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A Very Young Age for True Polar Wander
on Europa From Related Fracturing
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1Lunar and Planetary Institute, Universities Space Research Association, Houston, TX, USA, 2Lunar and Planetary
Laboratory, University of Arizona, Tucson, AZ, USA, 3Department of Earth and Planetary Sciences, University of
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Abstract En echelon fissures 100–300 km long on Europa are found to be concentric and external to
arcuate troughs previously attributed to true polar wander (TPW) of Europa's ice shell, strengthening the
case for TPW. Fissures are composed of parallel faults distributed over 10‐to‐20‐km‐wide zones, with
deformation focused in a main fissure 1–2 km wide and up to 200 m deep. Fissures crosscut all known
terrains, including (apparently) ejecta of bright ray crater Manannan, establishing that fissures and by
inference TPW are among the most recent geologic events on Europa. Very late ~70° of TPW shell rotation
requires that most observed structures on Europa are not in their original configuration with respect to
other stress regimes, requiring complete reanalysis of Europa's strain history. If reorientation happened
recently, we predict that any crater distribution asymmetries and shell thickness variations measured by
Europa Clipper will be offset from expected equilibrium patterns.

Plain Language Summary The large icy ocean world of Europa has a very young surface that has
been highly deformed. Recent evidence for “polar wander,” or reorientation of the floating outer ice
shell away from its original orientation, has been confirmed by the recognition that long fissures are part of
the polar wander tectonic pattern and are among the youngest features on the planet. This means that
polar wander occurred very recently and that older features are no longer in their original locations and will
require a complete reassessment of Europa's tectonic history.

1. Introduction
Physical reorientation (or true polar wander, TPW) of global floating ice shells on icy worlds triggered by
internal mass redistributions that change the inertia tensor (Ojakangas & Stevenson, 1989) can induce large
stresses in those ice shells. Efforts to find convincing evidence of TPW on ice worlds (e.g., Matsuyama
et al., 2014) have been only partially successful, with the best cases being for Pluto (Keane et al., 2016;
Nimmo et al., 2016), Europa (Schenk et al., 2008), and possibly Ganymede (McKinnon et al., 2014;
Schenk & McKinnon, 2015; Zahnle et al., 2001). More equivocal candidates for TPW on icy bodies include
Miranda (Greenberg, 1991) and Enceladus (Nimmo & Pappalardo, 2006; Tajeddine et al., 2017).

Evidence for TPW on the icy moon Europa consists of two antipodal circular patterns on the leading and
trailing hemispheres (colloquially referred to as “crop circles”; Figures 1 and 2). These circles consist of con-
centric sets of long arcuate depressions ~500 m deep and a second set of shorter, discontinuous, and irregu-
larly shaped deeper depressions up to ~1.5 km deep external to the long depressions (Schenk et al., 2008).
TPW of Europa's ice shell (Ojakangas & Stevenson, 1989) is the only knownmechanism (Schenk et al., 2008)
that can reproduce the observed offset ~10° north and south of the equator and ~30° west of the hemispheric
centers and the rotated axis of symmetry through the preserved arcs (Figures 1 and 2). Further, the magni-
tudes of TPW stresses are approximately megapascals, more than sufficient to produce surface deformation.
The ratio of diurnal tidal stress magnitudes, for example, to those of TPW is very low,

∼ ehT2 t ¼ Tð Þ=hT2 t→∞ð Þ ∼ 6 × 10−3

where e is the orbital eccentricity, hT2 t ¼ Tð Þ is the displacement Love number at the tidal forcing period T,

and hT2 t→∞ð Þ is the long‐term displacement Love number. We also note corroborative evidence for TPW
on Europa from the distribution and orientations of geologic features (e.g., Greenberg et al., 2003; Rhoden
et al., 2010; Sarid et al., 2002; Wahr et al., 2009), although the severe high‐resolution mapping limitations
preclude definitive assessments.
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2. Newly Identified TPW Features on Europa

Inspectionof anewpreliminary global three‐color basemapofEuropaat 200m/pixel (supporting information
Figure S2) has revealed additional TPW‐related features on Europa (Figure 2 and supporting information
Figure S3). Although mappable in only a limited number of images (supporting information Table S1),

Figure 1. True polar wander features proposed by Schenk et al. (2008). Black arrows highlight inner arcuate trough
Maughanasilly Fossa; white arrows indicate outer irregular topographic basins, including Moyle Cavus at upper
center (double arrows). “AL” is bright band Agenor Linea formed between the two concentric patterns (Figure 2).
Topographic ridges are visible at right. Center of TPW pattern is just out of view at upper right in this orthographic
projection.

