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Abstract

The warm south polar terrain (SPT) and associated plume activity make Enceladus an
exciting target for astrobiological research. Previous work on Enceladus has focused almost
exclusively on the geologically active SPT, however, to understand the Enceladus system as
a whole, a complete history of the geologic processes that have shaped Enceladus through
time must be resolved. With this work, | look at the global stress history on Enceladus by
focusing on the recent tectonic dissection of the cratered terrains by features called pit chains.
| assess the global distribution of pit chains and find that they fall into 7 unique sets with
distinct orientations consistent with sequential formation in an nonsynchronous rotation
stress field which implies a global liquid ocean rather than a regional south polar sea. I
present a new mechanism for the unique way in which craters and pit chains interact on
Enceladus by modeling additional heat generated from an impact event in a thermally
unstable ice shell creating a localized zone of rising warm ice beneath a crater. Results
suggest that it is the relative amounts of differential stress and fluid pressure that dictates
crater-fracture interactions. | show that pit chains are among the youngest tectonic features
on Enceladus’s surface and that they can be used to directly infer regolith thickness across
these terrains. The distribution pit depths (inferred from pit diameter and slope angles)
indicate a heterogeneous distribution of regolith thicknesses across the surface. Finally we
use secondary fractures, tailcracks and en echelon cracks, to identify strike-slip faults on
Enceladus, and produce the first ever global map of strike-slip fault distributions on
Enceladus. Additionally find that strike-slip faults fall into three classes: tectonic domain
boundaries, reactivated linear features, and primary strike-slip faults. Their distributions and
sense of slip are inconsistent with having formed due to a nonsynchronous rotation stress
field which has been previously attributed to the formation of fracture patterns within the
south polar terrain and pit chains in the cratered terrains. This result reveals that additional

mechanisms are driving fracture formation on the surface of Enceladus.
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Chapter 1

Geologically recent ice shell deformation above a global ocean on Enceladus

Abstract

We report the detection of tectonic dissection of the cratered terrains of Enceladus and
present a detailed global map of fractures that formed antipodal, systematic sets. The fracture
sets have distinct orientations consistent with sequential formation in a temporally changing
stress field. The orientations vary through time in a manner consistent with nonsynchronous
rotation of the ice shell about its interior. This rotation implies a global, rather than regional,
liquid ocean beneath the ice shell, making Enceladus an important target for future

astrobiological studies.

1.1 Introduction

Although the old cratered terrains on Enceladus have been historically overlooked as
being tectonized, they are pervasively dissected by geologically recent fracture systems
called pit chains (Fig. 1.1), which are
unique to Enceladus in the outer solar
system [Michaud et al., 2008; Martin
& Kattenhorn, 2013; 2014]. Fracture
patterns described within Enceladus’s
south polar terrain [Patthoff &
Kattenhorn, 2011] comprise four

systematic fracture sets with distinct

orientations that are attributed to a

. . Figure 1.1: A region within the cratered terrains on
changing global stress field. A strong Enceladus (centered at 150°E 8°N). Pit chains are

candidate for this stress pattern is indicated by arrows, showing chains of isolated to partially
merged pits. Cassini ISS image N1489050144.

nonsynchronous  rotation  (NSR),
whereby a decoupled ice shell rotates faster than the solid interior over long time scales, and
which implies a global subsurface ocean [Patthoff & Kattenhorn, 2011]. Comparatively, a



global ocean is hypothesized to exist beneath the ice shell of Europa based upon (among
other lines of evidence) the analysis of fracture patterns [e.g. McEwen, 1986; Hoppa et al.,
1999, 2001], some of which may be related to NSR [Kattenhorn, 2002; Figueredo &
Greeley, 2000; Groenleer & Kattenhorn, 2008].

Analysis of the pattern of fractures within ice shells is a robust technique for resolving
the stress field in which they formed. With the exception of Patthoff & Kattenhorn [2011],
there is no documented geologic evidence for a global ocean on Enceladus. A regional ocean,
first suggested by Collins & Goodman [2007], could explain the measured south polar
negative mass anomaly but this observational evidence cannot rule out a global ocean [less et
al., 2014]. Reconciling a global or local ocean hypothesis is important for resolving the
source of the material for the plume activity in the SPT, the internal structure and evolution
of Enceladus, and its astrobiological potential.

We aim to map the global distribution of pit chains on the surface of Enceladus and
determine by which global stress mechanism they likely formed. We then assess the
implications of the resulting formation mechanisms and its implications for the global
geologic history of Enceladus.

1.2 Background

Enceladus’s surface can be broadly separated into three terrain types: the south polar
terrain (SPT), the tectonized terrains in the leading and trailing hemispheres, and the cratered
terrains in the Saturn and anti-Saturn hemispheres (Fig. 1.2). The SPT is bounded by the
south polar dichotomy, or the southern curvilinear terrain [Crow-Willard & Pappalardo,
2010; Patthoff & Kattenhorn, 2011], composed primarily of scarp complexes and corrugated
ridges [Nahm & Kattenhorn, 2014]. Within the SPT, four prominent fractures called ‘tiger
stripes’ [Porco et al., 2006] are the source of the plume activity [Spitale & Porco, 2007] and
are associated with the south polar thermal anomaly [Porco et al, 2006; Spencer et al., 2006].
The ongoing geologic activity and dearth of craters in the SPT suggest that these terrains are
extremely young [Porco et al., 2006]. Similarly, the lack of craters within the tectonized
terrains indicates that they are also likely young, on the order of 0.2-2 Ga [Kirchoff &
Schenk, 2009]. The cratered terrains are considered to be ancient terrains (0.6-4.6 Ga
[Kirchoff & Schenk, 2009]) due to the highest crater densities. We will show that the cratered



terrains have been tectonized recently by pit chain fracture sets, in a different way than the
whole-scale tectonic resurfacing experienced by the tectonized terrains.
90°N

60°N

30°N

120°F ~180°

180° 120°W 60°W 0° 60°E

Figure 1.2: Three broad surface terrain types of Enceladus. The south polar terrain is bounded by the
south polar dichotomy. The tectonized terrains are in the leading and trailing hemispheres, whereas the
cratered terrains are in the Saturn-facing and anti-Saturn hemispheres. Image credit: NASA/JPL-
Caltech/SSI. Mosaic by Roatsch et al. [2013].

1.2.1 Pit chains

Pit chains (Fig. 1.1) are among the youngest features on Enceladus outside of the SPT
[Michaud et al. 2008; Martin & Kattenhorn, 2013, 2014]. Detailed observations of pit chains
and analog models show that they form by the drainage of loose material into a void formed
by tension cracking or dilational faulting [Michaud et al., 2008; Wyrick et al., 2004; Ferrill et
al., 2004]. Therefore, the orientation of a pit chain is indicative of the orientation of the
principal stresses at the time of formation. If there is a discrepancy between the orientation of
a pit chain and a candidate stress field, it is likely that the pit chain did not form at that
longitude. They are found predominantly within the cratered terrains, but have also been
observed crosscutting tectonized terrains and the south polar dichotomy [Martin &
Kattenhorn, 2013, 2014]. Pit chains take on a variety of morphologies, dictated by how much
dilation the underlying fracture has experienced [Ferrill et al., 2004], starting as isolated pits
and ending as fully merged pit chains that form characteristic troughs with scalloped rims
[Wyrick et al., 2004; Ferrill et al., 2004]. Individual pit chains are highly segmented features



that can be found to represent all aforementioned morphologies within close proximity.
Diameters of individual, isolated pits range in size from 0.01-1 km. Regolith on the surface
of Enceladus is primarily sourced from fall-back material from the plumes, but may also
include E-ring material as well as impact-generated regolith [Bland et al., 2012; Kirchoff &
Schenk, 2009].

1.2.2 Global Stress Fields and Interior Structure

Icy shells can preserve a record of tectonic deformation in patterns of fractures. Large-
scale tectonic deformation of icy shells may be in response to stresses caused by true polar
wander, despinning, changes in volume caused by freezing or thawing of a subsurface ocean,
orbital recession/decay, diurnal tidal forcing, and nonsynchronous rotation (NSR) [Collins et
al., 2010; Kattenhorn & Hurford, 2009]. Each of these forcing mechanisms is associated
with unique patterns of global stress. Fracture patterns can therefore be diagnostic of the
stress mechanism based upon the inferred stress field within which they formed. NSR has
been suggested as the likely stress mechanism responsible for forming four systematic
fracture sets observed within the SPT, which show distinct set orientations that progressively
changed through time [Patthoff & Kattenhorn, 2011].

For NSR to occur, three criteria must be met: the satellite must reside in an eccentric
orbit, there can be no permanent mass asymmetry, and the ice shell must be decoupled from
the inner core, likely by a global ocean [Greenberg & Weidenschilling, 1984]. The existence
of a global liquid layer has been suggested for Jupiter’s moon Europa (which meets all three
criteria) based on magnetic field data [Khurana et al., 1998; Pappalardo et al., 1999] as well
as geological lines of evidence such as crater morphologies and a variety of tectonic features
[Pappalardo et al., 1999]. Similarly, Enceladus meets all three criteria; however, the
presence or longevity of a global ocean is difficult to sustain even with alternative chemical
compositions which might lower freezing points [Roberts & Nimmo, 2008].

NSR is one of the few global stress mechanisms that can produce stresses large enough to
overcome the tensile strength of ice. Diurnal tidal stresses on Enceladus produce stresses on
the order of kilopascals [Hurford et al., 2007; 2012; Smith-Konter & Pappalardo, 2008]. The
tensile strength of ice is ~2 MPa [Schulson & Duvall, 2009], an order of magnitude larger

than diurnal stresses. Ice shell thickening is likely the only other mechanism capable of



producing high enough stresses; however, the predicted fracture patterns would consist of a
random distribution of orientations with an absence of consistent relative ages [Collins et al.,
2010; Kattenhorn & Hurford, 2009], unless superposed on an extant deviatoric stress field
caused by some other forcing mechanism.

1.2 Detailed fracture mapping

1.2.1 Mapping

High-resolution Cassini Imaging Science Subsystem (ISS) camera images were obtained
from the Planetary Data System (PDS) archive (40-200 m/pixel) and used to produce global
maps created in an ArcGIS environment, highlighting the distribution of pit chain sets across
Enceladus. Mapped fractures were assigned into sets based on their average strike
orientation, with fractures in a single set having differences in strike of no more than £5°. If a

fracture did not fit within one of the established fracture sets, a new set was designated.

1.2.2 Establishing a relative age sequence

To establish a relative age sequence, crosscutting relationships were used (Fig. 1.3): in
the absence of crosscutting relationships, fracture orientations were used to assign a fracture
into a set. For example, for the case of opening fractures, younger fractures commonly
terminate against older, pre-existing fractures (Fig. 1.3a). An older set may also be disrupted
by a newer set (Fig. 1.3b), and in the case where the older fracture has completely annealed,
the younger fracture can propagate across the older fracture. Similar relationships observed
on Earth have been used to determine the age sequence of joint sets [e.g., Cruikshank &
Aydin, 1992]. For each hemisphere, we made observations of stratigraphic relationships in
regions where two sets were within proximity to each other. Each intersection was assigned
an identifying number and confidence level (1[low] - 5 [high]) based on the quality of the
crosscutting relationship. Fig. 1.3 demonstrates crosscutting relationships that warrant a
confidence level of 5. Analyses of crosscutting relationships were completed independently
for each hemisphere in which pit chain sets occur to eliminate bias. Because no single pit
chain set intersects every other set, this approach meant that for each hemisphere, there

multiple solutions for the relative age sequence that fit within the context of the observed



crosscutting relationships and their designated confidence levels. Each age sequence was
evaluated independently and for each hemisphere. Although each age sequence is feasible,
we selected the relative age sequence that represented the minimum amount orientation

change between the oldest and youngest fracture set.

Figure 1.3: Two examples of crosscutting relationships on Enceladus. a. Two sets of pit chains with
orientations highlighted by arrows. The set oriented NW-SE formed first as indicated by the younger NE-
SW set terminating against the pre-existing set. Additionally, the more prominent NW-SE set is better
developed than the NE-SW set suggestive of its advanced age, Cassini 1SS image N1489050144 (centered
at 152°E 15°N). b. Pit chains oriented NW-SE are disrupted by the formation of a newer set of pit chains
oriented NE-SW. Cassini ISS image N1637465942 (centered at 5°W 14°S).

1.2.3 Modeling

We utilized the viscoelastic stress modeling program SatStressGUI [Wahr et al., 2009;
Kay & Kattenhorn, 2010] which can calculate global stress fields (including the magnitude
and orientation of the maximum and minimum tensile stresses) due to nonsynchronous
rotation and/or diurnal tidal stresses for a four-layer satellite. The thickness and rheological
properties of each layer can be defined. We assume a global subsurface ocean underneath a
thick, 86 km ice shell to produce conservative estimates of stress magnitudes. Rheological



properties of the ice shell were selected based in-line with previous work assuming a brittle
upper ice shell and a thicker, more ductile lower ice shell. [Nimmo et al. 2007; Smith-Konter
& Pappalardo, 2008; Olgin et al. 2011; Patthoff & Kattenhonr, 2011]. We test whether the
predicted fracture patterns produced with SatStressGUI match the observed fracture patterns
in order to determine the likelihood that NSR stresses were responsible for pit chain
formation and orientation variability through time at specific locations on the surface of

Enceladus.

180° 120°W 60°W 0° 60°E 120°E 180°

Figure 1.4: The global distribution of pit chain fracture sets overlain on the global mosaic of Enceladus.
Pit chains are primarily concentrated in the cratered terrains with the exception of those near 60°E. The
color of each pit chain set indicates its placement in the age sequence from oldest to youngest: blue,
purple, red, orange/pink, yellow, green. Image credit: NASA/JPL-Caltech/SSI, Mosaic by Roatsch et al.,
[2013].

1.3 Analysis of fracture sets in an NSR stress field

1.3.1 Pit chain sets and relative ages

Seven individual fracture sets with distinct orientations were observed within each of the
cratered terrains (Fig. 1.4). After establishing the relative age sequence of pit chains
independently within each of the anti-podal cratered terrains, we observed that sets that fell
within the same place in the relative age sequence had similar orientations. For example the
oldest set of pit chains on the anti-Saturn cratered terrains were roughly oriented N-S, as

were the oldest pit chain set in the Saturn cratered terrains. We concluded that these two sets
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are likely contemporaneous with one another. We therefore establish the unified color
scheme in Fig. 1.4, in which sets of the same color (i.e., relative age) each have antipodal
correlatives with the same orientation. Many sets have broad spatial extents, especially sets 5
and 6 (on both hemispheres), which cross the equator and extend into the trailing hemisphere
tectonized terrain. Despite the broad spatial extent, fracture orientations are reasonably

consistent in part due to the £5° criterion established for assigning fractures in to a set.
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Figure 1.5: Global theoretical NSR stress field with a period of 1 Myr and predicted orientations of
extension fractures (black lines). Overlays of mapped pit chain fracture sets are shown in color. The gray
regions indicate the locations of the cratered terrains. Red and blue ticks indicate the orientations of the
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amount of shell rotation required to account for the orientations of all six fracture sets (135° of total
rotation). In all panels, 0° represents the Saturn-facing direction.
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1.3.2 Comparison with NSR stress fields

A theoretical NSR stress field was generated using SatStressGUI [Wahr et al., 2009; Kay
& Kattenhorn, 2010] for a 1 Myr period. An NSR period of 1 Myr is consistent with the
findings of Patthoff [2013], however NSR periods between 10 Kyr and 10 Myr produce
stresses great enough to overcome the tensile strength of ice (1-3 MPa [Schulson & Duvall,
2009]), but a 10 Myr period approaches the viscous relaxation time at which point the
stresses built up in the ice shell can relax away. Black lineaments indicate the predicted
orientations of theoretical extension fractures that would form. The fractures form concentric
patterns centered on the Saturn and anti-Saturn points. As NSR occurs, the ice shell will
progressively migrate eastward through time, so a point on the surface moves longitudinally
through the NSR whereby experiencing changes in the orientations and magnitudes of
stresses with time. These lineaments were used to match the orientation of pit chain sets to
determine the minimum amount of NSR that would have occurred to form all of the observed
sets of pit chains. For fracture sets with broad spatial extents, the predicted global fracture
pattern at a particular point in the NSR cycle cannot match all parts of a particular fracture
set simultaneously. In such cases, the regions of each set with the highest fracture density
were used to match against the NSR stress field in Fig. 1.5. Considering that pit chains were
assigned into sets based only on their orientation, regardless of geographical location, the
broad extent of some sets indicates that different portions of these sets may have formed at
slightly different times during the NSR cycle.

To produce all fracture sets sequentially, Enceladus’s ice shell must have rotated
longitudinally a minimum of 135° relative to the solid interior of the moon. However, an
additional amount of NSR is required to rotate the fracture sets into their current longitudinal
positions, about 120°. Therefore 255° of total rotation is needed to form all 7 pit chain sets in
their present longitudes. For comparison, Patthoff & Kattenhorn [2011] suggest a minimum
of 153° of rotation based on changing fracture patterns in the SPT. We emphasize that our
estimate is a minimum, as it is not possible to determine the exact amount of shell rotation
that occurred between the formation of individual sets (given the east-west hemispheric
reflection symmetry in the stress field, a match is theoretically possible at any selected

match-point modulo 180°).
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1.4 Discussion

Based on our mapping, crosscutting relationship analysis, and theoretical stress modeling
results, NSR is a viable mechanism for forming pit chains within the cratered terrains on
Enceladus. This result is independently supported by previous work in the SPT where
systematic changes in fracture set orientation, including the present day tiger stripes, were
observed and attributed to a changing stress field due to NSR [Patthoff & Kattenhorn, 2011].
The recent geologic record preserved over much of Enceladus’s surface is consistent with
NSR and is the only global stress mechanism that is capable of producing symmetric,
contemporaneous antipodal fracture patterns in combination with sufficiently high stress
magnitudes to fracture the ice shell.

