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Abstract

NASA’s Cassini mission revealed endogenic activity at the south pole of Saturn’s moon
Enceladus. The activity is concentrated along four fractures in Enceladus’ ice shell, which
are much warmer than their surroundings and the source of Enceladus’ plumes. This work
provides a review of the current state of knowledge of the energy and mass lost by Ence-
ladus through this activity. Specifically, we discuss the composition of the plumes, along
with their spatial and temporal variation. The mass flux loss predicted for the three plume
constituents (gas, dust and charged particles) is reviewed and a total mass flux of ejected
material that subsequently escapes Enceladus is estimated to be 2.1 x 10'! kg over a Saturn
year. Given that Enceladus’ ocean is predicted to be 10'? kg this loss is sustainable in the
very long term (~1.5 billion Earth years). However, unless a resupply mechanism (such as
serpentinization) exists molecular hydrogen is expected to be depleted within ~1 million
Earth years. The difficulty in determining Enceladus’ current heat flow is outlined, along
with the advantages and disadvantages of the various techniques used to derive it. We find
a robust lower limit for Enceladus’ exogenic production is 7.3 GW. Tidal heating models
show endogenic emission of this level is sustainable, and Enceladus may have long-term
near-surface heating (a result supported by studies of Enceladus’ geology). Finally, we of-
fer suggestions for future observations, instrumentation, and missions. Enceladus remains a
high-priority target for NASA, and as such it is highly likely that we will return to study this
enigmatic world. Hopefully these missions will answer some of the questions that remain.
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1 Introduction

Along with Europa and Triton, Enceladus belongs to a small family of cryovolcanically
active moons in our solar system (Fagents et al. 2022). The activity occurs inside Enceladus’
South Polar Terrain (SPT) along four fractures, or sulci, commonly known as Tiger Stripes
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South Pole

Fig.1 Enceladus’ South Pole, with the major sulci nomenclature included. Image from (USGS 2015)

(Fig. 1). The fractures are named after cities or countries referred to in The Arabian Nights,
and the four largest fractures are Damascus, Baghdad, Cairo, and Alexandria Sulcus (see
Fig. 1 for locations). These fractures are approximately 130 km long, with a central trough
2 km wide and 0.5 km deep. They are the source of both the plumes (Fig. 2) (Helfenstein
and Porco 2015; Porco et al. 2014, 2006a; Spitale et al. 2015; Spitale and Porco 2007) and
Enceladus’ thermal emission (Fig. 3) (Spencer et al. 2006).

Enceladus’ south polar plumes represent the only manifestation of its cryovolcanic ac-
tivity. This contrasts with Europa and Triton, that display a variety of flow-like features
and landforms that are indicative of effusive eruptions (Croft et al. 1995; Fagents 2003;
Kattenhorn and Prockter 2014; Lesage et al. 2021; Miyamoto et al. 2005; Prockter et al.
2017; Quick et al. 2022, 2017). Triton’s surface is also littered with features that may have
been emplaced because of explosive cryovolcanism, including pitted cones, and ring and pit
paterae and their deposits (Croft et al. 1995; Helfenstein et al. 1992).

Enceladus’ plumes were seen to be continuously active throughout the Cassini mission
(e.g., Ingersoll et al. 2020), and are expected to be at least decadal-long, starting well before
Cassini’s arrival (Jurac and Richardson 2001). By contrast Europa’s putative plumes appear
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Fig.2 A mosaic of two Cassini ISS NAC images taken of Enceladus’ plumes on 21st November 2009. Image
credit: NASA PIA11688

Fig.3 Heat flow across
Enceladus’ South Polar Terrain.
The warmest temperatures
(bright yellow) are at ~180 K,
and the background (uncolored
inside the white box) is at ~72 K.
Image credit: NASA PIA10361

to be someone elusive. While ground- and space-based telescopic observations have pro-
vided evidence for Europa’s plumes, they may be sporadic with large, 200 km tall, plumes
being infrequent outliers (Paganini et al. 2019; Rhoden et al. 2015; Roth et al. 2014a,b;
Sparks et al. 2017, 2016). This is consistent with modeling (Fagents 2000; Quick et al.
2013) and past searches for plumes in the Galileo dataset (Phillips et al. 2000) which sug-
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Table 1 A comparison of properties for Mars’, Triton’s, and Enceladus’ plumes. Table adapted from Table 1
of Hansen et al. (2021) using values from Hansen et al. (2021) and references therein

Mars Triton Enceladus
Erupting Volatile CO, Nj or HO H,0
Surface Gravity (m/sz) 3.72 0.779 0.113
Plume Height (km) 0.08 8 1500
Plume Height Normalized to Triton Gravity (km) 2 8 60
Source Vent Diameter (m) <1 < 3000 ~9
Exit Velocity (m/s) 20-300 20-40 450
Vapor Mass Flux 150 g/s up to 400 kg/s 200 kg/s
Particle Mass Flux 30-150 g/s < 10 kg/s ~ 50 kg/s
Eruption Temperature (K) 140 38-42 76-170
Eruption Duration < 2 hours 1-3 years continuous

gest that plume activity on Europa may be small-scale and transient in nature. We note that
the community remains divided on whether Europa does indeed have plumes, and recent
JWST observations found no evidence for strong active plumes (Villaneuva et al. 2023) at
the time of their study. However, for the purposes of this review we assume Europa’s plumes
exist and use their constraints to better contextualize those of Enceladus.

Triton’s plumes are quite different to both those on Europa and Enceladus. The activity
was discovered in images of Triton returned by Voyager 2, and shown to be four N,-rich
plumes located between 50°S and 57°S. These plumes reached heights of up to 8 km above
the surface (Soderblom et al. 1990). The initially favored eruption hypothesis for Triton’s
plumes was that they were solar driven (Kirk et al. 1995), similar to seasonal jets on Mars
(Thomas et al. 2011). However, the discovery and characterization of Enceladus’ plumes
has led to a reevaluation of plausible hypotheses for eruptive venting on Triton (Hansen
and Kirk 2015). Indeed, Hansen et al. (2021) note that the mass flux of Triton’s plumes is
more akin to the plumes at Enceladus than to the Martian jets (Table 1). In addition, new
analyses by Hofgartner et al. (2022) suggest that neither the locations of the plumes, or of
their fan-like deposits, strongly support the solar-driven model. While Kirk et al. (1995)
invoked a cryovolcanic model for the formation of Triton’s plumes, a separate endogenic
eruption model was also proposed, in which the base of a polar cap composed of N, ice is
melted by internal heat, and plumes form when the melt is exposed to the surface (Brown
and Kirk 1994).

Venting on Enceladus, Europa, and Triton may be driven, at least partially, by tides and
tidal stresses (e.g., Nimmo et al. 2014; Nimmo and Spencer 2015; Rhoden et al. 2015).
Enceladus’ plumes appear brightest at apoapsis— a time during its orbit when extensional
tidal stresses are the greatest, allowing the fractures to open (Hedman et al. 2009; Hurford
et al. 2007). Similarly, cryovolcanic activity may occur on Europa during times in its orbit
when extensional stresses facilitate the opening of fractures and the exposure of subsurface
water (Fagents et al. 2022). Internal energy from obliquity tides could drive cryovolcanism
on Triton (Nimmo and Spencer 2015). Nevertheless, ocean-derived materials that partici-
pate in cryovolcanic eruptions on Europa and Triton may experience a more complex path
to the surface compared to cryovolcanic materials on Enceladus. Owing to its small size,
low surface gravity and thin south polar ice shell, ocean-based fluids erupt directly through
south polar fissures (Cadek et al. 2016; Manga and Wang 2007; Nakajima and Ingersoll
2016; Postberg et al. 2011). Indeed, the presence of molecular hydrogen, salts and SiO; in
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Fig.4 Color map of Enceladus using ISS GRN/UV3, IR3/GRN and IR3/UV3 for RGB color (Schenk et al.
2011). Overlaid are the plume fallout predictions from Southworth et al. (2019). Image credit: Postberg et al.
(2018)

Enceladus’ plumes indicate that plume material emanates from an internal ocean that is in
direct contact with a rocky mantle (Hsu et al. 2015; Postberg et al. 2011). Conversely, owing
to their larger masses, thicker ice shells and higher surface gravities, cryovolcanic materials
on Europa and Triton are likely to be sourced from discrete liquid reservoirs or melt lenses
within their icy shells (Fagents 2003; Hofgartner et al. 2022; Schmidt et al. 2011).

Models of the predicted distribution of Enceladus plume deposits (Kempf et al. 2010;
Southworth et al. 2019) have a strong spatial correlation with Enceladus’ surface color
change (Schenk et al. 2011) and changes in the water ice distribution (Postberg et al. 2018;
Scipioni et al. 2017). From these works it is believed that the plume material that doesn’t
escape Enceladus’ gravity falls back on its surface in two “wedge” shapes centered approx-
imately along 45°W and 225°W (Fig. 4). Recent work has revealed no large-scale surface
changes due to the emplacement of plume fall-out on Europa (Schenk 2020), modeling has
shown that deposits emplaced by putative large Europan plumes may be difficult to iden-
tify (Quick and Hedman 2020). However, one exception may be the low-albedo deposits
along ridges and other lineated features on Europa, which may have been emplaced during
episodes of explosive cryovolcanism (Fagents 2000). On Triton, surface alteration by plume
fallout is easy to spot, with over 120 fan-shaped dark deposits associated with plume activity
being seen against the surrounding brighter surface. So many deposits suggest that plume
activity could be a common occurrence on Neptune’s largest moon (Hansen et al. 1990; Kirk
et al. 1995).

