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A B S T R A C T   

Tianwen-1 is China’s first independent Mars exploration mission. The rover “Zhurong” landed in the southern 
Utopia Planitia where various landforms such as impact craters, pitted cones, troughs, and aeolian features are 
present. In this study, we identified a special type of small-sized mounds in the Zhurong landing region using 
high-resolution images acquired by the Tianwen-1 orbiter. We made a detailed investigation on the morphology 
of the small-sized mounds as well as pits occurring on them. The small-sized mounds are usually <10 m in height 
and 50–150 m in diameter, while the pits are ~45 m in width and ~3.4 m in depth. By comparing with landforms 
of similar appearance, e.g., mud volcanos, ring-molded craters (RMCs), pingos, pedestal craters, and lava domes, 
we suggest that the small-sized mounds are most likely to be lava domes in origin due to similarities in the shape 
and rocky materials of the mounds. The pits spatially associated with the mounds are likely to be generated by 
the sublimation of subsurface volatiles after the formation of the mounds. This study provides additional 
interesting targets for the future exploration of the Zhurong rover to reveal the magmatic activities and volatile 
distribution and circulation in the Utopia Planitia.   

1. Introduction 

The Utopia Planitia, a large plain centered at 117.52◦E and 46.74◦N 
with a diameter of about 3300 km, was formed by the infill of the Utopia 
Basin in the northern lowlands of Mars (McGill, 1989). Five main 
geomorphological units have been identified in the plain: the Early 
Hesperian Transition unit (eHT), the Late Hesperian Lowland unit (lHL), 
the Early Amazonian Basin unit (eAB), the Middle Amazonian Lowland 
unit (mAL), and the Amazonian Volcanic unit (AV) (Tanaka et al., 2005; 
Tanaka et al., 2013). On May 15, 2021, the Zhurong rover of Tianwen-1 
mission, successfully landed on the southern Utopia Planitia at 109. 
926◦E, 25.066◦N (Liu et al., 2022) (Fig. 1). The landing area is within a 
geomorphological unit mapped as the lHL (Tanaka et al., 2005; Tanaka 
et al., 2013). The unit is mainly composed of the Late Hesperian Vastitas 
Borealis Formation (VBF) materials that are extensively distributed in 
the northern plains. The VBF has been interpreted as sediments of 
fluvial, lacustrine, or marine in origin (Kreslavsky and Head, 2002; 
Tanaka et al., 2005), and superposed on the Early Hesperian ridged 

plains (Kreslavsky and Head, 2002). The characteristics of VBF could 
lead to additional insight into the history of the sediments and water 
activity in the northern plains (Kreslavsky and Head, 2002; Tanaka 
et al., 2005). 

One of the main scientific objectives of the Zhurong rover is to 
investigate the surface morphology and geology of the landing site (Li 
et al., 2021; Zou et al., 2021). Currently, a diversity of landforms has 
been identified in the landing region, including impact craters, pitted 
cones, troughs, ridges, aeolian bedforms, volcanic units, etc. (Ivanov 
et al., 2014; Wu et al., 2021a; Wu et al., 2021b; Ye et al., 2021; Zhao 
et al., 2021; Ding et al., 2022). In this study, we identified ~1300 small- 
sized mounds in the Zhurong landing region (Fig. 1: 109.8–110.8◦E, 
23.5–26.0◦N) with images acquired by the High Resolution Imaging 
Camera (HiRIC) aboard the Tianwen-1 orbiter (Meng et al., 2021; Liu 
et al., 2022), 655 of which developed pits on the flanks. They are 
different from mounds previously identified on Mars: mounds in the 
Amazonis Planitia and Acidalia Planitia interpreted to be rootless vol-
canic cones (Frey and Jarosewich, 1982; Greeley and Fagents, 2001; 
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Lanagan et al., 2001; Fagents et al., 2002; Fagents and Thordarson, 
2007), mounds located in mid-latitude areas such as Utopian Planitia 
with a potential pingo origin (Gurney, 1998; Soare et al., 2005; Burr 
et al., 2009; Depablo and Komatsu, 2009), and mounds in Acidalia 
Planitia that are interpreted as mud volcanos (Oehler and Allen, 2010). 
We have carried out a detailed identification and morphological inves-
tigation of the small-sized mounds in the landing area to reveal their 
origin and development. This study will provide additional interesting 
targets for the future exploration of the Zhurong rover and shed light on 
the magmatic activities and volatile evolution of the southern Utopia 
Planitia. 

