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Abstract

Tertonie patierns on Burepa are influenced by tidal stress. An fmportent well-
recognized romponent is asscclated with the orbital eccontricity, which produces a
diurnidly varying stress as Jupiter's apparent position in Europa's sky oscillates tn
longitade. Cyeloidal Hneaments seem to have formed as oracks propagated in this
dinrnaily varving stress Beld. Maps of theoretical cycloid pattorns capture many of
the eharactoristios of the observed distribntion on Europa. However, a fow details
of the observed cyeloid distribution have not been reproduced by previous models.
Rogently, it has been shown that Furopa bes s finite foreed obliquity. so Jupiters
apparent position in Europa’s sky will also oscillate in Intitude, We esplore this new

tvpe of diurnat effect on cveloid formation, We find that stress from obliquity may be

Prepriot submitted to Flsevier Scienee 21 Jamuary 2008

the key to explaining several churactoristics of observed cvcloids sueh as the shape
of equator-crossing cyvcloids and the shift in the crack patterns in the Argadnel
Regio region. Al of thewe improvemeonts of the it between observation aoad theary
seer to redquire Jupiter crossing Buropa’s equatortal plane 457 to 1807 after porbiove
passage. sugpestive of cotnplex orbital dynamics thet lock the direction of Buropa’s
pericenter with the ditection of the asconding node at the Lioe these sracks wore

formed.
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Tectonics, Obliguity

1 Introduction

After the Vovager sparecraft revealed ovelolds in the Hmited area it imaged,
the formation of cycloids remmined unexplained until Hoppa and Tafts {1009)
proposed that cyvcloidal cracks form as » resall of tensile cracking in response
to dinenally varving tidal stresses produced by Buropa's orhital cccentricity.
[n their model, cycloid-shaped coacks form in the following way, When the
tensile strength of iee b5 reached, & crack forms perpondicular to the Joosl
direction of the tensile stress and beging to propagate across the surface. Do

canae divrnal tidal stress changes in both magnitude and orjentation. cracks

propagate across an ever-changing stress ficld, Thus, propagation can follow

a curving path antid i reaches 2 place and diwe where the tensile stross
insufficient to continue the propagation. The propugation remains dormant
until fater in the orbit, when the stress at the end of the crack onee again

exeeeds the dee strength. Ar that Gme, propagation continues in a direction

perpendiciiar to the new orientation of tensile stress. The shape of the erack
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2 The Global Picture of Cycloid Formation

21 Comparison of theoreticul models with ehsersation: zero obliquity

Fig. 1 shows maps of idealized cyeloids that would form at Jocations across

ations caused by the cocen-

Europs's surface, assuming only dinrnal stress vari
tricity. The crack shapes shown are those that propagate from ioitiad orack
sites at various locations, selected at intervals of 157 in longitude and ar 107
intervals I latitude Detween 10° and T0° in the north and south, We alse
model cycloids that form at 5° latitude both north and south of the equator.
Fig. 1a shows crack patterns assuming a net westward component of prop-
agntion, while Fig. Ib asswmes the net sense of propagation is towards the

cast. The cracking patterns depend on the rate of crack propagation and the

assimed ice strenpth values (the tension required to start and maintain crack
propagation). Here we use parameters similar to those inferred from fitking
cycloids in the southern hemisphere {Hurford et ol, 2007). Specifically, the
initiation stress is 68 kPa, the propagation strength s 3% kP2 and the effec.
tive propagation speed I8 4.8 ke /hr. The crack maps in Fig. § are dealized. of
course, because details of the loeal parameters controlling crack propagation

may influence a specific ovcloid’s development.

For comparison. Fig. 2 shows mapped cveloids actuaily observed on Europa.
Bart #f al (2003) and Greenberg of of (2003) noted that bypotheties! mod
eled eycloids reproduce many of the characteristics of observed cyeloids: (1)
The long east-west trending eveloids observed in the southern, mid-latitudes
near longitude 180° (Fig. 2) are simila to hypothetical cycloids at the same

latitudes, albeit not the same lonpitndes {Fig. ladh). In fact, these incinde the