Regardless of where their cryovolcanic materials originate, the mass- and energy-loss
created by plumes have shaped these worlds. In the case of Enceladus the plume material
has covered not only its surface, but sustains the E-ring, and coats and brightens the surface
of its neighboring satellites (Verbiscer et al. 2007). The rest of this article delves into both the
mass and energy loss Enceladus experiences from its activity. There is a particular emphasis
on constraining the magnitude of these losses, their implications for Enceladus’ interior, and
the insights they offer for models of geological and internal processes on the icy moons.

While the energy loss in the SPT associated with the plumes and cryovolcanic activity
via latent heat is significant, by far the principal mechanism of heat loss from the energy
created by tidal heating is conduction of heat from the ocean through the ice shell. At a
significantly lower intensity, summed over the surface of Enceladus it is estimated to be 5-
8 times the energy associated with the plumes (Hemingway and Mittal 2019; Cadek et al.
2016; Spencer et al. 2018). At present we can only predict this heat loss using models of
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ice shell thickness (from gravity, topographic and libration data) and assumptions about the
structure and properties of the ice shell to conduct heat. The longevity of Enceladus’ ocean
is currently unknown but will be governed by the balance of heat generated within and heat
lost via global conduction and the more acute cryovolcanic activity in the SPT.

2 Observations of Enceladus’ Mass Flux
2.1 Introduction

The predominant mass flux loss mechanism on Enceladus is the ejection of plume mate-
rial that erupts from fissures in the South Polar Terrain (SPT). The discovery of Enceladus’
plumes was arguably one of the most groundbreaking moments of the Cassini mission, and
constraining the plumes’ properties quickly became one of the mission’s highest priorities.
This is because it is hypothesized that the plume composition can shed light on the com-
position of and conditions of Enceladus’ potentially life-supporting sub-surface ocean. The
plume ejection has two parts: diffusive emission from along the fractures, sometimes re-
ferred to as curtains (Spitale et al. 2015), and from the collimated emission from the ~100
discrete jets (Porco et al. 2014). We use the term plume to describe both these parts.

Enceladus’ plume is comprised of three components: solid (dust) particles, gas, and ions.
While water is the major constituent of each of these components their individual composi-
tion and size varies. Variation is also seen both spatially and temporally. Solid particles are
the heaviest components, and as such are most difficult to accelerate to speeds above Ence-
ladus’ escape velocity with only 5-10% (by mass) escaping (Postberg et al. 2018). Most of
the particles fall back down to coat Enceladus’ surface in clearly distinguishable patterns
(Fig. 4). However, the lighter neutral gas and charged particles are ejected at such high ve-
locities that they almost all entirely escape Enceladus (Hansen et al. 2008). The escaping
particles go on to populate the E-ring (Ingersoll and Ewald 2011; Kempf et al. 2010, 2008;
Porco et al. 2006a) and the charged particles are rapidly coupled into Saturn’s magneto-
sphere. So, plume material is found not just in the plume, but also in the E-ring and on
Enceladus’ surface.

2.2 Instruments Able to Measure Mass Flux and Composition

Cassini was well equipped to study Enceladus’ activity with both in situ and remote sensing
instrumentation. Both instrumentation types were used to determine the composition of the
plume’s vapor, solid and charged particles. In this section we briefly describe the instrumen-
tation that was used to make these detections, along with their advantages and limitations.

2.2.1 Solid Particles (CDA/CAPS/VIMS)

The Cosmic Dust Analyzer (CDA) (Srama et al. 2004), Cassini Plasma Spectrometer
(CAPS) (Young et al. 2004), the Visible and Infrared Mapping Spectrometer (VIMS) (Brown
et al. 2004) and the Imaging Science Subsystem (ISS) (Porco et al. 2006b) all constrained
the composition of the plume’s solid particles. CDA and CAPS are in situ instruments, while
VIMS and ISS remotely sensed the plumes, measuring their composition along its line of
sight.
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CDA is an impact ionization detector that works by ionizing dust and ice grains that
impact its detector’s metal target plate at high speed (>1 km/s). A time-of-flight mass spec-
trometer (TOF-MS) then produces a mass spectrum of the cations present. The mass resolu-
tion ("/am) varies from ~10 at 1 u (where u is the unified atomic mass unit) to ~50 at 200 u
(Postberg et al. 2006). CDA recorded a few hundred spectra of Enceladus’ plume, and many
thousands of Saturn’s E-ring (Postberg et al. 2018).

CAPS had three sensors: Electron Spectrometer (ELS), Ion Mass Spectrometer (IMS),
and the Ton Beam Spectrometer (IBS) (Young et al. 2004). ELS and IMS were primary used
to observe the charged nanograins in Enceladus’ plume. ELS is a hemispherical top-hat
electrostatic analyzer, which was employed during the Enceladus plume flybys was used
to detect the direction and energy per charge of negatively charged nanograins. ELS could
detect grains with a mass to charge ratio (m/q) of 10* — 10* u/q, which made it sensitive
to grains sizes between the small neutral gas grains and charged particles, and the larger
(>0.4 pum diameter) macroscopic solid ice particles. Postberg et al. (2018) provides full
operational details for ELS in the plume. CAPS’ IMS provided electrostatic E/q analysis of
positive ions between 1 and 34,700 eV/e and included a time-of-flight system for composi-
tion (m/q) analysis.

VIMS had both visible (VIS) and infrared (IR) channel which provided sensitivity over
its 0.25 to 5.1 um spectral range, with an effective field of view (iFOV) of 0.5 by 0.5 mrad.
The two channels were illuminated via independent telescopes, that were typically operated
in conjunction with one another to provide a single spectral cube. As Enceladus’ plume
is strongly forward scattering, with a low optical depth, it was challenging for VIMS to
remotely observe. However, VIMS was able to constrain the plume characteristics by using
occultation measurements.

ISS was Cassini’s imaging device, made of two framing cameras: a narrow (NAC) and
wide (WAC) angle cameras with FOVs of 0.35° and 3.5° across respectively. In both cameras
the light was detected by a 1024 by 1024 Charge-Couple Device (CCD). The NAC had a
pixel scale of 6 urad/pixel, while the WAC’s was ~60 urad/pixel. Filter wheels allowed the
camera to span from 200 to 1100 nm.

2.2.2 Gas Phase (UVIS/INMS)

The Ultraviolet Imaging Spectrograph (UVIS) (Esposito et al. 2004) was composed of an
Extreme UltraViolet (EUV) and Far Ultraviolet (FUV) spectrograph, a High-Speed Pho-
tometer (HSP) and a Hydrogen Deuterium Absorption Cell (HDAC). EUV and FUV cov-
ered 563 to 1182 A and 1115 to 1912 A respectively. UVIS is a remote sensing instrument,
that detected neutral gases in the plume by looking for absorption features in stellar and
solar occultations in order to provide the composition integrated through the line of sight
between UVIS and the star.

The Ion and Neutral Mass Spectrometer (INMS) (Waite et al. 2004) was a dual-ion source
quadrupole mass spectrometer. It covered a mass-to-charge range of 0.5 to 8.5 and 11.5 to
99.5 u. It could operate in a closed- and open-ionization configuration, meaning both inert
and reactive species and ions could be detected.

2.2.3 Charged Particles (CAPS and MIMI)

As described above, CAPS used ELS and IMS to measure the negatively and posi-
tively charged particles in the plume respectively. The Magnetospheric Imaging Instrument
(MIMI) (Krimigis et al. 2004) had three sensors: Low-Energy Magnetospheric Measure-
ment System (LEMMS), Charge-Energy Mass Spectrometer (CHEMS) and Ion and Neutral
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Camera (INCA). LEMMS measured the velocity, direction and number of electrons, ions
and protons that struck its detector. CHEMS measured both the charge and composition of
particles that struck its detector, and INCA was able to image high velocity atoms.

2.3 The Composition and Variability of Enceladus’ Plume
2.3.1 Solid Particles

As already mentioned, most of the plume particles fall back onto Enceladus’ surface (Post-
berg et al. 2018), but 5-10% are able to escape Enceladus and sustain the E-ring (Ingersoll
and Ewald 2011; Postberg et al. 2018). So, this means that the plume’s solid particle com-
position can be either directly measured or inferred from E-ring studies.

Solid particles have been detected by CDA, CAPS and VIMS, in both the plume and the
E-Ring.

However, since the E-ring is much larger than the plumes the in-situ instruments had
more opportunity to sample it than the plumes. Most of the compositional information on
plume/E-ring ice grains comes from CDA (Postberg et al. 2018), which showed the grains
can be broadly separated into three types:

e Type 1 particles (~65% of E-ring particles) are almost pure water ice, with very low
concentrations of alkali salts (Na/H,O ratio of 10~7) (Postberg et al. 2009).

e Type 2 particles (~25% of E-ring particles) are larger than Type 1 but roughly the same
composition with some additional organic species (which manifest as 27 u to 31 u and/or
39 u to 45 u species) (Postberg et al. 2008). The ratio of organics to non-organics, and the
concentration of silicate and salt varies between the particles.

e Type 3 particles (~10% of E-ring particles) are also much larger than Type 1 particles
but are compositionally very different to the other types having a pronounced sodium
signature (Na/H,0 >1073).

