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recently than others; Europa could experience current cryovol-
canic and tectonic activity. Global-scale patterns of tectonicImages of Europa from the Galileo spacecraft show a surface
features suggest deformation resulting from non-synchronouswith a complex history involving tectonic deformation, impact
rotation of Europa around Jupiter. Some regions of the litho-cratering, and possible emplacement of ice-rich materials and
sphere have been fractured, with icy plates separated and ro-perhaps liquids on the surface. Differences in impact crater

distributions suggest that some areas have been resurfaced more tated into new positions. The dimensions of these plates suggest
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EUROPA: INITIAL GALILEO GEOLOGICAL OBSERVATIONS 5

that the depth to liquid or mobile ice was only a few kilometers Obtaining definitive answers to these and related ques-
at the time of disruption. Some surfaces have also been up- tions is unlikely in the near-term. However, the Galileo
warped, possibly by diapirs, cryomagmatic intrusions, or con- mission and the Galileo camera (Solid State Imaging sys-
vective upwelling. In some places, this deformation has led to tem, (SSI); Klaasen et al. 1984, Belton et al. 1992) are
the development of chaotic terrain in which surface material providing insight into these issues and enabling the formu-
has collapsed and/or been eroded.  1998 Academic Press

lation of specific plans for future exploration.Key Words: Europa; Europa geology; Galileo; Galilean satel-
lites; jovian satellites. Galileo Imaging Data

The Galileo spacecraft will make 11 orbits around Jupi-
ter in its nominal mission phase. Each orbit is characterizedINTRODUCTION
by a close flyby of either Europa, Ganymede, or Callisto

Europa is the second of the large Galilean satellites of and is designated by a letter and a number indicating the
Jupiter. With a diameter of 3,120 km and a density of satellite and orbit. For example, E-4 indicates that in its
about 3.0 g/cm3, it is comparable in some respects to fourth orbit, the spacecraft flew closest to Europa. Al-
Earth’s Moon, but with important differences. Ground- though highest resolution remote sensing satellite data on
based infrared spectroscopic observations almost three each flyby were taken for those satellites with the close
decades ago (Pilcher et al. 1972, Fink et al. 1973) showed flybys, so-called ‘‘nontargeted’’ satellite data were also
the surface of Europa to be dominantly water ice. How- taken on other orbits as appropriate. Galileo images of
ever, near-infrared mapping spectrometer (NIMS) data Europa obtained through orbit E-11 are listed in Table
(McCord et al. 1998) reveal the presence of non-ice materi- I. In the Galileo Europa Mission (GEM), scheduled to
als such as sulfates in the mottled terrain. Analysis of the continue operations through 1999, there are opportunities
gravity field of Europa derived from Galileo data indicates to obtain additional data on at least 8 flybys of Europa.
that the satellite is differentiated into a predominantly H2O As described in Klaasen et al. (1984), the solid state imaging
outer shell 100–200 km thick and a deep interior consisting system has 8 filters, centered at 416, 559, 636, 664, 731,
of rocky and metallic material, possibly involving a metallic 756, 889, and 989 nm. Because of spacecraft limitations,
core (Anderson et al. 1997). only sparse color data could be obtained in the nominal

The thickness of the outer H2O shell is consistent with mission. Preliminary analyses of the color data are given
previous estimates of Ojakangas and Stevenson (1989). by Clark et al. (1997) and Geissler et al. (1997).
Parts of this shell could be liquid (Cassen et al. 1979). The Figure 1 is a mosaic of Europa assembled from Voyager
origin of the H2O shell is likely associated with heating, and Galileo data. Prominent named features are given for
dehydration, and differentiation of the interior. In addition reference and are listed in Table II. Proposed names for
to interior sources, Europa is heated by tidal dissipation features seen well in SSI images must be approved by the
resulting from the large mass of Jupiter and the eccentricity International Astronomical Union.
forced in Europa’s orbit by its Laplacian resonance with
Ganymede and Io (Cassen et al. 1979, Schubert et al. 1986). PHYSIOGRAPHY

Previous imaging of Europa by the Voyager spacecraft
Major surface features and terrain units on Europa werewas at relatively low resolution: Voyager I coverage was

mapped and described by Lucchitta and Soderblom (1982)15 km/pixel, while best Voyager II coverage was about 1.8
and Malin and Pieri (1986) using Voyager images. In gen-km/pixel (Smith et al. 1979a, 1979b). These images re-
eral, Europa displays little topographic relief, but has avealed long surface markings, called lineae (Davies 1982),
variety of smooth and textured terrains of different spectraland suggesting tectonic processes, a mottled surface, indi-
properties, along with networks of grooves, ridges andcating the presence of nonice components, and a paucity
other linear features. Principal terrains include variousof impact craters. Because of the interest stimulated by
plains and mottled terrains (Fig. 1). Low-Sun Galileo im-the Voyager data, coupled with Earth-based telescopic
ages reveal isolated mountains and platforms.observations and models of the interior, Europa was identi-

fied as a high priority for exploration by the Galileo im-
Plains

aging team (Carr et al. 1995). First-order questions regard-
ing Europa that can be elucidated by geological studies Plains units are subdivided based primarily on albedo.

