestrial continental
rifts. An area of elevated topography and strong erosion, which constitutes a regional
landmark in the eastern Acheron Fossae region, is interpreted as a rift-related center of
volcanism, caused by local magmatic uprise and involvement of the lithosphere. The
extension across the Acheron Fossae reaches values between 1.2 km and 8.7 km,
comparable to young continental rifts on Earth. Crater statistics indicate an absolute
cratering model age between �3.9 Ga and 3.7 Ga for the rifting. The uplift observed on
the flanks of the Acheron Fossae indicates a fairly thin and thus hot lithosphere. Using
flexural analysis, we have constrained the elastic lithosphere thickness at the time of
rifting to 8.9–11.3 km, corresponding to thermal gradients between 28 and 41 K km�1.
These heat flows are substantially larger than Noachian heat flow values previously
reported, but are consistent with the presence of rift-related volcanism and a magmatically
very active environment.

Citation: Kronberg, P., E. Hauber, M. Grott, S. C. Werner, T. Schäfer, K. Gwinner, B. Giese, P. Masson, and G. Neukum (2007),

Acheron Fossae, Mars: Tectonic rifting, volcanism, and implications for lithospheric thickness, J. Geophys. Res., 112, E04005,
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1. Introduction

[2] Rifting on Mars has been the subject of numerous
previous publications. Various large graben systems in the
Claritas region, in Tempe Terra, and in the Thaumasia
province have been discussed as possible rift structures
and compared to terrestrial continental rifts [e.g., Tanaka
et al., 1991; Banerdt et al., 1992; Anderson et al., 2001;
Hauber and Kronberg, 2001, 2005]. All these complex
extensional features are tens to hundreds of kilometers wide
and sometimes more than a thousand kilometers long. They
are characterized by several border faults and deep and
fractured graben floors, and some of them are associated
with volcanic centers. Even the larger Valles Marineris have

been ascribed to rift formation radial to Tharsis [e.g., Frey,
1979; Schoenfeld, 1979; Masson, 1977, 1980, 1985; Wood
and Head, 1978; Schultz, 1991; Anderson and Grimm,
1998, 1999; Anderson et al., 1999; Barnett and Nimmo,
2002; Komatsu, 2003]. Rifts are of great interest to studies
of the evolution of the Martian crust and lithosphere as well
as to models of the thermal evolution, since they are
assumed to affect the entire thickness of the lithosphere.
The analysis of their morphology and topography can reveal
important properties of the lithosphere.
[3] The Tempe Fossae seem to be a viable analogon to a

terrestrial continental rift from a geomorphological and
structural point of view [Hauber and Kronberg, 2001].
The Thaumasia Graben, situated at the western border of
the Thaumasia plateau, displays some characteristics that
are common to terrestrial continental rifts, whereas other
properties are distinctively not rift-like [Hauber and
Kronberg, 2005]. Results from photogeological mapping
of the Coracis Fossae in the Thaumasia region indicate
possible rift structures [Kronberg et al., 2006].
[4] In this study, we continue our previous analyses of

possible Martian rifts [Hauber and Kronberg, 2001, 2005;
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Grott et al., 2005; Grott, 2005] and focus on the graben
system of the Acheron Fossae in northwestern Tharsis
(Figure 1). The Acheron Fossae were early recognized as
a heavily fractured region [Scott and Carr, 1978; Scott et
al., 1981; Tanaka, 1983], and Viking-based geologic map-
ping summarized the major geologic surface units of the
region [Morris and Tanaka, 1994], but no detailed tectonic

investigation has been performed yet. We describe their
spatial arrangement, their morphology and architecture as
well as their style and the degree of extensional deforma-
tion, and probably involved magmatectonic processes. Cra-
ter counts performed on key areas provide an absolute
model age for rift formation. On the basis of rift flank uplift
associated with Acheron Fossae, possible values of the

Figure 1. Regional context of the Acheron Fossae region (shaded relief representation based on MOLA
data).
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lithospheric thickness at the time of their formation are
modeled. We use image data obtained through the High
Resolution Stereo Camera (HRSC) [Neukum et al., 2004b]
and the Mars Orbiter Camera (MOC) [Malin et al., 1992;
Malin and Edgett, 2001] for detailed structural mapping.
Our topographic measurements were performed on the basis
of HRSC stereo images and derived Digital Elevation
Models (DEM) [Scholten et al., 2005; Gwinner et al.,
2005], as well as on DEM derived from spot elevation
measurements by the Mars Orbiter Laser Altimeter [Zuber
et al., 1992; Smith et al., 2001].

2. Geography

[5] The Acheron Fossae region consists of an isolated
block of ancient terrain situated at the northwestern margin
of the Tharsis province. In plan view, it forms an arcuate,
north-facing topographic rise, which is about 800 km long
and up to 280 km wide. It stands up to 2000 m above its
surroundings (Figure 2a). The entire area is a rather isolated
geomorphological feature. On a global scale, the most
prominent landmarks nearby are Olympus Mons and its
aureole to the south, and Alba Patera to the east. For
convenient reading, we informally introduce some physio-
graphic names (Figure 2b). The more prominent and older
of two rift-like graben systems is called Acheron Fossae 1,
the less developed and younger system is called Acheron
Fossae 2. An elongated and relatively narrow ‘‘banana’’-
shaped topographic arch, which extends across the entire
block of ancient terrain, is hereinafter referred to as Acheron
Dorsum. In its easternmost parts, it widens to a broad
dome-like topographic structure, which we name Acheron
Montes.

3. Geology

[6] The Acheron Fossae region has been mapped by Scott
and Tanaka [1986] on a global scale and later by Morris
and Tanaka [1994] on a regional scale as part of their
mapping of the broader Olympus Mons region. Although
we expect that the many new data sets that have been
acquired since the making of these maps (e.g., MOC and
HRSC images) would allow for a more detailed photogeo-
logical mapping of the Acheron Fossae, this is beyond the
scope of this paper. Therefore we give here an overview of
the regional geology based on these previous mapping
efforts. In two separate sections on volcanic and glacial or
periglacial landforms, we present some of our own geologic
observations, which are of importance for the understanding
of the geological history of the Acheron Fossae.