2. Data and methods 

In this research, we mainly used the digital elevation model (DEM, 
3.5 m/pixel) and Digital Image Model (DIM, 0.7 m/pixel) that were 
derived from Tianwen-1 HiRIC (Liu et al., 2022; Meng et al., 2021; Yan 
et al., 2021) to identify and measure the small-sized mounds. The gen-
eration of DEM data relies on multiview stereo images (Liu et al., 2022). 
The Mars Reconnaissance Orbiter (MRO) Context Camera (CTX) images 
are used as the horizontal position control reference, and the three- 
dimensional coordinates of each point are generated through a series 
of optimization calculations, then a regular grid of DEM data was pro-
duced (Liu et al., 2022). We also utilized images and derived DEM of the 

High-Resolution Imaging Science Experiment (HiRISE: ~0.3 m/pixel, 
McEwen et al., 2007) where available. 

Identification and geomorphological analysis of the mounds were 
conducted in ArcGIS. We used the circle to outline the base of the small- 
sized mound and delineated the mound range with DEM data. We 
measured pits through ellipse fitting with HiRIC and HiRISE data. 

We use the Average Nearest Neighbor tool in ArcGIS to analyze the 
spatial distribution of small-sized mounds in the study region. The tool 
measures the distance between the center of each mound and its nearest 
neighbor. It subsequently calculates the ratio (R) between the average 
nearest neighbor distance to the expected average nearest neighbor 
distance (=1/ ̅̅̅ρ√ , ρ means the number of individuals per unit of area) 
(Clark and Evans, 1954). If R is <1, the mounds are clustered, otherwise 
the mounds are random (R = 1) or dispersed (R > 1) (Clark and Evans, 
1954; Bruno et al., 2006). 

3. Observations 

Based on the HiRIC images, we identified ~1300 small-sized mounds 
within the study area (Fig. 1), which can be classified into three types: 
Type I are small-sized mounds with relatively smooth surfaces (Fig. 2a); 
Type II have pits at the base of the small-sized mounds (Fig. 2b); Type III 
have pits on their flanks and the pits are higher in elevation than the 
surrounding plains (Fig. 2c). The R of the Average Nearest Neighbor 
output is 0.7, which indicates the mounds in the Zhurong landing region 
are clustered. We observed that the north-east flanks of Type II and III 
small-sized mounds surfaces are rough and degraded while the south- 
west flanks are relatively smooth. The small-sized mounds are likely 
to be bedrock features covered with loose materials. Some mounds 
occurred on the ejecta blanket of the craters and around the ridges. 
There are no small-sized mounds in the troughs nor on the flanks of the 
pitted cones of previously mapped studies (Mills et al., 2021; Zhao et al., 
2021) (Fig. 1). 

3.1. Small-sized mound morphology 

Most of the small-sized mounds are <10 m in height, with or without 
relatively flat tops. The basal diameters of the small-sized mounds vary 
in the range of 50–150 m with more than half of the small-sized mounds 
being <100 m (Fig. 3a), and the slopes of the small-sized mounds are 
concentrated between 5◦ and 15◦. We found the linear relationship be-
tween diameters and heights of the small-sized mounds: the ratio of 
height/diameter (H/D ratio) is 0.023–0.200 with a mean value of 0.081 
for all of the mounds (Fig. 3b). In addition, the H/D ratio of type I small- 
sized mounds is 0.020–0.200 with a mean value of 0.083, and that of 
type II and III small-sized mounds is 0.034–0.140 with a mean value of 
0.080 (Fig. 3b). 

3.2. Pit morphology 

We identified 655 small-sized mounds with pits in the study region 
(Fig. 1). These pits are irregular in shape and concentrated on the 
northeast (NE) side of the mounds (Fig. 2b and c). We measured more 
than a dozen pits with available HiRISE DEMs, and the average depth of 
the pits is ~3.4 m, with a standard deviation of 3.8. And small humps 
(maybe rocky materials) can be found on the bottoms of some pits 
(Fig. 4a, b, and c). The average width of the pits is ~45 m. The bottoms 
of the pits at the base of the small-sized mounds are slightly lower than 
the surrounding plains (Fig. 2b). Pits on the flanks of the small-sized 
mounds are elevated (Fig. 2c). Most of their bottoms show similar 
roughness to the surrounding area, but some of them have a slightly 
higher albedo than their surroundings. We characterize the distribution 
of the pits using a rose diagram (Fig. 5), in which the orientations of the 
pits are represented with a line between the center of a pit and the center 
of the host small-sized mound. The pits are preferably occurring on the 
NE side of the small-sized mounds. 