VIMS provided additional insight into the structure of the water of Enceladus’ plume, show-
ing that the water ice emerging from Cairo, Baghdad and Damascus was all crystalline
(Dhingra et al. 2017). This implies that the water plume particles were formed at tempera-
tures >130 K.

The concentration of these particles within the plume varies on short (diurnal/orbital),
medium (monthly) and long (yearly) timescales. Since Enceladus is tidally locked to Saturn
it takes the same time to orbit Saturn as it does to rotate (i.e., a day is the same length of
time as its orbit). So, the terms orbital and diurnal can be used interchangeably. However,
short-term variation in plume concentration varies as a function of its position (Hedman
et al. 2013; Ingersoll et al. 2020; Ingersoll and Ewald 2017; Nimmo et al. 2014) (and not
time of day) so we default to using the term orbital.

Hedman et al. (2013) used VIMS data to study changes in Enceladus’ plume over its
orbit. A position in an orbit is defined by mean anomaly (MA), which is the time from
pericenter (when Enceladus is closest to Saturn) multiplied by 360° and divided by the orbit
period. So pericenter is at 0° and apocenter (when Enceladus’ is furthest from Saturn) has
a mean anomaly of 180°. Hedman et al. (2013) also showed that the horizontal integrated
plume brightness is three times greater at apocenter than pericenter, and that the orbital
position appears to affect particle velocity (with lowest velocities at apocenter) but not the
particle size distribution.

These initial findings were confirmed using ISS observations, which found the plume’s
peak brightness to occur at apoapse, notably with a scale height that didn’t vary with orbital
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position or plume brightness (Nimmo et al. 2014). This implies that (in contrast to Hedman
et al. 2013) the particle velocities are constant. These results supported the theory that tidal
stresses control Enceladus’ plume emission (Nimmo et al. 2014). Further modelling showed
that the location of Enceladus’ jets, the location of warm surface regions and diurnally vary-
ing tidal stresses is coincident, and they could be sufficient to open Enceladus’ fractures all
the way from the surface to the sub-surface ocean (Porco et al. 2014).

A follow up ISS study observed a four-fold increase in plume brightness at apocenter
than pericenter (Ingersoll and Ewald 2017). This was followed by the most comprehensive
study of ISS images to date (Ingersoll et al. 2020), which analyzed 2415 ISS observations
to find that the plumes change in brightness with orbital position is indeed very complex:

e The large maximum occurs slightly after apocenter (the maximum is at MA~200°)
e There is a secondary maximum in the plume brightness, made up of two peaks with an
MA of 25° and 60°.

This same study also found evidence of the plumes changing on monthly timescales. ISS
observations of jets taken at the same mean anomaly were used to track their output and
showed about half of the ten jets observed had changed over the course of a month (Inger-
soll et al. 2020). Some of the jets turned on, while others disappear. Porco et al. (2014) also
showed jet activity varied with time, but couldn’t correlate the observed activity an individ-
ual jet to Enceladus’ stress field. Instead, they suggest individual geysers turn off when they
become clogged with ice from condensed vapor.

Between 2007 and 2017 there was a factor of two decrease in the plume brightness
(Fig. 5) (Ingersoll et al. 2020; Ingersoll and Ewald 2017). This long-term brightness change
is best fitted by a pair of sinusoids with a period of ~4 years and ~11 years (Porco et al.
2018), which agrees with the known tides on Enceladus from its resonance with Dione.
Ingersoll et al. (2020) see evidence for variation in the launch velocity of plume particles,
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from their stable 2009-2015 value to an elevated one in 2017. This means their results are
consistent with Hedman et al. (2013) but not with Nimmo et al. (2014).

While the total brightness of the plumes varies temporally, the composition of the plumes
varies spatially. Generally, Type 3 grains are more concentrated close to the surface while
Type 1 particles were less so, and Type 2 show a more complex variation pattern (Postberg
et al. 2011). One explanation is that the ejection speeds of the smaller Type 1 grains are
faster than the larger Type 3 ones (Postberg et al. 2011), perhaps due to a radius-dependent
frictional force in the vent (Schmidt et al. 2008). Thus, the larger Type 3 particles are less
able to escape Enceladus’ gravity than the smaller Type 1 particles and are more highly
concentrated close to the surface (Hedman et al. 2009; Kempf et al. 2008). This could also
explain why Type 1 particles are more dominant in the E-ring (Khawaja et al. 2017), because
they are more able to escape.

Type 2 particles appear to vary with the ground-track of the observations, being most
pronounced over Damascus Sulcus (Postberg et al. 2011). Combined UVIS and VIMS anal-
ysis showed the dust/gas mass ratio above Baghdad and Damascus Sulci is about an order
of magnitude higher than that of Alexandria and Cairo Sulci (Hedman et al. 2018). Surfaces
around Damascus are known to have strong organic-ice features (Brown et al. 2006). Thus,
these results support Damascus having a strong dust signal that is notably rich in organics.

2.3.2 Vapor

During Cassini’s mission UVIS and INMS made numerous observations of Enceladus’
plume vapor. Early observations established the gas was predominately water (Hansen et al.
2006; Waite et al. 2006) with a column density of 1.5x10'¢ H,O molecules cm™2 over an
altitude of 7 to 30 km (Hansen et al. 2006). INMS initially constrained the remainder of the
gas plume to be ~3% CO,, 4% unknown species with mass 28 u (CO, N, and C,H, being
some of the candidates), <0.5% NH3, and trace amounts of acetylene and propane (Waite
et al. 20006).

Analysis of UVIS data was able to provide some insight onto possible mass 28 u species.
The data provided an upper limit of CO (<0.9%), N, (0.5%) and found evidence of C;Hy
but couldn’t define a mixing ratio (Hansen et al. 2006, 2017). However, later observations
made by INMS in their open-source mode gave no detection at 28 u. In open source mode
the particles are ionized without interaction with the instrument’s walls, which leads to less
fractionation of heavier particles. So perhaps the source of 28 u is actually a fragmentation
product (e.g., CO or C,H4) of a heavier organic molecules, rather than a specific 28 u mass
one. This open-source data also enabled the mixing ratio of H, to be determined (0.4 to
1.4%) (Waite et al. 2017).

During the Cassini mission INMS refined the process of taking their data, finding a sweet
spot between the fast speeds required for high signal-to-noise and the effect those high
speeds had on producing fragmented species from high-speed wall impacts. Three encoun-
ters (E14, E17 and E18) in 2011 and 2012 particularly benefited from this work. They were
taken at the sweet spot, with a relative speed of ~7.5 km/s (Postberg et al. 2018) and an
altitude of 75 to 100 km above the fractures. Figure 6 shows the plume gas composition
derived from data taken during the three flybys. The results are strongly consistent with one
another, providing a confident determination of the gas species. The final volume mixing
ratios are: H,O (96-99%), CO, (0.3-0.8%), CH,4 (0.1-0.3%), NH3 (0.4-1.3%) and H, (0.4-
1.4%) (Waite et al. 2017). Compositional variations in the gas plume were observed, but are
not currently linked to individual sources (Magee and Waite 2020, 2017; Waite et al. 2017)

The plume gas mass flux appears to not change notably with time. Analysis of five oc-
cultation observations made by UVIS showed the bulk water vapor coming from Enceladus
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was approximately constant with a surface density varying between 0.9 x 10' cm~2 and

1.5 x 10'® H,0 molecules cm~? (i.e. £15%) and did not display correlation with orbital
position (Hansen et al. 2017). However, interestingly the mass flux from individual gas jets
was shown to significantly vary (Hansen et al. 2017; Teolis et al. 2017).

Spatial variations of the concentration of neutral gas within the plume are substantial.
The gas is emitted from jets at supersonic velocities and at slower speeds from the diffuse
emission (Hansen et al. 2008; Teolis et al. 2017). The fast-moving gas molecules leaving
a jet will spread as a function of their molecular mass with low-mass molecules spreading
more than high-mass ones (assuming they have the same eruption velocity and are in thermal
equilibrium) (Fig. 7). Analysis of INMS data showed that this results in a spatial variation
in the plume’s composition (Perry et al. 2015), with heavy species (e.g., CO,) spreading
less than lighter ones (e.g., H, and H,O) (Yeoh et al. 2015). INMS typically sampled the
plume at altitudes between 50 and 100 km altitude. Through these encounters the spreading
angle was shown to vary from 10° to 45°, depending on the temperature, velocity and mass
(Hurley et al. 2015; Perry et al. 2015).
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2.3.3 Charged Particles

The charged particles can be split into three types: charged nanograins, positive ions, and
negative ions. The positive and negative ions are largely formed within the plume by charge
exchange (Cravens et al. 2011). These charged particles, once formed, are eventually lost to
Saturn’s magnetosphere, becoming part of the ambient plasma torus (Johnson et al. 2006;
Tokar et al. 2006). Therefore, their ability to inform on Enceladus’ surface and sub-surface
is limited.

The charged nanograins were observed by CAPS in Enceladus’ plume (Jones et al. 2009).
These grains are larger than the neutrals and other charged species, but smaller than the solid
ice grains. They are indirectly assumed to be icy (Coates et al. 2010a,b; Hansen et al. 2011,
2008; Postberg et al. 2011; Waite et al. 2017), and carry both positive and negative charges
(Jones et al. 2009) caused by electron impact in the plume itself (Hill et al. 2012).

