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A B S T R A C T   

The formation of layered ejecta craters (LECs) is generally thought to be related to the subsurface water-ice. The 
distribution of LECs in the northern regions of Mars (0 to 70◦ N) features both local and latitudinal variations, e. 
g., there are generally few LECs within volcanic areas, and the observed minimum and median diameters of the 
LECs decreases with increasing latitude. The observed minimum diameters of the LECs in the six planitiae within 
the northern lowlands suggest the roof depth of the LECs-forming layer has clear lateral variability, ranging 
between ~90 m in the Arcadia Planitia and ~280 m in the Isidis Planitia. The observed LECs are suggested to 
mainly form during the Amazonian, implying that the LEC-forming water-ice-bearing strata might be still pre
sent. The variation might reflect the comprehensive influence on the subsurface water-ice by the climate con
ditions and geologic events during the Amazonian period. The proposed subsurface stratigraphies in the six 
planitiae suggest that the total thickness of the LECs-related strata in the Chryse Planitia is the largest (~4.6 km) 
and in the Arcadia Planitia is the smallest (~1.6 km). There could be as much as ~3.5–16 million km3 subsurface 
water stored in these strata, resulting in a ~24–110 m global equivalent layer (GEL) of water. Given that water is 
a fundamental ingredient to life, its migration from surface to subsurface shifts the focus of its exploration. Both 
Arcadia and Utopia Planitiae represent ideal candidates as locations where both shallow and deep subsurface 
water-ice might be abundant, they represent high-priority targets for future missions at mid-latitudes for bio
signature searching and in-situ resource utilization.   

1. Introduction 

The barren and dry appearance of the current Martian surface bears 
the geological scars of a substantially wet past, in the form of dry riv
erbeds, delta plains, valley networks, etc. (e.g., Jons, 1985; Baker et al., 
1991; Head et al., 1999; Fassett and Head, 2008; Di Achille and Hynek, 
2010). The primordial Martian water volume produced by the cata
strophic outgassing of the mantle could potentially be thousands of 
meters of global equivalent layer (GEL) (Elkins-Tanton, 2008). By 

measuring the current deuterium-to‑hydrogen (D/H) ratio for the H2O 
in the atmosphere, Villanueva et al. (2015) estimated that early Mars 
(4.5 billion years ago) had a GEL of water at least 137 m deep, covering 
20% of the planet’s surface. Zhu et al. (2022) proposed an early period of 
intense asteroid bombardment which might have accumulated enough 
water to create a > 300 m GEL of water, or even up to 1500 m GEL if the 
outgassing contribution from the molten mantle were to be added 
(Scheller et al., 2021). However, Carr and Head (2015) estimated only 
34 m GEL of water currently lies in the Martian polar-layered deposits 
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(PLDs) and the shallow ground ice (Plaut et al., 2007). Theoretical 
analysis (Clifford and Parker, 2001) and global subsurface water trans
port modelling (Grimm et al., 2017) show that there might be large 
quantities of widespread subsurface water-ice and/or liquid water 
stored in the deeper crust. This hypothesis is partially confirmed by the 
Mars Advanced Radar for Subsurface and Ionosphere Sounding (MAR
SIS) radar, which reveals that the water-ice locked up in the extensive 
deposits of Medusae Fossae Formation (MFF) at Mars’s Equator is about 
1.5 to 2.7 m GEL of water (Watters et al., 2024). 

The substantial discrepancy between the (estimated) past and pre
sent water budget might be due largely to solar radiation (through 
photodissociation of water molecules), following the gradual loss of a 
strong magnetic shield (Villanueva et al., 2015; Stone et al., 2020). It is 
estimated that the integrated water loss to space is equivalent to at least 
10 to 200 m GEL throughout Martian history (Lammer et al., 2003; 
Chaffin et al., 2014; Kurokawa et al., 2014; Villanueva et al., 2015; 
Jakosky et al., 2018; Alsaeed and Jakosky, 2019). Scheller et al. (2021) 
argued the atmospheric exodus process alone cannot explain modern 
aridity and they estimated that between 30% and 99% of the water was 
incorporated into the crust through hydration, i.e., a geologic entrap
ment in hydrated minerals. Riu et al. (2023) estimated the global water 
volume in present surficial hydrated silicates for deposits of 1 m in depth 
corresponds to only ~10− 4 m GEL, a rather low threshold that might 
indicate the hydrated silicates were not globally important water stores. 
However, the estimation should not be considered as a lower bound 
because it only counts spectrally detected hydrated silicates, which oc
cupies a rather tiny fraction of the Martian surface areas that are free of 
dust cover and have significant exposures. The updated high-resolution 
map of Water Equivalent Hydrogen (WEH) in the Martian regolith shows 
several extremely high hydrogen regions at moderate latitudes and even 
near the equator, e.g., ~10 wt% WEH on the flanks of the Tharsis 
Montes, ~19 wt% at the Medusae Fossae Formation (MFF), ~23% at the 
Arabia Terra, ~40 wt% in the central part of Valles Marineris (Pathare 
et al., 2018; Wilson et al., 2018; Malakhov et al., 2022; Mitrofanov et al., 
2022). Depending on the thickness of the hydrated minerals, these un
usually high hydrogen abundances could amount to at least ~1 cm GEL 
as a lower bound. Mustard (2019) estimated the total water volume in 
the hydrated mineral over the 1 to 10 km Martian subsurface to have 
been about 15–1000 m GEL. Wernicke and Jakosky (2021) proposed the 
water stored within or needed to form hydrated minerals on Mars is 
130–260 m GEL, and could be plausibly extended to 860 m GEL. In 
addition to being stored in hydrated minerals (Mustard, 2019; Riu et al., 
2023; Scheller et al., 2021; Wernicke and Jakosky, 2021), in the sub
glacial salty lakes (Orosei et al., 2018; Lauro et al., 2021) and in the 
polar caps (Mitrofanov et al., 2002), water might also now be locked 
underground in aquifers (Gourronc et al., 2014; Mitrofanov et al., 2022), 
or in the shallow icy substrates (Byrne et al., 2009; Smith et al., 2009; 
Dundas et al., 2014, 2018, 2021; Stuurman et al., 2016; Piqueux et al., 
2019). 

Water is one of the key elements that influence both the geological 
evolution and potential habitability on the planet. Liquid water is not 
stable under modern atmosphere conditions on Mars, however, there 
could be undetected subsurface water/ice that exceeds the present 
observable water inventory (Kurokawa et al., 2014). To search for water 
beneath the Martian surface, craters represent unique probing tools. 
Direct observations of exposed shallow subsurface ice due to cratering 
have been already reported. Byrne et al. (2009) found geologically 
recent impacts in the mid-latitude poleward of about 40◦ excavated 
shallow (< 1 m in local sites) water ice, which might be a relic of the 
buried dusty snow layer deposited during high obliquity periods. Later 
observations confirmed the presence of high-purity shallow ice (Dundas 
et al., 2014; Dundas et al., 2018; Dundas et al., 2021), which extends 
down to a latitude of 35◦N (Dundas et al., 2023). 

Craters with special morphologies, e.g., ring-mold craters (Kress and 
Head, 2008), pedestal craters (Kadish et al., 2009), expanded craters 
(Viola et al., 2015), and terraced craters (Bramson et al., 2015), are 

thought to have formed by impacts into regions with shallow subsurface 
ice that might sublimate when exposed to the Martian atmosphere. They 
are usually formed through mechanisms that bear significant implica
tions for the thickness and properties of the subsurface water-ice. For 
instance, Bramson et al. (2015) proposed the occurrence of a wide
spread, decameters-thick water-ice layer beneath the surface at the 
formation of the terraced craters in the Arcadia Planitia. Viola et al. 
(2015) estimated the minimum ice volume (140–360 km3) sublimated 
during the formation of all the mapped expanded craters in the Arcadia 
Planitia corresponds to a global ice layer of ~1–2.5 mm, and there is still 
at least 6000 km3 subsurface ice. 