Table 1.1: Summary of mapping results providing the spatial extent and average orientation for each
mapped pit chain set. Color refers to fracture set color in Figs. 4 and 5. Spatial extent includes the
eastern- and western-most longitudes and the southern- and northern-most latitudes. The relative ages of
sets are ordered from oldest (those that occurred first) to youngest (the pit chains to form most recently).

Saturn Side Anti-Saturn Side
Rizt;ve Set | Color Oﬁ\ézzggi%n Spatial Extent Oﬁ\éﬁzggin Spatial Extent
g |1 ow | o | Smese| e | Semi
S o e | me | BWesT] e [EEei
[ e | [West e [ TiEoEIW
[ || e [HNONE | o | Stolow
£ [o o | o [EWRLE e | Terei
E [T o | | mwemE] e | Sooimw

Fig. 1.5 demonstrates the interpreted series of events in which to produce the observed
anti-podal pattern of pit chains (results summarized in Table 1.1). Step one shows N-S
oriented pit chains forming in a region where no theoretical lineaments are predicted to form
based on a tensile failure criterion that is not fulfilled. However, we assume that pit chains
are likely dilational cracks above subsurface normal faults [Wyrick et al., 2004; Ferrill et al.,
2004]. As normal faults can form in regions of compression, as predicted by NSR, the lack of
the predicted tensile cracks in these regions is not inconsistent. Rather, subsurface normal
faults experience dilation along the fault plane as near the surface, creating a dilational space

for regolith to drain into thus forming pit chains [e.g. Grant & Kattenhorn, 2004]. The next
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set (Fig. 1.5b) to form (purple) fits with predicted lineaments well near 50°W, but the anti-
podal set do not fit as well with predicted lineaments. It is likely that the unmatched pit
chains formed at a slightly different time in the sequence as is the case with the subsequent
set (red) in Fig. 1.5c. The following sets (Fig. 1.5d) appear to match predicted lineaments
east of 0° and likely formed contemporaneously. However the two sets with similar
orientations on the other hemisphere, near 150°W may not have formed contemporaneously.
The E-W oriented set never quite matches with predicted lineaments however, this set
crosscuts the south polar dichotomy, which likely has an inherited crustal fabric that is
affecting or driving this set of pit chains to form. The penultimate set (Fig. 1.5€) in the series
matches predicted lineaments well south of the equator, but again, their broad spatial extent
suggests that some of these pit chains likely formed at a different point in the NSR stress
field. The final set (Fig. 1.5f) to form (green) has a similar match to predicted lineaments as
in the previous set. The formation of these 7 sets results in a minimum of 135° of ice shell
rotation, however an additional 120° is required to emplace the pit chains at their present day
longitude. This is not meant to suggest that the formation of pit chains ceased during this
120°. 1t is possible that the ice shell effectively thickened lowering the magnitudes of the
stresses such that the ice shell could not be fractured. A slow-down in the NSR rate also
could have occurred causing the built up stresses to relax away. But we must also consider
that the NSR stress is also anti-podal capable of producing symmetrical fracture sets.
Therefore pit chain sets that were formed near the anti-Saturn side, with and additional 120°
of rotation, will likely encounter a familiar stress field. This would act to effectively
reactivate pre-existing sets of pit chains which is more efficient than creating new pit chains
sets. This interpretation would be consistent with the observation of all stages of pit chain
formation within each set.

If NSR is occurring on Enceladus, the most likely mechanism for decoupling the ice shell
from its core is the presence of a global liquid ocean. A regional, south polar ocean has been
suggested to reconcile the topographic depression and gravity anomaly observed at the south
pole [Collins & Goodman, 2007; less et al., 2014]. However, models of a regional south
polar sea are not incompatible with the hypothesis of a global ocean. The ice shell is likely
thinner in the SPT as evidenced by a 0.4 km difference between the SPT and the best-fit
ellipsoid to Enceladus’s shape [Porco et al., 2006; Collins & Goodman, 2007]. This
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topographically lower region might be indicative of a deeper ocean at the base of the ice
shell, which would be consistent with the observed gravity anomaly of less et al., [2014].
This observation however would not negate the possibility of a global ocean. If Enceladus
has, or recently had, a global liquid ocean, it may become an important target for future
astrobiological exploration, particularly considering Enceladus’s unique and intense thermal
history [Spencer et al., 2006; 2013; Howett et al., 2011; Bland et al., 2007; 2012].

Although our observations provide strong evidence for NSR being a valid mechanism for
producing the pattern of pit chains across Enceladus’s surface, we nonetheless address some
possible contradictions that could be interpreted to suggest NSR is unlikely. For example,
Enceladus exhibits distinct antipodal geologic terrains, with cratered terrains centered on the
Saturn and anti-Saturn points and tectonic terrains centered on the leading and trailing axes.
One might suggest that this configuration is more than a coincidence and therefore difficult
to reconcile with a model in which NSR has been slowly rotating the ice shell. In actuality,
however, cratered terrains are centered near 20°W and 160°E longitude and the bounding
extents of the cratered terrains are abrupt and irregular. The sub-Saturn cratered terrains
extend as far west as 60°W. Formation of the anti-podal tectonized terrains have been
hypothesized to be related to low-order convection and reorientation during differentiation
[Pappalardo & Schubert, 2013]. However there seems to be basis for preferential
reorientation of the tectonized terrains to their current locations on the leading and trailing
points. Furthermore, as the dearth of craters within the tectonized terrains suggests, these
terrains are relatively young [Kirchoff & Schenk, 2009] rather than being associated with
differentiation, which likely occurred early on in Enceladus’s formation. Additionally, if the
alignment of the terrains was indicative of their formation in situ, one might predict the most
heavily cratered terrain to be on the leading and trailing hemispheres [e.g. Zahnle et al.,
2003], yet they are orthogonal to these directions. Although the approximate alignments of
the cratered and tectonized terrains with the tidal and orbital axes would thus need to be
considered coincidental in the event that NSR is occurring, a minimum amount of rotation of
273° (this study) to 153° [Patthoff & Kattenhorn, 2011] would imply that the cratered
terrains have passed through their current alignment at least once rendering the coincidence

more likely. If NSR has occurred for a large fraction of Enceladus’s history, than a
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longitudinally homogenous distribution of cratering might be expected which may not be the
case if the period of bombardment was relatively short-lived with respect to the NSR rate.
Although pit chains have been observed within the tectonized terrains, especially in the
region of Labtayt Sulci, the focus of this work was the cratered terrains where the highest
concentrations of pit chains have been observed. The lack of pit chains in the tectonized
terrains may be due to recent tectonic resurfacing which may also explain the lack of craters
within the tectonized terrains despite NSR. Alternatively, a limited supply of regolith to these
regions may cause dilational cracks to take on different morphologies to pit chains.
Additionally, the available image resolutions may be insufficient to distinguish pit chains
from the myriad other fractures within the tectonized terrains, especially if the regolith is thin
and the pit diameters consequently small. The high occurrence of pit chains within the
cratered terrains indicates that these terrains are undergoing tectonic dissection, but not by
the whole-scale resurfacing processes experienced by the tectonized terrains. Furthermore,
experimental work by Wyrick [2012] suggests that a cratered surface deformed by dilational
cracks cannot completely erase the cratering record as has been done in the tectonized
terrains. Therefore craters that likely pre-dated the tectonized terrains could not have been
eliminated by the formation of dilational fractures (i. e. pit chains) alone and may have
required another mechanism like closely spaced faults at the surface to completely eliminate

the surface manifestation of previous cratering.

Conclusions

We report the detection of geologically recent tectonic disruption outside of the SP
localized primarily within the cratered terrains by features called pit chains, which has not
been previously documented. Pit chains in Enceladus’s cratered terrains can be divided into 7
symmetric and anti-podal sets, each with distinct orientations, showing a systematic change
in fracture orientation through time. The orientations of the pit chain sets are consistent with
nonsynchronous rotation, in which the ice shell is necessarily detached from the core, which
allows the shell to move independently likely by a global subsurface ocean. Therefore the
fracture history is suggestive of a global subsurface liquid layer, which is critical for
understanding the source material for the plume activity and overall history of Enceladus. A

localized subsurface ocean beneath the SPT is not sufficient to decouple Enceladus’s ice
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shell. The patterns of pit chains are consistent with a global stress field that would be
produced by nonsynchronous rotation, which requires that the ice shell be decoupled most
likely by a global liquid ocean, in agreement with previous work [Patthoff & Kattenhorn,
2011]. The existence of a global subsurface ocean on Enceladus, combined with spacecraft
measurements that suggest a contemporary high heat flow, makes it one of the few bodies in
the outer solar system that may provide a habitable environment with astrobiological

potential.
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Chapter 2

Characterization of crater-fracture interactions highlights heterogeneities within
Enceladus’s global stress field

Abstract

We present a new mechanism for the unique way in which craters and fractures interact on
Enceladus where additional heat generated from an impact event in a thermally unstable ice
shell creates a localized zone of rising warm ice beneath a crater. This warmer ice exerts a
uniform outward pressure on surrounding colder ice concentrating stress beneath and around
the crater. We conceptualize the buoyant ice to a first order as a pressurized cylindrical body
rising beneath the crater. Simple two-dimensional models of vertical, cylindrical bodies filled
with a pressurized fluid, located directly below craters, were developed to explore the crater-
fracture interactions at the surface. Modeled stress fields produce fracture patterns similar to
those observed, assuming a global stress field generated by nonsynchronous rotation of the

ice shell about the moon’s interior.

2.1 Introduction

Examples of crater-fracture interactions within the solar system are found on Dione (Fig.
2.1a), Ganymede (Fig. 1b) [Pappalardo & Collins, 2005], and Venus (Fig. 2.1c) [Solomon et
al., 1992; Rathbun et al., 1999] and are characterized by craters that are disrupted by later
crosscutting fractures (Fig. 2.1). These fractures are typically systems of normal faults, the
growth of which were unaffected by the craters themselves. In contrast, fractures on
Enceladus are commonly reoriented as they approach craters. The mutually parallel trend of
fractures within regionally extensive fracture sets locally changes with increasing proximity
to a crater, converging toward the crater in a broadly radial pattern (Fig. 2.1d). The fractures
visibly cut through each crater and must thus postdate crater formation; however, the craters
nonetheless induced local perturbations to the regional stress field at the time of fracture
growth. Explicit controls on this phenomenon are unknown, as well as why is it not observed

elsewhere in the solar system. In this work, we examine Enceladus’s cratered terrains to
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determine the driving mechanism for crater-induced fracture reorientation in a locally

perturbed stress field.

Figure 2.1: Crater-fracture interactions in the solar system. a) Strained crater on Ganymede. Image
G8GSANSHAROL. b) Balch crater, a greatly disrupted crater on Venus (40 km; 29.9°N, 282.9°E). c)
Craters disrupted by fault scarps on Dione. Image PIA07638. d) Crater-induced fracture reorientation
on Enceladus. Image N1500060254.

2.2 Background and Approach
Enceladus’s crater-fracture interactions are found predominantly within the cratered

terrains on the Saturnian and anti-Saturnian hemispheres, centered at 0° and 180°
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respectively. Both simple and complex craters perturb fractures [Bray et al., 2007; Kirchoff
& Schenk, 2009]. The fractures that experience reorientation by craters are features called pit
chains: linear troughs composed of circular or elliptical depressions, and interpreted to
represent some of the youngest features on Enceladus’s surface [Michaud et al., 2008;
Martin & Kattenhorn, 2013]. Pit chains are found across the inner solar system, including
Earth [Grant & Kattenhorn, 2004], Mars [Wyrick et al., 2004; Ferrill et al., 2004], and Vesta
[Jaumann et al., 2012]; however, Enceladus is the only body in the outer solar system where
pit chains have been described [Michaud et al., 2008], although pit chains have been
suggested to exist on Tethys [Schenk & Moore, 2014], Europa, Ganymede, and Dione
[Wyrick et al., 2010].

Crater-fracture interactions on Enceladus have been previously examined [Barnash et al.,
2006; Bray et al., 2007; Miller et al., 2007] and several mechanisms for crater induced
fracture reorientation have been proposed. Miller et al. [2007] suggest that topographic
loading by the crater rim may perturb fracture growth; however, rim topography (simple
lunar craters have rim heights ~4% of their rim-to-rim diameters [Melosh, 1989]) is not likely
to influence the local stress field at the observed distances of at least two crater diameters,
what we here after refer to as the ‘radius of influence’. The radius of influence is the
maximum distance at which a stress perturbation can extend; on Enceladus, the minimum
radius of influence is two crater diameters. Beyond two crater diameters, the influence of
additional craters and fractures become possible influences on fracture reorientation, and thus
only a minimum may be observed. Bray et al. [2007] suggest that the relationship between
crater depth and fracture depth may induce fracture reorientation. We propose a new
hypothesis in which heat generated by an impact event creates a localized zone of thermally
mobilized ice beneath the newly formed crater. The perturbation to the regional stress field as
a result of this warmer ice would have the same effect as a pressurized cylindrical hole (for
which simple analytical stress solutions exist), which acts to deviate fractures toward the
hole, or in this scenario, the crater.

We present detailed fracture maps around select craters to establish the regional tectonic
history of the cratered terrains, and use these maps to characterize crater-fracture interactions.
These observations were used for comparison against fracture patterns generated with a

simple two-dimensional analytical model of a pressurized cylindrical hole. The high heat
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fluxes experienced in Enceladus’s past, as evidenced by the viscous relaxation of craters

[Bland et al., 2012; Kirchoff & Schenk, 2009], supports the generation and retention of warm

ice beneath an impact crater.

2.2.1 Regional Tectonic History

Detailed regional fracture maps were created prior to analysis of crater-fracture

interactions. If the tectonic history local to a crater is not well characterized, the influence of

craters on proximal fractures
may be difficult to isolate from
the influence of the regional
stress  field on  fracture
development. Detailed fracture
maps were created of select
regions within the cratered
terrains centered at 180° (Fig 2.
2). Mapped fractures were
placed into fracture sets based
on crosscutting relationships,
fracture  orientation, and
morphology. In the absence of

clearly defined crosscutting

relationships, fracture
orientation and morphology are
used to assign a fracture into a
particular set. Maps were

composed primarily of features

| —— Fracture Set 1
i — Fracture Set 2
| —— Fracture Set 3

Fracture Set 4

T
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Figure 2.1: Regional fracture map of Enceladus, centered at 30°S,
180°W. Four systematic fracture sets with distinct orientations
suggest a relative rotation of the stress field through time.
Crosscutting relationships indicate a relative age sequence; from
oldest to youngest, yellow formed first, then green, red, and
orange. Mosaic created from Cassini image numbers
N1500061634, N1500060345, N1500061010, N1500060254, and
N1489050409.

called pit chains, which are linear arrangements of circular to elliptical pits, which form from

the drainage of loose material overlying a subsurface dilational crack [Michaud et al., 2008;

Ferrill et al., 2004; 2004; Wyrick et al., 2004]. Pit chains take on a variety of morphologies,

which depend on the amount of dilation along the crack. Chains of isolated pits represent the

early stages of dilation and fully merged pit chains characterized by troughs with scalloped
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rims, represent a later stage of evolution where more dilation has accumulated along the
crack [Michaud et al., 2008; Ferrill et al., 2004; 2004; Wyrick et al., 2004]. Pit chains are
isolated primarily within the cratered terrains near the Saturn and anti-Saturn points
[Michaud et al., 2008], but have also been observed within the trailing hemisphere tectonized
terrains [Martin & Kattenhorn, 2013]. Pit chains are some of the youngest features on
Enceladus’s surface [Michaud et al., 2008; Martin & Kattenhorn, 2013] and are the types of
fractures that interact with craters within the cratered terrains and were therefore the focus of
the detailed fracture maps. As pit chains were being mapped, they were divided into sets

based primarily on their orientation.

Figure 2.2: Examples of crater-fracture interactions across Enceladus. Black lines highlight fractures
within one fracture set experiencing some amount of reorientation. Red arrows indicate the average set
orientation. a. In some cases fractures cluster near craters. Image No. N1500060254 at 37°S and 172°W.
b. Some craters affect fractures only within one crater diameter called the radius of influence in part due
to near-by craters or tectonic structures. Image No. N150061634 at 38°S and 152°E. c. Some craters have
a more subtle effect on fracture reorientation. Image No. N1500062382 at 45°S and 170°E. d. Image. No.
N1500060254 at 15°S and 179°E.
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2.2.2 Characterizing crater-fracture interactions

Crater fracture interactions are characterized by at least one set of fractures that are

reoriented away from the average orientation of the fracture set at or near a crater (Fig. 2.3).

The amount of reorientation varies; Fig. 2.3a, b, & d demonstrate a greater angular deviation

from the average orientation of the fracture set than is observed in Fig. 2.3c. But in all cases,

\.‘.‘ N

. - i V5 J
Figure 2.3: a) An example of apparent crater-induced
fracture reorientation revealed to be two interacting,
systematic fracture sets within the cratered terrains
mapped based on crosscutting relationships, fracture
orientation, and morphologies. However, the arrow
indicates one arcuate fracture that is likely being
reoriented. Image centered at 2°N, 162°W. Image No.
N1489050254. b) A fracture (indicated by black arrow),
mapped based on orientation and morphology (in the
absence of crosscutting relationships), and may not have
undergone reorientation. Centered at -4.7°S, 161.9°E.
Image No. N1489050442.

appearance of reorientation (Fig. 2.4). A crater

fractures within one set as they approach

the crater, no longer represent the
average orientation of the set. Two
craters in Fig. 2.3a demonstrate a unique
of

between craters and fractures where

characteristic some interactions

fractures break into closely spaced

clusters of fractures focused and
reoriented towards individual craters.
The maximum distance at which a
crater can perturb a fracture is called the
radius of influence. We observe a radius
of influence for most craters of up to
two crater diameters in all directions
away from the crater rim. Beyond two
crater diameters it is not possible to
isolate the influence of crater-induced
fracture reorientation to the crater:
frequently the presence of another
crater(s) or tectonic structures occur.
Some fractures are affected by the
of the

mapping indicates that in some instances

presence crater; however,
interacting fracture sets can give the

that gives the outward appearance of

influencing fracture orientations proximal to the crater (Fig. 2.4a) is instead interacting
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fracture sets in the vicinity of the crater. However, crater induced fracture reorientation is the
likely driving mechanism for the large actuate fracture indicated in Fig. 2.4a. Similarly, a
fracture indicated by the arrow in Fig. 2.4b was placed into a fracture set based on orientation
and morphology, as crosscutting relationships were non-existent. What appears to be a
reoriented fracture may in fact belong to a fracture set with a different orientation. These
examples (Fig. 2.4) illustrate the importance of considering the regional geologic history

local to each crater.

