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Program
Tuesday, June 5, 2018
WHAT IS CRYOVOLCANISM?
9:00 a.m. Lecture Hall
9:00 a.m.

Kargel J. S. *
Cryovolcanism in Concept and Reality [#2032]
Cryovolcanism, cryomagmatism and related terms pertain to the melting and solid-liquid phase
separation, intracrustal transfer, eruption, and flow of aqueous or other cold liquids on icy planets,
satellites, comets, and asteroids.

9:30 a.m.

Fagents S. A. *
What can Silicate Volcanism Tell Us About Cryovolcanism? [#2025]
This contribution is intended to inspire discussion about the validity and limits of applicability of models
of silicate volcanism with a view to further elucidating cryovolcanic processes.

10:00 a.m.

Break

10:20 a.m.

Schenk P. * Prockter L.
Candidate (Cryo)Volcanic Features in the Outer Solar System: Observational Constraints [#2035]
Volcanic constructs abound / Constraints are few and far between / Variety and complexity in style
and composition.

Tuesday, June 5, 2018
WHAT DOES CRYOVOLCANISM LOOK LIKE? I
10:50 a.m. Lecture Hall
10:50 a.m.

Castillo-Rogez J. C. * Quick L. Scully J. E. C. Hesse M. A. Raymond C. A.
Brine-Driven Volcanism at Ceres [#2026]
This presentation will review our understanding of Ceres’ brine chemistry and its role in
geological activity.

11:20 a.m.

DISCUSSION

12:05 p.m.

Lunch

Tuesday, June 5, 2018
WHAT DOES CRYOVOLCANISM LOOK LIKE? II
1:35 p.m. Lecture Hall
1:35 p.m.

Sori M. M. * Sizemore H. G. Byrne S. Bramson A. M. Bland M. T. Stein N. T.
Russell C. T. Raymond C. A.
Cryovolcanic History of Ceres from Topography [#2007]
We use image analysis and flow modeling of domes on Ceres to argue that they are cryovolcanic in
origin. Results imply an average cryovolcanic rate of 10000 m3/yr, orders of magnitude lower than rates
of basaltic volcanism on terrestrial planets.

1:50 p.m.

Buczkowski D. L. * Sizemore H. G. Bland M. T. Scully J. E. C. Quick L. C.
Hughson K. H. G. Park R. S. Preusker F. Raymond C. A. Russell C. T.
Are Floor-Fractured Craters on Ceres Formed by Cryomagmatism? [#2013]
Several of the impact craters on Ceres have sets of fractures on their floors, morphologically similar
lunar Floor-Fractured Craters. We present a geomorphic and topographic analysis of the cerean FFCs
and propose hypotheses for their formation.

2:05 p.m.

Singer K. N. * Schenk P. M. White O. L. Moore J. M. McKinnon W. B. Beyer R. A.
Spencer J. R. Howard A. D. Schmitt B. Stern S. A. Cook J. C. Grundy W. M.
Cruikshank D. P. Umurhan O. Protopappa S. Lauer T. R. Weaver H. A. Young L. A.
Olkin C. B. Ennico K.
Cryovolcanism on Pluto from the New Horizons Flyby [#2012]
Overview of the morphology, composition, and possible formation mechanism of Pluto’s putative
cyrovolcanic constructs.

2:20 p.m.

Ahrens C. J. * Chevrier V. F.
Potential Mud Volcanism Type Processes on Pluto [#2003]
Mapping and measurements of several vented dome structures on Pluto leans toward a mud-volcanism
type process.

2:35 p.m.

Break

2:55 p.m.

Beyer R. A. * Spencer J. R. Nimmo F. Beddingfield C. Grundy W. M. McKinnon W. B.
Moore J. Robbins S. Runyon K. Schenk P. Singer K. Weaver H. Young L. A.
Ennico K. Olkin C. Stern S. A. New Horizons Science Team
Charon’s Smooth Plains [#2031]
We hypothesize that Charon’s smooth plains result from its global extension that caused crustal blocks to
founder. Then, a viscous cryoflow composed of ammonia-rich mantle material rose up, enveloped the
sinking blocks, and produced the plains.

3:10 p.m.

McKinnon W. B. * Beyer R. A. Schenk P. M. Moore J. M. Singer K. N. White O. L.
Spencer J. R. Cook J. C. Grundy W. M. Cruikshank D. P. Weaver H. A. Young L. A.
Olkin C. B. Stern S. A. Robbins S. J. New Horizons GGI Team
New Horizons Composition Team
Vulcan Planitia, Type Example of Outer Solar System Ammonia-Water Cryovolcanism [#2030]
Pluto’s moon Charon offered the first clear (ground-based) evidence for the ammonia-water volcanism
predicted long ago by J. S. Lewis. New Horizons then obtained compelling evidence for an
ammonia-bearing cryovolcanic plain. But how did it get there?

3:25 p.m.

Maxwell R. E. * Nimmo F.
Cryovolcanism at Rhadamanthys Linea, Europa and the Role of Tidal Stresses [#2033]
At Rhadamanthys linea the low-albedo areas are localized, causing a distinctive pattern of spots. In this
work we investigate possible causes of this localization and the potential effects of tidal stresses.

3:40 p.m.

Mitchell K. L. * Lopes R. M. C.
Cryovolcanism on Titan [#2037]
Titan’s volcanoes: / None, or mostly veiled beneath / Cold seas, haze and gunk?

4:10 p.m.

DISCUSSION

Tuesday, June 5, 2018
CRYOVOLCANISM POSTERS
4:30 p.m. Great Room
Allu Peddinti D. Desch S. J.
Determining Heat Fluxes of Small Icy Bodies Using 2D Numerical Models [#2028]
Validating heat fluxes generated by 1D parameterized models for small icy body evolution by performing 2D
numerical convection simulations with implications for cryovolcanism.
Morrison A. A. Whittington A. G. Zhong F. Mitchell K. L. Carey E. M.
Rheological Investigation of Cryovolcanic Slurries [#2008]
Subliquidus rheological experiments will be conducted for briny cryovolcanic compositions. Understanding how
these materials move, deform, and evolve upon crystallizing will help constrain what morphological features can form
by various compositions.
Sclater G. Fortes A. D. Crawford I. A.
Phase Behaviour of Methane Hydrate Under Conditions Relevant to Titan’s Interior [#2011]
The high-pressure behaviour Clathrate hydrates, thought to be abundant in the outer solar system, underpins planetary
modelling efforts of the interior of Titan, where clathrates are hypothesised to be the source of the dense N2,
CH4 atmosphere.
Yoda M. Kimura J. Sekine Y. Kurita K.
Volume Expansion of Ganymede Due to Temperature Change and Phase Change of Ices [#2004]
We estimate phase and volume changes coupled with Ganymede’s thermal evolution using numerical simulations.
From the results, we discuss surface features of Ganymede which could provide important constraints on interior
dynamics and evolution.
Borrelli M. E. Collins G. C.
Testing the Cryovolcanism Hypothesis for Vulcan Planum, Charon [#2023]
Shape of bending plate / Not cryovolcanism / Explains Vulcan moat.
Hand K. P. Murray A. E. Garvin J. Horst S. Brinckerhoff W. Edgett K. Hoehler T. Russell M.
Rhoden A. Yingst R. A. German C. Schmidt B. Paranicas C. Smith D. Willis P. Hayes A.
Ehlmann B. Lunine J. Templeton A. Nealson K. Christner B. Cable M. Craft K. Pappalardo R.
Hofmann A. Nordheim T. Phillips C.
The Europa Lander Mission Concept and Science Goals — Highlighting Ice Properties and Surface Activity [#2020]
The Europa Lander mission concept would address key questions regarding ice properties and surface activity,
including characterizing any plume deposits, understanding local topography, searching for evidence of interactions
with liquid water.

Wednesday, June 6, 2018
HOW DOES MATERIAL GET FROM THE INSIDE TO THE OUTSIDE? I
9:00 a.m. Lecture Hall
9:00 a.m.

Hurford T. A. *
Stress, Tectonics and Cryovolcanism [#2018]
Here we examine mechanisms, mostly tidal, that can impart stress to the surfaces of icy satellites, the
formation of fractures as a response to these stresses, and the ability of these fracture to serve as conduits
for eruptive processes.

9:30 a.m.

Quick L. C. * Marsh B. D.
Terrestrial Magma Dynamics as an Analog for Cryomagma Transport on Icy Worlds [#2034]
We present modes of magma transport on Earth, and consider the extent to which these modes of
transport might operate on icy worlds.

10:00 a.m.

Jozwiak L. M. *
Investigating the Dynamics of Dike-Fed Cryovolcanism [#2019]
The density of cryomagmas relative to the ice shell is a common barrier to dike propagation. We
hypothesize that including dike-tip degassing in dike propagation models will lower cryomagma
densities, and allow for surface propagation.

10:15 a.m.

McGovern P. J. * White O. L.
Breaking the BBC (Buoyancy Barriers to Cryovolcanism) [#2029]
Like Australian table wines, Cryovolcanism has been poo-poohed, because of a perceived negative
buoyancy problem. Here we point out that several basaltic planets have overcome far worse barriers, and
calculate a scenario for cyrovolcanism on Pluto.

10:30 a.m.

Break

10:50 a.m.

Mitchell K. L. *
Eruption Style Sensitivity to Cryomagma-Volatile Coupling in Conduits on Enceladus and Other
Ocean Worlds [#2024]
Enceladus plumes / Effervescent eruptions / Fueled by hydrogen.

11:05 a.m.

Craft K. L. * Lowell R. P. Walker C. C. Quick L. C.
Investigating Effects of Subsurface Cryovolcanic Chamber Pressurization on Ceres and Icy Moons —
Fracturing, Cryovolcanism, and Surface Response [#2027]
Investigations of fractures, cryovolcanism, and surface response driven by over-pressurization as a
cryomagma chamber cools and freezes.

11:20 a.m.

DISCUSSION

12:05 p.m.

Lunch

Wednesday, June 6, 2018
HOW DOES MATERIAL GET FROM THE INSIDE TO THE OUTSIDE? II
1:35 p.m. Lecture Hall
1:35 p.m.

McCarthy C. *
Heat Generating Processes and Their Affects on Ice and Ice Mixtures: On the Potential Origins of
Cryovolcanism in the Solar System [#2021]
A summary of our knowledge about cryovolcanism and information about the composition and rheology
of relevant ice system.

2:05 p.m.

Buffo J. J. * Schmidt B. E. Walker C. C.
Cold Case: Fractional Crystallization in Cryomagmatic Systems [#2009]
Simulating the thermal and physicochemical properties of planetary oceans/brines/ices as they solidify.
What we can learn from terrestrial sea ice.

2:20 p.m.

Muñoz-Iglesias V. * Prieto-Ballesteros O. López I.
Experimental Simulation of Cryomagmatic Processes. Water Ice, Clathrates and Salts [#2014]
Study of diverse cryomagmatic processes based on the system H2O-CO2-MgSO4 with application to
Europa. The type of the crystals formed is related to volume-temperature changes, while their
morphology is associated with surface geological features.

2:35 p.m.

Sakimoto S. E. H. * Gregg T. K. P.
Heat Pipe Effects on Enceladus’ South Polar Terrain and the Implications for Regional Heating and
Eruption Activity [#2015]
We model Enceladus’ plume material passing through cracks in an icy crust. Repeated passage yields
local thermal and structural weakness zones that favor additional eruptions through the same system,
leaving more distant crustal areas cold and thick.

2:50 p.m.

Break

3:10 p.m.

Allu Peddinti D. * Rhoden A. R.
Time Evolution of Ice-Shell Thickness: Implications for Cryovolcanic Activity on Europa [#2036]
Europa, amongst other icy bodies in our solar system, exhibits a suite of surface features with aligned
chemistry indicative of transport between the ice-shell and ocean.

3:25 p.m.

Lesage E. * Massol H. Schmidt F.
Cryomagma Ascent on Europa [#2002]
This study aims at modeling the cryomagma ascent from a liquid reservoir to Europa’s surface. We
obtain the eruption duration and emitted cryomagma volume at the surface for different chamber depths
and volumes and different cryomagma compositions.

3:40 p.m.

Hesse M. A. * Castillo-Rogez J. C. Scully J. E. C.
An Enthalpy Method to Simulate the Cryomagmatic Evolution of Impact Induced Melt Beneath Occator
Crater on Ceres [#2005]
An enthalpy method to simulate the cryomagmatic evolution of impact induced melt beneath Occator
Crater on Ceres.

3:55 p.m.

DISCUSSION

Thursday, June 7, 2018
HOW DOES UNDERSTANDING PLUME DYNAMICS
HELP US UNDERSTAND CRYOVOLCANISM?
9:00 a.m. Lecture Hall
9:00 a.m.

Goldstein D. B. * Mahieux A. Hoey W. Ackley P. McDoniel W. Yeoh S.
Trafton L. Varghese P.
Modeling the Enceladus, Europa and Io Plumes; a Contrast [#2022]
We present a comparison of simulations of the Enceladus, Europa and Io plumes.

Berg J.

9:30 a.m.

Hansen C. J. *
Plumes Across the Solar System — When is Cryovolcanism Implicated? [#2001]
Plumes have been detected at Enceladus, Triton, Mars, and probably Europa. This talk compares and
contrasts their properties, with implications for the driving processes.

10:00 a.m.

Hedman M. M. * Dhingra D. Hansen C. J. Portyankina G. Ye S.
Systematic Spatial Variations in the Dust-to-Gas Ratio Within Enceladus’ Plume [#2006]
Simultaneous measurements of the gas and dust components of Enceladus’ plume reveal that the
material above Baghdad and Damascus sulci has a dust-to-gas ratio roughly an order of magnitude
higher than the material above Alexandria and Cairo sulci.

10:15 a.m.

Break

10:35 a.m.

Rathbun J. A. * Spencer J. R.
A Closer Look at Galileo Photopolarimeter-Radiometer (PPR) Data from a Possible Plume Source
North of Pwyll, Europa [#2016]
An endogenic source is not necessary to explain the temperature observations of the N. Pwyll region.
However, the area has a particularly high thermal inertia, which may be indicative of plume fallout.

10:50 a.m.

Jost B. * Cerubini R. Poch O. Pommerol A. Thomas N.
Evolution of Photometric and Polarimetric Phase Curves of Fine-Grained Water Ice Particles due to
Grain Sintering [#2017]
Laboratory photometric and polarimetric phase curves of micrometer-sized water ice particles to
elucidate the effect of grain sintering on scattering properties relevant for the analysis of potential plume
deposition sites on icy satellites.

11:05 a.m.

DISCUSSION

Notes
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POTENTIAL MUD VOLCANISM TYPE PROCESSES ON PLUTO. C.J. Ahrens1, V.F. Chevrier1. 1Arkansas
Center for Space and Planetary Science, University of Arkansas, Fayetteville, AR (ca006@email.uark.edu)

Introduction: Three large domed structures, two
informally named Wright Mons and Piccard Mons, are
found in the southern hemisphere of Pluto near Sputnik
Planitia (SP). These domes are quasi-circular, raised
with respect to the surrounding surface, show vent depressions at the summit and knobby terrain at the base
[1-2], possibly relating to extrusion of subsurface material. Two possible mechanisms are proposed for these
structures: (1) small scale igneous-type volcanism and
(2) mud volcanism type.
Differentiating between the two processes is important due to the different implications they have for
the Plutonian surface environment:
Small scale igneous-type volcanism implies the
production of a subsurface chamber with cryo-magma
material that is eventually exposed to the surface
through tectonic faulting or convective forces upward
[3-4]. Mud volcanism implies diapiric-type mobilization upward with pressurized subsurface material, such
as clathritic, hydrocarbon, volatile mixtures, as observed in terrestrial mud volcanoes [5-6].
Our aim is to quantitatively compare the morphometries of various terrestrial and martian volcanic systems (i.e. scoria cones, maars, mud volcanoes, etc.) to
the vented-dome structures we have observed on Pluto
to find any structural relationships and comparisons.
The first objective is to investigate the geometry of the
domes and flow (moat) features. The height-base ratio
of different morphologies is then compared. The second objective will be to map the area for any observable flow, fissure, and dome collapse orientation. The
third objective will be to model the potential evolution
of plutonian materials to form such structures.
Initial Measurements: On Earth, small scale volcanoes and mud volcanoes form similar landforms
where steep-sided cones have central craters on the
summits and are associated with flow-like units spreading from those cones [7]. On Mars, however, it depends on the environmental setting, mainly if faulting
is involved (igneous-type) or deposition of sediment
material through diapirism (mud volcanism) [7-9]. Although Pluto is not a silicate-based terrestrial body, the
mechanisms involved in the volcanic processes should
still be comparable. In the geometrical context, the
base and height measurements of any volcanic structure
can be correlated to the type of origin, such as
upwelling from a large chamber or sill of material.
Wright Mons stands 4 km high and base width
spans 150 km. Piccard Mons is 7 km high and has a

225 km base width [10]. An unnamed feature approximately 380 km east from Wright and Piccard shows a
similar uplifted vented structure. The base width was
measured to be 172 km and the height approximated to
be 4.9 km. Comparing the average of the height/base
(H/B) ratio of these plutonian structures to those of
Earth and Mars (Table 1), we find that the plutonian
domes share similar ratios to that of terrestrial offshore mud volcanoes.
Volcanic Type
H/B Ratio
(Earth) Lava domes
0.251
(Earth) Pingos
0.136
(Earth) Scoria
0.136
(Earth) Onshore Mud Volcanoes
0.062
(Earth) Offshore Mud Volcanoes
0.029
(Earth) Maars
0.031
(Mars) Mud Mounds
0.044
(Mars) Scoria
0.103
(Mars) Tharsis Tholi
0.053
(Pluto) This study
0.028
Table 1: Comparison of Height-Base ratios of various
volcanic formations.
The distribution of these structures being clustered
in the southern hemisphere of Pluto pose interesting
questions regarding the build-up of volatiles and
movements thereof. In comparison, terrestrial and martian mud volcanoes are typically found in clusters
around regional fissures and source reservoirs [9].
Modeling such reservoir materials relative to Pluto
compositions and the geometries of the structures could
give insight to processes similar to mud volcanism.
Acknowledgements: The authors would like to
thank Dr. Francis Nimmo of U.C. Santa Cruz for his
insight and commentary.
References: [1] Moore et al., (2016) Science 351,
1284-1293. [2] Singer et al. (2016) LPSC 47, Abstract
2276. [3] Bleacher et al. (2007) JGR 112. [4] Brož
and Hauber, (2013) JGR 118. [5] Skinner and Tanaka,
(2007) Icarus 186. [6] Okubo, (2016) Icarus 269. [7]
Brož et al., (2017) LPSC 48, Abstract 1425. [8] Kite et
al., (2007) European Mars Science and Exploration
Conference Abstract. [9] Hemmi and Miyamoto,
(2017)
Prog.
Earth
and
Planet.
Sci.
https://doi.org/10.1186/s40645-017-0141-x [10] Singer
et al. (2017) AGU Abstract P13F-05.
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DETERMINING HEAT FLUXES OF SMALL ICY BODIES USING 2D NUMERICAL MODELS. D. Allu
Peddinti1 and S. J. Desch1, 1School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287.

