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The plume of Enceladus provides a unique window into subsurface processes in the ice
shell and ocean of an icy world. Thanks to a decade of observations and modeling, a coherent
picture is emerging of a thin ice shell extending across the south polar region, cut through by
fractures directly connected to the underlying ocean, and at least partially filled with water.
The plume jets emerging from the fractures directly sample this water reservoir. The shell
undergoes daily tidal flexing, which modulates plume activity by opening and closing the
fractures. Dissipation in the ice and conduit water components due to this flexing is likely to
generate the several gigawatts of observed power that are lost from the south pole as infrared

radiation and plume latent heat.

1. INTRODUCTION

Since the discovery of activity at the south pole of Ence-
ladus, enormous progress has been made in interpreting
the rich data from the multiple instruments on the Cassini
spacecraft to understand what is happening below the visible
surface. In this chapter, we review the visible and thermal
observations of the surface expression of the plume fractures.
We then review the current state of understanding of the
processes that connect the surface to the underlying ocean,
constrained by these observations and by the properties of
the plume itself, which are described in more detail in the
chapter in this volume by Goldstein et al.
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2. SURFACE OBSERVATIONAL CONSTRAINTS
2.1. Plume Source and Jet Morphology

The plume emanates from four prominent parallel frac-
tures, informally named the “tiger stripes,” and associated
branches. These fractures are approximately 130 km long
and spaced 35 km apart, aligned approximately 30° west-
ward from the direction to Saturn. The major tiger stripe
fractures have raised margins enclosing a central trough
approximately 2 km wide and 0.5 km deep, although some
plume jets and thermal emission emanate from simple open
fractures without raised margins or complex structure. These
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troughs are the source of both the thermal emission (Spen-
cer et al., 2006; Spencer and Nimmo, 2013) and the plume
jets (Spitale and Porco, 2007; Porco et al., 2014; Spitale
et al., 2015; Helfenstein and Porco, 2015). The fractures
themselves are unresolved at the ~10-m/pixel resolution
of the best Cassini ISS images, appearing only as dark
linear features at the bottom of narrow trenches within the
tiger stripes. In some locations there are multiple trenches,
separated by medial ridges, within the tiger stripe trough
(Helfenstein and Porco, 2015) (see also Fig. 1f). The ice-
particle plume consists of a combination of continuous
curtains (Spitale et al., 2015) and at least 100 discrete jets
(Porco et al., 2014). The source locations on the surface of
the discrete jets are not in general obvious in the available
ISS images of the tiger stripes, although some appear to
be associated with radial grooves or cross-cutting fractures
(Helfenstein and Porco, 2015). Individual jets are time-
variable in ways that are not obviously related to the tidal
modulation of the plume as a whole (Porco et al., 2014).
Discrete jets of water vapor are also seen in the UV stellar
occultation data (Hansen et al., 2011, 2017).

2.2. Spatial Distribution of Thermal Emission

At 10 km resolution thermal emission is present along the
entire length of the tiger stripes where plume activity is seen
(Howett et al., 2011) (see also Fig. 1). One striking example
is a branch of Baghdad Sulcus that is much narrower and less
conspicuous in ISS images than some of its inactive neigh-
bors, but is a site of both thermal emission and plume activity
(points 75-80 in Fig. 3). However, emission strength varies
greatly along the fractures, being particularly strong toward
the Saturn-facing ends of Damascus and Baghdad Sulci and
to a lesser extent at the anti-Saturn end of Alexandria Sulcus,
where some fractures perpendicular to the main tiger stripes
are also active. At higher spatial resolution, larger local spa-
tial variations in emission strength are seen. Figure 1 shows
the appearance of the tiger stripes at visible and thermal
wavelengths at a variety of scales. On 1-km scales, thermal
emission shows peaks that, in the few places where data of
sufficient quality exist, correspond in some locations (but
not all) to discrete plume jets seen by ISS (Fig. 1b, Fig. 2a).
Similar discrete peaks of thermal emission, corresponding to
plume jet locations, are seen by Cassini’s VIMS instrument
at 5 um (Goguen et al., 2013, 2016). Excess 2.2-cm thermal
emission has also been reported via passive radiometry and
radar-derived emissivities from the Cassini RADAR instru-
ment near 60°S, 240°W and 65°S, 340°W, just north of the
tiger stripe region (Le Gall et al., 2017).

2.3. Tiger Stripe Temperatures

Peak temperatures along the tiger stripes have been mea-
sured both by CIRS and VIMS by fitting blackbody curves to
tiger stripe emission spectra, with similar results. The width
of the emitting region can also be derived by assuming a
linear source parallel to the fractures, which varies greatly

Fig. 1. See Plate 19 for color version. The appearance
of the tiger stripes in the visible (Cassini ISS) and thermal
infrared [Cassini CIRS, 7-16 ym, (a)—(c)] at a variety of
scales. (a) The entire tiger stripe system with the exception
of part of Alexandria Sulcus (left), which is known from other
observations to be relatively faint. CIRS 9-16-um data from
March 2008. Dashed lines mark the location of the active tiger
stripes. The square shows the location of (b). (b) Closeup
of the most active part of Damascus Sulcus (a combina-
tion of 9-16-pym and 7-9-um images), mapped by CIRS
in August 2010. Diamonds show the location of ISS plume
jets reported by Helfenstein and Porco (2015). Arrows mark
the locations of three discrete hot spots, a, b, and c (also
shown in Fig. 2a), two of which correspond well to plume
jet locations. The square shows the location of (c). (c¢) The
highest-resolution CIRS image of Damascus Sulcus emission,
taken by direct sampling of the CIRS 7—9-um interferograms
from October 2015, showing dominant emission from a single
fissure <100 m wide, and isolated hot spots elsewhere within
the central trough (Gorius et al., 2015). Placement relative to
the terrain is approximate. (d)—(f) The same images without
the CIRS data overlay, to show the terrain more clearly.