2.2.3 Controls on Crater-Fracture Interactions

Explicit controls on crater-fracture

interactions can be determined by ‘%9‘
o . <

considering  crater size, fracture S,

spacing, and amount of fracture

reorientation. We selected a population
of craters for this analysis based on
their state of degradation, image E

resolution, and relative age
relationship between the crater and
crosscutting fractures. A crater was
selected if a younger fracture was
observed crosscutting the crater rim in

two places and if the image resolution

was sufficient to resolve the fracture

passing through the interior of the Figure 2.4: Conceptualized crater-fracture interactions. (a)

. P .. Craters with small diameters relative to fracture spacing
crater. Without these qualifications, it have a minimal effect on fracture reorientation. (b)

was not possible to verify the relative Craters with diameters much larger than fracture spacing
noticeably perturb fractures.

age of the crater with respect to the fracture to ensure that the crater pre-dated the fracture.
Craters that appeared heavily degraded were also excluded as these craters preserve a
complex history of modification by viscous relaxation, mantling by plume material [Kirchoff
& Schenk, 2009; Bray et al., 2007; Bland et al., 2012], or interruption by older fractures and
impacts. A population of 83 craters met these criteria.
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Of the sample population identified, craters were divided into two sub-populations: those
with reoriented fractures (69 craters) and those without reoriented fractures (14 craters). The
mean diameter of craters that reorient fractures is 6.8 km (with crater diameters ranging from
1.8-18.4 km) and the mean diameter for craters that do not reorient fractures is 4 km (with
crater diameters ranging from 1.9-6.3 km). Therefore, we find craters of all sizes can
influence fracture growth but there is a diameter threshold of ~7 km above which craters are
likely to reorient fractures.

This crater-size threshold may be a result of the relationship between the crater size and
fracture spacing (Fig. 2.5). A crater that is small with respect to the fracture spacing may not
have a large enough radius of influence to perturb the regional stress field to a great enough
extent to reorient fractures, whereas a crater that is large with respect to fracture spacing will
be more likely to intersect a fracture and influence its orientation. Fracture spacings were
measured perpendicular to strike, and averaged resulting in ranges from 0.5-1.25 km for
fracture sets around a small subset of craters. This range is very near the threshold of the
diameter of the smallest craters in the population in this study and means that smaller craters

may not intersect more than one or two fractures.

2.2.4 Formation of pit chains in the cratered terrains

Enceladus’s cratered terrains are some of the oldest and most heavily cratered regions on
the surface are estimated to be between 4.2-1.7 Ga [Porco et al., 2006] and 4.6-0.6 Ga
[Kirchoff & Schenk, 2009], and are overlooked as being tectonized [Martin & Kattenhorn,
2014]. While there are tectonic structures that appear to have formed prior to the cratered
terrains, the most prominent tectonic features in these regions are called pit chains. First
reported to exist on Enceladus by Michaud et al., [2008], pit chains are some of the youngest
features on the surface and are closely associated with the cratered terrains on both the Saturn
and anti-Saturn sides [Martin & Kattenhorn, 2013; 2014]. Pit chains fall into 6 individual
sets, each with distinct orientations and cross cutting relationships which suggest sequential
formation in a temporally changing stress field likely due to nonsynchronous rotation [Martin
& Kattenhorn, 2014], consistent with previous investigations of Patthoff & Kattenhorn,
[2011]. The question remains, how do craters influence the orientation of geologically young

pit chains, which are forming in response to a global stress field? Heat is produced during an
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impact event, which could preferentially produce a region of localized upwelling, or
diapirism, beneath a crater. This thermally mobilized ice would act to concentrate the stresses
from the remote stress field, generated by nonsynchronous rotation, which might be
sufficient to locally reorient the fractures away from their propagation direction. We test the
likelihood that stress being produced by a nonsynchronous rotation stress (NSR) field can be
perturbed sufficiently to locally affect fracture growth by conceptualizing the system as a

pressurized cylindrical body.

2.3 Modeling the regional stress field around a crater

We propose that heat introduced by an impacting event will significantly change the local
thermal structure, creating a zone of thermally mobilized ice (a diapir) that locally perturbs
the stresses below and around the crater. This perturbation may then reorient fractures away
from an orientation that would otherwise be produced by the regional stress field, into a more
radial pattern about the region of warmer ice. Furthermore, the formation of an impact may
concentrate heat flux within the ice shell by effectively thinning the ice shell at the impact
site. This effect may contribute or possibly control the local thermal structure at the crater,
however testing a thermal model is beyond the scope of this work. We test an elastic model
of the stress field for a cylindrical body which is described by simple analytical solutions
from Jaeger et al., [2007]. Pressurized cylindrical bodies are a first order approximation of
thermally mobilized ice: there is no available data to suggest the structure of the underlying
bodies. Similar fracture patterns have been observed around prehistoric volcanic pipes (e.g.,
Shiprock, New Mexico, [Delaney & Pollard, 1981] and Spanish Peaks, Colorado [Muller &
Pollard, 1977]) and are common in hydrofractures around pressurized cylindrical body
[Haimson & Fairhurst, 1967]. Terrestrial analogs for impact-induced diapirism include
Upheaval Dome in Canyonlands National Park, Utah [Daly, 2010]. Daly, [2010] found that
an impact event at Upheaval Dome induced circular salt diapirism producing radial and
concentric stress fields. We the geometry of a pressurized cylindrical body as a first-order
approximation of a pressurized body in the thermally perturbed ice shell beneath an impact

site.
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The 2D state of stress around pressurized cylindrical body is well characterized by a
series of equations for each of the three stress components in a polar coordinate system
[Jaeger et al., 2007]:

Orr = —2(Sy + Sp) [1 - (;)2] — P (g)z = 2(Su—Su) [1 +3 G)4 —4 (g)z] cos26 1)
G99 = =3 (S + Sp) [1 + (;)2] + Py (g)z +2(Su + Su) [1 +3 (3)4] cos26 )
0rg = (Sy — Sn) [1 +2 (5)2 -3 (5)4] 0526 (3)

where gy, is the radial stress, g IS the circumferential stress, o IS the shear stress, Sy and Sy,
are the regional maximum and minimum horizontal stresses respectively, a is the radius of
the cylindrical body, and r is the radial distance from the hole. From these equations, the
magnitude of the radial and circumferential stresses may be calculated with respect to

distance from the hole due to a regional stress field like NSR.

Table 2.1: Parameters used to calculate point stresses at Enceladus’s surface using SatStressGUI [Wahr
et al., 2009; Kay & Kattenhorn, 2010]. p is density, G is the shear modulus, A is the Lamé Parameter, 1 is
the viscosity, E is Young’s Modulus, and v is Poisson’s Ratio. Rheological properties consistent with
previous work [Olgin et al., 2011; Smith-Konter & Pappalardo 2008; Nimmo et al., 2007]

p(kgm®) G (Pa) A(Pa) Thickness n (Pa.s) E v (Pa)
Upper Ice Shell 917 3.5x10°  6.8x10° 2x10°-8x10° 1x10%° 0.3107x10°  3.301x10*
Lower Ice Shell 917 3.5x10° 6.8x10°  2.2x10*-7.8x10* 1x10Y 0.3107x10°  3.301x10%
Ocean 1000 - 2x10° 1x10*- 7.2x10* - - -
Core 3500 1x102  4x10%° 1.56x10° - - -

We use a simple, two-dimensional model formulated for use in Matlab® [modified from
Pollard & Fletcher, 2005], and based on equations (1) to (3), to calculate the orientations of
fractures around a pressurized hole in a biaxial stress field (Sy and Sy; representing the
horizontal stresses in the ice shell of Enceladus) and compare them with observed fracture
patterns around craters. The pressurized hole is used as a first-order approximation of a rising
diapir of warm ice located directly beneath a crater. The fluid pressure within the body exerts

an outward force evenly against the walls of the cylindrical body in the same way a localized
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region of warm buoyant ice would exert a force on the surrounding colder ice. Hereafter, we
refer to the warm buoyant ice as a fluid for the purposes of discussion of the model results.

Sy and Sy, were obtained using SatStressGUI, a graphics user interface developed by Kay
& Kattenhorn [2010] based on SatStress [Wahr et al., 2009], an analytical model for
calculating tidally-induced stresses at the surface of a planetary body at prescribed locations.
SatStress assumes a 4-layer differentiated body and allows the user to define the satellite’s
interior structure, the rheological properties of each layer, and the source of stress (diurnal or
NSR) (Table 2.1). Diurnal stresses are not included in our reported results because the
derived magnitudes are insufficient to overcome the tensile strength of ice (1-3 MPa
[Schulson & Duvall, 2009]). We do not suggest that diurnal stresses are not contributing to
Enceladus’s global stress field, rather NSR stresses are the primary control on the fracture
patterns manifested on Enceladus’s surface [Patthoff & Kattenhorn, 2011; Martin &
Kattenhorn, 2014], which has also been suggested for Europa [e.g., Kattenhorn, 2002;
Pappalardo et al., 1999]. We therefore include a global ocean because the existence of a
global liquid layer is the most likely way of decoupling the ice shell from the interior
allowing the ice shell to rotate nonsynchronously [e.g. Patthoff & Kattenhorn, 2011;
Greenberg & Weidenschilling, 1984].

We evaluated 11 craters in SatStressGUI to observe the difference in stress magnitudes
due to NSR stresses in a variety of locations. Using the latitude and longitude of the crater
center, the SatStressGUI point calculator allows the user to calculate the principal stresses at
specific locations. Stresses at each crater were calculated for two different NSR periods
(1x10°and 1x107 years), three different ice shell thicknesses (24 km, 46 km, and 86 km), and
varying amounts of NSR (30°, 60°, 90°, and 120°) to determine how the magnitudes of the
principal stresses were affected. The stress magnitudes were consistently high enough to
fracture the ice shell, and covered a range of differential stresses (the difference between Sy
and Sy), and created both tensile and compressional stress regimes. However, with the myriad
free parameters, one crater was selected as a representation of the crater population as a
whole to be modeled as a pressurized cylindrical body. For this crater we used an NSR
period of 1x10°: a period of 1x10" is long enough that stresses will begin to relax away. We
used ice shell thickness of 86 km, which is a conservative estimate, as a thicker ice shell is

more difficult to fracture. The pore fluid pressures ranged from 1 to 15 MPa.
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Figure 2.5: A summary of results demonstrating modeled fracture patterns around one crater modeled
within a nonsynchronous rotation stress field (see main text for details). From the magnitudes of

principal stresses measured at a crater center in SatStressGUI, the orientation of the principle stresses

around the crater were calculated and plotted. Long ticks are the direction of the minimum tension and
short ticks are the maximum tension. (a) tensile regimes with large differential stresses (b) require

(c) tensile regimes with smaller

unrealistic pore fluid pressures to produce radial fracture patterns;

differential stresses (c) requiring smaller pore fluid pressures (d) to produce similar fracture patterns. (e)
a compressive stress field which produces radial fracture patterns with higher differential stresses which

(f) require pore fluid pressures lower than in b.
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For each stage of NSR, the Sy and S, were calculated with SatStressGUI, and were input
into our 2D model of a pressurized cylindrical body. Our 2D approach invokes a symmetry
boundary assumption which means that results are reflected across the x and y axes, so it is
only necessary to calculate stresses for one quarter of the hole. Each model output plots the
trajectories of the stresses around the cylindrical body rather than the magnitudes. Fracture
patterns are inferred from the output by tracing a path dictated by the maximum compressive
stress: in a tension positive sign convention, maximum compression (o3), indicated by the
long tick (Fig 2.5 & 2.6). Pit chains are likely the result of subsurface dilational cracks
[Michaud et al., 2008; Wyrick et al., 2004] and will form parallel to the direction of o3.

2.4 Model Results

Stress trajectories around a 2 km crater, located at 159.19°E and 0.17°S were modeled
with varying amounts of NSR: 30°, 60°, 90°, and 120° degrees of ice shell rotation. Changes
in amounts of NSR (varies with the longitude of the crater) changes the orientations and
magnitudes of the principal stresses of the remote stress field around the cylindrical body
resulting in changes in the differential stress (the difference between the maximum and
minimum horizontal stress). The change in the amount of ice shell rotation also can affect
whether the stress regime is tensile (Sy is positive) or compressive (Sy is negative). A sample
of results for this crater is shown in Fig. 2.6. At the current location of the crater, Fig. 2.6 a &
b, the crater resides in a tensile stress regime, which we modeled with various fluid pressures
to achieve different fracture patterns. We illustrate two examples of different fluid pressures,
1 MPa (Fig. 2.6a) and 15 MPa (Fig. 2.6b). We observe that in a tensile remote stress field
with differential stresses ~4-9 MPa, pore fluid pressures of 15-20 MPa are required to
produce fracture patterns similar to those observed. However, fluid pressures of 15-20 MPa
are unrealistic: magma chambers from Icelandic volcanoes infer magmatic pressures of 5
MPa prior to rupture [Gudmundsson, 1998]. This suggests that fracture formation around this
crater (Fig. 2.6) did not initiate while the crater was in its present location (Fig. 2.6 a &b), but
likely earlier. By back-rotating the ice shell, at the same crater, the magnitudes (and
orientations) of the principal stresses change which change the differential stress while still in
a tensile stress regime (Fig. 2.6 ¢ & d). With a differential stress of 1 MPa, more realistic

fluid pressures of 5 MPa (Fig. 2.6d) [e.g., Gudmundsson, 1998] produce realistic fracture
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patterns. This is reasonable because the pore fluid pressure must first overcome the least
tensile stress before it can perturb the orientation of fracture growth. Therefore it is possible
for fracture patterns to form in a tensile stress regime if the differential stresses are near 1
MPa. Further back-rotation of Enceladus’s ice shell achieves a compressional stress regime
(Fig. 2.6 e & f) where a pore fluid pressure of 5 MPa (Fig. 2.6f) produces fracture patterns
similar to those observed. While the differential stresses are greater than those in Fig. 2.6 ¢ &
d, it takes a similar 5 MPa to overcome the compressive remote stresses. We therefore find
that there multiple stress regimes that are capable of producing realistic fracture patterns, but
not at the present longitude. Inducing ice shell rotation caused by NSR, we are able to

reconcile the fracture patterns within multiple stress regimes.

Figure 2.6: A radius of influence of up to two crater diameters is observed on Enceladus, and matches
models of crater-fracture interactions driven by thermally mobilized ice beneath a crater. Tick marks
indicate the orientation of the principal stresses; long ticks indicate the orientation of minimum tension
and short ticks indicate the orientation of maximum tension. We show the effect of fluid pressure on the
radius of influence, and for each pressure and find that the radius of influence increases with increasing
fluid pressure. The same model output is shown at two different scales to illustrate how fracture patterns
change with proximity to the crater.

In addition to producing the observed fracture patterns, the hypothesis of thermally
mobilized ice is must explain the radius of influence. We model a rising diapir beneath a

crater as a pressurized cylindrical body, to determine if it is capable of producing the
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observed minimum radius of influence of two crater diameters. Additionally, it was
necessary to understand how the pore fluid pressure would affect the radius of influence. We
modeled the same 2 km diameter crater varying pore fluid pressures ranging from 1-5 MPa
(Fig. 2.7), and extending the field of view to encompass fractures at one crater diameter (Fig.
2.7 a, b, & c) to four crater diameters (Fig. 2.7 d, e, & f) to observe how far from the crater
fracture orientations could be perturbed. We also note that increasing pore fluid pressure
increases the radius of influence, but that a fluid pressure of 1 MPa (Fig. 2.7d) may not be
sufficient to perturb fracture orientations as far as two crater diameters. A fluid pressure of 3
MPa is able to perturb fracture orientations up to two crater diameters (Fig. 2.7¢) and a fluid
pressure of 5 MPa can affect fracture orientations up to 3 crater diameters, which exceeds
what is observable on Enceladus.

Model results demonstrate that thermally mobilized ice will sufficiently perturb fracture
orientations under certain conditions, which can be achieved if Enceladus’s ice shell has
undergone NSR. Furthermore, a rising diapir of warm ice is able to produce a radius of

influence of at least two crater diameters.

2.5 Discussion

For an impact event on Enceladus to trigger a zone of localized upwelling with sufficient
buoyancy-driven, outward pressure to regionally perturb the regional stress field, Enceladus’s
ice shell was likely already in a convective state or on the threshold of convection.

Thermally-driven ice diapirism has been suggested to produce Europa’s pits, spots, and
domes (PSD) [Pappalardo et al., 1998; Rathbun et al., 1998; Sotin et al., 2002; Schenk &
Pappalardo, 2004]. Rathbun et al. [1998] concluded that to produce a PSD, the diapir must
form on short timescales (10° — 10* years), and initiate at depths of 10s of kilometers.
Thermo-compositional diapirism and brine mobilization are also possible mechanisms for
producing pits and domes on Europa [Han & Showman, 2005; Showman & Han, 2004;
Pappalardo & Barr, 2004; Head & Pappalardo, 1999]. Diapirism driven by compositional
layering on Triton has been suggested as a mechanism driving the formation of the
cantaloupe terrain (Schenk & Jackson, 1993). Europa’s pits, spots, and domes, and Triton’s
cantaloupe terrain likely represent diapirs that reached the satellite’s surface; however, this

may not be required to produce the observed crater-fracture interactions on Enceladus.
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Rather, a diapir that ascends into Enceladus’s ice shell may only be required to reach a depth
shallow enough to locally perturb the stress field driving fracture reorientation.

