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CRATER DEPTHtDIAMETERS ON UIPANIAN AND SATURNIAN SATELLITES: THE 
FRICTIONAL STRENGTH OF ICE; Paul. M. Schenk, Department of Earth and Planetary Sciences and 
McDonnell Center for the Space Sciences, Washington University, Saint Louis, MO 63130. 

Voyager observations of the cratered icy satellites of the outer solar system have more than doubled the 
number of solar system objects on which crater shapes and morphology can be studied. Because of varying 
composition and the greatly increased range of surface gravity, these satellites provide a natural laboratory in which 
the effects of projectile and target properties on the cratering process can be judged The shapes of fresh crams, 
defined by depwdiameter (d/D), on eight of the intermediate-sized icy satellites of Uranus and Saturn have been 
determined to date using both shadow measurements and photoclinometric profiles from Voyager images. 
Measurements on Rhea (Fig. 1) provided the best data set in terms of numbers (130) and crater size (5 to 81 km 

- - 

diameter), because of resolution and coverage. Shadow measurements could be made in statistically meaningful 
quantities only on Rhea and are statistically indistinguishable from those derived from photoclinometry. 

SIMPLE CRATERS: Simple bowl-shaped craters on Rhea are -40% shallower (Figs. 1,2) than simple 
craters on the Moon and the other terrestrial planets [I, 21. Simple crater depths are at least as shallow on Mimas, 
Ariel and Dione (Fig. 2), the only other satellites on which simple craters could be resolved (work on Miranda 
craters is in progress). There is only a very weak dependence of depth on resolution (Fig. 1). Simple analytical 
considerations indicate that resolution effects will result in no more than a 20% reduction in measured crater depths 
from Rhea images (resolution 0.7 krntpx). Within the confidence limits, simple craters on these icy satellites 
appear to be geometrically similar (i.e., constant d/D ratios), as are those on the Moon [3]. Rimwall slopes for 
Rhea craters are between 20' and 30" (Fig. 3), as steep or steeper than for craters on the Moon [3]. Interestingly, 
complex crater rimwall slopes are also steep on Rhea Fig. 3), and are not shallow as on the Moon (10" to 20" [3]). 

COMPLEX CRATERS: Although complex craters (characterized by the presence of central peaks) on Rhea 
are shallower than lunar complex craters at smaller diameters, they rapidly become deeper as crater diameter increases 
(Fig. 1). The least-squares slope of the d/D curve for complex craters on Rhea is -0.71 (H.1 I), significantly 
steeper than the d/D slope of lunar complex craters (Fig. 4). d/D slopes for complex crater on all the icy satellites 
are greater than 0.55 (Fig. 4), with the exceptions of Ariel and Umbriel. The data for Umbriel are very scattered and 
the slope is probably spurious. Only 8 complex craters on Ariel could be measured and the fit for Ariel is 
controlled by three craters between 3342 km diameter. Hence the Ariel slope should be regarded with caution. 
Viscous relaxation may be reducing larger craters depths. Complex crater d/D slopes do not appear to be a function 
of resolution (Fig. 4). The deepest crater measured (10.4 km) is Herschel on Mimas. Herschel lies on the 
extrapolation of the complex crater d/D curve for Mimas, supporting conclusions that Herschel is unmodified [4]. 

DISCUSSION: The depths of simple craters, as well as the slopes of the complex crater d/D curves, are 
distinctly different as a group from those observed on the silicate-rich terrestrial planets [I, 21. Also, simple-to- 
complex transition diameters for the icy satellites lie along a parallel but distinctly offset inverse gravity trend [5]. 
These systematic differences in crater shape between those on icy satellites and on the silicate terresrrial planets 
argue against variations in projectile characteristics such as density [6] or velocity [7,8] as the primary cause(s) of 
variations in crater morphology from planet to planet. More likely, differences in material properties, such as 
cohesion or shear strength, for ice relative to rock play a dominant role. Schmidt [9] observed that impacts into 
sands with higher coefficients of friction (i.e., shear strength) produce shallower craters. Mechanical experiments on 
sawcuts in ice [lo] indicate that ice is weaker (lower coefficient of internal friction) than most rocky materials and 
that deeper craters should result, the opposite of what is observed. These experiments were made at high normal 
stress levels, however. A line drawn through this data does not intersect the origin, indicating that at lower 
confining pressures the angle of internal friction is as steep or probably steeper than for rock, Icy lithospheres may 
be substantially stronger than usually assumed [ll]. 

Simple crater depths on Ariel are - 25% shallower than on Mimas (Fig. 2), despite identical image 
resolutions. The primary difference between Ariel and Mimas is that Ariel has experienced significant resurfacing 
and thermal activity, whereas Mimas has been essentially isothermal throughout its history [4, 121. Resurfacing 
and presumably higher heat flow on Arid may have triggered viscous relaxation, even for small craters (as on 
Enceladus [13]). A number of very relaxed craters (d/D-1/10) occur in the plains units. The lower complex d/D 
slope for Ariel relative to the other satellites may be further evidence for viscous relaxation. 

The steep slopes of complex crater d/D curves on the icy satellites clearly indicates that crater modification is 
less extensive than on the silicate inner planets. This is consistent with the general lack of terrace development on 
the icy satellites, as well as the steep rimwall slopes of complex craters on icy satellites (Fig. 3). Shallow rimwall 
slopes on complex lunar craters [3] are probably due to rimwall slumping, or collapse. Conical central peaks are 
considerably more prominent on the icy satellites. Several are over 3 km high and om5 (Aeneas on Dione) is -7 krn 
high. These observations all favor a more prominent role for rebound and a lesser rold for terrace development in 
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crater modification. In the plastic crater collapse model of Melosh [141, the degree of crater collapse and complexity 
of landforms produced depends in large measure on the effective viscosity of the shocked target material. The steep 
complex crater d/D slope may be an indication that the law governing the increase in effective viscosity with crater 
size [14] is different than on the terrestrial planets. Conversely, the ratio pgd/c must exceed 5 for collapse to occur 
[141, where p is density, g is gravity, d is crater depth at the initiation of collapse and c is the effective cohesion or 
yield stress of ice within the shocked zone. The lack of prominent wall collapse in the largest measured crater (81 
km) on Rhea implies an effective cohesion of icy rubble, at least for rim material, of at least 45 bars, somewhat 
greater than that calculated for terrestrial materials by Melosh [14]. In any case, the lack of prominent terrace 
development indicates that important differences in the mechanical properties of ice control crater modification. 

SUMMARY: The substantial and systematic differences in crater shape and morphology as a function of 
diameter for craters on icy satellites with those on the silicate-rich terrestial planets point to fundamental differences 
in mechanical properties in icy regoliths and crusts. Certainly the difference in crater depth, and possibly excavation 
depth as well, will be important in regolith modeling. The measurements of crater shapes reported here form an 
important new base £?om which to proceed toward new understanding of cratering processes. Renewed emphasis is 
needed on labratory investigation of the mechanical properties of ice and on cratering in ice targets. 
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Figure 1. d/D dab for Rhea craters. Lines are least-squares fits. Figure 2. Error bars are 95% confidence limits 
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Figure 3. Rimwall slope vs. diameter for Rhea craters. Figure 4. Error bars are 95% confidence limits. 
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