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Abstract

The Zhurong rover of the Tianwen-1 mission successfully landed in the southern part of the Utopian Planitia

and the northern region of the dichotomy boundary. Craters within a ~ 134 km? region surrounding the Zhurong
rover were identified and divided into seven degradation classes based on their preservation states and morphologi-
cal details. Assessing how craters have degraded over time provides insight into local surface processes and then
speculates on the climate evolution of the study area. The small depth/diameter (d/D) of craters in the study area
may be caused by the rapid filling of sediments or by impact processes occurring in poorly cohesive weathering
layers, and may also be associated with the volatile material alteration. As time went by, the process of crater degra-
dation is nonlinear, and the degradation rate of the fresh crater in the study area at the initial stage of degradation
may be as high as 0.2 m/Myr. The calculated surface erosion rate for the study area is~1072~10"> m/Myr, indicating
that the erosion of the Martian surface since the Middle Amazonian occurred in the dry environment dominated
by wind-sand erosion.
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Introduction

The Zhurong rover of the Tianwen-1 mission success-
fully landed on May 15, 2021 (UTM+ 8) at 109.926°W,
25.066°N, in the southern part of the Utopia Planitia (Zou
et al. 2021), north of the dichotomy boundary separating
the southern Noachian highlands and the young north-
ern lowlands. The Utopian Planitia has been interpreted
as an ancient impact basin filled with a mixture of sedi-
ment, volatiles, or lava transported by water, wind, and
other processes, and internally subjected to long-term
modification and accumulation of late northern mate-
rial (Searls et al. 2006). The landing site lies in the Late
Hesperian lowland unit, dated to~3.32-3.36 Ga, which
consists mainly of Hesperian-epoch Vastitas Borea-
lis formation (VBF) material (Tanaka et al. 2014). There
are conical hills, wrinkle ridges, valleys, impact craters
and other morphologies in the landing zone. The inves-
tigation of this region is of significant importance for
in-depth human exploration and the study of Martian
evolution and potential conditions for life.

The map (Fig. 1c) obtained by the High-Resolution
Imaging Science Experiment (HiRISE) shows rocks and
small craters in the Zhurong landing area. Numerous
bright transverse aeolian ridges are visible in the image.
The crater marked in Fig. 1c experienced severe ero-
sion, characterized by heavily damaged rims, loss of clear
impact structures, and an interior filled with fine-grained
material. Its rim is surrounded by several dark rocks that
may be spattered from the impact event. The surface tra-
versed by the Zhurong rover is littered with small rocks
and clasts bearing distinct features, including pitted sur-
faces and flake textures, which may indicate both the
presence of physical weathering and aqueous interactions

involving salt and brine (Ding et al. 2022; Liu et al. 2022).
Thus, surface processes in this region may not be limited
to impact gardening and weathering modification.

Impact craters are a dominant feature on Martian
surfaces, while the morphology of small-scale craters is
more sensitive to the strength and surface modification
of the stratigraphy (Robbins and Hynek 2012). The causes
and rates of crater degradation are spatially variable due
to the variety of surface processes that have occurred and
the complexity of local geological and climatic condi-
tions (Michael and Neukum 2010). Consequently, studies
of crater morphometry can be used to reveal the degen-
eration rate of craters in different Martian environments
(Golombek et al. 2014). The High-Resolution Imaging
Science Experiment (HiRISE) on board the Mars Recon-
naissance Orbiter (MRO) (Mcewen et al. 2007) and the
Digital Elevation Models (DEMs) derived from it (Kirk
et al. 2008) allow a more quantitative characterization
of crater shapes at small scales, which is important for a
better understanding of the processes involved in crater
formation and evolution.

In this study, craters with diameters greater than or
equal to 19 m were identified using HiRISE images within
a~134 km? region (Fig. 2c) surrounding the Zhurong
rover. Then craters were classified into seven degradation
classes based on their preservation states and morphol-
ogy features (rocks, bedforms, gaps, and superimposed
craters), and their morphometric parameters were meas-
ured to determine the changes in erosion and degrada-
tion rates of craters over time using HiRISE-derived
DEMs. This article is aimed at investigating the geologi-
cal evolution of the Tianwen-1 landing area and the con-
ducting research on the surface processes of Mars. Our
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Fig. 1 a Geographical background and main geomorphological features of the Tianwen-1 landing site on a base map of Mars orbit laser
altimeter (MOLA) (available at https://astrogeology.usgs.gov/search/map/Mars/GlobalSurveyor/MOLA). b Mars Global Surveyor MOLA DEM data.
c is High-Resolution Imaging Science Experiment image (0.25 m/pixel), which shows craters, rocks, and transverse aeolian ridges (yellow arrows).

