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Abstract

Potential contractional folds on Jupiter’s icy moon Europa have been identified. The best example is at the extensional band Astypalaea
Linea, where a series of subtle topographic undulations, 25 km in wavelength, possess parasitic tectonic features that support a folding origin.
A scenario has been qualitatively proposed, whereby folds form via unstable contraction of the icy lithosphere, compensate for extension else-
where on Europa, and then subsequently relax. Here, we quantitatively address this scenario, applying a model for viscous-plastic buckling of
planetary lithospheres and finite element simulations of topographic relaxation. Our results suggest that the lithosphere of Europa could indeed
be unstable, but the low required surface temperatures limit fold formation to higher latitudes, and the high required driving stresses (~9—
10 MPa) are difficult to achieve on the satellite. The depth to the brittle—ductile transition is well constrained, and high thermal gradients
are indicated, implying heat flows near 100 mW m~ > In addition, topographic relaxation progresses so slowly even at these heat flows that
it is not a viable mechanism to eliminate such features over the age of Europa’s surface. Given the paucity of identified folds, we conclude
that the necessary conditions for their formation are rare and that lithospheric folding is a minor mechanism for compensating the large amounts

of extension seen elsewhere on Europa.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The surface of Jupiter’s icy moon Europa presents an in-
triguing puzzle. Evidence from geophysical measurements
and spectroscopy indicate a largely rocky world, 1565 km in
radius, whose outer ~ 100—150 km is mostly H,O (for a recent
review, see Greeley et al. (2004)). This H,O layer is further
subdivided in to a liquid water layer overlain by an ice shell
~10—30 km thick (Pappalardo et al., 1999; Schenk, 2002).
While the surface geology of Europa displays ample evidence
for tectonism, the vast majority of such features are exten-
sional or strike-slip in nature. Ridges, troughs, and pull-apart
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bands are ubiquitous and record large amounts of extension
of the icy shell. Despite all this extension and other motion,
however, few candidate examples of tectonic features contrac-
tional in nature that can compensate the extension have been
identified (Prockter and Pappalardo, 2000; Sarid et al., 2002).

Prockter and Pappalardo (2000) identified a series of ~3
subtle, periodic undulations of the surface near Astypalaea
Linea (~69° S, 198° W), a topographically relatively smooth
band at high southern latitudes on Europa (Fig. 1). These un-
dulations have a wavelength of ~25km and stereo-deter-
mined crest-to-trough elevation differences of ~250+50 m
(P.M. Schenk, personal communication, 2005). The interpreta-
tion that these undulations represent folds in Europa’s litho-
sphere is supported by the identification of linear tectonic
features following the strike of the folds and occurring in
the troughs and on the crests. On the crest tops, where zones
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Fig. 1. A view of Astypalaea Linea, composed of Galileo images superposed over regional Voyager coverage. Subtle shading variations and smaller scale, com-
plementary tectonic structures suggest a possible lithospheric fold. A crest of the fold is highlighted by the white arrow, a trough with a black arrow; the spacing of

the arrows is ~12.5 km. (Image kindly supplied by P.M. Schenk.)

of tension in a folding layer might be expected, small-scale
fractures are observed, whereas in the trough bottoms (zones
of compression), sub-parallel, small-scale ridges are observed
and are inferred to be contractional structures.

A small number of other potential folds have been identi-
fied on Europa (Figueredo and Greeley, 2000; Prockter and
Pappalardo, 2000; Prockter et al., 2002), but the case for fold-
ing is less compelling than that at Astypalaea Linea. The
Astypalaea Linea region provides a relatively featureless region
within which the folds and associated structures can be iden-
tified, and was favorably imaged at relatively low sun (13°
from horizontal). The other potential folds are, in some cases,
single swells or crests, or found on topographically rough ter-
rain, and thus may be due to other causes. Large amplitude
(~1km), arcuate parallel depressions do exist on Europa
(Schenk, 2005), but they are of much larger wavelength, prob-
ably are extensional in origin, and thus are unrelated to the
style of deformation seen at Astypalaea Linea.

Based on the identification of these folds, Prockter and
Pappalardo (2000) suggested an evolutionary scenario by which
folds form and are destroyed on Europa. They proposed that
compressional stresses under conditions of high heat flow re-
sulted in the generation of a lithospheric instability (i.e. fold-
ing), compensating extension elsewhere on the satellite.
Subsequently, these folds relaxed away geologically quickly,
implying that even more contractional strain may have been
taken up. These authors supported this proposed scenario
with preliminary calculations. Here, we address the formation
and destruction of folds on Europa more quantitatively, finding
that while it is possible for the lithosphere to fold, the condi-
tions are likely rare, and that topographic relaxation of these

features is inefficient. Europa likely compensates its pervasive
surface extension in some other way.

