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Outline of  this study
² 本研究では、EuropaとGanymedeの巨⼤大クレーターの解析を⾏行行った

Ø  ２次クレーターを調べることで、イジェクタのsize-‐‑‒velocity  distribution(SVD)を詳細に
調べることが可能

Ø  ejection  velocity,  ejection  position,  mass  of  material  ejected,  number  of  fragment
(Alvarellos  er  al.2002,  Housen  and  Holsapple,  2011)

² 本研究のアウトライン
1.  イントロダクション
2.  今回調べた３つクレーターの２次クレーター場とカウンティング⽅方法
3.  重⼒力力⽀支配域における２次クレーターを形成したイジェクタ破⽚片サイズと速度度の⾒見見積も

り⽅方法
4.  SVDの上限を決定した結果とスケーリング則から求めることのできる関係式との⽐比較
5.  氷衛星の結果を岩⽯石天体との結果と⽐比較
6.  本研究の結果を踏まえ、氷衛星に存在する1.5次クレーターのサイズの⾒見見積もり
7.  まとめ



Introduction
²  2次クレーター ²  1.5次クレーター 

²  Europa上の直径＜1kmのクレーターの95%は２次クレーター  (Bierhaus  et  al.2005)
Ø  ２次クレーターの空間分布はランダムであるため、クレーターカウンティングによる地表
⾯面年年代決定に影響がでる

Ø  ⼩小天体or彗星の衝突と⾒見見分けることが難しくなるため

ejecta

ヒル圏

(Zahnle  et  al.2008) 

ヒル圏

²  2次クレーターを1次クレーターとカウントすると、
クレーター年年代を過⼤大評価することがある
Ø  ⼩小さなクレーターの累累積個数が⼤大きくなる
Ø  クレーターカウンティングによる年年代決定するた
めには、１次クレーターと２次クレーターを⾒見見分
ける必要がある
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Introduction
²  １次クレーターと2次クレーターの⾒見見分け

1.  １次クレーター近傍
Ø  ２次クレーターの数密度度は、１次クレーターからの距離離とともに減少
Ø  形状が不不規則
Ø  ２次クレーターの特徴
 　 　ｰ  clustersやradial  chainsを形成

2.  １次クレーター遠⽅方
Ø  形状は円形で、空間分布がランダム
Ø  １次クレーターと区別することは難しい

１次

chain
cluster

²  氷衛星上でのクレーターのSVDについて調べた研究が少なくあまりわかっていない 

Ø  破⽚片のSVDは⼩小さなクレーターの分布に寄与する  (Zahnle et al.2008, Bierhaus et al.2012) 

Ø  岩⽯石天体(⽔水星・⽉月・⽕火星)でのSVDは調べられている 
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Fig. l l. Curves for the crater populations measured on the heav- 

ily cratered terrains of both Ganymede and Callisto, with the lunar 
curve for reference. The differences between the Moon, Callisto and 
Ganymede are much greater than are the similarities. The Ganymede 
and Callisto curves are similar beyond about 50 km diameter, but dif- 
fer substantially at smaller diameters. 

but only degrades larger craters. Figure 14 shows an area of 
grooved terrain where the formation of new ice has destroyed 
a large portion of the rims of several craters. Smaller ones, of 
course, would have been completely obliterated. The pro- 
posed preferential obliteration of small craters even on the 
cratered terrain may have been the result of an ancient epi- 
sode of grooved-terrain formation (now hidden by the recra- 
tering) associated with the resurfacing or later crustal freez- 
ing mentioned earlier. Alternatively, the formation of the 
arcuate troughs may have been responsible for the loss of the 
smaller craters. 

At diameters smaller than about 10 km the curve for the 
heavily cratered terrain on Ganymede turns up slightly. 
Whether this is indicative of the primary cratering population 
or not, we cannot ascertain without comparable diameter cov- 
erage on Callisto. However, secondary craters of sufficient size 
and perhaps of sufficient abundance to account for this upturn 
occur on Ganymede. At smaller diameters on Callisto the 
curve may not be the production function, but it sets an upper 
limit of about -3 for its slope. If an ancient episode of obliter- 
ation, similar to that proposed for Ganymede, operated on 
Callisto as well, then the production function could have an 
index more negative than -3. In any case, it is far from the 
-2.3 index observed on the terrestrial planets. 

All terrains on both Ganymede and Callisto show a de- 
crease in slope index for craters greater than about 50 kin. 
Two plausible explanations for this decrease are: (1) a great 
deal of crater obliteration due to crater relaxation in the icy 
crust, the vigor of the process increasing with crater size [Par- 
mentier et al., 1980], or (2) the curves basically represent the 
production function with a deficiency of impacting bodies in 
this crater size range compared to that for the terrestrial plan- 

ets. We tend to favor the latter explanation for the following 
reasons. Figures 11 through 12 show that seven different cra- 
ter curves, representing vastly different densities, on different 
terrains and even on different satellites all possess this steep- 
slope index (•-4.7) distribution function. Furthermore, as 
pointed out earlier, even though older craters up to about 100 
km diameter have been degraded, i.e., fiat floors at about the 
level of the surrounding terrain, their rim sharpness is more or 
less preserved, suggesting that relaxation is not very effective 
at totally obliterating craters. If the paucity of craters in this 
diameter range was solely due to obliteration by relaxation, 
then one would expect a very different distribution function 
between, for example, fresh craters preserved over long time 
periods in rigid ice, and degraded craters perhaps formed at a 
time when the ice was better able to flow. Therefore the ob- 
served large variations in crater densities, but similarities in 
slope among the many different terrains, ages, degradational 
classes, and even satellites, argue against this diameter range 
being solely the result of equilibrium. Furthermore, the ab- 
sence of palimpsests on Callisto suggests that the presently ob- 
served crater population formed when the icy crust was rigid 
enough to retain the craters basically intact, with a minimum 
of obliteration due to plastic relaxation of the ice. The con- 
clusion is that it is basically a production function. 

Three important consequences devolve from these inter- 
pretations. First, because of the similarity of the curves for the 
degraded and the fresh craters (over the range 30 to 130 kin) 
the process degrading them must be nearly diameter-inde- 
pendent. Second, although significant proportions of craters 
have been degraded, the process which degrades them is not 
too effective in totally obliterating them. If the degradational 
process is crater relaxation, then it effectively stops at a stress 
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Fig. 12. Comparison of the crater populations on Ganymede's 
grooved and heavily cratered terrains, with the lunar curve for refer- 
ence. The grooved terrain is similar in slope to the heavily cratered 
terrain for diameters above 30 km, but at smaller diameters a progres- 
sive loss of smaller craters has increased the slope index of the 
grooved terrain compared to that of the heavily cratered terrain. Also 
notice that the grooved terrains which were measured are of at least 
two ages, one being about as densely cratered as the heavily cratered 
terrain, the other much less cratered. 

Introduction

²  衝突後の破⽚片サイズ 

Ø  氷の強度度は岩⽯石より⼩小さいため、氷のSpall破⽚片は岩⽯石
に⽐比べ⼩小さくなる 

Ø  形成される２次クレーターのサイズが異異なる可能性 

本研究：
EuropaとGanymede上の巨⼤大クレーターのまわりの２次クレーターをカウン
ティングした

Ø  岩⽯石天体の、⽔水星・⽉月・⽕火星の結果と⽐比較
Ø  氷天体におけるイジェクタ破⽚片サイズと速度度の関係を明らかにする

²  岩⽯石天体と氷天体の違い 

Ø  ⽉月とGanymedeを⽐比較 

 ｰ  Ganymedeでは⼤大きなクレーターが少ない 

 ｰ  50<D<100kmでベキ〜～−３ 

Ø  天体表層の違い 

 ｰ  ⽉月：岩⽯石質地殻 　 　Ganymede：氷質地殻 

 ｰ  標的物質の強度度が異異なる 

⽉月の⾼高地

⽉月の海

Ganymede

Callisto

Strom et al.1981

（D>100km）



Sites and mapping methods
²  GalileoとVoyager2 missionで得られた画像を⽤用いた 

Ø   ejecta blancketの外側に位置する２次クレーターをカウンティング 

Ø  サイズと形状が周りの２次クレーターと⼤大きく異異なるクレーターは除外 

1.  Tyre-Europa 

直径が〜～38kmで、⽐比較的若若くクレーターが少ない領領域に位置する(Bierhaus et al.2005,2009) 

are secondaries from Gula, but most appear to be from Achelous.
To mitigate this we measured only to !63.5!N. This scene is again
limited by the mosaic extent, to radial distances 45 – 85 km from
the crater rim.

Although Ganymede has many more primary craters than Euro-
pa, Achelous formed on younger grooved terrain, which helps elim-
inate some contamination from small primaries. A few craters
which were obviously out of place in terms of size or morphology
when compared to the secondary field as a whole were excluded
from the analysis (unmarked craters in Fig. 3). Achelous on Gany-
mede makes a good comparison with Tyre on Europa because it is
similar in terms of size and the resolution it was imaged at, and the
gravities and surface compositions of the two moons are similar.

2.3. Gilgamesh – Ganymede

Gilgamesh, Ganymede’s largest impact basin, has an equivalent
rim diameter of !585 km (Schenk et al., 2004); this rim location is
consistent with scaling from ejecta deposits in Schenk and Ridolfi
(2002) and is also marked by a prominent, inward-facing scarp.
Gilgamesh and the terrain to the east were imaged by Voyager 2
at moderate resolution (550 m px"1; see Fig. 4). Most identifiable
chains and secondaries are concentrated to the north and south
of the basin. Given the more heavily cratered surface of Ganymede,
the Gilgamesh scene was the most difficult of the three study areas
in which to distinguish primaries from secondaries. Only craters
that appear to be in a chain or cluster were included in the dataset

Table 1
Summary of primary and secondary crater field characteristics.

Primary
crater

Primary
diameter
(km)

Primary transient
diameter (km)a

Diameter of primary
impactor (km)b

Mosaic
resolution
(m px"1)

Number of
secondaries
mapped

Largest observed
secondary (km)c

Fragment size for largest
secondary (m)d

Europa
Tyre 38e 23 1.8 170 1,165 2.8 1160
Pwyll 27e 17 1.2 27, 21, 54 180f 410f

Ganymede
Achelous 35g 21 1.9 180 630 2.7 1200
Gilgamesh 585h 271 49.1 550 445 21.3 (18.6) 5760 (5000)

a Section 3.
b Assumes cometary impactors at 26 km s"1 (Europa) and 20 km s"1 (Ganymede) (Eq. (10)).
c For Gilgamesh, the value listed is the largest crater likely to be a secondary, and in parentheses the largest crater in an unquestionable radial chain (see Fig. 4b).
d Fragment sizes assume non-porous ice surface and gravity-regime scaling (Section 4).
e Schenk and Turtle (2009).
f Alpert and Melosh (1999).
g Schenk (2010).
h Schenk et al. (2004).

Fig. 1. Europan impact basin Tyre (centered at!34!N, 147!W) and outline of high resolution mosaic shown in Fig. 2. Dashed circle indicates the equivalent rim of Tyre (38 km
in diameter). Mosaic is 170 m px"1, from Galileo imagery. Mapped secondaries (n = 1165) indicated in yellow, with lower density to the east possibly indicating an oblique
impact from the east. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Ø    中⼼心から~175kmまで円形の溝が存在 

Ø  画像に限りがあるが、①解像度度が170mpx-1 　②⾼高解像度度(~30mpx-1) 

Ø  ①1165個：0.5-2.8km 

Ø  ②375個：~180mが最⼩小 

below: a total of 445 craters in the diameter range of 2.3–21.3 km.
In some cases this includes ‘‘chains’’ where there is only one large
crater but there is also a smaller crater, or elongation/gouging in
the direction radial to Gilgamesh (‘‘Gilgamesh sculpture’’). If a cra-
ter had a distinctly different degradation state than the majority of
the secondaries (either much fresher, rayed, or much more de-
graded) it was excluded from the analysis. Additionally, if a crater
was particularly large for its distance from Gilgamesh, compared to
the surrounding secondaries, it was excluded (these craters ap-
peared as obvious outliers in the dataset). The craters that were
mapped or excluded can be seen in Fig. 4a and some specific exam-
ples of the mapping decisions are given in Fig. 4b. Topography and
example secondary crater profiles are shown in Fig. 4c and d,
respectively. During the analysis described below, we also ex-
plored an augmented dataset for Gilgamesh, which includes other
craters that could be secondaries, but were not in an obvious chain
or cluster.

2.4. Pwyll – Europa

Alpert and Melosh (1999) measured 180 secondaries in high-
resolution Galileo mosaics (27, 21, 54 m px!1) at three distances
from Pwyll, a 27-km-diameter crater. One mosaic is centered over
Pwyll, and the other two are almost due north, "900 km and
1,070 km away, in Conamara Chaos and just north of Conamara,
respectively. Pwyll’s bright rays are visible over 1000 km away,
thus secondaries from Pwyll can be identified at large distances.
This allows for a greater range of fragment velocities to be sam-
pled, but a disadvantage to this site is that measurements only ex-
tend in one radial direction away from Pwyll and mapping was
only possible in small patches of surface area. Without broader ra-
dial coverage the results may not reflect the largest secondaries at
a given distance, due to stochastic variations with launch azimuth.

3. Fragment size and velocity

From measured secondary crater ranges we can calculate the
velocity of the ejecta fragment that formed each secondary, and

from the secondary diameter we can estimate the fragment’s size.
The inset in Fig. 5 illustrates the quantities described in the follow-
ing section, and Table 2 lists all symbols and associated parameters
utilized. Fragment velocities were calculated from the range equa-
tion for a ballistic trajectory on a planetary sphere:

Rb ¼ 2Rp tan!1 t2
ej sin h cos h=Rpg

1! t2
ej cos2 h=Rpg

 !
; ð1Þ

where Rb is the measured ballistic range from the primary to each
secondary, Rp is the radius of the planet or moon (see Table 2 for
values), g is surface gravity, h is the ejection angle, and tej is the
ejection velocity we solve for.

There are several assumptions that go into this calculation. We
do not know the exact launch point or ejection angle of each frag-
ment. The ejection angle is assumed to be 45!, as laboratory exper-
iments in a granular media show this to be a practical average
value with some scatter ±15! (Cintala et al., 1999; Durda et al.,
2012). There is a subtle aspect to this assumption, however, which
will be returned to in Section 5. An approximate value of one-half
of the transient primary crater radius (0.25Dtr) was used as the
starting point for measuring the ballistic range to each secondary
(we justify this in a later section). The transient crater represents
a nominal cavity shape as the excavation flow ceases but before
gravitational collapse proceeds; thus Dtr/4 represents an average
distance from which fragments might have been ejected. The tran-
sient diameter for each of the 3 primary craters was estimated

Fig. 2. Portion of high resolution mosaic of Tyre’s secondary field ("30 m px!1). (a)
This high-Sun image also reveals dark material concentrated in secondary crater
floors. (b) Mapping at higher resolution confirms craters mapped at lower
resolution and permits mapping of considerably smaller secondaries (n = 375).

Fig. 3. (a) Ganymede’s Achelous and Gula craters, "35 and 37 km in diameter,
respectively. Achelous is centered at "62!N, 12!W. Mosaic is 180 m px!1, from
Galileo imagery. Mapped secondaries (n = 630) in yellow. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

868 K.N. Singer et al. / Icarus 226 (2013) 865–884



Sites and mapping methods

2.  Achelous-Ganymede 

直径が〜～35kmで、⽐比較的新鮮なクレーター 

Ø  解像度度はTyreの画像とほぼ同じ180mpx-1 

Ø  630個：0.7-2.7km 

Ø  明確なイジェクタ堆積がある 

Ø  北北側に同サイズのGulaクレーターがある 

Ø  Gulaはクレーター内部に⼩小さなクレーターがあるが
Achelousには存在しない 

•  AchelousはGulaより年年代が若若い 

•  ほとんどがAchelousの２次クレーター 

Ø  GulaとAchelousクレーターのイジェクタブランケッ
トが重なっている領領域がある 

•  63.5度度より北北の部分のクレーターはカウントし
ていない 

below: a total of 445 craters in the diameter range of 2.3–21.3 km.
In some cases this includes ‘‘chains’’ where there is only one large
crater but there is also a smaller crater, or elongation/gouging in
the direction radial to Gilgamesh (‘‘Gilgamesh sculpture’’). If a cra-
ter had a distinctly different degradation state than the majority of
the secondaries (either much fresher, rayed, or much more de-
graded) it was excluded from the analysis. Additionally, if a crater
was particularly large for its distance from Gilgamesh, compared to
the surrounding secondaries, it was excluded (these craters ap-
peared as obvious outliers in the dataset). The craters that were
mapped or excluded can be seen in Fig. 4a and some specific exam-
ples of the mapping decisions are given in Fig. 4b. Topography and
example secondary crater profiles are shown in Fig. 4c and d,
respectively. During the analysis described below, we also ex-
plored an augmented dataset for Gilgamesh, which includes other
craters that could be secondaries, but were not in an obvious chain
or cluster.

2.4. Pwyll – Europa

Alpert and Melosh (1999) measured 180 secondaries in high-
resolution Galileo mosaics (27, 21, 54 m px!1) at three distances
from Pwyll, a 27-km-diameter crater. One mosaic is centered over
Pwyll, and the other two are almost due north, "900 km and
1,070 km away, in Conamara Chaos and just north of Conamara,
respectively. Pwyll’s bright rays are visible over 1000 km away,
thus secondaries from Pwyll can be identified at large distances.
This allows for a greater range of fragment velocities to be sam-
pled, but a disadvantage to this site is that measurements only ex-
tend in one radial direction away from Pwyll and mapping was
only possible in small patches of surface area. Without broader ra-
dial coverage the results may not reflect the largest secondaries at
a given distance, due to stochastic variations with launch azimuth.

3. Fragment size and velocity

From measured secondary crater ranges we can calculate the
velocity of the ejecta fragment that formed each secondary, and

from the secondary diameter we can estimate the fragment’s size.
The inset in Fig. 5 illustrates the quantities described in the follow-
ing section, and Table 2 lists all symbols and associated parameters
utilized. Fragment velocities were calculated from the range equa-
tion for a ballistic trajectory on a planetary sphere:

Rb ¼ 2Rp tan!1 t2
ej sin h cos h=Rpg

1! t2
ej cos2 h=Rpg

 !
; ð1Þ

where Rb is the measured ballistic range from the primary to each
secondary, Rp is the radius of the planet or moon (see Table 2 for
values), g is surface gravity, h is the ejection angle, and tej is the
ejection velocity we solve for.

There are several assumptions that go into this calculation. We
do not know the exact launch point or ejection angle of each frag-
ment. The ejection angle is assumed to be 45!, as laboratory exper-
iments in a granular media show this to be a practical average
value with some scatter ±15! (Cintala et al., 1999; Durda et al.,
2012). There is a subtle aspect to this assumption, however, which
will be returned to in Section 5. An approximate value of one-half
of the transient primary crater radius (0.25Dtr) was used as the
starting point for measuring the ballistic range to each secondary
(we justify this in a later section). The transient crater represents
a nominal cavity shape as the excavation flow ceases but before
gravitational collapse proceeds; thus Dtr/4 represents an average
distance from which fragments might have been ejected. The tran-
sient diameter for each of the 3 primary craters was estimated

Fig. 2. Portion of high resolution mosaic of Tyre’s secondary field ("30 m px!1). (a)
This high-Sun image also reveals dark material concentrated in secondary crater
floors. (b) Mapping at higher resolution confirms craters mapped at lower
resolution and permits mapping of considerably smaller secondaries (n = 375).

Fig. 3. (a) Ganymede’s Achelous and Gula craters, "35 and 37 km in diameter,
respectively. Achelous is centered at "62!N, 12!W. Mosaic is 180 m px!1, from
Galileo imagery. Mapped secondaries (n = 630) in yellow. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Sites and mapping methods
3.  Gilgamesh-Ganymede 

直径が〜～585kmの最⼤大盆地  (Schenk et al.2004) 

Ø  Voyager2の画像で解像度度550mpx-1 

Ø  445個：2.3-21.3km 

Ø  chain構造とcluster構造 

Ø  ２次クレーターがクレーターの北北部と南部に集中 

from an approximate scaling for complex craters on Ganymede
Dfinal ! 1:176D1:108

tr (McKinnon and Schenk, 1995), where Dfinal and
Dtr are the final and transient crater diameters, respectively, given
in km (Dfinal is measured to rim-to-rim; values of Dtr are given in
Table 1).

