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a b s t r a c t
Despite a decade of intense research the mechanical origin of the tiger-stripe fractures (TSF) and their
geologic relationship to the hosting South Polar Terrain (SPT) of Enceladus remain poorly understood.
Here we show via systematic photo-geological mapping that the semi-squared SPT is bounded by
right-slip, left-slip, extensional, and contractional zones on its four edges. Discrete deformation along
the edges in turn accommodates translation of the SPT as a single sheet with its transport direction parallel to the regional topographic gradient. This parallel relationship implies that the gradient of gravitational potential energy drove the SPT motion. In map view, internal deformation of the SPT is expressed
by distributed right-slip shear parallel to the SPT transport direction. The broad right-slip shear across the
whole SPT was facilitated by left-slip bookshelf faulting along the parallel TSF. We suggest that the flowlike tectonics, to the first approximation across the SPT on Enceladus, is best explained by the occurrence
of a transient thermal event, which allowed the release of gravitational potential energy via lateral viscous flow within the thermally weakened ice shell.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Enceladus, a small moon of Saturn with a diameter of 500 km,
is geologically active as expressed by eruption of gas and water–ice
particles in plumes sourced from the parallel ‘‘tiger-stripe” fractures (TSF) in Enceladus’ South Polar Terrain (SPT) (Porco et al.,
2006, 2014) (Figs. 1A and 2A). The flux of the erupting plumes varies with time, possibly related to the diurnal variation of tidal
stress that controls TSF opening and closing (Hurford et al., 2007;
Hedman et al., 2013; Nimmo et al., 2014). The estimated surface
age of the SPT is <0.5 Ma, which contrasts with 1–4 Ga surface ages
of the surrounding terranes (Fig. 2) (Porco et al., 2006; Kirchoff and
Schenk, 2009). Active geologic processes concentrated along the
TSF are expressed by ejection of plumes (Porco et al., 2006;
Spencer et al., 2009; Spencer and Nimmo, 2013). Because of this,
understanding how the TSF were initiated and evolved is essential
for determining the controlling mechanisms of active geologic processes and plume eruptions on Enceladus. In addition, as the SPT
shares similarities in first-order structural style to that of the
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Trailing Hemisphere and Leading Hemisphere Terrains, which are
both characterized by the development of circumferential belts
(Crow-Willard and Pappalardo, 2015), establishing how the most
dominant structures (i.e., TSF) in the SPT formed has important
implications for global resurfacing processes of this icy moon.
Existing work attributes TSF initiation to formation of tensile
cracks as a result of (1) the presence of a rectangular or elliptical
thermal anomaly of an unspecified origin below the SPT that led
to surface extension (Gioia et al., 2007), (2) icy-shell flexing
induced by tidal stress (Nimmo et al., 2007), (3) true-polar wander
of the satellite (Matsuyama and Nimmo, 2008), (4) nonsynchronous rotation of Enceladus’ ice shell above a global ocean
relative to its solid rocky core (Patthoff and Kattenhorn, 2011),
and (5) formation of a large rift basin (Walker et al., 2012). The
subsequent kinematic evolution of the TSF after their initiation
has been related to processes similar to those operated along divergent plate boundaries (Helfenstein et al., 2008) or strike-slip faulting with alternating senses of motion driven by cyclic tidal stress
(Nimmo et al., 2007; Smith-Konter and Pappalardo, 2008).
Extension along the proposed spreading centers at the TSF may
be accommodated by deformation along the SPT margin
(Helfenstein et al., 2006, 2008), which has been generally inferred
to be entirely contractional (Porco et al., 2006; Spencer and
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Fig. 1. (A) Image mosaic of the southern hemisphere of Enceladus collected by the Cassini orbiter’s Imaging Science Subsystem (ISS) and constructed by the CICLOPS team (i.
e., Cassini Imaging Team); the mosaic is in the south polar projection. This composite image serves as a context map for the South Polar Terrain (SPT) shown in (B) and Fig. 2A.
Also shown are locations of figures mentioned in the text. Y-1 to Y-3 and C-1 to C-3 are Y-shaped and C-shaped fractures discussed in the text. (B) A close-up view of the SPT.
Points A, B, C and D marked by red dots delimit the segmental ends of the SPT marginal zone (i.e., the sub-saturnian, anti-saturnian, leading-edge, and trailing-edge margins).
Coordinate points SS, AS, LE, and TE are longitudinal directions from the south pole pointing toward the sub-saturnian (0° longitude), anti-saturnian (180°W), leading-edge
(90°W), and trailing-edge (270°W) points on the equator of Enceladus, respectively. Abbreviations: AX, Alexandria fracture; CR, Cairo fracture; BD, Baghdad fracture; DM,
Damascus fracture; ‘‘E”, a newly designated fracture in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. (A) Cassini ISS image mosaic in south polar projection and (B) interpreted structural map of the South Polar Terrain (SPT). The designations in the red squares represent
the four SPT marginal zones: AB = the trailing edge margin (TEM); BC = the anti-saturnian margin (SSM); CD = leading-edge margin (LEM); DA = sub-saturnian margin (SSM).
Abbreviations for the five tiger-stripe fractures (TSF) are: AX for Alexandria fracture, CR for Cairo fracture, BD for Baghdad fracture, DM for Damascus fracture and ‘‘E” for a
newly designated fracture in this study. Among the five TSF, only four (i.e., AX, CR, BD, and DM, shown in red dashed lines) are currently emitting plumes containing gas and
water ice. Latitude 60°S (thin white dashed line) is shown on both figures. Numbers and lower-case letters with black circles refer to features discussed in detail in the text.
Letters A, B, C, and D with red circles mark the ends of the sub-saturnian, anti-saturnian, leading-edge, and trailing-edge segments of the SPT marginal zone. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Nimmo, 2013). An obvious issue with the above linkage between
the marginal-zone deformation of the SPT and extension along
the TSF is their kinematic incompatibility. That is, extension perpendicular to the TSF would be expected to have caused shortening
only along the leading-edge margin (LEM) and the trailing-edge
margin (TEM) parallel to the TSF (Fig. 2). In contrast, motion along
the anti-saturnian-edge margin (ASM) and sub-saturnian-edge
margin (SSM) should have been strike-slip (ASM and SSM in Fig. 2).
In this study, we address the above issue by conducting systematic photo-geologic mapping across the SPT. A key finding of this
study is that the SPT has moved unidirectionally in the downslope
direction of regional topography. Translation of the SPT was
accompanied by map-view right-slip shear parallel to its transport
direction and the shear deformation was accommodated by
left-slip bookshelf faulting along the TSF. Our work suggests that
gravitational spreading was a major driving force for the tectonic
evolution of the SPT and TSF.

3. Data and methods
3.1. Satellite-image and topographic data
The main data used in this study are satellite images obtained
by the Imaging Science Subsystem (ISS) framing cameras carried
by NASA’s Cassini orbiter. These images are available publically
from NASA’s Planetary Data System (PDS). We also use digital
topographic data derived from stereo images and photoclinometry
by Schenk and McKinnon (2009) to aid our structural interpretations. The spatial resolutions of the satellite images used in this
study vary from 9 m to 110 m per pixel (http://photojournal.
jpl.nasa.gov/target/Enceladus); the lowest resolution is for the
entire south-polar image shown in Fig. 1A (see explanation of
image PIA11679 by the Cassini Imaging Team at http://photojournal.jpl.nasa.gov/catalog/PIA11679). The spatial resolutions of the
topographic data are 200–950 m in the horizontal direction and
50–140 m in the vertical direction according to Schenk and
McKinnon (2009).

2. Regional geologic setting
Enceladus consists of three regions of deformation, namely the
Leading Hemisphere Terrain (LHT), Trailing Hemisphere (THT),
and South Polar Terrain (SPT) (Crow-Willard and Pappalardo,
2015). Each of these three terrains includes a circumferential belt
that encloses one or more other structurally deformed units. The
‘‘semi-squared” SPT (Gioia et al., 2007) is a topographical depression 500–1500 m below its surrounding regions (Porco et al.,
2006; Schenk and McKinnon, 2009). The region may be underlain
by a local or global ocean (Collins and Goodman, 2007; Patthoff
and Kattenhorn, 2011; Spencer and Nimmo, 2013; Iess et al.,
2014; McKinnon, 2015; Thomas et al., submitted for
publication). The cause for the formation and maintenance of a
possible ocean below the SPT has been attributed to subsurface
dissipation of tidal heating (Tobie et al., 2008), frictional heating
along the TSF (Nimmo et al., 2007; Roberts and Nimmo, 2008),
warm ice convection (Barr, 2008; O’Neill and Nimmo, 2010;
Han et al., 2012), and combined steady and episodic tidal dissipative heating (Travis and Schubert, 2015). The TSF within the SPT
(Porco et al., 2006) include Alexandria Sulcus (AX), Cairo Sulcus
(CR), Baghdad Sulcus (BD), Damascus Sulcus (DM), and an informally named fracture referred to in this study as fracture zone
‘‘E” (Fig. 2). Although fracture zone ‘‘E” is similar in structural
geometry to the other four tiger-stripe fracture zones, it was
not examined in early studies, possibly due to a lack of erupting
plumes (Porco et al., 2006, 2014).
The TSF zones are marked by 100 m wide troughs that are
bounded by raised double margins; each margin is 2 km wide
and 0.5 km higher than the surrounding plains (Porco et al.,
2006; Gioia et al., 2007; Spencer et al., 2009). Boulders of 20–
50 m in size are composed of coarse-grained (100 mm) ice crystals (mostly pure-water ice) and are littered along the TSF trough
floors (Porco et al., 2006; Spencer et al., 2009; Martens et al.,
2015). High thermal emission is concentrated along narrow zones
(probably <10 m) within the TSF, expressed by high (180–
200 K) surface temperatures (Spencer et al., 2009, 2013;
Goguen et al., 2013; Porco et al., 2014), which contrasts the average surface temperatures below 100 K in regions between tigerstripe fractures (Spencer et al., 2009) and at 50–80 K outside
the SPT (Howett et al., 2010). The high temperatures along the
TSF are consistent with them being the sources of the erupting
plumes (Porco et al., 2006, 2014). The areas bounded by the
TSF are dominated by closely spaced (1–2 km) curvilinear ridges
and troughs classified as the funiscular terrain by Barr and Preuss
(2010) (Fig. 2A). The ridge-trough relief ranges from 10s to
<200 m (Porco et al., 2006; Spencer et al., 2009).

