
1. Introduction
Distinctively different from those observed on the Moon and Mercury showing ballistic radial ejecta morphol-
ogies, martian layered ejecta craters (LECs) were first recognized in Mariner 9 imagery (McCauley, 1973) and 
the ejecta morphology is surrounded by distinct fluidized or lobate ejecta with relatively long runout distances 
in appearance, typically terminating in a distal ridge or rampart (Carr et al., 1977; Head & Roth, 1976; Moug-
inis-Mark, 1979). Some authors call them “rampart craters” or “fluidized ejecta craters” (Baloga et al., 2005; 
Mouginis-Mark, 1979, 1981; Reiss et al., 2006), but “layered ejecta crater” was suggested as a standard to better 
describe the morphology because it avoids reference to possible origins of these structures (Barlow et al., 2000). 

Abstract One important scientific objective of China's first Mars mission (Tianwen-1) is to investigate 
the martian surface soil characteristics and water-ice distribution. Layered ejecta craters (LECs) on Mars are 
characterized by their fluidized ejecta deposits which have been interpreted to indicate volatiles in the substrate 
where the impact occurred. Thus, they have potential to serve as important planetary exploration sites/targets 
of geological significance. In this study, we estimated the absolute model ages (AMAs) of 68 LECs with 
diameters >4 km using the Context Camera (an instrument onboard the Mars Reconnaissance Obiter, MRO) 
images in the two candidate landing areas of Tianwen-1 mission, aiming to reveal temporal-spatial variation of 
the regional subsurface volatiles, in particular water ice. The results from a combination of the derived AMAs 
and the ejecta mobility (EM) values for the southern Utopia-Isidis Planitia (SUIP) and southern Chryse Planitia 
(SCP) show that the LECs in both regions plausibly have formed throughout the Amazonian and Hesperian 
periods. However, the subsurface volatile concentrations might have undergone different evolution histories: 
SUIP shows a relatively stable trend with time, while there seems a general downward trend in SCP. The 
presence of the fresh ∼1.5-km-diameter LECs suggests that volatile concentrations might have been at depth 
less than 150 m. We conclude with a discussion of recommendations for Tianwen-1 and future explorations that 
have the ability to effectively detect any signs of past and present water/ice on Mars, which contain a wealth of 
information of past and recent climate.

Plain Language Summary China's first mission to Mars (Tianwen-1) was launched on July 23, 
2020 and successfully landed on the martian surface on 15th May 2021. Two martian surface areas were 
pre-selected as the potential landing sites of the mission's rover (Zhurong). To understand the regional geology 
in detail, we carried out an extensive investigation of a total of 68 layered ejecta craters (LECs) in both sites: the 
southern Utopia-Isidis Planitia and southern Chryse Planitia. A comprehensive analysis of LECs can provide 
key information of the structure and composition of the target substrate, subsurface volatile conditions, and 
their temporal variation, in particular for water ice. Using the technique of the crater size-frequency distribution 
measurements, these LECs are dated to have formed during the Amazonian and Hesperian epochs. The two 
regions might have undergone different evolution histories: subsurface volatile concentration depth of the 
former shows a relatively stable trend over time, while the latter appears to exhibit a general downward trend 
with time. The smallest observed diameters of LECs suggest that volatiles may have been at depths of hundreds 
of meters, even ∼150 m. Both orbiter and rover radar payloads onboard Tianwen-1 would significantly help to 
detect potentially habitable environments in the subsurface.
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Their counterparts have not been confirmed on the Moon and other “dry”, atmosphereless planets, even though 
some scholars have claimed the identification of impact craters with fluidized ejecta morphology on Mercury 
(Xiao & Komatsu, 2013). However, they have been identified on “wet”, atmosphereless bodies, such as Gany-
mede (Boyce et al., 2010) and Charon (Robbins et al., 2018). The Mars Crater Morphology Consortium clas-
sified ejecta blankets of martian craters into three main groups: layered ejecta patterns, radial ejecta blankets, 
and a combination of both layered and radial patterns (Barlow et al., 2000). Based on the morphology of layered 
ejecta patterns, three types of LECs (Figure 1) have been proposed, including single-layered ejecta (SLE) craters, 
double-layered ejecta (DLE) craters, and multi-layered ejecta (MLE) craters (Barlow et al., 2000). Other sub-types 
of LECs, such as low-aspect-ratio layered ejecta craters (LARLE; Barlow et al., 2014; Boyce et al., 2015), excess 
ejecta craters (EEC; Black & Stewart, 2008), perched craters (Pr; Meresse et al., 2006), and pedestal craters (Pd; 
Barlow, 2006; Kadish et al., 2008, 2009), are not a focus of this study.

The formation mechanism of fluidized ejecta patterns of LECs has been debated for decades. The signifi-
cant complexity and heterogeneity of their fluidized crater morphology have not been fully understood, even 
though abundant efforts have been made to explain the formation of LECs by involvement of surface/subsur-
face volatiles (e.g., water ice) which were excavated and incorporated into the ejecta during the impact process 
(Barlow, 2005; Barlow & Bradley, 1990; Barnouin-Jha et al., 2005; Carr et al., 1977; Kuzmin et al., 1988; Mougi-
nis-Mark, 1979, 1981; Oberbeck, 2009; Senft & Stewart, 2008; Weiss & Head, 2013; Wohletz & Sheridan, 1983). 
In addition, some modeling results suggested that their formation can be ascribed to the ejecta curtain interacting 
with the thin martian atmosphere (Barnouin-Jha & Schultz, 1998; Schultz, 1992; Schultz & Gault, 1979). Further, 
a combination of atmosphere and subsurface volatiles has also been proposed and tested (Barlow, 2005; Komatsu 
et al., 2007; Wada & Barnouin-Jha, 2006). However, the competing roles of volatile contents in both subsurface 
and atmosphere in the ejecta emplacement are still debated (Komatsu et al., 2007).

Multiple lines of evidence support the subsurface volatiles scenario: (a) layered ejecta deposits were emplaced as 
a ground-hugging flow rather than ballistic sedimentation (Carr et al., 1977; Mouginis-Mark, 1981); (b) the onset 
diameters of LECs decrease with increasing latitude, consistent with the detection of depths of subsurface ice 
decreasing toward higher latitude (Barlow & Bradley, 1990; Costard, 1989; Kuzmin et al., 1988; Li et al., 2015; 
Mouginis-Mark, 1979; Squyres et al., 1992); (c) a few laboratory studies and numerical simulations of impact 
into water or ice-rich targets suggest that the near-surface icy layer might have triggered layered ejecta morphol-
ogies on Mars (Baloga et al., 2005; Senft & Stewart, 2008); and (d) craters with layered ejecta morphologies on 
the Ganymede (Boyce et al., 2010) and Charon (Robbins et al., 2018) without atmosphere further indicates that 
the atmosphere action is not a necessary condition for layered ejecta morphology formation, and the subsurface 
volatiles may be the dominant formation mechanism of the LECs on Mars.

Figure 1. Three types of martian layered ejecta craters in Utopia Planitia, seen in the Mars Reconnaissance Obiter Context Camera images. (a) Single-layered 
ejecta crater (101.7°E, 23.6°N) displays a single blanket surrounding the crater. (b) Double-layered ejecta crater (118.6°E, 33.0°N) shows two ejecta layers, with one 
layer typically superimposed upon the other. (c) Multi-layered ejecta crater (113.2°E, 18.1°N) exhibits two or more ejecta layers. Typically, only the outermost layer 
completely surrounds the crater.
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Under the assumption that the formation mechanism of LECs is related to subsurface ice deposits (e.g., a vola-
tile-rich target), LECs are potential probes of subsurface volatile conditions (e.g., Weiss & Head, 2014). The 
emplacement of their ejecta has been interpreted to be sensitive to subsurface stratigraphic conditions, such as 
volatile content, particle size, layer thickness and cohesion (Jones et al., 2016). Therefore, more-than-one layer 
ejecta craters are typically interpreted as resulting from an impact into a multi-layered target with a gradient in 
particle size distribution and/or volatile content (Boyce & Mouginis-Mark, 2006; Senft & Stewart, 2008; Weiss 
& Head, 2013).

In order to quantitatively characterize the mobility and viscosity of the subsurface materials excavated, a param-
eter named ejecta mobility (EM) has been defined as the maximum radius (runout distance) of the continu-
ous ejecta deposits or the deposits' average extent measured from the crater rim to crater radius (Barlow, 2004; 
Costard, 1989; Weiss & Head, 2014). It is normalized by the parent crater's radius to eliminate the effect of 
different crater sizes (Mouginis-Mark, 1979). EM has thus been considered as a useful indicator for quantitatively 
measuring the degree of ejecta fluidity, which likely provides information to qualitatively constrain the conditions 
(e.g., volatile concentrations) under which the impact occurred (Barlow, 2004; Weiss & Head, 2014). In addition, 
the minimum diameter of regional LECs is limited by the local near-surface water ice conditions and called onset 
diameter (Barlow et al., 2001; Barlow & Perez, 2003; Kuzmin, 1980). The onset diameter, therefore, can be used 
to estimate the depth of the subsurface ice (e.g., Kuzmin et al., 1988).

