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The CE-5 lander was designed to retrieve a 2 m core of regolith for return to Earth. We attempt to date 
the most significant impact craters in the region of its landing using the statistics of superposed craters, 
anticipating the possibility of the presence of impact ejecta in the soil sample. The craters formed after 
the mare surface and would have made significant mass contributions across the region so that, if ejecta 
components can be recognised and dated by radioisotope methods, there is the potential to establish 
links to source craters.
The seven largest craters in the region range in size from 3–6 km, and we attempt to date them using 
the annulus method first proposed by Baldwin (1985). A unit covering most of the vicinity is estimated 
to be 3.3 Ga old, so that we expect the seven craters to be randomly spaced over this time interval. 
Superposed craters in the size range 20-80 m within an annulus around the craters’ rims suggest ages 
of <50 Ma in all cases. We interpret that these times reflect the lifetime only of structures in the upper 
20 m of regolith. The population of superposed craters >250 m in diameter, however, is shown to be 
consistent with the age of the unit, and is thus also able to provide information on the age of individual 
several-km craters.
The age likelihood method based on Poisson statistics, which maximises the timing information that can 
be obtained from small-area crater populations, is extended to cover so-called buffered crater counts. 
Although, in this study, we are only able to constrain the ages of the selected craters to a limited degree, 
the method is generally applicable to buffered counts and should substantially improve their precision 
elsewhere.

Crown Copyright © 2021 Published by Elsevier B.V. All rights reserved.
1. Introduction

The China National Space Administration’s Chang’E-5 lunar 
sample return mission successfully landed in Oceanus Procellarum, 
in the northern vicinity of Mons Rümker. The spacecraft was de-
signed to retrieve a drill core of up to 2 m depth, making up a 
total soil sample of around 2 kg, and return it to Earth (Zou and 
Li, 2017). A zone of roughly 600 × 125 km was considered for 
siting the landing (Zhao et al., 2016). Having an interest to antic-
ipate what components may be found in the sample, we attempt 
to date the largest craters in the vicinity, the ejecta of which may 

* Corresponding author.
E-mail address: yuezy@radi.ac.cn (Z. Yue).
https://doi.org/10.1016/j.epsl.2021.117031
0012-821X/Crown Copyright © 2021 Published by Elsevier B.V. All rights reserved.
be present throughout the region and include heated or melted 
components which could potentially be linked back to the source 
crater through radioisotope measurements.

The usual way to date surface features requires selecting an ap-
propriate area, which should have been erased of its crater popula-
tion by the process of formation, and measuring the accumulation 
of impact craters since then. In general, this is easier to achieve for 
features of greater areal extent because the characteristics of the 
accumulating population are better captured. Depending on their 
scale, impact craters have variously been dated by examining their 
floors (Kirchoff et al., 2013), ejecta – especially on Mars, where 
they can be more distinct as fluidized flows with distinct bound-
aries (Reiss et al., 2006; Hiesinger et al., 2012; Kneissl et al., 2014; 
Michael et al., 2016) or their rims (Baldwin, 1985).
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For several-km craters on the Moon, the transition from ejecta 
to the surrounding terrain is difficult to demarcate because the 
ejecta occur as a layer of continuously diminishing radial thick-
ness. Moving away from the crater rim, it becomes more likely 
that a pre-existing crater remains observable, being merely draped 
by an ejecta layer of comparable or lesser thickness than its own 
relief. In general, such a crater may not be distinguishable from 
a more eroded crater atop the ejecta layer by means of images 
from orbit. In this work we constrain the measurement area more 
strictly to the uplifted rim, gaining the benefit of certainty of the 
erasure of pre-existing craters, and make use of a Poisson statis-
tics analysis to maximize the information extracted from the small 
superposed crater population (Michael et al., 2016). It is expected 
that rim slopes could be problematic for crater counting because of 
mass-wasting processes and the preferential impact erosion which 
occurs there (Soderblom, 1970), both leading to increased crater 
loss. In this work we observe this effect for craters in roughly the 
upper 20 m of regolith; larger craters which substantially impinge 
the structure of the rim appear to withstand this erosion.

