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a b s t r a c t
We describe the results of our morphologic, stratigraphic and mineralogic investigations of ﬂuvial landforms, paleolakes and possible shoreline morphologies at the Libya Montes/Isidis Planitia boundary. The
landforms are indicative of aqueous activity and standing bodies of water, including lakes, seas and
oceans, that are attributed to a complex hydrologic cycle that may have once existed on Mars in the Noachian (>3.7 Ga) and perhaps also in the Hesperian (>3.1 Ga). Our observations of the Libya Montes/Isidis
Planitia boundary between 85°/86.5°E and 1.8°/5°N suggest, that (1) the termination of valley networks
between roughly 2500 and 2800 m coincide with lake-size ponding in basins within the Libya Montes,
(2) an alluvial fan and a possible delta, layered morphologies and associated Al-phyllosilicates identiﬁed
within bright, polygonally fractured material at the front of the delta deposits are interpreted to be the
results of ﬂuvial activity and discharge into a paleolake, (3) the Arabia ‘‘shoreline’’ appears as a series
of possible coastal cliffs at about 3600 and 3700 m indicating two distinct still stands and wave-cut
action of a paleosea that temporarily ﬁlled the Isidis basin the Early Hesperian, and (4) the Deuteronilus
‘‘shoreline’’ appears at 3800 m and is interpreted to be a result of the proposed sublimation residue of a
frozen sea that might have ﬁlled the Isidis basin, similar to the Vastitas Borealis Formation (VBF) identiﬁed in the northern lowlands. We interpret the morphologic–geologic setting and associated mineral
assemblages of the Libya Montes/Isidis Planitia boundary as results of ﬂuvial activity, lake-size standing
bodies of water and an environmental change over time toward decreasing water availability and a cold
and dry climate.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
The hypothesis of ancient martian standing bodies of water,
which might have occupied the lowlands of the northern hemisphere and which might have existed in local- to regional-scale
paleolakes once in martian history, is one of the most important
subjects of ongoing discussion in Mars research (e.g., Parker
et al., 1989, 1993, 2010; Baker et al., 1991; Head et al., 1999; Cabrol
and Grin, 1999, 2001; Clifford and Parker, 2001; Kreslavsky and
Head, 2002; Carr and Head, 2003; Irwin et al., 2005; Ghatan and
Zimbelman, 2006; Fassett and Head, 2008a; Di Achille and Hynek,
2010; Mouginot et al., 2012). The case for large standing bodies of
liquid water, including lakes, seas and oceans, is attributed to a
complex hydrologic cycle that may have once existed on Mars in
the Noachian (>3.7 Ga) and perhaps also in the Hesperian
(>3.1 Ga). Standing bodies of water are discussed as a result of
the discharge of high volumes of liquid water from catastrophic
⇑ Corresponding author.
E-mail address: gino.erkeling@uni-muenster.de (G. Erkeling).
0019-1035/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
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outﬂow events that formed the outﬂow channels (e.g., Baker
et al., 1992; Carr, 1996; Clifford and Parker, 2001; Burr, 2010),
intensive, long-term and repeated ﬂuvial activity, which resulted
in the formation of longitudinal valleys (e.g., Carr, 1996; Goldspiel
and Squyres, 2000) and widespread dendritic valley networks (e.g.,
Carr and Chuang, 1997; Mangold et al., 2004; Erkeling et al., 2010).
The existence of oceans, seas or lakes is supported by a large variety of morphologic landforms, including ridges, wave-cut platforms and coastal cliffs (e.g., Parker et al., 1993; Head et al.,
1999; Webb, 2004; Ghatan and Zimbelman, 2006) and associated
delta deposits (e.g., Hauber et al., 2009; Di Achille and Hynek,
2010; Kleinhans et al., 2010). Some of these morphologies appear
along two global ‘‘paleoshorelines’’ that represent the two most
continuous contacts on Mars and possibly reﬂect different water
levels, i.e., the Arabia ‘‘shoreline’’ and the Deuteronilus ‘‘shoreline’’
(e.g., Parker et al., 1989, 1993; Head et al., 1999; Clifford and
Parker, 2001; Carr and Head, 2003; Ghatan and Zimbelman, 2006).
Our study area at the Libya Montes/Isidis Planitia boundary is of
particular interest, because local ﬂuvial landforms indicative of
standing bodies of water and the landforms of both the global
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Arabia and the Deuteronilus contact appear close to each other
within our study area. Therefore, our study area offers an excellent
opportunity to provide signiﬁcant insights into the water-related
geologic record of the Libya Montes/Isidis Planitia boundary and
possible sea-scale standing bodies of water in the Isidis basin.
In our paper, we present the results of our morphologic, stratigraphic and mineralogic investigations of the Libya Montes/Isidis
Planitia boundary. On the basis of high resolution image data, we
identiﬁed numerous geologic units, which we dated with crater
size–frequency distribution measurements to study the history
and evolution of our study area at the Libya Montes/Isidis Planitia
boundary. We performed hyperspectral image data investigations
to study the mineralogy of water-related deposits and landforms.
Our results have been integrated into a self-consistent model of
the geologic history and evolution of the southern Isidis basin rim.
Our work is focused on morphologic and geologic characteristics of our Libya Montes/Isidis Planitia study area. We critically discuss our observations in the context of the proposed possible
primordial global martian ocean (‘‘Oceanus Borealis’’) and a putative Isidis sea (e.g., Parker et al., 1989, 1993, 2010; Baker et al.,
1991; Head et al., 1999; Clifford and Parker, 2001; Kreslavsky
and Head, 2002; Carr and Head, 2003; Ghatan and Zimbelman,
2006; Di Achille and Hynek, 2010; Ivanov et al., 2012a; Mouginot
et al., 2012). On the basis of our results alternative interpretations
other than ﬂuvial activity or ocean-scale standing bodies of water
for the formation of identiﬁed morphologic contacts appear possible but are inconsistent with the landforms identiﬁed in our study
area. However, we compare and review our results with the results
of previous papers that either support or reject the hypothesis of
ancient martian standing bodies of water.
Our work addresses following questions: (1) What are the time
limits for the formation of ﬂuvial morphologies and possible shorelines and how do they relate to the geologic history of the Isidis basin, including major episodes of ﬂuvial activity in the Libya Montes
and the Syrtis-related volcanic ﬁlling of the Isidis basin? (2) Which
morphologic evidence supports or contradicts the formation of the
Arabia and the Deuteronilus contact by standing bodies of water,
such as lakes, seas and oceans? (3) Could the ﬂuvial landforms
identiﬁed in our study area of the Libya Montes represent the main
source for standing bodies of water? (4) Was the putative Isidis sea
connected with the proposed primordial ocean that ﬁlled the
northern lowlands? (5) Are water-related deposits, such as the
alluvial fan and the possible delta, witnesses of repeated and
long-term occurrence of water in the Libya Montes?

surfaces were derived from the current Mars cratering chronology
model of Hartmann and Neukum (2001). A detailed description of
the crater size–frequency measurements is provided, for example,
by Neukum (1983), Ivanov (2001) and Werner (2005).
In addition, we used data from the Thermal Emission Imaging
System (THEMIS) (Christensen et al., 2004) and the Mars Orbiter
Camera (MOC) (Malin and Edgett, 2001). Images from the High
Resolution Imaging Science Experiment (HiRISE) (McEwen et al.,
2007) were used to investigate detailed surface morphologies.
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
(Murchie et al., 2007) data were used to discriminate the mineralogy of the possible delta and the alluvial fan deposits.
We performed CRISM digital image analyses with the Environment for the Visualization of Images (ENVI) (ITT Visual Information
Solutions, 2009). Images were pre-processed with the CRISM Analysis Tool (CAT) (e.g., Seelos and the CRISM Team, 2009) and were
corrected for instrumental, atmospheric and photometric effects.
3. Regional, geologic and morphologic setting
The Libya Montes represent the southern Isidis basin rim complex and are located along the highland lowland boundary (Fig. 1).
The highlands continue to the south (Tyrrhena Terra) and to the
east (Amenthes). Plains of volcanic origin from Syrtis Major embay
and superimpose the western parts of the Libya Montes highlands.
The volcanic province of Hesperia Planum is located to the
southeast.
The Libya Montes highlands mainly consist of mountainous
massifs and ridges as well as remnants of impact craters, which
form the ﬂuvially dissected Isidis basin rim (Fig. 2A and B). The valley networks are in parts dendritic and are categorized as ﬂuvial
landforms of highest densities on Mars (Carr and Chuang, 1997;
Crumpler and Tanaka, 2003; Erkeling et al., 2010) and partially terminate in deposits similar to terrestrial alluvial fans and deltas
(e.g., Gilbert, 1885; Postma, 1990; Leeder, 1999; Adams et al.,
2001), the latter indicating lacustrine conditions and deposition
into standing water (e.g., Fassett and Head, 2005; Mangold and Ansan, 2006; Ehlmann et al., 2008; Hauber et al., 2009; Di Achille and
Hynek, 2010). Volcanic materials appear as intermontane smooth

2. Data and methods
The Digital Terrain Model (DTM) of our study area is based on
High Resolution Stereo Camera (HRSC) elevation data (Neukum
et al., 2004; Jaumann et al., 2007; Gwinner et al., 2009, 2010), in
particular of HRSC image h2162_0002 that was used to determine
the elevation of possible shorelines, contacts and deposits. Mars
Orbiter Laser Altimeter (MOLA) data (Zuber et al., 1992; Smith et
al., 2001) were used to make MOLA-based elevations of shorelines
(Head et al., 1998) comparable to results shown in this study.
Our morphologic map and the crater size–frequency distribution measurements are based on High Resolution Stereo Camera
(HRSC) (Neukum et al., 2004; Jaumann et al., 2007) and Context
Camera (CTX) images (Malin et al., 2007). Our morphologic map
of the Libya Montes and the Isidis boundary makes use of the unit
deﬁnitions of Greeley and Guest (1987) and Tanaka et al. (2005).
We dated the identiﬁed geologic units with crater size–frequency
distribution measurements in order to reveal the history of possible shorelines and the evolution of standing bodies of water and
possible seas in the Isidis basin. Absolute model ages for the

Fig. 1. Mars Orbiter Laser Altimeter (MOLA, Zuber et al., 1992; Smith et al., 2001)
shaded relief of the Isidis Planitia region. The Libya Montes highlands build the
southern Isidis basin rim complex.
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Fig. 2. The southern Isidis basin rim complex. (A) Southern Isidis basin rim complex including the Libya Montes highlands and the Isidis exterior and interior plains (THEMIS
IR-Day 100 m mosaic). The red box outlines our study area. (B) Regional scale morphologic map of the southern Isidis basin rim complex (HRSC and THEMIS IR-Day
background). The map is based on Fig. 17 of Ivanov et al. (2012a). The Libya Montes are characterized by a heterogeneous mix of mountainous materials, which are degraded
mainly by impact cratering and ﬂuvial processes. The Libya Montes are embayed by smooth exterior plains of the Isidis basin (light gray unit). Knobby and coned plains
represent the Isidis interior plains (green unit) and occupy the basin ﬂoor. The red box outlines our study area.

plains, which are interpreted as results of invading lavas from Syrtis Major (e.g., Crumpler and Tanaka, 2003; Ivanov and Head, 2003;
Hiesinger and Head, 2004; Mustard et al., 2007, 2009; Tornabene
et al., 2008) or local volcanic sources of Tyrrhena Terra and Amenthes Planum (e.g., Tornabene et al., 2008; Erkeling et al., 2011a).
Our study area is located in the northern parts of the Libya
Montes rim complex between 85°/86.5°E and 1.8°/5°N and covers
the highland/lowland boundary (Fig. 3A–C). An unnamed Noachian
60-km crater (unit Nc) and Noachian highland remnants (unit Nm)
cover nearly the entire southern half of the study area (Fig. 3B; darker colors). The mountainous terrain is separated into isolated
remnants of highland massifs that extend into the Isidis basin.
The northern section of the study area consists of low-lying
smooth exterior (unit AHs) and knobby interior plains (unit Ak)
of the Isidis basin (Fig. 3B; brighter colors) that embay the older
pre-existing Libya Montes highlands. The elevation of the terrain
decreases by 4400 m from the southern edge of the 60-km crater
toward the low-lying plains of the Isidis basin (Fig. 3C).

4. Morphologic contacts
At the Libya Montes/Isidis Planitia boundary, we identiﬁed series of morphologic landforms at three different elevation levels
(Fig. 4A). The morphologies have been associated with intense ﬂuvial activity, standing bodies of water, hydrous alteration, wave-cut
action, distinct still stands as well as freezing and sublimation of a
cold ocean (e.g., Parker et al., 1993; Head et al., 1999; Kreslavsky
and Head, 2002; Carr and Head, 2003; Crumpler and Tanaka,
2003; Webb, 2004; Erkeling et al., 2010). We can distinguish

between (1) local occurrences of ﬂuvial and lacustrine landforms
of the Libya/Isidis contact between 2500 and 2800 m (Fig. 4B),
(2) a series of possible coastal cliffs of the Arabia shoreline at
3600 and 3700 m (Fig. 4C), and (3) the Deuteronilus contact that
occurs as an onlap morphology at the boundary between the Isidis
interior plains and the Isidis exterior plains (Fig. 4D).