The conditions for initiating convective processes have previously been considered for
Enceladus [Barr & McKinnon, 2007; Roberts & Nimmo, 2008 b; Mitri & Showman, 2008 a,
b; Grott, 2007], including mobile lid convection in Enceladus’s south polar terrain [Barr,
2008] and episodic overturn of sections of a rigid lid [O’Neill & Nimmo, 2010]. Previous
work has shown that the conditions for convection rely on ice shell thickness, viscosity, and
heat flux [Barr & McKinnon, 2007]. Regardless of the style of convection, these previous
studies suggest that it is possible to induce convection within the ice shell of Enceladus, but
how these process are manifested on Enceladus’s surface has not been documented.

Enceladus’s anomalously high heat flows have been inferred from observational data,
both within and outside of the SPT. The Cassini Composite Infrared Spectrometer (CIRS)
observed the SPT, and inferred associated heat flows range from ~4.7 GW [Spencer et al.,
2013] to 5.8 = 1.9 GW [Spencer et al., 2006] to as high as 15.8 + 3.1 GW [Howett et al.,
2011] (which may need to be revised downward [Spencer et al., 2013]). Averaged over the
area of the SPT, these results correspond to heat flows as high as 400 mWm™ [Bland et al.,
2012]. Observations of relaxed craters within Enceladus’s cratered terrains suggest heat
fluxes on the order of 150 mWm™ [Bland et al., 2012], consistent with heat fluxes inferred
from select tectonized regions ranging from 110-220 mWm™ [Bland et al., 2007] and 200
270 mWm™ [Giese et al., 2008]. The source of these heat fluxes and heat flows from CIRS
and observational studies have yet to be accounted for, but it is clear that Enceladus has
sustained a varied and intense thermal history.

Our conceptual model for crater-fracture interactions on Enceladus is predicated on the
assumption that the ice is sufficiently thick and thermally unstable to allow triggering of
diapirism beneath impact sites. This process is assumed to occur outside of the SPT only,
reflecting disparate ice shell conditions. In the case of the SPT, the eruptive tiger stripe
fractures must extend deep enough to access the reservoir of water exuded from the plumes.
The depth of the cracks depends on the thickness of the brittle layer in which they reside, and
how much stress is available to fracture the brittle layer. Patthoff [2013] suggests that the
outer brittle layer of the ice shell in the SPT is 3-4 km thick, whereas in regions outside of the

SPT, Enceladus’s outer ice shell is 6-8 km thick. The difference between the two regions is
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attributed to the differences in the heat flux between the SPT and the region to the north. A
heat flow of 15.8 + 1.3 GW (~400 mWm [Bland et al., 2012]) has been inferred within the
SPT [Howett et al., 2011] whereas heat fluxes beyond the SPT, specifically within Sarandib
and Diyar Planitia regions, range from 110-270 mWm™ [Bland et al., 2007; Giese et al.,
2008]. Bland et al., [2012] demonstrates that if the upper, brittle portion of the ice shell
within the cratered terrains is thick enough to support craters with lunar-like depth to
diameter ratios of 0.2, then for craters up to 34 km in diameter, the brittle ice layer must be
~6-8 km thick. This is consistent with the independent conclusions of Patthoff [2013]. If the
heat generated by an impact can penetrate the ~6-8 km thick brittle ice layer, it may access
the underlying, less viscous ice which will be less resistant to upwelling, promote convection,
and possibly affect the orientation of nearby fractures. Additionally, the thickness of the
brittle ice shell above a less viscous ice layer are perhaps conditions unique to Enceladus
reconciling the lack of this unique style of crater-fracture interactions elsewhere in the solar
system.

Enceladus’s cratered plains may be as young as 1 Gya or as old as 4 Gya, demonstrating
an extensive and complex cratering history [Kirchoff & Schenk, 2009]. If these regions
indeed have 6-8 km upper brittle layer, we would expect them to be pervasively fractured due
to sustained cratering events. If the ice shell had been previously weakened by a period of
intense cratering, the more viscous, possibly convecting lower ice shell, can make use of
these weak spots for more efficient heat loss and induced upwellings. Furthermore, if
Enceladus’s ice shell was undergoing mobile lid convection at the time of the formation of
the cratered terrains, the surface would have generated higher heat flows than if the ice shell
were in a state of stagnant lid convection [Barr, 2008]. If Enceladus’s ice shell is prone to
episodic convection [O’Neill & Nimmo, 2010], the high heat fluxes recorded by relaxed
craters in Enceladus’s cratered terrains imply that these terrains have experienced episodes of
higher heat fluxes [Bland et al., 2012].

The heat flow around Enceladus’s craters differs from other regions, as evidenced by
viscously relaxed craters, and we can infer that periods of high heat flow beneath
Enceladus’s craters have occurred [Bland et al., 2012]. If these periods of high heat flux
coincide with the timing of the formation of the cratered terrains, the thermal conditions of

Enceladus’s ice shell are likely sufficient to maintain warmer ice beneath a crater.
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Conclusions

In our sample of 83 craters, we find that crater-induced fracture reorientation produces
near-radial- fracture patterns within increasing proximity to craters. Craters of all sizes are
found to perturb fracture orientations, however craters above 7 km in diameter will always
perturb fractures. This size threshold may be a factor of the relationship between crater size
and fracture spacing: fracture spacings are typically on the order of 0.5-1.25 km which is less
than the smallest crater in our sample. However, it does suggest that smaller craters are likely
to interact fewer fractures due to their small size. We find thermally mobilized ice beneath a
crater, modeled as a pressurized cylindrical body, with a remote stress field produced by
nonsynchronous rotation, produces fracture patterns similar to observed crater-induced
fracture perturbations within Enceladus’s cratered terrains under certain conditions. Radial
fracture patterns were produced with a radius of influence of two crater diameters in tensile
regimes with low differential stresses (~1 MPa) and compressional regimes, with fluid
pressures of 1-5 MPa. It is possible that the source of the remote stress field is something
other than nonsynchronous rotation. Our results suggest that it is the relative amounts of
differential stress and fluid pressure that dictates crater-fracture interactions.
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Chapter 3

Estimating Regolith Thickness on Enceladus Using Pit Chains

Abstract

The cratered terrains of Enceladus’s saturnian and anti-saturnian sides have previously
been interpreted as ancient, but have been overlooked as tectonized areas despite being
heavily dissected by features called pit chains. Enceladus is one of the few places in the outer
solar system exhibiting pit chains, which are surface expressions of subsurface dilated
fractures underlying a cover of loose regolith. Enceladus may have a uniquely thick cover of
loose regolith sourced from the south polar jets which is important to characterize because of
its effect on mantling and insulating the surface. We show that pit chains are among the
youngest tectonic features on Enceladus’s surface and that they can be used to directly infer
regolith thickness across these terrains. We infer regolith thickness by measuring the slope
angle and diameter of individual pits. We find that the slope angle varies spatially indicating
a range of regolith cohesion. The distribution of pit depths (inferred from pit diameter and

slope angel) indicate a heterogeneous distribution of regolith thicknesses across the surface.

3.1 Introduction

Enceladus’s jet activity [Porco et al., 2006] and thermal anomaly [Spencer et al., 2006]
within the south polar terrain (SPT) make Enceladus one of the few geologically active
bodies in the solar system. These jets act as the primary source of fall-back material mantling
Enceladus’s surface, which may, in part, contribute to the observed muted morphologies (Fig
3.1) of craters [Bray et al., 2007; Kirchoff & Schenk, 2009; Bland et al., 2012] and tectonic

structures.

—\ /0 —

Initial crater Mantling of regolith Further mantling

Figure 3.1: Schematic illustrating mantling of a surface by plume fall-back onto a crater. From right to
left, an initial crater that is mantled with plume fall-back appears smaller and more shallow. Further
mantling continues to diminish the appearance of the crater. This same processes would mute or diminish
any surface topography or features.
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Fall-back material creates a layer comprised of loose particles on the surface that we
hereafter refer to as regolith. Regolith may be sourced from impact events, fall-back from E
ring particles, and fall-back from the plumes themselves, however, the distribution and
thickness of the regolith, regardless of source, is poorly understood. Michaud et al. [2008]
first estimated an average regolith thickness across Enceladus’s surface of ~250 m using
features called pit chains (Fig. 3.2) and experimentally determined proxy by Horstman &
Melosh, [1989]. This proxy suggests that regolith depth has a 1:1 correlation with average
spacing between individual pits [Horstman & Melosh, 1989]. Regolith thicknesses are likely
to vary spatially due to variations in jet localities and eruptive directionality [Spitale &
Porco, 2007]. Based on jet localities and orientation, Kempf et al. [2010] model regolith
deposition rates and infer increasing regolith
® thicknesses with increasing proximity to the SPT.
The thickness of regolith cannot be detected
remotely; therefore, an accurate method for
measuring regolith thickness is needed that is
capable of resolving variations in thickness across
the surface which is important for determining
whether the surface has been significantly
modified by a layer of regolith. Regolith can act to
mute surface morphologies by filling in

Figure 3.2: (a) Pit chains on Enceladus are topographic - low  points,  eliminate  short

E?g;]r;i(;;et%d Ofby Colgpr%é\llz& istiﬁge;e p,iltgj wavelength topography, and soften topographic
N1489050144. highs. A mantled surface can closely resemble
viscous relaxation, which in the case of craters would act to shallow craters and up-dome
floors [Smith et al., 1982; Passey, 1983; Bland et al., 2012] (Fig. 3.1). If regolith thicknesses
are found to be high across the surface, muted surface morphologies may have undergone
less viscous relaxation than previously predicted [Bland et al., 2012] which might require
reexamining estimated heat flows based on surface feature morphologies. The processes by
which the surface of Enceladus is being modified is essential to no only characterizing
surface modification processes on Enceladus, but also constrain models to better estimate

heat flow. We aim to characterize the global distribution of pit chains, their relative age
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relationship with respect to other features and terrain types on the surface of Enceladus, and

ultimately refine a method by which regolith depths (and distributions) can be measured.

3.2 Pit chains

Pit chains are linear troughs made up of circular to elliptical depressions [Wyrick et al.,
2004; Ferrill et al., 2004; 2008] (Fig. 3.2). Individual pits and pit chains are distinguishable
from impact craters and crater chains in that they lack raised crater rims, impact ejecta, or
flow features [Wyrick et al., 2004; Michaud et al., 2008], such as those visible in impact
generated pit crater chains like the Enki Catena crater chain on Ganymede [Schenk et al.,
1996]. Pit chains have been described on Venus [Bleamaster & Hansen, 2004], Earth [Okubo
& Martel, 1998; Ferrill et al., 2004, 2008; 2011], Mars [Wyrick et al., 2004; Ferrill et al.,
2004, 2008], and several small solar system bodies, including Phobos [Thomas, 1979], Eros
[Prockter et al., 2002; Buczkowski et al., 2008], Gaspra [Veverka et al., 1994], Ida [Sullivan
et al., 1996], and Vesta [Buczkowski et al., 2012a, b; 2013] [Wyrick et al. 2010]. A review by
Wyrick et al. [2010] suggests pit chains may also exist on Europa, Ganymede, and Dione.
However, the only documented occurrence of pit chains in the outer solar system is on
Enceladus [Michaud et al., 2008; Wyrick et al., 2010] and possibly Tethys [Schenk & Moore,
2014].

3.2.1 Locations

Pit chains on Enceladus have previously been identified almost exclusively within the
cratered terrains [Michaud et al., 2008] and have been interpreted to be young. However, we
observe pit chains at all stages of formation (see sections 3.2.2 and 3.2.3) overprinting
regions of the tectonized terrains (Fig. 3.3 a, b) [Martin & Kattenhorn, 2014] which are
inferred to be relatively younger, 0.02-2 Ga [Kirchoff & Schenk, 2009], based on the low
frequency of craters. We also find pit chains crosscutting the south polar dichotomy (Fig. 3.3
¢, d), the northern boundary of the SPT, inferred to be geologically young region based on its
association with the geologically active SPT. Therefore, pit chains crosscutting the south
polar dichotomy imply that at least some stages of pit chain formation have occurred

recently. Pit chains are also found at the boundaries between the cratered terrains and the
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tectonized terrains (Fig. 3.3 e, f). While the general lack of pit chains in the tectonized
terrains is intriguing, we focus here on the cratered terrains, where the densest populations of

pit chains occur.

South Polar Dichotomy Tectonized Terrains

Terrain Boundaries

Figure 3.3: Pit chains are among the youngest features on the surface of Enceladus and are not restricted
to the cratered terrains. (a, b) Pit chains crosscutting the tectonized terrains, which are considered to be
young based on the general dearth of craters. (c, d) Pit chains overprint the geologically young south
polar dichotomy, encompassing the south polar terrain. (e, f) Pit chains are also found at terrain
boundaries, commonly in en echelon arrays. Cassini image numbers: (a) N1637465942; (b) N1487300854;
(c) N1652859224; (d) N1487300107; (e) N1652863294; (f) N1487300482.
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3.2.2 Formation mechanisms

Pit chains across the solar system can form by a variety of mechanisms, including
collapse of a carapace above lava tubes, extension fractures, dilational faulting, karst
dissolution, and dike intrusions associated with exsolved volatiles, cryosphere interactions, or
plinian-style eruptions [Wyrick et al., 2004]. On Mars, motion along high-angle normal faults
underlying loose regolith likely causes drainage of overlying regolith into the resultant
dilational space along the fault plane, forming approximately linear chains of pits [Wyrick et
al., 2004] (Fig. 2.4). Similarly, Michaud et al., 2008 explored the range of formation
mechanisms [Wyrick et al., 2004] for pit chains on Enceladus. The absence of cryovolcanic
features outside of the south polar terrains and a lack of preferred sources from which pit

chains radiate, eliminate dike-related formation processes [Michaud et al., 2008].

J i b l
Figure 3.4: Conceptual formation mechanism for pit chains after Wyrick et al. [2004]. Pit chains on
Enceladus may form due to extension fracturing (a) or dilational faulting (b). (&) A subsurface tension
crack overlain by a layer of loose regolith crates a void for which regolith to drain into creating pits. (b)

Subsurface dilational faulting (subsurface fault indicated by the dashed line) is vertical near the surface
creating a dilatational space (e.g., Michaud et al. [2008]).

Additionally, collapse of lava tubes is unlikely for similar reasons: tubes tend to be non-
linear in nature and converge on a single point source of origin which have not been observed
for pit chains on Enceladus [Michaud et al., 2008]. Michaud et al. [2008] therefore attribute
the formation of pit chains on Enceladus in an analogous manner to those on Mars, formed
by drainage of a layer of regolith created by plume fall-back and E ring material deposition
into an underlying void related to dilational faulting (Fig. 3.4b) or extension fractures (Fig.
3.4a). This conclusion is consistent with experiments replicating pit chain formation
[Horstman & Melosh, [1989; Ferrill et al. 2004]. We therefore consider pit chain formation
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due to extension fractures or dilational faulting to be the most likely mechanism by which pit

chains on Enceladus form.

3.2.3 Pit chain evolution

Pit chain formation due to extension fractures or dilational faulting is the favored
formation mechanism for pit chains on Mars [Wyrick et al., 2004]. This conclusion is
consistent with experimental models whereby pit chains form by drainage of loose regolith
into a dilational space [Horstman & Melosh, 1989; Ferrill et al., 2004], the deformational
sequence begins with the formation of individual, isolated pits (Fig. 3.5a) [e.g. Nahm &
Kattenhorn, 2014].

Figure 3.5: Examples of the three primary stages of pit chain evolution [e.g., Michaud et al.,
2008; Nahm & Kattenhorn, 2014; Ferrill et al., 2004]. Block diagrams below each image
illustrate the effect of increased dilation that result in (a) chains of isolated pits indicating the
earliest stages of pit chain evolution. Image No. 1489050078. (b) Pit chains comprised of
partially merged pits representing the intermediate stages of formation. Image No.
N1500061010. (c) Fully merged pit chains characterized by scalloped edges along the trough
rim are the most evolved stage of pit chain formation. Image No. N1500061010.



49

Continued dilation at the surface caused by ongoing dilation on the underlying normal
fracture causes individual pits to increase in diameter and ultimately coalesce to become
more elliptical, forming partially-merged pit chains (Fig. 3.5b). In the most evolved stages,
related to the largest amounts of dilation and normal fault displacement, fully-merged pit
chains form scalloped rims where individual pits can no longer be resolved (Fig. 3.5¢) [e.g.
Michaud et al., 2008].

3.3 Regolith on Enceladus

3.3.1 Significance of regolith depth

The regolith may also be acting as a thermally insulating layer [Bland et al., 2012], thus it
is important to develop an accurate way of estimating the distribution of regolith. Resolving
the regolith depth distribution across Enceladus’s surface has implications for Enceladus’s
thermal history. Many craters within the cratered terrains exhibit subdued or relaxed
morphologies [Porco et al., 2006; Bray et al., 2007; Kirchoff & Schenk, 2009; Bland et al.,
2012] attributed, in part, to viscous relaxation [Kirchoff & Schenk, 2009; Bland et al., 2012].
However, mantling of the surface by E ring and plume material could also give craters a
muted or relaxed appearance. In a study of 460 mapped craters [Bray et al., 2007], 40% of
the observed craters appeared to have undergone some amount of thermal relaxation or infill.
The subdued appearance of these craters may have a latitudinal dependence; craters become
increasingly more subdued south of 30°N, particularly south of 20°S [Bray et al., 2007],
which correlates well with regolith deposition models of Kempf et al. [2010], in which the
amount of regolith on the surface increases with proximity to the SPT.

