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Catastrophic disruption by hypervelocity impact of multi-layered spherical 
ice targets 
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A B S T R A C T   

The catastrophic disruption of tri-layered spherical icy bodies is reported. The bodies are 19 cm in total diameter, 
with a central core, an intermediate water layer and an icy surface (each layer respectively approximately 25, 55 
and 20% of the total radius). Their response to high-speed impact is investigated at laboratory scales by firing 1.5 
mm diameter glass spheres at the targets at speeds in the range 0.9 – 3.2 km s− 1 and an ice layer thickness 
normalised to projectile diameter of typically 20 – 30. The energy density to just break apart such a body (defined 
as an event where the mass of the largest fragment post-impact is ½ the original target mass) is (3.1±0.1) J kg− 1. 
This is significantly less than that found for similar sized solid ice spheres (18 ± 0.7) J kg− 1, water filled ice 
spheres (16.25 ± 1.35) J kg− 1 or hollow ice spheres (25.5 ± 0.5) J kg− 1 indicating that the presence of a solid 
layer beneath an internal ocean, can influence disruption, effectively weakening the body.   

1. Introduction 

The problem considered here is the catastrophic disruption of tri- 
layered spherical bodies with an icy surface, intermediate liquid layer 
and a solid core. This is inspired by the presence in the Solar System of 
the icy satellites of the outer planets. In several cases, the icy exteriors of 
these bodies are known to cover global oceans with a solid core in the 
centre of the body e.g. Europa (e.g. [1–3]), Ganymede (e.g. [4]), Callisto 
(e.g. [5]), Enceladus (e.g. [6–8]) and Titan (e.g. [9–11]). A major 
evolutionary driver of any solar system body is impact by another body. 
Whilst impact by small bodies at low energy will leave a crater in the 
surface ice, as the impact energy density (defined as Q, crudely the ki-
netic energy of the impactor divided by the mass of the target) increases 
the surface ice layer is penetrated, then at higher Q the target body 
becomes disrupted, and, if there is sufficient energy, the fragments 
disperse against their own self-gravity. At the highest Q values the result 
is a catastrophically disrupted body. A critical value of Q, called Q*, is 
taken to mark the transition to a catastrophically disrupted state, and is 
defined as that where the largest surviving fragment after impact has a 
mass equal to half that of the original intact body. 

In this present work, the response of icy tri-layered spherical bodies 
to impacts is considered experimentally using decimetre scale model 
targets. In previous work in the laboratory, we have considered how 
impact cratering proceeds in bi-layered semi-infinite ice targets [12], 

and determined the Q* value (i.e. observed catastrophic disruption) in: 
solid ice spherical targets ([13], and see previous work, e.g. [14]); ice 
shell targets with hollow interiors [15]; and ice shell targets with liquid 
(water) interiors [16]. Here we extend the sequence by looking at the 
results of impacts on ice shell targets with a solid core and an interme-
diate liquid water layer (see Fig. 1). 

2. Method 

The ice targets were 19.3 cm in diameter. They were made in a 
similar fashion to the water filled ice spheres described in [16]. This 
involves filling a balloon with cooled, purified water and freezing it in a 
mould. However, before inserting the water under pressure into the 
balloon, a solid sphere of acrylic, 5.0±0.1 cm in diameter (density 1180 
kg m− 3, mass 0.077 kg), was also inserted into the balloon. The choice of 
acrylic was made as a convenient starting point for such work and a 
suitable sized core was to hand. The core was suspended from a string 
which ran through the neck of the balloon. The string length was 
selected so that the core hung in the centre of the inflated balloon. Red 
dye was sometimes used in the water to show any penetration of the 
water into the ice shell after impact, via any fractures that may have 
opened (again similar to [16]). To ensure the core is visible (given that it 
was transparent acrylic inside water beneath a shell of transparent ice), 
it was necessary to mark it in some fashion. Accordingly, the core was 
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either wrapped in yellow and black tape or, in later shots, the core was 
painted yellow (this had no apparent influence on the results them-
selves). During freezing, the mould was placed in a freezer, set to -25◦C. 
The duration of storage in the freezer determined the depth of the ice 
shell. A freezing time of 24hrs for example, produced a shell 4 cm thick, 
but left the interior still liquid. 