Craters with one or more layered ejecta deposits, known as layered 
ejecta craters (LECs), represent another distinct landform on the Martian 
surface. The LECs have been hypothesized to have formed by the 
interaction of the excavated material with the subsurface volatiles 
(volatile fluidization model) (e.g., Carr et al., 1977; Mouginis-Mark, 
1979) and/or the atmosphere (atmospheric entrainment model) (e.g., 
Schultz and Gault, 1979; Barnouin-Jha and Schultz, 1998). In addition, 
the LECs, especially those with double-layered ejecta (DLE), were also 
proposed to be formed by impacting into a surface glacial ice layer that 
followed by landsliding of the ejecta off of the structurally uplifted rim 
(glacial substrate model) (Weiss and Head, 2013). Subsequent numeri
cal simulations have produced LECs under Martian impact conditions 
with surface ice of 10–50 m thick (Alexander et al., 2023). The mostly 
accepted volatile fluidization model assumes the impact penetrates into 
a subsurface water-ice-rich stratum (usually >100 m deep), causing 
ejecta emplaced as a fluidized ground-hugging flow (e.g., Carr et al., 
1977; Woronow, 1981; Barlow et al., 2001; Barlow and Perez, 2003; 
Barlow, 2005; Boyce and Mouginis-Mark, 2006; Senft and Stewart, 
2008; Osinski et al., 2011; Kirchoff and Grimm, 2018). The LECs on the 
Martian surface have already been globally or regionally investigated 
with images of different resolutions (e.g., Demura and Kurita, 1998; 
Robbins and Hynek, 2012a; Barlow, 2017; Lagain et al., 2021; Gou et al., 
2024) to analyze their spatial distribution and to infer subsurface 
properties. For instance, Kuzmin et al. (1988) inferred the depth to the 
top of an ice-rich layer where LECs are initially observed (hereinafter 
referred to as the roof depth) to be about 300–400 m at 30◦ latitude and 
decreases to about 50–100 m at 50◦. Barlow et al. (2001) found the roof 
depth varies regionally within ±30◦ latitude and could be as shallow as 
110 m in Solis and Thaumasia Planae. Reiss et al. (2005) estimated the 
subsurface ice table in the equatorial region of the Valles Marineris 
plateaus should be between ~75 m and ~ 260 m. Barlow and Perez 
(2003) confirmed the single layer ejecta (SLE) morphology is the 
dominant ejecta type within ±60◦ latitude (exceeding 70% of all ejecta 
morphologies for most of the area), and found the regional variations of 
the inferred subsurface volatiles correlate well with the possible loca
tions of near-surface H2O reservoirs detected by Mars Odyssey. Jones 
and Osinski (2015) developed a stratigraphic model to explain the 
observed trends after examining the regional variation in ejecta 
mobility, observed minimum diameter and their correlation for the SLE 
and DLE craters on Mars. Kirchoff and Grimm (2018) proposed tropical 
SLE craters formed throughout Amazonian, and their location near the 
radial ejecta craters implies strong lateral spatial heterogeneity of the 
relatively shallow subsurface ice. 

The potential access to the rather shallow (generally <100 m) non- 
polar subsurface water-ice resources has been considered and assessed 
by the Mars Subsurface Water Ice Mapping (SWIM) project (Morgan 
et al., 2019; Morgan et al., 2021; Putzig et al., 2023); however, the 
distribution of the much deeper water-ice-bearing strata was beyond its 
original remit. This work centers on the further exploration of potential 
deep water-ice reservoirs, expanding on previous work, by focusing on 
LECs in northern Mars and introducing a stratigraphic analysis. 

2. Study area 

Although the Mars ocean idea is still in hot debate (Malin and Edgett, 
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1999), there is widespread evidence supporting the hypothesis that in its 
early history Mars featured large bodies of liquid water (either in the 
form of ocean or a series of large seas) in the northern lowlands, e.g., the 
Arabia Ocean (Contact 1) and Deuteronilus Ocean (Contact 2) (Head 
et al., 1999; Di Achille and Hynek, 2010; Citron et al., 2018; Saberi, 
2020). This study thus focuses on the region that spans from the equator 
to 70◦ N (Fig. 1), which focuses on the six planitiae: Acidalia, Amazonia, 
Arcadia, Chryse, Isidis, and Utopia. The objective is to contribute to the 
planning of future Mars missions that target landing sites with greater 
insolation potential (Sun, 2022), and to complement the work of the 
SWIM project (Morgan et al., 2019; Morgan et al., 2021; Putzig et al., 
2023), 

3. Datasets and methods 

3.1. Datasets 

The datasets employed in this study include the Robbins and Hynek 
(2012a) database that has the most comprehensive Martian global crater 
(≥ 1 km) survey, and the Lagain et al. (2021) database that further 
classified crater morphology. The ejecta morphologies, e.g., the number 
of layers and morphology of the LECs, were classified down to 1 km in 
diameter in both databases from the Thermal Emission Imaging System 
(THEMIS) mosaic (100 m/pixel) (Edwards et al., 2011). Therefore, the 
two crater databases are jointly used to ensure all identifiable LECs were 
used for our analyses: the latitudinal variation, density of the LECs, and 
the percentage of the LECs among all the craters, etc. 

Our partner study in Gou et al. (2024) examined craters in the Chryse 
Planitia using the high-resolution Context Camera (CTX) mosaic (5 m/ 
pixel) (Dickson et al., 2023), and found that measured diameters based 
upon THEMIS usually appears larger than that based upon CTX (Sup
plementary Fig. 1), with an average difference of about 9% (Supple
mentary Fig. 2). This average difference value is thus used for the 
uncertainty estimation when the analysis involves the size of the crater, 

e.g., determination of the excavation depth from the crater diameter. 
In addition, there are craters that were missed (e.g., a crater with 

diameter ≥ 1 km was not identified), or mis-identified (e.g., a feature 
was mis-mapped as a crater), or mis-classified (e.g., a LEC was marked as 
a non-LEC) when using the THEMIS as a basemap (Supplementary 
Fig. 3). The craters in Chryse Planitia provide an example (Robbins and 
Hynek, 2012a; Lagain et al., 2021; Gou et al., 2024): there are suggested 
23 missed craters, 91 misidentified or ghost craters, and 157 mis- 
classified craters. This evaluation shows that the mis-mapping and 
mis-classifying would result in an underestimation of the percentage of 
LECs (calculated from the number of LECs divided by the total number of 
craters), with an average of about 4% (Supplementary Table 1). Another 
factor that introduces uncertainty is the burial and/or erasure of the 
crater ejecta. Theoretically all craters start with some kind of ejecta after 
formation, and smaller craters are eroded and enlarged faster than the 
larger ones (Fassett and Thomson, 2014). Kirchoff et al. (2021) proposed 
the radial ejecta may be eroded faster than the layered ejecta if they 
form at roughly similar rates. When the layered ejecta (especially the 
small LECs) was partially or completely eroded away/buried, an incor
rect identification would occur. The mis-identification would affect the 
classification (e.g., the pedestal crater) and number of LECs observed 
today and lead to the underestimation of the percentage of LECs. 
However, the effect of Mars crater degradation process on the identifi
cation of LECs is hard to estimate quantitatively at present, and the study 
is limited to the time frame, the Amazonian, when the effect is less. 
Nevertheless, when the analysis involves the percentage of LECs, the 
underestimation should be taken into account. 