3.1. Previous Mapping

[7] The Acheron region has been mapped on the basis of
Viking Orbiter images by Scott et al. [1981], Tanaka [1983],
and Morris and Tanaka [1994], and more recently with
additional MOC, MOLA, and THEMIS data, but on a
smaller scale, by Tanaka et al. [2005]. It is characterized
by a rugged and heavily cratered surface, which was inter-
preted as ancient volcanic rocks (‘‘fractured unit’’ or Naf of
the highland materials [Morris and Tanaka, 1994]) and a
mixture of volcanic and sedimentary material (‘‘Noachis
Terra unit’’ or Nn [Tanaka et al., 2005]). It was suggested to

be of Noachian age [Scott and Tanaka, 1986; Morris and
Tanaka, 1994]. This unit is cut by E–W to ESE–WNW-
trending grabens, resulting in a typical horst-and-graben
morphology. The bedrock of the units Naf [Morris and
Tanaka, 1994] or Nn [Tanaka et al., 2005] is incised by
many fluvial channels and gullies, which do not extend into
the surrounding plains. The grabens and other depressions
like craters are filled to varying degrees by material that
shows signs of viscous flow and was thought to be of
periglacial origin (‘‘smooth materials’’, unit Aas of Morris
and Tanaka [1994]). In the western part of this unit, several
rounded hills are located on the outer, NW-facing slopes of
the topographic high. They were interpreted as syntectoni-
cally active volcanoes, or, alternatively, as remnants of a
thick mantle (‘‘mountain unit’’ or Nam of the highland
materials [Morris and Tanaka, 1994]).
[8] The ancient, elevated region is bordered on all sides

by younger plains. Toward the south, the plains seem to be
mantled by an eolian or pyroclastic deposit (‘‘Plains unit’’
or Nap of the highland materials [Morris and Tanaka,
1994]). These plains are themselves embayed in the south
by the Olympus Mons aureole deposits. In the immediate
east, smooth material with lobate scarps and tongue-like
flow features were interpreted to be young lava flows of
Olympus Mons [Morris and Tanaka, 1994]. In the east and
northeast, the Acheron Fossae region is embayed by lava
flows from Alba Patera, one of the large Martian shield
volcanoes. These flows were mapped as lower member of
the Alba Patera Formation (Hal [Morris and Tanaka,
1994]), In the older map of Morris and Tanaka [1994],
the plains to the north and west were uniformly mapped as
lava flows with an eolian component (‘‘Member 3’’ or Aa3
of the Arcadia Formation [Morris and Tanaka, 1994]).
Later, Tanaka et al. [2005] subdivided the plains in four
separate units (counterclockwise from northeast to south-
west): lava flows of the ‘‘Alba Patera Unit’’ (HTa), highly
degraded deposits of the geologically complex ‘‘Scandia
region unit’’ (ABS), sediments of the ‘‘Vastitas Borealis
marginal unit’’(ABVm), and finally lava and volcaniclastic
flows of the ‘‘Amazonis Planitia 1 north unit’’ (AAa1n).
The main difference between both maps related to these
plains is that some of the material bordering the Acheron
Fossae on their northern margin is now thought to be of
sedimentary, not volcanic, origin, with a significant role of
volatiles in their degradation history.

3.2. Volcanism in the Northern Lowlands

[9] The plains to the east, north, and west of Acheron
Fossae have been interpreted as mostly lava flows (see
previous section), and our observations confirm these
notions. HRSC images show clear signs of lava ridges
and tube-fed flows as well as flow margins (Figure 3). In
several places, low shields with a central summit crater
could be observed. Similar shields occur in a variety of
locations on Tharsis, for example, in the Syria Planum
province and in the southwestern part of Tempe Terra.
The margins of the lava plains show an onlap geometry
with respect to the topographic high of the Acheron Fossae
region. The margin itself is expressed as an upward facing
scarp (Figure 4), in agreement with lava flows coming to a
halt when they meet the gently rising slope of the rift flank
uplift (see section 5). This morphologic expression is not in
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agreement with an erosional or constructional shoreline,
which has been suggested on the basis of lower resolution
Viking Orbiter images at the northern and western border of
the Acheron Fossae highland by Parker et al. [1989] and
Clifford and Parker [2001]. While this observation does not

exclude an ocean in the northern lowlands, it adds addi-
tional weight to the doubts about shorelines raised else-
where [e.g., Malin and Edgett, 1999].
[10] In order to constrain the time of formation of the

Acheron Fossae, we determined the absolute model ages of

Figure 2. (a) Topographic map of the Acheron Fossae region derived from HRSC-imagery and MOLA
topographic data. Location of topographic profiles used for lithospheric thickness modeling indicated by
shaded white area. (b) Structural map of the Acheron Fossae graben system and informally introduced
physiographic names as used in the text.
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the volcanic plains surrounding the topographic block of ancient
terrain containing the tectonic grabens. The grabens are clearly
covered by the plains material, where they run toward the
lowlands east and west of the highland block. Therefore they
must have been formed before the volcanic plains. We

performed crater counts and applied well-established
techniques of crater size frequency distribution analysis
[Neukum and Hiller, 1981; Hartmann and Neukum, 2001] to
derive absolute model ages. We find that the volcanic plains
were formed before 3.75 Ga (Ncum(�1 km) = 7.63 � 10�3),

Figure 3. Lava ridges with crestal channels, which are interpreted to be collapsed parts of lava tubes.
Lava flow fronts are visible in the lower right part of Figure 3b. Image centers at (a) 42.71�N/229.7�E,
(b) 41.07�N/230.06�E, (c) 44.4�N/288.8�E, and (d) 39.39�N/229.97�E. North is up in Figures 3a, 3b, and
3d, north is to the upper left in Figure 3d. The scale bars represent 5 km in all images (Figures 3a, 3b,and
3c: HRSC image 37, Figure 3d: HRSC image 1404).

Figure 4. Margins of lava flows embaying the northern flank of the Acheron Fossae region. White
arrows mark the upward facing topographic scarp created by the flow fronts of a material with a yield
strength (i.e., lava). Letters ‘‘V’’ in Figure 4a mark the positions of possible vent structures. Image centers
at (a) 39.72�N/226.82�E (HRSC image 37), (b) 39.84�N/226.24�E (HRSC image 1437), and (c) 39.02�N/
228.75�E (HRSC image 1404). In all images, North is up and the scale bars represent 5 km.
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and experienced subsequent resurfacing between 3.5 Ga
(Ncum(�1 km) = 3.09 � 10�3) to 3.4 Ga (Ncum(�1 km) =
2.30 � 10�3) and locally more recent. These ages are in
agreement with the volcanic activity periods of Alba Patera
[Werner, 2005], and is supported by the geological scenarios
as suggested earlier [Anderson et al., 2004; Cailleau et al.,
2005]. This coincidence is not surprising, since at least the
volcanic plains to the east and northeast of Acheron Fossae
had been interpreted to be emplaced by lava flows related to
Alba Patera [Morris and Tanaka, 1994].

