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On January 3, 2019, Chang’E-4 (CE-4) probe successfully achieved soft landing on the farside of the Moon. A
large number of small craters in the landing area can be found in the high-resolution remote sensing images.
These small craters played a vital role in the evolution of lunar regolith because of the overturning and mixing of
lunar surface material through excavating and ejecting during impact processes. However, the research of the
gardening process by small craters and the evolution of farside lunar regolith are still insufficient. This research
aims to make quantitative analysis to the evolution of the lunar regolith from regional small impacts and apply
them in the CE-4 landing area. Firstly, the processes of excavation and ejection of a single small impact on the
lunar surface are analyzed, during which the formation and distribution of lunar regolith are numerically
modeled. Then, based on the remote sensing observation and the analysis of regional impact flux, a group of
impact events with resulting lunar regolith are modeled by Monte Carlo method. Thirdly, the above analysis is
applied in the CE-4 landing area, and the thickness, grain size distribution, and overturning times of the lunar
regolith are calculated. Finally, the influencing factors are discussed and evolution process of lunar regolith is
summarized. The results indicate that the formation of lunar regolith is controlled by larger impact events, while
the surficial overturning and mixing of lunar regolith are mainly caused by smaller impact events. In addition,
the lunar regolith is mostly formed in the earlier times because of the high impact flux at that time. For example,
the absolute model age of the CE-4 landing area is about 3.5 Ga, while the lunar regolith had mostly been formed
before 3.0 Ga and changed slowly afterwards. Our model beyond the observational capability of the Yutu-2’s
lunar penetrating radar (LPR), and the results can contribute to better understanding of the regional lunar
regolith formation and evolution.

1. Introduction
Lunar regolith is defined as the mixture of rock debris, mineral
particles and a small amount of molten glass on the surface of the Moon
(Shoemaker et al., 1967a; Shuster et al., 2010), which is generally
believed that it is mainly the product of impact including meteorite
impact, micro meteorite impact, and solar wind high-energy particle
bombardment (Melosh, 1989). It’s important to note that the lunar
regolith usually refers to the lunar Surficial Regolith layer above the
Upper Megaregolith layer produced by ejecta deposition or collapse
modifications of large impact craters (Shoemaker et al., 1967b; Shoe
maker et al., 1968; Wilcox et al., 2005; Richardson and Abramov, 2020).

The formation and evolution of the lunar regolith are closely related to
impact. The depth and structure of lunar regolith are mainly determined
by the meteorite impacts, which can excavate and splatter the material
from the deep to the surface, and some original surficial material can be
also buried in the process. In previous studies, the above overturning
and mixing processes of surficial material caused by impact is defined as
impact gardening (Gault et al., 1974; Arnold, 1975). Because there is no
atmosphere on the Moon and few tectonic activities existed in last 3.0 Ga
(Wilhelms et al., 1987), the information of meteorite impact along with
micro meteorite impact and solar wind particle bombardment has been
mostly recorded in the lunar surface materials (Crawford et al., 2010;
Shuster et al., 2010; Lin et al., 2020). Therefore, understanding of lunar
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impact gardening process is significant to the research of the lunar
impact history, lunar surface rock fragmentation, lunar regolith forma
tion and surficial structure, and even the content of some materials, such
as the solar wind high-energy particles and water (Fruchter et al., 1978;
Crider and Vondrak, 2003; Hurley et al., 2012; Costello et al., 2018).
Since the first high-resolution image of the Moon was sent back by
Ranger-7 in 1964 (https://www.jpl.nasa.gov/missions/ranger-7), the
lunar regolith has been concerned and its evolution has been substan
tially studied. Oberbeck et al. (1973) developed a Monte Carlo model to
describe impact events and analyze the relationship between the growth
of lunar regolith and impact events. Since then this method has been
widely used in the research of lunar regolith (e.g., Quaide and Oberbeck,
1975; Hörz, 1977; Cashore and Woronow, 1985). Gault et al. (1974)
proposed a groundbreaking model for the mixing of the weathering
layer (previously called the Surficial Regolith layer), in which the
impact flux is assumed to obey Poisson probability distribution. Based
on this, Gault et al. (1974) analyzed the probability of a point at a certain
depth affected by the impact event, and described the overturning rate
of lunar regolith at different times and depths. Afterwards, Arnold
(1975), Fischer and Pieters (1995), Li and Mustard (2005) carried out
further research based on this model, and analyzed the impact gardening
effect on the spatial distribution of lunar regolith in more detail.
Recently, the lunar regolith evolution model was further developed
along with the advancement of computing technology and research
progresses of crater production and crater degradation. Richardson
(2009) proposed a Cratered Terrain Evolution Model, which compre
hensively studied the generation and disappearance of impact craters
and ejecta. Huang et al. (2017) added a regolith transport model based
on the CTEM model to study the impact transport and mixing effect of
lunar mare/highland contact. Costello et al. (2018) updated the classical
model proposed by Gault et al. (1974) with the novel research results of
impact flux and crater scaling law. Liu et al. (2019) analyzed the longterm gardening process on impact melts in the case of three impact
basins of Serenitatis, Crisium, and Imbrium. These studies have greatly
enhanced our understanding of the impact gardening process and the
lunar regolith evolution. However, because of the absence of the
necessary data sets, the previous studies mainly focused on the spatial
distribution of lunar regolith and lacked verification using in-situ highresolution stratigraphic data. In this paper, based on the latest LROC
NAC image and in-situ stratigraphic data from Chang’E-4 (CE-4)
mission, we studied the impact gardening and evolution process of the
lunar regolith. The results from our model are compared with the in-situ
observations from Yutu-2 rover, providing further information on the
evolution process of the lunar regolith. Therefore, the analysis of the
impact gardening and evolution process of lunar regolith in the CE-4
landing area can contribute to the understanding of the evolution of
lunar surface weathering layer and then provide some information for
future sampling missions.
CE-4 is the first soft landing mission on lunar farside and the probe
successfully landed in the Von Kármán crater inside the South PoleAitken basin on January 3, 2019 (Di et al., 2019). The Yutu-2 rover
has worked for 27 lunar days and traveled 652.6 m (till February 19,
2021). The Yutu-2 rover is equipped with a lunar penetrating radar
(LPR), which acquires information of surficial structures of lunar rego
lith (Jia et al., 2018). The LPR has two detection channels that can emit
electromagnetic waves of two frequencies. The channel 1 has a low
frequency of 60 MHz with the maximum detection depth ~ 500 m and a
spatial resolution of ~ 10 m, while the channel 2 has a high frequency of
500 MHz with the maximum detection depth ~ 50 m and a spatial
resolution of ~ 30 cm (Zhang et al., 2021). The reflection intensity of
LPR signal is related to the state of underground materials and the
detection result will help to reveal the information of subsurface strat
igraphic structure (Zhang et al., 2021; Dong et al., 2021). These valuable
data provide us with information of the lunar surface and shallow sub
surface, which is crucial to the understanding of the impact mixing of
lunar surface materials and the evolution process of lunar regolith (Hu