To derive the ejecta fragment size (dfrag) from the measured
diameter of each secondary crater (Dsec), we use the Schmidt–Hols-
apple scaling relations for hypervelocity impacts (e.g., Holsapple,
1993) with updated parameters (keith.aa.washington.edu/crater-
data/scaling/theory.pdf). The scaling equations relate the proper-
ties of the impactor to the volume of the resulting transient
crater on a given body (which can then be converted to a final
diameter for complex craters), or vice versa. For the purposes of
these calculations, we consider both solid, low-porosity ice and
porous ice regolith as models for the surfaces of Europa and Gany-
mede. For lower surface gravities and smaller impactors, the
strength of solid surface material will strongly control the size of
the resulting crater (i.e., the ‘‘strength regime’’). For larger gravities
and impactor sizes, the strength of the material is more easily over-
come. In this ‘‘gravity regime’’ the final crater size is limited by
conversion of flow field kinetic energy into gravitational potential
energy and its frictional dissipation as heat, both of which are di-
rect functions of gravity. A function that interpolates between
the two regimes is given by

pV ¼ K1 p2 þ K2p
2þl

2
3

! "$3l
2þl

; ð2Þ

where K1 and K2 are scaling coefficients for a given surface material
and l is the scaling exponent (see Table 2 for values). The scaling
parameters are empirically estimated for different materials from
laboratory experiments, numerical computations, and comparison
to explosion cratering results. The p-groups are non-dimensional:
pV describes the overall cratering efficiency, and is dependent on
the gravity-scaled size (p2) and the strength measure (p3). General
definitions of the p-groups are

pV ¼
qV
m
; p2 ¼

ga
U2 ; p3 ¼

Y
qU2 ; ð3Þ

where q is the density of the target material, V is the volume of the
resulting crater, m is the mass of the impactor, a is the impactor ra-
dius, U is impact velocity, and Y is a measure of target strength
(Holsapple, 1993). There is no simple size division between craters
formed in the strength versus the gravity regimes as illustrated in
Fig. 5, as the transition spans an order of magnitude or more in
p2 and appears to depend on impactor velocity. We note that the
cratering efficiency itself is independent of the ratio of the target
to impactor densities, but this ratio does appear on the right hand
side of Eq. (2) in its most general form (see Holsapple, 1993). The
density ratio is nominally taken as unity for secondaries, and is
not included for the ice-on-ice secondary impacts considered here.

In principle one could substitute Eq. (3) into Eq. (2) to solve for a
in a given cratering situation, but there is no closed-form solution.
Instead we follow the example of Holsapple (1993) and plot pV as a
function of p2, and insert Y/qU2 for p3. Fig. 5 shows this curve for
cold ice parameters and various impact velocities. The values of
p2 for the fragments that made the secondary craters measured
around Tyre, Achelous, and Gilgamesh are in the range of
!4 ' 10$4 to 1 ' 10$2 (fragment sizes are determined below), thus
these impacts are predicted to be in the gravity regime for the
associated range of impact velocities (!200 m s$1 to 1 km s$1). In
fact, only meter-sized impactors would shift pV into the transition
region between the two regimes as a function of impact speed
(lower speeds for secondaries, intermediate speeds for sesqui-
naries, and higher, cometary speeds for primaries); thus, strength
regime craters are nearly invisible on Europa and Ganymede given

Fig. 4. (a) Ganymede’s largest basin, Gilgamesh (585 km in diameter; dashed circle
indicates the equivalent rim, centered at !62!S, 125!W), with mapped secondaries
(n = 445) in yellow. Large, white outline shows the extent of higher resolution
Voyager 2 imagery (180 m px$1) and smaller white rectangle is inset of secondary
chains in b. (b) Red solid circle is centered on the largest measured secondary
(21.3 km in diameter); blue, dotted circle is centered on the largest secondary in an
obvious radial chain (18.6 km); and yellow dashed circle shows an example of a
crater that was marked as a possible primary only due to (1) its somewhat fresher
and sharper rim compared with surrounding secondaries, (2) its large size at this
radial distance (24-km diameter), and (3) that it is not in an obvious radial chain.
The latter crater also showed up as an obvious outlier in the SVD and thus was not
included in the main analysis. Alternatively, all three circled craters are later
primary impacts. (c) Topography of portion of scene in (b) derived from stereo-
controlled photoclinometry (courtesy of P.M. Schenk). (d) Topographic profiles of
largest measured secondary (a–a0) and nearby chain secondaries (b–b0) and (c–c0).
Crater depths (rim-to-floor) vary from 0.8 to 1 km; floors appear flat with central
peaks. Note vertical exaggeration.
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tr (McKinnon and Schenk, 1995), where Dfinal and
Dtr are the final and transient crater diameters, respectively, given
in km (Dfinal is measured to rim-to-rim; values of Dtr are given in
Table 1).

To derive the ejecta fragment size (dfrag) from the measured
diameter of each secondary crater (Dsec), we use the Schmidt–Hols-
apple scaling relations for hypervelocity impacts (e.g., Holsapple,
1993) with updated parameters (keith.aa.washington.edu/crater-
data/scaling/theory.pdf). The scaling equations relate the proper-
ties of the impactor to the volume of the resulting transient
crater on a given body (which can then be converted to a final
diameter for complex craters), or vice versa. For the purposes of
these calculations, we consider both solid, low-porosity ice and
porous ice regolith as models for the surfaces of Europa and Gany-
mede. For lower surface gravities and smaller impactors, the
strength of solid surface material will strongly control the size of
the resulting crater (i.e., the ‘‘strength regime’’). For larger gravities
and impactor sizes, the strength of the material is more easily over-
come. In this ‘‘gravity regime’’ the final crater size is limited by
conversion of flow field kinetic energy into gravitational potential
energy and its frictional dissipation as heat, both of which are di-
rect functions of gravity. A function that interpolates between
the two regimes is given by

pV ¼ K1 p2 þ K2p
2þl
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2þl

; ð2Þ

where K1 and K2 are scaling coefficients for a given surface material
and l is the scaling exponent (see Table 2 for values). The scaling
parameters are empirically estimated for different materials from
laboratory experiments, numerical computations, and comparison
to explosion cratering results. The p-groups are non-dimensional:
pV describes the overall cratering efficiency, and is dependent on
the gravity-scaled size (p2) and the strength measure (p3). General
definitions of the p-groups are

pV ¼
qV
m
; p2 ¼
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U2 ; p3 ¼

Y
qU2 ; ð3Þ

where q is the density of the target material, V is the volume of the
resulting crater, m is the mass of the impactor, a is the impactor ra-
dius, U is impact velocity, and Y is a measure of target strength
(Holsapple, 1993). There is no simple size division between craters
formed in the strength versus the gravity regimes as illustrated in
Fig. 5, as the transition spans an order of magnitude or more in
p2 and appears to depend on impactor velocity. We note that the
cratering efficiency itself is independent of the ratio of the target
to impactor densities, but this ratio does appear on the right hand
side of Eq. (2) in its most general form (see Holsapple, 1993). The
density ratio is nominally taken as unity for secondaries, and is
not included for the ice-on-ice secondary impacts considered here.

In principle one could substitute Eq. (3) into Eq. (2) to solve for a
in a given cratering situation, but there is no closed-form solution.
Instead we follow the example of Holsapple (1993) and plot pV as a
function of p2, and insert Y/qU2 for p3. Fig. 5 shows this curve for
cold ice parameters and various impact velocities. The values of
p2 for the fragments that made the secondary craters measured
around Tyre, Achelous, and Gilgamesh are in the range of
!4 ' 10$4 to 1 ' 10$2 (fragment sizes are determined below), thus
these impacts are predicted to be in the gravity regime for the
associated range of impact velocities (!200 m s$1 to 1 km s$1). In
fact, only meter-sized impactors would shift pV into the transition
region between the two regimes as a function of impact speed
(lower speeds for secondaries, intermediate speeds for sesqui-
naries, and higher, cometary speeds for primaries); thus, strength
regime craters are nearly invisible on Europa and Ganymede given

Fig. 4. (a) Ganymede’s largest basin, Gilgamesh (585 km in diameter; dashed circle
indicates the equivalent rim, centered at !62!S, 125!W), with mapped secondaries
(n = 445) in yellow. Large, white outline shows the extent of higher resolution
Voyager 2 imagery (180 m px$1) and smaller white rectangle is inset of secondary
chains in b. (b) Red solid circle is centered on the largest measured secondary
(21.3 km in diameter); blue, dotted circle is centered on the largest secondary in an
obvious radial chain (18.6 km); and yellow dashed circle shows an example of a
crater that was marked as a possible primary only due to (1) its somewhat fresher
and sharper rim compared with surrounding secondaries, (2) its large size at this
radial distance (24-km diameter), and (3) that it is not in an obvious radial chain.
The latter crater also showed up as an obvious outlier in the SVD and thus was not
included in the main analysis. Alternatively, all three circled craters are later
primary impacts. (c) Topography of portion of scene in (b) derived from stereo-
controlled photoclinometry (courtesy of P.M. Schenk). (d) Topographic profiles of
largest measured secondary (a–a0) and nearby chain secondaries (b–b0) and (c–c0).
Crater depths (rim-to-floor) vary from 0.8 to 1 km; floors appear flat with central
peaks. Note vertical exaggeration.
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tr (McKinnon and Schenk, 1995), where Dfinal and
Dtr are the final and transient crater diameters, respectively, given
in km (Dfinal is measured to rim-to-rim; values of Dtr are given in
Table 1).

To derive the ejecta fragment size (dfrag) from the measured
diameter of each secondary crater (Dsec), we use the Schmidt–Hols-
apple scaling relations for hypervelocity impacts (e.g., Holsapple,
1993) with updated parameters (keith.aa.washington.edu/crater-
data/scaling/theory.pdf). The scaling equations relate the proper-
ties of the impactor to the volume of the resulting transient
crater on a given body (which can then be converted to a final
diameter for complex craters), or vice versa. For the purposes of
these calculations, we consider both solid, low-porosity ice and
porous ice regolith as models for the surfaces of Europa and Gany-
mede. For lower surface gravities and smaller impactors, the
strength of solid surface material will strongly control the size of
the resulting crater (i.e., the ‘‘strength regime’’). For larger gravities
and impactor sizes, the strength of the material is more easily over-
come. In this ‘‘gravity regime’’ the final crater size is limited by
conversion of flow field kinetic energy into gravitational potential
energy and its frictional dissipation as heat, both of which are di-
rect functions of gravity. A function that interpolates between
the two regimes is given by

pV ¼ K1 p2 þ K2p
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where K1 and K2 are scaling coefficients for a given surface material
and l is the scaling exponent (see Table 2 for values). The scaling
parameters are empirically estimated for different materials from
laboratory experiments, numerical computations, and comparison
to explosion cratering results. The p-groups are non-dimensional:
pV describes the overall cratering efficiency, and is dependent on
the gravity-scaled size (p2) and the strength measure (p3). General
definitions of the p-groups are

pV ¼
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; p2 ¼
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U2 ; p3 ¼

Y
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where q is the density of the target material, V is the volume of the
resulting crater, m is the mass of the impactor, a is the impactor ra-
dius, U is impact velocity, and Y is a measure of target strength
(Holsapple, 1993). There is no simple size division between craters
formed in the strength versus the gravity regimes as illustrated in
Fig. 5, as the transition spans an order of magnitude or more in
p2 and appears to depend on impactor velocity. We note that the
cratering efficiency itself is independent of the ratio of the target
to impactor densities, but this ratio does appear on the right hand
side of Eq. (2) in its most general form (see Holsapple, 1993). The
density ratio is nominally taken as unity for secondaries, and is
not included for the ice-on-ice secondary impacts considered here.

In principle one could substitute Eq. (3) into Eq. (2) to solve for a
in a given cratering situation, but there is no closed-form solution.
Instead we follow the example of Holsapple (1993) and plot pV as a
function of p2, and insert Y/qU2 for p3. Fig. 5 shows this curve for
cold ice parameters and various impact velocities. The values of
p2 for the fragments that made the secondary craters measured
around Tyre, Achelous, and Gilgamesh are in the range of
!4 ' 10$4 to 1 ' 10$2 (fragment sizes are determined below), thus
these impacts are predicted to be in the gravity regime for the
associated range of impact velocities (!200 m s$1 to 1 km s$1). In
fact, only meter-sized impactors would shift pV into the transition
region between the two regimes as a function of impact speed
(lower speeds for secondaries, intermediate speeds for sesqui-
naries, and higher, cometary speeds for primaries); thus, strength
regime craters are nearly invisible on Europa and Ganymede given

Fig. 4. (a) Ganymede’s largest basin, Gilgamesh (585 km in diameter; dashed circle
indicates the equivalent rim, centered at !62!S, 125!W), with mapped secondaries
(n = 445) in yellow. Large, white outline shows the extent of higher resolution
Voyager 2 imagery (180 m px$1) and smaller white rectangle is inset of secondary
chains in b. (b) Red solid circle is centered on the largest measured secondary
(21.3 km in diameter); blue, dotted circle is centered on the largest secondary in an
obvious radial chain (18.6 km); and yellow dashed circle shows an example of a
crater that was marked as a possible primary only due to (1) its somewhat fresher
and sharper rim compared with surrounding secondaries, (2) its large size at this
radial distance (24-km diameter), and (3) that it is not in an obvious radial chain.
The latter crater also showed up as an obvious outlier in the SVD and thus was not
included in the main analysis. Alternatively, all three circled craters are later
primary impacts. (c) Topography of portion of scene in (b) derived from stereo-
controlled photoclinometry (courtesy of P.M. Schenk). (d) Topographic profiles of
largest measured secondary (a–a0) and nearby chain secondaries (b–b0) and (c–c0).
Crater depths (rim-to-floor) vary from 0.8 to 1 km; floors appear flat with central
peaks. Note vertical exaggeration.
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²  １次クレーターと２次クレーターの判別が難しい 

Ø  clusterとchain構造をなしている⽐比較的⼤大きなク
レーターのみカウンティング 

Ø  リム構造の傾斜が⼤大きく、chain状に位置していな
く、周りより⼤大きなクレーターは除外(図b⻩黄⾊色) 
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tr (McKinnon and Schenk, 1995), where Dfinal and
Dtr are the final and transient crater diameters, respectively, given
in km (Dfinal is measured to rim-to-rim; values of Dtr are given in
Table 1).

To derive the ejecta fragment size (dfrag) from the measured
diameter of each secondary crater (Dsec), we use the Schmidt–Hols-
apple scaling relations for hypervelocity impacts (e.g., Holsapple,
1993) with updated parameters (keith.aa.washington.edu/crater-
data/scaling/theory.pdf). The scaling equations relate the proper-
ties of the impactor to the volume of the resulting transient
crater on a given body (which can then be converted to a final
diameter for complex craters), or vice versa. For the purposes of
these calculations, we consider both solid, low-porosity ice and
porous ice regolith as models for the surfaces of Europa and Gany-
mede. For lower surface gravities and smaller impactors, the
strength of solid surface material will strongly control the size of
the resulting crater (i.e., the ‘‘strength regime’’). For larger gravities
and impactor sizes, the strength of the material is more easily over-
come. In this ‘‘gravity regime’’ the final crater size is limited by
conversion of flow field kinetic energy into gravitational potential
energy and its frictional dissipation as heat, both of which are di-
rect functions of gravity. A function that interpolates between
the two regimes is given by

pV ¼ K1 p2 þ K2p
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where K1 and K2 are scaling coefficients for a given surface material
and l is the scaling exponent (see Table 2 for values). The scaling
parameters are empirically estimated for different materials from
laboratory experiments, numerical computations, and comparison
to explosion cratering results. The p-groups are non-dimensional:
pV describes the overall cratering efficiency, and is dependent on
the gravity-scaled size (p2) and the strength measure (p3). General
definitions of the p-groups are

pV ¼
qV
m
; p2 ¼
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U2 ; p3 ¼

Y
qU2 ; ð3Þ

where q is the density of the target material, V is the volume of the
resulting crater, m is the mass of the impactor, a is the impactor ra-
dius, U is impact velocity, and Y is a measure of target strength
(Holsapple, 1993). There is no simple size division between craters
formed in the strength versus the gravity regimes as illustrated in
Fig. 5, as the transition spans an order of magnitude or more in
p2 and appears to depend on impactor velocity. We note that the
cratering efficiency itself is independent of the ratio of the target
to impactor densities, but this ratio does appear on the right hand
side of Eq. (2) in its most general form (see Holsapple, 1993). The
density ratio is nominally taken as unity for secondaries, and is
not included for the ice-on-ice secondary impacts considered here.

In principle one could substitute Eq. (3) into Eq. (2) to solve for a
in a given cratering situation, but there is no closed-form solution.
Instead we follow the example of Holsapple (1993) and plot pV as a
function of p2, and insert Y/qU2 for p3. Fig. 5 shows this curve for
cold ice parameters and various impact velocities. The values of
p2 for the fragments that made the secondary craters measured
around Tyre, Achelous, and Gilgamesh are in the range of
!4 ' 10$4 to 1 ' 10$2 (fragment sizes are determined below), thus
these impacts are predicted to be in the gravity regime for the
associated range of impact velocities (!200 m s$1 to 1 km s$1). In
fact, only meter-sized impactors would shift pV into the transition
region between the two regimes as a function of impact speed
(lower speeds for secondaries, intermediate speeds for sesqui-
naries, and higher, cometary speeds for primaries); thus, strength
regime craters are nearly invisible on Europa and Ganymede given

Fig. 4. (a) Ganymede’s largest basin, Gilgamesh (585 km in diameter; dashed circle
indicates the equivalent rim, centered at !62!S, 125!W), with mapped secondaries
(n = 445) in yellow. Large, white outline shows the extent of higher resolution
Voyager 2 imagery (180 m px$1) and smaller white rectangle is inset of secondary
chains in b. (b) Red solid circle is centered on the largest measured secondary
(21.3 km in diameter); blue, dotted circle is centered on the largest secondary in an
obvious radial chain (18.6 km); and yellow dashed circle shows an example of a
crater that was marked as a possible primary only due to (1) its somewhat fresher
and sharper rim compared with surrounding secondaries, (2) its large size at this
radial distance (24-km diameter), and (3) that it is not in an obvious radial chain.
The latter crater also showed up as an obvious outlier in the SVD and thus was not
included in the main analysis. Alternatively, all three circled craters are later
primary impacts. (c) Topography of portion of scene in (b) derived from stereo-
controlled photoclinometry (courtesy of P.M. Schenk). (d) Topographic profiles of
largest measured secondary (a–a0) and nearby chain secondaries (b–b0) and (c–c0).
Crater depths (rim-to-floor) vary from 0.8 to 1 km; floors appear flat with central
peaks. Note vertical exaggeration.
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Dtr:トランジェントクレーター直径 
Dfinal:最終クレーター直径    ρ:標的密度度 
m:弾丸質量量 　 　       g:重⼒力力加速度度 
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サイズスケーリング則 (Hoslapple,1993)
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π 2 =
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規格化クレーター体積 規格化重⼒力力 規格化強度度

u 破⽚片サイズ・破⽚片速度度の導出 

²  ２次クレーターの存在領領域→エジェクタの破⽚片速度度 

²  ２次クレーターサイズ→イジェクタ破⽚片サイズ 

Ø  イジェクタは弾道軌道を仮定 

Ø  イジェクタ放出⾓角度度は45° (Cintala et al.1999) 

Ø  0.25Dtrから破⽚片が放出 

Ø  Dtrの⾒見見積もりは 　 　 　 　 　 　                を⽤用いる 

²  クレータースケーリング則から破⽚片サイズと２次クレーターサイズの関係式を導く 

the current image resolutions.2 For a porous, regolith-like material
we use the parameters for ‘‘dry sand’’, which has no effective
strength; thus impacts into this material will always be in the grav-
ity regime, also shown in Fig. 5. We comment on the low cratering
efficiencies implied by Fig. 5, and other potential scaling limitations,
at the end of this section and in Appendix A.

For the gravity regime we are concerned with the relation

pV ¼ K1p
"3l
2þl
2 : ð4Þ

The cratering efficiency, pV, is the ratio of the mass of the material
that is ejected or displaced when making the crater (secondary cra-
ter in this case) to the mass of the ejecta fragment. This relation can
be written as Vsecq/Vfragd, where Vsec, Vfrag, q, and d are the volumes
and densities of the surface material and the impacting fragment,
respectively. As noted, for secondary craters on icy bodies q and d
are logically assumed to be the same. For secondaries, the impactor
radius afrag = dfrag/2. For the above equations, t refers to the vertical
velocity component, so a factor of cosh is introduced for non-verti-
cal impactors (e.g., Chapman and McKinnon, 1986; Holsapple,
1993), and again h is assumed to be 45! (this angular dependence,
based on numerical calculations, appears reasonably accurate for
frictional materials [Elbeshausen et al., 2009]). Additionally, the im-
pact velocity for the secondary craters is taken to be the same as the
ejection velocity (tfrag = tej), as there is no atmospheric resistance to
slow the fragments after ejection on the icy satellites in question.
The resulting equation is

V sec

Vfrag
¼ K1

gdfrag=2

ðtfrag cos hÞ2

 !"3l
2þl

: ð5Þ

We use the K1 and l most suitable for cold, non-porous ice, as well
as a porous material (dry sand) representing icy regolith.