2. Lithospheric folding
2.1. Model

We use the well-known model for unstable deformation of
the lithosphere of Fletcher and Hallet (1983). Originally devel-
oped for plane-strain extension (i.e. development of ‘plastic’
necking instabilities) in the Basin and Range Province of the
western United States, this model was applied in a preliminary
form to the creation of the extensional grooved terrain (undu-
lations with a dominant wavelength of order 10 km) on Gan-
ymede, Jupiter’s largest moon (Fink and Fletcher, 1981) and
subsequently has been applied to the compressional deforma-
tion of the Central Indian Basin (Zuber, 1987) and again to the
formation of Ganymede’s grooved terrain (Herrick and
Stevenson, 1990; Dombard and McKinnon, 2001). We follow
the treatment in Dombard and McKinnon (2001).

2.1.1. Basics

In this derivation, the Navier—Stokes equations are solved
for planar, perturbing flow superposed on uniform, horizontal
flow in a compositional half-space. Mechanically, the half-
space consists of a viscous substrate underlying a lithosphere
assumed to be pervasively fractured on a sufficiently small
length scale so as to behave plastically. We do not specifically
model Europa’s underlying liquid water ocean because relative
to the strength of the lithosphere, the warm (weak) deep ice
and liquid water are essentially inviscid and negligibly
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distinguishable; consequently, this model cannot be used to
address the total thickness of the ice shell (a critically impor-
tant problem in Europa science), other than it must be thicker
than our modeled lithosphere and viscous substrate combined.
A linear, time-independent thermal structure is also assumed.
Solutions are found for a range of wavelengths, with the fast-
est growing one defining the dominant solution and thus the
wavelength of the most amplified topography that is ultimately
observed. The original derivation (Fletcher and Hallet, 1983)
was for extension (i.e. necking instabilities); however, the con-
version to contraction (folding or viscous-plastic buckling) is
straightforward.

2.1.2. Rheology

The constitutive relation for both layers follows a power
law, where the equivalent strain rate is proportional to the
equivalent deviatoric stress raised to a power n. In a power-
law material as n asymptotically approaches infinity, an incre-
ment of stress produces a near infinite rate of deformation,
essentially resulting in plasticity (i.e. time-independent, per-
manent deformation, where the material responds instantly
to an applied stress increment). For this paper, we set the value
of n in the surface plastic layer to 10° (see Dombard and
McKinnon, 2001). We set the thickness of the plastic layer
as the depth to the brittle—ductile transition (BDT), which is
determined via the standard method using a yield strength en-
velope (Brace and Kohlstedt, 1980) (Fig. 2). This surface layer
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Fig. 2. An example of a yield strength envelope in compression on Europa, as-
suming a surface temperature of 80 K, a thermal gradient of 18 K km™", and
a shortening rate of 10> s, The brittle portion is defined by a frictional slip
criterion with finite cohesion (Beeman et al., 1988), while the ductile portion is
controlled by a host of creep mechanisms (Durham and Stern, 2001; Goldsby
and Kohlstedt, 2001). At these conditions, the depth to the brittle/ductile tran-
sition (BDT) H is ~2.4 km. Creep below this depth is controlled by disloca-
tion mechanisms, with a transition at greater depth to a mechanism inferred to
be grain boundary sliding (assuming a 1 mm grain size). The depth-indepen-
dent strength used in the instability model is indicated.

is then assumed to possess a strength (i.e. viscosity) constant
with depth and equal to the value at this interface (the
BDT), whereas the viscosity of the substrate is approximated
as decaying exponentially with depth (the e-folding depth de-
termined by evaluating the depth-derivative of the ductile flow
law at the interface). There exists some debate over the best
way to relate the modeled plastic lithosphere and viscous sub-
strate to the yield strength envelope (e.g. Fletcher and Hallet,
2004); however, setting the thickness of the plastic layer to the
depth to the BDT maximizes instability strength.

A'yield strength envelope must be evaluated in order to de-
termine the characteristics of our modeled viscous-plastic sys-
tem. For the brittle portion of the yield strength envelope, we
use the frictional law determined by Beeman et al. (1988), ef-
fectively a ‘Byerlee’s rule’ for cold ice. At low confining pres-
sures, these experiments allowed two relationships between
failure shear stress (7) and normal stress (o,) consistent with
the data, one with finite cohesion and one with zero cohesion:

7=0.550, + 1.0 MPa (la)

7=0.690, (1b)

To be thorough, we implement both fits. In plane-strain com-
pression, the failure criterion with a cohesion of 1 MPa (Eq.
(la)) converts to a zero-pressure yield strength of 3.4 MPa
(see Beeman et al., 1988).