et al., 2019; Lin et al., 2020). By combining the latest Yutu-2 LPR data
and impact gardening technology, the main purpose of this research is to
establish a model of the fine stratigraphic structure of the subsurface
lunar regolith and analyze the evolution process of lunar regolith by
small impact craters in the case of CE-4 landing area.
2. Lunar regolith evolution model with simple craters
Our evolution model with simple craters (EMSC) is based on remote
sensing observation of the small craters, and combing the existing
models for the lunar regolith formation and distribution during impact,
the distribution of lunar regolith grain size, the lunar craters production
and chronology, and the terrain degradation, to model the regional
lunar regolith evolution.
2.1. Lunar regolith formation and distribution during impacts
The impact cratering process can be divided into contacting and
compression stage, excavation stage, and modification stage (Melosh,
1989). When the asteroid contacts the surface of the planet, a strong
shock wave is produced and both the target and projectile are heavily
compressed. The shock wave moves rapidly outward in the target and
backward to the tail of projectile, and a rarefaction wave is reflected
back when the shock wave arrived the tail of the projectile. The rare
faction wave propagates much faster in the compressed material and
unloads the high pressure caused by the shock wave. When the head of
rarefaction wave catches the shock wave, the first stage of the impact
process terminates. In the second stage, the irreversible plastic defor
mation during the first stage causes the excavation flow, which results in
a transition crater and the inside material is radially ejected and an
ejecta blanket is formed surrounding the transient crater. In the third
stage, because of the gravity instability, some material on the rim and
wall of the transient crater slides to the crater bottom and a breccia lens
is produced in the crater center (Melosh, 1989, 2011; David, 2007;
Osinski et al., 2011). The lunar regolith is mainly formed within the
process and the typical distribution for a small crater is shown in Fig. 1.
According to observations and experimental studies, the maximum
excavation depth of a small impact is equal to ~1/3 of the transitional
crater diameter (Hirabayashi et al., 2018). The material above the
maximum excavation depth is migrated outwardly and radially during
the excavation stage, and it is finally distributed above the original
surface. On the other hand, the material below the maximum excavation
depth is compressed and moved downwardly and left inside the crater
(Melosh, 1989). Most of ejecta fall back to the planetary surface because
of the gravity of the planet, and they deposit surrounding the crater and
its thickness gradually decreases with the increase of distance to the
crater rim until discontinuous. The ejecta and the debris inside the crater
are the main source of the lunar regolith. The ejecta thickness eout of a
small impact crater can be described as a function of the distance to the
crater center and the crater diameter by a simple formula (Mcgetchin
et al., 1973; Sharpton, 2014; Hirabayashi et al., 2018):

Fig. 1. Typical distribution of the lunar regolith for a small crater. It is notable
that an ejecta blanket is formed surrounding the crater rim, and a breccia lens
appears in the crater center.
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volume of excavated material in a single impact event can be calculated
as follows (Liu et al., 2019):

(1)

where R is the radius of the final crater in m, r is the distance to the
center of the crater in m, and σ and κ are the empirical parameters. For
small simple craters, σ and κ can be taken as 0.014 and 3, respectively
(Mcgetchin et al., 1973; Sharpton, 2014; Hirabayashi et al., 2018).
After the impact excavation, some molten materials and debris on
the rim and wall slips back into the crater and a breccia lens is formed,
which is also considered as the lunar regolith. The thickness of this part
of the regolith can be derived as the difference between the depth of the
transitional crater and the final crater. For small impact crater, the
typical thickness of the regolith within the breccia lens deposited inside
the impact crater is given by Hirabayashi et al. (2018):
(
( r )2 )
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Based on the spatial distribution investigations of the fragments on
the lunar craters, earth craters, nuclear explosion experiments and lab
oratory experiments, Melosh (1989) summarized the maximum mass of
fragment of the impact crater and pointed out that the mass of the largest
fragment in the ejecta produced by small simple impact events mfmax can
be related to the total mass of the ejecta Me (Melosh, 1989) as follows:
(5)

mfmax = 0.8Me0.8

The total mass of the ejecta can be calculated via multiplying the
total volume of the ejecta (Eq. (4)) by the density of the material, from
which we can get the size of the largest fragment in the ejecta in an
impact event:

where δ is the depth parameter and it is ~0.34 for most simple craters
(Stopar et al., 2017; Hirabayashi et al., 2018). Similarly, the transitional
crater can be also considered as a rotating paraboloid and its depth can
be described as a function of the distance to the crater center (Melosh,
1989):
dmax 2
= dmax −
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R2t
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where ρ is the density of the material. Many researches have shown that
the size of the ejecta decreases rapidly with the increased distance to the
center of the crater, and similar to lunar regolith, the cumulative fre
quency distribution of the mass of the fragments showing an exponential
relationship (Melosh, 1989; Krishna and Kumar, 2016). According to the
observation of the impact crater and landslides on the Earth, we spec
ulate that larger materials seem to have a larger friction coefficient and
tend to stay on the crater wall, while small materials have a smaller
friction coefficient and are easier to slide down to the crater bottom. It is
undeniable that there may be some large fragments at the bottom of the
crater. The changeable rule of the grain size inside the crater is still lack
of research and the detailed law needs to be further testified. Further, by
analogy with the laws of lunar regolith inside and outside the crater, it
can be assumed that the size of the ejecta outside the crater decreases
exponentially with the distance to the center of the crater, and the size of
the ejecta inside the crater changes in a parabolic relationship with the
distance:

(3)

where dexc is the excavation depth at the distance r from the center of the
crater, dmax is the maximum excavation depth of the impact crater and Rt
is the radius of the transition crater. Melosh (1989) pointed out that the
transition crater diameter is ~0.8 times of the final crater diameter for
simple craters. Therefore, the parameters in the above equations can all
be calculated if the radius of the final crater is known.
It is important to note that the excavation depth is derived relative to
the original surface before impact, and then the final excavation depth of
the impact is influenced by the pre-existing terrain. For example, if one
crater is formed inside an earlier crater, the final excavation depth will
be increased provided the later impact penetrates the existing lunar
regolith. Of course, the final excavation depth is not altered if the later
impact is completely formed within the existing lunar regolith. The final
excavation depth can represent the depth that the lunar surficial mate
rial is disturbed.
Another byproduct in analyzing the lunar regolith thickness is the
overturning times of the lunar surficial material. The initial overturning
time is assumed as zero before the impact event occurs. When the impact
happens, the local excavation depth is calculated and if the excavation
depth is greater than the depth of the current position, the local material
would be overturned once. Similarly, the overturning time would be
increased by one if the current depth is within the extent of the exca
vation depth of another impact. Thus, the overturning times of the
material at different depths in the study area can be derived when all the
impacts have occurred.

′

sizeout = σ sizefmax r−

b

′

(
( r )2 )
′
sizein = δ sizefmax 1 −
R

(7)
(8)

where σ ′ and δ′ are the integrity coefficients, both of which are related to
the size of the material before impact. At first, the material integrity
factor is 1, then the impact event occurred making the material broken
and the strength decrease. Therefore, the coefficient decreases accord
ingly. When the material is almost completely broken (size ≤ 10− 3 m),
the coefficient is approximately zero. In the process of impact damaging,
the shear force plays an important role and the research of rock me
chanics indicates that under the mechanism of shear failure, the stress
and strain show a linear relationship from the beginning of damage
(integrity factor = 0) to complete broken (integrity factor = 1) (Stesky
et al., 1974; Byerlee, 1978; Collins et al., 2004). Therefore, the co
efficients can be calculated as σ′ = sizebf/size0, δ′ = sizebf/size0. However,
in the process of impact excavation, if the excavation depth of a certain
position exceeds the historical accumulated lunar regolith thickness, it
can excavate the initial material and for the impact proportion coeffi
cient of penetration, the coefficient δ′ = sizeorg/size0. Where sizebf is grain
size of the local material before each impact, sizeorg is the initial material
size of the study area and size0 is the size of the bedrock, which can be
taken as a large diameter because it should not influence the results. The
exponent b′ is related to the cumulative frequency distribution of frag
ment mass, which can be taken as 0.85 (Melosh, 1989).
It is worth noting that the above calculation for the lunar regolith

2.2. Regolith grain size
The impact of meteorite on the planet will produce a strong shock
wave, and the material in the target area will be broken. The grain size of
lunar regolith is also of significance. A lot of studies have shown that an
impact will eject a large number of blocks, and the larger blocks are
concentrated near the rim of the crater, while the smaller blocks can
eject to a far distance, and the size of the largest fragment is exponen
tially related to the diameter of the impact crater (Moore, 1971; Bart and
Melosh, 2010; Singer et al., 2020). In order to calculate the maximum
size of the fragment, the total mass of the ejecta needs to be considered.
Liu et al. (2019) pointed out that the volume of the excavated material is
equivalent to a torus-like shape with thickness of 1/3 maximum exca
vation depth and width of transition crater diameter. Therefore, the total
3
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grain size is applicable to primary crater characterized by the very high
speed, while for secondary crater, the relatively low impact speed leads
to less shock pressures on the target material during cratering process,
and much of the ejecta grains will simply be expelled “as is”, having been
overturned and relocated, but without much modified in other proper
ties. Therefore, the existence of the secondary crater will also make some
large fragments appear on the Moon surface (Bart and Melosh, 2010),
which is also consistent with the in-situ exploration data (Ding et al.,
2020; Gou et al., 2020).

crater can be obtained through remote sensing observation and inter
pretation. However, the time of each impact event is difficult to be
accurately dated. According to the previous study, the cumulative fre
quency distribution of impact craters should conform to the power-law
relationship which can be described by the lunar production function
(Neukum, 1983; Costello et al., 2018). An often-quoted lunar production
function is an eleventh-order polynomial advised by Neukum (Neukum,
1983; Neukum et al., 2001):
log(Ncum (D, t) ) =

