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Enceladus has a young, tectonically active south polar region, which is erupting material from a

prominent set of fractures called Tiger Stripes. No comparable activity is observed at the north pole,

Available online 12 June 2020 which is heavily cratered with limited tectonism. Given the many lines of evidence supporting a global
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ocean under Enceladus’ icy shell, the reason for the dichotomy in geologic activity is unclear. We
model the formation of the Tiger Stripes as tidally-driven fractures and examine the magnitudes of
tidal stresses with different ice shell structures in order to explore whether and how tidal stress might
explain Enceladus’ distribution of tectonic activity. We find that eccentricity-driven tidal stresses would
produce fractures of nearly identical orientations to the observed Tiger Stripe Fractures and that a 10-km
difference in ice shell thickness between the north and south poles can result in substantially different
tidal stress magnitudes, providing a natural explanation for the hemispheric dichotomy in tectonic
activity on Enceladus. Finally, we synthesize these results with Enceladus’ global geologic record to offer

insight into the evolution of this enigmatic moon.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Enceladus, one of Saturn’s smallest and closest moons, has a
pervasively fractured south pole that is actively jetting material
into space (Porco et al.,, 2006; Spencer et al., 2006; Patthoff and
Kattenhorn, 2011; Crow-Willard and Pappalardo, 2015) and a heav-
ily cratered north pole with comparatively little tectonism (Martin,
2016). The most prominent features in the south polar terrain
(SPT) are the four, roughly parallel, Tiger Stripe Fractures (TSFs).
Tidal stresses caused by Enceladus’ forced orbital eccentricity may
have been involved in the formation of the TSFs (e.g., Nimmo et
al., 2007), although a non-tidal origin has also been proposed (e.g.,
Yin and Pappalardo, 2015). Plumes emanate from the TSFs (Spitale
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and Porco, 2007; Porco et al.,, 2014; Spitale et al,, 2015; Helfen-
stein and Porco, 2015), and their eruptive output varies with Ence-
ladus’ tidal cycle (Hedman et al., 2013), implying that tides control
the eruptions. However, explaining the timing has proved difficult
(Nimmo et al., 2007, 2014; Hurford et al., 2007; Behounkova et al.,
2015; Kite and Rubin, 2016; Behounkova et al., 2017). Identifying
a mechanism for generating Enceladus’ active SPT, while leaving
an ancient surface at its north pole, is one of the most intriguing
challenges left in the wake of the Cassini mission.

Assessing the magnitude of tidal stress depends on the respon-
siveness and structure and of Enceladus’ interior, which is still
uncertain. Model fits to observed librations support a global ocean
and average ice shell thickness of 21 to 26 km, assuming an elastic
shell; accounting for viscosity, the ice shell could be up to 7 km
thinner (Thomas et al., 2016). Isostacy arguments imply that the
ice shell is thinner than the global average at the south pole, with
an estimate of ~13 km (Thomas et al., 2016). Fits to Cassini gravity
measurements provide a range of values, depending on model as-
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Fig. 1. Enceladus’ diverse geology is apparent even from the (A) global view, in which the Tiger Stripe Fractures (shown up close in B) and their surrounding fractures can be
seen toward the bottom of the image. (C) The north pole, which falls in the center of this image, is heavily cratered with fractures that display very different morphology
than those in the south. Some fractures appear to have propagated around preexisting craters, while others are focused by craters. (A) PIA06249, false color composite, ~670

m/pix; (B) PIA06247, 122 m/pix; (C) PIA19660, 35 m/pix.

sumptions, from roughly 10 km or thicker at the south pole (less
et al,, 2014; McKinnon, 2015; Beuthe et al., 2016) to less than 5
km (Beuthe et al., 2016; Cadek et al., 2016, 2019); the ice shell at
the north pole is always thicker than at the south pole in these
models. It is also possible that Enceladus’ ice shell was thinner in
the past, either globally or locally, which is supported by the pat-
tern of ice shell thickness derived from gravity data (Cadek et al.,
2019).

Here, we take a detailed look at the role of eccentricity-driven
(i.e., diurnal) tides in the formation of the Tiger Stripe Fractures
and how Enceladus’ interior structure and shell thickness varia-
tions might have shaped the tectonics of the south and north polar
regions. We explore failure assumptions that were not considered
in previous work. Specifically, we test the assumption that Ence-
ladus’ ice shell fails at a consistent threshold throughout the SPT,
which can be lower than the maximum stress achieved in any one
location. We restrict our study to the present-day eccentricity of
0.0047 and do not include stress from non-synchronous rotation
as it has already been examined by Patthoff et al. (2019).

