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ABSTRACT 

A geologic study of lithospheric displacements on the Jovian moon Europa 

reveals lateral motions and plate flexure. Tectonics are governed by the rotation 

rate, nature of the lithosphere and underlying decoupling layer, the nature and 

causes of lateral displacements, plus mechanisms for creating and consuming 

surface area, and for restoring lithospheric rigidity. 

Astypalaea Linea is an 810-km-long strike-slip fault near the south pole, with 

42 km of right-lateral offset, and includes a large pull-apart. Considering scale 

and contaminants, the lithosphere may have a tensile strength of -2.5 bars. The 

fault probably formed as a crack due to stresses from nonsynchronous rotation 

and diurnal tides, and was displaced by "walking" due to diurnal tides. Adjacent 

regional structures record earlier episodes of strike-slip. 

Wedge-shaped bands in the antijovian fracture zone are reconstructed, 

confirming the occurrence of block rotation and episodic dilation. A band on the 

leading side of the satellite is also reconstructed. Whether these bands formed 

under the influence of the same stress patterns which caused Astypalaea Linea is 

unclear; regional structures in the antijovian region suggest deformation by 

distributed shear. 

Dilation has also occurred across at least one ridge representative of a type 

independently interpreted as dilational based on ridge morphology. Other 

ridges apparently flex the underlying lithospheric plate downward. The 

lithosphere is inferred from flexural parameters at one locality to be 0.25-3.5 km 

thick. New lithosphere forms by ratchet-type spreading at bands and some 

ridges. Surface area may be removed by chaos formation or other processes. 

A global time marker based on a shift in ridge size is used to show that 

displacement was probably long-lived as well as widespread. During 

displacement, lithospheric plates were rigid and integral despite the appearance 

of cracks, perhaps due to armealing processes. Tides are the primary driving 

force for Europan tectonics and have produced a complex geologic history, 

consistent with Greenberg et al. (1997). A subsurface ocean, maintained by tidal 

heating, probably existed at the time of the displacements, which are relatively 

recent, and may well exist today. 
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I. INTRODUCTION 

A. Objectives and Organization of this Dissertation 
This dissertation reports on a geologic study of lithospheric displacements on 

the Jovian moon Europa, including lateral motions and possible ridge-induced 

plate flexure. Its purpose is to shed light on the Europan tectonic system and the 

nature of the decoupling zone inferred from horizontal displacements. 

In this dissertation I: (1) identify and discuss key issues in Europan geology 

(Chap. I); (2) discuss mechanical properties of the Europan lithosphere and 

review the Greenberg et al. (1997) tidal tectonic processes model and associated 

issues (Chap. II); (3) describe and characterize lateral displacement features at 

two regional sites, delineate their regional geologic history, and compare them to 

the Greenberg et al. (1997) tidal stress model and to other displacement models 

(Chaps, in, rV); (4) examine examples of two styles of displacement at Europan 

ridges and compare them to the Greenberg et al. (1997) ridge-building model 

(Chap. V); (5) estimate the thickness of the elastic lithosphere based on the 

possible ridge-induced flexure (Chap. V); (6) characterize the styles, distribution, 

and history of horizontal displacements on Europa, as represented by the 

features I study, and assess the merits of the Greenberg et al. (1997) model based 

on these observations (Chap. VI); (7) examine the implications that the lateral 

motions have for the rigidity of the lithosphere, and for mechanisms for creating 

and consuming surface area (Chap. VI); and (6) interpret these findings relative 

to a possible subsurface ocean, and the role of tides in Europan tectonics (Chap. 

VI). 

B. Chapter Overview 
This chapter introduces the topics to be discussed in the dissertation. I start 

with an overview of Europa (Sect. C). I then discuss background and key issues 

in Europan geology (Sect. D). This includes: (1) discussions of orbits, tides, and 

rotation (Sect. Dl); (2) the ocean hypothesis and the lithosphere (Sect. D2); (3) 

lineaments (Sect. D3); and (4) a summary of Europan geological issues (Sect. D4). 

Then I identify my study sites and describe the general approach that I take in 

this dissertation (Sect. E). 
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C. Overview of Europa 
Europa is the second in a grouping of four large Jovian satellites discovered 

by the Italian astronomer Galileo in 1610. The four, also including lo, Ganymede, 

and Callisto, are thus designated the "Galilean" moons although each is named 

for a lover of Zeus, accordiiig to Greek myth. Until recently, Europa and its 

companions were objects only of telescopic observation. However, images 

provided by the Voyager and Galileo spacecraft have made them the targets of 

detailed geologic study. The two Voyager flybys produced low-resolution 

images covering most of Europa, with relatively higher 2 km/pixel coverage in 

the antijovian and south polar areas. An image mosaic of the antijovian region is 

shown in Figure 1.1. The ongoing Galileo mission has provided images of large 

regions at a few kilometers per pixel and of smaller areas at resolutions as high 

as tens of meters per pixel. Geological findings produced by Voyager are 

reviewed 

in Malin and Fieri (1986) and Lucchitta and Soderblom (1982). Multidisciplinary 

post-Voyager Europan science is reviewed in Morrison (1982), and Bums and 

Matthews (1986). Greeley et al. (1997b) provide a preliminary description of 

Galileo geological results. 

D. Background and Key Issues in Europan Geology 
1. Orbit, Tides, and Rotation 
It is impossible to understand Europan geology without considering the 

effects of variable diumal tides, which are the result of the orbital characteristics 

of the satellite. Europa orbits Jupiter once every 85 hours at an average distance 

of 670,900 km. It lies between lo and Ganymede in the sequence of Jovian 

satellites and is locked in a tidal resonance with them called the Laplace relation. 

Gravitational interaction with its two neighbors forces a slight orbital 

eccentricity, which may vary as the satellite orbits evolve (Greenberg, 1982). This 

eccentricity raises daily tides which dissipate heat and create tectonic stress. 

Furthermore, dissipation of the diumal tide may cause Europa to rotate 

nonsynchronously if there is no frozen-in mass asymmetry, in turn creating 

additional tectonic stress (Greenberg and Weidenschilling, 1984). Comparison of 

the positions of surface features in Voyager versus Galileo images limits the 

period of such rotation to more than 10^ years (Hoppa et al., 1997), if it is taking 

place. Various lines of geological evidence are consistent with nonsynchronous 
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Figure 1.1. Antijovian region of Europa. The Europan antijove regior\ is shown 
in this mosaic of Voyager 2 high-resolution images (~2km/pixel), prepared by 
the United States Geological Survey. The mosaic extends from roughly 50°N 
latitude southward past the south pole to the vicinity of 80°S on the subjovian 
hemisphere. The terminator has been cropped at approximately 145°W. 
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rotation, as I discuss in Chapter 11, although no final determination of its 

occurrence has been made. 

I discuss the theory of Europan tides in Chapter 11. In Chapters III and IV, I 

compare lineament configurations with predicted tidal stresses. In Chapter V, I 

discuss the role of tides in ridge-building. I summarize their overall significance 

to Europan geology in Chapter VI. 
2. Ocean Hypothesis and the Lithosphere 
a. Ocean and Ice Shell 

Europa's density of 3.03 kg per cubic meter suggests that while it is composed 

mostly of silicates, it also contains as much as 15% water by volume (Malin and 

Fieri, 1986). Starting from an original rock-ice mixture, differentiation due to 

accretionary and radionuclide heating caused much of this water to accumulate 

in an outer liquid layer, where an ice shell formed on it (Consolmagno and 

Lewis, 1976; Fanale et al., 1977; Lewis, 1971). This history is consistent with 

spectral data which confirms that water ice exists at the surface (Pilcher et al., 

1972). There is also an unknown reddish material at various locations (Buratti 

and Golombek, 1988), possibly clays, sulfur, organic compounds, or salts 

(Carlson and Team, 1997; McCord et al., 1998; McCord et al., 1997). Moreover, 

according to interpretations of Doppler tracking of the Galileo spacecraft in its 

first three close encounters with Europa, the interior of rock and metal is 

surrounded by a layer of water and/or water ice extending to a depth of 150 km 

± 75 km (Anderson et al., 1997b; Schubert et al., 1997). Given the satellite's lunar-

like mean radius of 1560.1 km (M. Davies, 1997, pers. comm.), the 150-km-thick 

global water layer fills over 4.2 billion cubic kilometers. This volume exceeds the 

1.4 billion cubic kilometer volume of the water in the earth's oceans, seas, and ice 

caps (van der Leeden et al., 1990) by a factor of three. 

However, while the Europan water layer probably originated as an "ocean" 

overlain by a thin, floating ice shell it is not known whether any part of the layer 

has remained in liquid form. There has been considerable interest in whether 

such an ocean might harbor life (Lunine and Lorenz, 1997; Reynolds et al., 1983). 

The water layer could exist in one of two stable configurations (Cassen et al., 

1982). In the first, a liquid layer is maintained by the dissipation of tidal energy 

(Ojakangas and Stevenson, 1989b; Squyres et al., 1983), and is overlain by a 

floating ice shell. In the second, the water has frozen solid, the freezing 
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accelerated by efficient, convective cooling. (In this dissertation, I define the "ice 

shell" to be the solid ice, regardless of its thickness or whether it is floating on 

liquid or grounded on rock.) With such convection, an internal ocean could 

solidify in approximately 10® years (Reynolds and Cassen, 1979). Once the ocean 

froze, tidal dissipation would be inadequate to melt the ice (Cassen et al., 1979a). 

The convective cooling necessary to freeze all the water would not occur until 

the lithosphere thickened conductively past a threshold amoimt due to 

insufficient heating. Reynolds and Cassen (1979) and Squyres et al. (1983) 

estimate the threshold convective thickness to be 30 km. However, Pappalardo 

et al. (1998) use a revised ice flow law to conclude that solid-state convection 

could occur in a shell with a total thickness of only 3-10 km thick. They interpret 

the ovoid pits, domes, and spots ("lenticulae") seen in Galileo images as the 

surface expression of convective diapirs. 

Dissipation of energy from variable tides raised by Jupiter counteracts the 

tendency of the ice shell to thicken enough for convection to take place 

(Ojakangas and Stevenson, 1989b; Squyres et al., 1983). Much of the tidal 

dissipation could take place within the ice itself, which would occur most 

efficiently if the shell was decoupled from the silicate core and was rigid (Cassen 

et al., 1979a; Cassen et al., 1979b). In response to tidal forces, a thin decoupled 

shell would distort to a greater degree than would a solid sphere. The more a 

rigid shell is detached, the greater its distortion and the greater the tidal 

dissipation. So the configuration in which a rigid ice layer floats on top of liquid 

water favors the tidal dissipation needed to maintain the arrangement. 

However, no consensus exists on whether dissipative heating has been 

sufficient to prevent convection and preserve the ocean (Cassen et al., 1982; Ross 

and Schubert, 1987; Schubert et al., 1986). Multiple parameters affect the 

outcome of the problem. For dissipation in the ice shell, variables include shell 

rigidity and contaminant composition, the value of the dissipation parameter Q 

and its vertical and horizontal distribution, and the possible presence of an 

insulating regolith. In addition, tidal dissipation in the silicate interior 

(McKinnon, 1997; Squyres et al., 1983) or along faults in the ice shell (Stever\son, 

1996) might alter thermal calculations. Moreover, orbital change could increase 

or decrease the eccentricity that drives diurnal tides. 
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Feedback mechanisms may oppose the tendency of solid-state convection to 

bring about complete freezing. The temperature dependence of dissipation 

(Ojakangas and Stevenson, 1989b) implies that convection would make the shell 

more dissipative, causing it to thin, even to the point of a "runaway" melt 

(McKinnon, 1997). Thus, the formation of the lenticulae (Pappalardo et al., 1998), 

if due to convection, may signal an arresting of the freezing process rather than 

an acceleration. Moreover, Yoder and Sjogren (1996) suggests that even if the ice 

shell thickened to nearly the point of complete grounding, the last thin layer of 

brine would be so dissipative that it could not solidify. 

These processes could result in different stable thicknesses for the ice shell. 

Depending on the efficiency of convection relative to tidal dissipation, the 

Europan water layer is either completely frozen or frozen only at the topmost 

level. A fully frozen ice shell could be 150 km thick, considering the Galileo 

gravity results. If complete freezing occurred, intermediate ice thicknesses may 

have prevailed only during a transitional period in Europan geologic history. If 

a liquid layer remained, then the ice shell must be thirmer than the convection 

threshold thickness, that is, 10 to 30 km according to Reynolds and Cassen (1979), 

or 3 km according to Pappalardo et al. (1998). The only exception to these 

extreme conditions might be a very thin liquid layer at the base of the ice shell, 

maintained by dissipation in the liquid (Yoder and Sjogren, 1996). These end-

states would have been reached over some period of time, so geologic regimes 

may have varied as the ocean and ice layer evolved. 
b. Lateral Motions. Decoupling, and Defining the Lithosphere 

Whether there an ocean or not, there is a decoupling layer, as demonstrated 

by horizontal displacements. Such displacements were discovered by Schenk 

and McKinnon (1989) in the antijovian region and by Pappalardo and Sullivan 

(1996) at Thynia Linea. In Chapters HI, IV, and V, I report the discovery of four 

additional examples of such movements. Generally, lateral motion consists of 

translation and rotation of blocks that are on the order of hundreds of kilometers 

across. The blocks are separated by dilational bands which apparently opened 

on tensile cracks and then filled in with material from below, and by strike-slip 

faults, which record relative shear of a few kilometers to a few tens of kilometers. 

Some observed displacements have been compared to displacements common in 

terrestrial sea ice or lava lakes (Schenk, 1983). 
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An important question is the extent and timing of such motions. After the 

initial discovery of lateral motion it was thought that such movements were 

confined to a regional fracture zone in the antijovian area (Lucchitta and 

Soderblom, 1982), which I describe in Chapter IV. However, I present data 

consistent with the hypothesis that decoupling is global as well as long-lived 

(Chapter VI). This is consistent with the proposal by Pappalardo and Sullivan 

(1996) that resurfacing by the formation of bands is a global process. 

Lateral displacements imply the existence of a subsurface decoupling zone to 

which the cracks and faults that bound the mobile blocks penetrate, and which 

allows the horizontal motion to take place. So, the presence of lateral motion is 

an important tectonic observation. Europa is one of the few planetary bodies 

where such displacements have been confirmed. Previously, strike-slip had been 

considered to be rare in the solar system (Golombek, 1984). 

The existence of horizontal displacements enables me to define the Europan 

lithosphere, for purposes of this dissertation, to be the rigid, mobile ice layer 

lying above the decoupling zone, and mechanically separated from the deeper 

interior. Other definitions might be possible, of course (cf. Schenk and 

McKinnon, 1989; Ojakangas and Stevenson, 1989a). Lateral motion which forms 

the basis for this kinematic definition is of the scale indicated above. I exclude 

from the definition any small-scale displacements because they may represent 

minor stratification in the ice. 

The Europan lithosphere probably has a three-layer, gross rheology (Bodine 

et al., 1981; Burov and Diament, 1995; Goetze and Evans, 1979; Kohlstedt et al., 

1995), analogous to the terrestrial oceanic lithosphere. The upper layer would be 

defined by brittle failure, while the bottom would be ductile, activated by heat. 

In between would be a "semibrittle" zone (Kohlstedt et al., 1995) which is the 

strongest part of the sequence. Strength increases linearly with depth in the 

upper layer due to increasing confining pressure, and decreases with depth in 

the ductile layer due to increasing temperature, according to the governing flow 

law. The depth of the boundaries between the three layers is controlled by 

temperature, which increases with depth. 

The "elastic lithosphere" (Bodine et al., 1981; Burov and Diament, 1995; 

Turcotte and Schubert, 1982), is a subdivision of the total lithosphere defined by 

its elastic response to a load, over geologic time. The elastic lithosphere is 
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Figure 1.2. The ice shell compared to the lithosphere. Cross sections reveal the 
component layers of the Europan ice shell and lithosphere. Case 1 depicts the ice 
shell and lithosphere when liquid water is present below. In this case the 
decoupling zone is at the bottom of all the ice so the shell and lithosphere are 
identical. In Case 2, grounding of the shell enables decoupling to occur within 
the ductile portion of the ice. In this case, the lithosphere is distinct from the 
shell, comprising a subset of it. See the text. 
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roughly equivalent to the semibrittle zone of Kohlstedt et al. (1995), because the 

upper and lower layers are too weak to contribute to the support of such a load. 

As defined here, the decoupling layer below the lithosphere probably 

corresponds to the liquid, if any, or to a weak zone within the ductile ice layer if 

the ocean was fully frozen. Decoupling occurs where the yield strength has 

diminished sufficiently from the higher values in the lithosphere. Figure 1.2 

compares the implication of the definition of lithosphere and ice shell for the 

cases with and without a liquid water layer. By the definition used here, the 

lithosphere is identical to the ice shell if there is liquid below, but not otherwise 

because decoupling then occurs in the ductile layer of the shell. 

My kinematic definition of the total Europan lithosphere is analogous to the 

designation of the "mechanical lithosphere" in terrestrial geodynamics in which 

the base of the terrestrial oceanic lithosphere is marked at the 600°C isotherm 

(Burov and Diament, 1995) or at a minimum strength horizon of, for example, 

500 bars (Bodine et al., 1981). For Europa, the values of the corresponding 

thresholds are not directly known, although Golombek and Banerdt (1990) 

suggest that decoupling of the Europan lithosphere can occur in a subsurface 

horizon with a strength that is 10% of the peak lithospheric strength. In this 

kinematic definition 

of the Europan lithosphere I use the decoupling zone as a proxy for an explicit 

temperature and strength designation. 
c. Distinguishing between a Liquid and Ductile Decoupling Layer. 

Making the distinction between a liquid and a ductile decoupling layer can be 

approached using at least three methods. 

First, one method is based on heat flow estimated from the thickness of the 

lithosphere. If the lithosphere is less than approximately 2 km thick, heat flow is 

high enough to sustain liquid water at depth (Carr et al., 1998). Moreover, if the 

lithosphere is less than about 4 km thick the associated high heat flow could only 

be generated by tidal dissipation in an ice shell that is separated from the interior 

by a liquid layer (Schenk and McKinnon, 1989). So, if the lithosphere is thinner 

than about 4 km, the presence of liquid water can be inferred. 

Various determinations of lithospheric thickness have been made, spanrung a 

range from 2 km to over 20 km. (1) Schenk and McKinnon (1989) estimate a 

lithosphere 4 to 10 km thick. The lower limit is based on the apparent structural 
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integrity of rotated lithospheric blocks. The upper limit is derived from the 

maximum depth to which assumed tidal tensile stresses could propagate a crack. 

(2) Golombek and Banerdt (1990) estimate a total lithospheric thickness of more 

than 8 km to more than 20 km. These values correspond to estimates of 3 and 6 

km for the thickness of the upper layer of the lithosphere, which they call the 

"tensile" lithosphere. To both of these values of the tensile Uthosphere they add 

the thickness of the underlying ductile layer, the size of which depends on heat 

flow. The lower limit thickness of the tensile lithosphere is based on the same 

structural integrity argument made by Schenk and McKinnon (1989) for their 

lower limit, although arriving at a slightly different number. According to 

Golombek and Banerdt (1999), the tensile lithosphere upper limit is the depth 

that a tensile crack can propagate in Europan ice and depends upon the assumed 

strength of the ice. (This result assumes the "uniaxial strain" lithospheric 

reference state which may not apply to the Europan lithosphere. I discuss this 

issue in Chapter n.) (3) Moore et al. (1997) calculate a lithospheric thickness of 

10-15 km based on numerical modeling of concentric cracks at Callanish and 

Tyre. (4) Pappalardo et al. (1998) estimate a range of 3-10 km, based on the 

morphology of observed lenticulae and a range of plausible strain rates and ice 

grain sizes. (5) Carr et al. (1998) propose a 2 km -thick lithosphere, considering 

the iceberg-like appearance of the ice blocks in Conamara Chaos. In their view, a 

thermal event disrupted the lithosphere, creating a near-surface body of liquid 

water. Small blocks of the original ice floated on the liquid water and became 

locked in place when the water froze. From Archimedean principles, the block 

height implies the proposed two km thickness. 

The approach I develop in this dissertation to find the lithospheric thickness 

is based on an estimate of the thickness of the elastic lithosphere. Elastic 

thickness is taken to be from 0.1 to 0.5 times the total lithospheric thickness, 

based on theories of the terrestrial lithosphere (Bodine et al., 1981; Burov and 

Diament, 1995) and the Europan lithosphere (Ojakangas and Stevenson, 1989a). 

Using this proportion, I estimate total lithospheric thickness from flexural 

parameters at a site of possible ridge-induced plate flexure (Chapter V). 

Estimated values are consistent with a lithosphere that is only a few km thick, 

consistent with the presence of liquid water, based on heat flow. 
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Second, another method of distinguishing between a liquid or ductile 

decoupling layer is derived from geological surface evidence of the viscosity of 

the decoupling layer. This evidence consists of: (1) the morphology of filled gaps 

within dilational bands, and whether they appear to have been filled by a low- or 

high-viscosity material (presumably derived from the decoupling zone); and (2) 

the nature of deformation, if any, of blocks contiguous to these bands and 

whether it suggests that decoupling occurred in a low- or high-viscosity zone. A 

high-viscosity decoupling zone could cause deformation to occur in the 

overlying lithospheric block when lateral motion took place. 

Previous attempts to determine the rheology of the decoupling zone have 

been inconclusive. Schenk and McKinnon (1989) and Sullivan et al. (1998) 

suggest that bands have been filled from below, but do not distinguish between 

the two possible rheologies of the source layer. Sullivan et al. (1998) suggest that 

the material filling the bands must have a high viscosity based on the rounding-

off of comers in successive cracks within the bands. However, they do not 

specify whether the decoupling layer itself has a high viscosity. Schenk and 

McKinnon (1989) note that rotated blocks are undeformed but allow for either a 

liquid or ductile decoupling layer. 

I confirm the structural integrity of blocks in regions near the bands, 

consistent with decoupling by a low viscosity material, that is, liquid water 

(Chapter IV). I report my interpretation of intra-band cracks, which supports 

filling by a low-viscosity material (Chapter VI). 

Third, a final method which may be used to distinguish a ductile from a 

liquid decoupling layer is based on the requirement for a liquid layer in the tidal 

tectonic processes model of Greenberg et al. (1997). Nonsynchronous rotation of 

the lithosphere, a generator of tectonic stress in the Greenberg et al. (1997) tidal 

stress model (Chapter H), is not possible without a liquid ocean if the silicate 

interior is tidally locked in synchronous rotation (Leith and McKinnon, 1996). 

Furthermore, in the Greenberg et al. (1997) model, diurnal tides play a strong 

role in lithospheric cracking, and would be too weak to do so if the subsurface 

was solid. In addition, the ridge-building processes proposed by Greenberg et al. 

(1997) (Sect. D3, this chapter; Chap. V) also require an ocean. In the absence of 

other plausible mechanisms, confirming that cracking and ridge-building have 

occurred as described by Greenberg et al. (1997) suggests that an ocean exists. 



29 

I defer until Chapter II a discussion of previous attempts to confirm 

nonsynchronous rotation. Also in Chapter II, I discuss observations of high-

latitude, northern hemisphere lineament orientations which support the stresses 

calculated in Greenberg et al. (1997). Later in this dissertation I compare the 

orientations of selected lineaments with tidal stress regimes from the Greenberg 

et al. (1997) tidal tectonic model (Chapters HI and IV). I also compare ridge 

morphologies with those predicted by Greenberg et al. (1997) (Chapter V). Both 

lines of evidence supports the Greenberg et al. (1997) model and hence the 

presence of a liquid layer when the features formed. 
3. Lineaments 
a. Description and Relative Ages 

The bands and strike-slip faults which accommodate significant relative 

motions of blocks are a part of a larger array of Europan lineaments which 

crisscross the satellite, making the surface look like a ball of string (Smith et al., 

1979a). Most of these features are straight to broadly curved, although they may 

be sinuous, or irregular. Some are cycloid or arcuate (called "flexii"). Lineaments 

occur at a variety of lengths, ranging from tens to thousands of kilometers. Some 

extend as great circles around much or all of the Europan globe (Lucchitta and 

Soderblom, 1982). Typically they are a few tens of meters to a few kilometers 

across although dilational bands can span a few tens of kilometers. 

Galileo images have revealed details of lineament morphology. Most 

Europan lineaments consist of a bilaterally symmetrical pair of ridges separated 

by a medial groove. In other cases, relatively wide, twin strips of multiple ridges 

flank the medial groove. Ridges range from a few tens of meters to a few 

hundred meters in height. Often the ridge pairs are flanked by parallel cracks, 

and by diffuse dark strips which stand out as prominent albedo features. Many 

ridge pairs have irregular, auxiliary ridge sets flanking them in a configuration 

resembling "multi-lane highways," "service roads," and "on-off ramps." In 

addition to lineaments with topographic ridges, there are many examples of long 

young grooves, presumably cracks, which have no associated ridges. Dilational 

bands, which I discuss in Chapter IV, differ somewhat from the narrow 

lineaments. They are internally striated parallel to their length, range in albedo 

from bright to dark, and may be wedge-shaped. Some seem to have individual 

ridges bordering them, and some may be slightly elevated. The Greenberg et al. 
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(1997) ridge-building model, which I discuss in Chapter V, groups lineaments 

into three main types, including the range of morphology I describe above. 

(I use the terms "lineae," and "lineament," to apply to these elongate Europan 

features, including bands. I use "ridge" when discussing the narrow, 

topographic ridges, but do not apply the term to the dilational bands. There may 

be a gradation between bands and ridges, as I discuss in Chapter V. For some 

lineaments, these terms replace the expression "triple band" which was coined 

after Voyager for cases in which two parallel dark strips flanked a central bright 

stripe. The central stripes of triple bands apparently are ridges large enough to 

detect between the two dark strips.) 

Because an understanding of the structural style of a lineament is 

fundamental to subsequent interpretations, much of the work I report is an 

attempt to discover the sense of motion. Ridges display a variety of structural 

styles, exhibiting either no net motion, small amounts of strike-slip (Hoppa et al., 

1998b), or dilation (Tufts et al., 1998), as I demonstrate in Chapter V. Bands are 

also generally dilational and can accommodate strike-slip and block rotation, as I 

show in Chapters HI and IV. However, limits on image resolution and coverage 

have hindered determination of structural style, and these determinations are not 

without controversy. For example, Sullivan et al. (1997) propose a compressional 

origin for a lineament interpreted here as dilational (Chapter V. 

Relative ages of Europan features have been determined by Lucchitta and 

Soderblom (1982) and Kozak, et al. (in review) from Voyager images. In these 

sequences, dilational bands are the oldest discernible structural features, while 

the youngest structures are arcuate ridges. From Galileo imagery, tectonic 

activity has been tentatively identified along Agenor Linea based on evidence of 

frost deposits (Geissler et al., 1998b). One challenge in determining relative age 

on Europa is finding a datable, laterally extensive horizon. As noted by 

Lucchitta and Soderblom (1982), the geology of the satellite is more similar to an 

intrusive terrain than a stratified one. I report in Chapter HI on evidence for 

structural events predating dilational bands. In addition, I propose a 

chronological marker based on an apparent global change in ridge size (Chapter 

IV). 
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b. Lineament Models 

Generally, lineaments are thought to develop around tensile cracks formed by 

globally directed stress (Lucchitta and Soderblom, 1982; Lucchitta et al., 1981). 

The view that tensile cracking is involved is based upon observation of lineament 

morphology, geometry, length, and uniformity, as well as upon the assumed 

strength of Europan ice (Helfenstein and Parmentier, 1985; Leith and McKinnon, 

1996; McEwen, 1986; Schenk and McKinnon, 1989; Schenk and Seyfert, 1980). 

The source of stress most likely to cause crack initiation is a combination of 

diurnal tidal stress and nonsynchronous rotation. I discuss the Greenberg et al. 

(1997) model in Chapter II and present data corisistent with tensile crack 

formation by this means in Chapters in and IV. I also briefly discuss in Chapter 

rV the possible tectonic role of polar wander (Ojakangas and Stevenson, 1989a). 

Uncertainty regarding the tensile strength of the Europan ice is an obstacle to 

intepreting the effect of calculated stress fields. In Chapter II, I develop a value 

for this tensile strength based on laboratory and sea ice values, which considers 

the influence of pre-exisiting flaws at the scale of the Europan lithosphere. 

Crack propagation depth is also a factor in the initiation of lineae, which I 

discuss in Chapter EI. Because of the lithospheric thicknesses that have been 

proposed, and in view of low magnitude of tidal stress calculated by Greenberg 

et al. (1997), cracks may not be able to propagate deeply enough into the ice to 

reach a decoupling zone. In the absence of means to deepen cracks, this shallow 

depth suggests values of lithospheric thickness that are similar to the thicknesses 

I calculate from flexure in Chapter V. 

No consensus exists on the process of building topographic ridges, once a 

crack has formed. The Greenberg et al. (1997) ridge-building model, favored 

here, builds ridges by extrusion of crushed ice formed by the repeating sequence 

of tidally-driven opening, water-filling, and closing of a crack that reaches the 

decoupling layer. This model explains a succession of ridge morphologies, and 

accounts for the presence of dilational bands by tensile stress regimes. As I show 

in Chapter V, ridge morphologies and kinematics conform to the Greenberg et al. 

(1997) tidal tectonic model. In addition, I propose in Chapter EH that diurnal 

tidal stresses as described by Greenberg et al. (1997) can account for strike-slip 

(Tufts et al., 1997b). However, another model would build a sequence of ridge 
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morphologies by the progressive upturning of the crack edges due to the 

intrusion of linear diapirs (Pappalardo et al., 1998). This process requires a 

ductile source material and assumes that cracks do not penetrate to the 

decoupling zone. A third ridge-building method accumulates the topographic 

ridge by ballistic eruption of water exposed in cracks which have propagated 

upward from the ocean (Kadel et al., 1998). 

However, wedge-shaped bands in the antijovian region may not be 

explainable by either nonsynchronous rotation (Leith and McKirmon, 1996; 

Schenk and McKinnon, 1989; cf. Geissler, 1998a), or by the tidal stresses proposed 

by Greenberg et al. (1997) (Chapter HI). Instead, the action of internal forces, 

perhaps due to thermal activity, has been proposed as a cause for the lineaments 

and driver for the lateral motions (Schenk and McKiimon, 1989). I consider this 

option with respect to Astypalaea Linea (Chapter HI) and the wedge-shaped 

bands (Chapter IV). To guide further study, I propose a heuristic model based 

on shear for the wedge-shaped bands (Chapter IV). I also consider a shear model 

as an alternative explanation for Astypalaea Linea, a large strike-slip fault I 

examine in Chapter HI. 
c. Tectonic Constraints on Lineament Models 

Explanations for Europan lineaments must account for various tectonic 

conditions. 

First, Europa has a flat global topography. Thus, potential energy 

accumulations which might provide tectonic driving forces do not exist. The 

most common elevated features are ridges, but they are quite narrow. Also, 

prominences a few kilometers wide and up to approximately one kilometer high 

have been seen by Galileo (Greeley et al., 1997b; P. Geissler, 1998, pers. comm.), 

however, they are isolated features. I show in Chapter VI that tides, as modeled 

by Greenberg et al. (1997), provide a source of stress capable of creating the 

observed deformation. 

Second, the surface appears to be quite young. Thus any formational process 

must operate quickly enough for the multitude of individual ridges and bands to 

develop. On the basis of the lack of 1-3 kilometer craters on the satellite. 

Chapman et al. (1998) estimate the surface age to be in the 10^ to 10^ year range. 

(Neukum (Neukum, 1997) estimates a much greater age (10®-10^ years) based on 

a proposed equivalence of the lunar and the Jovian impactor fluxes, but such a 
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similarity between the Irmer and Outer Solar System seems implausible.) 

Processes described by Greenberg et al. (1997) may be capable of producing 

ridges within a relatively short time. 

Third, lateral displacements imply that geophysical mechanisms operate to 

create and consume surface area, and maintain rigidity of mobile lithospheric 

blocks. Creation of new surface area probably occurs by episodic opening and 

filling of cracks, followed by separation of the bounding blocks, as described by 

Greenberg et al. (1997). However, the filling process depends on the nature of 

the structures being filled, and the viscosity and mode of emplacement of the fill 

material. It further must vary with the applied stresses. I discuss in Chapter V 

explanations for the differences between dilational bands and certain ridges. 

Regarding means of consuming surface area, multiple examples of lengthening 

can be cited on Europa, yet no shortened features have been confirmed, although 

Schenk and McKinnon (1989) propose that Agenor Linea is compressional. In 

Chapter VI, I propose criteria for assessing mechanisms to consume surface area, 

and I also suggest hjq^othetical processes. Because the lithosphere must be rigid 

despite the weakness indicated by the lineaments, an armealing process must 

take place. I interpret various displacements with regard to lithospheric rigidity 

and suggest possible strengthening mechanisms (Chapter VI). 
4. Summary of Europan Geological Issues 
Key issues in Europan tectonics may be grouped as follows: (1) the rotation 

rate of the satellite; (2) the nature, extent, and longevity of a decoupling layer; 

(3) the characteristics of the lithosphere, including its thickness and the presence 

of possible of convection within it; (4) the nature and causes of lineaments, 

including lineaments recording lateral displacements, especially strike-slip; 

(5) the history of geologic events, the age of the surface, and the nature of any 

current tectonic activity; and (6) mechanisms for consuming surface area and 

restoring lithospheric rigidity. 

I address these issues by: (1) considering lithospheric displacement features 

of different structural styles, located at widely separated sites; (2) assessing these 

features from a structural analytical point of view; and (3) inferring general 

tectonic conditions from them. I discuss these steps in the next section. 
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E Study Sites and Approach to the Work 
In this dissertation I examine the following displacement features, whose 

locations are shown in Figure 1.3: 

a. A-Stypalaea Linea, a San Andreas-sized strike-slip fault near the south 

pole, and related structures in that region (Chapter III); 

b. wedge-shaped bands and related bands, and the antijovian fracture 

zone which they occupy (Chapter IV); 

c. a dilational band on the leading side of the satellite (Chapter IV); 

d. a dilational ridge on the trailing side of the satellite (Chapter V); 

e. a possible case of ridge-induced flexure on the trailing side of the 

satellite (Chapter V). 

Image coverage for these features comes from Voyager images and Galileo 

images obtained through its eleventh orbit of Jupiter (Belton et al., 1996; Belton et 

al., 1992; Smith et al., 1977; Smith et al., 1979a; Smith et al., 1979b). (Galileo orbits 

are designated by a letter and a number. The number refers to the number of the 

orbit and the letter is the first letter in the name of the Galilean moon targeted for 

high-resolution viewing in that orbit.) 

To assess these features, I follow the structural analysic procedure 

recommended by Davis (1984), in which description and kinematic analysis 

precede the examination of dynamic models. Accordingly, I describe the 

particular feature and characterize its motion and history, before comparing it to 

genetic models or exploring its tectonic implications. A general knowledge, 

developed in this way, is necessary to addressing the issues I name, including the 

nature of the decoupling zone. 

Despite the attention that I pay to the possible ocean, the aim is not to prove 

that an ocean still exists on Europa. Instead, whether a liquid layer remains or 

not, lateral motion is a fundamental constraint on tectonics, and is worthy of 

attention in its ovm right. In the terrestrial case, it opened the way for the plate 

tectonic paradigm, so its presence provides sufficient reason to take note. 

However, neither is this dissertation a search for familiar plate tectonics. The 

geology of Europa has taken its own direction in imique circumstances. 
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Figure 1.3. Study localities. A global mosaic (Mercator projection) of Voyager 1 
and 2, and Galileo frames (G1 and E4 orbits) shows the localities studied: (1) the 
strike-slip fault Astypalaea Linea (AL) including Cyclades Macula at a large 
stepover, located near the Europan south pole, imaged by Voyager 2 (Chap. HI); 
(2) wedge-shaped bands (Bands B and C), an intermediate-albedo band (Band D), 
and a probable strike slip fault (Band A) located in the antijovian fracture zone 
(WSB), imaged by Voyager 2 and Galileo (C3 orbit) (Chap. FV); (3) a dilational 
band on the leading side of the satellite at 2, imaged by Galileo (Ell orbit) (Chap. 
rV); (4) a dilational ridge (Ridge C2r) on the trailing side of the satellite at 1, 
imaged by Galileo (E4 orbit) (Chap. V); and (5) an apparent example of ridge-
induced (Ridge R) plate flexure on the trailing side at 3, imaged by Galileo (E6 
orbit) (Chap. V). See the text. Also see Fig. 4.1. Courtesy Cynthia Phillips, Lunar 
and Planetary Laboratory, University of Arizona. 
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II: EUROPAN LITHQSPHERIC MECHANICS AND TIDAL STRESS 

A. Chapter Overview 
In this chapter I consider the mechanical properties of the Europan 

lithosphere and the tidal stresses which may be responsible for deforming it, 

especially as calculated by Greenberg et al. (1997). 

First, I examine lithospheric mechanical properties (Sect. B). I generate a 

plausible value for tensile strength of the Europan ice (Sect. Bl), review 

conditions governing lithospheric failure (Sect. B2), and discuss values for the 

shear modulus and Poissons ratio of Europan ice (Sect. B3). 

Next I review the tidal stress model developed by Greenberg et al. (1997) 

which accounts for the cracking that forms the basis of Europan lineaments (Sect. 

C). I discuss the theoretical basis for the diurnal tides (Sect. CI) and 

nonsynchronous rotation (Sect. C2) which provide the stress to form cracks, 

present the global and regional stress trajectories proposed by Greenberg et al. 

(1997) which combine these two stress sources (Sect. C3), and consider the 

problem of shallow crack propagation depth that is created by the low tidal 

stress estimates of the Greenberg et al. (1997) model (Sect. C4). 

B. Mechanical Properties of the Europan Lithosphere 
1. Tensile Strength of the Ice 
In this section I develop a working value for the tensile strength of Europan 

ice. Tensile strength is of interest because Europan lineaments probably begin as 

cracks, as noted in the previous chapter. Researchers presently rely on strength 

data developed under conditions quite different from those expected in the 

Jovian system. So, assessments of ice strength in the Europan environment are 

necessarily based on analogs and extrapolation, and produce a range of values. 

Ice is a strong material (Poirier, 1982). Such strength may seem unfamiliar, 

since on Earth we usually encounter ice that is near its melting point, where it is 

considerably weakened. But surface temperatures on Europa range from 129°K 

down to 65°K, based on recent Galileo data (Orton et al., 1996; L. Tamppari, 

1998, pers. comm.). Parameswaran and Jones (1975) report that as temperatures 

drop, ice strength increases, so that at 77°K ice behaves mechanically like rock at 

a homologous temperature of 0.2-0.3. (The ice found on Europa is probably ice I 

(Poirier, 1982), based on pressure and temperature conditions.) 
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However, contamination, growth irregularities, and scaling to large size will 

weaken the Europan ice. I take these ii\fluences into account in the following 

two ways. 

First, I incorporate the tensile strength of terrestrial sea ice into estimations of 

the tensile strength of the Europan ice. Like terrestrial sea ice, ice on Europa 

probably formed with included salts and other contaminants, as well as 

structural imperfections arising from local growth histories (M. Coon, 1997, pers. 

comm.). On the other hand, terrestrial sea ice exists at a warm temperature. So, 

while invoking sea ice as an analog to Europan ice, I include freshwater ice and 

laboratory ice as analogs also. 

Second, I scale down the tensile strength of Europan ice in inverse proportion 

to the size of the lithosphere compared to terrestrial experimental ice samples. 

Mechanical tests on ice are performed on relatively small samples, while on 

Europa the ice may occur on a kilometer scale. With respect to large-scale forces, 

measured brittle strength decreases with specimen size due to the presence of 

bigger flaws, based on the Weibull distribution (Costin, 1987; Mellor, 1986). So 

the Europan lithosphere is likely to be much weaker than suggested by 

experimental values for terrestrial ice (Leith and McKinnon, 1996; Pappalardo et 

al., 1997a). For non-metallic brittle solids, the proportionality that describes this 

weakening process is: 
SV2 -0 3 nN — = —e  (1) 
5Vi K: 

where SV represents the strengths and V is the volume of two samples being 

scaled (Costin, 1987; Mellor, 1986). For a plausible increase from 0.1 meter 

samples of terrestrial ice to a one-km-scale Europan lithosphere, the strength 

drops by a scaling factor of 15.8. 

So, to derive a tensile strength for Europan ice, I develop a range of tensile 

strengths for small ice samples, to which I apply this scaling factor. Values of 

tensile strength come from the following three sources. (1) Previous 

investigations of Europan stress regimes give a range of tensile strengths of from 

10 bars to 80 bars (Crawford and Stevenson, 1988; Golombek and Banerdt, 1990; 

Helfenstein and Parmentier, 1985; Leith and McKinnon, 1996). A variety of 

temperature, compositional, and experimental conditions are represented in the 



39 

range. Usually, strength estimates appearing in the Europa literature are for 

fresh water ice, and often are for laboratory-generated samples. (2) Engineering 

studies of sea ice tensile strengths give a range of 3 to 20 bars. These values for 

sea ice are hard to derive due to variations in temperature, grain size, and 

porosity (Mellor, 1986; Miller, 1980). Mellor (1986) quotes sea ice tensile 

strengths of 3 to 15 bars. M. Coon (1997, pers. comm.) cites a range of 3.5 to 20 

bars. Parmenter and Coon (1972) use a value of 4 bars in calculations associated 

with pressure ridge models, averaging the results of Weeks and Assur (1967). (3) 

Hobbs (1974) reports tensile strengths of 13-18 bars for commercial ice at 

temperatures down to minus 40°C. This value does not appear to be cited in the 

Europa literature. Merging all three of these ranges gives an overall range of 

tensile strengths of from 3 to 80 bars. 

Applying the scaling factor to this range reduces the tensile strengths to a 

range of 0.2 to 5 bars for Europa. Considering the range of sea ice tensile 

strengths alone, the scaling factor reduces the values cited by Coon to 0.22 to 1.26 

bars; the 4 bar value from Parmenter and Coon (1972) drops to 0.25 bar for 

Europa. Overall, a working value for the tensile strength of Europan ice is on the 

order of two and one-half bars or less, based on this scaling calculation. 

The cyclic application of diurnal tidal stress may also weaken the Europan ice 

(Crawford and Stevenson, 1988; Leith and McKirmon, 1996), although detailed 

treatment of the topic is beyond the scope of this dissertation. Lucchitta et al. 

(1981) propose that fatigue may have accounted for the curved fractures 

observed on the satellite. However, it appears that little work has been done on 

the effects of repeated stress on ice; for example, the topic of ice fatigue does not 

appear in key reviews (Hobbs, 1974; Mellor, 1986; Squyres and Croft, 1986). 

