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Jupiter's Moon Europa has one of the youngest geological surfaces in our solar system with an age of 40–90 Ma,
implying an intense history of resurfacing. The surface of Europa indeed shows abundant evidence of tectonic
deformation related to extension, strike-slip, and shortening. However, observed features related to shortening
are scarce compared with pervasive extensive extensional features such as dilational bands, and do not suﬃce as
the sole mechanism for recycling aging terranes. Recently, evidence for potential plate tectonics, associated with
subduction zones, has been discovered on Europa; this could be responsible for recycling most of Europa's
surface. However, basic physical parameters needed to initiate subduction on Europa, such as thickness of the
brittle layer, deformation rates, and orientation of pre-existing zones of weakness at which subduction could
start, are not well understood. Here, we aim to better understand the process and the conditions that could lead
to initiation of subduction on Europa through physical experiments, using wax to simulate Europa's two-layered
(i.e. convective) icy crust. By deforming the wax, strain on Europa's surface—possibly caused by diurnal tides or
its nonsynchronous rotation—is simulated. Our results indicate that subduction could initiate over a broad range
of surface thicknesses and deformation rates above a minimum conductive layer thickness, but is strongly dependent on the orientation of the pre-existing zones of weakness. Very thin conductive layer experiments,
however, result in a previously undescribed process that we term ductile rolldown, which creates surface features similar to double ridges observed on Europa. Thus, subduction and ductile rolldown represent physically
plausible mechanisms that could play a critical role in resurfacing Europa throughout its geologic history. These
results could yield signiﬁcant implications for Europa's thermal history and evolution, habitability, and future
spacecraft missions.

1. Introduction

(Anderson et al., 1998; Billings and Kattenhorn, 2005; Schubert et al.,
2009).
The thickness and physical properties of the solid icy crust have
been inferred based on surface morphology and topography, including
impact craters (e.g., Carr et al., 1998; Pappalardo et al., 1998; Hoppa
et al., 1999b; Prockter and Pappalardo, 2000; Turtle and Pierazzo,
2001; Schenk, 2002; Nimmo et al., 2003, 2007 Schenk and Turtle,
2009; Bray et al., 2014; Cox and Bauer, 2015), induced magnetic ﬁeld
(Zimmer et al., 2000), tidal dissipation (Hussmann et al., 2002; Tobie
et al., 2003, 2005; Wahr et al., 2006, 2009), and orbital evolution and
thermal models (e.g., Ojakangas and Stevenson, 1989; Hussman et al.,
2002; Spohn and Schubert, 2003; Sotin and Tobie, 2004). The results of
these studies vary widely and can be roughly classiﬁed into two models

Europa is one of four Galilean Moons that orbit Jupiter in a prograde, near-circular, and roughly coplanar orbit (Canup and Ward
2009). Based on gravity data, Europa is thought to be fully diﬀerentiated, composed of a metallic core, a silicate mantle, and an outer
H2O shell (Schubert et al., 2009). This outer H2O shell is dividable into
a liquid water ocean with an overlying solid crust of ice (Fig. 1a) (e.g.,
Pappalardo et al., 1998, 1999; Kivelson et al., 2000; Billings and
Kattenhorn, 2005). The total thickness of the entire H2O shell (liquid
water ocean and solid icy crust) is not well constrained (Fig. 1); estimates are currently limited to and limited by surface observations and
gravity data (Anderson et al., 1998), and range from 80 to 170 km
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Fig. 1. (a) Conceptual cross section of the
outer layers of Europa with proposed thickness ranges. (b) A thin conductive ice layer
overlies a liquid water ocean (thin-ice model).
(c) A thin conductive ice layer overlies a
thicker convecting ice layer above a liquid
water ocean, (thick-ice model). The
∼80–170 km total H2O shell thickness estimate is independent of the thin-ice or thick-ice
layer model. (For color in this ﬁgure, the
reader is referred to the web version of this
article.)

