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Abstract

A fracture mechanics model is developed for the initiation and propagation of a crack through a porous ice layer of finite thickness under
gravitational overburden. It is found that surface cracks generated in response to a tidally induced stress field may penetrate through the
entire outer brittle layer if a subsurface ocean is present on Europa. Such penetration is found to be very unlikely in the absence of an ocean.
A cycloidal crack would then form as a sequence of near instantaneous discrete failures, each extending roughly the brittle layer thickness in
range, linked with a much lower apparent propagation speed set by the moving tidal stress field. The implications of this porous ice fracture
model for ice-penetrating radar scattering loss and seismic activity are quantified.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Greeley et al., 2004aput current models limit the depth of
tidally induced surface cracks to be less than 100 m even
Among Europa’s surface features, cycloidal cracks are in the presence of a europan océ@mawford and Steven-
probably the most important for proving the existence of a son, 1988; Hoppa et al., 1999; Lee et al., 2003; Greeley
subsurface liquid ocean. This is because (1) there is stronget al., 2004a) These penetration depths are more than an
evidence that they are caused by tidally induced stressorder of magnitude shallower than even the minimum cur-
(Greenberg et al., 1998; Hoppa et al., 1998)d (2) this rent estimates of Europa’s brittle layer thickness, which
stress likely only approaches the ice failure strength if an are in excess of 1 knfOjakangas and Stevenson, 1989;
ocean is present. Greenberg et al., 1998; Pappalardo, 1999; McKinnon, 1999;
There are a number of outstanding issues, however, inDeschamps and Sotin, 200Third, the 3-knfh crack prop-
quantitatively explaining cycloidal cracks. First, current es- agation speed determined bioppa et al. (1999)s three
timates of the pure diurnal tidal stress necessary to causeprders of magnitude lower than the roughly 2-lstspeed at
cycloidal cracks even in the presence of an ocean range bewhich cracks are known to propagate in {Eeeund, 199Q)
tween 40 to 120 kPa based on kinematic fits to observed The purpose of this paper is to quantitatively address
cycloid geometry(Hoppa et al., 1999, 2001; Crawford et these issues in a unified manner. To do this, a fracture me-
al., 2005) This range is well below the typical stress known chanics model is developed for the initiation and propagation
to cause tensile failure in natural terrestrial (¥¥eeks and of a crack through an ice layer of finite thickness in the pres-
Assur, 1968; Vaudrey, 197.7pecond, models of ridge for-  ance of gravitational overburden and porosity. It is found that
mation suggest that cycloidal cracks penetrate through thegrface cracks can penetrate through Europa’s entire brittle
entire brittle-ice laye(Hoppa et al., 1999; Pappalardo, 1999; |ayer, roughly a few kilometers, at the tidal stress thresholds
found to be consistent with observed cycloid geometry in
* Corresponding author. Fax: +1 617 253 2350. current kinematic models, if a liquid ocean is present under
E-mail addressmakris@mit.edN.C. Makris). Europa’s ice shell. Such penetration depths are found to be
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. . . . . PURE ICE
extremely implausible in the absence of a liquid ocean be-
cause tidal stress levels are too low.

For crack initiation, it is shown that Europa’s ice shell
may be highly porous and salt-rich by use of terrestrial mod-
els and measuremenfg/eeks and Assur, 1968; Vaudrey,
1977)as well as Earth-based radar-wave backscattering data
from Europa(Black et al., 2001a)This implies that the l‘
strength of Europa’s outer ice shell may be sufficiently low '
to make the crack initiation strengths of 40-220 kPa arrived
at by Hoppa et al. (1999, 2008nd Crawford et al. (2005)
highly plausible, even though they are much lower than those f
typically measured for terrestrial ice. I
For crack propagation, a model is developed for the stressL
intensity factor at a crack tip in an ice shell with finite thick-
ness, gravitational overburden, and depth-dependent poros- l
ity. This leads to the conclusion that cycloids are generated .
as a sequence of discrete and near instantaneous fracture ’ 0.mm
events, each of which penetrates through the entire brittle —
layer with horizontal length on the order of the brittle layer Fig. 1. The geometry of brine pockets in natural terrestrial sea ice (adapted
thickness. This mechanism yields an apparent propagationfrom Weeks and Assur, 198Brine pockets generate cylindrical cavities
speed that is consistent with the 3-Kmcrack propagation  with diameterd and length’.
speed necessary to generate cycloids in current kinematic
models(Hoppa et al., 1999, 2001; Gleeson et al., 2005} Bart et al., 2003; Crawford et al., 2009)he typical strength
tal penetration would also provide paths for the emergenceof naturally occurring terrestrial ice, however, is roughly
of water or ductile ice to form the observed ridges. Another 500 kPa(Weeks and Assur, 1968; Vaudrey, 19,A%hich is
implication of this model is that the level of seismic activ- roughly an order of magnitude larger than these crack initi-
ity should be higher by orders of magnitude in the presence ation thresholds. Europa’s ice shell would then require sig-
rather than absence of an ocean. nificantly lower strength for the current kinematic cycloidal
Both terrestrial sea ice measurements and radar backscaterack models to be feasible.
tering data from Europa strongly suggest that Europa’s This discrepancy can potentially be explained by exam-
ice is highly porous and the size of vacuous pores or saltining the relationship between porosity and ice strength.
pockets is on the order of a millimeter. Since the lat- The existence of pores and brine pockets in natural terres-
ter is at least three orders of magnitude smaller than thetrial sea ice has been known to decrease its strength signif-
ice-penetrating radar wavelength, our calculations show icantly. Brine pockets generate cylindrical cavities in natu-
that porosity-induced scattering should not be significant. rally grown ice, as shown ifig. 1 Average values of the
This differs substantially from what has been predicted by diameterd and the length of the cylindrical pores in terres-
Eluszkiewicz (2004)who arbitrarily assumed meter-scale trial ice are 0.07 and 0.23 mm, respectivéinderson and
spherical pores. Besides pores, fractures might constituteWeeks, 1958)These cavities lead to a local magnification
another class of void scatterers. Fractures, however, shouldf stress near the cavities and a consequent decrease in the
only cause noticeable scattering if the surface normal of the overall strength of the ic&Veeks and Assur (1968gave de-
fault exceeds the critical angle, typically 3%or electro- rived a semi-empirical relationship for the dependence of ice
magnetic waves incident from ice to vacuum and fracture strength on porosity or brine content based on Arctic glacier
opening widths are at least of radar-wavelength scale, whichand sea ice data assuming cylindrical cavities,
will likely be on the order of 1 m(Chyba et al., 1998;

