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Introduction: The outer solar system consists of a di-
verse population of icy satellites, but our understand-
ing of their evolution remains in its infancy. Encela-
dus, a small (diameter ~500 km) moon of Saturn, pro-
vides a unique opportunity to explore the mechanical
behaviors of icy satellites due to its unique geology,
characterized by cyclically erupting geysers at the
moon’s south pole. The plumes of these geysers are
sourced from a series of parallel ‘‘tiger-stripe” frac-
tures (TSF), and are composed of gas and water-ice
particulate. Plume materials originate from a global
water ocean beneath Enceladus’ outer ice shell, mak-
ing Enceladus a leading candidate in the search for ex-
traterrestrial life [1].

The cyclic nature of the plume’s eruption, the perio-
dicity of which matches the orbital period of the satel-
lite, has been attributed to daily variations of tidal
stresses acting on the moon [2]. These daily stresses
are thought to be a consequence of Enceladus’ eccen-
tric orbit around Saturn. However, there is an offset in
timing between Cassini’s observations of peak erup-
tion and what is predicted by the theory of tidally mod-
ulated cracks as driven by orbital eccentricity [3].

Existing models have attempted to reconcile the
plume timing discrepancy by invoking stress relaxation
in a viscoelastic ice sell [3][4][5]. However, such an
approach assumes the stress in the ice shell to be en-
tirely induced by tidal stress, neglecting the role tec-
tonically induced stress play in order to support the
high (>1 km) topographic relief around the moon’s
south pole [6]. We propose to relax the assumption of a
tectonic stress-free ice shell and first offer an analytical
tensor analysis decomposing tidal and tectonic stresses.
Then, we introduce two semi-qualitative stress field
calculation in order to begin exploring the origin of the
tectonic stresses we derive from the aforementioned
decomposition model.

Methodology: We investigate the total stress as a re-
sult of three stress sources: tidal stress creating an av-
eraged bulge figure, stress induced by physical libra-
tion, and tectonic stresses. We hypothesize that the ob-
served delay in eruption is a result of the relative dif-
ference in magnitude of these three stresses. The math-
ematical framework we employ to calculate tidal stress
follows the expression for varying stress as described
by the Vening-Meinesz equations [4] for a decoupled,
thin shell. The total stress can be represented as:

i ™M(x,y,t) = ol (x,y,t) + 6iB(x,y) + 63T (X,Y)

where o;;°“M is the total stress tensor, o is the libra-
tion-induced stress tensor, ;2 is the tidal bulge-in-
duced stress tensor, and ;" is the tectonic stress ten-
sor.

We are interested in deriving the tectonic stresses
at the South Polar Terrain (SPT) for when the tiger-
stripe fractures are at the state of frictional instability.
Thus, we assume the fault is at the critical stress of ten-
sile failure (plume eruption), such that o:° = pgh/2 and
o3P = -To, where Ty is tensile strength of the brittle ice
shell, p is the ice-shell density, and g is gravity on the
surface. Our goal is to determine the magnitude of o3"
and thus the tectonic stress tensor. This can be
achieved by solving first for the tensor components of
aii>"M(x, y), and then for the tensor components of
aij’ (X, y). We use this analytical approach to deduce the
magnitude and direction of tectonic stress tensors at
points corresponding to active jets as observed by Cas-
sini [7].

Results: We calculated the maximum shear stresses
for an ice shell 10 km thick and with a tensile strength
of To= 10°Pa, 5x10° Pa, and 107 Pa. We do this for the
point in the orbit 5 hours past periapsis (peak erup-
tion). The preliminary results for maximum shear are
plotted on an ISS mosaic of Enceladus’ SPT in Figure
1. The results indicate that the magnitude of maximum
shear varies systematically across the TSF: it appears
generally higher on the sub-saturnian face of the mo-
saic, and generally lower moving towards the anti-sa-
turnian face. There is also local variability at fault
branching points. The largest concentration of large
maximum shear values are found adjacent to regions of
compressional faulting along the subsaturnian
(SSM)/trailing edge margin (TEM) (Figure 2).