4.1. Libya Montes/Isidis contact ( 2500/ 2800 m)
The observed morphologic landforms between 2500 and
2800 m elevation bear evidence for intense ﬂuvial activity, valley
incision and transport and deposition of materials (Fig. 5A). In particular, the crater materials of an unnamed 60-km crater are incised by a ﬁrst group of valleys (unit Nd) that trend downstream
toward the center of the crater. The valleys incised into the eastern
crater materials show mainly degraded morphologies (Fig. 5B),
similar to Noachian valleys found in the Libya Montes (Jaumann
et al., 2010; Erkeling et al., 2010) and elsewhere on Mars (e.g.,
Fassett and Head, 2008b). Most of the valleys terminate between
2500 and 2800 m. Deposited materials occur as possible alluvial
fan deposits (Fig. 5C) that are superposed on smooth and exhumed
intermontane plains (unit Hi) that build parts of the crater ﬂoor
and are similar to plains found elsewhere in the Libya Montes
(Crumpler and Tanaka, 2003; Erkeling et al., 2010). Multiple layered lobes identiﬁed in steep and continuously sloped deposits
are comparable to terrestrial alluvial fans and indicate that repeated events of ﬂuvial activity, including transport and deposition, were responsible for their formation (Fig. 5D). In addition, a
valley in the eastern section of the 60-km crater terminates in a
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Fig. 3. Image mosaic, morphologic map and color-coded Digital Terrain Model (DTM) of our Libya Montes study area. (A) CTX image mosaic shows our study area that covers
the Libya Montes/Isidis Planitia boundary. Locations of close-up images are shown by white boxes. (B) The southern half of our study area consists mainly of a 60-km
Noachian crater (unit Nc) and remnants of Noachian mountainous terrain (unit Nm). It should be noted that the remnants of units Nc and Nm show similar morphologies and
are difﬁcult to distinguish. Both are dissected and degraded by ﬂuvial landforms (unit Nd) that resulted in deposition of materials in local basins and in the formation of
smooth intermontane plains (unit Hi). Materials deposited also appear as possible alluvial fans and in a delta, which are superposed on intermontane basins. Remnants of
Noachian craters and highland materials as well as Hesperian etched and exhumed terrains (unit He) extend toward the north and are embayed by smooth Isidis exterior
plains (unit AHs). Patches of etched terrains crop out locally within the smooth Isidis exterior plains indicating that these plains represent a thin coverage. The exterior plains,
dissected by a few small valleys, represent the northernmost part of our study area and are superposed by the knobby Isidis interior plains (unit Ak) that contain the Isidis
thumbprint terrain (TPT). Our morphologic map is based on Context Camera (CTX) and High Resolution Stereo Camera (HRSC) images. The map is superposed on a Context
Camera (CTX) mosaic (15 m/px). Morphologic units are adopted from Greeley and Guest (1987) and Tanaka et al. (2005). (C) Digital Terrain Model (DTM) of our study area.
The terrain in our study area declines from high-standing surfaces (500 m) shown in white and dark red colors to low-lying areas ( 3900 m) shown in light green colors.
Color-coded High Resolution Stereo Camera (HRSC) Digital Terrain Model (DTM) h_2162 with a resolution of 50 m/pixel is superposed on Context Camera (CTX) mosaic.

possible open basin paleolake, which shows inlet and outlet morphologies and intra-crater fan deposits on the ﬂoor (Fig. 5E).
A second group of ﬂuvial features with different morphologies appears as a drainage pattern of parallel valleys in the western part of the
crater (Fig. 5F). The pattern appears topographically higher than the
degraded valleys elsewhere in the 60-km crater and displays a terraced morphology. The upper terrace terminates along cliffs at
2500 m, includes the upstream sections of the valleys, and shows
preserved morphologies. A smaller lower terrace appears between
2500 and 2800 m and is characterized by degraded downstream
sections of the valleys. These valleys terminate along a cliff between
2600 and 2700 m, are possibly truncated by later erosion, and do
not show any deposits on the crater ﬂoor.
In addition to abundant ﬂuvial morphologies, we also identiﬁed
viscous ﬂow features (e.g., Baker et al., 1991; Head et al., 2010),
near the potential central mound of the 60-km crater, indicating
the possible local inﬂuence of glacial processes (Fig. 5G).
A third group of valleys is incised into the intermontane plains,
trends downstream to the north, and coalesces where the unnamed 60-km crater shows a breach in its northern crater rim.
Immediately north of the breach, after the valleys cut through a
topographic divide, they terminate within a topographic depression that is ﬁlled with layered sedimentary deposits of a possible
delta, whose geometry is comparable to terrestrial prograding deltas formed in standing water (e.g., Gilbert, 1885; Postma, 1990;
Leeder, 1999; Adams et al., 2001), where delta sediments progressively ﬁlled the depression. Numerous inverted distributary channels identiﬁed at the shallow sloped topset that is also
characteristic for terrestrial deltas, bear evidence for transport
and deposition of materials into a standing body of water

(Fig. 6A and B). Bright, polygonally fractured materials appear
mainly at the steep foreset (front) of the possible delta (Fig. 6C).
In particular, the lowest layers consist of bright, polygonally fractured materials (Fig. 6D–F), which are similar to materials identiﬁed in possible delta deposits found elsewhere on Mars (e.g.,
Fassett and Head, 2005; Ehlmann et al., 2008; Grant et al., 2008;
Pondrelli et al., 2008). The bright material mainly consists of hydrous minerals and clay, in particular Al-phyllosilicates (e.g., montmorillonite) (Fig. 7A and B). The Al-phyllosilicates are spatially
limited to the foreset and to a few sites at the topset where the
upper layers have been removed and material of the lowest layers
is visible. The possible delta deposits are enclosed by etched and
exhumed materials (unit He) that show olivine abundances (e.g.,
fayalite) and appear topographically above the possible delta
deposits (Fig. 7A and C). Fe/Mg-rich phyllosilicates identiﬁed in
adjacent Noachian highlands indicate hydrous alteration (Fig. 7A
and D).
In the northern sections of the topographic depression, the possible delta shows eroded and possibly inverted channels. Numerous meter-sized blocks of the bright, polygonally fractured
material are broken off from the steep front of the delta and are
covered by dune materials (arrows in Fig. 6E and F). Valleys are absent north of the topographic depression where the terrain slopes
slightly upwards and possibly represents remnants of a degraded
crater rim.
The surfaces north of the delta also consist of olivine-rich materials and exhumed and etched morphologies. Exhumed terrains extend a few kilometers to the north until they are embayed and
covered by the smooth exterior plains of the Isidis basin (unit
AHs) that appear spectrally neutral.
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Fig. 4. Perspective views of our study area. The Digital Terrain Models (DTM) are based on High Resolution Stereo Camera (HRSC) image h_2162 and Mars Orbiter Laser
Altimeter (MOLA) data. Background based on Context Camera (CTX) image mosaics. (A) Perspective view of the HRSC h_2162 Digital Terrain Model (DTM) of our study area.
Morphologic contacts are identiﬁed at elevations of 2500 m (Libya Montes ﬂuvial and lacustrine landforms), 3600/ 3700 m (Arabia contact) and 3800 m (Deuteronilus
contact). (B) Fluvial and depositional landforms associated with elevations between 2500 and 2800 m. Noachian valley networks (unit Nd) originate below the rim of the
60-km crater and terminate near 2500 m. Deposits can be identiﬁed on terrains between 2500 and 2800 m. Deposits appear on intermontane plains (Hi) as alluvial fans
and as a delta. (C) Landforms associated with the Arabia shoreline. Possible coastal cliffs appear continuously on equipotential surface lines at 3600 and 3700 m indicating
two distinct still stands of standing bodies of water. (D) The Deuteronilus contact appears as the boundary between the smooth Isidis exterior plains and the knobby Isidis
interior plains. Although the knobby Isidis interior plains (Ak) are superposed on the smooth Isidis exterior plains (AHs), the contact is represented by a drop of elevation
shown in the HRSC DTM at 3800 m due to a general decline of the elevation of the terrain to the center of the basin. The ﬁrst tens of kilometers of the knobby Isidis interior
plains (Ak, light green colors) are distinct from surfaces that contain the thumbprint terrain (TPT, light-blue colors) located in the northernmost and low-lying sections.

4.2. Arabia contact ( 3600/ 3700 m)
A few kilometers north of the exhumed and etched terrains,
landforms associated with the Arabia shoreline (Parker et al.,
1989, 1993; Head et al., 1999; Clifford and Parker, 2001; Carr
and Head, 2003) appear as a series of cliffs and terraces (Figs. 4C
and 8A) and represent the southern boundary between the smooth
Isidis exterior plains (AHs) and materials of the Libya Montes (Nc,
Nd, Hi). The cliffs appear to be mostly continuous within our study
area and elsewhere along the boundary between the Libya Montes
and the Isidis basin. The Arabia shoreline is not exposed along the
eroded western, northern and eastern Isidis basin rim. Most conspicuous are a series of candidate coastal cliffs of the Arabia shoreline that coincide with the 3700 m equipotential surface line
(e.g., Head et al., 1999; Carr and Head, 2003). The cliffs show terraces (Fig. 8B) and can be divided into 3–4 distinct terraces
(Fig. 8C) tens of meters high and tens of kilometers long. However,
the number of cliffs varies and the cliffs also show variations in size
and their orientations relative to the Libya Montes high-standing
terrain. Highland remnants that either extend hundreds of meters
into the Isidis exterior plains or occur isolated within the plains are
outlined by possible cliffs of the 3700 m contact (Fig. 8D).

A second series of possible coastal morphologies appears at
3600 m (Fig. 8A). The terracing of the 3600 m contact is less
obvious than at the cliffs at 3700 m (Fig. 8A and E). In addition,
the contact is considerably more degraded and discontinuous than
the contact identiﬁed at 3700 m, in particular along the slopes of
the Libya Montes massifs (Fig. 8F). Sections with preserved morphologies alternate with sections that are either superposed by
materials shed from the Libya Montes or degraded, possibly by later ﬂuvial and/or eolian activity.
North of the cliffs, small valleys that follow the local gradient
toward the center of the Isidis basin postdate the formation of
the cliffs and are incised into the plains (Fig. 9A). The small valleys
originate exclusively north of the possible cliffs and are therefore
not connected with the valley networks identiﬁed in the Libya
Montes. Similar to the possible glacial morphologies we identiﬁed
near the Libya/Isidis contact at 2500 m (Fig. 5G), the smooth
exterior plains of the Isidis basin also show landforms possibly
formed by glacial processes. Ridges that appear on the smooth
plains and trend mainly toward the basin center (Fig. 9B) were
interpreted as eskers (e.g., Grizzafﬁ and Schultz, 1989; Lockwood
and Kargel, 1994; Ivanov et al., 2012a). Local patches of etched
terrain, which are similar to etched surfaces farther south crop
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Fig. 5. Fluvial and lacustrine landforms identiﬁed in the Libya Montes between 2500 m and 2800 m. (A) Degraded valleys, a pattern of parallel valleys and associated
deposits identiﬁed in a 60-km crater between 2500 m and 2800 m. Locations of close-up images are shown by white boxes. (B) Degraded valleys that cut surfaces below the
rim of the 60-km crater terminate mostly near 2500 m. (C) Possible alluvial fan deposited on the ﬂoor of the 60-km crater occurs below 2500 m. The alluvial fan is
interpreted to be formed by Noachian ﬂuvial activity and was degraded possibly by eolian activity. (D) Multiple lobes of an alluvial fan and relative stratigraphy of the lobes
determined by morphologic mapping. (E) Possible open paleolake site located near 2500 m at the mouth of ﬂuvial valleys. The crater shows an inlet and an outlet channel.
Intracrater deposits bear evidence for deposition into standing water. Deposits are degraded possibly by eolian activity. (F) Pattern of parallel valleys shows signiﬁcantly
different morphologies in comparison to degraded valleys shown in (B). They are likely a remnant of a pre-existing layer that ﬁlled the 60-km crater. The valleys originate below
the crater rim, are incised into the pre-existing layer, a possible cliff and a degraded terrace at 2500 m (white arrow) and terminate along the lower margin of a well-deﬁned
but degraded terrace between 2600 and 2700 m. Cross-cut relationships of the valleys and variations in depths suggest repeated formation events and possible use of preexisting valley paths. Deposits associated with the parallel valleys were not found. (G) Viscous ﬂow features identiﬁed east of the central peak of the 60-km crater.
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Fig. 6. Morphologies of a possible delta located immediately north of the breach in the rim of the 60-km crater. (A) The delta deposits show a typical sequence of a nearly horizontal
topset, a sloped foreset and a low-lying and ﬂat bottomset. Multiple distributary channels (white arrows) bear evidence for repeated deposition of delta sediments. The surrounding
topography indicates that the delta was possibly deposited into a crater basin (diameter 8 km). (CTX_P020_008808_1828). Location of Fig. 6C is outlined by white box. (B) HRSC
elevation data show a local minimum (light blue color) of a crater basin that possibly existed before deposition of delta sediments. In addition, the elevation of the terrain increases
toward the north (from light-blue colors to yellow) and the surfaces may have served as a topographic barrier for the delta deposits (HRSC DTM h_2162 superposed on
CTX_P020_008808_1828). Location of Fig. 6C is shown by white box. (C) Foreset of possible delta shows eroded and exhumed morphologies (HiRISE_PSP008808_1830). Bright,
polygonally fractured materials appear in the lowest layers of the foreset. Inverted channel materials are present in the upper layers of the foreset (southern edge of the image) and
show eroded morphologies. Surfaces of the bottomset show eroded blocks of bright, polygonally fractured materials, which are partially superposed by dunes. Locations of close-up
images are shown by white boxes. (D) Surfaces in the eastern part of the foreset show high abundances of bright, polygonally fractured materials. Numerous dunes are superposed on
the bright materials. (E) Bright, polygonally fractured materials appear at the front and represent the lowest layers of the possible delta. Numerous blocks of bright, polygonally
fractured materials are broken off from the front (white arrow) and are superposed by dune materials. (F) Remarkable landform at the front that consists of bright, polygonally
fractured materials. Numerous blocks of bright, polygonally fractured materials are broken off from the front (white arrow) and are superposed by dune materials.
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Fig. 7. Mineralogy of the possible delta and the surrounding terrain as observed in CRISM image FRTB0CB. (A) Appearances of bright, polygonally fractured materials at the
front of the possible delta are identiﬁed as Al-smectites (blue color). Al-smectites appear also in local outcrops at the topset, where the lowest layers are excavated by erosion.
Al-smectites indicate lacustrine environments and hydrous alteration of deposited materials, possibly as a result of ﬂuvial activity and transport into standing water.
However, materials of the possible delta also show weak appearances of Fe/Mg-smectites (red colors). They are eroded from surrounding Noachian highlands of the Libya
Montes, where Fe/Mg-smectites are abundant. Additionally, olivine-rich (green) surface units south and north of delta deposits are mixed with Fe/Mg-smectites from the
highlands. CRISM image FRTB0CB is superposed on CTX_P020_008808_1828. The CRISM spectra were taken from three distinct sites characteristic of Al-smectites, Fe/Mgsmectites and olivine-rich materials, respectively. Vertical lines, in particular in blue and red color in the western part of the CRISM image, are related to camera artifacts and
do not represent mineral appearances. (B) Comparison of ratioed CRISM reﬂectance spectrum of Al-smectites (grayscale) with laboratory spectrum of montmorillonite (blue).
The spectrum shows typical absorption bands at 1.41, 1.91 and 2.2 lm. Spectrum was taken from the western front of the delta (location is shown in (A). (C) Comparison of
ratioed CRISM reﬂectance spectrum of olivine- and pyroxene-rich plains materials (grayscale) with laboratory spectra of lizardite (dark green), olivine_fayalite (green) and
siderite (light green). The CRISM spectrum shows a long slope from 1.4 to 1.9 lm indicating the presence of olivine. Pyroxene is likely present due to the broad absorption at
2.0 lm. The spectrum was taken from etched terrains north of the possible delta (location is shown in (A)). (D) Comparison of ratioed CRISM reﬂectance spectrum of Fe/Mgsmectites (grayscale) with spectra of Fe/Mg-rich clays vermiculite (red and dark-red) and saponite (magenta) from spectral library. The CRISM spectrum shows absorption
bands at 1.41, 1.93 and 2.31 lm, which are also present in the laboratory spectra.