2.3. Impact events

11
∑
(

ai (logD)i

)

(9)

i=0

The function describes the cumulative number of impact craters
Ncum(D, t) with the diameter larger than D per km2 until time t, where
a1~a11 are constants that can be found in Neukum (1983) and a0 can be
calculated provided N(1, t) is known, which is derived according to the
chronology function as follows:
(
)
N(1, t) = 5.44⋅10− 14 e6.93t − 1 + 8.38⋅10− 4 t
(10)

For a specific area on the Moon at some moment, the happening of
the impact events should be random, and the random events can be
described by Monte Carlo simulation. Monte Carlo method was first
introduced to simulate the production process of impact craters by
Woronow (1977) and have been often used to simulate the production
and evolution of impact craters on the Moon surface (Chapman and
McKinnon, 1986; Richardson, 2009; Michael et al., 2018; Liu et al.,
2019).
Now we consider a region with an area of 1 km2 (or others in the
same geological unit) and the lower left corner as the origin of the co
ordinates, and simulate the impact events in the region with Monte
Carlo analysis. In the selected area, if we have identified Nc impact
craters with diameter larger than Dm by remote sensing interpretation,
we should simulate Nc(D > Dm) impact events and analyze the lunar
regolith evolution with them. Our simulation grid is 1000 × 1000, which
means that the spatial resolution of the Monte Carlo simulation is 1 m,
and the boundary condition is set as open boundary. The impact crater
size range generated in the simulation is the same as that observed by
remote sensing (5 - 317.6 m, see Section 3.1).
In the case of CE-4 landing area, the location and size of each impact

where t is the age in Ga. Therefore, N(1, t) can be obtained provided the
surface age t has been known through remote sensing observations. For
example, the surface age of the CE-4 landing area is 3.5 Ga (Gou et al.,
2021) (See section 3.1), and N(1, t) equals to 0.0048 km− 2. As a result,
all the parameters in Eq. (9) are known and the partial differential
equations of N can also be derived. For a given time t, the partial de
rivative of N with respect to t indicates the variation of the cumulative
cratering rate with the diameter at the given time (Fig. 2a). For a given
diameter D, the partial derivative of N with respect to t indicates the
variation of the cumulative cratering rate with the time at the given
diameter (Fig. 2b). These partial derivatives are the basis to set the cu
mulative cratering rate at different time or different diameters in the
Monte Carlo simulations. It is noteworthy that: (1) the number of small

Fig. 2. Random impact events. (a) The cumulative cratering rate at different time for different diameters, note that the curves of 0 Ga and 1 Ga almost coincide; (b)
Cumulative impact rates for craters with different diameters on the Moon; (c) The impact events within 1 km2 around CE-4 landing site obtained by remote sensing
interpretation and Monte Carlo simulation, within which each circle represents a crater produced by an impact event, and the color represents the time of the
impact event.
4
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impact craters is much more than the large ones; (2) the early cratering
rate is much higher than that of today; (3) large impact craters are
mostly formed in earlier times.
In the simulation of impact events each impact event is described by
three properties: the position, the size and the emplacement order (or it
can also be considered as the crater age). These three properties can all
be generated by Monte Carlo simulation. In this research, we studied the
evolution of lunar regolith in the case of the landing area of CE-4 spe
cifically. We identified and counted the impact craters within 1 km2 in
the landing site through remote sensing interpretation (see section 3.1).
In order to facilitate comparison with the in-situ detection data (i.e., the
LPR data), the Monte Carlo simulation of impact craters production in
our EMSC model is based on the results of remote sensing observation.
Therefore, in the Monte Carlo simulation, only the emplacement order of
craters is described by random numbers, while the location of the crater
center and the size of the crater are determined from remote sensing
interpretation. However, impact crater is the most common topographic
feature on the lunar surface and its generation and evolution need to
accord with the corresponding physical laws in nature. Although we
created a series of random numbers to describe the impact order, the
simulation of impact order is not a bunch of chaotic and irregular
random numbers completely, the overall distribution of these random
numbers conforms to the laws reflected by the impact crater production
function and chronology function of Eq. (9), (10) and their partial de
rivatives, as described above. Based on this, we carried out Monte Carlo
simulation of impact events in the study area.
We finally achieved a series of random impact events simulated, as
shown in Fig. 2c. Each circle in the figure represents a crater and the
color represents the time of the impact event. The center of the circle is
the impact location and the diameter of the circle represents the size of
the impact crater.