o

cycloids modeled by Hoppa cf ol (2001) and Hurford f o, {2007} (2) Loug

cast-west trending cyeloud chains run fust north and south of the equator in
Fig. 1, as observed near 07 and 1807 in Fig. 2. Such cveloids are prominent
near U and 1807 in Fig. 2 and are not seen at other Jongitudes beeause inage
vesolution or coverage is inadeguate or oveloid features have heen disrupted
by chaotic terrain. {3} Near 907 longitude in the far sorth {Fig, 2) are excloids
with porth-south orientations. Like the ones i the hypothetical map {Fig, 1.
they tend to be relatively short amd are located far from the equator. {4) The
formation of angular or “hoxy” crack patterns observed near the equator {Fig.
2} is simifar o the model eracks in Fig, ©in this region. These observed Doy
eyeloids le in Argadnel Reglo (often calied the “Wedges™ region). which is lo
cated Just sonth of the equator and west of 1807 longitude. The cracks in this
regon, hesides demonstrating the boxy eyveloid shapes. are often dilated into
wedge shapes. Similar vrack patterns diametrically opposite (in the aorthern
hemisphere near 07 in longitude) have been noted (Greenbers of al, 2003

srecnbery, 2005), hut there they have not been modified by dilation,

Besicles mmching the peneral characteristics of observed oveloids, maps of
dealized eyeloids might mateh patterns observed in oveloid distributions. (A)
In Fig. § ameall zones in which no cveloids form are predicted near 0 and 1807

stress never reaches a lovel

longitude. In these zones the maximum tensie

high encugh to initlate crack formation, thus no cveloids originate from these
regions. (B) Cyeloid patterns in the northern and southern hombsphere are
svimtaetrie. In fact, the pattern in cach hemisphere s & mirror image of the

other, reflected about the equator.



eling cycloids with the nclusion of non-syachronons rotation still produces
zones in which no eycloids form near 09 and {807 longitade but the size of
these zente increase and their centers shift eastward from 1807, However, with
the reorientation of the surface through mor-svachronous rotation, these zones
where eyeloids fail to form may not be preserved in the A;I‘Jsm'vecf oyehoid dis
tribution. Most importantly, the distribution of idealized cycloids maintaing
the svinmetry hetween the northery and southern hemisphere. Sinee wdealized

eveloids that formed with the stress from non-svachronous rotation included

reproduce the overall characteristios of the observed cveloids, which were also

reproduced by the diurnal stresses alone and fail to reconcile the detailed mis-
mateh between the idealized and observed distribution. we will exclnde the
effect of stress from non-syrebronous rotation on oveloid growth patterns in

this paper,

Stmilarly. a small amount of reorientation by polar wander may account for

the mismateh betwesn the model and the chservations of eracks. Sarld of ol

(2002} found a mismatch between the model of strike-slip displacement and
chservations strike-shp displacement. which they attributed to polar wander
of BEuropa’s ice shell. However. polar wander of the type they describe would
have shifted the Argadnel Regho region north after its formation, implving that
it formed even further south of its current location, enbancing the asvinmetyy
across the equatiorn

In swmmary, the main disagreement is that the observations do not fit the

s the eguator are

predicted symmetry aoross the equator: Cyeloids that o
not sympmetrical, and the “hoxy” cracks just west of 180° are south of the

equator, while those just west of 7 are north of the equator,

3 Obliguity and Cycloid Modeling

The key to moedeling the ohserved churacteristios that do not fit the previous

maodel {Fig. 1} may be the satellite’s obliquity, = If Buropa’s orhital planc

were fixed in orientation, then tidal dampiug would have rapidly romoved any
fnitial obliquity {Peale, 1974 Gladman of af, 1996}, However, the orbit plane
is not Hxed, but precesses about an axis very close to Jupiter's spin axds, This
precession is mainly caused by torques from Jupiter’s oblate figure. but alse

has contributions from interactions with In, Ganvinede, and Callisto (Lioske,

1908).