Fig. 1. Regional topography and the distribution of small-sized mounds in the 
study area. White dots represent small-sized mounds with pits and black dots 
represent those without pits. Pink dots represent pitted cones, red lines repre-
sent ridges, and blue lines represent troughs. The colour-coded map is the HiRIC 
Digital Elevation Model (DEM). The upper right inset is the topographic context 
of the study area from the Mars Orbiter Laser Altimeter (MOLA) Mission 
Experiment Gridded Data Record (MEGDR), and the red star indicates the 
location of the Zhurong lander. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

4.1. The origin of the small-sized mounds 

According to the morphological characteristics of the small-sized 
mounds, possible origins of them are accretion (as mud volcanos), 
deflation (as ring-mold craters or pedestal craters), or inflation (as 
pingos or lava domes). As some small-sized mounds expose the under-
lying rocky materials (Fig. 4c) and some pits show small humps that may 
be underlying rocky materials (Fig. 4a and b), we propose a two-layer 
structural model for the small-sized mounds. The upper layer is domi-
nated by loose materials and the lower layer is dominated by the sub-
surface rocky materials (Fig. 6), which is consistent with the 
stratigraphic model proposed by Zhao et al. (2021). Based on the in-
vestigations and analyses above, five possible origins for the small-sized 
mounds, i.e., mud volcanos, ring-mold craters (RMCs), pingos, pedestal 
craters, and lava domes, are discussed in detail as follows. 

4.1.1. Mud volcanos 
Mud volcanos are mainly concentrated on convergent plate margins 

on Earth, with basal diameters ranging from a few hundred meters to 2 
km and heights of up to 600 m (Kopf, 2002). The subsurface structures of 
the mud volcanos are called piercement structures, which mainly 
include diapirs, domes, pipes, etc. (Mazzini and Etiope, 2017). The 
shapes of mud volcanos include conical, pie-shaped, and growing diapir- 
like (Mazzini and Etiope, 2017). Conical mud volcanos are most similar 
to traditional magmatic volcanos, with a crater at the top of the raised 
conical unit, while pie-shaped volcanos are similar to a dome with a 
smooth surface (Mazzini and Etiope, 2017). Other shapes of mud 
volcanos are not described here because they are not similar to the 
shapes of the small-sized mounds in the landing area. When large masses 
of sediments and fluids emplaced, mud volcanos can form if the surface 
cap cracks and activated fluids gush upward (Dimitrov, 2003; Mazzini 
and Etiope, 2017) (Fig. 7a). Buoyancy and pore-fluid pressure are 
considered to be the main driving forces for mud volcanos (Dimitrov, 
2003). There are three possible sources of water in mud volcanos, (1) 
seawater left over from ancient oceans, (2) mineral-bound water, and 

Fig. 2. (a) Type I small-sized mound without pit and its topographic profile derived from HiRIC DEM (HiRIC image: HX1_GRAS_HIR-
IC_DIM_0.7_0011_241431N1101905E_A, centered at 110.45◦E, 24.09◦N). (b) Type II small-sized mound with a pit at the base and its topographic profile. Black 
arrows indicate the location of the pit (ESP_069731_2055, centered at 109.92◦E, 24.98◦N). (c) Type III small-sized mound with a pit on its flank and its topographic 
profile. Black arrows indicate the pit (ESP_069731_2055, centered at 109.91◦E, 24.99◦N). 

Fig. 3. (a) The diameters of the small-sized mounds in the landing region. And 
the diameters of possible pingos (domes, rings, and cones) in the Utopia Planitia 
(Depablo and Komatsu, 2009). The blue line represents the frequency of the 
diameters of the small-sized mounds in the landing area of the Zhurong rover. 
The orange, gray and yellow lines respectively represent the frequency of the 
diameters of possible pingos characterizing as domes, rings, and cones in the 
Utopia Planitia (Depablo and Komatsu, 2009). (b) The relationship between the 
diameters and heights of the small-sized mounds in this study. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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(3) shallower meteoric water (Mazzini and Etiope, 2017). 
Possible mud volcanic features are proposed on Mars, mainly in 