out within the smooth plains and appear stratigraphically lower
than the plains (Fig. 9C). The contact between the smooth Isidis
exterior and the knobby Isidis interior plains, both occupying the basin ﬂoor, is located some tens of kilometers to the
north and appears as a circumferential onlap morphology that
coincides with the proposed Deuteronilus contact (see next
section below).

4.3. Deuteronilus contact ( 3800 m)
The Deuteronilus contact (e.g., Parker et al., 1989, 1993; Clifford
and Parker, 2001; Carr and Head, 2003) appears in the northernmost part of our study area (e.g., Figs. 4A, D and 10A) and represents
a well-deﬁned and sharp boundary (Fig. 10B) that shows signiﬁcantly different morphologies in comparison to landforms identi-
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Komatsu et al., 2011; Ghent et al., 2012; Ivanov et al., 2012a). The
contact is characterized by an onlap geometry (Fig. 10B) where
the Isidis exterior plains are superposed by materials of the Isidis
interior plains that are stratigraphically higher (Ivanov et al.,
2012a). In our study area, as well as elsewhere along the boundary
between Isidis Planitia and Libya Montes, the Deuteronilus contact
is more continuous in appearance than the Arabia contact. As the
ﬂoor of the Isidis basin is tilted to the southwest, the Deuteronilus
contact does not follow an equipotential line at 3800 m elsewhere
in the Isidis basin, in particular in the northeastern section, where
the contact appears between 3600 and 3700 m.
Although the Deuteronilus contact separates both plain units,
they show similar morphologies, because typical TPT morphologies
(Fig. 10C), including individual knobs and chains of cones, initially
occur a few kilometers north of the contact, but not along the Deuteronilus contact (Fig. 10A and B). However, small valleys incised
into the smooth Isidis exterior plains (Fig. 9A), as well as ridges
(Fig. 9B) that trend toward the center of the Isidis basin, are superposed and embayed by the knobby interior plains of Isidis.

5. Surface ages and stratigraphy

Fig. 7 (continued)

ﬁed both at the valleys and fan deposits between 2500 and
2800 m and at the Arabia shoreline at 3600/ 3700 m. The Deuteronilus contact represents the boundary between the smooth
Isidis exterior plains (AHs, Ht) (Greeley and Guest, 1987; Tanaka
et al., 2005) and the coned and knobby Isidis interior plains (Ak)
(Greeley and Guest, 1987; Tanaka et al., 2005), which also contain
the thumbprint terrain (hereafter TPT; Fig. 10C; e.g., Grizzafﬁ and
Schultz, 1989; Hiesinger and Head, 2003; Ivanov and Head, 2003;

The crater size–frequency distribution measurements for our
study area are based on the deﬁnitions and the current Mars cratering chronology model of Hartmann and Neukum (2001) and
are consistent with results of previous studies (e.g., Greeley and
Guest, 1987; Crumpler and Tanaka, 2003; Erkeling et al., 2010,
2011a; Jaumann et al., 2010; Ivanov et al., 2012a). Particularly,
the remnants of the Libya Montes were formed in the Noachian
and are embayed by Hesperian and Early Amazonian surface units
of the Isidis basin. Consequently, the ages of our morphologic
surface units in our study area generally decrease from the southern regions, which consist of mountainous terrain of the Libya
Montes, toward the low-lying Isidis plains in the northern parts
of the study area.
Mountainous massifs (Nm) and the 60-km crater (Nc) are
stratigraphically the oldest surface units in our study area and
were likely to be formed in the Noachian earlier than 3.9 Ga.
Both units were almost certainly formed at the time of the formation of the Isidis impact basin (e.g., Mustard et al., 2007, 2009),
but predate the formation of ﬂuvial morphologies identiﬁed in
our study area and elsewhere in the Libya Montes (Crumpler
and Tanaka, 2003; Jaumann et al., 2010; Erkeling et al., 2010).
The pattern with parallel valleys in the western part of the 60km crater is older than 3.8 Ga (Fig. 11A) and was formed earlier
than the degraded valleys elsewhere in the 60-km crater, which
show ages between 3.8 and 3.5 Ga. A 19-km crater that was
formed at 3.7 Ga (Fig. 11B) at the southern rim of the 60-km
crater is possibly responsible for the resurfacing of the degraded
valleys that show slightly younger model ages. Fluvial activity
likely occurred in repeated events in the Noachian and Early Hesperian and resulted in the formation of deposits in the center of
the 60-km crater. Olivine-rich plains units that ﬁll the lowest
parts in the center of the 60-km crater are 3.7 Ga old. The plains
postdate the formation of both the degraded and the parallel valleys. However, possible late-stage ﬂuvial activity resulted in the
formation of the alluvial fan that was formed later than 3.7 Ga
ago and post-dates the formation of the olivine-rich plains. It
should be noted that erosional processes resulted in exhumed
morphologies that show a signiﬁcantly younger model age of
3.3 Ga (Fig. 11A). Therefore, our model ages might represent
the time when exhumation of the plains units occurred, but not
the initial formation age.
Small valleys, which trend toward the breach in the northern
crater rim and which are incised into the 3.7 Ga old olivine-
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Fig. 8. Morphologies of the Arabia shoreline. (A) The boundary between the highlands and the Isidis exterior plains shows the most continuous occurrence of the Arabia
shoreline in our study area (CTX_P20_008808_1828). Locations of close-up images are shown by white boxes. (B) Possible coastal cliffs of the Arabia shoreline. (C) Close-up of
possible coastal cliffs that consist of a series of terraces and slopes indicating wave-cut action (e.g., wave erosion). (D) Remnants of highland materials that appear in the
smooth Isidis exterior plains are enclosed by possible cliff morphologies. (E) Due to their proximity to the steep sloped highland remnants of the Libya Montes, sections of the
coastal morphologies between 3600 and 3700 m are superposed by mass wasting processes (arrow shows interruption of cliff at 3600 m by highland materials). (F)
Possible coastal cliffs show also layered morphologies that are distinct from the series of terraces and slopes shown in (C).

Fig. 9. Morphologies of smooth Isidis exterior plains (unit AHs). (A) Small valleys are incised into the plains materials and trend toward the center of the Isidis basin. (B)
Ridges with sinuous sections appear in the northernmost parts of the Isidis exterior plains and in the Isidis interior plains. The ridges have been interpreted as possible eskers
(e.g., Ivanov et al., 2012a). (C) Patches of etched terrains (He) appear locally within the smooth Isidis exterior plains (AHs) indicating that the latter represent a thin layer that
is superposed on older (ﬂuvially eroded) and (subsequently) degraded Libya Montes highland materials.
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Fig. 10. Morphologies in the northernmost part of our study area near the Deuteronilus contact (HRSC h_2162). (A) Morphologies of the Deuteronilus contact. The knobby
and coned terrain of the TPT appears in the northernmost part of the image with close proximity to the Libya Montes. (B) Onlap morphology of the Deuteronilus contact. The
TPT occurs only a few kilometers north of the Deuteronilus contact. Therefore, the terrains, both of the Isidis interior plains and the Isidis exterior plains close to the
Deuteronilus contact, have nearly identical morphologies. (C) Example of coned ridges of the TPT.

rich materials are possibly also related to the latest ﬂuvial activity in this area. The possible delta, located immediately north of
the breached rim of the 60-km crater and at the termini of the
small valleys, was formed at the same time (3.7 Ga) and likely
by the same Late Noachian–Early Hesperian ﬂuvial events.
Although we could not derive absolute model ages for the ﬂat
topset of the possible phyllosilicate-rich delta, morphologic relationships suggest that it is stratigraphically younger than the
3.7 Ga old surfaces located directly to the north. Olivine-rich
terrains with etched and eroded morphologies mostly postdate
the Noachian and Early Hesperian surfaces formed by ﬂuvial
activity and are associated either with an early impact melt veneer eroded and transported to form sediments (e.g., Mustard
et al., 2007, 2009) or with the volcanic ﬂooding and ﬁlling of
the Isidis basin in the Hesperian (e.g., Tanaka et al., 2000; Head
et al., 2002; Ivanov and Head, 2003; Hiesinger and Head, 2004;
Tornabene et al., 2008). Landforms associated with the Arabia
shoreline were formed at 3.5 Ga ago and are younger compared
to previous studies that show ages of ‘‘at least’’ 4.0 Ga (Clifford
and Parker, 2001). In addition, the cliffs of the Arabia shoreline
in our study area are interpreted to have formed after the last
ﬂuvial activity in the Libya Montes highlands ceased 3.7 Ga

ago. The smooth Isidis exterior plains that occur a few kilometers farther north are slightly younger than the eroded and
stratigraphically older terrain to the south. The model ages vary
between 3.6 and 3.2 Ga (Fig. 11C) although we could not
identify any systematic variations of ages with location of the
count areas, i.e., when craters were counted on surface units
close to the boundary to the etched terrain, near the cliffs of
the Arabia contact or near the Deuteronilus contact farther
north. As previously stated for the exhumed surfaces, resurfacing
events including erosional processes as well as mass wasting and
deposition of materials from adjacent mountain massifs onto the
smooth Isidis exterior plains may result in signiﬁcantly younger
model ages of the plains as derived from crater counting
(Fig. 11C; 2.7 Ga).
Local patches of etched and eroded terrain that crop out within
the smooth Isidis exterior plains are stratigraphically lower
(3.7 Ga). Although we could not derive model ages because of
the relative small size of isolated highland remnants enclosed by
the smooth Isidis exterior plains, they are interpreted to be older
because they are associated with Noachian mountainous ridges
of Libya Montes. The minimum age of the smooth Isidis exterior
plains is deﬁned by impact craters, which are superposed onto
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the plains and therefore postdate them. Crater counting on the
ejecta materials of those craters show Late Hesperian and Early
Amazonian model ages between 3.3 (Fig. 11D) and 2.7 Ga. Also
the small valleys, which are incised into the plains, postdate the
formation of the smooth Isidis exterior plains, indicating late-stage

ﬂuvial activity north of the mountainous terrains of the Libya Montes and after the latest emplacement of volcanic plains materials.
Farther north, the Isidis interior plains located north of the Deuteronilus contact are stratigraphically younger than the Isidis exterior plains. Crater size–frequency distribution measurements show

