Icarus140, 294-312 (1999)

Atrticle ID icar.1999.6132, available online at http://www.idealibrary.corrl DE %

|.®

Mass Movement and Landform Degradation on the Icy Galilean
Satellites: Results of the Galileo Nominal Mission

Jeffrey M. Moore, Erik Asphaug, and David Morrison

NASA Ames, MS 245-3, Moffett Field, California 94035
E-mail: jmoore@ringside.arc.nasa.gov

John R. Spencer

Lowell Observatory, Flagstaff, Arizona 86001

Clark R. Chapman and Beau Bierhaus

Southwest Research Institute, 1050 Walnut Street, Suite 426, Boulder, Colorado 80302

Robert J. Sullivan, Frank C. Chuang, James E. Klemaszewski, Ronald Greeley, and Kelly C. Bender

Geology Department, Arizona State University, Tempe, Arizona 85287

Paul E. Geissler

Lunar Planetary Laboratory, University of Arizona, Tucson, Arizona 85721

Paul Helfenstein

Center for Radiophysics and Space Research, Cornell University, Ithaca, New York 14853

and

Carl B. Pilcher
NASA Headquarters, Washington, DC 20546

Received June 18, 1998; revised March 2, 1999

The Galileo mission has revealed remarkable evidence of mass
movement and landform degradation on the icy Galilean satellites
of Jupiter. Weakening of surface materials coupled with mass move-
ment reduces the topographic relief of landforms by moving surface
materials down-slope. Throughout the Galileo orbiter nominal mis-
sion we have studied all known forms of mass movement and land-
form degradation of the icy galilean satellites, of which Callisto, by
far, displays the most degraded surface. Callisto exhibits discrete
mass movements that are larger and apparently more common than
seen elsewhere. Most degradation on Ganymede appears consistent
with sliding or slumping, impact erosion, and regolith evolution.
Sliding or slumping is also observed at very small (100 m) scale on
Europa. Sputter ablation, while probably playing some role in the
evolution of Ganymede’s and Callisto’s debris layers, appears to be
less important than other processes. Sputter ablation might play a
significant role on Europa only if that satellite’s surface is signifi-
cantly older than 108 years, far older than crater statistics indicate.
Impact erosion and regolith formation on Europa are probably min-
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imal, asimplied by the low density of small craters there. Impactero-
sion and regolith formation may be important on the dark terrains
of Ganymede, though some surfaces on this satellite may be modi-
fied by sublimation—degradation. While impact erosion and regolith
formation are expected to operate with the same vigor on Callisto
as on Ganymede, most of the areas examined at high resolution
on Callisto have an appearance that implies that some additional
process is at work, most likely sublimation-driven landform modifi-
cation and mass wasting. The extent of surface degradation ascribed
to sublimation on the outer two Galilean satellites implies that an
ice more volatile than H,O is probably involved.  © 1999 Academic Press

Key Words: Europa; Ganymede; Callisto; satellites of Jupiter;
satellite surfaces.

INTRODUCTION

Mass movement and landform degradation reduce topogray
relief by moving surface materials to a lower gravitatione
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potential. In addition to the obvious role of gravity, abrasivenore rugged, and slightly steeper scarp along the upper sloj
mechanical erosion plays a role, often in combination with thad the ridge flank is observed above much of the darker, put
lowering of cohesion which allows disaggregation of the reliefive debris (Fig. 1, arrow B), in some places taking the form ¢
forming material. The identification of specific landform typeshutes (Fig. 1, arrow C). Individual particles within the talus ar
associated with mass movement and landform degradation prot seen at this resolution, with the exception of three isolate
vides information about local sediment particle size and abub@0-m-scale blocks near the base of the ridge that probably we
dance and transportation processes. Generally, mass movemgertived from the upslope of material. These blocks are direct
can be classified in terms of the particle sizes of the trartseneath what may be a down-glided kilometer-sized tabular sle
ported material and the speed the material moved during traAs-the large isolated blocks appear only here, it is possible th
port (Sharpe 1939, Varnes 1958, Coates 1977). Such schethey are associated with the putative movement of this large sl:
have been used to characterize mass movements on Mercuri,he few impact craters seen in Fig. 1 (exclusive of those a
Venus, the Moon, Mars, and lo (e.g., Sharp 1973a, 1973b, Matiaciated with an ejecta ray from Pwyll lying across the right ha
and Dzurisin 1977, Malin 1992, Schenk and Bulmer 1998), aif the image) are below the density of craters at the Surveyol
though the character of extraterrestrial movements can onlydite on the rim of the lunar crater Tycho. An analysis of the
inferred from the resulting deposits’ morphologies since resdycho-Surveyor 7 site concluded that the impact-generated |
lution is nearly always insufficient to observe individual partigolith there was<15 cm thick (Shoemaker and Morris 1969).
cles within the deposits. Modification of slopes on icy galileaifhus the amount ofimpact-produced regolith in the scene shov
satellites (excluding impact-related crater modifications, suahFig. 1 is probably insufficient to account for the quantity of
as terraced crater interiors) is not obvious in Voyager imagdsose material required to generate the talus deposits. Some ot
On Venus, the improvement in resolution from Venerd1 debris-producing process must be invoked to account for the c
(~2 km/pixel) to Magellan{150 m/pixel) was essential in theserved quantities of loose material. The presence of talus at
recognition and classification of mass movements (Malin 1992sar the angle of repose immediately subjacentto slightly stee
Bulmer and Guest 1996). Similarly, Galileo images acquirestarps along many Europan slopes implies that overall gra
at <100 m/pixel resolution and high incidence angle and/@nts have been reduced as slopes have degraded and talus
in stereo were usually required to reveal landforms on theaecumulated. Presumably, at the start of talus production, slo
satellites characteristic of mass movement. In this study wexposures steeper than the angle of repose were more extens
(1) identify landforms and surface textures that are indicative 8teep scarps greater than the angle of repose might have b
mass movement and landform degradation; (2) develop wogoduced by uplift due to endogenic forces (e.g., Pappalar
ing hypotheses for the evolution of these landforms and surfaeteal. 1998b) or steeply dipping fractures along plate margin
materials; and (3) model the parameters of various hypothe¢8shenk and McKinnon 1989, Golombek and Banerdt 1990).
which can be tested against the observations.
Ganymede

