
The distribution and characterization of strike-slip
faults on Enceladus
Emily S. Martin1,2

1Center for Earth and Planetary Studies, National Air and Space Museum, Smithsonian Institution, Washington, District of
Columbia, USA, 2Department of Geological Sciences, University of Idaho, Moscow, Idaho, USA

Abstract Strike-slip faulting is typically characterized by lateral offsets on icy satellites of the outer solar
system. However, strike-slip faults on Enceladus lack these typical lateral offsets and instead are marked
by the presence of tailcracks or en echelon cracks. These features are used here to develop the first
near-global distribution of strike-slip faults on Enceladus. Strike-slip faults on Enceladus fall into three broad
categories: tectonic terrain boundaries, reactivated linear features, and primary strike-slip faults. All three
types of strike-slip faults are found predominantly, or within close proximity to, the antipodal cratered
terrains on the Saturnian and anti-Saturnian hemispheres. Stress modeling suggests that strike-slip faulting
on Enceladus is not controlled by nonsynchronous rotation, as on Europa, suggesting a fundamentally
different process driving Enceladus’s strike-slip faulting. The motion along strike-slip faults at tectonic terrain
boundaries suggests large-scale northward migration of the ice shell on the leading hemisphere of
Enceladus, occurring perpendicular to the opening direction of the tiger stripes in the south polar terrain.

1. Introduction

Lateral motion is an important component in the deformation of icy shells and has played a role in modify-
ing the surfaces of icy bodies including Europa [Hoppa et al., 1999; Kattenhorn, 2004; Sarid et al., 2002],
Ganymede [Pappalardo et al., 1998], Enceladus [Smith-Konter and Pappalardo, 2008; Hurford et al., 2007,
2012], and possibly Triton [Smith et al., 1989; Croft et al., 1995] (Figure 1). Strike-slip faulting has been
observed almost exclusively within Enceladus’s south polar terrain (SPT) composed of four prominent
“tiger stripes” [Porco et al., 2006] that source jet activity [Spitale and Porco, 2007], and “paleo” tiger stripes
[Patthoff and Kattenhorn, 2011] encircled by the southern curvilinear terrains [e.g., Crow-Willard and
Pappalardo, 2015]. The tiger stripes likely formed due to a global stress field induced by nonsynchronous
rotation (NSR) [Patthoff and Kattenhorn, 2011]. Strike-slip motions along the tiger stripes are generated
by tidal stresses [Nimmo et al., 2007; Hurford et al., 2007] caused by changes in Enceladus’s tidal bulge
due to its eccentric orbit. Until now, only cursory analyses of strike-slip faults have been attempted outside
of the SPT [Kargel and Pozio, 1996].

Fracture patterns preserved in icy shells can be used to identify the stress mechanism(s) from which they
formed and may include polar wander, despinning, shell volume changes, orbital recession/decay, diurnal
tidal factors, NSR [Kattenhorn and Hurford, 2009; Collins et al., 2010], obliquity, libration, and precession
[Rhoden et al., 2012]. The global pattern of strike-slip faults on Europa has been attributed to diurnal tidal
stresses and NSR [Hoppa et al., 1999; Sarid et al., 2002; Kattenhorn, 2004; Rhoden et al., 2011]. The distribution
of strike-slip faults on Europa revealed a prevalence of right-lateral strike-slip faults in the southern hemi-
sphere and predominantly left-lateral strike-slip faults in the northern hemisphere [Hoppa et al., 1999].
Recent work suggests that stress models produce an improved fit to the observed strike-slip fault distribution
on Europa when polar wander, obliquity, libration, or precession are also considered [Rhoden et al., 2011,
2012; Rhoden and Hurford, 2013]. Processes shown to affect strike-slip faults on Europa, like diurnal tidal for-
cing and NSR, may also drive strike-slip fault formation on Enceladus outside of the SPT.