Fig. 11. Stratigraphic interpretation of ﬂuvial morphologies near the Libya Montes/Isidis contact at 2500 m and associated crater statistics for selected surface units.
Morphologic units are adopted from Greeley and Guest (1987) and Tanaka et al. (2005) (see Fig. 3). Craters counted and areas (morphologic units) outlined are shown in white
color. The model ages shown in the statistics contain two decimal places and may not necessarily represent the model ages of units discussed in the manuscript. Patterns with
secondary craters were excluded from counting. (A) Pattern of parallel valleys, which are incised into a remnant of a pre-existing layer that ﬁlled the 60-km crater. The valleys
were formed 3.8 Ga ago. However, both the valleys and the alluvial fan deposits were likely to be formed earlier, because resurfacing events (valleys are exhumed and
degraded) may have resulted in younger model ages. (B) The ejecta layer of a 19-km crater (Fig. 4A) was formed 3.7 Ga ago, but shows also resurfacing. The crater could have
contributed to the removal of the initial valley unit. (C) The smooth Isidis exterior plains show model ages between 3.6 and 2.7 Ga (possible resurfacing). Patterns with
secondary craters were excluded from the counting and led to the fragmentation of crater count areas. (D) Late Hesperian/Early Amazonian crater is superposed on the
smooth Isidis exterior plains and was formed 3.3 Ga ago.
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Fig. 11 (continued)

model ages between 3.2 and 2.7 Ga and are consistent with previous investigations that resulted in a model age of 3.1 Ga (Ivanov
et al., 2012a). The Isidis interior plains also postdate the formation
of small valleys and ridges that originate in the southern Isidis exterior plains and cross the Deuteronilus contact. Several impact craters with preserved ejecta layers superposed onto the knobby
Isidis interior plains show ages between 2.8 and 2.5 Ga and
are interpreted to represent the youngest surface units in our study
area. They also deﬁne the minimum age of the Isidis TPT.
6. Discussion
Hypotheses for the presence of standing bodies of water in the
geological past of Mars have been proposed and tested by numer-

ous investigators over the last two decades (e.g., Parker et al., 1989,
1993, 2010; Baker et al., 1991; Scott et al., 1995; Head et al., 1998,
1999; Cabrol and Grin, 1999, 2001; Clifford and Parker, 2001; Carr
and Head, 2003; Webb, 2004; Ghatan and Zimbelman, 2006; Di
Achille and Hynek, 2010; Mouginot et al., 2012). The past existence
of standing water, i.e., of oceans or lakes has been proposed on the
basis of various lines of morphological evidence. However, because
morphologic features can form from a variety of processes, the
existence of such standing bodies of water remains heavily debated. Strong arguments that support the ponding of water in
the northern lowlands and in regional- to local-scale crater lakes
are valley networks and outﬂow channels that terminate in those
depressions and delta deposits (e.g., Baker et al., 1992; Carr,
1996; Fassett and Head, 2008a). Outﬂow channels likely contrib-
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Fig. 12. Stratigraphy of the Libya Montes/Isidis Planitia boundary region. The stratigraphic table is subdivided into Libya Montes highland materials, Libya Montes ﬂuvial
landforms, Isidis plains and possible shorelines and geologic (column). The Noachian, Hesperian and Amazonian periods, as well as the model ages that deﬁne the boundaries
between them are shown in rows. Morphologic units are adopted from Greeley and Guest (1987) and Tanaka et al. (2005).

uted substantially to a possible ﬁlling of the northern lowlands
with water, because they drain predominantly into the northern
lowlands, i.e., the channels of Chryse, Amazonis and Elysium
(e.g., Baker et al., 1992; Ivanov and Head, 2001). There is a general
consensus that the outﬂow channels were most likely formed by
water (Baker et al., 1992; Carr, 1996; Tanaka, 1997; Nelson and
Greeley, 1999; Leask et al., 2007; Harrison and Grimm, 2008),
although other liquids or ice might also have been involved in their
formation (e.g., Hoffman, 2000; Lucchitta, 2001; Leverington, 2004,
2009). However, morphologies associated with outﬂow channels
bear evidence for a formation by signiﬁcant amounts of water
and deposition of sediments that were emplaced over a geologically short period of time (e.g., Tanaka, 1997).
The contribution of valley networks to the possible ﬁlling of the
northern lowlands or crater lakes with water remains elusive. They
are widespread on the surface of Mars and are interpreted to be
formed by ﬂuvial activity in the Noachian. Today they appear,
together with large-scale outﬂow channels and the presence of
hydrated minerals, as the strongest evidence for a wet ancient
Mars (e.g., Baker et al., 1992; Carr, 1995; Carr and Chuang, 1997;
Mangold et al., 2004; Erkeling et al., 2010). Although most authors
prefer liquid water as the major valley network forming medium,
uncertainties remain about how much water was necessary to
form the valley networks (e.g., Jaumann et al., 2005; Hoke et al.,
2011), because valley densities are signiﬁcantly lower than those
found in terrestrial drainage basins (e.g., Carr and Chuang, 1997;
Mangold et al., 2004; Erkeling et al., 2010; Hynek et al., 2010). In
addition, valleys are commonly degraded or ﬁlled, and deposits
that can be associated with valley dimensions are very rare (Di
Achille et al., 2009; Hoke et al., 2011). However, standing bodies
of water should have formed considering the amount and density
of valley networks identiﬁed on the surface of Mars, as an inevita-

ble result of the amount of water available in the Noachian (e.g.,
Clifford and Parker, 2001).
In general, environmental and hydraulic conditions in the
Noachian and Hesperian, including high quantities of water, high
sediment volumes and repeated discharge events responsible
both for the formation of outﬂow channels and dense valley networks are interpreted to support the existence of standing bodies
of water, i.e., lakes, seas and oceans (Baker et al., 1992; Parker
et al., 1993, 2010; Carr, 1995, 1996; Scott et al., 1995; Forsythe
and Blackwelder, 1998; Cabrol and Grin, 1999, 2001; Clifford and
Parker, 2001; Irwin et al., 2005; Di Achille and Hynek, 2010;
Mouginot et al., 2012).
In addition to ﬂuvial landforms like valley networks and outﬂow channels that might have resulted in the formation of standing bodies of water, geologic characteristics of the surfaces of the
northern lowlands and possible paleolake sites bear evidence for
ponding of water. To a large extent the plains of the northern lowlands show surface morphologies associated with the Vastitas
Borealis Formation (VBF) (e.g., Tanaka and Scott, 1987; Hiesinger
and Head, 2000; Head et al., 2002; Kreslavsky and Head, 2002; Tanaka et al., 2005). Signiﬁcant parts of the VBF are interpreted as a
sublimation residual from a frozen standing body of water that was
formed in the (Late-) Hesperian and is possibly related to the formation of the outﬂow channels and their debouching into the
northern lowlands (Head et al., 2002; Kreslavsky and Head,
2002; Carr and Head, 2003; Ivanov and Head, 2003). The most
compelling argument is that estimates of material eroded by the
outﬂow channels coincide with estimates of the volume of the
VBF (Ivanov and Head, 2001; Kreslavsky and Head, 2002). Recently,
the Mars Express radar (MARSIS), which was designed to probe the
martian subsurface, has shown that the subsurface materials of the
VBF consist of low-density sedimentary deposits with a low dielec-
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tric constant compared to typical volcanic materials, therefore providing strong evidence for a former Mars ocean (Mouginot et al.,
2012). In addition, the similar formation time of the VBF, the location of the VBF near the termini of most of the outﬂow channels
(e.g., Tanaka, 1997) and morphologies such as ridges, knobs and
grooved and mottled facies, which are interpreted as results of
freezing of outﬂow channel efﬂuents and sublimation of a globalscale body of ice (e.g., Kreslavsky and Head, 2002) bear evidence
for ponding in the northern lowlands. Knobby and coned plains
of the TPT that occupy the ﬂoor of the Isidis basin show similar
morphologies (Ivanov et al., 2012a). The TPT is likely to be formed
at the same time (e.g., Crumpler and Tanaka, 2003; Erkeling et al.,
2011a; Ivanov et al., 2012a) and by the same processes, i.e., glaciolacustrine and periglacial processes (Grizzafﬁ and Schultz, 1989;
Ivanov et al., 2012a,b), as signiﬁcant parts of the VBF.
The extent, both of the VBF and the TPT, and their contacts to
adjacent geologic units are the most important morphologic characteristics that led investigators to interpret the VBF as evidence
for a standing body of water (Parker et al., 1989, 1993, 2010; Clifford and Parker, 2001; Carr and Head, 2003; Kreslavsky and Head,
2002). Both units show a well-deﬁned morphologic contact that
represents onlapping onto adjacent surface units (e.g., Crumpler
and Tanaka, 2003; Komatsu et al., 2011; Ivanov et al., 2012a; this
work, Fig. 10B). The contact appears almost continuous and was
identiﬁed by Parker et al. (1989, 1993) as global ‘‘Contact 2’’, and
redeﬁned by Clifford and Parker (2001) as the Deuteronilus shoreline, which is one of two most continuous global putative paleoshorelines. Landforms recently identiﬁed at the Deuteronilus
contact in southern Isidis, where valleys incised into the exterior
plains of Isidis continue across the Deuteronilus contact and occur
then as ridges, show similar morphologies to terrestrial subaqueous eskers and bear evidence for the existence of a standing body
of water that ﬁlled the Isidis basin, subsequently froze and sublimed (Erkeling et al., 2012). Additional support for a former body
of standing water is given by the fact that the Deuteronilus shoreline approximates an equipotential line surface line, potentially
indicating past sea levels, and shows only slight differences in elevation (e.g., Hiesinger and Head, 1999; Head et al., 1999; Carr and
Head, 2003; Webb, 2004), although there is agreement that other
morphologies not associated with a shoreline, for example debris
ﬂows, also result in morphologies that follow equipotential
surfaces (e.g., Carr and Head, 2003; Kreslavsky and Head, 2002;
Ghatan and Zimbelman, 2006). If the Deuteronilus contact is indeed the result of subsequent sublimation of a frozen ocean, it
was inﬂuenced by only minor isostatic movement (Parker et al.,
1989, 1993; Head et al., 1999; Carr and Head, 2003; Leverington
and Ghent, 2004).
However, different interpretations for the evolution of the VBF
exist (Hiesinger and Head, 2000; Kreslavsky and Head, 2002), in
particular for morphologies and processes that possibly build the
TPT, including pseudocraters (Frey and Jarosewich, 1982), pyroclastic ﬂows (Ghent et al., 2012), tuff cones (e.g., Bridges et al.,
2003), cinder cones (e.g., Plescia, 1980), phreatomagmatic rootless
cones (Fagents et al., 2002; Bruno et al., 2004) and mud volcanoes
(e.g., Davis and Tanaka, 1995; McGowan, 2011). Additionally, the
morphologies of the VBF, in particular the absence of light-toned
layered deposits are difﬁcult to reconcile with the assumption that
the VBF consists of depositional efﬂuents of an ocean (McEwen
et al., 2007). Also the distribution of boulders in the VBF might exclude the formation by ﬂowing water (McEwen et al., 2007),
although their occurrence on the surface of the VBF can be explained by clustering and size-sorting processes (Orloff et al.,
2011). However, Mars Express radar data indicate that if any remnants of a possible standing body of water that ﬁlled the northern
lowlands still survive, they should exist in the deep subsurface
(Mouginot et al., 2012) and the almost complete absence of altered
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surface materials (e.g., Poulet et al., 2007; Carter et al., 2010; Salvatore et al., 2010) may not represent a restriction on the existence of
a former ocean.
In general, uncertainties remain about possible coastal landforms as evidence for an ocean, including different interpretations
for the same morphologies associated with the Deuteronilus contact
(e.g., Parker et al., 1993; Clifford and Parker, 2001; Carr and Head,
2003; Webb, 2004; Ghatan and Zimbelman, 2006; Erkeling et al.,
2012). Further arguments against the ocean scenario are the occurrence of the VBF near ridged plains (e.g., Greeley and Guest, 1987;
Kreslavsky and Head, 2002), which are generally considered as volcanic in origin (e.g., Head et al., 2002) and multiple occurrences of
ridges and escarpments parallel to the contact (Kreslavsky and
Head, 2002; Carr and Head, 2003; Ghatan and Zimbelman, 2006).
In addition, the nature and origin of the longest global paleoshoreline, the Arabia shoreline (Parker et al., 1989, 1993; Clifford
and Parker, 2001), labeled as ‘‘Contact 1’’ by Parker et al. (1989,
1993), remain unresolved. Although some morphologies of the
Arabia shoreline appear to be very similar to terrestrial coastal
landforms (e.g., Bradley and Griggs, 1976; McKenna et al., 1992;
Adams and Wesnousky, 1998), numerous alternative interpretations cannot be excluded. Ghatan and Zimbelman (2006) concluded
that most of the morphologic landforms identiﬁed near both the
Arabia and the Deuteronilus shorelines can be dismissed as wrinkle
ridges, lobate ﬂow fronts and margins of lava ﬂows formed by volcanic processes (e.g., Schultz, 2000), remnants of impact craters, inverted channels and tectonic and eolian constructs. In addition, the
morphologies associated with the Arabia shoreline do not appear at
constant elevations as demonstrated for the Deuteronilus contact
(Hiesinger and Head, 1999; Head et al., 1999; Carr and Head,
2003) although local lateral modiﬁcations by isostatic readjustment
and deformation by crustal movement associated with true polar
wander are possible (e.g., Tanaka et al., 2000; Leverington and
Ghent, 2004; McGowan and McGill, 2006). Although terrestrial
shorelines are younger than the cliffs identiﬁed on Mars, they show
signiﬁcant variations in elevation and are displaced as a result of
isostatic rebound, for example the cliffs of Lake Bonneville (Currey,
1980). However, the Deuteronilus contact does not follow an equipotential surface and appears 200 m higher in the northeastern
part of the Isidis basin (the Arabia shoreline is absent), although this
can be explained by the Syrtis-related tilt of the Isidis basin (e.g., Tanaka et al., 2000; McGowan and McGill, 2006), which is interpreted
to have occurred later than the formation of the Arabia contact and
earlier than the formation of the Deuteronilus contact.
Taken together the landforms identiﬁed in our study area at the
Libya Montes/Isidis boundary are difﬁcult to explain by volcanic,
eolian and mass wasting processes. The landforms are similar to
those interpreted by Ghatan and Zimbelman (2006) as having most
likely formed by standing water and wave cut action. We interpret
the morphologies identiﬁed in our study area as reasonable candidate coastal landforms indicative of Noachian Libya Montes lacustrine environments ( 2800 m), Late Noachian and Early Hesperian
standing bodies of water with wave-cut action intense enough to
form coastal cliffs as the result of distinct still stands ( 3600/
3700 m) and, a Late-Hesperian short lived stationary ice sheet
that sublimed and resulted in a depositional residue ( 3800 m).
The morphologies identiﬁed are not necessarily the results of a
standing body of water that was part of the proposed northern
ocean, but there is evidence such as the depositional residues in
the center of the Isidis basin (Ivanov et al., 2012a; Mouginot
et al., 2012) for a sea-scale standing body of water that might have
ﬁlled the Isidis basin (Isidis sea) and also for local ponding in kmsized crater basins in the Libya Montes.
Based on our morphologic, mineralogic and stratigraphic results, we have produced a stratigraphic correlation chart (Fig. 12)
and we propose the following scenarios for possible contacts iden-