Using a combination of EM and onset diameter of LECs, many previous efforts have been made to map regional 
or global ground ice distribution on Mars (Barlow & Bradley, 1990; Costard, 1989; Kuzmin et al., 1988; Mougi-
nis-Mark, 1979; Squyres et al., 1992). The mapping results revealed that EM values vary among different ejecta 
types and locations, suggesting that volatile concentrations vary with locality (Barlow,  2004; Costard,  1989; 
Mouginis-Mark, 1979, 1981). This relevance of EM variations with location is supported by the proposed distri-
butions of subsurface volatiles from theoretically modeling results (Clifford, 1993; Fanale et al., 1986) and the 
observed global distribution of near-surface water-equivalent hydrogen concentrations detected by the Gamma-
Ray Spectrometer instrument suite (Boynton et al., 2002; Feldman et al., 2004) and the Thermal Emission Imag-
ing System (Bandfield, 2007) onboard Mars Odyssey spacecraft (Saunders et al., 2004).

Squyres et al. (1992) pointed out that LECs may have formed during an unusual geological epoch and the onset 
diameter reflects the depth of subsurface volatiles at a given time. However, the spatial distribution and tempo-
ral evolution of subsurface ice at the regional level remain only sparsely investigated in detail (Barlow, 2004; 
Kirchoff & Grimm, 2018; Lagain et al., 2021; Noe Dobrea et al., 2020; Reiss et al., 2006; Viola et al., 2015). 
Barlow (2004) compared preservation class (a proxy for time) with its EM of LECs to determine whether subsur-
face volatiles concentrations have changed over time. The regional analysis results indicated that subsurface 
volatiles concentration remained almost constant over time. In contrast, using the technique of the crater size-fre-
quency distribution (CSFD) measurements, Reiss et al. (2006) derived the absolute model ages (AMAs) of LECs 
in three equatorial regions revealing a volatile-rich period in the Early Hesperian and generally, an increas-
ing-depth trend of the ground ice table with time afterward. Kirchoff and Grimm (2018) have carefully dated 
10 Amazonian-aged (<3 Ga) and 10 Hesperian-aged (between 3.0 Ga and 3.7 Ga) SLE craters in the tropics by 
measuring small craters superposed on their continuous ejecta blankets. Their results suggest that there was still 
underground ice at a depth of several hundred meters in the youngest Amazonian epoch on Mars. Subsurface ice 
has even detected with recent missions at a few cm to tens of meters deep at high latitudes (Mellon et al., 2009; 
Noe Dobrea et al., 2020).

In this work, under the assumption that LECs are related to subsurface volatiles, we presented a detailed inves-
tigation of multiple parameters (i.e., AMAs, EM, and onset diameter) associated with the LECs in the two 
candidate landing areas (see Section 2) of China's first Mars exploration mission (Tianwen-1; Ye et al., 2017; 
Wan et al., 2020). Determining the AMAs of LECs, understanding the mode of emplacement of layered ejecta, 
their morphology, morphological characteristics (e.g., EM), and the role of volatiles that might have played in 
their formation are critical to estimating the regional volatile history and to developing our knowledge of these 
features. We focus on the two candidate landing areas for the following three main reasons. First, a series of 
landforms are found to be related to water or ice in these areas, such as LECs, outflow channels, deltas, thumb-
print terrain, wrinkle ridges, thermokarst, polygonally fractured ground, and ice-cored mounds. Second, the two 
areas are located on the north-south hemisphere dichotomy boundary of Mars, containing clues to structural and 
compositional evolution of both distinct terrains due to a complex history of water activity (Carr & Head, 2010). 



Journal of Geophysical Research: Planets

NIU ET AL.

10.1029/2021JE007089

4 of 22

Finally, this would provide deep insights into the groundwater ice conditions assisting in identifying potential 
scientific survey targets for China's first and other future Mars exploration missions.

2. Tianwen-1 Mission and Geological Settings of the Study Regions
2.1. Tianwen-1 Mission

China's first Mars exploration mission (Tianwen-1) was launched from the Wenchang Spacecraft Launch Site on 
July 23, 2020, and successfully landed on May 15, 2021. It is composed of an orbiter, a lander, and a rover. Given 
the rover's requirement for touchdown safety and mobility, two candidate landing areas were selected for the Mars 
exploration mission in the latitude range of 5–30°N (Ye et al., 2017; B. Wu, Dong, et al., 2021): the southern 
Utopia-Isidis Planitia (SUIP) and southern Chryse Planitia (SCP; Figure 2). Although the Tianwen-1 mission 
landed in Utopia Planitia at 109.925°E, 25.066°N (e.g., Liu et al., 2021; Mills et al., 2021; Wan et al., 2021; X. 
Wu, Liu, et al., 2021; Zhao et al., 2021), our analysis included both candidate areas as mentioned above for full 
documentation and comparison purposes. In general, the scientific objectives of the mission are to conduct field 
geological mapping, investigate the surface soil characteristics and material composition, detect water-ice distri-
bution, and explore the atmospheric ionosphere and surface climate and environment conditions. Further, a study 
of the history of early geological evolution and internal mass distribution will be performed by characterizing the 
martian electromagnetic and gravitational field (Wan et al., 2020).

2.2. Southern Utopia-Isidis Planitia

The SUIP (Figure 2) contains the southern Utopia Planitia (85–134°E and 17–34°N) and the whole Isidis Planitia 
(80–98°E and 4–20°N). It is surrounded by Elysium Montes to the east, the Syrtis Major Planum to the south-
west, the Libya Montes and the Nepenthes Mensae to the south, and the center of the Utopia Planitia to the north 
(Figure 2).

Figure 2. The regional context of the study areas (black boxes): the southern Utopia-Isidis Planitia (SUIP) and southern Chryse Planitia region (SCP). SUIP includes 
the southern Upotia Planitia (85–134°E and 17–34°N) and the whole Isidis Planitia (80–98°E and 4–20°N), and SCP includes the southern Chryse Planitia (20–50°W 
and 20–30°N). Basemap is the Mars Orbiter Laser Altimeter shaded relief map (The Robinson map projection is used).
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An extensive reservoir of water in the southern Utopia Planitia is inferred from several terrain types. These 
geologic features include: (a) heavily degraded/buried craters (McGill, 1986) occurring throughout Utopia Plan-
itia. Their morphology and topography were interpreted as evidence of compaction of possibly sedimentary 
materials of the Vastitas Borealis against the rims of buried craters (Buczkowski & McGill, 2002); (b) thumbprint 
terrains (TPT) located on the southern edge of Utopia Planitia (Lockwood et al., 1992). A variety of hypoth-
eses has been proposed for their formation, such as glacial (Grizzaffi & Schultz,  1989) and volcanic (Ghent 
et al., 2012) origin. Whatever the case, the presence of a large amount of ice/water is a requirement; (c) giant 
polygonal patterned grounds occurring peripheral to the center of the Utopia basin (McGill, 1986). The presence 
of a large standing body of water/ice or subsurface water has been suggested to the critical elements of the forma-
tion of these terrains (Hiesinger & Head, 2000); (d) impact craters with layered ejecta and pancake-like ejecta 
(Mouginis-Mark, 1979); (e) numerous putative periglacial landforms comprising relatively shallow, flat-floored 
and scalloped depressions, small-sized polygons, and polygon trough/junction pits (e.g., Séjourné et al., 2011; 
Soare et al., 2012); and (f) wide distribution of water-related pitted cones that have been attributed to mud volcan-
ism (McGowan, 2011 and references therein).

Isidis Planitia (centered at 14°N, 88°E) is located inside a multi-ring impact crater with a diameter of approxi-
mately 1,200 km in the eastern hemisphere of Mars along the crustal dichotomy (Wichman & Schultz, 1989). 
Several terrain types are found in Isidis Planitia, including an annulus of ridged terrain, knobby terrain, hill-
ocky terrain (Grizzaffi & Schultz, 1989), and TPT (Lockwood et al., 1992). Ivanov et al.  (2012) divided the 
geologic history of Isidis Planitia into three principal episodes: (a) impact dominated episode (Noachian, until 
∼3.8 Ga), followed by resurfacing of later volcanism and fluvial/glacial activity; (b) more volcanism and fluvial/
glacial processes dominated episode (late Noachian-early Amazonian, ∼3.8–2.8 Ga), with fluvial/glacial activity 
leading to a major resurfacing of Isidis Planitia during the later phase (mostly at ∼3.4–3.1 Ga); and (c) aeoli-
an-dominated episode (since early Amazonian, ∼2.8 Ga). The southern rim of the Isidis basin was preserved as 
a series of dissected massifs (i.e., the Libya Montes), which represent remnants of ancient Noachian highlands 
and appear heavily modified by fluvial activity and contains a high density of valley networks on Mars (Crum-
pler & Tanaka, 2003). The morphology of the Deuteronilus paleoshoreline in the south edge of the Isidis basin 
suggests that there was once a frozen sea in the Late Hesperian/Early Amazonian period, and as the ice melted 
and sublimated it left traces of past subglacial erosion and deposition on the surface of Isidis Planitia (Erkeling 
et al., 2012, 2014; Guidat et al., 2015).