3.3. Glaciers or Rock Glaciers

[11] The Acheron Fossae region is an area of high
topographic relief. Like other high-relief regions in the
latitude belts of about 30� to 70� north and south [Mustard
et al., 2001; Milliken et al., 2003], they display a number of
surface features that are indicative of the deposition and
degradation of a volatile-rich material in the geologically
recent past. Grabens and other topographic depressions like
impact craters are filled by a material, which is largely
devoid of impact craters and, therefore, seems to be young
(Figure 5). At the eastern margin of the Acheron region, it
partly fills a large embayment immediately east of the
Acheron Montes (Figure 6). It is sometimes very smooth,

sometimes rough and degraded, and shows in places signs
of viscous flow (Figures 5 and 6). Its distribution seems to
be controlled by sun exposure. The southern parts of the
W–E-trending grabens, which are more protected from
insulation by the steep graben walls, are often covered by
this material, while the northern parts do not show this
cover (Figure 5). Where the material covers the entire floors
of local topographic lows, it seems to be smoother and less
degraded in the shadowed southern portions of graben and
crater floors (Figure 5). Such a pattern of inhomogeneous
distribution is typical for climatically controlled surface
deposits. Where it shows a smooth surface texture; that is,
where it is not or only weakly degraded, the scarcity of
impact craters indicates that it is very young. Since the
graben formation took place in the ancient history of Mars
(see section 4) and did not extend to the Upper Hesperian or
Lower Amazonian (the plains material emplaced in these
epochs are not disturbed by faults), it seems that the
deposits are not related to the volcano-tectonic history of
the Acheron Fossae region. Instead, it shows many, if not
all, of the morphological characteristics of material which
has been interpreted as rock glaciers [Squyres, 1978, 1979;
Lucchitta, 1984; Chuang and Crown, 2005; Li et al., 2005]

Figure 5. (a) Grabens filled with smooth, young material showing signs of viscous flow. (b) Perspective
three-dimensional view of the same area (letter ‘‘H’’ denotes horst in the center of Figure 5a). The
distribution of the young mantling material is outlined by solid black lines and bright shading. The depth
of the material is unknown, as indicated by dashed lines and question marks (image data and topography
from HRSC orbit 37).
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or debris-covered glaciers [Hauber et al., 2005; Head et al.,
2006] in the same latitude belt of the northern hemisphere,
where it is mainly found in the fretted terrain at the
dichotomy boundary. Indeed, it had been mapped as product
of periglacial mass wasting already in the Viking Orbiter-
based map of Morris and Tanaka [1994]. We agree with
these interpretations that this deposit is an originally vola-
tile-rich material probably composed of ice and dust and/or
rocks, which was deposited late in Martian history and has
since been degraded to varying degrees, depending on its
exposition to insulation. While the analysis of this material
is not the main focus of this paper, it cannot be neglected
either. Since it covers almost all graben floors partly or
completely, its thickness masks the true depths of the
grabens and, therefore, decreases the measurements of the
vertical tectonic displacements. Hence we can not measure
the structural throw, but only the observable throw.
[12] At one location at the eastern end of the Acheron

Fossae, we made an attempt to estimate the thickness of the
viscous material. Here a broad lobe of glacier- or rock
glacier–like deposits extends from the Acheron Montes
highlands onto the volcanic plains to the east. This pattern
is similar to piedmont glaciers at the margin of large ice
caps, for example, in Antarctica or in the Canadian Arctic.
Topographical profiles derived from HRSC DEM show the
shape of the lobate deposit in cross section (Figure 7).
Assuming a continuous, flat-lying underground surface, the
thickness of the material reaches maximum values of up to
200 m. Since we expect that the underlying surface raises
toward the Acheron Montes, this values has to be consid-
ered as an absolute maximum, and the real values might be

significantly smaller. Since this deposit at the easternmost
end of the Acheron Fossae region is one of the largest in the
entire region, we do not expect that the thicknesses exceed a
few tens of meters elsewhere in Acheron Fossae, and
therefore do not significantly affect the extension measure-
ments (see section 4.3).
[13] There is another interesting aspect of the presence of

the viscous material in Acheron Fossae. It seems that this
material is not restricted to only a few locations on Mars,
but seems to be ubiquitous at all longitudes in the two
latitudinal belts between �30� and �65� north and south.
Any predictions of glacier or rock glacier formation by
modeling the Martian climate at other obliquities (i.e., other
inclinations of the planet’s rotational axis with respect to its
orbital plane) [e.g., Forget et al., 2006] will have to take this
widespread occurrence of these deposits into account.

4. Fault Geometry and Rift Structure

[14] The Acheron Fossae region is situated in the north-
western part of the Tharsis province, about 1200 km north
of the large shield volcano Olympus Mons (Figure 1). It is
characterized by an arcuate topographic high, which is cut
by several complex, �WNW–ESE-trending tectonic gra-
bens. The dominant morphotectonic feature is a well-
exposed rift-like system of horsts and grabens, here named
Acheron Fossae 1, that can be traced all over the mountain
range (Figures 2a and 2b). Along and across strike, the
Acheron Fossae 1 display major changes in their width and
structural setting. The width of the rift narrows down
westward. The overall elevation decreases from altitudes

Figure 6. (left) Lobate debris apron at the eastern margin of Acheron Fossae region (HRSC image
1404). (middle) MOC image mosaic of same area, showing the surface texture of the deposit, which
might be a rock glacier or a debris-covered glacier (MOC image numbers R03-00521, R03-00873, R03-
01181, R03-01562). (right) Geomorphological sketch map, showing evidence for viscous flow.
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Figure 7. (a) NW-looking, perspective three-dimensional view of eastern margin of the Acheron Fossae
region. The location of the profiles a-a0, b-b0, c-c0 and f-f 0 in Figure 7c is indicated by solid white lines.
(b) Geomorphological sketch map. Unit 1, smooth unit showing viscous flow (compare with Figure 6) and a
close similarity to lobate debris aprons thought to be rock glacier-like deposits [e.g., Squyres, 1978]; Unit 2,
lava flows embaying the high topography of the Acheron Fossae region (e.g., from Alba Patera); Unit 3,
ancient crustal material of the Acheron Fossae region; Unit 4, small volcanic edifices associated with the
Acheron Montes volcanic rise (see Figure 11). (c) Topographic profiles from high-resolution HRSC Digital
Elevation Models. a-a0, b-b0, and c-c0 are profiles crossing the fronts of lobate debris aprons. The thickness is
unknown, but assuming a more or less flat preexisting surface it might reach values of >100–200 m. f-f 0 is
NE-dipping step faults cutting the small volcanoes shown in Figure 11. Images and topography are from
HRSC image 1404.
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of around 2000 m in the eastern rift segments to values of
around �3000 m, where the extensional fault system dis-
appears under the younger lowland cover. A local topo-
graphic high with altitudes of around 500 m characterizes
the western Acheron Fossae. The general morphology of the
Acheron Fossae region indicates crustal upwarping. The
slope of the northern flank reaches 3.0�. The southern flank
shows values between 1� and 1.5�. The shoulders of the
northern graben system are elevated, indicating flank uplift
(see section 5.1). A topographic high, here called Acheron
Dorsum, about 280 km long, around 100 km wide and up to
1450 m high, forms the southern flank of the proper
Acheron Fossae 1 rift system along its central segment.
To the south, Acheron Dorsum is bordered by an en echelon
system of smaller grabens, which marks the limit of the
Acheron Fossae 1 extensional system.
[15] A regional landmark of the eastern Acheron Fossae 1