However, a considerable literature on other forms of fatigue exists in the material 

sciences and in engineering. For example, in rock mechanical tests, Wu and 

Pollard (1992) have found that the critical value of strain needed for fracturing is 

reduced by repeated loading. 
2. Lithospheric Failure 
In considering lithospheric failure on Europa I assume a "constant horizontal 

stress" reference state (McGarr, 1988), in which horizontal stress equals 

overburden stress, that is, the familiar pgh. According to this reference state, 

lithostatic stress in the Europan lithosphere grows by 1.2 MPa/km, where 
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gravity = 1.3 m/sec^, and density = 920 kg/m^. This condition is reasonable 

because that the Europan lithosphere probably developed by slow freezing of 

water and subsequent cooling. Lithospheric failure will occur when the imposed 

tectonic stress causes a sufficient departure from lithostatic conditions. This 

constant horizontal stress reference state contrasts to the "uniaxial strain" model, 

whereby lateral stresses in the lithosphere increase at one-third the rate of the 

overburden stress (McGarr, 1988), causing the relative magrutudes of the three 

principal stresses to change with depth . 

Where one of the principal stresses is sufficiently tensional, the ice may crack. 

For cracking to take place, the applied tension must exceed the tensile strength, 

and carmot be accompanied by a principal compressive stress which exceeds the 

absolute value of the tension by a factor of three times (Davis and Reynolds, 

1996; Hancock and Engelder, 1989; Suppe, 1985). The resulting crack will be 

oriented normal to the largest tensional direction although local influences may 

deflect it (Pollard and Aydin, 1988). Where the compressive stress is up to five 

times the tensional stress, the angle the crack makes with the tensile axis takes on 

a value transitional to the 60° angle predicted for shear fracture and the style of 

motion includes an increasingly large shear component. Tensile cracking also 

requires that the rock be relatively intact (Engelder, 1993); joints and tension 

fractures tend not to form in a broken-up regolith (Melosh, 1977). However, 

preexisting flaws, microcracks, and holes can enable cracks to initiate even if 

tension is otherwise insufficient or if the setting is compressive. If there is a pore 

fluid pressure, tensile cracking may be er\hanced (Hubbert and Rubey, 1959), 

although the presence of a pore fluid (liquid water) is unlikely in the cold 

temperatures of the Europan lithosphere (Golombek and Banerdt, 1990). 

For shear fracturing to occur, "differential stress," that is, the difference 

between the largest and smallest principal stress (Engelder, 1994), must be high 

enough to create a shear stress that can overcome internal friction. Shear 

strengths for ice cited in the Europa literature are higher than tensile strengths, 

ranging from 35 to 100 bars (Crawford and Stevenson, 1988; Golombek and 

Banerdt, 1990; Helfenstein and Parmentier, 1985; Leith and McKinnon, 1996). 

Shear fracture is generally limited in its occurrence because of the likelihood that 

pre-existing cracks will reactivate before differential stresses grow large enough 

for shear (Engelder, 1993). 
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3. Shear Modulus and Poisson's Ratio for Europan Ice 
Here I develop values for the shear modulus {fi) and Poisson's ratio ( v) for 

Europan ice. This is of interest because in calculations of stress created by 

Europan tides, stress is proportional to ^ (I + v')/(5 + v). 

For the shear modulus, as with the values for tensile strength, I incorporate 

quoted values for sea ice as well as freshwater and laboratory ice. Hoppa et al. 

(1998a) and Greenberg et al. (1997), use a value of 9.2 x 10^ Pa, from Turcotte and 

Schubert (1982). Presumably, this a fresh water ice value. Hobbs (1974)cites a 

value of 3.5xlO^Pa for the sonic shear modulus for polycrystalline ice at -5°C. 

The value of the shear modulus for sea ice has received little attention 

(Mellor, 1986), however, it may be calculated from estimates of Young's modulus 

and the Poisson's ratio. The range of Young's modulus for sea ice can be 

established by a high value of 9.5x10^ Pa for low-porosity sea ice, quoted by 

Mellor (1986). Parmenter and Coon (1972) use 10^ Pa which provides the low 

end of the range. From these values I arrive at a range of shear moduli for sea ice 

of 3.85x10^ Pa to 3.57xlO^Pa. I combine this range with the freshwater value for 

shear modulus, above, to produce a total working range for the shear modulus of 

ice of 3.57x10® Pa to 9.2xlO^Pa. 

Poisson's ratio for both sea ice and fresh water ice approximates 0.33 (Mellor, 

1986). Parmenter and Coon (1972) use 0.3. Greenberg et al. (1997) use 0.33. 

C. Tidal Stress Model of Greenberg et al. (1997) 
1. Diurnal Tides 
a. Total Tide and Components 

Daily variation in the height of the Europan tidal bulge creates tectonic stress. 

Jupiter raises large tides on Europa, but without changes in their magnitude and 

orientation caused by Europa's orbital eccentricity they would have no tectonic 

effect. The satellite had been widely believed until recently to occupy a circular 

orbit around Jupiter, although for almost 200 years it has been known to follow 

an eccentric path (e = .0101) due to gravitational forcing by the Galilean moons lo 

and Ganymede, with which it is in an orbital resonance. (See also Greenberg, 

1982; Greenberg et al., 1997; Laplace, 1805; Peale, 1979.) 

A major result of this forced eccentricity is that the tidal bulge changes in 

height over the course of a day. The effects of orbital eccentricity are illustrated 

schematically in Figure 2.1, which portrays Europa (large circle) and its tidal 
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Figure 2.1. Effects of Europa's eccentric orbit. Two effects of Europan orbital 
eccentricity are shown here, as described in the text. Each column of symbols 
marks one quarter of Europa's orbit around Jupiter, starting with pericenter (at 
left), and continuing through the 1/4, apocenter, and 3/4 positions. In rows A 
and B, Europa (large circle), with its 1 km underlying tidal distortion, is seen 
relative to Jupiter (small circle). The figure is viewed as if from above the plaite 
of the ecliptic. Rows C and D depict the net tide and the oscillating motion of 
Jupiter relative to a Europan observer. "Traveling components" of the net tide 
are shown by black bulges in Rows E and F. These components control the 
amplitude and orientation of the bulge. The gray bulges represent the lag of the 
traveling components due to the slow response of real material to changing 
gravitational attraction. This lag could result in a net torque producing prograde 
nonsynchronous rotation if there is no permanent mass asymmetry. See the text. 
Figure from Greenberg et al. (1997). 
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bulge at the four quarters of the moon's transit around Jupiter (small circle) 

(Greenberg et al, 1997; Hoppa, 1998). The underlying tidal distortion (Row B) 

exists regardless of eccentricity, and manifests as identical, 500 m-high bulges in 

the sub-Jove and anti-Jove regions (assuming a liquid water layer), both aligned 

directly towards Jupiter. But at apocenter the satellite is farther from Jupiter, so 

the bulge is reduced (Row D). At pericenter, with the satellite closer, the bulge is 

enhanced. The magnitude of the difference is (14 / 3)e times the underlying 

bulge, where e is the eccentricity, or about 23 m for each antipodal bulge. 

Also, each day, the tidal bulge moves from side to side with respect to the 

satellite. This motion occurs because, from Keplerian orbital mechanics, the 

rotation of Europa alternately leads or lags behind the progress of the satellite 

around Jupiter. During the half-orbit divided by the pericenter (3/4 orbit 

position to the 1/4 position), in which the satellite is closest to Jupiter, it travels 

faster in its elliptical track than the average speed for the whole orbit. Yet, 

because its axial rotation rate is constant, its rotation in that interval lags behind 

its orbital position. The cumulative effect of this lag reaches a maximum at the 

end of this half-orbit, that is, at the 1 /4 orbit position. Then, beginning with the 

half-orbit centered on apocenter, where Europa is farthest from Jupiter, the 

satellite moves more slowly around Jupiter than the average speed for the whole 

orbit. Thus, its rotation rate is relatively faster than its orbital progress. By 

apocenter, the rotation has caught up and by the 3/4 position is farthest ahead of 

its orbital location. 

As a result, to an observer at the subjovian point the giant planet seems to 

describe a path that oscillates slightly across the zenith (Row C and D). At 

pericenter and apocenter Jupiter is directly overhead, but at 1/4 orbit it is ahead, 

that is, east of the observer and at the 3/4 position it is behind, that is, west of the 

viewer. At pericenter and apocenter, the tidal bulge points directly towards the 

center of this epicycle, but with the different magnitudes noted above. At the 

quarter-orbit positions, the bulge points to one end or the other of the apparent 

Jovian path, and its magnitude is the average of its apocenter and pericenter 

values. 

The result can be separated into Fourier components which describe the 

changing amplitude and orientation of the tide, as shown by the black bulges in 

Rows E and F. One component is a bulge of magnitude (14/3)e which travels 
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about Europa counterclockwise (prograde). The other component is equal to -

(2/3) of the eccentricity, and rotates clockwise (retrograde). Together with the 

primary component of the tide, these "traveling" components sum to the total 

tidal pattern shown in the Row D. 
b. Calculating the Diumal Tidal Stress 

To calculate stresses arising from daily change in the tidal bulge, Hoppa et al. 

(1998a) found the tidal figure at times of interest in the orbit and subtracted the 

average shape of the satellite from it. (See also Hoppa et al., 1998b; Hoppa, 1998.) 

For any position in the orbit, the tidal figure is a prolate spheroid with long axis 

along the Europa-Jupiter line (Melosh, 1977). To find the average shape, the 

distortions in the quarter-orbit positions (Row D, Fig. 2.1) cancel one another, 

leaving the figures representing the extremes of orbital distance at apocenter and 

pericenter. An average of these figures gives a bulge centered on Jupiter but 

with a magnitude midway between the apocenter and pericenter values, and 

equal to the quarter-orbit magnitude. 

Assuming that the satellite figure has relaxed into this average shape over 

geologic time, Hoppa et al. (1998a) calculates the diumal strain relative to it 

using the formula of Vening Meinesz (1947) and Melosh (1977) which assumes a 

thin, uniform shell and assumes that tidal stress arises from changing amplitude 

and direction (Greenberg et al., 1997). A thin shell approximation can be 

employed when the shell thickness is less than approximately 1/10 the radius of 

the planet. Because the diumal distortion is produced over a relatively brief 

period, the lithosphere can be expected to behave elastically in that interval 

(Greenberg et al., 1997) since the average Maxwell time for the Europan 

lithosphere is 100 years (P. Geissler, 1997, pers. comm.) 

Calculated diumal stress fields, from Hoppa et al. (1998a), are presented in 

Figures 2.2a-d, representing the four quarters of the orbit starting at pericenter. 

Each cross-shaped symbol represents the two horizontal principal stress 

components in the plane of the surface, with the orientation of the stresses 

indicated by the direction of the axes. Thin lines represent compression and 

thick lines represent tension. Maximum calculated stresses are about 3/4 bar 

(10^ Pa), as indicated by the scale. A shear modulus of 9.2x109 Pa and Poisson's 

ratio of 0.33 were used in the stress calculations (Sect. 83). Dotted lines represent 

various lineaments that are compared to the stress fields, in this dissertation, and 
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Figure 2.2. Diurnal tidal stress relative to the average figure. 
Diurnal tidal stress fields relative to the average figure of Europa are shown here 
in Mercator projection. The plots correspond to the four quarters of the orbit, 
starting at pericenter, as follows: (a) pericenter; (b) 1/4 orbit after pericenter; (c) 
apocenter; (d) 3/4 after pericenter (1/4 after apocenter). Each cross-shaped 
symbol represents the two horizontal principal stress components, with the 
orientation of the stresses indicated by the direction of the axes. Thin lines 
represent compression and thick lines represent tension. Stresses can be 
estimated from the scale bar. A shear modulus of 9.2x109 Pa and Poisson's ratio 
of 0.33 were used in the stress calculation. Dotted lines represent the lineaments 
that are compared to the stress fields, in this dissertation and by Greenberg et al. 
(1997). The third principal stress axis is vertical and at the surface is zero. See 
the text. From Hoppa et al. (1998a). 
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by Greenberg et al. (1997). The third principal axis is vertical and at the surface is 

zero. 

From quarter to quarter, the diurnal tidal stress pattern changes considerably. 

The extending tidal bulge at pericenter is portrayed by the fields of biaxial 

tension at the Europan antijove and subjove points. Around the waist of the 

satellite, at 90°W and 270°W, the field is compressional as Europa narrows to 

allow for its increased stretch toward Jupiter. This pattern reverses at apocenter, 

as the bulge diminishes and the lithosphere there compresses. Locations at the 

waist of the satellite are then predominately tensional. 
2. Nonsynchronous Rotation 
a. Genesis and Occurrence 

Europa may experience nonsynchronous rotation because the real material of 

the satellite does not respond instantly to changing gravitational attraction, and 

so, lags behind the idealized positions shown in Figure 2.1 (Greenberg and 

Weidenschilling, 1984). This lag is represented by components which trail the 

traveling components by 45° (shown as gray bulges in Rows E and F). At 

pericenter and apocenter, these trailing components point behind or ahead of the 

planet, respectively. This arrangement leads to a net torque that could tend to 

increase the rotation rate. Reorientation of the tidal bulge by non-synchronous 

rotation may create even greater tectonic strain than the diurnal bulge itself, if 

strain can accumulate sufficiently. 

Nonsynchronous rotation is strongly suspected, for the following reasons. 

(1) Aggregate lineament orientations, viewed in low-resolution, compare 

favorably with calculated nonsynchronous rotation stresses (Helfenstein and 

Parmentier, 1985; Leith and McKinnon, 1996; McEwen, 1986). (2) The trends of 

lineaments in the northern hemisphere show a clockwise rotation with time, as 

predicted by calculated nonsynchronous rotation stresses (Geissler et al., 1997b). 

I discuss this pattern further in Section C3. (3) Voyager images and preliminary 

analysis of Galileo images show no preferential accumulation of impact craters 

on the leading side of the satellite (W. Merline, 1998, pers. comm.). This lack of 

preferential accumulation suggests that nonsynchronous rotation is occurring at 

a rate fast enough to distribute impacts globally (Greenberg et al., 1997). I review 

in Chapter VI the evidence presented in this dissertation supporting 
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nonsynchronous rotation, especially as related to the Greenberg et al. (1997) tidal 

tectonic model. 

The rotation rate could be as fast as 0.029 degrees/yr or one revolution every 

10"^ years, based on comparisons of the locations of surface features seen in 

Voyager and Galileo images. In these measurements, using the terminator as a 

reference, Hoppa et al. (1997) found the rotation rate to be synchronous to within 

a half degree over the 17-year tnter\'al between spacecraft. This result provides 

an upper limit on the rotation rate. 
b. Calculating the Nonsvnchronous Rotation Stress 

Because non-synchronous rotation shifts the location of the satellite with 

respect to the tidal axis, it generates stress as regions of the crust distort to 

accommodate the relatively moving tidal bulge. To calculate stress trajectories, 

stress associated with a tidal bulge in an initial position is subtracted from stress 

in its reoriented position, similar to the procedure employed to find diurnal 

stress. Flattening is not included since it is identical in both old and new 

positions (Helfenstein, 1980; Helfenstein and Parmentier, 1983; Helfenstein and 

Parmentier, 1985). Calculated stress fields are shown in Figures 2.3a,b, which 

show the stress trajectories for 1° and 25° of prograde nonsynchronous rotation, 

respectively (Hoppa et al., 1998a). (See also Hoppa et al., 1998b; Hoppa, 1998.) 

Lineaments examined in this study are labeled in Figure 2.3a. With prograde 

nonsynchronous rotation, regions in the equatorial zone from 180° to 270°W and 

0° to 90°W must lengthen as they rotate eastward toward the bulge. This 

lengthening results in a zone of EW tension west of the antijove and subjove 

points. A corresponding region of EW compression lies east of the antijovian 

and subjove locations, where the crust moves off of the bulge. For instantaneous 

stress, the tension is a maximum 45° west of the antijove and subjovian regions. 

There are two important effects of increasing the amount of nonsynchronous 

rotation. These effects can be seen by comparing Figures 2.3a and 2.3b. First, 

increasing the rotation angles increases the peak stress. For 1° of 

nonsynchronous rotation, maximum tensile stress is about 3/4 of a bar; for 25° of 

nonsynchronous rotation the maximum tension is about 20 bars. Second, as the 

rotation angle grows the zone of lengthening points progressively less westward, 

retreating to the east from the 45° point by half the total amount of 

nonsynchronous rotation, as shown by Greenberg et al. (1997). 
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Figure 2.3. Nonsynchronous rotation stresses. Stress trajectories for one degree 
(Fig. 2.3a) and twenty-five degrees (Fig. 2.3b) of prograde nonsynchronous 
rotation are shown in Mercator projection. Plot preparation and symbols are like 
Figs. 2.2a-d. Stresses from nonsynchronous rotation result from the reorientation 
of the globe over the tidal figure. Regions in the equatorial zone from 180° to 
270°W and 0° to 90°W lengthen as they rotate eastward toward the bulge, 
resulting in an extended zone west of the antijove and subjove points. A 
corresponding region of shortening lies east of the antijovian and subjove 
locations, where the crust moves off of the bulge. As rotation accumulates, the 
peak stress levels increase, and for larger rotation angles the extended region 
shifts relatively eastward by half the total amount of nonsynchronous rotation. 
As points in the northern hemisphere move eastward with nonsynchronous 
rotation, horizontal principal stresses rotate clockwise. Points south of the 
equator experience a counterclockwise stress rotation. Lineaments labeled in Fig. 
2.3a represent the lineaments compared to stress orientations and magnitudes, in 
this dissertation and by Greenberg et al. (1997). They include Cadmus Linea (1), 
Minos Linea (2), Agenor Linea (3), Astypalaea Linea (4), Thynia Linea (5), and 
Libya Linea (6). See the text. From Hoppa et al. (1998a). 
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In view of these two effects, it is of interest to know how much 

nonsynchronous rotation builds up before cracking occurs, in order to assess the 

correspondence of stresses with lineament configurations. If non-synchronous 

rotation is taking place, then the stress on any intact terrain is the sum of stress 

from diurnal tides and accumulated non-synchronous rotation. Cracking would 

occur the first time the total stress from these two sources exceeded the tensile 

strength. In the next section I describe the method used by Greenberg et al. 

(1997) to determine the amount of nonsynchronous rotation that builds up before 

cracking. 

In approaching this problem, Greenberg et al. (1997) assume that lineaments 

are probably tensile cracks, for the reasons cited in Chapter I. Because tensile 

failure occurs perpendicular to the maximum tension axis, a comparison can 

readily be made between lineament orientations and the direction of stress in 

calculated trajectories. 
3. Combining Nonsynchronous Rotation Stress with 
Diurnal Tidal Stress 
The observation that lineaments could be divided chronologically based on 

an apparent age-brightening made possible the discovery that lineament trends 

at about 40°N latitude have rotated clockwise with time (Geissler et al., 1998a; 

Geissler et al., 1997b). This pattern included prominent lineaments Cadmus 

Linea and Minos Linea, identified in Figure 2.3a. Such rotation would be 

expected if prograde nonsynchronous rotation were occurring (Greenberg et al., 

1997). That is, as any piece of territory in the northern hemisphere moves 

eastward, the stress field it experiences will have rotated farther in the clockwise 

direction. The opposite stress rotation takes place in the southern hemisphere. 

Thus, overlapping individual lineaments can be separated by relative age and 

compared to stresses in the present or in the past, that is, to the west, depending 

on the age of the lineament. Previous studies of nonsynchronous rotation stress 

were confined to consideration of aggregated lineament orientations (Helfenstein 

and Parmentier, 1985; Leith and McKinnon, 1996; McEwen, 1986). 

However, the stress field from 1° of prograde nonsynchronous rotation does 

not match lineament orientations, as noted by Greenberg et al. (1997). 

Nonsynchronous rotation cannot account for the southeastward trends of the 

youngest lineaments, for example, Cadmus Linea; the stress field would have to 
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be shifted westward to match them. See Figure 2.3a. Furthermore, iricreasing 

the amount of nonsynchronous rotation shifts the stress pattern farther east, 

worsening the fit. (Diurnal tides also do not explain the lineament pattern. They 

do not produce a match at the 3/4 orbit position, the time of day when tension is 

highest.) 

However, as noted in the previous section, stresses from both 

nonsynchronous rotation and diurnal tidal stresses are probably operating 

together to produce cracking. Greenberg et al. (1997) calculated the stress fields 

for the combination of 1° nonsynchronous rotation and diumal tides. (See also 

Hoppa et al., 1998a; Hoppa et al., 1998b; Hoppa, 1998.) Plots representing this 

combination of stress at the quarter-orbit positions appear in Figures 2.4a-c and 

2.4e. Stresses produced by this combination of 1° of nonsynchronous rotation 

stress and diumal tidal stress constitute what I define as "combined stress." 

Figure 2.4d shows stress plots for the 5/8 orbit position (1/8 orbit after 

apocenter). Crosses represent the principal stress axes at the point. The thicker 

lines are tension. Stresses are calculated assuming a shear modulus of 9.2 x 109 

Pa, and Poisson's ratio of 0.33. Dotted lines represent the lineaments that are 

compared to the stress fields, by Greenberg et al. (1997) and in this dissertation. 

Compare to Figure 2.3a. Because diumal tides are variable, the combined field 

varies through the daily orbit also. At pericenter (Fig. 2.4a), the tensional diumal 

bulge has moved westward to a position midway between that of the original 

diumal tidal and 1° nonsynchronous rotation plots. The 

magnitude of the predominant compression has increased slightly and the 

orientations of the field altered somewhat. At 1 /4 orbit (Fig. 2.4b), the fields 

nearly cancel each other out, damping stresses to a negligible level at all locations 

on the globe. At apocenter (Fig. 2.4c) the collapsing, compressional diumal bulge 

has moved eastward and the intensity of the predominate tensional stress has 

grown, with slightly shifted orientations. At the 3/4 orbit position (Fig. 2.4e), 

instead of a negation of the diumal stress seen a half-orbit before, the diumal 

field is reinforced by the non-synchronous rotation stresses, and tensile stress is 

relatively high. The tensile stresses from each source is about 3/4 bar, so by 

incorporating a single degree of nonsynchronous rotation with the diumal tides, 

the total tensile stress grows to about 1.5 bars, probably sufficient to crack the 

Europan ice. In the 3/4 orbit position, altemating tensional and compressional 
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Figure 2.4. Combined stress fields. 
The stress field due to the combination of stress from 1° of non-synchronous 
rotation and diurnal stress at quarter-orbit positions, shown on a Mercator 
projection. Plot preparation and symbols are like Figs. 2.2a-d. The sequence of 
plots also includes the 5/8 orbit position (Fig. 2.4d). Because diurnal tides are 
variable, this combined field varies through the daily orbit also. See the text. 
From Hoppa et al. (1998a). 
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regions occupy the equatorial belt. At high latitudes, stresses are relatively high 

and approximately equal in absolute value though opposite in sign. 

While tensile stresses are high enough at the 3/4 orbit position to cause 

cracking, the stress field is directed slightly east of the optimal alignment with 

the youngest lineaments, for example, Cadmus Linea. However, at the 5/8 

position the combination of stresses pushes the extended region farther to the 

west than in any other part of the orbit (Fig. 2.4d). Here the stresses are aligned 

perpendicular to Cadmus Linea, as described by Greenberg et al. (1997). 

Furthermore, the maximum tension of 1.5 bars occurs starting with the 5/8 

position and lasting to the 3/4 position. 

Thus, based on the alignment and stress magnitude, the 5/8 position is the 

most likely part of the orbit for cracking to occur. Total stress experienced at this 

position increases monotonically as nonsjmchronous rotation accumulates, until 

one day at the 5/8 position the lithosphere cracks. Only a combination of stress 

from diurnal tides and one degree of nonsynchronous rotation brings the tensile 

bulge far enough west to create Cadmus Linea. Larger amounts of 

nonsynchronous rotation pull the tensile region eastward, out of best 

correspondence with the young lineae. The older lineaments, for example, 

Minos Linea, can be matched to stress orientations farther to the west, that is, 

experienced in an earlier time. A smaller contribution from diurnal tides, 

resulting if the subsurface was solid, would also pull the trajectories eastward. 

The amount of nons\mchronous rotation which occurs before cracking, about 

one degree (Greenberg et al., 1997), is much lower than the values suggested by 

previous calculations, as is the resultant tensile stress of 1.5 bars. Leith and 

McKinnon (1996) apply 12° of non-synchronous rotation, producing 18 bars of 

tensile stress. They also note that the 25 to 50 degrees of non-synchronous 

rotation proposed by McEwen would cause a tensile stress of 35 to 70 bars (Leith 

and McKinnon, 1996). Crawford and Stevenson (1988) assume tensile stress from 

non-synchronous rotation or polar wander of approximately 80 bars. 

The combined stress trajectories account for high-latitude lineaments, but fail 

to account for lineaments that cross the Europan equator at high angles. Cracks 

initiated at high latitudes by combined stresses may propagate far enough to take 

them across the equator on a great circle, or there may be another source of stress 

operating to generate these lineaments. 
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(The spatial configuration of cracks is partly the result of the lithospheric 

strength. For example, the stronger the lithosphere is, the greater the 

contribution from nonsynchronous rotation must be to crack the ice, thereby 

pulling the crack pattern eastward.) 
4. Crack Propagation Depth 
a. Problem of Shallow Depth 

The highest tension produced in the combined tidal stress model is 1.5 bars 

which balances lithostatic stress at a depth of 125 m, providing a first-order 

estimate of maximum crack depth on Europa (for gravity = 1.3 m/sec^ and 

density = 0.92 kg/m3). (This estimate is equivalent to the so-called "Nye depth" 

(Loewe, 1954; Nye, 1954), used to project the depth of glacial crevasses.) 

This predicted value for maximum crack propagation depth can be increased 

somewhat by considering microscopic processes near the crack tip. For example. 

Smith (1976) applies linear elastic fracture mechanics (LEFM), in which the stress 

field near the crack tip controls the propagation depth. The magnitude of that 

local stress is proportional to far-field stress, crack length, load geometry, and 

crack orientation. Continued growth of the crack depends on the stress intensity 

and fracture toughness. (See Atkinson, 1987; Pollard and Aydin, 1988). 

Assuming lithostatic loading, maximum depth of an isolated glacial crevasse 

shown in Figure 2.5 is reached when the stress intensity factor equals zero. For 

an empty crevasse. Smith produces a result nearly identical to those obtained by 

Weertman (1971) and Lachenbruch (1961): 

Depth (2) 
PS 

Applying this relationships in the Europan context, the theoretical maximum 

depth of an empty crack is approximately 206 meters. In contrast, the 80 bars of 

tidal tension estimated by Crawford and Steverison (1988), for example, would 

enable cracking to 10.9 km depth. 

If Europan cracks reach down to a decoupling zone, and if there is no means 

of propagating cracks more deeply than 206 m, the lithosphere in the vicinity of 

these lineae may have been only a few hundred meters thick when the 

lineaments formed. This lithospheric thickness is less even than the 2 km lower 

limit in the range of estimates I cite in Chapter I. It is considerably thiimer than 
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Figure 2.5 Modeled crevasse. 
Model of a water -filled glacial crevasse used by Smith (1976) to predict 
maximum crack depth. The diagram illustrates the stresses acting on the 
crevasse. In the Europan case, cracks may not have a liquid water filling due to 
the cold temperatures. For Europa, the Smith (1976) results predict a crack depth 
of 206 m for 1.5 bars tidal tension. See the text. Reprinted from the Journal of 
Glaciology with permission of the International Glaciological Society. 
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the estimate of 10 km made by Schenk and McKinnon (1989), who also calculate 

lithospheric thickness based on the depth to the lithostatic balance point, but 

with higher stresses. Can deeper cracks be generated? 
b. Deepening the Cracks: Possible Mechanisms 

A primary means to increase the depth of cracks is to boost the applied 

tension or its effect. As examined in the preceding section, the depth of crack 

propagation depends on the relative tension, but is independent of the tensile 

strength because very near the crack tip the stress climbs to infinity. An increase 

in tension carmot be accomplished by increasing the amount of nonsynchronous 

rotation that the satellite undergoes before failure, because the tension is limited 

by the strength of the lithosphere. Nor could the shear modulus used in the 

stress calculations be reasonably increased. The values cited here for the 

modulus are taken from a variety of sources and represent a considerable range. 

Projections of Young's modulus to 100°K (Hobbs, 1974) yield a result well within 

that range (Hoppa et al., 1998a). I list possible crack-deepening mechanisms 

below. 

(1) Leith and McKinnon (1996) and Greenberg et al. (1997) attempt to resolve 

this issue by proposing that Europan cracks could extend to great depths because 

tensile stress would rise as the unfractured cross-sectional area of the ice layer 

decreased. Such concentration of stress would result because of the elastic 

coupling between successive thin layers in the lithosphere. However, this 

approach would be least likely to work when most needed, that is, when the 

lithosphere is thick. 

(2) A water-filled crack can attain much greater depths than a dry one, due to 

the balancing of lithostatic stress provided by the liquid (Weertman, 1971). 

Cor\sidering the low Europan temperatures, for such a process to work there it 

might depend on a deep aquifer-type system, fed by liquid water from below. 

Ojakangas and Stevenson (1989a) suggest that cracks propagating upward from 

an ocean might supply water to surface cracks. Cracks propagating downward 

to such "aquifers" might become saturated, insulated by a topmost frozen layer. 

The probable ambient temperatures in the lithosphere suggest that water would 

not remain liquid in pore spaces (Golombek and Banerdt, 1990). However, 

repeated "pumping" of water in tidally-worked cracks (Stevenson, 1996) might 
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maintain it as a liquid in those environments. Water-filled, downward-growing 

cracks might then be able to continue through the ice. 

(3) In my discussion of factors which might weaken the Europan lithosphere 

(Chapter I), I noted the influence of cyclic loading. In addition to decreasing the 

strength of a material, repeated compression also has the effect of lengthening 

propagating cracks (Wu and Pollard, 1992). In addition, diurnal rotation of 

Europan tidal stresses may place the same propagating fracture alternately under 

maximum tension and then under maximum compression within a few hours. A 

mechanical wedging-open might occur in the compressive phase of diurnal 

stress if debris became lodged in the crack bottom, as suggested also by 

Greenberg et al. (1997). Because the stress fields rotate, the crack might 

propagate first under the influence of relative tension, and a half-day later by 

compression-induced wedging. Such leveraging might also take place if liquid 

water froze in a narrow crack bottom. 

(4) Crawford and Stevenson (1988) address the issue of crack depth for 

Europa by propagating cracks upward from the bottom of the lithosphere. They 

assume a 10 km shell over an ocean and determine that tensile stress of at least 80 

bars would be needed to bring about throughgoing cracking. As they view it, 

forms of crustal reorientation are the only possible causes of such stress. But 

those processes are slow in relation to the lithospheric Maxwell time and high 

stress could not accumulate. To utilize the eccentricity tides which generate 

lower stress but do so over shorter durations, they resort to cracking from the 

base of the ice shell instead of from the top. In this way, elastic forces directed 

perpendicular to the crack would have only to work against the small difference 

in density between ice and liquid water that would enter the cracks. Because the 

ice at the base of the shell presumably is warm, stress corrosion, a form of 

fatigue, might aid the initiation of cracks in the periodic stress field. Upward 

propagating cracks outdistance the maximum elevation attainable by the liquid. 

However, they continue to grow because of internal pressures produced by 

exsolving gas, such as carbon dioxide, plausibly dissolved in the water of a 

Europan ocean. Eventually, the gas-filled crack tip makes its way to the surface 

forming local geyser-like eruptions. 

However, it seems from Galileo observations so far that lineae appear first as 

long cracks (Geissler et al., 1997b; Greenberg et al., 1997) rather than as a series of 
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collinear eruptive centers. Perhaps some of the secondary mechanisms 

mentioned here may enable throughgoing cracks to develop from below without 

exsolution of gases and consequent geysering. 

(5) One speculative means to deepen cracks approach might be to generate 

cracks in compression Q. Kemeny, 1997, pers. comm.), especially if stresses are 

cyclic. Bessinger et al. (1997) report the development of a crack in granular 

material that was placed under compression. Grains "debonded" from one 

another along a plane normal to the compression axis and fell out of the crack. 

Such a mechanism might be applicable to the upward-propagating cracks 

envisioned by Crawford and Stevenson (1988). However, it would have the 

awkward effect of creating cracks orthogonal to those found to be perpendicular 

to the least principal tidal stress. Nevertheless, such a process might contribute 

to the establishment of an "aquifer," as described in item 2. 

(6) In addition, short-term tensile stresses caused by impacts in a floating ice 

shell might generate stresses sufficient to crack the ice through (Can* et al., 1997). 

This possibility has been demonstrated in mathematical models of the large 

ringed structures Callanish and Tyre (formerly Tyre Macula) (Moore et al., 1997; 

Turtle and Phillips, 1997). However, such cracking is concentric to the probable 

Impact scar and probably unrelated to global lineaments. Further, because they 

are transient events, impacts may not be able to explain cracking that seems to 

have occurred over an extended period. 

(7) Finally, waves in a putative ocean might generate bending stresses 

sufficient to nucleate or complete a throughgoing crack. In the terrestrial Arctic, 

bending is the most common way to fracture sea ice (Coon and Pappalardo, 1996; 

Sassolas et al., 1996). If a Europan water layer is as thick as the geophysical data 

suggests (Anderson et al., 1997a) and if tidal dissipation varies temporally and 

spatially (Ojakangas and Stevenson, 1989b), then an ocean might not be isotropic 

or calm (Morison and Wettlaufer, 1996). However, there seems to be no reason 

to think that a fracture pattern induced by ocean waves would conform to the 

geometry of the observed lineament pattern. Also, while ocean currents might 

exert stresses on the lower surface of an ice shell (Morison and Wettlaufer, 1996), 

they would probably not be forceful enough to cause original terrsile failure in 

thick ice; plus, any current strong enough to do so would be likely to create a 

signature elsewhere (M. Coon, 1997, pers. comm.). 
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Overall, it may be that combined tidal stresses crack the ice only partially 

through, preparing the way for the secondary processes listed above. The tidal 

stress field would initiate the cracks and control their orientation. While tidal 

stresses might be too low for throughgoing cracking, the repetitive alternation of 

tension and compression together with processes such as wedging might extend 

the cracks the remaining distance. On the other hand, the results I present here 

also suggest the hypothesis that the Europan lithosphere was thinner than 2 km 

at the time of cracking. Nonetheless, whether the cracks exist in a very thin shell 

or have been propagated more deeply through a thicker one by any of these 

secondary processes, the role of tides remains strongly indicated by the 

correspondence of the combined tidal stress trajectories and lineament 

orientations. 
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III. STRIKE-SLIP AND REGIONAL GEOLOGY NEAR THE SOUTH POLE 

A. Chapter Overview 
The subject of this chapter is Astypalaea Linea, a global-scale strike-slip fault 

near the Europan south pole, and its regional geological context. 

I begin with an overview of Astypalaea Linea and the south polar region 

(Sect. B). I then review background geological knowledge and issues (Sect. C). 

Next I focus on Astypalaea Linea alone (Sect. D), beginning with observations of 

fault morphology, relief, albedo, crosscutting relationships and related features, 

plus displacement (or "offset") and relative motion (Sect. Dl). I then characterize 

the fault's structural style and the role of key substructures (Sect. D2). Last, I 

describe the relative chronology created by the fault, and assess the likelihood 

that Astypalaea Linea is currently active (Sect. D3). This chapter provides the 

first discussion of the whole visible fault. 

Then I examine the regional geological context of the fault (Sect. E). That 

assessment starts with a description of other "gray bands" (Sect. El; defined in 

Sect. C) and other regional structures (Sect. E2). Then I discuss the possible 

linkage of the fault to neighboring bands (Sect. E3), characterize and interpret 

other regional structures (Sect. E4), and delineate the overall regional geological 

history (Sect. E5). 

Following the discussion of regional context, I consider the genesis of 

Astypalaea Linea and two gray bands (Sect. F), based on the tidal stress model of 

Greenberg et al. (1997). First, I examine how the fault may have come into being 

as a crack and how it subsequently accumulated its large strike-slip displacement 

(Sect. Fl). I then apply the Greenberg et al. (1997) stress model to Libya Linea 

and Thynia Linea (Sect. F2), gray bands with which the fault may be linked. 

Next, as an alternative to the tidal stress model, I examine the possibility that 

the fault formed by simple shear, that is, noncoaxial shear strain (Sect. F3). This 

examination includes a review of simple shear fault morphology, and a proposal 

for a hybrid model in which both tidal effects and simple shear may be operating 

at Astypalaea Linea. 

Last, I compare differing morphologies likely to emerge from a tidal stress 

versus a simple shear or hybrid genetic model (Sect. F4). 
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B. Overview of Astypaiaea Linea and the South Polar Region 
The Voyager 2 image on which the fault was discovered by the author (Tufts, 

1996) is shown in Figure 3.1. There, Astypaiaea Linea (AL) is seen as a dark 

lineament passing between points X and X'. The possibility that the lineament 

was a strike-slip fault was suggested because, first, it exhibits what appear to be a 

well-known strike-slip structures (Crowell, 1974; Harding et al., 1985; Sylvester, 

1988; Yeats et al., 1997). These structures include elongation, linearity, plus 

rhomboidal "pull-aparts," and braids, and are depicted in Figure 3.2. Second, 

Astypaiaea Linea seems to truncate older lineaments. I discuss fault morphology 

and crosscutting relationships in Section Dl. 

Astypaiaea Linea is located in the extreme southern hemisphere of Europa. 

Given our usual perspective, it can be thought of as going "under" the satellite, as 

seen in a polar projection centered on 70°S, 180°W in Figure 3.3. Starting at 60°S, 

191.1°W Astypaiaea Linea follows a generally curvilinear path passing within ten 

degrees of the south pole. It reaches a provisional endpoint on the southern 

trailing side at 78.5°S, 268.4°W where the high-resolution Voyager 2 frame ends. 

Low-resolution images of that hemisphere of Europa taken by Galileo in its 

second orbit failed to reveal a continuation of the structure. Thus it is not known 

how far it may extend to the west. The northern end, visible in the Voyager 

image, falls where the lineament appears to abut the SW-trending gray band 

Libya Linea. Between these apparent endpoints Astypaiaea Linea spans over 29 

degrees on the Europan globe, a distance of 810 km. 

Astypaiaea Linea and the south polar region have been included in various 

studies. The lineament was captured by Voyager 2 in multiple images at 

approximately 2 km/pixel. Galileo (E6 orbit) has returned images at 1.7 

km/pixel covering the region adjacent to the northern end of the fault. Portions 

of the fault have been mapped in regional studies by Lucchitta et al. (1981), 

Lucchitta and Soderblom (1982), Schenk and McKirmon (1989) and Pappalardo 

and Sullivan (1996). Tufts (1993) and Pappalardo and Sullivan (1996) noted a 

rhomboidal expansion (Cyclades Macula) contained in the fault plane, likening it 

to a shear feature. Schenk (1996) compared the fault to the nonsynchronous 

rotation stress trajectories of Helfenstein and Parmentier (1985). 

Astypaiaea Linea is named for the sister of Europa, according to Greek myth. 
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Figure 3.1. Fault "discovery image." The strike-slip nature of Astypalaea Linea 
was discovered by the author on Voyager 2 image 1372J2, shown here. Image 
resolution is approximately 2 km/pixel. Astypalaea Linea (AL) extends from X 
to X', a distance of 810 km and more than 29° on the Europan globe. See the text, 
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Figure 3.2. Terrestrial strike-slip fault structures. Features diagnostic of strike-
slip faults include fault elongation, linearity, rhomboidal pull-aparts, and braids 
or "in-line horst and graben slices." Based on the Voyager images, all of these 
seem to be present on Astypalaea Linea. En echelon structures, parallel folds, 
and horsetail splays have not been observed. This figure depicts a fault with a 
divergent component of motion, while Astypalaea Linea is probably an example 
of pure strike-slip. See the text. The figure was reproduced from Harding et al. 
(1985) by permission of the Society of Economic P^eontologists and 
Mineralogists. 
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Figure 3.3. Polar projection of the fault. A mosaic of Voyager 1 and 2 images 
showing the fault Astypalaea Linea near the Europan south pole, stretching 
between X and X'. This view is a polar orthographic reprojection centered on 
(70S°, 180°E) based on a mosaic prepared by the United States Geological Survey. 
The south pole is located at "SP". 
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C. Background and Issues 
As a structural feature, Astypalaea Linea is categorized in two ways. 

First, Lucchitta et al. (1981) and Lucchitta and Soderblom (1982) consider it to 

be a "gray band", a prominent lineament type found in the south polar region. 

Gray bands are a geometrical feature, characterized as a "linear and curved 

marking." They appear to be smooth, gray swaths cut by "conspicuous" ridges 

which, according to Lucchitta and Soderblom (1982), seem to link together in a 

curved pattern concentric about a point at 65S°, 110°W. This classification also 

encompasses neighboring bands Thynia Linea and Libya Linea, and two bands 

west of Astypalaea Linea. See Figure 3.4. According to Lucchitta et al. (1981) 

gray bands are relatively old structures, although Pappalardo and Sullivan (1996) 

note that the gray bands cut older thin lineaments. Pappalardo and Sullivan 

(1996) also point out that Thynia Linea represents dilation of the lithosphere. In 

this dissertation, I demonstrate that Astypalaea Linea is a strike-slip feature (Sect. 

D2), not a dilational band like Thynia Linea. However, it may be linked to other 

gray bands (Sect. E3). I also present evidence contradicting the proposed 

concentric pattern (Sect. Dl) and the view that the bands are relatively old (Sect. 

E5). 

(When mapped by Lucchitta and Soderblom (1982) as an albedo unit instead 

of a structural feature, the fault is categorized as a "brown band" and grouped 

with "brown spots," creating some ambiguity in terminology. See Figure 3.5. 

The fault is spectrally similar to wedge-shaped bands and triple bands from the 

mid- and northern latitudes, based on Voyager data. "Brown bands and spots" 

are 20% darker than the background plains and ranging in hue from brown to 

dark gray, according to Lucchitta and Soderblom (1982).) 

Second, Schenk and McKinnon (1989) group the fault with structures 

comprising an extensive "fracture zone" near the antijovian point, shown in 

Figure 3.6. (Also see Chap. IV.) As they define it, the penetratively broken-up 

fracture zone occupies a belt approximately 1500 km long and less than 500 km 

wide. It is characterized by strike-slip, dilation, and block rotation, recorded in 

numerous lineaments and wedge-shaped, dilational bands ("wedge-shaped 

bands"). While not assessing the structural style of Astypalaea Linea specifically, 

they imply it to be a wedge-shaped band (Lucchitta and Soderblom, 1982). 

