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ABSTRACT: As one of the prominent landforms in the Zhurong landing region, mesas are geological 
features with flat tops and steep marginal cliffs. The mesas are widely distributed along the dichotomy 
boundary. There are various interpreted origins proposed for the mesas, such as the erosion of sedimen‐
tary layers, tuyas eruptions, or surface collapse due to the catastrophic release of groundwater. We in‐
vestigate the detailed morphological characteristics of the mesas on the Late Hesperian Lowland unit 
within the Utopia Planitia. We observe morphological evidence for both the ice-bearing interior mesas 
and the sedimentary origin, including (1) small pits on the crater wall and mesa cliff formed by the re‐
lease of volatiles like ice; (2) lobate flows at the base of mesas formed by the melting of subsurface ice; 
(3) layered mesas indicating sedimentary origin; (4) grooves on the top surface of mesas formed by the 
volumetric compaction of sedimentary deposits. The results indicate that the mesas in the study area are 
formed by the erosion of sedimentary layers and representative of the Noachian oceanic sediments. We 
propose an evolutionary model for the mesas. This study will provide some insights into future research 
of ancient ocean hypothesis of Mars and interesting targets for the exploration of the Zhurong rover.
KEY WORDS: mesas, ancient oceans, Tianwen-1, Utopia Planitia, Mars, planetary surface analysis.

0 INTRODUCTION 
Utopia Planitia, a significant component of the martian 

northern lowlands, is formed by the fill of one or more Noachi‐
an giant impact basins (McGill, 1989). The Zhurong rover of 
China’s Tianwen-1 mission successfully landed in southern 
Utopia Planitia (109.925°E, 25.066°N) on May 15, 2021 (Liu 
et al., 2022). There are various geomorphic features in the Zhu‐
rong landing area, such as mesas, pitted cones, polygonal 
troughs, mounds and aeolian bedforms (Gou et al., 2022; Lin 
et al., 2022; Wu B et al., 2021; Wu X et al., 2021; Zhao et al., 
2021). The mesas are characterized by positive relief with flat 
tops and steep marginal cliffs. There are various origins for the 
mesas, including the erosion of sedimentary layers by valleis 
(McNeil et al., 2021; Jakobsson and Gudmundsson, 2008; Ir‐
win, 2004; Malin and Edgett, 2000), tuyas eruption related to 
sub-glacial magmatic activities (Martínez-Alonso et al., 2011; 
Chapman, 2002; Chapman and Tanaka, 2001) and surface col‐
lapse due to catastrophic release of groundwater associated 

with the melting of subsurface ice by magma intrusions (Mer‐
esse et al., 2008). In this study, we focus on the detailed mor‐
phological analysis of mesas on the Late Hesperian Lowland 
(LHL, Tanaka et al., 2014) unit within the Utopia Planitia. We 
identified features on some mesas related to the activities of 
water-ice or CO2 ice, such as small pits and lobate flows. And 
there are layered characteristics on the marginal cliffs of me‐
sas. These results reveal that mesas in the study area are ero‐
sional remnants of ice-bearing sediments. Based on these ob‐
servations, we proposed the formation and evolution of mesas 
in the study area. Currently, the nearest mesas are about 24 km 
from the Zhurong rover. These mesas are potential targets for 
the Zhurong rover to reveal the depositional history of the mar‐
tian northern plains.

1 REGIONAL SETTING 
The study area locates at the southern margin of Utopia 

Planitia, with Isidis Planitia to the southwest, Nephenthes Pla‐
num to the south, and Elysium Mons to the east (Fig. 1). It be‐
longs to the LHL unit (Tanaka et al., 2014), a Late Hesperian 
sedimentary unit, consists mainly of clastic material from the 
southern plateau transported by outflow channels (Buczkowski 
et al., 2012; Kreslavsky and Head, 2002a; Parker et al., 1989). 
These sediments compose the Vastitas Borealis Formation 
(VBF), potential remnants of the Hesperian Ocean (Kreslavsky 
and Head, 2002b). The unit beneath LHL unit is the ridged 
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plain, an extensive lava plain, represents the volcanic and tec‐
tonic activities in the Early Hesperian (Kreslavsky and Head, 
2002b). Mesas in the study area are surrounded or partially 
covered by the VBF and are not buried by the ridged plain ma‐
terials, indicating that the mesas are remnants of the Noachian 
sedimentary layers (Malin and Edgett, 2000).

