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ABSTRACT

Tides due to orbital eccentricity may have a substantial effect on the rotation and
tectonics observed on Jupiter’s moon, Europa. A direct measurement of Europa’s
rotation rate has been made by measuring the positions of surface features relative to the
terminator in both Voyager and Galileo images. From these measurements [ have found
that the rotation of Europa relative to the direction of Jupiter is <0.5° over a 17 year
period, i.e. one rotation with respect to Jupiter would require at least 12,000 years. Non-
synchronous rotation is also a significant source of global stress which, combined with the
diurnal tidal stress, provides a failure mechanism resulting in tensile cracks on a global
scale. The stress associated with rotational and diurnal tides can also explain the
orientations and age relationships observed regionally in Europa’s northern hemisphere.
Additional global scale linear features also strongly correlate to these stress fields
suggesting that they too may have also formed as cracks. After crack formation, diurnal
tides may significantly affect the evolution of cracks through either ridges formation,
regional extension, or strike-slip motion. The process of tidal shear displacement is
analogous to actual walking. Mapping of five different regions on Europa has revealed 121
strike-slip faults. Based on these observations, Europa appears to support the formation
of right-lateral faults in the southern hemisphere and left-lateral faults in the northern
hemisphere. The theory of tidal walking predicts exactly that dichotomy on average over

the hemispheres. Additionally, nearly all of the mapped strike-slip faults were associated




with double ridges and bands. Thus, cracks (even older ones) without ridges apparently
have not generally penetrated to a decoupling layer, consistent with models for ridge

formation that require cracks to penetrate to a liquid water ocean.

16
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CHAPTER 1: Introduction

[. The Galilean satellites: A Miniature solar system

In 1610 Galileo pointed his newly constructed telescope at Jupiter, the largest planet
in the solar system. To his surprise, he discovered four moons, which were subsequently
named after mythological lovers of Jupiter: Cailisto, Ganymede, Europa, and lo. Ground
based telescopic observations of these satellites over the past 300 years have revealed the
orbital parameters, mass, and average densities (Table 1.1). The Voyager encounters in
1979 moved the Galilean satellites out of the realm of 4 points of light in telescopes and
turned them into complex worlds each with a unique geologic history.

Callisto, the most distant Galilean satellite, is just slightly smaller than the planet
Mercury and has a density of 1.8 g/cm® (Morrison 1982). The bulk density suggests that
Callisto is made up of a mixture of rocky materials and ice. The Voyager encounters
revealed Callisto to posses a heavily cratered surface. The lack of endogenic tectonic
activity on the surface suggested that Callisto may be an undifferentiated body (Schubert
et al. 1986). The only tectonics recognizable on Callisto were faults associated with multi-
ring impact features (i.e. Valhalla and Asgard). The highly cratered surface of Callisto
suggests that the age of its surface may date back to the period of heavy bombardment

(Zahnle et al. 1998, Shoemaker and Wolfe 1982)
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Ganymede, the largest satellite in the solar system, is similar to Callisto in size and
average density (Morrison 1982), but most of the similarities end there. The surface of
Ganymede consists of two major geologic units: dark terrain and grooved terrain
(Shoemaker et al. 1982). Dark terrain is characterized by numerous craters similar to the
surface of Callisto (Passey and Shoemaker 1982.), While grooved terrain represents more
recent endogenic tectonic activity (Head et al. 1998, Shoemaker et al. 1982).
Measurements of Ganymede’s moment of inertia suggests that it is a differentiated body
(Anderson et al. 1996) and the differentiation is the likely source of energy for the
tectonics observed on the surface.

Inward of Ganymede is Europa, a lunar sized satellite, with an average density of 3
g/cm’ (Morrison 1982) suggesting a higher rock to ice ratio than for Ganymede or Callisto.
Voyager observations of Europa revealed an icy surface covered with long linear features
extending over 1000 km in length (Smith et al. 1979). Additionally, few large impact
craters were detected on the surface of Europa, suggesting a recently active surface
(Lucchita and Soderblom 1982).

The last of the Galilean satellites, Io, is similar to the Earth’s moon in both size and
density (3.6 g/cm® Morrison 1982). However, the surface of Io is nothing like our Moon.
[o is the only body in the solar system explored by spacecraft that does not appear to

have any impact craters (Schaber 1982). Instead, active volcanoes and plumes 60-300 km




19

in height appear to resurface o on a very short time scale (10~ to 10 cm/yr; Johnson and
Soderblom 1982).

The four Galilean satellites represent a miniature solar system surrounding Jupiter.
The inner two, Io and Europa, are primarily composed of silicate material like the
terrestrial planets. The outer two, Ganymede and Callisto, contain more volatiles
(especially water ice) that are much more abundant in the outer solar system. [n addition
to the Galilean satellites, twelve additional smaller satellites (<100 km radius) also orbit

Jupiter.