In general the equatorial plains tend to have a low albedoinclude: (1) What constraints does geology place on the
interior configuration? (2) Is there liquid water presently (0.46 for the violet filter; Buratti and Golombek 1988),

which could result from ions that have bombarded thebelow the surface and if so, where and in what quantities?
(3) How has Europa evolved through time? (4) How do surface, removing parts of the ice and leaving a lag deposit

of silicates or other non-ice components, including possibletectonic surface features constrain the thermal history and
current heating rate of Europa? organic compounds (Lanzerotti et al. 1978, Squyres 1980).
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TABLE I
Data Obtained for Europa by the Galileo Solid State Imaging Experiment through the Nominal Mission

Center
Orbit Number of frames coordinates Notes

G1 4 full @ 1.6 km/pxl (35, 218) Vgr gap fill, six-color sample of polar terrain, best
1 240 lines @ 1.6 km/pxl (19, 192) regional view of either pole during nominal
4 full [green, violet, 756, 968] @ 1.6 km/pxl (47, 220) mission
2 376 lines [red, 889] @ 1.6 km/pxl (47, 221)

G2 3 color frames (returned 640 3 640 pixel window @ 6.9 km/pxl (0, 292) Low phase photometry in violet, green, 968
of each) [green, violet, 968]

C3 4 partial (535, 40, 225, 96 lines) @ 0.43 km/pxl (215, 195) Wedge-shaped bands, Thera Macula, dark lineae,
1 40 lines @ 0.85 km/pxl (5, 190) transition of plains unit to fractured plains unit,

terminator view for morphology
E4 5 (800,664, 664, 664, and 536 lines) @ 1.2 km/pxl (0, 280) terminator coverage, large macula, dark terrain at

1 400 lines @ 0.63 km/pxl (6, 323) high resolution
3 (2 3 400, and 275 lines) @ 0.13 km/pxl (216, 334)
4 partial (16–800 lines) @ 0.03 km/pxl (6, 323)
4 partial (392–800 lines) @ 0.03 km/pxl (6, 327)

E6 2 full @ 1.7 km/pxl (24, 242) Thera and Thrace Macula, Agenor Linea, plains,
2 full @ 0.28 km/pxl (225, 272) triple band intersection, strat relationships,
6 full @ 0.18 km/pxl (12, 271) ‘‘iceberg’’ chaos, bright plains at high resolution
6 (2 @ 400, 200, 3 @ 125 lines) @ 0.052 km/pxl (226, 280)
4 (3 @ 600, 400) @ 0.052 km/pxl (12, 274)
5 (2 full and 3 @ 680 lines) @ 0.02 km/pxl (13, 273)

G7 1 full @ 3.2 km/pxl (0, 149) Vgr gap fill, low and very low phase photometry,
6 370 lines [green, violet, 968] @ 0.4 km/pxl (36, 183) Tyre Macula in green, violet, and 968, near
3 400 lines [green, violet, 968] @ 0.7 km/pxl (31, 147) terminator morphology
5 (4 full and 1 @ 25 lines) @ 0.5 km/pxl (2, 98)

C9 3-color [green, 756, 889] @ 12.6 km/pxl (0, 40) Global color in green (no OCM), violet, and
968-leading hemisphere, links to C10

C10 3-color [green] @ 7.3 km/pxl (0, 283) Global color in green (IM8), violet and
[violet, 756, 968] @ 14.7 km/pxl 968-trailing hemisphere, links to C3, E4 & C9

E11 4-color [green, violet, 756, 968] @ 0.29 km/pxl (2, 225) samples dark spot, Pwyll ray, wedge-shaped band
4-color [green, violet, 756, 968] @ 0.29 km/pxl (18, 225) samples triple band, cycloidal band, plains
10 full @ 0.23 km/pxl (26, 237) Terminator coverage, Mannann’an crater
6 full, 1 partial @ 0.04 km/pxl (36, 87) high-resolution morphology of unexplored terrain

Earth-based observations show that polar plains are (Fig. 3). Lucchitta and Soderblom (1982) subdivided mot-
tled terrain into brown and gray units based on colorimetricbrighter than equatorial plains (Murray 1975), which could

result from poleward migration of ice (Lucchitta and Sod- properties. Brown mottled terrain as observed at Voyager
resolution has pitted, hummocky topography and numer-erblom 1982).

Galileo multispectral coverage (Fig. 2) at wavelengths ous relatively low-albedo patches as large as a few tens
of kilometers across set within the mottled terrain. Thebetween 416 and 989 nm reveals an unexpected subdivision

of Europa’s mid-latitude bright plains into two units which normalized reflectance spectra of brown mottled terrain
are similar to those of brown materials that occur in smallare distinct in the near infrared (Belton et al. 1996, Clark

et al. 1997). This difference is attributed to ice grain size spots, referred to as lenticulae, described below (Clark et
al. 1997). The boundary between the plains and the mottledeffects, in which infrared-dark material is composed of

larger grains, perhaps indicating differences in surface his- terrain is transitional, with a slight increase in topographic
relief in which the mottled terrain is more broadly undulat-tories within the plains. However, there might also be some

compositional differences between the two units. In com- ing. Domes, pits, lineae, and ridges are also visible on
mottled terrain, as in the plains. Most lineae are discontinu-parison with Ganymede and Callisto, the spectral proper-

ties of the plains on Europa suggest that there is less dark, ous and appear to be disrupted within mottled terrain.
Some are interrupted by flow-like plateaus ranging in sizenonice material than even the ‘‘iciest’’ surfaces seen on

Callisto or Ganymede. from a few kilometers to several tens of kilometers across.
However, in other locations lineae appear to have formed

Mottled Terrain on top of plateaus, perhaps indicating that the formation
of mottled terrain was sporadic and contemporaneous withMottled terrain is characterized by low albedo (0.21 in

the violet filter; Buratti and Golombek 1988) splotches the formation of ridges (Klemaszewski et al. 1997). In gen-



FIG. 1. Mosaic of Voyager and Galileo images for Europa showing some named and newly named (italics) features. In addition to various
lineae, the two principal terrains are shown, bright plains and mottled terrain (ASU IPF-1079).
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TABLE II
Names for Features Observed on Europa Approved by the

International Astronomical Union, 1997

Proposed name Feature type Length or diameter (km) Location Reference

Agave Linea linea 1250 7.8 N 267.9 W Daughter of Harmonia and Cadmus
Callanish ring 100 16.3 S 333.5 W Major stone circle in the Outer Hebrides of Scotland
Chthonius Linea linea 1850 3.8 N 288.2 W Survivor of the men Cadmus sowed with the

dragon’s teeth, founder of Thebes
Conamara Chaos chaotic terrain 99 3 110 9.5 N 273.3 W Rugged, isolated part of western Ireland named for