2. Method

The seven largest impact craters, of size 3–6 km, in the planned 
CE-5 landing region (49–69◦W 41–45◦N, Fig. 1) were selected for 
dating on a Lunar Reconnaissance Orbiter Narrow Angle Camera 
(LRO NAC) mosaic (Robinson et al., 2010; Di et al., 2019). For 
each crater, the Lunar Orbiter Laser Altimeter (LOLA)-Kaguya 512 
pix/degree (∼60 m/pix) Digital Elevation Model (DEM) (Barker et 
al., 2016) was colourised such that the colour bar spans the height 
range from the local surrounding of the crater to the top of the 
crater rim. The area for crater counting was chosen as an annu-
lus around the crater rim, its width being the limit of the area 
which is discernibly uplifted by the crater formation. In this area 
we are confident that any pre-existing crater structure would be 
fully obliterated. Although disruption of pre-existing craters may 
occur to a greater or lesser degree at larger distances, beyond the 
uplift we have no systematic way to determine whether a crater 
formed before or after the impact of interest.

The roughly 1 km diameter crater centred about 1.5 km NNW 
beyond the rim of crater 1 (Dechen B) indicated by a white ar-
row (Fig. 2a) appears to pre-date it with some of Dechen B’s rim 
material covering its nearer edge. Had it formed marginally fur-
ther away, this material would not be present, and the formation 
sequence unclear. On the other hand, it is unambiguous that the 
650 m crater cutting the southern rim of crater 7 (Fig. 2c) post-
dates it.

Such annuli were constructed for each crater of interest, and 
smaller craters occurring within or intersecting the annulus were 
identified and measured in NAC images down to a completeness 
limit of about 20 m diameter. Measurements were made using 
CraterTools (Kneissl et al., 2011) and overplotted on differential 
isochrons with Craterstats (Michael, 2013). At the same time, the 
largest craters of the region were used to estimate the average 
age of the main geological unit in the region in the conventional 
manner. We make use of the Neukum (1983) chronology model 
throughout, but the calculations could be adapted equivalently for 
alternative chronology systems.

3. Results

The crater populations of the seven rim-annuli are plotted in 
Fig. 3. Over the diameter range of 20–80 m, all are consistent with 
an isochron of <50 Ma in the Neukum (1983) chronology system. 
At the same time, the 14 largest craters (including six of those 
investigated) together suggest an age of μ3.3+0.2

−0.4 Ga for the Im2
unit (Qian et al., 2018), consistent with their finding of 3.39 Ga 
2

(μ is a function representing the uncertainty of calibration of the 
chronology model (Michael et al., 2016)).

If the annulus ages are interpreted to represent the formation 
times of their respective craters, the above results are not consis-
tent. Since the six largest craters on Im2 formed over a 3.3 Ga 
period, we should expect them to have formed with a spread of 
ages going back to the emplacement time of the surface. Instead, 
we see that all six formed within the last 50 Ma – only 1.5% of the 
history of the unit – which is vanishingly improbable. We therefore 
conclude that the annulus ages do not represent the crater forma-
tion times, but show the lifetime of the surface structure of the 
regolith to the depth of the superposed craters. From the largest of 
the size range, 80 m, we could estimate this depth to be around 
20 m (Pike, 1974).

It is expected that rim slopes could be problematic for crater 
counting because of mass-wasting processes. The rim heights of 
the studied craters range from 80–320 m above the plateau, so a 
loss of structure in the upper 20 m may not be surprising.

Several annuli show superposed craters larger than 80 m. Al-
though not in sufficient number to establish a clear isochron for 
any of the individual crater rims, in combination they show a 
scatter which suggests they could represent the accumulation pop-
ulation from formation. Crater 7 has the most at this scale, with 
10.