Figure 2. Global map showing distribution of concentric features on Europa associated with true polar wander (modified from Schenk et al., 2008), including
the labeled outer ring of fissures described here (small squares show locations of fissures shown in Figures 3–5). Shaded areas are those where resolutions of
>2 km/pixel preclude any identification of these features. The two large dots represent the geographic centers of the TPW circle patterns. “AL” and “CL” are
the two bright bands Agenor and Corrick Linea. The folds at Astypalae Linea are located at 70°S 170°E. Pwyll and Manannan (“P” and “M”) craters are at 25°S,
90°E and 4°N, 120°E, respectively, and shown as two thin circles representing extent of their inner ejecta deposits. Note that east longitude system is used
throughout.
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these newly identified crop circle features are evident as surface gashes
or fissures up to 2 km wide and up to 200 m deep (Figures 3–5). To
the limits of available resolution, these fissures are sharp‐edged and
appear V‐shaped in profile, with perhaps minor apparent amounts of
mass wasting along the walls, implying formation by dilation of surface
faults. These fissures occur in offset segments typically ~10 to 45 km in
length that terminate and then pick up again in the same direction but
offset as much as 25 km to the side, forming classic en echelon shear
fracture patterns (Figures 2–4). This morphological and structural style
differs from that of the much more linear, continuous, and elevated dou-
ble ridges common to Europa (cf. Prockter & Patterson, 2009), suggesting
that different deformational regimes prevail in the two structural types.
These en echelon fissures (Figures 2–4) form at least four major spatially
associated sets up to 1,000 km long (and fragments of several others) of
arcuate parallel structural features. These fissure sets form arcuate
groupings that track parallel to and ~100–350 km outside the previously
identified TPW arcuate troughs (Schenk et al., 2008) (Figure 2) and
~1,500‐ to 1,600‐km radial distance from their centers, indicating that
they are a component of the TPW deformation pattern.

Our knowledge of the global extent of these fissure sets is limited by the
fragmentary and variable quality of the Voyager‐Galileo image mapping
(e.g., Schenk, 2010). Despite these limitations, the only known sets of
these distinctive V‐shaped en echelon fissures occur in association with
the two crop circle patterns in the locations identified (Figure 2). As these
are narrow negative relief features with no apparent albedo signature,
they require low‐Sun imaging of <2‐km/pixel resolution for identifica-
tion. The smaller apparent number of fissures associated with the leading
hemisphere TPW pattern (Figure 2) could be due to more limited imaging
of the required type but may also be real, in which case either the stress
regime or the physical state of the ice shell (e.g., thickness) is different
in the two hemispheres. Future confirmation of such differences in strain
responses on the two hemispheres (if real) could reveal regional differ-
ences in shell properties.

The V‐shaped Menec Fossa fissures crossing Libya Linea at 52°S, 182°E
(Figure 5) that parallel the TPW troughs on the anti‐Jovian hemisphere
were fortuitously observed in a two‐frame Galileo mosaic at ~40 m/pixel,
the highest resolution observation of a TPW fissure with low‐Sun
elevation. Photoclinometry‐derived digital elevation models (PC‐DEMs)
indicate that the main fissure is ~200 m deep (Figure 5), similar to depths
measured at Kerlescan and Kermario Fossae (Figures 3a and 3b). Such
measurements depend on assuming uniformity of albedo in the scene
but at the short width scales of the fissures measured here likely have
uncertainties of no more than ~15% (supporting information; e.g.,
Bierhaus & Schenk, 2010). The main fissure is flanked by several smaller
subparallel fissures and low linear scarps distributed across an
~20‐km‐wide zone (Figure 5), suggesting that these features form as sets
of multiple parallel faults but that most of the extension is confined
within a single narrow central feature. The fissures are also closely asso-
ciated with buckling or tilting of the surface by a few tens of meters
within the deformation zone.