408

G. Erkeling et al. / Icarus 219 (2012) 393–413

tiﬁed in our study area at the southern Isidis basin rim between
2500 and 2800 m (Libya/Isidis contact), at 3600/ 3700 m
(Arabia contact) and at 3800 m (Deuteronilus contact), which
are possibly associated with ﬂuvial activity and standing bodies
of water, i.e., lakes and a putative Isidis sea.
6.1. Geologic history of the Libya Montes/Isidis contact ( 2500/
2800m)
The morphologies found in the 60-km crater suggest repeated
ﬂuvio-lacustrine activity in the Noachian and Early Hesperian.
Noachian ﬂuvial activity resulted in the formation of ﬂuvial valleys
that were incised into large parts of the 60-km crater. The pattern
of parallel valleys in the western section of the crater (Fig. 5A and
F) possibly represents a remnant of a pre-existing valley unit that
has covered parts of the crater interior. Fluvial activity likely led
to local-scale ponding of water in the crater as suggested in craters
elsewhere on Mars (Cabrol and Grin, 1999, 2001; Irwin et al., 2005;
Fassett and Head, 2008a; Hauber et al., 2009). The valleys terminate along a cliff at 2800 m, which possibly represents an erosional landform that was the result of an initial standing body of
water that ﬁlled the 60-km crater. In the Noachian, erosional processes driven by ﬂuvial activity led to the removal of the initial valley unit from the southern and eastern parts of the crater. Also the
cliff at 2800 m was eroded except at the termini of the parallel
valleys. Intense ﬂuvial activity increased the water level in the crater to 2800 m and resulted in the formation of the lower terrace
that shows degraded valley morphologies, which in some cases are
completely eroded. The lower terrace became ﬂooded after the
water level increased above 2800 m. The continuation of the valley paths from the upper to the lower terrace (Fig. 5F) indicates
that the parallel valleys existed already before the formation of
the lower terrace. Eolian processes were involved in the modiﬁcation of materials in the crater but are unlikely to be responsible for
the formation of the cliffs that show heights of tens of meters. The
upper terrace, which possibly represents the only remnant of the
pre-existing valley unit, is located above 2500 m and was unlikely ﬂooded by a standing body of water. However, intra-crater
deposits located in the eastern parts of the 60-km crater appear
at 2450 m and bear evidence for a paleolake in a 3-km crater that
also shows an inlet and an outlet (Fig. 5A and E) and is similar to
open basin paleolakes found elsewhere on Mars (e.g., Cabrol and
Grin, 2001; Fassett and Head, 2008a). The crater is likely associated
with a degraded valley, which is cut into crater materials and that
was formed later than the parallel valleys.
The possible ponding of water in the Libya Montes up to
2500 m likely resulted in multiple overspill events and in the formation of a breach in the northern crater rim of the 60-km crater.
After the formation of the breach between the Late Noachian and
Early Hesperian, the 60-km crater was no longer ﬁlled by a standing body of water. However, ﬂuvial activity continued from the
Late Noachian to the Early Hesperian and resulted in transport of
materials from the high-standing Libya Montes to the low lying
plains of the Isidis basin as seen elsewhere at the southern Isidis
basin rim (Crumpler and Tanaka, 2003; Erkeling et al., 2010; Jaumann et al., 2010; Ivanov et al., 2012a).
In most cases, ﬂuvial landforms pre-date exhumed and etched
olivine-rich surface units identiﬁed on the ﬂoor of the 60-km crater. The olivine-rich surfaces are associated either with the impact
event that formed the Isidis basin in the Noachian and subsequent
transport and deposition (e.g., Mustard et al., 2007) or with the volcanic ﬂooding of the Isidis basin in the Hesperian (e.g., Tornabene
et al., 2008). Local volcanic sources are unlikely and were not identiﬁed in the Libya Montes (e.g., Crumpler and Tanaka, 2003; Tornabene et al., 2008; Ivanov et al., 2012a; this work, Fig. 2) except in
the western Libya Montes near the boundary to Syrtis Major (Jau-

mann et al., 2010; Ivanov et al., 2012a). Although some olivine-rich
surfaces occur at higher elevations than the lavas from Syrtis Major
could have reached, we identiﬁed olivine-rich materials only in
low-lying areas and not in the Libya Montes mountainous terrains,
which were formed as a result of the Isidis impact. Our Early Hesperian model ages for olivine-rich plains support both the early impact melt formation (Mustard et al., 2007) and subsequent erosion
and transport as well as a Syrtis-related post impact formation proposed for example by Tornabene et al. (2008).
Materials were also transported and deposited into a 4-km basin immediately north of the 60-km crater, where layered clay
minerals and distributary channels of a delta indicate local, but
also ﬂuvial activity and possible standing water. The presence of
Al-phyllosilicates in the fan instead of Fe/Mg-smectites is nevertheless in favor of authigenic formation processes (Story et al.,
2010).
Late Noachian ﬂuvial activity in the areas around the Isidis basin could have resulted also in the collection and accumulation of
water within the basin and in the formation of an Isidis sea, similar
to the proposed primordial ocean that ﬁlled the northern lowlands
in the Noachian and the Hesperian (e.g., Parker et al., 1993, 2010;
Clifford and Parker, 2001; Di Achille and Hynek, 2010). Although
the highstand of a possible primordial ocean has been postulated
at 2500 m (Di Achille and Hynek, 2010), the landforms identiﬁed
in the 60-km crater suggest local standing water and are unlikely
the result of a possible Late Noachian Isidis sea as possible cliffs
and terraces appear locally in our study area and in only few places
elsewhere in the Libya Montes.
No matter whether lacustrine or sea-size standing bodies of
water were involved in the formation of the cliffs and terraces
we identiﬁed in the 60-km crater, ﬂuvial activity ceased around
the Noachian/Hesperian boundary and resulted in multiple, steep
sloped alluvial fan deposits, which unlikely formed in standing
water. The alluvial fan is spatially limited only to the 60-km crater
and is indication for decreased water availability and material
transport. The alluvial fan is located at the termini of Early Hesperian valleys that either cut through the Noachian pattern of parallel
valleys or re-incise the paths of the parallel valleys (Fig. 5A, C, and
E). Moreover, the orientation of the alluvial fan perpendicular to
the parallel valleys indicates that these valleys are not the source
of material constituting the alluvial fan (Fig. 5A). The most plausible source region is located somewhere upstream of a Hesperian
valley that is cut into the southern parts of the pattern of parallel
valleys. However, ﬂuvial activity responsible for the formation of
the alluvial fan was likely active several times (Fig. 5D), but spatially limited and not intense enough to produce long-term standing bodies of water. In addition, as ﬂuvial activity in the Hesperian
was decreasing, olivine-rich surface units were only selectively removed and the olivine was possibly altered only locally (Tornabene
et al., 2008). Therefore, Early Hesperian ﬂuvial activity most likely
represents the late stage end of valley formation and deposition in
the mountainous terrains of the Libya Montes.
6.2. Geologic history of the Arabia contact ( 3600/ 3700 m)
A series of possible coastal cliffs of the Arabia shoreline were
identiﬁed immediately north of the steep highland remnants of
the Libya Montes. The smooth exterior plains of Isidis Planitia were
formed signiﬁcantly later than the ﬂuvial and lacustrine morphologies between 2500 and 2800 m. The landforms associated
with the Arabia shoreline located at 3600/ 3700 m show model
ages between 3.5 and 3.2 Ga and morphologic characteristics
comparable to terrestrial coastal erosional landforms (e.g., Bradley
and Griggs, 1976; Adams and Wesnousky, 1998; Ghatan and Zimbelman, 2006). Therefore, we interpret these landforms at 3600
and 3700 m as the results of distinct still stands and wave erosion
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of a putative Isidis sea that possibly existed in the Hesperian. The
cliff morphologies possibly resemble terrestrial sea cliffs eroded
by wave-cut action and were formed during sea level variations
of the Isidis sea, in particular during the retreat of the Isidis sea
as a result of decreasing water availability and reduced ﬂuvial
activity. The possible coastal cliffs at 3600 m are slightly older
than the cliffs 100 m below, although our model ages do not
show signiﬁcant differences.
The cliffs are not continuous along the Isidis basin rim and occur
only along the Libya Montes that form the southern Isidis basin
rim. Cliff morphologies similar to those identiﬁed in our study area
and elsewhere at the Libya Montes/Isidis Planitia boundary are absent along the western basin rim, where cliff morphologies were
possibly superposed by Syrtis Major lavas (Ivanov and Head,
2003). Cliffs are also absent along the northeastern rim, where
the barrier toward Utopia Planitia was eroded. Similar cliff morphologies occur only discontinuously at the edges of the southwestern Amenthes trough near the eastern basin rim. These
ﬁndings are consistent with the mapped occurrence of possible
shoreline morphologies near Amenthes (e.g., Fig. 6 in Clifford and
Parker (2001); Fig. 4 in Carr and Head (2003); Fig. 4d in Ghatan
and Zimbelman (2006)), although some sections of the shorelines
are based on interpolations.
In addition, uncertainties remain about the source of the water
that possibly ﬁlled the Isidis basin. Valleys formed by ﬂuvial activity that cross the boundary between the Libya Montes and the Isidis basin and associated deposits do not exist in our study area and
along the Isidis basin rim complex (Crumpler and Tanaka, 2003;
Erkeling et al., 2010; Jaumann et al., 2010). The majority of Noachian valleys and associated deposits that drained into the Isidis
basin were likely superposed by the lavas that ﬁlled the Isidis basin
in the Hesperian including lavas invading from Syrtis Major (Head
et al., 2002; Mustard et al., 2007; Tornabene et al., 2008) and
Amenthes Planum (Tornabene et al., 2008; Erkeling et al., 2011a).
The lack of valleys incised into the possible cliffs and also the lack
of associated deposits indicates that ﬂuvial activity had ceased before the formation of the Arabia shoreline. Therefore, the source for
standing bodies of water that ﬁlled the Isidis basin and that resulted in the formation of the coastal cliffs of the Arabia shoreline
was likely active in the Hesperian. While possible Noachian standing bodies of water that ﬁlled the Isidis basin were the result of intense ﬂuvial activity and drainage through dense and complex
valley networks (e.g., Carr and Chuang, 1997; Mangold et al.,
2004; Erkeling et al., 2010; Hynek et al., 2010), Hesperian standing
bodies of water were likely the result of repeated catastrophic
water release events that resulted in the formation of the outﬂow
channels (Baker et al., 1992; Carr, 1996; Tanaka, 1997; Nelson and
Greeley, 1999; Leask et al., 2007; Harrison and Grimm, 2008). A
possible Isidis sea that might have existed in the Hesperian could
have been the result of similar ﬂuvial events and processes that
formed the outﬂow channels elsewhere on Mars. However, the
majority of outﬂow channels on Mars only drained into the northern lowlands. Although the Isidis basin is possibly connected via
gaps at 3500 m at its northeastern basin rim with the Utopia basin (Carr and Head, 2003; Ivanov et al., 2012a), it remains unclear if
the water level of a putative northern ocean reached the 3500
height and has spilled over the barrier. Carr and Head (2003) concluded that the divide between the basins does not show any morphologic evidence for water ﬂowing from one basin into the other.
In addition, outﬂow channels that drain into the Isidis basin
were not identiﬁed except the Palos crater outﬂow channel, which
is located hundreds of kilometers farther east in Amenthes Planum
(Erkeling et al., 2011a) and has much smaller dimensions than outﬂow channels elsewhere on Mars. Although the Palos crater outﬂow channel postdates the volcanic ﬂooding of Amenthes
Planum and the Isidis basin and was formed in the Hesperian at
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the same time as the cliffs of the Arabia shoreline, the morphologies suggest that the water and materials transported by the Palos
crater outﬂow channel terminate on the smooth plains of Amenthes Planum and did not drain into the Isidis basin (Erkeling
et al., 2011a).
Therefore, based on uncertainties about the sources for the
water, alternative interpretations for the formation of the cliffs of
the Arabia shoreline need to be considered. Some authors argued
that volcanic processes and ﬂowing lava could result in morphologies similar to those formed by standing water (e.g., Ivanov and
Head, 2003; Ghatan and Zimbelman, 2006). Most of the candidate
coastal landforms discussed in previous studies, such as cliffs and
ridges, are interpreted as wrinkle ridges, eolian landforms, remnants of crater rims, scarps or lobate ﬂow fronts (e.g., Webb,
2004; Ghatan and Zimbelman, 2006). However, this is unlikely
for the morphologies and dimensions of the cliffs, terraces and
platforms in our study area, especially when compared with analogous terrestrial oceanic coastal cliffs (e.g., Bradley and Griggs,
1976; Adams and Wesnousky, 1998). In particular, the ridges and
cliffs interpreted by Ghatan and Zimbelman (2006, Figs. 15e and
17b) as reasonable candidates for coastal landforms are similar
to landforms identiﬁed in our study area.
Surfaces of intermontane plains, etched terrains and the Isidis
exterior plains located a few kilometers north of the Libya Montes
mountainous terrain and south of the possible coastal cliffs show
high olivine abundances, which likely could not persist in longterm contact with ﬂowing or standing water. If these plains are indeed lavas, they likely ﬁlled the Isidis basin in the Early Hesperian
(Head et al., 2002; Tanaka et al., 2002; Mustard et al., 2007) and
therefore later than the proposed intense Noachian ﬂuvial activity,
which should have resulted in alteration. However, we interpret
the olivine-rich plains as results of the erosion of early impact
melts and following deposition as intermontane plains, although
the transport by ﬂuvial processes was possibly too short to result
in alteration of the olivine. The olivine-rich lavas were subsequently superposed by younger olivine-poor lavas (e.g., Tornabene
et al., 2008) that represent the majority of the Isidis exterior plains.
Therefore, they do not exclude the existence of a standing body of
water that ﬁlled the Isidis basin. Possible hydrated minerals deposited in the Isidis basin are likely obscured by younger maﬁc minerals similar to those found in the plains of the northern lowlands
(Poulet et al., 2007; Salvatore et al., 2010). However, even standing
bodies of water, such as a proposed cold glacial ocean (Fairén et al.,
2011), did not necessarily result in the alteration of olivine-rich lavas to clay minerals such as the Fe/Mg-phyllosilicates identiﬁed in
our study area. Although the model results of Fairén et al. (2011)
are expected for the Noachian period and standing bodies of water
that appeared poleward 30°N, the scenario of a cold ocean that
would preclude the alteration of olivine-rich lavas to clays, is even
more likely in the Hesperian, when environmental conditions supported only short-lived and rapidly freezing standing bodies of
water as for example proposed by Kreslavsky and Head (2002),
even near the equator as in the case of the Isidis basin.
Olivine-rich surface units in our study area and elsewhere in the
Libya Montes are considered to be related either to old Isidis impact melt deposits or to Syrtis Major because of their proximity
to the volcanic province and similarities in their morphology to
Syrtis lavas (Mustard et al., 2007). However, some of the olivinerich units appear at topographically higher terrain of the Libya
Montes, difﬁcult to be reached by lavas from Syrtis Major or Hesperian Planum (Tornabene et al., 2008). Therefore, in our study
area, olivine-rich surfaces occur at higher elevations than the proposed Isidis sea could have reached. Although a possible sea that
ﬁlled the Isidis basin led to alteration of olivine-rich lavas, occurrences of olivine north of the Arabia shoreline and at lower elevations can be explained by eolian activity. Channeled winds from
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the Libya Montes valleys (Christensen et al., 2005; Tornabene et al.,
2008) likely eroded plains materials and were responsible for excavation of the underlying olivine-rich materials and the formation
of the etched terrains. The continuation of winds from the Libya
Montes until today resulted in the redistribution of olivine-rich
materials from topographically higher terrain to the low-lying Isidis exterior plains, long after a putative standing body of water
ceased to exist.