The new geologic map of Mars updated and compiled by Tanaka et al. (2014) shows that most of SUIP is covered 
by the late Hesperian lowland unit (lHl) which in both basins is separated by the late Hesperian transition unit 
(lHt; Figure 3a). The hundreds of meters to kilometers thick lHl deposits are interpreted as fluvial/lacustrine/
marine and colluvial sediments sourced from circum-lowland outflow channels and adjacent highland terrains, 
likely underlain by igneous rocks and modified and covered by later water- and wind-related surface processes 
and products (Tanaka et al., 2014). The unit lHt occurs along highland/lowland boundary and mainly comprises 
plains-forming deposits with relatively smooth surfaces, which are considered of multiple origins, including 
mass-wasting, fluvial/lacustrine, and possibly other sedimentary materials and volcanic rocks in places (Tanaka 
et al., 2014). The Amazonian Hesperian volcanic unit (AHv) is mainly composed of lava flows accumulated 
around Elysium Montes. Other geologic units labeled in Figure 3a are less focused in this study, the detailed 
information can be found in the work of Tanaka et al. (2014).

2.3. Southern Chryse Planitia

The Chryse Planitia (20–50°W and 20–30°N) is a highland-lowland boundary plain just north of the martian 
equator near the Tharsis region to the west (Figure 2). It is not a locally closed depression or basin but instead 
opens into the northern lowlands. The SCP is the focal point of the end of many outflow channels (i.e., Kasei, 
Maja, Simud, Tiu, Ares, and Mawrth Valles) from the southern highlands as well as from Valles Marineris and 
the flanks of the Tharsis bulge (Carr,  1996). Various hypotheses have been proposed to interpret the origin 
of these channels, including catastrophic flood processes (Golombek et  al.,  1997), liquefaction mudflows 
(Nummedal & Prior, 1981), glacial processes (Lucchitta, 1982), and mass or debris flows (Tanaka, 1999). The 
analysis of channel morphologies supports the requirement of a significant volume of water flowing into a shal-
low submarine environment (e.g., Di Achille & Hynek, 2010; Ivanov & Head, 2001; Parker et al., 1989), consist-
ent with the hypothesis of possibly large ocean-scale standing bodies of water occupying the northern lowlands 
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in Hesperian-Early Amazonian times (Head et al., 1999). The circum-Chryse outflow channels were estimated 
to have mainly formed in the Hesperian (Head et al., 2002; Ivanov & Head, 2001), but become younger as the 
distance to the Chryse basin decreases (Moore et al., 1995). Several landforms are found in the SCP, including 
wrinkle ridges, knobs and mounds, and teardrop-shaped islands (Greeley et al., 1977). The distribution of many 
small LECs within the basin was proposed to indicate subsurface shallow volatile concentrations (Demura & 
Kurita, 1998). The SCP is largely dominated by the Hesperian transition outflow (Hto) unit, which is mainly 
composed of outflow channel sediments and carved by the channel systems (Tanaka et al., 2014). The rest is 
mainly covered by the lHt unit and early Hesperian transition (eHt) unit (Figure 3). Relative to lHt, the unit eHt 

Figure 3. Geological maps of the two study regions: southern Utopia-Isidis Planitia (SUIP) and southern Chryse Planitia region (SCP; red polygons), constructed from 
shapefiles (Tanaka et al., 2014) overlain on a Mars Orbiter Laser Altimeter shaded relief map. (a) The distribution map of layered ejecta craters (LECs) in SUIP region. 
Among them, a total of 44 LECs are identified as study targets. The red star near to the LEC UM5 illustrates the landing site of Tianwen-1 lander. (b) The distribution 
map of LECs in SCP region. Of these, 24 LECs are chosen for analysis in this study. The red, green and blue points respectively indicate the single-layered ejecta 
(SLE), direct-layered ejecta (DLE) and multi-layered ejecta (MLE) craters. Gray points without labels mark the locations of other LECs that were not analyzed in this 
study. The nomenclature of the studied LECs is defined as a combination of the initials of their host basin name (i.e., U-Utopia Planitia, I-Isidis Planitia, and C-Chryse 
Planitia), first letter of LEC type (i.e., S-SLE, D-DLE, M-MLE), and a number. Numbers are arranged in descending order of age.
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is interpreted as undulating to moderately rugged plain-forming deposits, mainly composed of mass-wasting, 
fluvial/lacustrine, and other sedimentary materials from nearby highland outcrops (Tanaka et al., 2014).

3. Data and Methods
3.1. Data Sets Used in This Study

In this work, we used two categories of data sets: imagery acquired by a variety of missions and the recently 
updated geologic map of Mars constructed by Tanaka et al. (2014). Image data sets include images acquired by 
the Context Camera (CTX) onboard the Mars Reconnaissance Orbiter (Malin et al., 2007) and Thermal Emission 
Imaging System (THEMIS) on Mars Odyssey (Christensen et al., 2004). The CTX images (∼6.0 m/pix) have 
nearly covered the entire Mars surface. The Bruce Murray Laboratory for Planetary Visualization has produced 
a mapped, semi-controlled mosaic of Mars rendered at 5.0 m/pixel using CTX images. The CTX mosaic has 
achieved near-global (97.3%) coverage of Mars. This database are divided into 4° × 4° and 2° × 2° tiles, which are 
publicly available online (http://murray-lab.caltech.edu/CTX/tiles/). A total of 122 CTX mosaic tiles (4° × 4°) 
is used in SUIP (90 CTX mosaic tiles) and SCP (32 CTX mosaic tiles) regions. Single CTX images used in this 
study to fill the gaps of the CTX mosaic are archived in the Planetary Data Systems (PDS) Geosciences Node 
(https://ode.rsl.wustl.edu/mars/) or Mars Image Explorer website (http://themis-data.asu.edu/viewer/ctx#T=0). 
The THEMIS data includes multi-spectral thermal-infrared (IR) images (100 m/pix) and visible/near-IR images 
(18  m/pix). Edwards et  al.  (2011) produced the seamless global image mosaic (100  m/pix) using THEMIS 
daytime IR images. This mosaic is also available online (https://astrogeology.usgs.gov/search/map/Mars/Odys-
sey/THEMIS-IR-Mosaic-ASU/Mars_MO_THEMIS-IR-Day_mosaic_global_100m_v12). The CTX mosaic tiles 
and individual images and the THEMIS daytime IR seamless global mosaic are used to identify LECs and 
small craters located within their ejecta deposits. These small craters are used to perform crater count dating of 
LECs. The morphologic parameters (e.g., crater diameter, ejecta dimensions) of LECs are also measured using 
the imagery mentioned above. Additionally, the updated geologic map of Mars (Tanaka et al., 2014) is used to 
analyze the geologic settings of the study regions, which is available via the following URL: https://pubs.usgs.
gov/sim/3292/.

A total of 286 LECs in both study regions (SUIP:175, Figure 3a; SCP:111, Figure 3b) have been collected by Li 
et al. (2015) and Robbins and Hynek. (2012). Of them, a subset of 68 LECs with diameters of >4 km are selected 
for analysis based on the following three factors considered. First, the ejecta blankets should have enough area 
so that superposed craters can be measured. Second, the ejecta blankets are complete and well-preserved, thus 
minimizing the degrees of influence by subsequent surface processes. And third, the selected LECs are relatively 
uniformly distributed in the study areas, indicating that these LECs are representative of regional phenomenon 
rather than just local. Thus, a total of 44 and 24 LECs in SUIP and SCP were selected (red, green, and blue points 
in Figures 3a and 3b), respectively. Existing LEC databases (e.g., Li et al., 2015; Robbins & Hynek, 2012) were 
constructed based on the martian ejecta morphology using THEMIS daytime images (100 m/pixel) following 
the classification criteria from Barlow et al. (2000). Nevertheless, it is worthwhile to update the classification 
scheme with current high-resolution image data (e.g., 5 m/pixel CTX image, Weiss & Head, 2014) and more 
specific classification criteria summarized by Barlow (2015). Though we did not re-evaluate all the LECs in 
both study regions, the selected 68 LECs in this study were confidently classified by a combination of our 
careful observations and the classification criteria widely adopted in many previous studies (e.g., Barlow, 2015; 
Barlow et al., 2000; Li et al., 2015; Robbins & Hynek, 2012; Weiss & Head, 2014). The detailed information of 
these LECs (i.e., location, ejecta morphology and geologic units) can be found in the Supporting Information 
(Tables S1 and S2).