For the viscous portion of the yield strength envelope, there
are several creep mechanisms in ice that can dominate its flow
under different thermal and stress states (Durham and Stern,
2001; Goldsby and Kohlstedt, 2001; see also Table I in
Dombard and McKinnon, 2001). We employ a trio of grain-
size insensitive, dislocation creep mechanisms (Durham and
Stern, 2001). These flow laws are denoted A, B, and C, with
the transition between the three a function of decreasing tem-
perature (although ductile A does not end up being important).
These creep mechanisms operate in series (i.e. the fastest one
dominates the flow) along with a pair of additional creep
mechanisms that operate in a rate-limiting sense (Goldsby
and Kohlstedt, 2001); these latter flow laws describe creep
along an easy-slip system (ES) and a grain-size-sensitive de-
formation mechanism, argued by Goldsby and Kohlstedt
(2001) to be grain boundary sliding (GBS). This last mecha-
nism introduces ice grain size as an additional model parame-
ter. Taking glacial ice as a plausible terrestrial analogue, we
assume a grain size range of 0.1—10 mm (Souchez and
Lorrain, 1991; De La Chappelle et al., 1998; Dombard and
McKinnon, 2001).

Because there are multiple creep mechanisms that may be
operating, the viscosity structure of the substrate may only
be piece-wise continuous (see Fig. 2), a situation not ac-
counted for in the original derivation of Fletcher and Hallet
(1983). Dombard and McKinnon (2001) used an averaging
scheme to determine an effective power-law exponent and e-
folding depth for the substrate viscosity structure, a scheme
adopted here.
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2.1.3. Dimensionless growth rate

This treatment is based on a perturbation analysis, whereby
the perturbing flow is independently solved for each Fourier
component of topography. The time rate of change of the am-
plitude of these components 4(A) is given by

)

where A is wavelength, w(2) is the Fourier component of the
vertical perturbing velocity at the surface, and the second
term on the right-hand side, the product of the absolute value
of the background rate of shortening deformation and the cur-
rently topographic amplitude, accounts for the passive ampli-
fication of pre-existing topography due to uniform contraction.
The dimensionless growth rate is defined as the ratio of the
vertical velocity of the perturbing flow to the growth due to
passive amplification:

=W<A) ()
2o

There is a range of possible ¢, corresponding to the contin-
uum of the Fourier wavelength spectrum. The maximum value
gmax corresponds to the fastest growing Fourier component of
topography and hence the observed fold. With this concept and
Egs. (2) and (3), the amplitude of the observed fold /.4 is

In (hh_) _ (q + 1) (’Du z> (4)

where h,, is the initial amplitude and |D., Lt is total amount of
horizontal shortening (assumed to be 'small; see below).

The critical growth rate needed to yield the folds observed
near Astypalaea Linea can be estimated. As noted above, the
crest-to-trough elevation difference of the folds is ~250 m
(fold amplitudes & of ~ 125 m). Assuming that the amplitude
of initial topographic ‘white noise’ was several meters, a total
amplification factor of ~25—40 is indicated, which is also the
approximate amplification factor needed for the fastest grow-
ing spectral component to become observably dominant in
three-dimensional folding simulations of a power-law layer
embedded in a viscous medium (Fletcher, 1995). Prockter
and Pappalardo (2000) estimated the range of horizontal short-
ening compensated by the folds as 7w°A*/A* for sinusoidal folds
that conserve length (parallel folding). For A=125m and
A=25 km, the shortening is ~0.025%, a very small number.
Unfortunately, a viscously or plastically failing lithosphere
does not conserve surface length, and there is no way to reli-
ably estimate the horizontal strain from the shape of the folds
alone (the estimate above is a lower bound). Numerical
models of folding indicate that the vertical strain is a better
but still imprecise guide (the relationship between vertical
and horizontal strain depends on, among other things, the pre-
cise viscosity structure modeled; Zuber and Parmentier, 1996).

") (3) .

ot

The vertical strain at Astypalaea Linea is ~2%. This value
represents a very coarse estimate of the horizontal strain,
and the actual horizontal strain in this region is likely different.
If we apply this value to Eq. (4), we find that g,,,,x must exceed
~160—185. To be conservative, we adopt a minimum growth
rate of 200 in order to explain the folds at Astypalaea, but rec-
ognize that gn,,x may be different.

2.1.4. Other parameters

A gravitational acceleration of 1.31 m's™2 and a cold, non-
porous, ice density of 950 kg m > are used; the results are not
sensitive to modest variations in these values. Additionally, we
assume surface temperatures of 80 and 110 K, the former ap-
propriate to mid- to high-latitudes (e.g. Astypalaea Linea) and
the latter appropriate to equatorial regions on Europa (Ojakan-
gas and Stevenson, 1989, Appendix A).