The shots were carried out in the Univ. of Kent two-stage light gas 
gun [17, 18]. The targets were placed in the gun, whose target chamber 
was evacuated to 50 mbar pre-shot. This used a quick pump-down time 
of about 20 minutes. Experience over many years, has shown that during 
this time, the ice target temperature only increases by a few ◦C or less, 
and the ice is still frozen solid at impact. The projectiles were 1.5 mm 
diameter, glass projectiles, whose speed was measured in-flight by their 
passage through two laser beams focussed onto photo-diodes read out on 
a high speed digital oscilloscope. Interruption of the beams changes the 
photodiode outputs, providing timing signals, which combined with the 
known separation of the two lasers (0.499 m), permits speed measure-
ments to within ±1%. In some shots, high speed videos were obtained 
using a Panasonic HXWA30 camera which took images at 60 fps; whilst 
too slow to show crack propagation, the framing rate was sufficient to 
track ejecta. 

The targets (and fragments) were removed from the gun within a few 
minutes of the shot. This quick removal time meant there was no 
measureable post-shot melting of the target or large fragments before 
their analysis. When the ice shell had been cratered rather than pene-
trated or disrupted, the water layer was retained in the target and the 
crater depth and diameter in the ice surface layer were measured. When 
penetration occurred, the water content was partially reduced by flow 
through the hole under gravity, but if the target still maintained its 
integrity post-shock, the hole size was measured (e.g. see Fig. 2 for an 
example target after a penetrating impact). When the target broke up 
during the impact, the water was lost totally into the target chamber, but 
the mass of the four largest surviving surface layer ice fragments was 
measured. 

3. Results 

There were a total of 10 shots in this program, each of which had an 
acrylic core in the centre of an ice shell with an intermediate water layer 
(see Table 1). Shots 1 – 8 (all at normal incidence) were used to deter-
mine Q*. Data for two additional shots are also reported (shots 9 and 
10). Shot 9, impact speed 1.97 km s− 1 (at normal incidence), has 
incomplete data (part of the ice shell around the crater sheared off in the 
impact, see comments in Table 2 for details) and is thus not included in 
the main analysis to determine Q*; it is however discussed later. In shot 
10 (impact speed 3.24 km s− 1), the projectile struck away from the 
target equator, and was thus a non-normal incidence impact, at about 
30◦ from the vertical. Such non-normal incidence impacts couple the 
incident energy (and momentum) less well into the target (see Discus-
sion), and so shot 10 is not included in the determination of Q*, but is 
included here to show the effects of non-normal incidence. 

The 8 events (shots 1 – 8) used to determine Q* have their data for 
the ratio of the mass of the largest target fragment post-shot (mf) to the 
initial target mass (mi), vs. the impact energy density Q shown in Fig. 3. 
At relatively low Q (< 1 J kg− 1), there is minor cratering in the ice shell. 
As Q increases, the volume of the crater initially increases, and radial 
fractures (typically 2 – 3) appear in the ice surrounding the target (see 
Comments in Table 2, where we also give the ratio of ice shell thickness/ 
projectile diameter t/d). In the range 2 < Q < 2.5 J kg− 1, increased 
fracturing of the target occurred. This included an increased number of 
radial fractures (up to about 5, which reached further away from the 
crater. Concentric fractures also appeared around the impact site. 
However, the ice layer was not penetrated. At around 2.5 J kg− 1, the ice 
shell was just penetrated in the thinner shell examples (t/d ≈ 12 - 14) but 
not the thicker cases (t/d ≈ 23 - 29). 