3.2. Methods

We have evaluated each LEC in ArcGIS using the CTX image mosaics (5.0 m/pix) and THEMIS daytime IR 
global mosaic (100 m/pix). First, for each LEC the counting area for superposed craters were manually defined 
as the closed area between the distal border of the continuous ejecta blankets and the inner border, which is 
defined as a 20% crater radius away from the crater rim crest (e.g., Lagain et al., 2021; Robbins & Hynek, 2012; 
Figure 4a). This results in more accurate AMAs by minimizing the effect of resurfacing processes that might have 
occurred at the rim zones due to its inherent topography (sliding slope, aeolian erosion…). The diameter of the 

http://murray-lab.caltech.edu/CTX/tiles/
https://ode.rsl.wustl.edu/mars/
http://themis-data.asu.edu/viewer/ctx#T=0
https://astrogeology.usgs.gov/search/map/Mars/Odyssey/THEMIS-IR-Mosaic-ASU/Mars_MO_THEMIS-IR-Day_mosaic_global_100m_v12
https://astrogeology.usgs.gov/search/map/Mars/Odyssey/THEMIS-IR-Mosaic-ASU/Mars_MO_THEMIS-IR-Day_mosaic_global_100m_v12
https://pubs.usgs.gov/sim/3292/
https://pubs.usgs.gov/sim/3292/
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crater is calculated through fitting a circle to three points mapped on the crater rim. This process is performed 
with the assistance of ArcGIS add-in “Crater Tools” (Kneissl et al., 2011). Then, the basic characteristic param-
eters (i.e., crater diameter, crater area, and ejecta area) of LECs are calculated automatically and stored as a 
shapefile in ArcGIS. This provides the basis for the following CSFD dating (see Section 3.2.1), calculation of EM 
values (see Section 3.2.2), and estimating crater excavation depth (see Section 3.2.3).

3.2.1. Superposed Crater Identification and Dating

To estimate the AMAs of these LECs, we counted and measured small craters confined within the outline of their 
ejecta blankets (Figure 4a). All craters counting measurements were carried out in ArcGIS add-in “Crater Tools,” 
which automatically adjust the map projection to avoid measurement errors (Kneissl et al., 2011). To improve 
the quality of AMAs, we excluded secondary craters as much as possible, which often show a concentration in 
clusters and/or chains, irregular and shallow shapes, and distinctive herring-bone patterns. In addition, we care-
fully examined craters by checking their stratigraphic relationship with the substrate to ensure that these craters 
were formed after the ejecta deposits. For example, craters postdating the host LEC commonly display clear and/
or subtle radial and/or concentric ejecta traces preserved on the surface of the LEC's ejecta blanket (Figure 4b). 
As a contrast, pre-existing craters and their surrounding ejecta deposits would be partially buried, covered, and 
bypassed by fluidized ejecta of the LEC that was formed after the crater (Figure 4c). Because the crater identifi-
cation is subject to image resolution, we only identified craters with diameters greater than 50 m in CTX images. 
All the above operations were completed in ArcGIS, and then CSFD data was generated.

We analyzed the CSFD data using the Craterstats software (Michael,  2013; Michael & Neukum,  2010). To 
derive AMAs and associated uncertainties of LECs, we used the chronology function (CF) of Hartmann and 
Neukum (2001) and the production function (PF) of Ivanov (2001) by Poisson timing analysis technique (Michael 
et al., 2016), along with epoch boundaries refined by Michael. (2013), and randomness analyses by the mean 
second-closest neighbor distance (M2CND; Michael et al., 2012). The Poisson timing analysis technique was 
used because it does not need to consider the choice of binning width, the application of any type of curve fitting 
technique and the number of craters in the statistical area (Michael et al., 2016).

The nomenclature of the studied LECs in both regions (Figures 3a and 3b) is defined as a combination of the 
initials of their host basin's name (i.e., U-Utopia Planitia, I-Isidis Planitia, and C-Chryse Planitia), first letter of 
LEC type (i.e., S-SLE, D-DLE, M-MLE), and a number. Numbers are arranged in descending order of age: the 
smaller the number, the older the LEC. Based on these rules, the LEC named CS1 represents a SLE crater located 
in Chryse Planitia, and the number 1 indicates that it is the oldest SLE crater examined.

Figure 4. Layered ejecta craters (LEC) examples showing how we delineate the outline of ejecta deposits and identify superposed craters. (a) The area enclosed by the 
blue lines indicates the crater count area, and the black solid line illustrates the 3-point circle crater rim measurement. The green point marks the center of the crater. 
The red circles represent manually identified superposed craters on the continuous ejecta blankets. (b) A post-LEC crater exhibits radial and concentric ejecta traces 
(black arrows) on the surface of the ejecta of the host LEC. The inset image in the upper right corner shows the location (the red box) of the relationship. (c) A pre-LEC 
crater shows that its east rim and ejecta deposits are buried, covered, and bypassed by fluidized ejecta of the LEC. The red box in the inset image in the upper right 
corner indicates the location of the relationship. The white dashed line and the black arrows mark the distal boundary of the ejecta blanket of the LEC.
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3.2.2. Evaluation of Ejecta Mobility (EM) of LECs

The EM value of individual LECs is defined as the runout distance of 
continuous ejecta blankets from the crater rim normalized by the crater 
radius (Barlow, 2004, 2005; Costard, 1989; Mouginis-Mark, 1979). Gener-
ally, runout distance and its derived EM value have two different defini-
tions (Robbins & Hynek, 2012). One uses the average ejecta extent as the 
“runout distance”, which is suggested to provide a characterization of the 
overall energy and viscosities involved (e.g., Barlow,  2005,  2006). The 
other uses the maximum extent of the ejecta deposits to indicate the "runout 
distance”, which plausibly represents the largest distance the cohesive ejecta 
could reach given the impact energy available (e.g., Costard, 1989; Moug-
inis-Mark,  1979). However, the EM values may be influenced by many 
factors (e.g., the viscosity of the ejecta flow, slope/roughness of the pre-ex-
isting surface and the size distribution of clasts within the ejecta, etc), and in 
particular the runout distance of the ejecta is the most vulnerable to slope/
roughness of the pre-existing surface, which would cause non-uniform diffu-
sion of the ejecta to the surroundings. Thus, we used the first definition to 
calculate EM values. Doing so weakens other effects as much as possible and 
highlight the effect of volatile concentration. The formula is listed as follows:

𝐸𝐸𝐸𝐸(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) =

√

𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐∕𝜋𝜋 − 𝑐𝑐𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐

𝑐𝑐𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐
 

where 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒+𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 is a total enclosed area inside the outline of layered ejecta 
deposits (i.e., the sum of the ejecta area and the crater area), the 𝐴𝐴 𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴 is the 
radius of the LEC (Figure 4a).

3.2.3. Estimating Crater Excavation Depth

The LEC diameter can estimate the depth of excavation locally, which may 
provide the depth information of subsurface ice (Barlow et al., 2001; Kuzmin 

et al., 1988). To estimate an approximate lower limit of the depth of the possible subsurface ice table (very local 
just around the crater), we derived the excavation depth (𝐴𝐴 𝐴𝐴𝑒𝑒 ) of the LECs as 𝐴𝐴 𝐴𝐴𝑒𝑒 = 0.1𝐷𝐷𝑡𝑡 based on the relationship 
developed by Melosh (1989), where 𝐴𝐴 𝐴𝐴𝑡𝑡 is the transient diameter of the crater. For large craters (𝐴𝐴 𝐴𝐴𝑟𝑟 > 6 𝑘𝑘𝑘𝑘 ), 
where 𝐴𝐴 𝐴𝐴𝑡𝑡 = 𝐴𝐴 𝐴𝐴0.15±0.04

𝑠𝑠𝑠𝑠 𝐴𝐴0.85±0.04
𝑟𝑟  (Croft, 1985), the 𝐴𝐴 𝐴𝐴𝑟𝑟 is the crater rim-to-rim diameter, and the 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠 is the simple 

to complex transition diameter, which is usually ∼6 km for Martian craters (Robbins & Hynek, 2012). For small 
craters (𝐴𝐴 𝐴𝐴𝑟𝑟 ≤ 6 𝑘𝑘𝑘𝑘 ), the simple relationship 𝐴𝐴 𝐴𝐴𝑡𝑡 = 𝐴𝐴𝑟𝑟 (Barlow, 2005) is adopted.

4. Results
The details of 68 LECs selected that met our requirements (see Section 3.1), particularly that the ejecta blankets 
were not considerably modified, are summarized in the Supporting Information (Tables S1 and S2). Table S1 
reports the AMAs, EM, and excavation depth of 44 LECs in SUIP. Table S2 reports the AMAs, EM, and excava-
tion depth of 24 LECs in SCP. We now turn to a detailed description of these results below.