As a result of the orbital precession, the confizuration to which the spin pole
is driven by {idal damping s not one of zero obliquity. Tustead, as for the
Moon, the obliguity adjusts to a valie such thal the spin pole, orbi pole, and
tocal invariable pole all remain coplanar. Such configurations have been ealled
generalized Cassing states (Colombo, 1966; Peale, 1969 Ward, 1975), bevause

they are simtlar to behavior of the Moon, as first enunciated by G I Cassing

in 1693,

If the orbit precession Is steady. as asstzsed by Bills and Ray (2000) in thek
analvais of abliquity Tor the Galilean satellites, then obliguitios wonld be tidally
dataped to constant. non-zero values, H the orbit-plane precession rate is pe

rtodically modulated by interactions among the acighboring satellites, then

the tidally damped obliquitics will correspondingly Huctuate {Ward and de
Campli, 1974 Bills. 2006). Given that effect, Puropa’s mean obliguity s close
to 1119, and oscillates by roughly 10%, with dominant periods of decades to

centuries. On still longer time seales (> WY vears) the eccentricity and incli-
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clianges in ¢ and # while the obliguity causes changes ondy in 8. Jupiter’s angu-
far position with respect to a fixed locarion above Baropa's surface oscillates
with an amphtude of 2¢ east and west and £ north and south, changing slightly
the angular distance o the tidal bulge & The change in # plus daily changes
i a combine, vielding the dhenally varying part of the tide, producing elastic

stress on the surface (See Appendix Al

For a water-ice crst, following Hoppa ef al. (1999h, 2001} we use the con-
ventional values of the elastic parameters g« 3.52x10° Pa and v = (L33
{Cammen et of., 1983), and asswme a tidal response given by fy = 1270
which corresponds to a divnrnal tidad amplitude of changes in the radius of

~ 1 m. The coeflicient 3M /8a a0 is approximarely 2.5x1071

To simuiate the formation of a eyeloidal crack af o given location, our model
alsa requires values for: the effoctive rate of crack propagation, which largely
governs length and carvaenre of the ares; the sense {vastward or westwazd) of
the propagation, which determines the direetion of curvatare of each arc: the
crack initiation strenwth (the tension required to initinte cracking): and the

crack propagation strength {the tension below which the arack propagation

halts). For the varicus cases deseribed below, we specify the values adopted

for y of Lhese parateters.

4 Effects of Obliguity on Cycloids

4.4 Fitting Global Cyelowd Palterns

Figs, 8 and 9 show hypothetioal eyeloids formed when 017 of oblguity i acddiod
to the model wsing an initlation stress of 68 kPa. s propagation strength of
38 kPa and an effective propagation speed of 4.5 km/hr (sl typical param

eter chofees that give penerally resonable agreement with obsvrved ovelold

shapes). Figs. 8 and ¥ assume westword and eastward propagation. TR
tively. As shown in the separate parts of Figs, § and 9. the pattern depends
o where in the orbit, relative to perijove, Jupiter crosses Enropa’s equatos
{r equivalently, the angle from the ascending node to the position of pericen
ter, known in celestial mechanios as mgument of pericenter, W), For sxample,
Fig. 8b shows the hypothatical evcloid pattern when Jupiter crosses Furopa’s

eguator 1/8 of an orbat atter perijove (.. when w = 315°). and so forth.

An ohliquity of 0.1° i enough to break the cquatorial symunetry seen in Fig 1
For example, i Fig. $a and Fig, 92 when the argument of pericenter is sero.
“hoy” oveloids just west of 0 longitude are shifted southward while (8507
away they are shifted northward. Moreover, some cveloids propagate scross

the equator.

Depending on the argument of perieenter, w, the shiflt i the hvpothetioa)
eveloid pattern changes. With o0 = 7 [Fig. 8a). cycloid patterns near the
equater avound 307 longitude ave shifted south -~ 6, but with w = 315 (Fig.

8h) eveloids in gt this same region are shiffed north by o~ 4° I latitude,

With o= 2707 and 2257 {Pig. 8¢ & d). these eveloids are shifted even farther

i



modeling the formation of eyeloids can still uniguely constrain formation lon
gittdes. As long as the looation of eyeloids have been moved i longitude ondy
sinee thetr formation, preserving their formation orientations, fits are unique

ag statistically significant.

5 Discussion

We have shown the effects of obliguity on the formation of hvpothetieal oy

1 companent of stress due to the daily

cloids on Furopa. Obliguity introdue

mtiggation of the tidal bulge in latitude, Dreaking the svmmetry i idealized
erack patterns about the eguator. These effects may account for many of the
previously unexplained characteristios of the observed cycloid pattern on Eu-
ropa’s surface: Cyeloids that eross the equator are not symanetrical, and the
“baxy” cracks just west of 1807 are south of the equator, while those fust west

of 7 are north of the equator.