Introduction: Small icy bodies such as Ceres and
Charon exhibit morphological and chemical signatures
suggestive of prior cryovolcanic activity. Discerning
their thermal evolution can refine the timing and origin
of cryovolcanism on these bodies. Heat flow through
these bodies has profound implications for the existence and transport of liquid water, leading to cryovolcanism on their surfaces [1], [2]. This cryovolcanic
activity is expected to last the first few billions years of
their evolution [2], [4]. Several models [2], [3], [4], [5]
examined the thermal evolution and differentiation of
the small icy bodies beginning from a homogenous
mixture of rock and ice.
Desch and group developed models [2], [5] that
considered, in a time-dependent manner, the effect of
presence of antifreeze such as ammonia, heating due to
radiogenic decay and the loss of heat by convection
and conduction. These 1D spherically symmetric models use thermal conductivity to compute heat fluxes
across the layer. These models assume a nearly isothermal profile across the ice-layer and do not explicitly model convection in the stagnant lid regime. They
show that the crude treatment of ice-convection results
in only small differences in freezing times of the layers.
In this work, we propose to assess the effects of
modeling the stagnant-lid convection using 2dimensional numerical models that consider the relevant ice rheology, on the surface heat flux. The results
of these numerical experiments can then be compared
to the 1-D parameterized models to determine if there
is substantial difference in heat flux, and examine the
implications for the extent of cryovolcanic processes
on these small bodies. It is evident, for example for
Charon, that despite its ~ 4 Gyr old surface, it experienced resurfacing in early stages. While it is predicted
that it may have sustained cryovolcanism until about 1
Gyr ago, it would be useful to estimate this time based
on heat flux calculations from dynamical models as
well.
Methods: For the numerical modeling, the thermochemical version [6], [7] of the Citcom 2D mantle
convection code is modified. This code solves the incompressible equations for conservation of mass, momentum and energy under the Boussinesq approximation.
Model Setup. The 2-D models consider similar material parameters and boundary conditions as used in
[2]. Therefore, the model is capped off by a cold surface temperature of ~ 40 K at the top with a temperature drop of ~ 176 K across the layer, consistent with

water-NH3 eutectic. A Newtonian viscosity law [8] is
used for the ice, similar to the one used in [2]. Radiogenic heating is considered for the heat source.
The surface heat fluxes for various input parameters
(such as temperature-dependence of viscosity, thickness, internal heating etc.) are computed over time.
Discussion: The 2D convection codes are widely
used to model ice mantles of ice-satellites [7], [8] to
understand the geophysical evolution of ice-shell
thickness over time. Convection models have been
used to derive scaling laws to develop parameterized
models for computation of heat flux with potential implications for thermal evolution of the body (e.g. [9],
[10]). In study of thermal budget of Earth’s mantle,
numerous studies [11], [12], [13], [14], [15] have compared parameterized models to 2-dimensional convection models. It has been recognized in these studies that
since the surface heat flux is sensitive to both cooling
rate and rheology, it might be more accurate to consider dynamical convection models with appropriate viscosity laws and boundary conditions. This might be
particularly significant for convection under the stagnant lid regime, possibly affecting the timescale of cryovolcanic activity.
Dynamical convective heat flow computation for
colder and smaller icy bodies might not differ significantly from the predictions of existing thermal evolution models. However, it would be educational to validate the heat flow values for these smaller bodies, particularly during the early stages of their evolution (with
high internal and radiogenic heating), to refine their
potential for cryovolcanism and the time of retention of
the subsurface liquid layer.
References: [1] Hussmann et al. (2006), Icarus,
185, 258-273. [2] Desch S. J. et al. (2009) Icarus, 202,
694–714. [3] Malamud U. and Prialnik D. (2015) Icarus, 246, 21-36. [4] Neveu, M. et al. (2015a) JGR, 120,
123-154. [5] Neveu, M. and Desch S. J. (2015) GRL,
42. [6] McNamara A. K. et al. (2010) Earth Planet.
Sci. Lett., 299, 1-9. [7] Allu Peddinti D. and McNamara A. K. (2015) GRL, 42, 4288-4293. [8] Showman A.
P. and Han L. (2004) JGR, 109, E01010. [9] Freeman
J. et al. (2006) Icarus, 180, 251-264. [10] Hussmann et
al. (2002) Icarus, 156, 143-151. [11] Schubert, G. et
al. (1979) Icarus, 38, 192-211. [12] Stevenson, D. et
al. (1983) Icarus, 54, 466-489. [13] Gurnis, M. A.
(1989) GRL, 16, 179-182. [14] Honda, S. and Iwase,
Y. (1996) Earth Planet. Sci. Lett., 139, 133-145. [15]
McNamara, A. K., and van Keken, P. E. (2000) Geochem. Geophys. Geosys., 1, 2000GC000045.
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TIME EVOLUTION OF ICE-SHELL THICKNESS: IMPLICATIONS FOR CRYOVOLCANIC
ACTIVITY ON EUROPA. D. Allu Peddinti1 and A. R. Rhoden1,2, 1School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, 2Southwest Research Institute, Boulder, CO 80302.
Introduction: Europa, amongst other icy bodies
in our solar system, exhibits a suite of surface features
with aligned chemistry [1][2] indicative of transport
between the ice-shell and ocean. Some of the important factors determining its cryovolcanic potential
are its orbital-tidal evolution and consequentially, the
thickness of its outer ice-shell. Tidal dissipation within Europa’s ice-shell is caused by its eccentric orbit
around Jupiter which is forced by its 4:2:1 resonance
with Ganymede and Io [3]. It has been proposed [4]
that, as Europa’s orbit evolved around the gas giant,
oscillations in its orbital eccentricity may have generated episodic variations in tidal dissipation within the
ice. The potential feedback between shell thickness
and the tidal dissipation within Europa should cause
changes in ice-shell thickness [4] that may have resulted in different surface features as the ice-ocean
system evolved over geological time. The ice-shell
thickness and associated heat flow is critical to understanding the extent of cryovolcanism and resurfacing
of the ice-shell, ultimately influencing the astrobiological prospects.
We perform numerical experiments to study how
episodic changes in tidal dissipation within the ice
could produce variation in the ice-shell thickness and
convective behavior. The aim is to couple predictions
of tidal dissipation from orbital models with the geodynamical models, and determine the stresses generated near the surface as a function of time.
Methods: We modify the Citcom 2D code for
thermochemical convection [5][6] to model the twophase ice-ocean system. It solves the incompressible
equations for conservation of mass, momentum and
energy under the Boussinesq approximation.
A temperature dependent viscosity formulation [7]
is employed for pure water ice with a melting viscosity of 1016 Pa-s. As a proxy for the ocean, we use a low
viscosity fluid that is ~100x less viscous than the lowest viscosity ice, which sufficiently decouples convection in the ice and ocean layers [6].
Numerical Model. All the numerical experiments
begin from an initially warm ocean (100 km thick)
that cools from the top. The velocity boundary conditions of the domain are free-slip. The temperature at
the top boundary is isothermal (set to zero) while the
bottom temperature boundary is insulating (no heat
flow). We set this to isolate and examine the effect of
tidal dissipation on shell thickness.
Tidal Heating. The viscoelastic behavior of pure
water-ice on Europa at the mean motion frequency is

modeled according to the Maxwell model [7]. For the
current set of numerical experiments, we first implement uniform tidal dissipation, by applying a heating
rate q = q0 throughout the ice-shell.
Discussion: We vary both the period and magnitude of tidal dissipation episodes. Figure 1 below
shows the ice-shell thickness as a function of time for
a case where a uniform tidal heating rate (nondimensional value of 40) is applied to the ice-shell
every 10 million years. The ice-shell forms from a
cooling ocean and grows in thickness. It responds to
the heat pulses by melting, and becomes conduction
dominated as the shell thins. When the heating pulse
is turned off, the shell thickens and convection dominates the dynamics of the ice-shell.
Hence, it is plausible that changes in tidal heating
can cause changes in the resulting geologic activity
on Europa, perhaps leading to episodic cryovolcanic
behavior.

Figure 1. Regular pulses of heat (q = 40) are applied
to the ice-shell every 10 Myr. The non-dimensional
thickness vs time plot above demonstrates the oscillations in shell thickness due to the episodic tidal dissipation in ice. In the absence of heating (T1), the iceshell thickens (~92 km) and is convection dominated.
At the end of a heating pulse (T2), the shell has
thinned (~22 km) and is dominated by conduction.
References: [1] Kattenhorn S. A. and Hurford T.
(2009) Europa, Univ. Ariz. Press, 199-236.
[2] Zolotov M. Y. and Kargel J. S. (2009) Europa,
Univ. Ariz. Press, 431–451. [3] Greenberg R. and
Geissler P. (2002) Meteoritics & Planet. Sci., 37,
1685-1710. [4] Hussmann, H. and Spohn, T. (2004)
Icarus, 171, 391-410. [5] McNamara A. K. et al.
(2010) Earth Planet. Sci. Lett., 299, 1-9. [6] Allu
Peddinti D. and McNamara A. K. (2015) GRL, 42,
4288-4293. [7] Showman A. P. and Han L. (2004)
JGR, 109, E01010.
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Charon’s Smooth Plains

R. A. Beyer1,2 , J. R. Spencer3 , F. Nimmo4 , C. Beddingfield1,2 , W. M. Grundy5 ,
W. B. McKinnon , J. Moore , S. Robbins3 , K. Runyon7 , P. Schenk8 , K. Singer3 , H. Weaver9 , L. A. Young3 ,
K. Ennico2 , C. Olkin3 , S. A. Stern3 , and the New Horizons Science Team. 1 SETI Institute, 2 NASA Ames
(Ross.A.Beyer@nasa.gov), 3 SwRI, 4 UCSC, 5 Lowell Observatory, 6 WUStL, 7 JHU, 8 LPI, 9 JHU APL
We have previously described the geology of
When we do, we find yield strengths from 8.3 × 103 to
Charon’s smooth plains [1] known as Vulcan Planum
4.6 × 104 Pa. These are similar to the yield strengths
(this place-name and others in this abstract are informal),
reported by Melosh and Janes [5] for flows on Ariel,
which has been hypothesized to have been resurfaced by
and are in the range of yield strengths for terrestrial silia large cryo-flow. Other large icy bodies in the solar syscate lavas. Although it is difficult to distinguish between
tem for which resurfacing is observed either have limsolid-state extruded flows and a viscous mixture of liquid
ited areas of resurfacing, later activity that overprints the
and crystals [6], it seems that characterizing the features
resurfacing, or just poor data resolution, such that dewe see on Vulcan as the result of cryo-flow is reasonable.
veloping and then testing hypotheses are difficult. We
Foundered Crustal Blocks: The transition between
think that Charon’s global expansion [2] and the subsethe tectonic structures in Oz Terra and Vulcan Planum
quent resurfacing were both the result of the progressive
might appear to be abrupt, but we propose that these two
freezing of a subsurface ocean. This sequence of events
terrains are natural end-members given the tectonics and
provided a surface that records this geologic resurfacing,
chemistry at play on early Charon. The tilted surfaces of
without overprinting by other processes.
the crustal blocks in Oz that directly border Vulcan repWe hypothesize that the resurfacing of the smooth
resent a point on the continuum between Oz Terra crustal
plains is not the result of a singular eruptive or effusive
blocks that are not tilted, just translated away from one
center from which cryoflows spread out across the more
another, and the blocks that we think foundered, sunk,
than 400,000 km2 of Vulcan Planum in a manner similar
and were covered over by Vulcan Planum. The isolated
to large basaltic flows on the Earth. Instead, we hypothmassifs in Vulcan would in this case be the tips of such
esize that the resurfacing was the result of crustal blocks
tilted polygonal crustal blocks, which stand above the
foundering, and the buoyant, viscous cryo material under
plains like kipukas or nunataks.
those blocks rising up and spreading out [3]. In this manThe needed density inversion could have been faciliner, there would be no singular effusive center, but the
tated by the presence of NH3 (ammonia) [7, 8]. At NH3
sources of the smooth plains material would be in many
concentrations above ∼26% by mass, a fluid water-NH3
places across Vulcan, and as the material enveloped the
mixture has a density less than water ice at the very cold
foundering blocks, it would create a smooth, extensive
temperatures assumed for Charon. With this informaplains unit.
tion, we assume that the ancient surface of Charon, ra6

2

Rheology of the flow: We interpret the lobate, rounded
features on Vulcan Planum to be the result of flow emplacement of the surface. The lobate margins, which encircle the mountains, appear to be the result of viscous
flow that has encountered an obstacle. The depressed
margins along the Oz Terra scarps also imply a viscous
flow that was flowing towards the boundary scarps.
To derive a viscosity, we assume that the flow was
emplaced in a single event, that the viscosity was high
enough that inertia can be neglected, and that the preemplacement surface was horizontal. Under these assumptions, the emplaced fluid spreads under its own
weight and known equations can be used to analyze its
motion. The biggest uncertainty associated with these
equations is determining the duration of flow.
We used four potential fluids in our calculations: water, ammonia-water, N2 , and CO. The viscosities derived assuming radiative cooling (∼1013 - 1015 Pa s)
are much higher than likely liquid or slush viscosities,
but similar to the viscosities derived by Jankowski and
Squyres [4] for flows on Ariel. If we assume that these
flows are Bingham rheology cryo-flows, we can use topographic profiles to estimate the Bingham yield stress.

diating to space, would freeze first, preferentially freezing water out of the solution, enriching the remaining
‘ocean’ in NH3 as freezing progressed [7]. This process would leave a mostly-water-ice lithosphere overlying a water-NH3 ocean, and would also concentrate NH3
in that ocean, even from relatively small bulk amounts.
This arrangement sets up a density inversion so that when
the crust expands and breaks up, the less-dense mostlywater-ice lithospheric blocks sink into the water-NH3
ocean, which wells up, resurfaces the area and then proceeds to freeze. This new surface is rich in NH3 but photolysis and proton bombardment act to remove it from
the surface, making its abundance undetectable by New
Horizons spectrometers.
References: [1] Beyer et al. LPSC. Vol. 48. 2017,
p. 2679. [2] Beyer et al. Icarus 287 (2017), pp. 161–174.
[3] Schenk et al. Icarus in review (2018). [4] Jankowski
and Squyres. Science 241 (1988), pp. 1322–1325.
[5] Melosh and Janes. Science 245 (1989), pp. 195–196.
[6] P. M. Schenk. Journal of Geophysical Research 96
(1991), pp. 1887–1906. [7] Kargel. Icarus 100 (1992),
pp. 556–574. [8] Grundy et al. Science 351.6279 (2016).
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TESTING THE CRYOVOLCANISM HYPOTHESIS FOR VULCAN PLANUM, CHARON. M. E. Borrelli1
and G. C. Collins1, 1Wheaton College, Norton Massachusetts; gcollins@wheatoncollege.edu.

Introduction: Portions of the southern hemisphere
of Pluto’s moon Charon observed by New Horizons are
composed of smooth plains material, provisionally
named Vulcan Planum. The edges of the plains material in Vulcan Planum curve downward into lower elevation “moats” [1] wherever the plains come into contact
with surrounding (apparently older) terrain units. The
sloping edges of the moats have been hypothesized to
result from either flexure due to elastic plate bending
from a load emplaced on the plains [1], or viscous flow
of the plains material as it was emplaced [2]. We compare the topography at the edges of Vulcan Planum to
topographic profiles that would result from either a
plate bending model or a lava flow front model.
Methods: After importing the DEM of Charon into
ArcGIS, topographic profiles were taken across the
moat, extending into the smooth plains region. The
fminsearch curve-fitting algorithm in MATLAB was
used to plot the topographic profiles against the theoretical curve of a lava flow front with Bingham rheology, a lava flow front with Newtonian rheology, a loaded continuous elastic plate, and a loaded broken elastic
plate. The code returns a correlation coefficient indicating how well the theoretical curve matches the observed profile, as well as the values of the parameters
that best fit the curve.
Results: The four models were tested against 68
topographic profiles located along the northern boundary of Vulcan Planum, and surrounding two mountains
within the plains (Clarke Mons and Kubrick
Mons). While both the lava flow models and the plate
bending models provided significant matches to some
profiles, overall the plate bending models were more
closely correlated with the shape of the topography and
were significant fits for more of the profiles. For the
plate bending models, the plate thickness was calculated using the flexural parameter value α found in the
curve-fitting algorithm.
We recorded the results in which the correlation
coefficients had values of 0.8 or higher. Out of 68 profiles, 23 of the profiles had high correlation coefficient
for the Bingham flow model, and the yield stress that
fit the profiles was 9830±6270 Pa. The Newtonian
flow model yielded 24 profiles with high correlation
coefficients, with an average flow speed of 2.3 m/s and
an average slope of 1.1°, assuming ammonia-water
viscosity of 2x104Pa s [3]. For the continuous elastic
plate model, 51 profiles had high correlation coefficients and the average plate thickness was 1180±808

m. For the broken elastic plate model, 52 profiles had
high correlation coefficients and the average plate
thickness was 2690±3710 m.
The values for plate thickness were found to be in
accordance with the values calculated for plate thickness of the terrain surrounding Serenity Chasma
[4]. Additionally, the values for flow front velocity
and dynamic viscosity in the Newtonian flow model
are within reason, based on previous knowledge of
flow velocity and behavior of ammonia-water slurries
at low temperatures.
Discussion: Though the plate bending models resulted in better fitted curves to the topographic profiles, we lack an explanation for what is loading the
plains material. The geomorphology of the isolated
peaks and the cliffs along the northern margin all give
the distinct impression that these features predate Vulcan Planum. If this interpretation was correct, it
wouldn’t make logical sense to treat these features as
loads emplaced on top of Vulcan Planum.
The lava flow model also has its challenges. Given
a lack of obvious source vents, it would have to be
emplaced as some kind of flood lava. The moat would
indicate that the flows encroached on the northern
boundary by flowing from the south, but beyond ~100
km from the boundary, Vulcan Planum slopes downwards to the south. This could only be logically supported if the source vents were very close to the moat
and flowed in both directions or if later subsidence has
altered the topography to the south. It is also possible
that the topography along the southern boundary is not
well-constrained since it lies on the edge of the imaging coverage (Paul Schenk, pers. comm.).
We next plan on investigating whether the features
in Vulcan Planum could be the result of a process that
combines both plate bending and lava flow characteristics. We will be further testing the lava flow hypothesis by studying models of inflated lava flows in conjunction with models of dense material sinking into a
highly viscous fluid [e.g. 5].
References: [1] Moore et al., Science 2016; [2]
Schenk et al., ISPRS (abstract) 2016; [3] Kargel et al.,
Icarus 1991; [4] Beyer et al., Icarus 2017; [5] Beyer et
al., in prep.
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ARE FLOOR-FRACTURED CRATERS ON CERES FORMED BY CRYOMAGMATISM? D.L. Buczkowski1, H. G. Sizemore2, M. T. Bland3, J.E.C. Scully4, L. C. Quick5, K. H. G. Hughson6, R. S. Park4, F. Preusker7, C.A.
Raymond4, C.T. Russell6. 1JHU-APL, Laurel, MD, USA; 2PSI, Tucson, AZ, USA; 3USGS Astrogeology, Flagstaff,
AZ, USA; 4NASA JPL, California Institute of Technology, Pasadena, CA, USA; 5Smithsonian, Washington, DC,
USA; 6UCLA, Los Angeles, CA, USA; 7DLR, Berlin, Germany.
Introduction: Several of the impact craters on
Ceres have sets of fractures on their floors. These fractures are morphologically similar to those found within
a class of lunar craters referred to as Floor-Fractured
Craters (FFCs). We present a geomorphic and topographic analysis of the cerean FFCs and propose hypotheses for their formation.
Data: Geologic analysis was performed using
Dawn spacecraft [1] Framing Camera (FC) [2] mosaics
from late Approach (1.3 km/px), Survey (415 m/px),
the High Altitude Mapping Orbit (HAMO - 140 m/px)
and the Low Altitude Mapping Orbit (LAMO – 35
m/px) orbits, including clear filter and color images
and digital terrain models derived from stereo images.
Lunar floor-fractured craters: Lunar FFCs are
characterized by anomalously shallow floors cut by
radial, concentric, and/or polygonal fractures [3].
These FFCs have been classified into crater classes 1
through 6, based on their morphometric properties [eg.
3, 4, 5]. The depth vs. diameter (d/D) relationship of
the FFCs is distinctly shallower than the same association for other lunar craters [eg. 4, 5]. Models for FFC
formation have explained their shallow floors by either
floor uplift due to magmatic intrusion below the crater
[eg. 3, 4, 5] or floor shallowing due to viscous relaxation [e.g. 6]. However, only magmatic uplift can explain the degree of floor uplift and the asymmetric nature of the uplift present in several of the FFCs [5, 7].
Cerean floor-fractured craters: Eight cerean craters have been categorized as Class 1 FFCs, following
the classification scheme designed for the Moon. Dantu
and Occator have radial and concentric fractures at
their centers, and concentric fractures near their walls,
representing fully mature magmatic intrusions [5]; initial doming of the center due to laccolith formation
causes central fracturing, and continuing outward uplift
of the remaining floor results in concentric fracturing
adjacent to the wall. Other large (>50 km) cerean FFCs
which have only linear or radial fractures at the center
of the crater are also classified as Class 1 FFCs, but
likely represent a less mature magmatic intrusion, with
doming of the crater floor but no tabular uplift.
Thirteen smaller craters on Ceres are more consistent with Class 4 FFCs, which are defined by their vshaped moats, with three sub-classes characterized by
interior morphology [5]. Lociyo crater is a Class 4b
FFC, having a distinct ridge on the interior side of its
v-shaped moat and subtle fracturing. Other small cere-

