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Abstract 

 

Nepenthes Mensae is an equatorial region situated north of the Martian dichotomy, 

northwest of Gale crater. It is characterized by a NW-SE-oriented belt of interconnected 

depressions, Late Noachian to Early Hesperian in age, with knobby terrains with 

residual relief. The highlands south of Nepenthes Mensae, Middle Noachian in age, 

correspond to the Licus Vallis region, which is dissected by drainage networks with 

valley mouths located along the dichotomy boundary scarp. This work presents a 

detailed geomorphological analysis of ten fan-shaped and fifty-four coastal-like benches 

identified in Nepenthes Mensae. The combination of detailed mapping, morphological 

and morphometric analyses, spatial-altitudinal distribution relationships, crater 

counting, spectral analysis, and comparison with terrestrial analogs suggest that (1) the 

fan-shaped and coastal-like benches are likely putative Gilbert-type deltas and 

paleoshore platforms, respectively, and (2) these features may be attributable to 

paleoshorelines developed along the margins of an ancient inner sea or interconnected 
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paleolakes. These findings reveal the important morphogenetic role that liquid water 

played in the evolution of Nepenthes Mensae and Licus Vallis regions during the Late 

Noachian-Early Hesperian transition, and contribute to contextualize the continuous 

findings on the environmental and climatic conditions of the nearby Gale crater during 

such time period. 

 

Keywords: Mars; Hydrology; Fan-shaped deposit; Paleo-water level; Desiccated lake. 

 

1. Introduction 

 

Multiple geomorphological and geochemical lines of evidence indicate that liquid 

water has played an instrumental role during the early evolutionary stages of Mars (e.g., 

Baker, 2001; Bibring et al., 2006), as well as during relatively short periods in recent 

times (e.g., Malin and Edgett, 2000). Numerous valley networks carved into the 

Noachian highlands may be the result of past runoff erosion (e.g., Irwin et al., 2005), 

and/or a combination of runoff and groundwater sapping erosional processes (Malin and 

Carr, 1999; Harrison and Grimm, 2005). Large outflow channels developed during the 

Hesperian and Amazonian periods are attributed to the catastrophic release of large 

amounts of groundwater (Andrews‐ Hanna and Phillips, 2007). Fan-shaped deposits 

associated with the mouth of stream networks debouching at various types of 

depressions have been widely reported on Mars (e.g., Kleinhans, 2005; Di Achille and 

Hynek, 2010a). Such features, which show morphologic characteristics analogous to 

those of deltas on Earth, occur in spatially restricted closed basins such as impact craters 

(e.g., Goudge et al., 2015), some of them with outlet valleys, and in large basins, 

commonly where valley networks reach the edge of depressions or the upland-lowland 
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boundary (e.g., Fassett and Head, 2008). Some of the best-known delta-like features on 

Mars are probably the Jezero and the Eberswalde deltas, which show multiple lobes 

with clearly visible distributary channels with a meandering pattern (Wood, 2006; 

Pondrelli et al., 2008; Schon, 2012). The presence of deltas supports the existence in the 

past of long-standing liquid water bodies in paleolakes and an ancient ocean developed 

in the Martian lowlands (e.g., Head et al., 1999; Carr and Head, 2003; Di Achille and 

Hynek, 2010b; Fawdon et al., 2018). Laterally continuous benches with consistent 

elevation along the margins of the Lowlands and depressions have been interpreted as 

possible erosional and/or aggradational coastal landforms that record paleoshorelines 

(e.g., Parker et al, 1993; Ghatan and Zimbelman, 2006).  

 

Irwin et al. (2005) reported fan-shaped deposits and ascribed them to a Gilbert-type 

delta in Nepenthes Mensae, which was also analyzed by de Pablo and Pacifici (2008). 

The rest of fan-shaped deposits documented in this work (i.e., 9 out of 10) were 

presented, for the first time, by García-Arnay (2016) and García-Arnay et al. (2018b, c). 

Recently, Rivera-Hernández and Palucis (2019) have also documented some of these 

landforms that can be used as possible paleoshoreline markers in the equatorial region 

of Nepenthes Mensae (e.g., de Pablo and Pacifici, 2008; de Pablo and Pacifici, 2009; 

Valenciano et al., 2009; García-Arnay, 2016; García-Arnay et al., 2018a). These 

features may record the past existence of a long-lived body of liquid water related to the 

putative Martian ocean.  

 

In this work, we present a geomorphological analysis of Nepenthes Mensae, largely 

based on detailed geomorphic mapping. It explores features attributable to deltas and 

shore platforms related to an ancient inner sea or a system of paleolakes, and reinforces 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

this interpretation using possible terrestrial analogs. These putative paleoshore markers 

are characterized by analyzing their morphometric features and their surface 

composition, and estimating their numerical age. Paleowater-level elevations derived 

from the putative deltas and shore platforms are used to reconstruct the paleogeography 

of the inferred paleolakes (e.g., extent, depth, volume).  

 

2. Study area 

 

The study area is located in an equatorial region of the eastern hemisphere of Mars, 

astride two contrasting geomorphic domains divided by the Martian dichotomy 

boundary scarp: Nepenthes Mensae and Licus Vallis region (Fig. 1). Nepenthes Mensae 

(centered at 2°N, 124°E) is situated north of the dichotomy (upland-lowland boundary), 

east of Isidis Planitia, and northwest Gale crater. This region is characterized by a belt 

of interconnected NW-SE-trending depressions (de Pablo and Pacifici, 2009) with 

knobby terrains of residual relief (mesas and knobs) related to the erosion of the Martian 

highlands along the dichotomy (Caprarelli, 2015). The dichotomy displays steep slopes 

~2 km in local relief. Nepenthes Mensae was mapped as Hesperian-Noachian transition 

unit (HNt) and interpreted as volcanic deposits, impact breccias, and sediments of 

Noachian in age with aprons formed by Hesperian mass-wasted deposits, according to 

the most recent global geological map of Mars (Tanaka et al., 2014). The highlands 

south of Nepenthes Mensae correspond to the Licus Vallis region (centered at 4°S, 

125°E), an ancient fluvial valley (e.g., Irwin and Howard, 2002) located in the 

northeastern part of Mare Tyrrhenum quadrangle. It was mapped as middle Noachian 

highland unit (mNh), which is interpreted as ―moderately to heavily degraded‖ 

―undifferentiated impact, volcanic, fluvial and basin materials‖ (Tanaka et al., 2014). 
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The heavily cratered terrains of Licus Vallis region are dissected by V-shaped valley 

networks related to fluvial erosion, whose mouths are located along the dichotomy. 