OBSERVATIONS AND INTERPRETATIONS Galileo images indicate more diverse styles of mass wastil

on Ganymede than have been seen on Europa. This might
related to the greater range of surface ages seen on Ganyme
Amongtheicy Galilean satellites, evidence for landform degMass movement on Ganymede at the smallest observable sc
dation is least obvious on Europa. The most abundant, if nasible by Galileo SSI consists of numerous dark streaks c
the solitary, expressions of simple downslope mass wasting glopes (see Procktet al.1998b, Pappalardet al. 1998a for fur-
Europa are lower slope components distinguished by nearly uttier discussion and examples). These dark streaks are seen o
form gradients and smooth texture that commonly are subja+rains observed at resolutions better than 100 m/pixel, althou
cent to more rugged and slightly steeper materials. The lowtrey are less prevalent on light terrains. High-resolution, stere
smoother units are most likely accumulations of debris at tloeverage in Uruk Sulcus and Galileo Regio confirm that dar
bases of scarps and slopes, probably at or near the angletofaks reside on steep slopes and are oriented down-gradi
repose. These deposits are relatively small, usually extendBlppes with dark streaks in this stereo coverage have up
<1 km outward, and are unambiguously seen only in imagirigkm relief and gradients of about .0These streaks always
<30 m/pixel. A good example was observed at 21 m/pixel alorappear superposed on other materials, implying they are ¢
the base of a ridge at15°N, 173W (Fig. 1). This ridge dou- perficial deposits. These streaks often widen toward the ba:
blet stands~300 m above its surroundings, and the steepesinsistent with the idea that this material has moved dow
slopes on the illuminated flank are42> with an average gra- slope. Low albedo material occupying topographic lows, som
dient of ~36° (Kadelet al. 1998). Lower portions of this ridge times as broad, coalesced bases of adjacent streaks (see
flank are less steep, smoother, darker materials that drape deétrof black arrow in Fig. 2), may be further evidence of down:
and partly cover older terrain as they extend outward. We intatope movement. In several places this material appears to ¢
pret these lower slope units as accumulations of debris derivedt in the form of short, thick, coalescing lobes at the base «
from materials immediately above (Fig. 1, arrow A). A brightslopes; the best example is seen along the base of southeast

Europa
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FIG.1. High-resolution {20 m/pixel), low-sun oblique-looking image of a young ridge on Europa exhibiting pattern changes interpreted to be accumu
of debris at the bases of scarps and slopes (see arrow A). A bright, steep scarp along the upper slopes of the ridge can be seen above much obthatdgbris
In some places taking the form of chutes (arrow at C). Three isolated 100-m-scale blocks near the base of the ridge probably were derived frap-siaperial
(arrow at D). These blocks are directly beneath what may be a down-glided kilometer-sized tabular slab (arrow at E). As the large isolated blocks lagmea
it is possible that they are associated with the putative movement of this large slab. lllumination is from the lower right. North is up. Scenercimitesare
16°N, 173'W. (A portion of Galileo image PICNO E6E0074.)

of the crater Ea in Galileo Regio (see area beyond white arr@i Fig. 3). Crater floors within the darker material are some
in Fig. 2). times even darker than other areas within this unit. We inf

Lowering of relief presumably involving slope degradatiotthat the brighter plateau material has eroded by scarp retre
and recession has affected terrain in Nicholson Regio obsenteaving behind darker materials showing degraded craters w
at 180 m/pixel during orbit G7. The intermediate-albedo un#tubdued rims. We consider two possibilities to explain what
(see image and sketch map in Fig. 3) is scarp-bounded in plaokserved. First, there may be a relatively simple stratigraphy
and stands higher than surrounding darker materials. Cratersboighter materials overlying darker materials. In this scenarioftl
the intermediate-albedo plateau generally have more prominbrighter materials are susceptible to some form of degradati
raised rims than craters in the surrounding lower, darker terraind removal, revealing the darker unit underneath. This proct
(see A in sketch map of Fig. 3). Some craters straddling theuld occur primarily at steep slope exposures, consistent w
boundary between these two units have raised rims only on the mostly scarp-controlled boundary of the brighter plateau \
brighter plateau (see B in sketch map of Fig. 3), and portions e in the images. Craters large enough to originally penetr
crater rims outside the plateau in the lower, darker unit are leksough the brighter unit into the underlying darker unit woulc
distinct. Relatively subdued crater rims in the darker materiahce the brighter material was stripped away, remain as sh
give the impression of shallower crater depths compared withw, subdued “ghosts” lacking distinct raised rims. Howeve
craters on the brighter plateau (see dotted circles in sketch ncapnplete removal of an overlying brighter unit is probably to
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posed on ancient dark terrain (Fig. 5). In the regional view, thi
“smooth” material, where it is seen between solitary groove
which cross it at~40-km intervals, exhibits almost no structural
texture and is marred only by small impact craters and a fe
indeterminent bright dots (speculated to be even smaller impe
craters).

At very high resolution (Fig. 4), the same surface is almos
nowhere smooth. The most prominent features are N to N\
oriented elongate hills commonlgl km long and standing
~50 m above their surroundings (from shadow measurement
The largest hill is~2 km long and~200 m high. Hill orientation
is similar to the solitary grooves seen in the C9 image, implyin
a tectonic origin. Slopes are usually less thab(°, although
in a few instances they approact20°. Slopes are commonly
brighter and smoother than their surroundings.

This terrain has craters ranging in diameter from 1.5 kr
down to the limit of resolution. The presentation of many o
the craters is different from that of similar-sized craters on th

FIG.2. Commonly seen evidence for mass movement on Ganymede cgﬂarth’S Moon. Some craters appear partially infilled (see crate
sists of numerous dark streaks on slopes, as seen here in this high-sun, 70 m/pa@rked “C” in Fig. 4). The surface between the hills is generall
image of Galileo Regio. These streaks often widen toward the base of the slogefdulatory with a rough texture composed of components ne
upon which they reside, suggesting a talus-like geometry and down-slope ¥Ra |imit of resolution. This surface has been aptly labeled th

tion. Further evidence of dow_n-slope mpvement of unconsolldated _materlal;ﬁoosebump plains” (Yingsﬂat al. 1997), but will be referred
observed in low-albedo material occupying topographic lows, sometimes in t|