3.2. Methods of geologic mapping and kinematic analysis
The main focus of this study is to map the spatial distribution of
major structures, their mutual cross-cutting relationships, and features indicative of kinematic development of the mapped structures. This effort results in a structural map of the SPT (Fig. 2B)
that contrasts with most planetary geologic maps that display
mostly geomorphic features with little or no emphasis on determining the kinematics of major faults (e.g., Figueredo and
Greeley, 2000; cf., Schultz et al., 2010; Yin, 2012a, 2012b; CrowWillard and Pappalardo, 2015). We determine structural kinematics using minor structures within and next to major deformation
zones and minor structures that terminate major structures.
We define termination structures as those that occur at the tips
of a long fault/shear zone (10s km). The terminations may have different orientations from the trend of the main structures (for
example, orthogonally oriented extensional or contractional termination structures at the ends of major strike-slip faults) (Woodcock
and Fischer, 1986; Peltzer and Tapponnier, 1988; Burchfiel et al.,
1989; Yin et al., 2002). The termination structures could also be
expressed by fault bifurcation due to progressive decrease in the
magnitude of strain accommodated by faults. For example,
strike-slip faults could die out via the development of horsetail
structures (Sylvester, 1988) as exemplified at the western end of
the active Kunlun fault in central Tibet (Yin, 2000; Yin et al.,
2008; Taylor and Yin, 2009). Finally, termination structures could
be expressed as zones of en echelon folds, faults, extensional cracks,
and tail cracks (e.g., Segall and Pollard, 1983).
Dip-slip fault/shear zones may die out along strike due to
diminishing slip along fault strike. However, they could also terminate at strike-slip faults oriented at high angles to the main fault
trend (Fig. 3A and B) (e.g., Boyer and Elliott, 1982; Lister et al.,
1986; Taylor et al., 2003; Yin and Taylor, 2011). For the latter situation, the kinematics of strike-slip termination structures provides
important information for the sense of slip along the linked dipslip faults. Secondary structures associated with a dip-slip fault/
shear zone should be parallel to the main faults and their spacing
and the accommodated magnitude of strain should decrease away
from the main faults/shear zones (e.g., Boyer and Elliott, 1982;
Lister and Davis, 1989; Kim and Sanderson, 2006) (Fig. 3A and B).
Secondary structures may also display en echelon, drag-fold,
horse-tail/tail cracks, and duplex patterns (e.g., Segall and
Pollard, 1983; Woodcock and Fischer, 1986; Swanson, 1988;
Willemse et al., 1997; Cowgill et al., 2000, 2004a, 2004b;
Kattenhorn, 2004) (Fig. 3C–E).
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(A) Termination and secondary structures
associated with a major thrust fault

(B) Termination and secondary structures
associated with a major normal fault
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Fig. 3. Schematic showing fault termination and associated secondary structures. (A and B) show termination and secondary structures associated with a major thrust and
normal fault. (C–E) show secondary structures associated with a major strike-slip fault system. Small triangles are on the hanging walls of thrust faults and small circles are
on the hanging walls of normal faults.
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Fig. 4. Termination of younger propagating extensional fractures at older pre-existing surfaces can lead to a false impression that the younger systematic fractures are offset
by the older surfaces (Cooke and Underwood, 2001). (A) Whether young fractures propagate straight through, jump across with apparent offsets, or terminate at an older preexisting fracture depends on the frictional strength of the pre-existing weakness (Cooke and Underwood, 2001). For an older fracture with a high frictional strength
(essentially locked as the coefficient of friction is required to be much higher than the internal coefficient of friction at a value of >0.65), the young crack is expected to
propagate through the pre-existing fracture plane. However, for an older fracture with a moderate strength (i.e., coefficient of friction is 0.65), the young fractures either
terminate or initiate a step-over fracture on the other side of the older fracture. Finally, for an older fracture with a very low frictional strength (0.65), the propagating
young fractures are expected to terminate at the older fracture surfaces. (B) Young extensional fractures form in panels bounded by older fractures. Although they have the
same spacing, the independent development of the young fracture sets in different panels leads to a systematic apparent offset of the fractures along the older fractures. Using
this apparent offset to determine the lateral motion along the older fractures would lead to both incorrect interpretation of the timing of the fracture formation sequence and
the kinematic nature of the older fractures. (C) Propagation of two zones of young extensional fractures toward an older fracture. Their termination due to crack-tip arresting
at the older fracture leads to an apparent offset of a fracture zone. Again, using the apparent offsets along the older fracture to establish its lateral displacement can lead to
incorrect assignment of fracture-formation sequence and fracture kinematics. (D) Formation of step-over fractures across an older fracture surface can also lead to apparent
offset along the older fracture surface.

To be consistent in our mapping, we define secondary structures as those that occur adjacent to major faults/shear zones; their
spatial relationships should be indicative of coeval development
but the magnitude of deformation should be significantly smaller
than that accommodated by the main faults/shear zones. Also,

the density of secondary structures should decrease away from
the main structures, indicating a decrease in strain magnitude
(e.g., Yin and Kelty, 1991; Kim and Sanderson, 2006).
It is important to note that our structural analysis on fault kinematics and age relationships does not rely on apparent offsets of
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Table 1
Criteria for identifying various types of structures.
Tension
cracks

Normal faults

Thrust faults

Circular folds

Box folds

Strike-slip faults

Ridge morphology in
cross section view

Commonly
not
associated
with ridge
formation

(a) Semi-circular ridge
crest in cross section
view; (b) smooth and
symmetric ridge slopes
but without planar
scarps
Troughs are synclinal
folds with circular cross
section geometry

Sharp ridge crest and
nearly vertical scarps
when exposed

Steep walls
bounded by
high-angle
fractures

(a) Irregular ridge
crests; (b)
symmetric ridge
slopes with the
steep side above
fault traces
Irregular shaped
basins induced by
thrust loading in
the footwalls

(a) Flat ridge tops; (b) steep to
vertical ridge flanks defining
vertical fold limbs

Trough morphology in
cross section view

(a) Sharp ridge
crest; (b) one
side of the ridge
displays highangle planar
scarps
Depression
correlates with
the extent of the
bounding faults

Scarp shape and faultinduced depression
geometry

Relatively
constant
height for
scarps.
Constant
width of
depression
Straight
traces and
parallel sets
with even
spacing
Cracks die
out along
strike

Scarp height
decreases
laterally.
Induced trough
width decreases
toward fault tips

Variable scarp
heights and
trough width

No sharp scarps;
synclinal depressions
do not have flat floors
common for graben
basins

Steep walls bounded by
draped limbs from flat fold
top. This differs from
extensional cracks where
bounding normal faults
truncate footwall layers
Sharp scarps, flat trough
floors, and constant trough
width

At local releasing
bends and pull apart
basins with
morphology similar to
that related to normal
faults
Variable scarp heights
and facing directions
depending on local
fault dip and local
strike relative to slip
direction

Relatively
straight fault
trace

Highly curved,
wavy fault traces.
More
discontinuous
than fold traces
Thrusts could be
linked with strikeslip faults at fault
tips or die out
along strike
Parallel thrusts
and folds near
main fault

Both straight and
curvilinear traces

Steep walls bounded by highangle fractures

Generally straight
traces; en echelon
pattern when occur in
groups

(a) Folds and thrusts
can occur in the same
belt
(b) Folds can terminate
at strike-slip faults
Parallel folds

(a) Folds and thrusts can occur
in the same belt

Oblique or en echelon
thrusts, folds, normal
faults, and strike-slip
faults can all occur

Map-view geometry of
mapped structures

Termination structures

Secondary structures

None

Normal faults
could be linked
with strike-slip
faults or die out
along strike
Parallel normal
faults near main
fault

extensional fractures, as this method may yield ambiguous results
when corroborative observations are not available. Cooke and
Underwood (2001) show that young propagating tensile fractures
can either cut across older fractures if they have high frictional
strength or terminate at the older fractures if they have low frictional strength (Fig. 4A). In the case of young fractures terminating
at older fractures, using this apparent offset to infer lateral motion
would lead to two erroneous conclusions: (1) the older fractures
would appear to postdate the younger fractures and (2) the older
fractures would also appear to be strike-slip faults with consistent
lateral offsets of the younger fractures that in fact terminate rather
than are offset by the pre-existing fractures (Fig. 4B–D).
3.3. Structural identification and kinematic interpretations
Erosion and deposition may alter the landforms generated by
ice shell deformation on Enceladus. The main processes of erosion
include sublimation, space weathering, and mass wasting. Data
from the Magnetospheric Imaging Instrument on the Cassini
spacecraft indicate that space weathering does not play a significant role in modifying the surfaces of Saturn’s inner satellites
(e.g., Paranicas et al., 2012). Sublimation of an icy satellite surface
below 100 K is expected to have little effect on altering surface
morphology over the age of the Solar System (Sieveka and
Johnson, 1982). In the SPT, the temperatures along the TSF can
be as high as 180–200 K during eruption of vapor jets. Under such
temperatures, the sublimation rate could be as high as 1 m/h
(Goguen et al., 2013). However, such high temperatures are
restricted to meter-scale zones (Goguen et al., 2013) and decrease
rapidly within a few hundred meters away surface temperatures,
which are at or below 100 K (e.g., Spencer et al., 2009; Goguen
et al., 2013). Extrapolating the relationship between ice vaporization and temperature constructed by Ingersoll and Pankine

(b) Folds can terminate at
strike-slip faults
Parallel folds

En echelon folds,
faults, and tension
cracks

(2010, p. 596) and used by Goguen et al. (2013; see their Fig. 5a),
sublimating a 1 m thick ice layer at 100 K on Enceladus’ surface
would have taken >1 Ga. As the age of the SPT is only a few million
years old (Porco et al., 2006), the amount of erosion since the formation of the SPT is only a few mm. Mass wasting is closely associated with the presence of down-slope transported debris; it only
affects the landforms locally and can be readily recognized by carefully examining the high-resolution satellite images.
Erupted ice grains from the TSF may fall back and then deposit
on the surface of Enceladus (Schenk et al., 2011a, 2011b). Based on
the results of first-principle calculations, the size of the particles
formed by condensation growth via heterogeneous nucleation
from the eruption vents is proportional to vent size; only vents
several tens to hundreds of meters in size are capable of producing
the micron-sized grains (Yeoh et al., 2015). Schenk et al. (2011a,
2011b) show that the fine-grained particles may have draped over
the surface of Enceladus, detectable in the highest-resolution
images (10 m/pixel); the fine-grained sediments obscure the fine
textures but not the overall structures of the landform (see Fig. 2 of
Schenk et al., 2011a, 2011b).
Because erosion and deposition are negligible, we use the criteria of neo-tectonic mapping on Earth to identify tectonically
induced structures (Yeats et al., 1997; Burbank and Anderson,
2011; cf. Pappalardo and Greeley, 1995). This approach allows us
to map and infer the following structures: (1) closely spaced ten
sion-crack/extensional-fracture zones, (2) normal faults and
fault-bounded grabens, (3) thrusts, (4) folds, and (5) discrete
strike-slip faults and distributed ductile shear zones (Table 1).
Lighting directions and angles are important for detecting tectonically induced topographic features (Watters et al., 2010). For
perfectly linear topographic features, they are best imaged when
the trend of the lighting direction is perpendicular to and the inclination of the lighting direction is at a low angle to the surface of