Image ID ESP_ 069876_2055

goal in this study is to analyze the dependence of crater
morphometric parameters on the geologic conditions at
the Tianwen-1 landing site and to discuss the variation
of crater’s erosion and degradation rates on a long-time
scale.

Data and methods

HiRISE data

The High Resolution Imaging Science Experiment
(HIiRISE) is one of the most advanced and sophisti-
cated scientific payload carried on the Mars Reconnais-
sance Orbiter (MRO), which was launched by the U.S. in
August 2005 (Johnston et al. 2003). This camera features

a primary mirror with a diameter of 0.5 m, an effective
focal length of 12 m, and a focal plane system. The inte-
gration of these cutting-edge components enables the
HiRISE camera to capture exceptionally high-resolution
images of the Martian surface. Furthermore, the HiRISE
camera boasts an astonishing image acquisition speed,
capable of capturing images containing 28 Gb of data in
just 6 s. The HiRISE camera offers a spatial resolution
of the 0.25 m/pixel, providing the capability to acquire
highly detailed structural information within a small
crater with accuracy down to the meter scale. This not
only enables the measurement of changes in dune posi-
tions over time but also facilitates the detection of rock
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Fig. 2 a Six different morphological classes of craters in the study area. Some features are marked with white arrows. b The classification and spatial
distribution of craters in HiRISE images ESP_069665_2055 and ESP_069876_2055. ¢ Impact crater study area, indicated by the red box. The red

pentagram represents the landing site of Tianwen-1

distributions resulting from impact crater ejecta, as well
as the distinctive color characteristics of primary impact
crater ejecta materials.

The HiRISE DTMs (Digital Terrain Models) are gener-
ated by the University of Arizona and the U. S. Geologi-
cal Survey (USGS) using stereo imagery and the Softcopy
Photogrammetric Engineering and Terrain (SOCET-
SET) photogrammetric software, following the estab-
lished USGS standard methods. The vertical accuracy of
HiRISE DTM is tens of centimeters, which is sufficient
to discern meter-scale rocks within impact crater ejecta,
dunes on crater floors, and shallow pits covering crater
walls.

Craters mapping

This paper used two HiRISE orthorectified images at
25 c¢cm per pixel and HiRISE DTMs at 1 m grid spac-
ing. DTM1 was produced by HiRISE stereo pair
ESP_069665_2055 and ESP_069731_2055. And DTM2
was produced by HiRISE stereo pair ESP_069876_2055
and ESP_069942_2055 (Table 1). They are sufficient to
identify rocks in the ejecta, bedforms on the crater floor,
gaps in the crater rim, and shallow craters superimposed
on the crater rim. Measured variations accurately reflect
the intrinsic variation of the surface characteristics. A
total of 2625 craters were identified and drawn using
the CraterTools (a 3-point digitizing tool) (Kneissl et al.
2011). Obvious secondary impact craters that occur in

Table 1 HiRISE DTM data and associated stereopairs

DTM name Stereopairs

Left Right

DTEEC_069665_2055_069731_2055
DTEEC_069876_2055_069942_2055

ESP_069665_2055
ESP_069876_2055

ESP_069731_2055
ESP_069942_2055

clusters and chains were excluded. The morphological
parameters of each crater, including the depth (d), height
(h), and diameter (D), are measured to (1) determine cra-
ter changes over time and their degradation processes;
(2) constrain crater degradation rates and surface erosion
rates.

Crater classification scheme

Each identified crater is classified according to its pres-
ervation states and morphological details. Watters et al.
(2015) identified three classes of craters to understand
how craters change over time on the Martian surface:
Modif. Vis. Level 1 (MV1), Modif. Vis. Level 2 (MV2),
and Modif. Vis. Level 3 (MV3). Warner et al. (2020) built
a new classification scheme based on Sweeney et al
(2018)’s classification principles, expanding to smaller
and more degraded Class 6 to 8 craters. In this paper,
we recognize seven degradational states of craters in the
Tianwen-1 landing area, as shown in Fig. 2a.
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Class 1 craters exhibit well-defined low albedo rays
(Daubar et al. 2013), and represent the ideal pristine
state. They have sharply raised rims, steep inner walls,
and distinctly bowl-shaped or flat-bottomed conical cavi-
ties. Dark sand is visible at the bottom of impact craters,
with no superimposed impact craters above. No Class 1
crater was found in our study area.

Class 2 craters show elevated and well-defined rims,
with a large number of sand-sized materials and bed-
forms migrating to and depositing in their floors (Fig. 2a,
Class 2). There are a few superimposed craters within
their ejecta blankets.