Acidalia Planitia and the Utopia Planitia (Skinner and Tanaka, 2007; 
Oehler and Allen, 2010; Ye et al., 2021). Possible mud volcanos in 
Acidalia Planitia are characterized by sub-circular rims, mainly conical, 
dome-shaped, etc., with smooth surfaces, high albedo, and skirt devel-
opment (Oehler and Allen, 2010) (Fig. 7b). The possible mud volcanos in 
the Utopia Planitia, mainly concentrated in the southern Utopia high-
land–lowland boundary plains, are interpreted as activation of the un-
derlying low-density sediment layer and upward intrusion by buoyancy 
(Skinner and Tanaka, 2007). The pitted cones in the Zhurong landing 
area are also considered to be mud volcanic features, and researchers 
have discussed the similarity between the pitted cones in the landing 
area and mud volcanos mainly in terms of height and diameter (Ye et al., 
2021) (Fig. 1). As for the small-sized mounds in our study, although they 
have similar domical shapes and some of them have associated pits, the 
interior of the small-sized mounds is rocky as indicated by Fig. 4, while 
the mud volcano is mainly composed of less resistant sediments (Mazzini 
and Etiope, 2017). In addition, most of the associated pits are located at 
the base or flanks of the small-sized mounds, instead of on their tops, 
which is commonly seen on mud volcanos. Therefore, we rule out the 
mud volcano origin for the small-sized mounds. 

4.1.2. Ring-mold craters 
Ring-mold Craters (RMCs) are usually formed on lobate debris 

aprons (LDA) and lineated valley fill (LVF) that are most active between 
300 and 800 million years ago in the northern hemisphere (Fassett et al., 
2014; Kress and Head, 2008). Most RMCs can be divided into four types: 
(1) central pit or bowl; (2) central plateau; (3) multi-ring; and (4) central 
mound (Kress and Head, 2008; Kress and Head, 2009). RMCs are 
interpreted as related to the icy deposits and fluidized crater ejecta 
(Pedersen and Head, 2010). RMCs can be explained by the following 
model: (1) some impact craters penetrate through the debris cover to the 
icy layer; (2) according to the numerical simulation results, under the 
influence of ice, the ejecta concentrates around the impact crater, and 
squeezes the ice layer, resulting the ice forms a centrally uplifted region; 
and then (3) the debris cover settle on the top to insulate the ice (Kress 
and Head, 2008; Senft and Stewart, 2008; Pedersen and Head, 2010; 
Head and Weiss, 2014) (Fig. 8a). 

We rule out the RMCs origin of small-sized mounds by the follow-
ings: (1) LDA and LVF are not identified in the study area; (2) the pits of 
RMCs appear around the central peaks, but the pits of the small-sized 
mounds only appear on the NE side; (3) the diameters of RMCs 
observed so far are larger than small-sized mounds. 

Fig. 4. Rocky materials on the flanks of the small-sized mounds (indicated by white arrows). (a) Rocky materials developed on the flank of the small-sized mound 
(ESP_069731_2055, centered at 109.88◦E, 25.14◦N). (b) Rocky materials in the pits on the flank of the small-sized mound (ESP_069731_2055, centered at 109.94◦E, 
24.97◦N). (c) Rough-looking flank of the small-sized mound and the rocky materials on it (ESP_069876_2055, centered at 109.92◦E, 24.97◦N). 

Fig. 5. A rose diagram showing the location of the pits relative to the host 
small-sized mounds. The pits are concentrated in the northeast of the host 
small-sized mounds. 

Fig. 6. Schematic image showing the double layer structure of the small-sized 
mounds, with loose materials in the upper layer and rocky materials on the 
lower layer (Zhao et al., 2021). The depths of the pits are about 1 m. 
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4.1.3. Pingos 
Pingos on earth are related to the pressurization mechanism of 

groundwater and are categorized as open-system (hydraulic) pingos or 
closed-system (hydrostatic) pingos (Mackay, 1979; Mackay, 1998). The 
hydraulic pingos generally grow at the intrapermafrost or subpermafrost 
groundwater flows downslope, mostly at the lower part of the slope 
(Mackay, 1979; Mackay, 1998; Yoshikawa, 2013) (Fig. 9b). The water 
source comes from outside, and groundwater collects under the effect of 
the relief height difference, as groundwater freezes, ice cores grow and 
force the ground up (Mackay, 1998; Yoshikawa, 2013). The hydrostatic 
pingos usually grow in flat and poorly drained residual ponds with 
continuous permafrost (Mackay, 1979; Mackay, 1998) (Fig. 9a). As the 
lake drains, permafrost grows downward throughout the region, but 
residual ponds prevent permafrost from growing in the center of the 
ponds (Mackay, 1979; Mackay, 1998). Permafrost deposits in sandy 
sediments allow pore water to drain and collect in residual ponds 
(Mackay, 1979; Mackay, 1998). The pore water then freezes to form an 
ice core and lifts the sediment to form a dome (Mackay, 1979; Mackay, 
1998; Yoshikawa, 2013). 