A broad range in possible horizontal shortening rates,
10°°—10"12 sfl, is considered. A strain rate of 107" s7 ! is
considered typical for orogenic processes on Earth (e.g.
Pffifner and Ramsay, 1982) and corresponds to the build-up
of 1% strain over 3x10* yr. This time scale is similar to the
lower limit of non-synchronous rotation of Europa determined
by comparing Voyager and Galileo imagery, 12 kyr (Hoppa
et al., 1999), which is a plausible stress source for Europa
that we will discuss below. In detail, non-synchronous stresses
build up over a quarter cycle of rotation (3 kyr at minimum),
s0 1% strain in this time period requires a shortening rate of
107" s™'. In contrast, theoretical considerations place the
non-synchronous rotation period at ~10Myr (Ojakangas
and Stevenson, 1989), depending on shell thickness, suggest-
ing the possible build-up of 1% shortening at rates as low as
of ~107'°s™'. The age of Europa’s surface is itself geologi-
cally young and constrained by impact crater counts and
models of the cometary impact flux to be ~60 Myr (Zahnle
et al.,, 2003; Schenk et al., 2004). Astypalaca Linea (the
band) is relatively young in a Europan context but cut by sev-
eral ridges and cracks. Hence, it probably formed in the last
half to third of Europa’s recorded surface history. If the folds
do only record very minor amounts of horizontal shortening
(say, ~0.1%) over this time scale, then (strain) shortening
rates as low as ~10~'® s~ (or lower) are in principle possi-
ble, but we consider such slow rates implausible.

2.2. Results

Fig. 3 plots contours of the dominant growth rate ¢,,x and
the 25-km-wavelength contour, as a function of thermal gradi-
ent and horizontal shortening rate. In addition, we identify the
creep mechanisms that are averaged to define the substrate vis-
cosity structure. A first-order observation is that growth rates
are generally high across a broad range of grain sizes and ther-
mal gradients, and for either rule for the frictional strength of
ice (Beeman et al., 1988). This is a consequence of the low
temperature of high-latitude surfaces on Europa (see Dombard
and McKinnon, 2001) and helps explain the existence of fold-
ing on Europa, at least at higher latitudes.
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Fig. 3. Contours of the dominant dimensionless growth rate g, (thin solid lines) and a contour of the 25 km wavelength (thick solid line) as a function of hor-
izontal shortening rate and thermal gradient. The dashed lines demarcate zones where different creep mechanisms define the model’s ductile substrate structure (see
text). The left column of plots shows the case of finite cohesion in a ‘Byerlee’s rule’ for ice, while the right column is for the case of zero cohesion (Beeman et al.,
1988). The top row of plots is for an ice grain size of 0.1 mm, the middle row for 1 mm, and the bottom row for 10 mm. A critical growth rate gm.x of ~200 should

be exceeded to explain the observed folds near Astypalaea Linea on Europa.

The 25-km-wavelength contour indicates the combinations
of shortening rate and thermal gradient that might explain the
folds at Astypalaea. These plots demonstrate a growth rate of
200 that can be plausibly generated for A=25 km. When the

ice grain size is 1 mm or greater, ¢m.x of 200 is achieved at
high shortening rates (>10""*s™') and high thermal gradients
(>20 K km ™). For smaller grain sizes, the lower limits on
shortening rate and thermal gradient drop (Fig. 3, top row),
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but further progressive decreases in ice grain size below
0.1 mm do not result in further broadening of the acceptable
parameter space, because at smaller grain sizes, grain-size-
insensitive easy-slip controls the rate of flow. Higher surface
temperatures produce weaker instabilities (smaller values of
¢max) by increasing the e-folding depth of the substrate viscos-
ity profile (see Dombard and McKinnon, 2001); for a surface
temperature more appropriate to equatorial regions on Europa
(110 K), a critical gpax of 200 cannot be achieved except for
shortening rates >10""2 s™!, near the upper limit of what we
consider plausible and then only for small grain sizes (Fig. 4).