2 DATA AND METHODS 
2.1 Data　

We used Context Camera (CTX; Malin et al., 2007) global 
mosaic (~6 m/pixel; Dickson et al., 2018) to identify and carry 
out geomorphological analysis of the mesas in the study area 
with QGIS (https://qgis.org/en/site/). We applied a digital eleva‐
tion model (DEM, ~200 m/pixel; Fergason et al., 2018) ob‐
tained by blending the Mars Orbiter Laser Altimeter (MOLA; 
Smith et al., 2001) and High-Resolution Stereo Camera (HRSC; 
Jaumann et al., 2007) data to measure the mesas’  base and top 
elevations. We used the data acquired by Tianwen-1 orbiter’s 
High Resolution Imaging Camera (HiRIC, ~0.5 m/pixel; Meng 
et al., 2021) and High Resolution Imaging Science Experiment 
(HiRISE, ~25–30 cm/pixel; McEwen et al., 2007) to investigate 
the detailed morphological characteristics of the mesas.

2.2 Methods　
2.2.1 Identification and geomorphology analysis　

To identify mesas in the study area, we determined two 
identification criteria: flat top and steep marginal cliffs. We 
used the DEM and CTX images to vectorize mesas. We mea‐
sured the geometrical parameters of mesas through the DEM. 
For the primary mesas, the parameters include top surface ele‐
vation (Etp), base elevation (Ebp), and height (Hp). We also mea‐
sured the corresponding parameters for the secondary features 
on the primary mesas. For the secondary mesas and domes, we 
only measured three geometrical parameters, including top sur‐
face elevation of secondary mesas (Etm), top elevation of sec‐
ondary dome (Etd), height of secondary mesas (Hm) and height 

of secondary domes (Hd) as the limitation of DEM resolution 
(Fig. 2). The following sequential steps are our specific mea‐
surement methods: (1) determining and delineating the top and 
base edges for the primary mesas and secondary features 
through CTX images in QGIS, note that the craters on the sur‐
face need to be excluded; (2) extracting the elevation from 
DEM through the “Zonal statistics” of QGIS, and using the 
mean value as corresponding geometric parameters.

3 RESULTS 
Based on the above data and methods, we identified a to‐

tal of 791 mesas in the study area (Fig. 3). Most of the identi‐
fied mesas in the study area are distributed along the southern 
margin of Utopia Planitia and within the region bounded by the 
-3 600 and -3 900 m contours.

3.1 Morphometric Analysis　
We measured the geometrical parameters of 719 mesas 

through DEM, the Etp ranged from -4 480.3 to -3 405.7 m, aver‐
aged at -3 667 m; Ebp ranged from -4 483 to -3 458 m, averaged 
at -3 734 m; Hp ranged from 1 to 416 m, averaged at 98 m; Etm 
ranged from -4 390 to -3 403.2 m, averaged at -3 609.3 m; Etd 
ranged from -4 378 to -3 333 m, averaged at -3 597 m; Hm 
ranged from 1.5 to 193.3 m, averaged at 43.4 m; Hd ranged 
from 1 to 367 m, averaged at 51.3 m. We mapped the Etp data 
as random sequences, and the result shows that the top surface 
elevations of mesas are distribute in a horizontal zone (be‐
tween -3 700 and -3 400 m). The mean elevation of the hypo‐
thetical Hesperian paleoshoreline is about -3 760 m (Head et 
al., 1999), slightly lower than the horizontal zone.