Conmac, son of Queen Maev
Govannan crater 10 37.5 S 302.6 W One of the Children of Don, a smith and brewer
Harmonia Linea linea 925 28.5 N 168.3 W Wife of Cadmus
Hyperenor Linea linea 2200 15.1 N 303.1 W Survivor of the men Cadmus sowed with the

dragon’s teeth, founder of Thebes
Ino Linea linea 1400 6.2 N 161.2 W Daughter of Harmonia and Cadmus
Manann’an crater 30 2.0 N 240.0 W Irish sea and fertility god
Moytura Regio mottled terrain 235 3 65 47.9 S 297.1 W Scene of two famous battles between the Celtic

DeDanaan and the pre-Celtic tribes the Fir Bolg
and the Fomorians

Pelagon Linea linea 800 33.7 N 170.6 W King who sold Cadmus a cow marked with a
white full moon on each flank

Pwyll crater 50 25.5 S 271.0 W Head of Hades and Prince of Dyfed
Tyre ring 155 30.0 N 145.1 W Seashore where Zeus carried Europa away

eral, brown mottled terrain appears younger than—and
forms at the expense of—bright plains.

In high-resolution Galileo images (Fig. 4), some brown
mottled terrain is seen to consist of regions where the
surface has been disrupted and broken into plates as small
as a kilometer across that have been moved laterally into
new positions. The ‘‘mottling’’ results from the high-albedo
surfaces of the plates set within the lower albedo of the
intervening disrupted surface. However, mottling is also
present where this style of disruption is absent. The low
albedo could result from the exposure of nonice materials
or from larger ice grains, or a combination of these two
possibilities. Analysis of NIMS data of mottled terrain
indicates a lack of water ice and the presence of hydrated
minerals on the surface (Fanale et al. 1998).

Gray mottled terrain displays albedo characteristics
(0.36 in the violet filter; Buratti and Golombek 1988) simi-
lar to both brown mottled terrain and the plains units.
Gray units are of more limited areal extent in the regions
seen on Voyager and have been observed only in moderate
resolution by Galileo. Like brown mottled terrain, gray
mottled terrain comprises relatively low-albedo patches
ranging in size from a few kilometers to several tens of
kilometers across, which are transected by numerous lin-FIG. 2. False-color composite image of part of Europa centered at

458N, 2218W covering an area 1260 km wide; north is oriented toward eae. The topography of gray mottled terrain seen in Galileo
the upper right and image resolution is 1.6 km per pixel. This image was images is transitional between brown mottled terrain and
derived from frames taken through filters with wavelengths centered at plains units. It is less hummocky and has more intact lineae
989, 757, and 559 nm. Triple bands, other lineae, and mottled terrain

than brown mottled terrain, but it is more disrupted thanappear in brown and reddish hues while icy plains (blue and tan hues)
plains units (Klemaszewski et al. 1997). The normalizedsubdivide into units with different albedos at infrared wavelengths (from

Belton et al. 1996; JPL P–47906). reflectance spectra of gray mottled terrain closely resemble
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FIG. 3. Galileo image of the trailing hemisphere of Europa centered at the equator and showing a young impact crater (A), named Pwyll,
identified by its bright icy ejecta. Numerous lineae are visible, including those forming an ‘‘X’’ pattern ((B), north of Pwyll) imaged in high resolution
(Fig. 5). A suspected impact structure, named Callanish is visible as the dark spot on the western (left) side of the disk (C) (Galileo frame S0360063913).

those of the dark and bright plains and bright craters (Clark lower albedo material. Cilix is the reference feature on
which Europa’s geographic longitudes are based (Davieset al. 1997).
1982).

Mountains and Plateaus The general paucity of impact craters observed in the
Voyager data suggested a youthful surface and the possibil-

Although Europa is relatively smooth, topographic fea- ity of recent, or even active resurfacing (Lucchitta and
Soderblom 1982). The increased resolution and coveragetures with relief generally less than a few hundred meters
afforded by Galileo reveal more impact craters, especiallyare seen in high-resolution Galileo images taken under
in some areas. These include a 30-km diameter craterlow-solar illumination. These include raised platform-like
Manann’an, centered at 28N, 2408W, Pwyll, a 26 km diame-areas as large as 35 km across and small mountains. Other
ter crater centered at 268S, 2718W previously suggested toisolated massifs include a conical knob 12 km in diameter
be an impact crater based on Voyager data (McEwennear 34.5N, 169.5W that is 2 6 0.5 km high.
1986a), small (,10–15 km in diameter) craterforms, some
of which have raised rims and ejecta patterns, and dark

GEOLOGIC FEATURES spots, formerly called maculae, some of which are of proba-
ble impact origin.

Craters
From relationships in the exposed rim of Manann’an, the

impact appears to have penetrated through dark mottledOne prominent impact crater is Cilix. Identified on Voy-
ager images, Cilix is some 16 km across surrounded by terrain into bright, presumably ice-rich materials, ejecting
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FIG. 4. Mosaic of moderate resolution (180 m/pixel) Galileo images showing the ‘‘X’’ intersection of the triple bands Asterius and Agave
lineae seen in Figure 3. In this near-terminator view (illumination from the east, or right), the low albedo flanking stripes of triple bands are poorly
seen, while topographic features, such as the complex ridges and grooves of the medial part of the triple bands, are enhanced. Also visible in this
image is the zone of mottled terrain (Conamara Chaos) immediately south of the ‘‘X.’’ Area shown is about 235 by 290 km (ASU IPF-1112).