4.1. Distribution of LECs

The distributions of ejecta morphologic types of the studied LECs in both SUIP and SCP (Figures 3a and 3b) 
show a similar trend. The number of SLE craters in SUIP occupies more than half of the total number of all stud-
ied LECs (SLE: DLE: MLE = 29:6:9), as well as the case for the types of LECs in SCP (14:3:7). The majority of 
all the LECs in both SUIP and SCP have diameters between 5 and 20 km (Figures 5 and 6). Note, only one LEC 
(SLE) crater smaller than 5 km is identified, with none in the SCP. The largest LEC in SUIP is ∼27 km in diam-
eter, and ∼33 km in SCP (Figures 5 and 6; also see the detail in the Supporting Information: Tables S1 and S2). 
The largest LECs in both SUIP and SCP are MLE craters.

Figure 5. Scatter plot of diameters versus absolute model ages and derived 
excavation depths of the 44 layered ejecta craters (LECs) in southern 
Utopia-Isidis Planitia. The numbers of single layered ejecta (yellow), double 
layered ejecta (green), and multi layered ejecta (blue) craters are 29, 6, and 
9, respectively. The majority of all the LECs have diameters between 5 and 
20 km. Model age bins are based upon the epochs of Michael (2013) using 
the Neukum chronology: <0.3 Ga (Late Amazonian), 0.3–1.2 Ga (Middle 
Amazonian), 1.2–3.4 Ga (Early Amazonian), 3.4–3.8 Ga (Hesperian), and 
>3.8 Ga (Noachian).
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4.2. Absolute Model Ages

4.2.1. AMAs of LECs in SUIP Region

The dating results of 44 LECs in SUIP region show AMAs ranging from 
𝐴𝐴 𝐴𝐴22+6

−5
 Ma to 𝐴𝐴 𝐴𝐴3.7+0.07

−0.1
 Ga (Figure 5). Among them, 36 LECs are in southern 

Utopia Planitia (𝐴𝐴 𝐴𝐴22+6
−5

 Ma to 𝐴𝐴 𝐴𝐴3.7+0.07
−0.1

 Ga), and eight in Isidis Planitia (𝐴𝐴 𝐴𝐴1.1+0.4
−0.3

 
to 𝐴𝐴 𝐴𝐴2.9+0.3

−0.4
 Ga; Figure 3a). Based on the epoch scheme by Michael (2013), 

11 LECs were formed in the late Amazonian (<0.3 Ga), nine in the middle 
Amazonian (0.3–1.2 Ga), 21 in the early Amazonian (1.2–3.4 Ga), and only 
three in the Hesperian (3.4–3.8 Ga; Figure 5).

4.2.2. AMAs of LECs in SCP Region

The derived AMAs of 24 LEC samples in SCP range from 𝐴𝐴 𝐴𝐴0.15+0.04
−0.03

 Ga to 
𝐴𝐴 𝐴𝐴2.5+0.6

−0.7
 Ga (Figure 6). All LECs samples were formed during the Amazonian 

period: only two LEC was formed in the late Amazonian (<0.3 Ga), 11 in the 
middle Amazonian (0.3–1.2 Ga), 11 in the early Amazonian (1.2–3.4 Ga), 
and no LECs were found in the Hesperian (3.4–3.8 Ga; Figure 6).

Importantly, it should be noted that the AMAs of all the LECs in both SUIP 
and SCP areas are not indicated as a function of crater size, which can be seen 
from Figures 7 and 8. In both figures, different symbols (circles, triangles, 
and stars) denote the three different LEC types (i.e., SLE, DLE, and MLE), 
and diameters of LECs are indicated by color with size increasing from light 
yellow to deep red.

4.3. Ejecta Mobility of LECs

4.3.1. Ejecta Mobility in SUIP Region

Some regular trends of the three morphologic types of LECs (i.e., SLE, DLE 
and MLE) in SUIP can be observed from our derived results. The EM values 
of all the 29 SLE craters are concentrated between 1.0 and 2.0 (i.e., around 
1.5), and show no regular change with time (Figure 7). Nearly all the DLE 
craters have EM values larger than 2.5 but except for the youngest one show-
ing a lower EM value ∼1.8. In comparison, however, the EM values of the 
nine MLE craters display a general decreasing trend over time. For the six 
older MLE craters (AMAs between 2.3 and 3.4  Ga in Early Amazonian), 
they commonly have EM values larger than 2.5 but only one ∼2.2 (Figure 7). 
As a contrast, the three younger MLE craters (AMAs between 0 and 1.2 Ga 
in Middle to Late Amazonian) show EM values between 1.5 and 2.0 with 
the youngest one ∼2.5 (Figure 7). Furthermore, Figure 7 indicates that EM 
values are not a function of crater size: some smaller LECs have higher EM 
values, while some larger ones exhibit lower EM values.

4.3.2. Ejecta Mobility in SCP Region

As s striking contrast, all LECs (SLE, DLE, and MLE) in SCP exhibit a 
generally decreasing trend in average EM values with time. As a whole, 
all the LECs display EM values ranging from larger than 2.5 to ∼1.0. 
Most LECs have EM values lower than 2.5, with only three slightly larger 
than 2.5 (Figure 8). Generally, the MLE craters show no regular EM value 
trend with time, while the three DLE craters have a clear decreasing trend 
in EM value over time. Also, the SLE craters in both Early (∼1.2–3.4 Ga) 
and Middle-to-Late (<1.2 Ga) Amazonian respectively exhibit a trend with 
their EM values broadly decreasing with time. Resembling the case in SUIP 
(Figure 7), the results (Figure 8) again show that the EM values are not crater 

Figure 6. Scatter plot of diameters versus absolute model ages and derived 
excavation depths of the 24 layered ejecta craters (LECs) in southern Chryse 
Planitia. The numbers of single layered ejecta (yellow), double layered ejecta 
(green), and multi layered ejecta (blue) craters are respective 14, 3, and 7. The 
majority of all the LECs have diameters between 5 and 20 km. Model age bins 
are based upon the epochs of Michael (2013) using the Neukum chronology: 
<0.3 Ga (Late Amazonian), 0.3–1.2 Ga (Middle Amazonian), 1.2–3.4 Ga 
(Early Amazonian), 3.4–3.8 Ga (Hesperian), and >3.8 Ga (Noachian).

Figure 7. Scatter plot of the ejecta mobility (EM) values versus absolute 
model age of the 44 layered ejecta craters (LECs) in southern Utopia-Isidis 
Planitia region. The color variation from light yellow to deep red indicate LEC 
diameters with an increasing trend. The 29 single layered ejecta (SLE craters 
(circles) have a narrow EM value range between 1.0 and 2.0 with no trend 
with time. The direct layered ejecta craters (triangles) exhibit EM values (most 
>2.5) significantly larger than that of the SLE craters (all <2.0). The multi 
layered ejecta craters (stars) younger than 1.2 Ga have relatively lower EM 
values (2.5 or smaller) than that (most >2.5) of those older than 2.0 Ga.
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size-dependent. In summary, if the three outliers are not included, a linear fit 
trend line (purple line in Figure 8) indicates the average EM values gradually 
decrease from ∼2.5 to 1.5 in the past 3.0 Ga.

4.4. Crater Excavation Depth

The results show the excavation depths of most LECs in SUIP are concen-
trated between 600 and 1,500 m, and the youngest (late Amazonian, 0–0.3 Ga) 
are between 300 and 1,200 m (Figure 5). There is no clear excavation depth 
trend with time for SLE and DLE craters, whereas the MLE craters appear to 
have a significantly decreasing trend with time for both their diameters and 
excavation depths (Figure 5). Generally, the excavation depths for LECs in 
SCP display no trend in time and the majority suggest an average of ∼1 km 
(Figure 6). However, the excavation depth for the youngest SLE (∼0.2 Ga) is 
∼800 m and the shallowest depth is ∼600 m for the SLE crater ∼2.0 Ga in age. 
It should be noted that the shallowest excavation depths of the MLE craters 
in both SUIP and SCP are ∼800 and 900 m (Figures 5 and 6), respectively.