2. Interpretations of Enceladus’ geologic record

A striking feature of Enceladus’ global geologic record (Fig. 1A)
is its regionally and temporally heterogeneous tectonic activity
(e.g. Crow-Willard and Pappalardo, 2015). The most extensive and
youngest region of tectonic activity is seen near the south pole
(Fig. 1B, Fig. 2A). This region has been extensively mapped (Crow-
Willard and Pappalardo, 2015; Patthoff and Kattenhorn, 2011; Yin
and Pappalardo, 2015; Helfenstein and Porco, 2015) and is made
up of a background of densely-packed fractures, overlain by four
prominent fractures: Alexandria, Baghdad, Cairo, and Damascus
Sulcus (i.e. the Tiger Stripes), which are also the sources of the
plumes (Spitale and Porco, 2007; Porco et al., 2014; Spitale et
al.,, 2015; Helfenstein and Porco, 2015). The region displays vari-
ous textures, perhaps affected by the addition of plume material
over time, including raised ridges along the fractures and topo-
graphic features such as “shark fins” that appear alongside or be-
tween some ridges but not others (Helfenstein and Porco, 2015).
Folds, normal faults, and strike-slip faults have also been identified
(Crow-Willard and Pappalardo, 2015; Yin and Pappalardo, 2015;
Helfenstein and Porco, 2015; Martin, 2016). The whole south po-
lar terrain appears to be depressed relative to its surroundings;
a system of bounding troughs, concentric to the south pole, delin-
eates the depressed terrain. In some places, these troughs develop
into northward-trending systems of fractures. No craters have been
identified within the SPT.

Some older areas of tectonism are found in equatorial regions of
the leading and trailing hemispheres, which bear some similarities
to the fracture systems within the SPT, including sets of bound-
ing fractures (Crow-Willard and Pappalardo, 2015). However, the
regions are more heavily cratered, display less dense networks of
fractures, and are not associated with any observed plumes. Cur-
rently unknown is whether differences between the leading/trail-
ing tectonized terrains and the SPT are due to their formation
mechanism, their physical/thermal characteristics, their ages, or
some combination of these. In addition to the tectonized terrains,
some strike-slip faults and pit chains are distributed across Ence-
ladus (Martin, 2016). The presence of tectonized terrains along
the equator and other spatially distributed tectonic activity implies
that the material strength of Enceladus’ ice does not vary enough
to inhibit fracture formation outside of the SPT.

The northern polar region displays much less tectonic activity
than any other area (Crow-Willard and Pappalardo, 2015). Frac-
tures at the north pole tend to be troughs or scarps without raised
flanking ridges (Fig. 1C). They often interact with preexisting ter-
rain such as craters, which may even focus some fractures (e.g.,
Kinczyk et al., 2017). The north pole is the most heavily cratered,
and thus inferred to be the oldest, of Enceladus’ terrains. However,
the appearance of pit chains and fractures that intersect craters
both suggest that even Enceladus’ ancient terrains are still geologic
active to some extent (Kinczyk et al., 2017; Martin, 2016).

TSF formation has not been studied as extensively as their as-
sociated plumes, though tidal stresses are often invoked as the
most likely mechanism (e.g., Hurford et al., 2007; Nimmo et al.,
2007, 2014; Patthoff and Kattenhorn, 2011; Porco et al., 2014; Be-
hounkova et al., 2015; Patthoff et al., 2019). Patthoff et al. (2019)
explored the formation of the TSFs in response to tidal stresses
from non-synchronous rotation (NSR) of Enceladus’ ice shell rela-
tive to its silicate interior. The TSF orientations are not consistent
with the present day NSR stress field, implying that the ice shell
has rotated by ~45° since they formed. The decrease in magnitude
of NSR-related tidal stress with increasing shell thickness could
also explain the lack of fracturing elsewhere on Enceladus. This
result builds upon the previous estimate of NSR from analysis of
the older fracture sets in the SPT (Patthoff and Kattenhorn, 2011),
although that interpretation is based on the assumption that all
cracks of similar orientation are the same age. More analysis is
required to determine whether diurnal stresses are sufficient to ex-
plain the observed orientations of the TSFs, thereby alleviating the
need to invoke rotation and stresses from NSR.

Hemingway et al. (2020) proposed that a combination of ice
shell cooling, ocean pressurization, and diurnal tidal stress led to
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Fig. 2. A) The south polar terrain of Enceladus is heavily tectonized and free of craters. The most distinctive, and likely youngest, features are four, roughly parallel fractures,
dubbed Tiger Stripes, from which Enceladus’ plumes emanate. B) We used the fracture orientations at each of the 2395 points shown here to assess models of fracture

formation due to diurnal tidal stress.

the formation of Baghdad Sulcus, which relieved stress and pre-
vented fractures from forming elsewhere, particularly at the north
pole. Plume material then erupted from the fracture, loaded the
flanking region, imposed bending stresses on the SPT, and even-
tually led to failure and the creation of parallel fractures that we
observe as the Tiger Stripes. One drawback to this model is that it
produces only one fracture, which leaves no mechanism to explain
the tectonized terrains in the leading and trailing hemispheres or
the numerous fractures underlying the TSFs. In addition, the tidal
stresses that control the orientation of Baghdad were not explicitly
modeled.

An alternative model (Yin and Pappalardo, 2015; Yin et al.,
2016) suggests that the TSFs formed as strike-slip faults in re-
sponse to large-scale motion and deformation of the south polar
region. This result was based on detailed structural mapping us-
ing high-resolution imagery and may explain several characteris-
tics of the SPT that other models do not, such as the bounding
troughs, attendant fracture systems, and strike-slip faults. However,
as pointed out by Hemingway et al. (2020), forming the TSFs as
shear fractures rather than tensile ones makes it difficult to ex-
plain the ongoing eruptions of plume material that suggest these
fractures are open conduits over much of their lengths.