416

A. Yin, R.T. Pappalardo / Icarus 260 (2015) 409–439

the interested features. However, the features are poorly displayed
when the trend of the lighting direction is parallel to the long
dimension of the feature and the inclination angle of the lighting
direction is at a high angle to the long dimension surface of the features. For all the cases we have analyzed, the topographic features
are highly nonlinear and thus even segments of the features are
obscured by the effect of parallel lighting, the overall shading of
the features is sufficient for deducting their geometry and morphologic characteristics.
Tensile cracks and grabens. Tensile cracks and grabens are the
most readily recognizable features, identified by the following
characteristics: (a) narrow depressions with linear traces, (b)
bounded by fault-controlled and nearly vertical walls, and (c) parallel fractures with even spacing (Table 1). Some tensile cracks display en echelon patterns in strike-slip shear zones.
Normal faults. Normal, thrust, and strike-slip faults can be distinguished by their ridge-crest and ridge-slope morphology
(Table 1). A normal fault displays an inclined planar scarp. This
contrasts with a strike-slip fault, which displays a vertical planar
scarp and a thrust fault does not produce a planar scarp.
Thrusts. Thrusts commonly create asymmetric topography: the
ridge flanks directly above the fault traces commonly have steeper
slopes (e.g., Walker et al., 2003) (Table 1). Three key features distinguish thrusts from normal faults: (1) curvilinear ridge traces
due to their low dip angles, (2) a lack of planar scarp, and (3) spatial association with parallel folds (e.g., Jackson et al., 1982, 1988).
Strike-slip faults. Ideally, planar strike-slip faults should have
straight fault traces and vertical orientation near the stress-free
surface (Anderson, 1942). However, if the wall rock is not rigid
but instead deformable, the trace of a strike-slip fault may be
curvilinear but not affected by local topography due to its vertical
orientation. Diagnostic features of a strike-slip fault zone include
the presence of en echelon folds, en echelon extensional fractures,
Riedel (R) and conjugate Riedel (R0 ) shear zones, and oroclinal drag
folds aside the main strike-slip fault/shear zones (Table 1)
(Sylvester, 1988).
Folds. Two types of folds are relevant to the study area: (1) folds
with a circular cross-sectional geometry and well-preserved
sub-horizontal fold-hinge zones (i.e., they are expressed as
rounded-top ridges flanked by relatively symmetric and equallength flanking slopes) (Table 1), and (2) folds whose hinge zones
are partially refolded, displaying as apparent plunging geometry
(see an example described in detail below).
Ductile shear zones. Ductile shear zones typically display sharp
boundaries that truncate structures outside the shear zones and
contain parallel linear ridges and troughs within the shear zones
(Table 1). The parallel ridges and troughs, typically closely and
evenly spaced, are expressions of shear-zone foliation planes. In
addition, en echelon tension cracks similar to obliquely orientated
crevasses in the margins of flowing glaciers (Nye, 1952; Paterson
and Cuffey, 1994) are also present. Finally, oroclinal drag folds
may be present next to or inside the ductile shear zones. The high
temperatures (180–200 K) related to eruption of vapor and
ice-grain jets may last for days or even months, responsible for
widening erupting fissures and may also be conducive for local
development of ductile shear zones along the TSF zones and ductile
drag folds.
Unrelated structures. In any mapping, there may be some structures that appear to be correlated in style and morphology, but
their formation is unrelated. There are many examples of such
cases in our mapping area; structures in the SPT are relics of older
surfaces and structures and may or may not be modified by later
deformation related to the development of the SPT. We refer to
these relic features as pre-SPT structures and their effects are carefully removed when analyzing the kinematics of structures in the
SPT.

3.4. Examples of mapped structures
Below we use a few examples to illustrate our mapping procedure for creating the tectonic map shown in Fig. 2B. The locations
of the illustrating images are shown in Fig. 1B. The image in Fig. 5A
shows two sets of closely spaced grooves interpreted as extensional cracks. This interpretation is mainly based on the observation that there are no raised margins along the grooves,
consistent with formation of extensional fissures over an originally
flat surface. The older set of interpreted tension cracks have curved
traces, which may have resulted from distortion from later deformation or a stress field characterized by spatially varying directions of the principal stresses. The younger set of tensile cracks
displays a similar morphology but has straighter traces.
Fig. 5B shows minor right-slip faults associated with inferred
small drag folds. The interpreted drag folds are defined by dramatically curved troughs; the bends are too sharp to be explained by
stress fields with varying directions of principal stresses over such
a small area. We thus interpret the curvilinear troughs as oroclinal
folds against the interpreted right-slip faults.
Fig. 5C shows an interpreted normal fault scarp that truncates
early structures expressed as ridges and grooves oriented nearly
perpendicular to the interpreted scarp. The fault scarp within the
SPT lies against the anti-saturnian margin (ASM) and its oblique
orientation to the margin is consistent with right-slip shear along
the ASM. Also shown in the figure are a high-topography and
high-relief region in the footwall and a low-topography and lowrelief region in the hanging wall of the interpreted normal fault.
Offset ridges by the normal fault scarp can be recognized across
the fault, but the matching ridges offset by the fault on the
hanging-wall side display much more subdued topography and
relief. The lack of relief in the hanging wall may be explained by
ice-shell stretching during normal faulting. Fig. 5C also shows that
the normal fault scarp is truncated by the sub-saturnian marginal
zone (ASM), which is defined by a series of sub-parallel ridges and
troughs. As the normal-fault scarp has no counterpart on the other
side of the ASM (i.e., outside of the SPT), we interpret its development to be coeval with shear deformation along the marginal zone.
The lack of normal faults outside the SPT directly against the ASM
boundary can be explained by its thicker ice shell as indicated by
the higher topography (Schenk and McKinnon, 2009). The oblique
orientation of the normal fault would in turn require the ASM to be
a right-slip structure. Obliquely oriented, irregular ridges are present in the sub-saturnian marginal zone (Fig. 5C). Width changes
along individual ridges in the shear zone, whereas the average
width of the ridges also varies from one another (Fig. 5C). As the
edges of the ridges are highly irregular, the ridge topography is
unlikely to be generated by faulting. As erosion is negligible on
Enceladus, the ridges in the shear zone are interpreted to have
been generated by folding. The oblique orientation of the interpreted folds is consistent with right-slip shear along the ASM.
Fig. 5D displays ridges with asymmetric ridge flanks: one side is
long and gentle and the other side is short and steep. The height
and width of the ridges change along their trend, but the edges
of the steep flanks are rather straight, suggesting a tectonic origin.
As the ridge crests are higher than the surrounding regions, their
formation must have been related to contractional deformation.
Based on the above arguments, we interpret the asymmetric ridges
as morphologic expressions of thrusts and/or thrust-induced folds
(i.e., fault-propagation folds or fault-bend folds).
Fig. 5E shows rounded-top and symmetric-flank ridges. The
ridge height, width, and spacing are rather constant in general.
This type of ridge morphology was interpreted as folds by Barr
and Preuss (2010). We agree with their classification of these
structures as folds but disagree with their interpreted fold origin.
In our interpretation, the closely spaced folds formed during the
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Fig. 5. Examples of interpreted structures and the corresponding morphology. See Fig. 1B for locations. The resolution of all the figures is 110 m/pixel. The top, bottom, left,
and right sides of all the figures point toward the anti-saturnian, sub-saturnian, leading-edge, and trailing-edge directions. (A) Two sets of parallel extensional cracks and
associated narrow depressions interpreted as grabens. (B) Inferred oroclinal folds induced by right-slip shear deformation. (C) A normal fault scarp that truncates earlier
structures expressed as ridges and grooves, and which separates a high-topography region in the footwall from a low depression in the hanging wall. (D) Ridges with
asymmetric flanking slopes: one is long and gently sloping, whereas the other is short and steeply sloping. The ridges are interpreted thrust induced features. (E) Rounded
ridge tops with symmetric ridge flanking slope are interpreted as the morphological expression of folds. (F) A possible example of a box fold with a flat top and nearly vertical
fold limbs. (G) An example of a ductile shear zone that consists of en echelon extensional fractures oriented obliquely to the edges of the shear zone. The closely spaced ridges
parallel to the shear-zone margins are interpreted as shear foliation planes. Drag folds are inferred directly outside the interpreted strike-slip shear zone. (H) Structures near
the sub-saturnian margin (SSM) of the South Polar Terrain (SPT). One set of extensional fractures (site 1) trends in the SSM direction and cuts across a curvilinear ridge-groove
zone (site 3) that are interpreted as drag folds associated with left-slip motion across the SSM. The same set of extensional fractures (on the lower left side of the image)
terminates at the SSM, suggesting that its formation occurred either during or after motion on the SSM. Drag folds expressed by curved ridges and troughs are also present at
site 3. Another set of tension cracks at site 2, and trending parallel to the set at site 1, cuts across the SSM. (I) Extensional fractures trending in the same direction, and
displaying similar length and morphology, are present both within and outside the SPT.
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earliest stage of the SPT formation when its ice-shell was thin (see
details in Section 7).
Fig. 5F shows an example of a box fold that has nearly vertical
limbs and a flat top surface. They differ from folds shown in
Fig. 5E in that they exhibit kink-fold geometry with sharp hinge
zones. The folds shown in Fig. 5F could be the early stage of structural development shown in Fig. 5D, in which thrusts may have
already emerged at the surface and cut the limbs of the folds.
Note that the flat top surface of the box fold shown in Fig. 5F is also
deformed by minor folds that are parallel to the overall trend of the
bigger box fold.
Fig. 5G displays an example of a left-slip ductile shear zone that
consists of en echelon tension cracks and curved troughs and ridges.
The curved troughs and ridges are interpreted as oroclinal folds
that formed first as obliquely oriented extensional fractures and
were later warped about vertical axes as a result of progressive
left-slip shear deformation. Closely and evenly spaced ridges parallel to the inferred shear-zone margins are interpreted as an expression of shear foliation created by left-slip shear. The high
temperatures (180–200 K) along the TSF (e.g., Goguen et al.,
2013) require that the homologous temperatures of the wall ice
directly against the TSF fissure zones are up to 0.73. Under such
temperature conditions, fine-grained ice aggregates would experience crystal-plastic deformation via dislocation creep (see summary by Kohlstedt and Mackwell, 2010 and references therein),
which caused the development of planar ice fabrics defined by
the preferred crystal growth and flattening of pre-existing pore
spaces in the ice. Drag folds also appear to be present outside the
shear zone, expressed by curved ridges and troughs that become
parallel to the shear zone as they approach it. The inferred width
of the shear zone is >20 km, which testifies to the important role
of distributed deformation across the South Polar Terrain.
Fig. 5H provides an example of interactions between a preexisting weakness and younger fractures. As shown in this image,
one set of tension fractures (site 1) trends perpendicular to and terminates at the ASM. The same set of tension fractures also cuts
across a group of parallel but curved ridges and grooves (site 3) that
are interpreted as drag folds associated with right-slip motion
along the ASM. We infer that the curved ridges and grooves were
probably generated first by the formation of linear horst–graben
systems under extension and were later modified by oroclinal folding. This is because the grooves are bounded by steep cliffs and flat
trough floors, suggesting a graben origin. As no counterparts of the
extensional zone can be found on the other side of the ASM, the tension fractures terminating at the ASM are interpreted to have developed after the initiation of the ASM. This relationship suggests that
the ASM was mechanically weak during the formation of the tension cracks at site 1 (Cooke and Underwood, 2001). At site 2, tension
cracks trending perpendicular to the ASM cut across the marginal
zone. This relationship suggests that (1) their development postdates the fracture set at site 1, and (2) the frictional strength of
the SSM was high (Cooke and Underwood, 2001) during the development of younger tension fractures. Note that ridges directly outside of the SPT display S-shaped traces (site 4 in Fig. 5H).
The SPT appears to locally preserve partially resurfaced pre-SPT
structural fabrics. This is shown in Fig. 5I in which extensional
cracks with similar trends, morphology, and lengths are present
both within and outside the SPT. This observation suggests that
the structures within the SPT result from deformation before and
during the formation of this complex tectonic domain.