Sapping erosion may also have contributed to the headward expansion of valleys, as 

supported by the existence of theater-shaped valley heads (Vaquero and Hernández, 

2010). Licus Vallis shows a very low drainage density and an apparently poorly-

developed watershed, as suggested by its convex hypsometric curve (García-Arnay et 

al., 2018c). The knickpoints, slope breaks and paired terraces recognized within the 

valleys support base-level changes that could  
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Fig. 1. (a) Colorized elevation model (kilometers above Martian datum, a.m.d.) derived 

from MOLA, with the study area framed by the white box. The small white circle east 

of study area marks the position of the fan-delta whose surface composition was 

inferred by CRISM spectral analysis. (b) Qualitative thermal inertia mosaic of the study 

area derived from THEMIS. (c) Colorized elevation model of the study area derived 

from HRSC-MOLA blended data over a mosaic of THEMIS-IR day images. White-

lined polygons represent the crater-counting areas delineated for dating the depressions 

and the largest delta (labelled as 1 and 2, respectively).  

 

be related to water-level variations in the mouth area and/or vertical tectonic movements 

(Goudge and Fassett, 2018). The transition between both geomorphic domains is 

dominated by the presence of morpho-structural lineaments (Martín-González et al., 

2007) that may have controlled the erosion of the highlands as well as the drainage 

pattern along the dichotomy.  

 

3. Data and methods  

 

Imagery as well as topographic and spectral data were used to characterize the 

geomorphology and surface composition of the analyzed region. Visible imagery 

included panchromatic images acquired by the High Resolution Stereo Camera (HRSC, 

12.5 m/pixel) (Neukum et al., 2004) on board the ESA‘s Mars Express, as well as by the 

Context Camera (CTX, 5-6 m/pixel) (Malin et al., 2007; Dickson et al., 2018) and the 

High Resolution Imaging Science Experiment (HiRISE, ~25-50 cm/pixel) (McEwen et 

al., 2007), both instruments on board the NASA‘s Mars Reconnaissance Orbiter. 

Additional information was extracted from the qualitative thermal inertia image mosaic 
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derived from nighttime infrared images obtained by the Thermal Emission Imaging 

System (THEMIS, 100 m/pixel) (Christensen et al., 2004, 2013) on board NASA‘s 

Mars Odyssey. Thermal inertia (TI) permits the differentiation of surface materials 

based on their thermophysical properties. In this work, TI data helped in identifying and 

mapping drainage networks because unconsolidated sediments such as eolian deposits, 

characterized by lower apparent TI, mainly occur in low-lying areas such as fluvial 

valleys. 

 

Topographic data were extracted from Digital Elevation Models (DEMs) derived 

from laser altimeter point shots acquired by the Mars Orbiter Laser Altimeter (MOLA, 

463 m in resolution) (Zuber et al, 1992), on board NASA‘s Mars Global Surveyor, as 

well as images from the HRSC instrument (50-75 m/pixel). In order to cover areas 

where no HRSC data were available, we used a blend of DEM data derived from 

MOLA and HRSC (Fergason et al., 2018, ~200 m/pixel). The spatial resolution of the 

HRSC-derived topography, that covers almost all the study area, is appropriate for 

analyzing the landforms of interest for this work. Imagery and topographic data were 

integrated into a Geographic Information System (ArcGIS 10.5.1, ESRI) for mapping 

and carrying out multiple morphological and morphometric analyses. Spatial data were 

projected into the same geographic coordinate system with sinusoidal projection and 

central meridian located in the center of the study area (125ºE). 

 

Surface composition was inferred from hyperspectral data acquired by the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM, ~18 m/pixel) aboard NASA‘s 

Mars Reconnaissance Orbiter, a visible-infrared imaging spectrometer sensitive to light 

from 0.362 to 3.92 µm (Murchie et al., 2007). Spectral data were retrieved from the 
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PDS Geosciences Node Mars Orbital Data Explorer (ODE) (available at: 

https://ode.rsl.wustl.edu/mars/) in corrected I/F (radiance/solar irradiance) using 

Targeted Empirical Record (TER) and Map-projected Targeted Reduced Data Record 

(MTRDR) products. We carried out the spectral analysis using the corrected I/F to 

obtain spectral diagrams, and the refined spectral summary parameters to derive spectral 

parameter maps (Viviano-Beck et al., 2014). Spectral data were processed using the 

CRISM Analysis Toolkit (CAT, version 7.3.1), an IDL/ENVI-based software system 

developed by the CRISM Science Team (Morgan et al., 2014). Due to its 

paleoenvironmental interest, clay-bearing surfaces were highlighted in a spectral 

parameter map obtained by the PHY product (D2300 (red), D2200 (green), BD1900r2 

(blue)) for the projected CRISM observation FRT000064CE (~18 m/pixel, and ~10 km 

across) (Fig. 4b below) following the procedure described by Viviano-Beck et al. 

(2014). The values displayed for each RGB channel were adjusted applying stretch 

limits to highlight the clay-bearing materials. The I/F spectrum was extracted from the 

unprojected CRISM cube and averaged from a Region of Interest (ROI) drawn for the 

compositional unit. This average spectrum (s1) was ratioed to an average spectrum from 

a ROI of spectrally unremarkable terrains (s2) from the CRISM scene to minimize 

atmospheric contributions and instrument artifacts. The ratioed I/F spectrum (i.e., s1/s2) 

was compared with the CRISM spectral library (available at: 

http://crismtypespectra.rsl.wustl.edu/) (Viviano-Beck et al., 2015). The choice of this 