from place to place. Goguen et al. (2013) obtained a best-fit
isothermal temperature of 197 + 20 K , with a best-fit width
of 9 m, from 4-5-pum spectra of one location on Baghdad
Sulcus (Fig. 2¢), and Spencer et al. (2011) obtained a tem-
perature of 176.7 £ 1.3 K, with a best-fit width of 147 m,
from 7-9-pum spectra of the brightest point on Damascus
Sulcus (Fig. 2b). The fact that longer wavelengths tend to
produce fits with lower temperatures (e.g., the best fit of
167 £ 0.7 K to the full 600-1400-cm~! wavelength range
in Fig. 2b) suggests that the surface near the tiger stripes
has (not surprisingly) a range of temperatures. The fact that
temperatures higher than 200 K have not been seen, despite
evidence for liquid water at depth, is plausibly due to rapid
sublimation and evaporative cooling of the water ice sur-
face at the vents (Goguen et al., 2013), which would tend
to buffer water ice surface temperatures due to the strong
dependence of sublimation rate on temperature. In theory,
lag deposits or other impermeable coatings of non-volatile
materials, such as salts, could supress sublimation cooling
and allow higher temperatures; the lack of observed higher
temperatures may indicate that such coatings are uncommon.
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The spatial distribution of emission as a function of dis-
tance from the vents has been compared to simple models of
conduction away from a warm, isothermal, vertical fracture
by Abramov and Spencer (2009). The intensity and wave-
length distribution of the thermal emission spectrum of the
warmest part of Damascus, taken in August 2010, can be

2 . . . . v
00 1(a)
FOV 1100 - 1400 cm”’
L /4600 — 1100 cm-', /20
g 150 Y
i
-~ [ &
=
X 100} 7
[
) 4 %
= bk
o 50 w4 T . T ]
c a
0 1 1 ' L L
0 2 4 6 8 10 12
Distance Along Sulcus (km)
Damascus Hot Spot Spectrum
. . " . 1)
=167.4+£0.7 K, 214 m (all wavenumbersi
|
- ]
IS
L
E |
i 1
-~ R
=
4
0.1 N L L h
600 800 1000 1200 1400 1600
Wavenumber (cm™)
— - - - - ()
E 4
3 ]
(<] L .
8 1.0
< ]
= ]
> -
5 4
m 05} 4
RS 1
=
©
(h'd 4
8 P
e 0.0} 4
R .
® i ; ; L LA
14 3.0 35 4.0 45 5.0

A (um)

Fig. 2. (a) Power profile along Damascus sulcus in two
CIRS wavebands, showing peaks associated (in two cases)
with ISS jets, from the data shown in Fig. 1b. Arrows identify
the same three discrete hot spots, a, b, and c. (b) CIRS
spectrum of the brightest part of Damascus Sulcus [peak
near 5 km (Spencer et al., 2011), compared to blackbody fits
and the model of Abramov and Spencer (2009), multiplied
sixfold to approximate the signature of six adjacent fractures.
(c) VIMS spectrum of Baghdad Sulcus, compared to black-
body fit with temperature 197 K (Goguen et al., 2013). The
diamonds show the mean of background measurements
obtained on either side of the Sulcus.

matched quite well with such models, assuming a fracture
temperature of 225 K, except that up to six parallel fractures
within the ~1-km width of the CIRS footprint are required
(Fig. 2b). Forty-meter resolution imaging of a nearby region
in October 2015 (Fig. 1c) shows extended thermal emission
consistent with the presence of multiple active fractures, but
emission is dominated by a single fracture. This region may
not correspond precisely to the region of the spectrum in
Fig. 2b, or emission may be time-variable.

The thermal observations discussed above are at wave-
lengths shorter than 16.7 um (600 cm '), where both CIRS
and VIMS have relatively high spatial resolution. However,
most of the thermal emission from the fractures is radiated
at longer wavelengths. Understanding this long-wavelength
emission is important to determine both the lower-temperature
emission from the stripes and their total heat flow. Unfortu-
nately, the long-wavelength (10-600 cm!) detector of the
CIRS instrument has much lower spatial resolution than
the short-wavelength detectors, and can resolve the tiger
stripes only for brief intervals during the closest Cassini
flybys. Models are thus required to extrapolate these limited
long-wavelength resolved observations to the entire tiger
stripe system. Spencer et al. (2013) found that the available
high-resolution 10-600-cm~! observations could be matched
by adding a low-temperature emission component, with a
temperature of 80 K, to the higher-temperature emission in-
ferred at shorter wavelengths. Adjusting the local width of this
low-temperature component to match the observations, and
extrapolating to the rest of the tiger stripe system by assuming
a constant 80 K temperature, and assuming that the spatial
variation in the radiated power for the long-wavelength emis-
sion was similar to that of the well-mapped short-wavelength
emission (Fig. 1a), Spencer et al. (2013) derived a complete
model of observed emission from the tiger stripes, updated
slightly here, that is consistent with, although certainly not
uniquely constrained by, the available data (Fig. 3).

2.4. Total Heat Flow

Total heat flow from the tiger stripe system, an important
geophysical parameter, has been difficult to determine pre-
cisely. Blackbody fits to the first 600-1100 cm~! integrated
CIRS spectra of the entire tiger stripe system in 2005 pro-
duced a heat flow of 5.8 = 1.9 GW (Spencer et al., 2006).
Subsequent integrated 10-600-cm! observations of the south
polar terrain (SPT) indicated much higher heat flow (15.8 +
3.1 GW), but required model-dependent subtraction of the
“passive” contribution from re-radiated sunlight (Howett
et al., 2011). Because it is highly likely that the emission
associated with the tiger stripes fractures themselves is en-
dogenic, fracture emission provides a lower limit to the total
endogenic component (this is a lower limit because there may
also be endogenic emission from between the tiger stripes,
either from smaller unresolved fractures or from conduction
through the ice shell that raises the background temperature).
The model of Spencer et al. (2013), described above (Fig. 3),
produces a tiger stripe radiated heat flow of 4.2 GW. Note that
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this number includes a passive component due to solar heat-  reduce the total by a few tenths of a gigawatt. To this must
ing of the radiating regions [the so-called “thermal pedestal  be added the latent heat content of the water vapor plume
effect” (Veeder et al. 1994)], which when subtracted might  [~0.5 GW (Ingersoll and Pankine, 2010)], and any additional
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Fig. 3. Model of thermal emission from the tiger stripes, matched to multiple CIRS datasets, updated from Spencer et al.
(2013). (a) Locations of the warm material along the fractures. Numbered points correspond locations in the model where
the model parameters are defined, and correspond to numbered vertical lines in (b). (b) Model temperatures, emission
widths, and power per unit stripe length at each of those points along the four named tiger stripes and their branches.
Inflection points in the model parameters are locations where the model parameters were fit to the multiple datasets;
intermediate points are linearly interpolated. This model produces a total radiated heat flow of 4.2 GW.
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broadly distributed endogenic radiation from the surface
between and surrounding the tiger stripes. The discrepancy
between the >13-GW estimates for the total heat flow and
the ~4.2-GW tiger stripe heat flow suggests the existence
of this broad component, but it is difficult to measure. For
instance, the heat conducted up from the ocean through 2 km
of ice with thermal conductivity 3.5 W m~! K-! would raise
the temperature of the surface from 73 K to 77 K, which
would be difficult to detect without a well-constrained model
of passive thermal emission. If this heat flux were constant
from the pole to 75°S latitude, the total endogenic power
would be an additional ~4.7 GW.

