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二次クレーターの
サイズ頻度分布の解析



二次クレーター
Secondary Crater

• 親のクレーター（一次クレーター）からの放出物
の再落下によって形成

• rim-ejecta blanket-2ndry crater zone
• きれいな円形をしていない
• 連なってクレーターチェーンを形成
• Herring-bone structure



•探査画像の高解像化に伴って小さいク
レーターを用いた年代決定が行われるよ
うになった

•若い地域に有効
•二次クレーターの影響はあるか？
•「ある」学派と「ない」学派の激しい対
立

二次クレーターと年代学



CSFDの4km屈曲問題

• 初生分布説
• 前述の「影響ない学派」
• 二次クレーター混入説
• 同「影響ある学派」
• 他に，「混入しているが，
影響ない学派」も

40 N. NAMIKI AND C. HONDA: LUNAR SIZE-FREQUENCY DISTRIBUTION FOR SMALL CRATERS

10-7

10-5

10-3

10-1

101

0.1 100

Cu
m

ul
at

iv
e 

cr
at

er
 si

ze
-f

re
qu

en
cy

di
st

rib
ut

io
n 

[k
m

-2
]

Crater diameter [km]

0.3 4.0

! = "3.4

! = "1.8

! = "2.0

Fig. 1. A compilation of cumulative crater size-frequency distributions in
lunar maria. The average cumulative crater size-frequency distribution is
shown by solid line and open squares (Basaltic Volcanism Study Project,
1981, table 8.4.1; Melosh, 1989). The shaded band indicates crater
equilibrium, for which α and β are between 0.15 and 0.015, and −2,
respectively (Melosh, 1989).

ilar abrupt decrease in the slope (Neukum and Wise, 1976;
Neukum and Ivanov, 1994; Chapman et al., 1996), or pre-
dominance of secondary craters in the size-frequency distri-
bution for diameters smaller than 4 km (Shoemaker, 1965;
Wilhelms et al., 1978). Since high-resolution lunar images
became available after Apollo and Lunar Orbiter spacecraft,
there has been a controversy among these hypotheses (e.g.,
Basaltic Volcanism Study Project, 1981). While the cause
of the steepening remains unsolved, small craters are widely
used to estimate a surface age (e.g., Greeley et al., 1993;
Neukum and Ivanov, 1994; Hartmann et al., 1999, Hartmann
and Berman, 2000) on the basis of the primary production
hypothesis (Neukum and Wise, 1976; Neukum and Ivanov,
1994; Chapman et al., 1996). An advantage of large number
of small crater increases as images taken by the future lunar
explorations, such as Japanese LUNAR-A (Mizutani, 1995)
and SELENE (Sasaki et al., 1999), are expected to achieve
higher resolution than previous ones. Therefore it is impor-
tant to review possible hypotheses for this steepening before
the new missions are launched.

These hypotheses predict that the steep slope segment is
associated with a surface age or local properties of the stud-
ied area. Therefore we attempt to evaluate these hypothe-
ses by measuring the size-frequency distributions of craters
smaller than a few km in series of photographs covering
Copernicus and Tycho craters, Oceanus Procellarum, and
Mare Imbrium, and comparing the distributions with other
data sets. For example, the endogenic crater hypothesis
(Kuiper et al., 1966; Chapman et al., 1970; Schultz et al.,
1976) implies that the steep slope segment is most distinc-
tive on a unit such as Marius Hills where past magmatic ac-
tivity is indicated from geologic studies (Weitz and Head,
1999). In contrast, on a surface younger than the cease of lu-
nar magmatism, such as ejecta blanket of Copernican craters,
the steep slope segment is not expected. Thus, measurement
of the crater size-frequency distributions in young craters can
be a test of this hypothesis.

The physical properties of the substrate also have been

considered to influence the crater size-frequency distribution
(the heterogeneous substratum hypothesis) (Gault, 1970;
Chapman et al., 1970, 1979; Schultz et al., 1977). Because
the crater diameter is dependent on the strength of the target
in a strength regime (Chapman and McKinnon, 1986), me-
chanical structure of the lunar surface may affect the crater
size-frequency distribution (Gault, 1970; Chapman et al.,
1970, 1979). Schultz et al. (1977) further point out that
properties of the target strongly affect degradation of small
craters. In this case, the crater size-frequency distribution
can reveal some correlation with geophysical data sets, if the
data sets manifest the horizontal heterogeneity of the sub-
surface structure. In this context, we first investigate a cor-
relation between the crater size-frequency distribution and
thickness of mare basalt. The thickness of mare basalt is es-
timated to be between 0.1 and 2 km (DeHon and Waskom,
1976; DeHon, 1979; Yingst and Head, 1997, 1999; Bud-
ney and Lucey, 1998). A boundary at this depth may be
related to the inflection of the crater size-frequency distri-
bution around 4 km in diameter (Fig. 1). A shift of the
inflection point to, for example, larger diameter results in
an apparent increase of the α value. Second, we compare
the crater size-frequency distributions with the topography
of mare surface (Smith et al., 1997). If the topography re-
flects superposition of basaltic layers, a regional variation of
the crater size-frequency distributions may show a correla-
tion with the topography. And third, we compare variations
of the distributions with the Bouguer gravity anomaly (Kono-
pliv et al., 1998; Wieczorek and Phillips, 1998; Konopliv and
Yuan, 1999). The gravity data represent the structure of lu-
nar interior, therefore the horizontal heterogeneity of target
properties beneath the mare surface may be somehow related
to the gravity anomaly.