Pingos on earth are mostly found in permafrost regions in the 
northern hemisphere. Specifically, hydraulic pingos are mainly found in 
Svalbard and Greenland (O’Brien, 1971; Yoshikawa, 1993), and hy-
drostatic pingos are mainly found on the North Slope and the Seward 
Peninsula in Alaska, and the Tuktoyaktuk Peninsula (Mackay, 1979; 

Mackay, 1998; Jorgenson et al., 2008). The pingos are generally thought 
to range from 30 to 600 m in diameter and 3–70 m in height, with profile 
shapes approximately like cosine curves (Mackay, 1979; Gurney, 1998). 
It is generally considered that pingos in their early development stages 
have smooth, raised, dome-like or mound-like surfaces (Mackay, 1979; 
Mackay, 1998). As the mound continues growing, central to peripheral 
radial fissures and central pits developed on the pingos (Burr et al., 
2009). These fissures which are the first stage of pit formation occur 
when the ice core expands beyond the overburden tensile strength, and 
the summit dilation cracks usually form first and the radial cracks sec-
ond (Mackay, 1979; Mackay, 1998). As the ice core expands, so do the 
surrounding fissures, causing the core to thaw or melt in contact with the 
environment, and eventually, the summit to collapse into a pit (Mackay, 
1998; Burr et al., 2009). In the late stage, the interior of a pingo was 
exposed due to the top pits and dilation cracks, which intensifies the 
thaw or melt of the ice core, leaving behind the annular ridge (Flemal, 
1976; Mackay, 1979; Burr et al., 2009). 

There are possible pingos reported on Mars: the pingo-like forms 
(PLFs) of Cerberus have mostly degenerated into ring structures, while 
those in the Utopia Planitia usually have cracks and central pits (Soare 
et al., 2005; Page and Murray, 2006; Dundas and McEwen, 2010; Soare 
et al., 2014; Soare et al., 2020) (Fig. 9c and d). The rings of most PLFs in 
Cerberus indicate that they may belong to the late pingos (Page and 
Murray, 2006). The top collapse leaves a ring ridge. In some PLFs, 

Fig. 7. A mud volcano in Azerbaijan, possible mud volcanos in Acidalia Planitia on Mars, and a small-sized mound in the study region. (a) A mud volcano on earth, it 
is dome-shaped with a central crater (Landsat image, centered at 49.30◦E,40.14◦N). (b) Possible mud volcanos in Acidalia Planitia, mounds reveal smooth surface 
textures, central pits, and well-defined peripheries (PSP_008548_2205, centered at 0.44◦E, 0.54◦N). (c) A small-sized mound in the study region, it is also dome- 
shaped and a possible crater (pit) at the top (HiRIC image: HX1_GRAS_HIRIC_DIM_0.7_0015_234409N1103919E_A, centered at 110.71◦E, 23.55◦N). 

Fig. 8. Ring mold craters (RMCs) on Mars and small-sized mounds in the study region, the white arrow indicates the moat position. (a) An RMC with a distinct 
central peak and an annular moat (CTX global mosaic, centered at 143.88◦E, 37.28◦N). (b) A small-sized mound with a moat-like pit in its northeast (HIRIC image: 
HX1_GRAS_HIRIC_DIM_0.7_0011_241431N1101905E_A, centered at 110.75◦E, 24.06◦N). 
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summit dilation cracks can be seen, showing signs of expansion and 
growth, spreading from the top to all sides (Page and Murray, 2006). 
New PLFs have also been observed in some ring ridges, which are 
consistent with the conclusion that new pingos tend to grow in the 
location of old pingos (Gurney, 1998; Page and Murray, 2006). PLFs in 
the mid-latitude region of the Utopia Planitia are thought to be closed- 
system (hydrostatic) pingos, usually in the midst of or adjacent to 
relatively flat-floored and rimless depressions, similar to hydrostatic 
pingos on Earth in residual ponds (Soare et al., 2020). In addition, 
meter-wide cracks have been found on the surface of some PLFs, prob-
ably the same dilation cracks that occur during pingo’s late growth on 
Earth (Mackay, 1979; Mackay, 1998; Soare et al., 2020). 