CRISM scene was determined by (1) the absence of TER products for fan-shaped 

deposits within the study area, and (2) the scene corresponds to a previously interpreted 

fan delta located close to the study area. 
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In order to identify equipotential surfaces corresponding to paleolevels of possible 

long-standing liquid-water bodies, we extracted the elevation values (expressed in 

meters above Martian datum, a.m.d.) from the mapped putative deltaic and coastal-like 

landforms (e.g., Irwin and Zimbelman, 2012). In the case of putative deltas, we 

considered the slope break at the junction between the delta plain and the delta front, 

which was interpreted as the mean highstand (e.g., Di Achille, and Hynek, 2010b). In 

spite of the difficulties to infer the water level from the elevation of shore platforms on 

Earth (e.g., Trenhaile, 1987; Sunamura, 1992), we decided to consider the inner edge, 

also called the ―shoreline angle‖ (e.g., Figueiredo et al., 2014; Zazo et al., 2013; Hearty 

et al., 2007) (Fig. 2). The spatial-altitudinal distribution of the putative deltas and 

benches (Fig. 8) permitted us to constrain their elevation range, and reconstruct the 

distribution of ancient liquid-water bodies (Fig. 9). The approximate volume of the 

largest mass of liquid water was measured using the ArcGIS tool ―Polygon volume‖. It 

calculates the volume resulting from the intersection between the lake bottom derived 

from a TIN model and a horizontal surface defined by the mean elevation estimated for 

the water level. The maximum depth was estimated by the difference between the mean 

elevation of the water level and the elevation of the deepest bathymetry point, which 

was calculated using the ArcGIS tool ―Zonal Statistics as Table‖, while the mean depth 

is given by the difference between the mean water level elevation and the average 

elevation of the bathymetry of the depression. In this research, we assumed that (1) the 

present regional topography is similar to the one that existed during the development of 

the analyzed landforms, and (2) the landforms formed when the Martian hydrosphere 

was persistent and a long-standing body of liquid water was present in the region (e.g., 

Di Achille and Hynek, 2010b). The stream network and watershed boundaries were 

mapped using the toolset ―Hydrology‖ of ArcGIS. The drainage network generated 
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automatically, which included numerous artifacts, was improved manually using 

imagery and TI data. Watershed boundaries were delineated considering the local base 

levels defined by each putative delta at the mouth of drainage basins.  

 

The mapping of some putative deltas was challenging due to their spatially variable 

preservation conditions and geomorphic setting. The proximal edges of the deltas were 

delineated where the ancient flow debouching from the fluvial valley became 

unconfined (Fig. 2). The areas estimated for some deltas should be considered as 

minimum values due to surface reduction related to erosional processes (e.g., 

landsliding). The delta-shape index, or  elongation of the delta, is a dimensionless 

morphometric parameter defined by the expression Sd = Wd/2Ld, where Ld is the delta 

length given by the maximum distance parallel to the paleoflow direction and Wd is the 

delta width, defined as the maximum distance across the foot of the delta front and 

perpendicular to Wd. Sd values of 1 correspond to semicircular deltas, while Sd > 1 and 

Sd < 1 indicate oblate and prolate deltas with long axes perpendicular or parallel to the 

paleoflow direction, respectively. These definitions were adapted for this work from 

Caldwell and Edmonds (2014) (see Fig. 2). We also estimated the mean slope for the 

deltaic plains and fronts, as well as several morphological attributes as defined by Di 

Achille and Hynek, (2010a) in order to characterize qualitatively: (1)  the type of 

drainage network, distinguishing between poorly-developed stream networks (Lw) and 

steep canyons (C); (2) the morphology of the delta front, differentiating between steep 

simple fronts (M1) and stepped fronts with benches or slope breaks (M2); (3) evidence 

of avulsion (multi-lobate deltas); and (4) visible layering (see Table 1).  
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Surface dating was carried out using the crater size-frequency distribution (CSFD) 

method (e.g., Neukum et al., 2001, Hartmann and Neukum, 2001) in order to estimate 

the age of the morphogenetic surface and resurfacing events. Impact craters and crater-

counting areas (Fig. 1c) were mapped using the CraterTools toolset for ArcGIS (Kneissl 

et al., 2011). Crater size-frequency diagrams were generated using CraterStats2 

software (Michael and Neukum, 2010), and age estimates (Fig. 6) were derived using 

the production and chronology functions defined by Hartmann (2005). The clustering of 

the crater population and the confidence level of its adjustment was determined by the 

randomness analysis (Michael et al., 2012).  

 

 

 

Fig. 2. (a) CTX image of the D2 feature showing the mapped delta plain and front as 

well as the morphometric parameters Ld (length) and Wd (width) used to calculate the 

delta-shape index (Sd). (b) and (c) Topographic profiles corresponding to delta D2 and 

bench B4, respectively (see trace of profiles in Fig. 3). The arrows and blue dots 

indicate the slope break of the topographic profile used to infer the past water-level 

elevation from fan-shaped features and benches, as described in the text.  

 

4. Results and discussion 
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4.1 Description of the fan-shaped and bench-like landforms 

 

We analyzed ten fan-shaped features and fifty-four coastal-like benches. Fan-shaped 

landforms (labelled as D# in Fig. 3) occur at the mouth of past high-gradient rivers that 

used to debouch into an unconfined low-lying area. The majority of fan-shaped deposits 

are linked to drainage basins characterized by poorly-ranked stream networks (Lw). In 

contrast, D3 and D6 seem to be the only fan-shaped landforms associated with steep 

canyons (C). These features are distributed along a NW-SE oriented belt associated with 

the southern margin of interconnected depressions with latitude and longitude 

coordinates that range from 0°18'8"N to 3°5'31"N and from 121°20'54''E to 

127°34'00''E, respectively. The fan-shaped features range from ~3.0 km
2
 to ~85.4 km

2
 

in area and display two well-differentiated parts: low-gradient plains with mean slopes 

from ~2.3º to ~5.2º, and steep fronts with variable preservation conditions and average 

gradients from ~3.4º to ~15.8º (see Table 1). The more degraded fan-shaped features 

(i.e., D1a, D1b and D8), display a lower gradient difference (<2º) between the plains 

and their fronts, probably due to erosion in the upper part of the slope and accumulation 

in the footslope (Table 1). In some cases, the plains are dissected by small and rather 

subdued channels as illustrated in Fig. 5b. The measurement of the width (Wd) and 

length (Ld) allowed the calculation of the delta-shape index (Sd) for each feature, which 

ranges between 0.56 (prolate geometry) and 1.02 (oblate geometry). These values are 

analogous to those from protruding deltas on Earth (e.g., Mikhailova, 2015). Most 

features display visible layering on their fronts, strongly suggesting that they are formed 

by stratified sediments (Fig. 5a). The lack of visible or unambiguous layering in some 

features may be related to a topographic surface concordant with the bedding, as is 
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commonly the case in delta fronts (dip slope) (e.g., Hampson and Storms, 2003), or to 

the presence of eolian dust and sand. In the cases where layering is exposed in the front 

of the delta due to erosion, the slope probably does not represent the foreset inclination. 