Moreover, Enceladus lacks a population of craters <2 km in diameter and >6 km in
diameter as compared with other Saturnian satellites [Kirchoff & Schenk, 2009]. It is
presumed that infilling of craters by plume fall-back is capable of erasing the smaller
population (<2km) of craters [Bray et al., 2007; Kirchoff & Schenk, 2009]. However, neither
infilling of craters by plume fall-back, nor viscous relaxation with high and constant heat
fluxes, can independently completely erase the larger (=6 km) population of craters [Bland et
al., 2012]. A combination of infilling and viscous relaxation may be able to erase craters of

this size but is difficult with the currently estimated heat flows (~150 mWm™) and maximum
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rates of regolith deposition regolith (10 mm yr™) [Bland et al., 2012]. If the thickness and
distribution of regolith on Enceladus can be measured, than estimates of the amount of
relaxation craters has experienced may be revised: a heavily muted crater that is associated
with a thick deposit of regolith will have the appearance of also being viscously relaxed. If
the depth of the regolith is known at that location it can be subtracted from the apparent
depth of the crater and the amount of relaxation the crater has experienced can be refined.
Therefore the estimated heat flows that the surface has experienced may be improved upon.
Additionally, large amounts of regolith may have an insulating effect making the temperature
of the top portion of Enceladus’s lithosphere warmer [Bland et al., 2012; Passey &
Shoemaker, 1982; Passey, 1983]: Enceladus’s surface temperature of 70 K may be nearer
120 K [Bland et al., 2012; Passey & Shoemaker, 1982] which could aid in refining
parameters for future theoretical explorations.

3.3.2 Sources of deposition

Regolith deposited on the surface of Enceladus may have originated from three different
sources including plume fall-back, deposition of E ring material, and impact generated
regolith. The jets are estimated to eject >150 kg/s [Hansen et al., 2006], however models of
jets only predict the deposition rates of fall-back directly to the surface [Kempf et al., 2010].
Kempf et al., [2010] model the fate of particles in the plumes of Enceladus, and find that
~10% of the material from each modeled jet escapes to the E ring, however no estimates
were made of the fate of E ring particles once they have reached the ring. Additionally,
impact ejecta is a likely source of regolith within the cratered terrains, but is not considered
in models of regolith deposition [Kempf et al., 2010]. However we may attempt to constrain
the formation of impact generated regolith. Impact generated regolith on Earth’s moon may
vary from less than 10 meters [Quaide & Oberbeck, 1968; Bart et al., 2011] to up to 30
meters in thickness [Wilcox et al., 2005]. These regolith thicknesses are not negligible and
must be considered when examining results from measurements of regolith thicknesses on
Enceladus. The deposition of regolith on Enceladus’s surface has a direct impact on the
morphology of the surface and surface features. However, there is no direct way of
estimating how long plume activity has been occurring, whether it occurs periodically or

randomly, or whether Enceladus has experienced changing jet locations or directivity.
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3.3.3 Predicted deposition rates

Models of regolith distribution across Enceladus’s surface by Kempf et al. [2010] assume
a single source of regolith production from Enceladus’s plume activity. They find that fall-
back from Enceladus’s plumes is deposited more widely over the cratered terrains, with
deposition rates as high as 1 mm/year nearest the south pole to as low as 10° mm/year north
of 55°S. Interestingly however, there is also a depositional preference towards longitudes
nearer the cratered terrains leaving the tectonized terrains north of the south polar dichotomy
nearly untouched by regolith [Kempf et al., 2010]. A 10 m-wide boulder would be
completely covered in 10°-10° years by a plume 100 m away [Kempf et al., 2010]. By
analogy, a crater that is several hundreds of meters deep may be covered (but not buried) by a
mantling of regolith in tens of millions of years, assuming plume activity has been
continuous. However, Kempf et al. [2010] use a density close to that of pure water ice (900
kg/m®) for fall-back particles, similar to that of glacial ice, which has a density of 830-917
kg/m® [Cuffey & Paterson, 2010]. New snow has a much lower density of 50-70 kg/m®and
settled snow is closer to 200-300 kg/m® [Cuffey & Paterson, 2010]. If the volume of water
exiting the plumes is >150 kg/s [Hansen et al., 2006] remains constant, a lower density like
that of new snow or settled snow might result in a greater regolith thickness. Therefore, the
total accumulation of fall-back material estimated from Kempf et al. [2010] maybe an
underestimation, but provides a useful model of predicted distribution and lower limits on
regolith deposition rates.

3.4 Mapping

3.4.1 Data

High-resolution images (40-200 m/pixel) from the Cassini Imaging Science Subsystem
(1SS) camera were used to produce global-scale, detailed maps of the distribution of pit
chains exclusively across Enceladus. Raw images from the Planetary Data System (PDS)
were processed using the USGS’s Integrated Software for Images and Spectrometers (ISIS).
Individual images were superimposed on a global mosaic of Enceladus [Roatsch et al.,

2013]. Features were mapped in an ArcGIS environment in a simple cylindrical projection.
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3.4.2 Pit Chain Sets

Detailed fracture maps highlight the distribution and orientation exclusively of pit chains.
All mapped pit chains were found to crosscut, and thus post-date, the formation of most
craters as well as any tectonized terrains. Individual pit chains were mapped into sets based
on their orientation and morphology. Fractures with similar orientations (within £5°) were
assigned to sets, based on the reasoning that similar orientations reflect the same stress
conditions, implying temporal affinity. Isolated pit chains, partially-merged pit chains, and
fully-merged pit chains were not mapped separately, but were included together within
defined sets based on orientations. Nonetheless, these classification criteria were used to
distinguish pit chains from other, trough-like or linear trough fractures [e.g., Nahm &
Kattenhorn, 2014].

180° 120°W 60°W 0° 60°E 120°E 180°

Figure 3.6: Results of global pit chain mapping. Pit chains are concentrated mostly within the cratered
terrains, but some are observed within the trailing hemisphere tectonized terrains. Each pit chain is color
coded to represent pit chain set, and relative age sequence from the first pit chain set to form to the
earliest set of pit chains is blue, purple, red, orange, yellow, and green. Basemap credit: NASA/JPL-
Caltech/SSI; Roatsch et al., [2013].

Once pit chains sets were established, crosscutting relationships were used to determine a
relative age sequence among the identified sets. Examples of crosscutting relationships
include a pit chain terminating perpendicularly against a pre-existing pit chain, or curving to
become parallel with the pre-existing fracture [e.g. Cruikshank & Aydin, 1995]. This



53

technique was similarly employed within the SPT by Patthoff & Kattenhorn [2011].
However, image resolution constraints, as well as limited contacts between individual pit
chain sets with respect to one another, make it difficult to verify the relative age relationship
of each pit chain set, especially between those on opposing cratered terrains that are
separated by large expanses of tectonized terrain. Mapping was performed independently on
each of the antipodal, cratered terrains to avoid bias when identifying pit chain sets. Hence,
there were no preconceived assumptions about the orientations of sets within the opposing
cratered terrains.

Global mapping of pit chains (Fig. 3.6) reveals a predominance of pit chains within the
cratered terrains as noted by Michaud et al. [2008]. We additionally observe a population of
pit chains in the tectonized terrains on the trailing hemisphere. Despite the limited presence
of pit chains within the tectonized terrains, however, the affinity between cratered terrains
and pit chains raises two important points: (1) cratered plains have a seemingly abundant
mantle of loose regolith; and (2) the cratered plains are in the process of being dissected by
pit chains despite the conventional assumption that they are not tectonized.

Fig. 3.6 illustrates the global distribution of pit chains across Enceladus. These maps also
reveal a prolonged history of pit chain formation, with successive sets of pit chains showing a
progressive change in orientation through time. Within each pit chains set, all states of
evolution of pits are represented, regardless of where the set falls within the age sequence
[Martin & Kattenhorn, 2014]. There are seven independent pit chain sets with distinct
orientations. Sets from oldest to youngest are blue, purple, red, orange, yellow, and then
green. This indicates that the orientation of pit chains changes temporally and progressively
rotates through time. We interpret this pattern of pit chains to be consistent with forming in a
nonsynchronous rotation stress field and is consistent with observations of fracture patterns
within the south polar terrain [Patthoff & Kattenhorn, 2011]. In particular, a nonsynchronous
rotation stress field can produce the anti-podal fracture patterns, where pit chains sets with
similar orientations fall in the same place within the established relative age sequence. If
nonsynchronous rotation is the mechanism for producing the patterns of pit chains, it would
require 135° of rotation to form all 7 pit chain sets. An additional 120° of ice shell rotation

would be required to bring the cratered terrains to their present longitude.
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Table 3.1: A comparison of estimates of regolith thicknesses based on different methods. The average pit
spacing method originates from experimental work by Horstman & Melosh [1989] whereas the assumed
angle of repose method is based off work in-part by Veverka et al. [1994]. Measurements of regolith
thickness by both methods for Eros and Gaspra are within an order of magnitude of one another.

Body Regolith Thickness Method Reference
Average Pit Assumed
Spacing Angle of Repose

Gaspra ~200 m 60-300 m Veverka et al. [1994]

Ida - ~30m Sullivan et al. [1996]
Phobos ~290-300 m - Horstman & Melosh [1989]
Eros <100 m 30m Prockter et al. [2002]
Enceladus 250 m - Michaud et al. [2008]

3.5 Measuring regolith thickness

Observations of the small bodies Gaspra, Ida, Phobos, and Eros have all revealed the
presence of pit chains (also called grooves, or pitted grooves), which likely form through a
similar process by the drainage of loose regolith into an open fissure [Horstman & Melosh,
1989; Veverka et al., 1994; Sullivan et al., 1996; Prockter et al., 2002]. These studies used
two methods employing pit chains to estimate the amount of regolith on the surface (Table
3.1), which we divide these methods into two categories: the Average Pit Spacing method
(Fig. 3.7a) and the Assumed Angle of Repose method. We compare these two methods with
that of Wyrick et al., [2004] who use sun angle and an assumed pit geometry to infer pit slope
angle (i.e. inferred angle of repose), which we refer to as the Slope Angle method (Fig. 3.7b).

3.5.1 The Average Pit Spacing method

Horstman & Melosh, [1989] experimentally derived the Average Pit Spacing method by
covering two ridged plates placed edge-to-edge with an overlying layer of material
resembling regolith. The two plates were pulled apart to mimic a dilating fracture. They find
a one-to-one correlation between regolith thickness and pit spacing (i.e., the distance between
adjacent pit centers is equal to the thickness of the regolith at that location) at the point in

time when the maximum number of pits had formed (Fig. 3.7a). This correlation is
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independent of regolith density, grain size or shape, or angle of repose. Developed initially to
assess the depth of regolith on the surface of Phobos, the Average Pit Spacing method for
regolith thickness has been employed on Gaspra [Veverka et al., 1994], Eros [Prockter et al.,
2002], and Enceladus [Michaud et al., 2008].

Pit Spacing Slope Angle Technique
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Figure 3.7: Techniques for estimating regolith thickness. (a) The Average Pit Spacing method [Horstman
& Melosh, 1989]. (b) The Slope Angle method [Wyrick et al., 2004] uses the sun angle (a), pit diameter (D),
shadow length (S), length not in shadow (Sy), apparent height (Ha) to geometrically determine the slope

angle (0) of individual pits, which are assumed to be at the angle of repose at that location. Regolith
thickness (T) is then determined trigonometrically.

3.5.2 The Assumed Angle of Repose method
The Assumed Angle of Repose method from Veverka et al., [1994] uses pit chains on
Gaspra to estimate regolith thicknesses by measuring the fracture width and assuming an

angle of repose of the regolith (30°):
T = (%) tan(6) (1)

where T is the regolith thickness, w; is the width of the fracture, and 6 is the angle of repose.
This technique was also employed for Ida [Sullivan et al., 1996] and Eros [Prockter et al.,
2002], but cannot resolve spatial variability in regolith thickness across a surface, and

requires assumptions about the nature of the regolith by estimating an angle of repose.
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3.5.3 The Slope Angle Method

We use the technique of Wyrick et al., [2004] to calculate regolith depths in the vicinity
of mapped pit chains. This method assumes pits are shaped like circular right cones (the apex
of the cone sits above the center of its circular base) (Fig. 3.7b). Given the sun angle, a, (90°
minus the incidence angle), the measured pit diameter D, and the measured length of the
shadow within the pit, S, the slope angle of the pit & (i.e., the inferred angle of repose) can be

calculated. The fraction of the pit not in shadow:

Sy=D-S$ 2)
The apparent height of the pit is

H, = Stana. ©)

The slope angle of the pit can then be determined using

0 =tan~?! [ﬂ] 4)

SN

The thickness of the regolith is then

T = (2) tan@. (5)

3.5.4 Measurements

To compare, and test results from the Slope Angle method Wyrick et al., [2004] with that
of the Pit Spacing method and the Assumed Angle of Repose method, measurements of pit
spacing and pit diameter were required. Pit spacing was measured from the center of one pit
to the center of another pit within a single pit chain. Because pits were assumed to be circular
right cones, pit diameters were only measured on individual pits that appeared circular at the
image resolution. The circle option within the polygon editor in ArcGIS was used to draw the

edge of the pit on images in a simple cylindrical projection, from which the diameter of each
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pit could be measured. Shadow lengths from inside the pit were measured in the direction of

the sun azimuth, and the sun angle was obtained from the Planetary Data System header files.

3.6 Results

3.6.1 Regolith Thicknesses

The Pit Spacing method was used to calculate regolith thicknesses globally at locations
where continuous chains of pits were observed. Pit spacing measurements resulted in a range
of inferred regolith thicknesses from 377-1280 m (Fig. 3.8a). In contrast, in the Assumed
Angle of Repose method, if a general angle of repose of loose sand (35°) is used, the range of
regolith thickness is 195-432 m (Fig. 3.8b). Although both methods show similar ranges of
regolith thickness within the same set, the Assumed Angle of Repose method shows more
consistent regolith thicknesses within individual sets than the Pit Spacing method, which can
be attributed to unevenly spaced pits within individual chains. The Slope Angle method
[Wyrick et al. 2004] (Fig. 3.9) provides a more accurate estimate of regolith thickness at each
pit, resulting in a range of inferred regolith thickness from 29-1640 m (Fig. 3.10). While this
range is broad, most depths are distributed between 60 and 480 m; only 12% of the measured
pits fall above this range. Michaud et al. [2008] used the Pit Spacing method to determine an
average regolith depth of 250 m £20 m across the cratered terrains, which falls within the
range of depths measured across individual pits using individual slope angles.

Using the Slope Angle method, we measure slope angles (= angles of repose of the
regolith) ranging from 10°-80° (Fig. 3.10a) with an average slope angle of 35°, which is
similar to that of loose sand and consistent with observations of slope angles on Mars
[Wyrick et al., 2004]. These slope angles are distributed heterogeneously across Enceladus’s
surface, with generally lower angles in the cratered terrains and higher angles in the

tectonized terrains.
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Figure 3.8: Results of regolith thicknesses inferred from the Average Pit Spacing and Assumed Angle of
Repose method. Data from these proxies is overlain on a global mosaic of Enceladus courtesy of
CICLOPS; Credit: NASA/JPL-Caltech/SSI; Roatsch et al., [2013]. (a) The regolith thickness determined
from the Average Pit Spacing method measured in meters. (b) The pits measured for the Assumed Angle
of Repose method color coded by pit chain set. Colors indicate the pit chain set to which each pit belongs.
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Figure 3.9: Histogram of regolith thickness from the Slope Angle Method.
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Figure 3.10: Results from the Slope Angle method [Wyrick et al., 2004]. Before regolith thickness could be
calculated, the slope angle had to be measured. (a) shows the distribution of slope angles measured for
individual pits. Slopes angles range from 10°-80°. (b) Results of regolith thickness inferred from the Slope
Angle method showing the thicknesses range from 29-1640 m.

3.7 Discussion

Using the Slope Angle method allows for more accurate measurements of regolith
thickness at each pit, however, this technique revealed slope angles from 10°-80°. Then
average angle of repose of loose sand is ~35°, so slope angles of up to 80° is difficult to
reconcile for regolith on the surface assumed to be unconsolidated. Fig. 3.10 also
demonstrates that higher slope angles in general relate to thicker regolith deposits. These
regions of thicker regolith do not necessarily indicate that the total regolith accumulating is

presently unconsolidated material. It is possible that regolith has annealed over time, and
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reactivation of the underlying fracture would modify the original pit. This resulting geometry
is inconsistent with the assumed pit geometry of a circular right cone, but may reconcile
many of the steep sided pits inferred from the Slope Angle method. Therefore the method in
which the regolith thickness was inferred may not be appropriate for these conditions,
however image resolution is not sufficient to resolve pit geometry.

Pit chains on Enceladus are the likely result of dilational faulting or extensions fractures,
which require a layer of loose regolith overlain a subsurface crack. Our detailed mapping of
pit chains reveal a global distribution that extends over a wide range of latitudes, reaching as
far as 55°N and as far south as to crosscut the south polar dichotomy. Pit chains may reach
further north, however resolutions are not sufficient to resolve these features. The highest
density of pit chains are found within the cratered terrains (Fig. 3.6) which suggests that the
cratered terrains are overlain by a significant layer of regolith with a broad latitudinal extent.
While pit chains have not been extensively observed within the tectonized terrains, their
absence is not diagnostic of a lack of regolith.

The established history of pit chain formation (Fig. 3.6), where sets of pit chains formed
with distinct orientations through time, indicates that there is a recorded history of tectonic
deformation of the cratered terrains, which are overlooked as being heavily tectonized. If the
pit chains require a minimum of 135° of ice shell rotation to form, and another 120° of ice
shell rotation to reach their current longitude, than it can be inferred that the ice shell has
rotated a minimum of 255°. If the nonsynchronous rotation period is on the order of 1 Myr
(consistent with Patthoff & Kattenhorn, 2011 and Martin & Kattenhorn, 2014) than it would
have taken a minimum of 708,000 years from the beginning of pit chain formation to their
rotation into their current location. Pit chains are geologically young features, which suggests
that the cratered terrains have recently undergone tectonic deformation. Since pit chains
require the presence of regolith in order to form, their formation postdates regolith formation
suggesting that perhaps regolith formation occurred longer than 708,000 years ago. The
various stages of pit chain evolution observed within each set may also indicate that the
tectonic dissection of the cratered terrains has been contemporaneous with the emplacement
of regolith over some length of time.