an craters resemble Class 4c FFCs, with a moat and a
hummocky interior, but no obvious fracturing.
An analysis of the d/D ratio shows that, like lunar
FFCs, the cerean FFCs are anomalously shallow compared to the average Ceres crater [8].
Discussion: The cerean FFCs may be a product of
the intrusion of a cryomagma below the craters, uplifting their floors [9]. This is not inconsistent with the
identification of a cryovolcanic extrusive edifice (Ahuna Mons) on Ceres [10]; other features, mapped as
large domes [9], have also been proposed to be cryovolcanic edifices, although degraded ones [9, 10].
In-depth analysis of Occator crater indicated that
Ceres’ mantle could yield cryomagma with sufficient
driving pressure to have been responsible for the FFC
fractures, reaching depths in the crust of ~3 km [11].
However, none of the impact craters that host large
domes are FFCs. This anti-correlation suggests that
there may be a difference in crustal properties between
the locations of the FFCs and the large domes.
Ceres’ crust is heterogeneous. Recent models suggest that impact into a layer of low viscosity/low density (LV-LD) material could result in solid-state flow of
the layer, expressed as doming into the crater wall [12].
It is possible that FFCs formed where cryovolcanism
happened, while large domes formed where solid state
flow occurred. However, the location of the modeled
doming is also consistent with some of the fracturing
that observed in some FFCs, so perhaps differences in
a putative subsurface LV-LD layer account for changes
in the observed surface deformation. Further modeling
will need to be performed to determine which process
is more consistent with the observed features and what
we know of the Ceres surface and interior.
References: [1] Russell C.T. & Raymond C.A.
(2012) Space Sci. Rev., 163, 3-23. [2] Sierks H. et al.
(2012) Space Sci. Rev., 163, 263-328. [3] Schultz P.
(1976) Moon, 15, 241-273. [4] Jozwiak L.M. et al.
(2012) JGR, doi: 10.1029/2012JE004134. [5] Jozwiak
L.M. et al. (2015) Icarus 248, 424-447. [6] Hall J.L. et
al. (1981) JGR 86, 9537-9552. [7] Dombard A.J. & J.
Gillis (2001) JGR doi:10.1029/2000JE001388. [8]
Schenk et al. (2016) LPSC XLVII, abs. 2697 [9] Buczkowski D.L. et al. (2016) Science doi: 10.1126/science.aaf4332 [10] Ruesch O (2016) Science doi:
10.1126/science.aaf4286 [11] Buczkowski et al. (in
review) Icarus [12] Bland M.T. (2018) LPSC XLIX,
abs. 1627.
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COLD CASE: FRACTIONAL CRYSTALLIZATION IN CRYOMAGMATIC SYSTEMS. J. J. Buffo1, B. E.
Schmidt1, and C. C. Walker2,3, 1Georgia Institute of Technology (jacob.buffo@eas.gatech.edu), 2Jet Propulsion Laboratory, 3Woods Hole Oceanographic Institution.
Introduction: With a diverse array of putative hydrological features (dikes, sills, lenses, fractures,
plumes) linked to geophysical and transport processes
on a number of potentially cryovolcanically active
bodies in our solar system [1-3] understanding and
quantifying the multiphase physics that govern these
unique systems is imperative in constraining their formation, evolution, and persistence. Akin to terrestrial
volcanism, the thermo-compositional properties of the
melt will likely dictate its density, eutectic point, reactivity, viscosity, and solidification dynamics [4-5];
quantities and processes that will govern the transport,
longevity, and astrobiological relevance of the melt, as
well as the thermal and physicochemical characteristics of both the melt and the ice it forms [6]. A similar
comparison has been made between magmatic systems
and the formation of terrestrial sea ice [7], whose multiphase reactive transport dynamics are well documented in the literature [8-9].
A key process occurring in these ice-ocean/brine
systems is fractional crystallization. While more commonly used to describe high temperature magmatic
processes, or the carefully controlled separation of
chemical species in a laboratory, perhaps the most familiar example of fractional crystallization is the freezing of water into ice. When an aqueous solution is depressed below its freezing point pure crystalline ice
begins to form, rejecting impurities into the remaining,
concentrated, solution. The result is a complex and
ever evolving two phase system, governed by a combination of diffusive and advective heat and mass
transport, ever seeking thermodynamic and chemical
equilibrium [6-9]. The complex physics governing
these two-phase systems pose a significant hurdle to
numerical representations of these environments, and
thus they are frequently parameterized, if not wholly
excluded from models [6].
Here we discuss the ubiquity and importance of
these environments in our own polar oceans as well as
the oceans and ice shells of other bodies in our solar
system. We present a one-dimensional reactive
transport model capable of simulating the solidification
dynamics of these interfaces using both terrestrial and
putative Europan ocean/brine chemistries. The model
is validated against terrestrial sea ice and is applied to
hypothetical basal fractures on the Galilean satellite
Europa to investigate their re-freeze dynamics and
resulting chemical properties. The models applicability
to other hydrological features on Europa (e.g. sills,
dikes, lenses) is discussed and future model improvements are outlined.
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Figure 9 – Plots showing the re-freezing of a simulated
basal fracture, along with its associated bulk salinity
profile.
References: [1] Schmidt B. E. et al. (2011) Nature,
479.7374, 502-505. [2] Walker C. C. and Schmidt B.
E. (2015) GRL, 42.3, 712-719. [3] Manga M. and
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Background: With 22wt.% of water, the dwarf
planet Ceres is representative of large icy bodies. Such
bodies were subject to pervasive ice melting, due to
short-lived radioisotope decay and/or accretional heating. The extent of aqueous alteration in these bodies
depends on the temperature reached in the ocean and
other environmental parameters. Salts have been found
at most large icy bodies, which reflects the leaching of
certain elements from the rock, such as alkali and alkaline earth metals during that period of aqueous alteration. The Dawn mission has returned extensive observational evidence for advanced aqueous alteration and
chemical differentiation of the dwarf planet Ceres
[1,2,3, 4]. Ceres’ surface displays high abundance of
carbonates in many sites, in particular Ahuna Mons [5]
and the faculae in Occator Crater [2] which are both
believed to involve brines [2,6,7]. This is the first
demonstration of brine-driven activity in the solar system, consistent with earlier prediction that this phenomenon could occur in large asteroids [8]. This
presentation will review our understanding of Ceres’
brine chemistry and its role in geological activity.
Brine Composition: Geochemical modeling of
rock aqueous alteration, assuming a solar composition
for the rock and the presence of carbon dioxide and
ammonia, yields an initial oceanic composition enriched in chlorine, bicarbonate and carbonate ions, and
alkalis [4]. Sulfur preferentially combines with metals.
The ocean is also potentially rich in organics [9]. Upon
freezing, which we model with FREZCHEM [4], the
salts precipitate in several stages: first, hydrated sodium carbonate (~265 K), then hydrohalite and ammonium chloride (~245 K). Chlorine accumulates in the
relict ocean with sodium and potassium. The interpretation of Ceres’ surface topography suggests a few
percent brines could remain at the base of the crust
until present [10]. The corresponding temperature is ~
220 K and the liquid is saturated in sodium and potassium chlorides [11]. However, lateral variations in
temperature and thus brine composition are possible.
Preliminary models for the temperature profiles below
Hanami Planum and Occator (55 km depth) suggests a
temperature in excess of 245 K, allowing for ammonium chloride to be in solution.
Brine Role in Geological Activity: Ceres’ brines
are sourced in two manners. The emplacement of the
large Ahuna Mons appear to require a few percent of
melt to lubricate material that is otherwise highly vis-

cous [12]. While the origin of that construct remains to
be fully understood, the most viable explanation from a
thermal standpoint is that it takes its root in the deep
brine layer. However, this model is not consistent with
the high concentration of sodium carbonate observed
across Ahuna’s flanks [5]. The situation at Occator is
different. Heat produced upon impacting could put
crustal salts in solution, which explains the abundance
of sodium carbonate and ammonium chloride found in
the faculae [13]. These are extruded upon compressive
stresses building up in the melt reservoir as it freezes
[14,15]. The occurrence of ammonium chloride suggests that the melt reservoir is still in the process of
freezing, although keeping that reservoir alive beyond
~10 My is proving challenging [15].
Implications for Other Large Icy Bodies: Sodium carbonate and chlorides have also been found at
Enceladus [16] and chlorides are suspected at Europa
[17]. A major difference between Ceres and these bodies is that the former is nearing freezing completion.
Brines help keep some activity going but the processes
behind the formation of Cerealia Faculae and Ahuna
Mons are most likely of passive compressive origin as
a consequence of volume changes [11, 18]. Nevertheless, salts may be incorporated in the shell of icy
moons as they develop [19], which might help promote
local melting [20].
Part of this work is being carried out at the Jet Propulsion Laboratory, California Institute of Technology, under contract to
NASA. Government sponsorship acknowledged.
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Introduction: Evidence of volcanism of the molten
rock variety has been observed on many planetary bodies in our solar system. However a question remains of
if warm, salty, water-ice ever extruded to the surface of
Ceres and icy moons, leaving raised morphology and
salt deposits behind. The Dawn spacecraft has imaged
several features on the surface of Ceres that suggest cryovolcanic activity [1-4]. Previous studies suggest overpressurization could have driven fluids from a subsurface reservoir on Ceres [5,6]. These processes may also
occur on icy moons such as Europa and Enceladus [e.g.
7-9]. Here, we analyze how a pressure increase in a cryovolcanic chamber in Ceres’ subsurface could drive
dike-like fractures towards the surface, enabeling the
formation of bright deposits and/or deform the surface.
On Earth’s seafloor we see this process at hydrothermal
vents; seismic data and modeling indicate the occurance
of the fractures beneath [10-12].
Methods: We model dike propagation using a finite
element program, FRANC2d [13] that calculates displacements and stresses, given: a specific body geometry, imposed loads, material parameters, and boundary
conditions. FRANC2d then determines the fracture direction and distance of propagation using the calculated
stress results. First we assume a cooling and freezing
magmatic lens pressurized 1-2% over the lithostatic
load, σL (see Fig. 1 showing model set-up). Hydrostatic
pressure acts outward within the dike as it propagates to
the surface and so changes with depth as: Pd=P1-rmgh
where Pd is the dike pressure, P1 is the pressure at the
base of the dike Pint = 1.1 * σL is the pressure within the
chamber, σL is the lithostatic load =rcgD, rc=1300
kg/m3 is the density of the crust above the chamber [14],
g= 0.28 m/s2 is gravity on Ceres [3], D is the chamber
depth, rm is the cryomagma density, and h is the distance
the fluid has traveled above the chamber. Initial analyses explored a chamber, 100 km wide x 10 km thick,
D=40 km beneath the surface (Fig. 1). Fig. 2 shows example results of the σ1 stress field during the pressurization of the chamber at over lithostatic load as well as
dike propagation distance and location [15].
Effects of fractures containing water or refrozen liquid are shown to affect surface response [7]. The response of the surface above the chamber to over pressurization in the subsurface and subsequent dike propagation and thermal evolution will be calculated using
models of subsidence [16]. This study also investigates

temperature profiles above the chamber.
Results: In this study, we explore fracturing and surface response for Ceres and Europa. Thermal profiles
above the chamber will be calculated following calculations for convection and heat transfer. Heat loss from
the convecting chamber follows q~kDT/d, where q denotes the heat out, k stands for the thermal conductivity,
DT denotes the temperature difference between the crust
and cryomagma, and d represents the chamber thickness
[17,18].
Pint
y

10 km
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g
x
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150 km
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Figure 1. Model setup with material parameters: Young’s
Modulus = 1E9 Pa [3] and Poisson’s ratio = 0.3 for ice [15].

Figure 2. Example of a. σ1 stress field around pressurized
magma chamber. Bright blue = tensional stress, with gradients
to red denoting increasing compressional stress b. Dike propagation from chamber to surface. Fracture initiated at points
on chamber of highest tensional stress shown in a.
References: [1] Buczkowski et al. (2016) Science, 353, aaf4332;
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Introduction: A range of mechanisms has been invoked to explain geologic features interpreted to have
resulted from ascent and eruption of cryovolcanic materials on icy satellites. Youthful surfaces, smooth plains,
and a range of unique landforms have all been attributed
to cryovolcanism, but our understanding of the mechanisms that operate in ice shells to deliver materials to the
surface is far from complete. Without a perfect terrestrial analog for these icy resurfacing processes, silicate
volcanism is commonly used as a familiar but imperfect
analog process by which to understand the generation,
transport, and emplacement of cryogenic fluids.
A working definition of cryovolcanism is “the eruption of liquid or vapor phases (with or without entrained
solids) of water or other volatiles that would otherwise
be frozen solid at the normal temperature of an icy satellite’s surface”. One can debate the robustness of such
a definition, but it provides a framework with which to
explore potential eruptive mechanisms. However, there
are fundamental differences in material properties, internal structures, and planetary environment that require
caution in applying models of terrestrial volcanic mechanisms to icy satellites. Here I highlight some key issues and processes that are of relevance to icy satellites
with water/brine oceans.
Key Issues: In most cases, we are concerned with
an ice shell overlying a water layer that may serve to
decouple the ice shell from the silicate interior. This
internal structure differs substantially from that of terrestrial planets. The resulting possibility of non-synchronous rotation, in addition to diurnal tides, produce
stress conditions within the ice shell that may exert a
strong influence the movement of fluids.
Furthermore, the unique properties of H2O cause
fundamentally different behavior from rock/magma.
Water is denser than ice, so while silicate melts are able
to rise through mantle/crustal rocks due to their buoyancy, the same is not true for water with respect to ice;
such fluids would need to be pressurized in some way
in order to ascend. In addition, decompression melting,
which is a fundamentally important melt generation
mechanism in upwelling mantle on terrestrial planets,
simply does not work for upwelling ice. Production of
liquid bodies within the ice shell would require delivery
from the ocean, or in situ melting of contaminant-rich
ice by a solid-state thermal plume.
Some proposed mechanisms for delivering material
from a subsurface ocean to the surface of an ice shell are
illustrated in Fig. 1. In examining the details of these

mechanisms, we find that some models of terrestrial
volcanic processes can be used for icy satellites when
care is taken with model parameters, e.g., appropriate
fluid viscosities, densities, volatile solubilities, and
gravity. For example, for liquid rising in a crack, similar
physics applies, with the inclusion of a pressure term to
overcome negative buoyancy. Similarly, the dimensions of putative viscous surface flows can be used to
constrain fluid properties, using emplacement models
developed for silicate lava flows and domes.
In considering of the potential role of volatiles
exsolving from the liquid phase during decompression,
application of appropriate solubility laws and viscosities
can allow an understanding of the dynamics of gasdriven flows. In silicate magmas, exsolving gases provide additional buoyancy to silicate magmas, and their
expansion accelerates the magma up the conduit. In
contrast, exsolving cryomagmatic volatiles (CO2, SO2,
CO, NH3, etc.) will effectively decouple from low-viscosity fluids (water, brine) and be lost to the satellite exterior. This process, in addition to vaporization of a water column exposed to vacuum conditions, might provide a mechanism for driving vapor-rich sprays of water
droplets.
Concluding Comments: This contribution is intended to inspire discussion about the validity and limits
of applicability of models of silicate volcanism with a
view to further elucidating cryovolcanic processes. In
general, application of our experience with terrestrial
volcanism to understand cryovolcanism must be made
selectively and with due consideration of the unique
characteristics of the satellite in question. However, the
broader question of how cryovolcanism initiates at
depth requires further attention.

Fig. 1. Potential cryomagmatic mechanisms: (i) solid state
convection or (ii) diapiric ascent of warm ice; (iii) formation
of melt lenses within the ice; (iv) partial freezing can pressurize fluid and induce ascent; (v) propagation of fractures down
from surface, or (vi) upwards from ocean–ice interface; (vii)
exsolution of volatiles.
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W. McDoniel, S. Yeoh1 J. Berg1, L. Trafton1 and P. Varghese1, 1The University of Texas at Austin, Austin TX
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Introduction: Active plumes have been observed
on four extraterrestrial bodies: Io, Enceladus, Triton
and probably Europa. Triton plumes occur below a
substantial (very collisional) atmosphere but have not
been well observed. Ionian plumes are of hot volcanic
origin and originate below a tenuous though still collisional atmosphere. The Enceladus and the probable
Europa plumes are of a cold or cryovolcanic origin.
We have completed a number of studies of the gas
dynamics associated with the Io, Enceladus and Europa plumes which have minimal interaction with a
background atmosphere and we will compare and contrast the different physical environments and the resulting physics of the plumes.
The dominant physical boundary conditions that
determine the nature of the plumes rising over (nearly)
airless bodies include: the chemical composition of the
plume, the specific kinetic and thermal energy of the
constituents at the surface, the shapes of the source
regions (the “vents”), the surface gravity, the gas and
particulate densities at the surface, and time variability
(if any) of the vent output. External inputs such as solar UV and plasma influx can also affect the plume but
the external energy inputs in these volcanic plumes are
small in comparison to the thermal input from within
the bodies (unlike cometary plumes).
Details matter. However, although the precise geometry and conditions just below and at the surface
determine the features of the resulting plume (e.g., if
an Ionian plume of SO2 gas and droplets and refractory
grains arises from a bubbling partly crusted-over
magma surface or a spraying lava fire fountain), we
can often abstract those conditions to a small height
above the surface where we imagine a “virtual vent” to
exist. At that virtual vent, the gas/particulate properties
of density, concentration, temperature, velocity, etc.
may be assumed uniform even though the virtual vent
retains the outline shape of the actual vent we wish to
model. Alternatively, for an Enceladus situation, we
may choose to begin the simulation well below the
surface, deep in a twisted crevasse at a bubbling water
surface and track the resulting vapor, droplets and ice
grains as they pass up through the assumed conduit
geometry, interact with the sidewalls and exhaust into
space.
The problem of simulating the plume above the
surface has several important complications. In all cases the Mach number becomes high. The Mach number
is the ratio of the local gas mixture speed to its local