4. SPT marginal zone
The SPT boundary zone consists of the leading-edge, trailingedge, sub-saturnian-edge, and anti-saturnian-edge margins (i.e.,

LEM, TEM, SSM, and ASM in Fig. 2). Their extents are delimited
by the segmental ends shown as points A, B, C and D in Fig. 1.
The marginal zone is locally cut by two types of fractures. Type-I
fractures are Y-shaped with linear traces and terminate at the
apexes of the arcuate segments of the SPT marginal zones (Porco
et al., 2006) (Y-1 to Y-3 at the TEM in Fig. 1A). Type-II fractures
are C-shaped fractures that lie orthogonal to the SPT margin, but
display curved traces (i.e., C-1a, C-1b, C-2, and C-3 in Fig. 1A).
The SPT margin displays a total of 6 arcs (Fig. 1A), with the
highest-curvature arcs associated with Y-shaped fracture zones
along the TEM. Fractures in the individual Y-shaped zones were
initiated at different times indicated by the cross-cutting relationships. For example, the Y-1a zone terminates at the outer arc
whereas the Y-1b zone cuts into the inner arc of arc 3 (Fig. 6A–
C). Similar relationships can also be established between arc 5
and extensional fractures in the Y-3 zone (Fig. 6E). However, given
the available image resolution, we can only establish that major
extensional fractures in the Y-2 zone terminate at the outer edge
of arc 4 in Fig. 1A, but it is not clear if closely spaced extensional
fractures cut into the marginal zone (Fig. 6D). In contrast to arcs
along the TEM, arcs 1 and 2 along the LEM are not associated with
any margin-perpendicular Y-shaped fractures (Fig. 6E and F).
Instead, the LEM margin is characterized by a regional curvilinear
escarpment and a local spoon-shaped scarp (Fig. 6F and G).
4.1. Leading-edge margin (LEM)
The LEM consists of sub-parallel and sharply crested ridges
(Fig. 2A). Its outer edge is marked by an inward-facing scarp that
displays two outward protruding arcs (arcs 1 and 2 in Fig. 2A).
The outer edge also forms a sharp contact against heavily cratered
terrains (site 10 in Fig. 2A) or curvilinear ridges and grooves (site
11 in Fig. 2A). The inner edge of the LEM separates wellorganized parallel ridges within the marginal zone from complex
ridge-groove regions inside the SPT (Fig. 2A). The inner edge is
straight and not parallel to the outer edge of the marginal zone.
The sharply crested ridges in the LEM zone display planar flanking
slopes (Fig. 7), resembling normal fault scarps shown in Fig. 5C.
4.2. Trailing-edge margin (TEM)
The TEM zone is sub-parallel to and lies on the opposite side of
the LEM (Fig. 2). The inner and outer edges of the marginal zone
display sub-parallel curvilinear traces marked by four arc segments
(i.e., arcs 3, 4, 5, and 6 in Fig. 1A). The ridges within the TEM zone
display rounded tops and symmetric flanking slopes. Following the
early work of Porco et al. (2006) and Spencer et al. (2009) and
based on the criteria listed in Table 1, we interpret the ridges to
have been generated by folding. The high-relief morphology of
the fold-generated ridges in the trailing-edge zone contrasts sharply with the subdued topography and more complex patterns of
fractures within the SPT (Fig. 2A).
4.3. Sub-saturnian-edge margin (SSM)
The SSM is bounded by a curvilinear outer edge and a transitional inner boundary (Fig. 2A). The marginal zone truncates a
semi-circular depression (C1 in Fig. 2A) and several sub-parallel
and curvilinear grooves (G1 in Fig. 2A) in the cratered terrains outside the SPT. The half circle (C1) feature is probably a relic of an
impact crater that is cut by the SSM. However, no matching counterpart can be found within the SSM zone, suggesting the original
topography has been obliterated due to SSM deformation. The
older terrains display two prominent evenly spaced and parallel
sets of extensional fractures: features F1 and F2 in Fig. 2A.
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Fig. 6. The resolution of all the figures is 110 m/pixel. The top, bottom, left, and right sides of all the figures point toward the anti-saturnian, sub-saturnian, leading-edge, and
trailing-edge directions. (A) Y-shaped fracture zone abuts an arcuate segment of the fold belt in the trailing edge margin (TEM). See Fig. 1A for location. (B) A close-up view of
the relationship between a branch of a Y-shaped fracture zone and the outer part of an arcuate segment of the TEM fold belt. Note that the fractures in the Y-shaped zone
terminate at the hook-shaped ridge-trough zone marking arc-3 in Fig. 1A. See (A) for location. (C) A close-up view of the relationship between a branch of a Y-shaped fracture
zone and the inner part of an arcuate segment of the TEM fold belt. Note that some fractures in the Y-shaped fracture zone cut across the hook-shaped ridge-trough zone. Note
that cracks in the Y-shaped fracture zone terminate the arc-shaped ridge-trough zone. See (A) for location. (D) Relationship between a Y-shaped extensional fracture zone and
an arcuate segment of the TEM fold belt. Note some cracks in the Y-shaped fracture zone cut across the arc-shaped ridge-trough zone. See Fig. 1A for location. (E) Relationship
between a Y-shaped extensional zone and an arcuate segment of the TEM fold belt. See Fig. 1A for location. (F) An arcuate segment of the leading-edge margin that separates
the highly faulted zone within the SPT from heavily cratered region outside the SPT. Note that the spoon-shaped normal fault zone is truncated by the younger and throughgoing escarpment marking the main trace of the LEM. See Fig. 1A for location. (G) An arcuate segment of the leading-edge marginal (LEM) of the SPT that separates a highly
faulted region inside the SPT and a region consisting of closely spaced ridges and troughs that are oriented at high angles and truncated by the LEM escarpment. See Fig. 1A for
location.
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Fig. 7. Image of interpreted normal faults defined by planar scarps in the leadingedge margin (LEM). See Fig. 1A for location.

The SSM displays a right-step bend at location 1 and a left-slip
bend at location 2 in Fig. 2A. Although curvilinear bends are common along all four sides of the SPT, the structures across the two
bends in the SSM zone are oriented obliquely, rather than parallel
to the edge of the margin; this is similar to the oblique secondary
structures in the ASM zone, but different from secondary parallel
structures in the TEM and LEM zones (Fig. 2A and B). Along the
right-step bend, the outer contact of the marginal zone is sharp
(feature 1 in Fig. 8A) and separates the high-relief ridges in the
marginal zone (features 2 and 3 in Fig. 8A) from low-relief
regions in the older terrains outside the SPT. In contrast, the inner
contact of the SSM is transitional, which is expressed by en echelon ridges in the marginal zone that extend into the SPT interior
(Fig. 2A). As the high-relief ridges display rounded ridge tops
and symmetric flanking slopes, we interpret them to have been
originated from folding. The ridge traces display ‘‘lazy-Z” shapes
in map view identified as features 2 and 3 in Fig. 8A, indicative
of oroclinal folding in a left-slip shear zone. The oblique orientation of the interpreted fold-generated ridges is consistent with
left-slip deformation in the SSM zone. The curved ridges shown
as features 2 and 3 in Fig. 8A are cut by closely spaced parallel
extensional fractures that are oriented at high angles to the
SSM (i.e., features 4a and 4b in Fig. 8A). Some of the extensional
fractures appear to terminate at the ridges, based on the currently
available image resolution.
Fig. 8B displays linear ridges (feature 2) in the right-step bend
oriented obliquely to the SSM (feature 1). The linear ridges display planar flanks interpreted as normal-fault scarps. This interpretation implies that the SSM zone has experienced left-slip
shear deformation. The left-slip-shear interpretation is consistent
with the geometry of curved ridges and troughs against the SSM
zone, shown as feature 3 in Fig. 8B. The curved ridges have
rounded tops and thus are interpreted to have originated by folding. Together with observations shown in Fig. 8A, we interpret
the left-step and right-step bends in the SSM zone as a restraining and releasing bend, respectively, in a broad left-slip shear
zone.

The ASM is bounded by a sharp scarp on its outer edge (feature
1 in Fig. 9A and feature 1a in Fig. 9B) and a semi-continuous ridge
as an inner edge (feature 2 in Fig. 9A and feature 1b in Fig. 9B). The
width of the marginal zone changes drastically along its trend:
from less than a few hundreds of meters along the trailing- and
leading-edge segments to 12 km along the central segment
(Fig. 9A). The morphology of the ASM zone is characterized by
the presence of continuous, sub-parallel, and closely spaced ridges
(feature 5 in Fig. 9B). A right-slip shear zone sub-parallel to the
ASM exists along the interior part of the ASM zone. The sense of
shear is indicated by the presence of drag folds (features 7 and 8
in Fig. 9B) and en echelon extensional fractures trending obliquely
to the general trend of the ASM zone (i.e., feature 3 in Fig. 9A).
Some troughs inside the SPT are curved as they approach the
ASM zone (features 2 and 4 in Fig. 9B), whereas others remain
straight (feature 6 in Fig. 9B). Similarly, curved (feature 3a) and
straight (feature 3b) troughs are also present outside the SPT
against the ASM zone (Fig. 9B). The curved geometry of feature 3
outside the SPT and features 2 and 4 inside the SPT indicate
right-slip shear along the ASM and its neighboring deformation
zone. This interpretation requires that the curved troughs and
ridges represented by features 2 and 4 were originally straight.
We suggest that the curved ridges and troughs were developed
when the ice shell near the ASM was still soft, whereas the straight
ridges and troughs formed when the ice shell became hardened
possibly due to cooling, which led the ridges and troughs to be
resistant to the drag effects induced by right-slip motion along
the ASM.
Within the ASM zone, a group of closely spaced (<1–2 km) and
sub-parallel ridges are oriented obliquely in the marginal zone
(feature 5 in Fig. 9B). These ridges display ‘‘rope-like” morphology,
similar to those described by Barr and Preuss (2010), and are interpreted here as folds. Their oblique orientation (i.e., feature 5 in
Fig. 9B) requires right-slip shear along the ASM. Feature 6 in
Fig. 9B is a sharp planar scarp interpreted as a normal fault (also
see Fig. 5C). Its oblique orientation requires right-slip shear along
the ASM zone. Right-slip shear along the ASM zone is also indicated by a kinematically linked right-slip shear zone (feature 8 in
Fig. 9B), which hosts a set of en echelon extensional fractures (feature 7 in Fig. 9B). The presence of drag folds, expressed by abrupt
turns in the trend of troughs (feature 9 in Fig. 9B), is consistent
with the interpreted right-slip movement of the shear zone linked
with the ASM.
The ASM zone truncates several sets of extensional fractures
(features 4, 6, and 7 in Fig. 9A); the most prominent are features
1 and 2 in Fig. 9C cutting across and terminating at the ASM zone,
respectively. Note that segments of the extensional fractures (feature 2 in Fig. 9C) outside the SPT are bent and the curved geometry
is consistent with a right-slip sense of shear. Although both sets of
fractures die out 10 km away from the ASM zone inside the SPT
interior (Fig. 9A), the fractures that cut across the ASM zone extend
>60 km outside the SPT (C-3 in Fig. 1A and feature 5 in Fig. 9A).
There are at least three possible explanations for the observed
cross-cutting relationships between the ASM zone and the zones
of closely spaced extensional fractures (Fig. 10). First, the ASM
could be a pre-existing feature, and ASM-parallel extension created
orthogonally oriented fractures that terminate at the weaker segment of the ASM fault (i.e., feature 1 in Fig. 9C) but cut across
the strong segment of the marginal zone (i.e., feature 2 in
Fig. 9C), as predicted by the model proposed by Cooke and
Underwood (2001) (Fig. 10A). This interpretation implies that the
development of the ASM zone is unrelated to the formation of
the extensional fractures. The mechanism as shown in Fig. 10A,
however, predicts closely spaced extensional fractures that
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Fig. 8. (A) Image of a transpressional system within the left-slip sub-saturnian margin of the SPT. See Fig. 1B for location, numbers are features discussed in the text. (B) Image
of a transtensional system in the sub-saturnian margin of the SPT. Numbers refer to features discussed in detail the text. See Fig. 1B for location.