3.2 Classification of the Mesas　
According to the top surface morphology and topographic 

profiles, we classified the mesas in the study region into four 
types. Types Ⅰ-Ⅳ are all characterized by flat top, while Type Ⅰ 
with no secondary landforms (Fig. 4a), Type Ⅱ develop second‐

Figure 1. Regional topography of the study area. The white polygon indicates the study area (consistent with the LHL cell in Tanaka et al., 2014), and the red 

star is the Zhurong landing site (Mars Orbiter Laser Altimeter (MOLA; Smith et al., 2001) elevation map overlying on the MOLA shaded relief map).
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Figure 2. Schematic diagrams of the measurement parameters of mesas. (a) Mesa with summit small secondary mesa outlined by the orange dash line (CTX 

global mosaic, center at 20.574°N, 125.383°E). (a’) The schematic diagram shows the morphological parameters of mesa in (a). (b) Mesa with summit second‐

ary dome outlined by the orange dash line (HiRISE Image: ESP_042195_2035, center at 23.256°N, 110.613°E). (b’) The schematic diagram shows the mor‐

phological parameters of mesa in (b).

Figure 3. Distribution of identified mesas in the study area. The solid black line is the outline of LHL unit in the study area, the star is the Zhurong landing site, 

the blue-green dots are the locations of the identified Type 1 mesas, the light yellow dots are the locations of the identified Type 2 mesas, the orange dots are 

the locations of the identified Type 3 mesas, the rose-red dots are the locations of the identified Type 4 mesas, the solid red line is a potential paleoshoreline 

(Ivanov et al., 2017). The base map is a contour map with 300 m intervals generated from the DEM.
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ary mesas (Fig. 4b), Type Ⅲ have top domes (Fig. 4c), and 
Type Ⅳ with ridges on its top surfaces (Fig. 4d). Among the 
mesas in the study area, there are 552 Type Ⅰ , 62 Type Ⅱ , 110 
Type Ⅲ, and 67 Type Ⅳ.

3.3 Special Morphological Features　
3.3.1 Small pits on the craters wall and steep marginal 
cliffs　

Some impact craters are visible on tops of the mesas, and 
rimless pits occur on the equator facing walls of these craters 
(Figs. 5a–5e). Similar features are usually formed by the ener‐
getic release of subsurface volatiles (Orgel et al., 2019). We al‐
so observed similar pits on the steep marginal cliffs of mesas 
(Figs. 5f, 5g). In the pits on the mesas’  cliff wall, there are 
some low albedo materials (Figs. 5f, 5g). The low albedo mate‐
rials are the main component of dark sand dunes (e.g., Bagnold 
Dune Field in Gale crater; Achilles et al., 2017; Ehlmann et al., 
2017) and composed by mafic silicate minerals or rock frag‐
ments (Zhao et al., 2021). The pits on the craters’  wall and 

cliffs of mesas both have raised rims and irregular shapes. 
Most of the pits are distributed on the equatorial-facing walls 
of the craters and cliffs. The distribution characteristics of 
small pits indicates their formation controlled by the insolation 
(Orgel et al., 2019). The pits may indicate ice-bearing sublima‐
tion layers near the surface (Zhao et al., 2021). Therefore, the 
interior of mesas with pits in the top surface craters or on the 
steep cliffs contain volatile materials.

3.3.2 Lobate flows on the cliffs　
We observed that there are lobate flows on the steep mar‐

ginal cliffs of mesas in the study area (Fig. 6). The lobate flows 
are positive topography, mainly distributed along the base of 
mesas. On Earth, the mass wasting on slopes caused by the ac‐
tion of freeze-thaw can generate similar features called as soli‐
fluction lobes (Kellerer-Pirklbauer, 2018; Price, 1974), consis‐
tent with the presence of subsurface ice. The lobes formed by 
freeze-thaw are also observed on the craters wall at high lati‐
tudes on Mars (Johnsson et al., 2012; Gallagher et al., 2011). It 

Figure 4. Classification of mesas. The left column is a typical image (CTX global mosaic). The middle column includes the vectorized mesas, blue and red 

lines indicate the mesas base and tops respectively. The right column contains the elevation profiles of mesas from DEM.
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is a typical periglacial landform. Alternatively, the origin of 
mass wasting of fine-grained volatile-free debris cannot be 
ruled out completely.