Shot 9 (at 1.97) km s− 1 has incomplete data due to an un-expected 
feature – namely the front of the ice shell around the impact point 
sheared off under impact (see Fig. 4). This sheared-off region contained 
an intact crater, which just, marginally, penetrated the ice-shell. The 
diameter of this sheared-off disk was 14.8 cm, with a height of 4.2 cm. 
This behaviour of the front face (as seen from the impact) shearing-off 
has been observed before for impacts on solid ice spheres (see [13]) 

Fig. 1. Internal structures of targets with an icy surface. (a) An ice layer over a substrate of different materials such as water, sand and basalt [12]. (b – e) Spherical 
rather than semi-infinite target are considered next. (b) is solid ice (e.g. [13], (c) is a hollow ice shell [15], (d) is a water filled ice sphere [16], and (e) is a water filled 
ice sphere with a central solid core (this work). 
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and is not assumed related to the core being off centre (it was stuck to 
the inner ice shell at the rear of the target as seen from the impact point). 
On a large, self-gravitating body, such a fragment will sit in place, it is 
only here, with a horizontal impact at laboratory scale that it falls from 
the parent body. Thus it is an ice-shell penetrating impact, but not a 
catastrophic disruption event. The normal details of a crater forming 
event can be seen in this event, a fast moving ejecta plume (Fig. 4b), 
followed by a growing crown of larger ejecta (Fig. 4c), and then slower 
moving pieces of even larger spall fragments. The impact occurred be-
tween two frames of the video, placing an upper limit on the accuracy of 
its time of impact of 0.017s. Thus the t = 0 moment shown in Fig. 4b, 
may be as much as 0.017 s after the actual impact. In the time of ≤
0.017s, the plume has already reached a height of 2.6 cm, so is travelling 
at ≥ 1.6 m s− 1. At this stage, no large-scale fractures are visible in the ice. 
Such fractures have already appeared at t = +0.017 s (Fig. 4c) by which 
time the front of the high speed plume has passed out of the field of view, 
indicating a speed ≥ 3.8 m s− 1. Given that the radius of the region which 
subsequently detaches is 7.4 cm, and the fractures have propagated 
between the frames shown in Fig. 4b,c, the speed of fracture formation is 

≥ 4.3 m s− 1. Note that these speeds are likely a gross underestimate due 
to the low framing rate and the limited field of view. Indeed it has 
previously been shown for ice that shock wave propagation occurs at 
speeds of order km s− 1, much greater than can be measured here (e.g. 
[19, 20]). Burchell et al. [16] observed the growth of the cracks in 
similar ice spheres and measured the propagation speed (using an 
ultra-high speed camera) to be of order 667 m s− 1, as expected this is 
considerably faster than the lower bounds found here. As time moves 
forward in the impact in Fig 4, more ejecta appears, forming the classic 
crown around the impact site (Fig. 4d, t = +0.051 s). By t = +0.10 s, 
larger, slower moving spall fragments have lifted off the surface (ex-
amples of large spall fragments are labelled A and B). Tracking these 
larger spall fragments from frame to frame, gives a speed of ~ 0.2 m s− 1 

for fragment A and ~ 0.19 m s− 1 for B. 
The growth of cracks in ice shells over liquid interiors which undergo 

hypervelocity impacts has been reported previously [16], where the 
sequence of events was broadly that as here. The first impact plume 
appeared before cracks propagated in the ice. Both radial and concentric 
crack features then appeared, with lower speed impacts producing 
mostly radial cracks and concentric features only appeared as impact 
speed increased. 