RPWS and CAPS ELS both saw an increase in plasma density close to Enceladus (Coates
et al. 2013; Morooka et al. 2011). The plume’s positive ions were studied by CAPS IMS and
found to be primarily composed of water group ions (O*, OH™, H,O" and H;0™) (Young
et al. 2005). H;O™ is formed via charge exchange, when magnetospheric ions interact with
plume H,O to form H,O" and H;0™" (Cravens et al. 2011). Negative water ions (OH™, O™,
H™) are also observed in the plume

(Coates et al. 2010a). They are expected to have been formed inside the plume itself by
dissociative electron attachment and have a short lifetime.

2.4 What s the Total Mass Loss of the Plume?

There are multiple lines of evidence to support the hypothesis that plumes are a long-lived
phenomenon. For example, they were active during every encounter Cassini had with Ence-
ladus’ SPT (2005-2017). Their material supports the E-ring, and without it then it is expected
that the current E-ring would disperse in decades (Jurac and Richardson 2001). Finally, sur-
face heating and cratering records (see Spencer et al. 2006) point to activity lasting much
longer than ~1000s of years. Depending on the plume flux such activity could result in sig-
nificant mass loss. Since the vapor, solid and ions are detected separately so are their mass
loss rates, and in this section we explore the mass flux of these different plume particles
separately.

UVIS data initially constrained the H,O vapor from eruptions to be occurring at a rate of
150 to 350 kg/s (Hansen et al. 2006). Subsequent occultations supported these results, find-
ing rates between 170 and 250 kg/s (Hansen et al. 2017, 2011). These initial estimates as-
sumed ice temperatures which gave the gas a thermal velocity much higher than Enceladus’
escape velocity (240 m/s), implying all the vapor escapes Enceladus. So, these rates imply
that over each Saturn year (29.4 Earth years) Enceladus is losing 1.4 x 10! — 3.2 x 10! kg
of H,O through the gas plumes alone.

There is large uncertainty in the flux of solid particles emitted from Enceladus, with
estimates varying from 3 to 65 kg/s (Dong et al. 2015; Ingersoll and Ewald 2011; Kempf
et al. 2018, 2010; Schmidt et al. 2008). Assuming a conservative 20 kg/s (Kempf et al.
2018) this means 1.9 x 10'° kg of solid material is ejected from Enceladus’ over the course
of a Saturn year (6.3 x 10% kg over an Earth year). If 10% escapes Enceladus (Postberg
et al. 2018) then the particle mass loss from Enceladus is 1.9 x 10° kg per Saturn year
(6.3 x 107 kg over an Earth year). This is a sizeable amount but notably lower than the
vapor loss.

Charged particles are expected to form in the plume by charge exchange, and it is difficult
to determine their specific contribution to the total mass loss. Despite this some estimates do
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Table2 Summary of the mass
flux estimates for the total vapor,
solid and charge particles in
Enceladus’ plume in the literature ~ Vapor

Plume type Mass flux (kg/s) Reference

(unless otherwise indicated) 150 - 350 (Hansen et al. 2006)
100 (Schmidt et al. 2008)
200 (Hansen et al. 2011)
180 - 250 (Hansen et al. 2017)
Hj Only 0.02 -0.01 (Waite et al. 2017)
Solid
0.04 (Porco et al. 2006a)
0.2 (Spahn et al. 2006)
5 (Schmidt et al. 2008)
50 (Ingersoll and Ewald 2011)
20 (Postberg et al. 2018)
Charged Particles
Nanograins 15-65 (Dong et al. 2015)
Negative and Positive 5.6 (Hill et al. 2012; Kempf
Charged Particles etal. 2018)
Total Plasma 100 (Tokar et al. 2006)

exist. For nanograins the mass loss is expected to be between 15 kg/s and 65 kg/s (Dong et al.
2015; Kempf et al. 2018). The loss of positive and negative ions is expected to be lower, at
5.6 kg/s (Hill et al. 2012; Kempf et al. 2018). These charged particles are expected to escape
Enceladus along field lines bent by Saturn’s electromagnetic field (Dong et al. 2015; Hill
et al. 2012). Assuming a conservative estimate of 15 kg/s for nanograins and 5.6 kg/s for
the ions then Enceladus loses 1.9 x 10'° kg of charged particle material over the course of a
Saturn year (6.5 x 10% kg over an Earth year).

The mass loss estimates described in this section are summarized in Table 2, showing that
by far the largest mass loss is from the vapor. If mass fluxes of 200 kg/s are assumed for the
vapor (Hansen et al. 2011), 20 kg/s for the solid particles (Kempf et al. 2018), 15 kg/s for the
nanograins (Dong et al. 2015), and 5.6 kg/s for the charged ions (Postberg et al. 2018) then
the total mass ejected is 241 kg/s, or ~ 2.2 x 10'! kg over a Saturn year (7.6 x 10° kg per
Earth year). If everything escapes Enceladus, except for 90% of the solid particles, then the
total mass lost is 223 kg/s, or ~ 2.1 x 10'! kg per Saturn year (7.0 x 10° kg per Earth year).
If Enceladus’ ocean is ~10" kg (Glein and Shock 2010) such loss rates are sustainable for
~fifty million Saturn-years (~1.5 billion Earth years).

Another constraint on the longevity of Enceladus’ activity comes from the loss of molec-
ular hydrogen (H,), which has been estimated to be between 1 x 10° to 5 x 10° mol per
year, equivalent to 0.02 to 0.1 kg/s, or 2.0 x 10° to 1.0 x 107 kg/year (Waite et al. 2017).
Models indicate that the H, concentration in the ocean sourced plume will be between 10~
to 10™* mols (kg H,O)~! (Postberg et al. 2011, 2009). So, an ocean of ~10'° kg (Glein
and Shock 2010) will not be an adequate reservoir of molecular hydrogen in less than one
million Earth years (Waite et al. 2017), unless a resupply mechanism exists (such as serpen-
tinization).
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2.5 What Does the Mass Loss Tell Us About Enceladus’ Interior?

The salt in the Type 3 particles and the minor component of plume gases (CO,, NH3, CH,,
H,, heavy hydrocarbons and silica) provide constraints on Enceladus’ ocean composition
and dynamics. The leading explanation for this composition is that their source is a liquid
water ocean in direct contact with a porous core (Hsu et al. 2015; McKinnon 2015; Post-
berg et al. 2009). This is consistent with the presence of the minor species, which require
hydrothermal cycling between the interior and ocean/ice (see summary chapters by Glein
et al. 2018 and Postberg et al. 2018 to explain their presence).

The question then becomes how do these particles form? One option is that they are
formed by bubbles bursting at the ocean surface (from evaporation or upwelling of gasses).
The spray that results can then be transported upwards by the vapor into space (Postberg
et al. 2009). If this hypothesis is correct then the Type 3 grains are direct samples of the sub-
surface ocean, providing a direct constraint of the composition and salinity of Enceladus’
ocean (0.5%) (Postberg et al. 2018).

Conversely the small Type 1 grains, which are almost pure water-ice, are likely to be sub-
limated ice or evaporated ocean water. The particle’s trace sodium levels support the latter
explanation, but it could be a mixture of them both (Postberg et al. 2009). This initial vapor
then condenses into solid ice grains, a process that requires the vapor to pass through regions
of local supersaturation. Such supersaturation conditions could be met by the fractures nar-
rowing into small passageways. This process results in smaller ice grains than the freezing
of ocean spray (which can then be accelerated to higher speeds by the escaping gas than
their larger counterparts) and can explain the compositional differences between the Type 1
and Type 3 grain sizes.

Enceladus’ surface tidal stresses can be constrained by the observed orbital variability of
Enceladus’ plumes. When the fractures are under compression they will be pressed together
(or perhaps even shut), which is likely to reduce the material able to escape. The reverse is
true in tension (fractures are pulled apart probably making it easier for material to escape).
Current models of Enceladus’ surface tension (e.g., Hurford et al. 2007 and Nimmo et al.
2007) show that fissures are expected to be under tension at apocenter and compressed at
pericenter, which is in keeping with the brightest plumes being seen at apocenter (Hedman
et al. 2013; Nimmo et al. 2014). Berne et al. (2024) showed strike-slip motion on Enceladus
could explain the double peak observed in diurnal variations of jet activity, and also matches
the tiger stripe’s observed heat signature.

The ~monthly variation in jet activity can constrain the fracture size and ice deposition
rates. If some of the plume’s particles freeze onto the fracture walls as it ascends through the
fractures this would both seal up the fracture, and release latent heat. Models of this process,
that are able to explain the surface temperature observed, suggest that a crack 5 to 7.5 cm
wide could seal in a few months (Nakajima and Ingersoll 2016).

2.6 What Constraints Does This Mass Loss Have on Models?

The observed variation in plume particle output on a variety of timescales indicates the
venting process is a complex one. We know very little of the ocean-to-surface plumbing
system, which could be anything between distributed porous flow through the ice to direct
channels. However, any such model would have to explain the observed temporal variations.
The orbital variability alone provides a large source of questions, such as how do wider
fractures lead to more plume particles travelling at lower velocities, but with the same size
distribution as those emitted by narrower fractures? Why does the particle density change
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over Enceladus’ orbit, while the bulk gas density is (by comparison) constant? Why is the
velocity a minimum when the flux is a maximum? How is the secondary peak in particle
emission formed, is it due to emission from cross-cutting fractures as suggested by Ingersoll
etal. (2020), or something else? Do cracks eventually get sealed by the freezing out of plume
particles on the fracture walls? Do they ever reopen? Or more fundamentally, how do they
start? Any proposed solution to these questions must also be able to explain longer term
plume activity and variability. For example, it is important to determine whether Dione’s
induced 4- and 11-year tides are really able to cause the trends in plume variation observed.
They also must address the long-lived nature of the activity, as all evidence points towards
the plume activity being a long-term phenomenon.