discontinuous rays over the surrounding terrain for dis- shaped central peak complex about 8 km across. Its floor
appears to be nearly the same elevation as the surroundingtances exceeding several hundred kilometers. In contrast,

Pwyll crater (Fig. 5) appears to have excavated relatively terrain, suggesting substantial rebound following the im-
pact, or flooding of the crater floor by melt resulting fromred low-albedo material, which forms a dark zone on the

floor of the crater and blankets the surrounding terrain the impact. The bright ejecta rays from Pwyll can be traced
more than 1000 km across Europa and are superposed onnearly 1 crater radius from the rim. Pwyll has an irregularly
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FIG. 5. Mosaic of two Galileo images showing Pwyll, the prominent impact crater seen in Figure 3. The dark area visible in the global view
coincides with the dark ejecta deposits, but does not signify the crater rim diameter. The crater rim is about 26 km across. In addition to the central
peak cluster, the crater floor appears to stand as high or higher than the surrounding terrain, suggesting flooding or rebound of the crater bowl
following the impact. Area shown is about 160 by 100 km; resolution is 240 m/pixel and illumination is from the east (right) (JPL P-48506).

many of the ridges and other geologically young terrain taken of the terminator zone. Although some of these
depressions have irregular shapes suggestive of endogenicfeatures (Fig. 3).

The topography of the rims for Manann’an and Pwyll origin (Chapman et al. 1997), others are circular and some
have slightly raised rims, characteristic of impact craters.craters and the central peak of Pwyll suggest that the outer

H2O shell of Europa was sufficiently rigid at the time of
the impact for these features to form and be preserved.
From depth to diameter relations for the transient cavity
(Melosh 1989), the rigid ice shell in the area impacted must
have been at least 10–15 km thick in order for a central
peak to have formed and been preserved.

Small (,5–6 km in diameter) impact craters with pat-
terns of radial ejecta are seen in many areas on Europa.
Some of these craters have ejecta deposits that are of lower
albedo than that of the plains on which they were emplaced
(Fig. 6). With such small diameters, this suggests that the
depth to a substrate zone of darker material is shallow,
perhaps less than a few hundred meters deep, at least
locally. Alternatively, the dark material in and around
some craters may be melt produced by impact into a porous
surface, in which rapid closure of pores in a loose regolith
leads to greatly enhanced shock heating (e.g., Zel’dovich
and Raizer 1967). Craters lacking dark ejecta may have
formed in a comparatively nonporous target. In these cases,
the impact might have penetrated an outer ice-rich layer
into a subsurface zone containing a higher abundance of FIG. 6. Image of a 2 km in diameter impact crater centered at 168S,
nonice components. 1988W, showing low albedo ejecta and raised rim (Galileo frame

S0368639400).Numerous shallow depressions are observed in images
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FIG. 7. Galileo image of Tyre, showing concentric low albedo patterns, triple bands that cross-cut the concentric structures, and very narrow
bright bands. Also visible are irregular shaped low albedo spots (lenticulae), in the lower left corner. Note that the low albedo components of the
triple bands are not symmetric about the central bright band. Area shown is 250 by 200 km; north is to the top (Galileo frame SO389772507).

If these features are impact craters, then some areas on appear to be ridges. In Galileo images, the center of Tyre
is seen to contain a smooth high-albedo zone some 18 kmEuropa are older than inferred from Voyager data. How-

ever, other areas observed under comparable illumination across. The western margin of the structure is crosscut by
two prominent lineae. However, outer parts of Tyre appearand resolution are very smooth and lack depressions of

any type, suggesting local, geologically recent resurfacing to be superposed on fainter, older linear features. The
youngest features visible in this area are narrow (p1 km)(Belton et al. 1996).

Various low-albedo features, referred to as maculae, high-albedo lineae which crosscut Tyre and all other fea-
tures in the area. Thus, the formation of Tyre occurredwere identified on Voyager images. Some of these features

exceed one hundred kilometers in diameter. One, named when the crust of Europa was being tectonically disrupted
by the formation of ridges and lineae.Tyre, was imaged on Galileo’s 7th orbit at 670 m/pixel

resolution (Fig. 7). It is an oval feature 160 by 120 km across A large circular feature (Figs. 3 and 8) resembling Tyre
was imaged by Galileo at 168S, 3348W (Moore et al. 1997)previously speculated to be of impact origin (Lucchitta

and Soderblom 1982, Malin and Pieri 1986). It includes and named Callanish. Callanish can be divided into an
inner zone 50 km across characterized by a rugged surfaceconcentric low-albedo discontinuous bands, some of which
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FIG. 8. Moderate resolution (130 m/pixel) image showing part of the ring feature, Callanish, shown in Figure 3; it is centered at about 168S,
3348W and is about 100 km across; illumination is from the east, or right side of picture. The concentric fractures, disrupted central terrain, and
presence of numerous small craters outward from the fractures support an impact origin for this feature and might indicate a relatively thin lithosphere
overlying liquid or ductile material that was unable to preserve a craterform depression (JPL P-48228).

and an outer zone containing small (p2–3 km across) hills and by the boundaries between mottled terrain and bright
plains. The most prominent ring segments are (1) to thedisrupted by tectonic features dominated by two concentric

troughs or possible graben. The style and dimensions of north, part of Belus Linea at a radius of 1120 km from the
center of the structure and Minos Linea at 1750 km radius,the troughs suggest that the depth to a mechanical disconti-

nuity is p500 m if the bounding fractures are faults dipping (2) to the southeast, Adonis Linea at 1860 km radius and
Sarpedon Linea at 2650 km radius, and (3) to the east, thep608. Numerous small depressions, some with raised rims,

are found in the area surrounding Callanish. Some form feature is defined by the boundaries between plains and
mottled terrain at 1300, 1800, and 2200 km radii. Numerouschains of pits oriented radially to the feature and could be

secondary craters. other dark lineae form arcs around the same center. The
central region of the feature is characterized by a compli-In some respects, Callanish resembles coronae on Venus,