Strike-slip faults on Enceladus outside of the SPT lack the characteristic lateral offsets observed on other icy
moons (Figure 1), and their distribution, morphology, and formation have not been previously explored.
Diagnostic secondary structures (e.g., tailcracks (section 2.1) and en echelon cracks (section 2.2)) (Figure 2)
are typical of strike-slip faults and can be used to identify strike-slip faults and their slip sense [Kattenhorn,
2004; Groenleer and Kattenhorn, 2008; Pollard et al., 1982] in the absence of offsets and are used to identify,
characterize, and constrain the stress conditions at the time of formation.
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Figure 1. Examples of strike-slip faults with lateral offsets on (a) Ganymede (Image PIA01619) and (b) Europa (Image PIA00849), (c) possible strike-slip fault on Triton
(PIA02216) [e.g., Smith et al., 1989, Figure 32; Croft et al., 1995], and (d) Enceladus’s south polar terrain. SPT mosaic by Roatsch et al. [2013]. Lateral offsets are
characteristic of strike-slip faults on icy bodies of the outer solar system except outside of Enceladus’s SPT.

Figure 2. (a) Tailcracks are tension cracks that can form at fault tips. θ is the tailcrack angle [after Kattenhorn, 2004].
(b) Predicted tailcrack angles as a function of the ratio of stress intensity factors of opening (KI) and shearing (KII). (c) En
echelon cracks over a strike-slip fault form at β = 45° to strike. (d) β< 45° if a component of opening exists [Olson and
Pollard, 1991; Cruikshank et al., 1991]. (e) The ratio of shear to opening can be predicted from β assuming a ν (Poisson’s
ratio). See also Text S3.
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2. Strike-Slip Faulting

Broadly, strike-slip faults will occur when the intermediate tensile stress (σ2) is vertical with either right- or
left-lateral displacement [Anderson, 1951]. No net extension or contraction of the crust occurs unless there
is an oblique component of motion along the fault. On Earth, strike-slip faults can form transform plate
boundaries, or act as linking features between extending terrains such as mid-ocean ridges and continental
rift zones.

Strike-slip faults manifested as offsets are ubiquitous on Europa [e.g., Kattenhorn, 2002, 2004] and Ganymede
(Figure 1) but are not generally observed outside of the SPT on the surface of Enceladus. The paucity of offsets
suggests a fundamentally different process driving strike-slip faulting on Enceladus.

2.1. Tailcracks

Tailcracks (also referred to as wing cracks, kinks, and horsetail fractures) [Cruikshank et al., 1991;Willemse et al.,
1997] are secondary tension cracks [Pollard and Aydin, 1988; Cruikshank et al., 1991] which form at the tips of
strike-slip faults and can be used to identify the sense of slip of a fault [Kattenhorn, 2004; Kattenhorn and
Marshall, 2006; Groenleer and Kattenhorn, 2008] (Figures 2a and 2b). The tailcrack angle (θ) is the angle
between the intersection of the tailcrack and the fault plane. Theoretically, θ = 70.5° for a fault experiencing
pure shear, and θ = 0° for a fault experiencing pure opening [Erdogan and Sih, 1963; Lawn and Wilshaw, 1975;
Pollard and Segall, 1987]. Deviations from θ =70.5° are used to infer the relative amounts of opening and
shearing occurring along these faults (Figure 2b). Kattenhorn [2004] used tailcrack geometries on Europa
to identify strike-slip motion and to infer that dilation was a significant concurrent component of motion
along many strike-slip faults. Similarly, tailcracks on Enceladus are assumed to indicate shear motion along
a fault.

2.2. En Echelon Cracks

En echelon cracks are often observed at the terminations of sheared joints [Cruikshank and Aydin, 1995]
and can occur as a peripheral breakdown fringe along the edges of a parent crack (e.g., joints, veins, and
igneous intrusions) in response to a rotation of the principal stresses during the growth process [Pollard
et al., 1982; Sommer, 1969; Nicholson and Pollard, 1985]. An array of en echelon cracks is interpreted as
the surface manifestation of a subsurface strike-slip fault (Figure 2c), as is commonly observed along ter-
restrial subsurface strike-slip faults. En echelon cracks forming above a subsurface shear fracture under-
going purely strike-slip motions will have an en echelon angle (β) of 45°, the angle between the strike of
the subsurface fault and the echelon crack [Ramsay, 1980; Olson and Pollard, 1991] (Figures 2c–2e). If a
component of fault-perpendicular tension and dilation is present, then β< 45° (Figure 2d). Arrays of en
echelon cracks are known to be a type of Riedel fracture called a T fracture, forming as the result of
subsurface shear [Riedel, 1929; Cloos, 1955] (Text S1 and Figure S1). T fractures are distinct from other en
echelon fractures that can develop in shear zones, because of the characteristic angle at which Riedel
shears form (Figure S1).