3.2. Methods 

3.2.1. Determination of the excavation depth of a crater 
It is hypothesized that the subsurface water-ice is most likely 

responsible for the formation of a majority of LECs (e.g., Carr et al., 
1977; Woronow, 1981; Barlow et al., 2001; Barlow and Perez, 2003; 
Barlow, 2005; Boyce and Mouginis-Mark, 2006; Senft and Stewart, 
2008; Osinski et al., 2011; Kirchoff and Grimm, 2018). Therefore, 
Therefore, we proceed with the assumption that the excavation depth of 
a LEC can be used to estimate the approximate boundary of the water- 
ice-rich layer that forms the LEC (i.e., an impact that penetrate into/ 
through the depth would form a LEC). Melosh (1989) proposed the 
excavation depth (Dexc) of a crater to be about one-tenth of the diameter 
of the transient crater (Dt) (Eq. 1). For simple craters, Dt is approximately 
0.84 times the crater’s final rim-to-rim diameter (Dr) (Melosh, 1989). 
For complex craters, Dt is estimated by Dr using the relationship devel
oped by Croft (1985): 

Dexc ≈ 0.1Dt ≈

{
0.084Dr Dr < Dsc(simple crater)

0.1D0.15
sc D0.85

r Dr ≥ Dsc (complex crater)
(1)  

where Dsc is the simple to complex crater transition diameter, which is 
~6 km on average for Martian craters (Robbins and Hynek, 2012b). 

For our procedure, the excavation depth estimated from the current 
observed smallest LEC in each planitia is considered to be the roof depth 
of the subsurface water-ice-rich layer where LECs are initially observed, 
and the excavation depth estimated from the current observed largest 
LEC is the maximum burial depth of the water-ice-rich layer that is 
conducive to the formation of LECs. Our LECs-related stratigraphy is 
then tentatively established based upon the excavation depth and the 
percentages of LECs among all the craters in the following section. 

3.2.2. Construction of LECs-related strata 
Each planitia features LECs with different diameters, and the exca

vation depth of each LEC can be estimated from the empirical eq. 1. 
Therefore, according to the percentages of LECs in different diameter 
range (e.g., 1–2 km, 2–3 km, 3–4 km) in each planitia, a preliminary 
stratigraphy related to the formation of LECs, and the relative, 

Fig. 1. The study area in northern Mars (0 to 70◦ N). The white dashed circles 
represent the approximate boundary of each planitia, and the black solid line 
outlines the potential paleo-shorelines of the Arabia Ocean, i.e., “Contact 1” in 
Head et al. (1999). The base map is the Mars Orbiter Laser Altimeter (MOLA) 
shaded relief (Smith et al., 2001). It should be noted that the shorelines of 
“Contact 1” do not follow an equipotential surface and there is extensive 
resurfacing north of the contact, and this has been used to argue against Mars 
once having an early ocean (Malin and Edgett, 1999). 
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qualitative abundance of the water-ice can be established (Fig. 2). The 
average water-ice abundance in the first stratum is unknown (LECs have 
not been observed yet), and its thickness is estimated from the excava
tion depth of the observed minimum diameter of the LECs; the second 
stratum has a relatively moderate water-ice abundance where LECs are 
initially observed: these account for the diameter range in which the 
LECs fraction is less than half (<50%) among all the impact craters, and 
its thickness is derived from the subtraction of the estimated minimum 
excavation depth for the first diameter range in which the proportion of 
LECs is >50% and the thickness of the first stratum; the third stratum has 
a relatively high water-ice abundance that causes the majority of LECs 
(≥50%) to form, where the thickness of this stratum is given by the 
subtraction of the estimated maximum excavation depth of the last 
diameter range in which the proportion of LECs is >50% and the 
thicknesses of the previous two strata; the fourth stratum also has a 
relatively moderate water-ice abundance that the proportion of LECs is 
<50%, and its thickness is the subtraction result of the estimated 
excavation depth of the largest LEC in the planitia and the thicknesses of 
the previous three strata; the fifth stratum is the base layer whose water- 
ice abundance and thickness cannot be estimated. 

3.2.3. Estimation of the possible (current) water volume in the LECs-related 
strata 

Formed early in Mars’ history, the northern lowlands are repositories 
both of fluvial sediments and volcanic deposits. The planitiae within the 
lowlands are geologically relatively young, with large parts being 
mantled by the Hesperian-aged (>3.24 Ga) materials (Supplementary 
Fig. 4) (Hartmann, 2005; Tanaka et al., 2014). Grimm et al. (2017) 
found desiccation of the shallow water-ice to hundreds of meters GEL 
could occur just in hundreds of millions of years, depending on the 
climate conditions. Therefore, the burial depth and thickness of the 
subsurface shallow water-ice might have varied greatly in the six 

planitiae (especially those at low latitude). The model formation ages of 
the LECs suggest they were chiefly formed during the Amazonia period 
(<3.24 Ga) (Hartmann, 2005) (Supplementary Fig. 5) (Kirchoff and 
Grimm, 2018; Gou et al., 2024), indicating that the LEC-forming sub
surface water-ice-bearing stratum may still be present throughout the 
last ~3 Ga. 

An early simulation shows that the LECs’ ejecta usually has a water 
abundance of 16–72% (Woronow, 1981). Subsequent simulations done 
by Senft and Stewart (2008) revealed the subsurface ice volume fraction 
should be at least 25% (≈23% water when the density difference (8%) 
between liquid water (i.e., 1 g/cm3) and water-ice (i.e., 0.92 g/cm3) is 
considered) for the observed effects, e.g., late-stage icy extrusions and 
increased level of fragmentation of the ejecta blanket. There is also 
plenty of evidences for fairly high ice contents at various (mostly 
shallow) depths, e.g., Durham et al. (2008) inferred the ground ice 
volume fraction of >35% (≈32% water) is possible on Mars. Both 23% 
and 32% are within the range of water abundance values reported by 
Woronow (1981). Therefore, assuming that the Martian subsurface has a 
constant water-ice abundance down to the maximum excavation depth 
of the largest LEC, the water volume in the LECs-related strata could be 
estimated for two separate ranges: a lower limit of 16%, and an upper 
limit of 72%. 

Taken the percentage of LECs in a certain diameter range (it can be 
related to the thickness of a LEC-forming layer by eq. 1) as the area 
percentage that the layer has the LEC-forming region, we suggest the 
water volume in any LEC-forming layer can be estimated by the product 
of the area of the layer (i.e., the area of the planitia), the percentage of 
LECs in the layer, the thickness of the layer (determined from the 
diameter range), and the putative water abundance (i.e., 16% or 72%). 
Because we do not know what is in the upper or lower layers (Fig. 2), it 
follows that the minimum total possible (current) water volume in each 
planitia could be estimated by summing the water volume of each LEC- 

Fig. 2. Explanation of the construction of LECs-related stratigraphies.  
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forming layer (Fig. 3). 
Since it seems implausible that a crater which excavated to 101 m 

into a water-ice-rich layer that begins at 100 m depth would have 
notable fluidized ejecta, as the excavated material has only a small 
fraction of the water-ice-rich material, therefore, it is difficult to deter
mine the exact translation of the roof depth of the water-ice layer, 
especially because the abundance is expected to vary gradually. In 
addition, there are two possible scenarios for the estimated maximum 
burial depth of the water-ice-rich layer that is conducive to the forma
tion of LECs. One case is that the estimated maximum burial depth is an 
underestimate, because the water-ice-containing layer may extend 
below this depth, but with a water fraction being too low to form LECs. 
Another case is that this depth is likely an overestimate, because exca
vating to just barely below the bottom of the water-rich layer would 
negligibly affect the average water fraction of the excavated material, 
and the largest LEC thus might be excavating fairly significantly into a 
layer with water content meaningfully less than the minimum value 
required for forming an LEC, to bring down the overall average water-ice 
content of the excavated material. Theoretical predictions like Grimm 
et al. (2017) or Clifford and Parker (2001) suggest a fairly sharp bottom 
to the water-ice-rich layer, which would lead to an abrupt drop in water- 
ice content rather than gradually dropping below the threshold, and the 
excavation depth would thus have to be some distance below that sharp 
cutoff before the effects are observed. No matter what the actual situa
tion is, it will affect the estimated thickness of the LECs-related strata 
(but the direction of uncertainty is unknown). Based on the above 
explanation, it is thought the tentatively established stratigraphy in this 
study is being somewhat conservative. However, it is almost impossible 
to quantitatively analyze the uncertainty for the overestimation or un
derestimation. We thus proposed the uncertainty for both the thickness 
of the LECs-related strata and the estimated water volume are at least 
equivalent to the stated 9% uncertainty from crater diameter mis- 
measurement. 