form of broad, coalesced bases of adjacent streaks (area left of black arrJ\Q).in this study as the “rough plains.” The rough plains unit i
In several places this material appears to collect in the form of short, thidkle most areally extensive surface seen in these images, w
coalescing lobes at the base of slopes; the best example is seen along thetigadgires suggestive of hummocks or block or boulder clustet
of sou_theast wall of the crater Ea in G:_:llileo Regio (area beyond White arrovﬂ.few small patches (a few hundred meters across) of smoc
gor.th Is to the left. Scene center coordinates ar&'N, 146'W. (A portion of 1, o0 overlie the rough plains, usually near the bases of hill
alileo image PICNO G1G0023.) . ) .
The rough plains sometimes abruptly terminate short of conte
with a hill, forming a partial moat (see “A” in Fig. 4). Seen espe:
simplistic. More likely, much of the original material remainecially well in shadows illuminated by scattered light are “dark’
behind as debris, contributing to reduced crater relief. Alternstreaks whose locations and organization appear controlled
tively, a second, simpler idea involves no distinct layering. lihe local topographic gradient (see “S” in Fig. 4). We interpre
this scenario the process of scarp recession around the margiesdark streaks to be loose material that has moved down-slo
of brighter units produces darker debris that is left behind @uriously, this material also mantles hill tops in a manner the
drape over lowered terrain, partially protecting it from furtheimplies that it is not being derived from the hills themselve:
degradation. Some volume loss during scarp recession is inot has been superposed from above (see areas marked “M’
plied in this scenario, as well, to explain the general lowerirfgig. 4). Additional description and analysis of these images c
of terrain in the wake of the receding scarps. The are a fdw found in Yingset al. (1997, 1998).
prominent-rimmed craters within the dark material, among the This area may once have been covered more extensively
more abundant subdued-rimmed craters. Their paucity suggeetggh plains material. In this scenario, some mechanism h
that they probably formed after brighter scarps had retreatederoded and reduced the rough plains material, exhuming stre
The very highest resolution (11 m/pixel, 8Bicidence an- graphically older craters and smooth hills. Patches of this fo
gle) images of Ganymede were acquired &N8CW, dur- merly extensive rough plains material still mantle the partly ex
ing orbit G1 in an area that has recently been named Xibalbamed surface. The moats around the higher albedo hills m
Sulci. Unfortunately, the imaged area contained unexpectedgicate that removal of rough plains material has been partly i
bright slopes that were overexposed and thus saturated ghrenced by solar insolation. Sunlight reflected off the hills ma
tions of the SSI CCD, producing pixel bleed that obscures pancrease the heating of immediately adjacent material causi
tions of these images. Nevertheless, several possible examptdatiles within this material to sublimate. If this hypothesis i
of mass movement and landform modification are recognizalglerrect, the volatile must have been a major constituent of th
(Fig. 4). The best regional context available is a low incidencenit. Such a volatile substance (both in Xibalba Sulci and i
830 m/pixel image of this same region acquired during orbit Sicholson Regio) would have to be less thermally stable the
which indicates that the terrain sampled at 11 m/pixel-resolutidétyO. Candidate volatiles and sublimation degradation mech
has intermediate albedo, is smooth at 830 m/pixel and is supsisms will be discussed later.
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FIG. 4. A very high-resolution (11 m/pixel), low-sun image acquired of Ganymede at locatiow, 30°W (Xibalba Sulci). Unfortunately, the imaged area
contained unexpectedly bright slopes that saturated portions of the SSI CCD, producing pixel bleed which obscures portions of this imagded#tkfpmesb
the bright left-pointing “icicles”). The dark lines along the bottom were caused by data truncation. Nevertheless, enough detail can be seifretlestapysles
of mass movement and landform modification are recognizable. The dark lines along the bottom were caused by data truncation. See text foildetailagéGal
PICNO G1G0043.)

Callisto rims appears to dissaggregate in a manner that resembles dec
position of the rim-forming bedrock itself rather than pulveriza
Kilometer-scale craters on Ganymede’s dark terrain observ@sh by small impacts. The dissaggregated dark material may
at <100 m/pixel (Fig. 6) show a range of morphologies, which by-product of rim-forming bedrock disintegration. (Relatively
are, to first order, characteristic of modification by the subsemall differences between the appearances of fresh craters
quent rain of mostly smaller impacts (Prockétral. 1998b). In  Figs. 6 and 7 may be due to variable amounts of rim frost b
contrast, the kilometer-scale craters on Callisto seen by Galilgeen the two targets. Resolution and lighting differences b
at <60 m/pixel range from those with continuous, sharp-crestégleen the two original data sets may also contribute to the:
bright rims and bowl-like interior topography to craters whoseissimilarities.)
raised rims have become very discontinuous and whose interiMoreover, 100-m to kilometer-scale craters on Callisto ar
ors have become shallower (Fig. 7). The material composing tinederabundant relative to Ganymede dark terrain though bc
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Ganymede and Callisto (i.e., the much shallower slope for :
units of Callisto examined at high resolution) reflects strong
size-dependent crater destruction on Callisto, since the prod
tion function for impactors striking Ganymede and Callisto mu
be the same. We associate size-dependent crater loss with
disaggregation process, which liberates materials that evider
fill in crater floors beneath their crumbling ramparts.

To first order, Callisto’s surface is either bright (geometri
albedoA = ~0.8) or dark (A = ~0.2) with very little variation in
between. Bright material probably is frost (e.g., Spencer 1987
Bright material often occurs near or at the crests of high standi
topography, such as crater rims. If bright material is frost, the
these frost deposits may be relatively thin (not greater thar
few meters). The putative frost coatings do not appear to ha
changed, muted, or exaggerated the topography or shape of tt
outcrops at Galileo resolutions. For instance, the bright rin

FIG.5. Ahigh-sun, 830 m/pixel image of the region shown in Fig.4show6f the craters in Fig. 7 do not stand higher above surroundi
an intermediate-albedo, smooth (at 830 m/pixel) deposit that appears younger. _. . .
and superposed on ancient dark terrain. The arrows indicate a candidater%éam (as determined from shadow measurements) than ri

for the imaging acquired at high resolution. In the regional view, this “smooti?f Similar-sized and similarly preserved craters on the Eartt
material, where it is seen between solitary grooves which cross~iatkm Moon (Pike 1980). Large expanses of bright surfaces appe
intervals, exhibits almost no structural texture and is marred only by small impitetxturally rough; have steep, inconstant slopes; and exhibit
f:raters and a few indeterminent bright dots. North is up. (A portion of Galile@vera" appearance of an otherwise unmantled bedrock (Fig.
image PICNO C9G0002.) . . . .
Bright frost may preferentially form on bedrock, which will have
a higher thermal inertia and hence remain colder throughout 1
terrains are thought to be approximately the same age (eday.
McKinnon and Parmentier 1986). As can be seen in Fig. 8, theln contrast, the dark material is almost always present
level or dipping-to-the-left trends for Ganymede and Callisto, réew-lying areas or in plains away from any relief. On scarp:
spectively, represent unusually “shallow” size-frequency trenitssometimes forms a smooth-textured lower component with
(i.e., differential power-law indices in the range-e1.5 to—3) constant gradient (see between black arrows in Fig. 9). The c«
for craters of these sizes, compared with crater populatioat of the dark material with the rugged and steeper upper slc
on such bodies as the Moon and Gaspra. This drop off mfyms fan-like upward-pointing V’s, implying that dark material
partly reflect a relative dearth of small comets impacting in theas derived from up-slope, perhaps down chutes (see slopes
Jupiter system (Chapmahal.1998). But thelifferencebetween low white arrow in Fig. 9). The derived thermal inertia for this

GANYMEDE

P Degraded

10 km

FIG.6. Kilometer-scale craters on Ganymede’s dark terrain show a range of morphologies, which are generally characteristic of modification by the su
rain of mostly smaller impacts. These examples were all taken from high-sun, 70 m/pixel images of Galileo Regio. North is up. Examples are lock#eN ,nea
149 W. (Excerpted from Galileo images PICNO G1G0021, 22, 23, 24.)