If we aggregate together the data from the rim annuli of the 
Im2 unit it becomes possible to estimate their average age, as was 
done previously for sets of wrinkle ridges showing only very few 
superposed craters (Yue et al., 2017). In that case, the aggrega-
tion was done with the belief that the selected ridge sets had a 
common origin, and that members of a given set would there-
fore have likely formed at similar times. Here, we have no such 
expectation: the craters should have formed at independently ran-
dom times over the period since the emplacement of the Im2 unit. 
Their average age, then, should reflect the average time since em-
placement, which is around half the age of the unit (this is not 
exact, because the impact rate is higher in the interval 3–3.3 Ga). 
Fig. 4 shows this aggregation, where each annulus population has 
been normalised to 1 km2 so that each contributes an equivalent 
weight to the total. Taking the population >250 m in diameter, 
we find an average age of μ1.2+0.9

−0.9 Ga which, acknowledging the 
large error bars, is consistent with representing the half-age of the 
unit. In this case we use a least-squares fit to the differential pro-
duction function rather than the Poisson approach because of the 
complication of the area normalisation.

4. Poisson calculation for a buffered area

In a previous work, the method for exact evaluation of a crater 
chronology model for use in the case of few superposed craters 
was presented (Michael et al., 2016). It was shown that the prob-
ability of observing a particular configuration of crater diameters, 
D, after a time t has elapsed is

pr (D, t) =
n∏

i=1

e−λi(t)
∏

di∈D
λi (t) (1)

where the measured diameter interval is divided into n bins, and 
n is sufficiently large that each crater falls into a separate bin. The 
average formation rate for craters in bin i is,

λi(t) ≈ A F
(

di, t
)

δd (2)

where di is the geometric mean diameter of interval i, and A
is the crater accumulation area and F is the differential form of 
the production function (Arvidson et al., 1979). The form of F (d)
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Fig. 1. Chang’E-5 planned landing region a) with seven dated craters indicated, over geologic mapping from Qian et al., 2018. Unit Im2 coloured mid-purple. Asterisk marks 
eventual landing location at 43.05◦N, 51.92◦W (added during revision). b) Same region shown as composite colourised DEM with Im2 boundary. (For interpretation of the 
colours in the figure(s), the reader is referred to the web version of this article.)
Fig. 2. Crater 1, Dechen B, seen in a) CE-5 NAC mosaic, b) colourised LOLA-Kaguya 
surface elevation. White line denotes region of elevated rim material, with super-
posed craters marked. c) Crater 7 (unnamed) showing larger superposed craters, 
and d) similarly with surface elevation.

for a Neukum-style polynomial production function was given in 
Michael and Neukum (2010) as their Eq. (3).

In Michael et al. (2016), Eq. (1) was evaluated in the limit of 
small intervals, taking the accumulation area A to be of fixed size, 
permitting an evaluation of the chronology model to obtain a like-
lihood function for the age of a surface unit using a conventional 
crater count. For the crater annuli considered in this paper, a bet-
ter estimate can be achieved using a buffered area crater count 
(Tanaka, 1982; Fassett and Head, 2008; Kneissl et al., 2015; Riedel 
3

Fig. 3. Crater populations from annuli around the seven largest craters in the 
planned CE-5 landing region. Six of these and several smaller craters are used to 
estimate the age of the Im2 unit (Qian et al., 2018) at μ3.3+0.2

−0.4 Ga, where μ
is a function representing the uncertainty of calibration of the chronology model 
(Michael et al., 2016).

et al., 2018). With this technique, not only craters which fall within 
the counting area are considered, but also those whose centres lie 
outside it while their rims still identifiably superpose the area. 
In this way, the effective counting area is increased, improving 
the statistics. The improvement increases as the counting area di-
minishes: in particular, the method may be applied to enable the 
dating of linear features such as ridges or channels with zero or 
near-zero area.

