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Implications

for Crustal Cycling and
Accommodation of Extension

Louise M. Prockter’ and Robert T. Pappalardo?

Regional-scale undulations with associated small-scale secondary structures
are inferred to be folds on Jupiter’'s moon Europa. Formation is consistent with
stresses from tidal deformation, potentially triggering compressional instability
of aregion of locally high thermal gradient. Folds may compensate for extension
elsewhere on Europa and then relax away over time.

Since 1979 when the two Voyager spacecraft
began their survey of the outer solar system’s
icy satellites, abundant extensional tectonic
structures but only tentative examples of
compressional structures have been identified
(1-3). Suggested explanations for this conun-
drum include expansion during freezing of
ice I, differential cooling of surface and inte-
rior, and displacement of high-density ice
polymorphs during differentiation of the larg-
est satellites; however, these mechanisms can
account for at most a few percent areal ex-
pansion (/, 4, 5). Early Galileo spacecraft
observations found examples of extreme
extension (tens of percent regionally) on
Europa and Ganymede (6-8), yet no sub-
duction zones or large-scale compressional
features were recognized (9). Thus, the
problem of compensating icy satellite ex-
tension has been compounded.

The most dramatic and extreme examples
of extension on any icy satellite are Europa’s
dark and gray bands, sites of complete sepa-
ration of the icy lithosphere above a mobile
substrate that has moved up from below to fill
the newly created gap (3, 10—12). Morpho-
logic features identified in high-resolution
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images suggest that the process is in many
ways analogous to terrestrial oceanic rifting
and spreading (/2), though corresponding
subduction zones are absent.

Morphologic evidence for a series of undu-
lations is found in the region of Astypalaca
Linea, a smooth, dark band imaged by Galileo
at 43 m/pixel (Fig. 1) (13). Astypalaea is in-
ferred to have formed through strike-slip and
oblique opening in response to tidally induced
stresses (/4, 15). The high-resolution Galileo
images reveal subtle shading variations cross-
ing Astypalaea Linea almost perpendicular to
its trend (Fig. 1A). When a low-pass filter is
applied to the image mosaic (/6), a series of
anticlines (fold crests) and synclines (fold
troughs) becomes apparent, with wavelength
~25 km (Fig. 1B). These are most evident
within the smooth material of Astypalaea itself,
but continue into the ridged plains surrounding
the band; thus, the folds postdate the band and
the adjacent ridged plains.

Corroborative evidence for the fold inter-
pretation comes from small-scale structures
along the inferred anticline and syncline axes.
In general, anticline crests are sites of local
tensile stress whereas synclines are sites of
compressive stress, and corresponding small-
scale structures are expected. Three discrete
sets of small-scale fractures (troughs) are ob-
served to cut across Astypalaea Linea, many
continuing into the surrounding terrain (Figs.
1C and 2). These fractures occur along the
crests of the regional-scale anticlines inferred
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from shading. The troughs are somewhat
anastomosing and less linear than typical Eu-
ropan troughs and are unusual in that they
occur in fracture sets.

We also find four well-separated sets of
small-scale subparallel ridges (Fig. 2). The ridg-
es are short (~2 to 3 km), narrow (~0.5 km),
and quite irregular in planform. These small
ridges occur within the inferred synclinal lows,
trending subparallel to the fold axes (Fig. 1).
The ridges are inferred to be compressional
structures (folds and/or thrust blocks) formed
within regional-scale synclines. They are found
within Astypalaea but not within the surround-
ing ridged plains, perhaps because the band
material is more easily deformable or because
the structures are more easily identified within
the smooth band material.