Adeing obliguity resubts in eycloids propagating across the equator without
changing their eastward o0 westward sense of propagation, now explaining
how such observed oveloids can form. The model now predicts long chains of

equator-crossing cveloids near the same longitudes &5 the “boxy” patterns. It

is, in fact, the north-south shifting of these regions that give rise to the cycloic

that cross the equator. Ubservations of equator-crossing eycloids mateh sueh

concentrations, near the Argadnel Regio region amd 1807 in longitade away

5 resemble the observed crack pattern i the Ar-

“Bony™ or angular cyolod
gadnel Tegio region, west of the snbjovian point {near 210° longitude} (Bart

=t ol 2333). Without obliquity. models produce such shapes at this longitude.
i ¥

in

bt they predict a syintmetry shout the equator. Bowever. observed features
are eoneentrated south of the equator and centered around a atitudo of 578
Maybe the conditions needed to form angular eveloids north of the equator
did pot exist when cycloids i this region formed, aaturally produeiny the
observed asymmetry. but the addition of the stress from the obliquity into
the model of evcloid formatiom Jeads 1o an asvinmetry about the eqhator
which can explain the observed asvinmetrs. A tonth of & degree of obliquity,
the amount estimated by Bils {2005, is adeguate to shift the center of the

stair-shaped cycloids south by at least 5° i the Arpadnel Bogio region, if those

cracks formed when the argument of pericentor, w was between 180 and

Larger amounts of obliguity would produce huger shifts in Jatitadoe.

Mareover, angular cyelolds in the Arvgadnel Regio region have promiment seg-
ments with orientations that are north-east fsouth-west or porth-west/south-
east. However, cyeloid formation models without obliquity would produce an-
pular eveloid with northewest Ssouth-east orientation south of the squator. The
asynmetry introduced by the inclusion of stress from oblicaiity in the modnl
of cycloid formation also allows angudar cracks with northeeast /sonth-west
orientations to be produced south of the cquator, Thus, more completely re-

producing the angular eveloids observed in the Argadnel Regio region.

As we have shown, the shift in the eveloid patters can be to the north or
the south depending on when in the orbit Jupiter crosses Buropa’s equator.
Formation of the crack pattern in the Argadnet Regio region, being south of
the equator, would require the argiment of poricenter to be between [80*
sl 315°. Stmilarky, the “boxy” evclowds i the northern herisphere near 07
longitude would also require the srgument of pericender to be betwoen 1807

amd 315°. Moreover, equator-crossing eveloids between 0% and 30° lonpitude



specific eyoloids may be able to place 2 more precise upper Himit to the size of

Taropa’s obliguity {Sarid ef al, 20068).

Hoppa ef al. (19992) generated predictons of the sense of strikeeslip motion on
Earopa’s surface {Le. left-lateral versus right-lateral). using the surface stress

due to divrnal variations in stress produced by Earopa’s eccentricity, In order

to compare Hoppa's model to observations, Sarid o al (2002) produced maps
of the observed strike-slip motion seen along Evropan ridges. and attributed
mismateh batween the model and observations to polar wander. That work

should now be revisited. taking to aceount the offects of obliguity. which

may be an alternative way to match the mode! and ohservations.

Recent additions to cyeloid formation models focus on eveloid ensps {Groon-

leer and Kattenhorn, 2008). In these models normal and shear stresses are
resolved onto the tip of the oveloidal crack while it remains dorsnt. Shear
motion at 4 critical point o the orhit leads to the formation of a tailerack

which propagates sway from the cusp to become the next are in the cyeloid

hain. Casp angles will be affected by the ratio of shear to normal stress needed
to produce the next arcuate segment and will subtly affect chasacteristios of
the eveloid. However, these additions can not explain the formation of equator

crossing cveloids (Fig. 5}

6  Conclusions

Europa’s obliquity may have plaved a substantial role in defining crack pat-
terns. The observed nerth-south asymmetry of cveloids may be evidence ior

the small but finite obliguity of Europa predicted by Bills {2005}, Obliquity

21

may be the key to producing aspeets of the olserved eveloid distribution such
a8 equator-crossing evelolds and an asynumetry in the *boxy” patterns. All of
these fmmprovements of the fit hetween observation and theery seew to FeCire
that the argument of pericenter was between 180° and 545° at the time of crack
formation, suggestive of complex dyviumics, such as a linkage hetween the as

cending node and the orbital resosance. Puture modeling of cracks shonkl not
assurme that the obliquity is zero or bas no effect on tectonic formation: While
much more work is needed to understand the role of abligity in the tectonios,
we have shown that it was probably strong enough to be inclnded in oveloid

amd stress models.
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61:.,(“ {’me:;(i} + 5(60{”) — (Gc,'a,,:-f‘f) Cf{iff(”) CON 21?(” and { i’i_‘i
i i . :