4. Results 

4.1. General distribution characteristics of LECs 

There are 9228 LECs in the databases used here (Robbins and Hynek, 
2012a; Lagain et al., 2021) in the Martian northern region between 
0 and 70◦, with diameters ranging from 1.0 km to 111.1 km. A 2◦ × 2◦

grid mapping (1◦ × 1◦ and 5◦ × 5◦ mappings are shown in Supple
mentary Figs. 6 and 7) shows that there are generally few LECs in the 
volcanic areas, e.g., Olympus Mons, Ascraeus Mons, and the central of 
Amazonis Planitia, and there is (are) only one or two LEC(s) within 
many of the 2◦ × 2◦ grids (Fig. 4a and Supplementary Fig. 8). Both the 
observed minimum diameter (Fig. 4b) and the median of the diameter 
(Supplementary Fig. 9) of the LECs generally decrease with increasing 
latitude when all the LECs in the whole longitude domain (i.e. -180◦ to 
180◦) in each latitude range (e.g., 1◦, 2◦, and 5◦) is considered. For 
example, the minimum and median diameters are ~3 km and ~ 7–8 km 
in the low latitudes of 0–30◦, and are ~1 km and ~ 3–4 km in the high 
latitudes of 60–70◦. 

Among the six planitiae in the northern hemisphere, the Isidis Pla
nitia has the highest crater density (0.0026/km2, i.e., 2.6E-03/km2 

expressed in scientific notation) for diameter ≥ 1 km, and the Arcadia 
Planitia has the lowest (9.0E-04/km2) (Table 1). However, the per
centage of LECs shows an opposite trend, i.e., the Isidis Planitia has the 
lowest percentage of LECs (3.4%), and the Arcadia Planitia has the 
highest percentage (10.6%). Acidalia, Chryse, and Utopia Planitiae have 
similar crater densities and percentages of LECs, and Amazonis Planitia 
has slightly smaller values. The latitude-variation of the LECs in each 
planitia is shown in the Supplementary Figs. 10–15 and Supplementary 
Tables 2–7. 

4.2. Excavation depths revealed by the LECs in each Planitia 

The LEC with observed minimum diameter in each planitia varies 
from 1.1 km in the Arcadia Planitia to 3.3 km in the Isidis Planitia, 
corresponding to a roof depth of ~90 m and ~ 280 m, respectively 
(Table 1). The largest LECs in the six planitiae are different, e.g., the 
largest LEC in the Arcadia Planitia is 21.0 km, while in the Chryse 

Fig. 3. Demonstration of estimation of water volume in each LECs-forming layer.  
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Planitia is 67.3 km (Table 1). Therefore, the maximum excavation 
depths of the LECs varies between ~1740 m and ~4680 m. 

4.3. Stratigraphies of the LECs-related strata 

The bar plots of the percentages of the LECs in different diameter 
ranges show that the LECs become the majority (over 50% among all the 
craters) from the diameter range of 4–5 km to the range of 9–10 km in 
the Acidalia Planitia (Fig. 5a), from the range of 4–5 km to 10–15 km in 
the Chryse Planitia (Fig. 5b), from the range of 3–4 km to 10–15 km in 
the Utopia Planitia (Fig. 5c), from the range of 7–8 km to 8–9 km in the 
Isidis Planitia (Fig. 5d). However, the percentage of LECs is >50% only 
in the diameter range of 8–9 km in the Amazonis Planitia (Fig. 5e), and 
the percentages in all the diameter ranges are below 50% in the Arcadia 
Planitia (Fig. 5f). 

Following the methodology described in Section 3.2.2 (Fig. 2), a 
preliminary stratigraphy of the LECs-related strata can be established in 
each planitia (Fig. 6). The total thickness of the LECs-related strata 
(subtraction result of the maximum excavation depth and the roof 
depth) in the Chryse Planitia is the largest (~4.6 km), and in the Arcadia 
Planitia is the smallest (~1.7 km) (Table 1 and Fig. 6). The Utopia 
Planitia hosts the thickest stratum of relatively high average water-ice 

abundance (~1.1 km), where the majority (>50%) of the impacts 
penetrated into/through this stratum and formed LECs. The Amazonis 
Planitia hosts the thinnest stratum with relatively high average water- 
ice abundance (~80 m). Above the 90-m roof depth in the Arcadia 
Planitia, there appears to be a decameters-thick layer with water-ice, 
which might be responsible for the formation of terraced craters 
(Bramson et al., 2015). However, as a search for LECs <1 km in diameter 
has not been performed yet, the ability of the layer above the roof depth 
to produce them is unknown. Because the percentage of LECs in any 
diameter range does not exceed 50% (Fig. 5), according to the definition 
of the relatively high average water-ice abundance in the LECs-related 
stratum in Section 3.2.2, there appears to be no stratum with rela
tively high average water-ice abundance in the Arcadia Planitia (Fig. 6). 

4.4. Water volume in the LECs-related strata 

Estimation shows that the six planitiae might host at least ~3.5E+06 
km3 (~24 m GEL) subsurface water (likely in the form of water-ice 
deposits) in the LECs-related strata, and the volume could be as large 
as ~1.6E+07 km3 (~110 m GEL) (Table 2). As the Utopia Planitia has 
the largest area (~7.5E+06 km2) and a moderate thickness (~3.3 km) of 
LECs-related strata, it appears to host the largest subsurface water 

Fig. 4. (a) Number of the LECs within each 2◦ × 2◦grid; (b) Observed minimum diameter of the LECs within each 2◦ × 2◦ grid. The base map is the MOLA shaded 
relief (Smith et al., 2001). 

Table 1 
LECs (diameter ≥ 1 km) in the Martian northern planitiae.  

Planitia name Acidaliab Chryse Utopia Isidis Amazonis Arcadia 

Number of craters 7399 3934 12,204 3012 3876 1655 
Number of LECs 582 332 1043 101 245 175 

Percentage of LECs 7.9% 8.4% 8.5% 3.4% 6.3% 10.6% 
Area (km2)a 3.9E+06 2.0E+06 7.5E+06 1.1E+06 3.7E+06 1.8E+06 

Crater density (km− 2) 1.9E-03 1.9E-03 1.6E-03 2.6E-03 1.0E-03 9.0E-04 
LECs density (km− 2) 1.5E-04 1.6E-04 1.4E-04 8.9E-05 6.6E-05 9.5E-05 

LECs diam. range (km) 
min. 1.5 1.5 1.5 3.3 1.7 1.1 
max. 55.7 67.3 46.3 35.7 59.5 21.0 

Roof depth of the observed smallest LEC (m) 130 130 130 280 140 90 
Excavation depth of the observed largest LEC (m) 3990 4680 3410 2730 4220 1740 

Total thickness of the LECs-related strata (m) 3860 4550 3280 2450 4080 1650  

a The area is calculated by the CraterTools (Kneissl et al., 2011), which is map-projection-independent and preserves the true area size. 
b The overlapping region (Fig. 1) between Acidalia Planitia and Chryse Planitia is clipped for calculations related to the Acidalia Planitia (Supplementary Fig. 10), 

the area of Acidalia Planitia reported in the table is thus the area after clipping. 
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volume (~1.4E+06 km3 /10 m GEL to ~6.5E+06 km3 /45 m GEL). 
Although the total thickness of LECs-related strata (~2.5 km) in Isidis 
Planitia is larger than that (~1.7 km) in the Arcadia Planitia, its area 
(~1.1E+06 km2) and percentage of LECs (3.4%) are smaller than those 
in the Arcadia Planitia, i.e., ~1.8E+06 km2 and 10.6%, respectively. 
The Isidis Planitia hosts the smallest subsurface water volume. 