Evidence I present in this chapter and Chapter FV establishes some differences 
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Figure 3.4. Europan gray bands. The gray band classification of Lucchitta and 
Soderblom (1982) includes Astypalaea Linea, Thynia Linea, Libya Linea, and two 
unnamed lineaments, shown here. For feature identification, see Fig. 3.8. Gray 
bands are identified as smooth gray swaths which seemed to describe a 
cur\'ilinear pattern centered to the southeast, and which are cut by "conspicuous" 
ridges, not shown in this figure. Note the linearity of Astypalaea Linea, as well 
as the rhomboidal feature near the intersection of the fault with Libya Linea. 
Compare to Fig. 3.5. See the text. The figure is after Lucchitta and Soderblom 
(1982). From Satellites of Jupiter, edited by David Morrison. Copyright © 1982 by 
The Arizona Board of Regents. Reprinted by permission of the University of 
Arizona. 
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Figure 3.5. Geologic map of Europa from Voyager images. The first published 
geologic map of Europa, based on Voyager imagery (Lucchitta and Soderblom, 
1982) identified Astypalaea Linea as a "brown band," although the article in 
which the map appeared employed the "gray band" classification also. The 
distinction may have arisen because brown bands are albedo features, unlike 
gray bands which are structural features. See the text. The figure is reprinted 
from Lucchitta and Soderblom (1982). From Satellites, edited by Joseph A. Bums 
and Mildred Shapley Matthews. Copyright © 1986 by The Arizona Board of 
Regents. Reprinted by permission of the University of Arizona Press. 
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Figure 3.6. Antijovian fracture zone. Schenk and McKinnon (1989) proposed 
that the lineaments shown here constitute a "fracture zone" characterized by 
penetrative breakup of the lithosphere. A portion of Astypalaea Linea is 
depicted as the southernmost lineament in that zone. None of the gray bands of 
Lucchitta and Soderblom (1982) is included in the fracture zone. The figure is 
reprinted from Schenk and McKinnon (1989), Icarus; Copyright © 1989 by 
Academic Press. 
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in scale and morphology between Astypalaea Linea and fracture zone structures. 

South polar regional geology is complex, as I discuss in Section E. The fault 

and other bands sit amidst a "bright plains" unit characterized (as is much of 

Europa (Greeley et al., 1997b; Lucchitta and Soderblom, 1982; Malin and Fieri, 

1986)) by subdued topography and a low crater density. In roughly the southern 

half of the antijove region, this plains unit may have been altered by a curvilinear 

structural fabric which might define a global structural dichotomy (Lucchitta et 

al., 1981). The region also is characterized by lineaments with multiple, small 

strike-slip offsets, by crescent-shaped linea and by various flexii. The most 

prominent of these features were included in a regional map by Pappalardo and 

Sullivan (1996), shown in Figure 3.7. In this chapter I present the first detailed 

description and characterization of these features, with the exception of Thynia 

Linea, described in detail by Pappalardo and Sullivan (1996). 

Four models have been proposed to explain Astypalaea Linea and associated 

features, not including the tidal model of Greenberg et al. (1997) and this 

dissertation. Lucchitta and Soderblom (1982) propose that gray bands acted as a 

coherent structural set and are not the product of global stress. The responsible 

regional stresses may have come from sources that produce circular features on 

planets, that is, tides, impacts, or volcano-tectonic processes. Schenk and 

McKinnon (1989) propose that internal heating is responsible for the wedge-

shaped bands (and hence Astypalaea Linea), in view of the failure of 

nonsynchronous rotation to account for these bands, as noted in Chapter I. Also, 

Carr et al. (1997) and Sullivan et al. (Sullivan et al., 1998a) propose that impacts 

or regional melting, respectively, might have created both gray bands and 

wedge-shaped bands. I show in Section F1 that the tidal stress explanation for 

the fault is supported by comparison to the combined stress trajectories found in 

Greenberg et al. (1997). I also suggest in Section F3 that internal forces may have 

a secondary influence, based on the possible presence of simple shear structures. 

Various geological issues emerge from this background: (1) identification of 

sets of regional structures and determination of relative ages; (2) the sense of 

motion and magnitude of displacements, if any, of Astypalaea Linea and other 

lineaments in the region; (3) the existence and nature of kinematic linkages 

among the gray bands and between the fracture zone and the south polar region; 

(4) the cause of the initiation and displacement of the bands and other structures. 
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Figure 3.7. South polar regional map. A large portion of Astypalaea Linea as 
well as various regional structures are shown in this south polar regional 
map by Pappalardo and Sullivan (1996). The figure is reprinted from 
Pappalardo and Sullivan (1996), Icarus. Copyright © 1996 by Academic Press. 
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D. Astypalaea Linea 
1. Description 
a. Morphology. Relief, and Albedo 

The morphology of Astypalaea Linea is broadly curvilinear. See Figure 3.8. 

At image resolution it appears mostly continuous although it steps to the right at 

one or two locations. The fault trace consists of thin, straight segments 

alternating with narrow, lens-shaped or irregular expansions. The major 

irregularity in the fault is the prominent, rhomboidal Cyclades Macula (CM, Fig. 

3.8) which lies near the fault's northern termination. The fault may include a 

second, narrow rhomboid at Rs but its shape is unclear. No en echelon shears, 

parallel folds, or left steps can be seen. Except in intervals where visibility of the 

fault is poor, Astypalaea Linea never appears to be less than 5 km wide. 

Expansions in the fault trace, for example at intervals opposite c' or between a 

and b', measure 14 km by 128 km and 18 km by 88 km, respectively. There seem 

to be no branches or splays, although the southern end of Thasus Linea (T') may 

merge with the fault at 1. 

The largest right step in the fault trace occurs at rhomboidal Cyclades Macula 

which trends approximately NE, intersecting Astypalaea Linea at roughly a 50 

degree angle. At image resolution, the boundaries of Cyclades Macula appear 

straight or smoothly curvilinear. The rhomboid links the primary fault trace 

with a shorter subparallel trace (the "Eastern Trace," E) located east of the 

primary trace and which extends north to an intersection with Libya Linea. The 

primary trace and the Eastern Trace are separated by 47 km at Cyclades Macula 

and do not overlap. A vague lineament (the "Western Trace," W) which may be 

an extension of the primary fault trace, also continues northward from the west 

edge of Cyclades Macula to join Libya Linea where it meets the Eastern Trace at 

X. Thus the Eastern and Western traces, and Cyclades Macula outline a narrow 

triangle. 

In addition to Cyclades Macula, the fault trace contains what may be a 

possible small rhomboid at a narrow step located where the fault is intersected 

by multiple flexii (Rs, Figs. 3.8,3.10, 3.12a). The master faults appear separated 
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Figure 3.8. Astypaiaea Linea and key features. Key features of the fault are 
shown on Voyager 2 image 1372J2. Astypaiaea Linea spans the interval XX', and 
includes rhomboid Cyclades Macula (CM). Libya Linea (LL) meets the "Eastern 
Trace" of the fault at X, approximately where it also meets the "Western Trace" 
(W). The fault cuts Thasus Linea (T, T'), Lineament L (L, L') and thin lineaments 
a-e and a'-e'. However, the fault is cut by Delphi Flexus (D), Sidon Plexus (S), 
and Cilicia Flexus (C). Thynia Linea is at Ty and the crater Rhiannon is at Rh. 
See the text. 
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by 19 km, and the possible rhomboid may be as much as 46 km long, although 

the shape of the feature is obscured by the crossing flexii. 

Considering the low solar incidence angle, it is notable that no relief can be 

seen associated with the trace of Astypalaea Linea. It casts no shadow and has 

no discernible central ridge. Even when seen in stereo using different Voyager 

frames, no relief can be observed. 

In Voyager 2 images, the fault is usually darker than surrounding terrain. 

Unlike other lineaments on Europa it seems to have no medial bright stripe or 

flanking low albedo strips or spots. Its edges seem moderately sharp and fairly 

well-defined. No internal details of Astypalaea Linea are visible in Voyager 

images except for vague albedo brightenings within Cyclades Macula and some 

of the lens-like intervals. 
b. Crosscutting and Related Structures 

Various, prominent, EW-trending flexii cut Astypalaea Linea uninterrupted. 

These flexii include Cilicia Plexus (C, Fig. 3.8) which crosses north of Cyclades 

Macula, and Delphi Plexus (D) and Sidon Plexus (S) which cross at the possible 

rhomboid Rs. 

On the other hand, the following lineae are cut by the fault. (1) Two dark, 

NE-trending lineaments abut the east side of Astypalaea Linea at acute angles. 

One lineament is Thasus Linea (T, Pig. 3.8) and the other is Lineament L (L). (2) 

Dark linea (T') resembling Thasus Linea and trending parallel to it, intersects the 

west side of Astypalaea Linea not far from where Thasus Linea intersects the 

fault on the other side. (3) Multiple, NW-trending thin lineaments abut both 

sides of the fault and appear tnmcated by it (points a-e, and a'-e'. Pig. 3.8). While 

abutting Astypalaea Linea, some of them seem paradoxically to cross it at least 

part of the way too, in subdued fashion (for example, near a). Tnmcations of 

these lineaments seem confined to the southern half of Astypalaea Linea, 

although that may be an artifact of image resolution and geometry. 

Near its southern end, Astypalaea Linea may cut other features. The fault 

seems to divide two vague, "pancake-shaped" regions at p and p' (Pig. 3.8). Both 

regions show an illumination pattern suggesting they are gently elevated. Also, 

due to poor image quality I locate the southern end of the fault immediately west 

of those features. However, Astypalaea Linea continues somewhat further and 
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crosses two wide, wispy strips before it reaches the edge of the frame. The 

superposition relationship of the fault and these wispy strips is unclear. 

Because of the uncertainty regarding the relationship of Astypalaea Linea and 

the gray bands, it is useful to consider their mutual intersections and crosscuts. 

First, Astypalaea Linea intersects Libya Linea. However, the relationship is not 

clear. As noted in the previous section, I locate the northern end of the fault 

where the Eastern Trace that bounds the east side of Cyclades Macula intersects 

Libya Linea. As noted in the previous section, this is the same place that the 

Western Trace meets Libya Linea. Whether the Eastern Trace enters Libya Linea 

or stops at its southern border is uncertain. Neither the Eastern nor the Western 

trace of Astypalaea Linea seems to continue north of Libya Linea. 

Various lineae which abut or cross the fault intersect other gray bands in 

some way. For example, Thasus Linea also intersects Libya Linea and I discuss 

the superposition relationship there in Section E. An arcuate extension of 

Lineament L may do so also (La, Fig. 3.18) but image resolution hinders this 

interpretation. Thin lineament d', which abuts the fault, may extend east to 

Thynia Linea where it is cut also. (See also Pappalardo and Sullivan, 1996.) 

Delphi Flexus, which cuts the fault, also cuts across neighboring Thynia Linea 

(Ty). 
c. Displacement 

The presence of possible strike-slip features and the apparent tnmcation of 

various lineaments by Astypalaea Linea suggested that fault displacement might 

have occurred. To confirm this, I made a palinspastic reconstruction of the fault 

using an orthographic reprojection of Voyager image 1372J2, shown in Figure 

3.9. Such a reprojected view was needed in order to minimize foreshortening 

caused by the oblique viewing geometry of the fault. Figure 3.10 is a labeled 

version of this image. Using digital techniques, I translated the territory lying 

east of the fault 42 km to the north (in a left-lateral sense) and rotated it 2.5 

degrees counterclockwise, resulting in the view in Figure 3.11. 

The reconstruction realigned multiple features. Compare Figure 3.11 to 

Figures 3.9 and 3.10. The white gore in the image records the displacement of the 

eastern terrain. The reconstruction caused Cyclades Macula to close up neatly, 

measured across its center. The small rhomboid (Rs) also may have closed, 

although the presence of crosscutting flexii hinder an interpretation. It also 
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Figure 3.9. Reprojected view of Astypalaea Linea. Due to foreshortening effects 
imposed by the extreme southern location of the fault and the resultant oblique 
viewing angle of the Voyager 2 images, this orthographic reprojection was 
prepared in order to attempt a reconstruction of fault offset. The cross indicates 
the center of the reprojection. Succeeding figures show the reconstruction. 
Compare features shown in this unlabeled reprojection with the same features on 
labeled versions (Figs. 3.8 and 3.10). See the text. The image is rotated 90° 
counterclockwise to allow greater viewing size. 
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Figure 3.10. Reprojected and labeled view of the fault. This labeled, reprojected 
Voyager 2 "discovery image" (1372J2) is based on the same view as Fig. 3.9 and 
shows most of the same territory illustrated in Fig. 3.8. The fault offset is 
indicated by two line segments intersecting the sides of Cyclades Macula (CM). 
Because the accuracy of the reconstruction was subject to the placement of 
piercing points on opposite sides of the rhomboid, these segments were drawn 
onto the images as a record. Prior to the development of the fault displacement 
these two line segments would have been collinear (see Fig. 3.11). See the text. 
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Figure 3.11. Reconstruction of fault offset. Using the reprojected view (Fig. 3.9), 
the fault offset was reconstructed digitally. A 42 km NE translation and 2.5° 
counterclockwise rotation of the terrain east of the fault closed Cyclades Macula 
(as seen by realignment of the black line segments) and realigned five pairs of 
interrupted thin lineaments (aa'-ee' on Fig. 3.10). In addition, Thasus Linea and 
Lineament L also were realigned by the reconstruction. Compare the scene to 
Figs. 3.9 and 3.10. The realignment of features at such widely distributed points 
on the fault indicates that offset is consistent along its length. The white gore in 
the image records the displacement of the eastern terrain. See the text. 
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matched five pairs of truncated, mutually similar, relatively bright lineaments 

("thin lineaments") that abutted opposite sides of the fault. Unexpectedly, the 

reconstruction also brought both Thasus Linea (T) and Lineament L (L) into 

alignment with similar dark bands (T' and L') on the west side of Astypalaea 

Linea. A complementary view of the reconstruction is depicted in maps of the 

fault and intersecting lineaments, before and after the reconstruction (Fig. 3.12). 

Two notable realigrunents matched: first, a three-way intersection of the fault. 

Lineament L, and lineament bb'; and second, two thin lineaments that form a 

small angle of intersection near the southern end of the Linea. These 

realignments are shown in Figure 3.13, arranged for easy comparison. Neither 

the appearance nor the direction of the various crosscut lineaments seems to 

change as they approach Astypalaea Linea. The two "pancake-shaped" regions 

near the southern "end" of the fault trace may also reconstruct although image 

quality is poor. 

The reconstruction disrupted Cilicia, Sidon and Delphi flexii which presently 

cross the fault. 

I measured displacements on the fault at Cyclades Macula and Thasus Linea, 

and near the southern end of the fault. I took multiple measurements at each 

site, averaging them to 45 km, 41.5 km, and 42.5 km , respectively. In the case of 

Cyclades Macula, I measured across the rhomboid as shown in the pre-

reconstruction image. But, uncertainties in the location of the rhomboid comers 

hampered measurements there; the measurement across the center of the 

rhomboid, 42 km, seemed more reliable. Using this value allowed an averaging 

to a value of 42 km displacement for the fault. For these measurements, I used a 

resolution of 1.94 km/pixel calculated based on the distance of the Voyager 2 

camera to the subspacecraft point in the discovery image. 

The 42 km relative motion vector of the fault is roughly the same as that 

required to close Libya Linea according to one possible reconstruction. See 

Section El. Boundaries of Libya Linea appear to reconstruct well, although the 

seeming lack of piercing points has hindered the effort to prepare a digital 

reconstruction (see also Pappalardo and Sullivan, 1996). 

The reconstruction takes at face value the apparent truncation of the thin 

lineaments (a-e and a'-e" in Figs. 3.8 and 3.10) by the fault. However at least one 
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Figure 3.12. Maps o f  Astypalaea Linea reconstruction. (A) The fault and key 
morphologic features, plus crosscutting and interrupted lineaments are depicted 
on this map, made on the reprojected discovery image (Fig. 3.9). The fault is 
represented by a thick solid line. Features along the fault trace are Cyclades 
Macula (CM), a second potential rhomboid (Rs), and two lens-shaped 
expansions (Bl and B2). Straight segments of the fault are at S1-S4. Compare 
this map to Figs. 3.9 and 3.10. (B) Older lineaments which were broken by the 
fault are shown realigned by its reconstruction, on this map based on the 
reconstructed image (Fig. 3.11). Flexii which had postdated the fault and crossed 
it unbroken, were disrupted by the reconstruction. The closing of Cyclades 
Macula is shown by the realignment of the two black line segments. See the text. 
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Figure 3.13. Southern portion of the fault, enlarged. The upper frame shows the 
southern portion of Astypalaea Linea, before reconstruction, including all of the 
thin lineaments to be realigned. Compare this to Figs. 3.8 and 3.10 for feature 
identification. The lower frame displays all the realigrunents of interrupted 
lineaments, including Thasus Linea and five pairs of thin lineaments. Strong 
confirmation of the reconstruction is provided by: (1) the three-way intersection 
of Lineament L, the fault, and lineament bb'; and by (2) the pair of thin linea 
forming an acute angle at aa'. The coherent realignment of lineaments with such 
different trends indicates that little shortening or lengthening occurred normal to 
the fault. The cross is the center of the reprojection. See the text. 
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of these linea also seemed to cross the fault albeit in dim form, as mentioned in 

the previous section. I discuss this problem further in Section D2. 
d. Relative Motion 

The uniformity of displacement along such a lengthy structure suggested that 

large scale and coherent relative motion had taken place between the terrain on 

opposite sides of Astypalaea Linea. As a test of this, 1 identified an Euler pole of 

rotation describing the relative motion vector, based on three straight segments 

of the fault. The segments stretched between: first, 65°S, 194.6°W and 67.7°S, 

195.6°W; (2) 70.6°S, 200.9°W and 75.9°S, 212.1°W; and second, 79.5°S, 247.7°W 

and 78.5°S, 268.4°W. They are indicated in Figure 3.12 as segments S2, S3, and 

S4, respectively. I did not include segment Si, which is the Eastern Trace, for 

reasons I describe later in this section. 

The normals to these three segments passed within a half degree circle 

centered at 47.5°S, 247.5°W, in a stereonet analysis following the approach of 

Morgan (1967) and Cox and Hart (1986). I used this result as a trial pole for a 

least squares calculation based on the technique of Schenk and McKinnon (1989). 

The pole derived from the least squares calculation is 48°S, 247.25° W (G. Hoppa, 

1997, pers. comm.) and is labeled in Figure 3.14. 

The Euler pole and its relation to the fault can be shown by reprojecting the 

images so the view centers above the Euler pole or perpendicular to it. 

Orthographic reprojections centered on the Euler pole show the fault apparently 

spiraling counterclockwise toward the limb (Fig. 3.14). However, it 

actually steps to the right slightly at the possible small pull-part, lending 

credence to that origin for the feature (Rs, Figs. 3.8, 3.10). Thus, Astypalaea Linea 

occupies portions of two concentric small circles of slightly differing radii. An 

orthographic reprojection centered above a point ninety degrees away from the 

pole enables it to be viewed as a set of nearly parallel, but not collinear, straight 

segments (Cox and Hart, 1986) (Fig. 3.15). Deviations from exact linearity may 

reflect inaccuracies in the calculated pole or failure to obtain a true orthographic 

perspective. 

This Euler pole must be considered preliminary because the coordinates of 

the segment endpoints are based on Voyager 2 navigation data, accurate to 0.5 

degree (P. Geissler, 1996, pers. comm.). Alternate values incorporating random 

errors of up to 0.5° in the coordinates of the segment endpoints perturbed the 
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Figure 3.14. View looking down the Euler Pole. When seen looking down the 
Euler pole (48°S, 247.25°W), Astypalaea Linea follows a sequence of small circles 
centered on the pole (cross). Here I have drawn a circle around that pole to 
illustrate the segmented circular form. The fault does not follow a single circle 
because of the stepovers at Cyclades Macula and the possible rhomboid at Rs. 
Instead it is better described as a set of concentric circles. See the text. The image 
used here is a polar reprojection of a United States Geological Survey mosaic of 
Voyager images. 



1 0 3  



1 0 4  

Figure 3.15. View perpendicular to the Euler pole. By looking along a line 
normal to the Euler axis and through the fault, Astypalaea Linea (XX') appears as 
a series of nearly straight line segments, separated by stepovers (CM and Rs). 
Slight deviations from exact linearity may reflect inaccuracies in the calculated 
pole or failure to obtain a true orthographic perspective. See the text. 
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calculated pole by as much as 7.75° in latitude and 4.75° in longitude. Multiple 

iterations of the error calculation produced average perturbations in the pole of 

as much as 5.61° in latitude and 5.58° in longitude (G. Hoppa, 1997, pers. comm.). 

The eastern trace of the fault north of Cyclades Macula was not used in the 

final result because it might be involved with a linkage of the fault to Libya 

Linea. It thus may not be diagnostic of overall displacement on Astypalaea 

Linea. Its orientation lies to the northwest of the general fault strike in that 

northern region, perhaps indicating some irregularities in the deformation 

associated with that part of the fault. 
2. Characterization of the Fault 
a Strike-Slip 

Reconstruction of the lineament demonstrates a 42 km lateral separation that 

is consistent along its length, subject to image resolution and experimental 

technique. Because the sinistral reconstruction restores the prior configuration , 

actual displacement has been dextral. Offset is established by seven piercing 

points. These piercing points include lineaments of two types which are spaced 

at irregular intervals and which impinge on the fault at different angles, as well 

as a pull-apart which can be closed fairly conformably. When realigned, the 

lineaments display a consistent nature and orientation where they cross the fault. 

Realignment of a three-way and two-way lineament intersection makes the 

reconstruction particularly convincing. See Figure 3.13. Displacement 

magnitudes are credible because foreshortening was minimized by using an 

orthographic reprojection. 

However, while this evidence of separation strongly suggests that Astypalaea 

Linea is a right-lateral strike-slip fault, such evidence is not sufficient to 

characterize the structure strictly. On Earth, the identification of a major strike-

slip fault would be expected to include direct measurements of slip instead of 

just the apparent offset, that is, separation (Crowell, 1962; Hill, 1981). But on 

Europa, such measurements are not yet possible. So, the identification of 

Astypalaea Linea as a strike-slip fault depends also upon its linearity, the lack of 

adjacent uplift, and the existence of an Euler pole. 

The fact that Astypalaea Linea is predominately linear, and unaccompanied 

by adjacent regional relief argues strongly for it being a strike-slip fault. 

Linearity is the strongest defining feature of strike-slip faults (Christie-Blick and 
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Biddle, 1985). This is because, generally, they are vertical faults where one side 

moves horizontally with respect to the other (Freund, 1974; Moody, 1973; 

Reading, 1980). Irregularities in fault planes least commonly occur in the 

dimension of the slip line (Yeats et al., 1997). If Astypalaea Linea were a thrust 

fault or normal fault it would generate an irregular trace. Also, by the nature of 

dip slip, these other faulting styles would produce adjacent relief. 

The presence of a well-defined Euler pole also suggests that the observed 

separation represents true slip. Relative motion is parallel to strike; opposite 

sides of the fault moved past one another as coherent blocks. The Euler pole is 

reasonable because it was calculated with established techniques, and because 

random coordinate errors relocate the pole by little more than five degrees. 

Moreover, lineaments which intersect Astj^alaea Linea at acute angles 

reconstruct coherently. This implies that the component of net motion normal to 

the fault was negligible. 

(The paradoxical superposition noted in Section D1 does not undermine my 

interpretation of the palinspastic reconstruction of Astypalaea Linea, for these 

reasons. First, it is consistent with relationships noted elsewhere on Europa 

(Lucchitta and Soderblom, 1982), and may be attributable to reactivation. 

Second, it might also be the result of a "pixel mixing" effect whereby the 

averaging of albedo within a pixel can create a misleading brightness. A thin 

lineament entering a field of a different brightness might appear to narrow. A 

lineament that is broken by a thin enough band might appear to continue across. 

In this case, the presence of a bright lineament abutting the fault may raise the 

apparent albedo of adjacent pixels that are mostly within the fault trace.) 
b The Role of Cvclades Macula 

Cyclades Macula is a dilational gap opened in a releasing overstep in the 

fault. It was this feature that first drew the author's attention to Astypalaea Linea 

and suggested a strike-slip origin (Tufts, 1993). As I note in Section B, the 

parallelogram shape of the feature resembles the shape of "pull-aparts," a 

common element in strike-slip faults on Earth (Hempton and Durme, 1984). For 

example. Death Valley (Burchfiel and Stewart, 1966) and the Dead Sea 

(Garfunkel and Ben-Avraham, 1996) are pull-aparts. Pull-aparts form where 

irregularities in the fault plane appear on the surface as a "releasing bend" or 

"overstep," seen as a jog in the fault. A bend or step that is in the same direction 
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as the sense of the fault forces the terrain in the jog to stretch, hence "pulling-

apart." Motion opposite to the direction of a step forces the intervening terrain to 

shorten. (Aydin and Nur, 1982; Aydin and Nur, 1985; Crowell, 1974; Mann et al., 

1983; Sylvester, 1988). If the displacement accommodated by Astypalaea Linea is 

dextral then Cyclades Macula is exter\sional (Pappalardo and Sullivan, 1996; 

Tufts, 1993). Figure 3.16 illustrates the development of these structures. 

Cyclades Macula plays an important role in determining the displacement of 

Astypalaea Linea, based upon the discovery by Schenk and McKirmon (1989) 

that Europan wedge-shaped bands (or "wedges") could be closed by 

distances equal to their width (Chap. IV). In that case, the wedges could not be 

graben formed by normal faulting because of the room problem that would come 

about with full closure. Instead, they had to be gaps bounded by vertical tension 

fractures (Golombek and Banerdt, 1990; Schenk and McKirmon, 1989). If 

Cyclades Macula is a pull-apart that can be closed by a sinistral palinspastic 

reconstruction, as is suggested by its rhomboidal shape, it might similarly be a 

gap instead of a graben. Then its length would equal the amount of offset on 

Astypalaea Linea. Reconstructing it would determine the offset that might 

realign other piercing points on the master fault. 

In fact, seven piercing points literally "fell into line" when Cyclades Macula 

was closed. This included two lineaments whose potential realigimient (Thasus 

Linea and Lineament L) had gone unnoticed prior to the reconstruction. While 

this consistent offset might be coincidental, the suggestion is strong that Cyclades 

Macula is bounded by vertical tension cracks. The observation that the oblique 

boundaries of Cyclades Macula are smoothly curved brings independent support 

for this tensile cracking hypothesis. 

Pre-existing structures probably had an important effect on Cyclades Macula. 

This is the best way to account for it being wide by some terrestrial standards. 

The width of a pull-apart is influenced by the iiutial fault geometry, especially 

the size of the overstep or bend (Marm et al., 1983). According to Aydin and Nur 

(1982), most pull-aparts are about three times longer than they are wide, 

although Mann (1983) suggests a progressive development process that would 

allow relatively wider structures. But the length and width (or "separation," in 

the system of Rodgers (1980)) of Cyclades Macula are roughly equal. If the 3:1 

proportion is theoretically correct in this case, pre-existing structures are likely 
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Figure 3.16. Formation of pull-aparts and push-ups on strike-slip faults. 
A right-slipping fault forms pull-aparts (A) and push-ups (B) at releasing and 
restraining bends, respectively. Releasing bends occur where the fault steps over 
in the same direction as its sense of motion. Restraining bends have the opposite 
geometry. The figure was reproduced from Crowell (1974) by permission of the 
Society of Economic Paleontologists and N'lineralogists. 
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responsible for the deviation. The splitting of the main fault trace at the southern 

tip of Cyclades Macula and its subsequent rejoining north of the pull-apart (X, 

Fig. 3.8) supports this possibility. 

While it is possible that the pull-apart is younger than the fault, I conclude 

that; first, Cyclades Macula and Astypalaea Linea are contemporaneous and 

represent equal, coordinated displacement; and second, the Eastern Trace, 

bounding Cyclades Macula, accommodated the principal offset on the fault at 

that latitude. While there is disagreement in the literature (Freund, 1974), pull-

aparts may be ephemeral structures, many of which form more recently that the 

master fault and reflect less displacement (Marm et al., 1983). However testing 

this prospect would require more detailed obser\'ations than the images 

presently allow. 
c. Other Expansions of the Fault Trace 

The possible rhomboid Rs may be is a narrow pull-apart (Figs. 3.8,3.10, 

3.12a). This characterization is supported by the general shape of the feature, the 

fact that the feature seems to act as a stepover as shown in the Euler pole 

reprojections, and because the feature is approximately as long as the fault 

displacement. Like Cyclades Macula, it may have opened to a length equal to the 

fault offset, except along more closely spaced master faults. 

The lens-shaped expansions in the southwestern part of the trace may be 

"braids," or "in-line horst and graben slices," as shown in Figure 3.2. If that is the 

case, they would have important genetic implications since braids are the 

product of simple shear. I discuss this prospect in more detail in Section F3. 

These expansions could also be narrow pull-aparts, in which case they would not 

be genetically significant, except as recorders of offset. 
3. Relative Chronology and the Question of Current 
Activity 
Astypalaea Linea establishes the basis for a relative regional history because 

its crosscutting relationships create a two-fold division of the timescale. Because 

they are cut by the fault, Thasus Linea, Lineament L, and the thin lineaments all 

predate it. Multiple flexii cross Astypalaea Linea uninterrupted and so postdate 

it. I introduce the regional chronology here because the upcoming regional 

analysis assumes this two-fold division. 
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Because there seem to be no intersecting lineae that mark an offset less than 

42 km, none of them formed during the active faulting stage. This suggests that 

Astypalaea Linea developed quickly relative to the timetable for creation of linea 

or that there was a significant time gap between the formation of the earlier linea 

and the succeeding flexii. However, if Cyclades Macula was linked to the motion 

of Astypalaea Linea, parallel linear features may have formed in its interior 

resembling the striations now seen in Galileo images of wedge-shaped bands 

(Chap. V). Such striations could provide a "paleoseismological" record of offsets 

on Astypalaea Linea. 

Astypalaea Linea is probably not active because it appears that various flexii 

cut the fault. However, the last displacement may have been recent, if, as 

suggested by Greenberg et al. (1997), ridges can be formed quickly. Also, it is not 

known whether different Europan tectonic regimes can overlap in time. In fact, 

Lucchitta and Soderblom (1982) suggest that arcuate ridge formation may have 

been concurrent with other developments. On that basis, there is a chance that 

the fault could still be active. If so, small offsets of the prominent flexii might be 

apparent in high-resolution images. In Section E3 I examine a feature which may 

record the most recent activity of Astypalaea Linea. 

E. Regional Geological Context 
1. Description of Gray Bands 
a. Llbva Linea 

i. Classification 

Libya Linea is a northeast-trending, gray swath which follows a rough 

curvilinear path that is concave to the southeast. See Figure 3.17. It is the only 

gray band to intersect the fault. Where it meets Astypalaea Linea at 60°S, 

191.1°W (X, Figs. 3.8, 3.17) Libya Linea is approximately 46 km wide. Northeast 

of its meeting with Astypalaea Linea it gradually narrows down, continuing past 

Thrace Macula to Y at (-45.5°S, 162.7°W) where it disappears. Between those 

endpoints it is approximately 550 km long. 

West of Astypalaea Linea, the band has been interpreted in two ways. First, 

the map of gray bands, reproduced in Figure 3.4, shows Libya Linea ending 

where it intersects Astypalaea Linea (Lucchitta and Soderblom, 1982). Second, 

the later geological map extends the linea westward to Y" (-59.4°S, 196.3°W), 

Figure 3.17, where it meets another gray band (Lucchitta and Soderblom, 1982). 
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Figure 3.17. Regional view of gray bands. Gray bands Astypalaea Linea (AL), 
Libya Linea (LL), and Thynia Linea (Ty) are shown in this image mosaic along 
with two smaller gray bands to the west (Gb and Wb). A variety of features that 
can be identified as older or younger than the gray bands are also depicted. See 
the text. The image is a part of a mosaic prepared by United States Geological 
Survey. 
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It is shown similarly by Pappalardo and Sullivan (1996). This longer version of 

Libya Linea spans at least 620 km. 

Like Astypalaea Linea, Libya Linea has been variously classified. It was 

imaged first by Voyager 2 at approximately 2 km/pixel and recently by Galileo 

(E6) at 1.7 km/pixel. From Voyager imagery, it was noted in the classification of 

Fieri (1981) as a "Type 1" lineament. Later, Libya Linea was designated as both a 

gray band and a mixed gray and brown band by Lucchitta and Soderblom (1982). 

Pappalardo and Sullivan (1996) seem generally to follow the brown band 

interpretation. 

As seen in Voyager images, two angular, roughly "S"-shaped, dark spots 

interrupt the linea, one where the narrow Eastern Trace of Astypalaea Linea joins 

it (X, Figs. 3.8, 3.17), and the other where it meets the western brown band at Y." 

Both are identified as brown spots on the Lucchitta and Soderblom (1982) 

geologic map. Vague tonal variations can been seen in the gray portions of the 

band although at Voyager resolutions, interpretation is impossible. Beyond that, 

no internal structure can be seen. 

No relief is apparent in Libya Linea, although it was viewed farther from the 

terminator than Thynia Linea, where slight positive topography is apparent, 
ii. Crosscutting Relationships 

Like Astypalaea Linea, Libya Linea is cut by flexii. However, no flexii or 

other structures seem to cut both it and the fault. Gortyna Flexus (G, Fig. 3.17) 

crosses Libya Linea at 2 and seems to maintain a smooth course across the band. 

Libya Linea is also cut by a lineament (Lineament N; LN, Fig. 3.17) that 

appears to be the continuation of the Western Trace of Astypalaea Linea. 

Lineament N intrudes the gray band near its meeting with the fault at X and then 

traces eastward along much of the southern border of Libya Linea. The 

lineament seems to stop when it intersects a dark oval approximately 36 km long 

and 10 km wide located in the middle of the band (Do). (This oval may be a 

lenticula or a chaos.) Lineament N does not appear to be a ridge or a flexii; 

instead it resembles an irregular crack. The superposition relationship between it 

and Gortyna Flexus (which crosses Libya Linea) is imclear. A similar narrow 

lineament trending in the same direction (Lineament O; LO, Fig. 3.17) may 

coincide with the southern margin of Libya Linea east of Thrace Macula. 

However, it may not intersect Lineament N. 



1  1 5  

The Eastern Trace of Astypalaea Linea intersects Libya Linea but the nature of 

the meeting is unknown. It is unclear if Libya Linea is actually cut by the trace or 

whether it is merely abutted in some way. The Eastern Trace is aligned so that it 

might coincide with a boundary of the "S"-shaped body located near the 

intersection point of the two bands at X. 

Libya Linea is intersected (3, Fig. 3.17) by Thasus Linea (T), which it appears 

to cut, as noted also by Pappalardo and Sullivan (1996). However, this 

relationship is uncertain because a dim segment of Thasus Linea may actually 

cross Libya Linea. This segment also seems to be offset to the left at Lineament 

O. See the discussion below of Thasus Linea (Sect. E2), and of the issue of 

contemporaneity regarding the linkage of Astypalaea Linea and Libya Linea 

(Sect. E3). 

Lineament L, another lineament cut by Astypalaea Linea, may also reach an 

intersection with Libya Linea, near the dark oval feature. However, in present 

images, both the real extent of Lineament L and its superposition relationship to 

Libya Linea are not clear. See the discussion of Lineament L in Section E2. 

Libya Linea appears to cut north-trending, dark lineaments located east of the 

fault. At least one of these lineae is a dextral fault (Df; Figs. 3.18, 3.19), as shown 

by displacements in a set of EW-trending high-albedo lineaments revealed in 

Galileo images. 
iii. Reconstruction of Libya Linea 

Reconstructing Libya Linea by closing it on a NS vector, that is, directly 

across its width, may be possible. (See also Pappalardo and Sullivan, 1996.) If 

both Thasus Linea and Lineament L are cut by Libya Linea they might constitute 

piercing points helping to confirm the reconstruction. But current image 

resolution hinders this interpretation. No other definitive piercing points are yet 

apparent. 

As I note in Section Dl, the width of Libya Linea approximates the offset on 

the fault, so a reconstruction along the same vector that describes relative motion 

on Astypalaea Linea would argue for a kinematic linkage between the two 

structures. Also, if the trace of Astypalaea Linea were continued to the north, 

reconstruction could bring the two halves of the dark "S"-shaped body near X, 

Figure 3.17, together into a contiguous quadrilateral. With this reassembly, the 

western endpoint of the Linea would be its intersection with the fault; it would 
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not continue further west because its motion would be transferred to Astypalaea 

Linea. 

On the other hand, the similar "S" shapes of the two dark regions in Libya 

Linea (near points X and Y" in Fig. 3.17) suggests an alternative reconstruction. 

Both regions might be reconstructed by a right-lateral motion along an EW line 

joining their narrowest widths. This line could extend even farther west and 

reconstruct another vaguely "S" shaped feature located there (Sf) and crossed by 

Cilicia Flexus (C). If this EW line is projected eastward through Libya Linea 

there is a possibility that Libya Linea might reconstruct along this vector. This 

would be consistent with the possible sinistral offset on Thasus Linea by 

Lineament O in Libya Linea, mentioned in the previous section. Current imagery 

is not adequate to resolve whether Libya Linea opened on a NS or EW vector. 
b. Western Dark Bands and Grav Bands 

A dark band (Wb, Fig. 3.17) that is subparallel to the fault can be seen near 

the limb of Europa in the Voyager frame, southwest of the westernmost "S"-

shaped spot (Sf). This band is depicted in neither the Lucchitta and Soderblom 

(1982) geologic map (Fig. 3.5), nor their gray band illustration (Fig. 3.4). 

The band is notable because it seems to interrupt thin lineaments, as did 

Astypalaea Linea. Likewise, it is crossed by Delphi Flexus and Sidon Flexus, 

where it may be discontinuous. This western band may be slightly darker than 

other bands lying between it and Astypalaea Linea, discussed below (Sect. E2). 

One exception may be a gray band (Gb, Fig. 3.17) designated by Lucchitta and 

Soderblom (1982). That band may have lineament truncations associated with it 

as well. 
c. Thvnia Linea 

Thynia Linea (Ty, Fig. 3.17) has been well-described by Pappalardo and 

Sullivan (1996) who first noted that it could be reconstructed across its width, 

matching multiple piercing points. With Libya Linea and Astypalaea Linea and 

two uruiamed western bands, it was part of the original gray band grouping of 

Lucchitta and Soderblom (1982). However, a portion of its southern end is 

shown as a brown band in their geological map. 

The linea consists of linked arcuate segments that are each concave to the 

west and north. These arcs are similar to the typical shape of the flexii. 

However, the whole structure forms a larger arc which opens to the east. In all. 
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Thynia Linea is approximately 25 km wide, ar\d 900 km long. Illumination 

patterns suggests it is slightly elevated above the surrounding landscape (Malin 

and Fieri, 1986). Thynia Linea contains vague striations parallel to its boundaries 

which may be analogous to the striations observed by Galileo in wedge-shaped-

bands (C3 orbit) (Sullivan et al., 1997; Tufts et al., 1997a), to be discussed in 

Chapter IV. The azimuth of its oper\ing vector, as defined by piercing points, 

ranges from 356 degrees to 52 degrees. The best constrained displacement vector 

was oriented at 31 degrees. An Euler pole at 79°S, 200°W, calculated following 

the method of Craddock et al. (1990), may be incorrect, however. 

Thynia Linea is cut by Delphi Plexus (D, Fig. 3.17) which makes a straight 

path across it at 4. According to Fappalardo and Sullivan (1996), because that 

path does not match the opening vector for the band, its formation was probably 

not contemporaneous with the development of the linea. 

A thin lineament cut by Thynia Linea (dd'. Fig. 3.17) may also be cut by 

Astypalaea Linea. The lineament provides the best constrained opening vector 

for Thynia Linea (Fappalardo and Sullivan, 1996) as well as a piercing point in 

the reconstruction of the fault. Thynia Linea also cuts a NS-trending arcuate 

ridge which lies to the east of it. See Figure 3.7 where the ridge is depicted on the 

edge of the map, or see Fappalardo and Sullivan (1996). 
2. Description of Other Regional Structures 
a. Thin Lineaments. Curved Wedges 

East of the fault, some of the thin lineae truncated by it turn gradually 

northward and seem to grade into dark, narrow, slightly wedge-shaped 

lineaments which are curved towards the fault. For example, see the transition 

from lineament c' to a curved wedge at 5, Figure 3.18. As a group, these "curved 

wedges" are aligned subparallel to one another and trend slightly eastward of the 

fault azimuth. Some were indicated by Schenk and McKinnon (1989) in Figure 

3.6, which defined the fracture zone; even more were mapped by Fappalardo 

and Sullivan (1996) (Fig. 3.7). As with the arcuate borders of Thynia Linea, the 

curvature of these wedges somewhat resembles the flexii. 

The combined thin lineaments and curved wedges outline crescent-shaped 

regions of terrain that are on the order of 75-150 km across and which seem to 

overlap and nest together, giving the surface a "scaled" fabric. Generally the 

curved wedges are sharply pointed in the south and widen slightly northward. 
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Figure 3.18. Older regional structures. Structures predating the gray bands are 
labeled in this mosaic. These old structures include curv^ed wedges and thin 
lineaments, dark bands and Thasus Linea, and plains units. See the text. The 
base image is a part of a mosaic prepared by the United States Geological Survey. 
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At their northern ends, many seem to be cut off by other curved wedges which 

begin there and head northeast before arching back to the north. An example of 

this "cutting off can be seen at 6, Figure 3.18. Curved wedges and wedge-linea 

combinations do not seem to have a consistent curvature; the smallest radius 

appears near the southern end of the wedges or near their joining with the thin 

lineaments. One wedge appears to contain a rhomboidal widening (Rl, Fig. 3.18) 

similar in proportion and orientation to Cyclades Macula but somewhat smaller, 

with a separation of 36 km and length of 23 km. 

Image resolution makes it impossible to know whether the thin lineaments 

are physically joined to the curved wedges. But a possible analog has been noted 

in G1 images by (Sullivan et al., 1997). In that case, however, the thin lineament 

is clearly linked to the curved wedge. 

Lineament L (L, Fig. 3.18), which is cut by the fault, may be the westernmost 

of these thin lineament-curved wedge pairs. Its intersection with the fault occurs 

near its own internal transition between lineament and wedge. North of that 

spot (7), where it nearly intersects Thasus Linea, it may become (or join) a faint 

arcuate lineament (La) that proceeds northward along Thasus Linea. This 

arcuate lineament may cross Thasus Linea (18) to eventually intersect Libya 

Linea near the dark oval (Do). 

Crosscutting relationships between the thin lineaments and other curved 

wedges are ambiguous. Bright lineae emerging from the southern end of wedges 

generally cur\'e west and cross the alignment of neighboring wedges. In some 

cases these lineae may cut the wedges (for example, 8, Fig. 3.18), in other cases 

they seem cut by them (for example, 9). Interpretation of these intersections is 

difficult because of the possibility of pixel mixing. Regardless of the crosscutting 

sequence it appears that where a thin, bright linea cuts across the path of a 

curved wedge, it seems to continue on the opposite side without any offset. 