3.3.3 Layered mesas　
In the Hephaestus Fossae region, some mesas are cut by 

the valleys and expose the interior materials (Figs. 7a, 7a’ , 7b, 
7b’). There are visible layered features on the outcrops of me‐
sas (Figs. 7a’ , 7b’), and it is absence in valley walls at the 
same height. The layered mesas are constituted by rocks with 
different resistance to erosion and indicate a sedimentary origin.

3.3.4 Grooves on the mesas top surface　
There are grooves cut the tops surface of some mesas in the 

study area (Fig. 7c). Some grooves filled with aeolian bedforms 
(Fig. 7c’) are similar to the polygonal troughs within the Zhu‐
rong landing regions (Zhao et al., 2021). Such polygonal troughs 
are widely distributed in the central part of Utopia Planitia (Ye et 

al., 2021; Ivanov et al., 2014), which formed by the volumetric 
compaction of sedimentary deposits (Buczkowski et al., 2012).

3.3.5 Partially buried mesas　
We identified some mesas partially buried by the lobate 

flows of VBF (Fig. 7). The margins of VBF are characterized 
by the lobate flows. The mesas obstructed the forward move‐
ment of the lobate flow and separated it into two lobes (Fig. 
8b). The law of superposition indicates that the mesas is older 
than the VBF. Previous research has dated the VBF with an age 
of ~3.6 Ga (Ivanov et al., 2017). Thus, the mesas are older than 
~3.6 Ga, and may be the remnants of Noachian strata.

4 DISCUSSION 
4.1 Origin of the Mesas　

On Earth, there are various formation mechanisms for me‐
sas that have similar morphological characteristics, such as 
stratigraphic erosion (Migoń et al., 2020; Hack, 1942) and 

Figure 5. Small pits on the craters wall and mesas cliffs. (a) Mesa with small craters on the top surface (HiRISE image: ESP_047061_2010, centered at 20.766°

N, 106.633°E). (b)–(e) Small pits (white arrows) on the craters’  equatorial-facing wall. (f), (g) Pits (white arrows) with central low albedo materials on the steep 

marginal cliffs of mesas (f), HiRISE Image: ESP_028310_2030, centered at 22.665°N, 98.743°E; (g) CTX global mosaic, centered at 22.703°N, 98.671°E.
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tuyas eruption (Edwards et al., 2015; Russell et al., 2014). Be‐
yond the landing area of Zhurong, the mesas are also devel‐
oped on the craters floor and the source depressions of the out‐
flow channels on Mars (Meresse et al., 2008). To determine the 
origin of the mesas in our study region, we compared them 
with similar features both on Earth and other regions of Mars.

4.1.1 Tuyas　
The volcanic eruptions underlying continental ice sheets 

could form lava-capped tuyas with flat tops (Edwards et al., 
2015; Mathews, 1947) (Fig. 9a). The formation of tuyas can be 
divided into four stages: (1) dike intrusion, the interaction of ef‐
fusive lava and overlying ice sheets formed a sub-ice cavern 
filled with melting water and pillow lava; (2) eruption type trans‐
form from effusive to explosive eruption due to the thinning of 
the ice sheets and involvement of volatiles; (3) formation of the 
lava cap as the caldera broke through the ice sheets and englacial 
lake and the laterally moving of magmas; (4) volcanic activities 
cease and exposing tuyas with the ice sheets decayed (Edwards 

et al., 2015). To determine whether a landform is tuya, the fol‐
lowing characteristics need to be met: (1) identifiable lava flows 
need to be present at the top due to the low erosion of the tuya; 
(2) the upper part of the tuya is covered by lava flows and the 
lower part is interbedded fragmental material (Mathews, 1947). 
However, we did not observe any features consisting with the 
characteristics to identify tuyas described above. Therefore, it is 
unlikely that the mesas in the study area are tuyas.