The floors of Class 3 craters become flat owing to
the remarkable accumulation of bedforms, with more
small craters superimposed on them (Fig. 2a, Class 3).
Although the rims are elevated and maintain a round
shape, gaps and notches appear on them. Bedforms are
still evident on the crater floor, indicating that sand is
migrating toward the crater floors, still featuring high
albedo and reduced abundance.

Class 4 craters show gradually degraded and slightly
elevated rims with more gaps and notches, obstructing a
few bedforms (Fig. 2a, Class 4). Smooth infill completely
covers the crater floors, where interior bedforms are
rarely observed. The density of small impact structures
superimposed around and within the Class 4 craters fur-
ther increases.

Class 5 crater has a significantly eroded rim and is
dominated by more gaps and notches (Fig. 2a, Class 5). Its
floor is sandy and smooth, and the superimposed craters
become denser and more degraded. Moreover, the Class
5 crater shows up a circular depression with a bright rim
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and dark interior. In craters composed of sandy, small
impact features with well-defined edges are retained on
the fill material, indicating its solidification. Regarding
impact craters with rocky ejecta, within this category
of degradation, the rocks within the ejecta blanket have
undergone complete weathering and dissolution.

Class 6 crater’s rim is almost destroyed, and the interior
of the crater is very smooth and becomes a sandy depres-
sion. The exterior of elevated rim remnants still traps a
small number of bedforms (Fig. 2a, Class 6). The quantity
of overlaid small craters surpasses that of Class 5 craters.

Class 7 craters are the most degraded in the study area,
and their rims were almost eroded away (Fig. 2a, Class
7). They are usually shallow depressions with circular,
flat floors. But if the superimposed impact structures are
large enough, the Class 7 crater’s rim can be disrupted to
show a sub-circularity shape.

Measurement of crater depth and rim height

Morphological parameters (depth and rim height) of cra-
ters were evaluated using the semi-automatic extraction
method proposed by Sweeney et al. (2018). The crater
depth (d) was determined as the topography measured
from the crater rim’s top to the crater floor’s deepest
part (Fig. 3a and Additional file 1: Fig. S1). That is the
maximum difference between the overlying rim eleva-
tion 3D surface and HiRISE DEM of the bottom. The
rim height (/) is defined as the height difference from
the crater rim’s crest to the initial pre-impact plain. The
initial plain is created by converting the 1D buffer vector
graphics file rim to points proportional to the diameter.
Then a 0.2D ring buffer for each cratered edge is created
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Fig. 3 Semi-automatic extraction results for morphometric parameters. HiRISE DEM shows the results of a class 2 crater (a) depth raster extraction

and (b) rim height raster
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because the rim width scales with diameter by approxi-
mately 0.2D. The rim height is the maximum difference
between the initial plain surface and the 0.2D ring buffer
(Fig. 3b and Additional file 1: Fig. S2). As the rim height
measurements are highly disturbed by the surrounding
terrain, impact craters fall in positive or negative terrain
are excluded from the height analysis. As the rim height
measurements are highly disturbed by the superimposed
landform/transverse edge, or closing to the study region’s
boundary, impact craters are excluded from the height
analysis.

Morphometric measurements analysis

The total number of identified craters in the study area
is 2,625, including 63 Class 2 craters, 123 Class 3 cra-
ters, 138 Class 4 craters, 225 Class 5 craters, 515 Class 6
craters, and 1,561 Class 7 craters. Their diameters range
from 19 to 553 m, among which small-diameter craters
are dominant. However, because some of the impact cra-
ters were superimposed on other landforms or were close
to the study area boundary, only 2,556 impact craters
were measured for rim height.

Crater depth

Figures 4 and 5 illustrate the relationship between impact
crater depth (d) and diameter (D), including the Class
2 to 7 craters, with diameter as the independent vari-
able and the maximum depth as the dependent variable.
For the Class 2 (Fig. 4a), 3 (Fig. 4b), and 4 (Fig. 4c), the
linear fitting results for d/D are d=0.070D (R*=0. 97),
d=0.060D (R?=0.94), and 4=0.046D (R*>=0.87), respec-
tively. For Classes 5 (Fig. 5a), 6 (Fig. 5b), and 7 (Fig. 5¢),
linear fitting results for d/D are d=0.037D (R*=0.83),
d=0.031D (R*=0.75), and 4=0.021D (R*>=0.60), respec-
tively. The linear fitting results of the crater depth (d) and
diameter (D) for Class 2 to 7 are shown in Table 2.

The probability values (p value) of the linear fitting
results are all below the 0.01 alpha threshold (Table 2),
indicating that the effect of crater diameter on depth is
extremely significant. There is an extremely significant
statistical relationship between depth and diameter. In
Figs. 4 and 5, it is clear that each class follows a positive
linear trend consistent with the inferred crater degrada-
tion state, such that depth decreases as the degree of cra-
ter degradation decreases.