Determining whether a tidal stress model can explain the ori-
entations of the TSFs at least as well as Yin and Pappalardo (2015)
is a key driver of this work. In particular, we assess whether
eccentricity-driven tidal stress can match the orientations of the
TSFs, without invoking stress or rotation from NSR or requiring
stress relief to inhibit other fracturing, which is difficult to rec-
oncile with the tectonism observed in the leading and trailing
hemispheres and the older tectonic features within the SPT. An ad-
ditional goal of this work is to test whether a drop in tidal stress
magnitudes due to the inferred difference in shell thickness be-
tween the south and north poles could explain the dichotomy in
tectonic activity, similar to the analysis of Patthoff et al. (2019) us-
ing NSR stresses.

3. Methods

We use Cassini images to collect latitude and longitude informa-
tion at 2395 points along the most prominent branches of the TSFs
(Fig. 2A, B; SOM). Analysis of cross-cutting relationships within the
SPT suggests that the more prominent TSFs are younger than the
other fracture segments (Patthoff and Kattenhorn, 2011), so they

may have formed under different stress conditions than the less
prominent features. We compute stress at the midpoint between
neighboring mapped points. The fracture orientation is taken to be
the vector connecting the two adjacent mapped points, where ori-
entation increases clockwise from north at 0°W longitude. These
orientations are compared to the predicted orientations from the
tidal models, which depend on the interior structure and assumed
failure criterion.

We compute diurnal tidal stresses in a rheologically-layered
body, following the formulation of Jara-Orué and Vermeersen
(2011), which utilizes the propagator matrix method to determine
the responses of internal layers to tidal forcing. The first step in the
calculations is to determine the tidal response of a satellite by cal-
culating the Love numbers and the strengths of normal modes that
correspond to internal layer interfaces. The tidal response depends
mainly on the thickness and viscosity that we assume for each
layer. In the second step, we use the tidal response parameters
as inputs into the tidal stress calculations, which depend mainly
on the forcing frequency (mean motion in this case), eccentricity,
and other orbital parameters. The output of these calculations is
the tidal stress tensor, at a given location through time, which can
be decomposed into principal stress components. Our methodol-
ogy is described in detail in Rhoden et al. (2015) and Rhoden et
al. (2017), in which all of the equations are shown in Appendix A.
All parameter values necessary to reproduce our results are given
in Tables 1, 2, and in the SOM.

The equations we employ were derived for a five-layer body in
which two layers are assumed to be fluid: a core and a subsur-
face ocean. To eliminate the innermost fluid layer would require
that an entirely new system of equations be derived and solved.
However, as in our previous work (Rhoden et al., 2015, 2017),
we find that reducing the thickness of the innermost layer (i.e.,
the liquid core) to a radius of 10 km, and assigning it a den-
sity similar to that of the overlying silicate layer, is equivalent
to using a four-layer model with a solid silicate innermost layer.
We have validated our numerical tools against published results
for Europa (Jara-Orué and Vermeersen, 2011) and against output
from the publicly-available tidal stress software, SatStress, which
is based on the equations of Wahr et al. (2009). Due to differ-
ences in the mathematical approach of these two methods and
different model assumptions (e.g., compressibility), SatStress and
our code, SIMON, produce slightly different stress values, but the
differences are small enough that either code should produce the



4 A.R. Rhoden et al. / Earth and Planetary Science Letters 544 (2020) 116389

Table 1
Parameters held constant across all models.

Orbital period 137d

Surface gravity 0.113 m/s?

Radius 252.1 km

Mass 1.08022 x 10%° kg

Eccentricity 0.0047

Pseudo-core | Thickness 10 km
Rigidity 0 Pa (liquid)
Density 2510 kg/m3
Viscosity 0 Pa-s (liquid)

Mantle Thickness 177 km
Rigidity 6.5 x 10'° Pa
Density 2490 kg/m>
Viscosity 10'° Pas

Ocean density 1000 kg/m3

Ice Rigidity 3.487 x 10° Pa
Ductile density 999 kg/m>
Brittle density 998 kg/m3
Brittle layer viscosity | 102! Pa-s

same overall results. For a more detailed discussion of the differ-
ent model assumptions made in tidal stress modeling codes, see
Beuthe (2018). While SatStress does provide a framework for com-
puting stresses in four layer models, we prefer to use SIMON, so
that we can consistently compare stresses across bodies we have
previously evaluated.

The formulation we employ also requires that each of the five
layers has uniform thickness, but Enceladus’ ice shell is thought
to be thicker in the north than in the south and thickest at the
equator. Therefore, we make the assumption that stresses calcu-
lated for a uniform thickness shell are a good approximation to a
local region with that thickness, which is supported by the analysis
of Kalousova et al. (2012). For example, we assume that a model
with a globally thin shell would produce stresses that are applica-
ble near the south pole, where the shell is likely thin. Whereas, a
globally thick shell would be appropriate for stresses at the north
pole. Many studies of Enceladus’ south pole have used uniform
thickness ice shells (e.g., Hurford et al., 2007; Nimmo et al., 2007,
2014; Patthoff and Kattenhorn, 2011; Kalousova et al., 2012; Porco
et al., 2014; Behounkova et al., 2015, and Patthoff et al., 2019)
when calculating stress at the south pole. Beuthe (2018) and Be-
hounkova et al. (2017) have examined the effects of a variable ice
shell on tidal stresses, which we discuss in Section 5.