terminate at the ASM zone (i.e., feature 1 in Fig. 1C) should be present both inside and outside the SPT against the ASM. However,
this prediction is inconsistent with the observation that the terminating fractures are only present within the SPT. Because of this
discrepancy from the predicted cross-cutting relationship, we consider the scenario in Fig. 10A unlikely.
Second, the fracture set terminated at the ASM zone (i.e., feature 1 in Fig. 9C) may have been generated early during ASMparallel extension within the SPT only; this extension induced
right-slip motion on the ASM zone (stages 1 and 2 in Fig. 10B).
Subsequently, the ASM zone and its neighboring regions experienced ASM-parallel extension, creating orthogonally oriented

fractures (i.e., feature 2 in Fig. 9C) cutting across the marginal zone
(stage 3 in Fig. 10B). One prediction of this kinematic model is that
the younger, through-going fracture set should cut the older fractures terminated at the ASM zone, which is not consistent with
the observation shown in Fig. 9C.
Third, the development of extensional fractures propagating
from outside the SPT toward the interior of the SPT was perhaps
intermittently interrupted by right-slip shear along the ASM zone
(Fig. 10C). The scenario shown in Fig. 10C predicts that the fractures outside of the SPT should have accommodated more extension, as shown by the increasing line width in the figure. This
prediction is consistent with the observation that the extensional
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Fig. 9. (A) Image of the anti-saturnian margin (ASM) and its relationship to the leading-edge margin (LEM). Numbers refer to features discussed in the text. See Fig. 1B for
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narrow fracture zone outside the SPT. Because the process shown
in Fig. 10C best explains the observed cross-cutting relationships
and morphology of the fractures (feature 2 in Fig. 9C) cutting
across the AMS, we believe that this is probably the most likely
scenario. An important implication of the scenario shown in
Fig. 10C is that the fault alternates in its strength from being strong
allowing fractures to cut across to being weak allowing the crosscutting fractures to be offset by the ASM fault. This alternation in
frictional strength with time may be explained by the experimental results of Schulson and Fortt (2013). These authors show that
the coefficient of friction of a shear surface increases with the
increase in the duration of inactivity of the shear surface. Thus,
the fault is weak when the fault moves more frequently, while it
is strong when it slips less frequently.
An obvious question is why the margin-orthogonal extensional
fractures form at all. As discussed below, the extensional fractures
could have originated in two ways. (1) They were generated by a
regional stress field outside the SPT and this stress interacted with
the local stress field of the SPT across the ASM boundary. (2) They
formed as a result of the overall SPT development, and the marginorthogonal extensional fractures were induced by the overall
extension in the trailing-edge and leading-edge direction parallel
to the ASM (see detailed description of our gravitational spreading
model in Section 7).
5. Tiger-stripe fracture zones

(C)

(1)

Extension across ASM
ASM

(2)

Right slip on ASM
ASM
(3)

The TSF are the most dominant structures within the SPT.
The fractures terminate before reaching the SPT margin and the
structures between the TSF termination and the marginal zone
are complex, characterized by multiple phases of fracture
development (e.g., Patthoff and Kattenhorn, 2011) and different
styles of deformation than those in the TSF-bounded region
(Figs. 1 and 2). The complexity in the transition zone from the
TSF to the SPT margin may have resulted from the preservation
of pre-SPT-development structures.
5.1. Alexandria fracture zone

Extension across ASM
ASM
(4)

Right slip on ASM
ASM

(5)

Extension across ASM
ASM

Fig. 10. Three possible scenarios for alternating development of extensional
fractures terminating at and cutting across the anti-saturnian margin (ASM). See
text for details. Note that the two thick red arrows below the horizontal fracture in
B2 show the direction of wall-rock extension, which produced the extensional
cracks. Extension in turn induces right-slip shear along the left segment of the
horizontal fracture. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

fractures outside the SPT (feature 2 in Fig. 9C) are expressed by
wider and deeper troughs than those inside the SPT. This alternating process produced a wide fracture zone within the SPT and a

The curvilinear Alexandria fracture terminates at hook-shaped
(Porco et al., 2006) ridge-trough zones at its two ends
(Figs. 2A, 11A and B). The hook-shaped ridges that are 200–
400 m wide have rounded ridge tops and symmetric ridge flanks
(features 3 and 4 in Fig. 11A); they are thus interpreted as folds following the criteria outlined in Table 1. The ridges parallel to and at
the end of the Alexandria fracture are merging and diverging at
small angles (a few degrees) along strike (feature 1 in Fig. 11A).
At the first glance, these ridges appear to have similar morphology
as the double ridges bounding the Alexandria and other tigerstripe fracture zones. However, detailed examination reveals several key differences. The ridges bounding Alexandria are (1) much
wider (>2 km in width), (2) laterally continuous along the entire
fracture zone, and (3) asymmetric in cross section with short and
steep slopes bounding the tiger-stripe fractures and long and gentle slopes away from the tiger-stripe fractures. More importantly,
the surfaces of the double ridges bounding the tiger fracture are
much smoother than those of the hook-shaped ridges at the ends
of the Alexandria fracture; the smooth surface texture of the double ridges may be induced by transient sublimation events along
the fissure zone (Goguen et al., 2013) and/or deposition of ice
grains from vapor jets (e.g., Spencer et al., 2009).
A fracture zone branching off from the Alexandria fracture (feature e Fig. 2A) terminates at a perpendicular zone of ridges that display fold morphology (feature f in Fig. 2A). Parallel fractures
branching off from the Alexandria zone (feature 4 in Fig. 11B) cut
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Fig. 11. (A) Structures at the sub-saturnian and (B) anti-saturnian terminations of the Alexandria fracture zone. See Fig. 1B for location. (C) Closely spaced and rounded-top
ridges interpreted as folds. Their curvilinear traces are interpreted as oroclinal folds generated by left-slip shear along the Alexandria fracture zone. Numbers refer to features
discussed in the text. See Fig. 1B for location.

across orthogonally oriented curved ridges, which are interpreted
as folds (features 5, 6, and 7 in Fig. 11B). Based on the similar
hook-like geometry, we interpret the perpendicular ridges cut by
young fractures to have been related to early development of

TSF-like fractures that were abandoned as the termination zone
migrated toward the interior of the SPT. This interpretation in turn
implies repeated development of TSF-parallel fractures and their
termination at a series of hook-shaped fold zones of different ages.
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The sub-saturnian segment of the Alexandria fracture zone consists of a zone of closely spaced, straight ridges and troughs (feature 1 in Fig. 11A). Their straight traces, close spacing, and
parallelism to the Alexandria fracture lead us to interpret them
to represent shear planes and/or shear surfaces. Termination at
the hook-shaped fold belt (features 2, 3, and 4 in Fig. 11A) requires
left-slip shear along the Alexandria fracture zone.
Obliquely oriented fold ridges characterized by rounded ridge
tops intersecting the anti-saturnian segment of the Alexandria
shear zone die out away from the shear zone (feature 2 in
Fig. 11B). The rounded-top ridges are interpreted as folds and their
orientation requires left-slip motion along the Alexandria shear
zone. Closely spaced, low-relief, and hook-shaped ridges in a broad
depression are linked with the Alexandria shear zone (feature 3 in
Fig. 11B). Smooth-topped ridges in the hook-shaped zone are interpreted as folds, which again require the Alexandria shear zone to
be a left-slip structure.

Along the central segment the Alexandria fracture zone (feature
1 in Fig. 11C), several ridges and troughs branch off from the fracture zone and display oroclinal fold geometry in map view (feature
2 in Fig. 11C). These oblique ridges with rounded tops are interpreted as folds; their orientation is indicative of left-slip motion
along the Alexandria shear zone (e.g., Sylvester, 1988). In addition,
three round-top ridges branching off from and orientated obliquely
to Alexandria (feature 3 in Fig. 11C) suggests left-slip motion on
the Alexandria shear zone. The segments of feature 2 ridges parallel to the Alexandria fracture in Fig. 11C are interpreted as a result
of left-slip shear, which have rotated the originally oblique folds
into parallelism to the shear zone.
5.2. Cairo fracture zone
The curvilinear Cairo fracture (feature g in Fig. 2A and feature 1
in Fig. 12A) is bounded by flanking ridges with steep scarps facing
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Fig. 12. (A) Sub-saturnian segment of the Cairo fracture zone and its linking hook-shaped structures. See Fig. 1A for location. (B) Horsetail-like structures along the subsaturnian segment of the Cairo fracture zone. See Fig. 1A for location and text for detailed description. (C) Anti-saturnian segment of the Cairo fracture zone and adjacent
minor structures. Colored lines are adopted from Patthoff and Kattenhorn (2011) and represent four interpreted phases of deformation. (D) Uninterpreted image across the
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interpretations. (E) Four different scenarios for the development of fracture patterns shown in (D). See text for details. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the fracture zone and gentle slopes away from the fracture zone.
The Cairo fracture zone also truncates nearby curvilinear ridges
and troughs that display asymmetric oroclinal-fold geometry (feature 13 in Fig. 2A); the asymmetry of the oroclinal fold is indicative
of left-slip shear in map view. The sub-parallel geometry of the