Height of crater rim

Figures 6 and 7 illustrate the relationships between cra-
ter rim height () and diameter (D), including Class 2 to
7 craters, with diameter as the independent variable and
the maximum rim height of each crater as the dependent
variable. The linear fitting results for Class 2 is #=0.056D
(R*=0.99) (Fig. 6a), for Class 3 is #=0.051D (R*=0.87)

Page 6 of 19

(Fig. 6b), for Class 4 is #=0.041D (R*>=0.81) (Fig. 6¢). For
Class 5 (Fig. 7a), Class 6 (Fig. 7b), and Class 7 (Fig. 7c),
the linear fit of 4/D is h=0.031D (R*=0.63), h=0.025D
(R*=0.32), and #=0.019D (R*=0.28), respectively. The
linear fitting results of the crater rim height (/) and diam-
eter (D) for Class 2 to 7 are shown in Table 3.

As expected, the ratio between rim height to diameter
generally decreases with increasing crater degradation
class. However, compared to the relationship between
depth and diameter, the maximum /4/D illustrates scat-
tering in the data. Also, the variation in rim height is
less pronounced than the variation in depth for craters
of all degradation classes. This may be due to the uneven
degradation of the rim structure over time. It is found
that peaks exist in the rim structure of even extremely
degraded craters. Furthermore, it is also possible that
the most proximal ejecta may be emplaced non-uni-
formly owing to irregularity in the initial topography of
the target site, differences in target strength, or impact
trajectory (Sweeney et al. 2018). In addition, the semi-
automatic method of calculating crater rim heights is still
strongly influenced by the topography of the surrounding
plains, even if craters superimposed on other landforms
and falling in apparently disturbed topography have been
removed.

Correlations between crater depth and rim height

The histogram in Fig. 8a exhibits the distribution of d/D
values for Class 2 to 7 craters. The highest d/D of all cra-
ters is derived from a Class 2 crater at 0.114. However,
the largest /1/D values do not result from the compara-
tively freshest Class 2 crater (Fig. 8b), which was an out-
lier that may be caused by the measurement method.

The relationships between 4/D and d/D are shown in
Fig. 8c with each crater labeled according to its member-
ship in Class 2, 3, 4, 5, 6, and 7. The Pearson correlation
coefficient (p) is quoted here to measure the correlation
between //D and d/D, and its value is between —1 and 1.
The correlation is higher when it is closer to+ 1. The rim
height and crater depth of Class 2 has a slight correlation
with a p=0.24, whereas p=0.20 for craters in Class 3 and
p=-—0.10 for Class 4. For Class 5 to 7, p is 0.13, 0.05 and
0.07, separately.

Crater retention ages and modification rates

Time series of crater degradation

In this paper, the cumulative distribution function is
used to determine the absolute model ages of the cra-
ters. The crater size-frequency distribution (CSFD) is
binned in a pseudo-log manner, and the resurfacing
correction method is used to determine cumulative
model ages, mitigating the influence of a small number
of large-diameter impact craters on the absolute model
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Table 2 Linear fitting results of depth vs. diameter

Class 2 3 5 6 7

Number 63 123 138 225 515 1561

R’ 0.97 0.94 0.87 0.83 0.75 0.60

P value 195670 108E77 125679 1.10E°% 222717 0
Standard Deviation 0.89 124 0.83 0.70 0.50 0.04
Equation d=0.070D d=0.060D d=0.046D d=0.037D d=0.031D d=0.021D

ages. The cumulative crater size-frequency functions
for Class 1to2,1to3,1to4,1to5,1to6,and 1 to7
craters are shown in Fig. 9. The size-frequency distribu-
tions (SFD) of craters in each class bin provides a gen-
eralized retention timescale for each class and allows
for an assessment of the rates at which craters degrade
from one class to the other (Golombek et al. 2014).
Model age fits were constructed using the chronology
function (Hartmann and Neukum 2001). The cumula-
tive model ages are 920+ 60 Ma for all 267 craters with
D>100 m (Class 1 to 7), 720+50 Ma for Class 1 to 6
craters (174 craters), and 590+ 50 Ma for Class 1 to 5
craters (117 craters). Also, the cumulative data provide
a model age of 420 £ 50 Ma for Class 1 to 4 craters (67
craters), 300 +50 Ma for Class 1 to 3 (35 craters), and
72 + 30 Ma for Class 1 to 2 (5 craters).