To make the equivalent Poisson calculation, we write the 
buffered area as a function of the superposed crater diameter, di ,
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Fig. 4. Aggregated crater populations from rim annuli, each normalised to 1 km2, 
around the six largest craters on the Im2 unit of the planned CE-5 landing region. 
While the population below 100 m shows what we believe is a turnover age for 
the top 20 m of regolith of somewhat less than 50 Ma, the larger craters (here 
taking those >250 m) yield an average age for the six of μ1.2+0.9

−0.9 Ga. Given that 
we expect that the average age of the six largest craters should be half of the age 
of the unit, this value is consistent with the hypothesis that annulus craters in this 
size range represent the accumulated populations since annulus formation.

Fig. 5. The area of a buffer around a convex polygon depends on the length of the 
perimeter plus a circle of the buffer radius (see Equation (3)), illustrated here by a) a 
line feature, b) a triangle, c) a square. The same is true for mildly concave polygons, 
where the deficit of additional area from concave sections is cancelled out by the 
equivalent additional convex sections. However, if the concavity is sufficiently tight 
for d) self-intersection to occur in the buffer, the equation no longer holds.

Ai = A + di L

2
+ πd2

i

4
(3)

where A is the original counting area and L – the length of its 
perimeter. The latter two terms represent the area of a buffer 
of width di/2 around a convex polygon. If we consider a square, 
it can be seen that they represent the buffered edges and the 
four quarter-circle rounded corners (Fig. 5c). The same expression 
holds for any other convex polygon, for single- or poly-line seg-
ments of zero area, and for mildly concave polygons. It begins to 
break down, however, when the concavity becomes sufficient that 
the buffer region becomes self-intersecting (Fig. 5d). For typically 
mapped counting areas, this will not usually be a concern.

Substituting Eq. (2) with the new form of Ai into the first prod-
uct of Eq. (1) gives
4

Fig. 6. Buffered Poisson calculation for craters 1 (upper inset plot) to 7 (lower). 
Inset plots show relative likelihood that crater has indicated age given observed su-
perposed crater population. The 50 (median) and 50 ± 34 (1-sigma for a Gaussian 
distribution) percentiles are plotted and used to represent the model age and un-
certainty numerically.

lim
n→∞

(
n∏

i=1

e−λi(t)

)
=exp

⎛
⎜⎝−

dmax∫
dmin

(
A + di L

2
+ πd2

i

4

)
F (d, t)dd

⎞
⎟⎠

=exp (−I f (t))

There is no simple expression for the evaluation of the integral, 
but after removing the separable time dependence, f (t), it can be 
evaluated numerically to give a constant, I . Removing all constant 
factors as previously, this leaves

pr (D, t) ∝ exp (−I f (t)) { f (t)}nD (4)

choosing this time to express the result in terms of f (t) instead 
of C (d = 1, t), since it appears in the exponent. The expression is 
equivalent to the previous formulation, the only difference being 
the increased magnitude of I .

Fig. 6 shows the result of applying the new expression (4) to 
the crater counts on the rim annuli. For craters 1, 2, 3, 4 and 6, 
there are no superposed craters in the >250 m size range. The 
likelihood functions therefore show a decreasing exponential form, 
and the 50th percentile represents the median time for the ex-
istence of an area of the given size without the formation of a 
>250 m crater. Crater 5 has one superposed crater of that size, 
while crater 7 has five. Their likelihood functions place their for-
mation times in the mid and early history of the Im2 unit respec-
tively.

5. Discussion

The Apollo 15 landing site is a good example of a surface show-
ing crater equilibrium (Minton et al., 2019). Their data shows a 
transition between the production and equilibrium curves occur-
ring over the crater size range between about 70 and 150–180 m, 
depending on how the equilibrium curve is fit. This is for a surface 
dated at 3.54 Ga, so that we expect the equilibrium could extend 
to somewhat larger diameters than for the 3.3 Ga surface in this 
study. The portion of the equilibrium count in the same 20–80 m 
diameter range, for which we saw apparent 50 Ma isochrons, cuts 
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through isochrons in the range of roughly 150–1000 Ma. It is not 
unexpected that the equilibrium density on a slope should be con-
siderably lower. Interestingly, the transition size to craters which 
carry meaningful age information is not very different.

