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Introduction. Kinematic analysis [1] and decomposition of tidal versus tectonic stress based on the timing
of plume eruption rates [2] suggest that the parallel
tiger-stripe fractures (TSFs) in the South Polar Terrain
(SPT) of Enceladus have been accommodating left-slip
bookshelf faulting. This mode of deformation requires
the TSFs and SPT to be rotating clockwise. The rotating TSFs emit plumes containing sodium-salt-rich ice
grains [3], nanometer-sized SiO2 (silica) particles [4], a
high abundance of hydrogen [5], and complex organic
molecules [6]. The detected plume compositions imply
that: (1) liquid water is in contact with the rocky core
[3] where high-temperature (>50-90°C) hydrothermal
alteration has occurred [4,7]; (2) the hydrothermal
products have moved through the ocean column in less
than a year [4]; (3) thermodynamic disequilibrium in
the ocean favors methane production over CO2 [5]; (4)
the ocean may have been habitable [8].
Tidal heating is likely a primary mechanism contributing to the inferred hydrothermal activity, sending
hydrothermal products to the erupting ice-shell fractures via a rising poloidal flow from the ocean floor
[4,9]. Rotation of the satellite around Saturn may induce an excess fluid pressure; influence from the combined centrifugal and Coriolis forces could cause a
counterclockwise toroidal flow in the liquid ocean. The
combination of the thermally induced poloidal flow
and the rotation-induced toroidal ocean flow potentially would favor a dust-devil-like vortex [10]. Here,
we hypothesize that the vortex has caused entrainment
and upward transport of the hydrothermal products
from the oceanic floor to the TSFs and driven the
clockwise rotation of the SPT (Fig. 1). Quasi-circular
and concentric tectonized margins, similar to the SPT,
also surround the Trailing Hemisphere Terrain and the
Leading Hemisphere Terrain, suggesting analogous
processes may have been at work when those regions
formed [11]. Excess fluid pressure by Enceladus’ rotation may also be perpetuating viscous heating inside
the ocean and plume eruptions along the TSFs.
Burgers-Rott Vortex Model. A dust-devil-like
vortex can be quantified with the Burgers-Rott model,
which is an exact solution to the Navier-Stokes equation governing incompressible, viscous flow [12,13].
In cylindrical polar coordinates (Fig. 2):
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Here, 𝑢𝑟 ,𝑢𝜃 , and 𝑢𝑧 are the radial, azimuthal, and axial
velocity components of the vortex flow, 𝑎 the stretching strain rate in the 𝑧 direction, 𝛤 the circulation related to vorticity (see below), and 𝜐 = 𝜇/𝜌 the kinematic viscosity with 𝜇 as viscosity and 𝜌 as density of
the vortex flow. The 𝑧-component vorticity is
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axial stretching is balanced by viscous dissipation [13].
Based on this insight, we assume 𝑟0 = 𝑅𝑆𝑃𝑇 , where
𝑅𝑆𝑃𝑇 is the SPT tradius approximated as a flat plane
(Fig. 1). This leads to
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The total pressure is the sum of the background pressure, 𝑝0 , and the pressure drop induced by the vortex
flow, 𝑝𝑣𝑡 [13]. The background pressure splits into the
static pressure 𝑝𝑠 and the averaged excess pressure by
Enceladus’ rotation 𝑝𝑐 . The three pressure terms are
𝑝𝑠 = 𝜌𝑔(𝐻 + ℎ − 𝑧)
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where 𝑥 =
and 0 ≤ 𝛽 ≤ 1 is a scaling factor meas2𝜈
uring the fraction of the rotational kinetic energy that
was converted to hydraulic head inside the liquid SPT
ocean. In the above equations, 𝑅𝑆 ≈ 2.4 × 108 m, 𝜔𝐸 ≈
5.3 × 10-5 s-1, 𝐻 ≈ 60 to100 km [15], and ℎ ≈ 10 km
[16] are the orbital radius, orbital angular velocity,
ocean thickness, and ice-shell thickness of Enceladus,
respectively (Figs. 1 and 2). For simplicity, we do not
distinguish between the density of water and ice as
shown in equation (6a).