II. Laplace-Resonance and Tides

Resonances and tides are very important to understanding the geology of lo, Europa
and possibly Ganymede. The orbital periods of Io, Europa and Ganymede can be
expressed as a ratio of 4:2:1. The ratio of the orbital periods alone is interesting, but the
resonance is stabilized because the longitude of conjunction of the satellite pairs is
separated by 180° (Greenberg 1979). This stability was first recognized by Laplace
(1839) for which this resonance was named. The conjunction between [o and Europa
occurs when Io is near pericenter and Europa is near apocenter (Greenberg 1982).
Likewise, the conjunction between Europa and Ganymede occurs when Europa is near
pericenter (Greenberg 1982). Therefore, the resonant behavior between lo, Europa, and

Ganymede prevents all three of the satellites from coming into conjunction at the same




time. The Laplace resonance limits the high resolution imaging opportunities to a
maximum of three of the Galilean satellites during any flyby or orbit of a spacecraft
visiting the Jovian system.

The regular longitude of conjunctions in the Laplace resonance also affects the orbital
eccentricity of lo and Europa. Before 1979, the orbital eccentricity of [o and Europa is
listed as 0.000 (Morrison et al. 1977). This value of the eccentricity represents the free
component of the eccentricity but does not include the forced component due to the
resonant interactions (Greenberg et al. 1998). The prediction of active volcanism on o by
Peale et al. (1979) just before the Voyager encounters came from an understanding the
effects of tidal heating due the Laplace resonance.

Tidal friction on [o and Europa due to the resonant interactions is a major source of
internal energy. Io and Europa are approximately the size of the Moon, and based on
cosmochemical principles the heat source from radioactive nuclides should have a
negligible effect on the current geology (Cassen et al. 1982). Tidal dissipation in the
interior of [o is the likely source of the volcanic plumes observed there (Smith et al.
1979). Similarly, tides may be able to sustain a global ocean of water on Europa (Cassen
et al. 1982). The possibility of a liquid ocean increases the possibility that life may have
evolved beneath the ice of Europa (Reynolds et al. 1983). As with Mars, the prospects of
life on Europa has captured headlines in the 70s during the Voyager encounters and more

recently with Galileo orbital mission to Jupiter.
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III. Non-synchronous rotation

Another consequence of the Laplace resonance and the tides is that Europa may rotate
non-synchronously (i.e. the rotation period of Europa is slightly faster than the orbital
period). Synchronous rotation is predicted by tidal evolution for a satellite in a circular
orbit or a satellite that can maintain a permanent asymmetry over long periods of time
(Greenberg and Weidenschilling 1984). In the case of a satellite in a circular orbit the tidal
bulge is always oriented in the direction of the planet. Based on symmetry, the average
torque on the satellite is zero, thus the rotation rate of the satellite should be equal to its
orbital period. In the case where a satellite has a significant eccentricity, (i.e. the Earth’s
moon has an e of 0.05) the average tidal torque over an orbital period is no longer zero.
However, synchronous rotation can be maintained by a large permanent asymmetry that
provides a torque equal to the tidal torque but in the opposite direction. For the Moon,
the variations in the thickness of the crust between the near side and far side provide the
permanent asymmetry that locks the moon into synchronous rotation.

Europa may be considered a candidate for non-synchronous rotation based on its
geology and its orbital eccentricity. Unlike the Moon, the surface of Europa appears to be
relatively young (~107-10% years Zahnle 1998). Additionally, the surface appears devoid
of many large scale topographic features (Belton et al. 1996, Smith et al. 1979). Europa
also has the largest forced eccentricity (0.01) of the satellites that participate in the

Laplace resonance. The lack of large scale topography and a significant eccentricity may
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prevent Jupiter from locking Europa into synchronous rotation (Greenberg and
Weidenschilling 1984).

The possibility of non-synchronous rotation does not require a global ocean of liquid
water beneath the ice of Europa. An ocean would de-couple the silicate interior from the
surface making non-synchronous rotation of the ice shell possible even if there large mass
asymmetries in the interior (Greenberg and Weidenschilling 1984). However, as long as
large mass asymmetries go undetected Europa may remain a candidate for non-

synchronous rotation even if the water has frozen down to the silicate interior.

[V. Introduction to Europa’s Geology

Throughout this dissertation geologic terms unique to Europa will be discussed. This
section will introduce and define many of the geologic features identified by both the

Voyager and Galileo spacecraft.