Costello et al. (2018) predict that impact gardening generates at 
least one overturn of material to 1-2 m depth over a period of 1 Ga 
(their Fig. 9), which extrapolates to about 3 m over 3 Ga for a con-
stant impact rate. On the slope of a crater rim, of course, much of 
any turnover is immediately lost downslope, exposing ever deeper 
material to the gardening flux. The same figure shows ten thou-
sand turnovers to 10 cm depth for the same period. We think we 
are seeing loss of structure in the crater rims to 20 m depth over 
the course of 50 Ma. This period should correspondly see about 
500 turnovers to 10 cm, and 104 times more again to 1 cm. It is 
not hard to see that the loss per turnover does not need to be 
great to accumulate 20 m.

Fassett and Thomson (2014) suggested that, after 3 Ga, a 3 km 
crater only shows changes at the rim: this accords with the struc-
ture of the seven selected craters: even the oldest, crater 7, is well 
defined and retains 130 m of rim height. They also predict that a 
300 m crater should be nearly imperceptible after the same period. 
There are two elements to the loss of perceptibility: the degrada-
tion of the rim – which happens relatively quickly in their model 
(<500 Ma for a 300 m crater) – and the infilling of the depression, 
which is slower. Their consideration was for craters forming on a 
horizontal surface: we expect the behaviour to be somewhat dif-
ferent for an impact into the rim of a several-km crater. The newly-
formed rim likely degrades faster than for a typical crater because 
of being situated on a local slope. The infilling of the depression 
may be slowed because it is starved of material coming from the 
gravitational well that is the interior of the larger crater. However, 
more importantly, the criterion for imperceptibility changes: even 
after an equivalent amount of material has entered the depression, 
the interruption in the rim remains visible. This persists until most 
of the rim itself is eroded away, which is a much slower process. 
Du et al. (2019) estimated that a 5 km crater loses only about 45 
m of rim height over 3.6 Ga, based on a topographic diffusivity of 
5.5 m2/Ma, which is only a small fraction of the rim heights we 
observe for the seven craters.

The asymmetry of ejection from a sloped target was considered 
by Soderblom (1970), who found that the most efficient erosion of 
a crater structure is produced by impacts forming craters around 
10x smaller than the original. This is close to the onset size for 
craters carrying age information that we suggest here. At this size 
they transition to removing an amount of the rim which can no 
longer be covered over by topgraphic diffusion.

6. Conclusion

In conclusion we are, in a limited manner, able to estimate 
the ages of individual craters at 3–6 km scale using the annulus 
method from superposed craters in the >250 m size range, making 
use of the Poisson approach to extract the maximum timing infor-
mation that is possible from the few craters which are present.

Although there are sufficient identifiable craters on rim-annuli 
of this scale in the 20–80 m size range to find a self-consistent 
isochron, this isochron is shown not to represent the age of the 
crater rim formation, but is rather interpreted to reflect the life-
time of regolith overturn to a depth of around 20 m. This lifetime 
appears to have an upper limit of around 50 Ma, which is about 
10x less than for a horizontal surface (Minton et al., 2019), while 
at the same time being about 10x more than the overturn pre-
dicted for a horizontal surface (Costello et al., 2018). Both of these 
differences we attribute to the enhanced erosion on the rim slope.

If the Chang’E-5 soil samples prove to contain a datable impact 
melt component, the enumerated craters in this work are likely 
5

source candidates, with craters 3 & 4 (Rümker K, L) being the clos-
est. The age likelihood functions derived for the craters studied 
here cover a broad range of values, such that, perhaps with the 
exception of crater 7, it would not be possible to deduce a direct 
connection from this information alone. Nevertheless, they provide 
the maximum timing information possible for any interpretations 
which are made.

We have demonstrated the application of Poisson statistics to 
analyse buffered crater counts, an approach which yields the max-
imum possible timing information from the data within a given 
chronology model. In particular, because of the low number of 
superposed craters typically present in a buffered count and the 
consequent problems for conventional data binning and isochron 
fitting or estimation, this method should be particularly beneficial 
to future studies of this type.
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