Additional sets of candidate TPW features (Figure 2) include normal fault
blocks (Nimmo & Schenk, 2006) and isolated plateaus or domes 500–
1,000 m high (e.g., Prockter & Schenk, 2005). Although the compressional

Figure 3. Medium‐resolution views of Europan fissures. Sketch map (a),
image mosaic (b), and PC‐DEM (c) of a portion of Kermario Fossae
fissures (arrows) in chaotic plains of Europa, with profile (d). Mosaic and
DEM have native pixel resolutions of 0.22 km. Area centered on 43°N, 5°E.
Note numerous narrow linear double ridges in this region. These
features continue to the northeast and are visible in Galileo image
s0527286379 at 0.97 km/pixel (supporting information Table S1). We note
that narrower fissures may not be recognizable at these resolutions within
the jumbled chaos terrains. Note also older elongate continuous double
ridges crossing this scene. North is to top.
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folds at Astypylaea Linea (Prockter & Pappalardo, 2000) are also concentric to the main TPW arcs (Figure 2),
their global distribution is very poorly known and more complete global mapping will be required to
determine if folds or plateaus are related to TPW. Curiously, the two distinctive curvilinear bright bands
Agenor and Corrick Linea form radial to and between the two concentric TPW patterns (Figure 2), as do
the pull‐apart bands (Schenk & McKinnon, 1989). Relict features from hypothetical prior TPW events have
also not yet been identified. Here again, limited and variable image mapping is a factor, but if the ice shell
was thinner (or thicker) in the past (e.g., Hussmann & Spohn, 2004), then TPW deformation may have
taken different forms.

3. Timing of TPW on Europa

An unresolved issue with the previously identified TPW features on Europa was that crosscutting relation-
ships with other terrains and features could not be identified (Schenk et al., 2008), leaving time of formation
uncertain. Where observed at 200–225 m/pixel, the en echelon fissures crosscut and are younger than all
mappable features and terrains occurring in their areas (Figure 3). Crosscut features include all dominant
terrain types (including ridged plains, extensional bands, double ridges, and chaos), indicating that the fis-
sures and hence the arcuate depressions (Figure 1) and TPW event they are associated with are among
the youngest known features on Europa, postdating all known tectonic and crustal disruption events.

Figure 4. Medium‐resolution views of Europan fissures. Image mosaic (a) and PC‐DEM (b) of a portion of the en echelon
Kerlescan Fossae fissures (arrows) in chaotic plains of Europa, with profile (c). Mosaic and PC‐DEM have native pixel
resolutions of 0.23 km (Table S1). Manannan crater (M) is the circular feature at lower left. North is to top.
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Bright or dark flanking diffuse deposits (like at many prominent dark double ridges; e.g., Kadel et al., 1998)
would also indicate a young age but none are associated with any of these TPW fissures. This lack of
coloration suggests that either no release of volatiles occurred during fissuring due to a lack of
near‐surface volatile reservoirs, exposure of fresher ice in the upper 200 m did not trigger sublimation or
volatile release, or any surficial deposits formed are no longer preserved.

The ends of two segments of Kerlescan Fossae (Figures 2 and 4) terminate within the secondary crater field
and ejecta zones of 23‐km‐wide Manannan crater. Manannan still retains some of its inner bright and dark
ray and ejecta deposits and is the second youngest crater >20 km across on Europa after Pwyll based on ray
preservation (e.g., Moore et al., 2001; Schenk & Turtle, 2009). It is also an important stratigraphic marker.
High‐resolution ~20‐m/pixel images (Figure 6), although lacking shadows, reveal that like Menec Fossa,
the topographic segments of Kerlescan Fossae observed at ~200 m/pixel at low‐Sun illumination
(Figure 4) are complex. Here (Figure 6), very narrow dark curvilinear markings with low (unresolved) relief
parallel the main 200‐m‐high bounding scarps of the main fissure and form broader deformation zones
~10–20 km wide. This pattern is broadly similar to Menec Linea (Figure 5), where most of the lateral
extension is also focused in a narrower central trough.

Crosscutting relationships at Manannan are difficult to discern due to the high solar illumination. The linear
dark features andmain fissure due east of Manannan crater occur within its secondary crater field and cross-
cutting relationships are ambiguous. Some secondaries appear to superpose the fissure whereas others do
not (supporting information Figure S4). Here it must be remembered that down‐dropped blocks usually pre-
serve preexisting relief and deformation will only occur along the fault planes and that the high solar illumi-
nation at this site mutes topographic shading that would help distinguish these relationships. The segment
of Kerlescan Fossae immediately west of Manannan (Figure 6), however, comes within ~5 km of the western