In the experiments reported herein, catastrophic failure of the target 
occurred at just above 3 J kg− 1. To better identify the Q* value, a power 
law fit was made in Fig. 3 to the data in the Q range where the mass loss 
increased rapidly with Q, (shots 3 – 8, i.e. above 2 J kg− 1). The result 
was: 

mfinal
/

minitial = (4.06 ± 1.42)Q− (1.86±0.37), r2 = 0.9342, (1)  

where r is the regression coefficient. Given that Q* is defined as being 
when the final/initial mass ratio = 0.5, this implies Q* = 3.08 J kg− 1. 
The associated uncertainty is of order ± 0.1 J kg− 1, giving a Q* value of 
(3.1±0.1) J kg− 1. This is significantly lower than the Q* value found for 
similar sized water filled ice spheres with no cores and for solid ice 
spheres, where Q* = (16.25 ± 1.35) and (18 ± 0.7) J kg− 1 respectively 
(see Table 3). 

The role of the surface ice layer thickness in influencing Q* is not 
fully investigated here and the shots only include relatively thick ice 
shells. The ice thickness can be taken relative to projectile size, i.e. the 
thickness of the ice shell (t) divided by projectile diameter (d) which is t/ 

Fig. 2. Ice target after impact at 2.09 km s− 1 (shot 6), showing a penetrating crater (note the original interior water has been drained away). The core can be seen 
wrapped in yellow tape (no longer supported by water the core has swung to one side). The sphere diameter is 19.3 cm. The penetrating hole in surface ice layer was 
approx. 4.9 by 7.6 cm, with an equivalent diameter if circular of 6.8 cm. 

Table 1 
Shot details. Shots 1 – 8 were used to determine Q*. Details of two additional 
shots (9 and 10) are also given and are used in other parts of the analysis and 
discussion.  

Shot 
number 

Impact 
Speed 
(km s− 1) 

Energy 
(J) 

Initial 
Target 
mass 
(kg) 

Impact 
Energy 
density Q 
(J kg− 1) 

Final 
Target 
Mass 
(kg) 

Final / 
initial 
target 
mass 

1 0.92 1.85 3.575 0.52 3.488 0.976 
2 0.94 1.96 3.513 0.56 3.433 0.967 
3 1.96 8.50 3.513 2.42 3.151 0.897 
4 1.96 8.50 3.635 2.33 2.795 0.769 
5 1.97 8.59 3.499 2.45 2.668 0.763 
6 2.09 9.66 3.596 2.69 2.100 0.584 
7 2.42 13.0 3.427 3.79 1.054 0.308 
8 2.93 19.0 3.511 5.41 0.795 0.226 
Additional shots      
9 1.97 8.59 3.558 2.41 Not. 

Meas. 
Not 
meas. 

10 3.24 23.2 3.617 6.41 2.712 0.750  
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d (see Table 2 for relevant values). Here, 6 of the 8 good impacts have t/ 
d in the range 20 – 30, representing relatively thick ice (shots 2 – 5 and 7 
- 8). Of the other two impacts (shots 1 and 6), both had t/d in the range 
10 – 20, still thick but not quite as thick as in the other shots. However, 
one of these two low t/d events (shot 1), was an impact at low Q, and 
resulted in cratering rather than penetration of the ice, and was thus not 
used in the fit, eqn. 1, which determined Q*. That only leaves one event 
used to determine Q* which had a low ti/dp value (= 12), outside the 
range of the other shots (= ti/dp 20 – 30). The datum from this impact 
(shot 6, impact speed 2.09 km s− 1) follows the trend from the other 
shots, indeed if this datum were excluded from the fit in Fig. 3, the value 
of Q* changes by just 0.05 J kg− 1, which is half the quoted uncertainty in 
the result. We thus conclude that the work is not too sensitive to t/ 
d when this is large, and the result for Q* found here is appropriate for 
relatively thick ice shells. 