A. Voyager

The Voyager spacecraft revealed two distinct geologic units on Europa: plains and
mottled terrain (Lucchita and Soderblom 1982). The plains of Europa are characterized by
bright, smooth terrain often covered by many linear features, while the mottled terrain is
typically darker and linear features appear to break up and disappear when they enter

these regions (Lucchita and Soderblom 1982).
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In addition to the two general geologic units, the surface of Europa is covered with
numerous linear features. Lucchita and Soderblom (1982) classified these feature into four
categories: dark bands, triple bands, gray bands, and arcuate or cycloidal ridges. Dark
bands are linear features with albedos similar to the darker mottled terrain. Triple bands
are similar to dark bands except there is a bright linear feature down the middle of a dark
band. Gray bands are wider linear features that appear to have formed due to dilation
(Pappalardo and Sullivan 1996). Arcuate or cycloidal ridges are curvilinear features that
form cusps every ~100 km. Fig 1.1. shows examples of each type of linear feature as
viewed by Voyager.

Six impact features were detected by the Voyager flybys (Lucchita and Soderblom
1982). The largest. Tyre, appears to be a multi-ring impact feature approximately 152 km
in diameter to the outermost ring (Moore et al. 1998). Five smaller craters between 15-30
km in diameter were also identified: Cilix, Rhiannon, Taliesin, Tegid , Morivan. Fig. 1.2

shows the six clearly identified impact features as observed by Voyager.

B. Galileo

High resolution images of Europa taken by Galileo have new insight into the tectonic
processes taking place there. The plains units are covered with linear double ridges down
to the kilometer scale (Greenberg et al. 1998). Mottled terrain appears to show evidence

that in some regions the ice is thin and may have melted partially (Carr et al. 1998).




Figure 1.1: Linear features on Europa as identified by the Voyager encounter. a) Dark
band. b) Triple band, c¢) Gray band, and d) Arcuate or Cycloidal ridges.



Figure 1.2: Impact features on Europa as identified by the Voyager spacecraft. a) Tyre.
b) Cilix. c) Tegid. d) Morivan. e) Taliesin, and f) Rhiannon.




Galileo has also revealed the more detailed morphology associated with the linear
features. The faintest features detectable on the surface appear to be cracks. defined here
as linear features without topographic relief on either side. Double ridge pairs, (class 1 in
the Greenberg et al. 1998 taxonomy) appear as two ridges of uniform height (~200 m)
with a central trough. Multiple ridges (class 2 in the Greenberg et al. 1998 taxonomy) are
slightly wider than the double ridges, and appear as symmetrical features both in height
and width about a central valley. Class 3 ridges (Greenberg et al. 1998 taxonomy) are
composed of multiple parallel double ridges that are braided and typically associated with
global scale features over 1000 km in length. Fig. 1.3 shows examples of the three types
of ridges as classified by Greenberg et al. (1998).

In addition to high resolution coverage of tectonic features, Galileo has also looked at
high resolution at impact features. Galileo has detected another multi-ringed impact
feature, Callanish (~100 km diameter to the outermost ring). The craters Pwyll and
Mannan’an (diameter ~20 km) were also imaged by Galileo at high resolution. Fig. 1.4
shows Galileo images of Callanish, Pwyll and Mannan’an. High resolution has also
revealed numerous smaller impact craters. [n some cases these craters are clearly
secondary craters while the origin of other small craters is not clear (Chapman et al.

1998).
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Figure 1.3: Greenberg et al. 1998 ridge taxonomy based on Galileo high resolution
imaging during the nominal mission. a) Class | double ridge system. b) Class 2 multiple
ridge system, and c) Class 3 parallel double ridge systems.



Figure 1.4: Galileo high resolution views of three impact features: a) Callanish. b)
Pwyll, and ¢) Mannan’an.
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V. Rotational and Geophysical studies of Europa

This dissertation will examine the effects of tides on Europa’s rotation rate and the
observed tectonics. Chapter 2 places constraints on the rotation rate of Europa based on
the comparison of images taken by Voyager and Galileo. Chapter 3 explores possible
sources of tidal stress on Europa. These tidal stress models will try to explain both the
orientation and age relationships of linear features in a region where the global age
relationships are clear. Chapter 4 continues the discussion of tidal stress in other regions
of Europa. Both the origin and evolution of linear features based on tidal stress will also
be covered. Chapter 5 discusses the possibility that strike slip motion on Europa may
also result from diurnal tides. Tidal torques between satellites in resonance and the effects
on rotation will be covered in chapter 6. Stereo images and the implications for the
geology of Europa will be presented in chapter 7. This study clearly shows the

importance of tides on tectonic features on Europa and the necessity of a global ocean.



Table 1.1 Orbital elements and physical properties of the Galilean satellites (Burns 1986).

*Updated results from limb measurements (Thomas et al. 1997).