DEGRADATION ON THE ICY GALILEAN SATELLITES 301

CALLISTO

Ruined

2 km

FIG. 7. Kilometer-scale craters on Callisto range from those with more-or-less continuous, sharp-crested bright rims and bowl-like interior topogre
craters with discontinuous rims and shallow interiors. The rim material appears to dissaggregate in a manner that resembles decompositicforafitige rin
bedrock itself rather than pulverization by small impacts. The loose fine-grained dark material may be a by-product of rim-forming bedrocitidisintégse
examples were all taken from low-sun, 50 m/pixel oblique-looking images. lllumination is from the left. The left two examples are locat88Mea85°W; the
right two examples are located neaB5°N, 46°W. (Excerpted from Galileo images PICNO C3C0044, 45, 65, 66.)

material is<5 x 10* erg cnt? s %% K1 (Spencer 1987b), im- the edges have steep termination2(°). Lobes appear to be
plying that it is composed of unconsolidated micrometer-siz&di nearly constant thickness (50-100 m) out to their edges. D
particles. Dark material commonly appears smooth even in thés aprons are nearly uniformly dark, although some exhib
highest resolution images-@5 m/pixel). Smooth patches ofslight albedo variation, but without an obvious organized pa
dark material approaching 5 km across can be seen within crdg&h. No longitudinal or transverse textures are obvious on tf
floors or in intercrater depressions (Fig. 10). The absence of &Wfaces of the debris deposits at the available resolution (88 &
pography within the smooth patches may indicate that the da&0 m/pixel). Terrestrial and extraterrestrial aprons with thes
material may be many meters thick here. Dark material maparacteristics have been interpreted to be debris avalancl
fall on Callisto from external sources, such as interplaneta(§-g., Sharpe 1939, Sharp 1973b, Malin 1992). On this basis,
dust or material derived from Jupiter’s small outer satellites (s#@erpret the aprons in Figs. 11 and 12 to be debris avalanch:
review by McKinnon and Parmentier 1986). However, region&idditional discussion of Callistan debris aprons can be found
color variations of dark material on Callisto observed by Galileghuanget al. (1998).
(Denk et al. 1998) suggest a crustal source for this material, In order to compare Callistan mass movements with tho:
rather than an exotic origin from beyond the satellite. A crustalsewhere in the solar system, we plotted several parameter:
origin is consistent with the visual impression of dark materiéihese features (non-Callistan data from Bulmer 1994, Sche
being derived locally from bedrock-supported landforms, suénd Bulmer 1998). Comparing height versus length raigl()
as crater rims. with slide volume shows that Callistan debris aprons are gene
Kilometer-scale degradation and mass movements on Callistty smaller and were less energetic than most mass moveme
have several manifestations. The most commonly seen expiiegm the Moon, Mars, or lo (Fig. 13a). Callistan debris apron
sion of discrete mass movement is slumps or slides, sometinaeg similar to the smaller martian aprons. McEwen (1989) su
accompanied by lateral spreading of the fallen material, whigiested that martian landslide emplacement has half the runc
will be referred to collectively as debris aprons (Figs. 11 arefficiency of Earth, and the same may be true on Callisto. Pe
12). Debris aprons on Callisto are found in several different obaps this inefficiency is caused by the gravitational effects on tl
servations representing a latitude range~@5°N to 5°S and yield strength of materials with Bingham rheology (McEwer
two different longitudes~{0°W and~145W). Debris aprons 1989) or lack of a lubricating interpore liquid or dense atmo
are observed most often within craters, with putative slide depheric gas (e.g., Brunsden 1979, p. 142). Alternatively, the a
tachment on the inner rim and debris deposits on the floor. Fiparent relative inefficiency may be due to differences in the tyy
debris aprons were observed well enough to derive good mand amount of available loose material (e.g., Varnes 1958).
phometry. The heights from which the debris aprons originafég. 13b,H /L is plotted against runout distance, now including
range from~0.5 to almost 1 km. The deposits from any one sliddata from escarpments on Venus (Malin 1992) as well. Calliste
form a solitary lobe with runout lengths from 1.7 to 4.4 km andebris aprons plot among the shorter runout terrestrial subael
areas from~3 to~11 x 10° m?. Lobes range from semicircularmass movements, despite their nonterrestrial inefficiency as
to tongue-like and have smooth surfaces and lack digitate eddasirated in Fig. 13a. Such short runout distances may accot



302 MOORE ET AL.

11— ———rrr—eeee e debris avalanche deposits is subject to further modification a
- Ganymede and Callisto Craters: R-Plot 1 degradation. If these aprons are debris avalanche deposits, 1
- Galileo SSI 1 in some instances avalanches have contributed significantly
i 1 crater enlargement through scarp retreat.
g e ] Three of the four debris avalanches seen in an image trans
[ ¥ &° of the Asgard region originate along the east wall of their pare
0.1 _,,x;‘@?' J craters, and the fourth originates from a southeast wall (Fig. 1
e 1 All may have formed simultaneously in response to a large di
1 tant impact-induced seismic event. Others, such as the del
o I | avalanche seen in Fig. 14 (labeled “S”), may have been tri
1 gered by local impacts. Debris avalanches of the sizes seen
1 Callisto have not been found on the other icy Galilean satellite
0.01 J Thus, either the processes responsible for slope destabilizal
[] Callisto PLM 1 onCallisto are more effective or the nature of the surface layel
? g:ﬁi::g IG,S? 1 different on this satellite. One possibility is that the mechanic
¥ Ganymede (max) | | integrity of Callisto’s bedrock may be dependent upon inters
- : g:‘;’yi‘:elszg(i;m) 1 tial volatile ice. In this case, local topography-controlled vari
[ 1 ations in insolation would control sublimation loss of volatile
0'001 [ | [ R R A | [ R A R A | | ice W|th|n the bedI‘OCk. Th|S hypOtheSiS W|” be explored in th
0.1 1 10 discussion section.
Diameter (km) A 375 by 225-km region at°B, 6W, displays several land-

forms probably indicative of landscape modification throug

FIG. 8. Plot of relative crater densities on selected cratered terrains B14SS mO\_/ement (Fig. 14). |n_add|t|0n to the debris apron not
Ganymede and Callisto illustrates different trends on the two satellites. Tearlier, this landscape contains a number of pits, which oft
surfaces of Callisto and on Ganymede’s dark terrain are thought to be anciggicur in clusters. These pits are sharply outlined, closed depr
(~4 Gyr old), yet the paucity of 100-m-scale craters on Callisto relative ions with steep walls but no raised outer rims. Outlines ran