3. THE NATURE OF THE PLUME SOURCE

Figure 4 summarizes our current picture of the subsurface
configuration of the tiger stripe fractures, and the principle
processes operating there. These are discussed in more
detail below.

3.1. Is the Plume Source Solid or Liquid?

The detection of plumes emanating from fractures in the
SPT of Enceladus (Dougherty et al., 2006; Porco et al.,
2006; Spencer et al., 2006; Spitale and Porco, 2007) led
to multiple physical models of the eruptions. The earliest
models invoked either a rapidly boiling, near-surface liquid
water reservoir (Porco et al., 2006), degassing of clathrates
(Kieffer et al., 2006), or direct sublimation from warm ice
(Nimmo et al., 2007). Over time, measurements of the com-
position, structure, and density of the plumes have favored
a liquid water source, as described in detail below.

Enceladus’ plumes are composed of solid particles that
are mainly water ice, along with a gaseous component that
is dominated by water vapor (see the chapter in this volume
by Goldstein et al.). Minor components of the plume gases
include CO,, NH;, CH,, H,, heavier hydrocarbons, and other
species (Waite et al., 2009; Hansen et al., 2011; Waite et al.,
2017). These minor gas species are suggestive of hydrother-
mal cycling between the rocky interior and cryosphere (e.g.,
Matson et al., 2007; Glein et al., 2008; see the chapters in
this volume by Glein et al. and Postberg et al.).

The presence of sodium and potassium salts in the plume
and E-ring particles (Postberg et al., 2009), especially in
larger, lower-speed particles found preferentially near the
plume source (Postberg et al., 2011), is strong evidence of
a liquid source. If the particles were formed by condensation
from the vapor, which had sublimated from ice, they would
be practically salt-free. Hence, salt-bearing plume particles
would not be expected in “dry” models (e.g., Kieffer et al.,
2006; Loeffler et al., 2006; Nimmo et al., 2007; Cooper et al.,
2009). Liquid water interacting with silicates will result in
dissolved salts; as the water freezes slowly, the salts become
progressively more concentrated in the liquid, while the ice
remains salt-free. Frozen droplets derived from the liquid
will retain the salt content. The salty grains imply direct con-
nections between the liquid ocean and the vacuum of space.
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Fig. 4. Schematic of the major processes, discussed in de-
tail in this chapter, thought to be taking place in the plumbing
connecting the surface tiger stripes to the underlying ocean.

Cassini’s Cosmic Dust Analyzer (CDA) also identified
nanometer-sized grains rich in silicon (Hsu et al., 2015)
that are most likely SiO,. Their size and composition sug-
gest formation in a hydrothermal system within Enceladus,
further supporting a liquid water source for the plumes that
is in contact with rock (Glein et al., 2008; Hsu et al., 2015).
Hydrothermal SiO, particles will grow to micrometer-sized,
larger than is observed, over thousands of years, which may
be evidence that the production of nanosilica grains is very
recent or even ongoing. The nanosilica particles further
constrain the deep ocean conditions to moderate salinity,
an alkaline pH, and relatively warm temperature (Hsu et
al., 2015; Sekine et al., 2015). However, the exact values
depend on many assumptions, including the composition of
Enceladus’ rocky core and whether the system is chemically
open or closed (Sekine et al., 2015; Glein et al., 2015).

The total particulate mass within the plumes and the
ratio of ice to vapor both provide clues as to the source of
the plume material. Early attempts to constrain the relative
abundances of ice to vapor resulted in quite disparate values,
with Porco et al. (2006) reporting a high abundance that fa-
vored a liquid source and Kieffer et al. (2009) finding a low
value that suggested a sublimation-driven process of plume
formation. Estimates using high-phase-angle Cassini images
suggested a large solid/gas ratio of 0.35-0.7 if particles are
spherical (Ingersoll and Ewald, 2011), more consistent with
an evaporating liquid source, but much lower ratios, 0.07 +
0.01, if most particles are aggregates (Gao et al., 2016). As
discussed below, this picture may be complicated by the
presence of different eruptive sources, with different solid/gas
ratios. For instance, there may be a “background” component
of vapor flux with very little solid material (Postberg et al.,
2009, 2011). Nonetheless, the compositional measurements
suggest that, overall, the liquid source is dominant.
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3.2. Plume Plumbing and Source

3.2.1. The plumbing system problem. The plumes, and
thus their plumbing system, appear to be long-lived phenom-
ena (see the chapter by Goldstein et al. in this volume). In
order to reach the surface as a plume of ice grains and vapor,
Enceladus ocean water faces an uphill struggle. First, ocean-
to-surface conduits must penetrate the ice shell; second, the
conduits must be kept open in spite of ice creep; third, water
must flow through the shell without freezing; and fourth,
water must overcome its greater density relative to the sur-
rounding ice. These challenges define the plumbing-system
problem for eruptions on Enceladus.