We compute tidal stresses for a broad range of interior struc-
tures that are consistent with estimates in the literature, and mod-
els with thinner shells that may be representative of past condi-
tions, particularly at the south pole. All of the interior structures
we test include the 10 km liquid silicate “pseudo-core” described
above, overlain by a 177 km solid silicate mantle, overlain by a
65 km thick hydrosphere (see Table 1). The hydrosphere is further
separated into a global liquid water ocean at the base, a “ductile”
lower ice shell, and a “brittle” upper ice shell. We test total ice
shell thicknesses of 22 km, 12 km, 1 km, and 500 m (see Table 2),
and we compute stresses for a few intermediate cases to better
document trends. We presume that the thinner shells (<5 km) are
only relevant for the south polar region.

For the thickest shells, we test models in which the brittle layer
thickness is ~10%, 20%, or 30% of the total shell thickness (rounded
to the nearest km) and a viscosity for the lower part of the ice
shell that is 10'3, 104, or 10! Pa-s. In thinner shells, we always
assume the brittle layer is ~10% of the total shell thickness but ex-
plore a wider range of lower ductile shell viscosities: 1013, 101>, or
1019 Pa-s. Given the limited constraints, we focus on combinations
of brittle layer thickness and ductile shell viscosity that are most
likely to produce variations in tidal stress. The brittle layer thick-

ness could certainly be larger than the values we test. Increasing
it reduces the responsiveness of the ice shell to tidal deformation,
and the stress magnitudes converge to high viscosity ductile layer
values.

Parameters that are held constant across all models are shown
in the SOM. We do not vary any properties of the layers below
the ocean. The density of Enceladus’ silicate interior, liquid ocean,
and ice shell are not well-known. We adopt plausible values that,
for a given set of layer thicknesses, match Enceladus’ mass. Our
past work has shown that tidal stresses are not very sensitive to
these values (e.g., Rhoden et al., 2015). In addition, Beuthe (2018)
reports minimal deviations in tidal stresses due to differences in
the assumed density contrast of the ice shell and ocean.

We note that, if the ice shell is not convecting, our two-layer ice
shell model is not a good approximation for the viscosity profile
of the shell, a limitation of many established tidal stress models
(e.g., SatStress). The low viscosity cases (10'3 Pa-s) are the least
applicable to a conducting shell because we treat the entire thick-
ness of the layer as low viscosity whereas, in reality, the ice would
only be at/near the melting-point viscosity near the base of the
shell. Hence, if Enceladus’ ice is thick, but not convecting, the tidal
stresses would likely be closer to the magnitudes we find using
higher viscosities because they are closer to the average viscosity
of the lower shell.

For now, we have chosen not to incorporate any constraints
on Enceladus’ interior structure from attempts to match the erup-
tive output of the plumes from the TSFs (Nimmo et al., 2007,
2014; Hurford et al., 2007; Behounkova et al., 2015, 2017). Those
models depend on the largely uncertain mechanical process that
links tides with eruptions, and the “best fits” to the temporal
variations imply interior structures that are inconsistent with the
other Cassini observations. It is also possible that the system has
evolved in ways that decouple the stress state that created the
TSFs from that which governs their current behavior. For example,
Behounkova et al. (2017) suggest that the presence of the fault
planes formed by the TSFs alter the stress field governing plume
eruptions. Similarly, Helfenstein and Porco (2015) considered how
fractures that cross-cut the TSFs influence the locations, orienta-
tions, and possible timing of erupting jets. Since we are concerned
with the formation of the TSFs, the altered stress field and post-
failure behavior are not relevant to our analysis.

For each interior structure model, we calculate the principal
tidal stresses at every 1° in Enceladus’ orbit at each of the 2395
locations at which we measured local fracture orientations. We
then identify the most tensile principal stress at each time, and
its corresponding orientation, to construct curves of tensile stress
magnitude versus orientation throughout an orbit. We also identify
the largest tensile stress achieved at any location along the TSFs,
and at any time in the orbit, for each interior structure model. We
refer to this value as the regional peak stress (RPS) and use it to
compare the overall potential for failure across different models.
To be clear, this value is merely the peak stress achieved at the
points along the TSFs at which we evaluated stress; it may not be
the largest tidal stress generated on Enceladus.

We test two different failure conditions with which to deter-
mine the predicted orientation of a tidally-driven fracture. First,
we assume that failure is most likely to occur at a particular lo-
cation when the tensile stress there reaches its daily maximum.
Patthoff et al. (2019) showed that the orientations associated with
the max stress were not consistent with the observed TSF orien-
tations at a few select locations they evaluated. We have chosen
to test the max stress criterion against our larger data set to en-
sure that we are getting similar results and for comparison with
the predictions of the other failure criterion we test.

The second criterion we test is that failure is most likely to oc-
cur at a consistent stress magnitude at all locations, which can be
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Table 2

Parameters, tidal stresses, and predicted orientations for each interior structure.