Ganymede is obvious. Crater counts for Callisto were taken from the |0W—Slﬂ)om imol d thi ing t lex| luted b
35-t0-50 mipixel “Palimpsest’ (PLM), “Graben” (GRB), and “Plains” (PLN) Simple and Smoothly curving to compliexly convoluted bl

image sequences acquired during the C3 orbit. Trends for small craters/@f€ly angular. Some pits appear to have formed by coalesce
Callisto [including the fit for counts (individual points not shown) for smallor are barely separated from one another by septa. Large pits

craters outside of the large catena craters in the Gipul catena sequence] tgedper than small pits. From shadow measurements, the lar
upward toward the right at a slope of2Lto 1, whereas counts for GanymedipitS have depths approaching 1 km. The pitS have a monomd

are nearly horizontal or sloping upward only slightly. Diamonds without error, . L S .
bars and associated line fit for Galileo Regio are shown, as well as afit to couﬂlgmmemc size distributionwith a peak around 1 km but skewe

of very small craters on Xibalba Sulci (observed at 11 m/pixel) which repr&oward the smaller membe_rs (Me_rlieeal- 1998)- Pit configu-
sent the minimum crater densities counted on Ganymede. “Max” and “mifiation and morphology are inconsistent with a secondary imp:

indicate the range of best estimates of crater densities just outside of Memph¥igin, so if they were initially formed by secondaries, they hav

Facula, studied from the overlapping region of two moderately high-resoluti%en greatly modified. These pits resemble the martian po
frames. (“min” indicates craters independently identified on both of the frames; )

“max” indicates craters identified on one or the other of the frames.) The neaﬁ{?Ched pitS first described by Sharp (1973a)’ and they may h:

horizontal (differential power-law index —3) slope for Ganymede at smaller @ Similar origin. Callistan pits may have formed from initially
diameters is shallower than the typicadt to —4.5 slope for inner solar system unremarkable local depressions by the differential sublimati
crater curves at these sizes, suggesting a relative depletion of smallerimpactgf® volumetrically substantial volatile in which the shape of th
But the—2 to —.2.5 slope for CaIIis_tc_J implies an additional factor., presumabl?rowing pit acted to concentrate solar energy into the pitS’ ce
related to the disaggregation and filling processes on the undulating smooth units - . - L . .
on Callisto. ers, this process becoming more efficient with increasing si:
An equatorial location allows direct sunlight into even deep pit
The uneven distribution of pits and pit clusters may reflect a he
for the characteristic thickness and lobate margins of Callistarogeneous distribution of the putative subsurface volatile. T
aprons. role and composition of volatiles will be discussed in the ne;
Aprons of material lie adjacent to and, in some cases, appsection.
ently overlap each other in the floors of some large craters. IntheSeveral crater walls are gullied with radial valley-like inci-
example shown in Fig. 12, these lobate aprons extebd km sions in north or northeast facing crater walls (Fig. 14). Ind
from the inner crater wall. The walls above the aprons appeadual “gullies” at this location are<500 m wide and<4 km
steeper than elsewhere along the walls where sheets are not deag. Gullies extend from rim crests down to crater floor leve
If these aprons are debris avalanche deposits, then they are tMany other craters in the same scene show subtler radial f
ner and exhibit more irregular edges than the examples showrdms on portions of their walls. Since erosion by fluid drainag
Fig. 11. Perhaps these features indicate that material composing downcutting is unlikely, an alternative possibility is that th
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FIG.9. Brightand dark material on Callisto’s surface seen at low sun and high resolution. If bright material is frost, then these deposits may beniglativ
(not greater than a few meters). Large expanses of bright surfaces, such as the scarp seen here, appear texturally rough, have steep incanstexhgidpes
the overall appearance of an otherwise unmantled bedrock. Bright frost may preferentially form on bedrock, which will have a higher thermad ineniiz a
remain colder throughout the day. In contrast, the dark material at the base of scarps sometimes forms a smooth-textured lower componerarajlesisfmnt-
as can be seen at the base of the scarp in the left side of the figure (see slopes between black arrows). The contact of the lower dark material diéimthe r
steeper upper slope may trace out upward-pointing “V”s, implying that dark material has moved from up-slope, perhaps down-chutes (see slopiégs bel
arrow). Oblique-looking, 40 m/pixel resolution image of a portion of the southern wall of Gomul CatendNgtZ&BW. lllumination is from the lower right. (A
portion of Galileo image PICNO C3C0046.)

same process that formed the pits and predisposed the forilassification (e.g., see Coates 1977, Malin 1992, his Fig. 2) th
tion of debris avalanches is widening preexisting fractures piots material cohesion and particle size against speed of mo
and beyond the crater walls. The original radial fractures coutdent. This scheme groups mass movements requiring fluidizil
have formed as part of the cratering process. Recent imagesubfication (whether from air or water) to one extreme and thos
Ganymede's dark terrain acquired during orbits G7 and G8 shawhich require no lubricant (and hence dry) at the other. On tt
fractures and graben converging on craters in afashion consisientgalilean satellites, sputtering, impact-derived regolith prc
with an exploitation of impact-induced radial lines of weakneghuction, and sublimation probably all play roles in the evolutiol
by postimpact regional extensional stress (e.g., Aspleaad.  and redistribution of their surficial layers. We will next discuss
1998, Prockteet al. 1998a). these mechanisms in detail.