Figure 5. High‐resolution views of Europan fissures at Libya Linea. Portion of Galileo high‐resolution mosaic (a) and
PC‐DEM (b) of Menec Fossa fissures crossing the “smooth” gray band Libya Linea, with profile (c). This highest
resolution low‐Sun view of fissures shows the central and subsidiary flanking fissures, as well as rolling surfaces between
and trending parallel to the fissures. Note that, at least until mosaic edge, fissure continues into and therefore postdates
chaos material at top. Mosaic and PC‐DEM pixel scales are 42 m. North is to top.
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rim and is well within its continuous ejecta deposit (Figure 6 and supporting information Figure S4),
including some of its thicker sections. Here both the deep fissure and the narrow dark lineations
associated with the topographic fissure and its flanks are clearly well preserved within the ballistically
emplaced continuous ejecta deposits of this crater (which extends ~0.5 to ~1 crater diameter from the rim;
Schenk & Ridolfi, 2002; Schenk & Turtle, 2009). Such mantling ejecta might preserve a deeper fissure but
would likely obliterate most smaller‐scale low‐relief linear features of this type. Although ambiguities
remain due to the high solar illumination, the preservation of fine‐scale structures close to the rim and

Figure 6. Galileo high‐resolution imaging of Kerlescan Fossae fissure and western ejecta of Manannan crater, Europa. Crater rim is just out of view at right.
Image (a) was acquired at 20 m/pixel. Black arrows highlight narrow linear markings parallel to main fissure, white arrows highlight flow textures in the
continuous ejecta, including lobate flow feature (f) crosscut by a dark lineation. Arcuate dark features within this zone are apparent ballistic herringbone
sedimentary features common to large impact ejecta. Figure 6b shows full five‐frame mosaic with major units outlined in black, including crater floor, continuous
ejecta, secondary crater field, and Kerlescan Fossae segments to the west and east. See supporting information Figure S4 for topographic map of region.
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apparently crosscutting ejecta features (Figure 6) suggests that these fissures were likely active after
Manannan formed (though they could have initially formed before impact).

The features attributed to TPW on Europa have a very symmetric pattern, but gaps remain in the available
mapping coverage. We predict that an arcuate trough of the type described by (Schenk et al., 2008) should
occur within <100 km of the very young bright‐rayed crater Pwyll (Figure 2), an area observed under
high‐Sun illumination that makes trough identification impossible. The only DEM of Pwyll and its vicinity
reveals a broad elongate ~400‐m‐deep depression just west of Pwyll (supporting information Figure S5) simi-
lar in style to the known long broad troughs (Figure 1; Schenk et al., 2008), and which could be part of the
missing trough. No <100‐m/pixel imaging in the Pwyll region exists that resolves TPW structures but if any
fissures cross the Pwyll ejecta deposits, future high‐resolution observations of the crosscutting relationships
of ejecta and fissures at both Manannan and Pwyll would offer additional constraints on the youth of the
TPW system.

4. Implications of TPW for Europa's Ice Shell

The crop circle TPW pattern on Europa (Schenk et al., 2008) is now recognized to consist of 3 (and possibly
more) concentric zones (Figures 1 and 2); an inner zone consisting of a single shallow curved depression or
undulation in the surface up to 500 m deep, a middle zone of shorter but deeper and irregularly shaped
steep‐walled depressions, and an outer zone of discrete en echelon surface fissures with no flanking depres-
sions (Figure 2). The best fit TPW solution to all three sets of surface features corresponds to an initial rota-
tion axis (or paleopole) at 19°N, 75°E and an initial tidal axis at 3°S, 346°E (supporting information), similar
to that determined by Schenk et al. (2008). Nonsynchronous rotation (NSR), orbital recession, and despin-
ning (e.g., Kattenhorn & Hurford, 2009; Wahr et al., 2009) are also capable of producing symmetric global
tectonic patterns. However, NSR cannot explain the observed north‐south asymmetry, and orbital recession
and despinning cannot explain the displaced bilateral symmetry relative to the tidal axis (Figure 2 and
supporting information Figure S1). The mean misfit between the predicted and observed fault azimuths
for both the original and newly identified concentric features is significantly smaller for TPW (12°) than
for those due to NSR (34°), orbit recession (47°), or despinning (62°) (supporting information), emphasiz-
ing the difficulty other mechanisms have in explaining the “crop circle” patterns. The en echelon fissures
also now show (Figures 3–6) that TPW postdates all or nearly all tectonic and disruptive events within
Europa's ice shell, including (probably) one of Europa's two youngest large impact craters (Figure 5;
supporting information Figure S4).

The strain response of Europa's icy shell across the concentric TPW deformation zone 400–700 km in width
(Figure 2) changes radially from one of arcuate and irregular depressions suggesting deep shell thinning to
an outer one of brittle shear near‐surface failure at the fissures. Future mapping and modeling of this appar-
ent outward change in style will likely help define the nature of the stress field responsible. As the local stres-
ses associated with TPW can be several megapascals, additional TPW‐related features such as plateaus or
folds (Figure 2) may be present on the surface as well.