The most important use of Fig. 3, besides demonstrating
that sufficient amplification for viscous-plastic folding poten-
tially exists on Europa, is in constraining the thermal gradient
at the time of formation. For the range of larger ice grain
sizes where the ductility of the ice is controlled by grain-
size insensitive, power-law creep, we infer thermal gradients
>20 K km ™', Smaller grain sizes admit smaller thermal gradi-
ents. Below, we will argue that the compressional stresses
required to drive folding on Europa are so large that non-
synchronous rotation may be the only likely dominant stress
source. If so, and because the slowest likely rotation rate is
~ 10 Myr, we adopt 10~'® s™! as our minimum likely shorten-
ing rate, which from the top panels in Fig. 3 implies thermal
gradients >13 K km™'. Due to the low resolution of Voyager
images of Europa, the observational upper limit on the non-
synchronous rotating rate from Hoppa et al. (1999) is not
very restrictive, and Hoppa et al. (2001) presented an argu-
ment from overlapping cycloid ridge formation (in the Astypa-
laea Region no less) that Europa is actually non-synchronously
rotating with a 250 kyr period (consistent with shortening rates
~10"" 57!, Whether or not the latter is true, we adopt
107" s as our maximum likely shortening rate, which,
from the other panels in Fig. 3, implies thermal gradients
<23Kkm™".

Fig. 5 is similar to Fig. 3, but with contours of dominant
wavelength to lithospheric thickness ratio, A/H, plotted as
a function of shortening rate and thermal gradient. For
@max>200 and our adopted range of shortening rates,
1071—10"3 s~ this ratio is constrained between 8.9 and
10. A A/H of ~ 10 appears to be one of the more robust results
of this model, implying a lithosphere thickness, or depth to the
BDT, of ~2.5—2.8 km. This value in turn implies an overbur-
den stress ¢, on Europa of ~3.1—3.5 MPa, and based on Egs.
(la) and (1b), a horizontal compressional tectonic stress
0—0,, of ~9—10 MPa (e.g. Fig. 2).

The tectonics of Europa’s icy shell are often discussed in
terms of various tidal components or effects, such as diurnal
(daily) stresses, non-synchronous rotation, and polar wander
(e.g. Greeley et al., 2004). Of these, only non-synchronous ro-
tation can provide stresses approaching 10 MPa. Maximum
compressive stresses reach 8.1 MPa in places on the equator
for non-synchronous rotation, but this requires a full 90° of ro-
tation of a coherent, elastic ice shell (Leith and McKinnon,
1996; Greeley et al., 2004). Towards the poles, the maximum
compression is only two-thirds as great, however (Leith and
McKinnon, 1996), making compressional folding by non-syn-
chronous rotation stresses at Astypalaea problematical. Fur-
thermore, the stress regime at high northern and southern
latitudes is not uniformly compressional, but a combination
of horizontal compression and orthogonal tension, implying
shear or strike-slip as the preferred failure mode.

Prockter and Pappalardo (2000) argued that folds at Asty-
palaea Linea formed at the proper azimuth for non-synchro-
nous rotation stresses, followed by subsequent rotation of
the shell. So if the structures are indeed folds, then our anal-
ysis implies that additional compressional stresses must have
acted in concert with those due to non-synchronous rotation,
or that the model itself is incomplete or inadequate. Addi-
tional stress sources might be solid-state convection in the
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instabilities 25 km in wavelength.

lower part of the shell (McKinnon, 1999; Solomatov, 2004)
or compression from thermoelastic stresses and shell thick-
ness changes due to a global or regional change in tidal heat-
ing (Nimmo, 2004). For example, a floating ice shell heating
and thinning at its base would sink isostatically. Regardless,
Nimmo (2004) developed his model in the context of

a cooling shell to explain the predominantly extensional na-
ture of Europa’s surface. There is as yet no particular evi-
dence for global or regional compression. As for the
folding model, one possibility is that the shape of the strength
envelope is not sharp as in Fig. 2, but blunted due to ‘semi-
brittle’ deformation (Kohlstedt et al., 1995). Although there is
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no concrete laboratory evidence for a semi-brittle regime in
water ice, it is not implausible and could serve to lower the
magnitude of the compressional stress needed to saturate
the yield strength envelope, a condition that is required for
this instability model.

Overall, however, our analysis illustrates the difficulty in
explaining the folds at Astypalaea Linea in terms of viscous-
plastic buckling. It is worth noting again that we assume
plane-strain deformation; instabilities in non-plane-strain sys-
tems (e.g. transpression) may be reduced (Fletcher, 1995),
making our predicted growth rates maximal in this respect.
At the minimum, we suggest that the requirements for low sur-
face temperature and high compressional stress are not com-
monly met on Europa, and that lithospheric folding is
a relatively rare phenomenon. We note that relaxing our con-
servative criterion of a minimum growth rate of 200 has mod-
est impact on our conclusions, because our assessment of
required stresses and thermal structure is more limited by
the minimum plausible shortening rate. A lower gn.x (argu-
ably less likely) does relax the restriction on grain size and al-
lows for folding at more plausible shortening rates in
equatorial regions; a higher g,.x exacerbates the difficulty in
generating folds by maintaining the grain size restriction and
limiting the range of thermal gradients and stresses to the
higher values.