Ocean-to-surface conduits thread through the cold near-
surface layer of the ice shell, where ice creep is negligible
but conduits may seal off by freezing shut. Conduits also
pass through the warmer near-ocean layer, where conduits
are vulnerable to closure by ice creep. Near the surface,
magmatic eruptions are the best terrestrial analogs (e.g.,
Rubin 1995). Near the ocean, englacial channels are the
best terrestrial analogs (Cuffey and Patterson, 2010). Ice
shell thickness (D) at the SPT is <45 km but is more likely
<10 km (less et al., 2014; Cadek et al., 2016; Hemingway
et al., this volume). By simple buoyancy arguments, the
time-averaged water table depth for a non-overpressured,
volatile-free ocean is a distance 0.1 D below the surface.
Ocean overpressure, diurnal tides, or siphoning by bubble
exsolution, could all spill water onto the surface, although
there is no evidence from geomorphology or IR data, where
observed temperatures peak at ~200 K as discussed above,
for liquid water reaching the surface today.

Forming an ocean-to-surface conduit from a crack that ini-
tiates at the surface would require tensile stresses that exceed
overburden pressure (Crawford and Stevenson, 1988). There-
fore, if the only source of stress is diurnal eccentricity-tide
stresses of ~10° Pa (Nimmo et al., 2007), surface-initiated
cracks on Enceladus have zero width below a depth of 1 km.
Stresses >>105 Pa are possible with non-synchronous rota-
tion, polar wander or ice shell freezing, but these stresses
develop over long timescales and so will relax away in the
ductile, lower part of the shell (Crawford and Stevenson,
1988). Despite this relaxation effect, fractures that initiate
at the surface can propagate under these larger stresses to
the ocean for D < 25 km and ice tensile strength 3 MPa
(Rudolph and Manga, 2009). Water-filled cracks that initiate
at the ocean can puncture the shell more readily than cracks
that initiate at the surface, and ice can fracture even close to
its melting point (Schulson, 2001). That is because the crack-
closing stress is the pressure-head difference between the
ice column and the water column, which is more favorable
than the pressure-head difference between ice and vacuum
(Crawford and Stevenson, 1988; Matson et al., 2012). Gas
exsolution can contribute to the buoyancy of the rising wa-
ter column (Crawford and Stevenson, 1988). Furthermore,
the ocean may be overpressured (Manga and Wang, 2007),
favoring crack propagation. If D < 10 km, conduits could
form at the current orbital eccentricity. Alternatively, con-

duits may have formed during a higher-eccentricity period
in Enceladus’ past, when stresses were higher.

A pre-existing ocean to surface conduit can be sealed by
ice creep, driven by the pressure difference, AP, between the
water column and the surrounding lithostatic pressure. For
a cylindrical pipe of radius R, the pipe-closing rate is (Nye,
1953; Cuffey and Patterson, 2010)

la—RzA[g} (1
R ot n

with n = 3 (Glen’s law) and A ~ 2 x 1024 s-! Pa=3 for ice
at the melting point (Cuffey and Patterson, 2010). The
maximum value of AP is (D/10 km) x 105 Pa if the ocean
is not overpressured. Melt-back by turbulent dissipation can
balance inflow and lead to a steady-state conduit aperture,
but only if the water flows swiftly (Rothlisberger, 1972;
Weertman, 1972; Kite and Rubin, 2016). At steady state,
the power consumed in meltback (per unit length pipe) is
2nR(OR/ot)p,L (Cuffey and Patterson, 2010), where p; is
the density of ice and L is the latent heat of melting. These
models assume that water is at the local pressure-melting
temperature of ice, and that frictional heat is absorbed lo-
cally and instantaneously (Cuffey and Patterson, 2010).
Currents driven by flushing of the fractures in response to
tidal flexing, given by 2m(D)/(1.37 days), where 1.37 days
is the orbital period of Enceladus, are roughly 1 m s-! for
D = 20 km, which is sufficient to keep the fractures from
closing (Kite and Rubin, 2016).

If the ice shell is decreasing in volume globally over suf-
ficiently fast timescales, the ocean will be underpressured.
However, if the ocean is freezing, then it will be overpres-
sured, to the extent that the ice shell can contain the pressure:
The maximum ocean overpressure is the tensile strength of
ice, 1-3 MPa (Rudolph and Manga, 2009). If the rock core
is rigid and impermeable, overpressure of >10¢ Pa can be
generated (Manga and Wang, 2007). Ocean overpressure/
underpressure is important for conduit initiation and conduit
stability. For ocean overpressure > (D/10 km) x 105 Pa, con-
duits will expand by shouldering aside adjacent warm ice,
and water can reach the surface even without gas exsolution.

3.2.2. Geometry of the plumbing system. Enceladus’
plumbing system could consist of focused flow in slots or
channels, distributed porous flow, or something in between.
A narrow slot undergoing unidirectional flow is unstable to
the formation of discrete pipes (Walder, 1982), but horizontal
water transport during tidally pumped flow might suppress
this instability (Kite and Rubin, 2016). Pipes may be unstable
to elongation perpendicular to the flow direction (Dallaston
and Hewitt, 2014). It is difficult for pipes or slots to pinch
off at a particular depth because any turbulent dissipation
(and thus melt-back) would be focused at the pinch-point.
The presence of localized dust jets (Porco et al., 2014),
localized gas jets (Hansen et al., 2017; Yeoh et al., 2017),
and localized ~100-m-scale hot spots [some of which cor-
relate with apparent jets in visible images; see Goguen et
al. (2016) and section 2.2 above] suggest that pipes within
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the fissure system may be supplying a significant fraction of
the overall heat and mass flux, at least above the water table,
where partial blocking by vapor condensation (considered
later) may play a role (Nakajima and Ingersoll, 2016).

Closed plumbing systems reaching to just below the
surface have also been proposed (Matson et al., 2012). In
this model, sensible heat is transferred to the ice and con-
ducted to the surface where it is radiated to space. Bubbles
of exsolved CO, provide buoyancy on the way up from the
ocean, a 2° temperature difference between the warm ocean
and the freezing salt water provides the sensible heat, and
the gas loss provides the density gain that causes the liquid
to sink back to the ocean. The details remain uncertain, but
it is clear that a lot of water is involved. The sensible heat
associated with a 2° change in temperature is only about
0.3% of the latent heat associated with vaporization. Also,
the closed system might be unstable: The pipes might burst
and the system could revert to a vapor deposition system.