oroclinal folds and the Cairo fracture zone may indicate the two
features were oroclinally warped together about the same vertical
axis (i.e., bending of pre-existing linear fracture zones into curved
fracture zones in map view). Alternatively, the curvature of the
Cairo fracture zone may have controlled the formation of
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oroclinally folded ridges, much like the formation of fault-bend
folds in cross-section view (Suppe, 1983).
We interpret here the Cairo fracture zone to be a left-slip structure. Evidence supporting this interpretation includes: (1) termination of the fracture zone at orthogonally oriented straight and
hook-shaped ridges that have rounded tops and symmetric flanking slopes and are interpreted as folds (feature 4 in Fig. 2A and feature 2 in Fig. 12A), (2) the presence of oroclinal drag folds next to
the fracture zone (feature 3 in Fig. 12A), (3) obliquely oriented
folds (feature 4 in Fig. 12A), and en echelon extensional fracture
zones (feature 5 in Fig. 12A), and (4) a major secondary fracture
branching off from the Cairo fracture zone and displaying a horsetail geometry (feature 12 in Fig. 2A and features 1 and 2 shown in
Fig. 12B). The positive topography and rounded ridge tops suggest
that the termination horsetail structures (i.e., ridges) are folds;
their orientation requires left-slip shear along this structure secondary to the main Cairo fracture zone. The secondary left-slip
fracture zone is interpreted as a P-shear (Sylvester, 1988) developed coevally with the left-slip Cairo fracture zone.
Locally available high-resolution images indicate that structures at the anti-saturnian segment of the Cairo fracture zone are
complex, characterized by complex termination and cross-cutting
relationships (Fig. 12C and D). Patthoff and Kattenhorn (2011) propose four phases of deformation in the region, with global significance across Enceladus; each phase is marked by the development
a unique set of linear fractures (Fig. 12C). These authors further
suggest that the formation of the youngest fracture set was coeval
with the TSF initiation. In this study, we reexamine the proposed
cross-cutting relationships by Patthoff and Kattenhorn (2011)
and find that their assigned sequence and kinematics of fracture
formation are non-unique. Below we use their proposed rightslip offset along the Cairo fracture zone as an example to illustrate
the issue.
Patthoff and Kattenhorn (2011) suggest that features 1 and 2 are
offset by a fault shown as feature 3 in Fig. 12D (see Fig. 2 in Patthoff
and Kattenhorn, 2011). Placing their interpretation in a larger contest, we find that feature 3, if interpreted as a right-slip fault zone
as suggested by the authors, does not offset linear ridges and
troughs toward the anti-saturnian direction (features 4 and 5 in
Fig. 12D). A similar observation can be made along a fracture zone
represented by feature 6 in Fig. 12D, which displays apparent
right-lateral offsets of features 7 and 8 but not features 9 and 10
in Fig. 12D. This contradiction may be explained by four different
scenarios as discussed below (Fig. 12E).
(1) In the stretching-fault (e.g., Means, 1989) explanation (scenario 1 in Fig. 12E), feature 3 in Fig. 12D is a fault whose
motion accommodates coevally deforming fault-bounded
wall rocks. Such a fault is characterized by a systematic
decrease in offsets toward the fault tips at which fault slip
should be zero. In this case, features 1 and 2 should have
formed as a single linear feature prior to the formation of
feature 3; the combined linear ridge composed of features
1 and 2 was later offset for 5 km right laterally, as proposed
by Patthoff and Kattenhorn (2011). As features 4 and 5 are
not offset along the same ‘‘feature 3” fault, the right-slip
motion must be accommodated by fault-parallel extension
on the anti-saturnian side of the fault (stage 3a in scenario
3 of Fig. 12E), or fault-parallel shortening on the subsaturnian side of the fault (stage 3b in scenario 3 of
Fig. 12E). A detailed examination of Fig. 12D suggests the
absence of those required structures. Specifically, the two
rounded-top ridges (feature 2 in Fig. 12D) represent two
individual anticlinal folds. The presence of the two anticlines
requires that the deep trough separating the two anticlines
must be a synclinal fold rather than an extensional fracture
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as proposed by Patthoff and Kattenhorn (2011). The lack of
planar scarps, required by the extensional-fracture interpretation of Patthoff and Kattenhorn (2011), along the two sides
of the anticlinal ridges further supports the synclinal-fold
interpretation.
(2) In the transfer-fault explanation (scenario 1 in Fig. 12E),
orthogonally oriented extensional zones, represented by features 1 and 2 in Fig. 12D, were created simultaneously during the formation of feature 3 as an accommodation fault in
an extensional zone. This model requires that one segment
of the fault be active, linking the two apparent offset features via left-slip or right-slip faulting (scenario 2 in
Fig. 12E). The model does not explain why the ‘‘feature 3”
fault, extending beyond the two apparent offset markers,
cut across features 4 and 5 without offsetting them.
(3) In the fracture-termination explanation (scenario 3 in
Fig. 12E), the apparent offset of features 1 and 2
in Fig. 12D formed after the formation of feature 3 in
Fig. 12D. Features 1 and 2 formed as faults and their propagation was impinged by preexisting feature 3 (scenario 3 in
Fig. 12E). In this scenario, features 1 and 2 are the youngest
structures and contradict the inferred fracture-formation
sequence by Patthoff and Kattenhorn (2011).
(4) The fold-termination explanation requires the Cairo fracture
zone and parallel fractures to be left-slip faults and their
linked perpendicular ridges and troughs to be folds (scenario
4 in Fig. 12E). This geometric model explains the presence of
linear topographic highs associated with depressions that
were interpreted as fractures by Patthoff and Kattenhorn
(2011). For example, features 1 and 2 are both broad linear
uplifts with linear fissures cutting across the ridge crests.
In the fold-termination model, these fissures could be surficial fractures generated along fold crests. Alternatively, they
could the high-amplitude synclinal folds, creating deep
troughs. As features 4 and 5 are not laterally offset, the interpreted left-slip faults must have been reactivated by extension (scenario 4 in Fig. 12E). The proposed late extension
would also explain the formation of parallel strike-slip faults
such as feature 11 in Fig. 12D.
In summary, the complex geometric relationships at the antisaturnian end of the Cairo fracture zone could be interpreted in
multiple ways, each implying different mechanical origins and formation sequences of the fractures. When the predictions of the
models are tested against the observations, we favor scenarios 3
and 4 as the most plausible mechanisms to explain the observed
fracture pattern shown in Fig. 12D. In either case, an extensional
event is required along the Cairo fracture zone that postdates its
left-slip motion.
5.3. Baghdad fracture zone
The Baghdad fracture zone bounds oroclinally warped folds
indicative of broad left-slip shear (feature 3 in Fig. 2A). The fracture
zone bifurcates in the sub-saturnian direction into two branches
(features 14a and 14b in Fig. 2A), each displaying narrow troughs
(feature 1 in Fig. 13A and features 1 and 2 in Fig. 13B). The troughs
are bounded by raised flanks or ridges. Obliquely oriented en echelon tensile cracks (feature 2 in Fig. 13A) lie within the fracture
zone labeled as feature 14a in Fig. 2A, which indicates left-slip
shear. Feature 14a as a fracture also splits into a sharp-crested linear ridge with a planar scarp (feature 3 in Fig. 13A points to the
sharp scarps bounding the ridges) and a curved trough (feature 4
in Fig. 13A). The curved trough bounds a highland marked by
curved and fold-generated ridges. The interpreted folds are subparallel to the curved bounding trough, suggesting that the base
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Fig. 13. (A) Oblique folds and en echelon extensional fractures against or within the Baghdad fracture zone. See Fig. 1A for location. (B) Minor structures against the two
branches of the Baghdad fracture zone. Numbers refer to geologic features discussed in detail in the text. See Fig. 1A for location. (C) Minor structures against the antisaturnian segment of the Baghdad fracture zone. Numbers refer to geologic features discussed in detail in the text. See Fig. 1A for location.

of a raised flank (feature 9 in Fig. 13A) is bounded by a thrust
(inferred feature 6 in Fig. 13A). The orientation of the curved folds
is with consistent with left-slip shear along the fracture zone (feature 1 in Fig. 13A). The presence of likely drag folds (feature 7 in
Fig. 13A) and oblique folds next to the fracture zone (feature 8 in
Fig. 13A) are consistent with this interpretation.
The flanking ridges along the fracture labeled as feature 14b in
Fig. 2A (also see shaded area labeled as feature 9 in Fig. 13B) are
locally superposed by en echelon rounded-top ridges (feature 3 in
Fig. 13B) interpreted as folds. The fold orientation requires left-

slip motion along the fault labeled as feature 14b in Fig. 2A and feature 1 (also shown as fracture A) in Fig. 13B. Widely spaced (>1 km)
parallel fractures (feature 4 in Fig. 13B) cut across a flanking ridge
of fracture A. As indicated by the consistent offset of features 5, 6, 7
and 8 in Fig. 13B, we interpret these fractures to be left-slip and
represent synthetic P-shears (e.g., Sylvester, 1988) in a left-slip
shear zone.
The anti-saturnian end of the Baghdad fracture zone consists of
multiple strands that form a duplex-like structure (feature 15 in
Fig. 2A and feature 2 in Fig. 13C). The most dominant strand is
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Fig. 14. (A) Oblique folds and oroclinal drag folds against the Damascus fracture zone. See Fig. 1B for location. (B) Oblique folds branching off from and en echelon extensional
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marked by a deep fissure (feature 1 in Fig. 13C) and the rest are
characterized by shallower depressions (feature 2 in Fig. 13C).
The above fractures either merge at both ends of the main
Baghdad fracture trace (feature 2 in Fig. 13C) or branch off from

the Baghdad fracture such as features 3, 6, and 9 in Fig. 13C.
Additionally, some linear troughs parallel to the Baghdad fracture
(feature 5 in Fig. 13C) are cut by perpendicularly oriented ridges
and troughs (feature 4 in Fig. 13C) that are linked with the
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Leading Edge

(features 8, 9 and 10 in Fig. 13C) and explains the presence of perpendicularly oriented highland strips (e.g., the region between two
fractures labeled as feature 4 in Fig. 13C) as a result of horizontal
shortening due to termination of the tiger-stripe fracture.
5.4. Damascus fracture zone

2

1
3
E-2

~20 km
E-1
Fracture zone “E”
Fig. 15. Oblique view of fracture zone ‘‘E” and its relationship to its transverse
termination structures marked by rounded-top ridges (e.g., feature 2). Numbers 1–3
and letters E-1 and E-2 are features discussed in the text. See Fig. 1A for viewing
direction of the image.