T

BRINE + SALT ICE

1/2
Blankenship et al., 1999)t is not yet clear if plausible 6.86 % 10° 1_( Vb ) / Pa for /v, < 0.35
mechanisms exist for maintaining such critically large open- of = 0.202
ing widths. 1.96x 10° Pa for/up > 0.35,
1

whereo ¢ is the tensile strength of ice, and the dimensionless
2. Fractureinitiation based on ice porosity vp is the fraction of volume occupied by pores, or the poros-
ity. Vaudrey (1977)has derived a similar semi-empirical
In current kinematic models for cycloidal cracks, the relationship independently from Antarctic glacier data, and
crack initiation threshold has been found to range from 40 has suggested that
to 120 kPa in the absence of stress accumulated by non-

o : 1/2
synchronous rotation, if an ocean is pres@bteenberg et o/ =959 105[1_ ( vp ) :| Pa 2)

al., 1998; Hoppa et al., 1999, 2001; Greenberg et al., 2003; 0.249
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Table 1
Ice porosity of Galilean satellites estimated using 3.5- and 13-cm radar-
wave observations (modified froBlack et al., 2001ga

Callisto

2%
7%

Wavelength

3.5cm
13cm

Europa

33%
94%

Ganymede

2%
5%

These curves make it possible to quantitatively estimate the
porosity necessary to obtain a given tensile strength. Given
this, it may be determined if porosities corresponding to the
crack initiation thresholds given in current kinematic models
fall within a plausible range.

One may independently estimate the porosity of Europa’s

outer ice shell from Earth-based radar backscattering data.

Black et al. (2001ahave investigated the effect of poros-
ity on the measured radar reflectivity from Europa assuming
spherical pores. The porosity of ice in their model can be
obtained using

'm
4
Up =/§Kr37/3 dr, (3)
ro

wherer is the radius of the pores, anglandr,, are the min-
imum and the maximum radius of the pores. The constant
in Eq. (3) is given as

|

T'm

/

1o

70

K=—— 4
1911 —e7] )

-1
rPcar) dr:| .

The physical explanations and the best-fit values of the para-

meterss, to, ¥ andl? in Egs.(3) and (4)are given in Table Il
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Fig. 2. Tensile strength » of natural terrestrial ice as a function of porosity

vp. The shaded regime spans Europa’s likely porosity range based on radar
backscatterTable ) and the stress threshold range for cycloid formation
from current kinematic model$ioppa et al., 2001; Crawford et al., 2005)
The likely porosity Table 1) and the stress ranges on Ganymede and Cal-
listo (Moore and Schubert, 2008)e also shown. The strength of clear lake
ice typically varies from 600 to 750 kR&Veeks and Assur, 1972)

maximum levels found in natural terrestrial ice. The porosi-
ties expected for Ganymede and Callisto from similar radar
backscatter data put them in the porosity range of terrestrial
glaciers.

The terrestrial ice strength curveskify. 2 show that the
mean tensile strength of natural ice reaches a minimum value
of 196+ 50 kPa in the range.05 < v, < 0.25. No data ex-
ists beyondy, > 0.25. A single extreme data point at 90 kPa
for v, = 0.24 (Fig. 9 of Schwarz and Weeks, 19)ihdi-

and IV of Black et al. (2001a)The mean radius of the pores cates that occasionally lower strengths do occur. This may
obtained from their best-fit values is 0.16 mm, which shows be used as a lower bound on tensile strengths for porosity
good agreement with the typical pore size in terrestrial ice v, < 0.25. The maximum 220 kPa combined tidal and non-
previously discussed. Since most of the pores in their model synchronous stress threshold for cycloidal crack formation
are much smaller than the wavelengths of Earth-based radar(Crawford et al., 2005)s consistent with crack initiation on
the detailed geometry of the pores is insignificant in the scat- Europa even if its porosity values fall within or exceed the

tering model.
The resulting porosity estimatag for three icy satel-
lites of Jupiter are shown iffable 1for only the 3.5 and

upper range of those measured on Earth. Given this same
range of porosities and the 90 kPa lower bound for tensile
strength, itis possible that cracks occasionally initiate on Eu-

13 cm radar observations since backscattering at 70 cm didropa even under pure diurnal tidal forcing, with correspond-

not have sufficient signal-to-noise raflack et al., 2001b)
to be used for porosity estimation. It can be seen fian

ing stress thresholds of 40-120 kRdoppa et al., 1999;
Crawford et al., 2005)It is reasonable to expect that as

ble 1that Europa’s porosity estimates are both variable and porosity increases above the values measured for terrestrial
high compared to terrestrial levels, while those of Ganymede ice, the corresponding tensile strength will decrease. In this
and Callisto are significantly lower and well in the terrestrial case, crack initiation on Europa becomes even more likely

range.

The semi-empirical models Meeks and Assur (1968)
andVaudrey (1977)shown inFig. 2, begin with high tensile
strength at the lowest porosities found in Antarctic and Arc-
tic glaciers. Tensile strength monotonically decreases with
increasing porosity until both models converge at the rel-
atively high terrestrial porosities found in Arctic sea ice
(Weeks and Anderson, 1958kuropa’s porosity, as esti-

for the 40—220 kPa range of stress thresholds currently ex-
pected for cycloid formation. The upper limit allows for the
addition of some nonsynchronous rotation st{(€®enberg
et al., 1998; Crawford et al., 2005n the absence of an
ocean all tidally induced stress levels decrease by an order
of magnitude, making it far less likely for cracks to initiate
on Europa’s surface.