The composition of the plumes sets some interesting constraint for interior ocean models.
The sodium and potassium salts in the plume (Postberg et al. 2011, 2009) provides a strong
constraint on how the salt-carrying plume particles are formed. For example, models that
predict vapor is from the sublimation of ice have difficulty explaining their presence, since
the ice is expected to be almost pure water-ice, salt free (e.g., Cooper et al. 2009; Kieffer
et al. 2006; Loeffler and Baragiola 2009; Nimmo et al. 2007). Instead, the salts are better
explained by liquid water models, which allow a subsurface ocean to be in direct contact
with a rocky core. The water dissolved salts from the rocks, and eventually go onto be
frozen at the surface into droplets that retain their salt content (Postberg et al. 2011). The
timescale for this process is not well understood. Hsu et al. (2015) inferred it would take
particles several months to transport through Enceladus’ ocean. While Ames et al. (2025)
use ocean models to show a stratified ocean cannot be made from seafloor to ice shell at
Enceladus’ polar regions, and thus any hydrothermal products will take upwards of 100s of
years to reach the plume (unless the ice shell is not in quasi-equilibrium)

SiO, particles will grow to sizes larger than those observed over thousands of years
(Spencer et al. 2018). So, the nano-sized silica particles point to a process that is ongoing,
rather than one that’s completed by reaching the maximum size of particles. If these models
of silica growth are right then they themselves provide a constraint for ocean and habitability
models, since the growth of such particles requires moderate salinity, alkaline pH and warm
temperatures (>363 K) (Hsu et al. 2015; Sekine et al. 2015).

3 Enceladus’ Energy Flux
3.1 Introduction
3.1.1 Enceladus’ Inputs and Losses

Enceladus has two sources of energy: radiogenic heating from the radioactive decay of
heavy elements in its core, and tidal heating due to its eccentric orbit of Saturn. The cur-
rent day estimate of Enceladus’ radiogenic heat is predicted to be <0.3 GW. Hemingway
and Mittal (2019) estimate it to be <0.3 GW based on a chondritic radiogenic heating rate
of 5x107'2 Wkg~! (Spohn and Schubert 2003) and a chondritic mass fraction of 0.5. Other
studies estimate it to be ~0.3 GW (Schubert et al. 2007; Travis and Schubert 2015), based on
chondritic abundances of 2°U, 233U, 32Th, and “°K. Either way, this is a lot lower than the
1.8 to 150 GW predicted by tidal heating (Lainey et al. 2020, 2017), and thus tidal heating
is expected to be the dominant source of Enceladus’ energy.

As previously mentioned, Enceladus and Dione are in a 2:1 mean motion resonance,
which means Enceladus orbits Saturn twice, for every one of Dione’s orbits. This reso-
nance perturbs Enceladus’ orbit, keeping it at a forced eccentricity of 0.0047 (Meyer 2008).
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Furthermore, Enceladus is in a synchronous rotation of Saturn (i.e., its spin period and its
orbital period are the same, and so the same hemisphere of Enceladus always faces Saturn).
As such, Saturn’s intense gravitational field deforms Enceladus along the line connecting
the centers of the two bodies. This deformation creates a tidal bulge on Enceladus. Since the
distance between Saturn and Enceladus is constantly changing (due to the non-zero eccen-
tricity) the size of this tidal bulge is constantly varying too. Enceladus’ own interior friction
resists this change to its bulge, which results in heating. A more complete description of the
complexities of tidal modeling are described in Nimmo et al. (2023, this collection).

In this section we consider how much of this energy Enceladus is able to dissipate as
exogenic heat. Specifically, we describe the methods that have been used to constrain this
heat flow, and their strengths and limitations.

3.1.2 Passive Thermal Models

In order to understand how much of Enceladus’ heat flow is endogenic the exogenic com-
ponent often needs to be well constrained. This is done through thermal models, which use
the thermophysical properties of a surface to predict its passive surface temperature. This is
usually achieved by solving the 1-dimensional heat equation:

0T (z,t) 0 (KBT(z,t)>

PTor T oz 3z

ey

Where p is the density, ¢, is the specific heat capacity, « is thermal conductivity, T is

temperature, ¢ is time and z is regolith depth. The 1-D heat equation can be simplified by

K
pCpw
is the angular rotation of the body. If the depth is now expressed in terms of the skin depth
(Z= i) then the 1-D heat equation reduces to:

writing it in terms of the surface’s skin depth (/;), which is defined as [; = , where w

AT(Z.1) _ AT(Z.1)
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The upper boundary of these models balances the absorbed solar insolation against infrared
emission to space:

0T (z,1)
0z

K l.—o=e0T(0,0)* — (1 — A) Fy 3)
Where (1 — A) Fy, is the solar heating rate (i.e., the surface energy flux), A is the albedo, F
is the incident solar flux, ¢ is the infrared emissivity, o is the Stefan—Boltzmann constant,
and T'(0, t) is surface temperature. This boundary condition can also be rewritten in terms
of skin depth:

AT (Z,
‘/—Kpcpa)% l,eo=¢e0T(0,)* — (1 — A) Fy 4)

Changing the boundary condition into these terms is useful, because all of the physical
parameters are now combined into a single term, known as thermal inertia (I") which is
defined as I' = /kpc,. So, the boundary condition can be rewritten as:

aT (Z,t)

r
‘/Eaz

l.co=eaT(0,1)* — (1 — A) Fy o)
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In order to accurately set the upper boundary condition the albedo, thermal inertia, emis-
sivity and rotation state of the surface must be known. Typically only the rotation state is
well constrained, and the uncertainty of the other parameters translates into uncertainty in
the surface temperatures predicted.

At the base of a passive model, it is assumed there is no heat flux through the boundary,
that is:

aT(Z,1)

r
*/aaz

l:=a=0 (6)
This implies the temperature at the boundary is unchanged with both time and location.
While we know this is not completely correct (heat is being transported from the relatively
warm ocean to the cold outer ice shell), this heat flow is usually much lower than the solar
forcing and thus this assumption holds. In order for these conditions to be met the boundary
must be set much lower than the seasonal and diurnal skin depths.

Different models parametrize the required variables in different ways. The simplest mod-
els assume them to be constant (e.g., Spencer et al. 1989), while some assume specific
heat, thermal conductivity and density vary with temperature (e.g., Hayne and Aharonson
2015). The choice of what to assume often depends upon how well the surface properties
are known, and how accurately the problem needs to be solved. How such models can be
used and constrained are explored in the next sections.

3.1.3 Deriving Enceladus’ Surface Temperature

The Cassini spacecraft toured the Saturn system between 2004 and 2017 and provided a
wealth of data from its suite of instruments on Enceladus. Cassini’s Composite Infrared
Spectrometer (CIRS) (Flasar et al. 2004) measured thermal infrared emission from Ence-
ladus and as such provides some of the strongest constraint on Enceladus’ heat flow. CIRS
is a Fourier Transform Spectrometer (FTS), made of two interferometers that share a single
scan mechanism and telescope. Wavenumbers between 10 and 600 cm™' (16.7 to 1000 z4m)
are detected by two thermopile detectors known as focal plane 1 (FP1), which has a spa-
tial resolution of 3.9 mrad. Higher wavenumbers, between 600 and 1100 cm™! (9.1 to 16.7
wum), are detected by focal plane 3 (FP3). Focal plane 4 (FP4) is sensitive to wavenumbers
between 1100 and 1400 cm™! (7.1 to 9.1 pum). FP3 and FP4 both have a row of ten detec-
tors, each of which has a 0.273 by 0.273 mrad field of view. This means FP1 has a spatial
resolution ~10 times lower than that of FP3 and FP4, but its wavelength coverage makes it
more sensitive to lower temperatures as it covers the peak of the blackbody emission curve
for all temperatures cooler than 320 K.

Figure 8 compares the wavelength coverage of CIRS’ focal planes to blackbody emission
at 30 K, 80 K and 150 K. As the figure shows FP1 is sensitive to the bulk of the emission
from cooler temperatures, enabling it to reliably detect temperatures >~25 K (Howett et al.
2016). However, due to FP3 and FP4’s shorter wavelength sensitivity they are only sensitive
to warmer temperatures, with FP3 only being reliably sensitive to temperature greater than
~80 K and FP4 to regions even warmer than that (Howett et al. 2019). In fact, on Enceladus
FP4 was only sensitive to its warmest surface temperatures: its active tiger stripes. FP3 was
sensitive to the tiger stripes and daytime emission, whereas FP1 was sensitive to the tiger
stripes, day and nighttime emission. This means that CIRS is well suited to deriving Ence-
ladus’ surface temperatures, but a trade has to be made between its sensitivity to temperature
and spatial resolution.
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Fig.8 A comparison of the LI R B T T LN B N B B
radiance from blackbody [VIMS

emission at 30 K (black), 80 K
(blue) and 150 K (red) to the
wavelength range of the CIRS
focal planes 1 (FP1, pink), 3
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and the VIMS instrument (green)
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The IR channel (0.85 to 5.1 um) in Cassini’s VIMS instrument enabled VIMS to con-
strain Enceladus’ tiger stripe emission and surface properties (Filacchione et al. 2022;
Goguen et al. 2013). Filacchione et al. (2022) used the position of the 3.6 um continuum
peak as a proxy for temperature, deriving daytime surface temperature maps for all of Sat-
urn’s large satellites, including Enceladus. VIMS is only sensitive to warm (>88 K) surface
temperatures (Fig. 8), so the coverage of these maps is restricted to Enceladus’ equatorial
and mid-latitudes. Goguen et al. (2013) used a unique set of VIMS observations to con-
strain Enceladus’ SPT surface temperature. During an unusually low (74 km) altitude pass
of Enceladus VIMS took spectra every 0.025 seconds. The spatial resolution of each obser-
vation was 38 m, and 214 m along track (driven primarily by Cassini’s 7.5 km/s velocity).
Analysis of the 3 to 5 um spectra provided a surface temperature constraint of Baghdad
Sulcus of 197 + 20 K over a width of 9 m.