The majority of the features have one defined lobe, whereas D1b, D7 and D9 show two 

clear lobes, and D2 has two probable frontal lobes, although very poorly defined (Figs. 

3 and 5b). These multi-lobe features  
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Fig. 3. CTX images illustrating features attributable to putative Gilbert-type deltas and 
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shore platforms in the study area (labelled as D# and B#, respectively). A-A‘ lines 

indicate the trace of the topographic profiles used to infer the mean water level from 

each feature (Fig. 8). White arrows indicate laterally continuous benches (e.g., B1, B4), 

some of them associated with residual relief and showing rounded geometry in plan 

view (e.g., B2, B3, B5 and B6). 

 

have in common the presence of bedrock inliers, likely relict relief that protrudes over 

their plains. Most of the features show a steep front with a continuous slope (M1). 

However, D1 displays a stepped front with benches and slope breaks (M2) (Fig. 3). 

 

The coastal-like benches are generally located along the margins of the depressions 

and encircling isolated massifs and knobs within the depressions. These features have 

not been identified outside the depressions. A selection of them are shown in Fig. 3 

(labelled as B#) and in Fig. 5d. These benches display smooth, subhorizontal or gently-

sloping surfaces, with lateral continuity, elevation consistency, and steep slopes 

associated with their outer edges. In some cases, such as B1 (B1 in Fig. 3), paired 

benches occur on both sides of the depression at consistent elevation. The relationship 

between the coastal-like benches and putative deltas is analyzed from their elevation 

values and spatial distribution (Fig. 8). 
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Multi-

lobate 

Stepped 

morphology 

Drainage 
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area 

(km2) 

Delta 

area 

(km2) 

First 

reference 

D1a 3°5'31"  121°20'54'' -1865 3627 2971 0.61 4.18 6.05 ✔ ✗ M2? Lw 1510.37 7.76 

García-Arnay 

et al. (2018b) 

D1b 3°4'30"  121°23'59'' -1972 11124 5529 1.01 4.07 5.44 ✔ ✔ M2? Lw 1510.37 40.49* 

García-Arnay 

et al. (2018b) 

D2 2°10'11"  121°39'29'' -1952 10430 6045 0.86 3.86 15.38 ✔ ✔ M1 Lw 20268.25 41.13 

Irwin et al. 

(2005) 

D3 2°1'28"  122°00'31'' -1935 2371 1885 0.63 5.19 8.68 ✔ ✗ M1 C 113.19 2.98 

García-Arnay 

et al. (2018b) 

D4 1°34'7"  123°22'52'' -1793 5602 2844 0.98 4.77 14.41 ✔ ✔ M1 C/Lw 28000.94 10.91* 

García-Arnay 

et al. (2018b) 

D5 0°44'6"  125°18'55'' -1920 4740 3500 0.68 2.34 15.82 ✔ ✗ M1 Lw 8189.85 11.93 

García-Arnay 

et al. (2018b) 

D6 0°36'33"  125°47'50'' -1975 4704 2304 1.02 2.95 5.64 ✗ ✗ M1 C 1908.04 8.53 

García-Arnay 

et al. (2018b) 
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Table 1. Morphometric and morphological parameters of the fan-shaped features and their associated drainage networks. (*) Delta surface 

presents ambiguous and/or eroded limits; (-) no flow accumulation data available to derive the drainage area. Mean slopes correspond to those of 

the current topographic surface. In the cases where layering is exposed in the front of the delta due to erosion, the slope probably does not 

represent the foreset inclination. Latitude and longitude coordinates correspond to the point along the topographic profile used to extract the 

elevation of the delta front (see Fig. 8).

D7 0°3'14" 126°36'20'' -1186 12621 11069 0.57 3.41 7.76 ✔ ✔ M1 Lw 156377.80 85.40 

García-Arnay 

et al. 

(2018b,c) 

D8 0°31'21"  126°58'19'' -1920 2458 2176 0.56 2.66 3.40 ✔ ✔ M1 Lw - 

3.65 

* 

García-Arnay 

et al. (2018b) 

D9 0°18'8"  127°34'00'' -1783 5424 3520 0.77 3.49 7.56 ✗ ✔ M1 Lw 10753.31 12.55 

García-Arnay 

et al. (2018b) 
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4.2 Spectral analysis of the delta deposits 

 

We carried out the spectral analysis of the CRISM scene FRT000064CE in order to 

identify possible hydrated minerals. The spectral analysis of this CRISM scene has been 

also performed by Ehlmann and Buz (2014, 2015). The observation displays a fan-

shaped deposit located east of the study area, at the mouth of a valley carved into the 

southwest side of the Robert Sharp crater rim, east of the study area (Fig. 1a). This 

deposit was interpreted as fan delta by Irwin et al. 2004 (Fig. 4a). The PHY spectral 

parameter map reveals that the scene is dominated by hydrated Fe/Mg-phyllosilicates 

(Ehlmann and Buz, 2015), the most common hydrated minerals on Mars (Carter et al., 

2013), as highlighted by the pink-colored pixels in Fig. 4b. The ratioed I/F spectrum 

(i.e., s1/s2) shows a subtle absorption band feature at ~1.4 μm due to structural H2O and 

OH, a sharp absorption feature at ~1.9 μm indicating structural H2O, as well as an 

absorption band at ~2.31 μm related to Fe/Mg-OH bond and a subtler band at ~2.39 μm 

also related to these bonds (Ehlmann et al., 2009; Viviano-Beck et al., 2014) (Fig. 4c). 