speed of sound. When the Mach number exceeds ~0.3,
flow is compressible (density variations with velocity
are significant). In all cases we discuss, the plume flow
is into near vacuum (it is an under expanded jet flow)
so the density ultimately becomes low and the molecular mean free path (MFP, the mean distance between
two successive collisions), becomes large. In this case
the local Knudsen number (a local length scale divided
by the local MFP) becomes large and a suitable simulation method is the direct simulation Monte Carlo
(DSMC) approach. We have developed this approach
for the planetary plume problem and can handle all of
the complexity described above (gas/particulate mixtures, rarefaction, gravity, plasma and E/M fields in a
rotating two-body system, three dimensionality, flow
unsteadiness, and condensation) as well as a coupling
of the gas dynamics and the radiative transport to model UV photodissociation, radiative heat exchange and
synthetic image synthesis.
There are some key differences between the Io, Enceladus and Europa plumes. Although the Io plumes
are hot, they do not have enough energy to escape Io’s
gravity and they fall back on themselves forming large
mushroom shaped canopies topped by a shock wave.
In contrast, the Europa cold water vapor plume likely
is of cryo-origin and although much less massive, can
reach similarly high altitudes before shocking and falling back to the surface. Enceladus has a plume which
is similar to the Europa case near the surface. But because of its very low surface gravity, most of the vapor
and much of the smaller particulate matter easily escape the small body (Comets and Enceladus thus share
some plume features.)
The plumes on all three bodies are unsteady on different time scales for different reasons. The Ionian
plumes are unsteady as a result of the source lava dynamics. The Enceladus plume shows orbital tidal variation as well as seasonal variation; there is only weak
evidence of minute-scale variation. The probable Europa plume appears to only be occasionally observed –
so is unsteady in that sense - but the cause of the variation remains uncertain.
While of interest in themselves, these planet-scale
plumes also provide information about their sources
and thus the interior of the body. Our presentation will
briefly highlight how simulation of the different
plumes and comparisons with extant observations can
be used to better understand the (cryo)volcanism which
produces these jets into space.
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Introduction
In June of 2016 NASA convened a 21-person team
of scientists to establish the science goals, objectives,
investigations, measurement requirements, and model
payload of a Europa lander mission concept. The Europa Lander Science Definition Team (SDT), following a charter from NASA HQ, refined these requirements into a viable Europa Lander mission concept,
and published the Europa Lander Study 2016 report
(Europa Lander, 2016). Since the completion of the
SDT report, the Europa Lander mission concept team
at JPL has refined the mission concept through a Mission Concept Review (MCR), and subsequently
through the advice and oversight of an external advisory board. This board was active during the Summer
and Fall of 2017, and a final report was presented to
NASA HQ in the late Fall of 2017. The Europa
Lander mission concept team is currently addressing
guidance from NASA HQ in terms of technologies
and mission architecture. The science of the mission
concept has remained largely constant with respect to
the 2016 SDT Report.
Europa Lander SDT Science Goals
The NASA HQ Europa Lander SDT Charter goals,
in priority order, were as follows:
1. Search for evidence of life on Europa.
2. Assess the habitability of Europa via in situ
techniques uniquely available to a lander
mission.
3. Characterize surface and subsurface properties at the scale of the lander to support future exploration of Europa.
Within Goal 1, the SDT developed four Objectives
for seeking signs of life (i.e., biosignatures). These
include the need to: a) detect and characterize any
organic indicators of past or present life, b) identify
and characterize morphological, textural, and other
indicators of life, c) detect and characterize any inorganic indicators of past or present life, and d) determine the provenance of Lander-sampled material.
Within the Goal 1 investigations and measurement
requirements there are more than seven distinct and
complementary approaches for detecting potential
biosignatures within material sampled from Europa’s
surface and near- subsurface.
Goal 2 focuses on Europa’s habitability and ensures that even in the absence of the detection of any
potential biosignatures, significant ocean-world sci-

ence is still achieved. The objectives within Goal 2
are to: a) characterize the non-ice composition of
Europa’s near-surface material and determine whether
there are indicators of chemical disequilibria, and b)
determine the proximity to liquid water and recently erupted materials at the lander’ s location.
Goal 3 ensures that the landing site region is quantitatively characterized in the context needed for
Goals 1 and 2, and that key measurements about Europa’s ice shell are made to enable future exploration.
The objectives for Goal 3 include the need to: a) observe the properties of surface and near-surface materials and sub-meter-scale landing hazards at the landing site, including the sampled area (connecting local
properties with those seen from precursor Europa flyby remote sensing), and b) characterize dynamic processes on Europa’s surface and ice shell over the mission duration to understand exogenous and endogenous effects on the physiochemical properties of surface and shallow sub-surface materials.
Ice Properties and Surface Activity
Following these objectives, the Europa Lander
would: (1) enable physical and chemical characterization of any plume deposits sampled on the surface, (2)
characterize the local topography, (3) search for evidence of interactions with liquid water on the surface
including cryovolcanic extrusions and evidence for
active plumes, (4) search for subsurface water bodies
and proximal cryovolcanic conduits, and (5) measure
the thickness of the ice shell.
Implications and Science Return
The Europa Lander mission concept is capable of
achieving a suite of measurements such that if potential biosignatures are present on Europa’s surface they
could be detected at levels comparable to those found
in benchmark environments on Earth, and further, that
even if no potential biosignatures are detected, the
science return of the mission will significantly advance our fundamental understanding of Europa’s
chemistry, geology, geophysics, and habitability.
References
https://solarsystem.nasa.gov/docs/Europa_Lander_SD
T_Report_2016.pdf
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PLUMES ACROSS THE SOLAR SYSTEM – WHEN IS CRYOVOLCANISM IMPLICATED? C. J. Hansen1, 1Planetary Science Institute, 1700 E. Fort Lowell, Suite 106, Tucson AZ 85719; cjhansen@psi.edu.

Introduction: Twenty-seven years ago plumes
were discovered jetting from the surface of Neptune’s
moon Triton [1, 2]. Since then water vapor and ice
particles have been detected spewing from the south
polar region of Saturn’s moon Enceladus [3, 4, 5]. A
tentative identification of water vapor erupting from
Jupiter’s moon Europa has come from Hubble Space
Telescope ultraviolet images [6]. At Mars, solardriven gas jets remain the best explanation for the seasonal activity that takes place every year associated
with sublimation of Mars’ seasonal CO2 polar cap [7].
Studying the different plumes gives us insight into the
diversity of processes driving eruptions and affects
how we define cryovolcanic activity.
Enceladus and Europa: The Enceladus plume is
clearly endogenic. Cassini radio science data show
that there is a subsurface gravity anomaly consistent
with a body of liquid water below the south pole [8]
while images show libration that requires a global liquid layer [9]. The subsurface body of water supplies
the ice particles and water vapor propelled from Enceladus’ interior out to the vacuum of space through fissures across the south pole. Extensively studied by all
the instruments on the Cassini spacecraft we now have
detailed information on the composition and structure
of Enceladus’ plume and imbedded collimated jets,
with implications for the composition and habitability
of the ocean below the surface.
Europa’s plume(s) are likely also water vapor, but
ultraviolet data show that there are key differences
between the eruptive styles of Enceladus and Europa.
Europa’s eruptions appear to be sporadic, in contrast to
Enceladus where water expulsion is modulated by diurnal tides but otherwise continuous. The mass of water vapor erupted at Europa is 2 orders of magnitude
larger than Enceladus [10, 11].
Mars: The jets at the poles of Mars are a surficial
phenomena, driven by spring sublimation of the seasonal polar cap. Transmission of sunlight through a
semi-translucent layer of impermeable seasonal CO2
ice heats the ground below the ice, causing basal sublimation of the ice [7]. The trapped gas ruptures the
ice, and erodes the surface, entraining loose material as
it escapes out from under the ice layer. The particulates fall out on top in fan-shaped deposits oriented by
the ambient wind. The properties of these solar-driven
jets have been studied extensively by the HiRISE
imager on the Mars Reconnaissance Orbiter [12].
Triton and Pluto: An interesting question is what
drives Triton’s plumes? Are they solar-driven like

Mars or endogenic like Enceladus? The original assessment was that they were solar-driven [13], and the
Mars model was largely inspired by Triton. But the
circumstantial evidence that drove that conclusion was
based on the fact that the subsolar latitude was in the
southern hemisphere, as were the plumes.
Triton has a young surface age, <10 MY, derived
from the lack of craters on its surface [14]. A new
model of the interior of Triton shows that the combination of radiogenic heating with tidal heating due to
Triton’s obliquity could sustain a long-lived subsurface
ocean, and sluggish convection, even without invoking
substantial ammonia [15]. Triton’s plumes reach 8 km
altitude, erupting through an ambient atmosphere, before being carried away horizontally by the ambient
wind. Although this can be achieved with solar-driven
plumes, perhaps Triton’s eruptions come from a deeper
source. A regional endogenic source of eruptive activity like Enceladus should be considered.
An interesting test was provided by New Horizons
Pluto observations. Pluto does not experience obliquity tides and is thus unlikely to have an endogenic
energy source as proposed for Triton [15]. It does
however have a nitrogen atmosphere in vapor pressure
equilibrium with surface ice, that will form polar caps
in the winter. If we had seen fans and/or plumes at
Pluto in the north polar region now experiencing
spring it would have bolstered the solar-driven hypothesis. But New Horizons did not detect any active
plumes on the encounter hemisphere of Pluto [16].
Summary: The study of plumes, easily accessed
by remote sensing, gives us insight into the energy,
structure and processes hidden below the surface.
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SYSTEMATIC SPATIAL VARIATIONS IN THE DUST-TO-GAS RATIO WITHIN ENCELADUS’
PLUME. M.M. Hedman1, D. Dhingra2, C.J. Hansen3, G. Portyankina4, S. Ye5 1Physics, Department, University of
Idaho. 875 Perimeter Drive, MS 0903, Moscow ID 83844-0903, 2Department of Earth Sciences, Indian Institute of
Technology Kanpur, Kalyanpur, Kanpur 208016, Uttar Pradesh, India. 3Planetary Science Institute, Tucson AZ
85719, 4Laboratory for Astronomy and Space Physics, University of Colorado, Boulder Co 80303 5Department of
Physics and Astronomy, University of Iowa, Iowa City IA 52242

Simultaneous measurements of the gas and dust components of Enceladus’ plume reveal that the plume
material above Baghdad and Damascus sulci has a
dust-to-gas mass ratio that is roughly an order of magnitude higher than the material above Alexandria and
Cairo sulci.
Remote-sensing measurements of the plume’s particle and gas content were made during a solar occultation that occurred on day 138 of 2010. On that day,
Enceladus' plume passed between the Sun and the Cassini spacecraft, enabling Cassini's Ultraviolet Imaging
Spectrograph (UVIS) and the Visual and Infrared
Mapping Spectrometer (VIMS) to obtain measurements of the gas and dust respectively. The UVIS
measurements of the plume's gas content are described
in [1], while a more recent paper [2] describes the
VIMS data and the information they provide about the
plume's particle content. These data revealed that the
dust signal was more concentrated around Damascus
and Baghdad sulci than the gas signal (see Figure 1).
Similar trends in the plume's dust-to-gas ratio are
also found in data obtained when Cassini flew through
the plume in 2009, during which time the Ion and Neutral Mass Spectrometer (INMS), Radio and Plasma
Wave Science (RPWS) and Cosmic Dust Analyzer
(CDA) instruments made in-situ measurements of the
plume's gas and dust densities [3]. Again, the material
above Damascus and Baghdad sulci has a higher dustto-gas ratio than the material above Alexandria and
Cairo sulci (see Figure 2).
These observations indicate that there are substantial and systematic trends in the characteristics of the
cryovolcanic activity associated with different parts of
the South Polar Terrain. Similar trends may be responsible for grain-size differences among material seen
above Damascus, Baghdad and Cairo sulci observed in
high spatial resolution VIMS observations [4]. All these trends likely reflect variations in the source material
and/or the plumbing connecting relevant reservoirs to
the surface. Further examination of these spatial variations should provide additional insights into Enceladus’ geological activity and subsurface conditions,.
References: [1] Hansen, C.J. et al. (2011) GRL, 38,
11202. [2] Hedman, M.M. et al. (2018) Icarus, 305,
123-138. [3] Dong et al. (2015) JGR, 120, 915-937. [4]
Dhingra D. et al. (2017) Icarus, 292, 1-12

Figure 1: The upper panel shows the optical depth of
the plume at ultraviolet and infrared wavelengths
measured by UVIS and VIMS, while the bottom panel
shows how the instrument’s line of sight passed over
the south polar terrain., Note that UVIS sees a signal
over all the tiger stripes, while VIMS only sees a signal
over Baghdad and Damascus. This implies the dust-togas ratio is higher over Baghdad and Damascus sulci.
(From [2])

Figure 2: The upper panel shows the density of dust
and gas measured by RPWS and INMS, while the bottom panel shows the trajectory of the spacecraft over
the south polar terrain. Note that the dust-to-gas density generally increases from left to right. (From [2])
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AN ENTHALPY METHOD TO SIMULATE THE CRYOMAGMATIC EVOLUTION OF IMPACT
INDUCED MELT BENEATH OCCATOR CRATER ON CERES. M. A. Hesse1, J. C. Castillo-Rogez2, J. E. C.
Scully2, 1Department of Geological Science, The University of Texas at Austin, Austin TX 78712, USA (e-mail address: mhesse@jsg.utexas.edu), 2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA.
Introduction: The persistence and mobility of
brines in the volatile rich crusts of icy satellites and asteroids is an essential component of both intrusive and
extrusive cryovolcanic processes. Due to low temperatures, the formation of brines is only possible in presence of salts that reduce the water ice melting point significantly. The phase behavior is eutectic, due to limited
solid-solution between the ice/hydrates and the salts,
(Figure 1a). In eutectic systems, heat and mass transfer
are strongly coupled, because melting/freezing is very
sensitive to compositional changes. In particular, the addition of small amounts of salt can lead to a finite and
potentially large drop in the melting temperature of the
system. However, the amount of melt formed at the eutectic temperature is proportional to the amount of salt
present and hence potentially small. The eutectic phase
behavior also determines the compositional evolution of
the extruded/erupted brines.
It is therefore important to understand the coupled
mass and energy transport in these cryomagmatic systems. Here we propose to develop a numerical model
that describes these couplings and we test it against
spacecraft observations from the Dawn mission. In particular, the observed compositional zonation of the Cerealia Facula (CF) in Occator crater on Ceres provides
potentially strong constraints on the evolution of the
magma chamber that is believed to be impact induced.
The facula shows an increase in ammonium chloride toward the top of the central dome [1] (Figure 1b,c),
which is also one of the youngest regions on Occator’s
floor [2 and references therein].

Figure 1.a) Binary eutectic phase diagram. b) Color enhanced
image of Cerealia Facula on Ceres from the Dawn Framing
Camera. c) Abundance of ammonium chloride in Cerealia
Facula, inferred from the Dawn VIR spectrometer [1].

Enthalpy method: Thermal evolution models for
planetary evolution and cryomagmatic processes are
commonly formulated in terms of temperature, T. This
is possible because melting is typically assumed to occur incrementally over a finite temperature interval [3,4]
so that the volume fractions are a simple function of T.

This approach breaks down in eutectic systems where a
finite amount of melting occurs at the eutectic temperature, Te. During melting at the eutectic temperature, T is
not sufficient to describe the state of the system, in particular the volume fractions of the phases. These volume
fractions are determined by the total energy/enthalpy of
the system, H, and its total composition, C. Therefore,
we propose an “enthalpy model” that evolves both H
and C and allows the representation of the eutectic phase
behavior. In magma dynamics, enthalpy methods have
been developed for systems with solid solutions [5,6],
but to our knowledge this approach has not been extended to eutectic systems. Here we propose to develop
an enthalpy method for simple parametrized binary and
ternary eutectic phase diagrams. This model will track
the evolution of enthalpy and composition of the system. This requires the consideration of both advective
mass and energy transport driven by the over pressure
induced by the volume expansion during brine solidification [7]. This model will highlight feedback such as
the increasing concentration of salts into the brine and
related changes in melt productivity.
Modeling cryomagmatism at Occator crater: We
will apply the enthalpy method to the thermal and compositional evolution of the potential impact induced
melt at the center of Occator crater on Ceres [2,8]. This
will build on our previous work modeling the evolution
of the cryomagma chamber [4]. This previous model assumed constant composition and linear melting over a
prescribed temperature interval.
The new enthalpy model will track the compositional evolution of the cryomagma chamber and hence
make a prediction of the erupted compositional sequence, which can be compared to observed zonation of
CF and provide constraints on the state of the cryomagma chamber. A ternary eutectic system should be able
to reproduce the observed increase of ammonium chloride in the brine.
References:
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STRESS, TECTONICS AND CRYOVOLCANISM. T.A. Hurford1, 1Planetary Geology, Geophysics and Geochemistry Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD 20771 (Terry.A.Hurford@nasa.gov).

Introduction: Two icy satellites, Enceladus and
Triton, have been observed to be volcanically active,
erupting water and other materials from their surfaces.
And there are hints that other icy satellites (Europa,
Titan, and Pluto) have exhibited current or past periodic eruptive processes. While eruptive processes may
differ on each of these bodies, for Enceladus we observe that fractures serve as a conduit for eruptive material and most icy bodies exhibit tectonic formations
on their surfaces. Here we examine mechanisms,
mostly tidal, that can impart stress to the surfaces of
these bodies, the formation of fractures as a response
to these stresses, and the ability of these fracture to
serve as conduits for eruptive processes.
Stress: Stresses can be generated on the surface of
planetary bodies as a result by changes in their global
shapes. Thin shell approximations for these stresses
have been widely used to characterize the stress induced by global deformation on a thin elastic shells
driven by tidal processes, but these approximations can
be used to look at other process with similar geometries. These approximations for stress best apply to
thin ice shell that are decoupled from the interior by a
liquid ocean layer, and aren’t as good for dealing with
thick viscoelastic ice shell response but still can give a
feel for some qualities of the stress field.
Diurnal Stresses. Daily changes in the location of
the tidal deformation due to orbital eccentricity and a
body’s obliquity constantly reshapes the surface and
leads to diurnal sources of tidal stress. Orbital eccentricity causes the tidal bulge to migration in longitude
as changes in the distance to the primary forces changes in the magnitude of the tidal deformation. And
obliquity causes the tidal bulge to migrate in latitude.
Rotational Stresses. Long term changes in the rotational state also drive global scale deformation. A
spin-up in rotation will result a more oblate, leading to
compression in the polar regions and compression radial to the rotational axes with tension concentric to it.
A spin-down will drive a more prolate shape and the
exact opposite in stresses.
Stress from Orbital Migration. Long term changes
in the orbital state of a body will also drive global scale
deformation. Orbital recession will result in the collapse of the tidal bulge, leading to compression in the
the sub/anti primary regions and compression radial to
this axes with tension concentric to it. A orbital migration towards the primary will drive in increase in tidal
response and the exact opposite in stresses.

Stress from Differentiation. As material in the interior of a body redistributes through the process of differentiation, there will be an effect on the tidal response of the body, which will drive global scale deformations. In general, concentration of mass towards
the center of the body reduces its tidal response, which
will force the tidal bulge to collapse. The resulting
stresses mirror the orientation of stress from orbital
recession, leading to compression in the the sub/anti
primary regions and compression radial to this axes
with tension concentric to it.
Tectonics: Fractures can form in response to
stresses imparted to a body’s surface through different
stress mechanisms. In general, tensile failure is modeled as fractures that form perpendicular to tensile
stresses on icy bodies. Icy satellites in the Outer Solar
System exhibit fractures that have been linked to a
variety of stress mechanism. For example, cycloidal
ridges are though to form along fractures driven by
diurnally varying stress on Europa, while fractures on
Triton are consistent in orientation to stresses from a
combination of inward orbital migration and spin-up.
Cryovolcanism: Different stress processes can
produce varying levels of stress on the surface. While
fractures are tied to the surface manifestation of stress,
their ability to drive into the ice shell will ultimately be
limited by the stresses produced by each mechanism
and the size of the boy upon which they are forming.
The propagation of fractures into the ice shell can be
exploited as conduits for cryovolcanic eruptions. Thus,
different stress process may allow eruption of materials
on the surface from varying depths in the shell.
Conclusions: As observed on Enceladus, fractures
provide a conduit for cryovolcanic eruptions. The process of producing fractures on icy satellites has been
well studies. And these processes can be linked to the
orientation of observable fractures and the depth to
which cryovolcanic material can be tapped.
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Evolution of photometric and polarimetric phase curves of fine-grained water ice particles due to grain sintering. B. Jost1,2*, R. Cerubini2, O. Poch3, A. Pommerol2, and N. Thomas2. 1NASA Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA. 2University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland. 3Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France.
*bernhard.jost@jpl.nasa.gov

Introduction: The discovery of cryovolcanism on
Enceladus [1] and recent potential findings on Europa
[2,3] lead to questions about the nature and the age of
plume deposits under the harsh conditions in the outer
Solar System. Major questions are the chemical composition, the physical structure and the deposition rate
of plume material. The deposition rate mainly defines
the surface age and corresponding timescales for processes such as thermal crystallization, thermal sintering
and space weathering.
Thermal sintering, a morphological change driven
by diffusion processes where individual ice particles
grow together, is a key mechanism when studying scattering properties of surfaces, as the single particle scattering is highly affected by creating optical bonds between individual grains. The increased grain sizes
could also lead to modifications in thermal inertia and
explain observed thermal anomalies [3].
To make the transition from remote sensing data to
physical interpretation, the study of well characterized
and reproducible water ice samples in the laboratory is
an appropriate approach.
Methods and samples: The laboratory for Outflow Studies of Sublimating icy materials (LOSSy) has
been developed for this purpose at the University of
Bern since 2010. The PHIRE-2 radio-goniometer [4] is
designed to acquire photometric phase curves in the
450-1064nm spectral range at phase angles from 0 to
140° with an angular resolution of 0.5°. It is operated
in a freezer at -35°C. The POLarimeter for ICE Samples (POLICES) [5] allows to measure the Stokes parameters (Q, U, V, I) describing the polarization of the
scattered light at wavelengths of 530/625/810nm at
phase angles between 1.5 and 30°.
Multiple setups have been developed to ensure a
standardized and reproducible production of spherical
water ice particles with grain sizes from a few microns
to some tens of microns [4,6,7]. Such fine grained particles are believed to be a good proxy for surfaces of
Enceladus or Europa.
Results & Discussion: In terms of photometric
phase curves it has been shown that ongoing grain sintering mainly influences the ratio between backscattered and forward scattered light at non-zenith illumination geometries, non-sintered samples being more
backscattering [4,6], see Fig. 1. Further it is observed
that the amplitude of the opposition effect (OE) is de-

creasing with sintering, where the grain size determines
the initial amplitude, smaller particles having a stronger OE. Optical effects such as glories [4] are mainly
observed on non-sintered samples since their formation
is restricted to spherical particles. The same phenomenon is observed in polarimetric phase curves where
similar optical effects, including secondary maxima,
disappear with time when particles sinter. Smaller particles tend to have lower values of linear polarization in
the negative branch (Q<0).