DISCUSSION Sputtering

The icy Galilean satellites show clear and unambiguous ev-The potential effect of sputtering decreases substantially wi
idence of mass movements at a variety of scales and probahblgreasing distance from Jupiter. Hence, Europa should be m
employing a variety of mechanisms. We now consider what majfected by this process. Malin and Pieri (1986) reviewed pos
be producing these different landforms and surface textur&syager work examining the role of sputtering in ground abla
Mass wasting on much of Ganymede and along locally stetpn, noting that several studies, based on essentially the sa
slopes on Europa appears consistent, to first order, with “drype of modeling, derive a considerable range of ablation rat
movements. Debris aprons attributed to debris avalanches(4B0 to 0.50 m/Gyr), making it difficult to evaluate the true po
Callisto also probably move in a dry mode. These dry moveential of sputtering as a geomorphic agent. New results from tl
ments appear to involve rock and debris, where gravity aedergetic particle detector on the Galileo orbiter were used
oversteepened slopes were major prerequisites. Here the testimate a net sputtering ablation rate of roughly 200 m/Gy
dry is being applied using a popular terrestrial mass movemdig et al. 1998). If the age of Europa’s landscape is on thi
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FIG.10. (a). Smooth patches (see arrows) of dark material on Callisto, approaching 5 km across, can be seen within crater floors or in intercrater de
of this low-sun, 160 m/pixel image. The absence of topography within the smooth patches implies that the dark material may be locally many m@tensethic
center coordinates are38°N, 35°W. (A portion of Galileo image PICNO C9C0010.) (b) Dark material commonly appears smooth even in the highest reso
images. This low-sun (incidence angi85°), 37 m/pixel image shows a few several-hundred-meter-scale craters. Scene center coordine8eS,afaV. In
both images north is up and illumination is from the west. (A portion of Galileo image PICNO C3C0066 in orthographic projection.)

order of 10 years, and not greater than®lgears as Zahnle The effectiveness of sputtering on ice is 20 times less

et al. (1998) and Chapmaet al. (1998) suggest, then sputter-Ganymede and 100 times less at Callisto than at Europa (John
ing could only be playing a role detectable at Galileo imagint990). The recently discovered significant magnetic field «
resolutions £6 m/pixel) if the highest estimates for sputteringsanymede (Kivelsoat al.1996) may further shield that satellite
ablation are correct. from the effects of sputtering. Shoemaletral. (1982) pointed



DEGRADATION ON THE ICY GALILEAN SATELLITES 305

FIG.11. Debris aprons interpreted to be debris avalanches in craters of the Asgard region, Callisto. All examples are taken from low-sun, 88 m/pixel
North is up and illumination is from the east. See text for detailed analysis. Examples are taken from a north—south image transect atfhgthengitude
and between the latitudes ofL8N and~27°N. (Excerpted from Galileo images PICNO C10C0003, 04, 09.)

out that the ice-rich crater rays on Ganymede, which Passatyal. (1998b) reported that one of the most striking aspects «
and Shoemaker (1982) calculate have a probable survival alge appearance of the dark terrain on Ganymede (where seel
of ~1 Gyr, are probably not more than a few meters thick and100 m/pixel) is that the topography appears “softened” at sm¢
so may be taken as an indicator that ice sputter—ablation ratales when compared to younger grooved terrain, particulal
on this satellite may be low (i.e., less than a few meters per gi-the rounded crests of furrows and crater rims (Figs. 2 and ¢
gayear). Passey and Shoemaker (1982) derive a similar probaliiey attributed this softening to micrometeorite bombardmel
Callistan crater ray retention age with the same implication fand suggested that the resulting morphologies may be com|
ice sputter—ablation rates. Prockétral. (1998b) point out that rable with those seen on the lunar highlands (assuming that t
the presence of a north/south-facing slope dichotomy in sumicroimpactor flux was at least roughly equivalent to that c
face frosts on the dark terrain of Ganymede implies that thige Moon). Though there is reason to suspect that the numt
rate of sublimation-driven thermal ice segregation (as proposaftprimary impactors capable of making craters less than a fe
by Spencer 1987a) is not greater than the sputtering rate. Kilemeters in diameter are less abundant in the jovian syste
contribution of sputter ablation, while it may play a role in théhan has been the case for the Moon (e.g., Chaphain1998),
evolution of Ganymede’s and Callisto’s debris layers, appedhe density of small, subkilometer-scale craters on Galileo Reg
to be of secondary importance. imply that there has been time for saturation-equilibrium crate
densities to develop on this surface, presumably with a signif
cantly higher relative contribution from secondaries than on tf
Moon.

As was stated under Observations and Interpretations, Europ&ligh-resolutionimages of Callisto reveal a pervasive coverin
appears sufficiently uncratered that the effects of impact-ptay a smooth, slightly undulating unit of generally homogeneou
duced regolith would not be seen in Galileo imaging. Procktw albedo and texture (Fig. 10), originally revealed in imagin

Impact Cratering and Regolith Generation
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FIG. 12. Possible evidence of crater widening by multiple debris avalanches on Callisto (see arrows within crater A). Image resolution 160 m/pixel,
up and illumination is low and from the west. Scene center coordinatesxi®, 7W. (A mosaic of portions of Galileo images PICNO C9C0005, 06, 07, 08.)

of the Valhalla region acquired during the C3 orbit. Later imbothto erode craters and to cover them by redistribution of ejec
ages show that the unit has a global extent. The near abselspecially if the size distribution of the impactors is charac
of small craters, which partly contributes to the visibility oterized by a large (negative) power-law exponent, the resulti
the smooth unit on Callisto, may be attributable to a genesrosion and redistribution can manifestitself as a pervasive, c
ally lower ratio of small-to-large impacting projectiles in thainuous process that “softens” topographic features, as is w
Jupiter system compared with the region of the terrestrial plaiiustrated on the lunar surface at spatial scales smaller than a1
ets (Chapmart al. 1998). On the other hand, morphologicahundred meters (e.g., Soderblom 1970, Chapeatah. 1996).

descriptions of the unit (especially the spectrum of morpholo- Such lunar-like processes are manifestly not at work ¢
gies of small craters) demonstrates that there is, or has been W@dillisto, since there is no “saturation equilibrium” populatiol
comparatively recently in Callisto’s cratering history, an ong®f impact craters visible on the surface. By saturation, we
ing process of small-crater degradation within the smooth umibt mean geometrically saturated, but rather a spatial density
that seems to be necessarily connected to the deposition or sraall craters that is in equilibrium against the degradation a
ation of the unit. Whereas basins and large craters form rarélgstruction of craters by the impact process alone. From expe
and would (and do) show evidence of episodic modification afents (Gault 1970) and direct observation of planetary surfac
Callisto’s surface, small-scale impact processes act contirtie nature of saturation equilibrium is well understood (e.c
ously, as exemplified by lunar regolith processes. Impacts sef¥ieapman and McKinnon 1986). For shallow-sloped power-la
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FIG. 13. Plots of Callistan debris aprons height over length ratldgl() versus (a) volume and (b) runout length, along with a field of measurements f

similar mass movements on other objects. Non-Callistan data taken from Bulmer (1994), Schenk and Bulmer (1998), and Malin (1992).

