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Lunar cratering chronology: Statistical fluctuation of crater production
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The crater frequency is often used to determine ages of planetary surfaces. In this study, we evaluate the
statistical fluctuation of the crater frequency and its effect on age determination using a Monte Carlo simulation
prior to the SELENE (KAGUYA) / Terrain Camera acquiring extensive high-resolution images over the entire
Moon. We found that the ages estimated between 2.5 and 3.5 Gyr tend to be too young when there are not enough
craters. Age determination for Eratosthenian units is least accurate. The errors defined with 1o are 0.7 Gyr for
units of 100 km?, 0.5 Gyr for units of 1000 km?2, and 0.4 Gyr for units of 2500 kmZ2. The maximum error exceeds
20% and is comparable with the error due to the cratering asymmetry.
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1. Introduction

Dating of geological units of planetary surfaces is one of
the most important subjects of planetary science for under-
standing a planet’s origin and evolution. Based on the sim-
ple idea that older surfaces accumulate more craters, we can
infer relative ages by measuring the crater frequencies with
remote-sensing image data. The lunar cratering chronology
formulated by relating crater frequencies to the radiometric
ages of Apollo and Luna samples (Hartmann, 1970, 1972;
Neukum et al., 1975b; Neukum, 1983; Neukum and Ivanov,
1994) enables us to convert the crater frequencies into ab-
solute ages. The method of dating by crater counting has
been widely used to infer the lunar geological history (e.g.,
Neukum and Konig, 1976; Baldwin, 1985; Wilhelms, 1987;
Greeley et al., 1993; Hiesinger et al., 2000, 2003, 2006).

Japanese lunar explorer SELENE (KAGUYA) has been
launched in 2007. The Terrain Camera (TC) installed on
SELENE will take images of the surface of the entire Moon
with a nominal spatial resolution of 10 m/pixel (Haruyama
et al., 2000, 2003, 2006a, 2008; Ohtake et al., 2000). The
large numbers of high-resolution images will be used to
determine the relative and absolute ages of geological units
of the entire Moon. Therefore, it is necessary to discuss the
error of the dating technique before the new image data are
acquired.

Since a greater number of counted craters is statisti-
cally expected to yield better accuracy of age determina-
tion, smaller craters must be counted. In contrast, the ap-
plication of small craters to age determination is problem-
atic because the size-frequency distribution (SFD) of small
craters (<4 km in diameter) may be complicated by con-
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tamination of secondary craters (e.g., Namiki and Honda,
2003; McEwen et al., 2005; McEwen and Bierhaus, 2006).
The contribution of secondary craters to the population of
small craters has been widely discussed based on the lunar
and Martian cratering records (e.g., Hirata and Nakamura,
2006; Ivanov, 2006; Dundas and McEwen, 2006) and must
continue to be studied in order to assess the reliability of
age determination by small craters.

In parallel, it is necessary to investigate the limitation in
accuracy of the dating method for considering the signifi-
cance of future high-resolution images, when we postulate
that small craters can be counted for age determination. The
main factor limiting the accuracy is statistical fluctuation of
the crater production frequency. In this paper, we evaluate
the error in age determination due to statistical fluctuation
of crater frequency by a numerical Monte Carlo simulation.

2. Numerical Simulation

We simulate random sampling of craters from a crater
population. The SFD of the sampled craters is measured
and converted to the absolute age using the lunar cratering
chronology. Iterating this procedure, we evaluate the statis-
tical fluctuation of the crater SFDs and the error of age de-
termination due to the fluctuation. The detailed procedure
is presented below.
2.1 Random sampling of craters

We assume a crater population with the following simple
power-law SFD,

N(D) «x D”. 1))

Here, D is the crater diameter and N (D) is the number of
craters larger than D. It is well known that the SFD of lunar
mare craters does not follow the simple power-law relation
over a wide size range (e.g., Chapman and Haefner, 1967;
Neukum et al., 1975a; Namiki and Honda, 2003) but can
be approximated by Eq. (1) in a limited size range. In this
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Fig. 1. Schematic representation of crater SED measurement. Relative age is obtained by fitting the population SFD, N (D) = aD~>* to SFD of craters
> D,,. (a) Dy > Dy. Craters > D, are used for SFD measurement (i.e., D,, = D). (b) Dy < Dg. We use D,, = Dy.

study, we assign b = —3.4 to the power index of crater
population SFD. This value is well fitted for a medial size
distribution of lunar sub-kilometer craters (e.g., Namiki and
Honda, 2003).