The distribution for craters (D>100 m) follows a
—3.2 power-law slope, similar to the crater produc-
tion function (Ivanov 2001). It indicates that impact
craters above this size are still preserved. As a result, a
fit to the Class 1 to 7 grouping provides a general cra-
ter retention age for craters (D>100 m). For craters
(D <100 m), the slope of the distribution crosses multi-
ple isochrones, indicating that this population has been
significantly eroded since the original surface formed.
Model ages derived from the D <100 m population rep-
resent the ability of the landscape to retain craters over
specific exposure timescales.

Ages derived from the cumulative size-frequency dis-
tribution of Class 1 to 7 craters with D > 100 m confirm
similar Middle Amazonian model ages of 920+ 60 Ma
to 970+60 Ma for the study area. The age is much
younger than the ~3.6-3.5 Ga absolute model age of
the VBF unit obtained by Ivanov et al. (2014). It indi-
cates that a later resurfacing process has occurred in
our study area in the Middle Amazonian. We, therefore,
focus on two distinct crater populations recorded in the
Tianwen-1 landing area, a 10 m-scale crater population,
and a 100 m-scale crater population that could reflect
this resurfacing event. Crater retention ages derived
from the cumulative method for the two populations

were used to constrain the degradation/erosion rates
below.

Degradation and erosion rates of craters
The decrease of Martian crater’s d/D with time is mainly
due to the filling by the migration of wind and sand depos-
its, the lowering of the rim height, and the backwasting
effect of the crater walls. Therefore, the rate derived from
the change in depth is defined as the crater degradation
rate. In contrast, the decrease in crater’s /1/D with time is
due to rim softening and rounding effects caused by some
surface processes (e.g., eolian abrasion), which can be more
closely tied to a true surface erosion rate (Sweeney et al.
2018). We quantified the variation in crater depth and
rim height. Based on the model age for each class, we can
determine the modification rates between crater classes.
Crater degradation and erosion rates for 100 m-diameter
bins are shown in Table 4. Since the statistics for Class 1
and 2 craters are poor and the time intervals between
classes are not well-constrained, we focus mainly on Class
3 to 7 craters. The 100 m-diameter craters in the Tianwen-1
landing area degrade from Class 3 to 7 craters over a time
span of about 620 Myr, with their average depth decreas-
ing from 6.38 m to 2.06 m at an average degradation rate of
0.007 m/Myr, while their rim height decreases from 3.42 m
to 2.20 m at an average erosion rate of about 0.002 m/Myr.
The degradation rate from Class 3 to 4 is approximately
0.018 m/Myr over a 120 Myr interval, whereas this rate is
steady at 0.003—0.005 m/Myr for Class 4 to 7. The erosion
rate between Class 3 and 7 remains essentially unchanged
and stabilizes around the mean value (0.001-0.004 m/Myr).
By comparison to the depth-related degradation rates, rim
erosion rates for all craters are typically an order of mag-
nitude lower between the younger class intervals. The deg-
radation rates for each class interval in Table 3 reveal that
craters degrade more rapidly in the earlier stages of modifi-
cation. Furthermore, the time scale for distinguishing each
class is not equal, implying a nonlinear decrease in the deg-
radation rate over time. The error calculation formula for
the degradation rate is
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Table 3 Linear fitting results of rim height vs. diameter
Class 2 3 4 5 6 7
Number 59 116 132 215 499 1525
R? 0.99 0.87 0.81 0.63 032 0.28
P value 130E7° 9.16E7 59167 450678 1.05674 7047199
Standard Deviation 044 1.61 0.95 0.97 0.99 0.74
Equation h=0.056D h=0.051D h=0.041D h=0.031D h=0.025D h=0.019D
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of diameter normalized rim height versus diameter normalized depth

DEx =

where DE; represents the degradation rates for Classes i
to k, dSE; denotes Standard Error of depth for Class I, T}

dSE; + dSE;y1 + -+ -+ dSEy

Tk

(1)

is time intervals between Class i and k from the cumula-
tive fits. The erosion rate error is calculated in the same
way.

Since the number of 100 m-diameter craters available
for rim height analysis is so small in each class that the
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variation in rim heights is difficult to constrain. Here we
introduce the above //D linear fitting results (Figs. 5 and
6) for the 100 m-diameter crater rim erosion rate analy-
sis. The linear fitting results for the rim heights of craters
of Class 3 to 7 are h=0.051D, ©=0.041D, h=0.031D,
h=0.025D and 4#=0.019, in that order. Then, based on
the fitted values, the rim heights of 100 m-diameter cra-
ters of Class 3 to 7 are 4.1 m, 3.1 m, 2.5 m and 1.9 m,
respectively. Thus, the modification of a 100 m-diameter
crater from Class 3 to Class 4 implies an erosion rate of
0.008 m/Myr over ~120 Myr. The rim erosion rate was
0.006 m/Myr for Class 4 to 5, 0.005 m/Myr for Class 5
to 6 within 130 Myr, and 0.003 m/Myr for Class 6 to 7.
Similar to the depth degradation rate, the rim erosion
rate decreased between classes, and was generally 1 to 2
orders of magnitude lower than in the early and middle
stages of degradation.