Absorption features are consistent with the presence of saponite (Mg-rich smectite) and 

nontronite (Fe-rich smectite), as shown by the comparison between the ratioed spectrum 

and laboratory spectra (Viviano-Beck et al., 2015). These ferromagnesian smectites 

occur in light-toned layered deposits with apparently meter-scale polygonal fractures 

along the delta front and at its foot, as revealed by the HiRISE image 

PSP_001884_1750 (close-up view in Fig. 4a). Clay minerals may either have formed 

during transport or by near-surface weathering and subsequently transported and 

deposited as detrital particles (Ehlmann and Buz, 2014). 
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Fig. 4. (a) True color image of the CRISM scene FRT000064CE. The close-up view 

shows a detail of the light-toned layered deposits occurring at the delta front. (b) 

Spectral parameter map (PHY product) for the same scene. Pink tones indicate the 

presence of Fe/Mg- phyllosilicates outcropping along the delta front. (c) CRISM ratioed 

I/F spectrum compared to CRISM library spectra (vertical dashed lines indicate 

observed absorption band features). 

 

Other minerals within Robert Sharp crater such as carbonates and akaganéite, which is 

an oxide mineral related to acidic and oxidizing conditions in a drying lagoon, were 

reported by Carter et al. (2015). Clay-bearing layered deposits support the presence of 

liquid water in the past (e.g., Poulet et al., 2005), and are considered potential sites for 

organic matter preservation due to relatively rapid burial (e.g., Ehlmann et al., 2008). 
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We consider that these findings strengthen the possible deltaic origin of this fan-shaped 

deposit and its composition could be analogous to deltas in the study area. 

 

4.3 Interpretation of landforms 

 

Based on the morphologic and morphometric characteristics of the described 

landforms,their spatial distribution, and spectral analysis, we interpret the fan-shaped 

features as putative relict Gilbert-type deltas linked to the mouth of drainage basins. The 

interpreted deltas show an overall convex and segmented longitudinal profile, whereas 

alluvial fans are characterized by continuous concave long profiles. Furthermore, the 

presence of steep fronts hundreds of meters in local relief is strongly inconsistent with 

the interpretation of these features as alluvial or fluvial fans and argues for the presence 

of a deep water body. Nonetheless, the mapped deltas are expected to have a proximal 

subaerial component, and as such could be also designated as fan-deltas (Blair and 

McPherson, 1994).  

 

Some of the ten putative deltas analyzed in this work also have been documented by 

other authors (e.g., Irwin et al., 2005; de Pablo and Pacifici, 2008; Rivera-Hernández 

and Palucis, 2019). On Earth, Gilbert-type deltas, which were first described by Gilbert 

(1884), typically occur in lakes where the near-shore water is relatively deep (e.g., Bird, 

2011), and tend to be associated with homopycnal flows (e.g., Penland and Kulp, 2005), 

in which the density of the river water is very similar to that of the standing mass of 

water in the basin (Bates, 1953). These flows commonly occur in lacustrine 

environments and produce rapid deposition to form deltas characterized by steep delta 

fronts (Figs. 5a, b, 
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Fig. 5. 3D oblique views of some fan-shaped and coastal-like features (CTX images). 

(a) The D4 feature shows a steep front scalloped by a long-runout landslide in its central 

part, which permits observation of inner layering or clinoforms (circle: close-up view of 

HiRISE image ESP_058612_1815). Note that the lateral extent of the concave headscar 

of the landslide matches with the hummocky terrain situated at the foot, attributable to a 

blocky landslide deposits (black arrows). (b) The D2 feature shows two overlapping 

morpho-stratigraphic units. The oldest apron (foot indicated by black arrows) is 

partially overlain by the younger one, whose upper plain is carved by subtle channels 

(white arrows). (c) The D5 feature may also record several phases of development as 

suggested by the low-albedo apron located at the foot of its front (black arrows). (d) 

Laterally continuous benches corresponding to B4 at different elevations (black arrows) 
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around a residual relief, which apparently connected to the ―mainland‖ resembling an 

older isthmus and a peninsula. 

 

c). Some deltas show multi-lobate fronts (e.g., D1b, D2, D7 and D9, Fig. 3) that may 

indicate flow bifurcation and/or channel avulsion processes. The presence of bedrock 

inliers protruding through their plains probably controlled flow bifurcation and the 

consequent development of two lobes. Deltas D4 and D8 display two apparent lobes, 

although their shape is probably related to post-depositional landsliding (D4, Fig. 5a) 

and/or erosion (D8, Fig. 3). The origin of the stepped topography of some delta fronts 

(D1, Fig. 3) could be either related to erosional benches developed during stages of 

relatively stable water level that punctuated the overall regression trend, or to 

differential erosion. Kraal et al. (2008) ascribed the stepped longitudinal profile of an 

alluvial fan, comprising a sequence of risers and treads, to the episodic decline of the 

water level and the development of benches during periods of stability. Finally, the 

possible deltaic origin of the fan-shaped deposits in Nepenthes Mensae is strengthen by 

the occurrence of phyllosilicate minerals in the front of the analyzed delta, which 

supports the presence of liquid water in the past.  

 

Based on the morphologic characteristics of the described landforms, their spatial 

distribution, altitudinal relationship with the deltas, and resemblance with possible 

terrestrial analogues, we interpret the benches as possible shore platforms developed by 

coastal erosion along paleoshorelines at different water-level elevations. Shore 

platforms with rounded outer edges in plan view located around isolated massifs and 

knobs are common in the northern lowlands, as indicated by Parker et al. (1993). These 

―stepped massifs‖, such as those located in Cydonia Mensae, display the same 
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characteristics as the ones described in this work at Nepenthes Mensae (Parker et al., 

1993; Parker and Currey, 2001). Parker et al. (1989, 1993) interpreted these features as 

possible wave-cut island formed by coastal erosion of the pre-existent rocks during 

highstands of an ancient liquid-water ocean and/or by erosional processes associated 

with the floating sea ice on a frozen ocean that occupied the northern lowlands of Mars 

(Clifford and Parker, 2001). The formation of wave-cut platforms implies that the 

available fetch, the atmospheric pressure, and wind speed were sufficient to produce 

these erosional landforms (e.g., Kraal et al., 2006; Bandfield et al., 2015). On Earth, 

lakes with less than 50 km of open water are considered ‗fetch-limited‘ (e.g., Nordstrom 

and Jackson, 2012). Eolian landforms developed in the largest depression of Nepenthes 

Mensae after its desiccation such as dune fields, yardangs and wind streaks indicate 

predominant NW- and NE-oriented winds. Based on the dimensions of the 

reconstructed paleolakes (Fig. 9) and the inferred wind directions, fetch values would 

range from ~40 km to ~100 km. These values are similar to those estimated for the 

Carson Desert sub-basin of the pluvial Lake Lahontan, United States, during the 

Pleistocene highstand, ranging from ~50 km to ~110 km (Morrison, 1964). As 

explained below, this pluvial paleolake displays well-developed shore platforms. 