5. Discussion
5.1. Model Age Analysis of LECs

Most of all studied LEC examples in both SUIP and SCP regions were dated 
to have formed throughout the Amazonian epoch, especially the early and 

middle Amazonian epoch, and only a few in the late Hesperian epoch (Figures 5 and 6). The lack of model ages 
for the Noachian and Hesperian is primarily due to the potential landing areas located in the northern lowlands. 
These lowlands zones are mainly covered by younger geological units (e.g., Av, AHv, lHl, lHt and Hto unit; 
Figure 3; Tanaka et al., 2014). Specifically, as a subset of the lowlands, most of the southern Utopia Planitia 
is covered by Vastitas Borealis Formation (VBF) formed in the late Hesperian (Tanaka et al., 2003; Werner & 
Tanaka, 2011). As an indicator marking the large-scale cessation of emplacement of the sedimentation in the 
northern lowlands, the VBF has been interpreted as resulting from either volatile expulsion from the compaction 
of a fluid-laden sedimentary unit (Salvatore & Christensen, 2014), or local periglacial processes acting on outflow 
channel sediments and other older plain materials (Tanaka et al., 2003), or sublimation residues (Kreslavsky & 
Head, 2002), or ocean sediments (Baker et al., 1991), or any combination of them. AMAs of the VBF in southern 
Utopia Planitia were found to be from ∼3.5 to ∼3.6 Ga (Ivanov et al., 2014). The superposition of LECs on the 
surface of the VBF units indicate that the LECs postdate the formation of the VBF. The relative age relationship 
is consistent with our CSFD dating results for the southern Utopia Planitia: the LECs on the VBF unit were aged 
younger than 3.4 Ga (see Table S1), relative to the older VBF units (∼3.5–3.6 Ga, Ivanov et al., 2014). In addi-
tion, the post-impact basin evolution of Isidis Planitia is dominated by volcanism in the early Hesperian epoch 
(∼3.8–3.5 Ga), subsequently followed by fluvial/glacial processes dominated period (∼3.4–3.1 Ga) leading to 
repeated extensive surface resurfacing in the basin (Ivanov et al., 2012). Our dating results of the LECs within 
the basin (between ∼1.1 Ga and ∼2.9 Ga) are supportive of the relative age relationship within the framework of 
these surface processes in the Isidis Planitia.

The SCP is the convergent place of the circum-Chryse outflow channels (i.e., Kasei, Maja, Simud, Tiu, Ares, 
and Mawrth Valles). The main water activity phase to form these channels has been suggested to be between 
∼3.8 Ga and ∼3.0 Ga, but might have undergone episodic pulses with lower activity into Amazonian (Baker & 
Kochel, 1979; Carr & Clow, 1981; Masursky et al., 1977). Records of early impact events (i.e., Noachian, and 
early Hesperian), therefore, might have been erased by later fluvial activities or covered by sediments emplaced 
from the highlands (Golombek et al., 1997), thus supporting a relatively younger age of the well-preserved LECs 
thereafter (between ∼0.15 Ga and ∼2.5 Ga; see Table S2) in SCP.

The CSFD dating technique has already been used to derive AMAs of LECs in SCP by Reiss et al. (2006), but 
their study is only focused on small and limited localities. Their results show that the LECs with ejecta eroded 
by fluvial events have AMAs ∼3.8 Ga and between ∼1.5 Ga and ∼0.6 Ga for the LECs superposed by channels 
(Reiss et al., 2006; their Figure 10). In comparison, the absence of older (i.e., Hesperian and Noachian) LECs in 

Figure 8. Scatter plot of the ejecta mobility (EM) values versus absolute 
model ages of the 24 layered ejecta craters (LECs) in southern Chryse 
Planitiaregion. The color variation from light yellow to deep red indicate LEC 
diameters with an increasing trend. The linear fitting results (the purple line) 
of the LECs within the dashed ellipse suggests a generally decreasing trend in 
average EM values with time, ranging from ∼2.5 to 1.5.
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our SCP results is due to our exclusion of the LECs with ejecta deposits that have undergone obvious and signif-
icant degradation. The LEC (Figure 9a), named Yuty and labeled #CM5 in Figure 3b, was dated to be μ𝐴𝐴 1.0+0.2

−0.2
 Ga 

(Figure 9d, marked in orange font) using the CF of Hartmann and Neukum (2001) and the PF of Ivanov (2001) 
with cumulative fit in our study, but an older model age μ𝐴𝐴 2.2+0.7

−0.8
 Ga (Figure 9d, marked in blue font) using the 

same method was derived by Reiss et al. (2006) (their Figure 10). The difference may be caused by the following 
three factors. First, smaller superposed craters were recognized in our study by using the CTX images (5.0 m/pix; 

Figure 9. (a) Yuty Crater seen in Context Camera (CTX) mosaic with mapped crater count area (blue line) and identifiable superposed craters (red circles) in our study. 
(b) Yuty Crater seen in HRSC images with mapped crater count area (blue line) and identifiable superposed craters (D > 600 m) (red circles and a yellow circle) in 
Reiss's study (Reiss et al., 2006). (c) Enlarged view of the crater indicated by the white box in (b) from the CTX mosaic. The black arrows indicate evidence of ejecta 
burying, flowing, and bypassing the crater. (d) Dating results of the Yuty crater. Cumulative crater frequency plot showing production function (PF) fitted to the crater 
diameter range 0.4–1.3 km in our study, and the absolute model ages (AMA), 𝐴𝐴 𝐴𝐴1.1+0.2

−0.2
 Ga (Poisson timing analysis) (green squares) and 𝐴𝐴 𝐴𝐴1.0+0.2

−0.2
 Ga (cumulative fit) 

(orange squares). The PF fitted (blue circles) to the crater diameter range 0.6–8 km by Reiss et al. (2006), and the AMA, 𝐴𝐴 𝐴𝐴2.2+0.7
−0.8

 Ga (cumulative fit). The black arrow 
points to the crater shown in Figure 9c.
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Figure 9a) with a higher resolution than the HRSC images (12–15 m/pix; Figure 9b) used by Reiss et al. (2006). 
The identification of smaller craters used for dating indicates that their hosting ejecta appears to have not been 
affected by later geological processes, which makes our derived CSFD results more robust. Second, there is a 
subjective difference in identifying which craters are superposed on the ejecta. We are confident in our assess-
ment that the noted crater in Figure 9b (the yellow circle) was formed before the ejecta emplacement based on 
their stratigraphic relationship: the crater is filled and covered with fluidized ejecta (Figure 9c), and if the crater 
formed later than the LEC, the sharpness of the LEC rim at the crater northeast edge should not have been well 
preserved. Thus, we argue that the crater should not be part of the CSFD. In addition, the derived model ages are 
greatly influenced by the diameter range of the PF fitting, which could also be subjective (Figure 9d).

5.2. Implications for Surface/Subsurface Ice Conditions

The formation of LECs is assumed (based upon multiple lines of evidence discussed earlier) to require surface 
(icy layer) and/or underground water/ice (i.e., ice-cemented regolith/rock or volatile-rich target) to be involved 
(e.g., Baloga et al., 2005; Barlow, 2005; Costard, 1989; Jones et al., 2016; Kuzmin, 1980; Kuzmin et al., 1988; 
Oberbeck, 2009; Weiss & Head, 2014). The DLE craters are thought to have formed through impact into a buried 
ice layer (e.g., Senft & Stewart, 2008) or a rock/ice mixture (e.g., Wulf & Kenkmann, 2015) or a surface ice layer 
(Weiss, 2019; Weiss & Head, 2013, 2018). The MLE craters have been interpreted as resulting from an impact 
into material below the ice-cemented cryosphere (or permafrost; Clifford, 1991), while the excavation depths of 
SLE craters are commonly considered to be limited within the upper ice-cemented cryosphere where ice fills the 
pore-space (e.g., Weiss & Head, 2017; their Figure 2). The varying thickness of the icy substrate and the related 
subsurface concentrations (Boynton et al., 2002) at the time of impact are hypothesized to highly affect the EM 
value of the ejecta (e.g., Barlow, 2005; Costard, 1989; Weiss & Head, 2014). Thus, the relationship between 
EM values and ages of LECs might reflect the variation trend of subsurface volatiles concentrations over time 
(Barlow, 2004).

The average EM values of the SLE craters (all concentrated between 1.0 and 2.0; Figure 7) in SUIP region has not 
significantly changed in the past 3.5 Gyr, and this is consistent with the conclusion obtained by Barlow (2004). 
They used multiple characteristics, including relative crater depth, rim sharpness, ejecta blanket preservation, inte-
rior feature preservation, and thermal inertia to determine the relative ages of LECs (D ≥ 5 km) between ± 30°N 
latitude and 0–180°W. Their results indicate that subsurface volatiles concentration remained almost stable at 
depth (>700 m) with time (Barlow, 2004). Though the secular diffusive loss of ice from the subsurface with time 
is inferred (Clifford & Hillel, 1983; Fanale et al., 1986; Mellon et al., 1997), volatile discharge and recharge, 
which are dominated by obliquity variations (Fanale et al., 1986; Mellon & Jakosky, 1995), have also greatly 
affected the dynamic evolution of the Martian cryosphere (Clifford,  1991; Weiss & Head,  2017). Water ice 
was delivered to and likely accumulated toward lower latitudes during the periods when Mars had relatively 
high obliquity (Head et al., 2003; Jakosky & Carr, 1985; Madeleine et al., 2009, 2014; Weiss, 2019). However, 
numerical models (e.g., Grimm et al., 2017) suggest that volatile distribution at depths larger than ∼100 m would 
be stable and not affected by long-term obliquity variations. Further, thermal and molecular diffusion models 
analysis concluded that subsurface volatiles deeper than ∼2 m should not be affected by the diurnal, seasonal, or 
long-term temperature variations over at least the past 2.5 × 10 6 yrs (Mellon & Jakosky, 1995).