Crater degradation rates for Class 2 to 7 with diameters
range from 50, 60 to 80 m are provided in Table 5. For
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craters with a diameter of tens of meters, the degradation
rate from Class 2 to 3 is about 0.07 m/Myr, from Class
3 to Class 4 is about 0.013-0.018 m/Myr, and between
Class 4 and 5 the degradation rate decreases to 0.005—
0.014 m/Myr. While between Class 5 and 6 the degra-
dation rate is basically stable between 0.002-0.004 m/
Myr, and between Class 6 and 7 the degradation rate was
approximately 0.001 m/Myr. Likewise, this also indicates
that craters degrade more quickly in the earlier stages of
modification. The overall trend of the calculated degra-
dation rates indicated a decrease with time. And in the
final stage of degradation, the erosion rate and degrada-
tion rate are similar probably because the filling process
in craters no longer plays an important role.

However, there is no noticeably faster degradation rate
exhibited in 50 m-diameter craters relative to the order
of the 100 m-diameter population. Assuming that craters
are filled from their original depth (0.2 times their diam-
eter) and an average fill rate of 0.02 m/Myr. It takes about
500 Myr for a 50 m-diameter original crater to degrade
to Class 7, and about 1000 Myr for a 100-m-diameter
original crater to the most degraded class. In Table 5 the
50- to 60 m-diameter Class 7 craters have a maximum
retention time of about 640 Myr and a maximum reten-
tion age of about 1100 Myr for the 100 m-diameter cra-
ters. This is probably because the degradation of craters
in this diameter range is dominated by material filling
and other processes do not play a significant role.

Discussions

Dependence of morphometric parameters

on the geological environment

Simple fresh impact craters on rocky planets are typically
bowl-shaped, with a depth-to-diameter ratio of ~0.20 and
rim height-to-diameter ratio of ~0.04 (Pike 1977; Melosh
1989). Daubar et al. (2014) counted an average depth-to-
diameter ratio of about 0.23 for the meter-to decimeter-
scale craters identified on Mars over the last two decades.
The depth-to-diameter ratio of secondary craters (about
0.1) appears to be half that of the primary craters (Pike
and Wilhelms 1978). Garvin et al. (2003) found that sim-
ple craters followed a relationship of d=0.196D%% and
h=0.03D%%, As can be seen in Fig. 10a, only a portion
of the Class 2 craters and one Class 3 crater have d/D
exceeding 0.1. However, this is far below the previously
studied results for fresh craters with d/D=0.2. While a
sizeable portion of craters in each class has rim height-
to-diameter ratios exceeding 0.04 (Fig. 10b).

Stewart and Valiant (2006) suggest that the power law
applies to the depths of the deepest craters and the rims
of the highest craters. And Robbins and Hynek (2012)
proposed a "deepest crater" approach, where the power
law fits the deepest craters in a set of diameter bins.



Yang et al. Earth, Planets and Space (2024) 76:19

Table 4 Degradation and erosion rate data for 100-m-scale craters
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Class Crater diameter bin (90 to 110 m)
n d Standard Standard Error n h Standard Standard Error
Deviation Deviation
3 3 6.38 1.12 0.65 2 342 0.08 0.06
4 11 4.24 0.71 0.21 1 3.29 1.29 0.39
5 35 349 0.60 0.10 34 2.69 0.88 0.15
6 71 278 0.63 0.07 70 254 146 017
7 116 2.06 0.64 0.06 112 2.20 1.15 0.11
Class interval Time interval (Myr) Degradation rate (Dr) (m/ Dr Error Erosion rate (Er) (m/Myr)  Er Error
Myr)
3-4 120 0.018 0.007 0.001 0.004
3-5 290 0.010 0.003 0.003 0.002
3-6 420 0.009 0.002 0.002 0.002
3-7 620 0.007 0.002 0.002 0.001
4-5 170 0.004 0.002 0.004 0.003
4-6 290 0.005 0.001 0.003 0.002
4-7 500 0.004 0.001 0.002 0.02
5-6 130 0.005 0.001 0.001 0.002
5-7 330 0.004 0.001 0.001 0.001
6-7 200 0.003 0.001 0.002 0.001