is a topographic rise, here named Acheron Montes
(Figures 2a and 2b). With altitudes up to 3235 m, it is
located inmidst the eastern horst and graben series and
crossed by graben structures (see Figure 2b). We interpret
this topographic rise as a rift-related center of volcanic
activity. Toward southeast, the Acheron Fossae mountain
range ends with a rather abrupt morphological break.
[16] The morphology of the western mountain range is

characterized by a complex system of northwest–southeast
trending major grabens, which we informally refer to as
Acheron Fossae 2 (see Figures 2a and 2b). Its predominant
morphotectonic features are two large sinuous grabens
separated by an extensive horst structure and crossing a
local topographic high. Toward southeast, the double graben
system develops into an single graben that borders the
southern flank of Acheron Dorsum and continues south-
eastward until it disappears under volcanic flows and eolian
deposits. Altogether, the northwest– southeast trending
Acheron Fossae 2 system can be observed over a length
of about 430 km. The width of the double graben in the west
varies between 50 and 75 km, and that of the single graben
in the east from 10 to 35 km (Figures 2a and 2b). As shown
in Figure 2b, E–W-trending horst-and-graben structures of
the Acheron Fossae 1 system are crossed obliquely by
graben structures of the Acheron Fossae 2. The vertical
displacement reaches up to 1100 m of observable throw on
the southwest dipping Acheron Fossae 2 border faults.

4.1. Acheron Fossae 1

[17] The HRSC anaglyph image (Figure 8a) provides a
synoptical view of the topography and structural setting of
the eastern Acheron Fossae 1 as well as insight into the
three-dimensional properties of its extensional fault system.
A few extensive steep normal faults with large observable
throw outline the horst and graben architecture of the
arcuate rift segment (Figure 8b). The surface slopes across
the faults are moderate and reach maximum values between
30�–40�. This is close to the angle of repose and seems to
be an effect of erosion, as indicated by debris at the base of
the fault scarp. Therefore we interpret the fault dip to be
steeper. Individual curvilinear grabens are 10–20 km wide
and can be traced over a length of up to 170 km. The length
of segmented border faults varies between 30 km and 80 km.
Rift width and rift architecture change along the trend of the
rift: A zone of complex extensional structures (lower left)

and a width of about 140 km narrows down to an internally
faulted rift graben (upper right) of 45 km width.
[18] The change in structural morphology and related rift

architecture along the rift trend is illustrated by three
topographic profiles derived from HRSC data (Figure 9a).
Profile 9C displays crustal upwarping and the architecture
of the 45-km-wide rift valley. Its three internal grabens
(each about 10 km wide) are separated by intermediate horst
structures (6–7 km wide). Step faults modify the exten-
sional faulting, and graben floors are tilted by a few degrees.
The observable displacement at the northern border fault
system is about 1250 m, as compared to 715 m offset at the
southern border fault. The elevation of the southern rift
shoulder reaches 1470 m, that of the northern rift shoulder
1170 m. The topography of the rift shoulders indicates flank
uplift on both rift flanks. The slope of rift flanks varies
between 2� and 2.5�. The depth of graben floors reaches
�1060 m for the axial graben and �600 m for the tilted
floor of the southern graben.
[19] HRSC DEM and corresponding orthoimages can be

used to render perspective views of selected areas. Figure 10
displays the morphology and structural setting of the above
described part of the Acheron Fossae 1 system in a eastward
looking perspective view. It also reveals that graben floors
can be covered by late deposits of various origin (see
section 3.3). With regard to the displacement values along
the rift system, one has to keep in mind that rift floors and
step fault platforms are often covered. Therefore the dis-
placement values given in this text indicate the minimum
displacement of mapped faults though we do not expect the
cover to be thick enough to significantly change the values
for fault offsets.
[20] The morphotectonic units and the style of extensional

deformation across the 140-km-wide southeastern segment
of Acheron Fossae 1 are displayed in profile a-a0 in
Figure 9a. HRSC data show 2040 m of vertical throw on
the northern border fault. Again, the topography of the
northern rift shoulder indicates flank uplift. A slope of 3�
toward NE has been determined for the northern rift flank.
The internal structure of the northern graben is character-
ized by two 6-km-wide grabens separated by a 7.5-km-wide
intermediate horst block with �1060 m and 920 m offset on
its southern and northern master faults, respectively. A
vertical offset of 1580 m is observable on the southern
border fault of the northern graben. Toward the south, an
outstanding horst structure is about 30 km wide. A vertical
offset of 1200 m on its steep southern border fault results in a
general step-down in overall elevation of the adjacent series
of multiple horsts and grabens. A 10-km-wide graben is
located in front of the steep southern border fault system of
the eastern rift valley. The latter shows 1440 m of vertical
throw. The elevation of the rift shoulders varies between
�950 m at the southern rift flank and �1830 m at its
northern counterpart.
[21] The easternmost rift segment is located on a topo-

graphic high, which we informally refer to as Acheron
Montes (Figure 2b). It reaches an altitude of 3225 m and
resembles morphologically similar structures that have been
interpreted as ancient Noachian-aged volcanoes in the
Tempe and Thaumasia regions [Scott, 1982a, 1982b]. Char-
acteristical properties of the volcanic edifices in the Thau-
masia region in southeastern Tharsis are outlines that are
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Figure 8. (a) HRSC anaglyph image (orbit 0037) showing topography and crustal extension of the
eastern Acheron Fossae 1. Owing to the almost polar orbit of HRSC and the forward and backward
looking geometry, North is to the right (use red-blue glasses for three-dimensional viewing, red glass on
the left eye). (b) Structural map of the eastern Acheron Fossae 1. Main border fault systems are shown in
red, outlining large graben structures. V-shaped symbols and yellowish color show larger parts of
Acheron Montes, a rift-related center of volcanic activity. (c) HRSC anaglyph image (orbit 0143)
showing topography and crustal extension of the western Acheron Fossae area. Note superposition and
vertical displacement of Acheron Fossae 1 structures by Acheron Fossae 2 graben (north is to the right).
(d) Structural map of the western Acheron Fossae area. Main border fault systems are shown in red and
outline large grabens of the Acheron Fossae 1 and 2 structures.
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circular or elliptic in plan view, and heavily eroded flanks,
often dissected by radial patterns of fluvial channels. A
typical example is situated at the eastern Coracis Fossae, an
old rift in Thaumasia [Kronberg et al., 2006; Grott et al.,
2005, Figure 1]. Therefore we believe that the topographic

rise of Acheron Montes represents a rift-related center of
volcanic activity associated with local magmatic uprise.
This is confirmed by HRSC topographical data and the
observed tilt of the graben floors of the eastern rift segment.
They show an increase in overall elevation of rift structures