which are thought to result from mantle upwelling and cated pattern of dark wedges and arcuate dark bands,
interpreted as a ‘‘pull-apart’’ zone, described below.crustal deformation (Stofan et al. 1992). However, the pres-

ence of craters similar to secondaries and the style of defor- Arcs delineating the multiring feature constitute only a
few of the arcuate patterns on the antijovian hemisphere.mation of Callanish suggest an impact origin similar to

palimpsests seen on Ganymede (Smith et al. 1979a). If of Many others cross the feature and appear unrelated. The
origin of the faint, multiringed feature is unclear. It mayimpact origin, the low relief of the feature on Europa could

have resulted from slow, viscous relaxation of the rim, as be a fortuitous combination of arcs that gives the impres-
sion of a multiringed structure. On the other hand, theproposed for palimpsests and other topographic features

on icy satellites (Shoemaker et al. 1982, Passey and Shoe- silicate subcrust beneath the H2O shell could retain the
early history of heavy bombardment, and this feature couldmaker 1982, Jones et al. 1997, and others), or rapid defor-

mation of the craterform immediately following impact reflect an impact scar.
(Croft 1983), as demonstrated in laboratory-scale impacts
into thin ice over a liquid substrate (Greeley et al. 1982).

Flows and Flowlike Features
From the relationships seen in Callanish, we conclude that
it and similar features on Europa are probably of impact Implicit in discussions of ‘‘resurfacing’’ on Europa is the

concept that icy materials are extruded from the interiororigin.
A faint multiringed feature is seen on the antijovian onto the surface as liquids or in the solid state. Liquids

could be water or slurries of water and ice (i.e., ‘‘slush’’)hemisphere centered at 208S, 2038W and could reflect an
ancient impact (Carr et al. 1997). Although the multiringed with other nonwater components. The process involving

the release of these materials in cold environments eithernature of the feature is difficult to discern in Mercator
projections, it is more apparent in stereographic projec- explosively (e.g., geysers) or as surface flows is termed

cryovolcanism. As reviewed by Kargel (1995), most cryo-tions (Fig. 9). The rings are defined by low-albedo lineae
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FIG. 9. Mosaic of Voyager and Galileo images in a stereographic projection centered at 208S, 2038W, showing concentric pattern of lineae and
boundaries between mottled terrain and plains.

volcanic events are unlikely to involve pure water because fortunately, none of the specific flow-like features were
imaged in higher resolution. Figure 11 shows part of thisit is difficult for water to reach the surface through the

lower density ice crust. In addition, pure water is highly terrain in high resolution and illustrates modification of the
surface. Some areas show gentle to moderately upwarpedreactive with many silicate minerals and electrically polar

substances that form nonwater ices. Models involving wa- surfaces with medial fractures (Fig. 11a). In other areas,
there is more relief and the surface has a muffin-like surfaceter combined with ammonia (Kargel 1991, Kargel et al.

1991) or charged with CO2 or other volatiles (Crawford (Fig. 11b) superposed on existing topography. Still other
terrains show a chaotic topography with highly disruptedand Stevenson 1988) have shown that cryovolcanism can

be an effective process of surface modification. In addition, surfaces (Fig. 11c).
The terrains shown in Fig. 11 are suggested to representoverpressurization by tectonic processes of subsurface

zones could enable liquid or solid-state extrusions onto endogenic processes, perhaps in different stages of surface
modification. Figure 12 shows cross sections based on thethe surface (Wilson et al. 1997).

Figure 10 shows the region centered at 5.28N, 319.58W images in Fig. 11. The vertical arrows represent uplift which
could result from magmatic intrusion, diapirs (low-densityimaged at moderate resolution (630 m/pixel). This region

is transitional between plains and mottled terrain. In some masses), or thermally driven convection. In case 3 (Fig.
11b), the mass represents either extrusion or mobilizationareas, lobate features intersect ridges, apparently having

either flowed through gaps, intruded into the ridges from of the icy crust into a flow. The short, stubby morphology
suggests a relatively viscous mass. In cases 4 and 5 (Fig.below, or eroded through the ridges, perhaps by thermal

processes. The possible flow lobes are as high as 250 m, 11c), material appears to have been removed, either by
collapse, erosion of volatile components, or by surface flowsuggesting that they were rather viscous during emplace-

ment. None appear to have flowed more than 25 km. Un- (small channel-like features are present). Figure 13 shows
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FIG. 10. Moderate resolution (634 m/pixel) image showing hummocky terrain centered at 68N, 3228W; note that some ridges have superposed
flowlike masses (arrow). Outline shows area seen in higher resolution (Fig. 11). Illumination is from the east (right); area shown is about 440 by
280 km (Galileo frame S0374667300).

another area on Europa where the surface has been modi- mobilization of surface materials without extrusion. In ei-
ther case, the high frequency of impact craters superposedfied by endogenic processes similar to those outlined in

Figs. 11 and 12. on the flooded area indicates that the surface is relatively
old, although many of the craters could be secondaries.Low to moderate resolution (.2 to p0.5 km) images of

the europan surface show irregular shaped low-albedo In other areas, however, flow-like features lack impact
craters and were apparently formed in geologically recentspots as large as p20 km across. Provisionally termed len-

ticula, these spots occur as isolated features or in clusters. times.
Images of the region centered at 108N, 2718W (namedHigher resolution images show that some lenticula consist

of domes or low, rounded hills (Fig. 4). In some cases, Conamara chaos; Figs. 3 and 4) show parts of the ridge
and grooved terrain that have been severely disrupted,these appear to be relatively unaltered parts of the crust

that have been slightly upwarped from below. In other with blocks of icy crust as small as 1 km being shifted into
new positions (Fig. 14). The heights of these blocks rangecases, the domes appear to consist of material derived from

the interior that broke through to the surface as a viscous from ,25 to 200 m above the lower, rough terrain. We
suggest that the blocks must have been underlain by mobilemass (Fig. 13). Pappalardo et al. (1997) suggest that the

pits and domes of some lenticula represent solid-state con- materials, potentially water-rich at the time of disruption,
and that their displacement occurred as a result of convec-vection in the icy shell, as predicted if the shell is thick

(.7 km) and underlain by a warm layer, such as liquid tion within the substrate (Belton et al. 1997, Pappalardo
et al. 1997).water.