3.2 Enceladus’ Current Heat Flow
3.2.1 Thermal Measurements

The heat flow from Enceladus’ South Polar Terrain (SPT) has been constrained using a
variety of methods. Each one has its advantages and disadvantages, and none are without
some large assumptions. The first constraint placed on the SPT’s heat flow used an SPT FP3
observation along with a thermal inertia of 20 MKS graybody fit to constrain the emission to
be 133 + 12 K over 345Jj?§8 km?, to give a total estimate of Enceladus’ endogenic emission
of 5.8 1.9 GW (Spencer et al. 2006). This study did not include any kinetic and latent heat
of the plume, and (since they used FP3) were not sensitive to any low-temperature (<80 K)
endogenic emission.

To convert this total endogenic power into a power per unit area an SPT bound needs
to be assumed. To show the effect of the assumed area we use two regions, the first a great
circle at 68°S, chosen because it encompasses the entire tiger stripe region (Fig. 9). However,
this bound also includes a lot of non-stripe region, and so may lead to an underestimate of
the emission. Thus, a second bound is also used, this one is formed by joining four corner
points by great circles; the points are located at: 100°W/68°S, 170°W/°68S, 250°W/°70S
and 345°W/°70S (Fig. 9). The circular bound provides an SPT estimate of 29,051 km?; the
rectangular bound an estimate of 16,655 km?. Using these bounds the heat flow of Spencer
et al. (2006) ranges from 200 & 65 mW m~2 to 348 & 114 mW m2.

@ Springer



Constraining the Mass and Energy of Enceladus’ Dissipation Systems Page 19 of 36 56

Fig.9 Radiated 600-1100 cm™~!
brightness of Enceladus’ four
tiger stripes, as determined from
Cassini/CIRS FP3 using
observations obtained on 12th
March 2008 (Howett et al. 2011).
Overlaid (dotted and dashed
lines) are two potential SPT
bounds. The dashed line is the
most conservative estimate of
SPT area only including the
active tiger stripes. It assumes the
SPT is bounded by great circles
joining four points at: 100°W,
170°W, 250°W and 345°W/68°S,
68°S, 70°S and 70°S, providing
an SPT area of 16,655 km?. The
dotted line defines the SPT as all
terrain within 68°S, providing a
larger SPT area of 29,051 km?.
Base map is PIA08417

To determine how much endogenic emission was coming from both low-temperature and
high-temperature endogenic emission another study analyzed two FP1 stares of Enceladus’
SPT (Howett et al. 2011). The stares, both taken in 2008, covered all of the SPT and a
little of the surrounding terrain. However, since these observations were sensitive to cooler
temperatures they were sensitive to both the endogenic and passive emission. So, in order
to determine the endogenic component of the stares the passive surface emission had to be
predicted. In order for the passive emission to be accurately predicted Enceladus’ surface
properties (albedo, thermal inertia) have to be well constrained (see Sect. 3.1.2). Since they
are not well constrained, a range of reasonable values were adopted to test the sensitivity of
the predicted power to them. An albedo (0.80) and surface thermal inertia (27 MKS) were
assumed because they are the thermophysical properties derived closest to the SPT (in a
band between 60°S to 50°S by Howett et al. 2010). Three thermal inertia scenarios were
tested: 27 MKS at all depths, 27 MKS from the surface to 1 cm and then increasing to 100
MKS or 1000 MKS.

The FP1 response is a 2D Gaussian with a FWHM of 2.42 mrads (Flasar et al. 2004).
Thus, FP1 is also sensitive to the spatial distribution of the endogenic emission across the
SPT. To test this sensitivity to the distribution of endogenic emission three scenarios were
tested: assuming the tiger stripes are the sole emission source and that the emission is uni-
form (scenario #1) or varying along the stripe according to FP3 results (as shown in Fig. 9)
(scenario #2). The final scenario (#3) assumes all of the emission comes within 10% of the
field of view (FOV). Scenario #3 was not expected to be realistic, but rather provided a lower
limit to the endogenic emission.

These three thermal inertia and emission scenarios, along with the two FP1 observations,
provided the 18 estimates of the SPT’s endogenic emission shown in Table 3. As the Table
shows for the most likely emission scenarios (i.e., #1 and #2) the predicted endogenic emis-
sion varied between 12.9 and 19.3 GW, which led to the final estimate of 15.8 &= 3.1 GW.
This estimate did not include latent heat, which could add ~0.7 GW more to the total (Inger-
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Table 3 Variation in derived endogenic emission assuming an albedo of 0.80 and three different subsurface
conditions. See text for more details. From Howett et al. (2011)

Assumed Endogenic Endogenic Endogenic Endogenic Endogenic Endogenic
conditions  power for Rev power for Rev power for Rev power for Rev power for Rev power for Rev
for thermal 61 uniform 61 FP3-like 61 central 91 uniform 91 FP3-like 91 central

model spatial spatial spatial spatial spatial spatial
distribution distribution distribution distribution distribution distribution
(GW) (GW) (GW) (GW) (GW) (GW)
Scenario 1 16.6 13.8 8.2 19.3 16.9 11.9
Scenario2  15.5 12.9 7.6 17.2 15.0 10.6
Scenario3  16.6 13.8 8.1 16.6 14.5 10.2

soll and Pankine 2010). This translates to a heat flow between 543 £ 107 to 949 4 186 mW ~2
depending upon the SPT area assumed.

This ~16 GW total heat flow estimate was ~10 GW greater than the previous estimate,
and at the time posed a problem to the scientific community. How could Enceladus be pro-
ducing this much emission when the orbital evolution models at the time predict equilibrium
rates about an order of magnitude lower than this (Meyer and Wisdom 2007)? Periodic re-
lease and a varying dissipation factor Q of Saturn were put forward as possible explanations.
Since then, estimates of Q have evolved, and current estimates predict the equilibrium heat-
ing rate of Enceladus to be 50 to 150 GW (Lainey et al. 2020, 2017; also see Lainey et al.
2025 and Nimmo et al. 2023, this collection), well above the 15.8 GW measured in this
study.

The results of Howett et al. (2011) are heavily model dependent, and do not resolve
the heat flow from individual stripes themselves. So, a follow-on study was developed to
combine FP1, FP3 and FP4 results to better understand the spatial variation of the endogenic
emission (Howett et al. 2013; Spencer et al. 2018). It was assumed the emission is constant
with time, and so observations taken at different epochs could be used to constrain it. It was
also assumed that the emission had to be able to explain the observations at all wavelengths,
so a single model could be used to explain emission across FP1, FP3 and FP4 wavelength
ranges.

Two sets of observations were used: an FP3 and FP4 scan of the entire SPT taken in
March 2008, and an FP1 scan across Damascus, Baghdad and Cairo taken in August 2010
(Fig. 10a and 10b). The first step was to divide the CIRS emission into wavelength bins, to
ensure that different parts of the surface’s blackbody emission were well characterized. The
FP1 radiances were integrated over bins from 25-83 pm, and 83-200 pem. This was repeated
for three wavelength regions in FP3: 9.5 to 11.1 um, 11.1 to 13.3 um and 13.3 to 16.7 pm,
and between 7.7 and 9.1 um for FP4.

A model of the width and magnitude of the low- and high-temperature endogenic emis-
sion along each of the stripes was then developed (Fig. 10e). Interestingly the initial model
was unable to fit the emission from one side of Baghdad sulci and required an additional
fracture to be added to provide an adequate fit (Figs. 10c and 10d). There was no previ-
ous indication from optical maps or other sources that this fracture was active. The lack
of activity detection in optical maps is not unique. The warm subsurface regions observed
by synthetic aperture radar (SAR) observations (discussed further below) also did not have
other indications of activity (Le Gall et al. 2017).

The endogenic modelling results showed a high-temperature component of 3.1 GW, a low
temperature component of 1.3 GW, which provided a total of 4.9 GW (including 0.5 GW
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(a) - August 2010 FP1 scan across Damascus, Baghdad and Cairo is shown in red. The
locations of the tiger stripes are shown in green. Overlaid on the March 2008 FP3 base map

(Figure 4).
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(b) Integrated FP1 radiance over two wavelength bands, 200-83 pum (top) and 83-25 um
(bottom) are shown by the black points. The black horizontal lines show the extent of
each observation’s FOV. The red vertical lines show the location of each of the three
tiger stripes in the scan and are labeled accordingly. The model fits to these data are
shown without (blue) and with (green) the additional Baghdad branch (position shown in
(c)) included.