Figure 8. (continued)
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with decreasing distance toward the center of Acheron
Montes while the observed northwestward dip of major
graben floors steepens from an average of 1.5�–2� to 10.5�
near the center of Acheron Montes. The suspected volcanic
rise is crossed and faulted by a 35-km-wide southeast-
trending graben system, indicating an early to synrift age
of volcanic activity.
[22] Near the center of Figures 8a and 8b, a steep normal

fault system running oblique to the general rift trend and
dipping northeast (upper left) marks the border between the
eastern rift segment and Acheron Dorsum. Step faults
associated with this �100-km-long fault system displace
the eastern horst and graben series by about 1100 m,
creating a topographic low in front of the fault zone
(compare Figure 2). The location and development of the
oblique fault system and the associated topographic low
could be related to magma withdrawal toward the Acheron
Montes volcanic rise.

4.2. Acheron Fossae 2

[23] An HRSC anaglyph (Figure 8c) provides a synopti-
cal view of the topography of the western Acheron Fossae
mountain range. At the same time it provides three-dimen-
sional information on the spatial occurrence and the fault
geometry of the Acheron Fossae 2 graben system, as well as
on the crosscutting relationships between the Acheron
Fossae 1 and 2 extensional fault systems. As already
mentioned, the Acheron Fossae 2 graben are superimposed
on the Acheron Fossae 1 rift system. The observable change
in the directional trend of individual grabens and their
border fault systems as well as oblique internal block-
faulting of individual grabens both suggest a reactivation
of preexisting Acheron Fossae 1 structures and their influ-
ence on the development of the Acheron Fossae 2 grabens
(see Figures 8b and 8d).
[24] In its northwestern segment (upper (= western) half

of Figures 8c and 8d), the Acheron Fossae 2 system is

Figure 9. (a) Graben architecture according to representative MOLA profiles and inferred fault systems
of the eastern Acheron Fossae 1 (HRSC image 37; note that north is to the right for better comparison to
Figure 8). a-a0, b-b0, and c-c0: topographic profiles across the rift system (main faults are shown with thick,
solid gray lines). Numbers indicate measured crustal extension (et) and corresponding strain (e). (b) Same
for the western Acheron Fossae area (HRSC image 143).
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characterized by two sinuous grabens. Their observable
lengths are around 200 km and 230 km, and the widths
reach 12 km and 20 km. They are separated by an
intermediate 10- to 40-km-wide horst block, and are asso-
ciated with a topographic and structural high (see
Figure 2a). The length of the border faults varies from 15
to 35 km. The largest vertical throw is observed on south-
dipping border fault systems (compare the topographical
profiles in Figure 9b). Accordingly, southern graben should-
ers generally display lower elevation than their northern
counterparts.
[25] The south-dipping master fault system of the north-

ern graben, which cuts and displaces Acheron Fossae I
structures, shows up to �1400 m of vertical displacement.
Along the southern border fault of the intermediate horst
block, the observable throw reaches about 1150 m.
[26] The double graben is situated on a local topographic

high about 100 km in diameter. Tilted graben floors as well
as the horst surface are dipping away from it (see Figure 9b,
profile f-f 0). The topography might indicate local crustal
upwarping due to small diapiric magmatic uprise.
[27] A morphological step marks the transition from the

double graben system into the single graben as shown in
Figures 8c and 8d. The step occurs where the extensional
system crosses a light-toned lithological series. Here the
latter is faulted into two larger crustal blocks, about 28 km
and 22 km wide and displaced stepwise northwestward by
310 m and 420 m, respectively.
[28] The double graben system narrows southeastward

(toward lower right) and develops into an asymmetric step-
faulted graben, 10–20 km wide and with an observable
length of 200 km (see Figure 2a). Again, the largest throw
does occur on southwest-dipping border faults (see profiles ,
d-d0 and e-e0 in Figure 9b). More than 1400 m of vertical
displacement is observed along the southwest-dipping fault
system bordering Acheron Dorsum, and 350–660 m on its
northeast-dipping counterpart. Generally, the larger south-
ward slip on southwest-dipping normal faults results in a

drop of the overall elevation along the southwestern flank of
the Acheron Fossae 2 graben system.

4.3. Rift-Related Surface Ages

[29] In order to better understand the period of rift
formation, crater frequencies were measured for key areas
in the Acheron Fossae region. On the basis of HRSC
imagery, parts of the north-facing rift flank (Acheron
Fossae 1) and a few horst segments were selected to
determine absolute ages. Naturally, these areas are quite
small and allow for very few large remaining craters only.
Nevertheless, these measurements resulted in a surface age
range of 3.9 ± 0.05 Ga (Ncum(�1 km) = 2.95 � 10�2 to
1.53 � 10�2). The embaying volcanic units (see section 3.2)
could have formed immediately after the formation of the
grabens. Their surface ages imply that they were emplaced
no earlier than 3.75 Ga ago, and later further volcanic
resurfacing events occurred about 3.5 Ga ago and locally
even later. These surface ages are in agreement with earlier
results and represent the time frame for the tectonic activity
in the Acheron Fossae region.

4.4. Extension

[30] In order to determine the amount of crustal extension
and the corresponding strain, we performed topographic
measurements along several HRSC topographic profiles
across the eastern rift segment (see Figure 9). HRSC data
allow precise depth measurements of grabens. The fault dip a
of normal faults was assumed to be 60�, indicated by rock
mechanics [Anderson, 1951] and previously used by other
authors measuring extension on Mars [e.g., Banerdt et al.,
1992, and references therein; Schultz, 1995; Golombek et al.,
1996; Mège and Masson, 1996; Harrington et al., 1999].
Total or cumulated extension et along a profile is given by

et ¼ Dt= tana; ð1Þ

where Dt is the cumulated vertical offset at faults identified
in high-resolution HRSC images of orbit 037 (30 m/pixel).
Strain e is determined from the length of the profile after

Figure 10. Eastward looking perspective three-dimensional view showing morphology and structural
setting of the southeastern parts of the Acheron Fossae 1 and Acheron Montes, a rift related center of
volcanic activity (HRSC image 0037).
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extensional deformation (Lfinal) and the length of the profile
before extensional deformation (l0 = Lfinal � et) by

e ¼ Lfinal � l0
� �

=l0: ð2Þ

[31] Figure 9a shows the location of profiles and values
obtained from HRSC topographic data for the central and
eastern Acheron Fossae 1 rift segments. Across the area
shown in Figure 9a, the extension values change from
3.0 km to 8.7 km from the 45-km-wide rift valley into the
150-km-wide zone of multiple faulting. At the same time,
strain values vary between 6.5% and 9%. Measurements
across profile c-c0 and b-b0 in Figure 9 show that crustal
extension is accommodated by 52%and 63%, respectively, by
a fewmaster faultswith large observable throw.Across profile
a-a0, large normal faults contribute 44% of crustal extension.