The datum from the impact at a glancing angle of incidence (shot 10) 
is shown with an open square on Fig 3. This impact was at 3.24 km s− 1, 
with a Q value of 6.42 J kg− 1. Whilst this is above the Q* value for 
normal incidence impacts, it has not disrupted the target. In general, 

oblique impacts couple the incidence energy/momentum less efficiently 
into the interior of a body, resulting in longer, shallower craters (e.g. see 
[21] for laboratory experiments of oblique impacts on ices). How this 
effects catastrophic disruption is discussed for example in [22. 23], who 
show that it results in a larger effective Q* as less of the impactor mass 
interacts with the target. This evolution of Q* vs. impact angle for glass 
and gypsum is shown experimentally in [24], with an increase in Q* as 
impact angle deviates from normal incidence. Separately, it is suggested 
in [25] that, based on hydrocode simulations for large bodies, several 
multiples of the value of Q* at normal incidence, are required to obtain 
the effective Q* in an oblique impact at 30 - 45◦ from the vertical, 
compatible with what is seen here. 

In the two catastrophic disruption events (shots 7 and 8, impact 
speeds 2.42 and 2.93 km s− 1 and Q values 3.78 and 5.41 J kg− 1 

respectively) the masses of the 4 largest fragments post-shot are given in 
the final (Comment) column in Table 2, and the cumulative fragment 
mass distribution for the largest fragments is shown in Fig. 5a. Both 
distributions in Fig. 5a appear as near straight lines on a log-log plot, 
with slopes indicating that fragment mass is still sharply decreasing from 

Table 2 
Ice shell parameters and details of impact crater size.  

Shot 
number 

Impact 
Speed(km 
s− 1) 

Ice shell 
thickness t 
(mm) 

Ice shell thickness/ 
proj. dia. (t/d) 

Crater dia. 
(mm) 

Crater 
depth 
(mm) 

Comment 

1 0.91 19 13 35 9.1 Impact crater formed in shell 
2 0.94 35 23 34 5.1 Impact crater formed in shell 
3 1.96 34 23 56 14.5 Impact crater formed without penetrating the shell. Cracks were observed in 

the ice shell and dye entered cracks from the interior water layer, but didn’t 
reach the ice surface 

4 1.96 39 26 88 8.9 Crater formed, no penetration 
5 1.97 43 29 85 5.8 Dye entered cracks in interior but didn’t reach surface 
6 2.09 18 12 68 N/A Impact crater formed and penetrated into interior. 
7 2.42 33 22 75 Not meas. Crater formed, target then broke when moved. Masses of the four largest ice 

fragments post shot were: 1054, 388, 283 and 200 g. 
8 2.93 33 22 - N/A Complete disruption. Masses of the four largest ice fragments post shot were: 

795, 366, 282 and 155 g. 
9 1.97 21 14 47 N/A An entire disc, 148 mm in dia. and centred on the impact point, separated 

from the rest of the ice. This then fell off the target under the influence (under 
gravity), releasing the interior water. The crater in this detached disk just 
penetrated the ice shell. 

10 3.24 41 27 75 6.67 Glancing impact  

Fig. 3. The ratio of mass of largest fragment (post- 
impact) to initial target mass mf / mi, vs. impact energy 
density Q for shots 1 – 8 (•) at normal incidence, and 
shot 10 (□) non-normal incidence. The horizontal 
dashed line shows mf / mi = 0.5, which indicates 
catastrophic disruption. The value of Q in the data at mf 
/ mi = 0.5 is taken as the critical value of energy den-
sity Q*. Shots 1 and 2 are in the purely cratering regime 
and remove relatively little mass. Shots 3 – 8 (normal 
incidence, Q > 2 J kg− 1) remove ever increasing 
amounts of target mass and enter the catastrophic 
disruption regime. The fit shown (solid line) is to the 
normal incidence data for Q > 2 J kg− 1, (shots 3 – 8) 
where the mass ratio changes rapidly, and suggests Q* 
= 3.1±0.1 J kg− 1. The data point from shot 10 (top 
right) is from a non-normal incidence (30◦ from the 
vertical) impact at 3.24 km s− 1. Shot 10 has a Q value 
of 6.42 J kg− 1, well above the Q* value, however it did 
not disrupt the target, indicating how oblique impacts 
couple their energy less effectively into a target.   
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the largest to next largest and so on. This is similar to the result of 
disruption of hollow ice spheres just at the point of catastrophic 
disruption (mf/mi = 0.53 in Fig. 5b; data taken from [15]). As mf/mi falls 
to < 0.2 for hollow spheres, the shape of the distribution becomes near 
vertical and more convex shape (Fig, 5b), indicating that the largest 
fragments become near equal sized and then fragment mass falls off 
rapidly as the number of fragments increases. Fig 5c shows this effect 
also holds for water filled ice spheres (data taken from [16]). 