Finally, we must make some assumptions about the crater
shape to convert crater volume into diameter. We use a depth-
to-diameter (H/D) ratio of 0.125, lower than the canonical ratio
of 0.2 for simple, primary craters (e.g., as on the Moon), but a better
approximation for fresh secondary craters. Our H/D value is slightly
lower than the mean or mode found in the recent study of Europa
secondaries by Bierhaus and Schenk (2010), H/D & 0.135. Our
slightly lower value offsets the fact that the secondary depths in
Bierhaus and Schenk were measured from the rim crest, whereas
the Schmidt–Holsapple equations apply to the apparent depth of
the transient crater, or the depth measured from the ground plane.
A value of 0.125 is also the same H/D assumed by Vickery (1986,
1987), and so aids in comparisons. Using a paraboloid shape for
the ‘‘excavated’’ crater (meaning the excavated and displaced vol-
ume), this H/D ratio yields Vsec ¼ 0:4ðDsec=2Þ3 ¼ 0:05D3

sec and thus
the equation becomes

0:05D3
sec

ð4=3Þpðdfrag=2Þ3
¼ K1

gðdfrag=2Þ
ðtfrag cos hÞ2

 !"3l
2þl

: ð6Þ

With the above assumptions and parameters we solve for the frag-
ment diameter (dfrag). In the case of a solid surface the resulting
equation is

dfrag ¼ 1:003D1:277
sec ðg=t2

fragÞ
0:277

: ð7aÞ

Europa and Ganymede have both been extensively resurfaced
(Ganymede to a lesser extent overall, although Achelous formed
on younger grooved terrain). This suggests regolith layers from im-
pact gardening are relatively thin (ostensibly, only a few meters for
Europa; Moore et al., 2009), although the surface may be or have
been fractured to a greater depth by tectonics and locally by larger
primary impacts. Many of the secondary craters we mapped are
fairly large, especially for Gilgamesh on Ganymede, and thus
should be mostly forming in low-porosity ice below any regolith.
For completeness, however, we also calculate the results for sec-
ondary impacts with porous material parameters representing an
icy regolith:

dfrag ¼ 0:878D1:205
sec ðg=t2

fragÞ
0:205

: ð7bÞ

Many of Gilgamesh’s secondary craters are larger than a few km
across, and are thus complex rather than simple in shape. Appro-
priately, we must modify our crater volume formula. The depths
(H) of smaller complex craters on Ganymede (primaries) were
found by Schenk (2002) to be proportional to D0.42. We adopt this
slope, and extrapolate from Schenk’s simple-to-complex transition
depth of 0.4 km to arrive at a self-consistent formula of H/
D = 0.125(Dsec/3 km)"0.58, for Dsec > 3 km. Actual depth measure-
ments for Gilgamesh (Fig. 4c and d) are well-matched by this for-
mula. The resulting scaling equation for fragment diameters for
solid ice is

dfrag ¼ 1:304D1:030
sec ðg=t2

fragÞ
0:277

; ð8aÞ

and for porous icy regolith is

dfrag ¼ 1:126D0:972
sec ðg=t2

fragÞ
0:205

; ð8bÞ

where all variables are in MKS units. Rigorously, Eqs. (7) and (8)
should refer to the transient cavity, which is less wide but deeper
than the apparent crater we use. Unfortunately we have little guid-
ance on the specific geometric details for secondary craters, even for
those on the Moon (this in contrast to the situation for primary cra-
ters (Grieve and Garvin, 1984)). Hence, while excavated volumes
are likely to be similar to our estimates, a systematic uncertainty
of '50% would not be unwarranted.

Fig. 5. Cratering efficiency (pV) as a function of gravity-scaled size (p2) for impacts
into cold, non-porous ice and ice regolith (http://keith.aa.washington.edu/crater-
data/scaling/theory.pdf). Shaded bar shows the range of p2 values for secondaries
determined in this study, and the inset illustrates quantities used in application of
ballistic range and crater scaling equations to calculate ejecta fragment velocity and
size. All of the secondaries in question form safely in the gravity regime, but the
largest and slowest reach the limit of point-source impactor scaling, as pV declines
towards unity. The cratering efficiency in the strength regime shown above is high
compared with that for laboratory experiments on intact ice samples (e.g., Lange
and Ahrens, 1987), but in actuality Y decreases with increasing scale; at the
geological scales of interest here, secondary formation most likely occurs in the
gravity regime (cf. Holsapple, 1993).

2 From another perspective, the transition crater diameter between the strength
and gravity regimes only depends on Y and g, for scale- and rate-independent
strength, and is predicted to be of order 100 m on Europa and Ganymede (Chapman
and McKinnon, 1986).
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²  エジェクタ破⽚片速度度の推定 
(Melosh,1989)
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the current image resolutions.2 For a porous, regolith-like material
we use the parameters for ‘‘dry sand’’, which has no effective
strength; thus impacts into this material will always be in the grav-
ity regime, also shown in Fig. 5. We comment on the low cratering
efficiencies implied by Fig. 5, and other potential scaling limitations,
at the end of this section and in Appendix A.

For the gravity regime we are concerned with the relation

pV ¼ K1p
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2 : ð4Þ

The cratering efficiency, pV, is the ratio of the mass of the material
that is ejected or displaced when making the crater (secondary cra-
ter in this case) to the mass of the ejecta fragment. This relation can
be written as Vsecq/Vfragd, where Vsec, Vfrag, q, and d are the volumes
and densities of the surface material and the impacting fragment,
respectively. As noted, for secondary craters on icy bodies q and d
are logically assumed to be the same. For secondaries, the impactor
radius afrag = dfrag/2. For the above equations, t refers to the vertical
velocity component, so a factor of cosh is introduced for non-verti-
cal impactors (e.g., Chapman and McKinnon, 1986; Holsapple,
1993), and again h is assumed to be 45! (this angular dependence,
based on numerical calculations, appears reasonably accurate for
frictional materials [Elbeshausen et al., 2009]). Additionally, the im-
pact velocity for the secondary craters is taken to be the same as the
ejection velocity (tfrag = tej), as there is no atmospheric resistance to
slow the fragments after ejection on the icy satellites in question.
The resulting equation is

V sec

Vfrag
¼ K1

gdfrag=2

ðtfrag cos hÞ2
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: ð5Þ

We use the K1 and l most suitable for cold, non-porous ice, as well
as a porous material (dry sand) representing icy regolith.

Finally, we must make some assumptions about the crater
shape to convert crater volume into diameter. We use a depth-
to-diameter (H/D) ratio of 0.125, lower than the canonical ratio
of 0.2 for simple, primary craters (e.g., as on the Moon), but a better
approximation for fresh secondary craters. Our H/D value is slightly
lower than the mean or mode found in the recent study of Europa
secondaries by Bierhaus and Schenk (2010), H/D & 0.135. Our
slightly lower value offsets the fact that the secondary depths in
Bierhaus and Schenk were measured from the rim crest, whereas
the Schmidt–Holsapple equations apply to the apparent depth of
the transient crater, or the depth measured from the ground plane.
A value of 0.125 is also the same H/D assumed by Vickery (1986,
1987), and so aids in comparisons. Using a paraboloid shape for
the ‘‘excavated’’ crater (meaning the excavated and displaced vol-
ume), this H/D ratio yields Vsec ¼ 0:4ðDsec=2Þ3 ¼ 0:05D3

sec and thus
the equation becomes

0:05D3
sec

ð4=3Þpðdfrag=2Þ3
¼ K1

gðdfrag=2Þ
ðtfrag cos hÞ2

 !"3l
2þl

: ð6Þ

With the above assumptions and parameters we solve for the frag-
ment diameter (dfrag). In the case of a solid surface the resulting
equation is

dfrag ¼ 1:003D1:277
sec ðg=t2

fragÞ
0:277

: ð7aÞ

Europa and Ganymede have both been extensively resurfaced
(Ganymede to a lesser extent overall, although Achelous formed
on younger grooved terrain). This suggests regolith layers from im-
pact gardening are relatively thin (ostensibly, only a few meters for
Europa; Moore et al., 2009), although the surface may be or have
been fractured to a greater depth by tectonics and locally by larger
primary impacts. Many of the secondary craters we mapped are
fairly large, especially for Gilgamesh on Ganymede, and thus
should be mostly forming in low-porosity ice below any regolith.
For completeness, however, we also calculate the results for sec-
ondary impacts with porous material parameters representing an
icy regolith:

dfrag ¼ 0:878D1:205
sec ðg=t2

fragÞ
0:205

: ð7bÞ

Many of Gilgamesh’s secondary craters are larger than a few km
across, and are thus complex rather than simple in shape. Appro-
priately, we must modify our crater volume formula. The depths
(H) of smaller complex craters on Ganymede (primaries) were
found by Schenk (2002) to be proportional to D0.42. We adopt this
slope, and extrapolate from Schenk’s simple-to-complex transition
depth of 0.4 km to arrive at a self-consistent formula of H/
D = 0.125(Dsec/3 km)"0.58, for Dsec > 3 km. Actual depth measure-
ments for Gilgamesh (Fig. 4c and d) are well-matched by this for-
mula. The resulting scaling equation for fragment diameters for
solid ice is

dfrag ¼ 1:304D1:030
sec ðg=t2

fragÞ
0:277

; ð8aÞ

and for porous icy regolith is

dfrag ¼ 1:126D0:972
sec ðg=t2

fragÞ
0:205

; ð8bÞ

where all variables are in MKS units. Rigorously, Eqs. (7) and (8)
should refer to the transient cavity, which is less wide but deeper
than the apparent crater we use. Unfortunately we have little guid-
ance on the specific geometric details for secondary craters, even for
those on the Moon (this in contrast to the situation for primary cra-
ters (Grieve and Garvin, 1984)). Hence, while excavated volumes
are likely to be similar to our estimates, a systematic uncertainty
of '50% would not be unwarranted.

Fig. 5. Cratering efficiency (pV) as a function of gravity-scaled size (p2) for impacts
into cold, non-porous ice and ice regolith (http://keith.aa.washington.edu/crater-
data/scaling/theory.pdf). Shaded bar shows the range of p2 values for secondaries
determined in this study, and the inset illustrates quantities used in application of
ballistic range and crater scaling equations to calculate ejecta fragment velocity and
size. All of the secondaries in question form safely in the gravity regime, but the
largest and slowest reach the limit of point-source impactor scaling, as pV declines
towards unity. The cratering efficiency in the strength regime shown above is high
compared with that for laboratory experiments on intact ice samples (e.g., Lange
and Ahrens, 1987), but in actuality Y decreases with increasing scale; at the
geological scales of interest here, secondary formation most likely occurs in the
gravity regime (cf. Holsapple, 1993).

2 From another perspective, the transition crater diameter between the strength
and gravity regimes only depends on Y and g, for scale- and rate-independent
strength, and is predicted to be of order 100 m on Europa and Ganymede (Chapman
and McKinnon, 1986).
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and Holsapple, 2011). Non-porous materials in particular appear to
converge along a well-defined trend (Fig. 14 in Housen and Holsap-
ple, 2011), with tej=

ffiffiffiffiffiffi
gR

p
= constant at the apparent crater rim.

Defining d!fmax as the largest ejected block diameter, Eq. (A.17) thus
becomes

d!fmax

R
/ qgR

T

" #l"b
2

; ðA:18Þ

or

d!fmax / R
2þl"b

2 / D
2þl"b

2 ; ðA:19Þ

for a given q, g, and T.
From Moore (1971) and Bart and Melosh (2007), d!fmax / D2=3,

which yields b = l + 2/3 (for rock). The scaling exponent l is con-
strained to the interval [1/3,2/3], corresponding to the momentum
and energy scaling limits (Holsapple and Schmidt, 1982), so like-
wise b is constrained to the interval [1,4/3]. It is interesting to note
that many of the b values reported here for Europa and Ganymede
(Fig. 10), and for the terrestrial planets (Fig. 16), fall within this
range, when errors are considered. For non-porous rock or ice, l
is well determined to be 0.55, which implies b = 1.2 in particular.
We tentatively conclude that the exponent reported by Bart and
Melosh (2007), and by Moore (1971) before them, is consistent
with the b values reported in this paper.

The astute reader may note that whereas above derivation best
applies to simple (or transient) craters, the D2/3 ejecta-block scaling
of Moore, Bart, and Melosh incorporates data from complex craters
as well. The scatter in the block/boulder measurements is such,
and the range in crater diameter covered so great, however, that
adjustments to transient diameter for the handful of complex cra-
ters measured do not affect the log–log slope (see figure in Moore,
1971).

Continuing, if d!fmax / D2=3, then (l " b)/2 = "1/3 in Eq. (A.18). D2/3

ejecta-block scaling motivated our original normalization of scaled
ejecta fragment size in Fig. 14, i.e., a factor of (Rtr/Rtr,Tyre)1/3 on the
ordinate (and we referenced an argument for D0.8 scaling as
well). Upon review, we multiplied an additional factor of

(gtr/gtr,Tyre)1/3, based on the scaling above. We do not explicitly con-
sider q or T in the scaling in Fig. 14 because (1) we do not know T,
and (2) we expect q and T to be similar for the four icy satellite cra-
ters regardless. This normalization does not make the secondary
distributions of all four craters (Tyre, Achelous, Gilgamesh, and
Pwyll) perfectly coincident, but goes a long way. The secondary
data may still be subject to azimuthal biases and uncertainties in
proper transient crater diameter, in some instances. Note also that
we still fit for b in an overall quantile regression, although formally
b = 1.2 is determined by assuming d!fmax / D2=3. It is debatable which
exponent is actually better determined, that for maximum frag-
ment size or velocity! After all, icy ejecta blocks may not scale with
crater diameter exactly as rocky ejecta blocks do.

Finally, if we do assume b = l + 2/3 and non-porous scaling
(l = 0.55), then Eq. (A.17) explicitly becomes

dfmax

R
/ qgR

T

" #"1=3 tejffiffiffiffiffiffi
gR

p
 !"1:2

: ðA:20Þ

Compared with Eq. (9) (or Eq. (15) in Melosh (1984)), we see that
d!fmax / ðT=qÞ

1=3, not T/q. By this logic, maximal ice ejecta fragments,
that is, spalls, should be no more than &20–35% smaller than their
rocky counterparts, for similar gravity and crater size. If so, the ‘‘dis-
crepancies’’ in Figs. 17 and 18 may be more illusory than real. Of
course, point-source (coupling parameter) scaling does not rule
out dfmax / T, but such would imply a steeper velocity dependence
than in Eq. (A.20). More work on secondary and ejecta block distri-
butions for terrestrial planet craters would be very valuable in this
regard, and as well as high-resolution numerical modeling of the
ejection and spallation process.

Appendix D. Secondary crater size–frequency distributions

The secondary craters mapped for the three craters in this study
generally exhibit steep size–frequency distribution (SFD) slopes at
the large size end (Fig. D.20 and Table D.7), typical of secondary
crater SFDs (McEwen and Bierhaus, 2006). Other SFD slopes
reported for secondary populations on rocky and icy bodies are

Fig. D.20. Cumulative size–frequency plots for secondary crater fields around the three primary craters in this study. Gray points indicate diameter range use for cumulative
curve fitting to largest craters (solid red line). A fit to the size–frequency distribution for the Tyre high resolution inset (Fig. 2b), N(>D) = 1.4 ' 104D"6.3±0.2, is similar to the fit
for Tyre as a whole. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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presumably due to the transition from the ejecta block and blanket
style of emplacement to the field of secondary craters (or possibly
due to the overestimated cratering efficiencies as previously dis-
cussed); therefore, anchoring our curve fitting in this manner
may give us a better measure, particularly for Tyre and Gilgamesh.
The velocity exponents (b) for the two different fits are consistent
within the formal errors, for each crater respectively (Table 3),
although only barely so for Achelous. The Achelous mosaic, how-
ever, only allows for measurements over a fairly limited velocity
range (already a problem), so the subset may not be as representa-
tive as the full dataset (b is in particular poorly constrained).

Note that an average or median fragment size is not particularly
meaningful for these datasets because they would be strongly con-
trolled by the smallest measured secondaries, which are controlled
by our mosaic resolutions, and unlikely to be an actual physical
characteristic of the ejecta formation process. The size–frequency
distributions of such secondary crater populations are quite steep,
however (McEwen and Bierhaus, 2006), which implies a ‘‘cut-off’’

or change in power-law slope at small sizes, lest the total ejected
mass become infinite.

To explore the robustness of the above results, we examined
several variations of the scaling or fitting parameters. Fragment
scaling for a porous target material (regolith) is compared with
that for the solid in Fig. 8. In the gravity regime, a larger fragment
is necessary to form the same size secondary crater in a porous tar-
get because more of the energy goes into compaction of the mate-
rial and dissipation (e.g., Holsapple, 1993). This effect is not as
pronounced for larger secondary craters (the large secondaries of
Gilgamesh being the prime example), as the gravity-scaled
cratering efficiencies for cold ice and ice regolith converge at large
p2 (Fig. 5). Overall, the distributions and fits are quite similar
(Table 3), with fits to the porous scaling predicting slightly larger
fragments sizes. The velocity exponents (b) are mostly within the
error bars of each other.

Fig. 6. Secondary crater measurements for the three primary craters studied. Black
bars indicate primary radius. Striping in Achelous data is due to measuring
secondary diameters to whole numbers of pixels. Note changes in axes. Size–
frequency distributions for these secondary populations are given in Appendix D.

Fig. 7. Size–velocity distributions (SVDs) for ejecta fragments at the three primary
craters studied (scaling for a solid target in the gravity regime). Quantile regression
(QR) was used to fit the maximum fragment size for a given ejection/impact
velocity. Fits to the 99th quantile are shown (fit parameters listed in Table 3). Two
different fits are shown for each primary, one for the full dataset and one for a
subset where the largest secondary sets a low velocity cutoff. Note change in axes
for Gilgamesh.
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Size-distribution of  secondary craters
²  ２次クレーターのサイズ分布

Ø  １次クレーターからの距離離と２次クレーターのサイズ
の関係  (右図) 

ー  ⿊黒線は１次クレーターのサイズ 

ー  遠くになるにつれてクレーターサイズは⼩小さい 

Ø  ２次クレーターのサイズ頻度度分布  (下図) 

 　     　ー  １次クレーターと傾きが異異なる 

 　 　  ー  解像度度や観測場所によって変化する 



Fragment diameter and velocity

presumably due to the transition from the ejecta block and blanket
style of emplacement to the field of secondary craters (or possibly
due to the overestimated cratering efficiencies as previously dis-
cussed); therefore, anchoring our curve fitting in this manner
may give us a better measure, particularly for Tyre and Gilgamesh.
The velocity exponents (b) for the two different fits are consistent
within the formal errors, for each crater respectively (Table 3),
although only barely so for Achelous. The Achelous mosaic, how-
ever, only allows for measurements over a fairly limited velocity
range (already a problem), so the subset may not be as representa-
tive as the full dataset (b is in particular poorly constrained).

Note that an average or median fragment size is not particularly
meaningful for these datasets because they would be strongly con-
trolled by the smallest measured secondaries, which are controlled
by our mosaic resolutions, and unlikely to be an actual physical
characteristic of the ejecta formation process. The size–frequency
distributions of such secondary crater populations are quite steep,
however (McEwen and Bierhaus, 2006), which implies a ‘‘cut-off’’

or change in power-law slope at small sizes, lest the total ejected
mass become infinite.

To explore the robustness of the above results, we examined
several variations of the scaling or fitting parameters. Fragment
scaling for a porous target material (regolith) is compared with
that for the solid in Fig. 8. In the gravity regime, a larger fragment
is necessary to form the same size secondary crater in a porous tar-
get because more of the energy goes into compaction of the mate-
rial and dissipation (e.g., Holsapple, 1993). This effect is not as
pronounced for larger secondary craters (the large secondaries of
Gilgamesh being the prime example), as the gravity-scaled
cratering efficiencies for cold ice and ice regolith converge at large
p2 (Fig. 5). Overall, the distributions and fits are quite similar
(Table 3), with fits to the porous scaling predicting slightly larger
fragments sizes. The velocity exponents (b) are mostly within the
error bars of each other.

Fig. 6. Secondary crater measurements for the three primary craters studied. Black
bars indicate primary radius. Striping in Achelous data is due to measuring
secondary diameters to whole numbers of pixels. Note changes in axes. Size–
frequency distributions for these secondary populations are given in Appendix D.

