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THE CRATERING RECORD OF GANYMEDE AhTD CALLISTO: EVIDENCE FOR THE CHARACTER OF THE 
CRATER-FORMING IMPACTOR POPULATIONS Scott L. hlurchie and James W. Head, Dept. of Geological Sciences, 
Brown University, Prouidence. RI; Jeffrey B. Plescia, National .4eronautics and Space Administration, Washington, D.C. 

Introduction. Large populations of impact craters observed on the surfaces of Ganymede and Callisto [1,21 are the 
result of bombardment of these satellites by some mixture of heliocentric impactors in solar orbit and planetocentric 
impactors in Jovian orbit. The relative importance of the two impactor populations is a controversial question [e.g. 
3,4,5,6,7,8] which has important implications for the use of crater densities as age measures of Ganymedean and 
Callistoan surfaces. For example, planetocentric impactors would bombard all longitudes approximately equally on either 
satellite; heliocentric impactors would bombard the leading hemispheres more heavily, producing a ratio of the cratering 
rate a t  the leading edge to that a t  the trailing edge (6)  in the range of 6-20 [3]. Thus, on either satellite, densities on 
different surfaces of craters formed by planetocentric impactors are directly related to the surfaces' relative ages. In 
contrast, densities of craters formed by heliocentric impactors require both assumption of a value for 6 and normalization 
to a standard distance from the leading edge (i.e., 90") in order to be used as relative age indicators. 

In this abstract we summarize evidence for the character of the impactor populations that cratered Ganymede and 
Callisto. We begin by evaluating the evidence previously used to support models of planetocentric or heliocentric 
bombardment, and we then introduce new evidence that cratering of Ganymede was dominated by a single population of 
heliocentric impactors. Finally, we summarize implications of these results for the use of crater densities as age measures 
of Ganyrnedean surfaces. Information in this abstract has also been presented in detail by Murchie et al. [91. 

Previous observations. Leading edgeltrailing edge density gradients found for several classes of craters have been 
interpreted as  evidence of a heliocentric crater-forming bombardment [e.g. 8,101, whereas failure to observe such a 
gradient has been interpreted as evidence of a planetocentric bombardment [e.g. 81. Both interpretations are based on the 
implicit assumption of spatially uniform crater retention times. In general, leading edgeltrailing edge density gradients are 
exhibited by larger craters and younger crater deposits: 260-km craters on Callisto [lo]; 230-km craters on Ganymede in 
both light and dark terrains; and bright ejecta deposits on Ganymede [9] and Callisto [lo]. Conflicting results are reported 
for smaller craters: Croft and Duxbury [8] report no significant gradient for 10- to 20-km craters in certain areas of light 
and dark terrains on Ganymede, whereas Bianchi et al. [ l l ]  report greater densities of small light terrain craters close to 
the leading edge, and Murchie et al. [9] report the same for small dark terrain craters. Croft and Duxbury also report no 
gradient for Callistoan craters 2 10-km in diameter; given that a gradient does occur for 260-km craters [lo], the subset 
of Callistoan craters lacking a gradient is those 10-60 km in diameter. 

For each of Ganymede and Callisto, there are two plausible explanations that reconcile the presence of a leading 
edgeltrailing edge density gradient for large and young craters with the lack of a gradient for small older craters. First, 
heliocentric bombardment continuing to the present time has dominated formation of large and young craters, but an early 
period of planetocentric bombardment formed most of the smaller craters [cf. 81. Second, both large and small craters 
were formed by heliocentric impactors, but the density gradient for small craters has been obscured in many localities by 
non-synchronous emplacement of resurfacing materials, such as those occurring on Ganymede in both light terrain [e.g. 
1,2,9,11,121 and dark terrain [e.g. 4,9,13]. In this interpretation the gradient is expressed by larger old craters because 
these were less efficiently buried by resurfacing, and by younger craters because these postdate resurfacing. These 
alternate explanations are now tested. 

New observations. Our crater-density measurements for Ganymede's dark terrain [9] were used to provide two 
independent types of evidence for the character of that satellite's crater-forming bombardment, neither of which assumes 
spatially uniform crater retention times. 