The identification of folds is significant to
the geological history and resurfacing style of
Europa, because we can now begin to under-
stand how the satellite’s ubiquitous extension
(specifically, band formation) is compensated
by compression. In the Astypalaea region, we
estimate that crest-to-trough fold height is at
least ~100 m (in order to be perceived) but no
more than ~1 km [which is the greatest topog-
raphy observed on Europa (/7)]. If the folds
have a perfect sinusoidal form and volume was
conserved during folding, this height range im-
plies a local compressional strain € between
—0.004% and —0.4%; if the fold limbs are
straight in the manner of kink folds, then € can
be up to —0.9% (I8). Some degree of exten-
sional strain has been accommodated by re-
gional-scale folding of the lithosphere, but this
relatively small degree of compressional strain
is not sufficient to accommodate Europa’s
abundant extensional deformation.

Several lines of evidence suggest that Euro-
pa’s shell has been tidally deformed in response
to a combination of diurnal and nonsynchro-
nous rotation stresses, which predicts specific
surface patterns of compressive and tensile
stress that shift on the time scale of each cycle
(19-22). The long-period nonsynchronous ro-
tation stress in the Astypalaca area builds by
~80 kPa per degree of rotation (a period of
>10* years if occurring today) (19, 21). The
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Fig. 1. (A) Galileo mosaic of Astypalaea Linea, centered at ~69°S, 198°W. (B) A low-pass filtered image
amplifies long-wavelength features, highlighting the anticlines and synclines. (C) Geological map of
major features in the imaged area. Fractures mark the anticline crests (gray arrows), and small
wrinkle-like ridges (black arrows) are present within synclines (see Fig. 2). North is toward the top; thick
white arrow indicates illumination direction. Transmercator projection centered on longitude 196°W.

short-period diurnal stresses are of lesser mag-
nitude and rotate on the time scale of each
3.55-day orbital cycle (22, 23).

The Astypalaea folds can be used to con-
strain the character and thickness of the litho-
sphere at the time of deformation, and the na-
ture of the stresses that likely formed them. The
simplest folding model is an elastic layer hori-
zontally compressed over an effectively invis-
cid substrate (24), either liquid water or warm
ice. A nominal Young’s modulus £ ~ 10° Pa
(25) implies a layer thickness of ~1.5 km and
corresponding buckling stress of ~26 MPa
(26). However, this stress is an order of mag-
nitude more than global stress mechanisms can
attain even over many tens of degrees of non-
synchronous shell rotation (21, 27). This result
discounts simple elastic plate models, including
models in which a kilometer-scale elastic shell
lies directly above liquid water (22).

Fig. 2. Subsection of Astypalaea Linea show-
ing small-scale ridges in synclines and frac-
tures (troughs) on anticlines, interpreted to
be compressional and extensional structures,
respectively.

Instead, folds may have formed by means
of a compressional instability of a frictionally
controlled brittle ice lithosphere overlying a
warmer ductile asthenosphere in which ice
strength decreases with depth (28). If the
local thermal gradient is very high (=100 K
km~") and the brittle lithosphere is corre-
spondingly thin (=1 km), lithospheric failure
and ductile ice flow can be achieved upon =3
MPa of compressional stress (29). This stress
level can accumulate over =40° of nonsyn-
chronous rotation, during which time local
stress orientation would remain broadly con-
sistent with the fold axes. Detailed applica-
tion of this compressional instability model to
Europa for superplastic ice rheology (30) of-
fers promise on the basis of success of its
extensional instability counterpart model in

accounting for grooved terrain formation on
neighboring Ganymede (31).

The locally high thermal gradient neces-
sary for compressional failure suggests fold
formation soon after emplacement of the gray
band Astypalaea Linea. The folds have an
average orientation of about N50°W, which
is ~20° anticlockwise of the current optimum
orientation for compressional deformation by
nonsynchronous stress. Compressional stress
would have been properly oriented when the
region rotated through ~0° longitude relative
to the satellite’s tidal axes. Astypalaea itself
is thought to have formed near its current
location with respect to tensile tidal stress-
es (22), but its orientation is also consistent
with band formation 180° from its present
location (/4). This suggests a scenario in
which Astypalaea Linea formed near 20°
longitude, followed by accumulation of
compressional stress and fold formation as
the still-warm band rotated through ~0° to
~340° longitude.