Pit chains provide a tool with which to determine the depth of the regolith in which they

form. We compared the results of measurements of regolith thickness from three different
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techniques, the Average Pit Spacing method, the Assumed Angle of Repose method, and the
Slope Angle method. The Assumed Angle of Repose method (Fig. 3.8b) gave more
consistent results within individual pit chain sets than the Average Pit Spacing method (Fig.
3.8a). Wyrick et al. [2004] shows a wide range of measured pit slope angles ranging from 9°-
74° for pits on Mars suggesting differences in the nature of the regolith across the surface.
Using the Assumed Angle of Repose is unable to accommodate differences in angles of
repose across a surface. Additionally, the Average Pit Spacing method is based of
experimental work that does not accurately reflect how fractures form. Fractures are typically
segmented, with the maximum amount of opening occurring in the center of the fracture,
decreasing toward each fault tip. As fractures propagate, fracture segments merge, creating
fracture patterns that are more complex than an idealized single, continuous crack.
Furthermore, these studies provide no physical basis for the relationship between pit spacing
and regolith depth. Moreover, this relationship was not observed in subsequent analog studies
[Ferrill et al., 2004]. Our observations of pit spacing on Enceladus reveal inconsistent
spacings within a single pit chain, and we therefore determine that the Slope Angle method
provides a far more accurate representation of regolith thicknesses across the surface.

A comparison of our results for regolith thicknesses with those determined from models
of plume deposition rates [Kempf et al., 2010] shows a good agreement [Fig. 3.11], primarily
within the anti-Saturn cratered terrains. Lower deposition rates (and thicknesses) from Kempf
et al., [2010] models correlate well with regolith thicknesses inferred from the Slope Angle
method (Fig. 3.9 and 3.10) [Wyrick et al., 2004]. This correlation is less pronounced on the
sub-Saturn side and are offset from the modeled results by 30°-60° in longitude (Fig. 3.11).
Measured regolith depths from the Slope Angle method show a latitudinal dependence of
regolith thickness on the anti-Saturn side, lower thicknesses are found with increasing
distance from the SPT consistent with Kempf et al., [2010]. This result is also consistent with
observations of muted craters by Bray et al. [2007] who find less muted craters further from
the SPT consistent with shallower regolith depths.

The maximum plume fall-back deposition rates modeled by Kempf et al. [2010] are 1
mm/yr within the SPT. The lowest deposition rates are 10 mm/yr, reaching as far north as
55°N. The maximum regolith thickness that we calculated is 1640 m located at 30.6°E and

29.8°S. Based on the range of fall-back accumulation rates of Kempf et al. [2010], it would
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take between 1 Myr to 164 Gyr to deposit this amount of regolith. 480 m of regolith
deposited at the lowest deposition rates would require 48 Gyr. Clearly, the lower end of the
inferred fall-back accumulation rates are not capable of explaining regolith thickness, even
on the time scale of the solar system. Moreover, given the dearth of fresh craters in regolith
material in the cratered terrains and the muted morphology of the majority of the craters, as
well as the likelihood of annealing of loose regolith over long time periods in response to
Enceladus’s heat flow, it seems unlikely that the loose regolith thickness we measure

represents accumulation over the entire history of Enceladus.

180° 120°W 60°W 0° 60°E 120°E 180°
mm/yr 10° 29 Meters 1640
Deposition Rates Regolith Thickness

Figure 3.11: Results of regolith thickness from the Slope Angle method are overlaid on the modeled
distribution rates of regolith deposition [after Kempf et al., 2010]. The range of deposition rates from the
lowest rates of 10°mm/year in the lightest purple to rates as high as 1 mm/yr in the darkest purple which
indicates increasing regolith thicknesses with decreasing distance from the SPT. We find pit chains
occurring where models [Kempf et al., 2010] suggest no regolith would likely accumulate. On the anti-
Saturn cratered terrains we see a progressive increase of regolith depth with increasing proximity to the
SPT, however this relationship does not hold as well for the Saturn facing cratered terrains. Warmer
colors indicate lower deposition rates, cooler colors indicate higher deposition rates. The rates of regolith
deposition increase with increasing proximity to the south polar terrain.

If regolith accumulation is potentially correlated to plume fall-back (Fig. 3.11), the time
frame of regolith deposition must be considered in the context of the likely timescale of the
activity of the eruptive jets in the SPT. 153° of ice shell rotation has been interpreted by
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Patthoff & Kattenhorn, [2011] for the formation of the paleo-tiger stripes to the present day
active tiger stripes. For a similar 1 Myr nonsynchronous rotation period, it would require a
425,000 yrs for the regolith to form. This is less than our estimated 708,000 yrs, but within
the same order of magnitude. This indicates that the plume activity within the SPT has likely
been active for at least 425,000 yrs feeding regolith to the surface required for the formation
of pit chains. However it would be difficult to accumulate as much as 1640 m of regolith
within this time frame with even the most optimistic accumulation rates of Imm/yr [Kempf et
al., 2010]. Within the time span of SPT activity, 1640 m of regolith in 425,000 would
required deposition rates of 3.8 mm/yr. 1640 m is one of the anomalously high values of
measured regolith thickness, and to produce 480 m of regolith would require deposition rates
of 1.1 mm/yr. Kempf et al. [2010] assumed the density of the fall-back material to be near the
density of glacial ice rather which is likely too high: although the regolith is comprised
mostly of water [Waite et al., 2006] it is difficult to envision water expelled from individual
jets taking on a form other than that of a snow-like material. Thus, it may be that the
deposition rates determined from modeling are underestimated, allowing for thicker
accumulation of regolith build-up over shorter time periods. This may explain the disparity in
the overall regolith thicknesses, but does not address the differences in hemispherical
distributions. However, if nonsynchronous rotation is occurring [e.g., Patthoff & Kattenhorn,
2011], it would be more likely that the longitudinal distribution of regolith would be more
homogenous. The model by Kempf et al., [2010] shows two lobes of regolith accumulation
roughly aligned with the cratered terrains. If NSR is occurring it is unlikely that preferential
deposition of regolith would occur only on the cratered terrains. If Enceladus’s ice shell
completed one entire rotation while plume activity occurred, there should be no preferential
deposition of regolith.

Regardless of the process or processes by which regolith is produced on Enceladus, the
significant thicknesses we estimate have implications for the mantling of surface features
such as craters. Craters <2 km and >6 km appear to be scarce in Enceladus’s cratering record
[Kirchoff & Schenk, 2009] with respect to other Saturnian satellites. Proposed hypotheses for
the lack of craters of these sizes include burial by regolith deposition and viscous relaxation
of crater-related topography [Bray et al., 2007; Kirchoff & Schenk, 2009; Bland et al., 2012].
If we assume a rim to crater floor depth-to-diameter ratio of 0.2 [Bland et al., 2012], it would
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require 400 m and 1200 m of regolith to completely eliminate the surface expression of a 2
km crater and a 6 km crater, respectively. Thus deposition of regolith could have resulted in
erasing craters <2 km in diameter. However, considering that only 12% of our calculated
regolith thicknesses exceed 500 m, it is unlikely that regolith deposition can explain the lack
of craters >6 km in diameter. It is more likely that regolith deposition is responsible for
erasing craters <2 km where 400 m of regolith is well within the range of thicknesses. We
therefore agree with Bland et al. [2012] that it is unlikely that regolith deposition alone can
explain the lack of craters of >6km, but neither can viscous relaxation even under the most
optimistic conditions. Hence, a combination of the two processes may be required to produce
the muted crater morphologies observed on Enceladus, with mantling by regolith in the
cratered terrains being a young and ongoing process, accompanied by geologically recent
tectonic dissection and the formation of pit chains.

Conclusions

We present a global distribution of pit chains across the surface of Enceladus, which exist
over a wide range of latitudes and preferentially form within the cratered terrains likely due
to a greater presence of regolith in these terrains. Additionally, the present of pit chains
mostly in the cratered terrains indicates that there has been recent tectonic activity within the
cratered terrains, which are overlooked as being heavily tectonized. We infer the regolith
depths across the surface of Enceladus from three techniques, the Average Pit Spacing
method, the Assumed Angle of Repose method and the Slope Angle method. We find the
Slope Angle method is the most accurate way of calculating regolith thickness. We find that
regolith depth varies heterogeneously across Enceladus’s surface, ranging from 29-1640 m.
Within the anti-Saturn cratered terrains, regolith thicknesses increase with decreasing
distance from to the south polar terrain consistent with models regolith deposition and
observations of muted crater morphologies. The inferred amount of regolith accumulation is
sufficient to explain the dearth of craters <2 km in diameter, but significant amounts of
viscous relaxation in addition to mantling may be required to explain the lack of >6 km
diameter craters on Enceladus. The presence of regolith therefore provides evidence for
muting surface morphologies and is therefore capable of insulating Enceladus’s surface

which will likely help constrain models of heat flow.
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Chapter 4

Global strike-slip fault distribution on Enceladus

Abstract

We present the first global distribution of strike-slip faults on Enceladus. We characterize the
distribution of strike-slip faults on Enceladus and find that they can be broken down into
three broad categories: tectonic terrain boundaries, reactivated linear features, and primary
strike-slip faults. All three types of features are found predominantly within, or within close
proximity to, the anti-podal cratered terrains. to explore the driving mechanisms, including
the possibility of a global stress field to explain their distribution. We find that most of the

strike-slip faults on Enceladus are inconsistent with a global stress field.

4.1 Introduction

Strike-slip faults have played a role in modifying the surfaces of many icy bodies,
including Europa [Hoppa et al., 1999; Kattenhorn, 2004; Sarid et al., 2002], Ganymede
[Pappalardo et al., 1998], Triton [Croft, 1993], and Enceladus [Smith-Konter & Pappalardo,
2008; Hurford et al., 2007; 2012] (Fig. 1). Strike-slip faults indicate that despite extension
being a dominant tectonic process on icy bodies, lateral motion is an important component in
the deformation of icy shells. However, only cursory analysis of strike-slip faults has been
completed outside of the south polar terrain (SPT) [Kargel & Pozio, 1996]; strike-slip faults
have been primarily explored within the south polar terrain [Smith-Konter & Pappalardo,
2008]. The SPT encompasses the four prominent ‘tiger stripes’ [Porco et al., 2006], the
likely source of the plume activity [Spitale & Porco, 2007], and ‘paleo’ tiger stripes [Patthoff
& Kattenhorn, 2011] enclosed by the south polar dichotomy. The tiger stripes likely formed
within a nonsynchronous rotation stress field [Patthoff & Kattenhorn, 2011] and strike-slip
motions along the tiger stripes are likely induced by tidal stresses [Nimmo et al., 2007;
Hurford et al., 2007] caused by changes in Enceladus’s tidal bulge due to its eccentric orbit.
Fracture histories preserved in icy shells (including extension fractures and all types of

faulting) can be used to identify the stress mechanisms responsible for creating them.
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Figure 4.1: Examples of strike-slip faults on a. Ganymede (Image PIA01619) and b. Europa (Image
P1A00849), with characteristic lateral offsets.

Possible driving mechanisms at the global scale include polar wander, despinning, shell
volume changes, orbital recession/decay, diurnal tidal factors, nonsynchronous rotation
(NSR) [Kattenhorn & Hurford, 2009; Collins et al., 2010], obliquity, libration, and
precession [Rhoden et al., 2012]. For example, the formation of the fractures within the SPT
has been attributed to NSR (which infers a global subsurface ocean) [Patthoff & Kattenhorn,
2011], with diurnal tidal stresses inducing daily shearing along the tiger stripes [Hurford et

al., 2007] that could result in strike-slip motions. Lateral tectonics are an important
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component of the deformation history of Enceladus’s ice shell, but have yet to be explored
with a perspective beyond the SPT. We aim to characterize strike-slip-faults on Enceladus,
many of which appear to be latitudinally extensive with respect to the size of Enceladus, in
contrast to similar fracture types on other icy bodies. We illustrate their spatial distribution,
and explore whether their development is consistent with the global stress mechanisms
suggested to be driving fracture formation and activity within the SPT, or if other processes
(including local or regional driving forces) are responsible for their development.

On Europa, strike-slip faults have been used to understand the global stress fields
responsible for their development on the surface [Hoppa et al., 1999; Sarid et al., 2002;
Kattenhorn, 2004; Rhoden et al., 2011]. Analyses of the distribution of strike-slip faults on
Europa revealed a prevalence of right-lateral strike-slip faults in the southern hemisphere and
predominantly left-lateral strike-slip faults in the northern hemisphere; strike-slip faults in
equatorial regions could be either right- or left-lateral [Hoppa et al., 1999]. This pattern was
found to be consistent with the process of tidal walking, whereby stresses induced by diurnal
tidal forcing, caused by an eccentric orbit, control strike-slip motions based on the sense of
shear stresses resolved onto faults of different orientations. Moreover, contemporary diurnal
stresses show a longitudinal mismatch between the predicted shearing sense on many strike-
slip faults and their observed sense of lateral offset, implying that they were rotated into their
current longitudinal positions by NSR subsequent to their initial development [Hoppa et al.,
1999]. The inference of NSR on Europa from strike-slip fault patterns is also one of the many
lines of evidence that suggests that Europa also has a global subsurface ocean [Pappalardo et
al., 1999]. Deviations from this general pattern occur mostly in the equatorial regions of
Europa where sense of slip is dictated by fault orientation, but may also be explained by
polar wander, obliquity, libration, or precession [Rhoden et al., 2011; 2012; Rhoden &
Hurford, 2013].

Strike-slip faults are widespread on Enceladus, but their distribution, and the distribution
of slip sense has not been previously explored. Strike-slip faults on Enceladus lack the
characteristic lateral offsets as on other icy moons (Fig. 4.1). Alternative diagnostic
structures typical of strike-slip faults must be relied upon to first identify strike-slip faults and

secondly their sense of motion.
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4.2 Strike-slip faults

Broadly, strike-slip faults occur when the intermediate tensile stress (o) is vertical with
displacement being right- or left-lateral. No net extension or contraction of the crust occurs
unless there is an oblique component of motion along the fault. Strike-slip faults can form at
both large and small scales in both oceanic and continental crust. On Earth, strike-slip faults
can form transform plate boundaries, or may act as linking features between extending
terrains like mid-ocean ridges and continental rift zones. Tear faults may form in
contractional regimes like fold and thrust belts, near-parallel to the direction of regional
displacement. Strike-slip faults will ultimately form in regions where the orientations of the

principle stresses favor it.

4.2.1 Tailcracks

Tailcracks (also referred to as wing cracks, kinks, and horsetail fractures [Cruikshank et
al., 1991; Willemese et al., 1997]) and anti-cracks are secondary fractures associated with the
near-tip regions of strike-slip faults, and can be used to identify the sense of slip of a fault in
the absence of visible offsets [Kattenhorn, 2004, Kattenhorn & Marshall, 2006; Groenleer &
Kattenhorn, 2008] (Fig. 4.2). Tailcracks are tension cracks that form at the tips of slipping
faults due to a concentration of stresses at the fault tip [Pollard & Aydin, 1988; Cruikshank et
al., 1991] (Fig. 4.2a). The point where the tailcrack and fault plane intersect is defined by the
angle 0, called the tailcrack angle, and is theoretically 70.5° if no dilation occurs on the
primary fault [Erdogan & Sih, 1963; Lawn & Wilshaw, 1975; Pollard & Segall, 1987].
Deviations from 70.5° can be used to infer the relative amounts of opening and shearing
occurring along these faults (Fig. 4.2b). Mode | refers to the motion along an extension
fracture (opening), perpendicular to the fracture plane. Modes Il and 11l refer to shearing
motion which occurs perpendicular to (mode 1) or parallel (mode 1l1) to the fracture plane.
Kattenhorn [2004] found examples of tailcracks on the icy surface of Europa and used
tailcrack geometries (Mode | fractures) to conclude that dilation was a significant concurrent

component of motion along many strike-slip faults.
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Figure 4.2: a. Tailcracks form due to the concentration of stress at the tip of a fault. lllustrated is a left-
lateral strike-slip fault (after Kattenhorn, 2004). Dark gray regions highlight extensional areas where
tailcracks may develop; light gray regions represent compressional areas where anti-cracks could form.
b. Predicted tailcrack angles relative to fault strike plotted against the relative amounts of concurrent
opening and shearing. K, /K, is the ratio of stress intensity factors of mode-I opening (K;) and mode-II
shearing (Ky). The tailcrack angle will approach 70.5° with pure shearing.
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Figure 4.3: a. En echelon cracks form at 45° to the strike of a subsurface strike-slip fault experiencing
shearing. b. For a strike-slip fault experiencing a component of opening, the angle of en echelon cracks
will be less than 45° [Olson & Pollard, 1991; Cruikshank et al., 1991]. c. The en echelon crack angle can be
predicted using the K,;/K; ratio of the stress intensity factors of mode-l opening (K,;) and mode-I11
shearing (K;;) [Pollard et al., 1982]. The K,;/K, relies on the Poisson’s ratios which for low temperature
ice are unknown, but can be estimated shown here, light gray indicates v=0.25, a general value for rock;
dark gray is v=0.31 for ice [Mitri & Showman, 2008; Manga & Wang, 2007]; black is v=0.33 for ice
[Schulson, 2001]. The Poisson’s ratios have relatively little effect on the relationship between K;,/K,and
en echelon crack angle.
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4.2.2 En echelon cracks

In this work we assume that linear arrangements of en echelon cracks are the surface
manifestation of a subsurface strike-slip fault, first noted in experimental work by Riedel
[1929] and Cloos [1955], and commonly observed along terrestrial strike-slip faults. En
echelon cracks in particular are on type of a group of fractures called Riedel shears, which
are secondary fractures that form in response to underlying shear fractures first recognized by
Riedel [1929]. There are a variety of Riedel shears most notably R-shears and R’-shears,
conjugate fractures with synthetic and anti-thetic motion respectively. Additionally, synthetic
P-shears form at low angles to the parent crack and T-fractures, which are tension fractures
that form at 45° to the parent crack; the sense of step of the T-fractures is opposite to the
shear direction of the underlying fault. We interpret the en echelon cracks on Enceladus to be
T-fractures, thus indicated the presence of a subsurface shear zone. En echelon cracks in this
scenario are mode | features. Hence, they form perpendicular to the direction of local
maximum horizontal tension (c1), and parallel to the local maximum horizontal compression
(o3). This relationship produces en echelon cracks stepping in the opposite direction from the
sense of slip: left-stepping en echelon cracks result from right-lateral strike-slip motion, and
right-stepping cracks result from left-lateral motion (Fig. 4.3). En echelon cracks are a
particularly useful tool in identifying strike-slip motion in the absence of lateral offsets.
Arrays of en echelon cracks have also been observed at the terminations of sheared joints
[Cruikshank & Aydin, 1995], and can occur as a peripheral breakdown fringe along the edges
of a parent crack (e.g., joints, veins, igneous intrusions) in response to a rotation of the
principal stresses during the growth process [Pollard et al., 1982; Sommer, 1969; Nicholson
& Pollard, 1985].