Fig. 7. Size–velocity distributions (SVDs) for ejecta fragments at the three primary
craters studied (scaling for a solid target in the gravity regime). Quantile regression
(QR) was used to fit the maximum fragment size for a given ejection/impact
velocity. Fits to the 99th quantile are shown (fit parameters listed in Table 3). Two
different fits are shown for each primary, one for the full dataset and one for a
subset where the largest secondary sets a low velocity cutoff. Note change in axes
for Gilgamesh.
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²  破⽚片速度度vejとvejにおける最⼤大破⽚片サイズdfmax
Ø  dfmaxとvejの関係 

 

Ø  分位点回帰法でフィッテイング  (Koenker, 2005) 
 　 　ー  データの99%回帰線より下に位置する 

1.  太線：すべてのデータ 

 　 　ー  破⽚片速度度が⼤大きいと破⽚片サイズは⼩小さい 

2.  細線：最⼤大破⽚片の持つvejを下限値と設定 

 　 　ー  最⼤大破⽚片が最も速度度が遅いわけではない 

d f max = Avej
−β

Additional fits to the 95th and 90th quantiles for cold, non-por-
ous ice are plotted with the data in Fig. 9, the fitted parameters are
given in Tables B.5 and B.6, and a graphical comparison of the var-
ious velocity exponents (b) is given in Fig. 10. In general, these low-
er quantiles are increasingly statistically more robust, although
they cannot fully capture the largest secondaries at any radial dis-
tance or ejection velocity. The 99th quantile is particularly suscep-
tible to statistical outliers. Of the three craters studied here, Tyre
gives the most consistent velocity exponents, full dataset or subset.
The magnitude of the pre-exponential factor A generally scales to
lower values with lower quantiles, as expected, but the slopes
are comparable across quantiles, again often within the error bars.
Nevertheless, it is apparent that the slope of the SVD for Gilgamesh
is considerably steeper than that of Tyre or Achelous (Fig. 10),
regardless of scaling or fitting approach.

We also investigated an alternative set of secondary craters for
Gilgamesh, including 100 additional craters in the size range of
!4-to-24 km in diameter that could be secondaries but are not in
radial chains or clusters (not shown here). Only a few of these cra-
ters fell within the upper diameter range of the SVD, and thus are
capable of affecting the quantile regression fits. A fit to 99th quan-
tile of this augmented SVD resulted in a b of 2.53 ± 0.48 (cold, non-
porous ice), which is in the range of the fits in Tables 3, B.5 and B.6.
Gilgamesh ejecta appears most prominent to the north and south
(Fig. 4a), no doubt strongly influenced by resolution and Sun angle,
and fits to the northern and southern sections of the secondary field
(as originally mapped) yield b values of 2.15 ± 0.87 and 2.45 ± 0.34,
respectively. These are similar to the b for all Gilgamesh secondar-
ies (2.07 ± 0.34), considering the uncertainties, but the steeper va-
lue to the south reflects the influence of the prominent chains of
large secondaries there (the actual regression fit for all secondaries
lies between the two, south above and north below). We conclude
that the steepness of the SVD fits for Gilgamesh derives, at least
in part, from these spectacular, large secondary crater chains.

Among the three secondary fields we mapped, the results for
Tyre are likely the most robust. Image coverage extends around
the entire crater and yields the largest number of measurable sec-
ondaries with the largest range of calculated velocities (from 225
to 580 m s"1), in either absolute or gravity-scaled terms (discussed
below). Additionally, this scene is the least likely to be contami-
nated by primaries or secondaries from other craters given Euro-
pa’s young surface, estimated to average between 20 and 200 Ma
(Bierhaus et al., 2009). The results for Achelous have a much more
limited velocity range and the Gilgamesh secondaries are the most
difficult to tell apart from potential primaries of similar size. Our
secondary size distribution versus distance for Tyre (Fig. 6a) is
quite similar to that in Bierhaus and Schenk (2010; their Fig. 7).
Bierhaus and Schenk (2010) used a clustering algorithm to identify
secondaries (and more of them); the similarity of the two datasets,

especially for larger secondaries, supports the results presented in
this paper for Tyre.

Ganymede and Europa have similar gravities, and the similarly-
sized Tyre and Achelous were mapped at comparable resolutions. In
Fig. 11 we plot the SVDs for both craters together, assuming non-
porous ice in the gravity regime for scaling. The merged datasets
clearly overlap, and could easily be considered to be drawn from
the same parent population. For the Achelous data, the upper enve-
lope (99th quantile) drops off more rapidly at higher velocities than
the Tyre fit, but we suspect this is due to the more limited image
coverage of the secondary field at Achelous. If one were to truncate
the Tyre distribution to the same velocity range that is available for
Achelous (200–375 m s"1), the quantile regression fit to the Tyre
data would be much steeper and more uncertain (b = 2.90 ± 0.70
for Tyre in this case). Thus while the full dataset and subset for
Achelous yield b values consistent with the uncertainties, we con-
clude that the full dataset for Achelous is more representative,
and that the Tyre and Achelous distributions are very similar over-
all. Indeed, a composite fit (99th quantile) yields a b = 1.02 ± 0.12,
statistically similar to the Tyre fit alone (b = 0.96 ± 0.13, Table 3).

4.1. Ejecta fragment scaling – preliminary considerations

To compare the SVDs across primaries more generally, we ap-
peal to the ejecta model of Housen and Holsapple (2011). For grav-
ity-dominated primary impacts we scale the secondary fragment
velocities by gravity and the primary crater transient radius, tej/
(gRtr)1/2, and scale the fragment diameters also by the transient ra-
dius, dfrag/Rtr (Fig. 12), recognizing that additional factors may be
involved for the larger secondaries (e.g., spallation fragment size
nominally depends on surface tensile strength (Melosh, 1984),
and see below). As expected, Tyre and Achelous are still similar gi-
ven their similar SVDs and similar Rtr. The Gilgamesh secondaries,
however, are significantly offset, with generally smaller scaled
fragment sizes and scaled ejection velocities. The scaled distribu-
tion of Gilgamesh’s secondary craters suggests that Gilgamesh’s
transient diameter may be overestimated in comparison with Tyre
and Achelous. Certainly, the transient diameter for Gilgamesh is
the least constrained of the three. If we take the point-of-view that
the transition from ejecta blanket to secondary field should gravity
scale (Housen et al., 1983), then Dtr for Gilgamesh should be re-
duced by !1.5. This by itself would not make the upper envelope
of the Gilgamesh SVD match or parallel the other distributions in
terms of b, however.4 Possibly, ejecta/spallation physics may limit

Table 3
Quantile regression fits to 99th quantile of size–velocity distributionsa. Solid and porous targets, gravity regime, all secondaries and subset.

Primary crater (diameter in km) All secondaries Velocity-limited subset

b ln(A) A b ln(A) A

Solid target
Pwyllb (27) 1.21 3.4 # 105

Tyre (38) 0.96 ± 0.13 12.3 ± 0.7 2.24 # 105 1.13 ± 0.16 13.3 ± 1.0 6.12 # 105

Achelous (35) 1.41 ± 0.45 14.7 ± 2.6 2.52 # 106 2.44 ± 0.80 20.7 ± 4.6 9.83 # 108

Gilgamesh (585) 2.07 ± 0.34 22.3 ± 2.3 4.73 # 109 2.55 ± 0.44 25.5 ± 3.0 1.24 # 1011

Porous target
Pwyllb 1.02 1.5 # 105

Tyre 0.79 ± 0.12 11.4 ± 0.7 8.94 # 104 0.95 ± 0.15 12.3 ± 0.9 2.30 # 105

Achelous 1.21 ± 0.41 13.7 ± 2.4 8.63 # 105 2.18 ± 0.72 19.3 ± 4.2 2.32 # 108

Gilgamesh 1.84 ± 0.34 20.8 ± 2.3 1.11 # 109 2.29 ± 0.41 23.9 ± 2.8 2.42 # 1010

a dfmax ¼ At"b
ej , where A and tej are in m and m s"1.

b Alpert and Melosh, (1999).

4 Alternatively, the transient crater sizes for Tyre and Achelous could be increased
by !1.5. Although Tyre’s equivalent and transient crater size could be underesti-
mated, a 33% underestimation seems unlikely (cf. Turtle et al., 1999). Achelous’ rim
diameter is secure, of course.
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Additional fits to the 95th and 90th quantiles for cold, non-por-
ous ice are plotted with the data in Fig. 9, the fitted parameters are
given in Tables B.5 and B.6, and a graphical comparison of the var-
ious velocity exponents (b) is given in Fig. 10. In general, these low-
er quantiles are increasingly statistically more robust, although
they cannot fully capture the largest secondaries at any radial dis-
tance or ejection velocity. The 99th quantile is particularly suscep-
tible to statistical outliers. Of the three craters studied here, Tyre
gives the most consistent velocity exponents, full dataset or subset.
The magnitude of the pre-exponential factor A generally scales to
lower values with lower quantiles, as expected, but the slopes
are comparable across quantiles, again often within the error bars.
Nevertheless, it is apparent that the slope of the SVD for Gilgamesh
is considerably steeper than that of Tyre or Achelous (Fig. 10),
regardless of scaling or fitting approach.

We also investigated an alternative set of secondary craters for
Gilgamesh, including 100 additional craters in the size range of
!4-to-24 km in diameter that could be secondaries but are not in
radial chains or clusters (not shown here). Only a few of these cra-
ters fell within the upper diameter range of the SVD, and thus are
capable of affecting the quantile regression fits. A fit to 99th quan-
tile of this augmented SVD resulted in a b of 2.53 ± 0.48 (cold, non-
porous ice), which is in the range of the fits in Tables 3, B.5 and B.6.
Gilgamesh ejecta appears most prominent to the north and south
(Fig. 4a), no doubt strongly influenced by resolution and Sun angle,
and fits to the northern and southern sections of the secondary field
(as originally mapped) yield b values of 2.15 ± 0.87 and 2.45 ± 0.34,
respectively. These are similar to the b for all Gilgamesh secondar-
ies (2.07 ± 0.34), considering the uncertainties, but the steeper va-
lue to the south reflects the influence of the prominent chains of
large secondaries there (the actual regression fit for all secondaries
lies between the two, south above and north below). We conclude
that the steepness of the SVD fits for Gilgamesh derives, at least
in part, from these spectacular, large secondary crater chains.

Among the three secondary fields we mapped, the results for
Tyre are likely the most robust. Image coverage extends around
the entire crater and yields the largest number of measurable sec-
ondaries with the largest range of calculated velocities (from 225
to 580 m s"1), in either absolute or gravity-scaled terms (discussed
below). Additionally, this scene is the least likely to be contami-
nated by primaries or secondaries from other craters given Euro-
pa’s young surface, estimated to average between 20 and 200 Ma
(Bierhaus et al., 2009). The results for Achelous have a much more
limited velocity range and the Gilgamesh secondaries are the most
difficult to tell apart from potential primaries of similar size. Our
secondary size distribution versus distance for Tyre (Fig. 6a) is
quite similar to that in Bierhaus and Schenk (2010; their Fig. 7).
Bierhaus and Schenk (2010) used a clustering algorithm to identify
secondaries (and more of them); the similarity of the two datasets,

especially for larger secondaries, supports the results presented in
this paper for Tyre.

Ganymede and Europa have similar gravities, and the similarly-
sized Tyre and Achelous were mapped at comparable resolutions. In
Fig. 11 we plot the SVDs for both craters together, assuming non-
porous ice in the gravity regime for scaling. The merged datasets
clearly overlap, and could easily be considered to be drawn from
the same parent population. For the Achelous data, the upper enve-
lope (99th quantile) drops off more rapidly at higher velocities than
the Tyre fit, but we suspect this is due to the more limited image
coverage of the secondary field at Achelous. If one were to truncate
the Tyre distribution to the same velocity range that is available for
Achelous (200–375 m s"1), the quantile regression fit to the Tyre
data would be much steeper and more uncertain (b = 2.90 ± 0.70
for Tyre in this case). Thus while the full dataset and subset for
Achelous yield b values consistent with the uncertainties, we con-
clude that the full dataset for Achelous is more representative,
and that the Tyre and Achelous distributions are very similar over-
all. Indeed, a composite fit (99th quantile) yields a b = 1.02 ± 0.12,
statistically similar to the Tyre fit alone (b = 0.96 ± 0.13, Table 3).

4.1. Ejecta fragment scaling – preliminary considerations

To compare the SVDs across primaries more generally, we ap-
peal to the ejecta model of Housen and Holsapple (2011). For grav-
ity-dominated primary impacts we scale the secondary fragment
velocities by gravity and the primary crater transient radius, tej/
(gRtr)1/2, and scale the fragment diameters also by the transient ra-
dius, dfrag/Rtr (Fig. 12), recognizing that additional factors may be
involved for the larger secondaries (e.g., spallation fragment size
nominally depends on surface tensile strength (Melosh, 1984),
and see below). As expected, Tyre and Achelous are still similar gi-
ven their similar SVDs and similar Rtr. The Gilgamesh secondaries,
however, are significantly offset, with generally smaller scaled
fragment sizes and scaled ejection velocities. The scaled distribu-
tion of Gilgamesh’s secondary craters suggests that Gilgamesh’s
transient diameter may be overestimated in comparison with Tyre
and Achelous. Certainly, the transient diameter for Gilgamesh is
the least constrained of the three. If we take the point-of-view that
the transition from ejecta blanket to secondary field should gravity
scale (Housen et al., 1983), then Dtr for Gilgamesh should be re-
duced by !1.5. This by itself would not make the upper envelope
of the Gilgamesh SVD match or parallel the other distributions in
terms of b, however.4 Possibly, ejecta/spallation physics may limit

Table 3
Quantile regression fits to 99th quantile of size–velocity distributionsa. Solid and porous targets, gravity regime, all secondaries and subset.

Primary crater (diameter in km) All secondaries Velocity-limited subset

b ln(A) A b ln(A) A

Solid target
Pwyllb (27) 1.21 3.4 # 105

Tyre (38) 0.96 ± 0.13 12.3 ± 0.7 2.24 # 105 1.13 ± 0.16 13.3 ± 1.0 6.12 # 105

Achelous (35) 1.41 ± 0.45 14.7 ± 2.6 2.52 # 106 2.44 ± 0.80 20.7 ± 4.6 9.83 # 108

Gilgamesh (585) 2.07 ± 0.34 22.3 ± 2.3 4.73 # 109 2.55 ± 0.44 25.5 ± 3.0 1.24 # 1011

Porous target
Pwyllb 1.02 1.5 # 105

Tyre 0.79 ± 0.12 11.4 ± 0.7 8.94 # 104 0.95 ± 0.15 12.3 ± 0.9 2.30 # 105

Achelous 1.21 ± 0.41 13.7 ± 2.4 8.63 # 105 2.18 ± 0.72 19.3 ± 4.2 2.32 # 108

Gilgamesh 1.84 ± 0.34 20.8 ± 2.3 1.11 # 109 2.29 ± 0.41 23.9 ± 2.8 2.42 # 1010

a dfmax ¼ At"b
ej , where A and tej are in m and m s"1.

b Alpert and Melosh, (1999).

4 Alternatively, the transient crater sizes for Tyre and Achelous could be increased
by !1.5. Although Tyre’s equivalent and transient crater size could be underesti-
mated, a 33% underestimation seems unlikely (cf. Turtle et al., 1999). Achelous’ rim
diameter is secure, of course.
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Additional fits to the 95th and 90th quantiles for cold, non-por-
ous ice are plotted with the data in Fig. 9, the fitted parameters are
given in Tables B.5 and B.6, and a graphical comparison of the var-
ious velocity exponents (b) is given in Fig. 10. In general, these low-
er quantiles are increasingly statistically more robust, although
they cannot fully capture the largest secondaries at any radial dis-
tance or ejection velocity. The 99th quantile is particularly suscep-
tible to statistical outliers. Of the three craters studied here, Tyre
gives the most consistent velocity exponents, full dataset or subset.
The magnitude of the pre-exponential factor A generally scales to
lower values with lower quantiles, as expected, but the slopes
are comparable across quantiles, again often within the error bars.
Nevertheless, it is apparent that the slope of the SVD for Gilgamesh
is considerably steeper than that of Tyre or Achelous (Fig. 10),
regardless of scaling or fitting approach.

We also investigated an alternative set of secondary craters for
Gilgamesh, including 100 additional craters in the size range of
!4-to-24 km in diameter that could be secondaries but are not in
radial chains or clusters (not shown here). Only a few of these cra-
ters fell within the upper diameter range of the SVD, and thus are
capable of affecting the quantile regression fits. A fit to 99th quan-
tile of this augmented SVD resulted in a b of 2.53 ± 0.48 (cold, non-
porous ice), which is in the range of the fits in Tables 3, B.5 and B.6.
Gilgamesh ejecta appears most prominent to the north and south
(Fig. 4a), no doubt strongly influenced by resolution and Sun angle,
and fits to the northern and southern sections of the secondary field
(as originally mapped) yield b values of 2.15 ± 0.87 and 2.45 ± 0.34,
respectively. These are similar to the b for all Gilgamesh secondar-
ies (2.07 ± 0.34), considering the uncertainties, but the steeper va-
lue to the south reflects the influence of the prominent chains of
large secondaries there (the actual regression fit for all secondaries
lies between the two, south above and north below). We conclude
that the steepness of the SVD fits for Gilgamesh derives, at least
in part, from these spectacular, large secondary crater chains.

Among the three secondary fields we mapped, the results for
Tyre are likely the most robust. Image coverage extends around
the entire crater and yields the largest number of measurable sec-
ondaries with the largest range of calculated velocities (from 225
to 580 m s"1), in either absolute or gravity-scaled terms (discussed
below). Additionally, this scene is the least likely to be contami-
nated by primaries or secondaries from other craters given Euro-
pa’s young surface, estimated to average between 20 and 200 Ma
(Bierhaus et al., 2009). The results for Achelous have a much more
limited velocity range and the Gilgamesh secondaries are the most
difficult to tell apart from potential primaries of similar size. Our
secondary size distribution versus distance for Tyre (Fig. 6a) is
quite similar to that in Bierhaus and Schenk (2010; their Fig. 7).
Bierhaus and Schenk (2010) used a clustering algorithm to identify
secondaries (and more of them); the similarity of the two datasets,

especially for larger secondaries, supports the results presented in
this paper for Tyre.

Ganymede and Europa have similar gravities, and the similarly-
sized Tyre and Achelous were mapped at comparable resolutions. In
Fig. 11 we plot the SVDs for both craters together, assuming non-
porous ice in the gravity regime for scaling. The merged datasets
clearly overlap, and could easily be considered to be drawn from
the same parent population. For the Achelous data, the upper enve-
lope (99th quantile) drops off more rapidly at higher velocities than
the Tyre fit, but we suspect this is due to the more limited image
coverage of the secondary field at Achelous. If one were to truncate
the Tyre distribution to the same velocity range that is available for
Achelous (200–375 m s"1), the quantile regression fit to the Tyre
data would be much steeper and more uncertain (b = 2.90 ± 0.70
for Tyre in this case). Thus while the full dataset and subset for
Achelous yield b values consistent with the uncertainties, we con-
clude that the full dataset for Achelous is more representative,
and that the Tyre and Achelous distributions are very similar over-
all. Indeed, a composite fit (99th quantile) yields a b = 1.02 ± 0.12,
statistically similar to the Tyre fit alone (b = 0.96 ± 0.13, Table 3).

4.1. Ejecta fragment scaling – preliminary considerations

To compare the SVDs across primaries more generally, we ap-
peal to the ejecta model of Housen and Holsapple (2011). For grav-
ity-dominated primary impacts we scale the secondary fragment
velocities by gravity and the primary crater transient radius, tej/
(gRtr)1/2, and scale the fragment diameters also by the transient ra-
dius, dfrag/Rtr (Fig. 12), recognizing that additional factors may be
involved for the larger secondaries (e.g., spallation fragment size
nominally depends on surface tensile strength (Melosh, 1984),
and see below). As expected, Tyre and Achelous are still similar gi-
ven their similar SVDs and similar Rtr. The Gilgamesh secondaries,
however, are significantly offset, with generally smaller scaled
fragment sizes and scaled ejection velocities. The scaled distribu-
tion of Gilgamesh’s secondary craters suggests that Gilgamesh’s
transient diameter may be overestimated in comparison with Tyre
and Achelous. Certainly, the transient diameter for Gilgamesh is
the least constrained of the three. If we take the point-of-view that
the transition from ejecta blanket to secondary field should gravity
scale (Housen et al., 1983), then Dtr for Gilgamesh should be re-
duced by !1.5. This by itself would not make the upper envelope
of the Gilgamesh SVD match or parallel the other distributions in
terms of b, however.4 Possibly, ejecta/spallation physics may limit

Table 3
Quantile regression fits to 99th quantile of size–velocity distributionsa. Solid and porous targets, gravity regime, all secondaries and subset.

Primary crater (diameter in km) All secondaries Velocity-limited subset

b ln(A) A b ln(A) A

Solid target
Pwyllb (27) 1.21 3.4 # 105

Tyre (38) 0.96 ± 0.13 12.3 ± 0.7 2.24 # 105 1.13 ± 0.16 13.3 ± 1.0 6.12 # 105

Achelous (35) 1.41 ± 0.45 14.7 ± 2.6 2.52 # 106 2.44 ± 0.80 20.7 ± 4.6 9.83 # 108

Gilgamesh (585) 2.07 ± 0.34 22.3 ± 2.3 4.73 # 109 2.55 ± 0.44 25.5 ± 3.0 1.24 # 1011

Porous target
Pwyllb 1.02 1.5 # 105

Tyre 0.79 ± 0.12 11.4 ± 0.7 8.94 # 104 0.95 ± 0.15 12.3 ± 0.9 2.30 # 105

Achelous 1.21 ± 0.41 13.7 ± 2.4 8.63 # 105 2.18 ± 0.72 19.3 ± 4.2 2.32 # 108

Gilgamesh 1.84 ± 0.34 20.8 ± 2.3 1.11 # 109 2.29 ± 0.41 23.9 ± 2.8 2.42 # 1010

a dfmax ¼ At"b
ej , where A and tej are in m and m s"1.

b Alpert and Melosh, (1999).