3. Strike-Slip Fault Distribution and Classification

Twenty-one individual strike-slip faults were identified across Enceladus (Figures 3 and S2 and Text S2). No
preferential fault orientation or length was observed. Strike-slip faults are located primarily within the
cratered terrains between 120°E and 120°W and between 60°W and 60°E. There is an absence of strike-slip
faults within the tectonized terrains near 90°W and 90°E and within the polar regions north and south of
60°N and 60°S. The paucity of strike-slip faults in the north polar region may be a result of limited data cover-
age (Figure S2 and Text S2). There is no preference for left-lateral or right-lateral strike-slip faults in either the
northern or southern hemispheres, nor are there morphologic equivalents for Europa’s band-like strike-slip
faults [Kattenhorn, 2004] (e.g., Figure 1b).

Among the 21 mapped strike-slip faults, 3 classes of faults were identified and characterized: (1) those defin-
ing major tectonic terrain boundaries (Figures 4a and 4b), (2) reactivated linear features (Figure 4c), and (3)
primary strike-slip faults (Figures 4d and 4e). Tectonic terrain boundaries comprise 24% of the strike-slip
faults, 38% are reactivated linear features, and 38% are primary strike-slip faults (Figure 3b). Hereafter, faults
are identified by unique numbers from Figure 3 as [n].

Geophysical Research Letters 10.1002/2016GL067805
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3.1. Tectonic Terrain Boundary Strike-Slip Faults

Close examination of abrupt boundaries between Enceladus’s tectonized and cratered terrains reveals zones
of en echelon fractures. Tectonic terrain boundaries (Figures 4a and 4b) delineate the leading hemisphere
tectonized terrain from the Saturn and anti-Saturn cratered terrains with both left-lateral [5] and right-lateral
[12, 21] faults. Two tectonic terrain boundary faults intersect the southern curvilinear terrains: a left-lateral
fault at 60°W [28] and a right-lateral fault at 60°E [15] extend from the southern curvilinear terrains into the
trailing hemisphere tectonized terrains.

3.2. Reactivated Linear Features

A reactivated linear feature is a fracture that experienced shear motion after its initial formation (Figure 4c).
Evidence for the reactivation of preexisting faults suggests multiple stages of motion indicative of a changing
stress field. The reactivated linear feature in Figure 4c shows two tectonic episodes: (1) the zone of broad
troughs or furrows accommodating extension and (2) shear motion forming tailcracks on the eastern end
of these furrows. The zone of extension preceded the formation of tailcracks due to a change in the stress
field. If they formed concurrently, the amount of opening along the furrows would have resulted in tailcracks
with much lower angles (Figure 2b). Evidence for the reactivation of preexisting faults indicates multiple
stages of motion indicative of a changing stress field.

A higher concentration of left-lateral reactivated linear features occurs in the southern hemisphere of Saturn-
facing cratered terrains (Figure 3b). Faults [29] and [11] (both left-lateral) are associated with swaths of
continuous tectonized terrains crossing into the Saturn-facing cratered terrains. To the east of this group

Figure 3. The global distribution of strike-slip faults on Enceladus. (a) Red and blue indicate right- and left-lateral strike-slip
faults, respectively. Unique numbers identify each fault (Table S1). (b) Strike-slip fault classification for left- and right-lateral
strike-slip faults (cool and warm tones, respectively): tectonic terrain boundaries (dark blue; yellow), primary strike-slip
faults (light blue; orange), and reactivated linear features (green; red). Global mosaic by Roatsch et al. [2013] (see also
Text S2 and Figure S2).