Accordingly, we extrapolate the scaling law d=cD™ from
large simple craters on Mars to a small diameter range by
fitting the three deepest craters in 10-diameter bins. The
fitting result is d=0.187D%"7° (Fig. 10c). It is smaller than
the result of Stewart and Valiant (2006) (d=0.288D%7%%)
for new craters on the Utopian Planitia with craters’
diameters ranging from 3 to 50 km. A least-squares
power fit to the three largest rim heights in 10-diameter
bins yielded a result of #=0.232D%7'° (Fig. 10d). It can
be noticed that the fitting results are overall greater than
h=0.04D. The reasons for the discrepancies between our
fitting results and previous studies are discussed in detail
as below:

(1) Nonlinear degradation processes of craters. It is
evident in "Crater retention ages and modification
rates” section that a marked decrease in the degra-
dation rate of craters occurs as the degree of degra-
dation increases. The pristine crater exposes mixed
coarse- and mostly fine-grained ejecta deposits
that are in disequilibrium with local geomorphic
thresholds and have undergone relatively rapid
degradation by eolian and lesser mass-wasting pro-
cesses (Golombek et al. 2014; Grant et al. 2020).
After early crater infilling, degradation rates greatly
slowed. This is mainly attributed to the fact that
the inventory of available fines for transport from
the crater rim into the floor became limited. Addi-

tionally, it may be owing to the very slow weather-
ing of resistant basaltic rocks in and around craters
(Grant et al. 2020). Moreover, longer-term surface
stability was enhanced as almost complete infilling
reestablished a surface profile close to equilibrium
with local winds. As a result, the d/D of the original
crater may decline rapidly during the early stages.

Secondary Craters. The distant secondary meteor-
ite is produced by the high-speed ejecta and will hit
the surface at a low impact speed, which can form
small, round, isolated craters (Daubar et al. 2014).
Statistically, the d/D ratios of the identified craters
are fairly close to those of typical secondaries. There
are no craters with d/D ratios up to 0.2. It is hard to
determine whether the crater is primary or second-
ary when small craters are far from the main crater.
(3) Geological Conditions. Martian impact struc-
tures are sensitive to target properties and local
depositional processes (Garvin et al. 2003). Zhao
et al. (2021) proposed a five-layer stratigraphic
model of the Tianwen-1 landing zone based on
observations and previous studies. This model pro-
vides a framework for studying the geologic evolu-
tion of the region. According to the model, the top
layer consists of relatively loose material, less than
48 m thick, followed by the second layer consisting
of coarser and rockier material. However, small-
diameter craters are able to excavate the rego-
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lith but not the more competent bedrock beneath
it, resulting in a smaller crater that marks contact
with the more resistant unit. Therefore, the lower
d/D of craters in the study area may be caused by
impact events that arise in poorly cohesive surficial
regolith. Li et al. (2022) shows that the Zhurong
rover’s radar reveals the shallow subsurface struc-
ture of the Mars Utopia Planitia. They divided the
subsurface structure into four layers The first layer
is no thicker than 10 m, containing of mainly rego-
lith (Additional file 1: Fig. S3). Zaki et al (2023) have
found that potential episodic warming punctuated
the climate of early Mars during the Late Noachian

to Early Amazonian (~3.7 to>2.4 Ga). In addition,
Stewart and Valiant (2006) found shallow, primitive
impact craters on volatile-rich surfaces. Thus, the
prevalence of shallow craters in the landing zone
may be related to volatile action.

In summary, the small d/D of craters in the study area

may be due to the rapid filling of early craters, or due to
the fact that the impacts occurred on cohesionless or
poorly consolidated surface weathered layer material, or
may be related to volatiles. Subsequent ground penetrat-
ing radar data from the Zhurong rover and directional
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studies of the Tianwen-1 may provide more detailed evi-
dence and explanations.

Changes in degradation and erosion rates over time

Under the natural state, craters undergo degradation
processes from formation to complete disappearance,
and the time of the whole degradation process is the
total life cycle of craters. The degradation and erosion
rate schedules for the craters in Fig. 11 are calculated
based on the Table 4. Due to the low number of Class
1 and 2 craters in the study area, the degradation rates
for relatively fresh Class 1 and Class 2 craters are deter-
mined by subtracting the observed crater depth from
the original crater depth (0.2 times the diameter) and
dividing it by the age of the crater. While crater deg-
radation rates for Class 3 to 7 craters used previously
calculated values. And the erosion rate of Class 1 and 2
craters is estimated by dividing the difference between
the rim depth result #=0.232D%71° fitted in this paper
and the actual calculated rim height of Class 1 and 2
craters by the retention age. Fresh craters degrade rap-
idly in the early post-impact period, possibly at a rate
of 0.2 m/Myr (Fig. 11). Over time, the degradation rate
decreases by two orders of magnitude and reaches sta-
bility. Between the first 100 Myr, the degradation rate
decreases by one order of magnitude. However, as the
crater ages, the external surface gradually stabilizes.
The sediments become less important to the crater fill-
ing, and the filling rate slows down considerably.