The simple crater diameter/depth relations from Melosh (1989) suggest that our smallest LECs (D ≈ 4 km) would 
have excavated to depths greater than 400 m, well into, and maybe under, the estimated Hesperian-Amazonian 
stable layer of volatile concentration (∼100 m and deeper) which is not affected by Mars obliquity and tempera-
ture variations (Grimm et al., 2017). The narrow EM value range between 1.0 and 2.0 for the SLE craters in SUIP 
does not show obvious trend on the geological time scales (Figure 7). Results of this analysis combined with 
numerical models (Grimm et al., 2017; Mellon & Jakosky, 1995) suggest that subsurface volatile concentrations 
might have been relatively stable over at least the past 3.5 Gyr in the SUIP region at the depth excavated by the 
studied craters. A smaller LEC (D ≈ 7 km; Figure 10a, #US21) shows an AMA up to 𝐴𝐴 𝐴𝐴52+20

−10
 Ma (Figure 10c) 

suggesting that subsurface water ice likely persists to present at depth ∼700 m in the southern Utopia Planitia. 
In fact, the depth to the subsurface-ice table calculated by the Melosh  (1989) theoretical considerations is a 
lower boundary, because a certain percentage of volatile substances must have been excavated before the final 
emplacement of the fluidized ejecta deposits (Costard & Kargel, 1995). Experimental and numerical simula-
tions have suggested critical volatile concentrations of 16%–60% involved (Senft & Stewart, 2008; Wohletz & 
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Sheridan, 1983; Woronow, 1981). Therefore, the present subsurface water ice depth may be less than ∼700 m 
in the southern Utopia Planitia. Since there are few LECs (including six SLE and two MLE craters, Figure 3a; 
AMAs between ∼1.1 Ga and ∼2.9 Ga) identified in the Isidis Planitia, the present depth of subsurface ice cannot 
be estimated there with any confidence.

Geomorphologic evidence also suggests that the SUIP region may have undergone a long “dry” history since 
Hesperian epoch. For example, craters with pancake-like ejecta are also thought to result from impacts into 
target materials containing ice/water (Ivanov et al., 2014 and references therein). Relative to smaller pancake-
like craters, larger LECs in Utopia Planitia tend to occur at the periphery of the basin and this is likely explained 
by less ice/water concentration at the high-topography basin edge than in the lower center (Ivanov et al., 2014). 
Further, sublimation rate of subsurface ice/water would have been greatly decreased by being covered with a 

Figure 10. (a) A relatively young (𝐴𝐴 𝐴𝐴52+20
−20

 Ma), smaller diameter layered ejecta crater (LEC) (#US21) in SUIP region with mapped crater count area (between blue 
lines) and identifiable superposed craters (red circles). (b) A relatively young (𝐴𝐴 𝐴𝐴150+40

−30
 Ma), smaller diameter LEC (#CS14) in southern Chryse Planitia region with 

mapped crater count area (blue line) and identifiable superposed craters (red circles). (c) Dating results of the #US21 LEC. (d) Dating results of the #CS14 LEC.
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surficial debris layer (even a few meters thick would effectively decrease 
sublimation; Carr & Head, 2003; Farmer & Doms, 1979), which is evidenced 
by the presence of VBF formed in the Hesperian (Tanaka et al., 2003; Werner 
& Tanaka, 2011). Thus, the basin-edge, high-topography SUIP may be able 
to maintain a relatively stable water/ice concentration or cryosphere at a 
certain depth in the interior, which is further favored by our observational 
results displaying a steady status of EM values fluctuating between 1.0 and 
2.0 for SLEs since Hesperian in SUIP (Figure 7).

In SCP, the linear fitting line of the average EM values of LECs shows a posi-
tive linear correlation (Figure 8), suggesting an overall decreasing-trend of 
the concentration of subsurface volatiles over time (older LECs exhibit high 
EM values, while younger LECs exhibit low EM values). This means that 
the depth of the subsurface ice table gradually increases over time or volatile 
concentration decreases or both, seeming to be somewhat consistent with the 
results obtained by Reiss et al. (2006). We also note that the general trend 
observed with SLE craters in Figure 8 is based on the ensemble of craters. 
There are individual craters of similar size but dissimilar age that follow this 
general trend of decreasing EM values toward younger ages (e.g., ∼11-km-di-
ameter SLE craters CS2, CS4, and CS9 with EM values and ages of [1.96, 
2.4 Ga], [1.82, 1.9 Ga], and [1.43, 0.73 Ga], respectively; Figure 11), but a 
few similar-sized craters do not follow this EM-age inverse trend (e.g., LEC 
craters CS11 and CS14 (7.97 vs. 7.88 km) with EM values and ages of [1.04, 
0.53 Ga] and [1.37, 0.15 Ga]; Figure 11). The SLE crater CS14 is located 
in the southwestern border area of the Chryse basin with higher topography 
(Figure 12), while CS11 in the lower channel floor near the Ares channel 
outlet. The higher topography may have lower temperatures to maintain the 
subsurface volatiles stable for a long time, but the channel interior would be 
an ideal negative place for weathering materials to fill in and deposit, thus 
causing an upper dry layer of increasing thickness with time. Consequently, 
this special depositional setting might have resulted in a relatively lower vola-

tile content for CS11's ejecta. Thus, the above analysis suggests that different geological settings will exert a 
certain influence on the final appearance of ejecta blankets of LECs, increasing the complexity of interpreting 
subsurface volatile conditions. These interpretations are consistent with and again confirmed previous conclu-
sions that volatile concentrations vary with locality (e.g., Barlow, 2004; Costard, 1989). However, given that EM 
is a normalized, dimensionless parameter, the general downward trend of subsurface volatile concentrations for 
SCP was thus inferred from the entire population of all the investigated LECs (Figure 8) and the 14 SLE craters 
(Figure 11), not a very limited subset.

Smaller LECs (D < 3 km) in the SCP region are relatively absent, suggesting that near-surface ground ice was 
lost over time in the Amazonian epoch. A lowering of the subsurface ice table due to loss of volatiles possibly 
occurred after the last large-scale groundwater recharge, which coincides with the main activity phase (between 
∼3.8 Ga and ∼3.0 Ga) of the circum-Chryse outflow channels (Baker & Kochel, 1979; Carr & Clow, 1981; 
Masursky et  al.,  1977). Generally, compared with high latitudes, the equatorial regions such as SCP should 
have experienced a relatively continuous loss of subsurface ice throughout the Mars geological history (Clif-
ford, 1993; Clifford & Hillel, 1983; Fanale et al., 1986). However, the EM variation of the SLE craters in SCP 
appears to have an abrupt change in trend at around 1.2 Ga (Figure 11), which may indicate that the area had been 
recharged by small-scale periodic flood events at the time (Carr & Head, 2010; Marchenko et al., 1998; Neukum 
& Hiller, 1981; Warner et al., 2009). The shallow subsurface ice table, however, might not be sufficiently stable 
to remain for longer times from small-scale flooding. Most of the SLE craters potentially younger than 1.2 Ga are 
located near the terminal ends (dashed black polygons in Figure 12) of the channels originating from the southern 
highlands with higher topography. This boundary zone, where the channels run into the northern lowland, is a 
place susceptible to resurfacing or erosion by periodic flooding and/or mass-wasting events. This could explain 
why these Late Amazonian aged SLE craters (CS7-CS14, Figures  11 and  12) with well-preserved fluidized 
ejecta blankets tend to distribute closer to the north-south hemisphere boundary, in particular to the outlet area 

Figure 11. The scatter plot of ejecta mobility (EM) values of the 14 single 
layered ejecta (SLE) craters in southern Chryse Planitia. The symbol size 
varies by crater diameter (the larger the bubble, the larger the crater size). 
At the same, the exact value of diameter of each SLC crater is marked above 
each bubble, while the names of individual SLE craters are given below 
bubbles with black borders. The general decreasing trend of EM variation of 
these SLE craters is illustrated by the violet-color dashed ellipse. The black- 
and green-color dashed ellipses indicate the Middle-to-Late (<1.2 Ga) and 
Early Amazonian-aged (∼1.2–3.4 Ga) SLE craters, respectively. Their areal 
distribution and locations are shown in Figure 12.
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of highland channels. Additionally, the correspondence of some shallower 
excavation depths to younger LEC ages (𝐴𝐴 𝐴𝐴150+40

−30
 Ma, D ≈ 8 km; Figures 10b 

and 10d, #CS14) seems to indicate that subsurface ice most likely still exists 
and the depth is ∼800 m in SCP (Figure 6).