Figure 1: Photometric phase curves from a sample of spherical ice
particles with grain sizes 5-100µm. The sample changes to less
backscattering and more forward scattering with time.

In general polarization phase curves are more sensitive to grain size and grain surface texture such as frost
condensation while photometric phase curves are more
influenced by macroscopic sample roughness and bulk
porosity.
References: [1] Porco C., et al. (2006) Sci, 311,
1393-1401. [2] Sparks W., et al. (2016) ApJ, 829-2.
[3] Sparks W., et al. (2017) ApJ 839-2. [4] Jost B., et
al. (2016) Icarus, 264, 109-131. [5] Thomas N., et al.
(2017) EPSC2017-416. [6] Jost B., et al. (2013) Icarus,
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INVESTIGATING THE DYNAMICS OF DIKE-FED CRYOVOLCANISM. L. M. Jozwiak1. 1Johns Hopkins
University Applied Physics Laboratory, Laurel, MD, USA. (lauren.jozwiak@jhuapl.edu).
Introduction: The geologic process termed cryovolcanism, or, the eruption of a liquid water solution,
has long been postulated for icy satellites possessing an
ice shell crust and a liquid water ocean [e.g. 1]. Direct
observation of this process includes most notably, the
plumes on Enceladus [2, 3], and the observations of
possible plume activity on Triton [4], and more recently,
Europa [5]. While mechanisms for eruptions on Triton
include sublimation of methane [6], eruptions on Enceladus and Europa can be considered “top-down” style
eruptions. I define “top-down” eruptions as events
where fracturing is induced within the ice shell by processes such as tidal flexing [7], and then propagates
downwards, tapping the ocean, and inducing explosive
volatilization of the ocean materials [8]. This style of
volcanism is starkly different from standard silicate volcanism where accumulating mantle melts impinge on the
base of the crust, form a fracture, and propagate upwards towards the surface in the form of a dike. While
there have been several putative identifications of morphologies that would be associated with this dike-fed,
“bottom-up”, style of volcanism [9, 10, 11], there exist
several long-recognized mechanical problems with the
process.
The single largest mechanical barrier to dike-fed
cryovolcanism is that liquid water is denser than the
overlying ice shell, and thus will not propagate unless
grossly overpressurized. As a result, much of the literature surrounding the mechanisms of cryovolcanism focuses on the addition of salts and other solutes to decrease the density of the cryomagma, and make propagation more favorable [e.g. 12].
However, we suggest that such exotic compositions
might not be necessary to allow for dike-fed propagation
of cryomagmas. Using a series of analyses recently applied to the Moon (another body with magma denser
than the overlying crust) [13, 14, 15], we explore how
dike-tip degassing, and in-transit magma exsolution
might aid cryovolcanic transport.
Dike Propagation Mechanics: Dike propagation is
governed by the balance of magma overpressure against
the fracture toughness of the crustal material. The equation is as follows [16]:
K = ΔP(H/2)1/2 + 0.5gΔρm(H/2)3/2
The fracture toughness of the crustal material is K, the
excess pressure in the magma is ΔP, the height of the
dike tip above the base of the crust is H, g is the gravitational acceleration, and Δρm is the density difference
between the magma and the surrounding crustal material. Figure 1 shows dike propagation scenarios for 3 different bodies and 3 different ice shell thicknesses using

an H2O + NaCl brine. In no case does the dike propagate to the surface or shallow subsurface. However, this
implementation (and most others from the literature)
assumes a constant value for Δρm, despite evidence that
this assumption is not always valid. Head et al. [2002]
[13] recognized that because the dike tip is inherently a
vacuum environment, there will be a pressure gradient in
the top of every dike, and this low pressure environment
will encourage the exsolution of volatile species in this
portion of the dike. The formation of bubbles leads to a
magmatic foam with a lower density than the nominal
magma density [14, 15, 17]. We will apply the mechanism outlined in [13] to three putative cryomagma compositions, 1) pure H2O, 2) H2O+NH3, and 3) H2O+Mg,
Na salts (brine) to determine if dike-tip degassing is
sufficient to allow for propagation of a cryomagma dike
to the surface or shallow-subsurface of an icy satellite.
We will also examine the possible morphologies associated with this process, and whether it is capable of generating effusive morphologies, in addition, to explosive
plumes.
Figures:

Figure 1: Propagation scenarios as a function of varying gravitational
acceleration and ice shell thickness given a constant ice fracture
toughness and cryomagma density contrast.
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(1990) LPSC 21, 599. [5] Roth, L., et al., (2014) Science 343, 171174. [6] Kirk, R. L., Brown, R. H., (1991) LPSC 22, 721. [7] Nimmo,
F., et al., (2007) Nature 447, 289-291. [8] Hansen, C. J., et al., (2008)
Nature 456, 477-479. [9] Head, J. W., Pappalardo, R. T. (1999) JGR
104, 27143-27155. [10] Lopes, R. M. C., et al. (2007) Icarus 186,
395-412. [11] Lopes, R. M. C., et al. (2013) JGR 118, 416-435. [12]
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CRYOVOLCANISM IN CONCEPT AND REALITY
1 1
J. S. Kargel , Planetary Science Institute, Tucson, AZ, 85719, Email: jkargel@psi.edu
Introduction: Planetary volcanism is considered
by R. Lopes as a conduit-fed eruption whereby a
magma, defined specifically for each body based on
meltable substances, is erupted onto a planetary surface. The term “cryovolcanism” has roots meaning
“icy cold doctrine of Vulcan.” The etymology and
meaning of that and related terms is better understood
when parsed from traditional geological terms. Thus,
cryovolcanism is the eruption and flow of icy-cold
aqueous or non-polar molecular solutions or partly
crystallized slurries, perhaps containing gas bubbles,
derived by partial melting of icy materials. Cryoclastic
(adjective) is an icy cold parallel of pyroclastic; cryomagma (noun) is an icy cold magma—water based, or
not; and cryo-igneous (adj.) is a cold parallel of igneous. These cryo terms pertain to melting and solidliquid phase separation, ascent, and eruption of liquids
on icy planets, moons, comets, and asteroids.
Cryovolcanism in concept: The concept of cryovolcanism is that icy satellites are heated and ices
melt, thus generating a liquid phase, which then erupts.
Hypothetically, cryovolcanoes, cryolava flows, and
cryoclastic ash sheets can form. Cryomagmatism also
can form cryo-igneous dikes, sills, and batholiths.
Studies of cryovolcanism employ three methodologies: laboratory measurement of cryomagma properties
and simple deductions about cryovolcanism on icy
bodies; the theoretical geophysics of melt formation,
phase separation, ascent, and eruption; and the identification of landforms possibly formed by cryovolcanism.
Some researchers have emphasized physico-chemical
parallels expected between the cryomagmatic processes and landforms and those of silicate magmatic processes and landforms. Cryovolcanism is primarily a
concept for extraterrestrial icy worlds involving different classes of substances than what pertain to wellstudied cases of magmatism and volcanism on rocky
worlds, e.g., Earth, Moon, Venus, and Mars. However,
the physics and products of cryovolcanism and cryomagmatism are not alien; they draw directly from basic
physics and Earth’s igneous processes and landforms.
Two requirements for cryovolcanism, and for volcanism in general, is that there must be enough heat to
partially melt interior substances, and buoyancy must
be able to drive liquid phase separation, ascension, and
eruption. Melting can occur, but if the liquid is denser
than the solid, then the liquid might sink and form an
ice-crusted ocean. In H2O-dominated systems, pure
liquid water is denser than ice I, thereby preventing
cryovolcanism. Freezing-point depressants, e.g., am-

monia, methanol or salts, can aid melting on lowenergy budgets, but the resulting liquids mainly are
still denser than ice I. Hence, a dissolved and exsolvable gas component may be needed to drive aqueous
cryovolcanic eruptions—a direct parallel with most
types of silicate volcanism. Most icy satellite sources
of cryomagmas are not pure ice; many mineralogical
constituents may melt and partition into eutectic aqueous liquids. These constituents commonly might include both freezing point depressants and nonpolar or
weakly polar gases. Ammonia-water solutions are a
favored candidate cryolava for Saturnian satellites,
whereas various salt-water brines might make sense for
asteroids and Jovian moons. I will discuss the physicochemical properties of candidate cryolavas and what
the properties may mean for processes and landforms.
Cryovolcanism in reality (and not):

Fig. 1: Possible cryovolcanism.

Voyager images of Ganymede showed what appeared
to be flooded grooved tectonic terrain and cryovolcanic
collapse. Galileo observations offered less support for
that interpretation, and expected widespread cryovolcanic plains on Europa turned out to be absent, but
limited spectacular cases of cryovolcanic extrusions
and cryolava plains were found on Europa in Galileo
images. Enceladus has the most compelling cases for
cryovolcanism, where Voyager 2-era suggestions of
cryoclastic volcanism were spectacularly confirmed by
multiple Cassini instruments showing active plume
erupting through tectonic rifts. Other cases of cryovolcanism are suggested for other worlds, notably from
Voyager 2 images of Triton and Cassini radar scenes
of Titan. However, good cases of ice-crusted satellite
oceans exceed the number of satellites with compelling
cases of cryovolcanism. A child’s knowledge of ice
applies… normal ice floats on water.
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ENCELADUS’ PLUMES REFLECTANCE. PARTICLE-IN-CELL MODEL PARAMETRIC STUDY. J. P.
Kotlarz1 and N. E. Zalewska2, 1Institute of Aviation, Al. Krakowska 110/114, 02-256 Warsaw, Poland,
jan.kotlarz@ilot.edu.pl, 2Institute of Aviation, Al. Krakowska 110/114, 02-256 Warsaw, Poland, natalia.zalewska@ilot.edu.pl & Space Research Center PAS, Bartycka 18A, 00-716 Warsaw, Poland.

Introduction: The mechanism that controls the
Enceladus’ cryo-volcanic eruptions is still not fully
understand. One of the most important data sources is
plume chemical composition or at least chemical signatures. I.e. chemical signatures like H2 may prove waterrock interaction between the ocean and a rocky core
[1]. Based on H2 and methane (CH4) detection in the
plumes and theoretical predicted physical parameters
of the subsurface ocean (i.e. pressure ~50 bar) we may
assume that the presence of methanogenic archaeons
like Methanothermococcus okinawensis near hydrothermal vents on Enceladus’s ocean floor is possible
[2].
In our work we are using kinetic numerical model
to describe plumes curtain forms as a result of kinetic
and thermodynamic processes a) in the ocean, b) inside
Tiger Stripes icy forms and c) over moon’s surface.
This result data we are using to model potential, small
changes in the plumes reflectance.
Methods: We applied EMMA particle-in-cell kinetic numerical code developed in Remote Sensing
Division (Institute of Aviation) to model plume curtain
form, density, and chemical composition depending on
the different geological and biological scenarios in the
ocean and rift 3D model types. Next we model interactions between plume particles and photons (UV, VIS
and NIR, 1.7 – 10.2 eV including H Lyman-α spectral
line).

Figure 1. Relative density of water particles in the
example Enceladus’ plume particle-in-cell model.
As the result we will estimate reflectance spectra according to various geological scenarios, biotic activity
and chemical composition. Also images acquisition
angles will be taken into account. The results will be
useful for spacecraft missions (i.e. proposed Enceladus
Orbiter) and continuous monitoring using telescopes on
the Earth or on the orbit.

The results will be compared with Cassini plumes
images in the following spectral filters: BL1, IR2 and
RED.

Figure 2. Original Cassini’s plumes image in RED
band (left) and the visualization of Cassini’s data preprocessed for comparison with particle-in-cell model.
References: [1] Taubner, R. S., Pappenreiter, P.,
Zwicker, J., Smrzka, D., Pruckner, C., Kolar, P., ... &
Peckmann, J. (2018). Biological methane production
under putative Enceladus-like conditions. Nature
communications, 9(1), 748. [2] Waite, J. H., Glein, C.
R., Perryman, R. S., Teolis, B. D., Magee, B. A., Miller, G., ... & Lunine, J. I. (2017). Cassini finds molecular hydrogen in the Enceladus plume: evidence for hydrothermal processes. Science, 356(6334), 155-159.
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CRYOMAGMA ASCENT ON EUROPA. Elodie Lesage1, Hélène Massol1, Frédéric Schmidt1, 1 GEOPS,
Univ. Paris-Sud, CNRS, Université Paris-Saclay, Rue du Belvédère, Bât. 504-509, 91405 Orsay, France
(elodie.lesage@@u-psud.fr)
Introduction: Europa's surface exhibits morphological features associated with a low craters density
that demonstrate a recent internal activity. In particular, the morphology of the smooth plains covering
parts of the surface (see Fig. 1), and their relationship
to the surrounding terrains suggest that they result
from viscous liquid extrusions [1]. Furthermore, recent literature explains the emplacement of liquidrelated features, such as double ridges [2], lenticulae
[3] and chaos [4] by the presence of liquid reservoirs
beneath the surface.

Fig. 1 : smooth lobate feature (Image ID: 15E0071)

The aim of this study is to define the conditions
and timing of ascent of liquid water, and whether or
not liquid water extrusion from sub-surface reservoirs
can produce the lobate features. In order to do this,
we first model the ascent of water through a dike or a
pipe-like conduit for Europa’s surface conditions and
different chamber depths and volumes. We also estimate the freezing time of the sub-surface reservoir
necessary to trigger an eruption. We consider pure
water but also briny cryomagmas. Considering available data for density and eutectic temperature of salt
impurities recently proposed for Europa [5], we discuss their effect on the cryomagma freezing time and
ascent.

Fig. 2 : Model used in this study. a) A hot liquid water
lens is at isostatic pressure P0 and depth H. b) The cryomagma freezes and the liquid is compressed from a volume Vi
to a volume Vf., generating an overpressure DP . c) The

eruption begins when the pressure reaches a critical value
and ends when the chamber is back at isostatic pressure.

Model: Based on the work by Fagents [6], we consider the following mechanism summarized in Fig. 2:
a liquid water pocket is present in the subsurface and
the cryomagma contained in the chamber freezes and
pressurizes over the time. The pressure increase generated by the cryomagma freezing is related to the
liquid volume decrease through the water compressibility χ . When the stress applied on the chamber
walls reaches a critical value, the walls break and a
fracture may propagate to the surface. The remaining
fluid flows out at the surface through a dike or a pipelike conduit. A numerical model calculates the evolution of flow velocity and chamber pressure with time.
One of the main output of the simulation is the total
volume of water extruded at the end of the eruption.
In order to approximate the necessary time for
the cryomagma to freeze to trigger an eruption, we
solve for the Stefan problem at the cryomagma chamber walls.
Results: For plausible volumes and depths varying
between 0,1km3<V<10km3 and 100m<H<10km, the
total extruded cryolava volume ranges from 105 to 108
m3, and the time scale of the eruptions varies from
few minutes to few tens of hours. The freezing timescale of the cryomagma pocket varies with the cryomagma composition: it varies between 102 to 103 years
for a pure water cryomagma and from 102 to 104 years
for a briny cryomagma. These results are in agreement with the life-time of putative liquid water lenses
[7], which varies from 103 to 105 years.
We plan to compare these results with the Galileo observations by carrying out a stereoscopic study
of some lobate features aiming at defining plausible
locations of cryovolcanic active areas on Europa.
These results could be useful for the two missions
JUICE (ESA) and Europa Clipper (NASA).
References: [1] Miyamoto, H. et al. (2005) Icarus
177 (2), 413_424. [2] Craft, Kathleen L. et al. (2016)
Icarus, 274(aug), 297_313. [3] Manga, Michael, &
Michaut, Chloé (2017) Icarus, 286(apr), 261_269. [4]
Schmidt, B. E. et al. (2011) Nature, 479 (7374),
502_505. [5] Quick, L. C. & Marsh, B. D. (2016)
JGR, 319, 66-77. [6] Fagents, S. A., (2003) JGR 108
(E12). [7] Kalousová, K. et al. (2014) JGR, 119, 532549. [8] Lesage, E. et al. submitted to Icarus (2018).
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CRYOVOLCANISM AT RHADAMANTHYS LINEA, EUROPA AND THE ROLE OF TIDAL STRESSES.
R.E. Maxwell and F. Nimmo, Dept. Earth & Planetary Sciences, University of California Santa Cruz. (remaxwell@ucsc.edu).
which could provide conduits for sub-surface water
and volatiles to erupt explosively [10,11].
Given the location of the spots at pull-apart basins,
it may not be necessary to appeal to other localization
mechanisms. Furthermore, the low viscosity of water
as compared to silicate magma likely makes the feedback mechanisms proposed less effective. Future work
will focus on investigating the tidally-driven mechanisms in more detail and incorporating other stresses
(e.g. obliquity tides, non-synchronous rotation) [12].
Rhadamanthys with Splotch Marks
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Figure 1. Image of Rhadamanthys linea showing the location of the dark spots (black circles). Here east longitude is
being used.
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Introduction: Triple bands on Europa have lowalbedo margins which may be indicative of intrusive or
explosive cryovolcanism [1]. Explosive cryovolcanism
has also been suggested as the cause of the putative
Europan plumes detected by Hubble [2]. At Rhadamanthys linea the low-albedo areas are localized, causing a distinctive pattern of spots [1]. In this work we
investigate possible causes of this localization and the
potential effects of tidal stresses.
Tidal Stresses: On Europa, the oscillating tidal
stresses can produce secular strike-slip offsets via “tidal walking” [3]. On Enceladus, tidal stresses modulate
the observed cryovolcanic plume behavior, by opening
and closing individual cracks [4,5].
Localization: On Earth, fire-fountain eruptions are
frequently observed to evolve over a timescale of
hours from curtain eruptions to localized vents [6]. The
most likely mechanism driving this localization is a
feedback between vent width and flow temperature
[6,7]. Wider vents result in less cooling, producing less
solidification and/or lower magma viscosities. Both
effects promote higher local flow rates, producing a
feedback which concentrates the flow.
Application to Rhadamanthys linea: Figure 1 is
an image of part of Rhadamanthys, showing the lowalbedo spots. The spots frequently appear at locations
where the orientation of the linea changes.
One possible explanation for this observation is
that the local tidal stresses are different at these locations. Figure 2 plots the maximum normal stresses due
to eccentricity tides at each location, using the method
of [5]. There is a weak apparent preference for spots to
appear at locations with high maximum normal stresses. If correct, this suggests that the eruption mechanism resembles that seen at Enceladus [4,5].
An alternative, and perhaps more likely, possibility
is that the spots are a consequence of the overall pattern of motion on the fault. Tidal walking is expected
to drive left-lateral motion at Rhadamanthys [3,8]. In
this case, the spots will experience trans-tension and
become pull-apart basins. Such areas would be natural
foci for cryovolcanism.
Pull-apart regions should experience shell thinning
and hence higher heat fluxes, perhaps promoting intrusive cryovolcanism. Lateral flow in the shell of Europa
is expected to be rapid at short wavelengths, unless the
shell is thin [9]. As a result, these regions will not necessarily be topographic lows. Trans-tension will also
generate tension cracks or normal faults, either of
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Figure 2. Maximum normal stresses arising from eccentricity tides calculated at each location. Units are kPa.