Geophysical Research Letters 10.1002/2016GL067805
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of left-lateral faults is a right-lateral, reactivated fault [14]. This is the longest strike-slip fault mapped (350 km
long and is composed of four 50–100 km segments). Only two reactivated features occur within close proxi-
mity to the anti-Saturn cratered terrains [2, 8].

3.3. Primary Strike-Slip Faults

Primary strike-slip faults are those that initially broke through the surface as the manifestation of a subsurface
shear fracture. Primary strike-slip faults are distinguished from “reactivated linear features” in that the break-
through to the surface occurred during shearing, as opposed to shearing of a feature already present at the
surface. They have not experienced any subsequent reversal of slip direction. Primary strike-slip faults devel-
oping in response to the reactivation of ancient subsurface or heavily mantled faults cannot be ruled out.
However, if reactivation of an inherited crustal fabric (preexisting structures) is involved in the development
of primary strike-slip faults, it would be indistinguishable.

The highest concentration of primary strike-slip faults are near the anti-Saturn cratered terrains (Figure 3b),
with seven primary strike-slip faults, in contrast to the one primary strike-slip fault on the Saturn-facing cra-
tered terrains. Additionally, the primary strike-slip faults in the anti-Saturn cratered terrains are generally
north of the equator. This is in contrast to reactivated linear features, which are predominantly found south
of the equator in the Saturn-facing cratered terrains. Fault [25] is a primary left-lateral strike-slip fault that can
be traced into the north polar region (Figure S3).

Figure 4. Classification of strike-slip faults on Enceladus. (a) Tectonic terrain boundary separating cratered terrain from tectonic terrain, centered at 58°W and 44°S
(Fault [28] in Figure 3). Image No. N1660434444. (b) Tectonic terrain boundary centered at 153°W and 6°S (Fault [5]), identified as a series of en echelon cracks.
Image No. N167591706. (c) Crosscutting strike-slip faults centered at 158°E and 17°N. (Faults [2, 7]) Image No. N1489050254. (d) Primary strike-slip fault at 145°E, 26°S,
with characteristic tailcracks. (Fault [1]) Image No. N1500061771. (e) Primary strike-slip fault as an array of right-stepping, en echelon cracks at 156°E, 2°S. (Fault [6]) Image
No. N1489050475.

Geophysical Research Letters 10.1002/2016GL067805
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4. Strike-Slip Faults in an NSR Stress Field

The presence of tailcracks and en echelon cracks associated with strike-slip faults can be used to infer relative
amounts of shear and opening that occurred along the fault when secondary fractures formed [Kattenhorn,
2004; Pollard et al., 1982]. The ratio of shear to opening (Texts S3 and S4), derived from observations (Table
S1), can be compared with similar ratios generated from models (e.g., Figure S4) to identify the stress
mechanisms that formed the strike-slip fault. Either tailcrack angles or en echelon crack angles (Figure 2) were
measured along mapped strike-slip faults on Enceladus in a Mercator projection, reprojected about the
center of each fault.

Geologic evidence suggests diurnal tidal stresses, and NSRs are likely occurring on Enceladus [Patthoff and
Kattenhorn, 2011; Hurford et al., 2007, 2012]. However, diurnal stresses in the SPT are unlikely to exceed
~80 kPa [Smith-Konter and Pappalardo, 2008] and insufficient to overcome the tensile strength of ice
(~1–3MPa [Schulson and Duvall, 2009]). Additionally, fractures that form as the result of diurnal stresses
may be arcuate, like the cycloids found on Europa [Marshall and Kattenhorn, 2005; Groenleer and
Kattenhorn, 2008], but thus far have not observed on Enceladus. Outside the SPT the ice shell is likely thicker
and diurnal stresses would be lower than those observed in the SPT [e.g., Smith-Konter and Pappalardo, 2008]
and are less likely to initiate fracturing within the ice shell. Nonetheless, diurnal stresses may be sufficient to
drive motion along preexisting fractures, as has been suggested for controlling the timing of jet activity in the
SPT [Hurford et al., 2007, 2012; Porco et al., 2014; Nimmo et al., 2014].