3.2.3. Sustainability. Models of the Enceladus plumb-
ing system usually assume that it is long-lived. Enceladus’
eruptions have been ongoing since at least 2005 (Hedman
et al., 2013; Porco et al., 2014), although individual jets do
appear to turn on and off (Nimmo et al., 2014) and activity
has decreased over the course of the Cassini observations
(Ingersoll and Ewald, 2017). The persistence of the E ring,
whose grains have a lifetime of decades against sputtering
(Jurac et al., 2001), suggests that the current eruption rate is
similar to the average over the last ~100 years. The widths
of the warm belts bracketing the tiger stripes is ~1 km, as
described above. If these belts are kept warm by conduc-
tive heating from central fissures, then thermal timescales
require the fissures to have been warm for ~10% yr . Finally,
complete removal of craters from the SPT probably requires
>103 yr of activity. Taken together, the data suggest that
the eruptions are sustained but cannot rule out system-wide
periods of repose. In either event, the energy transfer from
the ocean to the ice shell is so large that it would have a
major effect on ice-shell thermal structure.

3.3. Tidal Dissipation and Flexing in the
Fracture System

3.3.1. Energy sources. While the distribution of tidal
heating within Enceladus is not well established, it is only
directly detectable in the south polar region, and is likely to
be focused there. Enceladus’ internal ocean enhances tidal
dissipation by increasing Enceladus’ response to gravita-
tion tidal forces. A locally thinner and/or weaker shell may
further concentrate heating in the SPT (Soucek et al., 2016;
Béhounkova et al., 2015). Solid ice near its melting point
has a viscoelastic response (Maxwell) time comparable to
the orbital period of Enceladus, which makes it especially
susceptible to tidal heating. This heating will be most effec-
tive near the base of the ice shell, where viscosity is lowest.

For some geometries, dissipation of tidally driven flow in
the plumbing system could produce power output equal to
the observed power output (section 2.4) (see also Kite and
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Rubin, 2016). This is analogous to tidal dissipation on Earth,
which happens mostly in shallow seas and narrow channels
rather than the open ocean or the solid Earth (Egbert and
Ray, 2003). The generated power staves off crack freeze-
out and helps maintain the ocean against freezing. Kite and
Rubin’s (2016) model gives a width of 2 m for the water-
filled portion of the cracks: In this model a crack with a full
width less than 1 m freezes shut. This width is significantly
greater than the 0.1-m estimate for cracks in the top tens of
meters below the surface derived from the ratio of latent and
radiated heat (section 4.2) (see also Ingersoll and Pankine,
2010; Nakajima and Ingersoll, 2016), suggesting that the
cracks may narrow toward the surface.

3.3.2. Tidal flexing. The presence of an ocean enhances
tidal flexing and generates large tidal stresses on Enceladus’
surface. The tiger stripes are approximately aligned with
one of the two directions of maximum tidal tensile stresses
(Nimmo et al., 2007), suggesting that they may have formed
in response to tidal stress. Once formed, these stresses can
rework the fractures and control the eruptive activity ob-
served from them.

The strongest direct evidence for tidal control of the
eruptive behavior comes from the fact that, as predicted
by tidal flexing models (Hurford et al., 2007), the overall
plume is brighter at apoapse than at periapse, as seen both
by VIMS (Hedman et al., 2013) and ISS (Nimmo et al.,
2014; Ingersoll and Ewald, 2017) (Fig. 5). This response
is presumably because the opening and closing of cracks
modulates the solid mass flux. Plume activity does not cease
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Fig. 5. See Plate 20 for color version. Orbital and long-term
variability of the Enceladus dust plume brightness at visible
wavelengths, from Ingersoll and Ewald (2017). Different
symbols identify different datasets. Mean anomaly describes
the orbital position of Enceladus relative to periapse, while
the Y axis is a measure of integrated plume brightness at
100 km altitude.
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even at periapse, which must indicate either that the cracks
do not close entirely (thus placing a lower bound on crack
width, if it is uniform), or — less likely — that part of the
(solid) plume material emanates from between the tiger
stripes. Nimmo et al. (2014) conclude that the velocity of
the solid material does not appear to change significantly
over the orbital period, while Hedman et al. (2013) and In-
gersoll and Ewald (2017) infer a reduction of launch speed
around periapse. In contrast, UVIS observations of erupted
gas, while sparser, suggest only very small variations in flux
with orbital position, but also suggest that the gas veloci-
ties may be higher at apoapse (Hansen et al., 2017). Thus,
the details of tidal control on eruptive behavior are not yet
clear. A further intriguing observation is that the diurnal
peak in the eruptive plume lags the predicted peak response
of an elastic shell, which is just before apocenter (Hurford
et al, 2007, 2012) by several hours (Nimmo et al., 2014;
Ingersoll and Ewald, 2017). This could be because the shell
is responding in a viscoelastic fashion (Béhounkova et al.,
2015), or perhaps because of the response of water-filled
cracks (Kite and Rubin, 2016).

On a decadal timescale, the plume appears to be growing
fainter (Hedman et al., 2013; Ingersoll and Ewald, 2017)
(Fig. 5), which suggests a decreasing solid mass flux. This
could be due to some change in the plumbing, but may also
be an effect of subtle 11-year periodic variations in orbital
parameters (Horanyi et al., 1992; Vienne and Duriez, 1992)
or (less likely) seasonal insolation-driven changes in the near-
surface temperature. To date, no such long-period variation
is evident in the vapor flux estimates (Hansen et al., 2017).