The erosion rates between Class 3 to 7 craters, as
listed in Table 4, do not change significantly and stabi-
lize at a low rate. This is probably because the abrasive
effect of wind and sand on the crater rims is no longer
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evident as the crater floor is filled. And the rim ero-
sion rate slowly decreases as the number of movable
sediments decreases and the slope of the crater walls
decreases. The fit to the rim height of the three deep-
est craters in each bin within the study area results in
h=0.232D°%71% (Fig. 10d). Based on which fresh crater
formation early erosion rates can reach ~0.030 m/Myr.
As expected, both rim erosion rates and depth degrada-
tion rates decreased with increasing mean time scales.
Surface erosion rates calculated for the study area on
the Middle to Late Amazonian time scale of our study are
approximately 10~ to10~® m/Myr. Compared with Saun-
ders and Young’s (1983) erosion rates of 10~ to 10* m?/
yr for a global compilation of Earth, the Martian surface
erosion rate during the Middle to Late Amazonian is 2
orders of magnitude slower. But it is similar to the ero-
sion rate of the lunar surfaces (Fassett and Combellick
2014). This suggests that surface erosion on Mars since
the Middle Amazonian may be occurred in a dry, wind-
driven environment with inefficient erosion processes
due to the absence of the involvement of liquid water.

Conclusions

We mapped all craters (D>19 m) over an area of approx-
imately 134 km? in the Tianwen-1 landing zone, and
classified each mapped crater according to its preserva-
tion states and morphological details. A high-resolution
digital elevation model derived from HiRISE images was
used to extract the depth and rim height of each crater
by establishing a semi-automatic measurement method.
The dependence of the morphometric parameters of
the craters on the geological environment, as well as the
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Fig. 11 Timeline of degradation and erosion rate changes for craters with 100 m diameter in the study area. The orange line represents the change
in crater degradation rate with time and the blue line represents the change in erosion rate
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degradation and erosion rates of the craters, are also ana-
lyzed and discussed. The conclusions are as follows.

1) Possible reasons for the discrepancy between our
crater depth measurements and previous studies are
that the d/D of fresh craters decreases rapidly, or that
the craters we studied contain large populations of
distant secondary impact craters. Impact events that
occur in poorly cohesive weathering layers but fail to
excavate the more competent bedrock beneath them
can also result in smaller d/D.

2) Early fresh crater depth decreases more rapidly and
the degradation rate may reach 0.2 m/Myr. As the
crater ages and the surface gradually stabilizes, the
importance of sediments for crater filling diminishes
and the filling rate slows down considerably.

3) The surface erosion rates calculated on the Middle to
Late Martian Amazonian timescale in our study can
reach 1072 to 10> m/Myr, comparable to surface ero-
sion rates of 0.003 to 20 mm/year in arid and semi-
arid regions on the Earth (Rohrmann et al. 2013).
Our study area exhibits significantly lower wind
erosion rates compared to those in arid and semi-
arid regions on Earth. The findings indicate that the
erosion processes in the study area is inefficiency,
attributed to the absence of a substantial atmosphere
and recent high-energy water events. Erosion in this
region is primarily governed by wind or aeolian pro-
cesses.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540623-024-01965-1.

Additional file 1: Fig. S1. Crater depth raster (1 m per pixel). Depth is cal-
culated by fitting a 3D plain across the rim using the points shown. Each
point is assigned an elevation value from the HIiRISE DEM. The DEM is then
subtracted from the overlying 3D surface. Note: (e) is the 3D representa-
tion of (d). Fig. S2. Crater rim height raster (1 m per pixel) with the 0.2D
annular region that generally defines the majority of the rim structure for
all craters. Rim height is calculated by fitting a plain across the continuous
ejecta blanket (1D from crater rim). This 3D plane defines the pre- impact
surface and is subtracted from the overlying DEM. Note: (g) is the 3D
representation of (f). Fig. S3. (a) The low-frequency radar imaging profile,
with the uppermost thick black line denoting the topography relative to
the landing site. The dashed line above 10 m denotes the estimated bot-
tom of the top layer presumably containing mainly regolith. The two solid
lines at depths of around 30 and 80 m represent the contacts between
the second and third layers and the base of the third layer, respectively.
The two dashed lines at around 10 and 40 m deep roughly separate

finer- and coarser-grained rocky blocks within the second and third layers,
respectively. (b) The interpreted lithologic stratigraphy based on radar
imaging. (c) The variation of dielectric permittivity with depth. (Image
credit: Chao Li et al.; 2022, Nature).
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