6.3. Geologic history of the Deuteronilus contact ( 3800 m)
Farther north, the landforms associated with the Deuteronilus
contact are explained by numerous authors as the result of standing water that ﬁlled the northern lowlands of Mars and readily
froze during the proposed Hesperian environmental change (e.g.,
Kreslavsky and Head, 2002; Webb, 2004; Ghatan and Zimbelman,
2006). Based on comparable morphologies identiﬁed at the VBF
(e.g., Kreslavsky and Head, 2002), the Deuteronilus contact at the
boundary between the Isidis exterior and the Isidis interior plains,
which also contain the TPT, may represent the maximum extent of
a standing body of water or a stationary ice sheet. Therefore, depositional landforms, including onlap morphologies identiﬁed in our
study area could represent the margin of a hypothesized Isidis sea.
The onlap might also indicate the absence of wave erosion and
supports that liquid standing water was short-lived and did not result in coastal erosional landforms. Further support comes from
our model ages of the Isidis interior plains, which show that the
Deuteronilus contact in our study area was formed in the Late Hesperian and is unlikely the result of Early Hesperian standing water
that resulted in the formation of the Arabia shoreline. Based on the
proposed martian climate change in the Hesperian toward cold
conditions and limited availability of liquid water on the surface
(e.g., Bibring et al., 2006; Ehlmann et al., 2011), the Late Hesperian
Isidis sea likely represented a late phase of standing water on the
surface of Mars that existed only for a geologically short timespan
(Kreslavsky and Head, 2002; Carr and Head, 2003).
However, alternative interpretations exist for the formation of
the Deuteronilus contact and for the origin of the VBF (e.g., Ghatan
and Zimbelman, 2006). Those authors interpreted both landforms
as results of volcanic processes. In particular, the evolution of the
TPT is possibly related to the existence of mud volcanoes (e.g.,
Davis and Tanaka, 1995; Komatsu et al., 2011) or the mobilization
of pyroclastic surge deposits (Ghent et al., 2012), which both could
have resulted in the formation of the Isidis interior plains and the
TPT, respectively.
The identiﬁcation of maﬁc minerals in the northern plains also
supports a volcanic origin (Poulet et al., 2007; Salvatore et al.,
2010), at least for signiﬁcant areas of the stratigraphically younger
deposits that likely obscure possible hydrated minerals as recently
revealed by the Mars Express radar data (Mouginot et al., 2012).
Detections of phyllosilicates in the northern lowlands are rare
and associated with crater peaks and crater ejecta materials corresponding to Noachian crustal rocks (Carter et al., 2010). These ﬁndings are likely consistent with investigations of crater ejecta
materials in the southern Isidis basin (Tornabene et al., 2008). In
the case of volcanic ﬂooding of the Isidis basin, the Deuteronilus
contact, whose landforms are comparable to lobate ﬂow fronts
(e.g., Ivanov and Head, 2003), would represent the maximum extent of lavas that originated in the center of the basin, where coned
landforms occur frequently. As sources for Late Hesperian volcanic
activity are numerous around Isidis, including the volcanic province of Syrtis Major and Amenthes Planum, they could have also
contributed to the formation of the Deuteronilus contact. However,
the surfaces of the Isidis interior plains are spatially not connected
with volcanic plains of Syrtis Major or Amenthes Planum.

Also the lack of Hesperian aqueous sources that could result in
standing water in the Isidis basin is difﬁcult to reconcile with the
interpretation of the formation of the Deuteronilus contact as the
result of an Isidis sea. Although most of the outﬂow channels were
formed in the Hesperian (e.g., Baker et al., 1992; Carr, 1996; Tanaka, 1997; Nelson and Greeley, 1999; Ivanov and Head, 2001; Leask
et al., 2007), a signiﬁcantly smaller number of possible aqueous
sources existed during formation of the Deuteronilus contact compared to the Early Hesperian. The water that formed the outﬂow
channels probably did not reach 3500 m and did not overspill
the northeastern Isidis rim as it might happened during formation
of the Arabia shoreline (Carr and Head, 2003). Sources other than
the northern ocean are uncertain (Erkeling et al., 2011a) and possibly could not provide the amount of water to ﬁll the Isidis basin.
In summary, our observations and results, including the Late Hesperian model ages and the onlap morphologies, are consistent with
the assumption that the Deuteronilus contact in the Isidis basin
represents a shoreline of the proposed Isidis sea, but do not necessarily prove its existence.

7. Conclusions
Based on the morphology, stratigraphy and mineralogy, we propose that Noachian long-term aqueous activity resulted in the erosion of the Libya Montes cratered terrains and in the formation of
ﬂuvial morphologies in a 60-km crater, including valley networks
and associated deposits. Intense ﬂuvial activity resulted in a lakesize standing body of water in the 60-km crater with a maximum
highstand between 2500 and 2800 m. Delta deposits and associated phyllosilicates bear evidence for discharge into a paleolake and
indicate transportation and alteration of minerals by liquid water.
A series of cliffs at 3600 and 3700 m possibly indicate two
distinct still stands and wave-cut action of a Hesperian paleosea
in the Isidis basin, which was, at least temporarily, connected with
the northern lowlands via the eroded northeastern basin rim. The
cliffs and terraces are difﬁcult to explain by alternative volcanic
or mass wasting processes and are reasonable candidates for coastal erosional landforms similar to those identiﬁed on Earth. However, ﬂuvial morphologies and deposits are absent and indicate
that the valleys of the Libya Montes were probably not the source
of the water in the putative Isidis sea. In addition, the lack of ﬂuvial
landforms that cross cut the Arabia shoreline indicates that ﬂuvial
activity had ceased during formation of the possible coastal cliffs.
In conclusion, the lack of possible sources for the water that could
have ﬁlled the Isidis basin as well as the occurrence of the Arabia
landforms at different elevations and the absence of possible coastal cliffs elsewhere in the Isidis basin raise considerable doubts
about the existence of an Isidis sea. However, the cliffs of the Arabia shoreline bear striking evidence for ponding of water in the Isidis basin long enough to erode the shoreline, although the valleys
of the Libya Montes were unlikely the source for the water and that
the ﬁll must have come from somewhere else.
The onlap morphologies of the Deuteronilus contact at about
3800 m were formed between the Late Hesperian and Early Amazonian and might be explained by an Isidis sea, although they do
not prove its existence. Outﬂow events might have led to the formation of a proposed ocean that froze under cold and dry environmental conditions, which were similar to those on recent Mars. The
Deuteronilus contact therefore could represent the margin of a
hypothesized Isidis sea that readily froze and sublimed. Although
small valleys trend toward the Deuteronilus contact it is unlikely
that they provided the amount of water to form depositional efﬂuents similar to the extent of the Isidis interior plains.
However, the geologic setting and chronostratigraphic sequence, that indicates Late Noachian landforms at the Libya/Isidis
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contact, Hesperian landforms at the Arabia shoreline and Early
Amazonian landforms at the Deuteronilus contact, are consistent
with the proposed Hesperian climate change from warm and wet
to cold and dry conditions. Therefore, we propose this site as a
new candidate landing site for potential future missions after
MSL Curiosity (Erkeling et al., 2011b). As our study area provides
signiﬁcant insights into the water-related geologic record of the
Libya Montes/Isidis boundary it will help to reconstruct the climatic evolution of Mars, in particular the proposed climate
change at the Noachian/Hesperian boundary. In addition, our proposed candidate landing site ellipses on the smooth plains of the
60-km crater near the alluvial fan deposits and on the smooth Isidis exterior plains near the cliffs of the Arabia shoreline allow
morphologic and mineralogic in situ investigations directly at
the landing site.
Acknowledgments
We gratefully acknowledge very helpful reviews from Tim Parker and Jim Head. This research has been supported by the Helmholtz Association through the research alliance ‘‘Planetary
Evolution and Life’’. We thank the HRSC Experiment Teams at
DLR Berlin and Freie Universität Berlin as well as the Mars Express
Project Teams at ESTEC and ESOC for their successful planning and
acquisition of data as well as for making the processed data available to the HRSC Team. We acknowledge the effort of the HRSC CoInvestigator Team members and their associates who have contributed to this investigation in the preparatory phase and in scientiﬁc
discussions within the Team.
References
Adams, K.D., Wesnousky, S.G., 1998. Shoreline processes and the age of the Lake
Lahontan highstand in the Jessup embayment, Nevada. Geol. Soc. Am. Bull. 110,
1318–1332, doi:10.1130/0016-7606(1998)110<1318:SPATAO>2.3.CO;2.
Adams, E.W., Schlager, W., Anselmetti, F.S., 2001. Morphology and curvature of
delta slopes in Swiss lakes: Lessons for the interpretation of clinoforms in
seismic data. Sedimentology 48, 661–679, 10.1046/j.1365-3091.2001.00389.
Baker, V.R., Strom, R.G., Gulick, V.C., Kargel, J.S., Komatsu, G., Kale, V.S., 1991.
Ancient oceans, ice sheets and the hydrological cycle on Mars. Nature 352, 589–
594. http://dx.doi.org/10.1038/352589a0.
Baker, V.R., Carr, M.H., Gulick, V.C., Williams, C.R., Marley, M.S., 1992. Channels and
valley networks. In: Kieffer, H.H., Jakosky, B.M., Snyder, C.W., Matthews, M.S.
(Eds.), [Hrsg.]: Mars. University of Arizona Press, Tuscon, pp. 93–522.
Bibring, J.-P. et al., 2006. Mars history derived from OMEGA/MARS Express data.
Science 312. http://dx.doi.org/10.1126/science.1122659.
Bradley, W.C., Griggs, G.B., 1976. Form, genesis, and deformation of central
California wave-cut platforms. Geol. Soc. Am. Bull. 87, 433–449, doi:10.1130/
0016-7606(1976)87<433:FGADOC>2.0.CO;2.
Bridges, J.C. et al., 2003. Selection of the landing site in Isidis Planitia of Mars probe
Beagle 2. J. Geophys. Res. 108, 5001. http://dx.doi.org/10.1029/2001JE001820.
Bruno, B.C., Fagents, S.A., Thordarson, T., Baloga, S.M., Pilger, E., 2004. Clustering
within rootless cone groups on Iceland and Mars: Effects of non-random
processes. J. Geophys. Res. 109, E07009. http://dx.doi.org/10.1029/
2004JE002273.
Burr, D., 2010. Palaeoﬂood-generating mechanisms on Earth, Mars, and Titan. Global
Planet. Change 70, 5–13. http://dx.doi.org/10.1016/j.gloplacha.2009.11.003.
Cabrol, N.A., Grin, E.A., 1999. Distribution, classiﬁcation, and ages of martian Impact
Crater Lakes. Icarus 142, 160–172. http://dx.doi.org/10.1006/icar.1999.6191.
Cabrol, N.A., Grin, E.A., 2001. The evolution of lacustrine environments on Mars: Is
Mars only hydrologically dormant? Icarus 149, 291–328. http://dx.doi.org/
10.1006/icar.2000.6530.
Carr, M.H., 1995. The martian drainage system and the origin of valley networks and
fretted channels. J. Geophys. Res. 100, 7479–7507. http://dx.doi.org/10.1029/
95JE00260.
Carr, M.H., 1996. Channels and valleys on Mars: Cold climate features formed as a
result of a thickening cryosphere. Planet. Space Sci. 44, 1411–1423. http://
dx.doi.org/10.1016/S0032-0633(96)00053-0.
Carr, M.H., Chuang, F.C., 1997. Martian drainage densities. J. Geophys. Res. 102,
9145–9152. http://dx.doi.org/10.1029/97JE00113.
Carr, M.H., Head, J.W., 2003. Oceans on Mars: An assessment of the observational
evidence and possible fate. J. Geophys. Res. 108, E5. http://dx.doi.org/10.1029/
2002JE001963.
Carter, J., Poulet, F., Bibring, J.-P., Murchie, S., 2010. Detection of hydrated silicates in
crustal outcrops in the northern plains of Mars. Science 328 (5968), 1682–1686.
http://dx.doi.org/10.1126/science.1189013.