each other in the calculations. The terrain degradation is implemented
uniformly in the study area, and the partial differential equation Eq. (11)
is solved numerically by spatio-temporal discrete method. Taking the
accumulated regolith thickness as the elevation of the terrain, the terrain
degradation is calculated every 0.01 Ga during running of the model. For
each calculation the detailed process is to apply Eq. (11) in both x and y
directions independently, and the second-order central difference
scheme is used in solving the partial differential equation to update the
spatial distribution of lunar regolith thickness.
3. Applications to the Chang’E-4 landing area
3.1. Remote sensing interpretation of impact craters
The landing area of CE-4 is in the Von Kármán crater inside the South
Pole-Aitken Basin on the farside of the Moon (Di et al., 2019; Lin et al.,
2020). Recent researches show that the material up to the depth of
dozens meters underneath CE-4 landing area is mostly the ejecta from
Finsen crater, and the geological age of Finsen crater is about 3.5 Ga
(Gou et al., 2021). There are many craters with different diameters that
can be identified in high-resolution LRO NAC images. In order to analyze
the evolution process of lunar regolith material under the effect of
impact gardening in detail, we try to find all craters, according to the
comprehensive judgment of crater rim, shadow, terrain and other fac
tors. With the add-in of “CraterTools” in ArcGIS (Kneissl et al., 2011), we
delineated 2049 craters with diameters greater than 5 m in the 1 km2
area around the CE-4 landing point in the LRO NAC image at a spatial
resolution of 0.89 m/pixel (the data can be downloaded from Lunar
Orbital Data Explorer https://ode.rsl.wustl.edu/Moon/indexProduct
Search.aspx). The crater diameter ranges from 5.0 to 317.6 m, and the
mapped craters are shown in Fig. 3a.
Based on the results of remote sensing interpretation and the diam
eter of the impact crater within the study area, the cumulative number of
impact craters is counted and the cumulative size frequency distribution
(CSFD) is drawn in the double logarithmic coordinate system and the
scatter diagram is shown in Fig. 3b. The standard lunar equilibrium
function (Trask, 1966) is used to analyze the equilibrium diameter of
impact craters in the study area, which is plotted as red dash line in
Fig. 3b. The equilibrium line shows that the slope of the CSFD curve
changes gradually at the “knee” position, indicating that the small
impact craters in the region are equilibrium. Moreover, as mentioned
above, the current geological unit of CE-4 landing area starts from the
initial surface completely buried by the ejecta of Finsen impact crater.
Therefore, in this research the geological age of the study area should be
the same as Finsen crater. On the basis of the statistical dating results of
the Finsen impact crater by Gou et al. (2021), the chronological curve
(production line) of the landing area is drawn as the blue one in the
Fig. 3b, of which two gray lines are the upper and lower limits of the
dating error respectively. The geological age is reliable and correspond
to the research results of others (Ivanov et al., 2018; Gou et al., 2021),
which is obtained by the standard statistical dating analysis of the
impact crater, using the production function (PF) and chronology
function (CF) from Neukum (1983), and the counting area is a large flat
zone at the bottom of the Finsen crater. According to the intersection
relationship of CSFD plot, production plot and equilibrium plot, it can be
found that the small impact crater in the area is equilibrium, and the
equilibrium diameter is around 100 to 200 m.
In addition, the impact events outside the research area may also
have some effect on the regolith inside through their ejecta. Therefore,
some impact events outside the area are also included our model.
Finally, we identified a total of 6093 impact craters within 50 × 30 km
around the landing site base on mosaic image (Jia et al., 2021). These
impact events will be involved in the subsequent calculation of lunar
regolith thickness, excavation depth, overturning times and grain size.
It is noteworthy that in our simulation the locations of impact craters
are the true locations from the observation results, and the order of the

2.4. Terrain degradation and lunar regolith
Apart from the meteorite impacts, the lunar regolith is also affected
by the continuous effects of the material rupture caused by large tem
perature difference on the surface, lunar earthquake, and micro mete
orite bombardment. These effects are totally considered as the
degradation of terrain, which also contributes to the evolution of lunar
regolith and can be described by the diffusion equation (Soderblom,
1970; Richardson, 2009). According to previous studies, the elevation h
of a certain position changes with time (Fassett and Thomson, 2014) as
follows:

∂h
= κ∇2 h
∂t

(11)

where κ is the terrain diffusion rate. The research shows that the terrain
diffusion rate of recent 3.0 Ga is basically constant, with an average
value of κ = 5.5 m2/Myr and for the 3.1– 3.6 Ga, the terrain diffusion
rate is about 6~20 m2/Myr (Fassett and Thomson, 2014). Thus, the
terrain diffusion rate is calculated about 5.5~15.7 m2/Myr for the 3.0–
3.5 Ga according to a polynomial fitting. Finally, the variable diffusion
rate of κ = 5.5~15.7 m2/Myr for 3.0– 3.5 Ga and the average diffusion
rate of κ = 5.5 m2/Myr after 3.0 Ga is used in this research.
It should be noted that the terrain diffusion rate κ is a function of
time, but for the research of terrain evolution, it is not necessary to know
the specific value of diffusivity with time and the average terrain
diffusion rate takes a more important role in characterizing the state of
terrain evolution (Skianis et al., 2008; Fassett and Thomson, 2014).
Using the average diffusion rate, we can calculate the distribution of
lunar regolith thickness and grain size at different historical times such
as 3.0 Ga, 2.0 Ga and 1.0 Ga (See section 3.4). This will not affect our
final results even if the diffusion rate changes slightly with time.
In implementation of our model, terrain degradation and impact
gardening are carried out at the same time, but they are independent of
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Fig. 3. Spatial distribution of impact craters within 1 km2 of CE-4 landing point and CSFD. (a) Spatial distribution of impact craters. A total of 2049 impact craters
were identified. The base image is an orthorectified LRO NAC and the landing point is in the center of the image as shown by the star. (b) CSFD of the impact craters,
in which the red is equilibrium line, the blue is the production curve and the gray are the limits of the dating error, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

impact events is random. Meanwhile, the small craters themselves in the
CE-4 landing area are also randomly distributed (Jia et al., 2021), thus
the impact craters produced by our Monte Carlo simulation based on
remote sensing observation are still stochastic in nature.

location will be derived according to Eq. (1) or (2). In subsequent im
pacts, the thickness of the lunar regolith will be calculated as follows.
Firstly, the existing lunar regolith will be excavated out according to Eq.
(3) if the position is inside the impact crater, that is, its thickness will be
firstly reduced. Secondly, the thickness of the pre-existed lunar regolith
will be set to zero if the excavation depth is larger, and the thickness
after the later impact will be derived according to Eq. (2) with the pa
rameters of the newly formed crater. On the other hand, the lunar
regolith will be accumulated if the excavation depth is less than the preexisted thickness of lunar regolith. As a result, the thickness of the lunar
regolith will be evolved with the impact events one by one, and the
spatial distribution of lunar regolith thickness caused by impact