The small-sized mounds in this study share similar geomorphological 
characteristics with pingos on Earth, e.g., topography and central pits 
(Mackay, 1979; Mackay, 1998) (Fig. 9e and f). The range of diameters 
and heights of the small-sized mounds also fall into that of pingos on 
Earth (Gurney, 1998). We compared the small-sized mounds with the 
PLFs in the Martian Utopia Planitia and found similarities in the diam-
eter range of the distributions (Depablo and Komatsu, 2009) (Fig. 3a). 
However, we found evidence against the pingo origin: (1) the interior of 
pingos is mainly composed of sediments and ice cores (Mackay, 1979; 
Mackay, 1998), but the small-sized mounds are made of rocky materials; 
(2) the formation of pingos requires environmental pressure on water, 
either caused by relief or by the development of permafrost (Mackay, 
1979; Mackay, 1998; Yoshikawa, 2013). However, we did not find any 
landforms around the mounds that could be used as pressure sources; (3) 
none of the small-sized mounds are located in a possible residual pond or 
depression (Mackay, 1979; Mackay, 1998). 

4.1.4. Pedestal craters 
Pedestal craters are mainly located in the mid-latitudes of Mars 

(Barlow, 2006; Kadish et al., 2008) and are characterized by a centrally 
located impact crater surrounded by a mesa (pedestal) above the surface 

and bordered by a steep, curved rim (Barlow, 2006; Kadish et al., 2008; 
Kadish et al., 2009) (Fig. 10a). The diameter of the pedestal is much 
larger than the diameter of the impact crater, and the surface of the 
pedestal is generally tens of meters above the surrounding plains 
(Wrobel et al., 2006). Previous studies suggest that pedestal craters 
formed during periods of high obliquity when volatiles such as ice/snow 
were deposited at mid-latitudes (Jakosky and Carr, 1985; Kadish et al., 
2008; Kadish et al., 2010). Subsequently, impacts on the volatile deposit 
Martian surface produced the armored surface materials covering the 
surrounding surface (Kadish et al., 2008). These materials allow the 
volatiles below to be retained (Kadish et al., 2008; Kadish et al., 2010). 
Later the obliquity of Mars shifts and the unprotected volatiles melt or 
sublimate causing the surrounding plains to collapse, eventually form-
ing a pedestal crater (Kadish et al., 2008; Kadish et al., 2010). Depending 
on the height of the pedestal crater, the edge steep can have different 
shapes. Usually, the pedestal crater with a height of ~100 m is more 
likely to form edge pits (Kadish et al., 2008). The pedestal crater with a 
height of ~50 m generally does not form edge pits (Kadish et al., 2008). 
Then the height of the top surface is higher than the surrounding plains, 
so it is more difficult for the armored surface materials to cover the steep 
slope completely, making part of the volatile sublimation then the pits 
forming (Kadish et al., 2008). These pits are generally 20 m in depth, 
with the bottom higher in elevation than the surrounding plains. The 
pits sometimes develop a mesa inside, with no obvious polar or equa-
torial orientation, and occur randomly around the base edge (Kadish 
et al., 2008) (Fig. 10a). 

We can’t completely rule out the pedestal crater origin for some of 
the mounds due to: (1) the mound and its apron are smaller than the 
pedestal crater, but the apron of raised material around it is also smaller, 
which may be since ejecta from a smaller impact travels less far; (2) it is 
possible that a welding process of the surface during impact helps pre-
serve underlying ice to produce pedestal craters like the small-sized 
mound. 

Fig. 9. Pingos on Earth, candidates on Mars, and small-sized mounds in the landing area. (a) Hydrostatic pingos in Pingo Geopark, Canada, show dilation cracking 
(Landsat image, centered at 133.08◦E, 69.40◦N). (b) Hydraulic pingos in Spitsbergen, show dilation cracking (Landsat image, centered at 16.97◦E, 78.22◦N). (c, d) 
The PLFs in the Utopia Planitia characterize as domes (b) and rings (c) (PSP_002095_2130, centered at 134.59◦E, 32.78◦N and 134.61◦E, 32.68◦N). (e, f) Typical 
small-sized mounds with flank pits and base pits in the landing region (ESP_069731_2055, centered at 109.91◦E 24.99◦N and 109.88◦E, 25.14◦N). 