If en echelon cracks form above a subsurface shear fracture undergoing purely strike-slip
motions, the angle between the trend of the subsurface fault and the echelon crack (the en
echelon crack angle) will be 45° [Ramsey, 1980; Olson & Pollard, 1991] (Fig. 4.3a). A
deviation from 45° implies a component of dilation: the en echelon crack angle will be <45°
if there is a component of fault-perpendicular tension and dilation (Fig. 4.3b) and > 45° if

there is a component of contraction (Fig. 4.3c).
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4.3 Strike-slip fault mapping

Mapping was completed on the global mosaic of Enceladus [Roatsch et al., 2013] from
the NASA Planetary Data System’s (PDS) Imaging Node Planetary Image Atlas. It has a
resolution of 110 m/pixel, which is lower than many of the individual images used to create
the mosaic. We performed a global survey of strike-slip faults with the exception of the SPT.
The low resolution within the north polar region made it difficult to determine the presence
of strike-slip faults, however, occasional offsets have been observed within the SPT [Patthoff
& Kattenhorn, 2011] but were not comparable (image resolutions within the SPT can be as
low as <10 meters per pixel) to the scale of strike-slip faulting observed elsewhere on
Enceladus and were therefore not included in this work. Therefore, individual images of
target locations were retrieved from the PDS and processed using the Integrated Software for
Imagers and Spectrometers (ISIS) developed by the United States Geological Survey. Data
was then imported into an ArcGIS environment where the combination of the global mosaic
and individual high-resolution images (40-200 m/pixel) allowed for the most detailed
analysis of strike-slip faults.

Visible offsets are a common way of identifying strike-slip motion in the solar system,
and are ubiquitous on Europa [e.g., Kattenhorn, 2002, 2004], and in some cases have been
used in the SPT to determine relative ages [Patthoff & Kattenhorn, 2011]. However, despite
myriad crosscutting features observed at <100 m/pixel, no large offsets were identified.
Despite the relatively common nature of strike-slip faults characterized by significant lateral
offsets on bodies like Ganymede and Europa (Fig. 4.1) it is unlikely that that lack of similar
features on Enceladus is a function of image resolution and coverage. This is suggestive of
the dominance of the extensional environments characteristic of icy bodies in the out solar
system, and perhaps a fundamentally different process driving strike-slip faulting on
Enceladus. The absence of visible offsets on Enceladus requires the use of other kinematic
indicators, namely tailcracks and en echelon fractures, to identify the presence of strike-slip

motion along a fracture and also to determine the sense of slip.
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Figure 4.4: The global distribution of strike-slip faults on Enceladus. (a) Brittle failure of ice Red
indicates right-lateral strike-slip faults and blue indicates left-lateral strike-slip faults. Numbers
correspond to unique fault identification numbers. Note the dearth of strike-slip faults within the
tectonized terrains and the polar regions. Image Credit: NASA/JPL-Caltech/SSI; global mosaic by
Roatsch et al.[2013]. (b) Strike-slip fault distributions: tectonic terrain boundaries (dark tones), primary
strike-slip faults (medium tones), and reactivated linear features (light tones). Tectonic terrain
boundaries appear on either side of the leading tectonized terrains. Reactivated linear features appear
primarily near the south polar dichotomy within the Saturn-side cratered terrains. Primary strike-slip
faults appear mostly in the anti-Saturn cratered terrains, mostly north of the equator.
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4.4 Strike-slip fault distribution

Twenty-two individual features were identified globally that could convincingly be
characterized as strike-slip faults (Fig. 4.4). Strike-slip faults are located primarily between
120°E and 120°W and between 60°W and 60°W: both regions being composed
predominantly of cratered terrains. There is a dearth 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,
respectively. The apparent lack of strike-slip faults in the north polar region may be
explained, in part, by limited data coverage. The SPT, characterized by the prominent tiger
stripes and south polar dichotomy, yielded no discrete strike-slip faults. This does not suggest
that the SPT is devoid of shear: previous work has indicated that the tiger stripes may be
undergoing strike-slip motions [Patthoff & Kattenhorn, 2011; Hurford et al., 2007; 2012].
Additionally, there is no preference for left-lateral vs. right-lateral strike-slip faults in either
the northern or southern hemispheres, as has been reported for Europa [Hoppa et al., 1999],
nor are there morphologic equivalents of Europa’s band-like strike-slip faults [Kattenhorn,
2004]. There is no preferential fault orientation or range of lengths.

Based on the 22 mapped strike-slip faults, three different classes of faults were identified:
(1) those defining major tectonic domain boundaries, (2) reactivated linear features, and (3)
primary strike-slip faults. Tectonic domain boundaries comprise 23% of the strike-slip faults,

36% are reactivated linear features, and 41% are primary strike-slip faults (Fig. 4.4).

4.4.1 Tectonic terrain boundary strike-slip faults

The abrupt boundaries between Enceladus’s tectonized and cratered terrains have not
been previously investigated in detail. Close examination of these borders reveals sets of en
echelon cracks suggestive of shear along a subsurface strike-slip fault. One tectonic terrain
boundary (28) (Fig. 4.4) may have a possible tailcrack (Fig. 4.5a). The lack of observed
lateral offsets at terrain boundaries is intriguing and perhaps suggests that there is a
significant component of dilation occurring along these fractures. We refer to such strike-slip
faults as tectonic terrain boundaries (Fig. 4.5). Tectonic terrain boundary strike-slip faults
delineate the leading hemisphere tectonized terrain with both left-lateral (5 in Fig. 4.4b) and
right-lateral (12 and 21 in Fig. 4.4b) examples. These faults potentially accommodate a

broad-scale northward motion of the tectonized terrain they encompass (Fig. 4.4), although
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the competing motions of adjacent faults 5 and 21 suggest additional complexity. Two
tectonic terrain boundary faults intersect the south polar dichotomy, a left-lateral fault at
60°W (28 in Fig. 4.4b) which lies between the leading tectonized terrain, and Saturn facing
cratered terrains and a right-lateral fault (15 in Fig. 4.4b) at 60°E which extends from the

south polar dichotomy into the trailing hemisphere tectonized terrains.

4.4.2 Reactivated linear
features

A reactivated linear feature
is a fracture that experienced
shear after its initial formation.
Multiple stages of motion
likely indicate a changing
stress field (Fig. 4.6). As is
characteristic of strike-slip
faults on Enceladus,
reactivated linear features are
identified by secondary en

echelon cracks or tailcracks

due to subsequent shear along

"

Figure 4.5: Two left-lateral examples of tectonic terrain boundary & pre-existing fracture. Pre-
strike-slip faults on Enceladus. a. A tectonic domain boundary .. . .
separating cratered terrain from tectonic terrain, centered at 58° EXISting fractures are identified

W and 44° S (28 in Fig. 4). Image No. N1660434444. b. A tectonic . . .
domain boundary centered at 153° W and 6° S (5 in Fig. 4), by their relative age with
characterized by a series of en echelon cracks. Image No. respect to surrounding
N167591706.

structures and the amount of

displacement accommaodated by the fracture(s). Figure 4.6 shows a zone of broad troughs or

furrows likely indicating extension (2 in Fig. 4.4) that preceded shear along this feature,
resulting in tailcracks on the eastern end of the fracture.

Reactivated linear features are distributed primarily within the cratered terrains. In

particular, a high concentration of left-lateral reactivated linear features occur in the southern



81

hemisphere of Saturn-facing cratered terrains (Fig. 4.4b). Faults 29 and 11 (both left-lateral)
are associated with swaths of tectonized terrains crossing deep into the Saturn-facing cratered
terrains, and can be traced continuously into the tectonized terrains. This region of left-lateral
faults is bounded on the eastern edge by a right-lateral, reactivated fault (14 in Fig. 4.4b), the
longest strike-slip fault mapped extending 350 km, comprised of 50-100 km segments. Only
two reactivated features occur within close proximity to the anti-Saturn cratered terrains (2
and 8 in Fig. 4.4b).
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Figure 4.6: Two crosscutting strike-slip faults with kinematic indicators showing an opposite sense of
shear. Left-stepping en echelon cracks indicate right-lateral motion on a NW-SE oriented structure. The
reactivated linear feature shows tailcracks indicative of left-lateral motion. Centered at 158°E and 17°N.
Image No. N1489050254.

4.4.3 Primary strike-slip faults

Primary strike-slip faults are those faults that do not comprise a tectonic domain
boundary and do not exhibit signs of forming by the reactivation of a preexisting surface
fracture (Fig. 4.7). They initially broke through to the surface as mode | cracks as the result
of a subsurface shear fracture, and have not experienced any obvious reversal of sense of slip
in the interim. Nonetheless, the classification of this particular style of strike-slip fault is
guided only by secondary fractures (en echelon cracks and tailcracks) as the surface
manifestation of a subsurface structure. En echelon cracks in particular are interpreted to be
T-fractures, which form arrays of opening en echelon cracks as the result of shear motion on
a subsurface parent crack. It is possible, however, that these features develop in response to
the reactivation of ancient subsurface or heavily mantled faults; however, this cannot be
reconciled with the available data sets. Even if reactivation of an inherited crustal fabric is
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involved in the development of some of these structures, we nonetheless distinguish them
from ‘reactivated linear features’ to imply that breakthrough to the surface occurred during
shearing, as opposed to the shearing of a feature already present at the surface.

Primary strike-slip faults are found within close proximity to both the Saturn- and anti-Saturn
cratered terrains. However, the highest concentration of primary strike-slip faults are near the
anti-Saturn cratered terrains (Fig. 4.4b), with
7 primary strike slip faults in contrast to the 1
primary strike-slip fault on the Saturn facing
cratered terrains. Additionally, the primary
strike-slip faults in the anti-Saturn cratered
terrains are generally north of the equator in
contrast to reactivated primary strike-slip
faults, which are predominantly found south
of the equator in the Saturn facing cratered
terrains. Fault 25 is a left-lateral strike-slip
fault that can be traced deep into the north
polar regions. The largest being a right-
lateral fault that extends from the equator to
~60°N (3 in Fig. 4.4b), and is 270 km long.

4.5 Normal and shear stresses along strike-
slip faults

The tiger stripes in Enceladus’s SPT have
been suggested to undergo both shearing and
dilation on a diurnal timescale [Nimmo et al.,
2007, Smith-Konter & Pappalardo, 2008;

Figure 4.7: Primary strike-slip faults. (a) Strike-slip Hurford et al, 2007; 2012], potentially

fault at 145°E, 26°S, characterized by a broad splay affecting the timing and duration of plume
of tailcracks. Image No. N1500061771. (b) Array of

right-stepping, en echelon cracks suggestive of left- eruptions from the tiger stripe cracks. It
lateral subsurface shear at 156°E, 2°S. Image No.

N1489050475.
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follows that other tectonic structures on Enceladus may also have experienced components of
both shearing and dilation, although not necessarily exclusively in response to diurnal tidal
forcing. Secondary features (tailcracks and en echelon cracks) associated with strike-slip
faults present the opportunity to measure relative amounts shear and opening that occurred
along the fault [Kattenhorn, 2004; Pollard et al., 1982]. This ratio (from observations) can be
compared with similar ratios generated from models of a global field. We measured either
tailcrack angles (0) or en echelon crack angles (B) (whichever was present) along mapped
strike-slip faults on Enceladus in a Mercator projection (which preserves angles), reprojected
about the center of each fault, and compared these angles to theoretical predictions based on

linear elastic fracture mechanics.

4.5.1 Inferring a normal-vs.-shear stress ratio from observations

Slip along a fracture is dictated by the normal and shear stresses (o, and o5 respectively)
which are related to the components of stress and fault orientation by the Mohr equations. As
a fault slips, stresses are concentrated at the tips typically creating a radial stress perturbation;
if tailcracks form, they will form perpendicular to the direction of the maximum
circumferential stress. To be predictive about the tailcrack angle therefore, the
circumferential stress must be calculated which is related to the stress intensity factors for
opening (K;) and shearing (Ky). The tailcrack angle is related to the ratio of os/c, by the
maximum circumferential stress criterion [Erdogan & Sih, 1963; Pollard & Segall, 1987,
Willemse & Pollard, 1998], and by maximizing the circumferential stress, the tailcrack angle
is mathematically related to the ratio of K, /K, [see Groenleer & Kattenhorn, 2008]. Thus for
an observed tailcrack angle 6 (Fig. 4.2), the ratio of the stress intensity factor K;, for mode |
(opening), and the stress intensity factory for mode Il Ky, (shearing) K;;, can be calculated. A
stress intensity factor (K|, K, and Ky;) is the magnitude of a local stress in the vicinity of the
fracture tip: K, K;;,, and Ky, are the measure of the magnitude of mode I, Il, or Il stress
respectively. The ratio of K(j; or 11)/K| represents the ratio of the relative amounts of mode Il
or 111 shearing to opening. This is appropriate for tailcracks and en echelon cracks, which are
mode | fractures secondary to a primary crack. The parent crack will be shearing, mode 11 or
a mode Il motion based on the tipline orientation relative to shearing: tailcracks form

relative to a parent crack with a vertical tipline and en echelon cracks form above an
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underlying fault with a horizontal tipline. In the case of tailcracks, the primary crack is
behaving as mode Il and for en echelon cracks, the primary cracks is behaving as mode IIl.
Therefore, to calculate the relative amounts of opening and shearing at tailcracks and en
echelon cracks the K /K, and Ky;/K, ratios are used respectively.

After Groenleer & Kattenhorn, [2008]:

Ky _ sin(g)xcos(g)
K 3sin2(§)—1

1)

where 0 is the tailcrack angle.

Similarly, for the case of dilational en echelon surface fractures and a primary crack
experiencing a component of dilation, the en echelon crack angle B (Fig. 4.3), can be used to
calculate the ratio of Ky, (the stress intensity factory for mode 11l shearing) to K, [Pollard et
al., 1982]:

e x () >

where v is Poisson’s ratio.

However, eqn. 2 is only relevant if the normal stress acting on the primary crack is tensile
(i.e., experiencing a component of dilation). The K,/K; and K /K, ratios derived from
equations (1) and (2) are based on the observed geometries of fractures related to strike-slip
faults. Analogous, theoretical ratios of shear to normal motion can be calculated from
modeled stress fields to determine if predictions can be reconciled with observations. The
observed K, /K, and K;/K, ratios can be compared to the theoretical os/c, because they all
relate the relative quantities of shear and normal motion along a given fault. In a tension
positive sign convention, K, ,/K; implies the normal stress is positive, and can be compared to
the og/o, if the absolute value of the shear stress is used because it is not known a priori if the
parent crack is dilating. Additionally for the ¢/cn, a positive ratio does not always imply that
the normal stress is tensile and this must be verified in order to make a direct comparison

between K /K, and os/c,. A negative normal stress indicates a compressive stress, which
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would require the Riedel Shear Zone Criteria to determine if the observed en echelon cracks
match other expected geometries for the sense of shear like R, R’, or P shears [e.g., Riedel,
1929]. The global distribution of strike-slip faults on Europa has been attributed to a global
stress field related to tidal distortion of the ice shell above a liquid ocean [Hoppa et al.,
1999]. The fracture patterns and geologic activity within the south polar terrains of Enceladus
have been previously documented to be the compatible with formation due to stresses
induced by both NSR and diurnal tidal deformation [Patthoff & Kattenhorn, 2011].
Calculated diurnal stresses in the SPT do not exceed ~80 kPa [Smith-Konter & Pappalardo,
2008], which are not sufficient to overcome the tensile strength of ice, potentially in the
range ~1-3 MPa [Schulson & Duvall, 2009]. Additionally, fractures that form as the result of
diurnal stresses are likely to be arcuate like cycloids on Europa [Marshall & Kattenhorn,
2005; Groenleer & Kattenhorn, 2008] which are not observed suggesting that diurnal
stresses are not a major driving force in the initiation of fractures on Enceladus. Outside the
SPT where the ice shell is likely thicker, diurnal stresses are even lower, <10 kPa (Martin &
Kattenhorn, 2014), and so are even less likely to create fractures in the ice shell. Nonetheless,
such stresses may potentially cause motion along pre-existing fractures, as has been
suggested for controlling the timing of jet activity in the SPT (Hurford et al., 2007; 2012).