3.3.3. Energy balance within the fractures. Given the
apparently low shell thickness at the SPT (Cadek et al.,
2016), the possible broad regional heat flow between the
tiger stripes, hinted at in the CIRS data (section 2.4), is
probably transferred to the surface via conduction. How-
ever, the highly localized heat fluxes along the tiger stripes
indicate that there must be additional processes operating.
An isothermal crack at temperatures above ~200 K will
transfer heat to the surroundings, generating a local thermal
anomaly similar to that observed (4bramov and Spencer,
2009). Transfer of heat from the water-filled or vapor-filled
fracture to the surroundings occurs primarily by deposition
of latent heat (Ingersoll and Pankine, 2010). This is because,
as heat flows away by conduction from the ice fracture
walls to balance radiation at the surface, any reduction in
wall temperature will immediately result in condensation or
freezing of water onto the walls to maintain isothermality.
In the absence of competing processes, such as local dis-
sipation and melt-back, this deposition inexorably narrows
the fractures. Below the water surface, the heat comes from
the latent heat of fusion as water freezes onto the fracture
walls. Ingersoll and Nakajima (2016) parameterize the heat
conduction using the formula F = 4k,AT/(nz), where F is
the heat flux into the wall, k; is the thermal conductivity
of ice, AT is the temperature difference between the warm
wall and the cold surface, and z is the depth. The formula
is valid for an isothermal crack and an isothermal surface.

The upward speed of the water column is assumed to match
that required to balance condensation of vapor near the
surface, determined by the total radiated power (assumed in
this paper to be ~4.7 GW) divided by the 500-km length of
the tiger stripes and by the latent heat of vaporization. The
result is that the water loses slightly more than half its mass
in going from the ocean to the evaporating surface. It also
means the build-up of ice is closing the crack at a rate of
5.4 cm yr1, about 10% of the rate above the water surface
(section 4.2). The flushing that accompanies the opening
and closing of the cracks will counteract this freezing (Kite
and Rubin, 2016).

4. PHYSICS OF THE PLUME VENTS AT AND
ABOVE THE PRESUMED LIQUID INTERFACE

4.1. The Water/Vapor Interface

Much of the important physics in the plume plumbing
occurs at the water surface within the fractures. At least
some of the plume particles are probably created here, giv-
ing us direct samples from this location, and the fact that
this interface appears to resist freezing over, at least on
short timescales, provides key constraints on plume physics.

Evaporative cooling will tend to rapidly freeze the water
surface, which would shut down the eruptions. Ice forms
when liquid water at 0°C evaporates, producing 7.5 g of ice
for every 1 g of vapor, based on the heats of vaporization and
fusion. Fresh water has a density maximum at 4.3°C, so the
freezing water accumulates at the surface — it is not replaced
by warmer water from below (water with salinity greater than
24.7 g kg1 does not have this problem — the densest water
is at the freezing point). Several solutions to the evaporative
cooling problem have been proposed. Each involves exchange
with a deeper thermal bath, such as the ocean:

1. If the surface area that is evaporating is much larger
than the vent cross-sectional area, then the evaporative
power (W m2 of evaporating area) is modest due to the
vapor pressure above the water surface, and can be balanced
by convective exchange with a deeper reservoir (Postberg
et al., 2009). This requires large vapor chambers above the
liquid that narrow to the vent channels. However, Ingersoll
and Nakajima (2016) and Nakajima and Ingersoll (2016)
point out that even if the walls are parallel, friction with the
walls of a long, narrow channel produces a backpressure
that is almost as large as the saturation vapor pressure of
the liquid. A stable equilibrium develops — too much flow
causes the backpressure to increase, and that reduces the
evaporation rate. Too little flow and the backpressure will
decrease, causing faster evaporation.

2. Evaporative cooling at the top of a constant-width slot
can be balanced by convective overturn, if the water has
salinity >16.2 g kg1 and is stirred near the water table by
exsolving bubbles (Ingersoll and Nakajima, 2016). In this
model, evaporation of salty water leaves colder, saltier, and
thus denser water behind, which sinks and brings warmer,
fresher water to the surface. Since 20 g kg! is the upper limit
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of the measured range (Postberg et al., 2009), Ingersoll and
Nakajima (2016) concluded that narrow conduits filled with
salty liquid could support the plumes observed at the surface.

3. Dissipation of kinetic energy due to tidal pumping will
delay and may prevent icing over (Kite and Rubin, 2016).

4. Siphoning driven by the exsolution of exsolved gases
could bring warm gas-charged fluid from the ocean to the
water table, with cold degassed water sinking back to the
ocean (Matson et al., 2012).

Approaches 1-3 above share the requirement that con-
duit width below the water table is 20.1 m; the results of
Nakajima and Ingersoll (2016) suggest that the slot width
above the water must be less than that below. Approaches
2-4 share the feature that water circulates between the ice
shell and the ocean. If water that has changed its temperature
and composition during its passage through the ice shell
returns to the ocean, this will affect ocean-top temperature
and composition (Melosh et al., 2004).

As discussed in section 3.1, the characteristics of the
plumes’ particles and gases are clues to the physical and
chemical processes at the ocean-gas interface. Early esti-
mates of a high solids-to-vapor ratio in the plume led to
comparisons to a Yellowstone geyser, where a bubbly liquid
erupts into a low-pressure environment (Porco et al., 20006).
The low solubility in water of methane and other alkanes
led to theories of explosive dissociation of clathrate hydrates
containing gases physically trapped in the lattice (Kieffer
et al., 2006; Gioia et al., 2007). The geyser model suffers
because the particles don’t go high enough (Brilliantov et al.,
2008), and is also ruled out by the lack of the sodium vapor
that would be expected from explosive evaporation of water
containing dissolved sodium salts (Schneider et al., 2009;
Postberg et al., 2011). The clathrate model suffers because
water vapor is a minor component of clathrate decomposi-
tion — a substantial part of the water vapor in the plumes
would come from sublimation of ice grains in a flow driven
by the volatile-entrapped gases, including CO,, N,, CO, and
CH, (Postberg et al., 2011). Postberg et al. (2009, 2011)
argue that the liquid water reservoir is wide and close to the
surface, such that droplets from the ocean spray can freeze
and be ejected as plume particles. Additional models of the
plume generation process are still being actively developed
(e.g., Matson et al., 2012; Kite and Rubin, 2016).