4.1.2 Stratigraphic erosions　
The original plateau can be eroded into mesas by the rivers 

and other weathering agents (Migoń et al., 2020). To form me‐
sas, the original plateau should be composed of high erosion re‐
sistance rocks overlying weak materials, such as sandstones/  
basaltic lavas on mudstones (Figs. 9b, 9c) (Migoń et al., 2020; 
Thiéblemont et al., 2016; Hack, 1942). The northern plains of 
Mars formed many polygonal troughs under thermal contrac‐
tion (Mangold, 2018) or volumetric compaction (Buczkowski 
et al., 2012), similar to the original plateaus separated by trough 

Figure 6. Lobate flows on the cliffs of mesas. (a) Lobes (white arrows) on a layered mesa with summit dome (HiRISE Image: ESP_072843_2045, centered at 

24.209°N, 98.967°E). (b) Lobes (white arrows) on a mesa with summit ridges (HiRISE Image: ESP_026925_2050, centered at 24.544°N, 106.877°E).
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valleys on Earth. The subsequent erosion and expansion of po‐
lygonal troughs could generate mesas. There are no secondary 
mesas (Fig. 9b) on the top surface of mesas formed by the ero‐
sion of sedimentary rocks covered by basalt flows (Fig. 9c). 
Therefore, we prefer that the mesas in the study area are ero‐
sional remnants of sedimentary rocks with different resistance.

4.1.3 Collapse-related catastrophic flows release　
The chaotic terrains, usually distributed on the crater’s floor 

and the source regions of the outflow channels, are also com‐
posed of many mesas (Fig. 9d). It has been proposed that the in‐
trusion of a volcanic sill into the cryosphere causes the melting 
and release of massive groundwater. Subsequently, the mesas 

Figure 8. Partially buried mesas. (a)–(b) Mesas that were partially buried by the lobate flows of VBF (indicated by the yellow arrows), centered respectively at 

22.875°N, 97.314°E (a) and 20.868°N, 102.999°E (b), CTX global mosaic.

Figure 7. Layered mesas in the Hephaestus Fossae region. (a), (a’) A valley cuts the mesa, exposing layered materials (white arrows) on the outcrops (HiRISE 

Image: ESP_057834_2005, centered at 20.491°N, 121.717°E). (b), (b’) One mesa with summit dome is cut by two valleys and there are many thin layers 

(white arrows) on the valleys wall (HiRISE Image: PSP_008622_2010, centered at 20.701°N, 123.465°E). (c), (c’) One trough (white arrows) with interior aeo‐

lian bedforms on the top surface of mesa (HiRISE Image: ESP_072395_2110, centered at 30.598°N, 91.274°E).
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are generated by the crack and collapse of the surface (Meresse 
et al., 2008). There is distinct ground subsidence in the topo‐
graphic profiles of the mesa and signs of magmatic activities on 
the floor of Chaos (Meresse et al., 2008). We do not observe simi‐
lar characteristics in the mesas in our study region. Despite this, 
the origin of ground collapse cannot be ruled out completely.

4.2 Evolutionary History of Mesas　
It has been proposed that there used to be two oceans in 

the geological history of Mars, one during the Late Noachian 
and a later one during the Late Hesperian (Head et al., 2018; 
Carr and Head, 2010). The VBF is potential remnants of Hes‐
perian Ocean (Kreslavsky and Head, 2002a) and its lobate mar‐
gins may represent the paleoshorelines called Deuteronilus 
Levels (Parker et al., 1993, 1989). However, there are hardly 
any evidence has been preserved for the Noachian Ocean and 
its shorelines. On the one hand, the Hesperian Ocean obscured 

the central remnants of Noachian Ocean; on the other hand, pa‐
leoshorelines of the Noachian Ocean are hardly preserved due 
to the resurfacing by impact craters and lava flows (Sholes and 
Rivera-Hernández, 2022). The results of our analyses show 
that the mesas in the study area are more likely to be erosional 
remnants of the original sedimentary strata before the VBF. 
Malin and Edgett (2000) suggested that the layered mesas are 
possible Noachian sediments. Based on the ancient oceans hy‐
pothesis and the origin of mesas, we propose a scenario for the 
evolution of the mesas, which will be elaborated below.