Low-viscosity surface flows are suggested by Fig. 11d,
which shows ridged and grooved terrain that appears to

Tectonic Features
have been locally flooded to produce a nearly flat, smooth
surface. This is a very high resolution image (25 m/pixel), Voyager and Galileo images show the surface of Europa

to be crisscrossed by a variety of linear, curvilinear, andand the flooded material shows no raised margin, even in
this near-terminator view in which visibility of topographic wedge-shaped structures suggesting tectonic activity (Luc-

chitta et al. 1981, Sullivan et al. 1997, and others). Lineaerelief is enhanced. This suggests that the material was very
fluid at the time of emplacement, and water or a water- (Davies 1982), constitute the principal structural features

on Europa (Lucchitta and Soderblom 1982). They extendrich solution is a reasonable candidate composition. An
alternative mechanism to produce the flat surface shown hundreds or even thousands of kilometers and are most

prominent in plains areas (Fig. 1). Many lineae identifiedin Fig. 11d involves heating from below with melting or
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FIG. 11. Detail (p25 m/pixel) of area shown in Figure 10; a) gentle dome with irregular medial fracture; superposed by a second dome that
is more highly fractured; area shown is 4.5 by 3 km (ASU IPF-1048). b) domical mass superposed on ridges and grooves; area shown is 8.7 by 6.3
km (ASU IPF-1048). c) chaotic terrain showing highly disrupted surface and remnant knobs; area covers 8.7 by 6.3 km (ASU IPF-1048). d) small
smooth zone superposed on ridged terrain; surface is peppered with small craters of presumed impact origin; area shown is 8.7 by 6.3 km (ASU
IPF-1048).

on Voyager images as albedo features are seen in Galileo fracture (Fig. 15). Crosscutting relations indicate that the
images to be ridges or ridge-complexes with relief of tens low-albedo components of TB tend to brighten with time
of meters. Most lineae are thought to originate as tec- (Fig. 16), approaching the albedo of the background
tonic features. plains in which they occur (Belton et al. 1996, Clark

Triple bands (TB) are lineae characterized by low et al. 1997).
albedo stripes typically 10–20 km wide with a medial The darker, brownish parts of the triple bands and the
high-albedo band (Figs. 2, 4, and 7). They occur in a mottled terrain are areas with the highest amount of nonice
wide variety of morphologies, including TB which merge components on Europa. Their spectral properties at long
into simple bright bands or single dark bands, and TB SSI wavelengths are similar to those of dark terrain on
in which the low-albedo component breaks up into discon- Ganymede and Callisto, while at short wavelengths, they
tinuous flanking patches which may be either symmetric are among the reddist in the visible, even in comparison
or asymmetric about the central bright zone. Most bright with Ganymede and Callisto. This could be attributed to
bands of TB imaged at high resolution under low solar larger amounts of sulfur in the dark material on Europa
illumination consist of complex ridges which generally compared to Ganymede and Callisto. This is consistent

with the suggestion by Spencer et al. (1995) that sulfurhave a prominent medial groove which is probably a
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eruption, the conduit is cleared of contaminants, and
cleaner slush is exposed to the surface where it freezes,
forming the bright medial band.

However, the ‘‘geyser’’ model might not explain the
complex, interbraided parts of the medial ridge seen in high
resolution, nor the great length (hundreds of kilometers) of
many triple bands. Pappalardo and Coon (1996) proposed
that some ridges and TB form by repeated tensional and
compressional tidal stresses which open and close the icy
lithospheric plates, resulting in repeated deformation of
ice to form complex ridges. The geyser model might be
invoked to explain the low-albedo component; as the plates
separate during tension, volatile-charged slush containing
nonice components could be released to the surface to
produce ‘‘dirty’’ geysers.

One particularly prominent zone of complex tectonic
deformation, informally referred to as a ‘‘pull apart zone,’’
is centered approximately in the antijovian region (Fig.
18). It is interpreted as an area in which icy crustal plates
were separated, rotated, and moved into new positions
(Schenk and Seyfort 1980, Pieri 1981, Schenk and McKin-
non 1989, Golombek and Banerdt 1990, Pappalardo and
Sullivan 1996) reminiscent of ice packs in the polar seas
of Earth. This area was imaged by Galileo at 420 m/pixel
and 1.6 km/pixel and includes dark bands as wide as 35
km. Sullivan et al. (1997) and Tufts et al. (1997) show that

FIG. 12. Diagrams showing interpretation of processes involved in reconstruction of the plates into prefractured configura-
the formation of the features in Figure 11. Arrow represents upwarping tions can be accomplished with little or no overlap of plate
from magmatic intrusion, diapiric uplift, or convection. margins. However, they also note that a small part of bright

plains material is missing and apparently has been con-
sumed or altered (i.e., darkened). The bilateral symmetry
of some dark bands suggests patterns similar to those ofmight be partly responsible for the short-wavelength prop-

erties seen in Earth-based spectra of Europa’s surface. sea-floor spreading, in which fractures repeatedly open
Various models were proposed from Voyager images to

explain the origin and evolution of TB, including tectonic
models involving block faulting and flooding by water or
slush (Golombek and Bruckenthal 1983), intrusion of the
icy crust by hydrated silicate materials with subsequent
dehydration (Finnerty et al. 1981), and extrusion of icy
material onto the surface. Galileo images show that the
outer margins of TB are diffuse and, in some cases, discon-
tinuous (Fig. 7). Consequently, formation models for the
dark stripes involving primarily tectonic processes and in-
trusions, both of which form sharp outer boundaries, are
less plausible.