However, image resolution also hinders these interpretations. 
b. Dark Bands 

A small number of narrow, dark lineaments of varying lengths trend roughly 

parallel to the fault and the terrain crescents (for example, Dl, D2). They often 

seem slightly lighter in color than the fault and even the curved wedges, so I 

distinguish them from the younger gray or brown bands. They uniformly lack a 

curvilinear plan. A few were mapped by Schenk and McKinnon (1989) and 
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Pappalardo and Sullivan (1996) although none were noted by Lucchitta and 

Soderblom (1982). 

Some of these dark bands appear to extend many hundreds of kilometers, but 

with few expansions. One exception is the north-trending band (Df, Fig. 3.18) 

lying just east of Cyclades Macula which contains a rhomboidal feature at its 

southern end (R2). As noted in Section El, band Df intersects Libya Linea. Like 

the other small rhomboid (Rl) mentioned in the previous section, rhomboid R2 

is similar to Cyclades Macula but somewhat smaller. Bounding faults at this 

rhomboid are separated by 47 km and do not overlap. The rhomboid is 21 km 

long. Band Df is of narrow but uneven width and bends slightly eastward until 

it reaches the rhomboid. In the Galileo (E6) image of the region, offsets by this 

band of the "invisible" lineaments, discussed below, show that it has experienced 

about 20 km of right-lateral offset, which is consistent with the length of 

rhomboid R2. See Figure 3.19. 

Dark bands have a variety of relationships with other structures. While the 

curved wedges and crescent-shaped terrain blocks are mostly limited to the east 

side of the fault (and of Thasus Linea), the straight dark bands can be seen on 

both sides of it. Some dark bands cut the thin lineae associated with the curved 

wedges and others are cut by them. Examples of both can be seen at D2, Figure 

3.18. West of Astypalaea Linea, some of the longer dark bands seem to merge 

with the western-most brown or gray bands, or with the dark, "S" shaped bodies. 

These gray or brown bands may be branches or extensions of Libya Linea, if it 

extends west of X. 
c. Thasus Linea 

i. Location and Superposition 

Thasus Linea (T) is a dark, narrow, and broadly arcuate lineament extending 

at least from its apparent intersection with Libya Linea at 3 southwest to an acute 

angle intersection with Astypalaea Linea near c, where it is offset by the fault. Its 

length between these points is approximately 1050 km. See Figure 3.18. The 

linea appeared on the geologic map of Lucchitta and Soderblom (1982) as a 

brown band and was also mapped by Schenk and McKinnon (1989) and 

Pappalardo and Sullivan (1996). 

The length of Thasus Linea may be increased with the additions of two 

segments. First, when Astypalaea Linea is reconstructed, Thasus Linea can be 
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seen to continue west of the fault and then curve southward, back to another 

acute intersection with Astypalaea Linea, this time merging with it at 1. This 

segment is approximately 380 km long. Second, if Libya Linea is younger than 

Thasus Linea and can be reconstructed across its length, then Thasus Linea 

would match a feature of similar nature and trend lying on Libya's north side 

(T"). This lineament reaches to a curved band east of Thrace Macula, where it 

seems to be cut at 10. It may extend into the oval region partly enclosed by that 

band, although this extension is quite uncertain. If the curved band is the 

northern terminus of Thasus Linea, the length of this northern part of Thasus 

Linea is approximately 220 km. The total length of Thasus Linea, including these 

two segments, is approximately 1650 km. 

On the other hand, Thasus Linea may cut Libya Linea albeit with a slight 

displacement to the left at Lineament O, near 3. Its overall length would be 

unchanged although its interpreted age relative to Libya Linea would reverse. 

Thasus Linea is as dark or darker than Astypalaea Linea. It has what appears 

to be a shallow cusp at 11, and possibly another at 12. Between these bends it is 

concave to the southeast, opposite to the large scale concavity of Astypalaea 

Linea and that of the curved wedges. 
ii. Internal Offsets 

Thasus Linea is offset to the right at four places (13-16), in addition to its 

displacement at Astypalaea Linea. Offsets at these points are 8 km, 18 km, 15 

km, and 10 km, respectively. Also see Figure 3.7. 

The 18 km displacement at 14 may represent a NW-trending, right-lateral 

fault that accounts for a dextral jog in "invisible" lineaments Dfl, as seen in E6 

Galileo imagery. Figure 3.19. Also, a dark linea at 17 seems to be offset by the 

same amount along what appears to be the same line. Paradoxically, this lateral 

offset does not seem to affect Libya Linea although the lineament that is involved 

also crosses the gray band. 

Delphi, Sidon, Cilicia, and Gortyna Flexus cut across Thasus Linea, seemingly 

with no lateral displacement. The thin, bright lineaments of the kind cut by 

Astypalaea Linea appear to cross Thasus Linea also, although lineament c seems 

slightly offset to the left at Thasus Linea. However, that separation is located 

close to the intersection of Thasus Linea and Astypalaea Linea, so local processes 

may be responsible. 
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Figure 3.19. "Invisible" lineaments. The EW-trending bright lineaments (St) 
were invisible in Voyager imagery. Based on age-brightening and superposition, 
they are relatively old. Here they mark offsets on two strike-slip faults (Df, Dfl). 

See the text. 
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d. "Invisible" Lineaments 

Images made by Galileo (E6 orbit) of the southerr\ mid-latitudes of the 

antijovian hemisphere revealed the existence of a set of bright lineaments which 

were invisible in the Voyager 2 frames, shown in Figure 3.19. There are at least 

three or four relatively prominent bands in the set, which are up to 20 km across, 

plus a larger number of lesser bands, which are only a few kilometers wide. The 

lineaments are broadly curved, parallel, and closely spaced. 

As a group these "invisible" lineaments form a broad arc that opens to the 

north and sweeps across the images from east to west. The most pronounced 

among them seems to achieve a maximum southernmost point roughly where it 

is cut by Libya Linea. Mercator projections suggest that this set of lineaments 

may form great circles like triple bands seen elsewhere on Europa. 

Together these lineaments create a lineated fabric in the "bright plains" 

mapping unit. Because these "invisible" lineaments are cut by all other apparent 

structures, they serve as good markers of offset, as noted in Section El above. 
e. Plains Units 

Two plains units occur in the region, "bright plains" and "plains," according to 

the Lucchitta and Soderblom (1982) geological map (Fig. 3.5). Bright plains units 

lie generally west of Thasus Linea, encompassing all of Astypalaea Linea. To the 

east of Thasus Linea lie the later, and slightly darker, plains. 

Three possible positive relief features (p. Fig. 3.18) are located near Cyclades 

Macula, one on the west side and two on the east side of that rhomboid (A. 

Walker, 1998, pers. comm.). 
f. Arcuate Ridges 

Arcuate ridges were first described in this region of Europa. Some of the 

most prominent yet identified cross Astypalaea Linea and neighboring bands, 

that is, Delphi, Sidon, Cilicia, and Gortyna Flexus. Flexii have been studied in 

detail by Malin (1980), Fieri (1981), Lucchitta et al. (1981), and Nolan and 

Greenberg (1987). 

While a detailed study of arcuate ridges is beyond the scope of this 

dissertation, I note here certain aspects of their morphology and configuration. 

(1) Flexii that cross Astypalaea Linea show characteristic cuspate form. In 

some cases, for example, Sidon Flexus, each cusp is skewed smoothly to one side. 

When cusps are as)nnmetrical they are of similar size, and usually more than one 
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cusp is skewed. Otherwise cusps may be bilaterally symmetrical or irregular. 

All cusps in an arcuate ridge open in the same direction. Sidon Flexus is the 

southernmost cycloid in the region whose cusps open to the south. Cusps on 

Delphi Flexus open to the north. (2) Most of the arcuate ridges follow a NE 

trend, although, east of Thynia Linea one cycloid ridge trends NS. That ridge is 

cut by Thynia Linea and by Delphi Flexus. In addition. Lineament L may join or 

become a NS-trending arcuate ridge which contains three asymmetrical cusps. 

Whatever its nature, this lineament is crossed by Sidon, Delphi and Cilicia flexii, 

and therefore predates them. (3) Galileo images (G7) which captured a flexii at 

high-resolution show the arcuate ridge to be a double-ridged structure like many 

non-arcuate ridges seen on the satellite (Greenberg et al., 1997) (Chaps. FV, V). 

(4) The flexii provide one of the few evidences of topographic relief in or near the 

fault, besides the isolated hills (noted in the discussion of the plains units) and 

the pancake-like terrain mentioned in Section Dl. If similar to other flexii 

measured near the terminator, the flexii cutting the fault are on the order of 100m 

high (Arthur, 1981; Lucchitta and Soderblom, 1982). Only because of the low 

south polar sun do they receive the illumination or cast the shadows enabling 

them to be seen in Voyager 2 images. (5) Generally flexii do not change course 

when crossing pre-existing bands, lineae or other ridges. An exception to this is 

Delphi Flexus, which abandons its curved path where it crosses Thynia Linea 

and instead takes a straight course across (4, Fig. 3.1). 

Flexii and the thin linea cut by the fault are the only ridged linea seen in the 

south polar region. There seem to be no triple bands apparent in the region. 
3. Characterization of Gray Bands 
a. Conditions for Linkage 

Having characterized the kinematics of Astypalaea Linea, it is possible to 

consider whether it is linked to other bands whose motions are known or 

suspected, that is, Libya Linea and Thynia Linea. In approaching the issue of 

linkage to Libya Linea, this discussion can shed light on options for the actual 

displacement of that band. To demonstrate a structural linkage between 

Astypalaea Linea and Libya Linea requires that they be connected and show 

compatible strain, and have developed contemporaneously. I now assess this 

possible linkage from the viewpoint of these requirements. 
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b. Linkage of Astypalaea Linea and Libya Linea 
i. Connection 

The two linea intersect and thus could be kinematically connected at that 

intersection. The Eastern Trace of the fault seems to coincide in some way with 

the "S"-shaped albedo feature inside Libya Linea. 

Uncertainties arise, however, regarding the mechanical nature of the 

intersection. It is not clear whether the Eastern Trace penetrates Libya Linea and 

how it relates to the "S"-shaped body within Libya Linea. It is also not clear how 

the Western Trace and Lineament N relate to the mecharucs of Libya Linea. Does 

Lineament N mark the location where progressive opening of Libya Linea 

occurred, or is it a recent episode? 
ii. Compatible Strain 

The plausible opening of Libya Linea on a vector similar to the displacement 

vector of the fault suggests that the two might be kinematically linked. 

However, present image resolution prevents a convincing reconstruction. It 

is possible that relative motion on Libya Linea may have taken place on an EW 

vector instead. 
iii. Contemporaneous Development 

Both Astypalaea Linea and Libya Linea are cut by prominent EW-trending 

arcuate ridges suggesting they share a common minimum age. Establishing a 

shared maximum age depends on the relationship of Libya Linea to Thasus 

Linea, because Thasus Linea is cut by Astypalaea Linea. The continuity of 

Lineament L is not well-established enough to use for correlation of Astypalaea 

Linea and Libya Linea. 

The fact that Libya Linea cuts Thasus Linea argues that Libya Linea was 

younger and thus of the same relative age as Astypalaea Linea. This would 

permit Libya Linea and the fault to be contemporaneous and linked. In this case, 

Libya Linea would reconstruct across its width and the intersection of the fault 

and Libya Linea would represent a smooth transition of offset from the strike-

slip to the dilational structure. The observed dextral offsets of Thasus Linea, 

would not have been repeated in Libya Linea because Libya Linea came later. 

The apparent continuation of Thasus Linea across Libya Linea would be a local 

effect. The main outstanding issue would come from the fact that Libya Linea 

has a lighter albedo than Thasus Linea (and the fault). From observations 

elsewhere on Europa, features seem to brighten with age (Geissler et al., 1997b). 
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On the other hand, if Thasus Linea cuts Libya Linea, then Libya Linea 

predates it. Libya Linea would also come before Astypalaea Linea, since Thasus 

Linea is cut by the fault. Thus Libya Linea could be quite old and would not be 

kinematically linked to the fault. The albedo difference between Libya Linea and 

either Thasus Linea or Astypalaea Linea supports Libya Linea being older. If 

Libya Linea is old, it may instead reconstruct along the EW alignment mentioned 

above (Sect. El), and might reach westward toward possible linkage with the 

bands there. 

(A linkage of Libya Linea to the gray bands to the west of Astypalaea Linea 

would be consistent with the suggestion that some western bands show some 

displacement. The western bands may be abutted by truncated lineaments, but 

poor image quality hinders any firm interpretation.) 
iv. Lineament N 

However, the placement and albedo of Lineament N provides additional 

evidence for a kinematic linkage of Astypalaea Linea and Libya Linea. 

Lineament N seems to be an uninterrupted extension of the western branch of 

Astypalaea Linea. It follows the southern margin of Libya Linea, and generally is 

darker than everything else until it reaches the oval feature (Do) in Libya Linea. 

Lineament N might be the trace of the most recent movement on the fault, 

transferred into Libya Linea. Its existence could be a direct manifestation of the 

linkage of Libya Linea to Astypalaea Linea. The Western Trace of Astypalaea 

Linea might be dim because it was new and relatively undeveloped. The Eastern 

Trace could be in the process of being bypassed, as might Cyclades Macula itself. 

Such a bypassing could be associated with the relatively unfavorable orientation 

of the Eastern Trace with respect to the fault displacement vector. 

On the other hand. Lineament N may be a late-stage crack that took 

advantage of weakness along the fault and Libya Linea, in which case it might 

have no relation to any prior linkage between the two gray bands. In either case. 

Lineament N would thus be a relatively young feature. Tests of these 

possibilities include the relationship of Lineament N to the flexii that cross it in 

Libya Linea, the sense of motion of the Western Trace of the fault and the 

continuity of such motion into Lineament N. 

Lineament N might have a relationship to the similarly placed Lineament O, 

farther to the east within Libya Linea. However, Lineament N may simply stop 
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at the oval. If that is the case, the oval, probably a lenticula, may have stopped 

the crack from propagatmg. That would make the oval older than the crack. 
V. Linkage Hypothesis 

The most reasonable hypothesis is that Astypalaea Linea and Libya Linea are 

kinematically linked, assuming they are contemporaneous. The combination of 

the two bands might resemble the "antisymmetric" structure pictured in Figure 

3.20. The gash-like Libya Linea would be analogous to a dilational "vein" 

accommodating the strike-slip on the fault. A dilational structure like Libya 

Linea may lie at the unseen end of the fault. Possible linked compressional 

structures may exist as well. In this hypothesis, Libya Linea would terminate 

where it meets Astypalaea Linea and would not extend farther to the west. 
c. Linkages of Other Grav Bands with Astvpalaea Linea 

While no direct link between Astypalaea Linea and other gray bands (besides 

Libya Linea) seems to exist, these bands all may have been indirectly linked, 

responding to similar configurations of stress or lithospheric rheology. If as 

suggested by Lucchitta and Soderblom (1982), the gray bands are a structural set, 

then the nature of an indirect linkage depends on the driving forces. Because of 

the similarity in crosscutting relationships, the fault was probably relatively 

contemporaneous with the western dark bands which show possible lineament 

truncations. Similarly, Thynia Linea is probably more or less contemporaneous 

with Astypalaea Linea based on their common crosscutting by Delphi Flexus and 

their shared cutting of one of the thin lineaments. 

d. Astvpalaea Linea: Localization and Pattern 

The deformation represented by the fault seems to have been temporally and 

spatially localized. The active life of Astypalaea Linea can plausibly be assigned 

to a particular epoch, despite other possibilities. Except for the flexii, which seem 

to have developed over a long span of time, earlier episodes probably were 

completed by the time strike-slip began on Astypalaea Linea, and dilation on 

Libya Linea. Given the consistent offset among seven piercing points it is also 

probable that adjacent dark bands and curved wedges were not reactivated by 

the fault. An exception may be the western bands which show crosscutting 

relationships and possible trvmcated lineaments like those seen at the fault. 

These bands may have been active at the same time as the fault. 
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Centimeters 

Fault Vein Stylolite 

Figure 3.20. Kinematic analog to Astypalaea Linea. Libya Linea. Astypalaea 
Linea may be kinematically linked with Libya Linea in a manner analogous to 
the coordination shown by vein structures depicted here. Movement on 
Astypalaea Linea would be accommodated by dilation on Libya Linea and on 
similar structures at the other end of the fault. Compressional structures (for 
example, styolites) might be present in the locations indicated. See the text. The 
figure is reprinted from Tectonophysics, v. 75, Rispoli, Stress fields about strike 
slip faults inferred from styolites and tension gashes, p. T29-T36 , (1981) with 
permission of Elsevier Science. It was reproduced from Davis and Reynolds, 
Structural Geology of Rocks and Regions, Copyright ® 1984,1996, John Wiley and 
Sons, Inc. Reprinted by permission of John Wiley and Sons, Inc. 
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In addition to its possible resemblance to antisymmetric veins, the large-scale 

pattern of Astypalaea Linea shows similarities to both transform and 

transcurrent faults found on Earth. As defined by Freund (1974), transform 

faults cut through the lithospheric plate while transcurrent faults do not, instead 

bottoming in a mid-crustal detachment (Woodcock, 1986; Woodcock and 

Schubert, 1993). (Whether similar inferences about the state of the Europan 

lithosphere can be drawn from terrestrial experience is not so important; instead, 

these broad morphologic distinctions may suggest other useful hjq^otheses.) 

Like transforms, Astypalaea Linea has no major conjugates, maintains a constant 

displacement along strike and may be terminated by single structures to which it 

is nearly perpendicular arid which account for its motion - in this case possibly 

Libya Linea. (Transcurrent faults terminate in multiple splay faults.) In defining 

the Europan lithosphere I assume that the fault and other horizontal 

displacement features penetrate to a decoupling zone, consistent with transform 

faults. However, like transcurrent faults, Astypalaea Linea cuts older features, 

and its apparent displacement is not long compared to its great length. This 

ambiguous resemblance may arise because the fault came into being in existing 

lithosphere following a earlier tectonic episode, the imprint of which exists in the 

form of disrupted older structures. 
5. Characterization of Other Regional Structures 
a. Plains Units 

Formation of the bright plains and its subsequent disruption to form the 

plains unit are the first apparent geological episodes in this region, following the 

chronology of Lucchitta and Soderblom (1982). At image resolution no further 

differentiation of these epochs are possible. However, high-resolution 

observations made elsewhere on Europa suggest a complex history (Greenberg et 

al., 1997). See Chapters IV and V. The nature of the three positive relief features 

near Cyclades Macula and their relationship to the plains unit is unknown. 
b. "Invisible" Lineaments 

No sense of motion, if any, is known for these "invisible" lineaments. 

However, they may simply be very old ridges, perhaps like the stratigraphically 

old, IR-bright linea in the northern hemisphere (Geissler et al., 1997b). These 

linea seem to represent a discrete tectonic episode, which predates all but the 

plains themselves. 



1 3 1  

c. Curvilinear Fabric 

Lucchitta (1981) note the marked curvilinear quality of lineaments in the 

southern antijove region. To account for it they propose that a curvilinear fabric 

was engendered by some means, early in the geologic history of the satellite and 

that subsequent structures were controlled by it. 

However, if such a fabric does exist, it is possible that its effect was not the 

same on all feature types or in all places, or that some structures had no 

relationship to it. For one thing, the distributions of various curved feature types 

within the region are not uniform. Also, flexii seem ubiquitous whereas the 

curved wedges are confined to the eastern part of the area. Furthermore, the 

degree or type of curvature expressed in various lineament types varies 

considerably, from irregularly curved lineaments in the fracture zone to 

regularly arcuate ridges. Astypalaea Linea is arcuate and regular, but over a 

great length. It is bracketed in time between the older curved wedges and thin 

lineaments, and the younger flexii, both groups of which show curvatures 

different from each other and the fault. 

If there is a curvilinear fabric, it may be possible to show when it formed. The 

"invisible" lineaments are only broadly curved, so it is likely that this proposed 

fabric postdated them. But the curvilinear fabric probably came before 

subsequent structures that exhibit relatively small radii of curvatures - flexii, 

curved wedges, and Thynia Linea. 

It is not clear what might have caused such a fabric to come about although R. 

Greenberg (pers. comm., 1998) speculates that compression due to tides might be 

responsible. 
d. Arcuate Ridges 

Flexii may not differ from other ridges except that they exploited the 

proposed pre-existing curvilinear fabric, or were in some other way influenced, 

to derive their cuspate form (Lucchitta et al., 1981). Galileo images (G7) which 

captured a flexii at high-resolution lend support to this notion: the arcuate ridge 

appears to be based on a crack in the same way that other ridges seem to be 

(Chap. V). 

The issue then is one of lateral crack propagation along an arcuate path. To 

address this issue, Nolan and Greenberg (1987) proposed flexii to be incipient 

subduction-type structures owing their arcuate plan to "least work" 
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underthrusting into a spherical surface. Greenberg et al. (1997) suggest that they 

might be related to flexure generated concentric to the diurnal tidal bulge. They 

might also be cracks caused directly by changing diurnal tidal stress. 

One obstacle to understanding has been that the dearth of image coverage 

leaves their global distribution unknown. As implied above, issues of 

geographic coverage call into question the idea that cycloids are a response to an 

extensive pre-formed curvilinear fabric. 

Relative chronologies may shed light on formational mechanisms. While 

some flexii are the youngest visible features, the oldest example in the region 

predates Thynia Linea. If Lineament L actually becomes a cycloid ridge at 7, 

Figure 3.18, then this ridge also predates Astypalaea Linea. These two arcuate 

ridges are oriented in a significantly more northerly direction than the more 

recent cycloids, suggesting that a slowly rotating stress field may be involved. 

Also, if flexii represent reactivation of a curved fabric, they could not have begim 

forming until after the emplacement of the fabric. If they represent a process 

independent of the curved fabric, flexii they could have begun forming earlier. 
e. Dark Bands. Curved Wedges, and Thin Lineaments 

The long dark bands, curved wedges, and thin lineaments compose a major 

structural grouping. They cut the "invisible" lineaments, may be affected by the 

proposed curved fabric, and are cut by the fault. Crosscutting relations within 

the set are complex and uncertain, partly due to image limits. While showing no 

apparent strike-slip nor offset along strike, some dark bands west of the fault are 

probably roughly contemporaneous with or slightly older than the curved 

wedges and thin lineaments, based on their higher albedo. 

Some kinematic inferences may be drawn from the morphology of these 

features. (1) Wedges and thin lineaments bound elongate crescent-shaped blocks 

which may have undergone rotation and translation, thereby opening the 

wedges. Possibly the thin lineaments are compressional features created in this 

process. They may be analogous to a similar-looking feature identified by 

(Sullivan et al., 1997) in the Europan northern hemisphere and to certain 

structures seen in terrestrial sea ice (Greeley et al., 1997a). (2) Right shear on 

some of the curved wedges is suggested by the presence of the rhomboids. For 

example, the amount of right-lateral offset on the small lineament east of 

Cyclades Macula approximately equals the width of the rhomboid within it. 
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Thus, as with Cyclades Macula, the smaller rhomboid is bounded by tensile 

cracks. (3) Dilation may have occurred on some of the wedges and bands, 

possibly explaining the occasional interruption of thin lineaments crossing them. 

(4) Bands that are particularly dark, and have tnmcated thin lineaments abutting 

them may be better grouped among the gray bands and the fault, representing a 

later episode characterized by shear. 
f. Thasus Linea 

By analogy to the wedge-shaped bands (Chap. HI), Thasus Linea is probably a 

narrow, dilational structure whose low albedo represents material that has filled 

it in from below. Furthermore, the offsets in its path seem to suggest the 

existence of a set of otherwise unseen faults that strike north or northwest, a 

direction different from the general trend of the curved wedges. In one case, a 

curved wedge seems offset by one of these faults (17, Fig. 3.18), which also cuts 

Thasus Linea. 

Finding the relative age presents difficulties, with present images. Thasus 

Linea is probably older than Libya Linea, but given the uncertainties of 

crosscutting relationships, could potentially be younger. Similarly, the dark 

albedo of Thasus Linea suggests that Thasus Linea most likely came after the 

curved wedges, fortuitously taking the spot just west of them where any 

curvilinear fabric did not prevail. It might be a boundary marking the limits of 

terrain affected by the curvilinear fabric. It might also have formed on a lineated 

terrain, suggesting that there must have been considerable aimealing in advance 

to allow preexisting fractures to heal. Later, an episode of dextral shearing cut 

Thasus Linea and some of the curved wedges. However, if the apparent 

crosscutting of Thasus Linea by thin lineaments is real, then Thasus Linea would 

predate the curved wedges, not follow them. In fact, Thasus Linea might have 

been one of the few large lineaments at the time in that region. Later, the curved 

wedges would develop entirely to its east, accompanied by the thin lineaments 

which would curve westward to cross Thasus. 
6. Regional Geologic History 
a. Chronology 

Acknowledging the uncertainties involved, I can project the following 

hypothetical regional relative chronology, starting with the oldest features. 

(1) Formation of "bright plains." 
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(2) Formation of "plains" by disruption of "bright plains." 

(3) Emplacement of "invisible" lineaments." 

(4) Creation of curvilinear fabric. 

(5) Formation of dark bands, curved wedges, and thin lineaments. 

Arcuate ridges may have begun to form in this epoch or earlier. 

Formation of Thasus Linea is probably a late stage in this phase, 

though it could be early. Formation of curved wedges and thin 

lineaments record an episode of dextral shear and block rotation. A 

second shearing episode caused offsets in Thasus Linea. 

(6) Formation of the gray bands, including Astypalaea Linea and Libya 

Linea, which I hypothesize are linked. There may be a relative 

sequence involving other gray bands. This event forms the basis of 

the two-fold division in the south polar chronology that I propose in 

Sect. D3. 

(7) Formation of the small chaos in Libya Linea could have occurred as 

soon as Libya Linea was opened fully. 

(8) Possible late-stage cracking, or even fault activity, as perhaps is 

represented by Lineament N, or a possible slight EW movement in 

Libya Linea. 

(9) Continuing formation of arcuate ridges. 

(Note that Libya Linea and Thasus Linea might both be older than shown 

here and that the timetable for formation of the lenticula may depend on the age 

of the Libya Linea.) 

This sequence differs somewhat from the structural timescale proposed by 

Lucchitta and Soderblom (1982). Gray bands are considered by them to be old 

features, yet I identified at least two older episodes not contemplated by 

Lucchitta and Soderblom, that is, formation of the "invisible" lineaments and the 

complex of dark, curved, and thin lineaments. (See also Pappalardo and 

Sullivan, 1996.) Formation of lenticulae was also not envisioned in the Lucchitta 

and Soderblom chronology. Neither was any continued fault activity included in 

their sequence since they were unaware of the fault; such activity could be 

consistent with their last stage involving the creation of ridges. 
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b. Possible Rotation of Lineament Trends 

A counterclockwise rotation of lineament trends may have occurred over 

time, if Thasus Linea formed after the dark bands and curved wedges as I 

suggest. This rotation includes the "invisible" lineaments, dark bands and 

curved wedges, Thasus Linea, and Astypalaea Linea, in that order. It assumes 

that the rotation direction corresponds to the acute angle between successive 

lineament trends. Such a rotation would be consistent with formation due to 

stresses from nonsynchronous rotation, complementing the findings of Geissler 

et al. (1997b) and Geissler et al. (1998a) in the northern hemisphere. 

F. Genetic Models of Astypalaea Linea and Gray Bands 
1. Astypalaea Linea and tidal stress 
a. Applying the Greenberg et al. (1997) Model 

I now consider whether tidal stresses as calculated by Greenberg et al. (1997) 

can account for Astypalaea Linea. This requires a somewhat different procedure 

than that used for lineaments in general, where the assumption is that they are 

tension cracks (Chap. 11). In that case, for the stress field to have created any 

particular linea, the structural trend must be normal to the tensile axis and the 

tension must overcome the tensile strength. Using these tests, high latitude 

lineaments such as Minos Linea and Cadmus Linea can be explained by 

combined tidal stresses (Greenberg et al., 1997). 

But, because Astypalaea Linea is a strike-slip fault, applying the Greenberg et 

al. (1997) tidal model to it requires considering that the fault formed first as a 

tension crack, then was reactivated in shear. Given the low tensile strength of ice 

versus its shear strength (Chap. U), it is more practical to nucleate the fault as a 

crack than as a shear fracture. So I consider the initiation of the fault and its 

subsequent strike-slip displacement as separate steps. 

The calculation of stress generated by tides requires use of the shear modulus. 

In this dissertation I use a value of 9.2x10^ Pa for that parameter (Chap. n). 
b. Initiation 

To determine if the magnitude and configuration of combined (diurnal and 

nonsynchronous rotation) stresses favor initiation of Astj^alaea Linea as a crack, 

I compared the alignment of Astypalaea Linea to these stresses during the 

maximum tensile period for the south polar region. I made this comparison 

using, first, four images of the fault with stresses overlain for each of the four 
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quarter-orbit positions (Fig. 3.21) (Hoppa et al., 1998a), and second, the global 

stress plot for the 5/8 orbit position (Fig. 2.4d) (Hoppa et al., 1998a). My 

approach was to determine the time of highest tension, and then assess whether 

the orientation of the stress was favorable for cracking of Astypalaea Linea. I 

obtained stresses at points on the fault from computed values for the quarter-

orbit positions and from visual inspection of the global plot for the 5/8 position. 

Highest tensile stress occurs in the 5/8 to 3/4 orbit interval when stress is 

slightly more them one bar, sufficient to crack the ice. However, the tensile axis 

in the 5/8 position is more nearly perpendicular to the fault trace. Therefore, it is 

plausible that the combined stress caused the initial cracking of Astypalaea Linea 

at the 5/8 position. See Greenberg et al. (1997) and Hoppa et al. (1998a). 

While the fit at the 5/8 position is probably adequate to cause the initial 

cracking, the tension is not perfectly perpendicular to the fault trace. Part of the 

problem is that the fault is circular (as demonstrated by the existence of an Euler 

pole) and tidal stress trajectories are not (Schenk, 1996). But the daily rotation of 

the tidal stress field may offer an explanation for this disparity. Formation of the 

crack could not have been simultaneous along its length; some propagation time 

was required, which might have allowed the ongoing rotation of the principal 

axes to alter the radius of curvature of the crack as it formed. Another 

explanation arises from the prospect that nonsynchronous rotation is taking 

place. The orientation of the stresses becomes more favorable if the fault is 

farther to the east, that is, in the future, assuming prograde nonsynchronous 

rotation. Astypalaea Linea may have formed on an earlier rotation (cf. 

Greenberg et al., 1997). This history would be consistent with the presence of 

crosscutting flexii. 

A second problem with the fit is that the orientation of the Eastern Trace is 

not well matched to the stress, and stress magnitudes are slightly lower there 

than for the fault as a whole. The trend of this trace may be associated with 

linkage of Astypalaea Linea to Libya Linea (Section E3). 

(The orientation of the stress axes at the 3/4 position do not meet the criterion 

for shear because the absolute magnitudes of the stresses are equal.) 
c. Strike-Slip Displacement by "Walking" 

Tides may also have been responsible for the 42 km dextral displacement of 

the fault, in the following way. Once cracking takes place, the part of the strain 
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1/4 Orbit after Apocentei Apocenter 

Figure 3.21. Combined tidal stresses and Astypalaea Linea. 
Original cracking of Astypalaea Linea is most Ukely to have occurred in the 
interval leading up to the 3/4 position, based on these views of the fault and 
combined tidal stresses for the four quarters of the Europan day. In that interval, 
tension is highest and sufficient to cause cracking, and the tensile axis is roughly 
normal to the fault trace. See the text. The position labeled "1 / 4 orbit after 
apocenter" is the same as the 3/4 orbit position. Figure after Greenberg et al. 
(1997) and Hoppa et al. (1998). 
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that was due to nonsynchronous rotation is relieved so that the predominant 

strain experienced at the crack is due to diurnal tides. The diurnal field rotates 

clockwise, creating a periodic sequence of strains along the new crack. Given the 

presence of the crack, sinistral and dextral shear might seem possible during the 

first-quarter and third-quarter positions of the orbit. See Figure 3.22. At first 

glance, these shears might appear to balance one another, resulting in no net 

offset. However, because the compressive stresses are normal to the fault at 

pericenter, that is, just before the fault enters the sinistral phase, it would be 

clamped shut and hindered in its left-lateral motion during much of the 

subsequent quarter-orbit. This clamping would cause a counteracting shear 

stress to build on the fault plane. When the fault opens under the influence of 

perpendicular terision at apocenter this stress is relieved. However, because of 

the presence of the decoupling zone, the lithospheric response to this release of 

stress is incomplete (R. Greenberg, 1998, pers. comm.), and is expressed as a 

permanent right-lateral displacement. Then, at the 3/4 position the fault opens 

and can shear in the right-lateral direction with no shear stress buildup. Then 

the stress closes the fault and the cycle begins again. (See Tufts et al., 1997b, 

Greenberg et al., 1997, Hoppa et al., 1998a.) 

The process of "walking" provides a reasonable analogy to the mechanism at 

work, because it alternates between a high-shear-stress and low-shear-stress 

stage. Even if incremental motion was small, "walking" could accumulate 

considerable offset if it continued for a long period. A daily net movement of 

one-tenth of a millimeter would result in 42 km of offset in 4.2 million years. 

Walking may owe its apparent success at Astypalaea Linea to the fact that the 

fault has no discernible restraining bends. To overcome such bends by forming 

push-ups (Fig. 3.16) would require stresses higher than generated by diurnal 

tides. Other lineaments may be prevented from slipping along strike because 

they have restraining bends, despite the presence of an otherwise appropriate 

stress field. 
d. Terrestrial Analogs 

The dual-step process for the development of Astypalaea Linea that I propose 

here may be analogous to two terrestrial processes, the formation of large strike-

slip faults and the formation of sheared joints. 
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Figure 3.22. Diumal tidal stress and Astypalaea Linea. 
Alternating and rotating stresses may result in slow displacement, or "walking" 
of the fault, as suggested in these images of Astypalaea Linea which show its 
relationship to diumal stress. Each panel corresponds to one of the quarter-orbit 
positions. See the text. The position labeled "1 / 4 orbit after apocenter" is the 
same as the 3/4 orbit position. Figure after Greenberg et al. (1997) and Hoppa et 
al. (1998). 
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First, large strike-slip faults on Earth commonly represent reactivation due to 

the comparative ease of frictional slip (Engelder, 1993; Yeats et al., 1997). The 

two motions may be widely separated in time and may not share the same 

immediate cause. On the other hand, in the absence of such reactivation, strike-

slip faults on Earth are difficult to create. According to Woodcock and Fischer 

(1986), strike-slip requires special environments in which the lithosphere is weak, 

partitioning into strike-slip is favored, or where shear is forcibly imposed. In 

fact, of the multiple ways in which strike-slip develops on the Earth, there are 

only three modes of primary nucleation - oblique spreading, arc-linked faulting, 

and indentation. Richard and Krantz (1991) point out that "strike-slip 

deformation is often localized on pre-existing dip-slip faults." For example, the 

San Andreas fault may have evolved from an "indent-linked" fault or may have 

reactivated an old subduction zone (Sylvester, 1988). 

Second, the formation of sheared joints (Pollard and Aydin, 1988) involves a 

similar two-step sequence. See Figure 3.23. Irutially, tensile stress creates a set of 

parallel joints. Later, shearing parallel to the joints causes them to slip and 

become linked by oblique transtensional fractures. In the model I propose here, 

Astypalaea Linea formed first in tension due to combined tidal stress, and later 

was reactivated by the effects of rotating and migrating diurnal stresses. The 

Eastern Trace may have begun as a separate lineament unrelated to Astypalaea 

Linea. Cyclades Macula would be a tensile structure formed in the shearing 

phase, linking the Eastern Trace to Astypalaea Linea, and bypassing the Western 

trace. The same dual process might explain the older examples of dextral offset 

observed in the south polar region, especially the curved wedges. 
2. Gray Bands and Tidal Stress 
a. Applying the Greenberg et al. (1997) Model 

Now I compare the stress trajectories of Greenberg et al. (1997) with gray 

bands Libya Linea and Thynia Linea. Thynia Linea is a dilational feature, as 

shown by Pappalardo and Sullivan (1996). The same may be true for Libya 

Linea, despite the lack of a reconstruction. Libya Linea may be kinematically 

linked to the fault (Sect. E3). 

As with Astypalaea Linea, the assumption is that the bands formed originally 

as cracks. The question is whether they could have been initiated due to the 
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Figure 3.23. Sheared jointing analog. Shearing of joints may be analogous to the 
development of Astypalaea Linea and Cyclades Macula, or the curved wedges 
and their possible dextral shear. The joints shown here from two field 
observations (A -B and C-D) formed first in tension (A, C) and then were 
sheared, forming the secondary set of oblique faults (B, D). See the text. From 
Pollard and Aydin (1988). 
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combined stresses and then opened under the influence of the remaining diurnal 

stress. 
b. Libya Linea 

i. Initiation 

To assess the role of tides in initiating Libya Linea as a crack, I compared the 

combined stresses to the trend of the lineament. For this assessment I used four 

images of the band, corresponding to the quarter-orbit positions, with the 

combined stress field overlain (Fig. 3.24), and augmented by the global plot for 

the 5/8 position, both from Hoppa et al. (1998a). My approach was to determine 

the time of highest tension, and then assess whether the orientation of 

the stress was favorable for cracking of Libya Linea. I obtained stresses from 

computed values at various points on Libya Linea for the quarter-orbit positions 

and from visual inspection of the global plot for the 5/8 position. 

Maximum tension of about 0.9 bars occurs at the 3/4 orbit position. At the 

3/4 orbit position the tensile axis is normal to the lineament trend, by inspection 

of the figure. Thus, the stresses at the 3/4 orbit position could plausibly have 

created the first cracking of the band, considering the total range of tensile 

strengths I have cited. Moving Libya Linea either forward (east) or backwards 

(west) in time does not improve the alignment, judging from Figure 2.4e. See 

Greenberg et al. (1997), and Hoppa et al. (1998a). 
ii. Displacement 

Examination of diurnal stress trajectories reveals three candidate mechanisms 

for opening the band. Since the relative motion of Libya Linea is not known, I 

considered walking (strike-slip) and two versions of dilation, including one in 

which Libya Linea and the fault are linked. Stresses come from values at various 

points on Libya Linea for the quarter-orbit positions, computed by Hoppa et al. 

(1998a). 

But, of these potential mechanisms, walking seems impractical. Diurnal 

stress trajectories which prevail after cracking show what might seem to be the 

same pattern that exists for the fault displacement, that is, alternating tension and 

compression normal to the band, and alternating shear stress at angles that might 
drive strike-slip. See Figure 3.25. Libya Linea seems positioned to walk to the 

right. But because it bends to the left, that is, in a restraining sense, such motion 

is unlikely. Stresses are not high enough to cause the thrusting or crushing 

required for a push-up, as noted in Section Fl. The inadequacy of walking re-
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1/4 Orbit after Apocenter Apocenter 

Figure 3.24. Combined stresses and Libya Linea. 
Original cracking of Libya Linea is most likely to have occurred in the 3/4 orbit 
position, based on these views of Libya Linea and combined tidal stresses for the 
four quarters of the Europan day. In that position, tension is highest and 
sufficient to cause cracking, and the tensile axis is normal to the linea trace. See 
the text. The position labeled "1 /4 orbit after apocenter" is the same as the 3/4 
orbit position. Figure after Greenberg et al. (1997) and Hoppa et al. (1998). 
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emphasizes the assumption that the largest component of net motion is 

dilational. 

However, if Astypalaea Linea and Libya Linea are linked (Sect. E3), the 

intersection of the two bands forms the northwest comer of a rigid plate 

extending to the southeast, and the kinematics of Libya Linea is controlled by the 

kinematics of the fault. This relationship can be demonstrated by noting that the 

basic pattern of diurnal stresses for Libya Linea is "out of phase" with diurnal 

stresses for the fault (see Fig. 3.22). Astypalaea Linea opens and closes at 

apocenter and pericenter, while Libya Linea would seem to do so at 

the 1/4 and 3/4 orbit positions. The stages of apparent shearing are similarly 

reversed. This difference is due to the curvature of the diurnal stress pattern on 

the globe (Figs. 2.2a-d) and the difference in the trends of the two lineae. 

In view of the probable linkage, Libya Linea and Astypalaea Linea must be 

assessed simultaneously, working with Figures 3.25 and 3.22. At apocenter, 

Astypalaea Linea is loosened perpendicular to its trend, under the influence of 

0.6 bars tension. If Libya Linea is linked to it, it also would loosen, but along a 

left-oblique vector. At the 3/4 position, the fault "walks" to the right. Libya 

Linea does not separate perpendicular to its width in this stage, but opens in a 

right-oblique fashion to accommodate relative motion of the plate. (This pulling 

of Libya Linea to the right might help explain the anomalous strike of the Eastern 

Trace.) At pericenter, the fault and Libya Linea both undergo compression, and 

clamp shut along a right-oblique vector. At the 1 /4 position neither the fault nor 

Astypalaea Linea move at all since they are still clamped. Also, Libya Linea may 

help prevent sinistral motion on the fault by acting as a restraining bend. 

The linkage of Astypalaea Linea and Libya Linea is probable for the reasons 

given in Section E3, however, without a reconstruction of Libya Linea it is not 

known if the hypothesis is correct. Also, there are questions regarding regional 

superposition relations. If future images show the strain vector for Libya Linea 

to be normal to the trend of the structure, that is, SE-trending, then the two 

lineaments could not be linked, because the relative motion vector for the fault is 

oriented roughly NS at that latitude. In that eventuality, Libya Linea might have 

"ratcheted" open under the influence of diurnal stresses (Fig. 3.25). In the tensile 

phase, the band would loosen up or even create an open gap. If there were a way 

for water to fill in from below, the liquid might enter, freeze, and fill the gap. If 
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Figure 3.25. Diumal stresses and Libya Linea. 
The kinematics of the opening of Libya Linea could be explained by linkage with 
Astypalaea Linea and the influence of diumal tides. If Astypalaea Linea and 
Libya Linea are not linked, opening of Libya Linea may be due to a ratcheting 
process driven by filling of cracks after dilation at the 3/4 orbit position. These 
views of Libya Linea show the gray band with trajectories of diumal tidal stress 
plotted. See the text. The position labeled "1 /4 orbit after apocenter" is the same 
as the 3/4 orbit position. Figure after Greenberg et al. (1997) and Hoppa et al. 
(1998). 
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the ice could not be removed Ln some way during the compressive phase, for 

example, by extrusion, the band might not close up all the way. With repetition, 

this process would slowly widen the band. A similar process of filling might 

prevail in the linked mode as well, although with a different resultant relative 

motion. A requirement for this dilation is the existence of an accommodation 

mechanism to take up the new surface area, which I address in Chapter VI. 

It is not apparent how any of these trajectories might explain possible sinistral 

separation on Libya Linea, considered earlier in this chapter (Sect. E3). 
c. Thvnia Linea 

i. Initiation 

To assess the role of combined tidal stress in the initiation of Thynia Linea, I 

compared these stresses with the trend of the linea, using the same procedure 

used for the initiation of Libya Linea. Inspection of images in Figure 3.26 and in 

Figure 2.4d suggests that maximum tensile stress of approximately 1 bar occurs 

in the 5/8 orbit position and is aligned normal to the general trend of the 

lineament. It is plausible that this stress is responsible for the initiation of Thynia 

Linea. Relocating Thjmia Linea either east or west would seem to make little 

improvement in the configuration, by inspection of Figure 2.4d. 