We attempt to test geological units given various areas
and ages. The ages are recognized as true ages for evaluat-
ing crater SFD fluctuation. For each unit, craters are ran-
domly sampled by the time the number of craters larger
than a crater size Dy amounts to an ideal crater number
calculated from the given area and age. To calculate the
ideal number of craters, we use the size-frequency relation
N (D) o D~3* and Neukum’s cratering chronology curve
as follows,

N(D > 1 km) = 5.44 x 107"*{exp(6.93 x 1) — 1}

+8.38 x 107, )

where ¢ is the age in Gyr (Neukum, 1983; Neukum and
Ivanov, 1994).

In our Monte Carlo simulation, the crater population SFD
is used as the probability distribution for random sampling.
Using a uniformly distributed pseudo-random number 0 <
x < 1, a diameter of a sampled crater D is given by the
following expression,

D =x"""Ds. 3)
We use the linear congruential generators (Lehmer, 1951)
for the random number generation. In our simulation, the
random number generator has a period of 2%, which is
sufficiently long for the purpose of this study.

The number at Dy does not fluctuate because of the apri-
orism, but frequencies for larger craters are expected to
fluctuate randomly around the ideal crater SFD. In order
to correctly simulate the statistical fluctuation of the SFD,
Dy must be given a value much smaller than a minimum
crater size D,, used for crater SFD measurement. We set
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Fig. 2. Exponent of the power-law fitted to SFD for the sampled crater
set as a function of the number of samples. The exponent assigned
to the crater population SFD is —3.4. Solid lines denote one standard
deviation.

Dy = 7 m. As described below, the value is smaller than
0.1D,,. Therefore, the effect of the crater number fixed at
Dy = 7 m is negligible; according to N(D) o« D™, the
number at Dy is about 2500 times larger than that at D,,, so
the fluctuation at Dy is estimated to be less than 2% of that
at D,, using the standard deviation given by ~/N. Hereafter,
we use only the crater density, and the spatial distribution of
craters is excluded in our simulation.
2.2 Measurement of SFD and age determination

We use cumulative plots that give the number of craters
larger than a certain diameter per unit area (e.g., Crater
Analysis Techniques Working Group, 1979). The crater
diameters given from Eq. (3) are binned before plotting.
We divide an order of magnitude into 16 bins that have a
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Fig. 3. Histogram of estimated ages for N, = 0.015. Filled inverse triangle indicates the true age of the test geological unit.

constant interval in the log plot.

We postulate that the minimum D, of detectable crater
with the TC images is 70 m since the nominal resolution is
about 10 m. Therefore, we use craters >70 m for CSFD
measurement. In the real situation, however, the quality
of crater counts depends not only on the image resolution
but also many other factors; e.g., the illumination condi-
tions of images (Young, 1975; Honda et al., 2006) and the
crater preservation state related to the geologic setting (e.g.,
Basilevsky, 1976). Although these factors may not be neg-
ligible, we exclude them to simplify the simulation. These
effects must continue to be investigated using TC images
and other high-resolution images obtained by future mis-
sions.

According to previous studies by impact experiments and
simulations (e.g., Gault, 1970), crater saturation equilib-
rium occurs between N(D = 1) = 0.015 ~ 0.15 when
the SFD exponent of saturated surfaces is close to —2. In
general, a number density of craters smaller than a few hun-
dred meters in diameter on lunar maria is expected to reach
the saturation level (e.g., Hartmann, 1984; Hartmann and
Gaskel, 1997). The saturated craters are not representa-
tive of the distribution and must be excluded from crater
SFD measurement. In our simulation, the saturation equi-
librium is not reached since the spatial distribution of sam-
pled craters is not considered. Therefore, we use just the
crater density in order to judge whether craters are saturated
or not. We judge the “saturation equilibrium condition” to
be met when the crater density exceeds the following crater
density,