5. Discussions 

5.1. Implications of the roof depths 

The observed minimum diameters of the LECs in each planitia sug
gest the roof depths of the LEC-forming water-ice-bearing layer have 

Fig. 5. Bar plots of the LECs and non-LECs in different diameter ranges in each planitia: (a) Acidalia Planitia; (b) Chryse Planitia; (c) Utopia Planitia; (d) Isidis 
Planitia; (e) Amazonis Planitia; (f) Arcadia Planitia. The blue and grey patches represent the number of LECs and non-LECs, respectively. The numbers associated 
with the points on the black solid line are the percentages of the LECs among all the craters, with an average underestimation of about 4% (see Section 3.1 for detail). 
The points above the horizontal black dashed line indicate the LECs become the majority among all the craters (percentage > 50%) in the corresponding diameter 
range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Stratigraphies of the LECs-related strata in each planitia. The value (e.g., 130 m, 210 m, 590 m) in each stratum is the thickness. The average uncertainty for 
the estimated thickness of each stratum is at least 9% (see Section 3.2.3). 
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evident lateral variability, varying between ~90 m in the Arcadia Pla
nitia and ~280 m in the Isidis Planitia (Fig. 6). As a plain smoothed by 
the young Amazonian-aged lava flows that sourced from Elysium Mons 
and/or Olympus Mons, the Arcadia Planitia has undergone widespread 
glacial and periglacial activities after the emplacement of lava flooding, 
generating several viscous flow features (e.g., lobate debris aprons and 
lineated valley fill) that bear a striking resemblance to the landforms 
found on Earth in Antarctica (Hibbard et al., 2021). However, the 
prominent landform in the Isidis Planitia is the thumbprint terrain that 
consists of coalesced cones with central depressions or craters (Hiesinger 
et al., 2009). The formation scenarios of these cones, which are also 
found on other regions on Mars, are not very well understood and many 
terrestrial analogues have been proposed, e.g., pseudo-craters or root
less cones (Frey and Jarosewich, 1982), cinder cones (Meresse et al., 
2008), mud volcanoes (Skinner and Mazzini, 2009), and pingos (Burr 
et al., 2005). Hiesinger et al. (2009) found the basal and central 
depression/crater diameters of these Amazonian-aged thumbprint cones 
in the Isidis Planitia are most consistent with cinder cones and pseudo- 
craters, suggesting they might be the products of the lava–ground ice 
interactions. Although might be rare, the basal melting of the young 
Amazonian glaciers in the Arcadia Planitia, due to climate cycles driven 
by orbital oscillations, is likely to replenish (Laskar et al., 2004; Butcher 
et al., 2017), while the volcanic activities in the Isidis Planitia would 
probably desiccate, the surface/subsurface water-ice on the same order 
as the thickness of an individual event, thus leading to the uplifting or 
lowering of the ground water-ice table. In addition to having undergone 
different geologic activities, the two planitiae are located at different 
latitudes (Fig. 1), with the Isidis being situated at much lower latitudes 
(2–23◦N). Grimm et al. (2017) modelled the global desiccation of sub
surface water on Mars, and the full evolutionary path implies hundreds 
of meters GEL water loss since the Hesperian is mainly due to obliquity. 
Lange et al. (2023) suggested the shallow subsurface water-ice beneath 
pole-facing slopes would not be at latitudes as low as previously thought 
in the ±30◦ latitude range. Therefore, the varying roof depths might 
indicate the comprehensive influence of the geologic activities and 
climate conditions on the subsurface water-ice. The roof depth estima
tion (~140 m) of the Amazonis Planitia might support this hypothesis. 
The Amazonis Planitia, also located between the Tharsis and Elysium 
volcanic provinces, has undergone alternating episodes of fluvial sedi
ments and fluid lava flows (Campbell et al., 2008), resulting in an 
extremely smooth topography at several scale lengths (Fuller and Head, 
2002). There are fewer LECs in the central region of the Amazonian-aged 
volcanic unit (25–35◦ N) (Supplementary Fig. 14), and the observed 
minimum diameter of the LECs in this region (3.0 km, corresponding to a 
roof depth of 250 m) is considerably larger than the one (1.8 km, roof 
depth being 150 m) in the mid-to-high latitudes (35–50◦ N), indicating 
the desiccation roles jointly played by the volcanic activities and climate 

conditions. 
The Chryse, Acidalia, and Utopia Planitiae, all of which are part of 

the vast northern plains of Mars, share a similar roof depth (~130 m) of 
the LEC-forming water-ice-bearing layer (Fig. 6). The Chryse Planitia is 
thought to have contained a large lake or even an ocean that is associ
ated with floods from surrounding giant outflow channel systems (e.g., 
Kasei Valles, Ares Vallis, Mawrth Vallis) during the Hesperian or early 
Amazonian periods (Tanaka, 1997). The largely flat Acidalia Planitia 
might also have contained a large number of floodwaters from the 
immediately adjacent Chryse Planitia in the south (Fig. 1). Following the 
disappearance of large bodies of water, mud volcanism became perva
sive in this region during the early Amazonian period, forming wide
spread mounds over the large polygons (five to ten kilometers wide) 
(Oehler and Allen, 2010). The Utopia Planitia also hosts numerous giant 
polygons after the emplacement of the Vastitas Borealis Formation 
(VBF) unit. In situ observations of surface rocks and surveys on the 
subsurface structure suggest a origin in the occurrence of basin infilling 
deposition in a marine environment during the late Hesperian to 
Amazonian period (Li et al., 2022; Xiao et al., 2023). It thus seems that 
ancient water bodies, which might be important provenance of the 
subsurface water-ice table, were historically common in these three 
planitiae. A similar roof depth might suggest the existence of an un
derground water-ice-bearing layer that is favorable for the formation of 
LECs is widespread in these regions. 

Because the roof depth discussed in this study is defined as the depth 
to the top of an ice-rich layer that is conducive to the formation of LECs, 
it should be noted that the absence of LECs above the roof depth does not 
necessarily indicate an absence of water-ice in the shallow subsurface 
(usually <100 m), e.g., a decameters-thick water-ice layer in Arcadia 
(Bramson et al., 2015). One reason is that since the crater databases used 
here only go down to 1 km (Robbins and Hynek, 2012a; Lagain et al., 
2021), LECs with diameters less than the reported minimum ones have 
not been observed/catalogued yet. For example, previous works have 
already detected LECs with diameters less than or equal to 1 km (Reiss 
et al., 2005; Gou et al., 2024), corresponding to a roof depth of ~80 m or 
less. Future work (outside the scope of this publication) is needed to 
ensure smaller LECs are identified with high resolution images, such as 
the 5-m/pixel global CTX mosaic (Dickson et al., 2023), to better un
derstand the variation and implication of the roof depths. Another 
possible reason is that the average abundance of the water-ice in the 
stratum above the roof depth is less than that required for the ejecta to 
be fluidized (under the assumption that all the LECs have already been 
identified). Laskar et al. (2004) derived Mars’ obliquity history over the 
past 20 Myr and found that it oscillated between ~15–35◦ during the 
last 4.5 Myr following a higher obliquity (≥35–40◦, average: ~36◦) 
period. Glacial activities at times of high obliquity would cause the 
migration of water-ice from the polar ice caps to the mid-latitude ice 

Table 2 
Estimated water volume in the LECs-related strata in each planitia.  