However, initial cracking at Thynia Linea may have been influenced by the 

curvilinear fabric (Lucchitta et al., 1981) or pre-existing arcuate ridges, in view of 

the arcuate shape of the band boundaries. So, the conclusion in the previous 

paragraph is uncertain given the current state of knowledge about the genesis of 

arcuate ridges. 
ii. Displacement 

To assess the mechanism of operiing, the reconstructions of Thynia Linea 

done by Pappalardo and Sullivan (1996) enabled me to use the strain vector in 

comparison to the stress alignments. See Figure 3.27. The diurnal stresses 

present the prospect of repeated opening and closings, with no net motion. 

Walking would be precluded by the curvature of the band. Instead, the band has 

demonstrably dilated. Thynia Linea may have opened at the 3/4 position and 

ratcheted apart due to internal filling, similar perhaps to the opening of Libya 

Linea. The apparent positive topography of the band (Sect. El) may support this 

possibility, if the compressional phase of diurnal caused extruded material to rise 

above the ambient elevation. 
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Figure 3.26. Combined stresses and Thynia Lir\ea. 
Views of Thynia Linea and combined tidal stresses for the four quarters of the 
Europan day suggest that original cracking of Libya Linea most likely occurred 
near the 3/4 orbit position. But, inspection of Fig. 2.4d shows that original 
cracking more probably occurred at the 5/8 orbit position. In that position, 
tension is highest and sufficient to cause cracking, and the tensile axis is normal 
to the general linea trace. However, initial cracking at Thynia Linea may have 
been influenced by the curvilinear fabric (Lucchitta et al., 1981) or pre-existing 
arcuate ridges, Ln view of the shape of the band boundaries, so these conclusions 
are uncertain. See the text. The position labeled "1 /4 orbit after apocenter" is the 
same as the 3/4 orbit position. Figure after Greenberg et al. (1997) and Hoppa et 
al. (1998a). 
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Figure 3.27. Diurnal stresses and Thynia Linea. 
Four images of Thynia Linea (Fig. 3.27) show diurnal stress superimposed where 
relative motion vectors cormect three well-constrained piercing points on 
opposing sides of the band (Pappalardo and Sullivan, 1996). The band may have 
opened due to a ratcheting process driven by filling of cracks after dilation at the 
3/4 orbit position. See the text. The position labeled "1/4 orbit after apocenter" 
is the same as the 3/4 orbit position. Figure after Greenberg et al. (1997) and 
Hoppa et al. (1998a). 
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3. Fault Genesis by Simple Shear? 
a. Need for Alternative Model 

In this section I examine an alternative to the Greenberg et al. (1997) model 

for the formation of the fault, namely that Astypalaea Linea formed due to an 

imposed shear which created simple shear structures. This hjq^othesis is based 

primarily on the presence of the "braids," noted in Section Dl. See Figure 3.12. 

Simple shear is a well-understood kinematic process associated with the largest 

strike-slip faults on the Earth (Sylvester, 1988). It is important in this study 

because it would imply that the immediate drivers of the strike-slip displacement 

of Astypalaea Linea are different than conceived in the tidal tectonic model. I 

first review simple shear morphology and then corisider its practicability in this 

case. This leads me to propose a "hybrid" model that mixes elements of tidal 

stress and forces producing simple shear. 
b. Simple Shear Morphology 

The considerable length of Astypalaea Linea, lack of a conjugate fault, and the 

presence of expansions which can plausibly be interpreted as "braids" suggests 

an origin by simple shear (Skempton, 1966; Sylvester, 1988; Wilcox et al., 1973; 

Woodcock and Fischer, 1986). In Figure 3.12, intervals B1 and B2 appear roughly 

lens-like and may be braids. With simple shear faulting, braids are caused by the 

interaction of secondary Reidel and "P" shears which form in a predictable 

sequence and are then reoriented progressively as relative movement of the 

opposing sides continues (Naylor et al., 1986). See Figure 3.28. In a classic study 

of large-scale strike-slip faulting, Tchalenko and Ambraseys (1970) identify a 

braided pattern that developed after a major left-lateral strike-slip earthquake at 

Dasht-e Bayaz, Iran in 1968. Clay cake studies have reproduced this pattern and 

verified its sequential development, (e.g. Cloos, 1955; Schreurs, 1994; Tchalenko, 

1970; Wilcox et al., 1973). When viewed in three dimensions, the secondary 

shears are found to be vane-like branches of a single fault in competent rock at 

depth. They propagate to the surface at angles to the original fault plane which 

depend upon the nature of cross-fault strain, and appear there as en echelon 

shears (Naylor et al., 1986). 

Pure shear does not create such patterns, nor does it create most major strike-

slip faults on Earth - contrary to the popular Anderson faulting theory 

(Anderson, 1951). The mechanics of finite pure and simple shear are "vastly" 
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Figure 3.28. Development of braids in simple shear. 
With simple shear faulting, braids are caused by the interaction of secondary 
Reidel and "P" shears which form in a predictable sequence and are then rotated 
progressively as relative movement of the opposing sides continues. This figure 
traces the evolution of such structures in a sandbox experiment. Fault offset 
increases from top to bottom. See the text. Reprinted from Journal of Structural 
Geology, v. 8, no. 7, Naylor, M.A., Mandl., G., and Sijpsteijn, C.H.K., Fault 
geometries in basement-induced wrench-faulting under different initial stress 
states: p 737-752, Copyright © 1986, with permission from Elsevier Science. 
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different (Sylvester, 1984). The key is a set of boundary conditions which 

produces a greater diversity of structures in simple shear (Sylvester, 1988). 

The distinction between pure and simple shear is illustrated in Figure 3.29. In 

pure shear the terrain is shortened or lengthened by applied stress. Conjugate 

faults form at 30° to the maximum stress, according to Mohr-Coulomb relations. 

The principal stresses coincide with the lines of maximum and minimum stretch 

and form orthogonal compressional or tensional structures, graben, folds, thrust 

faults. The principal stretches maintain their orientatioris as the process 

continues. 

In simple shear, local stress results from an applied displacement or "imposed 

shear" (Davis and Reynolds, 1996) in which two bodies move past each other 

parallel to their boundaries (Christie-Blick and Biddle, 1985; Cloos, 1955; Freund, 

1974; Wilcox et al., 1973). Additions of a component of pure shear, that is, 

divergent or convergent motion, can alter the structural pattern (Krantz, 1995; 

Sanderson and Marchini, 1984; Wilcox et al., 1973). 

In the development of a simple shear fault, the instantaneous maximum 

principal stress resolves at 45° from the plane of imposed shear (Bartlett et al., 

1981; Sylvester, 1988). See Figure 3.29. En echelon synthetic and antithetic Reidel 

shears develop at the predictable Mohr Coulomb angles to this resolved stress, or 

15° and 75° from the plane of imposed shear. Thrusts and folds form in en 

echelon arrays perpendicular to the principal compressive stress axis and cracks 

and graben form normal to the principal tensile stress axis. As shearing 

proceeds, the instantaneous maximum stress continues to resolve at a 45° to the 

shear plane, but the lines of maximum and minimum stretch rotate in the 

direction of shear, tilting the strain ellipse. The original Reidel shears rotate in 

the direction of shear (Wilcox et al., 1973) and the orthogonal structures rotate 

into progressively sigmoidal shapes. Eventually, a second set of synthetic shears, 

or "P" shears, forms at a 15° angle to the shear plane as material lines rotate with 

respect to the instantaneous stress. These new fractures cut across the younger 

en echelon structures and enclose lens-like lozenges of rock, which appear as 

braids (sometimes called "shear lenses" (Naylor et al., 1986; Skempton, 1966) or 

"in-line horsts and graben" (Harding et al., 1985) (Figs. 3.28 and 3.2). The 

increasingly entangled shears and braids liitk together to create a throughgoing 

"principal displacement zone" coinciding with the original imposed shear plane 
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Figure 3.29. Pure vs. simple shear. 
The mechanics of pure and simple shear are vastly different. The key is a set of 
boundary conditions which produces a greater diversity of structures in simple 
shear. In simple shear the principal stretches rotate during development of the 
fault, whereas in pure shear the principal stretches maintain their orientations as 
the shearing continues. See the text. Figure from Sylvester (1988). 
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and accommodating the fault offset (Wilcox et al., 1973) (Fig. 3.29). The resulting 

fault is a network of straight and braided segments (Crowell, 1974) reflecting a 

basic set of features that appears in simple shear faults regardless of scale 

(Naylor et al., 1986; Tchalenko, 1970; Wilcox et al., 1973). 

As I noted in the discussion of Cyclades Macula (Sect. D2), pull-aparts form at 

releasing bends or oversteps in a strike-slip fault. But they are not exclusive to 

simple shear. For example, in physical models, Reches (1988) shows they can 

develop in a pure shear setting. 

Simple shear presents a complicated (Woodcock and Fischer, 1986) yet 

systematic picture, well portrayed by schematic maps of principal displacement 

zone features or as collected in the classic simple shear strain ellipse. It 

incorporates a variety of structures of all styles - shortening, elongation, and 

strike-slip, which are expressed in association with the principal displacement 

zone (Christie-Blick and Biddle, 1985). The relative degree to which any feature-

type develops depends on the bulk rheology and microscopic deformation 

mechanisms (Woodcock and Schubert, 1993). 

With simple shear, there is no conjugate to the main fault, although simple 

shear faults may occur in a wider belt of shear. Misunderstanding of this fact has 

led many a terrestrial geologist on a vain quest for hypothesized faults 

supposedly conjugate to known structures (Sylvester, 1988). As the fault evolves, 

distinctive geomorphic features with predictable relief are created at braids and 

steps, as well as at en echelon folds and faults bordering the zone 

(Crowell, 1974; Keller, 1986; Sieh and Jahns, 1984; Sylvester, 1988; Yeats et al., 

1997). Strike-slip faults create a "diachronous" landscape, that is, a landscape 

with features formed at various times in the evolution of the fault (Yeats et al., 

1997). In some cases, individual shear lenses or "sidewall ripouts" can shunt 

along the fault plane, transporting wallrock far from its original site (Swanson, 

1989; Woodcock and Fischer, 1986). In the early stages of development, the fault 

development is controlled by material strength (Yeats et al., 1997). Once the fault 

weakens, the local stress field rotates, depending on the degree of divergence or 

convergence, and a suite of fault-normal or fault-parallel structures may develop 

(Mount and Suppe, 1987; Namson and Davis, 1988; Zoback et al., 1987). 

In the case of pure shear, it is the two conjugate Reidel shears that are the 

primary faults. But they are not the braided structures of simple shear, although 
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they may contain discrete Reidel shear systems (e.g. Davis et ai., 1997). Pure 

shear faults are rarely long, and rarely accommodate large displacements. Space 

problems at the intersections of the conjugate shears necessitate an alternating 

movement to accommodate strain (Freund, 1974; Sylvester, 1988). 
c. Driving Forces and the "Hybrid" Model 

If Astypalaea Linea is a simple shear fault, what could create it? The biggest 

strike-slip faults on the Earth mark the boundary where blocks or plates move 

past one another, motivated by ridge and trench forces. Likewise, the uniform 

magnitude of offset along Astypalaea Linea suggests the relative motion of 

blocks. But, the familiar plate tectonic drivers are not present, given the muted 

topography of the Europan globe and resultant lack of "potential energy wells," 

as I note in Chapter I. Nevertheless, for such motions to occur suggests that a 

large scale force is at work, moving regional or global lithospheric regions 

relative to each other. 

Some of the possible crack-deepening processes I discussed in Chapter II 

might be considered as possible explanations for Astypalaea Linea, especially if a 

distinction is made between initiation and displacement of the structure. These 

processes include impacts and ocean currents. A large impact might generate 

forces sufficient to initiate the fault but the ad hoc quality of that explanation 

makes it unsatisfying, especially considering the large number of lineaments on 

the satellite. In addition, it is difficult to explain the correspondence of the fault 

orientation to tidal stress trajectories. An impact could not account for the 

continued displacement of the fault. On the other hand, currents are probably 

too weak to initiate the fault, but if the break had already been created they 

might explain the offset. 

Accordingly, a reasonable option may be to initiate the fault as a tensile crack, 

as proposed by Greenberg et al. (1997), and then employ currents to bring about 

subsequent relative motion, instead of "walking." The primary advantage to this 

approach is that less shear stress is required to move blocks separated by a 

preexisting crack than to make a new crack. Also, if currents are long-lasting 

they might account for the displacement of earlier structures such as the curved 

wedges. This hybrid approach would explain the length of the fault, its lack of 

conjugate, and its circularity as the products of tidally driven stress which creates 

single, long cracks in a rotating stress field. It would also account for simple 
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shear structures that might be preserit. Dilational bands could still be initiated 

and separated according to the Greenberg et al. (1997) tidal model, or they might 

be opened by currents after having been nucleated by tides. 
4. Morphological Distinctions among Fault Models 
According to the Greenberg et al. (1997) model, the fault formed first as a 

tension crack and then came under the influence of rotating diurnal tides which 

created strike-slip by "walking." What morphology might be expected? How 

would that morphology differ from the hybrid model where offset is caused by 

imposed shear due to currents? Overall, both the tidal and hybrid models start 

with an initial cracking phase before reactivation and along-strike motion begins. 

The diagnostic features are those features associated with the generation of 

strike-slip. 

The tidal tectonic model might exhibit the following features. First, the 

"braids" must be structures which are compatible with the tidal-tensile model. 

Possibilities include preexisting bands or lineaments cut by the main fault and 

which reactivated and opened when the fault first cracked. In that case, the 

expansions might be small pull-aparts which create serrations that resemble 

braids at low resolution. Second, in the absence of armealing which could erase 

structure within the fault zone, the subsequent walking strike-slip might be 

recorded by a damaged zone caused by the repeated opening and closing. 

Features possible in the hybrid model include, first, simple shear features that 

are superimposed on an annealed, but weak, zone. Varying degrees of armealing 

might be reflected in different widths of influence of the simple shear features. A 

strong coupling might cause Reidel shears and other structures to extend into the 

icy blocks themselves. Weaker armealing might result in simple shear taking 

place only in a narrow zone within the displacement zone. Second, the region of 

maximum shear might appear as an alignment of parallel furrows or ridges, 

incorporating small, simple shear structures. An analogy might be the linear 

shear zones created in terrestrial sea ice when blocks re-abut after cracking apart, 

only to begin moving past each other (Greeley et al., 1997a). An example of this 

morphology on Europa may exist near Conamara Chaos where J. Moreau (pers. 

comm., 1997) has identified strike-slip on a furrowed lineament. 

A useful comparison may be provided by the "Great Ice Chasm," a large 

crevasse in the Filchner Ice Shelf discovered by the Commonwealth Trans-
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Antarctic Expedition of 1955-1958 (Fuchs and Hillary, 1955; Wilson, 1960). This 

feature, thought to represent simple shear (Burke et al., 1980), eventually went 

out of existence in a calving event in 1986 (Ferrigno and Gould, 1987). The Great 

Ice Chasm exhibits excellent examples of sigmoidai cracks, along with complex 

rotated blocks in its depressed central band (Sylvester, 1988). The Filchner Ice 

Shelf is a few hundred meters thick, a value closer to that expected for the 

Europan ice shell, although the Antarctic temperatures are relatively high. 
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IV. WEDGE-SHAPED BANDS AND THE ANTIJOVIAN FRACTURE ZONE 

A. Chapter Overview 
The subjects of this chapter are the wedge-shaped bands in the antijovian 

region and the large fracture zone which these bands comprise. 

I begin with an overview of the wedge-shaped bands and the fracture zone 

(Sect. B), and then review background geological knowledge and issues (Sect. C). 

Next, I focus on the wedge-shaped bands as seen in the Galileo "C3 wedges" 

image (Sect. D), first describing their morphology and geological context, and the 

displacements they record (Sect. Dl). I then characterize the kinematics of the 

bands (Sect. D2), and develop a relative chronology for the area within the image 

(Sect. D3). 

Then, I consider the larger fracture zone that the bands define (Sect. E). I 

describe the zone (Sect. El), interpret its kinematics (Sect. E2), and outline the 

regional relative chronology (Sect. E3), incorporating events outside the C3 

wedges region into the timeline developed there. 

Next, I examine genetic models for the wedge-shaped bands and the fracture 

zone (Sect. F). I compare the configuration of the observed features to the 

Greenberg et al. (1997) tidal stress model (Sect. Fl), and then to stresses due to 

polar wander (Sect. F2). I also consider various non-tidal models (Sect. F3). 

After considering genetic models, I propose a heuristic model for the fracture 

zone (Sect. G), based upon an analogy to right shear. 

Last, as a comparison to the antijovian wedge-shaped bands, I examine a 

dilational band on the leading side of the satellite and briefly discuss its 

morphology, kinematics, and genesis with respect to the Greenberg et al. (1997) 

model (Sect. H). 

B. Overview of Wedge-Shaped Bands and the Antijovian Fracture Zone 
The wedge-shaped bands and large fracture zone that they make up are 

prominent features on the antijovian hemisphere of Europa, as shown in Figure 

4.1. It was in this region that features representing horizontal lithospheric 

displacements on Europa were first discovered. These features consisted of 

offset lineaments and wedge-shaped bands that could be reconstructed (Scher\k 

and McKirmon, 1989; Schenk and Seyfert, 1980). The bands I describe in this 

chapter exhibit similar geometries. 
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Figure 4.1. Wedge-shaped bands and the antijovian fracture zone. 
The wedge-shaped bands and the fracture zone they comprise are prominent 

features on the antijovian hemisphere of Europa. It was in this region that 
features representing horizontal lithospheric displacements on Europa were first 
discovered. These features consisted of offset lineaments and wedge-shaped 
bands that could be reconstructed (Schenk and McKinnon, 1989; Schenk and 
Seyfert, 1980), located at VGR. The location of the "C3 wedges" image, discussed 
here, is shown at WSB. Outlines enclose approximate boundaries of the fracture 
zone (queried where uncertain). Asypalaea Linea was included in the fracture 
zone by Schenk and Mckirmon (1989). See Fig. 3.6. Also marked are other sites 
discussed in this dissertation (see Fig. 1.3). See the text. 
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The Galileo C3 image, containing the bands I describe, is centered at 17°S, 

195°W, and covers an area that measures 242 km east to west by 235 km south to 

north. It lies approximately 700 km NW of the bands reconstructed by Schenk 

and McKinnon (1989). The larger fracture zone surrounding the C3 wedges area, 

first noted by Schenk and McKinnon (1989), includes a roughly trapezoidal 

region between 5°S and 45°S (or more) latitude and 160°W to 240°W longitude. 

A southeastern extension of the zone includes Astypalaea Linea, according to the 

boundaries defined by Schenk and McKinnon (1989). Sullivan et al. (1997) locate 

the zone slightly differently, centering it at roughly 15°S, 215°W. Voyager 

imaged approximately the eastern half of the zone. From Galileo imagery it was 

possible to extend the zone to its western boundary (Sullivan et al., 1997; Sullivan 

et al., 1998a). 

Wedge-shaped bands were first identified and mapped by Fieri (1981). 

Subsequently, they were described and mapped by Lucchitta and Soderblom 

(1982), Schenk and McKinnon (1989), and Kozak et al. (in rev.). They were 

aggregated with other Europan lineaments in various geophysical studies of 

global stress (Helfenstein, 1980; Helfenstein and Parmentier, 1983; Helfenstein 

and Parmentier, 1985; McEwen, 1986). Schenk and McKiimon (1989) and Leith 

and McKinnon (1996) compared them as a specific regional grouping to various 

stress configurations. The analysis I report in this chapter makes use of Galileo 

image resolution which greatly improves upon Voyager 2 imagery. Similar 

observations of wedge-shaped bands at the same site have been made by 

Sullivan et al. (1998a). 

C. Background and Issues 
Lateral motion recorded in the antijovian region consists of relative 

translations and rotation of blocks, accommodated by dilation of wedge-shaped 

bands and strike-slip faulting, as I note in Chapter L The strike-slip faults 

tnmcate the ends of the wedge-shaped bands and, when they were active, 

transferred displacement between them, in transform-like fashion. See Figure 

4.2. Based on the geometry of the bands, their bounding structures are probably 

tension cracks. They apparently opened as gaps and filled from below with a 

material slightly darker than the surrounding ice. (See also Schenk and 

McKirmon, 1989.) 



1 6 3  

lao km 

Figure 4.2. Schenk and McKinnon (1989) reconstruction of wedges. 
Lateral motion on Europa was first demonstrated by Schenk and McKinnon 
(1989), who reconstructed wedge-shaped bands according to this figure. 
Deformation consisted of relative translations and rotation of blocks, 
accommodated by dilation of wedge-shaped bands and strike-slip faulting. 
The strike-slip faults truncate the ends of the wedge-shaped bands and transfer 
displacement between them, in transform-like fashion. Features K and J are 
dilational bands. Tapering bands B and A are genetically similar to K and J, 
except that one bounding block has rotated. Strike-slip faults G, F and H link the 
dilational bands. Piercing points for the reconstruction are seen near band A and 
fault H, and band K. Compare to Fig. 4.5 where pull-apart J and K are also 
labeled. The reconstructed view on the right shows the sense of offset on original 
cracks (small arrows) and the sense of block motion. The figure is reprinted from 
Schenk and McKinnon (1989), Icarus; Copyright © 1989 by Academic Press. 
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Because this antijovian site is the first at which lateral motion has been 

identified it has been important to confirm and extend the earlier observ^ations. 

The evidence that I present is consistent with these earlier findings, based upon a 

palinspastic reconstruction of bands in the more detailed Galileo C3 image. An 

important discovery, which I discuss, is that the opening process was episodic, 

contrary to earlier impressions based on Voyager images (Lucchitta and 

Soderblom, 1982; Schenk and McKinnon, 1989). Many of the findings I report 

here are consistent with those of (Sullivan et al., 1998a), who performed similar 

work. 

The concept of a "fracture zone" of regional extent is based upon the presence 

of wedge-shaped bands and strike-slip faults which accommodate motion of 

lithospheric blocks that are up to a few hundred km across (Schenk and 

McKinnon, 1989). The kinematics of most of the zone can be described by a well-

constrained Euler pole, although structures in the eastern part of the area are 

described by a different pole than that for the western part of the zone. See 

Figure 4.3. Presence of an Euler pole suggests that the related blocks in the 

fracture zone may have moved as a unit. 

Based upon the morphological similarity of wedge-shaped bands throughout 

the fracture zone, Schenk and McKinnon (1989) predicted that the entire zone 

would be found to be characterized by dilation and strike-slip. The observations 

I report in this chapter confirm the existence of lateral motion at another site 

within the zone. The discovery of Astypalaea Linea confirms that lateral motion 

has occurred in that southerly location, although in coordination with a different 

Euler pole. 

Despite what may be coherent large-scale motions, some strike-slip motions 

in the fracture zone may be due to reactivation of triple bands which cross it, as 

shown by analysis of Voyager images (Tufts, 1993). My interpretation of features 

in the Galileo C3 wedges image is consistent with this conclusion, as I discuss in 

Section E2. 

The fracture zone is structurally complex, especially in its southern and 

western parts where fracture density is so high that it hinders geologic mapping 

(Kozak et al., in review). Schenk and McKiimon (1989) attempt to clarify the 

picture by presenting a kinematic pattern for the eastern part of the zone based 
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Figure 4.3. Euler poles for antijovian fracture zone. 
The kinematics of most of the fracture zone can be described by a well-
constrained Euler pole of rotation, shown here at P. Structures in the eastern part 
of the area are described by a different Euler pole (P') than that for the western 
part of the zone. Dilation of wedge-shaped bands is transferred between them 
by strike-slip faults which truncate the bands. Astypalaea Linea (not shown) was 
included as the southernmost structure in the fracture zone, and is described by a 
third pole of rotation (Chap. III). See the text. The figure is reprinted from 
SchenJk and McKinnon (1989), Icarus; Copyright © 1989 by Academic Press. 
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on the presence of an Euler pole. In Section E2,1 suggest alternative kinematic 

patterns derived from gross lineament orientations. Based upon block rotation 

theory and one of these patterns I propose a heuristic model for the fracture zone 

(Sect. G). 

A major issue is how the wedge-shaped bands came into being, as I note in 

Chapter I. I propose in Section F that while the formation of the most recent 

wedge-shaped bands is problematic, certain features in the fracture zone can be 

explained by tidal stresses according to the Greenberg et al. (1997) tidal tectonic 

model. 

The dilation seen on the wedge-shaped bands raises the question of the 

manner in which new surface area is accommodated. Schenk and McKinnon 

(1989) propose that Agenor Linea, a bright, bluish, EW-trending lineament 

located at about 45°S, is a compressional or subduction-related feature. I suggest 

in Section G that Onga Linea, a lineament located near Agenor Linea, may 

consume lithosphere. 

As I note in Chapter I, the nature of the decoupling zone may be indicated by 

the viscosity of band fill material and intensity of deformation within mobile 

blocks. Evidence I present in Section D, suggests that the decoupling zone is a 

low-viscosity layer. 

Issues regarding the wedge-shaped bands and the fracture zone may be 

grouped in this way; (1) the basic descriptive nature of the wedge-shaped bands 

and fracture zone, especially, confirming the original observations of lateral 

motion made by Schenk and McKinnon (1989); (2) the kinematics of the fracture 

zone (as a precursor to genetic modeling), considering its apparent complexity; 

(3) the means of initiating the bands, driving block motion, and creating and 

accommodating new surface area, taking into account the presence of strike-slip 

and crustal block rotation; and (4) the nature of the decoupling zone that is 

implied by the lateral motion there. 

D. Wedge-Shaped Bands 
1. Description 

a. Band Morphologv and Geological Context 

The first opportunity to confirm the observations by Schenk and McKirmon 

(1989) occurred on the third Galileo orbit (C3) when a 420m/pixel image of the 

"wedges" region revealed a roughly orthogonal pattern of dark wedge-shaped 
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bands overlying older, grayish bands. See Figures 4.4a,b and 4.5. Figure 4.5 

places the Galileo C3 wedges image in the regional Voyager context and 

demonstrates the improvement in resolution that it offers. In Figure 4.4b, bands 

are labeled A-F, and lithospheric blocks are denoted with the suffix "b". The 

long, dark wedge-shaped bands (B and C) are arcuate and trend NW. Band B is 

narrowly wedge-shaped, narrowing to the SE. At its widest, it is approximately 

16 km across. Band C seems to broaden and narrow along its length, ranging in 

width from 9 km to 18 km; the band divides at 1, and in the context image, both 

branches can be seen to narrow to the SE also. Both B and C are truncated by 

narrow Band A which trends NE. Band A is intersected by Band F. Both also cut 

across grayish Band D which trends ENE and divides in half at 2. 

In Voyager images. Band D was quite vague, so it was not included in 

geologic mapping by Lucchitta and Soderblom (1982). The classification used by 

Kozak et al. (in review) identifies Band D as an "intermediate" band, a 

designation I use here. Band D is about 17 km in width where it is crossed by 

Band B. A similar intermediate band. Band E, intersects Band D near the western 

edge of the image frame (3, Fig. 4.4b) and parallels Band A. Band E is cut by 

Bands B and C and overlapped by Band F. 

There are two notable triple bands in the C3 wedges image. Triple band 

Echion Linea (EL) and probable triple band TB extend from relatively unbroken 

terrain on the east, and through the northern part of the C3 wedges frame. See 

Figures 4.4b and 4.5. The continuity of both lineaments is disrupted by the 

apparent counter-clockwise rotation of block NNEb (approximately 20°). It 

appears that reconstruction of that block would align Echion Linea with Band A 

within the C3 frame, however, any actual merger with Band A, if one exists, is 

obscured by complex structure. Echion Linea may overlie the eastern part of 

Band E. TB can be seem on blocks NWb and NNEb. It does not seem to cross 

any intermediate bands. 

Bands B, C, D, and E exhibit a pattern of internal, parallel striations of 

contrasting light and dark albedo. Band A also has internal parallel striations, 

but the pattern is less clear. Some of these striatior\s may tnincate the internal 

striae of Band B at 4. Band B appears to have a central axis (Sullivan et al., 1998). 

Sullivan et al. (1998) point out that the comers created by these striae are angular 

near the edge of the band but progressively rounded towards the middle of the 
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Figure 4.4a. Galileo (C3) wedges image, unlabeled. 
Galileo 420m/ pixel image (C3) of the "wedges" region, covering an area 336 km 
by 336 km, revealed a roughly orthogonal pattern of dark wedge-shaped bands 
overlying older, grayish bands. The C3 target area, centered at 17°S, 195"'W, lies 
within the fracture zone and northwest of the bands that were reconstructed by 
Schenk and McKinnon (1989). See the text. The thick, black line segment in the 
lower right is a permanent data gap. The image was rotated to allow greater 
size. It has been calibrated and photometrically corrected, courtesy of Cynthia 
Phillips, University of Arizona. 
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Figure 4.4b. Galileo (C3) wedges image, labeled. 
Major lithospheric blocks and bands are indicated in this version of the Galileo 
C3 "wedges" image. See the text. The image was rotated to allow greater size. 
The image has been calibrated and photometrically corrected, courtesy of 
Cynthia Phillips, University of Arizona. 
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Figure 4.5. Galileo C3 wedges image in Voyager context. 
The Galileo C3 wedges image is shown here set into Voyager context, 
demonstrating the improvement in resolution that Galileo offers. Triple band 
Echion Linea (EL) and probable triple band TB extend from relatively unbroken 
terrain on the east, and through the northern part of the frame. The continuity of 
both lineaments is disrupted by the apparent counter-clockwise rotation of block 
NNEb. Echion Linea may have been reactivated to form part of Band A (Fig. 
4.4b). The image was rotated to match previous images. Image courtesy of 
Cynthia Phillips, University of Arizona. 
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band. From this observation they infer that the fill material had a high viscosity. 

The C3 wedges image also offered the first detailed view of ridges, and of 

terrain that had been mapped as plains by Lucchitta and Soderblom (1982). The 

ridges are double or compound, and bilaterally symmetrical about a medial 

groove. Many of the prominent ridges are arcuate, while others are irregular and 

composed of paired knobs straddling a central groove (Kl, K2, K3). (See also 

Geissler et al., 1997b.) Most of the prominent ridges seem to cross at least one 

band. A narrow, ridgeless crack (Rc) also can be seen crossing the image parallel 

to knobbed ridge K3. 

The background plains seen in the frame are a mesh of small, crosscutting 

ridges. North of Band A, the older ridges seem slightly more prominent than 

ridges in the south. To the south of Band A, the fabric of the older ridges seems 

to be finer in texture, perhaps influenced by closely-spaced, small ridges 

apparent there. (See also Sullivan et al., 1998a.) 

In the southeast part of the image at 5 is a dark, oval body, about 20 km long 

and 12 km across. It has a dark, flat floor that is slightly depressed below the 

surrounding terrain, broken by a grouping of small peaks in its western portion. 

This feature is probably a lenticula or a small chaos. A similar feature may be 

present at 6. 
b. Displacements 

The similarity of the opposite borders of Bands B and C suggest that they are 

dilational and might reconstruct well (Tufts et al., 1997a). But, an accurate 

reconstruction required closing the bands in reverse chronological order. Based 

on superposition, bands B, C, and A are the youngest. However, from the 

analysis of Schenk and McKinnon (1989) as depicted in Figure 4.2, Band A is 

probably a strike-slip fault; to reconstruct it would require that Bands B and C be 

closed beforehand. Of those two bands, I arbitrarily closed Band B first. Once I 

closed Bands B and C, I closed intermediate Band D. For reasons described 

below, I did not reconstruct Band A. 

Steps in the palinspastic reconstructions of bands B, C, and D are shown in 

Figure 4.6a-d. Each step involves digitally cutting the image and repositioning a 

portion of it with a translation or rotation or both. Prior to closing each band, 

preparatory local reconstructions ("subcuts") were required to correct for minor 
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Figure 4.6. Reconstruction of wedge-shaped bands. 
The following four frames trace the reconstruction of Bands B, C, and D, as 
follows: (a) starting C3 wedges image; (b) closure of Band B; (c) closure of Band 
C; (d) closure of Band D. Each step involves digitally cutting the image and 
repositioning a portion of it with a translation or rotation or both. These frames 
depict the original reconstruction done by the writer and was completed using a 
version of the frame containing a data gap near the top of the frame. The images 
have been rotated to allow greater size. See the text. 
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Figure 4.6a. Reconstruction o f  wedge-shaped bands - starting image. 
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Figure 4.6b. Closure of Band B 



Figure 4.6c. Closure of Band C 
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Figxire 4.6d. Closure of Band D. 
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deformation. The sutures on whic±i I closed the bands are marked by black 

dotted lines on all subsequent frames; major subcuts and key localities for each 

step are labeled with white dotted lines and numbers on the corresponding 

image. Narrow strips of the image margin provide a visual reference. All steps 

in the reconstruction are shown together in Figure 4.7. It depicts not only the 

main sutures, but also the progressive re-assembly of Lineament L and an oblong 

region called "Island O." They are both labeled in the final frame in the series. 

To close Band B, an EW-trending subcut was required along a probable 

strike-slip fault that crosses the lower portion of the central block (Cb) as shown 

by the white dotted line in Figure 4.6a. By moving the terrain south of this line 

slightly to the east, it realigned broken-up lineae at 7 and 8 in Figure 4.6b. East of 

8, the location of the subcut was arbitrary. The actual strike-slip offset may be 

associated with the bight at 9 (Fig. 4.6a). Thus, the northern part of block Cb 
(Fig. 4.4b) must have rotated counter-clockwise. In addition, I reattached the 

small triangular block Tb to the upper comer of the southwestern block SWb, 

based on its shape. Following these adjustments I reconstructed Band B by a 

northeastward translation and a 4° clockwise rotation of the southwestern block, 

matching the opposing shape of the band and apparent piercing points. This 

reconstruction began to bring together parts of Lineament L and oblong "Island 

O" (Fig. 4.7). Band D provided an especially marked piercing point shown by the 

white line segment in Figure 4.6a. The relative motion vector tracing the 

reconstruction of the band trends ENE. This orientation is not perpendicular to 

the local borders of the band, so relative motion across Band B was mostly 

dilational with a slight dextral component. 

Using the same technique, I closed Band C. See Figure 4.6b. To close the fork 

near the east end of the band, extra subcuts were required. Approximately half 

of the net closure of the band was made on each side of the headland dividing it 

(1, Fig. 4.4b). Also, I rejoined the promontory at 10 to the main block. The net 

reconstruction of the main band was made along a 21 km vector trending N80°E 

which joined two parts of Lineament L as shown by the white line segment. No 

rotation was required. This step also continued the reassembly of Band D which 

splits into two branches near Band C (2, Fig. 4.4b). Given the irregular course of 

Band C, its net motion generally ranges from dilational to dextral. Band C is 
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Figure 4.7. Sequence of steps in wedge-shaped band reconstruction. 
The sequence of main steps in the reconstruction of terrain in the C3 wedges 
image is shown here. In the last image, lower right, Lineament L and 
Island O" have been aligned, providing geometric confirmation of the 
reconstruction . Compare to Figs. 4.6a-d. Image was rotated to match previous 
images. See the text. 



1 7 9  

narrowest where its trend is most parallel to the relative motion vector; its 

motion there is most nearly pure strike-slip. 

By reconstructing Bands B and C, Band D was restored to the configuration it 

had before the younger bands opened (Fig. 4.6c). Its shape suggested that it too 

could be reconstructed. To accommodate the split in Band D I divided the total 

translation required to close the two branches. Band D closed via a simple 

translation shown by the white segment. This net motion vector trends N11°W 

and is 19 km long. The deformation is dilational with a very slight sinistral 

component. The translation restored Lineament L and region O (Figs. 4.6d, 4.7 

and 4.8). 

Lineament L stretches across most of the C3 image. It seems to be a "multi-

lane highway" or "Class 3" ridge according to the classification of Greenberg et al. 

(1997) (Chap. V). 

Island O, which re-emerges from the reconstruction, is a region of discrete 

topographic identity located at the intersection of Bands B and D. It measures 

about 65 km by 13 km. See Figure 4.8. The region is surrounded by faint, thin 

ridges and has a relatively smooth "lowland" appearance except for a few vague 

internal ridges which align with similar ridges on the neighboring terrain to the 

northwest. Notably, the region contains one of only two probable impact craters 

in the image that is more than 5 pixels wide, Mael Duin (proposed lAU 

nomenclature; pronounced mel-doon), a bowl-shaped crater with a sharp rim 

and a surrounding dark coloration (MD, Fig. 4.4b). 

Limitations imposed by current images hinders reconstruction of Band A. 

Within the Galileo frame, the band's opposing borders do not have the similar 

shapes possessed by Bands B, C, or D, nor are there apparent piercing points. 

Overall, the reconstruction was achieved with few gaps or overlaps. In 

closing each band, multiple minor lineaments (not labeled) also were realigned, 

besides the primary piercing points mentioned. The few gores that remain are 

probably due to inaccuracies in the reconstruction technique or to residual 

amounts of unrecognized deformation. Except for only a few localized 

deformations, the integrity of the major blocks seemed imaffected by the 

motions, given the compatibility of the reconstruction. The blocks appear to 

contain no subsidiary cracks bordering the bands. Minor misfits of small 

lineaments (Sullivan et al., 1997; Sullivan et al., 1998a) may be observational 



1 8 0  

a •  S .  

»A* -

Figure 4.8. Reconstructed "Island O." 
The reconstructed terrain appears to contain an oblong, "island"-shaped region 
(O) marked of by faint, narrow ridges and which appears to lie lower than 
adjacent terrain. The arrangement provides a piercing point for reconstructing 
Bands B and D, but is unclear what the topography means. The island may have 
no importance other than as a visual reference. Image was rotated to match 
previous images. See the text. 
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artifacts or may reflect the pattern of local discontinuity of small ridges seen 

elsewhere on Europa in very high-resolution images. 

The reconstruction changes the shape and size of the territory in the C3 

image, as can be seen in Figure 4.7. The deformation represented by the opening 

of Bands B, C, and D caused a 15% lengthening measured along a northeast 

diagonal. This strain matches estimates by Schenk and McKirmon (1989) for the 

whole width of the fracture zone. The small size of the C3 image frame relative 

to the region of deformation makes it impractical to estimate shear strain. 
2. Characterization 
a. Dilational Bands 

Bands B and C are probably dilational gaps bounded by vertical tension 

cracks, instead of being extensional graben, for the following reasons. To 

reconstruct the region O and the long lineament L, the wedge-shaped and 

intermediate bands cutting them had to close by distances equal to their widths. 

If the material within the bands concealed a down-dropped graben floor, or if the 

material were lithosphere that had stretched on multiple domino-style normal 

faults (proposed for "tectonic resurfacing" (Head et al., 1997a) of the Uruk Sulcus 

region of Ganymede), then space problems would prevent full closure. This 

argument is the same one Schenk and McKinnon (1989) used regarding the 

bands they reconstructed; it is an elaboration of the argument I used in Chapter 

in with regard to the kinematics of Cyclades Macula. 

An additional argument supports the conclusion that the bands are tensile 

gaps. If older lineaments intersect the bands at acute angles, the encroachment 

onto previous terrain by extensional tectonic resurfacing would move the 

apparent piercing points away from positions opposite one another. The smaller 

the angle of intersection, the greater the apparent movement of the piercing 

points. In this case though, the puzzle-like closure of the bands and the 

constraints of multiple feature match-ups indicate that such encroachment has 

not occurred, strengthening the tensile interpretation. 

The bands probably started as cracks and opened episodically, and each 

successive crack has filled with material from below. Because the lineated 

internal structure of the bands was invisible at Voyager resolutions, the 

corresponding interpretation was that wedge-shaped bands opened quickly, 

possibly in a single event (Lucchitta and Soderblom, 1982; Scherik and 
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McKinnon, 1989). However, the parallel ridge patterns within the bands indicate 

episodic lithospheric spreading, somewhat like terrestrial sea floor spreading, 

consistent with (Sullivan et al., 1997; Sullivan et al., 1998a). In that case, the 

material filling the gaps may be analogous to sheeted dikes (Tufts et al., 1997a). 

An alternative analog might be the filling and freezing of lead ice in sea ice floes 

(Pappalardo and Coon, 1996; Schenk and McKinnon, 1989). 
b. Strike-Slip on Band A 

The difficulty reconstructing Band A can be explained in two ways. First, 

piercing points may simply be difficult to see in the present image. Second, Band 

A may be a strike-slip fault that was offset enough so that piercing point matches 

fall outside the Galileo image. Resolution of the Voyager images surrounding 

the single Galileo frame (Fig. 4.5.) are insufficient to establish clear offsets there. 

However, on geometric and morphological grounds. Band A probably is a 

strike-slip fault. Schenk and McKinnon (1989) interpret structures such as Band 

A to be strike-slip, due to the configuration of the bands in the region shown 

(Figs. 4.1 and 4.2). They compare these bands to transform faults, a reasonable 

analogy since Band A truncates Bands B and C, and seems to transfer slip to 

neighboring wedge-shaped bands. Furthermore, Band A is linear and displays 

possible strike-slip structures. For example, the small triangular region Tb (Fig. 

4.6a) at the northern comer of the southwest block SWb may have been 

displaced by shearing motion within the band. Also, the ovoid feature located at 

7 plausibly resembles a "sidewall ripout," that is, a part of one wall of a strike-slip 

fault that has been plucked out and shunted along the fault plane by the relative 

motion of the bounding blocks (Swanson, 1989; Woodcock and Fischer, 1986) 

(Chap. ni). (The ovoid feature could also be a region delineated by an arcuate 

ridge.) 
3. Relative Chronology 
The bands seem to occupy an intermediate position which places the narrow 

lineaments seen in the image into two age-groups. In particular, the long 

curvilinear or sinuous ridges post-date Band D (see also Sullivan et al., 1997), 

while the complex, interweaving, platform-like ridges pre-date it. Also, the 

change in ridge size may be abrupt. See Fig 4.9. This dichotomy suggests a 

morphological and size distinction that might be useful in relative dating of 

lineaments where there are no large bands to divide the sequence. The youngest 
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Figure 4.9. Post-Band ridges. 
Long oirvilinear or sinuous ridges post-date Band D, while the complex, 
interweaving, platform-Iike ridges (PI, P2; Fig. 4.4b) pre-date it. Heavy stipple 
indicates the youngest ridges and a crack seen at this resolution, that is, the 
knotty ridges (Kl-3) and the ridgeless crack (Rc) (Fig. 4.4b). Light stippling 
denotes ridges that are intermediate in age between the youngest ridges and 
Bands A, B, and C. White and moderately stippled ridges are younger than Band 
D, but it is difficult to know if they also postdate the wedge-shaped bands. 
Image was rotated to match previous images. See the text. 
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lineaments in the image are the irregular crack (Rc) and the double mounded or 

knobbed ridges (Geissler et al., 1997b) at Kl-3. There also appears to be some 

age distinction between these most recent ridges and the curvilinear lineaments 

that also postdate the bands but by not as much. Some of the curvilinear lineae 

are somewhat wider than the others and even may be elevated, as also noted by 

Sullivan et al. (1998). 