Explosive venting, or ‘‘geysering’’ of material from frac-
tures could produce the diffuse outer margins of TB by
pyroclastic deposition concentrated close to the vent and
thinning to outer feather edges. In this model (Fig. 17),
initial eruptions involve gases (proposed by Crawford and
Stevenson 1988), and perhaps liquids charged with rocky
material derived from the icy crust. As this material reaches FIG. 13. Area centered at 98N, 2768W showing two features similar
the surface, the volatiles condense and the rocky debris to those in Figure 11, interpreted to represent stages of endogenic defor-

mation of the surface (area shown is 20 by 14 km) (JPL P-48525).showers onto the surrounding terrain. With continued
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FIG. 14. High resolution (54 m/pixel) view of part of Conamara Chaos, the disrupted terrain seen in Figure 4 showing individual blocks of
crust that have been broken apart and apparently ‘‘rafted’’ to new positions. The area shown in this picture is about 46 by 18 km; the small size
of the blocks suggests that the depth to either liquid water or mobile ice was relatively shallow (a few km or less) at the time of disruption.
Illumination from the right (from Belton et al. 1997; JPL P-48526).

along a spreading axis and are replaced with new material combined with previous measurements from Voyager im-
ages (Neukum 1983, 1985, Wagner et al. 1989). Size–from the interior. The dark bands are thus gaps between

laterally moving blocks rather than graben. frequency distributions of craters smaller than a few kilo-
meters show a characteristic steep slope similar to those
for the asteroids Gaspra and Ida (Chapman et al. 1996a,IMPACT CRATER DISTRIBUTIONS AND

SURFACE AGES 1996b) and the inner Solar System planets, especially the
Earth’s moon (Neukum et al. 1975, Neukum 1983, Neukum

Estimating ages of planetary surfaces is critical to the
derivation of geologic history and understanding the evolu-
tion of planets and satellites. In the absence of planetary
samples from which radiometric dates can be obtained,
other, less direct techniques must be used to estimate ages
of planetary surfaces. Crater size–frequency distributions
are commonly used for this purpose (e.g., Hartmann et al.
1981). Calibrating the crater counts, however, is a problem,
especially for the outer Solar System. Two approaches can
be used, extrapolation from the Moon, where crater counts
for surfaces have been calibrated using radiogenic dates
from Apollo and Luna samples, and derivations based on
current estimates of impact flux in the environment of
interest—in this case, the jovian system. Both approaches
must take into account various factors such as gravity scal-
ing and potential satellite leading–trailing hemisphere
asymmetries in impact flux and energies. Despite these
and other uncertainties and assumptions, ages derived
from crater counts enable comparisons among planetary
surfaces if applied consistently, and they give insight into
geological histories.

FIG. 15. High resolution (16 m/pixel) view of complex ridged terrain.
Crater size–frequency data were obtained for Callisto, The prominent ridge has a medial fracture and sets of smaller fractures

Ganymede, and Europa (Neukum et al. 1998) for craters paralleling both sides. Area shown is 18 by 15 km, illumination from the
right of picture (Galileo image S038378652).as small as 50 m in diameter using Galileo images and
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4.5 and 3 byr ago and a constant flux for more recent times.
These assumptions are based on a similar size–frequency
distribution as in the inner Solar System and the same
probable impactor source from the asteroid belt during
the period of heavy bombardment. This is thought to domi-
nate the cratering record if cometary cratering in the past
3 byr is relatively low. These assumptions lead to consistent
results for all three Galilean satellites. The surface of Cal-
listo then is 4.3 to 3.9 byr old (i.e., if the youngest basin-
size impact occurred 3.9 byr ago); ages on Ganymede range
from 4.2 byr for Galileo Regio to 3.7 byr for the youngest
sulcus. Europa in this scenario is considerably younger
than Ganymede and Callisto, but is still some 3.3 to 3
byr old.

Thus, unfortunately, the two approaches lead to very
different ages for the europan surface—as young as 107 to
as old as 3 3 109 years.

REGIONAL/GLOBAL TECTONIC PATTERNS
FIG. 16. Three intersecting triple bands; cross cutting relations show

The lineae on Europa appear to be mostly ridges andthat the sequence of formation from oldest to youngest was A, B, C;
note that with time, the low albedo component appears to brighten. Area fractures resulting from tectonic processes (Smith et al.
shown is 320 by 280 km (Galileo image S0349875139). 1979a, 1979b, Luchitta and Soderblom 1982, Pieri 1981).

The formation of lineae has been variously ascribed to
global expansion as a result of phase changes or dehydra-
tion of the interior (Finnerty et al. 1991), global contractionand Ivanov 1994). Neukum et al. (1998) suggest that the

distribution of impactors on the jovian moons is similar to as a result of global cooling (Helfenstein and Parmentier
1983), polar wandering (Ojakangas and Stevenson 1989),that observed in the inner Solar System, including the

asteroid belt. They note that the crater record on different and tidal stresses caused by Europa’s orbital eccentricity
(Helfenstein and Parmentier 1983, 1985, McEwen 1986b).geologic units of Ganymede and Callisto varies as much

as an order of magnitude. In contrast, crater distributions For a spherically symmetrical Europa in synchronous
rotation, the pattern of fractures due to tidal stresses andon Europa are more uniform, with variations for three

sites being less than a factor of four. Even on some of the orbital recession should be symmetrical about the antijov-
ian longitude, and the jovian and antijovian hemispheresyoungest areas, impact craters can be identified, although

the number of craters is 1/5 to 1/10 that of young maria should have similar fracture patterns (Helfenstein and Par-
mentier 1983). Galileo images, however, do not show thisof Earth’s moon.