Relief across the arcuate troughs and associated depressions is 500–1,500 m (Schenk et al., 2008) and that
across the fissures ≃200 m (Figures 3–6). That these prominent topographic features remain at all in a warm
floating ice shell requires that they be preserved against viscous flow of the basal ice shell, depending on
their absolute ages (see discussion below). The arcuate troughs and irregular depressions associated with
them are the deepest features known on Europa (Schenk et al., 2008) and will impose local stresses of order
0.1 MPa. For the fissures, these stresses will decay with depth at a rate determined by their width (e.g.,
Melosh, 2012), which implies that at least the upper 2 km of the shell is sufficiently cold and rigid to avoid
flow. The base of the rigid portion of the ice shell is at roughly 150 K (Nimmo et al., 2003), so that for a con-
ductive shell theminimum implied shell thickness is then roughly 5 km. There are no consistent indications
of flexural uplift on the flanks of these fissures (given the uneven topography of these areas), a further indi-
cation that the elastic portion of Europa's ice shell during the TPW time period must have been thicker than
the local values inferred from surface flexure at double ridges (e.g., Billings & Kattenhorn, 2005). More com-
plete and higher resolution topographic mapping will be required for a more complete analysis, however.

Confirmation from concentric fissures that TPW was a major stress event in Europa's icy shell and that it
occurred very late in the stratigraphic sequence will require a total reset of our structural, tectonic, and
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stratigraphic understanding of Europa's floating ice shell (cf. Doggett et al., 2009). Reprojection of the cur-
rent global Europa mosaic to its plausible pre‐TPW configuration (supporting information Figures S2 and
S6) shows that large regions dominated by disrupted chaos terrains (cf. Collins & Nimmo, 2009) are gener-
ally absent along the paleo‐equator and more abundant at the two paleo‐poles; this may be contrasted with
an analysis that explained the apparent present‐day equatorial location of most chaos regions as arising from
heat transfer across the ocean (Soderlund et al., 2014).

The paleo‐equator of the putative pre‐TPWEuropa (supporting information Figure S6) is dominated by rela-
tively unmodified ridged plains, except for the zone of pull‐apart bands (aka wedge‐shaped bands; Schenk &
McKinnon, 1989), which could have formed at either one of the paleotidal axes or a paleo‐apex axis.
Prominent global‐scale double ridges flanked by dark reddish material (and possible eruptive plume sites;
Kadel et al., 1998) may have formed concentric patterns around one of these axes as well, though this distri-
bution is not completely mappable at present. This simplistic exercise suggests that many Europan features
could be better understood as forming in a different location and/or different global stress regime and that
this record of deformation has been subsequently rotated (at least once) roughly 70° from its original config-
uration. Global ridge and strike‐slip feature orientations (cf. Kattenhorn & Hurford, 2009, and references
therein) should be reanalyzed in a restored stress configuration.

A return to Europa will be necessary to map out the full distribution of all known and candidate
TPW‐related features on Europa (including troughs, fissures, plateaus, and folds) to determine their extent,
stratigraphic ages, structural strain, and other characteristics. These will constrain TPW processes and tim-
ing, as well as properties of the ice shell during the epoch in which they formed and will be key objectives
of NASA's Europa Clipper mission. Any putative previous TPW episodes may also be resolved in global
high‐resolution mapping in the form of cryptic troughs or fractures.

We conclude with predictions concerning the spatial distribution of impact craters and shell thickness var-
iations. The current proposed TPW episode may also be manifest if any leading‐trailing hemispheric crater-
ing asymmetry (possible but unconfirmed due to poor statistics; Bierhaus et al., 2009) has been displaced
from the expected apex‐antapex axis. For a conductive shell in which lateral flow is not significant, spatial
variations in tidal and solar heating give rise to variations in shell thickness (Ojakangas &
Stevenson, 1989). In some cases these variations give rise to a rotationally unstable shell, thereby providing
a mechanism for TPW. The timescale for the shell to undergo thermal/thickness adjustment following TPW
is ~d2/κ, where d is the shell thickness and κ is the thermal diffusivity. For a 20‐km‐thick shell, this timescale
is 12 Myr, less than the ~50‐Myr mean age of Europa's surface (Bierhaus et al., 2009). Thus, a recent TPW
event could result in a spatial distribution of shell thickness that represents the prewander state and not
the expected present‐day equilibrium thermal state. Global mapping of global crater densities and shell
thickness variations by Europa Clipper will test these predictions.
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