The striking differences in surface geomorphology be-

mated from Earth-based radar backscatter data, exceeds thieveen Jupiter’s three icy moons may be due to the differ-
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; * : : Fig. 4. Stresses applied to a surface crack with dejitha brittle ice layer of
r o thicknessH , whereo is the local far-field tensile stress. The gravitational
2000f : : : : : overburden stresgy(z) on the crack walls is given in EGA.1).

2500F i 5 5 % ] nonsynchronous stre¢Srawford et al., 2005)or in concert
with additional isotropic stregfNimmo, 2004) Similar evi-
3000 ; i ; i i dence suggests that it is unlikely for tidally induced surface
0 0.2 °'4Vb @ /Vboo? 0.8 ! cracks to form regularly on Ganymede and Callisto.

Fig. 3. Porosity profile versus depthnormalized by the surface porosity
vp(0). The thickness of the brittle layer is assumed to be 3 km (adapted 3, Fracture propagation
from Nimmo et al., 2003p

In the previous section, it was found that cracks can initi-
ences in ice porosity. Tidal deformation and consequently ate on Europa’s surface under currently hypothesized tensile
tidal stress levels are roughly an order of magnitude lower stress levels, and with much higher probability if there is a
on Ganymede and Callisto than on Eur@piore and Schu-  |iquid ocean present below its ice shell. Here we show that
bert, 2003) as shown irFig. 2 Given this and the fact that  surface generated cracks on Europa may penetrate through
estimates from Earth-based radar backscattering data findhe upper brittle layer of ice if the brittle layer is a few kilo-
the porosities of their outer shells to be much lower than meters thick and if it is effectively decoupled from water or
Europa’s, it seems implausible for tidally induced surface near-inviscid ductile ice below. We then argue that any given
cracks to form regularly even if they have subsurface oceans.cycloidal arc on Europa’s surface was likely formed as a se-
This can be seen iRig. 2where the failure stresses are at quence of concatenated cracks that penetrated through the
least an order of magnitude higher than the applied stressesntire brittle layer, so that the crack propagation speed deter-

on Ganymede and Callisto. This is consistent with the obser- mined byHoppa et al. (1999, 200h)ust then be an apparent
vation of no cycloidal surface fractures on Calligareeley speed.

et al., 2000pr Ganymedé&Prockter et al., 2000)
Pore closure due to gravitational overburden may lead to 3.1. Stress intensity factor as a function of crack depth in
increasing ice strength with depth on Europa. The porosity a finite ice shell
of the ice shell versus depth can be estimated using the meth-
ods of Nimmo et al. (2003h)as shown irFig. 3, where it When a tensile stress field is applied to an elastic medium,
is seen that high porosity may persist in the upper half of cracks develop to release stress locally if the applied stress
the brittle layer and approaches zero in the lower half of the exceeds the medium’s failure strength in tension. The di-
layer. Together wittFig. 2, this indicates that tidally driven  rection of crack propagation is normal to the direction of
cracks on Europa are much more likely to initiate from the applied tensile stress. On Europa, the elastic medium is also
weaker outer surface of the ice shell rather than from the under the effect of gravitational overburden which exerts a
stronger base of the shell. Bottom-initiated cracks are alsolinearly increasing compressive stress along the depth of the
unlikely because of the high gravitational overburden pres- medium. This overburden stress suppresses crack propaga-
sure and ductility of warm ice at the ba&@rawford and tion in the depth directiofiCrawford and Stevenson, 1988;
Stevenson, 1988Yhis is also consistent with terrestrial ob- Hoppa et al., 1999; Greeley et al., 2004a)
servation byNeave and Savage (197€)at, among more The maximum penetration depitof a surface-generated
than 1000 ice cracking event samples in a roughly 300 m crack under the combination of a far-field tensile stress
thick glacier, none originated at depths greater than 60 m. o, and a gravitational overburden compressive stess
One may then conclude that the combination of semi- occurs roughly where these two opposing stresses cancel.
empirical ice strength models and porosity estimates basedA schematic diagram of crack geometry and stress dis-
on radar backscatter data from Europa suggests that cracksribution is shown inFig. 4. The entire load from ten-
should at least occasionally initiate on Europa’s surface un- sile stresso,, is concentrated in the unfractured medium
der pure tidal stress for the thresholds given in current kine- »’ = H — h below the crack since the fractured medium
matic models for cycloids. Initiation would be more likely above cannot support tension. Hefeis the thickness of
for the thresholds obtained under a combination of tidal and either the entire ice shell which would be thin and brittle
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(Ojakangas and Stevenson, 1989; Greenberg et al., 1998)  10*1%" : _n=tkm —

or the upper brittle layer that is effectively decoupled from — Case (o, =200 kPa) i

the ductile layer beloWPappalardo, 1999; McKinnon, 1999; 8y'"'" gzzz 2 Ezw z Eg t:; » R .
Deschamps and Sotin, 200The tensile stress at the crack - > !

tip then increases nonlinearly as the crack grows in depth to- 6 8

ward the lower boundary of the medium. The overburden
compressive stress at the crack tip increases linearly as & 4
function ofh since the gravity force is a body force acting lo-
cally on the surface exposed by the fracture. A differencein = 2
depth dependence between tensile stress from far-field tidal
forcing and compressive stress from overburden at the crack 0
tip in the process of crack growth has been suggested in