Nonetheless, the estimation of the effective fetch of the inferred paleolakes would 

require to know the predominant wind direction when the erosional benches were 

formed. Moreover, the unknown erodibility of the materials exposed in the coastal areas 

play a critical role in the development of these landforms. Alternative processes have 

been proposed to explain the formation of benches and stepped massifs in other regions 

of Mars, including differential erosion in layered bedrock (e.g., Carr and Head, 2003) 

and eolian erosion (e.g., Manent and El-Baz, 1986). Kraal et al. (2006) proposed 

alternative processes for the development of Martian landforms interpreted as ‗bedrock 
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shoreline features‘ such as the erosional action of ice in the surface of lakes or seas. An 

ice-covered lake was also the preferred hypothesis of Howard and Moore (2004) to 

explain the formation of benches and scarps in the Gorgonum Basin. Sholes et al. 

(2019) indicate that lineaments and terraces in Cydonia Mensae, which are considered 

as one of the better candidates for putative paleoshoreline features in the literature, do 

not show lateral or altitudinal consistency. Consequently, Sholes et al. (2019) 

considered that those landforms better resemble eroded and exposed bedding surfaces. 

These interpretations seem to be highly unlikely in our study area since the benches do 

not show any lithostratigraphic control or any preferred orientation.  

 

4.4 Chronology of the delta and paleolake systems 

 

The surface age of the delta D7 and of the main depression were calculated using 

crater-size frequency distribution statistics. This delta was selected due to its large area 

(~80 km
2
) in order to reduce uncertainties on the age model (e.g., Warner et al., 2015). 

We obtained average age estimates of ~3.88 Ga (Middle Noachian) for the delta D7 

(Figs. 6a, b), and ~3.71 Ga (Late Noachian) for the depression, considering a counting 

area of ~6,200 km
2 

in the latter
 
(Figs. 6c, d). Both ages are consistent with those 

assigned to the geological units where these features are located and/or genetically 

related. According to Tanaka et al. (2014), the deltas associated with the drainage 

networks occur in the mNh unit (Middle Noachian), and the depressions in the HNt unit 

(Late Noachian-Early Hesperian). In spite of the age consistency between delta D7 and 

the depressions, the age model for delta D7 may present more uncertainties than that for 

the depressions. Its lower counting area (~80 km
2
) can imply a higher spatial variability 

in cratering processes, as well as the exclusion of larger craters (Warner et al., 2015). 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Furthermore, the significant higher elevation of the delta D7 with respect to other deltas 

in the study area and the depressions do not permit confidence in associating its age 

with them.  

 

 

 

Fig. 6. (a, c) Crater-counting areas used for estimating the numerical age of delta D7 

and the main depression, respectively (see location in Fig. 1c). (b, d) Age models 
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showing simple cumulative fit for the formation age (red fit line), and corrected 

cumulative fits for the resurfacing events (green and blue fit lines) of the delta D7 and 

the main depression, respectively. The grey shadow bands represent the boundaries 

between the different Martian geological epochs (Michael, 2013). (e, f) Randomness 

analysis for the crater population of the delta and the depression, respectively. 

 

According to Brossier et al. (2015), the estimated age of the delta located at the 

southwestern part of the Robert Sharp crater (Fig. 1a) is ~1.30 ± 0.37 Ga (Early 

Amazonian), with delta front elevation at around -2,400 m, and an area of ~120 km
2
. 

The remarkable age difference between the delta D7 and that located at the Robert 

Sharp crater could be either related to different formation ages or to resurfacing events 

associated with possible later aqueous phases that would have obliterated the oldest 

craters on the delta at Robert Sharp crater. Ejecta deposits related to an impact crater 23 

km in diameter seems to obstruct the outlet of the ancient fluvial valley of Licus Vallis. 

These ejecta deposits probably prevented the fluvial reactivation of delta D7. 

Additionally, according to Warner et al. (2015), the selected area for confidently 

assessing the age of a surface should exceed 1,000 km
2
, whereas the mentioned deltas 

have significantly smaller areas.  

 

The randomness analysis reveals that the clustering trend of the crater population in 

the main depression is significantly larger than in the delta, which is more ordered 

(Figs. 6a, e), with craters ranging from around 100 m to 300 m in diameter in the 

depression (Figs. 6c, f). Several resurfacing events have been identified, one of them 

affecting both features ~3.5 Ga ago (Early Hesperian), probably related to late episodes 

of aqueous activity (Figs. 6b, d). In summary, the chronological analysis indicates that 
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(1) fluvial-lacustrine processes occurred in the region during the Noachian; and (2) the 

later occurrence of resurfacing events probably related to renewed flooding during the 

Early Hesperian or later. 

 

4.5 Terrestrial analogs  

 

In order to compare the putative paleolakes and the associated coastal-like features 

of Nepenthes Mensae with analog landforms on Earth, we focused our attention on 

Lake   Bonneville and Lake Lahontan, two large and deep pluvial lakes that used to be 

located in the Great Basin of western North America during the Pleistocene (e.g., 

Broecker and Orr, 1958). Lake Lahontan and Lake Bonneville reached their maximum 

water level around 15 kyr ago during the Late Pleistocene, covering areas of 22,300 km
2
 

and 51,300 km
2
, respectively (Benson et al., 2011). These paleolakes, partially 

desiccated at the present time, and their relict landforms (e.g., wave-cut platforms, 

beach ridges, spits, barriers, bars) have been proposed as terrestrial analogs for putative 

ancient lakes and oceans on Mars by multiple authors (e.g., Clifford and Parker, 2001; 