Candidate folds are identified in at least two
other areas on Europa (32). The gray band
Libya Linea was imaged by Galileo at 42
m/pixel (Fig. 3A) (33). A prominent set of
anastomosing troughs marks the inferred crest
of a single NW-SE-trending anticline that cuts
this smooth gray band. The troughs have a
complex, branching morphology, and many ex-
hibit terraces. These characteristics are different
from those of most Europan troughs, which are
linear and uniform in width. The candidate
anticline is flanked by asymmetrical scarps with
scalloped, lobate planforms, a morphology
characteristic of compressional thrust faults on
Earth and other terrestrial planets (34). These
scarps are inferred to mark synclines that flank
the prominent anticlinal ridge. The inferred syn-
cline-to-syncline separation is ~12 km, but the

—

Fig. 3. (A) High-resolution Galileo view of Libya Linea. White arrows indicate anastomosing fractures
that mark the inferred anticlinal crest, and black arrows indicate inferred synclinal thrust blocks. (B)
Regional Galileo mosaic within the Manannan region. White arrows indicate distinctive sinuous
fractures with associated subtle brightness variations, inferred as the surface expressions of anticlines.
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imaged area is too small to determine whether
the anticline and flanking synclinal depressions
are isolated or part of a fold set. On the basis of
subtle shading variations, anastomosing frac-
tures imaged at 220 m/pixel in the Manannan
region may mark the anticlinal crests of
regional-scale folds [(35); Web fig. 1 (36)] (one
of the fractures is shown in Fig. 3B). The spac-
ing between these structures varies from ~16 to
46 km. Both Libya Linea (a gray band) and the
Manannan region (where there is abundant cha-
os terrain) may have been areas of high heat
flow and thin brittle lithosphere at the time of
fold formation.

Our results shed light on the ways in which
Europa may hide its compression. The Astyp-
alaea folds are identifiable because they were
imaged at a relatively large solar incidence
angle (/3). Similar subtle undulations may be
widespread on Europa but would be difficult to
identify because of Galileo’s limited imaging
coverage. Moreover, Europa’s regional-scale
topography is expected to relax away through
lateral flow of subsurface material if the shal-
low subsurface is warm (37). Specifically, ~25
km topography is expected to relax in <10°
years (38). Such a rapid time scale suggests that
the observed folds may have formed with great-
er amplitude (and therefore strain) and may be
partially relaxed today. Small-scale fracture and
ridge topography should remain, but would be
difficult to recognize among the complex maze

[/ & __'E+\L—|
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Fig. 4. A possible scenario for cycling Europa’s
lithosphere: (1) Bands form as lithospheric mate-
rial (white) is pulled apart and mobile material
(gray) wells up into newly created gaps; tidally
induced compressive stress accumulates in new
bands and elsewhere on the surface. (2) Exten-
sional strain is ultimately accommodated by for-
mation of folds in regions of relatively warm and
thin lithosphere, such as bands. (3) Regional-scale
fold topography relaxes (A and B), and the warm
ductile base of the lithosphere is able to flow back
into the interior (C); only small-scale surface
structures remain, and these structures may later
be exploited to form ridges and bands.
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of overlapping surface features that compose
Europa’s ridged plains. As regional stresses
shift due to nonsynchronous rotation, small-
scale fractures that originated along anticlinal
crests may eventually be exploited by tensile
tidal stress, opening into ridges or bands.

In summary, we suggest a possible sce-
nario by which Europa’s surface is cycled
(Fig. 4): (i) new mobile material upwells and
cools along extended band axes; (ii) tidally
induced compressive stress causes folding in
regions of relatively high heat flow and thin
lithosphere, such as bands, accommodating
extension; and (iii) regional-scale fold topog-
raphy relaxes vertically, resulting in localized
thickening and the corresponding cycling of
lithospheric material back into the warm ice
interior, leaving only small-scale structures
behind. It appears that Europa’s ductile ice
asthenosphere (39) is key in both creation and
loss of fold topography.
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