K (Pam

Leith and McKinnon (1996and implied inSandwell et al. -2
(2004) Seaaet
The stress |nte_n5|ty fac_td( 7 at th_e crack tip in an ice -4 100 200 300 400 500 800 700 800
sheet due to far-field tensile stresg is (Anderson, 1991; h (m)
Tada et al., 2000) ) ] )
Fig. 5. The total stress intensity fact&; for H =1 km. Cases 1, 2, and 3
h represent the no solution, 1 solution, and 2 solution cases if9drhe
K :1(000, H h) =000V TThF 7)) (5) gray lines show the total stress intensity factors for corresponding cases
when an infinite halfspace model is employed. The porosity ofvjcés

assumed to be zero.

where
2H .
F<£) =,/ — tanﬂ where the depth of the porous laygy is taken to be roughly
H wh 2H one half the thickness of the brittle layer based on the model
0752+ 2.02(%) +0.37(1 —sinZk)3 ) of Nimmo et al. (2003h)as shown irFig. 3.
cosZh

is a nonlinear function of the ratio of crack depth to the 3.2. Crack penetration depth

ice shell thpknes;h/H, with geometry Sh.OVY”. IrFig. 4 A surface-generated crack stops propagating at the depth
The stress intensity factd_(, .« approaches infinity as/H where the stress intensity factor due to tension is balanced
approac hes 1, as shown n E@) a_nd 6) du_e to the con- by the stress intensity factor due to overburden stress,
centration of far-field tensile stress in the regiméelow the

crack. Ash/H approaches 0, E45) approaches the stress g, (o, H, i, Ry, Up)

intensity factor obtained under the assumption that Europa’s P b h _0 9
ice shell behaves as an infinite halfspédéeertman, 1973; = Ki1.1(000, H, 1) + K1.001, 1, vp) =0. ©)
Smith, 1976; Crawford and Stevenson, 1988) If K; is greater than zero, the crack propagates in depth
— to release the stress at the crack tip uitjl reaches zero.
Kr1.1(000, 1) > 112200 h. (7) A negative stress intensity factor only has physical mean-

ing in the sense that the crack cannot reach a depth where

The stress intensify factokK; o due to compressive stress
K; < 0 since compression due to gravitational overburden

from gravitational overburden is approximated\&&ertman,

1973; Hartranft and Sih, 1973; Smith, 1976) overwhelms far-field tension at that depth. To find the depth
of a tidally driven crack on Europa, E¢9) needs to be
K1.0(h. hp, vp) ~ —0.6830; (1 — vp)gh~/7h solved forh given H ando..
2hh The stress intensity factor as a function of crack pene-
—u(h— hp)fpi Ubg tration depthi for an H = 1 km layer and a halfspace is
2 illustrated inFig. 5. If the fracture process is modeled un-
) h, der the assumption that the ice shell behaves as a halfspace,
X Sing — 7) only a single solution is obtained. Crack penetration is then
asin,/h) always limited to very shallow depths of roughly 200 m
% [1.3_ O.3(sin6)5/4] @, ®) for pure diurnal tensile stress level of roughly 40-120 kPa
(Hoppa et al., 1999; Crawford et al., 2005)

where ice density; is 920 kg/m?3, gravitational acceleration By including the finite thickness of the brittle ice layer in

g is 1.32 mys%, andu(h) is a unit step function. The com-  the fracture modeling, three possible forms of outcome must
pression from overburden acts locally on the crack with ef- be considered, as illustratedfiig. 5. In the first case, there
fectively no influence from the lower boundary. We assume is no mathematical solution to ER). This occurs when the
that porosity persists up to the depth from the surface, far-field tensile stress. is large enough thak’; in Eq. (9)
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o, (kPa), Finite thickness layer model

Fig. 6. The critical stress, for total penetration through the brittle layer of thicknégsand porosityv;,. The thickness of the porous laykp in Eq. (8) is
assumed to béf /2 based omMNimmo et al. (2003bandFig. 3.

. .- o_(kPa), Halfspace model
is always positive for & h < H. A surface-generated crack o (kPe) P

then penetrates rapidly through the entire brittle ice layer
because the stress intensity factor at the crack tip always o.sf
exceeds zero regardless of the crack deptlin the sec-
ond case, only one solution to E(R) occurs. This occurs
at critical depth: = h., but the solution is unstable. Given a 06
minor overshoot of the crack tip beyond (Freund, 199Q)

the stress intensity factor will become positive, where total _ 95
penetration through the brittle ice layer will again occur. The =
far-field stress for the one solution case is the minimum re-
quired for total penetration through the entire layerThis 0.3r
stress, defined as the critical stress is a function of the

0.7f

0.4r

layer thicknessH. In the third case, the far-field stress is o2y

less tharv,., and Eq(9) has two solution#; andh,, where 0.1+

0 < h1 < hp < H, as shown irFig. 5. Given the exact de-

terministic Eqs(5) and (8) the crack would only reach the % 2
shallower depthi; and stop. The shallower depth is simi- H (km)

lar to what one would obtain in the halfspace formulation. It Fi . e .

.. . ) . ig. 7. The same dsig. 6, but when Europa’s brittle ice layer is assumed to
is interesting that the depth scale of this shallower solution, e an infinite halfspace.

given tidal forcing in the presence of an ocean, is similar to

the 100-m-scale topographic variations on Europa’s surface. .