Satellite Semimajor Orbital eccentricity Mass Radius (km) densit?»
axis period (forced) free |  (10%° kg) (g/cm’)
(10°m) | (days)
lo 421.6 1.796 (.004) 0 894 1821.9* 3.57
Europa 670.9 3.551 (ono 480 1561.5* 3.01
Ganymede 1070 7.155 (.0006) .002 1482.3 2631.5* 1.94
Callisto 1883 16.689 0.007 1076.6 2,400 1.86
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CHAPTER 2: Rotation of Europa: Constraints from Terminator and Limb Positions

I. Introduction

Tidal torques due Europa’s eccentric orbit would tend to drive Europa’s rotation at a
rate slightly faster than Europa’s orbital period. Thus, Europa’s rotation must be non-
synchronous unless synchroneity is maintained by a permanent asymmetry in Europa’s
mass distribution (Greenberg and Weidenschilling 1984). Europa’s low and globally-
distributed topography (<200 m elevation) (Smith et al. 1979, Belton et al. 1996) may not
be capable of providing much asymmetry, and the possibility of a liquid water ocean
beneath the icy surface would make a frozen-in elongation unlikely. Even if the silicate
interior were locked into synchronous rotation, an ocean might allow the surface to
decoupile from the silicate interior permitting the ice shell to rotate at a different rate.
Additionally, the global fracture patterns on the surface of Europa, as well as complex
fine-scale tectonics revealed by Galileo high-resolution imagery, may be evidence of stress
due to non-synchronous rotation (Helfenstein and Parmentier 1985, McEwen 1986,
Geissler et al. 1998, Greenberg et al. 1998).

In this chapter (Sec. II) [ describe a technique for measuring Europa’s rotation rate
based on the position of the terminator in Voyager and Galileo images. [n Sec. III [ show
the results of the rotation measurement and discuss the associated systematic and random

errors. Sec. [V discusses constraints from additional measurements of Europa’s terminator
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and limb and a comparison with rotation measurements of o and Ganymede using a

similar technique.

I1. Measuring the rotation rate from the position of the terminator

The geometric terminator on a spherical planet is a great circle 90° from the sub-solar
point. For a body without an atmosphere, the terminator marks a sharp boundary at
sunrise and sunset. Regional topography can affect the position of the apparent
terminator substantially. However, Voyager imaging (Smith et al. 1979) and Galileo
imaging of Europa (Belton et al. 1996) have revealed a surface with low topography
compared with lunar-sized bodies. On such a smooth surface, the geographic position of
the terminator should be predictable given the ephemeris of Europa. Thus, a direct
measurement of Europa’s rotation rate can be obtained by measuring the positions of
surface features relative to the terminator as imaged by Galileo, and comparing the results
with similar measurements of the positions of the same features relative to the terminator
as imaged by Voyager 2 17 years earlier. In effect, the rotational positions of surface
features are defined relative to the well-known direction of the sun.

Only one Galileo image (s0349875113) covers a region near the terminator that was
similarly imaged by Voyager for comparison. It was taken at a resolution of 1.6 km/pixel
during the spacecraft’s first (‘G1°) orbit. A reprojected version (sinusoidal, equal area,

with north up, and east to the right) is shown in Fig. 2.1 showing latitudes from 0° to 30°
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Figure 2.1: Galileo image (s0349875113) of the terminator at 1.6 km/pixel. The X
symbols represent the position of reference features identifiable between the Galileo and
Voyager images. The noisy line represents the position of the terminator based on
reflectance profiles, while the straight line represents the best fit to the terminator.
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north, with selected reference features spanning longitudes 157° to 172°. By convention,
longitudes are measured west of the prime meridian defined by the sub-Jupiter point. The
corresponding image of the surface by Voyager 2 (c2065211) showing the same region at
1.6 km/pixel, with the terminator, is similarly reprojected in Fig. 2.2.

The marked features in Figs. 2.1 and 2.2 represent 25 features easily identifiable in
both the Voyager and Galileo images. However, differences in viewing geometry and
lighting may shift the apparent positions of features. For example, what seem to be only
albedo features in the Voyager 2 image are found to be ridges in the Galileo image; the
apparent position may be shifted by illumination and shadows. These problems are
minimized by using the intersection points of lineaments as reference points and checking
relationships to other local features to ensure that the same location was identified at the
pixel-level for each reference point (Sec. III contains further discussion of precision).
Approximately half of the reference features fall on Ino Linea and Autono€ Linea (Fig.
2.2).