Zimbelman et al., 2004, 2005; Parker et al., 2010; Irwin and Zimbelman, 2012;). We 

chose these pluvial paleolakes for comparison with our study area due to the following 

reasons: (1) the presence of well-preserved paleoshorelines recorded by laterally 

continuous shore platforms and beach ridges developed at different water-level 

elevations (Figs. 7b, c) (e.g., Oviatt, 2015); (2) these relict coastal features resemble 

those identified along the edges of the depressions and around the residual reliefs in 

Nepenthes Mensae (Fig. 7a); (3) the presence of multiple former deltas located at the 

mouth of fluvial valleys such as the Bonneville-level delta at American Fork (Godsey et 
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al., 2005), which was first analyzed by Gilbert (1890); (4) these coarse-grained deltas 

(Gilbert-type deltas) were fed 
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Fig. 7. (a) Comparison between the putative coastal landforms in Nepenthes Mensae 

(Mars, image centered at 2°24'2"N, 124°44'10"E), and (b) those in terrestrial paleolakes 

such as Lake Lahontan (Nevada, USA; image centered at 40º14'3''N, 119º17'4''W) and 

(c) Lake Bonneville (Utah, USA; image centered at 41º29'55''N, 113º25'53''W). Arrows 

point to laterally continuous benches with consistent elevation and strandlines that 

record paleowater levels (Images from CTX and Google Earth). 

 

by high-gradient rivers associated with canyons and small watersheds (Lemons and 

Chan, 1999); (5) both terrestrial paleolakes are located within endorheic basins as seems 

to be the case of those in Nepenthes Mensae; and (6) the extent covered by the Lake 

Lahontan during its highstand (22,300 km
2
) is comparable to the sum of the surface 

areas of the paleolakes in Nepenthes Mensae during the mean highstand yielding a total 

area of ∼19,000 km
2 

(Fig. 9).  

 

The strong resemblance (i.e., morphology, morphometry, spatial relationships) 

between the analyzed landforms on Mars and the terrestrial analogs is used to support 

our geomorphic and paleohydrologic interpretations. 

 

4.6 Paleohydrological reconstruction 

 

Elevations extracted from the putative deltas and shore platforms occur within the 

elevation ranges -1,186 m to -1,975 m, and -1,811 m to -2,150 m, respectively (Fig. 8). 

Elevation values are rather scattered and collectively do not define a clear equipotential 

surface. This fact can be related to several disconnected water bodies and multiple water 

levels. Delta fronts yield a mean elevation of -1,830 m (standard deviation of 236 m). If 
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the anomalous elevation of D7 is not considered, delta fronts yield an average elevation 

of -1,902 m (standard deviation of 72 m). Collectively, benches yield a mean elevation 

value of -1,978 m (standard deviation of 57.6 m). Deltas and benches associated with 

the main paleolake (i.e., deltas D2, D3, D5, and D6; and forty-four out of the fifty-four 

benches) yield mean elevations of -1,946 m (standard deviation of 24 m) for deltas, and 

-1,986 m (standard deviation of 56 m) for benches (see dashed lines in Fig. 8). The 

mean elevations among deltas and benches are consistent and define a contour along the 

edges of the depressions. In addition, these mean elevations are coherent with the 

average elevation of deltas within the main paleolake obtained by Rivera-Hernández 

and Palucis (2019), whose value is -1,934 ± 33 m. These authors used two deltas 

documented within the main paleolake (deltas D2 and D5, as are identified in our work) 

for calculating that average elevation. It seems to correspond to a paleowater level of a 

former inland sea or of a series of interconnected lakes with sufficient persistence to 

have a significant geomorphic imprint in the landscape. Using the mean elevation value 

from deltas of the main paleolake (around -1,950 m), we have reconstructed the 

paleogeography of the paleolakes that used to occupy the depressions of Nepenthes 

Mensae (Fig. 9). According to this reconstruction, the largest paleolake reached an area 

of
 
~12,787 km

2
, an estimated water volume of 3,648 km

3
, and mean and maximum 

depths of ~290 m and ~1,000 m, respectively. Estimations for the area of the largest 

paleolake and its volume are similar to those calculated by Rivera-Hernández and 

Palucis (2019), whose values are 12,830 km
2
 and 3,890 km

3
, respectively. The sum of 

the areas of the paleolakes in Nepenthes Mensae reached ∼19,000 km
2
 during the mean 

highstand. The surface of the depressions below the reconstructed paleolake level show 

a smoother surface than that located above this level and outside the basin. This 

morphological feature, which is also observed in terrestrial paleolakes such as Lake 
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Bonneville and Lake Lahontan, may be attributed to sediment aggradation in the bottom 

of the paleolakes and exposure to erosional processes during a shorter time span, after 

the desiccation of the lakes. 

 

 

Fig. 8. Elevation values from each putative delta (plain-front junction, Table 1) and 

shore platform (inner edge) used to infer the past water levels. The dashed red and blue 

lines indicate, respectively, the mean elevation for deltas and shore platforms situated 

within the main paleolake. Note that delta D7 is located at an anomalous elevation 

compared with the rest of measured coastal landforms.  

 

The deltas associated with the main depression (i.e., D2, D3, D5 and D6) show 

consistent delta-front elevations. However, the elevation of the front of the majority of 
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the deltas that are not spatially associated with the main depression do not fall within 

their elevation range (i.e., D1a, D4, D7, and D9), with the exception of D1b and D8. 

Deltas D1a, D4, D7 and D9 show delta front elevations above -1,900 m. This fact may 

be due to different water-level elevations. We propose that the anomalous elevation of 

delta D7, which is the largest of the study area (~85 km
2
), is related to the presence in 

the past of a small enclosed depression at the mouth of Licus Vallis, perched above and 

disconnected from the main system of depressions, with a local base level located at an 

elevation of around -1,200 m (Fig. 8). A small valley occurs below this inferred basin, 

which may receive two non-excluding interpretations: (1) an overflow channel of the 

depression; (2) the stream that captured the perched depression. The delta D8 occurs at 

the mouth of this valley at an elevation of around -1,920 m, which is consistent with the 

mean water level calculated for deltas of the main paleolake. The anomalous elevation 

difference (~720 meters) cannot be explained by differential vertical displacements due 

to the lack of discrete tectonic structures between deltas D7 and D8, situated ~34 km 

apart (Fig. 10). Black et al. (2017) proposed that regional tectonic activity was low 

during the period of formation of valley networks on Mars, and Goudge and Fassett 

(2018) inferred that regional uplift was not an important factor during the configuration 

of the drainage network of Licus Vallis. Therefore, we consider that the present 

topography is similar to what existed during the incision of the drainage network and 

the development of the deltas.  