Itis also interesting that the expected pattern of stress relief€!S (Deschamps and Sotin, 200Nonsynchronous stresses
due to these shallower surface cracks from tidal forcing is Might be on the order of 500-1000 kPa, and could then
similar to the striated structure observed in many areas onlead to penetration through a significantly thicker brittle
Europa’s surface. layer, on the order of 6-13 km. The resulting fractures,

The stress required for a crack to penetrate through thehowever, are not expected to be cycloidal because the to-
entire brittle layerH is shown inFig. 6 as a function of tal stress is dominated by the nonsynchronous stress com-
ice porosityv, and layer thicknes#/. We consider reason- ~ ponents rather than the diurnal compone(iteppa, 1998;
able values for Europa’s near-surface porosity to be within Crawford et al., 2005)
the 0.3-0.5 range. Current estimates of the far-field tidal  If the halfspace fracture model is employed, crack pene-
stress necessary to match the geometry of observed cytration depths are roughly a factor of 4-5 smaller within the
cloidal cracks range from 40 kPa for diurnal stress only Same porosity and stress bounds, as showkign7. These
(Hoppa et al., 19990 220 kPa for diurnal combined with  depths would not be consistent with cycloidal crack penetra-
nonsynchronous rotation stre@Srawford et al., 2005)f tion through the entire brittle layer, based on most current
Europa possesses a liquid subsurface ocean. Within thes@stimates of its thickness.
bounds, surface generated cracks will penetrate through the From this fracture model and our current knowledge of
entire brittle layer if its thickness does not exceed roughly the tidally induced stresses on Europa, we can draw the con-
3 km. This limit on conductive layer thickness is consis- clusion that the brittle layer should be less than a few kilo-
tent with those obtained based on thermal convection mod-meters in thickness, and should be mechanically decoupled
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by water or weak convective ice below. We can also drawthe  The stress field due to tidal forcing propagates with a

conclusion that Europa should likely have an ocean of liquid speed that is orders of magnitude lower than the crack prop-
water below its ice sheet. This can be inferred frBig. 6, agation speed since it is synchronized with the tidal bulge
where the maximum outer layer thicknesses correspondingthat slowly moves across Europa’s surface. A crack that has
to full crack penetration would have to be less than an un- penetrated through the entire brittle layer by the model of

reasonably small 100 m to fracture in response to the orderSections3.2 and 3.3will not continue to propagate horizon-

of magnitude smaller tidal stress expected if Europa has notally until the applied tidal stress field advected to the end tip

ocean(Moore and Schubert, 200M®rittle layer thicknesses  of the crack reaches the critical stress.

of less than 100 m are highly implausible because they do  Assuming the original crack extended in a direction nor-

not even exceed the standard deviation of Europa’s sur-mal to the direction of the maximum tensile principal stress

face elevatior(Prockter et al., 2002; Figueredo et al., 2002; at its space-time initiation point, the crack will extend in

Nimmo et al., 2003b) a new normal direction when it reinitiates at its former
end tip because the direction of the maximum principal
3.3. Horizontal region of stress relief stress changes in time and space as a result of tidal forcing

(Greenberg et al., 1998; Crawford et al., 2Q08)is reiniti-

The minimum length of a crack and region of stress relief ated crack will again penetrate the entire brittle layer and

in response to tension is on the order of the crack dépth Fropat%gti n range_taf1 d'tsr;[arlﬁe r(;]uglg:lyt equatl to the tbng]le
when a surface crack develops in an elastic halfsgisloe, ayer thickness, wait for the threéshold stress to move 1o the

1982: Gudmundsson, 1987j total penetration of a crack new end tip, and start the process all over. As the process

through the medium occurs, however, the region of stress re—COEtm?ens’tth de ffe“tef of tcri]lrscrethe:[;emp:](:irrall)t;riltlsccl)ntlntjsvlﬁ k
lief is no longer limited by the crack depth, but is roughly concatenated fractures througn the entire € laye

proportional to the length of the craqdimoshenko and form da cyc]!mdal a}trc dprolpagatltnhg attr?!plgarelnftsreeed ﬂgiat'rh'
Goodier, 1970)So as a crack extends in length, the region IS Orders ol maghitude SIower than e ayleign speed. 1his

of stress relief, within which other long and deep cracks do apparent.s.peed equals the rate of chgnge of the tidally in-
) : duced critical stress for total penetration of a crack through
not form, increases proportionally.

The minimum length of a crack that penetrates through the brittle layer, varies with time and space, but should be

. : within the range of 2-5 kpth found in the fits oHoppa et al.
the entire t_)nttle Ie}yer would then be on the o_rdgr of 1-3 km (1999, 2001)Bart et al. (2003)Greenberg et al. (2003nd
for pure diurnal tidal stress based on the findings of Sec- . .

. . A Gleeson et al. (2005br pure diurnal stresses. A schematic
tion 3.2 Suppose, from a fully penetrating crack’s initiation

. . diagram of cycloidal crack formation in this scenario is
point up to some length at least one crack depth away in o .

X . I shown inFig. 8 The use of these fitted speeds may not be

range, tidally induced stress exceeds the mean critical stress

- ractical for predicting new loids if th | str in
o, by an amount much larger than the critical stress stan- practical for predicting new cycloids if the actual stress

- - . thei mehow ins to ex the critical str ver an
dard deviation. The probability that the crack will exceed e ice somehow begins to exceed the critical stress over a

this length should then decrease rapidly because there is in_extended region. Fractures could then rapidly propagate near

- o . the Rayleigh speed across the extended region.
sufficient §tress to ma_mt_am Its propagat(d)tqr, 1982) As noted in Sectior8.3, stress will be relieved near the
We believe that this is very likely the situation on Eu-

: . cycloidal arc over a proportionally larger region as it pro-
ropa be"af*se (1) th(.:" spatial rate of change of t'dal_ Stressgresses. This will suppress development of other tidally in-
on Europa’s surface is on the order of 1 kPa over a kilome-

. duced cracks within a radius equaling roughly an arc length.
ter scale(Crawford et al., 200 5)and (2) the corresponding This is consistent with observed cycloidal geometries (Fig. 3
stress change over the minimum length of a fully penetrat-

of Hoppa et al., 1999 where it can be seen that the distance

ing crack, rpgghly 1-3 km, is many .“”.‘es larger thap the between the observable cycloids is roughly the length of a
expected critical stress standard deviation, as shovwpin