Planitia name Area (km2) Total thickness of LEC-related stratab (km) Water volumec (km3) GEL of Water (m) Water volume (km3) GEL of Water (m) 

(lower limit: 16%) (upper limit: 72%) 

Acidaliaa 3.9E+06 3.9 5.8E+05 4 2.6E+06 18 
Chryse 2.0E+06 4.6 6.0E+05 4 2.7E+06 19 
Utopia 7.5E+06 3.3 1.4E+06 10 6.5E+06 45 
Isidis 1.1E+06 2.5 1.5E+05 1 6.7E+05 5 

Amazonis 3.7E+06 4.1 5.9E+05 4 2.7E+06 18 
Arcadia 1.8E+06 1.7 1.7E+05 1 7.5E+05 5 

Total water volume (km3) 3.5E+06 NA 1.6E+07 NA 
Total GEL of water (m) NA 24 NA 110  

a The overlapping region (Fig. 1) between Acidalia Planitia and Chryse Planitia is clipped for calculations related to the Acidalia Planitia (Supplementary Fig. 10), 
the area of Acidalia Planitia reported in the table is thus the area after clipping. 

b The average uncertainty for the estimated thickness is at least 9% (see Section 3.2.3). 
c The water volume reported here is not estimated by directly multiplying the area, the total thickness of the LEC-related strata, the percentage of LECs, and the 

putative water abundance (i.e., 16% or 72%). A detailed description on the estimation can be found in Section 3.2.3. The uncertainty for the estimated volume is at 
least 9% (see Section 3.2.3). 
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sheets (Laskar et al., 2004; Head et al., 2006), which may be later buried 
by crater ejecta and/or volcanic ash. For example, the scalloped de
pressions and polygonal terrain in the Utopia Planitia suggest the 
presence of a substantial volume of near-surface ice, which is above the 
roof depth and is likely a mantling layer that was deposited during the 
high obliquity period. Although clean shallow ice has been exposed by 
new impacts at the mid-latitudes (Dundas et al., 2014; Dundas et al., 
2018; Dundas et al., 2021; Dundas et al., 2023) and has been observed 
directly by the Phoenix lander at high latitude (Smith et al., 2009), it is 
known that only when the average subsurface water abundance exceeds 
a certain threshold (e.g., 16%–72%) can the ejecta be sufficiently flu
idized (Woronow, 1981; Durham et al., 2008; Senft and Stewart, 2008). 
Furthermore, the work done by Alexander et al. (2023) indicate a sur
face ice layer of 10 m may result in a LEC (depending on crater size). 
Therefore, the missing LECs above the roof depth might be a result of the 
very spatially and temporally heterogeneous water-ice abundance, 
which leads to a relatively low average water-ice abundance that cannot 
fluidize the ejecta. Other possible reasons include small impacts do not 
have enough energy to produce LECs for some unknown reasons, or that 
small LECs are more easily modified/mantled and become unrecogniz
able. Poleward of about 45◦ latitude, it has been suggested ground ice 
should be stable at shallow depths throughout plausible obliquity vari
ations (e.g., Mellon and Jakosky, 1993; Mellon and Sizemore, 2022). It is 
thus expected that every small crater up there would be a LEC, but they 
might be too modified to recognize. 

5.2. Implications of the LECs-related strata 

The estimated total thickness of the LECs-related strata in the Acid
alia planitia (~ 3860 m) is comparable to that of subsurface stratifica
tion model proposed by Costard and Kargel (1995) (~940–1000 m 
massive ice layer + >2500 m less ice-rich layer), indicating the con
structed strata in each planitia may represent a useful guide for current 
and future radar surveys. For instance, the MARSIS could potentially 
penetrate the Martian surface down to about 5 km (Picardi et al., 2004), 
which is beyond the estimated maximum thickness of the LECs-related 
strata in the six planitiae (i.e., ~4550 m in the Chryse). A water ice 
deposit of 80–170 m thick in the western Utopia Planitia has already 
been detected (Stuurman et al., 2016) by the SHAllow RADar (SHARAD) 
that is able to penetrate up to half-a-kilometer deep (Seu et al., 2007). 
Therefore, although the MARSIS team has studied the northern plains in 
the early days (e.g., Mouginot et al., 2012), a re-analysis of the spatially 
coarse, but deep sounding complete MARSIS dataset, similar to what has 
been done to reveal the ice-rich layered deposits in the Martian equa
torial Medusae Fossae Formation (MFF) (Watters et al., 2024), is needed 
to test the findings reported in this study. However, the MARSIS data 
may be limited by the instrument’s vertical and horizontal resolution, or 
by the lack of dielectric contrast between different LECs-related strata (i. 
e., interfaces are not sharp enough), or by the attenuation of the radar 
signal. The proposed International Mars Ice Mapper (I-MIM) mission has 
already aimed to map the location, depth, spatial extent, abundance, 
and purity of the near-surface (top 5–10 m) water ice (Davis and Hal
tigin, 2021). Ideally, a novel dedicated radar instrument optimized with 
high-resolution capabilities to map the relatively deep subsurface water- 
ice should be proposed for future orbital missions. However, this sort of 
radar experiment may simply not be practical if the Martian crust is too 
attenuating. 

5.3. Implications of the estimated water volume 

LECs are found across the entire Martian surface, e.g., Barlow (2005), 
Robbins and Hynek (2012a), and Lagain et al. (2021). The area of the six 
planitiae investigated in this study covers only ~14% of the area of 
Mars, which seems to suggest a rather surprisingly large subsurface 
water reservoir when the estimated water volumes in the six planitiae 
(Table 2) are scaled to the whole surface of Mars and assuming all LECs 

are produced by tapping subsurface ice, i.e., ~170 m GEL under the 16% 
water abundance assumption, and ~780 m GEL in the 72% case. Both 
the low-end of ~170 m GEL and the high-end of ~780 m GEL are in the 
range of the (primordial) water inventory estimates inferred from 
different approaches (Carr and Head, 2003; Lunine et al., 2003; Elkins- 
Tanton, 2008; Scheller et al., 2021), indicating enormous amounts of 
water might have been cycled through the surface hydrological activ
ities (e.g., fluvial processes that form valley networks), and then largely 
frozen underground. The spatial distribution, temporal variation, 
abundance heterogeneity, and paleoclimate implications of the subsur
face water-ice in the LECs-related strata (e.g., Kirchoff et al., 2021; Gou 
et al., 2024) should thus be further studied to solve problems like why 
not all craters in the optimal size range are always LECs and the latitude- 
variation of the subsurface water-ice. 

As water represents an indispensable ingredient for supporting life, 
its plausible sequestering might have changed the potential locations for 
the preservation/emergence of ancient life to retreat from the surface to 
the subsurface (meters to kilometers below the surface). The much 
deeper water-ice is a good place for shielding the harsh Martian envi
ronment for the preservation/emergence of life. On the other hand, 
shallow water-ice is an important easily accessible resource for in-situ 
resource utilization (ISRU) (e.g., life support and fuel production). 
Therefore, the regions with abundant both shallow and deep subsurface 
water-ice might represent ideal places for ISRU and biosignature 
searching for future Mars missions (i.e., gain two advantages in a single 
mission), especially the manned ones that are able to complete tasks 
with sophisticated payloads, such as drilling a core. 