The apparent terminator in these images may be shifted from the actual position
depending on the contrast stretch of the display (Fig. 2.3). In order to have an objective
means of defining the observed terminator so as to be consistent between epochs, [
analyze the east-west reflectance profiles across the terminator at latitude intervals
corresponding to the pixel size. Examples of the many reflectance profiles across the

terminator, from both the Galileo and Voyager 2, are shown in Figs. 2.4 and 2.5. The
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-«+—— Autonoe Linea

Figure 2.2: Voyager 2 image (c2065211) of the terminator. The X symbols represent
the same features in Fig. 2.1. The noisy line represents the position of the terminator based
on the reflectance profiles observed by Voyager. The straight line represents the best fit to
this curve.

Figure 2.3: Voyager 2 image of Europa’s terminator with different linear stretches. The
image on the left is un-stretched, while in the middle and right image the position of the
apparent terminator moves toward the east as the stretch is increased.
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Figure 2.4: Reflectance curve for a typical row in the Galileo terminator image.
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Figure 2.5: Reflectance curve for a typical row in the Voyager 2 terminator image.
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terminator longitude is objectively defined (at each latitude and for each epoch) by fitting
straight lines separately to the flat night-side portion and to the sloping bright-side; the
intersection of the straight lines is defined as the apparent terminator. Note that data
within 40 km of the intersection are not used in the line fits. to avoid allowing local
shadow effects at the terminator to skew the position.

The determination of the position of the apparent terminator was made over the full
range of latitudes, generating the noisy terminator profile at the right in Figs. 2.1 and 2.2.
The straighter curve through these points is a best-fit line parallel to the nominal
terminator. The latter is not quite a north-south line, because the sub-solar point is not on
the equator; it is at 1.39° N, 245.88° W for the Galileo image and 0.43° S, 231.75° W for
the Voyager image. The twenty-five reference features were measured relative to the best

fit line in both the Galileo and Voyager 2 image.

[II. Resuits

For synchronous rotation between the Voyager and Galileo epochs, features in the
Galileo image would be expected to be 14.13° closer to the terminator than in the Voyager
image. In other words, if Europa were rotating synchronously, it would have rotated a
whole number of times relative to the sun, plus 14.13°, in that time. The position of the
terminator (relative to the surface features) in the Galileo image should be at the position

of the dashed curve in Fig. 2.6, which is 14.13° to the left of its position in the Voyager
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Figure 2.6: Galileo image of the terminator. The straight and noisy lines are the same

as those depicted in Fig. 2.1. The dashed line represents the expected position of the
terminator assuming synchronous rotation.
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image (Fig. 2.2). In fact, on average, the measured position of the terminator is only
13.0° from the Voyager position, suggesting slower-than-synchronous rotation by ~1° in
seventeen years.

This result would be contrary to the prediction by Greenberg and Weidenschilling in
(1984): based on tidal torque, any non-synchronous rotation would be faster than
synchronous. Before accepting the observation of slower-than-synchronous rotation. I
must consider the precision of the measurements. Sources of random errors are (a)
inconsistencies in measuring reference feature positions and (b) uncertainty in apparent
terminator longitude.

Uncertainty (a) is due to the difficulty of determining precise positions of reference
features in the two images due to different photometric conditions, as discussed in Sec II.
The reference features chosen could be identified to within a pixel in longitude in each
image. The Galileo pixels are 1.6 km or 0.05° across, and the Voyager pixels are 1.8 km or
0.07° across. Thus feature location introduces an uncertainty of +0.1° at most in my
determination of rotation between the two epochs.

Uncertainty (b) comes from local topographic effects and noise in the images. [n both
images the position of the apparent terminator oscillates on either side of the best fit
terminator (see Figs. 2.1 and 2.2). The standard deviation of the terminator longitude is
+0.4° for Voyager, and +0.3° for Galileo. This variation is most likely due to random

topographical features visibie only at higher resolutions. Noise in the images from charged
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particles hitting the detector, especially in the Galileo image, could affect the slopes of the
east-west reflectance profiles, thus altering the position of the apparent terminator at
some longitudes. For this study I did not filter out charged particle noise, because it was
important not to degrade geometric precision. Nevertheless the effect of noise is minimal
because the best fit of the reflectance profiles averages over a large number of pixels.
Random topography is the dominant cause of the deviation in terminator position.

The combined error from random sources (a) and (b) is £0.5°, hardly enough to
account for the 1.1° apparent shift due to non-synchronous rotation. Next I consider the
sources of systematic error: (a) the shift in apparent position of the terminator in
different geologic regions, (b) the effect of local topography, (c) the effect of Europa’s
global figure, and (d) photometric effects.