Sullivan et al. (1997) also suggest that the recent ridges are larger, and occur 

less frequently than the earlier lineaments, attributing this size increase to a 

thickening of the lithosphere. But the change in ridge size may be abrupt, 

suggesting something other than a monotonic thickening of the lithosphere. 

Also, the perceived sparsity might be an observational artifact. Ridges may 

initiate at a uniform rate but there if there had been a recent change in size, the 

younger ones (as distinguished by their size) would necessarily seem less 

numerous. 

The relative age of the triple bands in the image is partly indeterminate. One 

of them, Echion Linea seems to have developed between Band D and the wedge-

shaped bands, and may cut Band E. TB, however, predates the wedge-shaped 

bands, buts its age relative to the intermediate bands is not known. 

Dissection of the plains by the prominent bands began with opening of 

intermediate Band D followed by dark, wedge-shaped bands B and C. (It is 

unclear which of the two wedges came first.) Strain vectors for the two sets of 

events were nearly orthogonal. Relatively few ridges seem to have formed 

between the opening of the intermediate band and the wedge-shaped bands, so 

formation of all three may have sparmed a comparatively brief interval. 

However, evidence for episodic opening of all the bands means that this period 

must have been broad enough to take in multiple cracking events (Lucchitta and 

Soderblom, 1982; Schenk and McKiimon, 1989). Also, the curvilinear fabric 

discussed in Chapter HI must have developed in this interval because the wedges 

are arcuate and Band D is not. A measure of the time involved may be the 

brighterung (Clark et al., 1997; Geissler et al., 1997a) that the intermediate band 

seems to have undergone. Vague hints that striations within Band A may 

tnmcate striations within Band B suggests that motion on Band A in this location 

postdates the last opening of Band B. However, this tnmcation is very uncertain. 
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The lenticula in the southeast quadrant of the image is probably relatively young 

because it may interrupt some of the arcuate ridges. 

Because they are postdated by the large lineaments and predated by the 

ridged plains, the C3 bands may correlate with gray bands in the south polar 

region which are similarly bracketed. For example, wedge-shaped Bands B and 

C may be contemporaneous with the proposed Astypalaea Linea/Thynia 

Linea/Libya Linea set - the youngest of the south polar bands. Whether Band D 

(and Band E) correlates with the older dark bands or curved wedges near the 

south pole is uncertain, although Kozak et al. (in review) correlated intermediate 

bands to the gray bands of Lucchitta and Soderblom (1982). Intermediate bands 

in the C3 image seem to predate the curved fabric while some dark bands near 

the south pole seem influenced by it. 

As is now apparent in the C3 images, the plains record a period of active 

ridge formation of undetermined duration (see also Geissler et al., 1997b; 

Greenberg et al., 1997), which the bands in the C3 region postdate. In this sense, 

the plains are a structural unit rather than an albedo unit. 

Moreover, fine structure visible on the reconstructed "island O" suggests that 

the early epoch of ridge formation may have encompassed two sub-periods. 

Perhaps after the formation of the original, underlying bright plains terrain 

(Chap, ni), ridges developed on it. (I discuss the process of ridge formation in 

Chapter V.) Later, another episode of ridging isolated the island topographically 

(or even mechanically) from adjacent territory by creating its thin, bounding 

ridges. For some reason this later deformation did not take place north of Band 

A. Such a sequence may explain the "disruption" of bright plains proposed by 

Lucchitta and Soderblom (1982), and may add another episode to the regional 

geologic history. 

When considering the relative antiquity of region O and the surface 

modification it may have experienced, I note the presence on it of the small crater 

Mael Duin. Because the crater is surrounded by a dark mantling it most likely is 

recent. But its existence also suggests that region O might be an isolated relic of a 

more heavily cratered landscape. 
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E. The Antijovian Fracture Zone 
1. Description 

The antijovian fracture zone is distinguished by a concentration of curvilinear 

and linear structures including wedge-shaped bands and strike-slip faults. See 

Figure 4.10. Together these structures break the fracture zone into polygonal 

(Fieri, 1981) or oval blocks, giving the zone a panel-like or grid-like appearance. 

Oval blocks become more common in the northem and western part of the 

fracture zone. Generally, the wedge-shaped bands (NW) trend NW-SE, the 

strike-slip faults (NE) trend NE-SW, and the intermediate bands trend ENE 

although there are exceptions especially among the curved bands and in the 

southeastern part of the zone. In the southeast, the traces of prominent strike-

slip faults trend EW rather than NE. Two examples of this pattern are right-

lateral faults labeled SSI (discovered by Schenk and McKinnon, 1989) and at SS2 

(reconstructed by Rothery, 1992) shown in Figure 4.10. (Fault SS2 extends 

eastward from the fracture zone until approximately 160°W. It is not clear if it 

ends or disappears for some other reason.) Nevertheless, strike-slip faults 

throughout the zone commonly tnmcate wedge-shaped bands (Schenk and 

McKinnon, 1989). (See also Sullivan et al., 1997; Sullivan et al., 1998a.) 

The intermediate bands such as Band D, found in the Galileo C3 wedges 

image, were less apparent when the fracture zone was defined by Schenk and 

McKinnon (1989) from Voyager imagery, so their definition relied on the more 

recent, darker structures. I show in Section F that these older bands may 

represent a structural event different from the one forming the dark, wedge-

shaped bands and associated strike-slip faults. Nevertheless, I provisionally 

include the intermediate bands as part of the fracture zone because they occupy 

the same terrain and may have influenced its development, along with other 

older structures. (However, ultimately, features included in the fracture zone 

must be contemporaneous with it. So the inclusion of these older bands may be 

temporary.) 

The northeast boundary of the fracture zone is a "backstop" of plains and 

mottled terrain into which the wedge-shaped bands and tnincating bands (such 

as Band A, shown at A in Fig. 4.10) do not penetrate. This backstop includes a 

NNW-trending strip of plains and gray mottled terrain about 20° wide that 

bridges the gap between the fracture zone and a region of brown mottled terrain 
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Figure 4.10. Antijovian fracture zone. 
A mosaic of Galileo and Voyager images covers the antijovian fracture zone. The 
zone spans approximately 80 degrees of longitude and 40 degrees of latitude, or 
about 2200 km by 1100 km. Also see Figs. 4.1 and 4.11 (an enlarged view of part 
of the zone.) The grid-like appearance of the zone and other features suggest a 
heuristic model that may be applied to investigations of regional kinematics here. 
See the text. Image mosaic courtesy of Cynthia Phillips, University of Arizona. 
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near the eastern limit of high-resolution Voyager 2 coverage. The arrangement 

of wedges in this boundary region gives the impression of encroachment by a 

"calving" process into a relatively intact terrain. 

The western part of the fracture zone is also bordered by the chaotically 

disrupted and mottled terrain of the trailing side of the satellite. Bands in the 

western region of the fracture zone have been examined and reconstructed by 

Sullivan et al. (1997) and by K. Homan (pers. comm., 1997) after the Galileo G1 

orbit. They report translations on a NNW-SSE vector, strike-slip, and block 

rotations, including one of 45°. After reconstruction of imaged terrain, a small 

percentage of the original surface area is missing. (Note: High-resolution images 

taken on the E12 orbit include a large, sickle-shaped band at the extreme 

northwestern part of the fracture zone. Reconstructions by G. Collins and R. 

Pappalardo (1997, pers. comm.) and the writer show that it opened along a NS 

vector.) 

The fracture zone represents intense breaking-up of the lithosphere, as I note 

in the next section. Moving from NE to SW in the zone, the block size decreases 

as the fractures and bands become more numerous, smaller, and more closely 

spaced. On the Lucchitta and Soderblom (1982) geologic map, this intensely 

dissected unit is called "fractured plains" and it makes up much of the southern 

part of the zone. Fractured plains extend south of Agenor Linea to 

approximately the western extension of Gortyna Plexus (GL) at 55° south 

latitude which is where I place the zone's southern boundary. Despite the 

smaller block size in the southwestern part of the zone, the NW-trending 

lineaments have the same wedge shape as members of the same lineament set in 

the northeast part of the zone. 

A prominent feature in the southern part of the zone is Onga Linea (37°-39°S), 

a very straight, thin, dark EW-trending lineament with no apparent internal 

structure or relief. See Figures 4.10 and 4.11. Vague dark stains seem 

asymmetrically arrayed on it's north side, (indicated by arrows from 1, Fig. 4.11). 

In addition, various lineaments that are otherwise NE-trending seem to curve 

into near parallelism with Onga Linea as they approach from the north, for 

example, lineament C in Figure 5.9. In the Galileo E6 global image the wedge-

shaped bands become abruptly less conspicuous at Onga Linea, continuing to the 

south either in lower numbers or higher albedo. In corresponding Voyager 
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Figure 4.11. Detailed view of structures near Onga Linea. 
Magnified view of a portion of Onga Linea showing detailed structure. Arrows 
from 1 indicate dark features that seem truncated or limited by the lineament. 
Agenor Linea is the bright lineament south of Onga Linea and parallel to it. 
Compare the image to Fig. 4.10, from which it was taken. Image was rotated to 
match previous images. See the text. 
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images this pattern is not apparent, so it might be an imagery artifact. (See Fig. 

1.1.) Onga Linea may be a boundary that signals a change in properties within 

the zone. I discuss such a possibility in Section F4. 

Bright lineament Agenor Linea lies within the borders of the fracture zone. 

See Figures 4.10 and 4.11. But Agenor Linea may postdate the formation of the 

fracture zone based on the apparent crosscutting of Onga Linea by Katreus 

Linea, a similar appearing but shorter linea that lies to the north of Agenor Linea. 

Because Agenor Linea resembles Katreus Linea it might be a contemporary; if 

Katreus is younger than Onga then Agenor may be younger also. (See also 

Geissler et al., 1997b.) 

Crossing the zone are a number of triple bands, for example Pelorus Linea 

(PL, Fig. 4.10). They emerge from the northeast side of the zone and eventually 

disappear in brown mottled terrain farther east. These features trend NE and 

were identified by Fieri (1981) as Type 2 lineaments. One of these triple bands, 

Echion Linea (EL, Fig. 4.10), cuts across northern portion of the C3 image 

although its identity as a triple band is not apparent in that view. It is not clear 

how these triple bands relate to features such as Band D, with which they share a 

roughly similar trend, width and albedo. 

Adding to the complexity of the zone are patches of dark material that 

obscure the fractured plains. Prominent among these dark patches is a triangular 

region centered at approximately 25°S, 215°W, southwest of the C3 wedges site 

(TR, Fig. 4.10.). Other dark patches are located xiear the intersection of Katreus 

Linea and Onga Linea, and on both sides of Agenor Linea. (Agenor Linea 

occupies a strip that is relatively free of dark material.) Each of these zones is 

probably a chaos. The dark patches probably postdate the fracture zone because 

they appear superimposed on it. 
2. Characterization 

The complex kinematics implied by the variety of structures in the zone has 

the following characteristics. 

First, there are three definable sets of dilational motions among lithospheric 

blocks in the fracture zone, differing in time, location, and direction. (1) Earliest 

dilations were along a NS to NNW vector, observed in the far northwest and at 

Band D in the C3 frame. (2) In generally the same area, these NS to NNW 

dilational motions were overprinted by a later SW-NE dilation of the NW-
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trending wedge-siiaped bands. (3) At the same time, in the southeastern region, 

dilation of wedge-shaped bands was along roughly an EW line even though the 

bands trend NW, like wedge-shaped bands to the north (Rothery, 1992; Schenk 

and McKinnon, 1989). This EW motion seems to be controlled by the EW 

orientation on the strike-slip faults in that region rather than the NW trend of the 

wedge-shaped bands. 

Second, the fracture zone contains strike-slip faults and rotated blocks. As I 

note in the previous section, there seem to be two sets of strike-slip faults. One of 

these strikes NE, for example Band A, and corresponds to the NE dilation near 

the C3 wedges image. Another strikes EW in the southeastern part of the zone, 

for example faults SSI and SS2, and truncates EW-opening wedge-shaped bands 

there. So, even if the zone is based mainly on breakup into blocks, the resulting 

pattern is not purely divergent. Furthermore, the rotation of individual blocks 

implies the presence of velocity gradients (McKenzie and Jackson, 1988). 

Dilational bands like Band D do not seem associated with strike-slip or block 

rotation, however. 

Third, the dual sense of late-stage motion reflected in different dilation 

vectors and fault strikes corresponds to the finding by Schenk and McKinnon 

(1989) of two Euler poles for the zone as they defined it, one applying to the 

southeast comer of the zone and a different one describing the larger region to 

the west (including the future C3 "wedges" target area). See Figure 4.3. 

Fourth, arcuate ridges may have been reactivated to form the wedge-shaped 

bands, as indicated by the shape of the bands. If these older arcuate ridges were 

lengthy, that would suggest that the proto-wedges were continuous across the 

present boundaries created by probable strike-slip faults such as Band A. (In this 

case, with increased high-resolution image coverage, the wedges might provide 

piercing points for a reconstruction of these features.) 

Fifth, triple bands may have been reactivated to form portions of the strike-

slip faults which truncate the wedge-shaped bands. This reactivation is 

suggested because triple bands which cross the fracture zone roughly coincide 

with probable strike-slip structures like Band A, and roughly parallel the 

regional relative motion. As I note in Section D2, triple band Echion Linea may 

be associated with Band A. (The transform-like character of the truncating faults 

is suggested by the amount of cumulative dilation measured along small circles 
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Figure 4.12. Cumulative offset on wedge-shaped bands. 
The transform-like character of strike-slip faults which truncate the wedge-
shaped bands is suggested by minima in cumulative dilation of the wedge-
shaped bands. Dilation is measured along small circles centered on Euler pole P 
for the wedge-shaped bands, shown in Fig. 4.3. The strike-slip faults may be 
reactivations of older triple bands, which cross the fracture zones at locations 
corresponding to those faults and to the minima in the dilation curve, and along 
trends roughly parallel to the relative motion. For example, Echion Linea, which 
may be associated with Band A. Figure from Tufts (1993). 
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centered on Euler pole P, shown in Figure 4.3 (Tufts 1993). These measurements 

(Fig. 4.12) show sharp minima at locations corresponding the truncating faults 

and crossing triple bands.) 

This conclusion is consistent with the fact that the orientation of the dilational 

wedge-shaped bands is normal to the strike-slip faults, not at the acute angles 

expected in simple shear. Thus, large strike-slip faults like Band A probably did 

not form directly as a result of large-scale imposed shearing. Instead they may 

have formed in response to relative motions of blocks or groups of blocks within 

the zone, perhaps taking advantage of previous structures like triple bands. 

Sixth, despite the impression of unified movement suggested by the existence 

of Euler poles for large regions, one might alternatively interpret the grid pattern 

of the fracture zone as either: first, an arrangement of originally independent 

rectangular blocks bounded by the wedges and ENE strike-slip features; or 

second, longer rectangular panels broken into these smaller blocks by secondary 

structures. If the terrain is divided into approximately equant independent 

blocks, the offsets on ENE-trending strike-slip faults in the zone may be locally 

variable because the faults would record relative motions among different 

blocks. Panels originally could have trended NE, bounded by strike-slip faults 

like Band A. These panels would then have been broken up by the orthogonal 

wedge-shaped bands. On the other hand, the panels might have trended NW, 

bounded by wedge-shaped bands which were broken up by the Band A-type 

structures. 
3. Relative Chronology 
Consideration of the whole fracture zone enables me to develop a regional 

relative chronology which augments the timeline represented in the C3 image 

only. First, given their common NS or NNW strain vector, the dilational bands 

in the northwest part of the fracture zone may correlate with Band D. Next, the 

dark patches plus Agenor Linea and Katreus Linea may postdate the fracture 

zone. In all, the regional history includes at least eight major events: 

(1) emplacement and disruption of plains; 

(2) formation of Band D and those bands like it, including the NW bands, 

which opened along a NS strain vector; 

(3) formation of triple bands Echion Linea and TB. Echion Linea may be the 

younger of the two; 
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(4) creation of the curvilinear fabric and the beginning of the formation of 

larger ridges, including arcuate ridges; 

(5) formation of wedge-shaped bands with a NE strain vector and some 

rotation of blocks, with associated development of Band A and similar 

bands. The relative timing is unknown although the last activity on Band 

A may postdate last activity on Band B. 

(6) continued formation of arcuate ridges; 

(7) formation of sinuous, knobby ridges, ridgeless cracks, and formation of 

the lenticulae and dark patches. The relative timing of these two 

processes is not known. 

The span represented by events 2-5 may be relatively brief, compared to 

events 1 and 6, forming the basis of the dichotomy suggested in Section D3. 

F. Genetic Models for the Wedge-Shaped Bands and Fracture Zone 
1. Tidal Stress 

Here I compare the tidal stresses calculated by Greenberg et al. (1997) with 

the structures identified in the C3 wedges image. These structures include: (1) 

older intermediate Band D that opened along a vector trending roughly NNW; 

(2) the younger dark wedge-shaped bands B and C which accommodate ENE-

tending dilation; and (3) Band A which probably has accommodated ENE-

trending strike-slip. As I did with the south polar features, I distinguish between 

initiation of the structure and its displacement. Initiation would be due to the 

combined stresses while offsets and separations would be caused by diurnal 

tides alone. 

I also assume that the region framed in the C3 image is typical of the whole 

fracture zone, so that this examination of genetic models applies to the entire 

fracture zone as well as just the C3 wedges territory. This extrapolation seems 

reasonable because the roughly orthogonal pattem of lineaments continues 

southwest of the C3 frame, and because the NNW-trending wedges keep a 

similar shape in the southern portion of the zone, even though their size 

diminishes, as I note in Section El. 

First I consider wedge-shaped bands B and C. I assess their initiation by 

comparing the orientation of the bands with plots for the combination of 1° 

nonsynchronous rotation stress and diurnal stress (Greenberg et al., 1997; Hoppa 

et al., 1998a). See Figure 4.13. By inspection, at the time when tension is greatest. 
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Figure 4.13. Combined stress trajectories for wedge-shaped bands. 
Stress fields for the wedge-shaped bands, produced by a combination of one 
degree nonsynchronous rotation and diurnal tides are shown here, with each 
quarter of the Europan day represented. The 3/4 position is the same as the 1/4 
after apocenter position. It is unclear whether wedge-shaped bands B and C are 
initiated by these stresses, although Bands A and D might be (Fig. 4.4b). See the 
text. Figure from Hoppa et al., 1998. 
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from approximately the 3/4 position to approximately pericenter, tension is 

nearly parallel to the trend of the bands. This alignment does not improve 

significantly if the location is rotated into the past (Fig. 2.4e). This lack of 

improvement suggests that the combined stresses cannot account for the 

initiation of these wedge-shaped bands. An added possibility is that Bands B 

and C formed due to the nearly isotropic stress field that results at pericenter. 

(See also Geissler et al., 1998a.) However, these tensile stresses do not represent 

the maximum tension in the daily cycle so it would not seem to be a completely 

satisfactory choice. 

If the wedge-shaped bands are initiated in some fashion, they might be 

opened through a ratcheting process (Chap. Ill) occurring when they alternately 

open and close under the influence of diurnal tides at pericenter and apocenter, 

respectively. See Figure 4.14. This ratcheting might be aided by opening of Band 

A which could occur at the 3/4 orbit position. 

Second, I assess Band A, starting with its initiation (Figure 4.13). However, 

Band A trends at a 70° angle to the tensile stress at the high-tension 3/4 position. 

So, for it to begin as a crack, this orientation to maximum tension is marginal, 

although probably not out of the question. Tensile stress is probably sufficient to 

cause cracking needed to initiate the lineament. The band would have been less 

favorably oriented if located farther to the west due to nonsynchronous rotation. 

Because Band A is probably a strike-slip fault, some form of "walking" would 

have to account for its offset. However, while there is an alternation of opening 

and closing suggested by the diurnal stresses at the 1/4 and 3/4 positions (Fig. 

4.14), the stress at pericenter and apocenter is almost isotropic, and thus 

incapable of generating shear (cf. Greenberg et al., 1997). 

So, the combined tidal stresses of Greenberg et al. (1997) encounter some 

difficulties in explaining the wedge-shaped bands. This difficulty in initiating 

wedge-shaped bands may reflect the problem the Greenberg et al. (1997) tidal 

model has in explaining high-angle lineaments at low latitudes. The difficulty 

also may reflect the fact that, like Thynia Linea, the wedge-shaped bands may be 

reactivated arcuate ridges, the origin of which are not well-understood. Perhaps 

arcuate ridges form at something other than a right angle to the maximum 

tension. Moreover, the apparent confinement of the fracture zone to a region 

that is bordered by intact terrain on the east conflicts with the nonsynchronous 
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Figure 4.14. Diurnal stress plots for wedge-shaped bands. 
Stress fields for the wedge-shaped bands produced by diurnal tides are shown 
here, with each quarter of the Europan day represented. The 3/4 position is the 
same as the 1/4 after apocenter position. If wedge-shaped bands B and C 
overcame uncertainties associated with initiation, they might open by ratcheting 
at pericenter and apocenter. See the text. 



1 9 9  

rotation component of the tidal model; presumably, the fracture zone should 

encircle the globe. 

Third, I examine Band D. By inspection of the stress plots in Figure 4.13, the 

high combined tensile stresses at the 3/4 position and at pericenter are very 

favorably oriented to initiate the band. The slight clockwise shifting in the stress 

direction as terrain moves to the west may be what is being reflected in the NS 

operung of the bands at the west end of the fracture zone. Stresses are probably 

sufficient to cause the cracking. As at Thynia Linea or perhaps Libya Linea 

(Chap, ni). Band D would ratchet open due to alternating diurnal tension and 

compression at the 3/4 and 1/4 orbit positions. See Figure 4.14. 
2. Polar Wander 
Here I compare stresses caused by polar wander to the wedge-shaped bands. 

In polar wander, geographical variations in tidal dissipation and solar energy 

inputs would cause thickening of the ice shell at the poles (Ojakangas and 

Stevenson, 1989a). Torques develop which ultimately rotate the entire shell 

around an axis through the subjovian and antijovian points until the poles reach 

the equator. In this reorientation of the lithosphere, stress would arise. The most 

highly stressed zone follows a pattern that is sinusoidal about the equator. A 

requirement for polar wander is that the ice lithosphere be fully decoupled from 

the interior. Full reorientation could take one million years. 

Polar wander (Ojakangas and Stevenson, 1989a) creates stress orientations 

that might initiate the wedge-shaped bands (Leith and McKiimon, 1996; Schenk 

and McKinnon, 1989). A comparison of the deformation vectors in the fracture 

zone with the stress trajectories for one degree of counter-clockwise polar 

wander (Fig. 4.15) shows that the wedge-shaped bands are oriented normal to 

the tensile stress (Hoppa et al., 1998a). Tensile stress is sufficient to cause 

cracking and is perpendicular to the trend of the bands. The stress trajectories 

also account for the southern hemisphere location of the antijovian wedge-

shaped bands. Subsequent to initial cracking, the wedge-shaped bands could 

open by ratcheting at pericenter and apocenter. 

However these stresses may not coriform to global deformation patterns on 

Europa. Polar wander predicts a belt of tension that encircles the satellite, but a 

strip of wedge-shaped bands is not apparent in present imagery in which the 

fracture zone seems bounded on its east side. Also, polar wander predicts little 
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Figure 4.15. Stresses on the wedge-shaped bands due to polar wander. 
Stress field due to one degree of counterclockwise polar wander is shown here. 
The alignment of tensile stress in the vicinity of the wedge-shaped bands suggests 
that the bands might have initiated as cracks by this mechanism. However, polar 
wander does not explain other global deformation patterns, so is not favored. 
See the text. Figure from Hoppa, 1998. 
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effect at the poles, inconsistent with evidence presented here (Chap. HI) of 

considerable deformation near the south pole. Moreover, it is not clear how 

polar wander could initiate Bands A and D, both of which are unfavorably 

oriented. 
3. Non-Tidal Models 
At this point I comment briefly about possible non-tidal drivers for the 

fracture zone. I also raise some of these points with respect to crack deepening 

(Chap. II) and displacement of Astypalaea Linea (Chap. III). 

Internal thermal processes might be responsible for generating the fracture 

zone. Schenk and McKir\non (1989) suggest that a convective process within the 

water layer, linked to heat flow in the silicate interior, might be responsible for 

opening of the wedges. However they acknowledge that the extent of the zone 

presents a problem, considering the probable dimension of convective cells in a 

silicate mantle. Sullivan et al. (1998a) propose that a large-scale process of 

lithospheric destruction centered at 40°S, 205°W drove the formation of the 

wedge-shaped bands and other structures, including Astypalaea Linea. 

Lithospheric destruction could be the result of thermally-driven process 

involving melting, perhaps at chaotic terrains and lenticulae, and which is 

caused by heat generation in the water layer. 

Such a thermal process could cause deformation in two ways. First, local or 

regional melting of the lithosphere could provide the room to accommodate 

lateral motion of blocks (Sullivan et al., 1998a), possibly by the ratcheting-open of 

bands, or the walking of strike-slip faults. Second, if there is an ocean, currents 

might develop (Morison and Wettlaufer, 1996; Thomson, 1996). While 

subsurface currents would probably not be adequate to cause initial cracking, 

they might move pre-existing blocks that had been separated by tidal or 

rotational cracking, as I propose with the "hybrid" model for displacement at 

Astypalaea Linea. 

The large chaotic regions seen in the fracture zone may be the melt zones 

needed. But they must correlate with periods in which bands have opened. 

However, Pappalardo et al. (1998) propose that formation of chaotic terrain and 

lenticulae are late-stage events. Yet, according to the history delineated here, 

based on present imagery, the bands predate chaotic terrain and lenticulae. In 
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any resolution of this matter, it would be useful to know whether chaotic terrain 

forms through a continuous, episodic, or gradually varying process. 

The giant impact proposed by Carr et al. (1997), probably would have 

produced a short-lived effect, insufficient to produce a pattern of episodic 

opening of bands. 

G. Heuristic IVIodel - Analogy to Distributed Deformation and Shear Zones 
In this section I consider a model for the kinematics of the antijovian fracture 

zone based upon an analogy to terrestrial distributed deformation and shear 

zones. The model describes the fracture zone in terms of regional right shear and 

may account for features which the models I discussed in the preceding section 

were unable to explain or did not address. The model is assumed to apply to the 

fracture zone as I defined its borders, and to affect only the dark wedges, NE-

trending faults, and other contemporaneous, compatible structures. While this 

model faces some objective limitations, it nevertheless may be useful for heuristic 

purposes. It may also have genetic implications, since the rotational kinematics 

of shear could be consistent with subsurface material flows. However, here I 

consider primarily the descriptive and kinematic potential of a shear zone 

analog. Note that this model does not address the initiation of the various faults 

and bands, but assumes they pre-exist. 

This heuristic model assumes that the fracture zone is composed of NE-

trending panels, bounded by strike-slip faults and cut by NW-trending wedge-

shaped bands. In this model, these panels are clockwise-rotating blocks bridging 

a regional dextral shear zone whose relative motion vector points EW. The 

strike-slip faults bounding the panels would be left-lateral. This pattern is well 

known from a variety of terrestrial settings (Carter et al., 1987; Dokka, 1992; 

Garfunkel, 1988; Garfur\kel and Ron, 1985; McKerizie and Jackson, 1988; Richard, 

1993). A generalized view can be seen in Figure 4.16. 

Wedge-shaped bands may form due to the strains developing on the 

clockwise-rotating panels. First, when blocks rotate, the regional shear zone in 

which they reside must change width or else the blocks must stretch or contract 

(Dickinson, 1996). If a regional shear is directed EW, the ENE-pointed panels 

might lengthen as they rotate. Such lengthening could be accorrunodated by 

operiing wedge-shaped bands starting with preexisting arcuate ridges. Also, 

since each rotating panel is confined within a left-lateral shear couple, the smaller 
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Figure 4.16. Distributed deformation by block rotation, ductile shear. 
The right figure (B) may resemble rotation of fault-bounded panels in the 
fracture zone. Shear may be distributed over a wide area, accommodated by 
clockwise rotating panels of lithosphere. Rotating panels are separated by left-
lateral faults while the overall shear is to the right. The width of the zone may 
change as rotation occurs, placing the panels under longitudinal tension or 
compression. The left figure (A) may resemble possible ductile shear behavior in 
the southern part of the fracture zone including bending of the lineaments near 
Onga Linea. See the text. From Nelson and Jones (1987). 
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blocks separated by incipient wedge-shaped bands could rotate in response to 

this couple. If the amount of rotation of each small blocks is not uniform then the 

gaps between them could become wedge-shaped. In addition, bending of the 

rotating panels could open wedges preferentially in one direction. 

Rotation of rectangular panels might explain why the displacement direction 

in the eastern part of the fracture zone differs from the rest of the zone. 

Depending on where the pivot point for the rotation is, panels bordering the east 

side of the zone might actually move westward at some latitudes, creating an 

"hole" that could be filled by dilation and strike-slip in the EW direction. In fact, 

some strike-slip faults in the eastern area strike roughly EW, as noted in Section 

El. In addition, if the west side of Astypalaea Linea were moving north relative 

to the fracture zone, it could represent NS plate motion that might fill a similar 

"hole" west of Thera Macula. In that case, this model could account for 

Astypalaea Linea as well. 

If regional shear is occurring, it might become localized in a narrow zone, and 

I propose that Onga Linea (Sect. El) may be such a localized shear zone. First, 

Onga Linea is distinctive. It is straight, uniform, thin and dark, and seems to 

have no associated internal structures, such as a high albedo stripe, or ridges. 

Second, as I note in Section El, the southwest-trending dark lineae either stop at 

Onga Linea or gradually curve parallel to it, as one might expect in a shear zone. 

Third, various dark, wispy regions and bands adjacent to the Linea seem 

truncated by it. However, these truncated features appear to be located along the 

north side of Onga Linea only, with no counterpart on the south. One possibility 

is that material is being consumed at Onga Linea by dissolution creep, a process 

common in concentrated ductile shear zones. Under these circumstances the 

dark albedo of the linea would represent a styolitic accumulation of insoluble 

compounds. Fourth, the intensity of deformation within the fracture zone 

increases towards Onga Linea, another characteristic of shear zones. Last, as I 

note in Section El, on Galileo images Onga appears to be an internal boundary 

within the fracture zone. 

If the direction of regional shear is slightly divergent, Agenor Linea might be 

dilational, accommodating the partitioned lengthening component of the net 

deformation, while Onga Linea would accommodate the strike-slip. Dilation 

from this source might augment dilation due to diurnal tides (Geissler et al.. 
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1998b; Hoppa et al., 1998a). Agenor Linea had been suggested by Schenk and 

McKinnon (1989) to be a compressional structure that might take up the dilation 

in the fracture zone. I note that Katreus Linea, which cuts across Onga Linea, is 

oriented as if it were a synthetic Reidel shear associated with a dextral shear zone 

on Onga Linea. The oval body contained within Katreus Linea may be a 

structure that has rotated and deformed in the right-lateral shear couple, like a 

porphoclast (Davis and Reynolds, 1996) or tectonic flake (Allen and Allen, 1990). 

This heuristic model combines block rotation and localized shear. Shear 

would be accommodated on macroscopic structures in the north, east, and 

northeast, but on finer-scale structures in the south. Deformation might be more 

brittle in the north and east, but more ductile in the south. Figure 4.16 suggests 

both extremes. 

An advantage of the right shear model is that it predicts structural styles 

throughout the zone, and will provide a means to detect possible anomalies. In 

fact, many difficulties with the model can be found in existing images. For 

example, dilational and compressional regions would be expected to form along 

the boundaries of the zone in order to accommodate the deformation, yet none 

are apparent. Katreus Linea seems to have caused no strike-slip, although it 

would be expected to do so if it were a Reidel shear. Agenor Linea appears 

stratigraphically younger than Onga Linea and the wedge-shaped bands, so it 

could not partition the slip associated with those features. Moreover, Agenor can 

be explained by diurnal tidal and nonsynchronous rotation stresses alone. Yet 

each of these issues calls for a specific observation. So, this model is discovery-

oriented, creating a focus on features or patterns that might otherwise be 

overlooked, such as Onga Linea or Katreus Linea, or the orthogonal arrangement 

of the dark, recent wedge-shaped bands. 

H. Comparison: a Dilational Band on the Leading Hemisphere 
1. Overview 
As a comparison to the wedge-shaped bands, here I briefly discuss a "gray 

band"-like feature seen in high-resolution Galileo images (Ell) of the leading 

side of the satellite. This feature demonstrates the occurrence of dilation and 

lateral motion in a location distant from the antijovian fracture zone. 
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2. Description 
The band, located is at 35.4°N, 87°W and trends EW. At its western end, 

where the boundaries of the band are fairly clear, it is about 13 km across. See 

Figure 4.17a. But towards the east, the band is covered by younger ridges, 

obscuring its boundaries. On the east, the band abuts and is disrupted by what 

may be a chaos. At image scale the primary surface of the band seems relatively 

smooth, composed of parallel EW striations or small ridges, which are quite 

uniform and level. However, the band has also been crossed by later ridges, 

some of which lie near the midline of the band for most of its length in the image. 

The band cuts across complex ridged terrain which includes a probable Class 2 

ridge in the classification system of Greenberg et al. (1997) indicated at A. (See 

Chapter V.) No subordinate cracks appear parallel to the band. These high-

resolution images do not indicate how far the band extends nor whether it is part 

of a larger structural set. 

Misalignment of older ridges crossed by the band suggest that it might 

reconstruct. Using digital procedures I reconstructed the band, connecting 

piercing points linked by the arrows shown in Figure 4.17a. The reconstruction 

is unambiguous because realigned lineaments are orthogonal, as shown by the 

solid lines in Figure 4.17b. 
3. Characterization 
The band is dilational with a large component of right-lateral motion. Net 

relative motion is opposite to the arrows in Figure 4.17a. The right-lateral 

component of the separation is 9.7 km, the dilational component is 12.8 km, and 

the total oblique distance is 15.1 km. 
4. Genesis 
Comparing the band to the combined stresses at the 3/4 orbit position (Fig. 

2.4e), suggests that the band is likely to have cracked in the past, perhaps near 

the 270° longitude, assuming nonsynchronous rotation is taking place. 

Combined stress fields in the current location of the band are unsatisfactory to 

initiate the band. However, diurnal stresses (Figs. 2.2a-d) could open the band at 

the present site by a ratcheting process. However, that would be inconsistent 

with the presence of younger ridges crosscutting the band, so its initiation and 

opening may be relatively old. 
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Figure 4.17a. Pre-reconstruction of a band on the leading hemisphere. 
A band seen in high-resolution on the leading hemisphere of the satellite offsets 
older features, suggesting that it can be reconstructed. Arrows connect various 
piercing points. A dilational ridge is at A (see Chap. V). See the text. 
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Figure 4.17b. Post-reconstruction of a band on the leading hemisphere. 
The reconstructed band illustrates the realignment of the piercing points, 
indicated by solid lines. The band is dilational with a large component of right-
lateral motion. Net relative motion is opposite to the arrows in Fig. 4.17a. The 
right-lateral component of the separation is 9.7 km, the dilational component is 
12.8 km, and the total oblique distance is 15.1 km. A dilational ridge is at A (see 
Chap. V). See the text. 
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V. LITHOSPHERIC DISPLACEMENT AT RIDGES 

A. Chapter Overview 
In this chapter I report on examples of two styles of displacement at Europan 

ridges, dilation (Sect. C) and possible ridge-induced flexure (Sect. D), and how 

these structural styles fit into the ridge-building model of Greenberg et al. (1997). 

The observations presented here were made using high-resolution Galileo 

images, which made it possible to describe the details of ridge morphology and 

to characterize associated deformation. 

I begin with a review of the ridge-building process proposed by Greenberg et 

al. (1997) (Sect. B). 

Next I discuss a dilational ridge seen in the E4 orbit which offsets older 

lineaments (Sect. C). I describe the ridge and its context (Sect. CI), determine its 

horizontal displacement (Sect. C2), and then characterize its style and identify 

other examples of similar ridges (Sect. C3). I assess the correspondence of the 

ridge to the Greenberg et al. (1997) model and consider alternative explanations 

for its formation (Sect. C4). 

Then I discuss a ridge seen in the E6 orbit which appears to have flexed the 

underlying plate downward (Sect. D). I describe the illumination patterns which 

suggest that bending has occurred and describe the ridge and its context (Sect. 

Dl). I characterize the vertical displacement at the ridge and identify other 

examples of similar displacement at ridges (Sect. D2). I assess the 

correspondence of the ridge to the Greenberg et al. (1997) model and consider 

alternative explanations for its formation (Sect. D3). Based on flexural 

parameters, I estimate the thickness of the elastic lithosphere at the ridge (Sect. 

D4). 

Last, I discuss additional aspects of ridge-building related to local processes 

and to the tectonic significance of ridges (Sect. E). 

B. Ridge-Building Model of Greenberg et al. (1997) 
Greenberg et al. (1997) propose that diurnal tides build ridges in a sequence 

of three related morphologies, depending on these assumptions. (1) They 

assume that after initial cracking occurs due to the combined stresses which they 

calculate, that stress from diurnal tides would become the main geological actor 

until strain from nonsynchronous rotation accumulates again. Thus, they 
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separate the creation of an initial crack from the subsequent process of building 

up a topographic ridge. This separation is the same distinction I apply in 

considering the nucleation of Astypalaea Linea (Chap. lH) or the wedge-shaped 

bands (Chap. IV), versus their displacement. (2) They assume that the ridge-

building process must explain all observed ridge morphologies on Europa, 

including doublet ridges, platform-shaped ridges, and ridges with flanking, 

subordinate ridges (Chaps. I and HI). (3) Greenberg et al. (1997) assume that the 

surface ice layer is a thin shell overlying a liquid ocean. 

The building of double ridges starts with a new crack which was formed by 

combined tidal stresses. Diurnal stresses begin to "work" the crack, alternately 

opening and closing it daily. See Figures 5.1 and 5.2. When the crack opens, 

even if only a few tens of centimeters wide for a few hours, water from the ocean 

below fills the gap up to the float line (Fig. 5.1a). Because the water is exposed to 

the cold vacuum, it boils and freezes simultaneously, crusting over with ice (and 

perhaps causing local frost deposition). When the crack closes, it crushes the thin 

ice layer (Fig. 5.1b), pushing some of it upward and some downward (Fig. 5.1c). 

Repeated cycles eventually extrude this crushed ice out of the top of the crack 

where it accumulates as an incipient double ridge with the crack in between. 

Continued activity builds the double ridge higher and makes the medial crack 

into a pronounced groove (Figs. 5.Id and 5.2a). Crushed ice pushed downward 

may accumulate under the shell as a keel (Fig. 5.1c). 

Ridges with subordinate, flanking ridge sets ("service roads") develop due to 

loading of the ice shell as the original ridge grows higher. Even if there is a 

buoyant keel beneath the shell, the loads would not balance since their lateral 

distribution differs (M. Coon, pers. comm, 1997). Eventually the ridge buildup 

would cause the shell to flex downward, creating a trough on both sides (Fig. 

5.2d). If flexing is severe enough, tension cracks parallel to the ridge would form 

in the shell, as first predicted for Europa by Pappalardo and Coon (1996) (Figs. 

5.2b,c). The dual set of parallel flariking cracks might become the site of ridge 

development also. In this case, the new subordinate ridges would develop next 

to the older central pair (Fig. 5.2c). 

This flexure may provide an explanation for "triple bands," that is, lineaments 

which have a central bright stripe, flanked by twin dark strips. Continued 

loading could push the surface of the ice shell beneath the water level. In this 
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Figure 5.1. Basic extrusion model for ridge-building. 
Ridges are built by diurnal tides, starting with a new crack formed by combined 
tidal stresses. The periodic opening and closing of the crack extrudes newly 
formed ice to construct the topographic ridge. See the text. Figure from 
Greenberg et al. (1997). 
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(b) Class 2 
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Ice crust 
(down-warped) 

Crushed Ice ridges 
Flooded margins 

•quid water line 

Figure 5.2. Three classes of Europan ridges. 
Three common ridge morphologies can be explained by tidally-induced cracking, 
filling, and flexure. See the text. Figure from Greenberg et al. (1997). 
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case, flooding might occur with fluid from below, flowing out from the central or 

flanking cracks (Fig. 5.2d). Depending on the permeability of the 

crushed ice ridges, or the presence of a regolith, the liquid might temporarily 

survive as a vadose fluid. 

Broader, platform-like ridges form if ice gets stuck in the central crack as it 

opens and closes, preventing the crack from closing fully. The crack might then 

"ratchet" open (Fig. 5.2b), similar to the mechanism I propose for gray bands 

(Chap. ni). If compression associated with this forced opening were sufficient, 

the new interior ridges might be elevated. As long as the medial crack could 

continue to open and close, and there was room to separate, the band would 

widen. The initial ridge-pair would begin to part, with successive paired ridges 

accumulating in the widening gap between them. The resulting pattern of 

parallel "subridges" would symmetrically flank the central groove. 

Greenberg et al. (1997) propose a classification system for these three varieties 

of ridge. Double ridges are in "Class 1." Those ridges that ratchet open, forming 

wide double platforms, are "Class 2" ridges. Lineaments that have developed the 

"service road" ridges in flanking crack systems represent "Class 3," regardless of 

whether they ratcheted open as a Class 2 ridge or remained in Class 1 before 

developing secondary ridges. 

Given the periodic nature of diurnal tides, Greenberg et al. (1997) project that 

ridge-building could be a rapid process, even if it were inefficient. Even large 

ridges could be formed within the young surface ages currently projected by 

(Chapman et al., 1997; Chapman et al., 1998) from the cratering record. 

C. Dilation at a Ridge 
1. Description and Context 
"Ridge C2r" can be seen in the first truly high-resolution frame made by 

Galileo, where it is apparent amidst multiple crisscrossing lineaments. See 

Figures. 5.3a,b and 5.5. The ridge is located on the trailing side of the satellite at 

4.7''N, 325.7W where it was imaged at approximately 35 m/pixel. Ridge C2r was 

also imaged in a lower resolution context frame at 630 m/pixel. 
The main body of the WNW-trending ridge is about 3 km across and consists 

of a set of thin, parallel subridges arrayed on both sides of a prominent medial 

groove (Cg). About one km outboard of the medial groove on both sides are two 

parallel dark lines (Ogl, Og2) which may be either grooves or ridges. These lines 
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Figure 5.3a. High-resolution mosaic containing dilational ridge 
Ridges crisscross the Europan landscape, seen in these 35 m/pixel images. The 
large ridge cutting through the center of the frame appears to offset older 
lineaments, and is dilational. The next two figures label key features on the ridge 
and its surroundings, and depict the reconstruction of the ridge. The image has 
been rotated to allow greater size. See the text. 
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Figure 5.3b. Dilational ridge. 
Ridge C2r can be reconstructed, realigning older lineae A, B, and C Ridge C2r is 
therefore dilational and in Class 2 of the Greenberg et al. (1997) ridge 
classification system. Key features are labeled and explained in the text. Ridge B 
is probably also a Class 2 ridge. The image has been rotated to allow greater size. 
See the text. 
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are within the elevated portion of Ridge C2r but near the margin. Between those 

two lines the overall ridge seems to be uniformly elevated above the surrounding 

terrain. The thin furrows comprising that strip appear to be quite uniform as 

well. Outboard of the two lines, the elevation generally decreases. However, on 

both flanks lie two very slightly sinuous 1-km-wide ridges (D,E), each with a 

narrow central groove. 