G'w”,] 52'{47!.»0(?‘} -+ ”é)f*}“),} + T}(f’ery“} o U(!z'i”j,j L08 23[“- (].3)
b . . L1

{1} = o (1) E{aw{f) - app{t)) sin29(f} {143

where the angle J0f) between north and the ope(f) divection, which deseribe

the orientation of the principal stresses and is given by

L

} sm(\(os({f}y (15)

i

N l‘sin{::‘sm('m‘. -
;

A1) = ves
(1) = vos cus & i A}

With the formulation of o and o{f) in similar reference frames, the dhwrnal
stress, o, can now be evaluated. It is often comvenient to express the diurnal
stress tensor in terms of the principal stresses, sueh that shesr strosses are

EETC,

(16}
& sin 2y, {17

aned
off =l sin? vy, 4 ooty - rr'fw sire 2y, (18)

where v describes the orientation of the principal siress axis and is given by

{19}

The angle. 75 is measured from the of direetion to the of direetion.
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Fig. 1. Maps of hvpothetical cyeloids formed using typleal parametors fomxd from

modeling cyclolds rear the south polo: The initistion stress & 68 kPa. the propaga-
tion strength iy 88 kP and the propagation velocity is 4.8 km/he (Huckord et of.
2007). Oudy diurnal stress consed by Furopa’s coeentricity contributes to the slross

field in which these hypothetionl oveloids forms. {a) shows westsard propagaling

cyeoids white (b) shows cycloids which propagate towards the oast.
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Fig. 8 Maps of westward propagating hypothetical cyeloids formed at 5°N using
typicsl parsmeters found from modeling eyeloids near the south pole: The indtistion

stress i 6% kPa, the propagation strength is 38 kPa and the propagation velority i3

4.8 ke /hr (Farford el ol 2007). Only dinveal stress caused by Buropa’s ecoentiicity

cloids forim.

comtrilmites to the stross Beld in which these hypotbetical o

C 4. An example of 8 evelold shich trends mostly nortlesouth as B ocresses the

sing cveloids do not share shis characteristic.
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Fig. 7. Obliguity canses 2 dinznal wigration of the tidal bulpge in latitude. At some
point during Buropa’s orbit, Jupiter s aligned with the equatorial plane of Europa
{a} but ohligquity catses Jupiter to move north of the equatorial plane oot it reaches
its farthest novthern point 174 an orbit later (b Then Juphier moves south until
it onoe again 1s allgned with the equatorial plane (o) before teoving to is farthest

sonthiern point 3/4 of an orbit Tater {d}.
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Fig. 8 Maps of evelobils that propagate westward, wsing typical parametors Sound
from modeling cyeloids pear the south pole (Hudord o al. 2007). Goly diurnal
stresses cansed by Europa's eceontricity snd 0,19 of obliquity contribaite to the stress
field in which these hypothetical cyeloids form. Fach paned {a-h) shows s difforent
pevicenter position measured relative to the sscending node. e, the argiment of

pericentor, W oiocrements of 457,
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Fig. 9. Maps of cvelolds that propugnate eastward. using typloal parameters found
from modeling cycloids near the south pole {Harford o1 el 2007). Ondy dinrnad
stresses caused by Euvrop’s eceentrictty and (017 of abliquity cuntribute to the strosy
field i which these hypothetical eyeloids form. Bach panel (a-h) shows s different
pericenter position measared relstive to the mscending node. beo the argienet of

perieenter. i ineretsants of 45°
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Fit with 70° longitude shift, 0.25° obliquity, w = 345°
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Fig. 10, A preliminary it of an equator-crossing ovelotd, which s shown in Fig,
5 The eyelold At usiog the method outlined tn Harford «f of {2007 wnd the
values of the various poarameters (crack speed. initiation strength and propagution

strengeh) are bisted below the figure
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