N(D)=N,D™>. 4)

If the crater density at D, is saturated, only craters larger

than the maximum size D, of saturated craters are used for
crater SFD measurement. Figure 1 schematically represents
the relations among D,, Dy, and D,,. In this study, we
investigate cases of N, = 0.015, 0.045, and 0.075 km~2,
corresponding to 1, 3, and 5% of the geometric saturation,
respectively. (Gault (1970) found 5 to 7% as the preferred
saturation level. However, a “fall-off” of SFD occurs at a
lower crater density. For real geological units, data within
this “fall-off”” should be excluded from the analysis. There-
fore we use the lower crater density as the saturation level.)
In addition, a case in which the saturation equilibrium con-
dition is not considered (i.e. N, = 00) is also studied for
comparison.

The relative age can be obtained by fitting the standard
size-frequency distribution that is estimated from the av-
erage of measured SFDs to the measured crater distribu-
tion. In our simulation, we use the crater population SFD,
N(D) = aD73* as the standard size distribution because
we can precisely estimate the crater population SFD by av-
eraging a large number of measured crater SFDs; Fig. 2
graphs the exponent of the power-law fitted to SFD of the
sampled crater as a function of the number of samples. Ac-
cording to this, if we count more than 10,000 craters, we can
estimate the exponent of the crater population SFD within
an error of £0.04. Although this estimate may be slightly
different from the actual error since the real lunar SFD may
not follow a simple power law (e.g., Neukum et al., 1975a),
we can expect that the error in the determination of the stan-
dard SFD is negligible.

The power-law N (D) = a D~ is fitted to the SFD mea-
sured for craters >D,, by the least square method in or-
der to estimate « representing the relative age of a geologic
unit. In a real situation, observed SFDs may be misshaped
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by various geologic factors, such as flooding, blanketing,
secondary cratering, and volcanic craters (Neukum et al.,
1975a). In such cases, a statistical verification of the fit-
ting error, such as the x? test, is needed to judge whether
the standard SFD can be fitted to the observed SFD or not.
However, our simulation does not include the geological
effects, so deviation of individual SFDs from the simple
power law is not tested. Substituting the estimated o for
N(D > 1 km) in Eq. (2), the absolute age ¢ of the unit is
determined. We compare the estimated ages with the true
age.

3. Results and Discussion

For each test unit, we produced 1000 crater sets by ran-
dom sampling and age determination. Figure 3 displays the
histogram of ages estimated for each test unit. As expected,
the dispersion of estimated ages decreases with increasing
area, that is, with an increased number of available craters.
We can also see that the ages estimated for units of 2.0 to
3.0 Gyr are largely dispersed. This is due to the shape of the
chronology curve that has low age resolution in this range.

Figure 4 compares the average of estimated ages and the
true age of the test unit; the average of estimated age is con-
sistent with the true age. However, the ages estimated for
units of 2.5 to 3.5 Gyr tend to be too young when there are
not enough craters. This is because the cratering chronol-
ogy curve has a steeper slope before 3.2 Gyr than after that
(see Eq. (2), or Neukum and Ivanov, 1994, figure 16). For
crater frequencies dispersed randomly around the crater fre-
quency corresponding to 3.2 Gyr, ages of units with lower
crater frequencies tend to be widely underestimated, while
ages of units with higher frequency are slightly overesti-
mated. As a consequence of the dissymmetry, the average
age is estimated to be younger than the true age. However,
this is insignificant when the dispersion of crater frequen-
cies is not so large.

Figure 5 plots the standard deviation of estimated ages as
a function of the true age of the test geological unit. It can
be seen that age determination for Eratosthenian units (1.1
to 3.2 Gyr) is the least accurate. The standard deviations are
0.7 Gyr for units of 100 km?, 0.5 Gyr for units of 1000 km?,
and 0.4 Gyr for units of 2500 km?. The maximum error
amounts to over 20% and is comparable to the error due to
cratering asymmetry (Morota et al., 2005, 2007). Previous
studies (e.g., Greeley et al., 1993; Hiesinger et al., 2000,
2003, 2006) used an age range calculated by ++/N as the
error of age determination. The standard deviation obtained
in this study is much larger than that, although it is diffi-
cult to simply compare results because of different image
resolutions and areas of geological units.