(a) The geological province may affect of the position of the terminator

systematically. [n the Voyager image the terminator crosses two different geologic
provinces, the ‘brown mottled terrain’ and ‘the bright plains’, defined and mapped by
Lucchitta and Soderblom (1982). Brown mottled terrain is a roughly textured, hummocky
region of Europa, while the bright plains are identified by their high albedo. Fig. 2.7 shows
the positions of the terminators viewed by Galileo and Voyager superimposed on the
geologic map of Europa by Lucchitta and Soderblom (1982). The Galileo terminator lies
primarily within the bright plains region. The Voyager terminator lies in brown mottled

terrain except north of latitude 24°, where it crosses bright plains. In fact, [ have found
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Galileo G1
Terminator

<«+—— Voyager 2
Terminator

Figure 2.7: Geologic map of Europa from "Geology of Europa" by B. K. Lucchitta.
and L. A. Soderblom from Satellites of Jupiter, edited by David Morrison. Copyright €
1982 The Arizona Board of Regents. Reprinted by permission of the University of
Arizona Press. The Voyager terminator crosses the modeled terrain (mb) and enters the
bright plains (pb) near 24° north.
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(Fig. 2.2) that the Voyager terminator is shifted (relative to the mean) to the east by 1° in
the bright plains (north of 24°). Thus, when the calculation of Europa’s rotation rate is
limited to the comparison of terminator positions within the same geological province
(the bright plains) rotation is found to be synchronous, with the uncertainty of +0.5°.

(b) Local topography can also causes a systematic shift in the position of the

terminator. On Europa, the shadow from a 100 m high ridge can reach the terminator from
the day side 17.7 km (0.65°) away. From a 200 m ridge the shadow can reach the
terminator from the day-side 25 km (0.92°) away. Such shadows preferentially shift the
position of the apparent terminator in the direction of the sun. On the other hand, ridges
on the dark-side of the terminator may be high enough to be illuminated by the sun. This
would tend to move the terminator away from the sun, but this is less effective because
the area of the illuminated ridge is much smaller than most of the region covered in
darkness. Similarly, shadows from depressions tend to shift the position of the terminator
in the direction of the sun. In order for these topographic effects to systematically affect
this rotation experiment, the character of the topography would need to different along
the Galileo and the Voyager terminators. In fact there is a N-S ridge (Ino Linea) 32 km
west of the terminator in the Galileo image. Such a ridge would have the potential for
systematically shifting the terminator, however I have avoided this source of error by not

including the ridge or its shadow in the reflectance determination of the terminator (Sec.




II). It is possible that the character of the topography varies between geological provinces
so that the systematic shift discussed in (a) is due to local topography.

(c) The broad regional figure of Europa may also produce a systematic effect on the

position of the terminator. Assuming an elliptical shape of Europa due to a tidal bulge
with an amplitude of 500 m, the change in the position of the terminator with respect to
the predicted location on a sphere would be << 0.01°.

(d) Photometric effects could provide additional systematic effects on the position of

the terminator. Dark albedo features would increase the slope of the reflectance curve and
shift the terminator in the direction of the sun, while brighter features would have the
opposite effect. This effect too may have contributed to the systematic effect due to the

different geologic provinces (as above).

[V. Additional Constraints on Europa’s Rotation Rate

An independent determination of rotation was attempted by considering the position
of the crater Cilix (1.7° N, 181.9° W), which appears close to the terminator on a Galileo
image taken on its third orbit. Figure 8 shows Cilix and the terminator of Europa as
viewed by Voyager and Galileo. I can apply the same terminator-referenced comparison
for these images as [ did for Figs. 2.1 and 2.2. Unfortunately the Galileo image

(s036839600) contains only 42 rows of data that cross the terminator. Also within this




Figure 2.8: Cilix and the terminator as viewed by Galileo and Voyager.
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image, the rim of Cilix takes up 23 rows on top of the terminator. As discussed in Sec III,
topography can have a systematic effect on the position of the terminator. Therefore I did
not want to consider the portion of the image defined by the rim of Cilix. Additionally,
Cilix is surrounded by an anomalously low albedo region that could also systematically
shift the position of the terminator. Therefore out of the original 42 rows I can only use
the top and bottom three rows to determine the position of the terminator. Comparing the
position of this feature in both Voyager and Galileo images, I found a shift of 0.1° £0.5°,
consistent with synchronous rotation and similar to the results found in Sec. III.
B. Limb Fits