) cycloidal arc.
pendix A As discussed irHoppa et al. (1999)the cycloidal arc
ends as Europa moves sufficiently far from pericenter. On
3.4. Discrete fracture model for cycloidal crack the next day, a new tensile crack forms at this end, where
propagation stress concentration is largest, when the applied stress field

again reaches the critical stress, This initiates a new cy-

Stress relief by fracture is nearly instantaneous becausecloidal arc linked to the end point of the previous one. Since
cracks in ice are expected to propagate at the 2skm the direction of the applied stress field changes drastically
Rayleigh wave speed, which is approximately 90% of the during the period of inactivity, the cycloid will exhibit a
shear wave speg@reund, 1990; Aki and Richards, 1980) sharp cusp where the end of the old arc and the beginning
Since this is three orders of magnitude larger than the of the new one meet.
roughly 3-knyh crack propagation spee@Hoppa et al., Analogous observations have been made in terrestrial ice.
1999; Gleeson et al., 2005n additional physical mech- Neave and Savage (1978ave shown that a sequence of
anism must be considered to explain cycloid formation. more than 20 consecutive 10-m long tensile fractures formed
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t =ty t=t t=t,

Apparent crack
Crack propagation speed ~ 2 km/s propagation speed ~ 3 km /h

Direction of Direction of
. k ti . .
\\;\ Direction of Direction of Direction of

tensile stress tensile stress crack propagation

Fig. 8. Cycloidal crack formation under a temporally and spatially varying tensile stress field. A single crack penetrates through the eridiyebaittiene

t = tg normal to the direction of maximum tensile stress over a fraction of a cycloidal arc. The crack forms “instantaneously” at roughly the Raylefgh speed.
a later timerq, the fully penetrating crack reinitiates “instantaneously” in a slightly different direction when the threshold stress advects to the crack’s form
end tip. As the process continues, a series of discrete, temporally discontinuous, concatenated fractures through the entire brittle layeecydlbidal arc
propagating at ampparentspeed that is orders of magnitude slower than the Rayleigh speed, syhsibe time of the:th discrete fracture. The cycloidal

arc ceases to propagate when Europa moves so far from pericenter that the applied tensile stress tensor falls below the critical stress.

a several-hundred-meter long crevasse near the surface of ad. |ce-penetrating radar scattering loss

Arctic glacier. They have shown that the apparent propaga-

tion speed of the crevasse was 28syorders of magnitude It has been proposed that Europa’s potential subsurface
smaller than the Rayleigh wave speed in ice. On Europa, ocean could be detected by ice-penetrating réGayba et

a similar number of consecutive concatenated fractures formal., 1998; Moore, 2000)The main challenge to radar sound-

a cycloidal arc in our present model. Each discrete frac- ing on Europa lies in accrued absorption due to warm or
ture in the cycloid penetrates through the entire brittle layer dirty ice (Chyba et al., 1998; Moore, 200®nd scattering

at roughly the Rayleigh speed. For the expected roughly due to ice surface roughness and volume inhomogeneities
1-3 km brittle layer thickness, the penetration depths of (Greeley et al., 2004b; Blankenship et al., 199%9 shown
these tensile fractures are equivalent to those that lead to thén Section2, Europa’s ice shell may be highly porous, and as
break up of Antarctic ice shelves, after accounting for the shown in Sectior8, it may also be highly fractured. These
difference between the gravitational constants of Earth andinhomogeneities together with surface roughness will lead
Europa. Since the maximum instantaneous opening width ofto scattering losses, the significance of which can be quan-
any initial tensile fracture should be on the order of a cen- titatively assessedluszkiewicz (2004konsidered scatter-
timeter, while that of a full cycloid should be on the order of ing losses from porosity on Europa. He arbitrarily assumed

a meter(Timoshenko and Goodier, 197G) is unlikely for a pore radius of roughly 1 m, which is orders of magni-
extensive secondary fracturing and normal faulting to occur tude larger than both that estimated from Earth-based radar
immediately. measurements black et al. (2001g)and terrestrial ice

An implication of this model is that the level of seismic fheology models as noted in Secti@nWe show that this
activity should be higher by orders of magnitude in the pres- Overestimation of pore size leads to a corresponding overes-
ence of an ocean. High correlation is expected between thelimation of transmission loss due to scattering by orders of

level of seismic activity and the tidal period in the pres- Magnitude. o _
ence but not in the absence of an ocean. This is because Ihe attenuation coefficientof the mean electromagnetic

(1) tidal stresses are probably far too low to induce cracks field trgnsmitted through a medium with inhomogeneities is
in the absence of an ocean, and (2) surface cracks shouldR@yleigh, 1899; van de Hulst, 1957)

form regularly during the tidal cycle if an ocean is present.  — (10loge)NC dB/m, (10)
The cracks associated with cycloids that fully penetrate the

brittle layer should be at least 4@mes more energetic than
the shallow, roughly 100-m deep, surface cracks discusse

where N is the expected number density of scatterers per
dvolume, andC is the expected scattering cross section of a
in Section3.2 The former should have center frequencies given inhpmqgeneity. The scattering optical depth in Eq. (1)
an order of magnitude lower than those of the latter. This of Eluszkiewicz (2004)s related tox in Eq.(10) by

will improve the signal-to-noise ratio for the type of seismic  ;void _ 7 /(100ge) = vb O(r)mr2L, (11)
profiling discussed inLee et al. (2003)f fully penetrating * 4rr3/3

cracks are used as sources of opportunity. Since fully pen-if the scatterers are arbitrarily assumed to be spherical as in
etrating cracks are expected to occur on the order of onceEluszkiewicz (2004)whereL is the thickness of the scatter-
an hour for any given cycloid, the probability of unwanted ing layer.