Total shell Ductile layer Brittle layer  Peak stress range at TSFs Assumed failure threshold Prevailing orientations, predicted

thickness viscosity thickness (rounded to nearest kPa) (rounded to nearest kPa) (CW off N at 0°W)

(km) (Pas) (km) 2/3 RPS 3/4RPS  2/3 RPS 3/4 RPS
22 1.00E+15 6 13 -16 11 12 136.7 +/- 2.9° 141.2 +/- 4.0°
22 1.00E+15 4 13 -16 11 12 136.7 +/- 2.9° 141.2 +/- 4.0°
22 1.00E+15 2 13 - 16 11 12 136.7 +[- 2.9° 1411 +/- 5.6°
22 1.00E+14 6 15-19 13 14 135.7 +/- 2.8° 140.1 +/- 5.2°
22 1.00E+14 4 15-19 13 14 136.0 +/- 2.8° 1404 +/- 3.9°
22 1.00E+14 2 15-19 13 14 136.4 +/- 2.8° 140.8 +/- 4.7°

F 22 1.00E+13 6 41 - 49 33 37 131.2 +/- 2.9° 135.6 +/- 3.0°
22 1.00E+13 4 53 - 64 42 48 131.2 +/- 2.3° 1354 +[- 2.9°
22 1.00E+13 2 70 - 85 57 64 132.6 +/- 2.4° 136.8 +/- 3.1°
12 1.00E+15 3 22 -27 18 20 133.8 +/- 2.6° 138.2 +/- 5.4°
12 1.00E+15 2 22 -27 18 20 133.8 +/- 2.6° 138.2 +/- 5.6°

A 12 1.00E+15 1 22-27 18 20 134.3 +/- 2.6° 138.8 +/-5.7°
12 1.00E+14 3 26 - 31 21 24 133.4 +/- 2.5° 137.8 +/- 3.4°
12 1.00E+14 2 26 - 32 21 24 133.6 +/- 2.5° 138.0 +/- 3.7°
12 1.00E+14 1 26 - 32 21 24 133.7 +/- 2.6° 138.2 +/- 3.5°
12 1.00E+13 3 70 - 83 55 62 130.7 +/- 2.4° 135.1 +/- 3.0°
12 1.00E+13 2 88 - 105 70 78 130.5 +/- 6.5° 135.1 +/- 3.0°

B 12 1.00E+13 1 113-135 90 102 131.6 +/- 3.7° 136.1 +/- 3.1°

C 5 1.00E+13 0.5 187 - 221 147 165 130.3 +/- 4.8° 135.0 +/- 3.0°
3 1.00E+13 0.3 237 - 279 186 209 129.7 +/- 8.5° 134.8 +/- 3.0°
1 1.00E+19 0.1 170 - 200 133 150 130.1 +/- 6.6° 134.8 +/- 3.0°
1 1.00E+15 0.1 329 - 386 257 290 129.3 +/- 7.7° 134.5 +/- 2.9°
1 1.00E+13 0.1 329 - 386 258 290 129.3 +/- 7.6° 134.5 +/- 2.9°

D 05 1.00E+19 0.05 234 -275 184 207 129.7 +/- 8.1° 134.6 +/- 3.0°
0.5 1.00E+15 0.05 349 - 409 273 307 129.3 +/- 7.5° 134.5 +/- 2.9°

E 05 1.00E+13 0.05 349 -410 273 307 129.3 +/- 74° 134.5 +/- 2.9°

RPS: Regional peak stress; CW: Clockwise; TSFs: Tiger Stripe Fractures.
a value less than the daily maximum stress achieved at any one Histogram of observed Tiger Stripe Fracture orientations
350

location. This assumption better reproduces the orientations of lin-
eaments on Europa than a max stress model (Rhoden and Hurford,
2013). However, it poses some challenges when comparing inte-
rior models because the tidal stresses vary by more than an order
of magnitude across different models. We expect that the failure
threshold of Enceladus’ ice has a specific value (e.g., 100 kPa), but
for the purposes of testing our whole suite of models, we select a
threshold relative to the RPS. In our initial tests, we generated pre-
dictions at 1/2, 2/3, 3/4, and 9/10 of the RPS. These tests revealed
that thresholds of 2/3 and 3/4 of the RPS produced the best results
and that using a threshold of 1/2 produced far worse results than
other thresholds.

For each TSF point, we identify the predicted fracture orienta-
tion corresponding to the maximum daily stress at that location
as well as the orientations where the stress increases past the
threshold (either 2/3 or 3/4 of the RPS). These values are used
to create histograms for each interior structure and failure crite-
rion. We also create a histogram of the observed orientations. We
then apply a Gaussian fit to each histogram, using the standard
python “norm.fit” function, and compare the peak values from the
fits, which we refer to as the prevailing orientations.

To determine whether differences in the ice shell thickness and
rheology can explain the increased activity near the south pole rel-
ative to the north pole, we compare the RPS’s for different interior
structures. We first make the simple assumption that failure will
occur in any model with an RPS comparable to tidal stresses on
Europa, ~100 kPa, and that failure is plausible for an RPS of >50
kPa. We discuss how a stronger ice shell would affect our conclu-
sions in subsequent sections.