Other images permit another method of measurement of rotation. This method
consists of fitting a limb or partial limb to an image of Europa in order to determine the
precise latitude and longitude of features within the image. Galileo image s0383694600
from orbit E6 (1.5 km/pixel) and Voyager image c2064922 (1.9 km/pixel) have the
appropriate geometry. As with the terminator images, a series of reference features (Fig.
2.9) were selected for comparison in both images. In this measurement all reference points
are far from the terminator and thus are solely albedo features in both images. Therefore
their positions are less ambiguous than before. Assuming synchronous rotation, the
latitude and longitude of reference features in both images should be the same. The
positions of features relative to the limb appear to be consistent with synchronous

rotation (<0.1° £0.5°). Beam bending effects from the readout of the vidicon imaging
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Figure 2.9: Europa’s limb as viewed by Galileo and Voyager.
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system of Voyager may introduce uncertainties in the position of the limb by +0.3°
(Gaskell 1988). This measurement also relies heavily on the SPICE prediction data
derived by JPL NASA to determine the precise locations of features on Europa. The
software assumes that Europa is a sphere with a radius of 1561.5 km. In fact, however,
Europa is a triaxial ellipsoid (a: 1563 1 km b: 1561 £2 km c: 1559.5 *1 km) (Thomas et
al. 1997). This is not a serious problem because a 2 km uncertainty in the radius of
Europa would translate to <0.1° error in position. Thus the shape of Europa is only a

minor effect within this analysis.

V. Other Satellites

A. lo

Greenberg and Weidenschilling (1984) considered Io, like Europa, as a possible
candidate for non-synchronous rotation, due to its forced eccentricity and high
temperature. Unfortunately, the best high resolution images of [o's terminator by Voyager
are near the south pole, not imaged by Galileo. However, the Galileo image s09413744178
(4 km/pixel), taken during orbit C10 and Voyager image c1639132 (500 m/pixel) show a
common region with the terminator. The position of the terminator relative to identifiable
features can be used to constrain the rotation rate just as I did for Europa.

Problems associated in this measurement include (a) surface changes due to lo's

activity, (b) the large topography on lo, (c) great distance of the terminator from the
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reference features in the Galileo image, and (d) the low resolution of the Galileo image (4
km/pixel). I next consider each of these in turn:

(a) Io's volcanism can change the appearance of features over relatively short time
scales. Active features have moved extensively over the seventeen years between Voyager
and Galileo; Prometheus in particular has moved over 70 km (McEwen et al. 1997). The
volcanic activity discourages the use of flows or low elevation features which may be
easily altered over short time scales, but instead encourages the use of mountains that
should be unchanged over long periods.

(b) Mountains on Io can drastically change the position of the apparent terminator.

Carr et al. (1998) have identified mountains at least 7.6 km high on the surface of [o.
These features could cast shadows up to 165 km in length (5°) across the surface. Within
the Voyager image c1639132 a mountain shifts the position of the apparent terminator by
~2°. Therefore care was taken to avoid fitting a terminator in regions near known
mountains.

(c) The terminator location in the Galileo image is separated from the Voyager image

by 50° of longitude. As with the Europa images, the regional geology can also affect the
position of the terminator. It is unreasonable to expect the character of the terminator to
be the same over regions separated by ~1600 km, especially considering the topography

of lo.
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(d) The resolution of the Galileo image (4 km/pixel) also limits the constraints on [o's

rotation rate. The lower resolution image limits the number of reference features that can
be identified between the two images. This also limits the precision of the location of
these features to within +0.2°.

Taking all of these uncertainties into account, the comparison of the Galileo and
Voyager images show that Io is rotating synchronously within 0.2° £1.5°.
B. Ganymede

Ganymede's rotation rate was also constrained using the terminator as a reference.
Due to Ganymede's greater semimajor axis and smaller eccentricity, less torque is required
to lock it into synchronous rotation (Greenberg and Weidenschilling 1984). The solid
body of Ganymede could readily support a permanent asymmetry capable of locking the
satellite into synchronous rotation. In fact, the topography of the large scale surface
features may provide adequate asymmetry. Due to the limited number of images of
Ganymede returned by Galileo, the only region in which this measurement could be made
was at high northern latitudes (> 55° N). There, if non-synchronous rotation were
occurring on Ganymede, any linear displacement of features would be approximately half
of what would be observed near the equator. On Ganymede, eight features were measured
with respect to the terminator in both a Voyager and Galileo image. These measurements

indicate that Ganymede is rotating synchronously within 0.5° *1°.
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V1. Discussion

I have found that the rotation of Europa relative to the direction of Jupiter is <0.5°
over a 17 year period, i.e. one rotation with respect to Jupiter would require at least
12,000 years. Earlier, results from ground based phetometric observations of Europa’s
disk-integrated lightcurve had shown that the darker hemisphere of Europa has remained
on the trailing side over 50 years (Morrison and Morrison 1977), constraining rotation to
< 18°, i.e. a period > 1000 years. My new result is thus an improvement in the
constraining of Europa's rotation rate by an order of magnitude and is consistent with
synchronous, or very slowly non-synchronous, rotation.