3.2. Lunar regolith thickness, excavation depth, and overturning times in
the CE-4 landing area
It is necessary to create a thickness model of the lunar regolith when
analyzing the impact gardening process. At first, the terrain was hy
pothesized as flat, and the thickness of the lunar regolith is 0 every
where. When an impact event occurs, the lunar regolith thickness at a

Fig. 4. Thickness of lunar regolith. (a) Spatial distribution of lunar regolith thickness in the study area, and the horizontal and vertical coordinates indicate the
distance to the lower left corner of the study area. The white dotted lines, corresponding to the horizontal 200 m, the vertical 400 m, the horizontal 600 m and the
vertical 800 m respectively are the locations of the profiles of lunar regolith thickness in (b) ~ (e). Note the vertical scales are heavily exaggerated in (b) ~ (e).
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disturbed one time at the depth of 10 m. At the depth of 5 m, some areas
inside the large craters are disturbed two times where the small impact
craters are formed. At the depth of 1 m, more area is overturned two
times, and some area is even overturned three times. The overturning
times difference between the depths of 5 m and 1 m indicates that the
shallow subsurface material is much easier to be overturned than the
material in depth, and the reason is that much more small impacts
occurred than the large ones. The situation is more evident in the sur
ficial material at the depth of 0.1 m. However, the maximum over
turning times is only three times at this depth, the reason is that the
small impact craters with a diameter of less than 100 m are in equilib
rium, and many of them have been erased, which are not included in the
model.

gardening in the study area can be obtained when all the impact events
are executed.
The terrain degradation process is also included in analyzing the
lunar regolith thickness, during which the time is discretized and the
thickness of lunar regolith is updated every 0.01 Ga by solving the
partial differential equation Eq. (11).
Fig. 4a shows the distribution of lunar regolith thickness in the study
area. The vertical and horizontal coordinates are the distances to the
lower left corner, and the color indicates the thickness of lunar regolith.
In addition, four lines as shown in Fig. 4b~e are drawn to indicate the
variation of the lunar regolith thickness in vertical and horizontal di
rections, respectively. The maximum thickness is ~ 10.30 m, and in
most places the thickness is less than 8 m. The statistical results indicate
that the average thickness is ~ 3.18 m and in ~ 86.53% of the areas, the
thickness is over 1 m, ~ 47.39% over 2 m and ~ 22.83% over 5 m. It is
clear that (1) The lunar regolith thickness is controlled by the large
craters, and the maximum thickness appears in the center of the largest
crater. (2) The lunar regolith is mainly composed of breccia lens inside
the crater and the proportion of ejecta outside the crater is very small.
(3) If one small crater appears inside the larger one, the lunar regolith is
decreased instead of being increased. The reason is that in many cases
small impacts cannot penetrate the pre-existing lunar regolith and then
eject them outwardly.
Fig. 5a shows the excavation depth in the study area, which is closely
related to the lunar regolith thickness and can represent the maximum
disturbing depth of the impact events. Similar to the lunar regolith
thickness, the excavation depth is also controlled by the large craters.
Different to the lunar thickness distribution, the excavation depth is not
influenced by the small craters if they are inside the large ones. The
maximum excavation depth is ~ 83.84 m in the center of the largest
crater in this area. It can be concluded that the material beneath this
depth keeps the original structure. The average maximum excavation
depth is ~ 4.16 m and ~ 15.03% of the areas are deeper than this. In
addition, the area percentage for the excavation over 1 m, 5 m, and 10 m
are ~ 20.58%, ~ 14.15%, and ~ 10.71%, respectively.
Fig. 5b~e show the overturning times at the depths of 10 m, 5 m, 1
m, and 0.1 m, respectively. The results are closely related the excavation
depth in Fig. 5a. For example, only the center of the large craters is

3.3. Grain size of lunar regolith
The average grain size of the ejecta from the Finsen crater, which is
the lunar Upper Megaregolith layer in the CE-4 landing area, is ~0.06 m
calculated by using Eqs. (6)~(7) and the thickness is ~10.47 m calcu
lated by using Eq. (1), This grain size is regarded as the initial materials
size in the study area. The impact event is again assumed as occurred one
by one, and size of the material caused by impact is recorded. When an
impact event occurs, the maximum size of the fragment produced by the
impact is first calculated by Eq. (6), and then the size of the fragments at
a location will be derived according to Eq. (7) or (8). It is worth noting
that when the material is broken to a certain extent, the later fragment
will no longer follow the above law. Therefore, if the grain size is less
than 10− 3 m, further crushing will not be calculated. Finally, the dis
tribution of the material size can be obtained.
Fig. 6a~d show the size profiles of lunar regolith along the directions
of horizontal 200 m, vertical 400 m, horizontal 600 m and vertical 800
m, respectively. It is clear from Fig. 6 that (1) The size of lunar regolith
gradually increases with the depth and the size of near surface material
is very small while the size of deep material is large. (2) The size change
of lunar regolith material is not smooth, but closely related to the impact
event. A few large impact events produced large-scale blocks, while
massive small impact events produced much finer grains underneath the
shallow surface. (3) The grain size is not strictly increased from top to

Fig. 5. Excavation depth and overturning times in the study area. (a) The excavation depth in the area. (b) The overturning times at the depth of 10 m. (c) The
overturning times at the depth of 5 m. (d) The overturning times at the depth of 1 m. (e) The overturning times at the depth of 0.1 m.
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Fig. 6. Size profiles of lunar regolith along the directions of horizontal 200 m (a), vertical 400 m (b), horizontal 600 m (c) and vertical 800 m (d) (unit: meter). The
color indicates the material size (unit: m), the darker the color, the smaller the size. Note the vertical scales are heavily exaggerated.

bottom, and occasionally there are smaller grains in the deep, which is
because the later impact pushed the previously broken material to the
deep.