Themagnitude of diurnal stresses are likely insufficient to fracture Enceladus’s ice shell. Stresses induced only
by NSR were compared with observational constraints on strike-slip faults on Enceladus. For each measure-
ment of θ or β, the ratio of the stress intensity factors KII(III)/KI was calculated (Text S3). Using SatStressGUI [Kay,
2010; Wahr et al., 2009; Patthoff et al., 2015] the ratio of shear to normal stresses (σs/σn) (Text S4) was
calculated over 180° of longitude within the modeled NSR stress field (Figures S4b and S4d). For longitudes
where σs/σn≈ KII(III)/KI, the observed slip sense of the fault must match the orientation of the NSR stresses local
to the fault (Table S1). If the sense of slip induced by modeled NSR stresses matches the observed slip sense,
then it is possible that the particular strike-slip fault formed in an NSR stress field at that longitude, like faults
[1, 2]. For fault [1], σs/σn =!0.6 and KII/KI =!0.82 at 81.18°W (Table S1) in an NSR stress field (Figure S5) and
would produce left-lateral motion, consistent with the observed slip sense. For fault [2], σs/σn =!0.39 and
KII/KI =!0.69 at 65.65°W (Table S1), producing slip consistent with the observed left-lateral motion.
Fourteen strike-slip faults were found where σs/σn≈ KII(III)/KI, but only two [1, 2] strike-slip faults had a slip
sense consistent with having formed in an NSR stress field.

5. Discussion

The distribution of strike-slip faults on Enceladus reveals a dearth of strike-slip faults within the tectonized
terrains. The broadly antipodal nature of the global strike-slip fault distribution is similar to that of the global
distribution of features called pit chains [Michaud et al., 2008]. Pit chains form by the drainage of loose
material into a dilational crack or subsurface normal fault [Michaud et al., 2008;Wyrick et al., 2004]. Pit chains,
unlike strike-slip faults, are likely forming in response to NSR stresses [Martin and Kattenhorn, 2014], suggest-
ing that there are multiple stress mechanisms driving tectonic activity on Enceladus. The near-global distribu-
tion of strike-slip faults and global distribution of pit chains is not the result of observational biases; the
distribution may indicate differences in ice shell thickness or inherited crustal weaknesses (remnants of
previous geologic activity), between cratered and tectonized terrains within the ice shell.

NSR should produce predominantly left-lateral strike-slip faults in the northern hemisphere and right-lateral
strike-slip faults in the southern hemisphere [Hoppa et al., 1999]. Not only is this pattern not observed on
Enceladus but also a NSR stress field cannot explain long strike-slip faults (e.g., [3], [5], and [14]) that cross
the equator with a consistent sense of slip.

Motions along faults [5, 25, and 12] are suggestive of large-scale motion of the brittle portion of the ice shell
and the opening of the tiger stripes (Figures 5 and S3). This does not imply that faults [5, 25, and 12] formed
contemporaneously. Rather, recent motion along these faults occurred simultaneously. The funiscular or
“ropy” terrains between the tiger stripes in the SPT are composed of short wavelength, subparallel features
interpreted to be folds [Spencer et al., 2009; Barr and Preuss, 2010; Bland et al., 2015]. If the funiscular terrains

Geophysical Research Letters 10.1002/2016GL067805
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are the result of compression due to opening along the tiger stripes, they may also be driving the leading
hemisphere tectonized terrains northward, consistent with the observed opposing sense of slip along tec-
tonic terrain boundary strike-slip faults [5, 25, and 12]. Faults [28, 21, 23, and 24] appear to be inconsistent
with this interpretation; however, [28] is closely associated with the dynamic southern curvilinear terrains
[e.g., Crow-Willard and Pappalardo, 2015; Yin and Pappalardo, 2015] and is likely locally influenced by the
southern curvilinear terrains rather than large-scale crustal motions. Similarly, faults [21, 23, and 24] may
be driven by the westward offset from faults [5 and 25]. Further work will be necessary to verify the motion
of the leading hemisphere tectonized terrains.