Two lines of observational evidence suggest the rotation of Europa is in fact non-
synchronous. Crater statistics on Europa do not reveal any leading-trailing asymmetry
with an abundance of craters near the apex of Europa's leading hemisphere, such as would
result from synchronous rotation (Shoemaker and Wolfe 1982). This is demonstrated by
high resolution images (510 m/pixel) that sample the small crater population, as well as
global distributions of larger impact craters (>10 km) which appear to be randomly
distributed (Shoemaker and Wolfe 1982). While the age of Europa’s current surface is
uncertain, between a few million and a billion years (Chapman et al. 1998), the lack of a
leading-trailing cratering asymmetry is consistent with a non-synchronous rotation period

much less than the age of the surface or rapid resurfacing, more likely.
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The other line of evidence suggesting non-synchronous rotation comes from apparent
age sequences of linear features (Geissler et al. 1998). Cross-cutting relationships,
revealed by multi-spectral imaging of the surface of Europa, show that the orientations of
linear features rotate in the clockwise direction with age in the region around the
intersection of the linear features Cadmus and Minos (45° N, 215° W). Maps of the tidal
stress field due to non-synchronous rotation (Helfenstein and Parmentier 1985, McEwen
1986, Greenberg et al. 1998) show that, if the Cadmus-Minos region has moved from
west to east over the last 60° of rotation, the local stress field would have rotated
clockwise. This suggests that non-synchronous rotation may explain the age sequence in
the Cadmus-Minos region.

Greenberg et al. (1998) have shown that this scenario only works if non-synchronous
stress is comparable to "diurnal” tidal stress, which is due to orbital eccentricity. If stress
due to non-synchronous rotation built up for more than a couple of degrees this scenario

would not work. If the lithosphere of Europa has a strength of <2 bar, then stresses due

to non-synchronous rotation can not build up for more than ~1° of rotation. Based on my
upper limit to Europa's non-synchronous rotation rate (360° in 12,000 years), stress due
to 1° non-synchronous rotation would build up in 30 years. Even if the strength is
greater, assuming an average temperature of the lithosphere to be 200K, the crust may
relax such that (except near the surface) it can only accumulate stress over at most 100

years of strain. In that case, given my upper limit to non-synchronous rotation (360° in
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12,000 years), the maximum non-synchronous stress would correspond to only the most
recent 3° of rotation. In either case (weak ice or relaxation), the non-synchronous stress
would remain comparable to diurnal stresses as required in this model.

The model also requires that non-synchronous stress not be too small. [t thus requires

the non-synchronous rotation rate to be 2360°/36,000 years; otherwise the maximum

strain (100 years worth) would reflect <1° of rotation. The rotation period thus appears
to be constrained between 12,000 years (based on the observations) and 36,000 years
(based on 100 year relaxation time of the lithosphere).

There is, however, a problem with a period as short as 36,000 years. Since Cadmus
and Minos formed <60° of rotation ago, that translates into ages of <6000 years. This is
impossible because as triple bands they probably have developed mature ridges. Triple-

band ridges more likely form on time scales >10° years (Greenberg et al. 1998). Thus

based on the time scale for the possible formation of features it appears that the crust can
support stresses for periods >100 years and that the non-synchronous rotation period
must be at least 106 years.

Future missions to the Jovian system will provide additional constraints on the
rotation rates of Europa and the other Galilean satellites. Voyager images may remain
useful for these measurements because they have the advantage of being taken nearly 20
years ago which may compensate for their low resolution (~2 km/pixel). A few Galileo

images taken at high resolution during the nominal mission include the terminator, but the
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advantage obtained through high resolution is diminished by the shorter time scale
between Galileo and any foreseeable future mission. Table 2.1 sums up the best Voyager
and Galileo images of the terminator that could be used in studies of Europa’s rotation
rate using future data. Many of the random and systematic uncertainties associated with
determining the position of the terminator would remain however. If Europa's rotation
rate is comparable to the upper limit allowed by my study, it should be detectable by
appropriate images taken about 10 years from now, i.e. during the Europa orbiter mission
currently being developed by NASA. If Galileo acquires an image of Europa's terminator
at the equator at resolution of 100 m/pixel, and if the future Europa orbiter obtains similar
coverage, then the non-synchronous rotation rate can be constrained within 0.037°/10

years, (i.e. 360° in 10° years). [f the resolution were 10 m/pixel, the precision of would be

proportionally better. Precise determination of the rotation rate of Europa could be
measured with telemetry from a lander on the surface. Europa's rotation rate is probably a

key determinant of its geological and geophysical evolution.



Table 2.1. Galileo and Voyager images that include the terminator.

Images of Europa's Terminator Resolution
(km/pixel)
Galileo images s0349875113 1.6
50368639413 0.42
s0368639426 0.42
50368639600 0.84
50374649000 1.2
s0374649026 1.2
s0374649052 1.2
Voyager images c2064934 1.8
c2064946 1.8
c2064958 1.8
c2065211 1.6
c2065215 1.6
¢2065219 1.6
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