Furthermore, we calculated the average size of the regolith material
along the directions of horizontal 200 m at different times and depth
(Fig. 8a). The result indicates that the average grain size rapidly in
creases from the surface to the depth of 2 m. Fig. 8b is the enlarged part
of Fig. 8a up to the depth of 2.0 m, indicating that the average grain size
increases continuously.
Fig. 7 and Table 1 indicates that the overall structure of lunar
regolith was basically formed at 3.0 Ga, and changed little for a long
time. This is consistent with the result in Fig. 8. It can be found from
Fig. 8a that (1) The average size of the regolith material increases with
the depth and remains essentially unchanged after 3.0 Ga. (2) The lunar
regolith was mainly controlled by large-scale impact events. After the
formation of lunar regolith, it was continuously affected by the subse
quent impacts, and was buried and pushed into the deep. In addition, it
is worth noting that some larger impact events penetrated the Finsen
ejecta and produced some larger materials. From Fig. 8b, it can be found
that numerous small impact events shatter the near surface material
constantly, consequently the average size of lunar regolith material are
reduced generally and mixed homogeneously, forming the current lunar
regolith. These fragments can be found in the data of Yutu-2 rover on the
surface of the Moon (Gou et al., 2020).

3.4. Evolution of lunar regolith
The surface age of the CE-4 landing area is 3.5 Ga (Gou et al., 2021),
and at that time the study area is covered by the ejecta of Finsen crater.
For simplicity, the surface of the area is regarded as a flat and homog
enous plane without crater. According to the lunar impact fluxes and
impact history displayed in Fig. 2a and b, it can be calculated that 949
(46.33%) impact events occurred before 3.0 Ga, 1333 (65.04%) impact
events occurred before 2.0 Ga, and 1691 (82.52%) impact events
occurred before 1.0 Ga. Therefore, we can analyze the thickness varia
tion of the lunar regolith with the 949, 1333, and 1691 impact events,
respectively. Fig. 7 shows the distribution of lunar regolith thickness at
3.0 Ga, 2.0 Ga and 1.0 Ga. Fig. 7a~c are the distribution of lunar regolith
thickness in the study area at different times. Similarly, the coordinates
are the distance to the lower left corner, and the color indicates the
thickness of lunar regolith. Meanwhile, three lines as shown in Fig. 7d~f
are plotted to indicate the variation of the lunar regolith thickness in
horizontal 200 m at different times. Fig. 7g~i are three size profiles of
lunar regolith sizes along the directions of horizontal 200 m at the
different times.
Considering the impact process is random, Fig. 7 may only represent
one case of the evolution process of regional lunar regolith under the
effect of impact gardening and the simulation results. However, the laws
reflected in the figure are universal. The average value and variance of
lunar regolith thickness during the evolution are shown in Table 1.

4. Discussions
4.1. Some other factors not included in the model
Currently only a small area is selected to study the lunar regolith
evolution in the landing site region, and there are only small simple
craters in this area. However, to evaluate the lunar regolith evolution
8
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Fig. 7. Evolution of lunar regolith in the study area. (a), (b) and (c) are the spatial distribution of lunar regolith thickness at 3.0 Ga, 2.0 Ga and 1.0 Ga, respectively;
(d), (e) and (f) are the profiles of lunar regolith thickness at the corresponding time of horizontal 200 m; (g), (h) and (i) are the profiles of lunar regolith size at the
corresponding time of horizontal 200 m. The units are all in meters. Note the vertical scales are heavily exaggerated in (d)~(i).

secondary craters should have little effect on the structure of the lunar
regolith. Furthermore, it is difficult to distinguish the secondary craters
from the small craters and there is no significant difference for the
impact excavation and rolling mixing process between the secondary
craters and the primary craters. Thus, we have not dealt with the sec
ondary crater additionally during the calculation and all craters are
processed in the same way.
Moreover, it is worth noting that the small craters in the study area
are in a state of equilibrium and the counted 2049 craters (≥5 m)
represent only a small fraction of all the craters occurred. According to
the estimation of the production function of lunar impact crater, there
are about 21,000 craters lager than 10 m in diameter occurred in this
surface. Therefore, our modeling is based on the premise that the un
derlying Surficial Regolith layer can be modeled using only the visible
impact craters emplaced on the surface over the past 3.5 Ga. However, if
only the currently visible craters are modeled, the results will be
underestimated. Our study shows that the equilibrium diameter of the
impact crater in this region is around 100 to 200 m. Wilcox et al. (2005)

Table 1
Statistical information of lunar regolith thickness during the evolution process.
Time

Mean / m

Variance

3.0 Ga
2.0 Ga
1.0 Ga
Nowadays

3.9311
3.5565
3.3344
3.1781

29.8243
15.9595
10.3426
7.2726

comprehensively in this area, the whole geologic unit should be used
and all the impact craters should be mapped. However, the appropriate
size of the study area is still an issue for further study. Larger impact
craters nearby perhaps increase the thickness of lunar regolith.
In addition, when a meteorite impacts the lunar surface, the ejecta
also disturbs the surficial material and even forms secondary craters,
which will increase the overturning times. For the secondary crater
impacted at relative lower speed, the regolith material may simply be
overturned and relocated without further broken, thus these small
9

K. Shi et al.

Icarus 377 (2022) 114908

Fig. 8. The average size of the regolith material along the horizontal 200 m at different times. Panel (b) is the partial enlarged figure of Panel (a) up to the depth of
2 m.