The fracture patterns and geologic activity within the SPT on Enceladus were previously inferred to be the
result of stresses induced by both NSR and diurnal tidal deformation [Patthoff and Kattenhorn, 2011]. If these
same mechanisms are the main control on the global strike-slip fault pattern on Europa, then the lack of a
match between strike-slip patterns on Europa and Enceladus is intriguing. Other mechanisms may be at work
on Europa, as shown by Kattenhorn [2004], which noted that only band-like strike-slip faults (Figure 1b) follow
the tidal walkingmodel presented for Europa [Hoppa et al., 1999]. Furthermore, the pattern of strike-slip faults
on Enceladus suggests different stress mechanisms, or a combination of mechanisms, produced the
observed fault distributions.

While only NSR wasmodeled here, there are a variety of other stress mechanisms relevant to icy satellites that
can be explored to explain tectonic activity on Enceladus [e.g., Kattenhorn and Hurford, 2009; Collins et al.,
2010]. In particular, polar wander [Rhoden et al., 2011, 2012] can produce stresses up to 10MPa [Nimmo
and Pappalardo, 2006; Melosh, 1980], which is sufficient to fracture Enceladus’s ice shell. Polar wander may
improve our understanding of strike-slip faulting on both Europa and Enceladus. If diapir-induced polar wan-
der on Enceladus [Nimmo and Pappalardo, 2006] was the same event that induced the geologic activity
within the SPT, and strike-slip faults on Enceladus were associated with the polar reorientation event, then

Figure 5. Left-lateral faults [5, 25] (Figure 3a) and right-lateral fault [12] drive a net northward motion of the leading hemisphere
tectonized terrains, perpendicular to the opening direction of the tiger stripes. Tiger stripes (black) are highlighted in the south
polar region. Mollweide projection.

Geophysical Research Letters 10.1002/2016GL067805
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the initiation of strike-slip faulting was also recent, consistent with observations of strike-slip faults crosscut-
ting many surrounding features. The presence of pit chains associated with strike-slip faults also suggests
that there must have been loose regolith available on the surface which is actively being deposited by the
south polar plume. Matsuyama and Nimmo [2008] explored the stress fields produced by various amounts
of polar wander. They found that regions of shearing would occur in the present-day cratered terrains, con-
sistent with the observed strike-slip fault distribution on Enceladus. Additionally, en echelon and tailcrack
angles documented in this work suggest that dilation along strike-slip faults on Enceladus is a common com-
ponent of motion. Further work is necessary to verify whether orientations of observed strike-slip faults on
Enceladus and their sense of slip are consistent with modeled orientations caused by polar wander.

The lack of continuity between NSR and the distribution of strike-slip faults on Enceladus may also suggest
that a regional stress field (or perturbation to a global stress field) is contributing to strike-slip faulting. An
inherited crustal fabric, or motion along nearby, or subsurface faults, may be sufficient to perturb a remote
stress field, similar to the way that stress concentrates at the tip of a strike-slip fault to produce tailcracks.
Strike-slip faults on Earth have been shown to locally perturb a stress field causing slip along neighboring
faults [Stein et al., 1992]. The 1992 Landers earthquake in California likely changed the stress field around
the San Andreas Fault system [Stein et al., 1992], affecting motion around surrounding faults.

6. Conclusions

Strike-slip faults observed on Enceladus lack the lateral offsets typical of strike-slip faults on other icy bodies,
such as Ganymede and Europa. However, en echelon cracks and/or tailcracks are diagnostic of strike-slip
faults, and these secondary features were used to produce the first near-global map of strike-slip faults on
Enceladus. Strike-slip faults are found primarily within the cratered terrains on the Saturn-facing and anti-
Saturn hemispheres. They fall into three classes: tectonic terrain boundaries, reactivated linear features,
and primary strike-slip faults. Formation of strike-slip faults on Enceladus is not consistent with formation
within an NSR stress field. Polar wander and/or localized perturbations of the remote stress field (generated
by proximal tectonic structures) are two possible alternativemechanisms, which require further investigation.
The strike-slip faults bounding the leading hemisphere tectonized terrains suggest northward movement of
the ice shell, perpendicular to the orientation of the present-day tiger stripes.
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