Fig. 10 The data (a and b) used to fit the temperature and emission width across the various tiger stripe
fractures (c and d). The results from the fit are shown in (e). From Howett et al. (2013) and Spencer et al.
(2018)
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(d) The positions of the modeled emission temperatures and widlths.

Fig. 10 (Continued)
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(e) Model emission widths and temperatures, and their corresponding power per unit length
at each position indicated in the top figure (the same numbering scheme is used in the
temperature plots as shown in the top figure). The points at the line were calculated, and
the intermediate points were interpolated.

Fig. 10 (Continued)

of latent heat), or 169 to 294 mW m~2. This method does not include any emission from
between the stripes. Emission from any other small fractures (if more are active) were also
not included. So, this method provided a robust solution for the lower bound of Enceladus’
endogenic emission but not its total emission.

New work on modeling the interstitial (i.e., between stripe) regions of Enceladus is ongo-
ing. Howett et al. (2022) (Fig. 11) showed the results of modeling a high-spatial resolution
FP1 scan that cut across Damascus, Baghdad and Cairo sulci. These observations put the
FP1 FOV in between the stripes, and so could measure their temperature directly. Since
these are FP1 observations the passive emission component needed to be removed, but this
time it was constrained using observations from the same scan that were taken close to the
tiger stripes but outside the active regions. This requires the feasible assumption that the
thermophysical properties inside and outside the stripes were similar, and if the model could
fit the surface temperatures close to the stripes, then it would follow that it was modeling the
passive temperatures inside the stripes. Depending on the passive model assumed, this work
predicts the interstitial heat flow alone to be between 2.9 £ 0.5 GW and 4.0 £+ 0.4 GW. This
translates to an interstitial heating rate of (99 & 17 to 174 & 30 mW m~2) and (138 & 14 to
240 £ 24 mW m™2).

Table 4 compares the results of the various studies that have modeled Enceladus’ endo-
genic emission. It highlights the advantages and disadvantages of each study and shows that
obtaining the “true” value of Enceladus’ endogenic emission remains elusive. Arguably the
most robust measurement of the stripe emission comes from Spencer et al. (2018), which
sets a lower bound of 4.9 GW. If this is combined with the lowest bound of the between-
stripe emission (2.4 GW), then the current best estimate of Enceladus’ endogenic emission is
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Fig. 11 A comparison of passive
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>7.3 GW (>251 mW m~2). Current estimates of non-SPT emission are lacking, but there is
preliminary evidence from CIRS of endogenic emission from Enceladus’ north polar region
(Miles et al. 2022).

3.2.2 Inference from Geology

A finite-element model was used to predict the heat flow required to form the periodic
low-slope features found across Sarandib and Diyar Planitia, close to Enceladus’ equator
(Bland et al. 2007). The study used photoclinometry to show these regions have a peri-
odic wavelength of 3 to 4 km and amplitudes between 100 and 400 m. Comparisons of the
finite-element model to the photoclinometry results to predict a heat flow between 110 and
220 mW m~2 at the time of their formation. This suggests a strong localized heating source
was present at the time of their formation, which is estimated to be 50 Ma to >3 Ga depend-
ing on the adopted model of impactor flux (Kirchoff and Schenk 2010; Porco et al. 2006a).
Similar finite-element modeling work was also conducted on relaxed craters in Enceladus’
equatorial and mid-latitude regions (North and East of Hamah Sulci). The results showed
that heat flows of ~150 mW m~2 were required to explain their relaxation, and their shape
was best explained by short period of intense heating (Bland et al. 2012).

Models of flexural deformation at Enceladus’s Harran Sulci (which covers equatorial to
mid-northern latitudes) were used to constrain the likely heat flux at its formation (Giese
et al. 2008). Depending upon the assumed surface porosity heat flows between 45 mW m~2
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Table 4 A comparison of the heat-flows predicted for Enceladus, both inside and outside its SPT. The heat
flow in mWm™2 is given assuming the SPT is the region south of 68°S. The lower limit given by Howett
et al. (2022) plus Spencer et al. (2018) combines the lowest bound of Howett et al. (2022) (i.e., 2.9-0.5) to
that of Spencer et al. (2018). Light grey indicates desired answered, while dark grey indicates solutions that
require additional consideration

SPT studies

Source Region Power (mW m*2) Power (GW) Include all SPT  Need to
(Assuming SPT is emission? remove
inside 68°S) passive?

Spencer etal. SPT 200 £ 65 58+1.9

(2006)

Howettetal. SPT 543 £ 107 15.8+3.1

(2011)

Spenceretal. SPT >169 >4.9

(2018)

Howettetal. SPT 99+ 17 to 29+0.5GW

(2022) 138 £ 14 to

40+04GW

Spencer etal. SPT >251 >73

(2018) +

Howett et al.

(2022)

Non-SPT studies

Source Region Power (mW m_2) Notes
Le Gall et al. (2017)  ~10 km north of the tiger 500 Radar thermal anomaly 10 s of
stripes cm below surface (nothing in
thermal emission)
Bland et al. (2007) Sarandib and Diyar Planitia 110 to 220 Heat flow required at
(equatorial) formation (50 Ma to >3 Ga)
Bland et al. (2012) North and East of Hamah 150 Heat flow required at
Sulci (equatorial and formation (<2 Ga)
mid-northern latitudes)
Giese et al. (2008) Harran Sulci (equatorial 45 to 270 Heat flow required during
and mid-northern latitudes) formation (0.45;"(1)-; o
3570} Ga)

to 270 mW m~2 are required to explain the observed topography, which is believed to be
formed between 0.45%(3 and 3.570) Ga (depending on whether a comet-like impactor
chronology, or an asteroid-like one is assumed).

3.2.3 Inference from Radar

On 6th November 2011 Cassini’s RADAR instrument observed Enceladus’ south polar re-
gion from 500 km above the surface. The microwave radiometry (2.2 cm) results, which
are sensitive to ~10 s of centimeters beneath Enceladus’ surface, showed a subsurface with
a warm, thermally anomalous region (Le Gall et al. 2017). The location of this thermal
anomaly was ~10 km north of the tiger stripes and was not spatially related to any sulci
similar to the tiger stripes. The temperature varied from 32%9¢ K to 60*}7 K, while these
are cold they are above the expected passive surface temperature in this region. The total
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difference was estimated to require a heat flow of ~500 mW m~2. Warmer surface temper-
atures were not recorded in this region by CIRS. One explanation is that the deeper radar
observations sensed a dormant or “dying” sulcus (i.e., one that is no longer active and is
slowly losing its excess heat). This sulcus is too cold to be distinguishable from the passive
background at the surface (or is being masked from the surface by an insulating layer). Thus,
it is feasible that there are other previously active sulci across Enceladus, but they remain
undiscovered.

Further analysis of 2.2 cm disk-integrated radar observations of Enceladus shows the
lower limit of its emissivity to be larger than expected (Le Gall et al. 2023). One possible
explanation for this is that their initial assumption of no endogenic emission is incorrect.
This would support the preliminary conclusion from CIRS (Miles et al. 2022) that actually
Enceladus’ endogenic emission is not confined to the SPT.

3.2.4 Conductive Heat Loss Estimates

Heat from Enceladus’ relatively warm subsurface ocean is expected to conduct through its
ice shell, eventually being radiated to space. The amount of heat lost depends upon the
thickness of Enceladus’ ice shell, which has been estimated using geodetic observations
from Cassini data (Hemingway and Mittal 2019; Iess et al. 2015; Cadek et al. 2016; Schenk
and McKinnon 2009; Thomas et al. 2016; Park et al. 2024). Differences in the ice shell
thickness assumed lead to variations in the predicted conductive heat loss estimate for Ence-
ladus. Hemingway and Mittal (2019) use a shell thickness model to predict losses between
20 and 35 GW, while Cadek et al. (2016) and Park et al. (2024) estimate values between 25
and 30 GW, and 18 and 28 GW respectively. These may be compare with equilibrium tidal
heating rates between 1.8 and 150 GW depending on the assumptions made (Rhoden et al.
2015; Lainey et al. 2017; Nimmo et al. 2023).

4 What Further Observations Are Needed?

Cassini’s amazing tour taught us a great deal about Enceladus’ mass loss, but of course
many questions remain. Due to Enceladus’ small size, proximity to Saturn, and activity
located at the poles (which are out of sight from Earth) future observations to solve these
questions mostly require a spacecraft to return to the Saturn system. In fact, many of the
outstanding questions either need high-spatial resolution coverage, or observations taken at
regular time intervals. Both of these types of observation would be well served by a mission
that was in orbit around Enceladus (and not Saturn). The following suggestions are not given
in a priority order. Rather we defer to NASA’s decadal survey (National Academies 2022)
as a far more comprehensive study of the priories of Enceladus’ exploration. We simply
note that with Enceladus listed as a suggested target for New Frontiers 5 and 6, and an
Enceladus Orbilander being the second-highest priority Flagship mission, future exploration
of Enceladus is a very real possibility.

Flying a high-resolution mass spectrometer that is sensitive to heavy (>50 u) molecules
through Enceladus’ plumes would enable many of the outstanding composition questions to
be resolved. For example, on the abundance of high-mass (e.g., C; and Cs carbon) species.
It would also enable the composition of lower-mass species to be differentiated (e.g., what
are the species contributing to the 28 u feature)?