Accepting the buckling model for Astypalaca Linea, we
can convert the linear thermal gradients derived above into
heat flows at this location. Because the thermal conductivity
of ice is inversely proportional to temperature (Klinger,
1980), the thermal structure in the conductive portion of the
icy shell of Europa (which covers the depths of interest
here) is not linear with depth:

T =Texp {%} (5)

where T is surface temperature, Q is heat flow, and z is depth.
What is critical to our model, however, is the temperature at
the BDT. For a lithosphere thickness of 2.5—2.8 km, and
a thermal gradient of 18+5K km_l, this temperature is
~112—144 K. The corresponding heat flow across the litho-
sphere is ~75—125mW m 2. Thus, we conclude that
~100 mW m~2 is an appropriate estimate of the heat flow
during folding of Europa’s icy lithosphere.

3. Topographic relaxation
3.1. Finite element simulations

The second stage of the evolutionary scenario proposed by
Prockter and Pappalardo (2000) invoked rapid topographic re-
laxation; they estimated a relaxation time scale of < 10° I, as-
suming a constant, low viscosity of 10?! Pa s. The viscosity of
Europan ice, however, should vary by many orders of magni-
tude over the greater than 170 K temperature range in the
shell. Thus, we more thoroughly investigate this process
here, using techniques detailed in Dombard and McKinnon

(2000, 2006). We employ the commercially available
MSC.MARC finite element package (http://www.mscsoftwar-
e.com), which permits concurrent simulation of elasticity, vis-
cosity, and plasticity. These three behaviors capture the
general behavior of geologic materials: solid on short time
scales and fluid on long time scales, with brittle failure for
large enough stress. To improve numerical stability, we do
not include plasticity here; however, plasticity does not greatly
affect the long-term relaxation of topography, and any effect is
only manifested at large degrees of relaxation (Dombard and
McKinnon, 2006).

3.1.1. Mesh and boundary conditions

Sinusoidal folds possess a natural symmetry; thus we im-
plement a planar simulation of one half-wavelength, 12.5 km
wide, evenly subdivided into 20 columns of elements. In the
vertical direction, we consider the case of a thermal conduc-
tive ice shell 6.96 km deep, from Eq. (5), the depth at which
the zero-pressure melting point of water is reached for
T,=80 K and 0=100 mW m72; this direction is subdivided
into 25 elements biased to concentrate elements at the surface
yet maintain element aspect ratios below ~4. On the surface,
we simulate sinusoidal topography with a 500 m crest-to-
trough elevation difference, an overestimate of the topographic
amplitude but one that should provide an upper bound on any
original topography. On the base of the shell, the mesh is ini-
tially flat. The simulated space possesses a density of
950 kg m°.

Horizontal displacements on the side boundaries are
locked, yielding a free-slip symmetry condition under the
fold crest and trough. On the bottom boundary, we apply
a foundational boundary condition that simulates the buoyant
response of the liquid water ocean beneath the ice shell. In
practice, this foundational force scales with displacement of
the mesh boundary, with a scaling coefficient equal to the
product of the gravitational acceleration (1.31 ms 2) and the
density of liquid water (assumed to be 1000 kg m ). The
force of gravity is simulated via a gravitational body force uni-
formly applied to the entire mesh and equal to an acceleration
of 1.31 m s~ 2. Gravity supplies the stresses that drive relaxa-
tion; these driving stresses decay as the topography relaxes.

3.1.2. Material properties

The elastic parameters for ice are known: a Young’s mod-
ulus of 9.3(3) GPa and a Poisson’s ratio of 0.32(5) (Gammon
et al., 1983). Simulation of such a compressible material sub-
jected to a gravitational load would result in the generation of
self-compaction deviatoric stresses, which can be compen-
sated by adjusting the initial stress state (Dombard and
McKinnon, 2000, 2006) to that of near-lithostatic equilibrium
modulated solely by topographic driving stresses (see, e.g.
Jaeger and Cook, 1979, p. 373). We bypass this step by letting
Poisson’s ratio approach 0.5 (0.4999), making the material
nearly incompressible and thus eliminating the self-compac-
tion. This step does modestly change the elastic response of
the material; however, the primary elastic response under re-
laxation at finite heat flow is the development of an elastic
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flexural layer (Dombard and McKinnon, 2006). Consequently,
we compensate the larger Poisson’s ratio by reducing the
Young’s modulus to 7.83 GPa, thereby maintaining the flex-
ural rigidity of the icy layer (Eq. 3-72 in Turcotte and Schu-
bert, 2002). As it is the viscosity structure that most strongly
controls rates of relaxation (Dombard and McKinnon, 2006),
any variations introduced by this incompressibility approxima-
tion are negligible.