First, we identified pairs of dark terrain surfaces whose stratigraphic age relations are apparent, but which are 
located a t  different distances from the leading edge. Measured and normalized crater densities (assumed 6 = 15) were then 
compared with the stratigraphic relations to test the planetocentric and heliocentric bombardment models, respectively 
(Figure 1). Three pairs of surfaces have clear age relations: furrowed terrain in southeastern Nicholson Regio and 
superposed dark smooth material in northwestern Nicholson Regio; furrowed terrain of northwestern Marius Regio and 
superposed dark smooth material of east-central Marius Regio; and furrowed terrain of western Galileo Regio and 
superposed dark smooth material of southern Galileo Regio. The fourth pair consists of furrowed terrain of northwestern 
Marius Regio and the terrain of eastern Marius Regio; the latter strongly resembles the smooth material of east-central 
Marius Regio, and is also interpreted to have formed by resurfacing of terrain analogous to that of northwestern Marius 
Regio. The fifth pair consists of northwestern Nicholson Regio and western Galileo Regio. Northwestern Nicholson 
possesses furrows belonging to the concentrically arranged system which extends to an angulaf distance of more than 
110" of arc from its center of curvature a t  60°N,500W [14], and is the least cratered surface to exhibit these furrows. 
Galileo Regio is located only 30°-90° of arc from the center of curvature, but it contains no furrows belonging to the sub- 
Jovian system; rather, it contains furrows belonging to a distinct crosscutting system [14]. We therefore interpret the 
surface of Galileo Regio to have a lesser age than the younger furrowed surfaces in the sub-Jovian hemisphere. Measured 
and normalized crater densities for the five pairs of surfaces are illustrated in Figure 1, where the older member of each 
pair is designated "1" and the younger member "2." Lower plots are densities of craters 2 2 0  km in diameter; upper plots 
show densities of 2 10-km craters, which would not require such thick resurfacing to be "reset." Measured crater 
densities, which would indicate relative surface ages if the crater-forming bombardment had been planetocentric, are not 
always consistent with stratigraphic relations, but the normalized densities consistently are. We interpret this result as  
evidence that the impactor population which cratered Ganymede's dark terrain was dominantly heliocentric. 

Second, we tested for bombardment of Ganymede and Callisto by a second, distinctive impactor population by 
assessing the spatial and temporal variability of crater production functions. Four of the ten dark terrain areas that we 
measured exhibit neither a depleted density of small craters nor morphologic evidence for significant resurfacing since 
crater formation, and are interpreted to be in production. Log (R) values for ~ 4 0 - k m  craters in these areas are listed in 
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Table 1. If bombardment by heliocentric and planetocentric populations with distinct size-frequency distributions had 
occurred, there would be a leading edgeltrailing edge gradient in the shapes of the production functions. No such gradient 
is observed, suggesting the predominance of a single impactor population in the cratering of dark terrain. Independent 
measurements of log (R) for undegraded craters in dark terrain and light terrain [41 reveal very similar size distributions 
of log (R) that resemble in shape the production functions we measured (Table I),  suggesting that both Ganymedean 
terrains were cratered by the same heliocentric population. 

Callisto's surface is more heavily cratered than is Ganymede's, a t  least by craters <40-60 km in diameter [4,.51, and 
is therefore most probably older. Callisto's crater size-frequency distribution is similar in shape to Ganymede's for 240-  
to 60-km craters, but is significantly "richer" in smaller craters than is Ganymede's production function [41 (Table 1). 
This "richness" may be explicable by bombardment of Callisto both by the heliocentric population, as well as by a 
planetocentric population rich in small bodies (as suggested by Croft and Duxbury [8]) that had become extinct before 
formation of Ganymede's presently observed surface. Further investigation of this possibility is needed. 

Conclusions a n d  implications. The observed surface of Ganymede has been cratered predominantly by a single, 
heliocentric impactor population; the surface of Callisto has been cratered by the same population and possibly by a 
planetocentric population that had become extinct before formation of Ganymede's observed surface. The leading 
edgeltrailing edge density gradient of small craters on Ganymede has been obscured by non-synchronous emplacement of 
various deposits of resurfacing materials in light and dark terrains. 

These results imply that previously published normalized crater densities of different Ganymedean surfaces [l51 are  
generally valid measures of relative ages. However, model absolute ages of the same surfaces [l.51, keyed to a lunar-like 
impactor flux history, are probably in error: The heliocentric impactor population should have penetrated the inner solar 
system, but it is dficult if not impossible to attribute crater populations on the terrestrial planets to the same impactor 
population that cratered Ganymede and Callisto [4,6,71. Thus heavy cratering of Ganymede and Callisto (before formation 
of older light terrain areas on Ganymede) very probably predated heavy cratering of the inner solar system [12]. 
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T.4BLE 1. Log (R) Size Distributions (Interpreted as  Production Functions) 

Angular dist. Diameter increment 
.Area from apex,* 7.1-10 km 10-14.1 km 14.1-20 km 20-28.3 km 28.3-40 km 

Eastern Marius 6 5 -1.64i0.04 -1.58k0.06 -1.24t0.07 -1.13k0.10 --- 
East-central Marius 85 -1.70+0.06 -1.5350.04 - 1 . 3 7 ~ 0 . 0 6  -1.42 10 .09  -1.061- 0.10 

SE Nicholson 114 -1.92f 0.04 -1.65f 0.05 -1.4910.06 -1.30i0.07 -1.46k0.15 
"Eastern Barnard" 131 -1.70i0.06 -1.60f 0.08 -1.51+0.12 -1.39k0.15 --- 

- -  

From Woronow et al. (1982) 
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Ganymede-light terrain, all craters .-- -1.83 -1.82 - 1.72 -1.62 
Ganymede-dark terrain, undegraded craters -1.38 -1.38 -1.36 -1.29 -1.24 

Callisto-undegraded craters --- -0.70 -0.69 -0.67 -0.72 - 

- -  
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