Both the United States of America (USA) and China have planned 
Mars sample return (MSR) missions, which aim to deliver samples to 
Earth around the year 2030 (Cataldo et al., 2022; Sun, 2022). The USA 
MSR mission will recover sample tubes encapsulated by the Persever
ance rover that landed on Mars in 2021 to study Mars’ biological evo
lution (Cataldo et al., 2022). However, the landing site of China’s MSR 
mission has not been formalized as yet. Among the six planitiae, the 
SWIM project suggested the Arcadia and Utopia Planitiae as potentially 
favorable regions for finding accessible rather shallow (generally <10 
m) subsurface water ice (Supplementary Fig. 16) (Morgan et al., 2021). 

This study reveals that both the Arcadia and Utopia Planitiae also are 
quite favorable to the formation of LECs (the percentage of LECs among 
all craters are 10.6% and 8.5%, respectively, Table 1), and the roof 
depth of the LEC-forming strata are the top two shallowest (~90 m and 
~ 130 m, respectively, Fig. 6) among the six planitiae. Simulation re
veals that the impact-generated hydrothermal systems could keep active 
for 104–107 years, and are capable of forming clay minerals, e.g., 
phyllosilicates (Schwenzer and Kring, 2009). The presence of subsurface 
water-ice in the LECs-related strata and the clay minerals have great 
astrobiological significance, and the evidence of subsurface life (if any) 
could be exhumed during crater formation and retained within the 
ejecta deposits (Cockell and Barlow, 2002). It is thus proposed that the 
Arcadia and Utopia Planitiae should be considered as high-priority re
gions at mid-latitudes for future Mars exploration missions, for example, 
MSR missions aimed at (ancient) life searching and human-landing 
missions for ISRU. However, special attention must be paid for plane
tary protection for any potential future robotic or manned missions to 
Mars to avoid biological contamination (Rummel et al., 2014). 

6. Conclusions 

The analysis of the distribution and implications of LECs in northern 
Mars, especially in the six planitiae, i.e., Acidalia, Chryse, Utopia, Isidis, 
Amazonis, and Arcadia, was the focus of this study. The LECs were found 
to show a regional and latitudinal variation. There are generally few 
LECs in volcanic areas, and the current observed minimum and median 
diameters of the LECs decrease with increasing latitude, e.g., the 
observed minimum and median diameters are ~3 km and ~7–8 km in 
the low latitudes of 0–30◦, and are ~1 km and ~3–4 km in the high 
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latitudes of 60–70◦. The current observed minimum diameters of the 
LECs in each planitia suggest the roof depths of the primary LEC-forming 
stratum have lateral variability, varying between ~90 m in Arcadia 
Planitia and ~280 m in Isidis Planitia. The variation might reflect the 
joint effects of the climate conditions and the geologic activities during 
the Amazonian period on the subsurface water-ice. 

The constructed stratigraphies in the six planitiae reveal that the 
total thickness of the LECs-related strata in the Chryse Planitia to be the 
largest (~4.6 km) against the smallest in the Arcadia Planitia (~1.7 km). 
The six planitiae might host at least ~3.5E+06 km3/~24 m GEL sub
surface water in the LECs-related strata, with the Utopia Planitia bearing 
the largest volume (~1.4E+06 km3/~10 m GEL) and the Isidis Planitia 
storing the smallest (~1.5E+05 km3/~1 m GEL). The Arcadia and 
Utopia Planitiae are proposed as high-priority regions at mid-latitudes 
for future missions, due to their likely abundant both shallow and 
deep subsurface water-ice for ISRU and biosignature searching 
potential. 

The next step will be to carry out a global-scale re-mapping of the 
LECs with the recently released high-resolution CTX mosaic (Dickson 
et al., 2023). The re-mapping will undoubtedly better constrain the 
water volume stored in the LECs-related strata, thus enhancing our 
understanding of the evolution of water on Mars and potentially aiding 
the selection of the optimal landing areas for the upcoming Mars 
exploration programs, e.g., China’s MSR mission (Sun, 2022). 
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MCS, T., Teams, T., 2019. Widespread shallow water ice on Mars at high latitudes 
and midlatitudes. Geophys. Res. Lett. 46 (24), 14290–14298. 

Plaut, J.J., Picardi, G., Safaeinili, A., Ivanov, A.B., Milkovich, S.M., Cicchetti, A., 
Kofman, W., Mouginot, J., Farrell, W.M., Phillips, R.J., Clifford, S.M., Frigeri, A., 
Orosei, R., Federico, C., Williams, I.P., Gurnett, D.A., Nielsen, E., Hagfors, T., 
Heggy, E., Stofan, E.R., Plettemeier, D., Watters, T.R., Leuschen, C.J., Edenhofer, P., 
2007. Subsurface radar sounding of the south polar layered deposits of Mars. Science 
316 (5821), 92–95. 

Putzig, N.E., Morgan, G.A., Sizemore, H.G., Hollibaugh Baker, D.M., Petersen, E.I., 
Pathare, A.V., Dundas, C.M., Bramson, A.M., Courville, S.W., Perry, M.R., 
Nerozzi, S., Bain, Z.M., Hoover, R.H., Campbell, B.A., Mastrogiuseppe, M., 
Mellon, M.T., Seu, R., Smith, I.B., 2023. Ice resource mapping on Mars. In: 
Badescu, V., Zacny, K., Bar-Cohen, Y. (Eds.), Handbook of Space Resources. Springer 
International Publishing, Cham, pp. 583–616. 

Reiss, D., Hauber, E., Michael, G., Jaumann, R., Neukum, G., the, H.C.-I.T., 2005. Small 
rampart craters in an equatorial region on Mars: implications for near-surface water 
or ice. Geophys. Res. Lett. 32 (10), L10202. 

Riu, L., Carter, J., Poulet, F., Cardesín-Moinelo, A., Martin, P., 2023. Global surficial 
water content stored in hydrated silicates at Mars from OMEGA/MEx. Icarus 398, 
115537. 

Robbins, S.J., Hynek, B.M., 2012a. A new global database of Mars impact craters ≥ 1 km: 
1. Database creation, properties, and parameters. J. Geophys. Res. Planets. 117 (E5), 
E05004. 

Robbins, S.J., Hynek, B.M., 2012b. A new global database of Mars impact craters ≥ 1 km: 
2. Global crater properties and regional variations of the simple-to-complex 
transition diameter. J. Geophys. Res. Planets. 117 (E6), E06001. 

Rummel, J.D., Beaty, D.W., Jones, M.A., Bakermans, C., Barlow, N.G., Boston, P.J., 
Chevrier, V.F., Clark, B.C., de Vera, J.P., Gough, R.V., Hallsworth, J.E., Head, J.W., 
Hipkin, V.J., Kieft, T.L., McEwen, A.S., Mellon, M.T., Mikucki, J.A., Nicholson, W.L., 
Omelon, C.R., Peterson, R., Roden, E.E., Sherwood Lollar, B., Tanaka, K.L., Viola, D., 
Wray, J.J., 2014. A new analysis of Mars “special regions”: findings of the second 
MEPAG special regions science analysis group (SR-SAG2). Astrobiology 14 (11), 
887–968. 

Saberi, A.A., 2020. Evidence for an ancient sea level on Mars. Astrophys. J. Lett. 896 (2), 
L25. 

Scheller, E.L., Ehlmann, B.L., Hu, R., Adams, D.J., Yung, Y.L., 2021. Long-term drying of 
Mars by sequestration of ocean-scale volumes of water in the crust. Science 372 
(6537), 56–62. 

Schultz, P.H., Gault, D.E., 1979. Atmospheric effects on Martian ejecta emplacement. 
J. Geophys. Res. Solid Earth 84 (B13), 7669–7687. 

Schwenzer, S.P., Kring, D.A., 2009. Impact-generated hydrothermal systems capable of 
forming phyllosilicates on Noachian Mars. Geology 37 (12), 1091–1094. 

Senft, L.E., Stewart, S.T., 2008. Impact crater formation in icy layered terrains on Mars. 
Meteorit. Planet. Sci. 43 (12), 1993–2013. 