411

Christensen, P.R. et al., 2004. The Thermal Emission Imaging System (THEMIS) for
the Mars 2001 Odyssey Mission. Space Sci. Rev. 110, 85–130. http://dx.doi.org/
10.1023/B:SPAC.0000021008.16305.94.
Christensen, P.R., Ruff, S.W., Fergason, R., Gorelick, N., Jakosky, B.M., Lane, M.D.,
McEwen, A.S., McSween, H.Y., Mehall, G.L., Milam, K., Moersch, J.E., Pelkey, S.M.,
Rogers, A.D., Wyatt, M.B., 2005. Mars Exploration Rover candidate landing sites
as viewed by THEMIS. Icarus 176, 12–43. http://dx.doi.org/10.1016/
j.icarus.2005.01.004.
Clifford, S.M., Parker, T.J., 2001. The evolution of the martian hydrosphere:
Implications for the Fate of a Primordial Ocean and the Current State of the
northern plains. Icarus 154, 40–79. http://dx.doi.org/10.1006/icar.2001.6671.
Crumpler, L.S., Tanaka, K.L., 2003. Geology and MER target site characteristics along
the southern rim of Isidis Planitia, Mars. J. Geophys. Res. 108. http://dx.doi.org/
10.1029/2002JE002040, ROV 21-1.
Currey, D.R., 1980. Coastal geomorphology of Great Salt Lake and vicinity. Geol.
Miner. Sur. Bull. 116 (273), 69–82.
Davis, P.A., Tanaka, K.L., 1995. Curvilinear ridges in Isidis Planitia, Mars – The result
of mud volcanism? Lunar Planet. Sci. 26, 321 (abstract).
Di Achille, G., Hynek, B.M., 2010. Ancient ocean on Mars supported by global
distribution of deltas and valleys. Nature 3, 7, 459–463. http://dx.doi.org/
10.1038/ngeo891.
Di Achille, G., Hynek, B.M., Searls, M.L., 2009. Positive identiﬁcation of lake
strandlines in Shalbatana Vallis, Mars. Geophys. Res. Lett. 36, L14201. http://
dx.doi.org/10.1029/2009GL038854.
Ehlmann, B.L. et al., 2008. Clay minerals in delta deposits and organic preservation
potential on Mars. Nat. Geosci. 1, 355–358. http://dx.doi.org/10.1038/ngeo207.
Ehlmann, B.L. et al., 2011. Subsurface water and clay mineral formation during the
early history of Mars. Nature 479, 53–60. http://dx.doi.org/10.1038/nature10582.
Erkeling, G., Reiss, D., Hiesinger, H., Jaumann, R., 2010. Morphologic, stratigraphic
and morphometric investigations of valley networks in eastern Libya Montes,
Mars: Implications for the Noachian/Hesperian climate change. Earth Planet.
Sci. Lett. 294, 291–305. http://dx.doi.org/10.1016/j.epsl.2009.08.008.
Erkeling, G., Hiesinger, H., Reiss, D., Hielscher, F.J., Ivanov, M.A., 2011a. The
stratigraphy of the Amenthes region, Mars: Time limits for the formation of
ﬂuvial, volcanic and tectonic landforms. Icarus 215, 128–152. http://dx.doi.org/
10.1016/j.icarus.2011.06.041.
Erkeling, G. et al., 2011b. Libya Montes layered delta deposits and possible coastal
cliffs, Mars: New candidate landing site proposal for potential future missions
after MSL Curiosity. Mars Exploration Program Analysis Group (MEPAG);
Request for Proposal (RFP round VI; NKB-269-122010) for the Critical Data
Products program.
Erkeling, G., Reiss, D., Hiesinger, H., Ivanov, M.A., Bernhardt, H., 2012. Relief
inversion at the Deuteronilus contact of the Isidis basin, Mars: Implications for
the formation of the Isidis interior plains. Lunar Planet. Sci. 43. Abstract #2016.
Fagents, S.A., Lanagan, P., Greeley, R., 2002. Rootless cones on Mars: A consequence
of lava-ground ice interaction. Geol. Soc. Lond., Spec. Publ. 202, 295–317. http://
dx.doi.org/10.1144/GSL.SP.2002.202.01.15.
Fairén, A.G. et al., 2011. Cold glacial oceans would have inhibited phyllosilicate
sedimentation on early Mars. Nat. Geosci. 4, 667–670. http://dx.doi.org/
10.1038/ngeo1243.
Fassett, C.I., Head, J.W., 2005. Fluvial sedimentary deposits on Mars: Ancient deltas
in a crater lake in the Nili Fossae region. Geophys. Res. Lett. 32, L14201. http://
dx.doi.org/10.1029/2005GL023456.
Fassett, C.I., Head, J.W., 2008a. Valley network-fed, open-basin lakes on Mars:
Distribution and implications for Noachian surface and subsurface hydrology.
Icarus 198, 37–56. http://dx.doi.org/10.1016/j.icarus.2008.06.016.
Fassett, C.I., Head, J.W., 2008b. The timing of martian valley network activity:
Constraints from buffered crater counting. Icarus 195, 61–89. http://dx.doi.org/
10.1016/j.icarus.2007.12.009.
Forsythe, R.D., Blackwelder, C.R., 1998. Closed drainage crater basins of the martian
highlands: Constraints on the early martian hydrologic cycle. J. Geophys. Res.
103 (E13), 31421–31432. http://dx.doi.org/10.1029/98JE01966.
Frey, H., Jarosewich, M., 1982. Subkilometer Martian volcanoes – Properties and
possible terrestrial analogs. J. Geophys. Res. 87, 9867–9879. http://dx.doi.org/
10.1029/JB087iB12p09867.
Ghatan, G., Zimbelman, J., 2006. Paucity of candidate coastal constructional
landforms along proposed shorelines on Mars: Implications for a northern
lowlands-ﬁlling ocean. Icarus 185, 171–196. http://dx.doi.org/10.1016/
j.icarus.2006.06.007.
Ghent, R.R., Anderson, S.W., Pithawala, T.M., 2012. The formation of small cones in
Isidis Planitia, Mars through mobilization of pyroclastic surge deposits. Icarus
217, 169–173. http://dx.doi.org/10.1016/j.icarus.2011.10.018.
Gilbert, G.K., 1885. The topographic features of lake shores. US Geol. Surv. Ann. Rep.
5 (1883/84), 69–123.
Goldspiel, J.M., Squyres, S.W., 2000. Groundwater sapping and valley formation on
Mars. Icarus 148, 176–192. http://dx.doi.org/10.1006/icar.2000.6465.
Grant, J.A. et al., 2008. HiRISE imaging of impact megabreccia and submeter
aqueous strata in Holden Crater, Mars. Geology 36, 3. http://dx.doi.org/10.1130/
G24340A.1.
Greeley, R., Guest, J.E., 1987. Geologic Map of the Eastern Equatorial Region of Mars.
USGS Miscellaneous Investigations Series Map.
Grizzafﬁ, P., Schultz, P.H., 1989. Isidis Basin: Site of ancient volatile-rich debris
layer. Icarus 77, 358–381. http://dx.doi.org/10.1016/0019-1035(89)90094-8.
Gwinner, K. et al., 2009. Derivation and validation of high-resolution Digital Terrain
Models from Mars Express HRSC-data. Photogram. Eng. Remote Sens. 75, 1127–
1142.

412

G. Erkeling et al. / Icarus 219 (2012) 393–413

Gwinner, K. et al., 2010. Topography of Mars from global mapping by HRSC highresolution Digital Terrain Models and orthoimages: Characteristics and
performance. Earth Planet. Sci. Lett. 294, 506–519. http://dx.doi.org/10.1016/
j.epsl.2009.11.007.
Harrison, K.P., Grimm, R.E., 2008. Multiple ﬂooding events in martian outﬂow
channels. J. Geophys. Res. 113, E2. http://dx.doi.org/10.1029/2007JE002951.
Hartmann, W.K., Neukum, G., 2001. Cratering chronology and the evolution of Mars.
Space Sci. Rev. 96, 165–194.
Hauber, E. et al., 2009. Sedimentary deposits in Xanthe Terra: Implications for the
ancient climate on Mars. Planet. Space Sci. 57, 944–957. http://dx.doi.org/
10.1016/j.pss.2008.06.009.
Head, J.W. et al., 1998. Oceans in the past history of Mars: Tests for their presence
using Mars Orbiter Laser Altimeter (MOLA) data. Geophys. Res. Lett. 25, 4401–
4404. http://dx.doi.org/10.1029/1998GL900116.
Head, J.W., Hiesinger, H., Ivanov, M.A., Kreslavsky, M.A., Pratt, S., Thomson, B.J.,
1999. Possible ancient oceans on Mars: Evidence from Mars Orbiter Laser
Altimeter
Data.
Science
286,
2134.
http://dx.doi.org/10.1126/
science.286.5447.2134.
Head, J.W., Kreslavsky, M.A., Pratt, S., 2002. Northern lowlands of Mars: Evidence for
widespread volcanic ﬂooding and tectonic deformation in the Hesperian Period.
J. Geophys. Res. 107, 5003. http://dx.doi.org/10.1029/2000JE001445.
Head, J.W., Marchant, D.R., Dickson, J.L., Kress, A.M., Baker, D.M.H., 2010. Northern midlatitude glaciation in the Late Amazonian period of Mars: Criteria for the
recognition of debris-covered glacier and valley glacier landsystem deposits.
Earth Planet. Sci. Lett. 294, 306–320. http://dx.doi.org/10.1016/j.epsl.2009.06.041.
Hiesinger, H., Head, J.W., 1999. Shorelines on Mars: Testing for their presence
using Mars Orbiter Laser Altimeter (MOLA) data. Lunar Planet. Sci. 30. Abstract
#1370.
Hiesinger, H., Head, J.W., 2000. Characteristics and origin of polygonal terrain in
southern Utopia Planitia, Mars. Results from Mars Orbiter Laser Altimeter and
Mars Orbiter Camera data. J. Geophys. Res. 105, 11999–12022. http://
dx.doi.org/10.1029/1999JE001193.
Hiesinger, H., Head, J.W., 2003. Geology of the Isidis basin, Mars. Lunar Planet. Sci.
34. Abstract #1261.
Hiesinger, H., Head, J.W., 2004. The Syrtis Major volcanic province, Mars: Synthesis
from Mars Global Surveyor data. J. Geophys. Res. 109. http://dx.doi.org/
10.1029/2003JE002143.
Hoffman, N., 2000. White Mars: A new model for Mars’ surface and
atmosphere based on CO2. Icarus 146, 326–342. http://dx.doi.org/10.1006/
icar.2000.6398.
Hoke, M.R.T., Hynek, B.M., Tucker, G.E., 2011. Formation timescales of large martian
valley networks. Earth Planet. Sci. Lett. 312, 1–12. http://dx.doi.org/10.1016/
j.epsl.2011.09.053.
Hynek, B.M., Beach, M., Hoke, M.R.T., 2010. Updated global map of martian valley
networks and implications for climate and hydrologic processes. J. Geophys.
Res. 115, E09008. http://dx.doi.org/10.1029/2009JE003548.
Irwin, R.P., Howard, A.D., Craddock, R.A., Moore, J.M., 2005. An intense terminal
epoch of widespread ﬂuvial activity on early Mars: 2. Increased runoff and lake
development. J. Geophys. Res. 110. http://dx.doi.org/10.1029/2005JE002460.
ITT Visual Information Solutions, 2009. ENVI Versions 4.7 and 4.7SP1, December,
2009 Edition. <http://www.ittvis.com/ProductServices/ENVI/Tutorials.aspx>.
Ivanov, B., 2001. Mars/Moon cratering ratio estimates. Space Sci. Rev. 96, 87–
104.
Ivanov, M.A., Head, J.W., 2001. Chryse Planitia, Mars: Topographic conﬁguration,
outﬂow channel continuity and sequence, and tests for hypothesized ancient
bodies of water using Mars Orbiter Laser Altimeter (MOLA) data. J. Geophys.
Res. 106, 3275–3296. http://dx.doi.org/10.1029/2000JE001257.
Ivanov, M.A., Head, J.W., 2003. Syrtis Major and Isidis basin contact: Morphological
and topographic characteristics of Syrtis Major lava ﬂows and material of the
Vastitas Borealis Formation. J. Geophys. Res. 108. http://dx.doi.org/10.1029/
2002JE001994, 17-1.
Ivanov, M.A., Hiesinger, H., Erkeling, G., Hielscher, F.J., Reiss, D., 2012a. Review of
geologic history of Isidis Planitia on Mars. Icarus 218, 24–46. http://dx.doi.org/
10.1016/j.icarus.2011.11.029.
Ivanov, M.A., Hiesinger, H., Erkeling, G., Reiss, D., 2012b. Evidence for effusive mud
volcanism in Utopia Planitia on Mars. Lunar Planet. Sci. Abstract #1490.
Jaumann, R. et al., 2005. Interior channels in martian valleys: Constraints on ﬂuvial
erosion by measurements of the Mars Express High Resolution Stereo Camera.
Geophys. Res. Lett. 32, 16. http://dx.doi.org/10.1029/2005GL023415.
Jaumann, R. et al., 2007. The High-Resolution Stereo Camera (HRSC), experiment on
Mars Express: Instrument aspects and experiment conduct from interplanetary
cruise through the nominal mission. Planet. Space Sci. 55 (7–8), 928–952.
http://dx.doi.org/10.1016/j.pss.2006.12.003.
Jaumann, R., Nass, A., Tirsch, D., Reiss, D., Neukum, G., 2010. The western Libya
Montes valley system on Mars: Evidence for episodic and multi-genetic erosion
events during the martian history. Earth Planet. Sci. Lett. 294, 272–290. http://
dx.doi.org/10.1016/j.epsl2009.09.026.
Kleinhans, M.G., v.d. Kasteele, H.E., Hauber, E., 2010. Paleoﬂow reconstruction from
fan delta morphology on Mars. Earth Planet Sci. Lett. 294, 378–392. http://
dx.doi.org/10.1016/j.epsl.2009.11.025.
Komatsu, G. et al., 2011. Roles of methane and carbon dioxide in geological
processes on Mars. Planet. Space Sci. 59, 169–181. http://dx.doi.org/10.1016/
j.pss.2010.07.002.
Kreslavsky, M.A., Head, J.W., 2002. Fate of outﬂow channel efﬂuents in the northern
lowlands of Mars: The Vastitas Borealis Formation as a sublimation residue