 

Multiple ―levels‖ interpreted as paleoshorelines have been identified on Mars (e.g., 

Carr and Head, 2003; Webb, 2004; Ghatan and Zilbelman, 2006). The ―Contact 1‖, 

defined by Parker et al. (1989), and renamed as ―Arabia shoreline‖ by Clifford and 

Parker (2001), is the topographically highest level of the putative Martian ocean, which 
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shows significant elevation variations along the northern plains of up to several 

kilometers,  
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Fig. 9. Inset: elevation model of the study area showing the watershed boundaries 

(white lines) and the area depicted in the overview (black polygon). The blue arrow 

indicates that the depressions probably used to connect eastward with the northern 

lowlands (HRSC-MOLA blended topography). Overview: paleogeographic 

reconstruction of the paleolakes (blue polygons), based on the mean elevation (~-1,950 

m) of the paleo-water level recorded by the putative deltas of the main paleolake. Deltas 

and shore platforms are indicated by red areas and yellow stars, respectively. The 

stream network is represented with light-blue lines. The labels indicate the location of 

the images shown in Fig. 3 (base map mosaic from THEMIS-IR day images).  

 

attributable to subsequent regional deformation caused by true polar wander (Perron et 

al., 2007). Achille and Hynek (2010) inferred an equipotential surface (referred to as 

―S‖level) from elevation values of 17 putative delta fronts located in open basins along 

the margins of the Martian lowlands. This level lies at a mean elevation of -2,540 m 

(standard deviation of 177 m), which is consistent with the mean elevation inferred for 

the Arabia level (-2,499 m) (Clifford and Parker, 2001; Achille and Hynek, 2010). This 

level is ~500 m lower than the one inferred in this work at Nepenthes Mensae (around -

1,950 m) from putative deltas of the main depression. However, these deltas were 

probably associated with an endorheic basin occupied by an inner sea or large 

interconnected paleolakes. It is possible that, at some stage, these basins became 

connected to the putative Oceanus Borealis before the water level dropped, supported 

by the fact that the depressions connect eastward to the northern lowlands (Fig. 9). 

However, this possible connection to a northern ocean would require a more detailed 

investigation. 
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Fig. 10. Context map with 100 m contour lines showing the spatial-altitudinal 

distribution of deltas D7 and D8 (red polygons), as well as the respective paleolakes 

(blue polygons). Delta D7 includes interior high points likely representing bedrock 

inliers, which probably controlled the formation of two delta lobes (CTX mosaic over 

HRSC topography). 

 

4.7 Geomorphological history 
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In order to summarize the geomorphological evolution of the study area, focusing 

on the history of the paleolakes, we propose the following possible sequence of events: 

(1) The large depressions that hosted the paleolakes were formed along the dichotomy 

boundary during the Noachian. The origin of these basins could be related to various 

types of large-scale deformation processes, although it remains uncertain. (2) Fluvial 

processes initiated with the presence of liquid water and runoff resulted in the 

development of valleys carved into the mNh unit in the highlands. These N-directed 

drainage systems fed the paleolakes developed in the endorheic depressions located 

along the dichotomy. (3) The presence of long-standing water bodies and relatively long 

periods of lake-level stability permitted the formation of deltas at the mouth of the 

valleys and coastal benches along the margins of the depressions and around residual 

reliefs. (4) The paleolakes probably experienced a long-term water-level decline 

punctuated by periods of stability, as supported by inset benches at different elevations. 

(5) The resurfacing events suggested by the chronological analysis carried out in the 

bottom of the depressions could be related to new flooding events during the Early 

Hesperian or later. (6) Finally, hydrological activity in the region declined and as a 

result the paleolakes desiccated. This situation allows the observation of the relict 

geomorphic features related to former base levels, as occurs in the proposed pluvial 

paleolakes as terrestrial analogs. At the present time, the landscape is being modified by 

depositional and erosional eolian processes as recorded by dune fields and yardangs. 

 

5. Conclusions 

 

The fan-shaped and terrace-like features identified in Nepenthes Mensae are likely 

relict Gilbert-type deltas and shore platforms, respectively, developed along 
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paleoshorelines. This interpretation is supported by several lines of evidence: (1) their 

spatial distribution, with putative deltas linked to the mouth of drainage networks, and 

benches located along the margins of the depressions and around prominent residual 

reliefs; (2) their morphological resemblance with other Martian landforms attributed by 

other authors to relict deltas and markers of paleoshorelines; (3) the lateral continuity 

along kilometers of the gently-sloping benches; (4) the elevation consistency among the 

benches and deltas as shown by their altitudinal distribution; (5) the detection of 

hydrated minerals (Fe/Mg smectites) occurring in the surface of the front of a delta 

analyzed near the study area, indicative of the existence of liquid water in the past; and 

(6) the analogy between these ancient Martian landforms and those documented in 

Pleistocene paleolakes, such as Lake Bonneville and Lake Lahontan, including the 

extent and endorheic nature of these terrestrial paleolakes and those inferred in 

Nepenthes Mensae. Assuming that the current regional topography is similar to the one 

that existed during the development of the analyzed landforms, their elevations 

permitted us to approximately determine the mean water level at around -1,950 m 

corresponding to an ancient inner sea or a system of interconnected paleolakes that 

occupied the belt of NW-SE trending depressions. This past water level is consistent 

with the mean elevation reported for the mean Arabia level. The paleolakes may have 

experienced a long-term water-level decline punctuated by periods of stability, as 

supported by inset benches at different elevations. These findings shed light into the 

paleogeography and paleohydrologic conditions in the Nepenthes Mensae region during 

the Late Noachian-Early Hesperian transition. They also contribute to contextualize the 

continuous findings on the environmental and climatic conditions in nearby Gale crater 

at a similar time; and illustrates the important morphogenetic role that liquid water may 

have played on Mars in the past. 
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