4.5. Rift-Related Volcanism

[32] As shown in Figure 10, the topographic high of the
Acheron Montes is a predominant feature of the eastern
Acheron Fossae 1 rift system. Situated in the eastern rift
segment, it is crossed and faulted by southeast-trending rift
structures (see above). Comparative photogeological studies
show that the location, morphology, and structural features
of the topographic high are comparable to the topographic
and structural appearance of two rift-related volcanoes of
the Coracis Fossae rift system as mentioned by Grott et al.
[2005].
[33] Two small volcanic domes are superposed on the

larger volcanic massif of the Acheron Montes (Figure 11).
Together they form a slightly elongated, NE-trending ridge
about 12 km long and 7.5 km wide. The larger of the two
edifices reaches a height of about 1000 m above the

surrounding terrain. The flank slopes of these constructs
have maximum values of more than 25�, but generally they
are below 20�. The larger dome shows a summit depression,
which might correspond to a volcanic summit crater. We
interpret these features to be small shield volcanoes or,
alternatively, cinder cones, since the observed steepness of
the flanks does not rule out one or the other possibility.
[34] The entire elongated small volcanic rise is cut by

NW-trending normal step faults dipping toward NE. This
again indicates that the volcanic activity had its major phase
before or during the faulting, but that faulting continued
after the end of volcanism.
[35] There are other landforms in the Acheron Fossae

region that have been interpreted to be volcanic in origin,
which are not the focus of our paper, but are shortly
discussed here. Diacria Patera is a degraded circular depres-
sion with a diameter of about 60 km, which is centered at
34.8�N and 227.3�E. It was described as an ancient shield
volcano similar to those in the southern highlands, for
example, Hadriaca and Tyrrhena Paterae. HRSC images
do not show any evidence for a volcanic origin, and an
impact origin seems plausible. The ‘‘banana-shaped’’ topo-
graphic high displays a large rift-like depression along its
crest, which might represent a volcanic fissure [Morris and
Tanaka, 1994]. It should be noted that numerous small hills
on the outer western flank of the Acheron Fossae region
have been interpreted as volcanic edifices by Morris and
Tanaka [1994]. However, HRSC images of these mounds
do not show any evidence for a volcanic origin.

5. Elastic Thickness and Heat Flow

[36] To determine the elastic thickness of the lithosphere
at the time of rift formation, we have taken 16 topographic
profiles in the shaded region indicated in Figure 2. They are
given in Figure 12, where subsequent profiles have been
offset by 1000 m for better readability and south is on the
left. The flank uplift is very pronounced, the rift shoulders

Figure 11. Small volcanic domes in the Acheron Montes
volcanic region (HRSC image 1404). The edifices are cut
by faults (see profile F-F0 in Figure 7c), indicating that the
tectonic activity continued after their formation was largely
completed.

Figure 12. MOLA topographic profiles taken in the
shaded region indicated in Figure 2. For better readability,
subsequent profiles have been offset by 1000 m. South is on
the left and the east-most and west-most profiles have been
labeled by ‘E’ and ‘W’, respectively.

E04005 KRONBERG ET AL.: ACHERON FOSSAE

14 of 20

E04005



standing more than 1000 m above the surrounding planes.
On the southern side the rift flank uplift is overprinted by a
global topographic decline of �5 m km�1. This gradient
needs to be removed for the geophysical modeling as the
part of topography caused by rift flank uplift vanishes for
large distances.
[37] The uplift observed on the flanks of the Acheron

Fossae rift system may be explained in terms of the isostatic
rebound of the lithosphere, a reaction to the unloading
associated with extension. The lithospheric flexural strength
largely controls amplitude and wavelength of the resulting
deformation [Weissel and Karner, 1989; Chéry et al., 1992]
and estimates of the elastic lithosphere thickness Te may be
obtained by modeling the uplift [Upcott et al., 1996; Brown
and Phillips, 1999; Grott et al., 2005].
[38] We use the plane strain application mode of the

commercial finite element package FEMLAB (http://
www.femlab.com) to solve for the displacements resulting
from extension and isostatic rebound. They are calculated
assuming values for Young’s modulus and Poisson ratio of
80 GPa and 0.25, respectively [e.g., Schultz and Watters,
2001; Watters et al., 2002]. The Martian surface gravity
is 3.72 m s�2 and the mantle density is 3500 kg m�3 [Sohl et
al., 2005]. The model setup is given by an elastic plate of
length L and thickness Te, dissected by a model fault
(Figure 13, top). The faulting angle is 60�, corresponding
to a frictional parameter of 0.6, a value typical for crustal
rocks on Earth. The length of the plate is chosen such that
vertical displacements are negligible at the plate boundaries
and we adopt L = 1000 km. The left edge is constrained to
zero horizontal displacement, while the right edge is
extended by an amount s. The restoring force due to
buoyancy is applied at the base of the plate, having stiffness
rmg, where rm is mantle density and g gravitational accel-
eration. A body load of rcg has been applied, where the
plate is in a lithostatic state of stress and the crustal density
rc is 2800 kg m�3 [McGovern et al., 2004].
[39] The fault is implemented by a 1-m-wide gap with

large gap stiffness to prevent the hanging wall and footwall
from separating from or passing through each other. As we
do not model stick-slip behaviour, friction on the fault is

disregarded. The two-dimensional finite element grid is
shown in the bottom of Figure 13 and consists of approx-
imately 25,000 elements, which are refined at the bound-
aries, the maximum element size being 1 km at the upper
and lower boundaries and 500 m at the fault surfaces.
[40] To relate the elastic thickness to the mechanical and

thermal structure of the lithosphere, we apply the strength
envelope formalism of McNutt [1984]. Assuming a linear
temperature increase with depth, the mechanical thickness
of the lithosphere Tm may be calculated. Furthermore, given
the curvature K of the flexed lithosphere, the bending
moment MYSE is obtained by integration. The elastic thick-
ness Te corresponding to K and MYSE is then given by

Te ¼
12 1� n2ð ÞMYSE

KE

� �1
3

: ð3Þ

Mueller and Phillips [1995] have shown by numerical
experiments that reliable results for the mechanical thick-
ness are obtained if the maximum curvature of the fitted
plate is substituted for K. Then a diagram relating Te, Tm and
K may be used to determine Tm and the associated thermal
gradient dT

dz
. We adopt a strain rate of 10�16 s�1 [Grott,

2005] and a surface temperature of 220 K. The brittle
portion of the strength envelope is defined using the
relations by Mueller and Phillips [1995], which are based
on Byerlee’s law [Byerlee, 1978]. Ductile deformation in
the crust is governed by a diabase flow law [Caristan,
1982].