In previous work on catastrophic disruption of asteroids, via both 
observations of asteroid families and computer simulation (e.g. 
[26–28]), the shape of the cumulative mass distribution of the frag-
ments, has been held to indicate the degree of disruption. A concave 
appearance in the distribution indicating a sub-catastrophic impact and 
a convex appearance indicating a catastrophic disruption. Here the data 
in Fig. 5 suggest a similar trend is seen for both water-filled spheres 
(with and without cores) and hollow ice shells. 

4. Discussion 

The data presented here can be compared to that for catastrophic 
disruption of other types of ice spheres of similar size and varying in-
ternal structure (see Fig. 6). These target types include a solid ice sphere 
[13], the somewhat artificial scenario of a hollow ice sphere [15], and 
an ice surface with an interior filled with water [16]. The new data can 
be seen to be quite distinct in Fig. 6, and there are clear differences in Q* 
depending on target type. Solid ice targets and those with an ice surface 
and liquid water interior, have similar Q* values (around 16 – 18 J 
kg− 1). It was noted previously [15] that for hollow ice spheres, Q* ap-
pears larger at (25.5 ± 0.5) J kg− 1, but the decrease in total mass that 
occurs due to the hollow interior almost exactly compensates for the 
increase in Q*. This had been taken to indicate that the disruption was a 
surface layer phenomenon in these bodies. However, the results here for 
targets with a central core invalidate this hypothesis. There is an in-
crease in the target mass here compared to equal size pure ice or 
water/ice targets. However, the difference (which arises from the rela-
tive densities of acrylic, 1180 kg m− 3, and ice/water) is small and does 
not explain the large decrease in Q* by a factor of 5 – 6. The thickness of 
the ice shell here is comparable with that in past work, so this is also not 
a contributing factor. It thus appears the presence of a core has altered 
the development of the shock process, in effect weakening the target. 

Early laboratory experiments on homogeneous basaltic targets [29] 
suggested that in rocky bodies, the on-set of catastrophic disruption was 
accompanied by core fragmentation, wherein the central core of the 
body was exposed as a fragment. Later experimental work, by amongst 
others [30–33], confirm this in high speed impacts on various rocky 
targets. However, [34] observed that catastrophic disruption of icy 
targets behaved differently. This was confirmed by [14] who reported 
that solid ice targets break apart due to cone-like penetration by the 

Fig. 4. Sequence of video stills showing the 
front of the ice shell (as seen from the 
impact direction which was from the right) 
detaching from the target in shot 9, after 
impact at 1.97 km s− 1. (a) Pre-impact. This 
target would not have been used in normal 
analysis, because the core can be seen in 
the lower right quadrant of the ice sphere, 
apparently stuck to the inside of the ice 
shell. (b) This is the first image showing an 
impact, the previous frame (undamaged 
target) was 0.017 s earlier. This frame is 
taken as t = 0. The classic fast ejecta plume 
(shown arrowed) can be seen moving 
rightward away from the impact point, but 
no fractures or cracks are yet visible in the 
bulk of the ice shell. (c) t = +0.017s . 
Extensive fracturing can now be seen 
(indicated with arrows), especially around 
the leading face of the sphere. (d) t =
+0.051s. Larger ejecta is now beginning to 
lift off the surface of the ice sphere. (e) t =
+0.1 s. The detached disk is now beginning 
to lift off the surface, and fall away. A gap 
is appearing between it and the rest of the 
ice sphere (e.g. see arrow). (f) t = +0.15 s. 
The front face has detached and is now 
moving away (the gap visible in (e) and 
marked with an arrow is growing larger, 
whilst the large ejecta (e.g. A and B) are 
now moving out of the field of view).   