production functions, equilibrium densities on &plot can heavily cratered by larger craters (tens of kilometers in diam
be as high as a few tens of percent. But the “shallow-sloptat and larger) we might ask if widespread, high-velocity eject
power-law production” regime of degradation is characterizétbm those craters could emplace the smooth unit. Here, we ¢
by cookie-cutter-like modification of crater-rim morphology, noagain look to the Moon as an analogy, because it has about 1
by smooth erosion. Moreover, it is reasonable to assume tkatne gravity as Callisto and its highlands (large) crater pop
Callisto and the dark terrain of Ganymede should, to first orddations also resemble Callisto’s. The fact that the smooth uni
experience the same flux of primary and secondary impactaos. Callisto are so much more prominent than on the Moon in
Yet as Fig. 8 illustrates, the density of craters on Callisto beediately rules out this explanation. The maintenance of rath
comes increasingly underabundant with decreasing crater ssharp albedo boundaries between the lunar highlands and ma
relative to the dark terrain of Ganymede. despite the nonnegligible postmare cratering of the lunar st
The morphology of Callisto’s smooth unit could have beeface, illustrates the general limitations of impact processes
shaped by small impacts only if there were a steep productimdistributing surface materials. In conclusion, some other pr:
function, which would effectively sandblast the surface by smalkss besides impact-generated and redistributed regolith pro
projectiles, more like the case of small lunar craters. In this casdy is responsible for the appearance of craters and the smo
the equilibrium density of craters can be as low as 10%. But tirgercrater plains of Callisto.
spatial density of small craters on Callisto is much lower, around
1%. In principle, such low densities could be achieved by asar’gi—
blasting process with an even larger power-law exponent, but
such steep power laws have not been identified for any equilib-Sublimation degradation has been proposed as an agent
rium population of interplanetary debris in the Solar System, akdometer-scale landform modification on several galilean sate
unless such as steep slope exists, small-scale impact crateliteg (McCauleyet al. 1979, Mooreet al. 1996). Sublimation
cannot account for the smooth unit on Callisto. Since Callistofsocesses relevant to (noncomet) icy bodies have been mode

blimation Degradation
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FIG. 14. Irregularly shaped pits (see near P), “gullies” (see near G), and a debris apron (see near S) all observed in this 160 m/pixel resolution
equatorial Callisto. North is up and illumination is low and from the west. Scene center coordinat€s&y&5°W. (A portion of Galileo image PICNO C9C0007.)

by a number of researchers (Lebofsky 1975, Purves and Pilche€oncepts on redistribution of surface materials by sublim
1980, Squyres 1980, Spencer 1987a, Coletdll. 1990, Moore tion developed on the basis of Voyager data by Spencer (198
et al.1996). Purves and Pilcher (1989) and Squyres (1980) bdthve been applied to much higher resolution Galileo imag
concluded that Ganymede and Callisto should accumulate frotGanymede by Prockteat al. (1998b). These workers noted
at their poles at the expense of the equatorial regions whéhat pole-facing slopes in Galileo Regio were brighter than t
exposed ice should entirely sublimate away. Spencer (1988aposite slopes, and they concluded that the brightening ag
modeled the thermal segregation of®Hice on Ganymede andwas a thin frost veneer, as it had no effect on underlying cra
Callisto and concluded that sublimation is the most significarmtorphology. They surmised that the north/south-facing slo
process for the redistribution of ice at subkilometer scales. dichotomy in surficial frost distribution was due to sublimatio
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o_f ices on the sunnier, warmer equator-facing slopes and P pecited aeiy ot oo bidiitice
cipitation of frost on the less sunny (hence colder) pole-facin| = absorbed visible + absorbed infrared

slopes, consistent with the hypothesis of Spencer (1987a). ;{;'% iy J?S’f; Loelile Vsblo sole energy i

ices sublime, the low albedo component of the surface materie s

remains behind to form a refractory-rich sublimation lag de Incident infiared

posit. The lag may eventually become thick enough to suppre J' l l l T i)

any further sublimation from underneath. Procleteal.(1998b) | , 1.5 0" > Lo B Re-radliated infrared
conclude that sublimation is the primary process responsible fi horzontalbrightice  «— = f*}?};ﬂ‘j"s

the albedo heterogeneity of dark terrain of Galileo Regio at sme ke ¥ ) W

scales, and it may aid in mass wasting, but they thought that '\j‘:ggf;nfgﬂﬁzf o\, | o Reflected visble
did not contribute significantly to the degradation of large-scal sl SV i i

morphology at that location. Bight ice *

Topographic thermal models for airless bodies have bee bolometric - Absorbed enengy i,
constructed by several workers (e.g., Winter and Krupp 197 Sbado fe N dark material
Spencer 1990, Colwedit al. 1990). These models consider scat- albedo Ao Gn
tering and reradiation of reflected and thermal radiation from
various topographic elements, and some also include diurnakiG. 15. Energy flux diagram. We consider a vertical icy scarp at midday
subsurface heating variations. These models show that, as wawkdlooking a horizontal plain covered in dark material, and compare its ener
be expected, poleward-facing slopes at high latitudes are codidpnce to that of a hypo_thesi_ze_d_horizontal bright icy surfage at the tqp |
than the average surface and are natural sites for accumulatioﬁﬁ;f carp. We assume unit emissivity for all surfaces, Lambertian scattering

A ight, isotropic emission of thermal radiation, and negligible thermal inerti
frost deposits (Spencer and Maloney 1984). They also show thathe dark material. See text for discussion.
at low latitudes, temperatures tend to be higher in depressions,
because surfaces in depressions receive thermal and refleithastrates our model. We assume unit emissivity for all surface
solar radiation from their surroundings. Low-latitude depresambertian scattering of sunlight, isotropic emission of therm:
sions, therefore, are expected to be sites of net sublimation aadiation, and negligible thermal inertia for the dark materia
should develop a lag deposit on an initially icy surface somse that absorbed solar radiation is immediately reradiated in t
what faster than the plains surfaces of the same albedo. Thieared. This last assumption is justified to first order by remot
presence of bright, icy interior crater walls at low latitudes, as iaermal measurements that show that noontime temperatures
commonly seen on Callisto, therefore requires additional expl@allisto are close to equilibrium values. We also ignore warmin
nation. A possibility is that lag deposits are sloughed off thes¢ the dark material by radiation from the scarp (though this i
steep slopes by gravity, exposing dark dirty-ice bedrock wittonsidered qualitatively later) and do not consider times oth
high thermal inertia, so that the exposed outcrop acts as a cthldn midday.
trap (which becomes even colder once a layer of frost forms)With these assumptions, the upward energy flux fror
relative to nearby lag-covered, dark regions low thermal inerti@allisto’s dark material at midday is equal to the incident solz