6. Modeling Results

[41] The calculations have been carried out for elastic
thicknesses between 2 and 30 km and extension s between
500 and 4500 m. The best fit was determined by calculating

Figure 13. (top) Schematic setup of the finite element
model. The plate of length L and thickness Te is fixated at
the left edge while the right edge is extended horizontally by
an amount s. The model fault is implemented as a 1-m-wide
gap (greatly exaggerated) of large stiffness, cutting the plate
at an angle Q = 60�. Restoring forces are applied at the base
of the plate. (bottom) Finite element grid is in the vicinity of
the fault; the fault tips are indicated by circles.

Figure 14. Mean topography as a function of distance
along profiles for the southern rift flank, obtained by
stacking the profiles shown in Figure 12 (solid line). The
spread of 1 standard deviation is indicated by dashed lines
and results have been smoothed with a moving average; the
smoothing length is 5 km. The best fit FEM profile is given
by the bold line.
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the l2-norm of the difference between the flexure profile and
that part of the MOLA topography, which has not been
affected by heavy post-rift modifications (see below).
Acceptable fits are obtained for profiles with misfits below
1.5 times the minimum misfit for the flank considered.
[42] The solid line in Figure 14 shows the stacked mean

topography of the southern flank as a function of distance
along the profiles given in Figure 12. The spread of one
standard deviation is indicated by broken lines and results
have been smoothed with a moving average with smoothing
length 5 km. A global topographic gradient of 5 m km�1 has
been subtracted. Between 50 and 160 km, the flank has later
been strongly modified by tectonic activity connected to the
Acheron Fossae 2 system and this part is omitted when
calculating the misfit between MOLA and FEM profiles.
The best fit FEM profile is given by the bold line and
corresponds to Te = 10.2 km, s = 2500 m and K = 6.5 �
10�7 m�1, the misfit being 24 m per data point. Acceptable
fits are obtained for 8.9 km < Te < 11.3 km and slips
between 2300 and 2700 m, the corresponding profiles
having curvatures between 5.3 � 10�7 and 8.2 � 10�7 m�1.
[43] Figure 15 shows the mean topography (solid lines)

and spread of one standard deviation (dashed lines) for the
northern flank. The best fit FEM profile was determined
cutting out the region between 300 and 400 km, as this has
been filled in with young lavas from the surrounding planes.
The best fitting FEM profile has Te = 10.2 km, s = 2800 m
and K = 7 � 10�7 m�1, the misfit being 17 m per data point.
The admissible range of elastic thicknesses at this
flank is 9.3–11.2 km for extensions between 2600 and
2900 m, the profiles having curvatures between 6 � 10�7

and 8 � 10�7 m�1.
[44] Using the strength envelope formalism, the elastic

thicknesses and curvatures may be converted to mechanical
thicknesses, yielding Tm = 13.3–17.8 km for the northern
and 12.2–18 km for the southern flank, corresponding
to thermal gradients of 28–37 and 28–41 K km�1,
respectively.
[45] The results are insensitive to the particular choice of

Young’s modulus and Poisson ratio. Adopting E = 100 GPa
and n = 0.33 results in only minor changes of the reported

values within the previously determined error bounds.
Incorporating the parts of the topography later modified
by the Acheron Fossae 2 system into the fitting procedure
results in minor changes to the best fit FEM profile, but
increases the range of admissible fits. For the southern flank
we obtain Te = 8–14 km, corresponding to thermal gra-
dients of 21–50 K km�1. However, these fits fail to
reproduce the steep flank uplift and are therefore disre-
garded. The main uncertainty in the heat flow determination
is connected to the assumed rheology, as weaker rheologies
lead to considerably smaller heat flow values. We have here
assumed that the bulk of the Martian crust is basaltic, as is
indicated by geochemical evidence [e.g., Nimmo and
Tanaka, 2005].

7. Discussion

[46] We have estimated the regional thermal gradient at
the time of the Acheron Fossae formation by analyzing
lithospheric flexure. Thermal gradients may be converted to
heat fluxes using Fourier’s law: F = �kdT

dz
, where large

uncertainties are connected to the value of the thermal
conductivity k, which strongly depends on material proper-
ties like porosity and water content. McGovern et al. [2004]
assume k = 2.5 W m�1 K�1, while Schultz and Watters
[2001] assume a conductivity of 3.2 W m�1 K�1. Taking
the presence of a top layer of poorly conducting mega-
regolith into account we adopt a column averaged thermal
conductivity of k = 2 W m�1 K�1 [Clifford, 1993; Squyres et
al., 1992] and thus obtain heat fluxes in the range of 56–
74 and 56–82 mW m�2.
[47] The thermal gradient at rift zones has been previous-

ly determined by Grott et al. [2005], yielding 27–33 K
km�1 at the Coracis Fossae at 3.5–3.9 Ga. The values of
28–37 and 28–41 K km�1 determined here are consistent
with these results, although smaller gradients for the Noa-
chian period have been found elsewhere on Mars (dT

dz
= 14–

20 [Schultz and Watters, 2001] and >20 K km�1 [McGovern
et al., 2004]). This discrepancy may be explained in terms
of the different regional environments considered, as the
extended volcanic activity connected to the rift formation
process may imply a substantially increased surface heat
flow.
[48] Since Acheron Fossae is a narrow rift one may apply

the method used by Grott [2005] to constrain the crustal
thickness at the time of rift formation. Narrow rifting is only
compatible with the heat flows determined here if the crust
was no thicker than �50 km when the Acheron Fossae
formed. This is consistent with todays crustal thickness
value of 45–50 km, as determined by Neumann et al.
[2004] using gravity and topography data.
[49] On the basis of its topographic expression, overall

extensional deformation, and structural features we interpret
the Acheron Fossae 1 system to be comparable to terrestrial
continental rifts, following the definition of a continental rift
by Olsen and Morgan [1995] and Ebinger and Hayward
[1996] (see Hauber and Kronberg [2005] for details on
these definitions). The dimensions of the length and width
of the Acheron Fossae 1 system fall well within the size
range of rifts on Earth (compare Sengör and Natal’in
[2001]), and values of crustal extension across the Acheron
Fossae 1 system are comparable to extension across young