4.5.2 Inferring a normal-vs.-shear stress ratio from stress models

The fracture patterns, including the tiger stripes, preserved within the SPT are suggested
to have been created within a NSR stress field [Patthoff & Kattenhorn, 2011], and motions
along the tiger stripes have been attributed to diurnal tidal stresses [Nimmo et al., 2007,
Smith-Konter & Pappalardo, 2008; Hurford et al., 2007; 2012]. Both NSR and diurnal tides
produce global-scale stress fields which would likely produce other fracture patterns that may
be preserved outside of the SPT. Martin & Kattenhorn, [2014] demonstrate that the global
distribution of pit chains across Enceladus is consistent with a NSR stress field. The
magnitude of diurnal tidal stresses is unlikely to exceed ~80 kPa [Smith-Konter &
Pappalardo, 2008], therefore we assess the global distribution of strike-slip faults within the
context of a NSR stress field. SatStressGUI [Kay & Kattenhorn, 2010] based on SatStress, an
open source program for calculating global stresses in the ice shell of a tidally-deforming

moon [Wabhr et al., 2009], can be used to calculate global stress fields due to diurnal tides or
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NSR. Similarly, SatStressGUI can be used to assess the likelihood that diurnal tidal stresses
are driving shearing along pre-existing faults, or whether motion is consistent with the tidal
walking model suggested for strike-slip faults on Europa [Hoppa et al., 1999]. The program
uses a 4-layer model to represent the satellite interior, comprising upper and lower ice shells,
an inner layer we assume to be a global subsurface ocean, and a rocky core. We used the
point calculation function within SatStressGUI to determine the stress tensor at a chosen
coordinate (the location of a strike-slip fault). Given no absolute knowledge of the NSR
characteristics of the ice shell, we select a hypothetical NSR period of 1 Myr, which allows
sufficient stress to accrue to enable fracturing, prior to the viscoelastic relaxation of such
stresses [Kay, 2010]. Additionally, we select rheological parameters for low temperature ice
(Table 4.1) for each of the four layers: the upper and lower ice shell, an assumed global
ocean, and a core. For each layer, a density, shear modulus, Lamé Parameter, viscosity,

Young’s Modulus, and Poisson’s Ratio are assigned.

Table 4.1: Parameters used to calculate point stresses at Enceladus’s surface using SatStressGUI [Wahr
et al., 2009; Kay & Kattenhorn, 2010]. p is density, G is the shear modulus, A is the Lamé Parameter, 1 is
the viscosity, E is Young’s Modulus, and v is Poisson’s Ratio. Rheological properties consistent with
previous work [Olgin et al., 2011; Smith-Konter & Pappalardo 2008; Nimmo et al., 2007]

p(kgm®) G (Pa) A (Pa) Thickness n (Pa.s) E v (Pa)
Upper Ice Shell 917 3.5x10°  6.8x10° 2x10°%-8x10° 1x10% 0.3107x10°  3.301x10*
Lower Ice Shell 917 3.5x10° 6.8x10°  2.2x10*-7.8x10* 1x10Y 0.3107x10°  3.301x10*
Ocean 1000 - 2x10° 1x10*- 7.2x10* - - -
Core 3500 1x102  4x10%° 1.56x10° - - -

After building a satellite in SatStressGUI, the stress mechanism (NSR and/or diurnal), and
period are selected. SatStressGUI adopts a tension positive sign convention. Using the point
calculator function, for a given fault location, 61, 63, and a variable a (the orientation of o1
measured clockwise form due north (0°)) were calculated. The Mohr equations relate the
magnitude of the principal stresses (from SatStressGUI) to resolve the amount of normal (o)
and shear (o) stress on the fault.

o1—

A1% L A% 05(20) (3

o' =
n 2 2
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o, = % sin(20) (4)

O is the angle between a and the normal vector to the fault. We compare the ratio 65/c, from
a modeled NSR stress field with the K;/K; and K;/K; ratios from observations to determine
if a theoretical ratio matches ratios inferred from observations. If a match occurs, it suggests
that an NSR stress field could have formed the strike-slip fault in that orientation. The point
in the NSR stress field where the theoretical ratios match the inferred ratios indicates a
longitude, in the NSR stress field where the observed amounts of opening and shearing are
achieved. We then determine the likelihood that the strike-slip fault in its current orientation
could have formed at that longitude with the observed sense of slip. A match in slip-sense
would indicate that that strike-slip fault is consistent with forming as a result of NSR stresses.

4.5.3 Strike-slip faults in the context of an NSR stress field

For each fault where en echelon crack or tailcrack angles were measured, the theoretical
os/o, ratio (at 15 different longitudes spread out over 180° of the NSR stress field) was
compared with the observed K;/K, or K;/K; ratios. If there was a longitude at which the
observed ratio matched the theoretical ratio, the sense of slip the fault would experience at
that location was verified. If the sense of slip was consisted with what was observed, that
fault was deemed to be consistent with formation in an NSR stress field. If the sense of slip
did not match observations, the fault was deemed inconsistent with formation due to an NSR
stress field. Faults 1 and 2 (Fig. 4.4) are consistent with formation in an NSR stress field
(Table 2) (Fig. 4.8); both their observed and theoretical ratios of shear to normal motion are
similar. Similarly, Fault 1 is a primary strike slip fault located in the southwestern region of
the anti-Saturn cratered terrains. Fault 2 is a reactivated linear feature located in the
northwest regions of the anti-Saturn cratered terrains. Both 1 and 2 are roughly oriented E-W
and indicate left-lateral motion. For fault 1, os/c,=-0.6 and K;/K; =-0.82 at a longitude of -
81.18° in the NSR stress field (Fig. 4.8) would produce left-lateral motion, consistent with
the observed slip sense. Fault 2 had an observed K/K; = -0.69 and o¢/c,=-0.39 at an NSR
longitude of -65.65°, consistent with the observed left-lateral motion. With the exception of

fault 2, reactivated linear features are inconsistent with formation in an NSR stress field as
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evidenced by the wrong slip-sense at the NSR longitude where o¢/c, = K, /K. For the same
reason, tectonic terrain boundaries and some primary strike-slip faults (3 and 7). Despite
having theoretical and observed rations of shearing and normal stress on the fault, if the fault
will not slip with the observed slip sense, it could not have formed in that location. Faults 6
and 18 cannot be matched with an NSR longitude and corresponding cs/c,, consistent with the
inferred K;;/K,; for these faults. Faults 7 and 29 appear twice each as there were two

longitudes in the NSR stress field where the os/c, were similar to the K;/K.

Table 4.2: A summary of the results from observed en echelon crack and tailcrack angles. Each fault has
an assigned identification number (Fig. 4), and was delineated by type of strike-slip fault. The NSR
longitude is the point in the NSR stress field where the theoretical 646, for that particular fault
orientation is approximately equal to K;,,y/K, or K;;,/K; deduced from en echelon or tailcrack geometries.
The observed slip sense is that indicated by secondary fractures (en echelon cracks and tailcracks)
whereas the NSR slip sense is that dictated by the sign of the shear stress that resolves onto the fault when
placed in the theoretical NSR stress field at the indicated NSR longitude. Faults highlighted in gray
indicate faults whose sense of slip is consistent with a NSR stress field. Faults 7 and 29 appear twice, as
there were two longitudes within the NSR stress field were the observed ratios of shear to opening
matched the theoretical ratios.

Fault Type NSR Center Crack Obs. NSR s Ky Kin
ID Long. Lat. Angle  Slip Slip o, K, K,
Sense  Sense

1 Primary -81.18 -26.5 50° Left Left -0.6 -0.82 -
Tls é 2 Reactivated -65.65 17.51 47° Left Left -0.39 -0.69 -

wl F 5 3 Primary -91.24 2191 45° Right Left -0.70  -0.63
< 28 Boundary 46.79  -43.58 19° Left Right -0.30 -0.18 -
e 5 Boundary  -17.4  -86 28°  Left Right 0.46 - 0.25
:—(B, o 6 Primary - -2.15 12° Left - - - 0.07
6 S 7 Primary 159.87 22.57 32° Right Left 0.34 - 0.35
> S 7 Primary -20.13  22.57 32° Right Left 0.34 - 0.35
K (_% 8 Reactivated 170.13  35.85 28° Right Left 0.25 - 0.25
c|l e 18 Primary - 2921  40°  Right - - - 0.96
8| 4 21  Boundary -36.86  18.2 29°  Right Left 0.35 - 0.27
uCJ 27 Reactivated 53.71  -43.82 16° Left Right  0.13 - 0.11
29 Reactivated 167.25 -20.14 17° Left Right  0.13 - 0.11
29 Reactivated -12.25 -20.14 17° Left Right  0.13 - 0.11
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Figure 4.8: A sample NSR stress field for Enceladus produced in SatStressGUI [Kay & Kattenhorn, 2010;
Whar et al., 2009] with a 1 Myr period. Ticks represent the orientation of the principal stresses: red is
maximum tension and blue is maximum compression.

4.6 Discussion

The spatial distribution of the three different strike-slip fault types identified on
Enceladus does not appear random (Fig. 4.4). There are few strike-slip faults within the
tectonized terrains. There are examples of strike-slip faults that partially cross into the
tectonized terrains, but they are always closely associated with a terrain boundary. Some
faults within the tectonized terrains (fault 3 & 14) have a broad latitudinal extent perhaps
suggesting that something other than a global stress mechanism is controlling that formation:
in the case of an NSR stress field, strike-slip faults that cross several lines of longitude would
be expect to change their sense of slip. The lack of strike-slip faults within the tectonized
terrains may be an indication of some large-scale crustal thickness difference between the
terrain types, or simply an issue of the image resolutions in the tectonized terrains. Close
examination of high-resolution images within the tectonized terrains did not reveal even

small-scale strike-slip structures. The global distribution of strike-slip faults may therefore
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indicate some kind of difference in mechanical behavior between terrain types (such as ice
shell thickness or inherited crustal weaknesses).

While we consider the role NSR plays in the distribution of strike-slip faults on
Enceladus, there are additional mechanisms that are capable of producing global scale stress
fields including polar wander, diurnal tidal stresses (tidal walking model [Hoppa et al.,
1999]), despinning, orbital recession, internal differentiation, and ice shell thickening
[Kattenhorn & Hurford, 2009; Collins et al., 2010]. The global distribution of strike-slip
faults on Europa have been attributed to the tidal walking model [Hoppa et al., 1999], where
faults undergo a ratcheting motion as the orientations of the principal stresses and their
magnitudes undergo a 180° of rotation during one orbit. This model will also 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, it cannot explain long strike-slip faults with a consistent sense of
slip: fault 14 (350 km long) crosses the equator where it would be expected to changes its
sense of slip which is not observed.

The tidal walking model may explain the general distribution of Europa’s strike-slip
faults, however Kattenhorn [2004] found that only band-like strike-slip faults appeared to
match the tidal walking model. Polar wander and obliquity have been explored has also been
suggested as a possible mechanism for forming the distribution of strike-slip faults on Europa
[Rhoden et al., 2011; 2012]. On Enceladus, polar wander has been suggested to be the likely
explanation for the location of the SPT [Nimmo & Pappalardo, 2006]. If the reorientation of
the SPT to the south pole was the same event that induced the geologic activity of this
terrain, then this event may have occurred less than 1 Mya [Patthoff & Kattenhorn, 2011]. If
the strike-slip faults on Enceladus were associated with this reorientation event, it would
follow that initiation of strike-slip faulting was also recent. This is consistent with
observations of strike-slip faults on Enceladus which appear to crosscut many surrounding
features, and many of the en echelon cracks and tailcracks are features called pit chains
which are found to be some of the youngest features on the surface [Martin & Kattenhorn,
2013]. Polar wander can likely produce stresses up to 10 MPa [Nimmo & Pappalardo, 2006;
Melosh, 1980]. Matsuyama & Nimmo, [2008] explored the stress fields produced by various

amounts of reorientation and found that regions of shearing would occur in the present day
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cratered terrains. Further work is necessary to determine whether the orientations of observed
strike-slip faults and their sense of slip are consistent with predicted orientations.

By definition, tectonic terrain boundaries are located at the boundaries between disparate
terrains; however, this type of fault appears to occur only on the leading hemisphere (21, 5,
28, and 12), and very near the Saturn-facing portion of the south polar dichotomy (15). It is
likely that fault 5 extends far into the northern hemisphere. The opposing sense of slip of
these bounding faults (12 and 5) could be an indication that this portions of Enceladus’s ice
shell in the leading hemisphere are moving northward in a rigid plate-like manner, suggesting
large-scale motion of the brittle portion of the ice shell. This motion is perpendicular to the
orientation of the current tiger stripes suggesting that the opening of the tiger stripes is in-part
driving northward motion of the leading hemisphere tectonized terrains. The funiscular or
‘ropy’ terrains [Spencer et al., 2009] are comprised of short wavelength, sub-parallel
features interpreted to be folds [Spencer et al., 2009; Barr & Preuss, 2010; Bland &
McKinnon, 2014] between the tiger stripes in the SPT. If the funiscular terrains are the result
of compression due to opening along the tiger stripe it may also drive the leading hemisphere
tectonized terrains northward, consistent with the observed tectonic terrain boundary strike-
slip faults.

A closer look at the K, /K, ratios reveals that all but three are less than 0.35, which
correspond to en echelon crack angles between 12° and 29°. This suggests that perhaps these
en echelon cracks, rather than being Riedel T-fractures which typically form at 45° to the
parent crack may be low angle R-shears (which form synthetic to the parent crack) or P-
shears which typically form at 15°-20° synthetic to the parent crack. The are no indications
that these en echelon crack arrays have undergone any shear motion and is why they were
interpreted to be T-fractures. However, the lack of lateral offsets indicative of shear along
these crack arrays, may be a factor of image resolution and the lack of pre-existing structures
to be offset.

While the generally antipodal nature of their global distribution is similar to that of the
global distribution of features called pit chains, pit chains are likely forming in response to
NSR stresses [Martin & Kattenhorn, 2014]. The more important commonality between pit
chains and strike-slip faults appears to be the antipodal locations of cratered terrains in which

they predominantly form. The dearth of both feature types in the tectonized terrains cannot
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be ruled out as being an observational problem (features may be difficult to see in the highly
disrupted tectonized terrains), or is perhaps related to thicker regolith deposits in the cratered
terrains [Martin & Kattenhorn, 2013], within which surface cracks related to strike-slip
shearing may be more readily apparent. Hence, despite the spatial distribution similarity with
pit chains, there appears to be some mechanism(s) other than NSR responsible for the
formation, orientations, and reactivation of many (but not necessarily all) strike-slip faults on
Enceladus. This result contrasts with the results of strike-slip fault analysis on Europa, which
suggest that the global distribution of strike-slip faults is consistent with the tidal walking
model driven by tidal stresses [Hoppa et al., 1999; Kattenhorn, 2004]. In part both the tidal
walking model [Hoppa et al., 1999] and analysis of band-like faults suggest that dilation is a
significant component of motion along these strike-slip faults on Europa [Kattenhorn, 2004].
Similarly, we find that dilation along strike-slip faults on Enceladus is a common component
of motion. Alternative global stress contributors that may be important for strike-slip faults
on Europa include changes in spin pole direction and obliquity [Rhoden et al., 2011; 2012].
The lack of continuity between the global distribution of strike-slip faults on Enceladus
with a global stress field suggests that perhaps a more regional stress field or regional
perturbation to a global stress field may be a better match to the distribution. Regional
perturbations to a global stress field may occur for many reasons, in much the same way
stress concentrations occur at the tips of a strike-slip fault to produce tailcracks. An inherited
crustal fabric, or motion along a nearby fault may be sufficient to perturb a remote stress
field. An example of this may be Fault 2 is which is identified as a reactivated linear feature
and is consistent with having formed in response to an NSR stress field (Fig. 4.4; Table 2). It
is closely associated with fault 7, a primary strike-slip fault that is not consistent with having
formed in response to NSR. The close proximity of fault 2 and & 7 suggest that perhaps It
might be possible to reconcile this apparent discrepancy by considering whether fault 2 either
during its initial formation, or during its reactivation, was locally capable of perturbing the
global stress field. 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] affect motion around surrounding faults. Similarly, tectonic terrain boundaries shown
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here to be characterized by en echelon cracks or tailcracks indicative of shear may produce
perturbations to a global or a regional stress field.

The fracture patterns and geologic activity within the south polar terrains have been
previously documented to be the result of stresses induced by both NSR and diurnal tidal
deformation [Patthoff & Kattenhorn, 2011]. As these same mechanisms are the main control
on strike-slip fault patterns on Europa, the lack of a match between strike-slip patterns on
Europa and Enceladus is intriguing. Kattenhorn [2004] noted that only band-like strike-slip
faults followed the tidal walking model presented for Europa [Hoppa et al., 1999], and that
ridge-like strike-slip faults are the result of another stress mechanism. Similarly, the pattern
of strike-slip faults on Enceladus suggests a different stress mechanism, or combination of
mechanisms is required to produce the observed distributions.

There are therefore a variety of local and global mechanisms that might be controlling the
distribution of strike-slip faults on Enceladus. It is especially intriguing that the pattern of
strike-slip faults is dissimilar to that on Europa, and inconsistent with diurnal and NSR stress
fields, as these two global stress mechanisms have been attributed to the formation of the
fracture patterns with the SPT, and the global distribution of pit chains. Therefore the
distribution of strike-slip faults on Enceladus is evidence for additional mechanism(s)

modifying Enceladus’s surface, which require further exploration to reveal.

Conclusions

Strike-slip faults on Enceladus lack the characteristic lateral offsets, which are typical of
strike-slip faults on other icy bodies like Ganymede and Europa. Strike-slip faults on
Enceladus are characterized by en echelon cracks and tailcracks indicative of strike-slip
motion on a subsurface fault. Therefore, we use secondary fractures, tailcracks and en
echelon cracks, to identify strike-slip faults on Enceladus, and produce the first ever global
map of strike-slip fault distributions on Enceladus. We find that strike-slip faults fall into
three separate classes: tectonic domain boundaries, reactivated linear features, and primary
strike-slip faults and are found primarily within the cratered terrains on the Saturn-facing and
anti-Saturn hemispheres. Global patterns of strike-slip faults on Europa have been attributed
to a global stress field. Previous geologic evidence for NSR suggests the presence of a global

stress field. We therefore test the consistency of the distribution of strike-slip faults on



94

Enceladus with a NSR stress field. We find that in general, the global distribution of strike-
slip faults is inconsistent with formation within an NSR stress field. The tidal walking model
proposed for Europa is also an unlikely global stress mechanism, however polar wander is a
candidate that warrants further exploration. Alternative mechanisms for producing the
observed distribution might also include localized perturbations of the remote field generated
by near-by features. Additionally, the three strike-slip fault types identified may be indicative
of formation due to different stress mechanisms: the strike-slip faults bounding the leading
hemisphere tectonized terrains suggest northward movement of the ice shell which is

perpendicular to the orientation of the present day tiger stripes.
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