4 Alternatively, the transient crater sizes for Tyre and Achelous could be increased
by !1.5. Although Tyre’s equivalent and transient crater size could be underesti-
mated, a 33% underestimation seems unlikely (cf. Turtle et al., 1999). Achelous’ rim
diameter is secure, of course.
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Fragment diameter and velocity
²  破⽚片速度度vejとvejにおける最⼤大破⽚片サイズdfmax

Ø  ⿊黒：表⾯面がsolid 

Ø  ⻘青：表⾯面がicy regolith 

ice fragment sizes as ejection velocities reach and exceed 1 km s!1

(truly hypervelocity for ice; Gaffney, 1985), accounting for the rela-
tively sharp decline in fragment size with velocity for Gilgamesh.

The scaled velocities can also be compared to a compilation of
data related to ejection velocity versus fragment launch position
from within the transient crater (x) given by Housen and Holsapple
(2011). In their Fig. 14 the authors plot both their ejecta model
describing the scaled velocities as a function of scaled launch posi-
tion (x/R, where R is the apparent radius, thus"1.1x/Rtr (see Table 2
in Grieve and Garvin, 1984)) and data from gravity-controlled
experiments. We replot their ejecta model fits in our Fig. 13. The
scaled velocities for the three primary craters considered here
are in the range of 1.6 to 4.7 (Fig. 12). The corresponding scaled
launch positions (x/R) closely overlap 0.5 for all three primaries,
the value we take as the launch position (Dtr/4), for both porous
and non-porous scaling. This range of values is thus in good agree-
ment with theory and data about ejection velocity versus launch

position (such as we have), validating our use of Dtr/4 as a nominal
launch position of the secondary fragments.

We emphasize that although the ejection velocities in Figs. 12
and 13 appear to gravity scale, ejecta are launched from positions
where gravity does not influence (or only modestly influences) the
cratering flow field. We are relating the secondaries to primary cra-
ter size, however, which is something that (in most cases) we can
measure, as opposed to primary impactor size and velocity (which
we do not know), and primary crater size does gravity scale (Hou-
sen and Holsapple, 2011). Hence, the gravity scaling is embedded
in Figs. 12 and 13, and especially in Fig. 13, which illustrates ejec-
tion velocities for the bulk of the ejecta. As will be discussed in the
next section, however, secondary crater formation is thought to be
strongly influenced by surface spallation and tensile fragmentation
(Melosh, 1984), and this is especially true for the largest secondar-
ies. In spallation theory, tensile strength (T) and longitudinal

Fig. 8. Comparison of fragment sizes impied by scaling for a porous versus a solid
surface material (both in the gravity regime). The fits for the upper envelope (99th
quantile) of the SVDs are similar, but the porous scaling predicts slightly larger
fragments (fits shown are for the full dataset; parameters listed in Table 3). Note
change in axes for Gilgamesh.

Fig. 9. Quantile regression fits to the 99th, 95th and 90th percentiles of the SVDs
(shown for the full dataset, non-porous ice scaling, gravity regime). Velocity
exponents (Tables 3, B.5 and B.6) are similar within formal errors in all cases. Note
change in axes for Gilgamesh.
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²  ポーラスな標的に、同じ速度度で同サイズのクレー
ターを形成するためには⼤大きな破⽚片が必要になる 

Ø  弾丸の運動エネルギーが標的物質の圧密に使われた
り、散逸が⽣生じるため  (Holsapple 1993) 

Ø  破⽚片サイズは⼤大きくなるがSVDのベキ乗数βは、標
的物質によらず同じような値をとる 

Additional fits to the 95th and 90th quantiles for cold, non-por-
ous ice are plotted with the data in Fig. 9, the fitted parameters are
given in Tables B.5 and B.6, and a graphical comparison of the var-
ious velocity exponents (b) is given in Fig. 10. In general, these low-
er quantiles are increasingly statistically more robust, although
they cannot fully capture the largest secondaries at any radial dis-
tance or ejection velocity. The 99th quantile is particularly suscep-
tible to statistical outliers. Of the three craters studied here, Tyre
gives the most consistent velocity exponents, full dataset or subset.
The magnitude of the pre-exponential factor A generally scales to
lower values with lower quantiles, as expected, but the slopes
are comparable across quantiles, again often within the error bars.
Nevertheless, it is apparent that the slope of the SVD for Gilgamesh
is considerably steeper than that of Tyre or Achelous (Fig. 10),
regardless of scaling or fitting approach.

We also investigated an alternative set of secondary craters for
Gilgamesh, including 100 additional craters in the size range of
!4-to-24 km in diameter that could be secondaries but are not in
radial chains or clusters (not shown here). Only a few of these cra-
ters fell within the upper diameter range of the SVD, and thus are
capable of affecting the quantile regression fits. A fit to 99th quan-
tile of this augmented SVD resulted in a b of 2.53 ± 0.48 (cold, non-
porous ice), which is in the range of the fits in Tables 3, B.5 and B.6.
Gilgamesh ejecta appears most prominent to the north and south
(Fig. 4a), no doubt strongly influenced by resolution and Sun angle,
and fits to the northern and southern sections of the secondary field
(as originally mapped) yield b values of 2.15 ± 0.87 and 2.45 ± 0.34,
respectively. These are similar to the b for all Gilgamesh secondar-
ies (2.07 ± 0.34), considering the uncertainties, but the steeper va-
lue to the south reflects the influence of the prominent chains of
large secondaries there (the actual regression fit for all secondaries
lies between the two, south above and north below). We conclude
that the steepness of the SVD fits for Gilgamesh derives, at least
in part, from these spectacular, large secondary crater chains.

Among the three secondary fields we mapped, the results for
Tyre are likely the most robust. Image coverage extends around
the entire crater and yields the largest number of measurable sec-
ondaries with the largest range of calculated velocities (from 225
to 580 m s"1), in either absolute or gravity-scaled terms (discussed
below). Additionally, this scene is the least likely to be contami-
nated by primaries or secondaries from other craters given Euro-
pa’s young surface, estimated to average between 20 and 200 Ma
(Bierhaus et al., 2009). The results for Achelous have a much more
limited velocity range and the Gilgamesh secondaries are the most
difficult to tell apart from potential primaries of similar size. Our
secondary size distribution versus distance for Tyre (Fig. 6a) is
quite similar to that in Bierhaus and Schenk (2010; their Fig. 7).
Bierhaus and Schenk (2010) used a clustering algorithm to identify
secondaries (and more of them); the similarity of the two datasets,

especially for larger secondaries, supports the results presented in
this paper for Tyre.

Ganymede and Europa have similar gravities, and the similarly-
sized Tyre and Achelous were mapped at comparable resolutions. In
Fig. 11 we plot the SVDs for both craters together, assuming non-
porous ice in the gravity regime for scaling. The merged datasets
clearly overlap, and could easily be considered to be drawn from
the same parent population. For the Achelous data, the upper enve-
lope (99th quantile) drops off more rapidly at higher velocities than
the Tyre fit, but we suspect this is due to the more limited image
coverage of the secondary field at Achelous. If one were to truncate
the Tyre distribution to the same velocity range that is available for
Achelous (200–375 m s"1), the quantile regression fit to the Tyre
data would be much steeper and more uncertain (b = 2.90 ± 0.70
for Tyre in this case). Thus while the full dataset and subset for
Achelous yield b values consistent with the uncertainties, we con-
clude that the full dataset for Achelous is more representative,
and that the Tyre and Achelous distributions are very similar over-
all. Indeed, a composite fit (99th quantile) yields a b = 1.02 ± 0.12,
statistically similar to the Tyre fit alone (b = 0.96 ± 0.13, Table 3).

4.1. Ejecta fragment scaling – preliminary considerations

To compare the SVDs across primaries more generally, we ap-
peal to the ejecta model of Housen and Holsapple (2011). For grav-
ity-dominated primary impacts we scale the secondary fragment
velocities by gravity and the primary crater transient radius, tej/
(gRtr)1/2, and scale the fragment diameters also by the transient ra-
dius, dfrag/Rtr (Fig. 12), recognizing that additional factors may be
involved for the larger secondaries (e.g., spallation fragment size
nominally depends on surface tensile strength (Melosh, 1984),
and see below). As expected, Tyre and Achelous are still similar gi-
ven their similar SVDs and similar Rtr. The Gilgamesh secondaries,
however, are significantly offset, with generally smaller scaled
fragment sizes and scaled ejection velocities. The scaled distribu-
tion of Gilgamesh’s secondary craters suggests that Gilgamesh’s
transient diameter may be overestimated in comparison with Tyre
and Achelous. Certainly, the transient diameter for Gilgamesh is
the least constrained of the three. If we take the point-of-view that
the transition from ejecta blanket to secondary field should gravity
scale (Housen et al., 1983), then Dtr for Gilgamesh should be re-
duced by !1.5. This by itself would not make the upper envelope
of the Gilgamesh SVD match or parallel the other distributions in
terms of b, however.4 Possibly, ejecta/spallation physics may limit

Table 3
Quantile regression fits to 99th quantile of size–velocity distributionsa. Solid and porous targets, gravity regime, all secondaries and subset.

Primary crater (diameter in km) All secondaries Velocity-limited subset

b ln(A) A b ln(A) A

Solid target
Pwyllb (27) 1.21 3.4 # 105

Tyre (38) 0.96 ± 0.13 12.3 ± 0.7 2.24 # 105 1.13 ± 0.16 13.3 ± 1.0 6.12 # 105

Achelous (35) 1.41 ± 0.45 14.7 ± 2.6 2.52 # 106 2.44 ± 0.80 20.7 ± 4.6 9.83 # 108

Gilgamesh (585) 2.07 ± 0.34 22.3 ± 2.3 4.73 # 109 2.55 ± 0.44 25.5 ± 3.0 1.24 # 1011

Porous target
Pwyllb 1.02 1.5 # 105

Tyre 0.79 ± 0.12 11.4 ± 0.7 8.94 # 104 0.95 ± 0.15 12.3 ± 0.9 2.30 # 105

Achelous 1.21 ± 0.41 13.7 ± 2.4 8.63 # 105 2.18 ± 0.72 19.3 ± 4.2 2.32 # 108

Gilgamesh 1.84 ± 0.34 20.8 ± 2.3 1.11 # 109 2.29 ± 0.41 23.9 ± 2.8 2.42 # 1010

a dfmax ¼ At"b
ej , where A and tej are in m and m s"1.

b Alpert and Melosh, (1999).

4 Alternatively, the transient crater sizes for Tyre and Achelous could be increased
by !1.5. Although Tyre’s equivalent and transient crater size could be underesti-
mated, a 33% underestimation seems unlikely (cf. Turtle et al., 1999). Achelous’ rim
diameter is secure, of course.
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Additional fits to the 95th and 90th quantiles for cold, non-por-
ous ice are plotted with the data in Fig. 9, the fitted parameters are
given in Tables B.5 and B.6, and a graphical comparison of the var-
ious velocity exponents (b) is given in Fig. 10. In general, these low-
er quantiles are increasingly statistically more robust, although
they cannot fully capture the largest secondaries at any radial dis-
tance or ejection velocity. The 99th quantile is particularly suscep-
tible to statistical outliers. Of the three craters studied here, Tyre
gives the most consistent velocity exponents, full dataset or subset.
The magnitude of the pre-exponential factor A generally scales to
lower values with lower quantiles, as expected, but the slopes
are comparable across quantiles, again often within the error bars.
Nevertheless, it is apparent that the slope of the SVD for Gilgamesh
is considerably steeper than that of Tyre or Achelous (Fig. 10),
regardless of scaling or fitting approach.

We also investigated an alternative set of secondary craters for
Gilgamesh, including 100 additional craters in the size range of
!4-to-24 km in diameter that could be secondaries but are not in
radial chains or clusters (not shown here). Only a few of these cra-
ters fell within the upper diameter range of the SVD, and thus are
capable of affecting the quantile regression fits. A fit to 99th quan-
tile of this augmented SVD resulted in a b of 2.53 ± 0.48 (cold, non-
porous ice), which is in the range of the fits in Tables 3, B.5 and B.6.
Gilgamesh ejecta appears most prominent to the north and south
(Fig. 4a), no doubt strongly influenced by resolution and Sun angle,
and fits to the northern and southern sections of the secondary field
(as originally mapped) yield b values of 2.15 ± 0.87 and 2.45 ± 0.34,
respectively. These are similar to the b for all Gilgamesh secondar-
ies (2.07 ± 0.34), considering the uncertainties, but the steeper va-
lue to the south reflects the influence of the prominent chains of
large secondaries there (the actual regression fit for all secondaries
lies between the two, south above and north below). We conclude
that the steepness of the SVD fits for Gilgamesh derives, at least
in part, from these spectacular, large secondary crater chains.

Among the three secondary fields we mapped, the results for
Tyre are likely the most robust. Image coverage extends around
the entire crater and yields the largest number of measurable sec-
ondaries with the largest range of calculated velocities (from 225
to 580 m s"1), in either absolute or gravity-scaled terms (discussed
below). Additionally, this scene is the least likely to be contami-
nated by primaries or secondaries from other craters given Euro-
pa’s young surface, estimated to average between 20 and 200 Ma
(Bierhaus et al., 2009). The results for Achelous have a much more
limited velocity range and the Gilgamesh secondaries are the most
difficult to tell apart from potential primaries of similar size. Our
secondary size distribution versus distance for Tyre (Fig. 6a) is
quite similar to that in Bierhaus and Schenk (2010; their Fig. 7).
Bierhaus and Schenk (2010) used a clustering algorithm to identify
secondaries (and more of them); the similarity of the two datasets,

especially for larger secondaries, supports the results presented in
this paper for Tyre.

Ganymede and Europa have similar gravities, and the similarly-
sized Tyre and Achelous were mapped at comparable resolutions. In
Fig. 11 we plot the SVDs for both craters together, assuming non-
porous ice in the gravity regime for scaling. The merged datasets
clearly overlap, and could easily be considered to be drawn from
the same parent population. For the Achelous data, the upper enve-
lope (99th quantile) drops off more rapidly at higher velocities than
the Tyre fit, but we suspect this is due to the more limited image
coverage of the secondary field at Achelous. If one were to truncate
the Tyre distribution to the same velocity range that is available for
Achelous (200–375 m s"1), the quantile regression fit to the Tyre
data would be much steeper and more uncertain (b = 2.90 ± 0.70
for Tyre in this case). Thus while the full dataset and subset for
Achelous yield b values consistent with the uncertainties, we con-
clude that the full dataset for Achelous is more representative,
and that the Tyre and Achelous distributions are very similar over-
all. Indeed, a composite fit (99th quantile) yields a b = 1.02 ± 0.12,
statistically similar to the Tyre fit alone (b = 0.96 ± 0.13, Table 3).

4.1. Ejecta fragment scaling – preliminary considerations

To compare the SVDs across primaries more generally, we ap-
peal to the ejecta model of Housen and Holsapple (2011). For grav-
ity-dominated primary impacts we scale the secondary fragment
velocities by gravity and the primary crater transient radius, tej/
(gRtr)1/2, and scale the fragment diameters also by the transient ra-
dius, dfrag/Rtr (Fig. 12), recognizing that additional factors may be
involved for the larger secondaries (e.g., spallation fragment size
nominally depends on surface tensile strength (Melosh, 1984),
and see below). As expected, Tyre and Achelous are still similar gi-
ven their similar SVDs and similar Rtr. The Gilgamesh secondaries,
however, are significantly offset, with generally smaller scaled
fragment sizes and scaled ejection velocities. The scaled distribu-
tion of Gilgamesh’s secondary craters suggests that Gilgamesh’s
transient diameter may be overestimated in comparison with Tyre
and Achelous. Certainly, the transient diameter for Gilgamesh is
the least constrained of the three. If we take the point-of-view that
the transition from ejecta blanket to secondary field should gravity
scale (Housen et al., 1983), then Dtr for Gilgamesh should be re-
duced by !1.5. This by itself would not make the upper envelope
of the Gilgamesh SVD match or parallel the other distributions in
terms of b, however.4 Possibly, ejecta/spallation physics may limit

Table 3
Quantile regression fits to 99th quantile of size–velocity distributionsa. Solid and porous targets, gravity regime, all secondaries and subset.

Primary crater (diameter in km) All secondaries Velocity-limited subset

b ln(A) A b ln(A) A

Solid target
Pwyllb (27) 1.21 3.4 # 105

Tyre (38) 0.96 ± 0.13 12.3 ± 0.7 2.24 # 105 1.13 ± 0.16 13.3 ± 1.0 6.12 # 105

Achelous (35) 1.41 ± 0.45 14.7 ± 2.6 2.52 # 106 2.44 ± 0.80 20.7 ± 4.6 9.83 # 108

Gilgamesh (585) 2.07 ± 0.34 22.3 ± 2.3 4.73 # 109 2.55 ± 0.44 25.5 ± 3.0 1.24 # 1011

Porous target
Pwyllb 1.02 1.5 # 105

Tyre 0.79 ± 0.12 11.4 ± 0.7 8.94 # 104 0.95 ± 0.15 12.3 ± 0.9 2.30 # 105

Achelous 1.21 ± 0.41 13.7 ± 2.4 8.63 # 105 2.18 ± 0.72 19.3 ± 4.2 2.32 # 108

Gilgamesh 1.84 ± 0.34 20.8 ± 2.3 1.11 # 109 2.29 ± 0.41 23.9 ± 2.8 2.42 # 1010

a dfmax ¼ At"b
ej , where A and tej are in m and m s"1.

b Alpert and Melosh, (1999).

4 Alternatively, the transient crater sizes for Tyre and Achelous could be increased
by !1.5. Although Tyre’s equivalent and transient crater size could be underesti-
mated, a 33% underestimation seems unlikely (cf. Turtle et al., 1999). Achelous’ rim
diameter is secure, of course.
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Fragment diameter and velocity
² 分位点回帰法でフィッテイング  (Koenker, 2005) 
 　 　 　ー  データ範囲を99%,95%,90%に変更更 

 　 　 　ー  ⼀一般的に範囲を下げた⽅方が値は正確になる 
 

²  Tyreのデータが最も信頼出来る 

²  GilgameshのβがTyre,Achelousより⼤大きくなり、
傾向が異異なることを⽰示唆 

(P-wave) sound speed (CL) are important (Melosh, 1984), so we
might expect such dimensionless quantities as T/qU2 or CL/U to
show up in the scaling. These quantities are not expected to vary
strongly between Europa and Ganymede; nor do we have individ-
ual estimates of primary impact speed (U) for the craters in
question.

Given overall scaling uncertainties, we present a version of
Fig. 12 in which the vertical axis is normalized by an additional fac-
tor of [(Dtr g)/(Dtr,Tyre gTyre)]1/3 (Fig. 14). This was initially motivated
by the empirical observation that maximum ejecta block size on
lunar crater rims varies as D2/3 (Moore, 1971; Bart and Melosh,
2007). The inclusion of g in the normalization stems from consid-
eration of point-source scaling, as is discussed at length in Appen-
dix C. With this normalization, the SVDs for Tyre, Achelous, and
Gilgamesh are made much more compatible (though not perfectly
so, which as discussed above, may result from an overestimate of
Dtr for Gilgamesh). It is especially worth noting, however, that in
neither Fig. 12 nor Fig. 14 does the secondary distribution from Al-
pert and Melosh (1999) align with the others (the upper limit to the
Pwyll SVD is plotted). Also, if we were to adopt a sometimes
quoted relationship in which maximum ejected block mass is pro-
portional to the total ejected mass to the 0.8 power (i.e.,
dfmax / D0:8

final) derived from older explosion crater data (see O’Keefe
and Ahrens, 1987), our scaled fragment sizes would be intermedi-
ate between Figs. 12 and 14. A fit to the 99th quantile of the com-
bined dataset in Fig. 14 yields a velocity exponent of 0.91 ± 0.09, a
value consistent with the individual fits for Tyre and Achelous,
although on the low side of the overall range. If Gilgamesh’s size
has been overestimated, this joint b value will steepen.

In Fig. 15 we plot secondary-forming fragment size for all three
primaries simply as a function of ejection velocity and instead nor-
malize fragment size to the final crater radius, as this is the closest
direct measure of primary impactor size (Dfinal / a0:92

i at fixed

velocity). This normalization sidesteps the implicit gravity scaling
of the transient primary crater size. The three secondary fields
measured by us would appear to sample, for different velocity
intervals, a more universal SVD for icy impacts, but for the excep-
tion of Pwyll. Quantile regression to the 99th percentile of the
combined SFDs in Fig. 15 yields a master power law of
dfmax=Dfinal ¼ 19:9t"1:17#0:06

ej , where tej is in m s"1. Of course, the data
from Pwyll (Alpert and Melosh, 1999), if accepted as representative
of that crater, imply this power law is not universal.