References: [1] Fagents, S.A. et al., Icarus 144,
54-88 (2000). [2] Roth, L. et al., Science 343, 171-174
(2014). [3] Hoppa, G. et al., Icarus 141, 287-298
(1999). [4] Hurford, T. et al. Nature 447, 292-294
(2007). [5] Nimmo, F. et al., Astron. J. 148, 46 (2014).
[6] Wylie, J.J. et al., Bull Volc. 60, 432-440 (1999). [7]
Lister, J.R. in Physics & Chemistry of Dykes, Baer &
Heimann (1995). [8] Cameron, M. et al., Fall Mtg.
AGU P53A-1833 (2013). [9] Nimmo, F. et al. Icarus
166, 21-32 (2003). [10] Crawford & Stevenson, Icarus
73, 66 (1988). [11] Nakajima & Ingersoll, Icarus 272,
309-318 (2016). [12] Rhoden et al. Icarus 253, 169178 (2015).
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HEAT GENERATING PROCESSES AND THEIR AFFECTS ON ICE AND ICE MIXTURES: ON THE
POTENTIAL ORIGINS OF CRYOVOLCANISM IN THE SOLAR SYSTEM. C. McCarthy1, 1LamontDoherty Earth Observatory (Palisades, NY mccarthy@ldeo.columbia.edu)
Introduction: Icy bodies of the solar system display a
variety of surface morphologies, a great number of
which have been attributed to cryovolcanism. Examples of ancient and/or active resurfacing posited to be
due to eruption of partially molten water ice are present on icy bodies of various sizes and orbital histories
(e.g., [1], [2], [3]). Cryovolcanism would be particularly important as a transport mechanism between liquid oceans or lenses and frigid surfaces (that can be
sampled and accessed). But there are many unknowns
about how various landforms are created and how the
plumbing systems work. I will revisit the state of
knowledge about cryovolcanism in the solar system,
including potential source mechanisms. I will provide
an overview of the compositional variations of different bodies as determined from near-infrared spectroscopy, and review how these chemical species affect the
rheological and microstructural properties of ice [e.g.
[4], [5]]. I will share data from laboratory experiments
(from my lab and others) that document heatgenerating mechanisms in both the brittle and ductile
portions of icy shells. These mechanisms are related to
tidally-forced frictional sliding on pre-existing faults
(in the brittle shallow portion) and tidal dissipation, or
attenuation, (in the ductile portion). Improved knowledge
about how partial melts as formed, and once present how
they influence the bulk material properties is important to
next generation modeling of cryovolcanic features and dynamics.

References:
[1] Kargel, J.S. (1995) Earth, Moon, and Planets,
67, 101-113. [2] Fagents, S. A. (2003) Journal of Geophysical Research 108:E12. [3] Sparks, W.B., B.E.
Schmidt, M.A. McGrath, K. P. Hand, J.R. Spencer, M.
Cracraft, and S.E. Deustua (2017), The Astrophysical
Journal Letters, 839:L18. [4] Durham, W.B., S.H.
Kirby, and L.A. Stern (1993) Journal of Geophysical
Research 98: B10. [5] McCarthy, C., R.F. Cooper, S.H.
Kirby, K.D. Rieck, and L.A. Stern (2007) American Mineralogist, 92.
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BREAKING THE BBC (BUOYANCY BARRIERS TO CRYOVOLCANISM). P. J. McGovern1 and O. L.
White2, 1Lunar and Planetary Institute, Universities Space Research Association, 3600 Bay Area Blvd., Houston,
TX 77058 (mcgovern@lpi.usra.edu), 2NASA Ames Research Center.

Introduction: The term “volcanism” refers to
transport of liquid-phase material melted in the interior
of a planet to another location, either a more elevated
location within the planet or to its surface (“eruption”).
The most voluminous manifestations of volcanism in
the inner solar system occur as partial melting of silicate mantles to produce basaltic magmas in mid-ocean
ridge and intraplate hotspot settings on Earth, and in
large igneous provinces (LIPs) on the Moon, Mars,
Venus, and Mercury. For planets with icy (generally
water ice) materials in solid-phase outer shells, including asteroids (e.g., Ceres), outer planet satellites (e.g.,
Europa, Enceladus), and Kuiper belt objects (e.g.,
Pluto, Charon), the prefix “cryo” is added to distinguish the phenomenon from the silicate-driven process.
Why So Serious? Cryovolcanism has been considered difficult to produce because of the higher density of the fluid phase relative to the solid phase. Nonetheless, arguments from observation and theory suggest that these difficulties have been exaggerated.
Arguments from Observation: Cryovolcanism is
observed in plume activity at Enceladus and Europa
[1,2]. Cryovolcanism is inferred from the presence of
potential edifice structures on Ceres (Ahuna Mons [3])
and Pluto (Wright Mons [4]) and potential lava flow
features on Europa [5], Dione [6], and Triton [7,8].
Arguments from Analogy: On planets dominated by
basaltic volcanism, major buoyancy deficits have been
overcome. The GRAIL Mission revealed that the bulk
density of the porous (impact-beaten) anorthositic lunar crust averages near 2500 kg/m3 [9]. However,
liquidus densities for mare basalt magmas range from
2800-3050 kg/m3, depending on iron and titanium
content [10]. The resulting large negative buoyancy
force did not prevent the eruption of the broad mare
basaltic provinces; such magmas can reach the surface
via a combination of mechanisms including crustal
thinning, in-mantle buoyancy, volatile generation, and
lithospheric stress gradients [11, 12]. Further, a reexamination of Mars gravity data [13] reveals a similar
low density for the bulk martian crust, and yet the
presence of immense LIPs like Tharsis, Alba, and Elysium reveals that the dense basalt flows there [e.g., 14]
were able to overcome the large negative buoyancy.
Stress-driven Magma Ascent at Pluto: We model
the filling of an impact basin underlying Sputnik Planitia on Pluto with carbon monoxide or nitrogen ice
(density 1000 kg/m3) and the subsequent flexural and
membrane responses of a water ice lithosphere via an

analytical model [15] to evaluate the potential to enhance cryomagmatism in regions surrounding the basin
(for example, Wright Mons). We calculate ascent velocity uz in a dike [16]:
uz = (1/3η) w2 (dΔσT/dz + Δρg + dΔP/dz) ( 1 )
where ΔσT is the difference of horizontal and vertical
normal stresses, Δρ is the rock-magma density contrast,
g is gravity, w is dike width and η is viscosity, and
dΔP/dz is the gradient of magmatic overpressure (neglected). The loading stresses give us the first term in
(1) which is used to calculate uz, and the first term can
be equated to the second term (buoyancy) to calculate
an “effective buoyant density” Δρefb to effectively offset the negative buoyancy inherent to cryovolcanism.
Results: Our model predict an annular zone of enhanced cryomagma ascent surrounding Sputnik Planitia, with magnitudes of effective buoyant density significantly in excess of the expected ~ -100 kg/m3
buoyancy of liquid water in water ice. The magnitudes
and locations of enhanced magma ascent regions will
depend on parameters such as lithosphere thickness
and others listed above, to be explored...

Figure 1. Ascent velocity uz vs. radius for loading of
Sputnik Planum basin (r = 550 km) with CO ice layer of
maximum 5 km thickness. Dashed lines indicate Δρefb. Model parameters tuned to produce uz comparable to estimated
plume velocities at Enceladus [1].
References: [1] Hansen C. J. et al. (2006) Science, 311,
1422-1425. [2] Roth L. et al. (2014) Science, 343, 171-174.
[3] Ruesch O. et al. (2016) Science, 353, 4286. [4] Moore J.
M. et al. (2016) Science, 351, 1284-1293. [5] Fagents S. A.
(2003) JGR, 108, 5139. [6] Schenk P. M. and Moore J. M.
(2009) LPSC XL, Abstract #2465. [7] Kargel J.S. and Strom
R.G. (1990) LPSC XXI, 599-600. [8] Croft S. K. (1990)
LPSC XXI, 246-247. [9] Wieczorek M. A. et al. (2013) Science, 339, 671-675. [10] Wieczorek M. A. et al. (2001)
EPSL, 185, 71-83. [11] Wilson L. and Head J. W. (2017)
Icarus, 283, 146-175. [12] McGovern et al. (2014) LPS XLV,
Abstract #2771. [13] Goossens S. et al. (2017) GRL, 44,
7686-7694. [14] McGovern P. J. et al. (2004), JGR, 109,
doi:10.1029/2004JE002286. [15] Brotchie J. F. and Sylvester
R. (1969) JGR, 74, 5240. [16] Rubin A. M. (1995) Annu.
Rev. Earth Planet. Sci., 23, 287.
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VULCAN PLANITIA, TYPE EXAMPLE OF OUTER SOLAR SYSTEM AMMONIA-WATER
CRYOVOLCANISM. William B. McKinnon1, R.A. Beyer2,3, P.M. Schenk4, S.J. Robbins5, J.M. Moore2, K.N.
Singer5, O.L. White2, J.R. Spencer5, J.C. Cook5, W.M. Grundy6, D.P Cruikshank2, H.A. Weaver7, L.A. Young2, C.B.
Olkin2, S.A. Stern2, New Horizons Geology, Geophysics & Imaging Theme Team, New Horizons Composition
Theme Team. 1Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences, Washington University in St. Louis, Saint Louis, MO 63130 (mckinnon@wustl.edu), 2NASA Ames Research Center,
Mountain View CA, 3SETI Institute, Mountain View CA, 4Lunar and Planetary Institute, Houston TX, 5Southwest
Research Institute, Boulder CO, 6Lowell Observatory, Flagstaff AZ, 7Johns Hopkins Univ. Applied Physics Laboratory, Laurel MD.
Introduction: On Charon, Vulcan Planitia (VP) forms
a broad contiguous undulating plain south of the more
rugged and tectonically disrupted Oz Terra (both of
these names being informal). Whereas the southern
margin of this plain extends to the terminator, the
northern margin is well observed. Though scarred by
pitting and curvilinear ridges, troughs and fractures,
VP is relatively contiguous and devoid of major tectonic disruptions, at least compared with Oz Terra [14]. Convex marginal scarps 1-3 km high form a nearly
contiguous “moat” or trough along the outer margin of
VP; with the side along the northern terrains being
higher in elevation by a kilometer or so. Similar moats
surround the isolated mountains that rise 3-6 km high
in scattered locations of eastern VP. This marginal
relief suggests that the materials that resurfaced the
plains were relatively viscous and resisted outward
flow, forming an outer rampart [1]. Liquid-solid
NH3/H2O mixtures have substantially higher viscosities than water or ammonia-water alone and could satisfy these constraints. Moreover, ground-based and
New Horizons identification of NH3 in Charon’s optical surface [5,6] indicate that VP is the long-sought
(and best) evidence for ammonia-water cryovolcanism
in the outer solar system.

Fig. 1. Stereo Topography of Charon, from [3]. A typical profile is shown across Oz Terra and the boundary
with Vulcan Planitia (lower-lying and thus not a planum)
to the south. Cryovolcanic fill is apparently ~2-km thick,
unless moats at northern and western margins are flexural.

Cryovolcanic Eruption Model: In [3,4] we argue that
VP could be explained by stoping, in which lithospheric blocks, disrupted by strong extensional stress, might
sink into a less dense (NH3-rich), residual internal
ocean. Given numerous mechanical and other obstacles, here we address the alternative: traditional cryovolcanic eruption, into a broad (impact?) basin. The
absence of a clear vent or feeder dike system is not a
major issue, as the same can be said of the Moon,
where it took very-high-resolution gravity to reveal the
volcanic plumbing of the maria [7]; however, the surface swells that form convex sinuous depressions ~100
-km long, in southwest VP, could mark an eruptive
center, if late-stage cryomagmas were withdrawn [8].
Voluminous (i.e., flood) eruptions of cryomagmas
are to be expected on midsize ice satellites, when they
do occur, due to the low driving stresses due to buoyancy (low gravity) [9]. Charon may or may not have
undergone extensive, giant-impact induced melting of
its ices, but an ocean earlier in geologic time is plausible [10], and is a natural location for NH3 to be sequestered. Even if non-buoyant compared with the porous
icy lithosphere above, internal pressurization [11] may
have led to the eruption of VP cryomagmas.
We estimate that Charon should have accreted sufficient nitrogen to explain such an extensive cryovolcanic unit as VP. E.g., a 400,000 km2 plains unit 2-km
thick and of ~dihydrate composition would require a
bulk NH3 abundance of ~2 × 10–4, ~20 times less than
Charon’s likely accreted NH3-ice [12,13]. Sequesteration in a global residual ocean of dihydrate composition (32 wt% NH3) would only yield an ~15-km thick
basal layer, however, unless there is another source of
NH3 (i.e., core organics) or other substances (salts,
methanol) are involved [13].
References: [1] Moore J.M. et al. (2016) Science 351, 1284–
1293. [2] Beyer R.A. et al. (2017) Icarus 87, 161–174. [3]
Schenk P.M. et al. (2018) Icarus, in press. [4] Beyer R.A. et
al. (2018) Icarus, submitted. [5] Grundy W.M. et al. (2016)
Science 351, 10.1126/science.aad9189. [6] Dalle Ore et al.
(2018), Icarus 300, 21–32. [7] Andrews-Hanna J.C. et al.
(2014) Nature 514, 68–71. [8] Robbins S.J. et al. (2018) JGR
Planets, submitted. [9] Stevenson D.J. (1982) Nature 298,
22–24. [10] Bierson C.J. et al. (2018) Icarus 309, 207–219.
[11] Manga M. & Wang C.Y. (2007) GRL 34, L07202. [12]
McKinnon W.B. et al. (2017) Icarus 287, 2–11. [13] McKinnon W.B. et al. (2008) in TSSBN, Univ. Ariz. Press, 213-241.
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ERUPTION STYLE SENSITIVITY TO CRYOMAGMA-VOLATILE COUPLING IN CONDUITS ON
ENCELADUS AND OTHER OCEAN WORLDS. K. L. Mitchell1, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109-8099. (Karl.L.Mitchell@jpl.nasa.gov).
Introduction: The discovery and characterization
of cryovolcanic plumes on Enceladus presents us with
an opportunity to gain insight into a process that
might be fundamental to various ocean worlds, and
play a critical role in connecting potentially habitable
zones (subsurface oceans) to surface environments.
However, if we are to use cryovolcanic plumes to
study these potentially habitable environments it is
critical to understand the extent to which the plumes
sample them, which depends on the transport process.
Previous studies have described ascent and eruption on Enceladus in which a liquid-gas water interface exists within a conduit system, either at isostatic
depths [1] or closer to the ocean ice-shell interface
[2], feeding vapor into the plume via boiling. However, under those circumstances the static pressure at
this interface should be low, in which case dissolved
volatiles would effervesce and grow throughout the
conduit. This should lead to either: (1) work done by
expanding bubbles to the liquid if they remain dynamically coupled, leading to continuum flow and explosive eruption analogous to fire fountaining on Earth or
Io; or (2) non-H2O volatile phases decoupling from
the liquid, and either lost diffusively through walls
leading to fumarolic activity or bubbles accumulating
and lead to a non-steady eruption, leading to enrichment of non-H2O components, potentially analogous
to strombolian style activity [3]. Whether decoupling
of volatile gases and liquid magma occurs depends
primarily directly on bubble growth characteristics
and rise speeds, and indirectly on the evolution of the
conduit system.
The role of (super)saturated volatiles in determining eruption style on Enceladus: Cassini revealed volatile concentrations in Enceladus’ plume
[4]. H2 alone (0.4-1.4%) stands out as likely supersaturated relative to ocean saturation of 0.3-0.6% (assuming Henry’s Law, 8 x 10-4 mol kg-1 bar-1, 20-30 km
ocean depth and excess pressure of 0-1 MPa [5]. This
(super-)saturated situation lends itself to analogy with
terrestrial silicate volcanism, in which CO2 concentrations often exceed magma reservoir solubilities, in
which much of the degassing occurs pre-eruptively
(often diffusively), with bubbles nucleating throughout the conduit, usually establishing continuum flow
if conduits are near-vertical. Remaining magmatic
CO2 fractions tend to approximate saturation solubilities at the magma source plus supersaturation overpressure (typically a few MPa for silicates if nucleation sites exist [3]; likely far less for water).