A high-spatial (<100 m) resolution thermal instrument could accurately determine how
the thermal emission varies along and between the tiger stripes. This would enable the con-
nection between plume emission and latent heat release to be studied and might determine
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whether the surface heating from latent heat release is higher over the jets. Since jets have
denser plume emission, there is more material available to freeze out onto crack walls to
release latent heat.

Thermal observations of the SPT by an instrument capable of detecting polar winter
temperatures (~30 K) and resolving the regions between the stripes would enable the con-
duction of heat from the fissures to be studied. This would address questions on the heat
flow through the ice shell, such as how efficient is the surface conduction, and how far away
from the stripes is heated by them? If such an instrument were able to measure the global
surface temperature, then small regions of undiscovered activity could be searched for, and
a constraint put on Enceladus’ global heat flow.

Observations that determine both the spatial distribution and temporal variability of the
solid and vapor plume sources are required to constrain Enceladus sub-surface plumbing.
The constraint on their spatial variation would enable questions about the source of the
solid/vapor to be determined. For example, it could answer whether solids are ejected by
curtains or jets (or both)? Do some sources only emit one (or the other)? These observations
would be even more powerful if they were taken in addition to the thermal measurements
because then the connection between the heat, solid and vapor sources could be determined.

A study of the solid and vapor particle’s temporal variability with short- and long-term
coverage would enable questions on their forcings to be determined. For example, are vapor
and solids modulated by tides in the same way? Fully understanding their short and long-
term variability (rather than patchy coverage) would better constrain the time lag between
the tidal forcings and the plume’s response, perhaps even addressing the question of why the
plumes do not cease emission during periapsis (when the fractures should be closed)? Such
observations made over ~decadal timescales could constrain the length and magnitude of
global changes in plume brightness (like those seen at the end of the Cassini mission).

5 Conclusions

The Cassini mission revealed not only the presence of Enceladus’ activity but allowed it to
be studied in detail. Observations from the mission reveled surface warming around four
fractures within Enceladus’ SPT, and a plume that erupts from them. The energy and mass
loss from both the surface warming and plumes were constrained by both in situ and remote
observations.

The greatest source (~80%) of the mass loss via the plumes is from vapor, with between
100 and 250 kg/s being lost (see references in Table 2). The vapor is mostly water ice, with
some carbon dioxide, ammonia, molecular hydrogen, and trace species, expected to come
from evaporating ocean water. The loss of molecular hydrogen was specifically studied, as
it provides support that Enceladus has active hydrothermal processes (Waite et al. 2017). Its
current loss rate is estimated to be between 0.002 and 0.01 kg/s, so a very small fraction of
the total vapor — but an important one!

This vapor almost always escapes Enceladus into space, since its low mass allows it to
be more easily accelerated to speeds above Enceladus’ escape velocity (Hansen et al. 2006).
The bulk vapor mass loss rate seems to be approximately constant with time (albeit with
individual jets increasing and reducing their specific vapor loss (Hansen et al. 2017; Teolis
et al. 2017). However, the vapor has notable spatial variation, with heavier components
(CO») having a smaller lateral spread than the lighter ones (H,, H,O) (Perry et al. 2015;
Yeoh et al. 2015). So, all of this combines to Enceladus consistently losing a lot (100 to
250 kg/s) of (predominantly water) mass into space.
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Solid particles provide the next highest mass flux (10%), with between 3 and 65 kg/s
being ejected into space. However, these heavier particles are less able to reach Enceladus’
escape velocity, and so between 90 and 95% will fall back onto Enceladus’ surface (Schmidt
et al. 2008). Unlike the vapor the mass-flux of these particles varies both temporally and
spatially. The plumes are brightest (highest mass-flux) just after apoapsis (MA=180°) at
MA=200°. There is also a secondary double-peaked maximum at MA of 25° and 60° (Hed-
man et al. 2013; Nimmo et al. 2014; Ingersoll et al. 2020). If this wasn’t enough the total
plume brightness also changes with the years (Ingersoll et al. 2020). Tidal stresses on Ence-
ladus’ surface are believed to be the cause of the orbital-length variation, with the plumes
decreasing in output when the fractures are squeezed closed when the surface is under com-
pression at apoapsis, and increasing when the fractures are pulled apart when the surface is
under tension at periapsis (e.g., (Nimmo et al. 2014)). Tides are also thought to explain the
multi-year changes, with the surface changing in response to Enceladus and Dione’s 4- and
11-year tidal cycle (Porco et al. 2018).

The spatial variation of plume particles follows a more complex pattern than that of the
vapor, linked to its composition. Broadly the plume particles can be separated into three
types (Postberg et al. 2011). Type 1 particles make up the bulk of the plume (65%) and are
small particles mostly made of pure water ice. Type 2 is the next most abundant (25% by
mass) and are approximately speaking a larger version of Type 1, but with some additional
silicates, salts and varying organics. Arguably the most interesting is Type 3 particles, which
have the lowest abundance (~10% by mass) but have a very different composition from
their counterparts, most notably containing silicon. They are believed to be frozen droplets
of Enceladus’ ocean, and the presence of salts and silicon imply that the ocean must be in
direct contact with the core. They allow the composition of the ocean to be sampled, without
disturbing it. This means that while the solid particles might not be the major source of mass
flux, what is being lost provides unparalleled insight into Enceladus’ interior (Postberg et al.
2011). Finally, nanograins and ions are estimated to have a mass flux of 15-65 kg/s and
5.6 kg/s respectively, roughly equivalent to that of the plume particles (Dong et al. 2015;
Kempf et al. 2018). However, unlike the particles these charges species are small and so
likely to escape - eventually ending up in Saturn’s magnetosphere.

Our understanding of Enceladus’ mass flux has evolved with observations and models.
These current estimates provide a likely total mass flux of ~240 kg/s, meaning Enceladus
could lose 7 billion kilograms of material every Earth year. Using the best estimate of the
mass and composition of Enceladus’ ocean, means activity at its current level could be
sustained up to ~1.5 billon Earth years. The loss of molecular hydrogen constrains this
further, limiting the activity to less than one million Earth years unless resupplied (e.g. by
serpentinization).

A range of studies, using different instruments and/or models, show Enceladus to be
a place of high surface heat flows, both now and in the past. Each of the studies tells a
different part of the story, some setting bounds, and many investigating different epochs
and regions of Enceladus. Despite this work it is difficult to know what Enceladus’ current
heat flow really is. The highest heat flows are observed in its South Polar Terrain, and the
different methods used to constrain the SPT heat flow have provided a lower limit of tiger
stripe emission of 169 mW m~2 (~4.9 GW, Spencer et al. 2018). This can be reasonably
extended to >251 mW m~2 (>7.3 GW) by including the lowest bound of our best estimate
of between-stripe emission (Howett et al. 2022) and the least conservative bound on the
SPT area (i.e., all the regions south of 68°S). However, Enceladus SPT is only a small
fraction of its total area, and so despite its high surface heat flows it alone only tells part
of the story. The challenge remains in separating out the lower endogenic heat flows from
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the passive emission across the rest of Enceladus. This is particularly difficult in regions
where it small relative to the passive emission - like the warmer equatorial and mid-latitude
regions. Tentative evidence shows that this could be done by global radar studies (Le Gall
et al. 2023) and in the considerably colder thermal regime of polar winter (Miles et al. 2022).

Studies of Enceladus’ geology show that high heat flows are not restricted to our current
epoch, but rather have existed across Enceladus for billions of years. These studies consider
the conditions required either for formation, or to enable changes post-formation. The re-
sults imply that heat flows between ~45 to 270 mW m~2 were required for multiple regions
across Enceladus’ equatorial and mid-northern latitudes to form (Bland et al. 2007; Giese
et al. 2008), which are comparable with the current SPT heat flow estimates. Age estimates
using cratering fluxes put these formation events between ~0.42 Ga and >3 Ga ago. These
heat flows are consistent with the those required to form the relaxed craters seen across Ence-
ladus’ equatorial regions (110 to 200 mW m~2), which are likely to have occurred within
the last 2 Ga (Bland et al. 2012). Evidence of these ancient heat flows may still be present
deep in Enceladus’ surface, still detectable to long (>cm) wavelength instruments that probe
deeper into Enceladus’ surface than thermal ones. One such region was discovered ~10 km
north of the SPT by 2.2 cm radar, a thermally anomalous region with an inferred heat flow
of 500 mW m~? (but nothing detectable in surface thermal emission) (Le Gall et al. 2017).

Enceladus is likely to have experienced high heat flows throughout its evolution. How-
ever, a final constraint on its current heat flow, both inside and outside of the SPT is lack-
ing. We do not even know how common deep thermal anomalies are! While investigations
into the wealth of data returned by the Cassini mission may provide further answers it is
likely that additional missions are required to truly answer these questions. A mission that
provides long-baseline thermal coverage of Enceladus at consistently high spatial resolu-
tions, throughout both Enceladus’ diurnal and seasonal cycles, would constrain its passive
emission. This would enable Enceladus’ non-SPT endogenic heat flows to be constrained,
especially in regions of cold winter darkness where the passive component is minimized.
Radar and sub-mm measurements would enable Enceladus’ deeper sub-surface to be probed,
enabling a picture to be constructed of the global heat flow from deep ancient thermally
anomalous regions. These could then be used to finally constrain how Enceladus, and the
Saturn-system as a whole, has evolved and what the future has in store.
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