Y. Lin (林雨) et al.                                                                                                                                                                                                                             



Icarus 389 (2023) 115256

7

4.1.5. Lava domes 
A lava dome is formed by a magmatic eruption that occurs on both 

the Earth and possibly on Mars and is generally thought to be caused by 
the rapid cooling and degassing of viscous magma, forming a circular 
dome (Fink, 1990; Rampey et al., 2007; Brož et al., 2015; Calder et al., 
2015) (Fig. 11a and b). Lava domes usually consist of an internal, 
immovable lava core and a fragile external rock crust (Fink, 1990; 
Calder et al., 2015). Magma can range in composition from basaltic to 
rhyolitic, mainly andesitic and dacitic (Calder et al., 2015). The growth 
mechanisms can be divided into two types: (1) endogenous growth type, 
which refers to the expansion of the dome due to the intrusion of magma 
and (2) exogenous growth type refers to magma moving through the 
surface to form domes (Fink, 1990; Calder et al., 2015). Cryptodome is a 
special kind of endogenous growth type. Its most prominent feature is 
that the underlying magma causes the updoming of upper sediments or 
rocks, which can be divided into subaerial cryptodome and subaqueous 
cryptodome (McPhie, 1993; Goto and Tomiya, 2019) (Fig. 11c and d). 
The morphology of subaqueous cryptodome is hemispherical and more 
symmetrical, with well-developed columnar joints and large-scale flow 
banding (Goto and McPhie, 1998; Stewart and McPhie, 2003; Goto and 
Tomiya, 2019) (Fig. 11c). The morphology of the subaerial cryptodome 
is irregular and generally asymmetric without columnar joints or flow 
banding (Goto and Tomiya, 2019) (Fig. 11d). 

Rampey et al. (2007) identified some possible lava domes in the 
western Arcadia Planitia and divided the lava domes into two possible 
types: core-annulus-aureole (CAA) type and blister type. The CAA type 
consists of a central core and an annulus of material with different 
physical characteristics. The central core is irregular in shape and usu-
ally has some cracks and pits, and the core has a height/diameter (H/D) 
range from 0.02 to 0.36 with a mean of 0.11 (Fig. 11e). Compared with 
the H/D of the small-sized mounds, they are relatively similar to each 
other. The blister type is interpreted as the near-surface intrusion of 
magmatic materials, causing the doming-up of the plain’s materials 
(Rampey et al., 2007) (Fig. 11f). Their surfaces have the same thermal 
inertias as the plain materials surrounding them (Rampey et al., 2007). 
The blister type has a regular shape without annuli or aureoles (Rampey 
et al., 2007). The blister types are generally considered to be similar to 
cryptodomes on Earth (McPhie, 1993; Rampey et al., 2007; Goto and 
Tomiya, 2019). 

We found that the morphology of the small-sized mounds in our 
study region is similar to the subaqueous cryptodomes or possible 
blister-type lava domes (Rampey et al., 2007; Goto and Tomiya, 2019) 
(Fig. 11c, f, g, and h). Zhao et al. (2021) found a large number of possible 
lower rocks at the bottom of the crater and the surface of the ejecta 
blankets in the landing zone (Zhao et al., 2021). This is similar to the 
rock parts we found at the bottoms of the pits. And a variety of ridges 
distributed in the landing zone are interpreted as igneous dikes or ridge- 

like lava tubes (Korteniemi et al., 2010; Zhao et al., 2017; Zhao et al., 
2021). In contrast to the lava dome found by Rampey et al. (2007), some 
of the small-sized mounds in the study area exposed the underlying 
rocky materials due to degradation, which provides opportunities for the 
Zhurong rover to study the composition of the magma. 

4.2. The origin of the pits 

Various causes have been proposed for some of the pits on Mars, 
including sublimation (Kadish et al., 2008; Kadish et al., 2009; Kadish 
et al., 2010), deflation (Sharp, 1973; Ward et al., 1985), explosions 
(Boyce et al., 2012) and lava tube collapses (Léveillé and Datta, 2010). 
We ruled out lava tube collapse because lava tube collapses are usually 
arranged in a line with circular features, but pits on the small-sized 
mounds are not (Léveillé and Datta, 2010). And we ruled out the ex-
plosion, because there is usually a rim of ejected debris around the pit 
from the explosion (Boyce et al., 2012), but not around the pit in the 
mound. We can not completely rule out deflation as the presence of 
aeolian landforms which indicate the NE-SW and N-S direction of pre-
vailing winds in the landing area (Zhao et al., 2021). However, previous 
studies on the pits within the impact craters and pitted-wall craters of 
Utopia Planitia have shown that the surface mantle(s) of the Utopia 
Planitia may contain volatile (Mustard et al., 2001; Pedersen and Head, 
2010; Stuurman et al., 2016; Zhao et al., 2021). These volatiles resulted 
from the deposition of snow or water ice from the poles during periods of 
high obliquity of Mars (Head et al., 2006; Jakosky and Carr, 1985). 
These landforms indicate that the genesis of the pits may be related to 
volatiles. The pits associated with the small-sized mounds are caused by 
volatiles in the surface layer, and we interpret them to be sublimation 
origin. 