Baghdad fractures. Because feature 5 in Fig. 13 is linked with the
main trunk of the Baghdad fracture, we interpret it to have formed
during the early stage of the tiger-stripe fracture-zone
development.
The deep fissures along the Baghdad fracture zone and the
orthogonally oriented termination structures may be explained
by coeval extension in two perpendicular directions, but such a
stress field is inconsistent with the orientation of folds linking with
and trending obliquely to the fracture zone (features 6 and 7 in
Fig. 13C). The oblique fold orientation (features 6 and 7 in
Fig. 13C) requires the Baghdad fracture zone to be a left-slip structure, which is consistent with the shape of the oroclinal folds

The anti-saturnian end of the Damascus fracture zone terminates at multiple zones of hook-shaped troughs and ridges (location 6 in Fig. 2A), whereas the sub-saturnian end of the fracture
zone terminates at a horsetail fault system (location 7 in Fig. 2A).
The fracture zone is a left-slip structure indicated by the following
observations. Across its central segment, the fracture zone bounds
ridges with rounded tops and oblique orientation to the main
Damascus fracture zone (feature 1 in Fig. 14A); the oblique ridges
are interpreted as folds. The orientation of the oblique folds and
oroclinal-fold traces, expressed by the progressive rotation of the
ridge trends into parallelism with the fracture zone, indicate TSFparallel left-slip shear. The presence of a restraining bend (feature
2 in Fig. 14A), an obliquely oriented pop-up structure (feature 3 in
Fig. 14A), and a left-slip branching fault (feature 4 in Fig. 14A) associated with a drag fold (feature 5 in Fig. 14A) indicates left-slip
motion on the Damascus fracture zone. Left-slip faulting along
the Damascus fracture zone is also indicated by en echelon folds
branching off from the main fracture (feature 1 in Fig. 14B), en echelon extensional fractures in the Damascus fracture zone (feature 2
in Fig. 14B), and asymmetric drag folds in map view (feature 3 in
Fig. 14B) against the fracture zone. Also note that a set of linear
extensional cracks is developed on the TEM side of the Damascus
fracture zone (feature 4 in Fig. 14B). Their orientation is consistent
with left-slip faulting along the Damascus fracture zone.
5.5. Fracture zone ‘‘E”
Because plume eruption and IR-dark flanks have not been
observed there, fracture zone ‘‘E” was not considered as one of
the originally defined TSF (Porco et al., 2006, 2014). However, its
structural trend, morphology, and termination structures are all
similar to those of the early named TSF (Fig. 2). It is parallel to
other TSF and has a similar spacing and length to the neighboring
TSF; it is defined by a linear trough bounded by flanking ridges;
and it terminates at hook-shaped trough-ridge zones (features
E-1 and E-2 in Fig. 2A) and horsetail fault systems (feature 9 in
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Fig. 16. Extensional fractures expressed as narrow linear grooves cut across tiger-stripe fracture ‘‘E”. See Fig. 1A for location.
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structural map across the LEM, based on results of kinematic analysis of Cassini images from the same area. Red dashed arrow indicates the direction of rotation of the SPT
interior relative to its surrounding regions. Small circles against the fault traces are on the inferred hanging wall sides of the normal faults. (C) Topography of the transition
zone between the active Basin and Range Extensional Province (west) and the stable Colorado plateau (east) in the western United States. The map was obtained using on-line
software developed by GeoMapApp.org. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2A). The geometric and topographic relationships among fracture zone ‘‘E” and its termination structures are well illustrated by
an oblique image of Enceladus shown in Fig. 15. In this image, fracture zone ‘‘E” splits into two branches toward the ASM, labeled as
features E-1 and E-2 in Fig. 15. Both branches of the fracture zone
terminate at hook-shaped folds with raised topography (features 1
and 2 in Fig. 15), which supports the contractional origin of the
hook-shaped ridges. The ‘‘E” fractures and hook-shaped fold belts
together display an L-shaped structural pattern in map view.
Similar L-shaped structures (feature 3 in Fig. 15) also occur adjacent to fracture zone ‘‘E”. The contractional origin of the termination structures implies left-slip motion on fracture zone ‘‘E”.
Fracture zone ‘‘E” is cut by younger extensional fractures
(Fig. 16), which indicates that it has not been active very recently.

6. SPT topography
Schenk and McKinnon (2009) constructed digital topographic
models covering 50% of Enceladus’ surface. Using their data we
examine the relationship between the cratered terrains and the
SPT and the relationship between topography and TSF kinematics.
The SPT is bounded by a highland in the anti-saturnian direction
and a lowland region in the sub-saturnian direction (Fig. 17A).
The boundary between two regions (features 1 and 2 in Fig. 17A)
is truncated by the SPT margin (feature 3 in Fig. 17A). The highland
is 1 km above the mean elevation and its surface is marked by
craters (feature 4 in Fig. 17A) and troughs (features 5 and 6 in
Fig. 17A). Nahm and Kattenhorn (2015) classified these structures
as chasmata.
The SPT has the highest elevation along the LEM, sloping toward
the TEM (Fig. 17A and B). The SSM is also higher than the ASM margin, creating a minor tilt of the SPT floor. Narrow ridges with a
relief of 100–200 m are exclusively associated with the TSF (see
topographic profile shown in Fig. 17B). Digital topography indicates that the LEM zone is dominated by extensional faults, as its
morphology is remarkably similar to that of the Basin and Range
province in the western United States (Fig. 18). Specifically, the
troughs in the LEM are bounded by ridges with sharp and linear
edges, which are interpreted as fault traces (compare features 1
in Fig. 18A with features a1 and a2 in Fig. 18C).
In a normal-fault-bounded crustal block on Earth, the block tilts
in the opposite direction of the fault dip (feature b in Fig. 18C),
which is expressed by a long and gentle slope from the crest line
that lies closer to the fault-controlled scarp to the west. The tilted
block is generally expressed by a long and gentle slope in contrast
to the short and steep frontal slope along the fault trace (feature d
in Fig. 18C). The back slope also commonly displays an irregular
trace (features c1 and c2 in Fig. 18C), which differs from the linear
fault trace (features a1 and a2 in Fig. 18C).
Fig. 18B is an interpreted structural map across the LEM, which
shows that the width and number of full and half grabens, and thus
the extensional strain, increase toward the sub-saturnian direction.
This in turn requires clockwise rotation of the SPT interior relative
to the cratered terrains (Fig. 18B).
The trough morphology of the TSF is best expressed along the
Alexandria, Cairo, and Baghdad fracture zones, well developed
along a segment of fracture zone ‘‘E”, but is absent along the
Damascus fracture zone (Fig. 19C). The absence of trough morphology along the Damascus fracture may result from a lower resolution of the topographic model and/or a narrower width of the
trough zone than other TSF.
All the TSF display right-step bends (features 1–5 in Fig. 19A).
As the TSF are inferred to be left-slip structures based on structural
analysis, the right-step bends should be associated with transpressional deformation and high topography. This is indeed the case
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(Fig. 19A). The preferential occurrence of high topography on the
trailing-edge side of the restraining bends along all the TSF is striking, which requires the bounding restraining-bend fault segments
to dip toward the TEM direction. The consistent right-step-bend
geometry and the TEM-ward dip direction require that their development was generated by a coherent stress field inducing left-slip
shear. The flanking ridges and high topography along these bends
may have been generated by transpression. Specifically, the associated deformation may have been associated with folding that has
created broad and round-topped ridges that flank the TSF.
The erupting jets detected so far are all plotted on the TSF
(Porco et al., 2014) (Fig. 19C). One may expect that the plumes
occur along the strike-slip and transtensional segments of the
faults, avoiding the transpressional segments. This is clearly not
the case, as plumes are distributed along the entire traces of the
TSF (Fig. 19C). This observation requires additional factors that
control the locations and flux rates of the erupting plumes
(Nimmo et al., 2014). The number of detected plumes along the
TSF varies systematically, with most jets erupting along the
Baghdad fracture zone located in the center of the SPT (Fig. 19D)
(Porco et al., 2014).

7. Discussion
7.1. Main findings and their implications for the existing models
The main findings of this study are summarized below:
(1) The four segments of the semi-square-shaped SPT margin
represent zones of contraction, extension, right-slip shear,
and left-slip shear. Their kinematics requires the SPT to have
moved from the LEM to the TEM. This transport direction is
parallel to the regional topographic slope immediately outside the SPT.
(2) The ASM and SSM developed coevally with the formation of
C-shaped extensional fractures, whereas the TEM developed
coevally with the formation of the Y-shaped fractures
(Fig. 1A).
(3) The TSF are left-slip structures displaying right-step
restraining bends and terminating at hook-shaped fold
zones or horsetail fault systems (see interpreted map in
Fig. 1B).
(4) Locations of the erupting plumes along the TSF are independent of the detailed structural settings (e.g., transtensional
or transpressional). This observation implies that the plume
locations are unlikely to be controlled by long-term deformation processes expressed by left-slip motion along the
TSF. Additional factors must be considered. For example,
the eruption centers may be deeply buried pluton-like bodies and their distributions are controlled by Rayleigh–Taylor
instability, similar to those along the fast-spreading midocean ridges on Earth (Schouten et al., 1985; Carbotte
et al., 2015).
(5) Segments of the TSF were locally reactivated or cut by extensional fractures (e.g., the anti-saturnian segment of the Cairo
fracture zone; see Fig. 12A), suggesting that a young stress
regime replaced the older stress regime responsible for initiating and maintaining left-slip motion along the TSF.
The existing literature regards the entire SPT margin as a zone
of contractional deformation (e.g., Spencer and Nimmo, 2013),
which is inconsistent with the results of this work (Fig. 2B). The
varying kinematics of the SPT marginal zone is also inconsistent
with SPT formation by domal uplift (e.g., Gioia et al., 2007; CrowWillard and Pappalardo, 2015), which requires the formation of
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Fig. 19. (A) Digital topographic map of the SPT interior from Schenk and McKinnon (2009). Numbers refer to topographic features discussed in the text. (B) The traces of the
TSF and interpreted fault kinematics. Red triangles are on the inferred hanging walls of the transpressional segments of the left-slip faults. Red arrow points to a local slope
direction. (C) Locations of erupting water–ice jets from Porco et al. (2014) along the TSF. (D) Spatial variation of the number of erupting jets along the TSF as a function of
location. Data are from Porco et al. (2014). Note that the number of the jets is the highest along the Baghdad fracture zone in the central SPT. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

axially symmetric structures across the SPT and its margin that are
not observed. Strike-slip faulting with alternating senses of motion
(Nimmo et al., 2007; Smith-Konter and Pappalardo, 2008) must
have been ineffective in creating observable structures, as our
mapping does not reveal mutually cross-cutting structures indicating opposite senses of strike-slip motion along the TSF.