estimated the thickness of lunar regolith based on the equilibrium
diameter of impact crater population, and pointed out that the regolith
thickness in the area with equilibrium diameter of 100 m is about 7-15

m, which is larger than our calculation result. The possible reasons are
that our study area is small, and there are fewer large impact craters that
having a significant effect on the structure of lunar regolith. However, it

Fig. 9. The regolith along the Yutu-2 route. (a) The route of Yutu-2 until 17th lunar days. (b) The size of the regolith material along the Yutu-2 rover. (c) The
subsurface structure from the lunar penetrating radar data, where the color represents the normalized radar amplitude.
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is still an important issue in planetary geology research when the state of
crater density equilibrium occurs (Richardson, 2009). And as mentioned
in this paper, the thickness and structure of lunar regolith in the study
area are mainly controlled by larger craters without density equilibrium,
and a large number of small craters being saturated will only have an
influence on the overturning times of the material and not alter the
modeling and analysis of material evolution.
Finally, the target mechanic properties will be changed with the
impacts, which will further influence the excavation depth and ejecta
thickness in later impacts. Some detailed analyses of these factors are
even ambiguous and they are out of the scope of the current research. An
updated version of the model is expected to include some of these factors
in the future.

higher impact flux and relatively large impact magnitude in the initial
0.5 Ga, the main structure of the regolith was quickly determined. In the
subsequent 3.0 Ga, the impact flux was greatly reduced and the impact
magnitude also became smaller, which mainly resulted in disturbing the
shallow material and decreasing the grain size of regolith. To sum up, it
can be found that the formation of lunar regolith is mainly determined
by large-scale impact events, while the homogenous mixing and over
turning of lunar regolith is mainly affected by small-scale impact events.
In addition, except for the impact gardening effect, the terrain degra
dation also resulted in more uniform thickness of lunar regolith and
smoother lunar surface.

4.2. Comparison with other researches and observations

In this research, we proposed an evolution model with simple craters
to reveal the impact gardening and evolution of lunar regolith, and
meanwhile analyzed the mixing and overturning effects of small simple
impact events on lunar regolith. The findings of our research include
that: (1) The formation of the lunar regolith is mainly determined by
large-scale impact events, while the small-scale impact events have an
important effect on the mixing and overturning of shallow lunar rego
lith. (2) The size of regolith material does not strictly increase with the
depth, and some smaller grains can be found in the deep. (3) In the
initial 0.5 Ga, the impact flux was very high, and the spatial distribution
of lunar regolith thickness was determined rapidly at that time. The
impact events were relatively small in the subsequent 3.0 Ga and mainly
disturbed the shallow subsurface of the lunar regolith. Moreover, terrain
degradation made the surface smoother and the thickness of lunar
regolith more homogeneous.
The results of the model beyond the observational capability of the
Yutu-2 instrument package on the shallow subsurface structure and
gives more detailed stratigraphic structure and evolution processes. This
study can improve our understanding of the lunar regolith formation
and evolution processes. In the future, the influence from the size of the
study area, large complex craters, secondary craters and other factors
will be considered. The current model can be used in future sample re
turn missions to provide reference information about the variation of
grain size with the depth.

5. Conclusion

Before the landing of CE-4, Huang et al. (2018) used the method of
the concentric craters proposed by Quaide and Oberbeck (1968) to
analyze the impact crater in the pre-landing area, and pointed out that
the regolith thickness in the study area was 2.5– 7.5 m. Based on the
investigation of the small crater at the bottom of the Von Kármán crater,
Fu et al. (2020) reported that the thickness of the Finsen ejecta in the CE4 landing area is ~18 m. According to Eq. (1) and Eq. (7), we can
calculate that the thickness of lunar regolith in the landing area from the
Finsen ejecta is ~10.47 m, and the grain size is ~0.06 m. Our results are
slightly different from the above results, and the reasons are that the
calculation method is different. Their results are mostly based on the
strength discontinuity in the target, while we are based on the impact
gardening effect of small impact craters in the study area. Besides, as we
have addressed, there may be some large craters far away outside the
study area, and their ejecta can influence the lunar regolith in this area.
In addition, our model further calculates the overturning times of the
material and the changes of the grain size, which can provide more
detailed information on the lunar regolith than the above studies and the
in-situ detection data.
The LPR data of Yutu-2 provides an opportunity to reveal the regolith
structure of the subsurface (Ding et al., 2020; Li et al., 2020). The route
of Yutu-2 until 17th lunar days is shown in Fig. 9a (white line). We
calculated the regolith material size along the Yutu-2 rover’s route with
the vertical resolution of 1 cm and drew a profile, as shown in Fig. 9b.
Fig. 9b indicates that the subsurface 1– 2 m along the rover route is
basically great fine debris, and the underneath is Finsen ejecta in larger
grain size. At the same time, we processed the high-frequency LPR data
from day one to 17th lunar days and reconstructed the structure of the
shallow sub-surface (Fig. 9c). The most obvious feature is that a
discontinuity appears at about 10 m underneath, which likely means
that the thickness of the lunar Surficial Regolith layer of the CE-4
landing area is about 10 m. The LPR detection result is thicker than
the lunar regolith thickness calculated by our model and there are three
possible reasons, as we mentioned above, which are summarized as
follows: (1) The small impact craters in the study area are in equilib
rium, and a large number of historical impact craters have been erased,
which are not included in our model; (2) Our study area is small, and the
number of large impact crater in this region is relatively small. (3) The
regolith thickness in the study area may be affected by large impact
events outside the area. Unfortunately, the spatial resolution of the high
frequency channel of LPR is about 30 cm and affected by noise and other
factors such that it can’t provide finer information in the depth about 2
m, where our model can provide more detailed information of under
ground regolith material structure.
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