Mean: 135.5° +/- 25.0
300

250
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=
wu
o

100

Number of fracture segments per bin

50

25 50 75 100 125 150 175
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Fig. 3. A histogram of the orientations we measured at 2395 points along the main
branches of the TSFs reveals a peak of 135.5° when fit to a Gaussian curve. For the
purposes of comparing orientations at different longitudes (in particular, where the
TSFs cross the pole), we transformed the measured orientations to be increasing
clockwise from the 0°W longitude line rather than the local direction of north.

4. Results

The TSF orientations are strongly clustered (Fig. 3), peaking at
135.5°. Fig. 4 shows the predicted orientations for five interior
models (A-E; bold in Table 1), where different colors represent the
failure criterion applied (orange: max stress; green: 2/3 RPS; pur-
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Fig. 4. Histograms of the predicted orientations (i.e. perpendicular to the most tensile principal stress) with each failure criterion (see legend) for the five interior structure
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in the figure(s), the reader is referred to the web version of this article.)

ple: 3/4 RPS), along with the observed histogram (blue). Table 2
lists the prevailing orientation value for each model, with each of
the threshold criteria.

The max stress model - in which we assume failure occurs at
the whatever the daily maximum tensile stress is at each location
- does a poor job of matching the observed population. The ori-
entations tend to be roughly north-south, and they come in two
clusters, one a bit east of north, and the other west, which each
span ~30° of orientation. Due to the split distribution, we could
not determine a meaningful prevailing orientation. These results
agree with the findings of Patthoff et al. (2019), that the orien-
tations of the TSFs do not match the orientations produced when
tidal stresses reach their daily maximum value.

The threshold failure criterion provides a much better fit to the
observations. The 3/4 RPS threshold produces prevailing orienta-
tions that are nearly identical to the observations for most interior
structures. As demonstrated in Table 2, changing the value we
adopt for the failure threshold has a larger effect on the predicted
prevailing orientation than the interior structure. For example, the
thickest, coolest shell (A) provides the worst fit to the data at 3/4
the RPS at 138.8 + 5.7°, but it still closely matches with a thresh-
old closer to 2/3 the RPS at 134.3 £+ 2.6°. To further illustrate
the dependence of the fit on the failure threshold, we also com-
puted prevailing orientations for interior model A at 50% and 90%
of the RPS, which resulted in prevailing orientations of 126.23° and
141.8°, respectively.

One major difference between the interior structures is the
magnitude of the tidal stresses they generate and the thresholds
they imply. Looking across all 27 interior models (Table 2), the RPS
ranges from 16 kPa to 410 kPa. Results for a subset of cases are
shown graphically in Fig. 5. The lowest stresses are produced in
ice shells that are 12 or 22 km thick, with ductile shell viscosities
of 10' or 10'> Pa-s (green triangles and gray circles in Fig. 5, re-
spectively). These cases have RPS values of 16 to 32 kPa, which is
below the minimum value to initiate failure inferred from Europa’s
tidally-driven fractures. With a viscosity of 10'3 Pa-s (blue squares
in Fig. 5), these thick shells generate stresses from 49 to 135 kPa,
depending on the brittle layer thickness, which are comparable to

stresses on Europa. For thin shells, 500 m to 5 km total thickness,
RPS’s are 171 to 410 kPa, larger than those achieved on Europa
for all of the ductile shell viscosity values we tested. If we assume
that Enceladus’ ice has a similar strength to that inferred for Eu-
ropa, then we would predict failure in all but the coldest, thickest
ice shells.

5. Discussion
5.1. Fracture orientations

The close match between the prevailing orientations of the TSFs
and those produced with the tidal models strongly supports TSF
formation in response to eccentricity-driven tidal stress. We find
this good match across all interior structures we tested. The key
to matching the orientations was our assumption that the frac-
tures all formed at the same failure threshold. This assumption
seems more physically justifiable than assuming fractures form at
the local maximum daily stress magnitude, which varies by a few
to 10 s of kPa across the TSF locations (Table 2). These results sug-
gest that either tidal stresses of order 100 kPa are sufficient to
fracture Enceladus’ ice shell or that additional stresses and/or pro-
cesses contribute to failure (see below).

The range of orientations we predict depends on the variation
in tidal stress across the south polar region, which does not change
significantly across interior structure models. Our models predict a
much narrower set of orientations than we observe, perhaps be-
cause we have effectively treated every point along the TSFs as an
independent point of nucleation. In reality, there may have been
fewer nucleation points from which fractures propagated and in-
teracted to form the system of TSFs we observe today. In addition,
shear motions along existing fault segments could form new cracks
that do not correspond to the orientations of the tensile stresses
(e.g., Marshall and Kattenhorn, 2005). We have also made the sim-
plifying assumption that failure occurs at the exact value of the
threshold we impose. If we instead took a probabilistic approach,
assuming that failure at the threshold was most likely but that fail-
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Fig. 5. The regional peak stress (RPS) calculated across all of the TSF points for a subset of models illustrates the trends in stress magnitude with shell thickness and ductile
shell viscosity (symbols/colors). The hashed lines are inferred trends; we only computed stresses for the cases marked with symbols. All cases shown include a brittle layer
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thus, infer that the north polar region of Enceladus must be >10 km thick and have a ductile ice viscosity of >10'* Pa-s to explain the lack of tidal-tectonic activity as

compared with the south pole.

ure at lower values was also possible, we would produce a broader
range of orientations.