Figure 6 displays the relationship between age and max-
imum size of saturated craters for each equilibrium level.
This maximum size of saturated craters is obtained by cal-
culating a node between the SFD of a saturated crater
(Eq. (3)) and an ideal SFD expected for a given age. From
Fig. 6, ages when a 70 m-diameter crater is saturated are
expected to be 0.43 Gyr for N, = 0.015 km~2, 1.29 Gyr for
N, = 0.045 km~2, and 2.16 Gyr for N, = 0.075 km~2, and
are indicated as triangles in Fig. 5. In Fig. 5, the ages are
consistent with ages deviating from plots for N, = oo.
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Fig. 4. Comparison of the average of estimated ages and the true age of
the test geologic unit for 100, 1000, and 2500 km?.

Figure 6 indicates that 70 m craters in Copernican units
have not been saturated yet. Therefore, we should be able
to continue to improve dating certainty for Copernican units
by acquiring higher-resolution images on future missions.
In contrast, the Eratosthenian units have been saturated by
craters <70 m. In order to improve the accuracy of Er-
atosthenian age, we need additional information, such as
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Fig. 5. Standard deviation of estimated ages as a function of the true age of
the test geological unit. Triangle indicates the age when a 70 m-diameter
crater is saturated for a given equilibrium level (see Fig. 6).

the degradation of crater morphology (e.g., Soderblom and
Lebofsky, 1972).

We suggest a new approach for investigating the lunar
primary/secondary cratering proportion. This study esti-
mated the fluctuation of crater frequency based on the single
crater population. A comparison of the results with the lu-
nar cratering record may yield new insight onto the lunar
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population SFD.

crater population. For example, a large number of subunits
derived from a lunar geological unit could be individually
dated by crater counting. The ages estimated for individ-
ual subunits must be dispersed even if they are from the
same geological unit. If the dispersion of ages is signifi-
cantly large compared with our simulation results, the SFD
of lunar small craters may be complicated both by statisti-
cal fluctuation and by secondary craters. Conversely, if the
observed dispersion is close to our estimate, this means that
most small craters are primary craters, or that primary and
secondary populations have the same SFD. This approach
requires a large enough homogenous unit. If such units ex-
ist, this will be evaluated with TC image data.

In addition to the possible secondary crater contamina-
tion, the problem lies in defining units by albedo and/or
spectral characteristics. In this case, the possible non-
uniform distribution of craters over the area would gener-
ate errors exceeding our estimates. However, we expect
that we can avoid the problem of accurate unit definition
by the Multiband Imager (Ohtake et al., 2000, 2007) and
Spectral Profiler (Matsunaga et al., 2000, 2002) installed
on SELENE (KAGUYA) with the statistic test for analysis
of spatial distribution of craters (Kreslavsky, 2007).

4. Conclusions

Assuming that small craters can be employed for age de-
termination, we evaluated the statistical fluctuation of crater
frequency and its effect on age determination by random
sampling simulation. The results demonstrate that age de-
termination for Eratosthenian units is least accurate, and its
maximum error amounts to over 20%. However, at present,
the uncertainty of this dating method exceeds 20%, owing
to the probable contamination by secondary craters.

In order to improve the age-determination accuracy of
lunar geological units with TC images, additional infor-
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mation about the degradation of crater morphology (e.g.,
Soderblom and Lebofsky, 1972) is needed. We will obtain
a lunar Digital Terrain Model (DTM) with a spatial resolu-
tion of 10 m by TC stereo imaging (Haruyama et al., 2006b;
Yokota et al., 2007). The height resolution of the DTM is
expected to exceed 15 m from results of the preliminary
test (Honda et al., 2007). Using crater frequency and crater
degradation measured with TC images and DTM comple-
mentarily, we will try to determine the ages of geological
units on the entire Moon and infer the lunar geological his-

tory.
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