Neukum and Wise (1976) have proposed a third possi-
bility that attributes the steep slope segment of the crater
size-frequency distribution to the crater production func-
tion. Their primary production hypothesis is supported by
a discovery of the same steep slope segment in the crater
size-frequency distribution on the asteroid Gaspra (Neukum
and Ivanov, 1994; Chapman et al., 1996) and in the size-
frequency distribution of Earth-crossing asteroids (Rabi-
nowitz et al., 1994). On the other hand, the crater size-
frequency distribution on Eros shows β greater than −2
(Veverka et al., 2001). Therefore the size-frequency distri-
bution of primary production requires further investigation.
If the crater size-frequency distribution in the lunar maria is
simply indicating that of the projectile (Neukum and Wise,
1976; Neukum and Ivanov, 1994; Chapman et al., 1996), the
value of α necessarily corresponds to the eruption age of the
mare basalt. Naturally α in the steep-slope segment can be
applied to crater chronology and would be extremely useful
to estimate the age of so small an area that only a few craters
larger than 4 km exist (Greeley et al., 1993; Hartmann et
al., 1999; Hartmann and Berman, 2000). We wish to test this
hypothesis from a comparison of radiometric ages with the α

values of the steep slope segment. However, the sample lo-
cations are restricted to the Apollo and Luna landing sites,
and current rock samples cover only a limited portion of
the maria. Instead, we take geological maps (Pieters, 1978;
Whitford-Stark and Head, 1980; Wilhelms et al., 1987) un-

Namiki and Honda (2003)



二次クレーターだけの
サイズ分布

• -4.0: Shoemaker (1965)
•Tychoの光条中のクレーターを測定
• -3.6: Wilhelms et al. (1978)
•雨の海盆地，東の海盆地の大きな二
次クレーター（>7km）を測定



•年代学的に問題になる300m-4kmで
の二次クレーターのサイズ分布はどう
なっているか？

•親の一次クレーターからの距離によっ
て分布はどう変化するか？



•一次クレーターから放出される破片サ
イズ-速度分布もわかる

•クレーター形成過程の重要な情報
•速度-最大破片サイズの関係
•ある速度bin内のサイズ分布
•ejectaの総量
•斜め衝突の場合の異方性

衝突破壊現象そのものへの
アプローチ



破片速度・サイズの推定
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調査地域



二次クレーター



二次クレーターの識別
• 周囲が楕円形で，一次ク
レーター方向に伸びてい
る
• 一次クレーター側のリム
が高く，反対側が低い
• V字型のejecta
• 浅い
• クラスターを成す
• 比較的新鮮
• 高解像度画像でどう見え
るかはぜひ自分の目で 5 km



結果

いずれの距離においても傾きは
約-3.4乗となった

小さいサイズでの折れ曲がりは，
数え落とし＋密集した二次クレー
ター同士の打ち消し合いと考えら

れる



•最大破片サイズ
と速度の関係
は，同直径のク
レーターの結果
とほぼ一致



• 距離から落下速度を，
• 速度とクレーターサイ
ズから，破片のサイズ
を推定
• どの速度（距離）でも
ほぼ一定の分布
（約-2.6，始めて観
測的に実証，実験とも
一致）
• 約300mのところに
特徴的なサイズがある



•破片の総量を見
積もり

•破片サイズ分布
のベキ

•最大破片サイズ
•ejecta厚モデル
と比較



•二次クレーターのサイズ分布の傾きは，
全クレータのサイズ分布の300m-4km
の急勾配における値と一致した

•一次クレーターのサイズにはよらない
•Tycho: 85km, 東の海: 900km
•距離にもよらない
•Shoemaker (1965): 900km 
(1100m/s)

•今回: 100-400km (420-770m/s)



•遠方でも傾きは変わらない
•5R-10Rでの密度の減衰率は低い
•一次クレーターから多少距離をとっ
ただけでは影響をまぬがれられな
い？

•具体的な影響の評価のためには，一次
クレーター一個あたりの二次クレー
ター生成数を見積もる必要がある



斜め衝突
実験

• 特に掘削初期において，下
流側のejectaが密，上流側
は粗

• 時間とともにより等方的な
分布へ発展

• 定量化はされていない
• 斜め衝突でできたクレー
ターの二次クレーターで方
位-距離-ejecta量の関係を
明らかにできれば嬉しい Anderson et al. (2001)