Stokes’ flow describes the buoyant motions of at
least smaller bubbles, and so it is clear that the lower
viscosity of water than silicate magmas will tend to
lead to faster bubble migration and a greater likelihood of dynamic decoupling. However, another relevant analogy can be drawn with the 1986 eruption of
Lake Nyos, in which supersaturated CO2 ascending
from the lake base (~2 MPa) to shallower depths,
causing a devastating limnic eruption of CO2 gas and
water droplets [6]. The implication is that, even a
non-continuum starting point is invoked, then ascending supersaturated water will tend to establish continuum flow easily even on Earth. Also note that Enceladus’ lower gravity should, according to Stokes’ law,
suppress bubble migration rates by up to about two
orders of magnitude, enhancing dynamic coupling.
Conclusions: Ocean-saturated H2 likely results in
dynamically coupled cryovolcanic activity, analogous
to basaltic fire-fountaining on Earth and Io. In the
context of negatively buoyant water within an ice
shell, this may critically enable ascent and eruption.
Given observed plume and jet longevity [7], quasisteady multi-phase solutions of the Navier-Stokes
equation may best describe eruption dynamics, with
gradual evolution towards a series of tubes with nozzles. The high observed H2O vapor fractions [8] can
be explained as a result of enhanced sublimation due
to elevated temperatures in close proximity to the
tiger stripes [9]. Freezing of H2O in the conduit is
largely mitigated due to retardation of ascent velocities below the Mach shock, as work done by expanding bubbles is converted back into heat. If correct,
eruptive compositions broadly representative of ocean
composition are predicted, with a superimposed sublimated water vapor plume. It is unclear whether sufficient dissolved volatiles exist to fuel coupled ascent
in a similar manner from the higher pressure oceans of
larger ocean worlds.
References: [1] Kite E. S. & Rubin A. M. (2016)
PNAS, 113, 3972; [2] Postberg F. et al. (2009) Nature,
459, 1098; [3] Gonnerman H. M & Manga M. (2012) In
Fagents et al., CUP; [4] Waite J. H. et al. (2017) Science,
356, 155; [5] Manga M. and Wang C.-Y. (2007) GRL,
34, L07202; [6] Zhang Y. and Kling G. W. (2006)
AREPS, 34, 293; [7] Porco C. et al. (2014) Astron. J.,
148, 45; [8] Ingersoll A. P. & Ewald S. P. (2011) Icarus,
216, 492; [9] Goguen J. D. et al. (2013) Icarus, 226,
1128.
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CRYOVOLCANISM ON TITAN. K. L. Mitchell and R. M. C. Lopes, Jet Propulsion Laboratory, California
Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109-8099. (Karl.L.Mitchell@jpl.nasa.gov).
Abstract: In the context of ocean worlds, cryovolcanism is a process in which heat is released from
an icy world’s interior by mass transit and eruption of
a materials sourced primarily from the ocean, via a
conduit or opening [1]. Cryovolcanism has been widely conjectured in some form on Saturn’s moon, Titan,
since the 1970s [2]. A strong argument in favour of
recent activity is the make-up of Titan’s thick atmosphere. Methane concentrations, as well as isotope and
noble gas concentrations measured by the Huygens
GCMS [3], imply geologically recent or on-going
outgassing, most likely from a reservoir that contains
both methane and argon [4], which is challenging to
account for from a single crustal reservoir. It is easiest
to explain by mass transport from a subsurface ocean
[5], the presence of which has been confirmed by
analysis of radio science gravity measurements [6].
However, despite thirteen years of observations,
cryovolcanism on Titan remains controversial. Cassini
failed to produce definitive evidence, leading to the
suggestion that it may not occur at all [7]. Here, we
review the evidence in the context of anticipated
eruption styles, and discuss challenges in building a
case and consensus as to whether or not Titan is a
cryovolcanic world.
What should cryovolcanism look like?: Titan’s
thick atmosphere should suppress explosivity, and in
the context of the relatively high viscosity of ammonia-water [8] we might expect morphologies similar to
low viscosity basaltic volcanism on Earth, with flows
and domes [8, 9]. Getting water to ascend through an
icy shell is challenging, and Rayleigh-Taylor-like
plumes at the base of the ice shell can be ruled out,
which makes hot-spot-like magma chambers and calderas unlikely [10]. Direct ascent through the thick
(<100 km [7]) ice shell may occur if the shell can
accommodate rapid (brittle) dike propagation [11], in
which case eruptions from elongate sources seems
likely; In this case we would anticipative massive
eruptive volumes, due to direct connection with a
widespread reservoir (the ocean) that would not easily
depressurize and cause activity to cease.
If indeed cryovolcanism has occurred on Titan,
then it may be difficult to identify. Titan’s thick obfuscating atmosphere limits determination of surface
unit compositions on the basis of spectroscopy, and
microwave radiometry suggests that water exposures
are relatively rare and primarily associated with relatively fresh impacts. Furthermore, in the context of
possible periodic activity [12], cryovolcanic landforms may be buried or otherwise obscured by more

active and recent processes: sedimentary, aeolian,
hydrological and karstic.
Evidence for cryovolcanism: In the light of these
limited data, we propose that, short of direct observation of ongoing activity, the case for cryovolcanism
must be made abductively, employing multiple lines
of evidence, primarily morphological, enhanced by
topography and the relatively crude spectroscopy and
photometry when possible. Initial interpretations of
cryovolcanic landforms on the basis of inductive
comparative morphology [13] have been rejected
thanks to improved (mostly topographic) data [7, 14].
Polar lake basins, interpreted as calderas or maars
with eruptive positive relief annuli [15], would require an unusual geophysical context, and in the polar
context we prefer a karstic interpretation [16]. Some
landforms such as Hotei Regio [14] are harder to dismiss, but are rare and their morphologies are inconsistent. Of these, the Sotra region [14] is arguably the
strongest candidate, including a massive pit (Sotra
Patera), flow-like features (Mohini Fluctus), and unusually high mountains (Doom and Erebor Montes).
However, as well as being unique, the deep pit is difficult to rationalize with the discussed buoyancy issues and probable lack of caldera-forming processes.
Conclusion: Interpretation of Cassini data has
been insufficient to demonstrate conclusively whether
Titan is, or ever has been, cryovolcanically active.
We propose that a new mission will probably be required to resolve the controversy.
References: [1] Lopes, R.M.C. et al. (2010) Geol.
Soc. Am. Spec. Paper 470, 11-30; [2] Lewis, J. S. (1972)
Icarus 16, 241-252; Croft, S. K. et al. (1988) Icarus 73,
279-293; [3] Niemann, H. B. et al. (2005) Nature 438,
779-784; [4] Tobie, G. et al. (2009) PTRS-A 367, 617631; [5] Stevenson, D. J. (1992) in Proc. Symp. Titan, pp.
2933; [6] Iess, L. et al. (2012) Science 337, 457-459;
[7] Moore, J. M. and Pappalardo, R. T. (2011) Icarus
212, 790-806; [8] Kargel, J. S. et al. (1991) Icarus 100,
556-574; [9] Lorenz, R. D. (1996) Planet. Space Sci. 44,
1021-1028; [10] Head, J. W. and Wilson, L. (1992) JGR
97, 3877-3903; [11] Mitri et al. (2008) Icarus 196, 216224; [12] Tobie G. et al. (2006) Nature 440, 61-64; [13]
Sotin, C. et al. (2005) Nature 435, 786-789; Elachi, C. et
al. (2005) Science 308, 970-974; Lopes, R. M. C. et al.
(2007) Icarus 186, 395-412; [14] Lopes R. M. C. et al.
(2013) JGR 118, 416-435; [15] Wood, C. A. et al. (2007)
LPS XXXVIII, Abstract #1454; [16] Mitchell, K. L. et al.
(2008) LPS XXXIX, Abstract #2170.
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RHEOLOGICAL INVESTIGATION OF CRYOVOLCANIC SLURRIES. Aaron A.
Morrison1, Alan G. Whittington1, Fang Zhong2, Karl L. Mitchell2, and Elizabeth M. Carey2,
1
Department of Geological Sciences, University of Missouri, 2National Aeronautics and Space
Administration, Jet Propulsion Laboratory. (aamgz8@mail.missouri.edu)

log η (Pa s)

Abstract: Cryovolcanic processes have been considered theoretically for decades but with few
experimental studies providing supporting data over a narrow compositional range. The rheology
of these materials is fundamental in determining how cryovolcanic features are emplaced and the
morphologies that result. We will attempt to address this knowledge gap by conducting a
rheological investigation of briny crystal-liquid suspensions likely to be erupted on icy bodies. The
few previous studies measuring subliquidus viscosity are plotted in Figure 1. Brine compositions
can form due to either fractionation or melt segregation (enhanced by a very low viscosity carrier
fluid) from an ammonia-water/ice source which could then be erupted creating a dome or flow
feature. Potential cryogenic compositions span a similar viscosity range to that of silicate lavas.
Many bodies exhibit flow features/constructs and a defined rheology will allow inferences about
possible compositions based on observed morphology. This would be particularly useful on
bodies, like Titan, Triton, or Pluto, that have atmospheres or geysers that can cover other features
in (methane) frost or ejecta complicating spectral analysis of the feature itself. Understanding how
these materials move, deform, and evolve upon crystallizing will help constrain what
morphological features can form by various compositions. The rheological data will allow
comparisons to terrestrial silicates and determinations of how similar the two materials behave. If
they are, in fact, analogous to silicate systems (in terms of viscosity, flow index, yield strength,
etc.), are they formed and emplaced by the same mechanisms and processes further strengthening
their link? And if not, what factors are
4
contributing to the difference? Determining
Subliquidus
NH3-CH3OH-H2O
Basalts
rheologies of these cryogenic materials
Peritectic Liquid
3
should allow us to answer these questions.
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TERRESTRIAL MAGMA DYNAMICS AS AN ANALOG FOR CRYOMAGMA TRANSPORT ON ICY
WOLRDS. Lynnae C. Quick1 and Bruce. D. Marsh2, 1Center for Earth and Planetary Studies, National Air and Space
Museum, Smithsonian Institution, Washington, DC 20560, QuickL@si.edu 2Johns Hopkins University, Department
of Earth and Planetary Sciences, Baltimore, MD 21218.
Introduction: The basic characteristics of silicate
magma ensure that volcanism on Earth and other
terrestrial planets is frequent and multifaceted. These
basic characteristics include: (i) magmatic superheating
during ascent (ii) the presence of a substantial subliquidus “mush”, which can extrude onto the surface as
lava (Fig. 1) (iii) positive buoyancy with respect to the
country rock through which it must ascend [1-3]. In the
case of cryomagma, the addition of low-eutectic
contaminants such as NH3, H2SO4, and salts to pure
water is required for the formation of sub-liquidus mush
zones [3-6] (Fig. 1). In addition, owing to their negative
buoyancy with respect to the crusts through which they
must ascend, cryomagma must undergo processes such
as
volatile
exsolution,
diapir-induced
brine
mobilization, or overpressurization in order to
successfully reach the surfaces of icy worlds [7-9]. In an
effort to determine the extent to which terrestrial
magmatic transport is a suitable analog for
cryomagmatic transport on icy worlds, we review the
associated modes of magma transport in terrestrial
systems.
Transport Mechanisms: The principal modes of
magma transport on Earth are diapiric ascent, diking,
and ascent in vertical, pipe-like conduits [1-2]. The
velocity of an ascending diapir is determined by its
ability to warm and soften adjacent wall rock on its way
to the surface [2]. Once a diapir has melted its way to
the surface, successive generations of diapirs may use
this path for millions of years afterwards [1-2] (Fig. 2).
Owing to a small surface area to volume ratio, diapirs
are efficient at retaining heat. However their slow
movement, on the order of 10-9-10-6 m/s [1, 3], may
prevent them from reaching the surface before
crystallization. Conversely, the large surface area to
volume ratio of dikes requires relatively rapid
propagation, on the order of 10-3-1 m/s, to prevent
freezing of the fluid within prior to reaching the surface
[1, 3]. Pipe-like conduits form when rapidly ascending
magmas melt and/or remove dike walls [10-11]. As the
surface area to volume ratio of cylindrical conduits is
intermediate between that of diapirs and dikes, fluids
within must ascend at rates on the order of 10-7-10-6 m/s
to arrive at Earth’s surface in a molten state and
facilitate volcanism [1, 3].
Implications for Cryomagma Transport: The
aforementioned mechanisms have been considered as
modes of cryomagma transport on bodies such as
Europa and Ceres [3, 6, 12-13]. While many features

imaged on these worlds support the possibility of diking
and diapirism in the geologically recent past (e.g., [6,
13-15]), the frequency within which these modes of
fluid transport operate is unknown. Moreover, it
remains to be seen whether or not the subsurface
structures of the icy worlds in our solar system can
support the development of cryomagmatic plumbing
systems similar to the intricate magmatic plumbing
systems on Earth. Notwithstanding, we will present
scenarios for the transport of cryomagmatic fluids via
the aforementioned mechanisms, and hope to generate
discussion concerning the likelihood, and plausible
rates of occurrence, of these processes on icy worlds.

Fig. 1. Pressure-temperature diagrams for silicate magma
and cryomagma. Figure from [3].
Fig. 2. Diapirs may travel to
the surfaces of icy worlds via
insulated crustal paths that
were “melted away” by
previous
generations
of
diapirs. Figure from [12].
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A CLOSER LOOK AT GALILEO PHOTOPOLARIMETER-RADIOMETER (PPR) DATA FROM A
POSSIBLE PLUME SOURCE NORTH OF PWYLL, EUROPA. J. A. Rathbun1, and J. R. Spencer2, 1Planetary
Science Institute (1700 E. Fort Lowell, Tucson, AZ 85719 rathbun@psi.edu), 2Southwest Research Institute (1050
Walnut Street, Suite 300, Boulder, CO 80302, USA).

Introduction:
Two different observing techniques, both employing the Hubble Space Telescope,
have found evidence for plumes just off Europa’s limb
[1-2]. More recent observations using the Jovian transit technique [3] determined that one location was the
source of two separate detections: just north of the
impact crater Pwyll at ~275 W, -16 S, a region we informally call North Pwyll. This source was detected
on March 17, 2014 and February 22, 2016. Coinciding
with this source is a broad thermal anomaly observed
by the Galileo Photopolarimeter-Radiometer (PPR)
during the Europan night [3-4]. [5] determined detection limits for the PPR observations and found that a
100 km2 hotspot in the vicinity of North Pwyll would
have been detected if it had a temperature above about
200 K.
[6] used PPR data to match a diurnal thermal model. They found N. Pwyll to have an albedo of ~0.5 and
an abnormally high thermal inertia of ~140 in MKS
units. [7] observed Europa using the Atacama Large
Millimeter Array (ALMA). They found that the N.
Pwyll region was cooler than its surroundings during
the daytime. Using the best PPR nighttime observation
and their ALMA observation, they fit a thermal model
with an albedo of 0.59 and a thermal inertia of 140
MKS, consistent with [6].
Additional PPR data: In addition to the nighttime
PPR observation of N. Pwyll [3-4] used by [7], there
were 3 PPR observations obtained in min-morning, but
they are noisier (temperature uncertainty of 7-9 K instead of ~2K in the nighttime observation). Those
observations were used by [6] and here we combine all
of the PPR observations of N. Pwyll with the ALMA
observation.
Thermal model fits: We use the model of [8] that
has been previously used by [5-6]. This model accounts for solar heating (which varies by observation),
subsurface conduction and emitted radiation. We
begin by assuming the emissivity of Europa’s surface
is the same across the spectrum. When we use an
emissivity of 0.8, albedo of 0.59, and thermal inertia of
140 MKS (values used by [7]), we find that, while the
diurnal curve matches the nighttime PPR point and the
daytime ALMA point, it underestimates the midmorning PPR observations.
An emissivity of 0.7 is able to better match the observations, but the resulting albedos (~0.45) are too
low for the bright region surrounding Pwyll impact

crater. We also made thermal model fits using different emissivities at PPR (~27.5 µm) and ALMA (1.3
mm) wavelengths. We set the PPR emissivity to either
0.9 or 1.0 and found the best match in each case. Our
preferred model has emissivities of 0.9 at PPR wavelengths, which matches the Voyager value [9]. The
best fit values for ALMA wavelength emissivity (0.8),
albedo (0.54) and thermal inertia (133 MKS) are similar to the values in [6-7]. Reduced emissivities in the
sub-mm have been reported for other bodies, such as
KBOs [10].
Discussion: Fitting a simple surface thermal model to all these data may not be appropriate as they were
obtained at wavelengths which may be probing to different depths. Additionally, at the size of the observation footprints (50-150 km in radius), the surface is
unlikely to be uniform in surface temperature, so the
different wavelengths will measure different brightness
temperatures depending on the actual combination of
surface temperatures within the field of view.
Temporal variability in surface properties also cannot be ruled out. A hotspot 200 K and 10 km in diameter could easily be hiding in each of the observations. Furthermore, such a hotspot, depending on formation mechanism, can cool dramatically in the 600
days between PPR observations and can completely
disappear in the nearly 20 years between PPR and
ALMA observations [11].
References: [1] Roth, L. et al. (2014) Science, 343,
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HEAT PIPE EFFECTS ON ENCELADUS’ SOUTH POLAR TERRAIN AND THE IMPLICATIONS FOR
REGIONAL HEATING AND ERUPTION ACTIVITY. S. E. H. Sakimoto1,2 and T. K. P. Gregg2, 1Space Science Institute, 4750 Walnut St # 205, Boulder, CO 80301, susansakimoto@gmail.com, 2Department of Geology,
University at Buffalo, 126 Cooke Hall, Buffalo, NY 14260, tgregg@buffalo.edu.
Introduction: Enceladus has long been suspected
to be geologically active. Earth-based telescopic infrared spectra of Enceladus [1] showed nearly pure water
ice. Additionally, Enceladus is within and the source
for Saturn’s diffuse E ring [2,3]. Finally, Voyager observations of its high albedo and of sparsely cratered
terrains [4,5] all provided evidence of geologically
recent activity. The 2005 Cassini flyby confirmed current and ongoing endogenic activity in the South Polar
Terrain (SPT) [6,7] emanating from “Tiger Stripe”
fractures. Later flybys generated additional data.
Water vapor and ice grains dominate Enceladus’
plume activity. [6-13]. However, molecular hydrogen
was also detected in the 2015 Cassini fly-through of
the plume, suggesting that the water source hydrothermally reacts with rocks [13], and originates below
the icy crust at the rock-water interface. Enceladus’
plume varies in intensity with the moon’ orbital position, suggesting that a tidal mechanism is driving the
activity [14-16], as the cracks cycle through compressive, shear, and tensile stress regimes every orbital
period (33 hrs)[15]. While a sub-crustal global ocean
layer has been proposed [e.g. 17], a regional ocean is
more easily maintained with tidal heating [18,19].
Motivation and Objective: There are numerous
models for the origin and attributes of the plumes [e.g.
20-22], and their source cracks [e.g. 23-24]. Here, we
instead consider the thermal effects of plume materials
passing through the icy layer. Heat pipes are conduits
that transfer heat and material from the base of the
lithosphere to the surface. In early terrestrial and planetary volcanic regions [25, 26], repeated passage yields
localized thermal and structural weakness zones that
favor additional eruptions through the same plumbing
(or crack) system, leaving more distant crustal areas
relatively cold and thick. Thus, the heat-pipe mechanism promotes long-duration resurfacing and a thick
cold crust. Understanding this process for Enceladus
will yield insights on the SPT thermal evolution, global
cooling, and plume material generation and transport.
Observations, Constraints and Approach:
The base of the icy crust is in contact with and
therefore in thermal equilibrium with the ocean, and
thus at the water-ice melting point (273K) [18]. We
assume salt-water filled cracks [24, 27], consistent
with Composite Infrared Spectrometer (CIRS) data
showing low power thermal output on either side of the
vents and high power directly at the vents [24]. Farfield and between-fracture surface temperatures are

assumed to be 68K [7, 29]. Within Sulci, the observed
maximum temperature is 197K [29]. Prior work on
vent constraints suggests that cracks >1m wide and
salinities of >20g/kg are necessary to bring water nearsurface without freezing [23,24]. We specify flow rates
to match modeled vent velocity and flow rate ranges
[22,24]. Sulci spacing is 30-40 km, with crust thicknesses of 15-40 km [30]. We use a 2-D model perpendicular to the SPT Tiger Stripes that includes body
curvature. We employed the computational fluid dynamics (CFD) finite-element code COMSOL Multiphysics 5.3a. to solve the coupled time-dependent
(multi-eruption pulse) thermal and Navier-Stokes.
Results and Discussion: We find that while there
is sufficient heat transfer with repeated eruptions to
warm immediate crack walls, it does not tend to propagate far enough to ensure significant regional elevated
temperatures. The wall warming is likely sufficient to
maintain each Sulci locale as thermo-mechanical weak
zones that will be preferential paths for subsequent
cracking and material ascent. Additionally, it may enable minor shifts of the cracking and ascent paths.
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CANDIDATE (CRYO)VOLCANIC FEATURES IN THE OUTER SOLAR SYSTEM: OBSERVATIONAL
CONSTRAINTS. P. Schenk and L. Prockter, Lunar & Planetary Institute, Houston TX (schenk@lpi.usra.edu).
Introduction: Volcanic resurfacing is a key geologic indicator of heat within planetary bodies, due to the
requirements of melting and mobilizing crustal and mantle materials. With the survey of major bodies of the Solar System complete, except for unobserved areas and
remaining large KBOs, we reexamine the sometimes
controversial record of (cryo)volcanic features on icerich bodies, with the objective of classifying features by
type and likelihood of origin, including an assessment of
morphologic and topographic constraints on formation.
Jovian Satellites: Voyager observed extensive
bands of higher albedo resurfaced terrains on Ganymede inferred to be resurfaced by liquid water lavas
[1]. Galileo’s higher resolution observations indicate
pervasive block faulting in many areas leading to the
alternative hypothesis of tectonic resurfacing [2]. Limited topographic mapping indicates some bright bands
are depressed, more in keeping with volcanic flooding
[3], perhaps triggered by pressure-release melting [3]
and indicating that Ganymede was warm enough to
mobilize water at some time. Associated irregular caldera-like walled depressions are interpreted as latestage volatile-rich eruptions [3]. Galileo’s limited highresolution sampling of Europa revealed surprisingly few
examples of overt volcanism, although there are lowalbedo smooth plains surrounding some chaos features
[e.g., 4], as well as diffuse surface deposits alongside
some major double ridges and lenticular domes [5].
Much of Europa’s resurfacing appears to be dominated
by solid-state vertical mobility in the form of diapiric
intrusions [6]. Definitive interpretations of ridges and
other structures, and an understanding of processes in the
ice shell, are required to definitively characterize
(cryo)volcanic features on this moon.
Mid-sized Icy Moons: Voyager observed limited
evidence for volcanism at Saturn [7]. Aside from venting at Enceladus, Cassini mapped smooth plains on
Dione as hemispheric in scale and centered on two
irregular walled depression reminiscent of those on
Ganymede and supporting volcanic interpretations [8].
New materials in Elsinore Corona on Miranda take the
form of narrow parallel 500-m high ridges that have
been interpreted as linear extrusions of viscous icy
materials [9]. Similarly, smooth-floored down-dropped
graben on Ariel may indicate viscous resurfacing [9].
Ammonia-hydrate mixtures were proposed based on
inferred higher flow viscosities and compositional
complexity with distant from the Sun. Double ridge
‘tiger stripes’ lead to comparison with ridges on Miranda & Triton as possible eruption sources and especially Europa, given the dark coloration and flanking