It is also possible that the ice shell has changed thickness or
viscosity over time, which would lead to differences in tidal stress
magnitudes and a slight shift in the predicted orientations. We
have selected prominent and continuous branches of the TSFs,
which are among the youngest features on Enceladus, limiting the
likelihood of large changes in the ice shell as they formed. How-
ever, the fractures overlain by the TSFs could have formed at an
earlier epoch, which may explain why their orientations, morphol-
ogy, and cross-cutting relationships are so different from the TSFs.

Our work does not specifically address the formation of the
older fracture systems within the SPT, its bounding system of frac-
tures, or its topography. Yin and Pappalardo (2015) have offered
a scenario that can generate much of the observed SPT geology.
However, given that the orientations of the TSFs can be fit ex-
tremely well with a simple model of tensile cracks forming in
response to tidal stress, and that tensile fractures are more con-
sistent with the TSFs acting as plume conduits, we argue that
the TSFs did not form as a result of strike-slip motion during the
evolution of the SPT, suggested by Yin and Pappalardo (2015), al-
though other aspects may well have taken place.

5.2. Stress sources and magnitudes

Our model includes only the effects of eccentricity, and with
our threshold failure assumption, we can match the TSF orienta-
tions extremely well. Hence, we have no need to invoke rotation
of the ice shell. In fact, any stress from NSR would combine with
eccentricity-driven stresses and change the prevailing orientation
of the stress field, likely creating a worse fit to the observations.
Similarly, adding stress from an ice shell of variable thickness over
a pressurized ocean (Johnston and Montesi, 2017) would generate
a different stress pattern than diurnal tides, which seems unlikely
to improve fits to the observations.

The volumetric changes that occur as an ice shell cools and
thickens will also generate stress, independent of whether the
ocean is pressurized (Nimmo, 2004). The cooling stresses are uni-

form, so they do not alter the pattern of stress at the surface, and
can be sufficiently large to exceed the failure strength of laboratory
ice, e.g., >1 MPa (Schulson, 2006). In this case, eccentricity-driven
tides would control fracture orientations, and all of the stress
magnitudes would slowly increase by the same amount until the
combination of diurnal tidal stress and cooling stress exceeds the
failure strength of the ice shell. However, cooling would increase
stresses globally, making it more challenging to explain the lim-
ited fracturing at the north pole and elsewhere on Enceladus. This
idea is also less compatible with the threshold failure assumption,
unless significant stress from cooling can accumulate within one
orbit. Otherwise, the first time the combined stresses should ex-
ceed the failure threshold should be when the daily tidal stress
reaches its maximum.

Beuthe (2018) finds that an ice shell that is thinner at the poles
than the equator will experience an enhancement in tidal stress
magnitudes at the poles, while stress orientations are largely unaf-
fected. Specifically, he determined that a convecting ice shell with
thickness of 30 km at the equator, 15 km at the north pole, and 7
km at the south pole, and a melting point viscosity of 10'3 Pa-s,
would generate stresses at the south pole that are 12x larger than
an ice shell that is 23 km everywhere. For comparison, our uniform
thickness model captures only the 2-3x increase in tidal stress be-
tween a 22 km shell and a 5 km shell, which suggest an additional
factor of 4 increase in stress may be introduced by the shell thick-
ness variations. Beuthe (2018) finds the enhancement at the north
pole is only 2x, in part because the ice shell is thicker there than
at the south pole.

As another point of comparison, we calculated stress in a 22 km
globally uniform thickness ice shell with a ductile ice viscosity of
103 Pa-s (marked F in Table 2), which is the most similar in our
suite of models to the uniform thickness ice shell of Beuthe (2018).
His results suggest that, if the south pole were only 7 km, the tidal
stresses could increase from the ~50 kPa we predict to ~600 kPa,
while the north pole would achieve stresses of ~100 kPa. If the
ice shell were even thinner at the south pole, such amplifications
might allow the tidal stresses in the south pole to exceed the 1
MPa failure strength of laboratory ice while still matching the ob-
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served TSF orientations and being consistent with the threshold
failure assumption.

5.3. The polar dichotomy

We must now consider how tidal fracturing is inhibited at the
north pole, given the observational constraints. First, we will as-
sume that Enceladus’ ice shell can fracture at ~100 kPa, as inferred
from Europa. Only thick shell models with ductile ice viscosities
of >10'* Pa-s produce stresses <50 kPa, and these magnitudes
are likely an under estimate due to the amplification described
above. Hence, the ice shell must be relatively thick and cool at
the north pole to inhibit tidal fracturing. At the south pole, the ice
shell could also be fairly thick and still achieve large tidal stresses,
but only if the entire ductile layer maintains a viscosity of 1013
Pa-s, which is lower than the 3 x 10'# Pa-s melting point viscos-
ity inferred by Cadek et al. (2019). If the south polar region is only
a few km thick or less (e.g., Cadek et al., 2016; Beuthe et al., 2016;
Cadek et al., 2019), we would predict failure for all of the values
of lower-shell viscosity we tested. Because such a thin shell would
likely be conducting, the cases with viscosities of 101> or 10'°
Pa-s are likely more plausible than 10'3 Pa-s, which is also con-
sistent with the constraint on melting-point viscosity. With these
thinner shells at the south pole, an ice shell 10 km thicker at the
north pole would experience comparatively lower tidal stresses, al-
though it would also need to have a viscosity >10'3 Pa-s to ensure
low stresses. Given the constraints from the gravity data, and in-
ferred melting point viscosity, we favor the interpretation that the
ice shell at the south pole of Enceladus is <5 km, while at the
north pole it is >10 km with a viscosity of 10'* Pa-s or higher.