Micrometer-sized particles can be launched from the
ocean and entrained into the plume gas by controlled boiling
involving bubbles breaking at the surface, which generates
spray (Ingersoll and Nakajima, 2016; Porco et al., 2017).
There are two mechanisms for launching droplets. Film
droplets form when the thin upper surface of a bubble, pro-
truding into the air, shatters into hundreds of particles with
radii ranging between ~0.01 um and 1-2 pum. Jet droplets
form when the bubble cavity collapses; several droplets are
formed in a vertical column with radii in the ~1-50-pm
range (de Leeuw et al., 2011; Veron, 2015). These sizes
overlap with those of particles in the Enceladus plumes
(Hedman et al., 2009; Ingersoll and Ewald, 2011; Postberg
et al, 2011).

There is abundant evidence for plume jets from multiple
sources. The CDA data imply three compositional types
(Postberg et al., 2011). Type I grains are almost pure water
ice. Type II grains contain organic compounds and/or sili-
cates. Type III grains are rich in sodium and potassium salts,
are more massive, and are concentrated close to the surface,
suggesting they are launched at speeds less than the escape
velocity. UVIS and INMS data imply both distributed sources
along the tiger stripes and narrow jets with Mach numbers
>5 (Yeoh et al., 2015, 2017). These patterns may imply that
sources extending to the ocean have large particles rich in salt
and leave the vent at slower speeds. Or it is possible that all
the sources are the same and the large particles intrinsically
have slower speeds? Schmidt et al. (2008) and Postberg et
al. (2011) pursue the latter assumption. In their model, the
particles are constantly having their speeds reset to zero by
collisions with the walls of the conduits, which are assumed
to have variable cross-section. The collision rate is the same
for all particles, but the time to reaccelerate back to the speed
of the gas is greater for the larger particles. The authors get a
good fit to the particle size distribution and the preponderance
of larger, slower, particles close to the surface with a distance
between collisions of about 0.1 m. This is comparable to the
widths of the conduits, according to some models (Ingersoll
and Pankine, 2010; Nakajima and Ingersoll, 2016).

4.2. Escape to the Surface

There are two pathways by which heat generated inside
Enceladus is lost to space (Ingersoll and Pankine, 2010).
One is infrared radiation emitted at the surface, discussed
above. The other is the latent heat of vaporization associated
with the ~220 kg s! of water vapor escaping from the vents
(Hansen et al., 2011, 2017). Assuming a heat of vaporiza-
tion of 2.5 x 100 J kg1, the latent heat power is 0.55 GW,
about 13% of the tiger stripe infrared power of ~4.2 GW.
The ratio of these two pathways provides a useful constraint
on the width of the conduit. Assuming that the heat radiated
to space comes from the freezing and condensation on the
walls, the infrared power will not change with crack width
but the latent heat associated with the escaping vapor will.
Using a fluid dynamical model of vapor-filled cracks, /nger-
soll and Pankine (2010) and Nakajima and Ingersoll (2016)
derived a crack width of ~0.1 m extending over the 500-km
cumulative length of the tiger stripes in order to match the
observed ratio. A larger width would give a larger ratio of
latent heat to infrared emission, and that was not observed.
However, very close to the surface, the vents appear to flare,
probably due to sublimation of the water ice: Goguen et
al. (2013) estimate a width of 9 m for the fracture at a hot
spot on Baghdad Sulcus.

The vapor-filled vent will self-seal rapidly due to deposi-
tion of latent heat as discussed above (Ingersoll and Pankine,
2010). Figure 3 shows that the hot component of the model
fit to the Cassini CIRS data, which will preferentially be
radiated close to the vent and thus from shallow depths, has
a typical temperature of about 140 K and emission width
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of about 200 m (i.e., 100 m either side of the fractures, if
symmetrical). If this radiated power were supplied by depo-
sition of latent heat in the uppermost 100 m of the fracture,
the deposition rate would be 0.3 m per year. If this were
the only process, a crack 0.1 m wide would close shut in
a few months. Condensation near the top is likely because
thermal conduction through the ice to the surface is great-
est there, and the walls are likely to be colder down to a
depth that is comparable to the radiating strip. Ice flow at
depth may contribute to keeping the near-surface fractures
open, as discussed in section 5.1. Mechanical erosion due
to differential tidal motion of the fracture walls may also
play a role.

5. BROADER IMPLICATIONS
5.1. Tectonic Setting

We do not currently know how processes at the tiger
stripes relate to the larger-scale tectonics of the south polar
region (see the chapter in this volume by Patterson et al.).
The overall energy budget of the SPT is strongly influenced
by advection: ascent of warm water through cracks and
shallow deposition of ice releasing latent heat. But there is
also likely to be a significant background contribution from
heat conducted across the ice shell. Such a regime would
be intermediate between the tectonics of Earth (energy loss
dominated by conduction) and the tectonics of o (energy
loss dominated by magmatic advection).

Feedbacks between cryovolcanism and tectonics are
likely. For example, ice inflow into the base of the conduits,
if sustained for >106 yr, would cause regional subsidence
(Kite and Rubin, 2016). This subsidence may indirectly
create accommodation space near the fractures, perhaps
keeping them open in the face of ice condensation (Fig. 6).
This model would predict negligible heat flow between the
tiger stripes, due to the subsidence.

Intermittent tectonic resurfacing (O Neill and Nimmo,
2010) could both cause and be caused by cryovolcanic
regime shifts. If the tiger stripe thermal emission is car-
ried by latent heat deposited by condensation on the walls
of the tiger stripe (Ingersoll and Pankine, 2010; Porco et
al., 2014), the flow of mass from the water source to the
topmost kilometer of the ice shell, ~2 x 10% kg s71, is (if
not transmitted downward by subsidence) equivalent to an
expansive strain distributed across the whole tiger stripe
terrain of ~10-13 s-1. Such a strain would double the width
of the SPT in ~3 m.y. If this situation is maintained long
term, cryovolcanic mass and energy fluxes are comparable to
tectonic mass and energy fluxes, so that cryovolcanism and
tectonics are strongly coupled. Three-dimensional models
are now being applied to the ductile (Béhounkova et al.,
2015) and brittle (Soucek et al., 2016) behaviors of the solid
ice shell, but these three-dimensional models have not yet
been combined with each other, nor with feedbacks on the
liquid-water plumbing system.
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Fig. 6. Schematic of possible flow in the ice shell surround-
ing the tiger stripes, adapted from Kite and Rubin (2016).
In this model, melt-back due to turbulent dissipation in the
water-filled portion of the tiger stripes (right) causes subsid-
ence of the ice shell, which opens the vapor-filled portion
of the fractures near the surface, perhaps preventing them
from self-sealing due to ice condensation.