5. Discussion

5.1. Comparison with terrestrial planet secondaries

The velocity exponents (b) found for the craters on icy satellites
span the range of exponents found by Vickery (1986, 1987) for ter-
restrial planets, but the three ‘‘smaller’’ icy craters (Pwyll, Ache-
lous, and Tyre) have velocity exponents at the lowest end
whereas Gilgamesh on Ganymede is towards the higher end of
the terrestrial range (Fig. 16). Vickery (1986, 1987) mapped the
secondary fields for 5 craters on the Moon, 4 on Mars and 3 on
Mercury, in the diameter range of 26-to-227 km, and found
b $ 1.4–2.8. The pre-exponential factor (A) generally scales with
the size of the primary. Vickery (1986, 1987) found values in the
range of %6 & 107-to-7 & 1010. Our three smaller craters have or-
der of magnitude lower values of A, and Gilgamesh’s A is somewhat
higher.5 Gilgamesh is by far the largest crater in any of the studies so
it may be less comparable with the available terrestrial examples (in
the sense that a better comparison may be with Orientale on the
moon (Wilhelms, 1976; Wilhelms et al., 1978)).

Alpert and Melosh (1999) concluded from their study of Pwyll
secondaries that icy bodies ejected smaller fragments than impacts
on silicate bodies at equivalent ejection velocities, and that frag-
ment size decreases more gradually as velocity increases (lower
b). Our results for Tyre and Achelous support the latter, as the b
values close to 1 are distinctive for all 3 icy craters (Fig. 16). Gilga-
mesh does not follow this trend, of course, so caution is warranted
with respect to this conclusion, although as noted above there may
be a scale or strength limit effect (Gilgamesh is more than an order
of magnitude larger than the other 3 craters).

Fig. 10. Comparison of velocity exponents (b) for the three primary craters in this
study. Above are given for (a) the full dataset and (b) the data subset (low velocity
limit). All are for cold, non-porous ice scaling in the gravity regime.

Fig. 11. Size–velocity distributions for the two similarly sized craters Tyre (Europa),
in black and Achelous (Ganymede), in red. The two distributions are very similar
over their shared velocity range. The limited velocity range for the Achelous data is
likely behind the significantly steeper velocity exponent found for the subset of the
Achelous data (99th percentile in all cases; see Table 3). The 95th and 90th QR fits
for Achelous are not so divergent. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

5 We note for completeness that the ‘‘least-squares’’ and ‘‘best-fit’’ methods used
by Vickery (1987) and Alpert and Melosh (1999), respectively, to determine
maximum fragment size as a function of velocity were not specified. Nor were
secondary or fragment size data presented for 9 of the 12 craters studied in Vickery
(1987).
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−β

from an approximate scaling for complex craters on Ganymede
Dfinal ! 1:176D1:108

tr (McKinnon and Schenk, 1995), where Dfinal and
Dtr are the final and transient crater diameters, respectively, given
in km (Dfinal is measured to rim-to-rim; values of Dtr are given in
Table 1).

To derive the ejecta fragment size (dfrag) from the measured
diameter of each secondary crater (Dsec), we use the Schmidt–Hols-
apple scaling relations for hypervelocity impacts (e.g., Holsapple,
1993) with updated parameters (keith.aa.washington.edu/crater-
data/scaling/theory.pdf). The scaling equations relate the proper-
ties of the impactor to the volume of the resulting transient
crater on a given body (which can then be converted to a final
diameter for complex craters), or vice versa. For the purposes of
these calculations, we consider both solid, low-porosity ice and
porous ice regolith as models for the surfaces of Europa and Gany-
mede. For lower surface gravities and smaller impactors, the
strength of solid surface material will strongly control the size of
the resulting crater (i.e., the ‘‘strength regime’’). For larger gravities
and impactor sizes, the strength of the material is more easily over-
come. In this ‘‘gravity regime’’ the final crater size is limited by
conversion of flow field kinetic energy into gravitational potential
energy and its frictional dissipation as heat, both of which are di-
rect functions of gravity. A function that interpolates between
the two regimes is given by

pV ¼ K1 p2 þ K2p
2þl

2
3

! "$3l
2þl

; ð2Þ

where K1 and K2 are scaling coefficients for a given surface material
and l is the scaling exponent (see Table 2 for values). The scaling
parameters are empirically estimated for different materials from
laboratory experiments, numerical computations, and comparison
to explosion cratering results. The p-groups are non-dimensional:
pV describes the overall cratering efficiency, and is dependent on
the gravity-scaled size (p2) and the strength measure (p3). General
definitions of the p-groups are

pV ¼
qV
m
; p2 ¼

ga
U2 ; p3 ¼

Y
qU2 ; ð3Þ

where q is the density of the target material, V is the volume of the
resulting crater, m is the mass of the impactor, a is the impactor ra-
dius, U is impact velocity, and Y is a measure of target strength
(Holsapple, 1993). There is no simple size division between craters
formed in the strength versus the gravity regimes as illustrated in
Fig. 5, as the transition spans an order of magnitude or more in
p2 and appears to depend on impactor velocity. We note that the
cratering efficiency itself is independent of the ratio of the target
to impactor densities, but this ratio does appear on the right hand
side of Eq. (2) in its most general form (see Holsapple, 1993). The
density ratio is nominally taken as unity for secondaries, and is
not included for the ice-on-ice secondary impacts considered here.

In principle one could substitute Eq. (3) into Eq. (2) to solve for a
in a given cratering situation, but there is no closed-form solution.
Instead we follow the example of Holsapple (1993) and plot pV as a
function of p2, and insert Y/qU2 for p3. Fig. 5 shows this curve for
cold ice parameters and various impact velocities. The values of
p2 for the fragments that made the secondary craters measured
around Tyre, Achelous, and Gilgamesh are in the range of
!4 ' 10$4 to 1 ' 10$2 (fragment sizes are determined below), thus
these impacts are predicted to be in the gravity regime for the
associated range of impact velocities (!200 m s$1 to 1 km s$1). In
fact, only meter-sized impactors would shift pV into the transition
region between the two regimes as a function of impact speed
(lower speeds for secondaries, intermediate speeds for sesqui-
naries, and higher, cometary speeds for primaries); thus, strength
regime craters are nearly invisible on Europa and Ganymede given

Fig. 4. (a) Ganymede’s largest basin, Gilgamesh (585 km in diameter; dashed circle
indicates the equivalent rim, centered at !62!S, 125!W), with mapped secondaries
(n = 445) in yellow. Large, white outline shows the extent of higher resolution
Voyager 2 imagery (180 m px$1) and smaller white rectangle is inset of secondary
chains in b. (b) Red solid circle is centered on the largest measured secondary
(21.3 km in diameter); blue, dotted circle is centered on the largest secondary in an
obvious radial chain (18.6 km); and yellow dashed circle shows an example of a
crater that was marked as a possible primary only due to (1) its somewhat fresher
and sharper rim compared with surrounding secondaries, (2) its large size at this
radial distance (24-km diameter), and (3) that it is not in an obvious radial chain.
The latter crater also showed up as an obvious outlier in the SVD and thus was not
included in the main analysis. Alternatively, all three circled craters are later
primary impacts. (c) Topography of portion of scene in (b) derived from stereo-
controlled photoclinometry (courtesy of P.M. Schenk). (d) Topographic profiles of
largest measured secondary (a–a0) and nearby chain secondaries (b–b0) and (c–c0).
Crater depths (rim-to-floor) vary from 0.8 to 1 km; floors appear flat with central
peaks. Note vertical exaggeration.
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²  Gilgameshの２次クレーターはclusterとchainのみカウント 

Ø  別の100個のクレーターをカウンティング 

Ø  サイズが⼩小さいため、βが減少する 

² クレーターの北北側と南側に２次クレーターが集中 

Ø  南側が多少⼤大きく、２次クレーターのチェーン構造が卓越し
ている部分がある 

Ø  North:2.15、South:2.45 

Ø  チェーン状に位置する⼤大きな２次クレーターが多い 



As for the absolute size of fragments, it is important to control
for primary crater size. For modest sized craters, it still appears
that fragment size on icy bodies is generally less than that on rocky
bodies at equivalent ejection velocities, but the difference is far less
pronounced than for Pwyll alone, whose fragments are signifi-
cantly smaller in comparison (Figs. 14 and 15). Gilgamesh second-
ary fragments (or fragment clusters) can be quite large, however,
and match or exceed the fragment sizes derived in the Vickery
studies. This result is not surprising, as the proximal secondaries
of this icy satellite basin are up to twice as large as the largest sec-
ondary craters identified by Wilhelms et al. (1978) for Orientale.

Two other, more recent studies have used Vickery’s approach to
look at craters on the Moon and Mars. Hirase et al. (2004) exam-
ined what were judged to be secondary craters around Kepler
and Aristarchus on the moon (32- and 40-km diameter, respec-
tively) and also around 3 smaller unnamed martian craters, 2.0,
3.1, and 3.5 km in diameter. These authors did not fit curves to
the upper envelope of the SVDs, and none of their distributions
show a strong or clear decrease in fragment size with increasing
distance. Hirata and Nakamura (2006) conducted a similar study
for the young lunar crater Tycho (85 km in diameter). Similarly

they did not perform their own fits, but do show that the power-
law fit for the 93-km-diameter Copernicus crater from Vickery
(1987) matches well with their Tycho data. This result is notable
as the Tycho impact occurred in the lunar nearside southern high-
lands, presumably deeply fractured megaregolith (Wieczorek et al.,
2013), and not in layers of structurally coherent mare basalt.

Bart and Melosh (2010) examined the SVDs of ejected boulders
around 18 lunar craters. These were mostly small primaries, 0.2-
to-4 km in diameter, but they also looked at two larger craters with
diameters of 27.4 and 41.2 km. Power law fits for the boulders gave
exponents in the range of !0.3 to !3.7 (for the largest crater), and
although there is some scatter in the data, they determined an
overall increasing trend in b with increasing crater size, meaning
larger craters had a steeper fragment size dependence on velocity.
The b values for the km-scale craters were particularly shallow
(0 < b < 1). When combined with the results from Vickery (1987)
(thus, boulders and secondary forming fragments) this trend was
reinforced, albeit with scatter for larger craters. Our results (b val-
ues) and that of Alpert and Melosh (1999) further strengthen this
trend, such as it is. We note that rim boulders and the largest sec-
ondary-forming fragments might come from different distinct
ejecta components (Melosh, 1989), but this is not entirely clear.
It is possible that the largest rim boulders represent the ‘‘last
spalls’’ (or at least the last surviving spalls, prior to any rim
collapse).

Fig. 12. Fragment size and ejection velocity scaled by primary size and gravity,
following Housen and Holsapple (2011). The maximum fragment size derived for
Pwyll by Alpert and Melosh (1999), appropriately scaled, is also shown (solid curve
where data exist; dashed where interpolated). Fragment sizes calculated assuming
non-porous scaling in the gravity regime in all cases.

Fig. 13. Scaled launch positions and ejection velocities from Housen and Holsapple
(2011; their Fig. 14 and Eq. 14). Our study uses an approximate fragment launch
position (x) of Dtr/4 (or Rtr/2, indicated). This scaled launch position is within the
range of positions inferred by the Housen and Holsapple ejecta model for the
secondary fragments measured in our study (Fig. 12), although some fragments
could have been launched from locations nearer or farther from the transient rim
(x/Rtr = 1). The exact launch position is only important for calculating ranges and
velocities of nearby secondaries. For distant secondaries and sesquinary fragments,
launch position uncertainties of even 0.5Rtr are an insignificant fraction of the total
distance traveled by the fragment.

Fig. 14. Scaled fragment velocities and normalized fragment diameters. This
additional normalization (compared with Fig. 12) follows from the empirical
observation that lunar ejecta boulders are related to their parent crater size by D2/3

(see text and Appendix C). Curve for Pwyll as in Fig. 12.

Fig. 15. Fragment sizes normalized by final primary crater diameter, plotted as a
function of ejection velocity. A joint fit to the maximum fragment size (99th
quantile), excluding Pwyll, is shown for illustrative purposes
(dfrag=Dfinal ¼ 19:9t!1:17#0:06

ej , with tej in m s!1). Maximum fragment sizes for Pwyll
(lower solid and dashed curve; Alpert and Melosh, 1999) are considerably smaller
than those of the three primaries considered in this work.
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²  Ejectaのスケール則  (Housen and Hoslapple,2011) 

Ø  規格化したイジェクタ破⽚片速度度：vej/(gRtr)1/2 

Ø  規格化したイジェクタ破⽚片サイズ：dfrag/Rtr 

²  Gilgameshのみデータにオフセット 

Ø  Gilgameshのトランジェントクレーターサイズを⼤大きく⾒見見積もったため 

Ø  イジェクタブランケットから推測すると、1.5倍⼩小さくなる  (Housen et al.1983)

As for the absolute size of fragments, it is important to control
for primary crater size. For modest sized craters, it still appears
that fragment size on icy bodies is generally less than that on rocky
bodies at equivalent ejection velocities, but the difference is far less
pronounced than for Pwyll alone, whose fragments are signifi-
cantly smaller in comparison (Figs. 14 and 15). Gilgamesh second-
ary fragments (or fragment clusters) can be quite large, however,
and match or exceed the fragment sizes derived in the Vickery
studies. This result is not surprising, as the proximal secondaries
of this icy satellite basin are up to twice as large as the largest sec-
ondary craters identified by Wilhelms et al. (1978) for Orientale.

Two other, more recent studies have used Vickery’s approach to
look at craters on the Moon and Mars. Hirase et al. (2004) exam-
ined what were judged to be secondary craters around Kepler
and Aristarchus on the moon (32- and 40-km diameter, respec-
tively) and also around 3 smaller unnamed martian craters, 2.0,
3.1, and 3.5 km in diameter. These authors did not fit curves to
the upper envelope of the SVDs, and none of their distributions
show a strong or clear decrease in fragment size with increasing
distance. Hirata and Nakamura (2006) conducted a similar study
for the young lunar crater Tycho (85 km in diameter). Similarly

they did not perform their own fits, but do show that the power-
law fit for the 93-km-diameter Copernicus crater from Vickery
(1987) matches well with their Tycho data. This result is notable
as the Tycho impact occurred in the lunar nearside southern high-
lands, presumably deeply fractured megaregolith (Wieczorek et al.,
2013), and not in layers of structurally coherent mare basalt.

Bart and Melosh (2010) examined the SVDs of ejected boulders
around 18 lunar craters. These were mostly small primaries, 0.2-
to-4 km in diameter, but they also looked at two larger craters with
diameters of 27.4 and 41.2 km. Power law fits for the boulders gave
exponents in the range of !0.3 to !3.7 (for the largest crater), and
although there is some scatter in the data, they determined an
overall increasing trend in b with increasing crater size, meaning
larger craters had a steeper fragment size dependence on velocity.
The b values for the km-scale craters were particularly shallow
(0 < b < 1). When combined with the results from Vickery (1987)
(thus, boulders and secondary forming fragments) this trend was
reinforced, albeit with scatter for larger craters. Our results (b val-
ues) and that of Alpert and Melosh (1999) further strengthen this
trend, such as it is. We note that rim boulders and the largest sec-
ondary-forming fragments might come from different distinct
ejecta components (Melosh, 1989), but this is not entirely clear.
It is possible that the largest rim boulders represent the ‘‘last
spalls’’ (or at least the last surviving spalls, prior to any rim
collapse).

Fig. 12. Fragment size and ejection velocity scaled by primary size and gravity,
following Housen and Holsapple (2011). The maximum fragment size derived for
Pwyll by Alpert and Melosh (1999), appropriately scaled, is also shown (solid curve
where data exist; dashed where interpolated). Fragment sizes calculated assuming
non-porous scaling in the gravity regime in all cases.

Fig. 13. Scaled launch positions and ejection velocities from Housen and Holsapple
(2011; their Fig. 14 and Eq. 14). Our study uses an approximate fragment launch
position (x) of Dtr/4 (or Rtr/2, indicated). This scaled launch position is within the
range of positions inferred by the Housen and Holsapple ejecta model for the
secondary fragments measured in our study (Fig. 12), although some fragments
could have been launched from locations nearer or farther from the transient rim
(x/Rtr = 1). The exact launch position is only important for calculating ranges and
velocities of nearby secondaries. For distant secondaries and sesquinary fragments,
launch position uncertainties of even 0.5Rtr are an insignificant fraction of the total
distance traveled by the fragment.

Fig. 14. Scaled fragment velocities and normalized fragment diameters. This
additional normalization (compared with Fig. 12) follows from the empirical
observation that lunar ejecta boulders are related to their parent crater size by D2/3

(see text and Appendix C). Curve for Pwyll as in Fig. 12.

Fig. 15. Fragment sizes normalized by final primary crater diameter, plotted as a
function of ejection velocity. A joint fit to the maximum fragment size (99th
quantile), excluding Pwyll, is shown for illustrative purposes
(dfrag=Dfinal ¼ 19:9t!1:17#0:06

ej , with tej in m s!1). Maximum fragment sizes for Pwyll
(lower solid and dashed curve; Alpert and Melosh, 1999) are considerably smaller
than those of the three primaries considered in this work.

876 K.N. Singer et al. / Icarus 226 (2013) 865–884

²  放出位置と速度度の関係  (Housen and Holsapple2011) 

Ø  規格化放出速度度のデータ範囲:1.6-4.7 

Ø  放出位置の範囲の中に、x/Rtr=Dtr/4=0.5を含む 

Ø  イジェクタ速度度と放出位置についての理理論論とデータ
を⽐比較することが可能 

Ø  放出位置がDtr/4であることは妥当 

 

イジェクタの放出位置



Ejecta fragment scaling
²  新たなファクターを導⼊入 

Ø  ３つのクレーターを⽐比較することが可能 

Ø  ⽉月のクレーターリム上にあるイジェクタブロックの最⼤大値がD2/3で変化する  (Moore 1971) 

Ø  最⼤大イジェクタブロックの質量量はイジェクタ総質量量の0.8乗に⽐比例例  (O’Keefe and Ahrens 1987) 

Ø  速度度のベキ乗数βは0.91±0.09 

Ø  Gilgameshのクレーターサイズより、βの値が⼤大きくなる可能性 

²  放出速度度と２次クレーターを形成する破⽚片サイズ 

Ø  Pwylで得た結果より⼤大きな破⽚片が放出している 

Ø  先⾏行行研究との結果とは合わない 

As for the absolute size of fragments, it is important to control
for primary crater size. For modest sized craters, it still appears
that fragment size on icy bodies is generally less than that on rocky
bodies at equivalent ejection velocities, but the difference is far less
pronounced than for Pwyll alone, whose fragments are signifi-
cantly smaller in comparison (Figs. 14 and 15). Gilgamesh second-
ary fragments (or fragment clusters) can be quite large, however,
and match or exceed the fragment sizes derived in the Vickery
studies. This result is not surprising, as the proximal secondaries
of this icy satellite basin are up to twice as large as the largest sec-
ondary craters identified by Wilhelms et al. (1978) for Orientale.

Two other, more recent studies have used Vickery’s approach to
look at craters on the Moon and Mars. Hirase et al. (2004) exam-
ined what were judged to be secondary craters around Kepler
and Aristarchus on the moon (32- and 40-km diameter, respec-
tively) and also around 3 smaller unnamed martian craters, 2.0,
3.1, and 3.5 km in diameter. These authors did not fit curves to
the upper envelope of the SVDs, and none of their distributions
show a strong or clear decrease in fragment size with increasing
distance. Hirata and Nakamura (2006) conducted a similar study
for the young lunar crater Tycho (85 km in diameter). Similarly

they did not perform their own fits, but do show that the power-
law fit for the 93-km-diameter Copernicus crater from Vickery
(1987) matches well with their Tycho data. This result is notable
as the Tycho impact occurred in the lunar nearside southern high-
lands, presumably deeply fractured megaregolith (Wieczorek et al.,
2013), and not in layers of structurally coherent mare basalt.

Bart and Melosh (2010) examined the SVDs of ejected boulders
around 18 lunar craters. These were mostly small primaries, 0.2-
to-4 km in diameter, but they also looked at two larger craters with
diameters of 27.4 and 41.2 km. Power law fits for the boulders gave
exponents in the range of !0.3 to !3.7 (for the largest crater), and
although there is some scatter in the data, they determined an
overall increasing trend in b with increasing crater size, meaning
larger craters had a steeper fragment size dependence on velocity.
The b values for the km-scale craters were particularly shallow
(0 < b < 1). When combined with the results from Vickery (1987)
(thus, boulders and secondary forming fragments) this trend was
reinforced, albeit with scatter for larger craters. Our results (b val-
ues) and that of Alpert and Melosh (1999) further strengthen this
trend, such as it is. We note that rim boulders and the largest sec-
ondary-forming fragments might come from different distinct
ejecta components (Melosh, 1989), but this is not entirely clear.
It is possible that the largest rim boulders represent the ‘‘last
spalls’’ (or at least the last surviving spalls, prior to any rim
collapse).