overlap between different source signals and their multiple  In general, the scattering cross section for spherical scat-
reflections is not high. terers needs to be calculated using Mie theory, d5gn9.
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0.5 a(dB/n?) millimeter scale pores is orders of magnitude less than the
: : absorption loss due to warm ice or dirty i(8hyba et al.,
0.45H ,,,,,, IR S PO N A SN T 1998) |Ce-penetra‘[|ng radar detectablllty W|I| I|ke|y be far
04H oy ...... a; . .............. T more Cha”enged by absorption |OSS, rather than Scattering
: : : For scattering from rough surfaces and fractured ice, a
03Ff i e e somewhat more accurate and in this case perhaps more in-
52 0.o50! f sightful approach than that given in E(.0) would be to
l : consider two-way transmission through a serieddfyers.
0.2 BE=S | This would have a loss in the mean field due to scattering of
0.15 ® 3 (Rayleigh, 1899)
0.1 1
005k \ o\ ZZzolog(l m!), (14)
16-05  0.0001 0.001 001

r(m) where the effective transmission coefficien%ln{ for the

Fig. 9. Attenuation coefficient from Eq.(10) as a function of porosity, ith layer has negative reflection coefficient

and pore radius, using exact Mie theory for scattering cross section i
i Nidz

mi = =208 (15)
The expression for the scattering cross section, however,
can be simplified using the Rayleigh scattering formula for &nd N; is the number of scatterers per unit volume; &
kr <« 1, or forr « 0.5 m at 50 MHz frequency;, the layer thickness, anﬁ’ is the expected scattering cross
section for mhomogenemes in thith layer for a downward-
directed wave [ = 0) and an upward-directed wavg£ 1).

Let us first consider a simple first-order estimate of
the scattering loss from Europa’s rough outer ice—vacuum
boundary, the = 0 layer. Assume that some fractignof

1—n? |2

1

1—}-2111.2

8
C@r)~ ?nk‘lr6

12)

wherek is the wavenumber of the electromagnetic waves,

andp; >~ 18 is the refrac'uvg '”‘?'?X of |C¢Gu.dmandsen, the surface is inclined so that the angle between the local
1971) Then Eq{10) can be simplified t¢Rayleigh, 1899) vertically directed incident plane wave and surface normal is
n2 |2 greater than the critical angle, typically 3fr electromag-
5| dB/m. (13) netic waves incident from ice to vacuum (d&ig. 10. Oc-

2n; clusion would not occur for a downward-directed plane wave
As can be seen from E{13), attenuation by pores is from vacuum to ice making18 roughly zero, but it would
linearly proportional to porosity, and the third power of  occur for an upward-directed plane wave from ice to vacuum
pore radius-. Radar wave attenuation then increases dra- on the way back to the receiver makimé = x,as shownin
matically with pore radius. The strong dependence of attenu- Fig. 10 A total scattering loss in dB of 20168y — x) would
ation on scatterer size and distribution has long been demon-be expected due to occlusion for this layer. Based on Eu-
strated both theoretically and experimentgllyndall, 1893; ropa’s surface topographProckter et al., 2002; Figueredo
Rayleigh, 1896)Since the pore size on Europa is expected et al., 2002; Nimmo et al., 2003& reasonable upper bound
to be on the millimeter scale, as discussed in Se@jdhe is roughly x = 1/2. This yields a total two-way loss of
attenuation coefficient is approximately 108 dB/km for roughly 6 dB specifically for rough surface scattering, which
vp = 0.3, as shown irFig. 9. Assuming a 20 km thick ice is not a significant radar design impediment.
shell, and conservatively assuming constant porosity from  The expected scattering cross section of fractures
the surface to the bottom of Europa’s ice shell, the two-way buried in the ice shell can be used to estimate radar at-
attenuation loss due to pores is then a negligible*1dB. tenuation due to scattering. While the opening width of a
Arbitrarily assuming the meter-scale poreskdiszkiewicz 100-km long cycloidal crack with total penetration through
(2004)rather than the expected millimeter-scale pores leadsthe brittle layer is expected to be on the order of a me-
to an extremely high attenuation loss of 100/&B, which ter, based on linear elastic thegfjimoshenko and Good-
is not observed in terrestrial ice-penetrating radar where to-ier, 1970) these fractures will likely be filled by infiltra-
tal attenuation losses are only a few /& for cold ice tion of liquid water or convective ice from below the layer
(Gudmandsen, 1971Fven if pore closure by gravitational and should not cause significant scattering. Shallow sur-
compaction is taken into account, Eluszkiewicz's meter- face cracks that do not penetrate through the brittle layer
scale pore radius assumption still leads to an unprecedentedgre expected to be confined to the upper half of the brittle
300 dB two-way transmission loss, for example, through a layer as shown in Sectiod.4, and to have opening widths
brittle layer of 3 km thickness. Since the loss for the expected on the order of a millimeter to a centimetédur, 1982;

1_
~ (2010 K43
a >~ ( ge)vpk”r o
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(a) ice to vacuum (a) Transverse electric wave
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Fig. 10. Magnitude of reflection and transmission coefficients for a trans- Fig. 11. Transmission coefficient of a transverse electric and a transverse

verse electric Rre, 7Te) and a transverse magneti&tiu, 7rvm) plane magnetic plane wave through ice with a vacuum layer of thickhe&ven
wave as a function of incident ang(Brekhovskikh, 1980; Kong, 2000)  when the incident angle is below the critical angle, an evanescent compo-
Propagation from (a) ice to vacuum interface, and (b) vacuum to ice inter- nent “tunnels” through the vacuum layer if its thickness is much smaller

face. Total reflection occurs for incident angles greater than thedical than the wavelength. The wavelength of the ice-penetrating radar waves is

angle as can be seen in (a), where the magnitude of the reflection coeffi-approximately 3 m at 50 MHz operating frequency. Transmission loss in dB
cients become unity. per fracture is the negative of 20ItGrg| or 2010g|TTm |-