Table 3 
Q* as measured for ice spheres (dia. 18 – 20 cm), whose internal structures are as 
shown in Fig. 1.  

Target Structure Q* (J kg− 1) Reference 

Solid ice 18 ± 0.7 [13] 
Ice surface with water filled interior 16.25 ±

1.35 
[16] 

Hollow ice sphere 25.5 ± 0.5 [15] 
Ice surface, water layer beneath ice, and a central solid 

core 
3.1 ± 0.1 This work  
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impactor, which results in vertical and horizontal fractures originating 
from the base and sides of the crater that form in the ice. 

However, when discussing the disruption of layered targets there is a 
new issue, namely the influence of the internal structure on the 
disruption process. Previously, it has been shown for a body with an icy 
mantle directly over an ice:silicate core (i.e. a two layer body), that a 
thin surface ice layer, taken as t/d in the range of 1 – 2, made no dif-
ference to the disruption process or Q* [35]. In [35] t/d was varied by 
changing the mantle thickness, so that t/d ranged from 1 to 7. As mantle 
thickness increased to >6 times projectile diameter, a complicated 
pattern of behaviour emerged: At Q < Q*, there was more mass removed 
than expected from simple cratering, suggesting that mass is more easily 
lost from the surface layer when there is a core of different material 
beneath it. When the mantle was relatively thick compared to the pro-
jectile size, Q* increased by a factor of 1.8 compared to that for a target 
of just the core material (ice:silicate in that case), or one with a large 
core and thin ice surface layer. 

Laboratory disruption of core:mantle targets for rocky bodies has 
also been reported [36]. Along with the ratio t/d (0.233 – 7.53), the ratio 
of core mass to total target mass (RCM) was flagged as a key parameter in 
[36]. As well as the extreme cases of RCM = 1 (only a core present), and 
0 (a target body made up of only mantle material), in [36] RCM was 
varied over the range 0.0026 – 0.860. It was found in [36] that they 

could describe their work by 4 types of outcomes, which, listed in 
increasing order of severity are: IV: Core totally/partially covered by 
mantle with crater in the mantle, III: Core intact and mantle fragmented 
and removed, II: Core exposed with damage to its surface, and I: Core 
disrupted. Only the equivalent of outcomes III and IV are observed here, 
with type IV equivalent to a cratering event here, and type III being a 
catastrophic disruption event. 

Here however, there is the added complication of a third layer in the 
target (the core beneath an internal ocean), and this has influenced the 
outcome of the impact, significantly lowering Q*. A sequence of 
increasing damage as Q is increased can be described as summarised in 
Table 4. It is possible that the results of future work will require category 
IV (not observed here), i.e. a category which includes damage to the core 
being observed before full disruption occurs. The presence of category 
IV-like features in an impact may well depend on the relative thickness 
of the surface ice and water ocean, and the radius of the central core. 
Indeed, technically, if the central core were large enough it would have 
over 50% of the total target mass, so simply removing all of the outer 
two layers would not result in a catastrophic disruption event unless the 
core itself was damaged and either broken apart or had material 
removed from it via cratering. 