The same ductile rheological parameters are used in our re-
laxation simulations as in our instability modeling; however,
our numerical technique can implicitly handle the complex-
ities introduced by the five interacting flow laws without the
need for averaging schemes. The total strain rate is simply cal-
culated at each point within the finite element mesh as a func-
tion of the stress and thermal state. We assume an ice grain
size of 0.1 mm, to maximize creep. Time stepping is accom-
plished by an algorithm that maximizes time steps while re-
stricting the change in creep strain relative to the elastic
strain and the change in stress relative to the stress within pre-
scribed tolerances. To keep the time steps from becoming too
small to complete the simulations within a reasonable amount
of computer time (hours to days), we limit the viscosity (pro-
portional to the ratio of the deviatoric stress to total creep
strain rate) in the mesh to be no less than a minimum value
(generally between 10" and 10**Pa's, and much less than
the viscosity of the cold surface).

3.1.3. Thermal structure

The presence of topography results in vertical deflection of
the isotherms. To determine a realistic thermal state, we first
perform a steady state simulation of thermal conduction, using
the same mesh and the MSC.MARC finite element package,
and then supplying the results to the relaxation simulations.
Using the temperature-dependent thermal conductivity of ice
(Klinger, 1980), we constrain the surface temperature to
80 K, inhibit heat flow through the side boundaries, and apply
a heat flow of 100 mW m ™2 to the base of the shell. Such heat
flows may not be maintained indefinitely; in this regard, our
results can be viewed as upper limit relaxation rates.

Two other cases also are considered. In the first, we main-
tain a surface temperature of 80 K but apply a heat flow of
150 mW m ™2 (a generous upper limit allowed by our instabil-
ity modeling). In the second, we apply a surface temperature
of 110 K (appropriate to equatorial regions) and a heat flow
of 75 mW m™? (by Fig. 4, the higher surface temperature re-
laxes the requirement for high heat flow, but shortening rates
are implausibly high). We do not change the thickness of the
simulated space; thus for both these additional cases, these
systems in conductive steady state would reach ice melting
above the bottom of our mesh. We could envision a transition
at depth to a more-or-less isothermal convective layer. The
temperature in this layer would be about 10 K less than melt-
ing (McKinnon, 1999), and its relatively low viscosity is cov-
ered by our minimum viscosity limit. In addition, we will
argue that our results are insensitive to the details in the
deep mesh.

3.2. Results

Fig. 6 shows the evolution of the crest-to-trough eleva-
tion difference out to 100 Myr, a time likely greater than
the mean surface age of Europa (Zahnle et al., 2003;
Schenk et al., 2004). In the nominal case (7,=80 K and
Q=100 mW m?), the fold only relaxes by ~20m over
this time span. The reason for this retention is the relatively
cool temperatures in the upper shell; for a heat flow of
100 mW m > and particularly a surface temperature of
80 K, the upper ~2.75 km of the shell is at temperatures
of 130K or less. Ice at these temperatures will not flow
appreciably over even long geologic time scales, and vis-
cous relaxation will be minor (essentially, an elastic litho-
sphere develops). A similar result was observed for
relaxing craters at high latitudes (comparably low surface
temperatures) on Ganymede and Callisto (Dombard and
McKinnon, 2006).

The surface elastic lithosphere that develops over time
flexes somewhat. For example, a 2.5—3-km-thick ice litho-
sphere loaded by harmonic topography of 250 m amplitude
and A=25 km should see the fold troughs and crests rise and
subside, respectively, by ~5m (Eq. 3-111 in Turcotte and
Schubert, 2002). Consequently, a portion of the observed
20 m relaxation in Fig. 6 is due to this flexure, with relatively
minor progressive creep in the flexing layer over long time
scales. The flexural layer/elastic lithosphere is strong relative
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Fig. 6. Results of viscoelastic, finite element relaxation simulations, showing
the crest-to-trough elevation difference as a function of time. Note that
500 m is twice the stereo-estimated present value at Astypalaca Linea. Com-
binations of surface temperature and heat flow are illustrated; the ice grain size
in all cases is 0.1 mm, maximizing relaxation. While relaxation is an ineffi-
cient means to erase folds (i.e. decrease their topography to unobservable
levels) at latitudes comparable with Astypalaea Linea, this mechanism could
conceivably erase folds in equatorial regions over the lifetime of Europa’s
surface.
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to the ductile substrate and serves to mechanically decouple
the surface from the deeper shell. Thus, our results are insen-
sitive to the details in the deep mesh (see also Dombard and
McKinnon, 2006) and are also insensitive to the presence of
basal topography or a thicker shell (surface heat flow can be
maintained if the lower shell is convecting). We have run sim-
ulations of such test cases and find they are virtually indistin-
guishable from those shown in Fig. 6. A further consequence
is that the simulated shell does not develop a ‘keel’ beneath
the fold crest that isostatically supports the topography, which
is instead supported by material strength in the near-surface
layer.