The preliminary results for orientation of ;" are
also plotted in Figure 1 (black lines). Results indicate a
general trend of sinusoidal rotation across the TSF, the
orientation of " oscillating across the SPT, trending
from the LEM to the TEM. Results once more indicate
local variability within fault branches. The overall
trend of these results suggests toroidal motion, and are
consistent with regional clockwise rotation across the
SPT and left-slip bookshelf faulting along the TSFs
[8].

Possible Mechanical Causes: We begin to explore the
possible mechanical origin of these inferred tectonic
stresses by introducing two semi-qualitative stress field
calculations. First, we calculate the stress field at the
SPT due to gravitational spreading from uneven ice
shell thickness [8][9] plus rotation of the SPT that
would accommodate bookshelf faulting of the TSF [8].
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Then, we calculate the stress field due to basal sliding
along the brittle-ductile transition zone (similar to de-
tachment faults of earth) [9][10] plus rotational shear
[8]. The results are presented in Figure 2. We find that
the stress field for gravitational spreading plus rotation
fits our derived tectonic values the best, both in range
of magnitudes and in distribution of stresses. However,
both models fail to predict the dramatically lower tec-
tonic magnitudes (~10%-103 Pa) sporadically found
along the TSF, which is likely is indicative of a more
complex stress field. Explaining the derived tectonic
stresses of Figure 1 is a non-unique problem, thus fur-
ther mechanical scenarios and combinations need to be
explored in future work.

Limitations: This work is just the first step in a greater
exploration of ice-shell deformation and tectonics. We
do not evaluate how stress interacts spatially within
this simple analytical framework; we are only evaluat-
ing singular points along the fault, without insight into
how their locations are kinematically linked. In addi-
tion, we assume only that the shell has tensile strength,
and for simplification purposes do not include rheolog-
ical constraints. We likewise present two simple, semi-
qualitative results calculating the stress field for two
different mechanical origins in an effort to begin ex-
ploring the origin of the tectonic stresses shown in Fig-
ure 1. In our calculations, we regard the SPT as a two
dimensional disk, and do not consider curvature.
Future Work: Eventually, we intend to build a numer-
ical model with visco-elasto-plastic rheology in order
to explore ice-shell deformation processes at various
time scales; these tectonic calculations will offer a
quantitative constraint for that model. There are three
end-member geologic scenarios we are interested in
exploring with these contraints: gravitational spreading
[11], basal shearing [8][10], localized plume upwelling
[12], and nonsynchronous rotation [13]. Tidal stressing
no doubt drives short-term plume activities at the pole,
yet we propose that non-tidal, endogenic conditions are
perhaps primarily responsible for the observed delay in
plume eruption.
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Figure 1: Magnitude of maximum
shear (colored points) and orienta-
tion of maximum shear (black line)
plotted on an 1SS mosaic of the
SPT. Calculations for (A) use an
ice shell tensile strength of 1x10°
Pa, 5x10° Pa for (B), and 1x107 Pa
for (C). Stresses were calculated at
the point in the orbit five hours
past apoapsis. Jet locations taken
from Porco et al. 2014.

Figure 2: Interpreted structural
map of the SPT from Yin and Pap-
palardo (2015). SSM stands for the
“sub-saturnian margin”, TEM
stands for the “trailing-Edge Mar-
gin”, ASM stands for the “anti-sa-
turnian margin”, and LEM stands
for the “leading-edge margin”. The
LEM corresponds to a region of
compressional faulting, while the
TEM corresponds to a region of
extensional faulting.

Figure 3: We explore various mechanical processes in order to match the
tectonic stresses derived from our decomposition mode. (A) The resultant
maximum shear stress field generated by superposing gravitational spreading
and rotational shear. (B) The resultant maximum shear stress field generated
by superposing basal shear and rotational shear. Both are overlain over plot B
from figure 1 (To = 5x10° Pa). The color scheme here corresponds to the
color bar from figure 1.