5.2. Astrobiology

For astrobiology, the message from plumbing-system model-
ing is that the salt-rich jets of Enceladus represent a fresh
sample of the ocean. There is no reason to expect that water
sits in cryomagma chambers inside the ice shell for long
timescales that might lead to the breakdown of biomark-
ers. Progress on the volcano-tectonic connection will also
constrain the rate at which oxidants produced at Enceladus’
surface by radiation-driven chemistry are recycled into Ence-
ladus’ ocean: potentially a source of energy for life at Europa
(Vance et al., 2016) and perhaps at Enceladus too (Parkinson
et al., 2008). Bubbles near the water-vapor interface may
concentrate biological material, if any, and carry it into the
plume (Porco et al., 2017).

6. SUMMARY AND OPEN QUESTIONS

We have learned a lot about the plume fractures and
vents in the dozen years since the discovery of activity.
Fractures appear to cut through the entire thickness of the
ice shell, and are likely mostly filled with liquid water, con-
nected directly to the ocean. Water circulation at speeds of
about 1 m s, driven by tidal flexing in fractures roughly
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1 m wide, may generate enough dissipation to match much
of the observed power radiated by the tiger stripes, and
the resulting melt-back may combat fracture narrowing by
viscous creep and the expected freezing of water onto the
fracture walls required to balance conductive heat loss. At
the water surface, expected from buoyancy arguments to
be situated ~10% of the way down to the ocean, observed
plume particles may be generated by bursting of bubbles.
Freezing of the water surface by evaporative cooling may
be avoided by water vapor pressure buildup above the water
surface, due to a combination of narrowing of the fractures
toward the surface and viscous throttling of the escaping
vapor in the fractures, and also by salinity-driven overturn or
dissipative heating of the water. The upper, vapor-filled, part
of the fractures may have typical widths of 0.1 m. However,
rapid condensation of water vapor onto the fracture walls
is expected to narrow the fractures by ~0.3 m yr-!, raising
unanswered questions about their long-term stability. This
condensation transfers several Gigawatts of latent heat to
the fracture walls, where it is conducted to the surface and
radiated to space, while a smaller fraction escapes directly
as latent heat. Near-surface temperatures approach 200 K,
probably limited by sublimation cooling.

However, many outstanding questions remain about the
plume origins and plumbing. One is the spatial distribution
of heat, solid, and vapor sources. For instance, are the solids
lofted mainly in jets or in curtains? Are there vapor sources
that do not produce significant solids? How continuous
is the emission of heat, solids, and vapor along the tiger
stripes? And in particular, what is the magnitude of the likely
background-distributed heat source between the tiger stripes?

Space-time variability of the plume and its jets is not fully
understood. While individual jets do appear to turn on and
off (Porco et al., 2014), unlike the plume as a whole, they
do not do so in a manner explicable by simple tidal models;
instead, choking of conduits by ice deposition in the near-
surface, and subsequent opening of new channels, may be
the culprit. Are vapor and solids modulated by tides in the
same way? It is not clear why the plume persists at periapse
when tidal forces should close the fractures, or why there
is a time lag in the orbital response. Also, the origin of the
secular decrease in plume brightness seen during the Cassini
mission (Ingersoll and Ewald, 2017) remains a mystery.

We do not understand the width and shape of the cracks.
To keep them from freezing, widths of 1 m are best for the
water-filled parts of the channels (Ingersoll and Nakajima,
2016; Kite and Rubin, 2016). Widths of 0.1 m are best for
the vapor-filled parts of the channels to match the latent
heat to radiation ratio (Nakajima and Ingersoll, 2016) and
to match the particle sorting with altitude (Schmidt et al.,
2008; Postberg et al., 2011). But these are model-dependent
results with limited observational confirmation to date.

While continued analysis of the rich legacy of Cassini
observations may answer many of these questions, some
must await the next mission to Enceladus, which we hope
will occur within the next few decades.
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Plate 19. The appearance of the tiger stripes in the visible (Cassini ISS) and thermal
infrared [Cassini CIRS, 7-16 um, (a)—(c)] at a variety of scales. (a) The entire tiger
stripe system with the exception of part of Alexandria Sulcus (left), which is known from
other observations to be relatively faint. CIRS 9—-16-um data from March 2008. Dashed
lines mark the location of the active tiger stripes. The square shows the location of (b).
(b) Closeup of the most active part of Damascus Sulcus (a combination of 9—16-um and
7-9-um images), mapped by CIRS in August 2010. Diamonds show the location of ISS
plume jets reported by Helfenstein and Porco (2015). Arrows mark the locations of three
discrete hot spots, a, b, and c (also shown in Fig. 2a), two of which correspond well
to plume jet locations. The square shows the location of (c). (¢) The highest-resolution
CIRS image of Damascus Sulcus emission, taken by direct sampling of the CIRS 7-9-
pm interferograms from October 2015, showing dominant emission from a single fissure
<100 m wide, and isolated hot spots elsewhere within the central trough (Gorius et al.,
2015). Placement relative to the terrain is approximate. (d)—(f) The same images without
the CIRS data overlay, to show the terrain more clearly.

Accompanies chapter by Spencer et al. (pp. 163—-174).
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Plate 20. Orbital and long-term variability of the Enceladus dust
plume brightness at visible wavelengths, from Ingersoll and
Ewald (2017). Different symbols identify different datasets. Mean
anomaly describes the orbital position of Enceladus relative to
periapse, while the Y axis is a measure of integrated plume
brightness at 100 km altitude.

Accompanies chapter by Spencer et al. (pp. 163—-174).