Fig. 12. Fragment size and ejection velocity scaled by primary size and gravity,
following Housen and Holsapple (2011). The maximum fragment size derived for
Pwyll by Alpert and Melosh (1999), appropriately scaled, is also shown (solid curve
where data exist; dashed where interpolated). Fragment sizes calculated assuming
non-porous scaling in the gravity regime in all cases.

Fig. 13. Scaled launch positions and ejection velocities from Housen and Holsapple
(2011; their Fig. 14 and Eq. 14). Our study uses an approximate fragment launch
position (x) of Dtr/4 (or Rtr/2, indicated). This scaled launch position is within the
range of positions inferred by the Housen and Holsapple ejecta model for the
secondary fragments measured in our study (Fig. 12), although some fragments
could have been launched from locations nearer or farther from the transient rim
(x/Rtr = 1). The exact launch position is only important for calculating ranges and
velocities of nearby secondaries. For distant secondaries and sesquinary fragments,
launch position uncertainties of even 0.5Rtr are an insignificant fraction of the total
distance traveled by the fragment.

Fig. 14. Scaled fragment velocities and normalized fragment diameters. This
additional normalization (compared with Fig. 12) follows from the empirical
observation that lunar ejecta boulders are related to their parent crater size by D2/3

(see text and Appendix C). Curve for Pwyll as in Fig. 12.

Fig. 15. Fragment sizes normalized by final primary crater diameter, plotted as a
function of ejection velocity. A joint fit to the maximum fragment size (99th
quantile), excluding Pwyll, is shown for illustrative purposes
(dfrag=Dfinal ¼ 19:9t!1:17#0:06

ej , with tej in m s!1). Maximum fragment sizes for Pwyll
(lower solid and dashed curve; Alpert and Melosh, 1999) are considerably smaller
than those of the three primaries considered in this work.
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for primary crater size. For modest sized craters, it still appears
that fragment size on icy bodies is generally less than that on rocky
bodies at equivalent ejection velocities, but the difference is far less
pronounced than for Pwyll alone, whose fragments are signifi-
cantly smaller in comparison (Figs. 14 and 15). Gilgamesh second-
ary fragments (or fragment clusters) can be quite large, however,
and match or exceed the fragment sizes derived in the Vickery
studies. This result is not surprising, as the proximal secondaries
of this icy satellite basin are up to twice as large as the largest sec-
ondary craters identified by Wilhelms et al. (1978) for Orientale.

Two other, more recent studies have used Vickery’s approach to
look at craters on the Moon and Mars. Hirase et al. (2004) exam-
ined what were judged to be secondary craters around Kepler
and Aristarchus on the moon (32- and 40-km diameter, respec-
tively) and also around 3 smaller unnamed martian craters, 2.0,
3.1, and 3.5 km in diameter. These authors did not fit curves to
the upper envelope of the SVDs, and none of their distributions
show a strong or clear decrease in fragment size with increasing
distance. Hirata and Nakamura (2006) conducted a similar study
for the young lunar crater Tycho (85 km in diameter). Similarly

they did not perform their own fits, but do show that the power-
law fit for the 93-km-diameter Copernicus crater from Vickery
(1987) matches well with their Tycho data. This result is notable
as the Tycho impact occurred in the lunar nearside southern high-
lands, presumably deeply fractured megaregolith (Wieczorek et al.,
2013), and not in layers of structurally coherent mare basalt.

Bart and Melosh (2010) examined the SVDs of ejected boulders
around 18 lunar craters. These were mostly small primaries, 0.2-
to-4 km in diameter, but they also looked at two larger craters with
diameters of 27.4 and 41.2 km. Power law fits for the boulders gave
exponents in the range of !0.3 to !3.7 (for the largest crater), and
although there is some scatter in the data, they determined an
overall increasing trend in b with increasing crater size, meaning
larger craters had a steeper fragment size dependence on velocity.
The b values for the km-scale craters were particularly shallow
(0 < b < 1). When combined with the results from Vickery (1987)
(thus, boulders and secondary forming fragments) this trend was
reinforced, albeit with scatter for larger craters. Our results (b val-
ues) and that of Alpert and Melosh (1999) further strengthen this
trend, such as it is. We note that rim boulders and the largest sec-
ondary-forming fragments might come from different distinct
ejecta components (Melosh, 1989), but this is not entirely clear.
It is possible that the largest rim boulders represent the ‘‘last
spalls’’ (or at least the last surviving spalls, prior to any rim
collapse).

Fig. 12. Fragment size and ejection velocity scaled by primary size and gravity,
following Housen and Holsapple (2011). The maximum fragment size derived for
Pwyll by Alpert and Melosh (1999), appropriately scaled, is also shown (solid curve
where data exist; dashed where interpolated). Fragment sizes calculated assuming
non-porous scaling in the gravity regime in all cases.

Fig. 13. Scaled launch positions and ejection velocities from Housen and Holsapple
(2011; their Fig. 14 and Eq. 14). Our study uses an approximate fragment launch
position (x) of Dtr/4 (or Rtr/2, indicated). This scaled launch position is within the
range of positions inferred by the Housen and Holsapple ejecta model for the
secondary fragments measured in our study (Fig. 12), although some fragments
could have been launched from locations nearer or farther from the transient rim
(x/Rtr = 1). The exact launch position is only important for calculating ranges and
velocities of nearby secondaries. For distant secondaries and sesquinary fragments,
launch position uncertainties of even 0.5Rtr are an insignificant fraction of the total
distance traveled by the fragment.

Fig. 14. Scaled fragment velocities and normalized fragment diameters. This
additional normalization (compared with Fig. 12) follows from the empirical
observation that lunar ejecta boulders are related to their parent crater size by D2/3

(see text and Appendix C). Curve for Pwyll as in Fig. 12.

Fig. 15. Fragment sizes normalized by final primary crater diameter, plotted as a
function of ejection velocity. A joint fit to the maximum fragment size (99th
quantile), excluding Pwyll, is shown for illustrative purposes
(dfrag=Dfinal ¼ 19:9t!1:17#0:06

ej , with tej in m s!1). Maximum fragment sizes for Pwyll
(lower solid and dashed curve; Alpert and Melosh, 1999) are considerably smaller
than those of the three primaries considered in this work.
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Comparison with terrestrial planet secondaries
 

 

 

 

 

 

 

 

 

 

²  ⽉月のKeplerとAristarchusクレーターと⽔水星上の３つのクレーター周りの２次クレー
ターについて調べた(Hirase et al.2004) 

Ø  SVDの上限を決定しておらず、距離離と破⽚片サイズの減少の傾向が⾒見見られなかった 

²  ⽉月のTychoクレーターで同様の研究を⾏行行った(Hirata and Nakamura 2006) 

Ø  SVDの上限は決めていないが、Copernicusクレーターのデータとほぼ⼀一致 

Ø  ⽞玄武岩層ではなくMegaregolithを深くまで掘削したことを⽰示唆  (Wieczorek et al.2013) 

²  18個の⽉月クレーター周りのSVDを求めた  (Bart and Melosh 2010) 

Ø  クレーターサイズが⼤大きくなるに従いβが⼤大きくなる(β：ｰ0.3~ｰ3.7) 

Ø  ⼤大きなクレーターほど、破⽚片サイズ分布の傾きが⼤大きくなる 

5.2. Secondaries and spallation theory

Spall fragments are those ejected at high velocities (but low
shock pressures) from coherent, near surface material. Spalls are
generally the highest velocity fragments ejected from a given
launch point within the crater. The majority of ejected fragments,
however, are ejected as part of the main excavation flow and are
generally considered to be Grady–Kipp fragments, after the theory
that predicts the breakup of coherent rock (or ice) into roughly
equal-sized blocks (Melosh, 1989, Chapter 6). As the generally
slower moving and much larger fraction of the ejecta (at a given
x), Grady–Kipp fragments presumably result in many near-field
secondaries and most of the continuous ejecta (though fragments
ejected from below the surface spall layer are expected to travel
at close to spall speeds; Melosh, 1987).

Melosh (1984) provides an estimate of spall plate thickness, for
the so-called ‘‘hydrodynamic’’ ejection model:

lspall ¼
2aiTðd=qÞ1=2

qCLtej
; ð9Þ

where as a reminder, T and CL are the tensile strength and P-wave
speed of the target material, respectively. The nominal diameter
of the primary impactor (2ai) is calculated with an equation similar
to Eq. (7a), but with a H/D ratio of 0.2 assumed:

2ai ¼ 1:215D1:277
tr ðg=t2

i Þ
0:277

; ð10Þ

where ti is the primary impactor velocity (and again using an aver-
age 45! impact angle). Impactor radii are given in Table 1 and were
calculated using typical cometary impact speeds of 26 and
20 km s$1 for Europa and Ganymede, respectively (Zahnle et al.,
2003; and d = q for simplicity). Using q = 920 kg m$3, T = 17 MPa
(Melosh, 1984; based on Lange and Ahrens, 1983), and
CL % 4 km s$1 (Vogt et al., 2008), we can estimate the thickness of
spall plates for the ejection velocities (tej) associated with the sec-
ondaries in this study. Fig. 17 compares our fragment data with
the spall thickness predicted by Eq. (9), along with an estimate of
an effective diameter assuming the plates do not break up and are
a factor of several to 10 times larger in the two other, horizontal
dimensions (i.e., multiplying Eq. (9) by 1001/3). Even assuming the
plates do not break up for the lower velocity portion of the ejecta,
the prediction for the size of spall plates falls well below the frag-
ment sizes inferred for the secondary craters around the three
primaries in Fig. 17.

What can account for this discrepancy, especially as spallation
theory appears to do a credible job for craters on the Moon

(Melosh, 1984; Vickery, 1986; Hirata and Nakamura, 2006) and
Mars (McEwen et al., 2005; Zahnle et al., 2008)? The discrepancy
is too large (an order of magnitude in the case of Tyre) to be ex-
plained by an even slower and/or more oblique than average
primary impactor. Also, spallation theory systematically underpre-
dicts fragment size for all three of the craters studied here (Fig. 17).
We may have overestimated secondary crater depths, but even a
H/D of 0.1 (the lowest likely limit from Bierhaus and Schenk
(2010)), would decrease fragment size estimates by less than 10%.

We investigated whether a neglected aspect of ejection physics
may be responsible. Ice is a rather ‘‘fluid’’ material compared with
rock, in that its Poisson’s ratio of 0.325 is much closer to the fluid
value of 0.5 than that typical of rocks (0.25). As such, ice ejection
physics is more hydrodynamic and ejection angles are steeper (Me-
losh, 1984). Detailed calculations by Melosh (1984) for ice spalla-
tion (his Fig. 6, case 7) show the ejection angle declining from
70! to 50! as the distance from the impact site increases from 5
to 10 projectile radii. Although the analytic stress-wave ejection
model is itself a simplification of the real situation, it illustrates
the possibility that we are underestimating the ejection angle for
ice at 45!. If so, the ejection velocity necessary to reach a given
range (Eq. (1)) is underestimated. More importantly, the impact
velocity of the ejected fragments becomes less oblique and closer
to normal. This is the most important aspect and the total kinetic
energy of a given fragment, available for cratering, may easily more
than double. Thus for a given secondary crater, the estimated frag-
ment mass is correspondingly reduced. Fig. 18 illustrates the effect
of changing the impact angle uniformly to 70!: fragment sizes are
reduced by up to 30%. However, fragment velocities are also in-
creased (shifted to the right), so although the difference between
data and theory is reduced, it is not resolved.6

Ice spalls are predicted to be substantially smaller than rock
spalls from Eq. (9), all other things being equal, principally because
the tensile strength of even cold ice is much less than that of rock.
This physical fact seems inescapable. The relatively large second-
ary craters on Euorpa and Ganymede are unexplained by conven-
tional spallation theory. We could argue ice fragments cluster,
but why would ice fragments as opposed to rock fragments prefer-
entially cluster? Our understanding of fragment scaling has
evolved over the course of the is project, however. Point-source
impactor scaling offers the possibility that dfmax depends only
weakly on tensile strength. Full details are given in Appendix C,
but the implication is that a comprehensive physical theory of
spallation may ultimately explain the relatively large secondary
craters on both rocky and icy surfaces.

For completeness we also calculate the characteristic or ‘‘pre-
ferred’’ size of Grady–Kipp fragments, from Melosh (1989; his Eq.
6.4.2):

lGK ¼
2aiT

qt2=3
ej t4=3

i

: ð11Þ

Even the largest of fragments calculated by Eq. (11), for dis-
tances to the inner edge of the secondary field and with the speeds
given above, are quite small: only 20 m in size for the largest frag-
ment from Gilgamesh, and only &1 m for Tyre. These fragment
sizes are several orders of magnitude smaller than the sizes neces-
sary to form the observed secondaries. Grady–Kipp theory was
developed for a material with random flaws, which activate and
grow as cracks, but does not explicitly account for preexisting
structure (faults, megaregolith layers and blocks, etc.) that may
‘‘predetermine’’ fragment size. Although we do not necessarily ex-
pect a thick regolith or deep megaregolith such as that found on

Fig. 16. Velocity exponents for ejecta fragments (as measured from secondary
fields) on terrestrial bodies compared with icy satellites. Crater names and
diameters in km are given. Exponents displayed for icy satellites are the preferred
fits: the data subset for Tyre and Gilgamesh, and the full dataset for Achelous (all for
99th quantile, solid surface, gravity regime). Exponent for Pwyll is from Alpert and
Melosh (1999). Exponents for Mercury, the Moon and Mars are from Vickery (1987).

6 A side benefit is that smaller, faster secondary-forming fragments are more likely
to adhere to established point-source crater scaling relations.
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²  速度度のベキβを⽐比較 

Ø  岩⽯石天体に⽐比べ氷衛星のイジェクタ破⽚片のほ
うが⼩小さい 

Ø  氷衛星のβは岩⽯石天体に⽐比べて⼩小さい 

Ø  Gilgameshのみβが⼤大きい 

 　－    ⽉月のOrientaleの２次クレーターより⼤大きい 



Secondaries and spallation theory
²  クレーター形成時に発⽣生する標的物質の破⽚片 

Ø  Spall破⽚片が地表⾯面付近において⾼高速で放出される 

Ø  Grady-Kipp fragments：掘削流流による破⽚片の⼤大部分 

²  hydrodynamic ejection model 

²  Spall破⽚片は低速イジェクタでは破壊されないと仮定 

Ø  Spall破⽚片のサイズの予測は、観測された２次クレーター
から推測した破⽚片サイズより⼩小さい 

lspall =
2aiT δ ρ( )1 2

ρCLvej

2ai =1.215Dtr
1.277 g

vi
2

!

"
#

$

%
&

0.277

lspall:スポール破⽚片厚さ 
ai:衝突体半径 　ρ:標的密度度 
δ:衝突体密度度 　  T:引っ張り強度度 
CL:P波速度度 　 　ai:弾丸直径

H/D=0.2

the Moon (Wieczorek et al., 2013), the surfaces of Europa and Gan-
ymede are still fractured and not structurally homogenous. More-
over, we do not know the terrain that Gilgamesh formed in, and at
least a few kilometers of structurally disturbed and non-thermally-
annealed crust is possible (cf. Nimmo et al., 2003). Grady–Kipp the-
ory also predicts that all fragments will be about the same size for a
given ejection velocity, whereas clearly there is a range of second-
ary sizes at any given distance from the primary. We conclude that
Eq. (11) does not yield a useful prediction of ejecta fragment sizes
for our measured secondary craters.

As one additional consistency check, we calculated the total
mass of the fragments for each of the three mapped sites. The mass
of the fragments is 0.7%, 0.8%, and 0.1% of the excavated transient
cavity mass for Tyre, Achelous, and Gilgamesh, respectively. These

are appropriately small percentages, given we only measure por-
tions of the secondary field (limited by image coverage), and not
the ejecta blanket mass, distant secondaries, or many small sec-
ondaries (limited by image resolution). These percentages are also
consistent with a similar calculation by Vickery (1986) for Coperni-
cus (0.7%), and which again point towards similar spallation effi-
ciencies in ice and rock.

5.3. Sesquinary craters on Europa and Ganymede

In this subsection we use our size–velocity fits to extrapolate to
the escape speeds of Europa and Ganymede, recognizing that this
is an extrapolation, and that we do not have the image coverage
to detect such large velocity secondaries. We extrapolate the fitted
upper-envelope equations to the Hill sphere escape velocity (tH, for
a fragment to escape to the Hill sphere for a particular moon rather
than to infinity; see Table 2) and derive the maximum size frag-
ment that would be ejected from each primary crater. The diame-
ter of the largest sesquinary fragments ejected and the size of a
resulting crater after impact on the parent moon are given in Ta-
ble 4. Resulting crater sizes are calculated using Eq. (10) and with
typical re-impact speed of 2.5 km s!1 for Europa (Zahnle et al.,
2008) and 3.5 km s!1 for Ganymede (Alvarellos et al., 2002). Each
primary would also produce an array of smaller sesquinaries. We
also include the (extrapolated) maximum fragment size for our
‘‘master’’ ice secondary SVD from Fig. 15.

Using Eq. (9) we calculate the largest spall thicknesses at escape
velocity would have been 4, 3, and 86 m in size for Tyre, Achelous,
and Gilgamesh, respectively. These dimensions are considerably
smaller than extrapolation of our measured SVDs (Table 4), except
for that of the Achelous subset, which is likely not the best charac-
terization of the SVD to begin with. Eq. (9) calculates the thickness
of the plates, and were they to remain intact, the other dimensions
could be substantially larger. However, at high speeds spall plates
are predicted to break up (Melosh, 1984), and in that case the
thickness of the spalls may be representative of fragment diame-
ters, if not upper limits to fragment sizes. Zahnle et al. (2008) also
use Eq. (9) to estimate the sesquinary fragments produced by an
impact resulting in a 20-km-diameter crater and from a hypothet-
ical 100-km crater as well (although none are known on Europa).
Accordingly, they find spall thicknesses that are much smaller than
those predicted by our empirical extrapolations (e.g., they calculate
a spall thickness of 3 m for a sesquinary fragment from the 20-km
crater, similar to the small fragments at escape speed predicted by
Eq. (9) for Tyre).

Eq. (9) would predict very small fragment sizes for even a 100-
km impact on Europa: spall thickness of "430 m for near-field,
secondary-forming fragments (using the same tej = 150 m s!1 as
Zahnle et al., 2008) or "20 m at escape speed. Of course, Tyre, at
only "40 km in diameter, already produces large ("1000-m-diam-
eter) secondary-forming fragments and by our empirical, data-dri-
ven scaling could have produced sesquinary fragments as large as
"150 m. Thus, Tyre alone could be an important if not dominant
contributor to the globally distributed secondary population on
Europa between 100-m and 1-km diameter (Bierhaus et al., 2001,
2009). But, one cannot come to this conclusion using Eq. (9) alone.
On the other hand, we cannot be categorical about Tyre’s contribu-
tion to Europa’s global cratering record, because we do not have
empirical data on ice fragment sizes for tej > 1.1 km s!1 (Fig. 15).
At these greater speeds all ‘‘tabular’’ spalls may breakup and even
equant spalls may be crushed by horizontal stresses during launch
(Melosh, 1984, 1989).