smooth deposits of younger ridges. Low-lying resurfaced plains of Vulcan Planum of Charon could be due
to (cryo)volcanism or the foundering of crustal blocks
and replacement by ‘mantle’ materials [10].
Triton & Pluto: Voyager at Triton revealed the most
explicitly volcanic terrains in the Outer Solar System, a
600-km-wide low volcanic plain of unknown composition scarred by pit chains and an 80-km wide caldera,
Leviathan Patera [11], all reminiscent of low-viscosity
volcanics such as the basaltic Snake River or Kilauea
sites. Unresolved is the solar vs. geothermal origins of
Triton’s geysers. Observed Plutonian volcanism is very
different, restricted to a low plain populated by scarpwalled depressions and the 3-6 kilometer-high edifices
Wright and Piccard Mons [12]. Composition and emplacement on Pluto remain unclear but could be due to
overlapping domical extrusions.
Ceres: Mobility of ice or salt-rich phases was postulated on Ceres but overt evidence is limited. Ahuna
Mons (and similar) domes are likely viscous extrusion
[13]. The preferred though unconfirmed interpretation
of the dome in the central pit of Occator crater [14] is
that of a laccolithic subsurface intrusion that uplifted
and fractured the surface of the carbonate coated pit.
Outstanding Questions: There is a rich variety
and complexity of (cryo)volcanic landforms on icy
bodies, perhaps related to composition. Key unresolved issues are the timing of resurfacing events and
links to tidal/thermal evolution, and the paucity of constraints on the compositions of any of these materials
and their rheology during extrusion. Return with advanced instruments is required.
References: [1] Shoemaker, E. et al. (1982) in Satellites of Jupiter, U. Ariz. Press. [2] Pappalardo, R. et
al. (2004) in Jupiter, Camb. U. Press. [3] Schenk, P. &
W. McKinnon (2001) Nature, 410, 57; Showman, A. et
al. (2004) Icarus, 172, 625. [4] Prockter, L. & P.
Schenk (2005), Icarus, 177, 305. [5] Fagents, S. (2003)
J. Geophys. Res., 108, 5139. [6] Greeley, R. et al.
(2004) in Jupiter, Camb. U. Press. [7] Morrison, D., et
al. (1986) in Satellites, U. Ariz. Press. [8] Schenk, P. et
al. (2018) in Enceladus and the Icy Moons of Saturn,
U. Ariz. Press. [9] Jankowski, D. & S. Squyres (1988)
Science, 241, 1322; Schenk, P. (1991) J. Geophys. Res.
96, 1887. [10] Schenk, P. et al. (2018) Icarus, in press;
Beyer, R. et al. (2018) this meeting. [11] Croft, S. et al.
(1995) in Neptune and Triton, U. Ariz. Press. [12]
Moore, J. et al. (2016) Science, 351, 1284; Singer, K.
et al. (2018) this meeting. [13] Ruesch, O. et al. (2016)
Science, 353, 1005. [14] Quick, L. et al. (2018), Icarus,
in press; Schenk, P. et al., (2018) Icarus, in press.
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PHASE BEHAVIOUR OF METHANE HYDRATE UNDER CONDITIONS RELEVANT TO TITAN’S
INTERIOR. G. Sclater1, A. D. Fortes2 and I. A. Crawford1, Department of Earth & Planetary Sciences, Birkbeck,
University of London, Malet Street, Bloomsbury, London WC1E 7HX (kscla01@mail.bbk.ac.uk), ISIS Facility,
STFC Rutherford Appleton Laboratory, Harwell Science and Innovation Campus, Chilton, Oxfordshire )X11 0QX,
UK (dominic.fortes@stfc.ac.uk).

Introduction: Clathrate hydrates are common on
the Earth and are also thought to be abundant in the
outer Solar System [1-2].Clathrates have been extensively studied in the range 0 – 80 GPa, principally at
ambient temperatures [3]; however, the behaviour of
methane clathrate at pressures and temperatures though
to reflect the interior of the larger icy satellites (i.e.,
close to their dissociation point) have not been examined in detail and there are some outstanding questions.
High-pressure behaviour underpins planetary modelling efforts; for example, the behaviour of methane
hydrate in the ranges 0 – 5 GPa and 100 – 500 K is
crucial to models of Saturn’s largest moon, Titan,
where clathrates are hypothesised to be the source of
the dense N2, CH4 atmosphere [4]. To address these,
we carried out a series of experiments using the
PEARL high-pressure neutron diffraction instrument at
the ISIS facility of the STFC Rutherford Appleton laboratory near Oxford, UK. This contribution presents
the results of our findings.
Experimental Method: Methane clathrate (deuterated so as to satisfy the requirements of the neutron
scattering measurements) was prepared in a steel pressure vessel by exposing frozen D2O powder to ~ 122
bar of CD4 gas at −10°C for five months. Once sealed
under load, the sample was loaded into a null-scattering
gasket of a Paris-Edinburgh press, and subsequently
transferred into its loading cradle and hoisted into position in the PEARL beamline. The sample was subjected to increasing loads firstly at room temperature and
in subsequent loadings at elevated temperatures, approaching 400 K. The diffraction data obtained were
exported as GSAS-format raw files for Rietveld refinement and analysis [5].
Results: This neutron powder diffraction study has
provided in-situ diffraction based evidence for the
phase behaviour of methane clathrate near to its highpressure dissociation temperature, and the first direct
measurement of the melting point of structure sO methane clathrate. The sequence of phase changes observed along the room-temperature isotherm agree well
with expectations based on previous studies. We observed that upon compression, the primitive-cubic
structure I (sI methane clathrate transforms to the hexagonal structure H (sH) phase at ~0.870 GPa, and then

at ~1.955 GPa, transforms to an orthorhombic “filled
ice” structure, dubbed sO. In each transition, highpressure ice (phases VI and VII were exsolved as the
residual hydrate became more concentrated in methane.
The data obtained were also used to find the bulk and
axial incompressibilities of each phase, and the volume
change at each phase transition.
More interestingly, at temperatures close to the dissociation curve, we observed some new behaviour. In
particular, a mixture of sH clathrate + ice VI compressed at 325 K underwent partial melting of the
clathrate component when compressed above 1.64
GPa. This suggests a downward curvature of the sH
dissociation line above ~ 1.5 GPa such that it intersects
the melting curve of ice VI. That there is a region
where ice is stable and methane clathrate is not has
implications for the release of methane from the deep
mantle of a large icy satellite.
By contrast, the melting curve of sO clathrate must
be above the melting line of ice VII since we observe
sO clathrate co-existing with liquid at 2.3 GPa, 370 K.
An outline phase diagram illustrating these results
will be presented.
References: [1] Fortes A.D. and Choukroun, M.
Space Sci. Rev, 153(1-4), 185-218, 2010. [2] Mousis,
O., et al. Faraday Discuss. 147, 509–525, 2010. [3]
Loveday, J.S. et al. Phys. Chem. Chem. Phys. 10, 937950, 2008. [4] Loveday, J. S., et al. Can. J. Phys. 81,
539-544, 2003. [5] Larsen, A. C. and Von Dreele,
R.B. Los Alamos National Laboratory Report No.
LAUR 86–748, Los Alamos, New Mexico, 2000
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CYROVOLCANISM ON PLUTO FROM THE NEW HORIZONS FLYBY. K. N. Singer1, P. M. Schenk2, O.
L. White3, J. M. Moore3, W. B. McKinnon4, R. A. Beyer3, J. R. Spencer1, A. D. Howard5, B. Schmitt6, S. A. Stern1,
J. C. Cook1, W. M. Grundy7, D. P Cruikshank3, O. Umurhan3, S. Protopapa1, T. R. Lauer8, H. A. Weaver9, L. A.
Young1, C. B. Olkin1, K. Ennico2, The New Horizons Geology, Geophysics and Imaging Science Theme Team, The
New Horizons Surface Composition Science Theme Team. 1Southwest Research Inst., Boulder, CO
(ksinger@boulder.swri.edu), 2Lunar and Planetary Inst., 3NASA Ames, 4Washington U. in St. Louis, 5U. Virginia,
UniversitéGrenoble Alpes6, 7Lowell Observatory, 8NOAO, 9JHU Applied Physics Lab.
Introduction: Pluto’s surface has experienced considerable resurfacing through both endogenic and exogenic processes [1]. The terrains on Pluto span a variety of ages, from seemingly ancient to very young
surfaces with no observable impact craters [1]. Volatile ices on the surface of Pluto (N2, CO, CH4) play a
large role in resurfacing: atmosphere-surface interactions (sublimation and condensation cycles), glacial
flow of N2-rich ice, and convection of N2-rich ice in
Sputnik Planitia [2] are examples of volatile ice resurfacing mechanisms. But Pluto also has several examples of more recent activity (terrains with few-to-no
superimposed craters), that appear to be primarily constructed from non-volatile water ice. Please note some
geologic features names used here are informal.
Cyrovolcanic Constructs on Pluto: The most
prominent examples of potential cryovolcanism on
Pluto are two enormous, broad mountains with very
large, deep central depressions [1,3]. The informally
named Wright Mons (Fig. 1) stands ~4 km high and
the main mound spans ~150 km. The informally
named Piccard Mons is ~7 km high and 225 km wide
[4]. Only a few potential distinct flow features are
evident, but the morphology of the areas surrounding
Wright and Piccard indicates there may have been
multiple episodes of terrain emplacement. The hummocky flanks of Wright Mons (consisting of semiregular hills ~8-10 km in size) are suggestive of viscous flow, but there are no distinct flow fronts or margins. These hummocks and the smaller scale boulders
or ridges superimposed on them bear a resemblance to
the funiscular terrain on Enceladus’ south polar region.
These two mounds are located SW of the tip of Pluto’s
Sputnik Planitia, but there is some suggestion that the
cryovolcanic terrain my continue to the south and east
of these features. There is also an extensive plateau to
the west of Wright Mons with a relatively flat surface.
This plateau exhibits many large depressions with various morphologies, most of which do not appear to
have an impact origin.
Each potential example of cryovolcanism found in
the outer solar system is unique, and Pluto and Charon’s features expand the information we have to understand this enigmatic process. We will present image, topographic, and composition data for these feature along with geologic mapping results. We will

discuss potential formation mechanisms in light of
available empirical and model constraints.
References: [1] Moore J.M. et al. (2016) Science
351, 1284-1293. [2] McKinnon W.B. et al. (2016) Nature 534, 82-85. [3] Singer K.N. et al. (2016) Planetary Mappers Meeting, 1920, #7017, [4] Schenk P.M.
et al. (2018) Icarus in revision.
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Figure 1. (a-b) Perspective views of Pluto’s Wright Mons
with two times vertical exaggeration. (c) Topographic profiles over Wright Mons taken from approximately NW to
SE (A to A′) and NE to SW (B to B′). These profiles indicate the large width and depth of the central depression.
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CRYOVOLCANIC HISTORY OF CERES FROM TOPOGRAPHY Michael M. Sori1, Hanna G. Sizemore2,
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Raymond6. 1University of Arizona (sori@lpl.arizona.edu), 2Planetary Science Institute, 3USGS Astrogeology,
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Figure 1. Shaded topographic relief of (left) Ahuna Mons, a
putative cryovolcanic construct, and (right) one of 21 domes
analyzed here, located in Begbalel crater.

Methods: We identify 21 large (>10 km in diameter, >1 km in height) domes that may be old cryovolcanic constructs [see also 4]. For these features, we
measure the diameter, height, and slopes. One example
is shown in Figure 1b. The dome contains a similar
volume of material to Ahuna Mons, but has 1.7 km
less topographic relief and is 15 km greater in diameter, consistent with a relaxed analog of Ahuna Mons.
Evidence for viscous relaxation is quantified using
finite element flow models. We consider the case
where a dome identical in size and shape to Ahuna
Mons forms at a given time at every 10 degrees of latitude on Ceres. Using a thermal model [5] that calculates the annual-average temperature of domes at each
latitude, we determine the expected aspect ratios of the
domes after a given amount of time; lower-latitude
(i.e., warmer) domes flatten more quickly. The observations and model results are plotted together in Fig. 2.
Interpretation: Model results show good
agreement with observations of dome aspect ratios and
the hypothesis that the domes represent viscously relaxed structures. The polar dome, Yamor Mons [6],
especially lends evidence to the hypothesis. It is located at a latitude too cold to viscously deform, and is
observed to have retained great topographic relief.
This property is not shared by any other dome (except
young Ahuna Mons, which has not had time to deform), nor is there a polar dome with low aspect ratio.

Ahuna Mons aspect ratio
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Introduction: Cryovolcanism may be a fundamentally important process in shaping the surfaces of many
planetary bodies, but remains poorly understood.
Ceres represents our best opportunity to learn about
this phenomenon because of the Dawn mission [1],
which discovered Ahuna Mons (Fig. 1a), a mountain
interpreted as a cryovolcanic construct [2]. An outstanding question has been why only one prominent
cryovolcano was observed. A proposed solution is that
cryovolcanic domes on Ceres viscously relax over geological timescales, precluding domes older than Ahuna
Mons from easy identification [3].
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Figure 2. Aspect ratios of 21 domes on Ceres (black dots),
compared to that of Ahuna Mons (dashed line) and the modeled aspect ratios of viscously deformed cryovolcanoes (50%
ice by volume) at some time after formation (solid lines).

Our models constrain the age of the domes by estimating the time it takes for a dome of Ahuna Mons’
aspect ratio to relax into the presently measured aspect
ratio, for a constrained ice content. We find the observed domes to be 100s of Myr old (Fig. 2). Older
domes are likely to be unidentifiable, with the possible
exception of the polar dome Yamor Mons.
We will also discuss an alternative hypothesis, that
the domes represent tectonic structures formed by
upwelling of low-viscosity, low-density material driven by differential topographic loading [7].
Conclusions: We conclude Ceres contains domes
that are consistent with viscously relaxed cryovolcanic
constructs. Ahuna Mons is the youngest cryovolcano,
but does not represent a unique event in Ceres’ geological history. We estimate, for the first time, the cryovolcanic rates of a solar system body. Our results are
consistent with a cryovolcanic construct forming every
~50 Myr over the past ~1 Gyr, for an average cryovolcanic rate ~104 m3/yr.
The Cerean cryovolcanic extrusion rate in this scenario is orders of magnitude less than the average volcanic extrusion rate estimated for the terrestrial planets
[e.g., 8], even when normalized by surface area.
Therefore, cryovolcanism is a significant process in
shaping the surface of Ceres, but is not as important as
basaltic volcanism on terrestrial planets.
References: [1] Russell et al. (2016), Science 353. [2]
Ruesch et al. (2016), Science 353. [3] Sori et al. (2017), GRL
44. [4] Sizemore et al. (2018), LPSC 49th. [5] Bramson, Byrne, and Bapst (2017), JGR Planets 122. [6] Ruesch et al.
(2017), Icarus, in press. [7] Bland et al. (2018), LPSC 49th.
[8] Crisp (1984), J. Volcan. Geotherm. Res. 20.
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  Volume expansion of Ganymede due to temperature change and phase change of ices.
M. Yoda1, J. Kimura2, Y. Sekine1 and K. Kurita3, 1Department of Earth and Planetary Science, Graduate School of Science, The
University of Tokyo (1st author : yodamasa93@gmail.com), 2Osaka University, 3Earthquake Research Institute, The University of Tokyo.

Abstract: Surface features could provide important constraints on interior dynamics and evolution
of solid planetary bodies. Voyager and Galileo spacecrafts have revealed that a wide variety of surface geomorphologic features exist on the surface of Galilean
moons. On Ganymede, younger geologic units, the
Bright terrain, is tectonically and chemically distinct
from older units, the Dark terrain [2]. The geological
age of the Bright terrain is estimated as ~2 Gyr ago
using crater chronology [3]. In Uruk Sulcus, Galileo’s
target area of the Bright terrain, stratigraphic units with
coherent parallel ridges and troughs have modified
preexisting horst and graben units [1]. These parallel
ridges and troughs would have been formed by extensional stress due to global volume increase (5-8% in
volume) [4][5]. From a calculated strain in each unit,
different deformation styles have been suggested to
cause the formation of each unit [4][6]. The occurrence
of different deformation styles with various strain rates
implies that some processes caused the global expansion in the lithosphere through Ganymede’s evolution
[4][7].
Differentiation, freezing of the subsurface ocean
and silicate dehydration would be candidates for the
volume expansion that can cause the extensional stress
[7]. However, these events should have occurred in the
early stage of evolution, and, thus, it would be inconsistent with the geologic age of the Bright terrain.
Phase changes of water upon the thermal evolution
have led a global expansion. During a resonance passage, Ganymede’s subsurface ocean would have been
formed by tidal dissipation between low-density and
high-density ices [9]. Melting of the high-density ices
would have resulted in a large volume expansion in the
early stage of resonance (~2.5%) [10]. In this case,
Ganymede would have been tectonically/cryovolcanically resurfaced due to melting. However, other process in a later stage is necessary in order to explain the
multiple deformations in the Bright terrain.
	
  	
  We focus on volume expansion in Ganymede’s
ice shell, coupling with the thermal evolution. Ganymede’s ice shell is divided into the upper elastic lithosphere, and lower plastic asthenosphere, due to a large
viscosity contrast. In the lithosphere, thermal expansion coupled with thermal evolution could generate
surface stress through a part of Ganymede’s evolution
[11]. The asthenosphere is composed of high-density
ices (Ice II, Ice III, IceV and Ice VI) [12]. Phase
change from high-density ice to low-density ice, such

as ice II to ice Ih, could generate a large amount of
volume expansion. Since the temperature drastically
decreases in the lithosphere toward the surface, the
detailed thermal profile and its temporal change are
critical to evaluate quantitatively a degree of the
volume expansion.
	
  	
  Here, we show the results of numerical simulations for phase and volume changes coupled with Ganymede’s thermal evolution using the mixing length
theory [13]. We discuss accumulated stresses in the
elastic lithosphere, especially during the intermediate
stage of Ganymede’s evolution. In our simulation, we
find that the largest contribution to the volume expansion is associated with a phase change of IceⅡ to IceIh,
which can overcome the volume decreases due to
growth of high-density ices (Fig. 1). Our results suggest that the phase change of ices generates a large
volume increase during the intermediate stage of Ganymede’s evolution.

Fig. 1 : Volume changes due to phase change of ice after
1Gyr. Black, Red, green and purple solid line are volume
changes of total, Ice Ih-II, Ice II-V and Ice II-III respectively.

References:
[1]Pappalardo et al., Icarus, 135, 276-302, (1998).
[2]McCord et al., JGR, 103, 8603-8626, (1998).
[3]Zanhle et al., Icarus, 163, 263-289, (2003).
[4]Collins et al., Icarus, 135, 345-359, (1998).
[5]Collins et al., LPS, Abstract, 2254, (2008).
[6]Collins et al., GRL, 25, 233-236, (1998).
[7]Squyres and Croft., Satellites, pp. 293-341, (1986).
[8]Sohl et al., Icarus, 157, 104-119, (2002).
[9]Showman et al., Icarus, 129, 367-383, (1997).
[10]Bland et al., Icarus, 200, 207-221, (2009).
[11]Zuber et al., JGR, 89, 429-437, (1984).
[12]Schubert et al., Satellites, pp. 224-292, (1986).
[13]Kimura et al., Icarus, 202, 216-224, (2009).