We divide the formation of mesas in the study area into 
five stages. The first stage (Fig. 10a), during the Early–Mid No‐
achian, ancient ocean deposited thick sediments. The second 
stage (Fig. 10b), during the Late Noachian, the Martian climate 
transformed into cold (Carr and Head, 2010), the surface tem‐
peratures were largely dependent on elevation (Wordsworth et 
al., 2013), and the northern plains were warmer than the south‐

Figure 9. The analogues for mesas in the study area both on Earth and Mars. (a) Herðubreið, Iceland, subglacial eruptions forming tuya (Google Earth, cen‐

tered at 65.177°N, 16.346°E). (b) Mesa of the Tassili n’Ajjer in southeastern Algeria with summit secondary mesa, formed by the erosion of dark sedimentary 

rocks (Thiéblemont et al., 2016) (Google Earth, centered at 25.581°N, 7.581°E). (c) Mesa of the Hopi Buttes area in the southern Navajo Country, Arizona, ba‐

saltic flows overlying mudstones (Billingsley et al., 2013; Hack, 1942) (Google Earth, centered at 35.264°N, 110.233°E). (d) Mesas of Hydraotes Chaotic Ter‐

rain on Mars (THEMIS-IR-Day images, centered at 1.401°N, 34.873°W).
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ern highland as the adiabatic cooling effect (Palumbo and 
Head, 2019). All of these caused the water of northern plains 
accumulated on the southern plateau as ice and snow. Subse‐
quently, the decline of groundwater table resulted in the ocean‐
ic regression and the development of polygonal troughs on the 
exposed sediments. The erosion and expansion of the troughs 
formed the mesas which corresponding to the secondary me‐
sas. The third stage (Fig. 10c), during the Late Noachian–Early 
Hesperian, the martian climate was cold and dry as today, 
which caused another distinct decline of groundwater table and 
formed the mesas corresponding to the primary mesas in the 
study area. The fourth stage (Fig. 10d), during the Late Hes‐
perian, the outflow channels transported massive groundwater 
and sediments into the northern plains (Shi et al., 2022; Tanaka 
et al., 2014; Carr, 1979) to form the Hesperian Ocean. The sea 
level rise buried most features of the earlier regression, which 
also explains that the mesas are mainly distributed along the 
edge of the Utopia Basin and partially buried by the lobate mar‐
gins of VBF (Fig. 8). The fifth stage (Fig. 10e), from Late Hes‐
perian to Amazonian, the Hesperian Ocean was shrank as the 
cease of outflow channels. The erosion and sublimation of un‐
derground ice formed the VBF, remnants of Hesperian Ocean, 
and the polygonal troughs near the center of the basin.

5 CONCLUSIONS 
We conduct detailed identification and morphological anal‐

ysis of mesas on the Late Hesperian Lowland unit within the 
southern margin of Utopia Planitia. The results indicate that me‐
sas in the study area are more likely to be erosional remnants of 
the Noachian sedimentary strata. Based on this conclusion, we 
propose an evolutionary history for the mesas. During Early and 
Middle Noachian, the oceanic activities deposited a thick layer 
of sediments. Subsequently, the Martian climate changed cold, 
which caused frozen of the ocean. The water or ice of northern 
lowland gradually accumulated as ice and snow on the southern 
plateau under adiabatic cooling, which resulted in decline of the 
groundwater table. The following erosion formed the secondary 
mesas units and primary mesas as two distinct groundwater loss 
of the northern lowland. Late Hesperian outflow channels inject‐
ed catastrophic flows into the northern plains, and leaded to the 
sea level rise. The features of Noachian Ocean are obscured by 
the Hesperian Ocean, and only leaving the mesas.
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