Figure 15. Same as Figure 14, but for the northern rift
flank.
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terrestrial continental rifts: 1.7–8.7 km for the Acheron
Fossae 1 system and 5–10 km for the central Kenya Rift
[Mechie et al., 1997].
[50] The observed segmentation along the Acheron Fos-

sae 1 system might have been associated with lateral
differences in the thickness of the ancient crust, i.e., a
thinning crust along the eastern segment toward Acheron
Montes, where magmatism might have been facilitated by a
thinned crust. At present, the Acheron Montes are a region
of increased crustal thickness with respect to their surround-
ings [Neumann et al., 2004].
[51] Acheron Fossae and Olympus Mons are located

relatively close together, and the long and thin, ‘‘banana-
shaped’’ topographic high characterizing the Acheron Fos-
sae region is, at first sight, oriented roughly concentric
around the main volcanic shield. Both facts have led to
speculations that there might be a causal relationship
between both. McGovern et al. [1998] and McGovern
[2002] raised the possibility that the grabens and elevated
topography of Acheron Fossae region are the result of
ancient loading by Olympus Mons, creating a flexural arch
peripheral to Olympus Mons. Since the high topography of
Acheron Fossae is an old feature, as indicated by the
Hesperian-aged lava flow fronts (see above), and the caldera
activity has been recently dated to be as young as �100–
200 Ma [Neukum et al., 2004a], this would indicate a very
long history for the volcano. If the high topography of
Acheron Fossae, 1200 km apart from the center of Olympus
Mons, is indeed caused by flexural loading, a thickness of
75–100 km of the elastic lithosphere is implied [Solomon et
al., 1998].
[52] However, it is also possible that the Acheron Fossae

topography is not related to Olympus Mons, but is rather an
isolated and unrelated ancient structure [McGovern et al.,
1998]. We favor this idea based on the following reasons.
First, the circle defined by the annular geometry of the high
topography of Acheron Fossae is, at close inspection, by no
means centered anywhere near the center of the volcanic
edifice of Olympus Mons. Instead, the center of such a
circle, which has a radius of �530 km, is located at about
30�N and 225�E, which is halfways between Acheron
Fossae and Olympus Mons. This has led Scott et al.
[1981] and Morris and Howard [1981] to suggest that the
Acheron Fossae material might represent the remnants of an
old shield volcano whose central part has collapsed or
subsided, an idea which is also not supported by any of
our observations. Second, the volcanic activity in the
Acheron Fossae region (see section 4.4) is not readily
explained by flexural loading. Finally, the very large thick-
ness of the elastic lithosphere implied by a flexural loading
scenario is not in agreement with our results, which indicate
a much thinner lithosphere at the end of the Noachian and
the Early Hesperian. Furthermore, if lithospheric strength is
predominantly carried by the crust, thermochemical evolu-
tion models also predict the lithosphere to be thin
[Schumacher and Breuer, 2006].
[53] We see the extensional tectonics along the east–west

trending topographic high of Acheron Fossae as a surface
expression of upwelling asthenospheric material and crustal
breakup on top of a small diapiric mantle plume that
initiated regional uplift, crustal extension and associated
volcanic activity in Noachian time. Under this assumption it

is of interest that our photogeological mapping indicates
that the formation and development of the superimposed
NW–SE-trending Acheron Fossae 2 graben system could
be the result of tensile stress associated with late-stage
crustal uplift around Acheron Dorsum and along the north-
ern part of the western Acheron Fossae 1 segment. We
observe that the entire crustal block situated to the south-
west of the Acheron Fossae 2 graben system is offset
southward by several hundred meters over a length of about
350 km on south and southwest dipping master fault
systems that border the western topographic high and
Acheron Dorsum toward south and southwest respectively.

8. Conclusion

[54] According to the results of our structural mapping,
the rift-like Acheron Fossae 1 system can be observed over
a length of about 740 km. Its distinct rift valley changes in
width between 45 km and 145 km, spreading eastward. The
depths of internally fractured rift grabens reach values over
2.0 km. The lengths of master faults vary between 30 km
and 80 km. Extensional structures and the Acheron Fossae 1
rift valley developed along an isolated topographic high
about 800 km in length and 170–310 km in width that
indicates crustal upwarping. The width of the uplift and the
overall elevation of the graben systems increase eastward
toward Acheron Montes, which are thought to represent a
rift-related center of volcanic activity with elevations up to
3200 m. Along the trend of the rift, one can differentiate the
Acheron Fossae 1 system into three parts with respect to
lateral changes in width and architecture of extensional
faulting. The eastern segment (around 125 km long) is
characterized by wide extensional faulting, large throw
along several deep and extensive graben structures and
rift-related volcanism. The volcanic center, corresponding
to the Acheron Montes, is crossed by graben structures.
Toward the west, the �140-km-wide eastern segment nar-
rows down to the discrete axial graben of the central
segment, which is around 25 km wide and bordered by
step faults. Farther west, the �225-km-long central segment
transforms into the sinuous fault pattern of the western
segment with subparallel narrow horst and graben struc-
tures, which are 50–60 km wide and 260 km long. This E–
W-trending western segment of the Acheron Fossae 1
system is superimposed and displaced vertically by NW–
SE trending Acheron Fossae 2 grabens.
[55] Crustal extension as measured along HRSC-derived

topographical profiles across the Acheron Fossae 1- graben
structures varies from 1.7 km to 8.7 km along the rift trend.
In general, the crustal extension increases eastward toward
Acheron Montes, together with an increasing width of the
rift valley. Strain values vary between 4% and 9%. Meas-
urements across the eastern rift segment reveal that about
44% of the total crustal extension is accommodated by
throw on a few large normal border faults.
[56] The volcanic center of Acheron Montes is related to

rifting and indicates local magmatic uprise and involvement
of the lithosphere. The observed change along the rift trend
in topography, fault geometry and crustal extension of the
exposed Acheron Fossae 1 system favors westward propa-
gation of rifting from a magma tectonic center Acheron
Montes. Our photogeological mapping indicates that the
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Acheron Fossae 1 system might continue eastward under a
cover of Hesperian-aged lava flows from Alba Patera. The
directional trend of the Acheron Fossae 1 system results
from N–S-oriented tensional stress. The Acheron Fossae 1
system does not seem to be part of the radial extensional
structures that are related to the Tharsis rise [e.g., Plescia
and Saunders, 1982]. It might rather be an ancient and
isolated feature, comparable to the Coracis Fossae rifts
[Kronberg et al., 2006; Grott et al., 2005], which also do
not follow a radial orientation to anywhere in Tharsis.
[57] Assuming a diabase composition of the crust, the

thermal gradients determined from rift flank uplift at the
Acheron Fossae 1 are in the range of 28–41 K km�1. Given
a crustal thickness of 45–50 km [Neumann et al., 2004],
this implies that the early Martian lithosphere was situated
within the crust (see Figure 16). Owing to the high temper-
atures the mantle carried no strength and its behaviour was
governed by ductile flow.
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