The other preferred site for bright deposits at low latitudes flix. Unlike the incident radiation, however, the energy is radi
on the sides and summits of the numerous isolated knobs tatdd isotropically, and a fraction (1 Ay) of the energy, where
rise out of the dark materials. Sloughing off of lag deposits an, is the bolometric albedo of the dark material, has been co
refrosting of the bedrock might explain the brightness of theerted from visible and near-infrared radiation (which we cal
slopes of these knobs, but the brightness of their summits*igsible” for simplicity) to thermal infrared radiation. As seen
problematic, and the craggy, eroded appearance of these knipbs the vertical scarp of ice, the dark material, which radiate
must also be accounted for. Quantitative modeling of tempeiato 2 pi steradians, subtends a solid angle of pi steradians, so
tures on positive relief features is more difficult than modelingne assumption of isotropic radiation from the dark surface, tt
crater temperatures, because crater interior temperatures aréicielent visible and thermal energy flux onto the scarp is ha
fluenced only by other parts of the crater, while hill temperaturésat reflected and radiated from the dark surface, and the to
are influenced by, and influence, a wide area of the surrourisi-half the incident solar flux. The vertical surface, at midday
ing landscape. However, the following semiquantitative modedceives no direct insolation.
yields some valuable insights. Because the horizontal top of the ice block receives the fu

We consider a vertica100-m-scale) icy scarp on Callisto atincident solar flux, it would seem that it would be warmer thai
midday, overlooking a horizontal plain covered in dark materiahe vertical face, which receives only half that flux. However
and compare its energy balance to that of a hypothesized hige is a good reflector of visible radiation, but a good absorb
zontal brighticy surface at the top of the scarp. We do not actuadij thermal infrared radiation (e.g., Warren 1984). The assum,
envision vertical cliffs. Instead, our model is a simplified onejon of unit emissivity for the ice implies that it absorbs all the
designed to give some quantitative evaluation of scarp retrgatident infrared radiation that it receives from the dark mate
without resorting to a complex numerical treatment. Figure Ifal, while it will only absorb a fraction (+ Ap) of the visible
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radiation, whereA is the ice bolometric albedo. From Fig. 15 o001 — * + = ™ ¢
the result is that the energy flux absorbed by the vertical faceE
(1— Ay x Aq) x S/2, while the horizontal ice surface absorb &
(1— Ap) x S. Putting in Ay=0.15 and A, =0.7, the vertical
face absorbs almost 50% more energy than the horizontal fex
If the thermal inertia is similar on the vertical and horizontéw ¢.100
ice surfaces, the vertical face will therefore be warmer than t"z:

horizontal and will have a higher sublimation rate at noon. BE

cause of the extreme temperature dependence of sublimag 1.000
rates, most sublimation occurs near the peak temperature, <&
is likely that diurnally averaged sublimation rates are also hig§
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est on the vertical ice surface. For a surface with many such § 10.00 i

scarps, there will be a net transfer of ice from the vertical scard C

to nearby horizontal surfaces, and the scarps will retreat. 1000 . | ./ | ! . |
An additional process, not considered in the simple moc 10° 10° 10° 10" 10* 1° 10° 10

above, will tend to maintain the steepness of the ice slop ESTIMATED RATE OF RETREAT OR SUBSIDENCE (km/Gyr)

Some trapping of heat in the concave regions at the base of a o , _ _ '

slope is expected, because as in a crater interior, surfaces hefd®:17: Sublimationrates of differentvolatiles on Callisto as a function o
. . oyerlying lag thickness. The lag is modeled as a fine-grain, low thermal iner

see a large solid angle of surface that can radiate to them al ulate. See text for discussion.

relatively small solid angle of deep space. The dark material at

the base of the scarp will thus tend to be warmer than the dark

N . . X rtia of that lag. These values are impossible to determine p
deposit onit: dark material released from the ice will accumulag?sely. however, we can apply a simple analysis to evaluate t
at the base of the slope and be left behind as the scarp conti ’ ’

. ) . NETe. Moorest al. (1996) used an application of Frick’s law to
to retreat. This process provides a natural mechanism for

. . . . : luate the rate of sublimation for various volatiles through
icy brightening of topographic crests that are so CO”Sp'CUOUS&/rbrIying mantle (or lag) of very fine, loose, volatile-deplete
Calllisto: scarps of exposed ice-rich bedrock will tend to retre ' '

Hiaterial. Here we add the effect of a diurnal variation throug

with the liberated HO accumulating as frost on nearby honzoné1 mantling material of very low thermal inertia (Fig. 17). Ir

tal surfaces and the lag accumulating at the bases of the SCafPSse model results shown in Fig. 17, we have considered
Ice sublimes from the face of the scarp and accumulates on Qcific case of Callisto. This sat.ellitéa has -2400.5-h-long

top, until overste_epemng causes mass wasting which EXPO§itinal cycle. Its equatorial regions experience surface temp
fresh bedrock (Fig. 16). atures in excess of 165 K and a predawn minima-80 K.

] . The dominant low-albedo surface material is thought to be ve

Net Sublliiefion /Deposition fine (micrometer scale) and have a very low thgrmal inert

l 'L ¥ (<5 x 10*ergcn?2s7%5K~1). In Fig. 17 we model the sublima-

/ \ ll} / ﬁ\f tion rate of the volatiles, selected on the bases of their detect

in NIMS (near-infrared mapping spectrometer) data (McCol

Unsegregated Bedrock etal.1997, 1998), buried under the dark fine material and exp

riencing equatorial temperatures. The dark material has as tf

mal skin depth of~10 cm, and at four skin depths the diurna
temperatures are not varying by more thah K (at ~110 K).
As can be seen in Fig. 17, $@nd even HO will sublimate

at rates sufficient to visibly alter landforms at SSI resolutions

these ices are very close to “hot” dust. However, a dust cov

ok » ‘ s _ of a few tens of centimeters is sufficient to suppress the sut

e v Lo el s Pl e seats LS5 mation of all candidate volatiles except @The widespread

by retreating scarps  sublimed from atbase, and kept free of further sublimation ~ degradation of the landforms of Callisto implies that 0®a

surrounding areas - 1ag deposil by mass significant component (a few tens of a percent) of the relie

‘ supporting ices in the upper crust. The discovery of a tenuo

FIG. 16. Net volatile sublimation/deposition surface evolution diagramCO2 atmosphere above Callisto (Carlson 1999) lends suppor
See text for discussion. this conclusion.

Some time later
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