Beginning at the edge of the main ridge and extending as far out as one 

kilometer, there is a series of cracks (F) that are roughly parallel to the main ridge 

despite some local irregularity. In some places there is one large crack, in others 

there is a cluster of them. These cracks cut older ridges that are cut by the main 

ridge. 

Also adjacent to the main ridge on both sides are isolated regions of flat, 

smooth terrain. This terrain embays older lineaments as well as most of the 

flanking cracks associated with the main ridge. One deposit of smooth terrain 

(H) covers a prominent groove which cuts both the main ridge and associated 

cracks, implying that the smooth terrain came after both. 

Where older ridges intersect Ridge C2r, they seem to continue up its side 

until reaching one of the outer dark lines (e.g., G). Some of these older ridges 

(e.g.. A, B, C), which Ridge C2r overlies, are not collinear from one side of the 

ridge to the other. 

About 50 km to the southeast of the high-resolution site, as seen in low-

resolution context images. Ridge C2r narrows down by half and takes on a Class 

1, double ridge morphology. In this image it is overlain by one ridge and 

disrupted by irregular deposits, probably chaotic terrain or lenticulae. See Figure 

5.5. 
2. Displacement 
Since individual older lineaments crossed by Ridge C2r are not collinear there 

may have been relative motion associated with the ridge. See Figures 5.3a, b. 

Considering the otherwise straight trends of crosscut older lineaments, it is 

reasonable to assume that their apparent discontinuity at Ridge C2r is due to a 

structural offset. 

Reconstructing the ridge requires estimating where the edges of the ridge are 

located. As a working hypothesis, I made a digital cut along the southern of the 

two prominent internal dark lines (Ogl). See Figure 5.3b. This selection was 
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based on an assumption that the two lines were somehow involved in the 

formation of the ridge, and upon the observation that they form the boundary of 

the zone within which the ridge structure seemed most uniform and 

symmetrical. 

The reconstruction consisted of a translation of 2.3 km along a vector trending 

N22°E which brought terrain south of line Ogl into coincidence with territory' 

north of line Og2. On Figure 5.3b this vector is shown by arrows re-connecting 

the disrupted ridges A, B, and C. The reconstruction was achieved with few 

gaps or overlaps and significantly improved the alignment of at least ten older 

lineaments. See Figure 5.4. In addition to realignments that were anticipated, 

two small cracks at the western margin of the image (1,2; Fig. 5.4) reconstructed 

unexpectedly. Younger lineaments crossing Ridge C2r were disrupted by the 

reconstruction. 
3. Characterization and Other Examples 
The ridge opened normal to its trend and is therefore dilational, at least 

where it is broad, as it is in the high-resolution image. Because the older 

lineaments which were realigned trend at widely differing orientations, the sense 

of motion implied by the reconstruction is unambiguous. 

However, the reconstruction might be slightly imprecise. First, it leaves a 

residual elevated ridge-like strip. But, because this strip has a medial crack it 

may be part of an older, more sinuous ridge. Second, older lineaments in the 

eastern part of the image do not realign completely, especially ridge C. 

Despite these uncertainties, the geometry of the reconstruction shows that 

Ridge C2r is a gap created by the opening of a vertical tensile crack, which 

somehow filled to a level higher than the surrounding terrain. The ridge is not a 

graben, applying the same argument I used in the reconstructions of Cyclades 

Macula (Chap. EI) and the wedge-shaped bands (Chap. IV), and which was first 

proposed by Schenk and McKinnon (1989). Here, as there, the ridge closes by a 

distance roughly equal to its width. If there were inaccuracies in the 

reconstruction, they involved not closing the ridge enough. 

The relatively high elevation of Ridge C2r presents a problem. On Earth, 

lengthening is usually associated with lithospheric thinning, not the thickening 

present here. I consider this dilemma when I compare these observations to the 

Greenberg et al. (1997) model. 



Figure 5.4. Post-reconstruction view of the E4 ridge. 
Reconstructed Ridge C2r is shown here. The reconstruction improves the 
alignment of at least ten older lineaments and involves few gaps or overlaps. 
Two small cracks at the western margin of the image (1,2) reconstructed 
unexpectedly. The ridge originally opened approximately normal to its trend 
and is dilational. A slight left-lateral component of motion is present. Younger 
lineaments were disrupted by the reconstruction. Compare to Fig. 5.3b. See the 
text. 
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Figure 5.5. Context image showing apparent change of ridge class. 
About 50 km to the east of the high-resolution site in Figs. 5.3a,b Ridge C2r 
narrows down and may take on a double ridge. Class 1 morphology. This 
narrower version of the ridge is labeled Clr. The reconstructed portion of the 
ridge belongs in Class 2 of the Greenberg et al. (1997) system. In this image, 
Ridge C2r is disrupted by one other ridge plus various irregular deposits, 
probably chaos regions or lenticulae. The box shows the location of Figs. 5.3a, b. 
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Ridge B, which interesects Ridge C2r, may also be dilational, based upon its 

width and platform-like shape (Fig. 5.3a). Other possible examples of dilational 

ridges occur; (1) ridge C2w in the C3 wedges region (Fig. 4.4b); (2) ridge A near 

the dilational band on the leading side (Fig. 4.17a); (3) ridge A near Androgeos 

Linea, which is mentioned later in this chapter (Sect. D2; Fig. 5.6); and (4) a ridge 

crossed by Ridge R, which is described in Section Dl. 
4. Correspondence to Greenberg et al. (1997) 
The dilational character of the ridge and the features derived from that 

separation mean that Ridge C2r belongs in Class 2 of the Greenberg et al. (1997) 

system, distinguishing it from Class 1 ridges. The central groove is the location 

of the most recent cracking and, as such, is the axis of spreading. Located 

outboard of the midline are each half of the originally dual ridge, the inner slopes 

of which define the twin grooves used to bound the reconstruction. The success 

of the reconstruction testifies to the fact that those iimer slopes once coincided 

with the midline crack, before spreading began. Lineated terrain between those 

two grooves is formed by the new material emplaced from below according to 

the ratcheting process envisioned by Greenberg et al. (1997). 

In addition, features of Ridge C2r are consistent with flexing predicted by 

Greenberg et al. (1997). Outboard of the ridge are the crack sets that are expected 

to result from flexure. Apparently, bending must have been intense, since 

flanking cracks occur all the way to the outer ridge slope. Lateral smooth 

deposits may have been formed by flooding as the weight of the ridge forced the 

plate down below a shallow water line. The late-stage appearance of the 

flooding matches the sequence proposed by Greenberg et al. (1997). 

Furthermore, the dilemma of apparent lithospheric thickening combined with 

dilation can be resolved by the Greenberg et al. (1997) model. The proposed 

ridge-forming mechanism accounts for the dilemma by erecting the elevated 

ridge with new material from below, shoved into place as the crack is prevented 

from fully closing in its compressional phase. 

The developmental sequence proposed by Greenberg et al. (1997) may also 

account for why Ridge C2r eventually narrows. Local conditions of the stress 

field or ridge structure may determine if ratcheting occurs, and may mean that 

any lineament might vary in Greenberg et al. (1997) classification along its 

length. 



2 2 6  

Sullivan et al. (1998b) propose that this ridge formed due to upwelling 

induced by regional compression. According to this model, the apparent dilation 

occurs because the upper layers of the lithosphere are pushed aside by upwelling 

material, even as lower layers shorten. The requirement that the upper layers 

move opposite to the lower ones implies that there is horizontal layering within 

the lithosphere and that shearing occurs between the layers. But it is hard to 

account for the straight, uniform shape of the ridge, the regularity of its internal 

features, and the presence of collateral cracks in a regime in which compression 

is being accommodated by extrusion. Also, this approach requires compressive 

stresses higher than those calculated by Greenberg et al. (1997). 

D. Possible Ridge-Induced Flexure 
1. Illumination Patterns, Ridge Description and Context 
Shading and illumination patterns adjacent to a NS-trending ridge ("Ridge 

R") near Conamara Chaos, seen in high-resolution during the Galileo E6 orbit, 

suggest what appears to be a downward flexing of the lithosphere associated 

with the ridge. Ridge R (Fig. 5.6a; R, Fig. 5.6b) is a 1-km-wide ridge located at 

8.4°N, 271.3°W and is a Class 1 ridge in the classification system of Greenberg et 

al. (1997). The ridge was revealed in Galileo images from the E6 orbit. Sunlight 

coming from the east casts a diffuse shadow immediately east of the ridge. On 

the west side of the ridge, the surface is brightened above the ambient albedo. 

The illumination pattern is visible because the ridge cuts across the illumination 

direction and because the surface adjacent to the ridge is relatively smooth. 

This impression of downbending is confirmed by additional observations. 

(1) The plot of the brightness values (DN) for profile PP' across the ridge, seen in 

Figure 5.6b, is consistent with the presence of a fle.xurally-induced trough. See 

Figure 5.7. To the right of the ridge the profile indicates shading, and on the left 

it implies brightening. (2) Shadows cast by small, older intersecting ridges on the 

east side grow in width as the older ridges approach Ridge R. The opposite 

pattern prevails on the west side. (3) A crack that cuts the ridge (BB') curves in a 

way that may be consistent with dovmbending of the plate. When Galileo made 

the image it was located above a point on the surface that was 14.5° south and 

21.2° east of the ridge, with a emission angle of 32.9°. If Crack BB' is in a vertical 

plane, the observer would view it obliquely, seeing it as gently curved if the plate 

was flexed. 
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Figure 5.6a. Possible ridge-induced flexure. 
niumination patterns suggests that the plate beneath the prominent NS-trending 
ridge ("Ridge R") may have flexed downward under the weight of the ridge. See 
the text. 
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Figure 5.6b. Possible ridge-induced flexure. 
Shading and illumination adjacent to a NS-trending ridge (R), seen in the Galileo 
E6 orbit, seem to suggest the downwarping associated with flexure. Crack BB' 
may reflect an oblique view of the flexural form, given the spacecraft view. See 
the text. 
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Figure 5.7. Brightness values of a profile across Ridge R. 
A plot of the brightness values (DN) for profile PP' (Fig. 5.6b) across the ridge is 
consistent with the presence of a flexurally-induced trough. To the right of the 
ridge the profile indicates shading, and on the left it implies brightening. See the 
text. 
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Ridge R crosses terrain composed of parallel ridges and bands including near 

A which may be a dilational structure similar to Ridge C2r, although wider. This 

landscape is broken by multiple, oval, chaos-like disruptions accompanied by 

jagged cracks which cut the ridge. These smaller disruptions may be linked to 

Conamara Chaos, immediately adjacent. The ridge is paralleled by sets of small 

cracks on both sides (A, B). 
2. Characterization and Other Examples 
These illumination patterns and the shape of Crack BB' suggest that Ridge R 

sits in a symmetrical depression, created by the weight of the ridge which bent 

the shell downward. As shown in Figure 5.8, the Crack BB' resembles the 

theoretical profile of a broken plate flexed under a line load, as suggested here. 

The flanking cracks probably represent tensile failure associated with bending 

of the lithospheric plate. Pappalardo and Coon (1996) had predicted that tension 

cracks would form parallel to Europan ridges because of flexure caused by the 

load that the ridge places on the shell. These cracks are generally consistent with 

that prediction, although Pappalardo and Coon (1996) forecasted such cracks to 

lie farther from the ridge. The cracks next to Ridge R are probably similar to 

cracks paralleling Ridge C2r, described in the previous section, and to cracks 

adjacent to Androgeos Linea, another prominent lineament (Greenberg et al., 

1997) viewed in high-resolution by Galileo on the E6 orbit (see Fig. 5.9 and 5.10). 

Bending, as revealed by shading, is not limited to this locality. Inspection of 

the Galileo images suggests that flexure continues southward along Ridge R, 

indicated by 1 and 2, in Figure 5.10 The original site on Ridge R, shown in 

Figure 5.6, is at 1. The same illumination pattern can be seen along the full 

length of Ridge R. Figure 5.11 displays the portion of Ridge R located at 2. A 

larger Class 1 ridge at 4 may also display a similar illumination pattern (Figs. 

5.10 and 5.12). Moreover, ridges antipodal to these near Conamara Chaos, from 

the Galileo G7 orbit, also show a flexural illumination pattern (Fig. 5.13). 

3. Correspondence to Greenberg et al. (1997) and to 

Alternative Models 
The discovery of possible flexure and associated features is a further 

confirmation of the Greenberg et al. (1997) model, which defines a linkage among 

tides, ridge-induced flexure, tensile cracking and flooding on the ridge flanks. 

Both Class 1 and Class 2 ridges may experience flexure and the collateral effects. 
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Figure 5.8. Theoretical profile of a broken plate. 
This theoretical profile of a broken plate bent downward by a line load resembles 
Crack BB' seen crossing Ridge R in Fig. 5.6a,b. See the text. The figure was 
reproduced from Turcotte and Schubert, Geodynamics, Copyright © 1982, John 
Wiley and Sons, Inc. Reprinted by permission of John Wiley and Sons, Inc. 
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Figure 5.9. Androgeos Linea and parallel cracks. 
The prominent Class 1 lineament Androgeos Linea is accompanied by sets of 
flanking cracks (arrows), shown here in this high-resolution Galileo mosaic (E6). 
The site is marked as 3 in Fig. 5.10. The ridge at A is probably a Class 2 ridge in 
the classification system of Greenberg et al. (1997). Note the downslope 
striations in the central groove, the subhorizontal striations on the outer slopes, 
and the 50-100 m blocks at the base of the ridge. See the text. 
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Figure 5.10. E6 context frame with examples of possible ridge-induced flexure. 
This mosaic of Galileo images from orbit E6 shows the Conamara Chaos region 
south of the X-shaped intersection of triple bands Asterius Linea (NE-trending) 
and Agave Linea. Ridge R (Fig. 5.6b) is indicated at 1 and 2 (Fig. 5.11). Its NS 
orientation allowed for the illumination pattern that revealed possible plate 
flexure. Androgeos Linea and its prominent flanking cracks is at 3 (Fig. 5.9). The 
Class 1 ridge at 4 may also show a flexural illumination pattern (Fig. 5.12). 
Agave Linea, a Class 3 ridge, is at 5 (Fig. 5.14). See the text. 
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Figure 5.11. Additional flexure on Ridge R. 
Location 2, on the southernmost imaged portion of Ridge R, shows the same type 
of illumination as that at location 1. Thus, flexure probably occurred there as 
well. See Figs. 5.6b, 5.10. 
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Figure 5.12. Possible flexure at another Class 1 ridge. 
Illumination patterns at this Class 1 ridge at location 4, though not so 
pronounced as at Ridge R, also suggest flexural bending. See the text. See Figs. 
5.6b, 5.10. 
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Figure 5.13. Possible plate flexure on leading hemisphere. 
Illumination patterns on three ridges here (arrows) are similar to those at Ridge 
R, suggesting flexural bending. This site is roughly antipodal to the location of 
Ridge R. See the text. See Fig. 5.6a,b. 
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These processes seem to be a common occurrence judging from the examples of 

"flexural" illumination and flanking cracks noted in Section D2. 

As proposed by Greenberg et al. (1997), this linkage may explain one of the 

more intriguing aspects of Europan geology, that is, the development of 

secondary, "service road" ridges, and, hence, of Class 3 ridges. See Figure 5.14. 

As tidal working continues and a Class 1 or Class 2 ridge grows, it progressively 

bends down the underlying plate. Eventually tensile cracks form approximately 

parallel to the ridge and propagate downward. When these flanking cracks 

penetrate the lithosphere, they too can begin to open and close, forming ridges in 

the same manner as the original, older crack. 

Thus, bending can probably be inferred from the presence either of cracks or 

of flanking ridges, consistent with the Greenberg et al. (1997) model. The width 

of the zone of collateral cracks, or the width of a Class 3 ridge complex, might be 

proportional to the elastic lithospheric thickness, which I calculate for Ridge R in 

the next section. Such a relationship might enable estimates of flexural 

parameters to be made with less dependence on stereo imagery or fortuitous 

illumination. 

Two alternative models fail to account for the observed morphology. First, a 

linear diapiric model of ridge formation proposed by (Head et al., 1997b; 

Pappalardo et al., 1998) identifies the flanking depressions as synclines 

associated with the intrusion of ductile ridge material. But the cross-section of 

each limb of the trough, suggested by crack BB', is concave downward. This 

more resembles the theoretical flexure profile than it does the synclinal one 

which would be upwardly concave. Second, another alternative arises from the 

possibility that tidal dissipation occurs within "faults" on Europa (Stevenson, 

1996). If the medial cracks of ridges are reactivated as faults, any depressed 

topography next to them might be evidence of associated melting. But if that is 

the case, it is hard to reconcile the presence of the ridges, which might be 

expected to melt as well. 
4. Flexural Parameters and Elastic Thickness of the Plate 
If the bending associated with Ridge R is flexure, the thickness of the elastic 

portion of the ice lithosphere in that location can be estimated using standard 

relationships describing bending of a rigid plate. From Turcotte and Schubert 

(1982), I rearrange equations 3-127, 3-72, and 3-144, to find that 
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Figure 5.14. Class 3 ridge and "service roads." 
This portion of Agave Linea, indicated by 5, displays an original central ridge 
pair and flanking secondary ridges ("service roads"). Note the general continuity 
of the central pair in contrast to the relative irregularity of the secondary ridges. 
See the text. See Fig. 5.10. 
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'3aWl- v-)T' 
h  =  ^ ( 3 )  

where h is the elastic thickness, E is Young's modulus, and v is Poisson's ratio. 

Use of this relationship assumes a broken plate with a line load, consistent with 

the Greenberg et al. (1997) model. For Young's modulus I use values reflecting 

the range of ice strength discussed in Chapter 11. Values are 10^ Pa (Parmenter 

and Coon, 1972), 9x10^ Pa (Mellor, 1986), and 24 x 10^ Pa (Turcotte and Schubert, 

1982). I use a Poisson's ratio of 0.33 (Mellor, 1986). 

The key observational variable, a, is the distance from the center of the load 

to the crest of the flexural bulge that is created when the rigidity of the plate lifts 

the shell adjacent to the flexural trough. Choices for the location of the crest are: 

(1) the dividing line between the shaded and unshaded regions east of the ridge; 

(2) the apparent crest as indicated by the curvature of an obliquely viewed Crack 

BB' crossing the main lineament; (3) the average location of the small crack sets 

on both sides of the ridge; and (4) the distance to Crack C, which might be 

flexure-induced. See Figure 5.6b. 

Assuming that Crack BB' was originally straight, it appears to offer the best 

estimate of the distance to the crest. The apparent crest taken from Crack BB' 

matches the distance to the intersection of Crack BB' and Crack C. It is logical 

that the shadow boundary (option 1, above) would indicate less than the actual 

distance since the sun is at a finite angle above the horizon. Also, the small 

cracks (option 3, above) might occur nearer the ridge than the bulge crest because 

of the chance that transient strains are exaggerated there. 

Of the options listed above, the interval measured to the apparent crest on 

Crack BB' gives a value of 4.55 km , higher than options 1 and 3, and hence a 

relatively larger elastic thickness. Combining this distance with the three values 

for material properties gives elastic thicknesses of 353 m, 170 m, and 123 m for 

the weakest to the strongest ice. The weaker ice would have to be thicker to 

support the same flexural bulge. These results for elastic thickness are similar to 

the values obtained by Williams et al. (1997), who measured apparent flexure 

associated with lenticulae near Conamara Chaos. 
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These elastic thicknesses imply that the lithosphere was from 0.25 km to 3.5 

km thick during the life of the ridge, based on the relationship of elastic 

lithospheric thickness to total lithospheric thickness that I cite in Chapter I. This 

range includes values thinner than the predicted 2- 20 km thicknesses I cite there. 

However, the thickness I calculate here may be anomalously low because the 

Ridge R site is adjacent to Conamara Chaos, where the lithosphere has been 

disrupted by heating (Carr et al., 1998). Elastic thickness is sensitive to 

temperature, due to the temperature-dependent rheology of the ductile layer. (In 

this respect, the examples of apparent flexure found on the leading side of the 

satellite, cited in Section C3, may suggest the nearby presence of a chaos.) 

E. Additional Aspects of the Ridge-Building Process 
1. Local Processes 
a. Ridgeless Cracks 

All high-resolution Galileo images considered here contain cracks that have 

no associated ridge. One of these cracks is a lineament identified in the C3 

wedges image as the yoimgest structure in the frame (Rc, Fig. 4.4b). In the 

context of the Greenberg et al. (1997) model, these are cracks that have not begun 

to build a ridge, perhaps because they have not propagated through the plate 

yet. If these structures are recent it would be consistent with them being the 

precursor to the ridge-building sequence. 
b. Longitudinal Growth of Ridges 

An actively accumulating ridge might cease growing if nonsynchronous 

rotation moved it into an stress alignment in which the crack would no longer be 

worked efficiently. Accordingly, different segments of an extensive ridge might 

be constructed at different times. Such intermittence could affect use of ridges 

for chronological correlations. 
c. Seismicitv at Class 1 Ridges 

While Class 1 ridges do not accumulate a large net dilation (although strike-

slip is not precluded), displacements of small amounts do occur regularly and 

they may leave evidence for "seismicity" in the detailed ridge morphology. For 

example, the Class 1 ridge Androgeos Linea exhibits downslope striations within 

its central groove, subhorizontal striae on the outer slopes, and 50-100 m blocks 

at the bottom of the ridge (Fig. 5.9). 
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These features might be explained by the following sequence, consistent with 

the Greenberg et al. (1997) model. When the central crack in a Class 1 ridge 

periodically opens, crushed ice from the inner wall of the groove may fall into it, 

leaving "landslide" scars. Ice on the outboard flanks of the ridge would advance 

outward by thrust faulting as the ridge builds, with the thrusts being expressed 

as subhorizontal striae. Blocks of this ice jumble may dislodge and roll down 

these outer slopes due to the tidal "seismicity" and come to rest at the bottom of 

the ridge. Presumably, this seismicity and its effects would be expressed at Class 

2 and Class 3 ridges also. 
d. Irregularity of Secondary Ridges in a Class 3 Ridge System 

Secondary "service road" ridges, the defiriing feature of Class 3 ridges 

according to Greenberg et al. (1997), could be expected to be less regular than the 

central ridge pair, for two reasons. First, the flanking cracks respond to the daily 

tides in a way that is mediated by the original crack and ridge. So, depending on 

the mechanical nature of the central break, the paths of the secondary cracks 

might deviate. Moreover, formation of secondary cracks is directly related to the 

flexure generated by the central ridge, so irregularities in that bending process 

could affect their development. Second, propagation through the ice might be an 

uncertain prospect for the secondary cracks. Because tensile conditions prevail 

above the neutral plane in the flexing plate, full penetration might occur only 

intermittently along the length of a secondary crack. Daily cycling of tidal stress, 

plus the effects of cyclic loading or wedging, may be required to drive these 

cracks below the neutral plane and through the plate. For both reasons, it is no 

surprise that "ser\'-ice roads" can seem somewhat erratic, sometimes 

crossing the original "highway," or occasionally taking complex paths when the 

central lineament intersects another. 
2. The Tectonic Signiflcance of Ridges 
a. Fomiation of a Regolith 

Multiple overlapping ridges might create a regolith. Such a layer may build 

up in areas that have not been destroyed by formation of bands, lenticulae or 

chaotic terrains. Where it was thick, impactors could leave a more pronounced 

signature than where it was thin. Conduction of heat from below might be 

slowed though terrain covered by a regolith. 
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b. Structural Nature of Ridges 

Ir\ the Greenberg et al. (1997) model, the topographic ridges are not structural 

entities, any more than a glacial moraine is a structural entity. Instead, the ridge 

is a depositional feature. 

However, if the ridge or any underlying keel undergoes a consolidation 

process it might locally strengthen the lithosphere against some loads. This 

strengthening would be er\hanced if flexural bending turns the downwarped 

lithosphere into a beam. 

However, the cracks related to ridges are structural in nature, because they 

weaken the lithosphere until annealing processes take effect (Chap. VI). Unless 

annealed, their presence alters the stress field, affecting further crack 

development (Pollard and Aydin, 1988). 
c. Origin of Lenticulae and Chaotic Terrains 

If the lithosphere is a thin shell overlying liquid water, and ridges are built 

according to Greenberg et al. (1997), then the bottom of that layer may be 

crisscrossed by the protruding keels, making the underside topography resemble 

an irregular waffle. This texture could create sites where gases or warm fluids 

might become buoyantly trapped. Given proper conditions, these substances 

might erode or melt the overlying shell, resulting in the development of 

lenticulae or chaotic terrain in a manner different than the proposed solid state 

convection (Pappalardo et al., 1998). Such a process of eroding- or melting-

through might be more feasible if the lithosphere were thin. 



244  

VI: DISCUSSION OF FINDINGS 

A. Chapter Overview 
In this chapter I discuss the overall findings of this dissertation. 

First, I review the horizontal lithospheric displacement features that I have 

examined (Sect. B). I start by discussing the styles of horizontal displacement in 

my study sites and the geographic distribution of these lateral motions (Sect. Bl). 

Next I review the dilational bands (Sect. B2) and strike-slip faults (Sect. B3) 

studied here, and then discuss occurrences of vertical-axis block rotation in the 

two regional areas examined - the south polar region and the antijovian fracture 

zone (Sect. B4). Last, I briefly note the structural styles missing in the sites 

studied, that is, normal and thrust faults (Sect. B5). 

After discussing these structural styles, I consider geologic history, relative 

age, and activity (Sect. C). I delineate the relative chronology for the two regions 

(Sect. CI), describe the geographic distribution of all the lateral motion sites (Sect. 

C2), and consider the prospects of current tectonic activity (Sect. C3). Last, I list 

other issues arising from the relative chronology (Sect. C4). 

Next, I examine the implications of my observations for the Greenberg et al. 

(1997) tidal tectonic model (Sect. D). I consider the correspondence of the 

displacement features to the model (Sect. D2), and also assess various aspects of 

alternative tectonic models for Europa (Sect. D3). 

1 then consider three Europan tectonic conditions which are implied by the 

presence of lateral motion (Sects. E and El), and discuss insights gained about 

them from this work. These conditions include lithospheric rigidity (Sect. E2), 

and the requirement for mechanisms that create surface area (Sect. E3) and 

consume surface area (Sect. E4). 

After discussing these tectonic conditions, I examine the implications that my 

findings have for the question of a possible ocean (Sect. F). I base this assessment 

upon lithospheric thickness (Sect. F2), the nature of the decoupling zone (Sect. 

F3), and tectonic processes in the presence of a subsurface ocean (Sect. F4). 

Next I discuss the role of tides in the Europan tidal tectonic system (Sect. G). 

Last, I identify future studies (Sect. H). I begin by stating general goals that 

follow-up studies might achieve (Sect HI). Then I discuss studies relating to 

Astypalaea Linea and the south polar region (Sect. H2), the wedge-shaped bands 
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(Sect. H3), ridge observations (Sect. H4), and stress models and mechanical 

behavior of the lithosphere (Sect. H5). Finally, I suggest two investigations 

related to the possible ocean (Sect. H6). 

B. Horizontal Lithospheric Displacements on Europa 
1. Styles of Horizontal Displacement and Their Geographic 
Distribution 

Lateral motion on Europa takes the form of relative translation and rotation 

of lithospheric blocks accommodated by dilational and strike-slip structures, 

which I identify in four hemispheres of the Europan globe. These structures 

include: 

(1) the strike-slip Astypalaea Linea and nearby strike-slip faults in the south 

polar region (Chap. HI); (2) dilational Cyclades Macula, located on a stepover in 

the trace of Astypalaea Linea (Chap. IE); (3) dilational wedge-shaped bands 

(Bands B and C) and a dilational intermediate band (Band D) in the antijovian 

fracture zone (Chap. IV); (4) a probable strike-slip fault (Band A) in the antijovian 

fracture zone (Chap. IV); (5) dilational Ridge C2r on the trailing side of the 

satellite (Chap. V); and (6) the Ell dilational band on the leading side (Chap. IV). 

In addition, Galileo images from the C3, E4, E6, and Ell orbits all contain at least 

one Class 2 (dilational) ridge (see Chapter V). These Class 2 ridges include 

ridges C2w (Fig. 4.4b), B (Fig. 5.3b), A (under Ridge R, Fig. 5.6b), and A (Fig. 

4.17a). See Figures 1.3 and 4.1 for the locations of these features. 

The lateral motion features studied here add to instances identified by others, 

including the dilational wedge-shaped bands and strike-slip faults noted by 

Schenk and McKinnon (1989), dilational band Thynia Linea in the south polar 

region (Pappalardo and Sullivan, 1996), the dilational intermediate-albedo bands 

in the western portion of the fracture zone (Sullivan et al., 1996), and numerous 

Class 1 ridges on which strike-slip offsets have been noted (G. Hoppa, 1998, pers. 

comm.). The bright feature located at approximately 60°N, 210°W may also be a 

dilational band (Geissler et al., 1998a; Geissler et al., 1997b). 

The geographic distribution of these features suggests that all parts of the 

Europan lithosphere have experienced lateral motion. Lateral motion has even 

taken place near the South Pole, despite what may be a thicker lithosphere there 

(Ojakangas and Stevenson, 1989b). This hypothesis of a global occurrence of 

lateral motion presents a view of the satellite that differs from earlier views in 
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which the lithosphere was either completely bound to the interior (Ransford et 

al., 1981) or in which lateral motion was limited in occurrence to the antijovian 

hemisphere (Lucchitta and Soderblom, 1982). 
2. Dilational Bands and Ridges 
Dilation on Europa takes place at bands and Class 2 ridges, which I compare 

here. Dilational Ridge C2r is elevated and narrow while the bands tend to be 

wide and low. Exceptions include older Class 2 ridges which appear muted and 

may have relaxed, and Thynia Linea which rises slightly above surrounding 

terrain. Bands exhibit the internal striations I describe in Chapter IV, while Class 

2 ridges display the bilaterally symmetrical structure described in Chapter V, 

and predicted by Greenberg et al. (1997). Bands such as Band D and the Ell 

band, and Class 2 ridges like Ridge C2r seem to have occurred as individual 

structures. On the other hand, bands like wedge-shaped Bands B and C, or 

Cyclades Macula occur in linked systems with strike-slip faults. 

Class 2 ridges noted here are morphologically uniform along their length 

although they may vary in width by a few times from ridge to ridge. Their 

lengths are unknown, due to imagery limits or because some are partly 

concealed by later structures. Ridge C2r is about 3 km across and extends for 

about 80 km as a Class 2 structure. Probable Class 2 ridges noted in other images 

range in width from 2 km (B, Fig. 5.3b) to 8 km (C2w, Fig. 4.4b). The width of a 

Class 2 ridge equals its offset, unless strike-slip has also occurred. 

Bands, on the other hand, exhibit greater dimensional variety than ridges do. 

Their dimensions depend on four aspects of their structural setting. (1) Like 

ridges, if bands are purely dilational features, their widths represents their 

separations. But where the relative motion contains a strike-slip component, 

actual separation exceeds the width measured directly across the band. For 

example. Band D is almost entirely dilational while the Ell band and Cyclades 

Macula contain a component of strike-slip motion. With this consideration in 

mind, the longest displacement vector identified is at Cyclades Macula which 

opens by 42 km. Band D opens by 19.1 km, and the Ell band opens by 16.1 km 

along its oblique vector. (2) If a band is curved and has opened on a single 

vector, portions of it may undergo pure dilation while other portions open 

obliquely. Where the band is purely dilational it is wider than where a 

component of strike-slip is present. Thus the width of Band C narrows from 18 
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km in its dilational portions to as little as 9 km where it opened obliquely (Fig. 

4.4b). (3) If bounding blocks have rotated relative to one another, the interverung 

bands are wedge-shaped. An example is Band B which starts at 19 km width and 

narrows to near-zero width. (4) While bands studied here are generally longer 

than their width, if they are part of a linked system, their length may be limited 

by truncating strike-slip faults. For example. Band D is probably hundreds of km 

long and does not appear to be part of a linked system. On the other hand. 

Bands B and C are hundreds of km long but are limited by Band A, and Cyclades 

Macula is only about 50 km long, limited to the stepover between segments of 

Astypalaea Linea. 

The geometry of these structures demonstrates that they began as tensile 

cracks. See Chapters III and IV. This tensile cracking has two implications. First, 

the lithosphere must be reasonably intact, otherwise failure would first occur on 

pre-existing breaks (Engelder, 1993; Golombek and Banerdt, 1990). This 

intactness must be reconciled with the otherwise broken-up appearance of the 

terrain, a topic I discuss in Section E2. Second, tensile cracking implies a 

particular relationship between lithospheric strength and applied stress. Applied 

tension must exceed lithospheric tensile strength, and compressive stresses 

carmot be greater than three times the tensile stress (Chap. 11). Both these 

conditions are consistent with the tidal stresses calculated by Greenberg et al. 

(1997) and with the likely strength of Europan ice when size scaling is 

considered, which I determine in Chapter II to be about 2.5 bars or less. 
3. Strike-Slip Faults 

Strike-slip faults are present on Europa, as first noted by Schenk and 

McKinnon (1989) and confirmed by discoveries reported here. The strike-slip 

noted here occurs in a variety of settings, with or without other components of 

motion, and in varying degrees of localization. For example, Astypalaea Linea 

accommodated pure strike-slip between two regional plates while nearby older, 

smaller faults allowed strike-slip to take place between local blocks. While 

Astypalaea Linea appears to have localized shear in the region, there is a 

penetrative quality to the older faults in the area. On the other hand. Band A 

accommodated relative shear and rotation of 50 to 100 km blocks in the C3 

wedges region and may be one of a set of parallel strike-slip faults that 

accommodated distributed deformation in the fracture zone as a whole. Finally, 
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the Ell band, which has accommodated both strike-slip and dilation, seems to 

occur as a separate structure. 

Fault lengths and offsets vary considerably. Astypalaea Linea is 810 km long 

with 42 km of right-lateral offset. Its multiple strike-slip neighbors may extend 

up to 100 km in length (they are poorly seen), with right-lateral offsets of about 

20 km. Both the length and offset of Band A are imcertain. 

The presence of strike-slip means that shearing has occurred. But, given the 

difficulties in nucleating shear structures, such motion probably resulted from 

reactivation of a more-easily formed tensile cracks, as I discuss in Chapter in. 
A suitable driving mechanism for the strike-slip displacement is required, which 

I propose to be supplied by diurnal tides in the form of walking (Chap. rH; this 

chapter. Sect. D). 
4. Vertical-Axis Block Rotation 
Vertical-axis block rotation has occurred in the antijovian fracture zone and 

may have occurred near the south pole of Europa. Lithospheric blocks SWb and 

NNeb (Chap. FV, Fig. 4.4b), plus other, smaller blocks in the C3 wedges region 

apparently rotated about vertical axes. Also, the curved wedges that I identify 

near Astypalaea Linea (Chap. EH) may signify small amounts of block rotation. 

Schenk and McKiimon (1989) foimd block rotation in the eastern part of the 

fracture zone and Sullivan et al. (1997) report vertical axis rotation in the western 

part of that zone. 

Rotation in the C3 wedges region was on blocks ranging from hundreds of 

km across, down to less than 10 km across. The smaller blocks are located within 

Band F (Fig. 4.4b) and may have rotated tens of degrees, while the largest block 

(SWb) probably rotated only a few degrees, counterclockwise. Block NNeb has 

apparently rotated about 20° counterclockwise. 

Vertical-axis block rotation implies that a velocity gradient was present across 

the zone containing the blocks. According to distributed deformation theory 

(McKenzie and Jackson, 1988), rotation can be induced by either of two 

mechanisms: first, relative shear of adjacent plates against which the rotating 

block is pinned; or second, fluid motion in a continuum substrate on which the 

rotating block floats. To distinguish between these mechanisms requires 

knowing the angular velocity of the blocks. Firmed blocks rotate twice as fast as 

floating blocks. 
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(A model in which the brittle/ductile lithosphere lengthens and the brittle 

layer fragments into blocks would not produce rotation of those blocks. Without 

a velocity gradient across a horizontal zone, the brittle blocks would translate 

relative to one another, but would not rotate. Lithospheric extension of this kind 

is somewhat analogous to stretching a candy bar composed of a ductile center 

and brittle outer layer, as described by Hansen (1996).) 
5. Missing Structural Styles - Normal and Thrust Faults 
Normal faults are probably not associated with the lineaments examined 

here. Given the rationale for tensile cracking (Chap. HI), one way for normal 

faulting to go undetected is if the lithosphere is so thin that discrepancies in 

reconstructions are not apparent. Furthermore, considering the constant 

horizontal stress lithospheric reference state (Engelder, 1993; McGarr, 1988) 

which probably prevails on Europa (Chap. 11), normal faults would be unlikely in 

the absence of a high imposed differential stress. 

Normal faulting has been proposed for the concentric rings at Callanish. 

Pappalardo et al. (1997a) conclude on morphologic grounds that the rings there 

are graben, requiring a subsurface discontinuity at less than 1 km depth. 

However, these structures formed in association with the Callanish impact 

(Moore et al., 1997; Turtle and Phillips, 1997), and are not typical of the 

lineaments studied here. 

Thrust faults have also not been noted, although Nolan and Greenberg (1987) 

proposed an incipient thrusting mechanism to explain arcuate ridges. Thrusts 

would require high differential stresses. 

C. Geologic History, Relative age, and Activity 

1. Relative Chronology of the South Polar Region and 

Antijovian Fracture Zone 
The south polar region and the antijovian fracture zone record an active 

tectonics that has produced distinct feature types, and arrayed them in spatially 

and temporally variable patterns. This variability is consistent with suggestions 

of regionalism and episodicity made by others (Chapman et al., 1997; Ojakangas 

and Stevenson, 1989b; Pappalardo et al., 1998; Schenk, 1996) (J. Klemaszewski, 

1997, pers. comm; J. Moreau, pers. comm., 1997) and implies changes in the 

tectonic regime over time. 
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However, unlike terrestrial tectonics, where the results are often depositional 

and stratigraphic, the Europan tectonics produced a terrain that records repeated 

intrusion and horizontal disruption (Lucchitta and Soderblom , 1982). On 

Europa, younger features (such as the various bands) seem to interrupt older 

features but do not necessarily conceal them. Such terrain, in which horizontal 

disruptions play a large part, lends itself to analysis using palinspastic 

reconstruction. 

These reconstructions, plus tracing of aligrmients and crosscutting 

relationships, reveal the two series of geological events described in Chapters EH 

and IV. A tabulation of probable versions of both these sequences is shown in 

Table. 6.1. Approximately nine episodes are recorded in each region, assuming 

reasonable divisions of the sequence. However, some of these episodes consist of 

many parts and probably include events occurring over an extended period. 

In each region, at least two periods of lateral motion have taken place. These 

episodes are, first, the development of the curved wedges and small dextral 

faults in the south, followed by Astypalaea Linea; and, second, the formation of 

Band D-type structures and then the wedge-shaped bands in the fracture zone. 

Of these motions, strike-slip seems to have occurred in more than one epoch; 

faults in the south polar region, including Astypalaea Linea, seem to mark a 

long-term tendency for right-lateral faulting there. 

In addition, many events have occurred in common. Starting with the 

earliest, the common episodes seem to be: (1) formation of the ridged plains; 

(2) emplacement of the curvilinear fabric, which may have controlled the form of 

later structures; (3) initiation and development of large arcuate ridges, a process 

that may have spanned considerable time. The initiation of these ridges marks 

the point where I choose to divide Europan time for correlation purposes; and (4) 

formation of wedge-shaped or gray bands. In the wedges region this episode 

may have been closely associated in time with the formation of arcuate ridges 

(episode 3). However, this association may not be the case elsewhere, as I 

discuss in the next section; (5) emplacement of lenticulae and chaotic terrain; and 

(6) late-stage cracking. 

Some events appear to have occurred in only one region. Triple bands and 

sinuous ridges appear in the antijovian fracture zone but not at the south pole. 
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Astypalaea Linea/South Polar region 
Crack (Lineament N) 

Chaos (?) in Libya Linea 

Astypalaea L., Thynia L., Libya L. 

Large arcuate ridges start (or 
earlier); dark bands, curved 

wedges, thin lineaments; right-
lateral offsets cut Thasus Linea 

Curvilinear fabric 

(Early Libya L.(?); correlates 
w/Band D, NW bands?) 

Voyager-invisible lineae 

Plains (by disruption of bright 
plains) 

Bright plains 

C3 wedges region/fracture zone 

Lenticulae/chaotic terrain, dark 
patches 

Sinuous ridges, crack 

Wedge-shaped bands (inc. Bands 
B, C), Band A-type bands, Onga 
L. (?), fracture zone grid pattern 

Large arcuate ridges start 

Curvilinear fabric 

Triple bands Echion L., TB start 

Band D-type bands/NW bands 

Disruption of plains (?) (south 
of Band A, inc. Region O) 

Plains 

Table 6.L Relative chronology: Astypalaea Linea/south polar region and C3 
wedges region/antijovian fracture zone. This table lists geologic features in 
these two regions in their probable sequences of formation. Late events are at the 
top. Events next to one another may be time-correlative. Heavy dots indicate a 
possible change in ridge scale and morphology which occurred in the C3 wedges 
region at approximately the time that the bands were actively opening, and may 
also have taken place near the south pole. Development of arcuate ridges and 
triple bands may have occurred over a long period. See the text. 
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Long, narrow dark bands such as Thasus Linea do not seem to be present in the 

fracture zone. (A possible exception is Onga Linea. See Chapter V.) 

Overall, the combined geologic history from these regions is more eventful 

than that projected by Lucchitta and Soderblom (1982) and Kozak et al. (in 

review). Events older than those previously identified include: (1) development 

of the "invisible" lineaments, multiple sets of dark bands, curved wedges, and 

thin lineaments in the south polar region, all of which predate the gray bands, 

which were formerly identified as the oldest large structures there; (2) in the C3 

wedges region, the development of numerous grooved ridges predating the 

various bands, and which were seen for the first time by Galileo in that region; 

and (3) also in the C3 wedges region, the possible disruption of the background 

plains, as indicated by apparent changes in the morphology of small ridges. 