Asymmetric topography (Figs. 17 and 19) across each of the five
TSF is also inconsistent with their being mid-ocean-ridge-like
spreading centers (Helfenstein et al., 2008).
A tensile-fracture origin for TSF initiation (e.g., Porco et al.,
2006) is inconsistent with our observations for the following reasons. (1) The inferred stress field would have initiated not only
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the TSF but also parallel extensional fractures nearby, which are
not observed. Instead, folds are the most dominant features adjacent to the TSF. (2) An extensional origin for the TSF would require
a change in stress state from TSF-normal extension to TSF-parallel
left-slip faulting, which in turn would have created a detectable
cross-cutting relationship that is not observed. (3) TSFperpendicular extension is kinematically incompatible with extension along the LEM and contraction along the TEM, as it would
require contraction along the two margins parallel to the TSF.
7.2. Ice-shell strength and stress induced by ice-shell thickness
variation
Based on the constructed digital topographic models, Schenk
and McKinnon (2009) recognized several large depressions on
Enceladus, which are 90–175 km across and 800–1500 m deep.
Considering the lack of large impact-related features on
Enceladus, the depressions may have originated through tectonic
or thermally induced convective processes, with topography supported mostly by Airy isostasy (i.e., the effective elastic thickness
of the ice shell is nearly zero) (Schenk and McKinnon, 2009;
Besserer et al., 2013). This inference is consistent with inversion
of gravity data and modeling results of flexurally supported topography, which show that the maximum elastic thickness of the SPT
must be less than 0.5 km (Giese et al., 2008; Bland et al., 2012; Iess
et al., 2014). The large variation of surface topography under Airy
isostasy requires large lateral variation of ice-shell thickness,
which in turn requires the presence of deviatoric stress in the ice
shell. The magnitude of the deviatoric stress may be estimated as
follows. The present-day elevation difference between the highland and lowland regions immediately outside the South Polar
Terrain is 0.5–1.0 km, which yields a 8.5–17 km difference in iceshell thickness assuming Airy isostasy and using nominal iceshell (934 kg/m3) and water (1000 kg/m3) densities. This thickness
difference can generate a shear stress on the order of 0.06–
0.13 MPa, which is the product of the density contrast between
ice and water (Dq), ice-shell thickness difference (Dh = 8.5–
17 km), and the surface gravitational acceleration of Enceladus
(0.114 m/s2) (e.g., Nimmo and Manga, 2009). This estimated differential stress in the ice shell is similar in magnitude to the estimated diurnal tidal stress (Nimmo et al., 2007). Note that the use
of the phrase ‘‘ice shell” does not imply the existence of a global
ocean on Enceladus. It simply refers to the uppermost ice layer,
consisting of a brittle upper layer and a ductile lower layer, in
the south-polar region where a local sea has been well established
(see review by Spencer and Nimmo, 2013).
Like the silicate crust on Earth, the strength of the ice shell is
controlled by Amontons’ Law in the upper section (e.g., Schulson,
2002) and ductile creep in the lower section (Goldsby and
Kohlstedt, 2001); the two regions are separated by the brittle ductile transition whose depth varies laterally depending on the local
vertical thermal gradient assuming a spatially uniform strain rate.
The estimated differential stress (i.e., 2  maximum shear stress)
may drive ice-shell deformation when it exceeds the average
strength of the ice shell, which is an integration of the brittle and
ductile strength with depth averaged by the ice-shell thickness.
Considering the many uncertainties in ice rheology on Enceladus
(e.g., Goldsby and Kohlstedt, 2001; Schulson and Fortt, 2013), we
make no attempt to conduct quantitative estimates on the onset
of the deformation, but we simply point out that the average
strength of the ice shell decreases when it heats up, as this would
reduce the average strength of the ductile section of the ice shell.
Based on this simple physics, we envision that a transient thermal
event below regions with large crustal-thickness variation could
lead to lateral spreading of the thick ice shell. Indeed, thermally
induced viscous flow on Enceladus has long been noted as a

435

mechanism to explain the morphology (Smith et al., 1981; Bland
et al., 2012) and size distribution (Kirchoff and Schenk, 2009) of
craters on Enceladus. The combined effect of topography-induced
stress and thermally induced viscosity reduction leading to lateral
spreading is a major process in the evolution of Earth’s continental
lithosphere. The mid-Tertiary collapse of the North American
Cordilleran orogen during slab rollback and its induced mantle
upwelling (Coney, 1987; Liu and Shen, 1998) and Cenozoic
trench-ward gravitational spreading of the Tibetan plateau and
east Asia initiated by mantle heating (England and Houseman,
1989; Yin, 2010) are some of the best examples of this process.
Our proposed mechanism implies that the diurnal tidal stress
may be a secondary controlling factor in driving the tectonic deformation of the South Polar Terrain on Enceladus, as the surface geology of the SPT does not support bi-directional strike-slip
movement on any of the TSF.
7.3. Tectonic model for the evolution of the South Polar Terrain
Here, we propose a tectonic model that explicitly explains (1)
the structural relationship between the SPT marginal zone and
TSF, (2) the observed kinematics of the two structural systems,
and (3) the topography relationship across the SPT and its surrounding regions (Fig. 20). In map view, extension along the LEM
resulted in the SPT as a deformable viscous sheet toward the
TEM (Fig. 20A). SPT motion was accommodated by right-slip and
left-slip motion along the ASM and SSM. Respectively, and shortening across the TEM (Fig. 20A). The SSM-ward increase in extension
along the LEM and the SSM-ward increase in shortening along the
TEM created distributed right-slip shear across the interior of the
entire moving SPT, which initiated folds (i.e., the closely spaced
folds between the tiger-stripe fractures; see Barr and Preuss,
2010) and later left-slip faults (i.e., the tiger-stripe fracture zones);
the folds and the left-slip faults were oriented obliquely to the
regional right-slip shear direction in a simple-shear flow (e.g.,
Sylvester, 1988). The regional right-slip shear across the SPT interior was not only responsible for creating the left-slip tiger-stripe
faults but was also responsible for their subsequent rotation
through bookshelf faulting (i.e., left-slip faulting along the TSF
accommodated regional right-slip shear across the SPT interior).
The angle between the shear-failure planes and the maximum
compressive stress direction is assumed to be 30°, representing
well an average coefficient of internal friction of 0.6 for ice
(Schulson, 2001) (Fig. 20A–C). In this model the development of
the right-step restraining bends on the TSF results from linking
en echelon left-slip faults (Fig. 20C and D). Although the stress state
is only shown in Fig. 20A, we infer that this same stress regime has
persisted in all the stages of the SPT development and drove the
regional right-slip shear deformation across the interior of the SPT.
We hypothesize that the initiation of viscous flow across the
SPT was triggered by a transient heating event from below, which
could have been induced by a rising plume, tidal heating, convection of warm ice, and/or coupling and feedbacks between the
above processes (Nimmo and Pappalardo, 2006; Barr and
McKinnon, 2007; Tobie et al., 2008; Běhounková et al., 2012,
2013; Shoji et al., 2014) (Fig. 20E). The heating event drastically
reduced the ice-shell viscosity, allowing unidirectional viscous
flow of the ice shell along the direction of the maximum pressure
gradient induced by ice-shell-thickness variation.
A transient heating event must be localized in the SPT. We note
that the region between the cratered highland (feature a in
Fig. 17A) and a deep basin (feature b in Fig. 17A) on the leadingedge side of the SPT has a topographic relief of >2 km. Our own
preliminary examination of the areas indicates a lack of recent tectonic deformation (Fig. 17A; also see Fig. 1 in Spencer and Nimmo,
2013). The high topography region also has no active plumes nor
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Fig. 20. Tectonic model for the evolution of the South Polar Terrain (SPT). (A) Non-uniform extension and shortening along the LEM and TEM created simple shear. R and R0 :
Riedel and conjugate Riedel shears; r1 and r3: maximum and minimum principal stresses. (B) Formation of en echelon left-slip fractures under simple shear. (C) Linking en
echelon fractures led to formation of through-going left-slip faults and right-step restraining bends. Left-slip faults and folds also rotate clockwise under simple shear. (D) Leftslip faults terminate at contractional structures and continue to rotate. (E) Preexisting plateau created a pressure gradient in the viscous ice shell. (F) Rising warm plume
caused crustal thinning, viscosity reduction, lateral flow of the ice shell, and closely spaced folding above a shallow decollement. (G) Left-slip faulting replaced folding to
accommodate distributed simple shear across the SPT. (H) Strain state is extensional and transtensional in the upslope SPT, whereas strain is contractional and transtensional
in the downslope SPT.
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direction as a result of thinning of the ice shell toward the trailing-edge direction. A transient thermal event was induced possibly by tidal heating in the ductile warm ice. (B)
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to gradual cooling of the SPT, brittle faulting became a favored mode of deformation to accommodate internal deformation of the SPT during its translation and rotation. The
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Continued compression along the trailing-edge margin of the SPT caused the formation of extensional fracture systems radial to this arcuate segment of the SPT margin.

high thermal emission (Porco et al., 2006), implying that its ice
shell is relatively cold and thus its averaged viscosity is higher than
that of the SPT ice shell. The above observations together suggest
that the strength of a relatively cold portion of the ice shell on
Enceladus is capable of sustaining extreme topographic relief
(>2 km) over 1–4 byr, consistent with inferences by Kirchoff and
Schenk (2009) and Bland et al. (2012).
Owing to the initially high heat flux of the inferred transient
heating event, the ice shell of the SPT was dominated by early shallow detachment faulting and closely spaced folding
(Fig. 20E and F), followed by deep detachment faulting and widely
spaced fracturing as a result of increasing ice-shell thickness and
decreasing heat flux (Fig. 20G). Widely spaced fracturing in turn
created the tiger-stripe shear zones. The basal sliding surface of
the detachment fault most likely follows the brittle ductile transition zone, similar to the detachment faults on Earth (e.g., Yin, 1989;
Lister and Davis, 1989; Yin and Dunn, 1992). As shown in
Fig. 17A, a regional slope exists across the interior of the SPT from
the LEM toward the TEM. During gravitational spreading, the strain
state in the ice shell should be extensional in the upslope section of
the SPT interior toward the LEM and contractional in the downslope section of the SPT interior toward the TEM (Fig. 20H). This
scenario is consistent with the preferential occurrence of plume
eruptions on four of the five TSF in the upslope direction across
the SPT interior toward the LEM (Porco et al., 2014).
In the context of our kinematic model, the coeval development
of the Y-shaped fractures (Fig. 20C and D) can be understood, as
they are concentrated along the axial traces of the arcuate fold
belts where arc-parallel extension is expected. However, the
mechanical relationship between motion on the ASM and SSM
and the coeval but episodic development of the C-shaped fractures
is not clear. It is possible that the development of the C-shaped
fractures in the ancient cratered terrains was driven by a different
mechanism such as tidal stress rather than by gravitational spreading within the SPT. In fact, tidal stress may have caused reactivation and lengthening of preexisting fractures as envisioned for
the development of a segment of the Cairo fracture zone
(Fig. 12E). A three-dimensional evolutionary model of the South
Polar Terrain is shown in Fig. 21.
8. Conclusions
In this study we show via systematic mapping and detailed
structural analysis that the semi-squared South Polar Terrain
(SPT) is bounded by a right-slip shear zone and a left-slip shear

zone along the anti-saturnian and sub-saturnian margins and an
extensional fault zone and a contractional fold zone along the
leading-edge and trailing-edge margins of the SPT. Motion on the
boundary zone accommodates lateral translation of the SPT as a
single ice sheet with the transport direction from topographically
high to topographically low regions. The correlation of regional
topography and inferred transport direction implies that the gradient of gravitational potential energy has been the main driving
mechanism for the tectonic development of the SPT. In map view,
the SPT deformation is characterized by distributed right-slip shear
parallel to the SPT transport direction. This regional shear is
induced by non-uniform extension and contraction along the
leading- and trailing-edge margins of the SPT. The regional rightslip shear across the SPT was responsible for initiating (1) the five
parallel tiger-stripe fractures (TSF) as left-slip conjugate Riedel
shears and (2) the closely spaced folds in the TSF-bounded panels.
Subsequent left-slip bookshelf faulting along the parallel tigerstripe fractures accommodates the continued regional right-slip
shear and the induced clockwise rotation across the SPT. We suggest that, to the first approximation, the inferred flow-like tectonics across the SPT on Enceladus is best explained by the occurrence
of a transient thermal event centered near the south pole (see more
details below). The thermal event increased the ice-shell temperature of the SPT, which in turn lowered the ice-shell viscosity and
allowed the release of gravitational potential energy via lateral viscous flow within the ice shell with variable thickness. Although the
long-term gravitational spreading has controlled the overall tectonic pattern and evolution of the SPT, the tidal stress must have
assisted the diurnal opening and closing of the TSF and thus modulate the temporal variation of plume fluxes (Nimmo et al., 2014).
The tidal stress may have also modified the fracture patterns across
the SPT while reactivating and lengthening the preexisting
weakness.
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