Sublimation is common on both Earth in polar or mountainous en-
vironments, and on Mars (Law and Van Dijk, 1994; Mangold, 2011a; 
Mangold, 2011b). It is generally influenced by insolation, but also by 
other factors such as slope, local orientation, sediment grain size, wind 
speed, etc. (Law and Van Dijk, 1994; Mangold, 2011a; Mangold, 2011b). 
For example, in the southern hemisphere of Mars it has been observed 
that in some impact craters, sublimation pits are generally pole-facing, 
while the equatorial side is generally smooth and flat, which has been 
explained as an effect of local orientation and slope (Schon et al., 2009). 
We suggest that a similar effect may be present in the small-sized mound 
pits. The NE side of the small-sized mounds experiences the least 
penetration of the daily thermal wave, with the side only receiving 
direct sunlight in the morning in spring/summer. The northwest (NW) 
side should also be comparatively cool, but it receives afternoon sun-
light, which allows for deep penetration of heat when insolation and 
sensible heat are both high. The NE side of the small-sized mounds may 
have been colder, and longer than any other side, allowing volatiles like 

Fig. 10. Pedestal craters in Utopia Planitia on Mars 
and small-sized mounds in the study region. (a) A 
pedestal crater in Utopia Planitia is characterized by a 
centrally located impact crater surrounded by a mesa 
(pedestal) above the surface and bordered by a steep, 
curved rim with sublimation pits (THEMIS vis image: 
V30212001, centered at 96.71◦E, 60.88◦N). (b) A 
small-sized mound with a similar central pit and the 
other pit in its northeast (HiRISE ESP_069731_2055, 
centered at 109.92◦E, 24.98◦N).   
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ice to accumulate there or to last longer there after they had been 
removed everywhere else. Deposition of aeolian sediments or mantles 
over the volatiles would provide a smooth connection to the surrounding 
plains. However, although the NE sides of the small-sized mounds are 
prone to volatile (ice) deposition, ice is no longer stable at these latitudes 
(Mellon and Jakosky, 1995; Mellon et al., 2004). Therefore, the volatile 
(ice) eventually sublimates and disappears, leaving the pits behind. In 
addition, we observed that some mounds have pits while others not, 
which may be because the mounds are formed in different periods and 
only those formed before the latest deposition of volatile in the study 
region can host pits on or around them. 

Pits are important morphological features of the small-sized mounds 
in the landing area. They help us to reveal the volatile distribution in the 
Utopia Planitia. Compared with the previously discovered mounds, the 
existence of these pits exposes the internal components of the small- 
sized mounds, which can help us understand the structure and origin 
of the mounds, and even provide possible exploration directions for the 
Zhurong rover. 

5. Conclusion 

We conducted a detailed investigation on the small-sized mounds 
around the Zhurong landing site. The small-sized mounds are clustered. 
The diameter of small-sized mounds is 50–150 m, and the height of most 
small-sized mounds is <10 m. We divided the small-sized mounds into 
three types based on the presence or absence of pits and the distribution 
of pits. The pits identified are irregularly shaped with average depths of 
~3.4 m and are preferentially distributed on the NE side of the host 
small-sized mounds. In some pits, parts of the lower rocky materials can 
be seen. 

Based on the observations, we compared the morphology of the 
small-sized mounds with mud volcanos, ring-mold craters, pingos, 
pedestal craters, and lava domes, proposed that they are most likely to 
be lava domes in origin. We can’t completely rule out the pedestal crater 
origin for some of the mounds. The associated pits are mainly formed by 
volatile sublimation and may be affected by slope, local topography, and 
time of sunlight illumination. These mounds are interesting targets for 
the Zhurong rover to explore in situ to reveal the geological evolution of 
the southern Utopia Planitia. 
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