To gain further insights into the disruption process, modelling is 
required. The key feature of the tri-layered targets, seems to lie in the 

Fig. 5. Cumulative frequency vs. fragment mass (normalised to total mass). The degree of disruption for each data set is indicated by the normalised mass of the 
largest fragment in each event. (a) This data. The two events (shots 7 and 8, Q = 3.78 and 5.41 J kg− 1 respectively)) are in the catastrophic disruption regime, with Q 
> Q* (here 3.1 J kg− 1). (b) Data from hollow ice spheres (taken from [15], table 2). In general, in (a) and (b), at mf/mi ≈ 0.2 - 0.5, the distribution is a diagonal 
straight line. As the degree of disruption increases, an increasingly convex, initially near vertical distribution of near equal sized largest fragments emerges. (c) 
Catastrophic disruption of water filled ice spheres, reproduced from Fig. 5 in [16]. The concave shape in (c) at mf/mi >> 0.5 indicates a cratering rather than 
disruption event, whilst the convex shape at mf/mi << 0.5 is typical of a catastrophic disruption. 
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presence of surface and core materials with strength, decoupled by an 
intermediate water layer with no shear strength. In [37], hydrocode 
modelling of the response of Enceladus to impact was performed. Two 
main cases were considered, a two layered target body with an icy 
mantle directly over a rocky core, and a three layered structure where 
core and mantle were separated by a water layer. Although [37] did not 
focus on catastrophic disruption, what they reported was that energetic 
impacts which penetrated the ice shell, can interact with the core. 
Further, the presence of the internal structure, concentrates the resulting 
deformation processes into the icy surface layer. 

Taken with our experimental results here, we suggest that the pres-
ence of the core beneath the water layer, reflects shock waves back to-
wards the surface ice. This surface layer has already been weakened, and 
then undergoes further damage. This in turn causes the observed cata-
strophic disruption failure at a lower energy density than in the absence 
of the core. 

5. Conclusions 

The work described herein represents a first attempt to tackle the 
issue of a tri-layered icy ocean world at laboratory scales. What is 
revealed in the work is that the presence of a three layer structure with a 

central core, significantly influences the outcome of the impact event, 
with catastrophic disruption occurring at a notably lower energy density 
than for solid ice or two layered ice/water targets. 

The relative thicknesses of the layers in the targets here each layer 
(core approximately 25%, water layer 55% and surface ice layer 20% of 
the total target radius) are not in good agreement with any particular icy 
ocean world, with the core being too small, and the ocean layer too 
thick. This is due to technical difficulties with making targets with these 
structures. Future work should therefore focus on having layering more 
representative of the icy ocean worlds and seeing how, in particular, the 
presence of a larger core and shallower ocean than here, influences the 
value of Q*. The relative roles of the ice and liquid water in the surface 
two layers can then also be investigated for thick and thin ice surface 
layers. Further, when there is a shallow ocean, how the core is damaged 
in the impact process should also be studied. In future work a variety of 
core materials could also be used, including rocky and metal cores. 
Indeed if a porous core were used it would be possible to have a water 
saturated core. Seeing how Q* varies with such changes would help 
provide insights into how the core is influencing the disruption process. 
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Fig. 6. Compilation of data for target mass ratio (final/initial) vs. impact energy density Q. The horizontal dashed line is at mass ratio = 0.5, which defines Q*. Three 
sets of behaviour can be seen. The targets with an ice surface, water layer and solid core, have Q* ≈ 3 J kg− 1. The solid ice [13] and the water filled ice targets [16] 
have Q* ≈ 16 – 18 J kg− 1. The hollow ice spheres [15] have Q* ≈ 25 J kg− 1. 

Table 4 
Impact outcomes for layered targets with an icy surface layer as the impact 
energy density Q increases. Category IV is not observed here but is reasonably 
postulated.  

Outcome 
category 

Characteristics 

I Relatively small crater in surface ice layer 
IIa Larger crater in surface ice layer with (non-penetrating) radial 

cracks propagating to several times crater diameter 
IIb Even larger crater, with onset of concentric cracks and some 

cracks penetrate the ice layer 
III Penetration of main crater in the surface ice into the second layer 
IV Removal of surface layer and part of the interior ocean, plus 

damage to the core (not observed here) 
V Disruption of the whole body.  
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