from frozen ponded bodies of water. J. Geophys. Res. 107 (E12), 5121. http://
dx.doi.org/10.1029/2001JE001831.
Leask, H.J., Wilson, L., Mitchell, K.L., 2007. Formation of Mangala Valles outﬂow
channel, Mars: Morphological development and water discharge and duration
estimates. J. Geophys. Res. 112, E8. http://dx.doi.org/10.1029/2006JE002851.
Leeder, M.R., 1999. Sedimentology and Sedimentary basins: From Turbulence to
Tectonics. Blackwell Sci., Oxford, 608pp.
Leverington, D.W., 2004. Volcanic rilles, streamlined islands, and the origin of
outﬂow channels on Mars. J. Geophys. Res. 109, E10011. http://dx.doi.org/
10.1029/2004JE002311.
Leverington, D.W., 2009. Reconciling channel formation processes with the nature
of elevated outﬂow systems at Ophir and Aurorae Plana, Mars. J. Geophys. Res.
114, E10005. http://dx.doi.org/10.1029/2009JE003398.
Leverington, D.W., Ghent, R.R., 2004. Differential subsidence and rebound in
response to changes in water loading on Mars: Possible effects on the geometry
of ancient shorelines. J. Geophys. Res. 104, E01005. http://dx.doi.org/10.1029/
2003JE002141.
Lockwood, J.F., Kargel, J.S., 1994. Thumbprint terrain in Isidis Planitia: Formed in a
glacial paleolake environment? Lunar Planet. Sci. XXV, 799 (abstract).
Lucchitta, B.K., 2001. Antarctic ice streams and outﬂow channels on Mars. Geophys.
Res. Lett. 28, 403–406. http://dx.doi.org/10.1029/2000GL011924.
Malin, M.C., Edgett, K.S., 2001. Mars Global Surveyor Mars Orbiter Camera:
Interplanetary cruise through primary mission. J. Geophys. Res. 106, 23429–
23570. http://dx.doi.org/10.1029/2000JE001455.
Malin, M.C. et al., 2007. Context Camera Investigation on board the Mars
Reconnaissance Orbiter. J. Geophys. Res. 112, E05S04. http://dx.doi.org/
10.1029/2006JE002808.
Mangold, N., Ansan, V., 2006. Detailed study of a hydrological system of valleys, a
delta and lakes in the Southwest Thaumasia region, Mars. Icarus 180, 75–87.
http://dx.doi.org/10.1016/j.icarus.2005.08.017.
Mangold, N., Masson, Ph., Ansan, V., Quantin, C., Neukum, G.The HRSC CoInvestigator Team, 2004. Evidence for precipitation on Mars from dendritic
valleys in the Valles Marineris Area. Science 305, 78–81. http://dx.doi.org/
10.1126/science.d49.
McEwen, A.S. et al., 2007. Mars Reconnaissance Orbiter’s High Resolution Imaging
Science Experiment, HiRISE. J. Geophys. Res. 112, E05S02. http://dx.doi.org/
10.1029/2005JE002605.
McGowan, E.M., 2011. The Utopia/Isidis overlap: Possible conduit for mud
volcanism on Mars. Icarus 212, 622–628. http://dx.doi.org/10.1016//
j.icarus.2011.01.25.
McGowan, E.M., McGill, G.E., 2006. Anomalous tilt of Isidis Planitia, Mars. Geophys.
Res. Lett. 33, L08S06. http://dx.doi.org/10.1029/2005GL024170.
McKenna, J., Carter, R., Bartlett, D., 1992. Coast erosion in northeast Ireland. Part 2:
Cliffs and shore platforms. Irish Geol. 25, 111–128. http://dx.doi.org/10.1080/
00750779209478724.
Mouginot, J., Pommerol, A., Beck, P., Kofman, W., Clifford, S.M., 2012. Dielectric
map of the martian northern hemisphere and the nature of plain ﬁlling
materials. Geophys. Res. Lett. 39, L02202. http://dx.doi.org/10.1029/
2011GL050286.
Murchie, S. et al., 2007. Compact Reconnaissance Imaging Spectrometer for Mars,
(CRISM) on Mars Reconnaissance Orbiter (MRO). J. Geophys. Res. 112. http://
dx.doi.org/10.1029/2006JE002682.
Mustard, J.F. et al., 2007. Mineralogy of the Nili Fossae region with OMEGA/Mars
Express data: 1. Ancient impact melt in the Isidis basin and implications for the
transition from the Noachian to Hesperian. J. Geophys. Res. 112, E08S03. http://
dx.doi.org/10.1029/2006JE002834.
Mustard, J.F. et al., 2009. Composition, morphology, and stratigraphy of Noachian
crust around the Isidis basin. J. Geophys. Res. 114, E00D12. http://dx.doi.org/
10.1029/2009JE003349.
Nelson, D.M., Greeley, R., 1999. Geology of Xanthe Terra outﬂow channels and the
Mars Pathﬁnder landing site. J. Geophys. Res. 104, E4. http://dx.doi.org/10.1029/
98JE01900.
Neukum, G., 1983. Meteoritenbombardement und Datierung planetarer
Oberﬂächen, Habilitationsschrift, Univ. München, Munich, Germany.
Neukum, G., Jaumann, R., and The HRSC Co-Investigator Team, 2004. HRSC: The
High Resolution Stereo Camera of Mars Express, In: Mars Express: The Scientiﬁc
Payload. Eur. Space Agency Spec. Publ., ESA-SP1240, ESA, 17–36, ISBN 92-9092556-6.
Orloff, T., Kreslavsky, M., Asphaug, E., Korteniemi, J., 2011. Boulder movement at
high northern latitudes of Mars. J. Geophys. Res. 116, E11006. http://dx.doi.org/
10.1029/2011JE003811.
Parker, T.J., Saunders, R.S., Schneeberger, D.M., 1989. Transitional morphology in
West Deuteronilus Mensae, Mars: Implications for modiﬁcation of the lowland/
upland boundary. Icarus 82, 111–145. http://dx.doi.org/10.1016/00191035(89)90027-4.
Parker, T.J., Gorsline, D.S., Saunders, R.S., Pieri, D.C., Schneeberger, D.M., 1993.
Coastal geomorphology of the martian northern plains. J. Geophys. Res. 98, E6,
11061–11078. http://dx.doi.org/10.1029/93JE00618.
Parker, T.J., Grant, J.A., Franklin, B.J., 2010. The northern plains: A martian oceanic
basin? In: Cabrol, N.A., Grin, E.A. (Eds.), Lakes on Mars. Elsevier, p. 249, ISBN:
978-0-444-52854-4.
Plescia, J.B., 1980. Cinder cones of Isidis and Elysium. Reports of planetary geology
program, pp. 263–265.
Pondrelli, M., Rossi, A.P., Marinangeli, L., Hauber, E., Gwinner, K., Baliva, A., Di
Lorenzo, S., 2008. Evolution and depositional environments of the Eberswalde

G. Erkeling et al. / Icarus 219 (2012) 393–413
fan
delta,
Mars.
Icarus
197,
429–451.
http://dx.doi.org/10.1016/
j.icarus.2008.05.018.
Postma, G., 1990. Depositional architecture and facies of river and fan deltas: A
synthesis. In: Colella, A., Prior, D.B. (Eds.), Coarse-Grained Deltas. Int. Assoc.
Sedimentol. Spec. Publ. 10, 13–27.
Poulet, F. et al., 2007. Martian surface mineralogy from Observatoire pour la
Minéralogie, l’Eau, les Glaces et l’Activité on board the Mars Express spacecraft
(OMEGA/MEx): Global mineral maps. J. Geophys. Res. 112, E08S02. http://
dx.doi.org/10.1029/2006JE002840.
Salvatore, M.R., Mustard, J.F., Wyatt, M.B., Murchie, S.L., 2010. Deﬁnitive evidence of
Hesperian basalt in Acidalia and Chryse Planitiae. J. Geophys. Res. 115, E07005.
http://dx.doi.org/10.1029/2009JE003519.
Schultz, R.A., 2000. Localization of bedding-plane slip and back thrust faults above
blind thrust faults: Keys to wrinkle ridge structure. J. Geophys. Res. 105, 12035–
12052. http://dx.doi.org/10.1029/1999JE001212.
Scott, D.H., Dohm, J.M., Rice, J.W., 1995. Map of Mars showing channels and possible
paleolake basins. Misc. Invest. Map I-2461, US Geol. Surv., Boulder, Colorado.
Seelos and the CRISM Team, 2009. CRISM Data Users’ Workshop Nili Fossae Data
Processing Walkthrough. Introduction to CAT Presentation from 3/22/09
Workshop, the Woodlands, TX, USA. <http://geo.pds.nasa.gov/missions/mro/
CRISM_Workshop_090322_CAT_MFM.pdf>.
Smith, D.E. et al., 2001. Mars Orbiter Laser Altimeter: Experiment summary after the
ﬁrst year of global mapping of Mars. J. Geophys. Res. 106, 23689–23722. http://
dx.doi.org/10.1029/2000JE001364.
Story, S., Bowen, B.B., Benison, K.C., Schulze, D.G., 2010. Authigenic phyllosilicates in
modern acid saline lake sediments and implications for Mars. J. Geophys. Res.
115, E12012. http://dx.doi.org/10.1029/2010JE003687.

413

Tanaka, K.L., 1997. Sedimentary history and mass ﬂow structure of Chryse and
Acidalia Planitiae, Mars. J. Geophys. Res. 102, 4131–4149. http://dx.doi.org/
10.1029/96JE02862.
Tanaka, K.L., Scott, D.H., 1987. Geologic map of the Polar Regions of Mars. US Geol.
Surv. Misc. Invest. Ser., Map I-1802-C.
Tanaka, K.L., Joyal, T., Wenker, A., 2000. The Isidis plains units, Mars: Possible
catastrophic origin, tectonic tilting, and sediment loading. Lunar Planet. Sci.
XXXI. Abstract #2023.
Tanaka, K.L., Kargel, J.S., MacKinnon, D.J., Hare, T.M., Hoffman, N., 2002. Catastrophic
erosion of Hellas basin rim on Mars induced by magmatic intrusion into
volatile-rich rocks. Geophys. Res. Lett. 29, 1195. http://dx.doi.org/10.1029/
2001GL013885.
Tanaka, K., Skinner, J., Hare, T., 2005. Geologic map of the Northern Plains of Mars.
US Geol. Surv. Sci. Invest. Ser. 2888.
Tornabene, L.L., Moersch, J.E., McSween, H.Y., Hamilton, V.E., Piatek, J.L.,
Christensen, P.R., 2008. Surface and crater-exposed lithologic units of the
Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products.
J. Geophys. Res. 113, E10. http://dx.doi.org/10.1029/2007JE002988.
Webb, V., 2004. Putative shorelines in northern Arabia Terra, Mars. J. Geophys. Res.
109, E9, 1–12. http://dx.doi.org/10.1029/2003JE002205.
Werner, S.C., 2005. Major Aspects of the Chronostratigraphy and Geologic
Evolutionary History of Mars. Ph.D Thesis, Fachbereich Geowissenschaften
Freie Universität Berlin, 159pp.
Zuber, M.T. et al., 1992. The Mars Observer laser altimeter investigation. J. Geophys.
Res. 97 (E5), 7781–7797.