In summary, the average EM values of the two candidate landing areas have 
different trends over time, and this may suggest that the evolutionary history 
of subsurface volatiles in the two regions is different. The dry regolith (above 
the ice-cemented cryosphere) is predicted to be several tens to hundred meters 
thick at the equator, but its thickness decreases toward high latitudes (Weiss 
& Head, 2017 and references therein). The thickness of the upper dry regolith 
layer varies along with several more major or minor factors: local surface 
temperature conditions, atmospheric humidity, geothermal gradient, poros-
ity, and thermal diffusive properties of the regolith (e.g., Fanale et al., 1986; 
Grimm et al., 2017; Grimm & Painter, 2009; Mellon et al., 1997). Among 
them, the local mean annual surface temperature is mainly a function of lati-
tude and obliquity. Based on the EM variation of SLE craters, subsurface 
volatile concentrations may have been relatively stable over at least the past 
3.5 Ga in SUIP (Figure 7), whereas our results show a decreasing-trend of 
the concentration of subsurface volatiles over time in SCP in the past 2.5 Ga 
(Figure 8). This suggests that the tempo-spatial variation of subsurface water 
ice concentrations in SCP has a more substantial change than that in SUIP, 
which may be due to the SCP being closer to the equator.

LECs with a diameter of less than 3 km are not recorded within the existing 
databases (Li et al., 2015; Robbins & Hynek, 2012). Some previous efforts 
have been made to identify smaller LECs (e.g., Reiss et al., 2005, 2006). With 
the high-resolution images (CTX, 5.0 m/pix) of Mars becoming available, 
some much smaller LECs (D ≤ 1.5 km) have been identified (e.g., Kirchoff 
& Grimm, 2018 and this study). Following the simple crater scaling relations 

(Melosh, 1989), the excavation depth is 150 m or less suggesting that local ground ice was likely shallower than 
150 m when the impact occurred. Because the areas of ejecta blanket deposits of these LECs are too small to 
measure small, superposed craters, their model ages cannot currently be robustly estimated.

5.3. Recommendations for Tianwen-1 and Future Exploration and Analysis

The location of the landing site of the Tianwen-1 lander and Zhurong rover is marked in Figure 3a (red star). The 
Tianwen-1 landing site is near to the crater UM5 investigated is this study, and this area is found to be distributed 
with a series of sedimentary and volcanic materials and features (Mills et al., 2021; X. Wu, Liu, et al., 2021). The 
sequence of events to form the geomorphic features and units has been approximately estimated by their apparent 
spatial relationships (Mills et al., 2021), but this proposed stratigraphy needs to be further tested and validated in 
future crater-counting and in-situ exploration studies, in particular, from robotic sample return missions.

A significantly striking difference between the landing-site-containing SUIP and SCP is that the SUIP region 
might have been highly affected by the magmatic and volcanic activities associated with Elysium Mons to its 
east and Syrtis Major Planum to the west of Isidis Planitia (Figure 2). This can be inferred from numerous pitted 
cones in both Utopia and Isidis planitia, which have been interpreted as resulting from sedimentary volcanism 
or volcanic in origin (e.g., Ghent et al., 2012; Ivanov et al., 2014; McGowan, 2011; Skinner Jr. & Tanaka, 2007). 
If the hypothesis of sedimentary or mud volcanism (McGowan,  2011; Skinner Jr. & Tanaka,  2007) is right, 
the pitted cone-forming materials should have sourced from a pressurized subsurface reservoir containing vola-
tiles. Checking the compositional information of both pitted cones and ejecta deposits of LECs might bring a 
confirmation of whether a same subsurface volatile-containing reservoir was shared by them. The landing site 
of Tianwen-1 lander and Zhurong rover is near to a pitted cone to its northwest (Mills et al., 2021; their Figure 
4) and the LEC UM5 (Figure  3a) investigated in this study. Therefore, high-resolution and detailed spectral 
mapping of the pitted cone and the multiple-layer ejecta crater would address this issue. At present, the Zhurong 
rover is traveling south for specific in situ survey of a series of geologic features and subsurface structures along 

Figure 12. Areal distribution of the studied layered ejecta craters in southern 
Chryse Planitia (SCP). The single layered ejecta (SLE) craters potentially 
younger than 1.2 Ga, outlined by the black dashed lines (also see Figure 11), 
tend to be located in the regions near the outlet areas of the channels sourced 
from the surrounding highlands. The average ejecta mobility values for the 
Middle-to-Late (<1.2 Ga; black dashed lines) and Early Amazonian-aged 
(∼1.2–3.4 Ga; green dashed line) SLE craters show a general decreasing trend 
with time (indicated by the black and green dashed ellipses in Figure 11, 
respectively), consistent with the general downward trend of subsurface 
volatile concentrations over time in SCP, inferred from all the 14 investigated 
SLE craters (Figure 11) and the 21 SLE and direct layered ejecta craters (black 
dashed ellipse, Figure 8).
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its path. Particularly, the pitted cones in the distance have been chosen as an important investigation target (Liu 
et al., 2021). Besides, there will also be a chance for a visit to the LEC at the south end of the landing area (Liu 
et al., 2021). Thus, Zhurong rover could carry out field investigations of both features, searching for definitive 
evidence of compositional similarities and differences and feature origins.

The depths and detailed profile conditions of subsurface volatile-containing layers can be investigated directly 
from radar detections. The Mars Orbiter Scientific Investigation Radar (MOSIR) and Rover Ground-Penetrating 
Radar (GPR) onboard Tianwen-1 rover has the capability to explore the subsurface properties to depths up to 
100 m in the crust depending on subsurface terrain properties (Fan et al., 2021; Zou et al., 2021). The GPR is 
designed to characterize the subsurface layers distribution, properties, and their thicknesses. It contains two 
radar channels which operate in the frequency range 15–95 MHz and 0.45–2.15 MHz, respectively. The lower 
frequency channel will penetrate the substrate to depths of 10–100 m with a resolution of a few meters, while 
the higher frequency channel will be able to penetrate 3–10 m with a resolution of a few centimeters (Zhou 
et al., 2020). The existence of a series of geomorphic features with their origins involving water-related activities 
(e.g., Ivanov et al., 2014; Mills et al., 2021; X. Wu, Liu, et al., 2021) in the Tianwen-1 landing site provides good 
testing targets for exploration of the subsurface water ice conditions by the rover, which are key to understanding 
Mars' climate and geologic history.

6. Conclusions
In this study, we carried out the stratigraphic, morphologic, and morphometric analysis of 68 LECs, which are 
located in the two candidate landing areas of China's first Mars exploration mission. We determined the AMAs of 
the LECs, measured their EM values, and estimated their excavation depths to analyze the evolutionary history of 
regional subsurface volatile concentrations. The 41 LECs in the SUIP were dated to have formed throughout the 
Amazonian epoch (∼3.4 Ga to present), and only three in the Hesperian epoch (∼3.4–3.8 Ga). However, all the 
studied 24 LECs in SCP show AMAs of <2.5 Ga, Amazonian in age. We found that the EM variation of LECs 
have different trends over time in the two regions: the EM values of LECs show no significant regular change 
over time in SUIP, whereas the EM values seem to decrease over time in SCP. The results are consistent with 
historic periods of fluvial activity in SCP resulting in episodic resurfacing and recharge of volatiles, especially in 
the channels' outlet areas where only relatively younger LECs are observed in this study. As a contrast, the volatile 
concentrations might have not changed much in SUIP. The results lead us to conclude that the evolution history 
of the concentration of subsurface volatiles varies with locality on Mars.

We further estimated the depth of underground ice based on the excavation depths of younger LECs. The results 
show that a layer of subsurface water/ice with a depth of ∼700 m may have been present in SUIP, and a depth 
of ∼800 m is inferred for the SCP. The current depth of underground ice may reflect the long-term dehydra-
tion of the ice-cemented regolith/rock in the upper several hundred meters. The presence of newly identified 
LECs ≤ 1.5 km may suggest that the ice depth may be locally less than 150 m in some areas, favoring the previous 
estimates of substantial local variations in cryosphere thickness (e.g., Clifford et al., 2010; Weiss & Head, 2017). 
The search for subsurface water ice on Mars is the objective of both the MOSIR and Mars Rover Penetrating 
Radar (RoPeR) onboard the Tianwen-1 mission, which have a potential to penetrate a depth up to 100 m and may 
bring exciting discoveries. We also concluded with recommendations for Tianwen-1 and future exploration and 
analysis that could help test and validate the proposed hypotheses for the origins of a series of geologic features 
and martian geological evolution history at regional and globle scales.
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Figure 3 and arranged in ArcGIS version can be found online (S. Niu et al., 2021, Zenodo, https://doi.org/10.5281/
zenodo.5108950).
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