Results. Using average axial velocity 𝑢̅𝑧 = 𝑎𝐻
from equation (1a), we define 𝑇̅ = 𝐻/𝑢̅𝑧 = 1/𝑎 as the
characteristic transport time of the vortex flow from
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base to the top through its oceanic column. For 𝑇̅ = 1
day to 1 year, the corresponding 𝑎 = 1.2 × 10−5 s-1 to
3.2 × 10−8 s-1 and viscosity 𝜇 = 104 Pa and 107 Pa s,
respectively. The estimated viscosity is 7 to 10 orders
of magnitude higher than that of liquid water [17], suggesting that the “ocean” could consist of a mixture of
water and ice. Assuming that the SPT deformation was
driven by the inferred vortex, the toroidal shear stress
𝜏𝑟𝜃 (𝑟 = 𝑅𝑆𝑃𝑇 ) would be on a similar order of magnitude to the ice-shell shear strength. Based on this assumption, we find that the pressure induced by the vortex at the basal rim of the SPT is 𝑝𝑉𝑡 (𝑟 = 𝑅𝐸 , 𝑧 = 0) =
~7 MPa, and the circulation 𝛤 ≈ 1.7 109 m2 s-1 for
𝜏𝑟𝜃 (𝑟 = 𝑟0 ) = 1 MPa, 𝑎 = 10−8 s-1, 𝜇 = 105 Pa s, and
𝑟0 = 250 km. The excess pressure induced by Enceladus’ rotation at the base of the ice shell is limited by
the ice-shell tensile strength, 𝑇0 , which requires
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10−5 when 𝑇0 = 1 MPa. This extremely low 𝛽 value
requires the kinetic energy of Enceladus’ rotation to
have mostly converted to heating through turbulenceinduced viscous energy dissipation (i.e., the Kolmorogov process) [18], ice-shell deformation, and perpetual ejection of water-ice grains and heavy mineral
particles to the space forming the E Ring. In this scenario, Enceladus may have been acting as a “washing
machine”, ejecting water particles through the TSF filter via the centrifugal force.
Discussion and Conclusions. The Burgers-Rott
vortex model does not consider the spherical geometry
of Enceladus (Fig. 1) nor the mechanical and thermal
couplings between the vortex and the upper and lower
bounding interfaces with the ocean floor and ice shell.
These simplifications could obscure essential physics
such as the relationship between the axial stretching
strain rate and the thermal regime of the core-ocean interface. Despite these shortcomings, our vortex hypothesis implies (1) Enceladus’ ocean could consist of
an ice-water mixture, (2) the vortex flow could provided a mass-transport link between the ocean floor
and ice shell, and (3) rotation-generated kinetic energy
in the viscous ocean may have caused sustained heating of the satellite through viscous dissipation and
driven the ejection of water ice and heavy mineral
grains in the erupting plumes. A key feature of our
model is that the ocean below the SPT is in a turbulent
state, which exerts a lifting force of heavy minerals
and places them in contact with the ice shell. The proposed vortex structure may be thought of as a funnellike chimney through which warm water moves, both
upwards and in a circle. Warm ocean water rising
through a vortex structure in Enceladus’ ocean would
displace colder water, causing it to descend outside the
core of the vortex. Such a structure may facilitate the
circulation of necessary life chemistry within the
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ocean, such as biogenic elements [5,8] and hydrothermal products [4,20]. Ultimately, further understanding
the conditions of Enceladus’ ocean environment could
impose boundary conditions on the possible origin,
evolution and persistence of life [21].
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Figure 2. Conceptual diagram of the inferred
vortex below the South Polar Terrain.

Figure 1. Model geometry and parameters.