Disruption of the plains had been proposed by Lucchitta and Soderblom (1982) 

based on gross terrain type, but not observed in high-resolution nor attributable 

to specific processes. Newly recogiiized younger events include: first, possible 

late-stage activity in the form of Lineament N, in the south polar region; second, 

in the wedges region, formation of a variety of arcuate and irregular ridges, plus 

a late-stage crack, which was invisible in Voyager images. 

The number of episodes I identify here suggests that the geological time scale 

may be longer than the few million to hundreds of millions of years anticipated 

by Chapman et al. (1997; 1996). However, this duration reflects the rate of 

geological processes on Europa. For example, Greenberg et al. (1997) estimate 

that ridge-building could be very rapid. Also, if walking is the means by which 

Astypalaea Linea moves, that might also be a rapid process by terrestrial 

standards, since it is driven by diurnal tides. 
2. Chronological Distribution of Horizontal Displacements 
To estimate the relative span of time over which horizontal displacements 

occurred, I assume that the shift in lineament size noted in the C3 image (Chap. 

rV) represents a globally synchronous change. This shift divides Europan history 

into two phases, one characterized by "small ridges" and one by "large ridges," 

and may be consistent with the two-fold division of south polar time created by 

Astypalaea Linea (Chap. HI). In the relative age chronology shown in Table 6.1, 

that shift is noted by two heavy dots. This assumption of synchroneity enables 

me to test the superposition relations between the displacement features 
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EUROPAN LITHOSPHERIC DISPLACEMENT FEATURES 

LATE 

EARLY 

Greenberg 
" Class T Ridge 

WSB Ell 

Band • Ridge Size Shift 

Figure 6.1. Relative ages of Europan lithospheric displacements. 
This chart shows the chronology of horizontal lithospheric displacements in each 
of the sites studied, relative to the shift in ridge-size noted in the C3 wedges 
region and assumed for the whole satellite. Displacements indicated by a 
diamond or square include specific bands or Class 2 (dilational) ridges examined 
here, and other Class 2 ridges noted in the images. Each vertical rectangle 
represents the chronological sequence at a site, with recent events at the top. The 
ridge size shift is indicated by the heavy dot at left. Motion due to Class 2 ridges 
spans a wide range that extends until relatively recent time. Ridge C2r, the Class 
2 ridge seen in the E4 orbit, is probably the youngest feature studied here. AL = 
Astypalaea Linea and the sou^ polar region; WSB = the wedge-shaped bands 
and fracture zone; E4, E6, Ell designate the other sites by Galileo orbit. See the 
text. 
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presented here and the sequence of large and small ridges. The age assignments 

appear in Figure 6.1. 

It appears that the bands studied here occur in the mid-to-late stages of the 

sequence. The oldest bands are the curved wedges, dextral faults, and dark 

bands in the south polar region and the Band D-type, ENE-trending bands in the 

C3 area. Of these bands. Band D is probably the oldest since it is unaffected by 

curvilinear fabric. However, while these bands somewhat predate the shift to 

larger ridges, they probably postdate the "small ridges" phase given the details of 

crosscutting relationships. Astypalaea Linea, the wedge-shaped bands, and 

Band A fall somewhat later in the sequence although they are still in the 

chronological mid-range, because prominent arcuate ridges overlie them. So I 

place the bands from the south polar and fracture zone regions in the transition 

between "small ridges" and "large ridges" times. On the other hand, the Ell 

band is probably the youngest band studied because it cuts a few large ridges. 

(One of these older large ridges provides an important piercing point in the 

reconstruction of the Ell band and is indicated by the left-hand arrow in Figure 

4.17a.). The Ell band is also overlain by other large ridges, ridgeless cracks, and 

is disrupted by lenticulae and chaotic terrain, so it is not the most recent feature 

in the vicinity. However, it should be considered in the "large ridges" phase. 

(This placement suggests that band formation and the shift in ridge size are not 

related.) 

Dilational ridges occur over much of geological history in these regions. 

Class 2 (dilational) ridges are one of the features defining the "small ridges" 

phase, as I note with respect to the wedges region (Chap. IV). Old, Class 2 ridges 

are found at the other localities studied, as listed in Section B. On the other hand. 

Ridge C2r is relatively young because it is cut by two ridgeless cracks, one ridge, 

and probable chaotic terrain. Of all the dilational features examined, it may be 

the youngest so far, and can be considered to be in the "large ridges" phase. 

Thus, lateral motion can be identified in both the early "small ridges" and 

later "large ridges" periods of Europan geological history, assuming a 

simultaneous, global shift in ridge size. Dilational ridges seem to cover a wider 

time span than the bands and strike-slip faults. Based on Ridge C2r, that record 

of lateral motion may extend up to relatively recent times. 
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3. Tectonic Activity 

The discussion of the timing of lateral motion raises the issue of current 

tectonic activity, although no sign of such activity has been found to date. If 

Europa is determined to be tectonically active, it might imply that a liquid ocean 

is present today. Activity could be expressed in the form of erupting plumes, or 

as displacements or changes in lenticulae or chaotic terrains that occur since 

Voyager or the start of the Galileo observations. No such changes have yet been 

seen in comparisons between Voyager and Galileo images (Phillips et al., 1998). 

Furthermore, the large-scale motions of Astypalaea Linea, the wedge-shaped 

bands, and the Ell band are not the most recent displacements in their vicinity. 

The wedges are superseded by at least two episodes of ridge-building plus late-

stage cracking. Similarly, the Ell band is cut by features noted in the previous 

section. Astypalaea Linea is crosscut by a number of arcuate ridges that do not 

seem to be cut by more recent fault movement. The only apparent possibility for 

activity on Astypalaea Linea lies with Lineament N (Chap. EH). 

Accordingly, ridges may be the most likely sites of discernible activity, 

instead of the large bands. For example, Geissler et al. (1998b) point out that the 

photometric behavior of Agenor Linea is consistent with the presence of frost, 

possibly from ongoing or recent venting of water. Venting might occur if fluids 

rise into the lineament's central crack and are exposed to the vacuum. Agenor 

Linea appears to be a wide lineament, from 4-9 km across, so it may be a Class 2 

ridge or incipient band. See Figures 4.10 and 4.11. 

An obstacle to activity at ridges may be the large-scale change in global 

tectonic regime proposed by Pappalardo et al. (1998). They suggest that the 

tectonics of the satellite has shifted from the production of ridges to creation of 

lenticulae and chaotic terrain, based upon their interpretation that these features 

are late-stage phenomena in a thickened, convecting lithosphere. The regional 

chronologies that I present for the wedges and south polar regions are consistent 

with this chronologic interpretation. However, R. Greenberg (1998, pers. comm.) 

proposes that chaotic terrain and lenticulae differ only in scale and reflect a 

melting process that has occurred throughout Europan geologic history, perhaps 

according to the "waffle" hypothesis that I present in Chapter V. 
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4. Other Chronologic Issues 

An inspection of the relative chronology reveals other issues. (1) Is late-stage 

cracking a global process? Do ridgeless cracks correlate globally? Do these 

cracks simply reflect the first stage in ridge formation or has a change occurred to 

prevent them from evolving into ridges, as called for in the Greenberg et al. 

(1997) system? (2) Do the arcuate ridges and sinuous ridges seen in the C3 

wedges frame represent different ridge-types? Are they contemporaneous? 

(3) To what extent does my hypothesized global shift in ridge size actually exist? 

Is there an association between a change in ridge size and the formation of 

bands? (4) Do "triple bands" and the "invisible" lineaments occur only on a 

regional basis? (5) Did the plains experience a widespread disrupting event? 

D. Implications for the Greenberg et al. (1997) Tidal Tectonic Model 
1. Overview 
The Greenberg et al. (1997) tidal stress model can account for the deformation 

reported here, with only a few exceptions. I review it now with respect to 

cracking and the observed lineament patterns, ridge-building processes, band 

formation, and strike-slip offsets, and then briefly discuss aspects of three 

alternative models. 
2. Correspondence to Observed Displacement 
Trajectories of the combined stresses that are generated according to the 

Greenberg et al. (1997) model (Chap. 0) correspond well to the configuration of 

south polar features noted here, including Astypalaea Linea and the gray bands 

(Chap, m), but fit the wedge-shaped bands only marginally well (Chap. IV). 

Difficulty matching the lineament alignments in the antijovian region may reflect 

the general inability of the Greenberg et al. (1997) model to explain high-angle 

lineaments at the equator. 

The ridge-building processes described by the Greenberg et al. (1997) model 

correspond well to the ridge observations I report here. Dilation of ridges and 

ridge-Lnduced flexure are called for in the model, and Ridge C2r and Ridge R are 

good examples of them. Also, Class 3 ridge morphology depends upon flexure. 

See Chapter V. 

The Greenberg et al. (1997) model also accounts for dilational structures such 

as the Ell band or Thynia Linea. They probably form by a ratcheting process 

driven by diurnal tides and utilizing fill material which enters from below. So, it 
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is reasonable to include dilational bands as a variation of the Class 2 dilational 

ridge, differing from Class 2 ridges only in the proportion of tension and 

compression exerted and perhaps in the availability of lateral expansion space. I 

discuss this prospect more fully in Section E3. 

Diurnal stresses calculated in the Greenberg et al. (1997) model may create 

strike-slip by walking. This process is important considering the apparent lack of 

topographic drivers for strike-slip, familiar from terrestrial plate tectonics 

experience, and considering the fact that strike-slip seems to occur in multiple 

locations on Europa. Furthermore, with a favorable configuration of cracks, 

walking may cause lithospheric blocks to rotate. See Chapter EH. I also discuss 

this topic further in Section E3. 
3. Alternative Models 
a. Polar Wander 

Polar wander does not provide an adequate explanation for the observed 

displacements. It may be a plausible driver of cracking and opening of wedge-

shaped bands, but cannot explain high-latitude lineaments such as Astypalaea 

Linea. Further, polar wander predicts the presence of bands elsewhere on the 

globe which are not observed. See Chapter IV. 
b. Linear Diapirs 

An alternative model which explains ridges as linear diapirs (Head et al., 

1997b; Pappalardo et al., 1997b), is doubtful on various observational grounds. 

First, it is based partly on interpretations of the vague lineaments seen on the 

flanks of some ridges. These lineaments are interpreted to be older ridges which 

have been tilted upward by the intrusion of the diapir. I identified some of these 

features in Figure 5.3b. However, a close examination suggests that these linear 

features are the topographic signatures of the ridgetops or grooves of older 

ridges buried underneath the newer ridge. These "climbing ridges" or grooves 

may also represent disturbance of overlying ridge material that might occur if 

the medial crack in a buried ridge is reactivated. 

The linear diapir model is also inconsistent with reactivation of ridges as 

bands or strike-slip faults. In the wedges region, for example. Bands B and C 

may be reactivated arcuate ridges. Moreover, triple band Echion Linea may have 

been reactivated to form Band F and strike-slip Band A. See Chapter IV. I 

discuss reactivation further in Section E2. It is much easier to imagine such 
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reactivation taking place if the lineament being rejuvenated is a crack that 

completely cuts through the lithosphere, instead of being a solid diapir which 

might be expected to strengthen the lithosphere. 

Other features proposed to be due to the diapiric intrusion are the paired 

collateral troughs associated with ridges, however, the cross section of those 

troughs seems more consistent with flexure, as I suggest in Chapter V. 
c. Internal Forces 

Displacement models invoking "internal forces" may appear to contradict 

tidal tectonics, however they might simply represent an alternative focusing of 

tidal energy. Difficulties encountered by the Greenberg et al. (1997) model in 

explaining the braids in Astypalaea Linea prompts the hypothesis that internal 

forces motivate movement of lithospheric plates, supplementing direct tidal 

forces. This hypothesis is the basis for the "hybrid" model for displacement along 

Astypalaea Linea (Chap. HI). Also, an internal model might be consistent with 

the heuristic, right shear model for the fracture zone, assuming initiation of the 

bands by some means (Chap. IV). In both cases, however, the internal forces 

required to help move the ice might represent a recycling of tidal energy 

dissipated in the silicate interior or ice/liquid water layer. 

E. Europan Tectonic Conditions 
1. Implications of Lateral Motion 
The lithospheric mobility implied by the lateral displacements I have 

discussed here requires these boundary conditions or elements, based on tectonic 

theory (Engelder, 1993): (1) the presence of a basal shear or decoupling zone 

which accommodates horizontal displacement of overlying material; (2) rigidity 

great enough to transmit stress and to localize failure at terrane margins; (3) a 

means of creating surface area; and (4) a means of consuming surface area. 

Given the possible global reach of lateral motion, these conditions would apply 

globally. In the next sections I discuss the latter three of these elements, leaving 

the decoupling zone to be discussed when I examine what the findings in this 

dissertation imply about the Europan ocean. 
2. Lithospiieric Rigidity 
a. Evidence for Rigidity 

For lateral motion to take place without major internal disruption, 

lithospheric plates or blocks must be rigid. For example, in forming Astypalaea 
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Linea, the Europan lithosphere there was rigid enough to localize defonnatior\ 

over a long distance. The tw^o sides of Astypalaea Linea behaved as brittle 

blocks, moving past one another along a relatively narrow and well-defined 

zone, as suggested for terrestrial strike-slip (Cloos, 1955; Tchalenko, 1970; Wilcox 

et al., 1973). Consistent offset along the length of the fault implies a minimum 

amount of inelastic strain when the fault was active. The simple geometric 

pattern of Astypalaea Linea suggests that the mechanical properties of the 

lithosphere were laterally uniform on the scale of the fault. 

Likewise, rotation of blocks in the wedges region with little apparent internal 

deformation suggests that the blocks were rigid. Particularly striking is the 

absence of small cracks bordering the wedges. As I note in Chapter IV, this 

absence distinguishes the separation process here from the development of 

domino normal faults which would encroach onto bordering blocks. Imperfect 

palinspastic matchups among small lineaments are probably the result of 

deformation that occurred before the wedges formed and which destroyed the 

continuity of many lineae (cf. Sullivan et al., 1998). Such local deformation has 

been observed in high-resolution images elsewhere on the satellite. Even 

deformation that may coincide with band spreading is limited and localized. An 

example is the separation of block Cb into otherwise unaffected northern and 

southern halves (Fig. 4.6a,b). 

Behavior in the other locations examined here demonstrates that the 

corresponding lithospheric plates are rigid. The plate that is split by Ridge C2r 

seemed to have suffered no associated deformation beyond the creation of the 

ridge and its associated flexural cracking (Figs. 5.3a,b). Similarly, the plate on 

both sides of the Ell band displayed no signs of collateral deformation (Fig. 

4.17a). In the case of the possible flexure at Ridge R, the fact that the plate could 

maintain an arch implies a flexural rigidity, measured by the elastic thickness. 

However, other evidence for permanent deformation demonstrates that 

actual rigidity may vary from place to place. For example, the lithosphere in the 

antijovian fracture zone seems more fragmented than that near the south pole 

while Astypalaea Linea was active. At the fault, movement seems to have been 

unbroken over an 810 km distance, while in the wedges area, the lithosphere is 

broken into blocks generally not more than 200 km on a side. Furthermore, in 

the southwestern part of the fracture zone, the intensity of deformation is very 
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high. Moreover, the dark bands west of Astypalaea Linea may signify a belt 

where the lithosphere has failed, in contrast to the apparent rigidity in the 

vicinity of the fault itself. 

So, the more complete picture includes both lithospheric rigidity and 

lithospheric failure, a pattern indicative of an active satellite. Strength may vary 

due to spatial variations in tidal heating (Ojakangas and Stevenson, 1989b). 

Lower surface temperatures at the pole may be a factor in maintaining rigid 

behavior there. 

Also, to the extent that the lithosphere is rigid, that rigidity must be 

reconciled with the impression of weakness presented by the subdued large-scale 

topography of the satellite. The lithosphere may have relaxed slowly over a long 

period, while brittle failure occurs over shorter time intervals. 

b. Reactivation and Annealing 

Much of the interplay between lithospheric coherence and disintegration 

occurs at the level of individual cracks, which are subject to a competition 

between reactivation and annealing. See Lucchitta and Soderblom (1982). 

There is considerable evidence for reactivation. My examination of the 

fracture zone suggests that old triple bands have been reactivated by the NE-

trending bands (Chap. IV). The arcuate paths of Thynia Linea and the wedge-

shaped bands suggest reactivation of old cycloid ridges. Moreover, long distance 

offset of Astypalaea Linea or the wedge-shaped bands is evidence that cracks can 

stay active for long periods on Europa. The ridge-forming model of Greenberg et 

al. (1997) implies, in effect, continuing reactivation. "Climbing ridges" (this 

chapter. Sect. D3) and possible multiple fracturing (Chap. HI) also suggest 

reactivation. 

Yet strengthening processes must have at least minimally healed preexisting 

breaks (Leith and McKirmon, 1996; Lucchitta and Soderblom, 1982; McKinnon, 

1985; Schenk and McKiimon, 1989). The surface of the satellite is covered by 

intersecting lineaments, which are probably based on cracks, yet they often cross 

without interacting, suggesting that the older structure had annealed. 

Furthermore, the coherence of plates and blocks during horizontal displacement, 

despite previous cracking and offset, implies an armealing or strengthening 

process. Astypalaea Linea, may appear at first glance to be but one of a plethora 

of fractures near the Europan south pole, but my analysis of regional geologic 
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history demonstrates that, when active, Astypalaea Linea and its linked 

structures were probably alone in accommodating large-scale lithospheric 

mobility in that region. Astypalaea Linea did not seem to reactivate two 

prominent lineae transecting it - Lineament L and Thasus Linea. Also, tensile 

failure at Cyclades Macula is unlikely if the lithosphere was cut by cracks that 

were still active. A rare exception may be the possible strike-slip that took place 

on the dark bands to the west. 

For reactivation to take place, the resulting restoration of strength by 

armealing must have been partial or intermittently distributed. In fact, rigidity 

may be restored by only partial annealing. Coon asserts that significant shear 

stress can be transmitted in sea ice by partial annealing (Coon, M., pers. comm., 

1997). Shear strain has been found to be transmitted by "grout," the thin layer of 

newly-frozen ice that partly fills widening tensile cracks in the Filchner-Rorme 

ice shelf (MacAyeal and Rignot, 1997). (This stress transmission seems to work 

only in the plane of the ice; shear strains do not transmit well in the vertical 

direction.) 

If strengthening were episodic or irregular, it might explain the more 

penetrative fracturing of the south polar terrain during the era of the dark bands, 

curved wedges and thin lineaments, or even the "invisible" lineaments. Healing 

would have to occur even near the surface given the evidence for tensile failure. 
c. Annealing Mechanisms 

A likely mechanism for annealing is the freezing of water that has passively 

filled a crack, or is forced upward as a slurry during the compressional phase of 

ridge-building according to the Greenberg et al. (1997) model. In-fill by material 

from below, arguably liquid water, is a process inherent in ridge-building and 

the ratcheting-open of dilational bands, as discussed here. The resulting fill 

might be analogous to the grout in the Filchner Ice Shelf cracks. There may also 

be a limited analogy to the terrestrial "crack seal" mechanism (Ramsay and 

Huber, 1983) which involves water circulation within cracks, accompanied by 

solution and transport of cement (Engelder, 1987). Any type of liquid water-fill 

would be subject to a short residence time in the low Europan temperatures 

unless the lithosphere consists of the spongy mixture of ice, brine , and other 

impurities suggested by Morison and Wettlaufer (1996). 
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Another possible strengthening mechanism is based on walking. Diurnal 

tides may cause lithospheric blocks to crowd together by walking, which would 

take place along the bounding faults. If the blocks were irregularly curved, a 

small rotation around a vertical axis might lock them in place. 

A third possible strengtheriing process involves sintering. At high 

homologous temperatures individual ice grains are known to adhere or "sinter" 

by forming tiny ice bridges between them (Hobbs, 1974). Sintering is not a 

pressure-melting phenomenon (itself orily operative at high temperatures and 

only significant with moderate pressure). Instead, sintering may involve vapor 

diffusion. However, little work on sintering seems to have been done for ice at 

Europan temperatures. Also, if Europan ice is salty then sintering might be 

limited by salt accumulations (Coon, M., pers. comm., 1997). Terrestrial sea ice 

only anneals if salts have been flushed out by liquid water, which might be a 

problem in the cold of Europa. 
3. Creation of Surface Area 
Dilation of bands and Class 2 ridges is the means by which new lithospheric 

surface area is added to Europa (see Pappalardo and Sullivan, 1996). Dilation 

probably occurs when a crack that opens under diurnal tidal tension cannot close 

completely in the subsequent compressional phase because it has become filled 

with material which could not be expelled. Following Greenberg et al. (1997), the 

fill material is probably liquid water which enters from below and then freezes 

into a slurry and then into solid ice. In the meantime, lithospheric plates on both 

sides of the crack move aside on the subsurface decoupling layer, enabling a 

permanent increase in width. 

The mechanics of dilation is controlled by the reciprocating action of diurnal 

tides which causes the band or ridge to widen in a ratcheting action. The term 

"ratchet" appropriately describes the process because each daily increment of net 

widening is irreversible. However, dilation is not a forced prying-apart, since 

the crack must continue to be able to open to admit more fill material. Instead it 

is a relatively passive, repeated process of infill and reopening of the medial 

crack of a band or Class 2 ridge. The process is recorded by pairs of striae or thin 

ridges flanking both sides of the medial crack, somewhat like terrestrial sea-floor 

spreading (see Sullivan et al., 1998). The two most recent flanking striae 

represent the newest material that could not be expelled from the crack, and 
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between which the medial crack opens in the next cycle. While the plates 

bounding the ridge or band move laterally to make room, residual compression 

may force in-fillings of water/ice to the top of the crack, giving the ridge or band 

an uplifted and/or furrowed topography. 

To transform a Class 2 ridge into a band may require: (1) a change in the 

diurnal tidal stress field so that a greater proportion of tensile stress is imparted 

to the lineament; (2) a lessening of corxfining stress; or (3) both of these changes 

(see Section D2). Class 2 ridges may involve a stronger compressional phase 

than bands, causing more shortening of the ridge material. So while a Class 2 

ridge incrementally widens, it also grows in elevation. But, if tension increases, 

or compression decreases, the tendency to widen will be enhanced and there will 

be less force available to push fill material upward to elevate the resulting 

topography. Moreover, at the time of formation, if there is "slack" in the 

lithosphere to take up the resulting dilation, that might encourage wide bands to 

form instead of narrower dilational ridges. Bands may also develop directly 

from Class 1 or Class 3 ridges (or directly from cracks) by similar means. The 

morphologic diversity' of bands compared to ridges suggests that bands are 

derivatives of ridges, dependent upon local structures for variations in their 

width, which I note in Section B2. 

Insight on the dilation process may be obtained by considering the apparent 

straightening of Delphi Flexus as it crosses Thynia Linea (4, Fig. 3.17). This 

course change suggests that the material comprising Thynia Linea was 

mechanically distinct from the ambient terrain when the medial crack of Delphi 

Flexus propagated across it. Perhaps the Delphi Flexus medial crack formed so 

soon after Thynia Linea that the band had not fully "matured," presumably by 

cooling, freezing, and thickening. By contrast, Delphi Flexus makes no change in 

course where it crosses Astypalaea Linea (R3, Fig. 3.17). Also see Pappalardo 

and Sullivan (1996). 

Strike-slip faults may be involved in producing new surface area if they are 

linked to dilational bands. For example, the motion of Astypalaea Linea is 

probably accommodated by opening of Libya Linea (Fig. 3.20). Likewise, new 

terrain has appeared at Cyclades Macula. Factors determining whether an initial 

crack reactivates in shear include whether it is configured to walk in the diurnal 

tidal stress field, and whether it contains restraining bends. Due to the low stress 
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levels involved in walking, and the relatively high shear strength of ice, a 

restraining bend would prevent a prospective strike-slip fault from activating. 

Astypalaea Linea may owe its identity as a global-scale strike-slip fault to a 

fortuitous orientation, curvature, and lack of restraining bends. 
4. Consumption of Surface Area 
a. Consumption Mechanisms and the Lack of Plate Tectonics 

The observed dilation increases surface area, which has to be accommodated 

by a process which consumes surface area. However, familiar plate tectonic 

subduction zones do not appear to be present on the parts of Europa so far seen. 

If ridges represented considerable shortening they might be candidate 

subduction-type features, as had been proposed for Agenor Linea (Schenk and 

McKinnon, 1989). But evidence more strongly suggests that if ridges show any 

net lengthening, it is dilational. As I suggest in Section C3, Agenor Linea is more 

likely to be a Class 2 ridge or incipient band than a compressional feature. 

In fact, resolving this issue by invoking plate tectonics will probably fail 

because none of the traditional drivers of plate tectonics and, hence, subduction, 

seem to be present on the icy satellite. As I note often, the lack of large-scale 

topography means that the potential energy "well" needed to move lithospheric 

plates is absent. The only consistent elevation change on Europa is provided by 

the ubiquitous ridges and by isolated massifs and plateaus (Greeley et al., 1997b). 

If Europa turns out to have an ocean with a floating ice shell, the lack of plate 

tectonics and subduction would be understandable. Gaps in the ice would be 

filled by more dense water or brine and would not create massive ridges capable 

of generating gravitational "ridge push" forces. Nor would subduction of a 

relatively buoyant ice shell be expected (Tufts, 1993). 
b. Constraints on Consumption Mechanisms 

The best way to address the accommodation problem is to generalize it, 

paying attention to the constraints imposed by the geological situation. It would 

be a mistake to become fixed on a search for terrestrial-style plate tectonic 

features. Instead the matter should be approached as an issue in surface area 

balance. Based on this view, I now list various geological constraints on possible 

consumption mechanisms. 

First, the basic requirement that there be consumption processes implies that 

the mechanism operates in the same time interval as the dilation to be 
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accommodated. Without large-scale topography, it is probably not possible to 

accumulate unresolved additions of surface area, pending a later onset of 

consumption. 

Second, ideally, consumption processes must be structurally compatible with 

the dilation which creates the new surface area. Compatibility requires that the 

balancing of the creation and consumption of surface area be accomplished 

without discontinuities or gaps (Ramsay and Huber, 1983). The antisymmetric 

vein which I suggest in Chapter III (Fig. 3.20) may represent the kinematic 

pattern of Astypalaea Linea shows an example of compatibility. Since bands and 

Class 2 ridges appear ubiquitous on Europa, consumption must be a 

geographically distributed process to satisfy this condition. 

Third, consumption mechanisms must affect the whole thickness of the 

lithosphere. As I note in the next section, not all possible mechanisms affect the 

layers of the lithosphere equivalently. 

Fourth, a corollary to the basic requirement for accommodation is that the 

consumption mechanisms must remove sufficient existing surface area to 

account for the production of new surface area. However, the strain to be 

relieved at any one time may be relatively small. For example, even though the 

total strain across the C3 wedges image was about 15%, this strain accumulated 

through incremental openings of the bands. The wedge-shaped bands had 

appeared in Voyager images to have opened suddenly, in a single episode 

(Chap. IV). Moreover, only a few structures may have been active at any one 

time, further reducing the required rate of removal. For example, Agenor Linea 

may be active now, based on its unusual photometric properties (Sect. C3), but 

except for nearby Katreus Linea, no other bands like it have been located. 

Considering these factors, I discuss various candidate accommodation 

mechanisms in the next section. Multiple processes may be operating, and some 

may be more efficient than others, depending on local tectonic conditions. 

Different bands and Class 2 ridges may be balanced by different mechanisms. 
c. Possible Consumption Mechanisms 

i. Formation of Lenticulae and Chaos Regions 

If there is an ocean, the formation of lenticulae and chaos regions may 

consume surface area (see Sullivan et al., 1998). See Figure 5.10 which shows the 

Conamara Chaos region. If lenticulae and chaos regions form by melting, then 
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volume may be lost as ice liquefies and as ice blocks founder. The newly created 

lateral free surface might allow an inward movement of surrounding ice. 

Applying the criteria listed above, because chaos regions and lenticulae occur 

in discrete events, the suitability of their genesis as a consumption mechanism 

particularly depends on the timing of their occurrence. Lenticulae and chaotic 

terranes may represent late-stage events, in which case they could not be 

associated with old dilation. However, Greenberg proposes that they have 

occurred through geologic time (Sect. C3). Regardless, evidence of large 

amounts of dilation in some epoch of Europan geologic history might suggest 

that extensive melting took place concurrently at chaos regions and lenticulae 

elsewhere on the Europan globe. 

In addition, given the widespread occurrence of chaos regions and lenticulae, 

they may provide an accommodation mechanism that is structurally compatible 

with disseminated bands and Class 2 ridges. Furthermore, assuming that they 

represent melting, formation of chaos regions and lenticulae would affect the 

whole thickness of the lithosphere. The extensive area that they seem to cover 

suggests that their formation could account for the surface generated by dilation, 

although no formal comparison has been made. 
ii. Flexure 

Ridge-induced flexure of lithospheric plates might provide an ongoing 

accommodation mechanism, irrespective of melting at chaotic zones or 

lenticulae. While not actually consuming material, such bending removes 

surface area by taking it out of the horizontal plane. Bending would have the 

advantage of occurring throughout Europan history, being widespread 

geographically, and affecting the entire lithosphere. For the effect to be 

significant, the degree of bending would have to be fairly pronounced, and there 

would have to be many cases. 
iii. Dissolution Creep 

Dissolution creep, a process occurring at the crystalline level within rocks on 

Earth, might remove material from the Europan lithosphere. The process 

involves the solution in pore fluid of rock-forming minerals located at sites of 

compressive stress concentration where individual crystals touch. Dissolved 

material then moves to sites of lower stress, where it recrystallizes (Davis and 

Reynolds, 1996; Knipe, 1989). Insoluble minerals accumulate as styolites -
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irregular surfaces oriented roughly normal to the compressive principal axis. 

Onga Linea might be such a styolitic feature (Chap. IV), and Astypalaea Linea 

might be partially accommodated by styolites (Fig. 3.20). The required 

compressive stress may come from diurnal tides or nonsynchronous rotation. 

Considering the listed criteria, dissolution creep presumably could operate at 

any time in Europan geologic history, and would provide a compatible balance 

to distributed dilation. However, because dissolution creep requires that a fluid 

be present in which to dissolve and transport minerals, only the warmer ice 

layers, where liquid may be available, would be affected. Thus, like the 

mechanism of chaos and lenticulae formation, dissolution creep may depend on 

the presence of an ocean. Because of this limitation to the lower lithosphere, it is 

uncertain how much surface area could be accommodated; however, dissolution 

creep might work in concert with other consumption processes. 

F. Implications for an Ocean 
1. Overview 

Taken together, the evidence I present in this dissertation seems to support 

the existence of an ocean at the time of the displacements. I reach this conclusion 

using the procedure I describe in Chapter I. That is, I consider the thickness of 

the lithosphere, viscosity of the decoupling zone as suggested by geologic 

observations, and the functioning of tectonic processes in the presence of a 

subsurface ocean, particularly the processes proposed by Greenberg et al. (1997). 

In this consideration, it is not enough to say that horizontal displacements have 

occurred on Europa, because the existence of lateral motion only admits the ocean 

hypothesis. My hypothesis that decoupling has been global underscores this 

admissibility, because presumably an ocean would be global. But while global 

extent may be a necessary condition for a tidally-maintained Europan ocean, this 

extent might also characterize a ductile subsurface decoupling layer. 

I also conclude that an ocean probably still exists, based on the apparent 

longevity of lateral motion on the satellite (Sect. C2), and the relative recency of 

dilation at Ridge C2r. It is unlikely that an ocean would have lasted through 

most of geologic time, only to freeze recently (Carr et al., 1998). 
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2. Lithospheric Thickness 
At the time of the displacements, the lithosphere may have been as little as a 

few kilometers or fractions of a kilometer thick, which suggests a liquid 

subsurface (Chap. I). The 0.25 km minimum thickness which I estimate from 

flexure (Chap. V) is consistent with estimates of maximum propagation depth 

calculated with improved estimates of tidal stress (Chap. II). Moreover, the 

range of thickness estimated from flexure is consistent with the conclusions of 

Carr et al. (1998) regarding lithospheric thickness at Conamara Chaos. A 

lithosphere this thin may imply heat flows high enough to cause melting (Carr et 

al., 1998), or high enough to be consistent with dissipation models requiring the 

shell to be decoupled from the interior by a liquid (Schenk and McKinnon, 1989). 

Certain tectonic processes may be more efficient if the lithosphere is thin 

(above a minimal thickness required to assure rigidity). Extrusion of material 

from cracks, as in the Greenberg et al. (1997) ridge-building model, ought to 

require less energy if the distance from the float line to the surface is relatively 

small. Melting-through of the lithosphere to form chaos regions and lenticulae 

might take place more rapidly if the layer to be melted is thin. 
3. Viscosity of the Decoupling Zone 
Based upon three geologic observations, the decoupling zone is probably a 

low viscosity layer, consistent with liquid water. (1) The in-fill of narrow cracks 

within the bands, essential to the mechanism of dilation (Sect. E3), suggests that 

the entering material was originally of a low viscosity. (2) The rounding of the 

comers of a central crack (Chap. HI), from which Sullivan et al. (1998) conclude 

that the intruding material was of high viscosity, might instead be attributed to 

filling by liquid water which blunted the comers by melting them. (3) Along the 

edges of the lithospheric blocks in the fracture zone, the apparent lack of cracks 

which might be associated with the opening of the wedge-shaped bands suggests 

that the decoupling zone over which the blocks moved was a low-viscosity one. 

(See Chapter IV.) 
4. Tectonic Processes In the Context of an Ocean 
Overall, Europan tectonic processes would probably function more efficiently 

if the decoupling zone were a liquid. I include among these processes those 

envisioned by Greenberg et al. (1997) (Chaps. 11, V; this chapter. Sect. D), as well 

as the tectonic conditions implied by lateral motion and discussed in Sect. E. The 
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Greenberg et al. (1997) model requires an ocean to generate the proper 

combination of tides (Chap. II) and to build ridges. With few exceptions, 

observations here support the validity of that model. The Greenberg et al. (1997) 

model incorporates nonsynchronous rotation, which may require an ocean if the 

silicate interior is tidally locked (Chap. I). The tectonic processes of lithospheric 

annealing and accommodation by dissolution creep (Sect. E), plus relaxation of 

topography (Chap. I) might be facilitated by presence of an ocean, which would 

enable global material and thermal flows. Also, as noted in the previous section, 

the dilation responsible for creating new surface area would be facilitated if low 

viscosity material can quickly enter cracks that open in the overlying ice. Both 

dilation and strike-slip might be aided if ocean currents (perhaps the result of 

tidal dissipation) contribute to lateral motion of existing lithospheric blocks. 

G. The Role of Tides and the Europan Tidal Tectonic System 
The influence of tides in Europan tectonics is pervasive, according to theories 

and observations cited here. (See Greenberg et al., 1997; Hoppa et al., 1998a; 

Hoppa, 1998). Tides are responsible for dissipation which may keep the 

subsurface in a liquid state. As a result of torque induced by tides, the satellite 

may rotate nonsynchronously, creating important tectonic stress. In concert with 

diurnal tidal stress, nonsynchronous rotation may cause global scale cracking. 

Diurnal tides may then build ridges at the cracks and drive the opening and 

filling of bands (Sect. E3). Ongoing tidal heating of the subsurface may support 

an active tectonics characterized by recurrent breakup, relaxation, and 

consolidation of the lithosphere. 

Tides can drive strike-slip by "walking" (Chap. EH), instead of through 

original pure or simple shear. In walking, the rotation of diurnal tidal stresses 

cause net slip on favorable, preexisting cracks, without plate tectonic driving 

mechanisms. By the same means, tides may cause vertical-axis block rotation. 

Besides creating many of the specific features seen on Europa, tides may also 

create tectonic change, in two ways. First, they may do so through 

nonsynchronous rotation of the satellite, in which any point on the surface 

experiences a westward-shifting stress regime. Second, any changes in orbital 

parameters, especially the forced tidal resonance which creates orbital 

eccentricity, cause changes in the global heat balance and stress configuration. 
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Together, these influences would account for the regional and episodic character 

of the global geologic record. On Earth, plate tectonics also creates tectonic 

change, but due to plate motions and migration of triple junctions. 

As possible alternatives to the Greenberg et al. (1997) tidal model, I invoke 

simple shear (Chap. HI) and distributed shear (Chap. IV), both of which are hard-

won insights from terrestrial geology (e.g.. Hill, 1981). They serve to point out 

possibilities and useful observations. However, because Europa is unique, they 

may eventually be discarded as hypotheses because of the very observations they 

suggest, having met their heuristic purpose. At the same time, it may be that 

they reveal an influence from internal forces. There too, tides may be the 

responsible heat source. 

The tidal stress, lithospheric cracking, and ridge-building mechanisms of the 

Greenberg et al. (1997) model, and the tectonic elements that are implied by 

lateral motion are linked together in a "Europan tidal tectonic system." This 

system encompasses geophysical and geological processes from the global to the 

local scale, including the probable maintenance of a subsurface ocean, and is a 

manifestation of the orbital and rotational character of the satellite. 

H. Future Studies 
1. General Goals 
Numerous future studies can emerge from this work. Their general goals 

include further constraining the style, history, distribution, and cause of 

displacement, understanding the tectonic system of which the displacements are 

a manifestation, and assessing the persistence of the ocean. Specific studies can 

be related to Astypalaea Linea and the south polar region, the wedge-shaped 

bands and antijovian fracture zone, ridges, tidal models and mechanical behavior 

of the lithosphere. In addition, new studies of relative ages should be 

particularly valuable. 
2. Astypalaea Linea and the South Polar Region 
Planned GEM images will provide regional context and high-resolution 

images of the fault trace, enabling a variety of observations to be made. These 

observations are aimed at confirming the structural style, slip history and age, 

and present activity. The fault is important not only from the standpoint of 

Europa geology but also because it is the largest strike-slip fault currently known 

on another planet and may provide an analog for terrestrial faulting studies. 
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Subsequent studies of the fault should include geologic mapping and 

structural analyses aimed at confirming the structural style, and assessing slip 

history. Detailed mapping of the displacement zone and adjacent terrain may 

help determine the stress orientations near the fault and strength of the fault 

plane. Ridges which apparently cut the fault can be examined for offsets 

suggesting relatively recent activity. 

Detailed examination of Astypalaea Linea will provide a chance to test the 

theory of "walking." Examining the fine-scale morphology of the fault plane may 

determine if it exhibits the deformation predicted if walking were taking place, 

or if simple shear features are present. 

The south polar region itself, which is the context for the fault, also has a 

diverse array of geologic features which can be studied in the same manner as 

Astypalaea Linea and other lineaments discussed here. These structures include 

tensile lineaments, other strike-slip faults, and rotated blocks. There is also some 

indication that the succession of lineaments in the region shows a counter

clockwise rotation over time, as predicted by nonsynchronous rotation. To test 

this observation will require placing individual lineae in a time sequence. 
3. Wedge-Shaped Bands and the Antijovian Fracture Zone 
Improved images will allow for confirmation and adjustment of the basic 

reconstruction which I present here. They may also allow reconstructions to be 

done of the terrain surrounding the C3 wedges image, perhaps enabling Band A 

to be realigned. As with the fault, it will be important to examine the small 

structures associated with the lineae and the bands to determine the local and 

regional stress field. This determination is of value because of the uncertainty in 

correlating structures to calculated stresses. The heuristic model that I present 

also points to various observations of interest, most of which have to do with the 

structural style and relative ages of lineae. Features that may be particularly 

important to assess include Onga Linea, Agenor Linea, Katreus Linea, and the 

dark regions in the fracture zone. 

Studies in the wedges region can be augmented by reconstructions of bands 

elsewhere. These reconstructions would also include mapping, ideally with 

regional context. With any band, the nature of infilling and any collateral 

cracking of moving blocks should be assessed. 
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4. Ridge Observations 

My studies here can be succeeded by a multitude of ridge observations. The 

basic kinematic interpretation of Class 2 ridges can be tested with reconstructions 

of other ridges, where they are feasible. In addition, a comprehensive census of 

ridge classes can be made. Ridges grouped by type, size, profile, and relative age 

can be mapped for extent, distribution, and orientation. In addition, individual 

ridges can be assessed to determine any along-strike changes in morphology or 

class, as well as their relationship to intersecting features. Importantly, 

competing ridge models can be tested by appeal to specific distinguishing 

characteristics, for example, burial versus uplift of pre-existing ridges. 

Furthermore, ridge studies might be very useful in supporting development 

of a relative timescale for the satellite. Ridge studies can help confirm whether 

an abrupt increase in ridge size actually occurred and whether it was globally 

synchronous. Also, long ridges may provide timelines if they are formed (and 

end their activity) at the same time along their length. Mapping of single, long 

ridges may reveal whether they are segmented or continuous, and whether they 

undergo reactivation which may pose an obstacle to correlation. (Otherwise 

Europa lacks the laterally continuous sedimentary or ejecta deposits that make 

chronologic correlations possible on other planets.) 

The discovery of possible plate flexure, which I report, holds considerable 

promise. If Ridge R (Chap. V) has produced flexure, it makes it possible to 

estimate the thickness of the bent plate and to test ridge models. However, 

certain issues will need to be addressed. First, to determine whether the 

observed depressions are flexural it will be necessary to identify and assess 

features that distinguish bending from the alternate hypothesis, that is, that 

dissipation at cracks might cause melting, and that the depressions are evidence 

of volume loss. Second, in future investigations, without stereo images and 

lacking the fortuitous crack trace BB', it may be difficult to pinpoint the crest of 

the flexural bulge. So, it would be helpful to know if there is a consistent 

relationship between the shape of the bulge and the location of flanking cracks 

which could be applied in remote sensing measurements of ridge-induced 

flexure. Stereo imagery might be of use in clarifying the relation of lateral cracks 

to the flexural bulge. 
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If these issues can be addressed, ridge-induced flexure may enable additional 

estimates to be made of elastic thickness, and total lithospheric thickness. Such 

estimates could be of particular use in tracking changes in thickness over time or 

from place to place. 
5. Stress Models and Mechanical Behavior of the 
Lithosphere 

Three aspects of stress models and lithospheric mechanical behavior may be 

pursued. (1) When a displacement feature is analyzed, the analysis should 

include comparison to the tidal stresses calculated by Greenberg et al. (1997). If 

strike-slip is involved, the structure should be checked against the diurnal tidal 

stresses to determine if it may have walked. (2) Detailed kinematic mapping 

may identify patterns of motion that can indicate the influence of internal forces. 

(3) The issue of crack propagation depth might usefully be examined to assess 

whether proposed deepening mechanisms are reasonable or required. 
6. Sampling a Europan Ocean 
If, by some remote sensing means, an ocean is found to exist, it will be 

necessary to sample it. In that effort, it might be assumed that a device for 

penetrating through the lithosphere would be needed. However, if the 

Greenberg et al. (1997) ridge-building model is correct, water from the ocean has 

already been deposited on the surface either as ridge material or as floodwater. 

Thus it might be possible to sample the ocean indirectly by using surface 

techniques. 
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