An alternative solution is that the ice shell fails at >1 MPa, and
that tidal stress magnitudes are enhanced beyond what we have
calculated due to the locally thinner regions at the poles. Beuthe
(2018) has only calculated stress enhancements for one thickness
profile at Enceladus, but combining those results with ours, we in-
fer that the ice shell would need to be thinner than the 7 km used
by Beuthe (2019) at the south pole in order for the tidal stress
to exceed 1 MPa while remaining thicker than 7 km at the north
pole to avoid fracturing there. Hence, with either assumption as to
the strength of Enceladus’ ice shell, we find that the difference in
shell thickness between the two poles is sufficient to explain the
dichotomy in tectonic activity and supports an ice shell that is less
than 5-7 km at the south pole and “of order” 10 km thicker in the
north pole than the south. These conclusions are fully compatible
with other constraints on Enceladus’ ice shell thickness.

5.4. Enceladus’ evolution

We will now offer a speculative hypothesis as to the history of
Enceladus that would be compatible with our results, as well as
the global geologic record. If Enceladus were once frozen, its shell
grounded against a monolithic rocky core, tidal dissipation would
be largest in zones centered at the equator and concentrated along
the lines of longitude at the sub and anti-Saturnian points and the
leading and trailing nodes (as shown in Fig. 3A of Roberts, 2015).
Because the ice shell would be elongated along the tidal axis, due
to the gravitation pull of Saturn, it would be somewhat thicker at
the sub and anti-Saturnian points than at the leading and trail-
ing nodes. The difference in thickness, and steeper thermal profile,
may thus lead to enhanced heating and melting at the base of
the ice shell within the leading and trailing dissipation zones. The
combination of thinner ice and the presence of regional, subsurface
melt zones, would generate larger tidal stresses than the surround-
ing regions, eventually kicking off the deformation and fracturing
that formed the observed leading and trailing tectonized regions.

If melting became widespread, such that there was even a
very thin decoupling layer of liquid between the rocky interior
and overlying ice shell, the shell would no longer be grounded.
Enceladus’ dissipation pattern would transition to that of a global
ocean, in which heating is highest at the poles and lowest at the
equator (e.g., Roberts, 2015). The equatorial regions would cool
and thicken, reducing tidal stresses and shutting down tectonic
activity there. Instead, melting, deformation, and tectonic activity
would be focused at poles. The south pole would thin, enhanc-
ing tidal stresses, and eventually form cracks that could penetrate
to the ocean, creating plumes and potentially relieving stress. The
ice shell at the north pole may have also thinned over this time
period, which would explain why it is thinner than at the equa-
tor. As we have shown, the thicker north pole would experience
lower tidal stresses, explaining its lack of tectonic activity, although
the reason it thinned more slowly than the south pole remains
a mystery. This speculative history allows for the possibility that
the north pole is currently thinning, perhaps explaining the recent
fractures observed there.

No studies have yet addressed how tidal heating evolves in an
ice shell of variable thickness as it transitions from frozen to over-
lying a global ocean. Beuthe (2019) examined tidal heating in an
ice shell with lateral thickness variations and reported that the
thinnest part(s) of an ice shell will experience the highest tidal
heating, which supports our idea that the leading and trailing re-
gions at the equator could warm and melt faster than the sub and
anti-Saturn points. However, that model included a global ocean,
not a grounded ice shell. Examining the tidal and thermal evolu-
tion of an initially frozen Enceladus would be a valuable avenue of
future work.

6. Conclusions

We find that the orientations of the Tiger Stripe Fractures are
well-explained as tensile fractures that formed at a consistent
stress threshold in response to eccentricity tidal stresses. The in-
ferred 10 km difference in shell thickness between the north and
south poles of Enceladus can create a difference in tidal stress
magnitudes sufficient to explain tidally-driven fractures in the
south but not the north, particularly if the ice shell is less than
~5 km at the south pole. In thin shells, the tidal stress magni-
tudes are 100s of kPa, lower than the laboratory-derived failure
threshold of ice but larger than those inferred from tidally-driven
fractures on Europa. Enhancements in diurnal tidal stress caused
by shell thickness variations (Beuthe, 2018) may allow the south
polar region to exceed a 1 MPa failure threshold, while preserving
the orientations we report here. The enhancement would need to
be lower at the north pole to explain the lack of tectonic activity
there, which would occur for the differences in shell thickness we
have reported. Based on these results, we have offered a hypothe-
sis to explain the formation of Enceladus’ diverse geology through
time, which we hope will spur continued interest and investigation
into this enigmatic moon.
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