Seu, R., Phillips, R.J., Biccari, D., Orosei, R., Masdea, A., Picardi, G., Safaeinili, A., 
Campbell, B.A., Plaut, J.J., Marinangeli, L., Smrekar, S.E., Nunes, D.C., 2007. 
SHARAD sounding radar on the Mars reconnaissance orbiter. J. Geophys. Res. 
Planets. 112 (E5), E05S05. 

Skinner, J.A., Mazzini, A., 2009. Martian mud volcanism: terrestrial analogs and 
implications for formational scenarios. Mar. Pet. Geol. 26 (9), 1866–1878. 

Smith, D.E., Zuber, M.T., Frey, H.V., Garvin, J.B., Head, J.W., Muhleman, D.O., 
Pettengill, G.H., Phillips, R.J., Solomon, S.C., Zwally, H.J., Banerdt, W.B., 
Duxbury, T.C., Golombek, M.P., Lemoine, F.G., Neumann, G.A., Rowlands, D.D., 
Aharonson, O., Ford, P.G., Ivanov, A.B., Johnson, C.L., McGovern, P.J., Abshire, J.B., 
Afzal, R.S., Sun, X., 2001. Mars orbiter laser altimeter: experiment summary after the 
first year of global mapping of Mars. J. Geophys. Res. Planets. 106 (E10), 
23689–23722. 

Smith, P.H., Tamppari, L.K., Arvidson, R.E., Bass, D., Blaney, D., Boynton, W.V., 
Carswell, A., Catling, D.C., Clark, B.C., Duck, T., DeJong, E., Fisher, D., Goetz, W., 
Gunnlaugsson, H.P., Hecht, M.H., Hipkin, V., Hoffman, J., Hviid, S.F., Keller, H.U., 
Kounaves, S.P., Lange, C.F., Lemmon, M.T., Madsen, M.B., Markiewicz, W.J., 
Marshall, J., McKay, C.P., Mellon, M.T., Ming, D.W., Morris, R.V., Pike, W.T., 
Renno, N., Staufer, U., Stoker, C., Taylor, P., Whiteway, J.A., Zent, A.P., 2009. H2O 
at the phoenix landing site. Science 325 (5936), 58–61. 

Stone, S.W., Yelle, R.V., Benna, M., Lo, D.Y., Elrod, M.K., Mahaffy, P.R., 2020. Hydrogen 
escape from Mars is driven by seasonal and dust storm transport of water. Science 
370 (6518), 824–831. 

Stuurman, C., Osinski, G., Holt, J., Levy, J., Brothers, T., Kerrigan, M., Campbell, B., 
2016. SHARAD detection and characterization of subsurface water ice deposits in 
Utopia Planitia, Mars. Geophys. Res. Lett. 43 (18), 9484–9491. 

Sun, Z., 2022. Prospect of Mars exploration and sample return. In: Deep Space 
Exploration and Extraterrestrial Survival Technology Forum. Nanjing, China. 

Tanaka, K.L., 1997. Sedimentary history and mass flow structures of Chryse and Acidalia 
Planitiae, Mars. J. Geophys. Res. Planets. 102 (E2), 4131–4149. 

Tanaka, K., Robbins, S., Fortezzo, C., Skinner, J., Hare, T., 2014. The digital global 
geologic map of Mars: chronostratigraphic ages, topographic and crater morphologic 
characteristics, and updated resurfacing history. Planet. Space Sci. 95, 11–24. 

Villanueva, G.L., Mumma, M.J., Novak, R.E., Käufl, H.U., Hartogh, P., Encrenaz, T., 
Tokunaga, A., Khayat, A., Smith, M.D., 2015. Strong water isotopic anomalies in the 
martian atmosphere: probing current and ancient reservoirs. Science 348 (6231), 
218–221. 

Viola, D., McEwen, A.S., Dundas, C.M., Byrne, S., 2015. Expanded secondary craters in 
the Arcadia Planitia region, Mars: evidence for tens of Myr-old shallow subsurface 
ice. Icarus 248, 190–204. 

Watters, T.R., Campbell, B.A., Leuschen, C.J., Morgan, G.A., Cicchetti, A., Orosei, R., 
Plaut, J.J., 2024. Evidence of ice-rich layered deposits in the Medusae fossae 
formation of Mars. Geophys. Res. Lett. 51 (2), e2023GL105490. 

Weiss, D.K., Head, J.W., 2013. Formation of double-layered ejecta craters on Mars: a 
glacial substrate model. Geophys. Res. Lett. 40 (15), 3819–3824. 

Wernicke, L.J., Jakosky, B.M., 2021. Martian hydrated minerals: a significant water sink. 
J. Geophys. Res. Planets. 126 (3), e2019JE006351. 

Wilson, J.T., Eke, V.R., Massey, R.J., Elphic, R.C., Feldman, W.C., Maurice, S., 
Teodoro, L.F.A., 2018. Equatorial locations of water on Mars: improved resolution 
maps based on Mars Odyssey Neutron Spectrometer data. Icarus 299, 148–160. 

Woronow, A., 1981. Preflow stresses in Martian rampart ejecta blankets: a means of 
estimating the water content. Icarus 45 (2), 320–330. 

Xiao, L., Huang, J., Kusky, T., Head, J.W., Zhao, J., Wang, J., Wang, L., Yu, W., Shi, Y., 
Wu, B., Qian, Y., Huang, Q., Xiao, X., 2023. Evidence for marine sedimentary rocks 
in Utopia Planitia: Zhurong rover observations. Natl. Sci. Rev. 10 (9), nwad137. 

Zhu, K., Schiller, M., Pan, L., Saji, N.S., Larsen, K.K., Amsellem, E., Rundhaug, C., 
Sossi, P., Leya, I., Moynier, F., Bizzarro, M., 2022. Late delivery of exotic chromium 
to the crust of Mars by water-rich carbonaceous asteroids. Sci. Adv. 8 (46), 
eabp8415. 

S. Gou et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0370
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0370
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0370
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0370
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0375
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0375
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0375
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0380
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0380
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0380
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0385
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0385
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0385
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0390
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0390
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0395
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0395
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0395
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0395
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0395
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0400
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0400
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0405
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0405
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0405
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0410
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0410
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0410
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0410
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0410
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0415
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0415
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0415
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0420
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0425
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0430
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0430
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0430
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0435
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0435
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0435
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0440
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0440
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0440
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0445
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0445
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0445
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0450
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0455
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0455
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0460
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0460
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0460
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0465
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0465
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0470
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0470
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0475
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0475
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0480
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0480
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0480
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0480
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0485
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0485
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0490
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0495
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0500
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0500
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0500
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0505
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0505
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0505
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0510
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0510
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0515
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0515
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0520
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0520
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0520
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0525
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0525
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0525
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0525
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0530
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0530
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0530
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0535
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0535
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0535
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0540
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0540
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0545
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0545
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0550
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0550
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0550
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0555
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0555
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0560
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0560
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0560
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0565
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0565
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0565
http://refhub.elsevier.com/S0019-1035(24)00160-X/rf0565

	Subsurface stratigraphy suggested by the layered ejecta craters in the Martian northern planitiae
	1 Introduction
	2 Study area
	3 Datasets and methods
	3.1 Datasets
	3.2 Methods
	3.2.1 Determination of the excavation depth of a crater
	3.2.2 Construction of LECs-related strata
	3.2.3 Estimation of the possible (current) water volume in the LECs-related strata


	4 Results
	4.1 General distribution characteristics of LECs
	4.2 Excavation depths revealed by the LECs in each Planitia
	4.3 Stratigraphies of the LECs-related strata
	4.4 Water volume in the LECs-related strata

	5 Discussions
	5.1 Implications of the roof depths
	5.2 Implications of the LECs-related strata
	5.3 Implications of the estimated water volume

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