A complementary case with T,=80 K but 0=150 mW m >
does exhibit greater relaxation, though not nearly enough to
decrease the fold’s topography to an unobservable level over
100 Myr (Fig. 6). Again, this retention is a consequence of
the low surface temperature and strongly indicates that relax-
ation is an inefficient means of eliminating folds formed at
higher latitudes. Conversely, relaxation may substantially re-
duce topographic amplitudes in equatorial regions in 10—
100 Myr, even under lower heat flows (Fig. 6), because of
the shallow depths of isotherms at which there can be appre-
ciable creep over these time scales. On the other hand, our in-
stability modeling suggests that lithospheric buckling at low
latitudes is unlikely.

Because larger stresses result in faster flow in a non-New-
tonian material, the compressional stresses in the icy shell
from the folding process could conceivably affect the relaxa-
tion of topography. Schmeling (1987) has demonstrated that
the interaction of two flow fields in a non-Newtonian fluid
(here, flow associated with relaxation of topography and
with relaxation of the remnant folding stresses) may result
in either higher or lower viscosities, depending on the respec-
tive orientations of the flow fields (i.e. aligned, orthogonal, or
against). To examine this effect, we perform simulations that
are pre-stressed by displacing in the far boundary by 12 m,
which generates compressive differential stresses of
~ 10 MPa and adds to the topography induced stresses. These
simulations indicate that the relaxation of the folds proceeds at
roughly the same rate, sometimes quicker and sometimes
slower, than the cases without the pre-stress. Variances in
the crest-to-trough elevation differences are less than
~20 m; remnant folding stresses thus do not affect subsequent
relaxation significantly.

Greater relaxation on shorter time scales requires greater
heat flows, especially towards the poles. Such elevated heat
flows (>200 mW m~?) are not impossible for Europa, but be-
cause they are not indicated by the buckling model, they are,
at minimum, ad hoc. In particular, however, all of our simu-
lations, despite some sensitivity to the imposed minimum
viscosity limit, show only minor relaxation over the first
10° yr, the relaxation period proposed by Prockter and
Pappalardo (2000). Indeed, after 10 Myr, all of our relaxation
simulations possess observable, or at least geologically sub-
stantial, levels of retained topography, while many simula-
tions show nearly pristine topography at times well in
excess of the likely age of the surface. Thus, viscous

relaxation does not appear to be a viable process to erase
the folds such as these on Europa.

4. Discussion and conclusions

Our results suggest that the conditions under which the lith-
osphere of Europa may become unstable with respect to buck-
ling may be rare. Low surface temperatures, high heat flow, and
relatively high shortening rates, for ice grain sizes >1 mm, are
simultaneously required. The situation is only exacerbated
when required stress levels are considered. A prerequisite of
the instability model is that the yield strength envelope be sat-
urated in compression. For the brittle—ductile transitions indi-
cated by the instability model, this requirement necessitates
~9—10 MPa of compression; purely elastic buckling requires
even greater stresses, >25 MPa (Prockter and Pappalardo,
2000). Generating such large stresses on Europa is difficult. Di-
urnal eccentricity stresses are only of order 0.1 MPa (Greeley
et al., 2004). Stresses due to 90° of non-synchronous rotation
are of order 10 MPa (Leith and McKinnon, 1996) and therefore
may be of sufficient magnitude; however, zones of coherent
compression in a non-synchronously rotating shell are spatially
limited and centered near the equator (Helfenstein and Par-
mentier, 1985), where the relatively high surface temperature
produces a weak instability. As discussed earlier, it may be
just possible to co-add enough compressive stress at high lati-
tude, or semi-brittle plastic failure may reduce the horizontal
compression necessary to saturate the yield stress envelope.
The other requirements for the generation of a sufficiently
strong instability, however, still need to be met.

There have only been a small number of possible folds
identified on Europa (Figueredo and Greeley, 2000; Prockter
and Pappalardo, 2000; Prockter et al., 2002). It is conceivable
that this small number is due to observational biases (lack of
suitable image coverage, the general unevenness of Europa’s
surface, etc.); however, we conclude that given the paucity
of identified folds, the strict requirements for the generation
of a compressional instability, and the inefficiency of topo-
graphic relaxation, folding of the lithosphere is a rare occur-
rence. If true, this conclusion suggests that folding is
a rather minor mechanism on Europa, and the prodigious ex-
tension observed on the surface is likely compensated by
some other means.
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