In their study of Ganymede cratering, Alvarellos et al. (2002)
scaled from Vesta and the 5-to-10-km size asteroids thought to
be ejected from Vesta (the vestoids) to arrive at an estimate for
the size of sesquinaries from Gilgamesh. They predicted the largest

Fig. 17. Comparison of secondary fragment data to predicted spall plate sizes from
Melosh (1984). Shown are derived fragment sizes and velocities (non-porous,
gravity-regime scaling), spall plate thicknesses according to Eq. (9) (thin curve), an
approximation for mean spall diameter assuming the other dimensions are 10
times larger than the thickness (thick curve), and a more detailed elastic stress-
wave estimate (dashed curve). At high ejection velocity spall plates are not likely to
remain intact. Thus, these spall sizes are upper limits, with spall fragments likely
much smaller with the exception of perhaps the slowest velocity fragments. All of
the predicted spall plate sizes are considerably smaller than the sizes of fragments
necessary to form the observed secondaries.
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²  この違いが何で起きているのか？ 

Ø  H/D=0.1では破⽚片サイズが10%減少 

Ø  速度度、衝突⾓角度度で説明できない 



Secondaries and spallation theory
²  氷と岩⽯石の違い 

Ø  ポアソン⽐比が液体の0.5により近いため  “fluid material”   (岩⽯石:0.25、氷:0.325) 

Ø  ejectionの⼒力力学がより流流体⼒力力学的になり、放出⾓角度度がより⼤大きくなる  (Melosh,1984) 

Ø  弾丸半径で規格化した距離離(x/ai)が5-10に増えるに従って放出⾓角度度が70°-50°と変化 

Ø  氷衛星の２次クレーターから推測したvej(θ=45°)は過⼩小評価 

²  衝突⾓角度度を70°で計算をした 

Ø  破⽚片サイズは30%ほど減少 

Ø  破⽚片に与えられる速度度が⼤大きくなるためあるサイズの２次 

 　    クレーターを形成するために必要な破⽚片サイズは⼩小さくなる 
lspall =

2aiT δ ρ( )1 2

ρCLvej
lspall:スポール破⽚片厚さ 
ai:衝突体半径 　ρ:標的密度度 
δ:衝突体密度度 　  T:引っ張り強度度 
CL:P波速度度 　 　ai:弾丸直径

Gilgamesh sesquinary fragments should have been 0.9-to-1.8 km
in size. According to our study this would be an over-prediction
by a factor of !3–8, based on our measurements at Gilgamesh
alone (Table 4). Using our ‘‘universal’’ ice fragment scaling, in con-
trast, would predict fragments as large as 1 km, more similar to the
Alvarellos et al. estimate. It is worth remembering, also, that some
Gilgamesh secondary craters are quite large, !10-km diameter at
tej ! 1 km s"1 (Fig. 6c). It is not too much of a stretch to imagine
4-km-diameter distant secondaries (if b # 1, as in current spalla-
tion theory) and therefore returning sesquinary fragments making
5-km-diameter craters. On the other hand, the highest speed Gilga-
mesh ejecta blocks are almost all less than half the size of the larg-
est ejecta blocks at those velocities (Fig. 7c). It is also implausible
that very-high-speed, sesquinary-forming tabular ice spalls can
survive intact. By this logic, the largest sesquinary craters formed
by Gilgamesh are likely to be no larger than 2–3 km in diameter.

6. Final remarks

Mapping of secondary craters provides a window into ejecta
fragment sizes and velocities, and quantile regression fitting char-
acterizes the decline in fragment sizes with increasing velocity.
Based on the physics of cratering and ejecta we expect to see
trends when comparing the SVDs of different secondary fields with
the size of the primary, surface gravity of the body, or composition
of the target/impactor material, etc. For the two large icy satellites
considered here, power law fits to the maximum ejecta size as a

function of velocity yield exponents ("b) near "1 for the mid-sized
craters (25–40 km in diameter), while the largest basin (!585 km
in diameter) has a steeper exponent between "2 and "3. With
two secondary fields measured on each of two moons, one must
be cautious when drawing strong (definitive) inferences about a
trend in SVDs with primary size. It is clear that larger craters on
the same body eject larger fragments (as described by the pre-
exponential factor A). Although the velocity exponents for the SVDs
of the mid-sized craters are consistently lower than those found for
terrestrial craters of similar size, these exponents are consistent
with spallation theory and with empirical observations of ejecta
block sizes (Bart and Melosh, 2010). Theories for spall sizes, how-
ever, predict considerably smaller (and for Grady–Kipp theory,
much smaller) fragments than are required to produce the ob-
served secondary craters. The largest impact, Gilgamesh, has a con-
siderably steeper power-law exponent (b value), but this trend for
a steeper velocity dependence with larger craters is not apparent
for all bodies (see Mercury and the Moon in Fig. 16). Fits for the ter-
restrial planets should be re-explored with more primaries and
modern, high-resolution imaging to see whether larger craters
consistently have more negative velocity exponents or not, and
to test the point-source scaling prediction that the velocity depen-
dence and scale dependence of maximum block/boulder/spall size
are related.

Our empirical approach also helps constrain the contribution of
sesquinary ejecta fragments to the population of craters on icy sat-
ellites. By extrapolating from the size–velocity distributions of
mapped secondary crater populations around large impacts on
Europa and Ganymede, we conclude that sesquinary craters would
be restricted to smaller craters, although not completely insignifi-
cant when considering the very largest primary impacts on these
bodies. Tyre, the largest basin on Europa, would produce sesqui-
nary craters about 1 km in diameter or smaller (from eventual
re-impact on Europa). For the !585-km-diameter basin Gilgamesh
on Ganymede, we find the maximum sesquinary crater size for re-
impact on Ganymede would be approximately 2–3 km at most. The
Gilgamesh SVD has a very steep slope (approximately "2.5), indi-
cating fragment size decreases rapidly with increasing ejection
velocity. In this study we confirm earlier estimations (Zahnle
et al., 2001; Alvarellos et al., 2002) that secondaries or sesquinaries
from Gilgamesh (Ganymede’s largest surviving basin) are not large
enough to account for the closer-to-isotropic crater distribution
observed on Ganymede at crater diameters greater than 30 km.
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Fig. 18. Effect of changing the assumed ejection angle. Smaller fragments are
predicted for more vertical impacts (angles given above and in the text refer to
angle from the ground-plane). However, even changing the angle uniformly to 70!
does not predict small enough fragment sizes to match those predicted by
spallation theory.

Table 4
Largest sesquinary diameters.

Primary
crater

Largest fragment at
escape velocity –
full dataset (m)a

Largest fragment
at escape velocity
– subset (m)a

Largest fragment at
escape velocity – master
dataset of Fig. 15 (m)b

Largest sesquinary
crater on the same body
– full dataset (km)c

Largest sesquinary
crater on the same
body – subset (km)c

Largest sesquinary crater on
the same body – master
dataset of Fig. 15 (m)c

Europa
Tyre 150 120 100 1.1 0.9 0.8
Pwyll 34 0.3

Ganymede
Achelous 36 5 64 0.4 (0.3)d 0.07 (0.04)d 0.6
Gilgamesh 360 220 1070 2.4 1.6 6.4e

a Calculated by extrapolation of equations in Table 3 (for non-porous ice scaling) to the Hill sphere escape velocity given in Table 2.
b Calculated with the quantile regression fit (99th quantile) for the combined dataset including all three primaries in our study (see Section 4.1 and Fig. 15).
c Calculated using gravity regime parameters into a non-porous target, with typical re-impact speed of 2.5 km s"1 for Europa and 3.5 km s"1 for Ganymede (Eq. (10)).
d Assumes porous, ice regolith target.
e Complex crater.
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vejの推定式

²  Spall破⽚片サイズ 

Ø  破⽚片の⼤大きさは標的の強度度によって決まる 

Ø  氷の強度度Tは岩⽯石より⼩小さいため、氷のSpall破
⽚片は岩⽯石に⽐比べ⼩小さくなる 

Spall theory

Spall理理論論だけでは岩⽯石天体・氷天体の⼤大きな
２次クレーターについて完全に説明できない 



Grady-‐‑‒Kipp fragments
²  Grady-Kipp fragmentsのサイズ  (Melosh 1989) 

Ø  2次クレーター領領域の内側での最⼤大破⽚片サイズはとても⼩小さい 

Ø  Gilgamesh~20m、Tyre~1m 

Ø  観測された２次クレーターを形成するために必要な破⽚片サイズ 

         より⼩小さい 

 

²  Grady-Kipp fragmentsの問題点 

Ø  この理理論論はcracksがランダムな流流れによって活発もしくは成⻑⾧長することを想定 

Ø  地表⾯面構造を想定していない  (断層、Megaregolith、層構造など) 

Ø  EuropaやGanymedeの表層も破砕されていて、構造的に⼀一様ではない 

Ø  ある速度度で同じサイズの破⽚片が放出されると予想 

Ø  １次クレーターからの距離離に伴い２次クレーターのサイズが変化することを説明できない 

lGK =
2aiT

ρvej
2 3vi

4 3

lGK:Grady-kipp破⽚片厚さ 
ai:衝突体半径 　ρ:標的密度度   　   　
T:引っ張り強度度  vej:破⽚片放出速度度 
vi:１次クレーター形成衝突速度度

Grady-Kipp fragmentsを求める式は、観測された２次クレーターを形成す
る破⽚片サイズの⾒見見積もりには使えない 



Sesquinary craters on Europa and Ganymede

²  1.5次クレーター 

Ø  SVDの速度度をヒル圏脱出速度度まで外挿して、放出される最
⼤大破⽚片を⾒見見積もった 

Ø  再衝突速度度：Europa,2.5km/s (Zahnle et al.2008) 　 

 　 　 　 　 　 　 　    Ganymede,3.5km/s (Alvarellos et al.2002) 

Gilgamesh sesquinary fragments should have been 0.9-to-1.8 km
in size. According to our study this would be an over-prediction
by a factor of !3–8, based on our measurements at Gilgamesh
alone (Table 4). Using our ‘‘universal’’ ice fragment scaling, in con-
trast, would predict fragments as large as 1 km, more similar to the
Alvarellos et al. estimate. It is worth remembering, also, that some
Gilgamesh secondary craters are quite large, !10-km diameter at
tej ! 1 km s"1 (Fig. 6c). It is not too much of a stretch to imagine
4-km-diameter distant secondaries (if b # 1, as in current spalla-
tion theory) and therefore returning sesquinary fragments making
5-km-diameter craters. On the other hand, the highest speed Gilga-
mesh ejecta blocks are almost all less than half the size of the larg-
est ejecta blocks at those velocities (Fig. 7c). It is also implausible
that very-high-speed, sesquinary-forming tabular ice spalls can
survive intact. By this logic, the largest sesquinary craters formed
by Gilgamesh are likely to be no larger than 2–3 km in diameter.

6. Final remarks

Mapping of secondary craters provides a window into ejecta
fragment sizes and velocities, and quantile regression fitting char-
acterizes the decline in fragment sizes with increasing velocity.
Based on the physics of cratering and ejecta we expect to see
trends when comparing the SVDs of different secondary fields with
the size of the primary, surface gravity of the body, or composition
of the target/impactor material, etc. For the two large icy satellites
considered here, power law fits to the maximum ejecta size as a

function of velocity yield exponents ("b) near "1 for the mid-sized
craters (25–40 km in diameter), while the largest basin (!585 km
in diameter) has a steeper exponent between "2 and "3. With
two secondary fields measured on each of two moons, one must
be cautious when drawing strong (definitive) inferences about a
trend in SVDs with primary size. It is clear that larger craters on
the same body eject larger fragments (as described by the pre-
exponential factor A). Although the velocity exponents for the SVDs
of the mid-sized craters are consistently lower than those found for
terrestrial craters of similar size, these exponents are consistent
with spallation theory and with empirical observations of ejecta
block sizes (Bart and Melosh, 2010). Theories for spall sizes, how-
ever, predict considerably smaller (and for Grady–Kipp theory,
much smaller) fragments than are required to produce the ob-
served secondary craters. The largest impact, Gilgamesh, has a con-
siderably steeper power-law exponent (b value), but this trend for
a steeper velocity dependence with larger craters is not apparent
for all bodies (see Mercury and the Moon in Fig. 16). Fits for the ter-
restrial planets should be re-explored with more primaries and
modern, high-resolution imaging to see whether larger craters
consistently have more negative velocity exponents or not, and
to test the point-source scaling prediction that the velocity depen-
dence and scale dependence of maximum block/boulder/spall size
are related.

Our empirical approach also helps constrain the contribution of
sesquinary ejecta fragments to the population of craters on icy sat-
ellites. By extrapolating from the size–velocity distributions of
mapped secondary crater populations around large impacts on
Europa and Ganymede, we conclude that sesquinary craters would
be restricted to smaller craters, although not completely insignifi-
cant when considering the very largest primary impacts on these
bodies. Tyre, the largest basin on Europa, would produce sesqui-
nary craters about 1 km in diameter or smaller (from eventual
re-impact on Europa). For the !585-km-diameter basin Gilgamesh
on Ganymede, we find the maximum sesquinary crater size for re-
impact on Ganymede would be approximately 2–3 km at most. The
Gilgamesh SVD has a very steep slope (approximately "2.5), indi-
cating fragment size decreases rapidly with increasing ejection
velocity. In this study we confirm earlier estimations (Zahnle
et al., 2001; Alvarellos et al., 2002) that secondaries or sesquinaries
from Gilgamesh (Ganymede’s largest surviving basin) are not large
enough to account for the closer-to-isotropic crater distribution
observed on Ganymede at crater diameters greater than 30 km.
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Fig. 18. Effect of changing the assumed ejection angle. Smaller fragments are
predicted for more vertical impacts (angles given above and in the text refer to
angle from the ground-plane). However, even changing the angle uniformly to 70!
does not predict small enough fragment sizes to match those predicted by
spallation theory.

Table 4
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a Calculated by extrapolation of equations in Table 3 (for non-porous ice scaling) to the Hill sphere escape velocity given in Table 2.
b Calculated with the quantile regression fit (99th quantile) for the combined dataset including all three primaries in our study (see Section 4.1 and Fig. 15).
c Calculated using gravity regime parameters into a non-porous target, with typical re-impact speed of 2.5 km s"1 for Europa and 3.5 km s"1 for Ganymede (Eq. (10)).
d Assumes porous, ice regolith target.
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Gilgamesh sesquinary fragments should have been 0.9-to-1.8 km
in size. According to our study this would be an over-prediction
by a factor of !3–8, based on our measurements at Gilgamesh
alone (Table 4). Using our ‘‘universal’’ ice fragment scaling, in con-
trast, would predict fragments as large as 1 km, more similar to the
Alvarellos et al. estimate. It is worth remembering, also, that some
Gilgamesh secondary craters are quite large, !10-km diameter at
tej ! 1 km s"1 (Fig. 6c). It is not too much of a stretch to imagine
4-km-diameter distant secondaries (if b # 1, as in current spalla-
tion theory) and therefore returning sesquinary fragments making
5-km-diameter craters. On the other hand, the highest speed Gilga-
mesh ejecta blocks are almost all less than half the size of the larg-
est ejecta blocks at those velocities (Fig. 7c). It is also implausible
that very-high-speed, sesquinary-forming tabular ice spalls can
survive intact. By this logic, the largest sesquinary craters formed
by Gilgamesh are likely to be no larger than 2–3 km in diameter.

6. Final remarks

Mapping of secondary craters provides a window into ejecta
fragment sizes and velocities, and quantile regression fitting char-
acterizes the decline in fragment sizes with increasing velocity.
Based on the physics of cratering and ejecta we expect to see
trends when comparing the SVDs of different secondary fields with
the size of the primary, surface gravity of the body, or composition
of the target/impactor material, etc. For the two large icy satellites
considered here, power law fits to the maximum ejecta size as a

function of velocity yield exponents ("b) near "1 for the mid-sized
craters (25–40 km in diameter), while the largest basin (!585 km
in diameter) has a steeper exponent between "2 and "3. With
two secondary fields measured on each of two moons, one must
be cautious when drawing strong (definitive) inferences about a
trend in SVDs with primary size. It is clear that larger craters on
the same body eject larger fragments (as described by the pre-
exponential factor A). Although the velocity exponents for the SVDs
of the mid-sized craters are consistently lower than those found for
terrestrial craters of similar size, these exponents are consistent
with spallation theory and with empirical observations of ejecta
block sizes (Bart and Melosh, 2010). Theories for spall sizes, how-
ever, predict considerably smaller (and for Grady–Kipp theory,
much smaller) fragments than are required to produce the ob-
served secondary craters. The largest impact, Gilgamesh, has a con-
siderably steeper power-law exponent (b value), but this trend for
a steeper velocity dependence with larger craters is not apparent
for all bodies (see Mercury and the Moon in Fig. 16). Fits for the ter-
restrial planets should be re-explored with more primaries and
modern, high-resolution imaging to see whether larger craters
consistently have more negative velocity exponents or not, and
to test the point-source scaling prediction that the velocity depen-
dence and scale dependence of maximum block/boulder/spall size
are related.

Our empirical approach also helps constrain the contribution of
sesquinary ejecta fragments to the population of craters on icy sat-
ellites. By extrapolating from the size–velocity distributions of
mapped secondary crater populations around large impacts on
Europa and Ganymede, we conclude that sesquinary craters would
be restricted to smaller craters, although not completely insignifi-
cant when considering the very largest primary impacts on these
bodies. Tyre, the largest basin on Europa, would produce sesqui-
nary craters about 1 km in diameter or smaller (from eventual
re-impact on Europa). For the !585-km-diameter basin Gilgamesh
on Ganymede, we find the maximum sesquinary crater size for re-
impact on Ganymede would be approximately 2–3 km at most. The
Gilgamesh SVD has a very steep slope (approximately "2.5), indi-
cating fragment size decreases rapidly with increasing ejection
velocity. In this study we confirm earlier estimations (Zahnle
et al., 2001; Alvarellos et al., 2002) that secondaries or sesquinaries
from Gilgamesh (Ganymede’s largest surviving basin) are not large
enough to account for the closer-to-isotropic crater distribution
observed on Ganymede at crater diameters greater than 30 km.
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angle from the ground-plane). However, even changing the angle uniformly to 70!
does not predict small enough fragment sizes to match those predicted by
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Table 4
Largest sesquinary diameters.

Primary
crater

Largest fragment at
escape velocity –
full dataset (m)a

Largest fragment
at escape velocity
– subset (m)a

Largest fragment at
escape velocity – master
dataset of Fig. 15 (m)b

Largest sesquinary
crater on the same body
– full dataset (km)c

Largest sesquinary
crater on the same
body – subset (km)c

Largest sesquinary crater on
the same body – master
dataset of Fig. 15 (m)c

Europa
Tyre 150 120 100 1.1 0.9 0.8
Pwyll 34 0.3

Ganymede
Achelous 36 5 64 0.4 (0.3)d 0.07 (0.04)d 0.6
Gilgamesh 360 220 1070 2.4 1.6 6.4e

a Calculated by extrapolation of equations in Table 3 (for non-porous ice scaling) to the Hill sphere escape velocity given in Table 2.
b Calculated with the quantile regression fit (99th quantile) for the combined dataset including all three primaries in our study (see Section 4.1 and Fig. 15).
c Calculated using gravity regime parameters into a non-porous target, with typical re-impact speed of 2.5 km s"1 for Europa and 3.5 km s"1 for Ganymede (Eq. (10)).
d Assumes porous, ice regolith target.
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²  Gilgameshからの1.5次クレーターのサイズを⾒見見積もった 

Ø  氷破⽚片のスケーリング則で、破⽚片サイズは1km 

Ø  最も速く放出された破⽚片は、最⼤大破⽚片の半分以下のサイズ 

Ø  氷のSpallは⽣生き残ったまま衝突し1.5次クレーターを形成するとする 

Ø  Gilgameshで形成された最⼤大の1.5次クレーターサイズは2−3kmより⼤大きくない 

²  エジェクタ破⽚片とSpall破⽚片 

Ø  Spallサイズは、Tyre:4m,Achelous:3m,Gilgamesh:86m 

Ø  SVDの外挿で求めた最⼤大イジェクタ破⽚片より⼩小さい 

Ø  Spall theoryのでの破⽚片は破砕を受けてはいないが、⾼高速で放出されると破砕されること
がある  (Melosh,1984) 

ヒル圏

²  2,1.5次クレーターのサイズを⾒見見積もった先⾏行行研究 

Ø  Europa:100mの破⽚片が衝突して0.5~1kmのクレーターが形成  (Alvarellos et al.2002) 

Ø  Gilgamesh:1kmより⼩小さな破⽚片が5km/sで衝突して~5kmほどのクレーターを形成 
(Zahnle et al.2001)

D>30kmにおけるクレーターサイズ分布に影響はない 



Summary
²  イジェクタサイズと速度度の関係を調べるために２次クレーターをカウンティング 

Ø  速度度が⼤大きくなるにつれてイジェクタサイズは⼩小さくなる 

Ø  ２次クレーターのSVDは、天体重⼒力力や標的物質が異異なることにより⽣生じるクレーター形成、
イジェクタの物理理過程が異異なることによる 

Ø  25-40kmのクレーターではβ〜～ｰ1、585kmの巨⼤大盆地ではβ〜～ｰ2-ｰ3 

Ø  氷衛星でのSVDの傾きは、岩⽯石天体の同サイズクレーターに⽐比べ⼩小さくなる傾向 

Ø  岩⽯石天体ではspall theoryで説明できるが、氷衛星では説明できない 

²  本研究の結果をもちいて、氷衛星における1.5次クレーター分布に制約ができる 

Ø  EuropaとGnymedeの巨⼤大クレーターから求めたイジェクタSVDを外挿することで算出 

Ø  1.5次クレーターはサイズが⼩小さいことがわかった   
Ø  EuropaのTyreクレーターの1.5次クレーターは1kmより⼩小さい 

Ø  Ganymedeの巨⼤大盆地Gilgameshでも2-3kmより⼩小さい 

Ø  βが⼤大きいため、衝突速度度が⼤大きいと破⽚片サイズが⼩小さくなるため 

Ø  先⾏行行研究で予測したGilgameshの２次、1.5次クレーターのサイズは、Ganymede上の直
径30kmより⼤大きなクレーター分布に影響が出るほど⼤大きいものではないことを確かめた 