The crater counts for Europa can be used to estimate distribution. If there is any symmetry on the better imaged
antijovian hemisphere, it appears to be centered at aboutages using the two approaches outlined above. In the one

approach (extrapolation backward through time from pres- 2058W longitude. Moreover, the jovian and antijovian
hemispheres appear fractured to different degrees, al-ent-day flux), applying Shoemaker’s (1996) most recent

value for the production of 10-km diameter craters to crater though this could be simply an effect of inadequate Voy-
ager and Galileo image coverage and resolution. The offsetcounts on Galileo images results in a surface age for Europa

of about 10 million years. If the same rate is adjusted to of the longitude of symmetry from the antijovian longitude
might be explained by nonsynchronous rotation. BecauseGanymede (p1.5 lower flux) and Callisto (p1.5 lower flux),

then ages for young terrain on Ganymede are 230 myr to of the tides and the eccentric orbit, torques averaged over
one orbit are nonzero (Yoder 1979, Greenberg and Wie-2.3 byr, but the oldest dark terrain on Callisto is only about

3.2 byr old (Neukum 1997). denschilling 1984). This could cause a slight difference in
the orbital and rotational periods and slow nonsynchro-In the other approach, one can assume an age of 3.8 byr

for the youngest large basin on Ganymede (Gilgamesh), nous rotation (Geissler et al. 1998, Greenberg et al. 1998).
The entire body could rotate nonsynchronously, or the icewhich probably represents the last stage of heavy bombard-

ment, equivalent approximately to the formation of the crust could slowly rotate over a silicate interior that is in
synchronous rotation. In both of these cases the stressOrientale basin on the Moon. In addition, one can assume

a lunar-like impact rate decay (Neukum 1983, Neukum fields caused by the tides and orbital recession will move
slowly across the surface (Helfenstein and Parmentierand Ivanov 1994) with a half-life of about 100 myr between
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FIG. 17. Diagrams showing possible mode of formation for some triple bands.

1985) and, over time, all longitudes should experience the stresses due to Europa’s eccentric orbit. They found that
the orientations of major lineament systems, as well assame stress pattern.

None of the proposed models (expansion, contraction, time sequences of crack formation inferred from Galileo
images, fit a model in which cracking occurred at variousorbital recession coupled with synchronous or nonsyn-

chronous rotation polar wandering), nor combinations times during the last 908 of rotation relative to the direction
of Jupiter. The success of that model supports the possibil-thereof, fully explain the patterns of lineae observed in

the Galileo images. Lack of symmetry about the jovian ity of on-going nonsynchronous rotation as well as the
important role played by both nonsynchronous and diurnaland antijovian points and lack of similarity between the

jovian and antijovian hemispheres appear to rule out tidal stress.
None of the proposed mechanisms explain fractures andexpansion and contraction coupled with synchronous rota-

tion as the sole causes of the fracture pattern (Greenberg boundaries between surface units that outline the circular
structure at 208S, 2038W, described earlier. One possibilityet al. 1997). A better fit is obtained if stress trajectories

for nonsynchronous rotation are displaced eastward by 258, is that the silicate subcrust that underlies the ice crust is
not homogeneous and does not form a smooth surface,as if the fractures preserved a record of nonsynchronous

rotation from a previous epoch (McEwen 1986b), but this but instead retains a record of cratering from Europa’s
early history. Inhomogeneities in the silicate subcrust andimplies that the fractures formed by a mechanism that has

ceased, which would be inconsistent with a young age of the topography of the silicate surface might have influenced
the way in which the icy crust responds to the tidal stresses.much of the surface.

Greenberg et al. (1998) and Geissler et al. (1998) mapped We suggest that the circular pattern could reflect an ancient
impact basin in the silicate subcrust. Such a basin couldthe stress fields that result from the combination of stresses

accumulating from nonsynchronous rotation and ‘‘diurnal’’ be located close to the antijovian point because the basin
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FIG. 18. View of a ‘‘pull-apart’’ zone near the anti-Jovian region showing parts of the europan surface that have been separated. The prominent
dark wedge shows bilateral symmetry of its ridges and grooves, suggesting repeated separation and infilling; area shown is 238 by 225 km; illuminated
from the west (left) (Galileo image S0368639400; JPL P-48127).

results in a center of mass offset, thereby locking at least gate upward into the ice. However, topography on the
silicate subcrust could influence the way that the ice crustthe silicate interior in its present orientation with respect

to Jupiter. deformed so that the fracture pattern is the result of cur-
rent, or recent, tidal stresses as modified by flexure of theA subsurface impact scar could influence the deforma-

tion of the ice crust in at least two ways. If the crust is crust and interaction of the low viscosity ‘‘ocean’’ layer
with the topography of an ancient multiringed basin in themechanically coupled to the silicate subcrust, then tidal

stresses in both the crust and subcrust would tend to be silicate subcrust.
relieved along previously formed dislocations, and disloca-
tions in the silicate subcrust would propagate upward into

Summary
the ice. On the other hand, if the ice crust is decoupled from
the silicate interior by a melt zone or ‘‘ocean’’ (Squyres et How then can the questions about Europa posed in the

Introduction be addressed?al. 1993), then the tidal stresses would be relieved mostly
within the ice crust and ancient fractures could not propa- Information on the interior comes primarily from geo-
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physical measurements. The close flybys of the Galileo time to evaluate the likelihood of current activity and refine
geophysical measurements to increase knowledge of thespacecraft provide some measurements, including mo-

ments of inertia (Anderson et al. 1997), which suggest that interior. High-resolution images in stereoscopic views and
in color will enable the targeting of scientifically interestingthe interior is differentiated into a large core about half

the radius of the satellite, a small rocky mantle, and an regions for future exploration, ultimately perhaps includ-
ing landed operations.outer H2O-rich shell. These results are consistent with the
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