Lee et al., 2003)Since the tidally induced fractures con- cracks that penetrate through the brittle layer should likely

sidered so far are vertical, let us assume some mechanisnbe filled in. Given this, there seems to be no compelling rea-

exists by which the fracture plane is geologically rotated so son at the present time to expect mé fori=1,....M

that they will potentially affect ice-penetrating radar, such as to be substantially different from zero for the meter-scale

the tectonic model dflanga and Sinton (2004) wavelengths of ice-penetrating radar missions under con-
Fractures should only cause noticeable transmission losssideration for EuropgChyba et al., 1998; Blankenship et

if (1) the angle between the surface normal and the direc- al., 1999) This is consistent with terrestrial ice-penetrating

tion of the incident waves exceeds the critical angle, and radar scenarios in the AntarctiGudmandsen, 1971)t is

(2) the fracture opening widths are at least on the order not yet clear what mechanisms could be responsible for

of the wavelength to negate any significant tunneling of meter-scale or larger voids based on our current understand-

evanescent waves. This can be seen by inspectibigofl 1, ing of tidally driven fractures on Europa. Consequently, it

which shows transmission coefficients through ice with a is not yet clear whether arscatteringmechanisms exist to

planar vacuum layer of thickneds or equivalently trans-  significantly limit radar penetration of Europa’s ice shell.
mission loss in dB for an extended fracture, as a function of

the incident angle and layer or fracture thickness. Current

Earth-based radar measurements show far greater scattes. Conclusions

ing cross sections for Europa for wavelengths at the cen-

timeter rather than meter scql@stro et al., 1992; Black et We find that surface cracks generated in response to a
al., 2001a, 2001b)This is consistent with our findings that tidally induced stress field may penetrate through the entire
tidally driven cracks that do not penetrate through the entire brittle layer of Europa’s ice shell, regardless of whether it
brittle layer have opening widths that probably do not ex- lies directly above water or effectively inviscid warm ice, if
ceed the centimeter scale and may be a significant source of subsurface ocean exists. Such penetration is found to be
radar scattering at these but not longer wavelengths, and thatinlikely in the absence of an ocean because tidal stresses
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are then too low to induce deep cracks. A cycloidal crack where
would then form as a sequence of near instantaneous discrete v
failures, each extending in range on the order of the brittle , ) , ,
layer thickness. Tidal forcing would link these fractures with Cov(oo(2). 00(z)) = ¢ f/COV(P(ZO)’ p(2p)) dzo dzg.
an apparent speed corresponding to the low crack propaga- 00 (A5)
tion speed derived bioppa et al. (1999)We have shown ) ) '
that ice-penetrating radar scattering losses due to porosity?Ve take the covariance of density to be
are likely to be negligible since pores are expected to be ex- AN /

tremely small compared to the wavelength. While fractures COV(’O (20, (ZO))_ZC(S(ZO - ZO) Var(p (ZO))
with opening widths of at least the wavelength scale may =Zc3(zo — zé)pizVaf(vb(Zo)), (A.6)
affect ice-penetrating radar, it seems unlikely that such open-
ings could remain sufficiently void and occur with sufficient
spatial frequency to significantly limit radar penetration. We
have also shown that the level of seismic activity should be
higher by orders of magnitude if an ocean is present on Eu-

z

wherez. is the correlation length of density versus depth.
Fluctuating density contributions to the variance of the stress
intensity factor then accumulate incoherently with depth. We
take the correlation length, to be roughly the pore size,
which is expected to be less than 1 mm based on terrestrial

ropa. values and estimates of Europa’s pore size given in Sec-
tion 2.
Acknowledgment theTnhe variance of the stress intensity factor in E4.2) is

The first sentence of introduction paraphrases comments h z
made by Torrence Johnson at and before the Workshop onvar(k; o(h)) = g2z.p? Var(vy) / (@) [/ 7 (@) dz/] dz
Europa’s Icy Shell 2004 in reference to the workHdppa, o 9
Tufts, Greenberg, and Geissler (1999) (A7)

using Eqs.(A.5) and (A.6) Here we have neglected pore
closure due to gravitational compaction, and assumed that
porosity obeys a stationary random process across depth so
that Var(v, (z0)) = Var(vp). When the mean to standard de-
viation ratio of critical stress is large, its asymptotic variance

We show that the standard deviation and bias of critical becomegNaftali and Makris, 2001)
stresss. due to fluctuation of ice porosity, as a function of 3o,
depth is appreciably smaller than the 1 kPa spatial change ofVar(o.) = <W
tidal stress expected on Europa’s surface over 1 km, roughly 1,01%e
the minimum length of a fully penetrating crack. The com- and the bias of the critical stress
pressive stressgy(z) due to gravitational overburden is given

Appendix A. Standard deviation and bias of critical
stressin an ice shell with random depth-dependent
porosity

2
) Var(K; o(he)), (A.8)

by biaso.) = (o (vp)) — o (vp) (A.9)
z is asymptotically
00(Z)=/p(zo)gdzo, (A1) 2
biasio,) = — = 2% (Var(vb))*law")(Var(ac))z. (A.10)

0 2
2 00 do,
wherep(z) is the density of a medium. The stress intensity

factor K o due toog is (Tada et al., 2000) Our numerical simulations show that the standard devi-

ation of the critical stress, calculated using Eq(A.8) is
h roughly 0.1 kPa and the bias is effectively zero for a brittle
Kioh)=— / f(@oo0(z) dz, (A.2) layer of ice with a few kilometer thickness. Here it is conser-
5 vatively assumed that. = 1 mm anduv, follows a uniform
distribution from O to 1.

where
Fo) = 2 1.3-03(z/h)** (A3)
Vrh 1= (z/h)? ' References
Then the variance of the stress intensity factor in &g2) i ) o )
is Aki, K., Richards, P.G., 1980. Quantitative Seismology. Freeman, San Fran-
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h h Anderson, D.L., Weeks, W.F., 1958. A theoretical analysis of sea-ice
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( I’O( )) fRf ) ( 0(2), oo(z )) A Anderson, T.L., 1991. Fracture Mechanics: Fundamentals and Applications.
00
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