tectonic deformation related to extension, strike-slip, and shortening,
such as ridges, bands, troughs, cycloids, folds, and strike-slip faults
(Prockter and Pappalardo 2000; Kattenhorn 2004; Kattenhorn and
Hurford 2009). The underlying driving stresses for this deformation are
thought to be provided by tidal forcing of the ice layer due to Europa's
orbital eccentricity, resonance with Io and Ganymede, and the librations of a potentially decoupled ice layer (e.g., Greenberg et al., 1998;
Greenberg et al., 2003; Harada and Kurite 2006; Wahr et al., 2009;
Kattenhorn and Hurford 2009; Rhoden et al., 2010). Non-synchronous
rotation (NSR) of the decoupled icy layer and true polar wander (TPW)
could also result in large stress build-ups in the crust (e.g., Greenberg
et al., 1998; Kattenhorn 2002; Hurford et al., 2007; Sotin et al., 2009;
Wahr et al., 2009). A wide variety of other resurfacing processes have
been proposed for Europa, including several types of cryo-volcanism
(e.g., Fagents, 2003) and impact processes (e.g., Schenk and
Turtle, 2009). However, these processes alone do not appear to be
widespread enough to resurface Europa to the extent required to account for its young surface age (Fagents, 2003; Schenk and Turtle,
2009).
Recently, the recognition of abundant extensional features such as
dilational bands, analogous to terrestrial spreading ridges (Sullivan
et al., 1998; Prockter et al., 2002), and the lack of extensive corresponding shortening-related features necessary to balance these pervasive extensional features (Kattenhorn and Hurford, 2009; Greeley
et al., 2000; Prockter and Pappalardo, 2000; Sarid et al., 2002), led to
the hypothesis that extension on Europa is accommodated by plate
tectonic-like subduction where colder, brittle, and denser conductive
ice is subducted into warmer, less dense and convecting subsurface ice
at so-called subsumption bands (Kattenhorn and Prockter, 2014; Collins
et al., 2016, 2017). This hypothesis has initiated a wealth of numerical
and other models to better understand the subduction process and the
conditions for the initiation of subduction on Europa (e.g. Wong and
McKinnon, 2017; Bland and McKinnon, 2017; Collins et al., 2016,
2017). Work by Johnson et al. (2017) shows that subduction is geophysically feasible under plausible conditions; however numerous
questions remain (e.g. Nimmo and Manga, 2009).
In this study, we aim to understand some of the basic physical

(Fig. 1):
(1) A thin‐crust model (Fig. 1b) with thickness estimates ranging from
0.1 to 8 km for the conductive ice layer. These estimates are mostly
inferred from mechanical methods and only estimate the thickness
of a brittle, conductive surface ice layer, whether or not it is underlain by a ductile and convecting (but still solid) ice layer above
the liquid water (e.g., Schenk and McKinnon, 1989; Carr et al.,
1998; Williams and Greeley, 1998; Hoppa et al., 1999a; Greenberg
et al., 1998; Kadel et al., 2000; Billings and Kattenhorn, 2002, 2005
and references therein; Nimmo et al., 2003; Hurford et al., 2004;
Hand and Chyba, 2007).
(2) A thick‐crust model (Fig. 1c) with total thickness estimates ranging
from 2.1 km to ≤ 40 km for the entire solid ice crust. These estimates are mostly inferred from thermal analyses, thermal equilibrium and temperature gradient calculations (Pappalardo et al.,
1998; Hussmann et al., 2002; Nimmo et al., 2003; Billings and
Kattenhorn, 2005 and references therein; Schubert et al., 2009;
Nimmo and Manga, 2009), and current models of surface features
(e.g., Kattenhorn and Prockter, 2014) and consider the entire solid
icy crust thickness. Thick-crust models include (and imply) the
existence of a ductile, convecting, warm ice layer below the conductive (brittle) surface layer (Fig. 1c) (see Billing and
Kattenhorn, 2005 and references therein for a more detailed description). Thickness estimates for the conductive surface ice layer
range from 0.1 km to 6 km while thickness estimate for the underlying ductile, convective ice layer range from ∼2 km to ≤ 40 km
(Pappalardo et al., 1999 and references therein; Billing and
Kattenhorn, 2005 and references therein; Schubert et al., 2009;
Nimmo and Manga, 2009).). Nimmo and Manga (2009) further
divided the conductive surface layer into a brittle layer and an
elastic layer (Fig. 2).
Europa has one of the youngest geological surfaces in our solar
system with an age of 40–90 Ma (Bierhaus et al., 2009), implying an
active history of past and possibly ongoing resurfacing processes. The
surface of Europa indeed has abundant features that are evidence of
594
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Fig. 2. Conceptual cross-section model of Europa's outer layer, wax model, and a cross section of a 3 cm thick conductive layer experiments. (a) Conceptual twolayered ice model on Europa. (b) Conceptual subdivision of the sold icy crust on Europa (after Nimmo and Manga, 2009). According to Nimmo and Manga (2009),
bending-related stresses are so small at the center of the ice shell on Europa, that only elastic deformation takes place. For very small strains, the lower part of the
solid, conductive wax layer (c) will behave similarly and deform plastically at higher strain (thus called elastic-plastic wax layer here). (d) Cross section of a 3 cm
solid layer experiment. The solid-solid phase transition of wax from brittle to elastic-plastic is recognizable by the transition from the upper white wax layer to the
more translucent lower wax layer. (For color in this ﬁgure, the reader is referred to the web version of this article.)

mats lie ﬂat directly atop the base of the box (Fig. 3). The heat mats
have an operating temperature range from −51 °C to + 232 °C. A STC1000 digital temperature controller monitors and records the liquid
wax (Tmat) temperature with a resolution of 0.1 °C and an error of ±
1 °C, while the solid wax surface (Tbrittle) as well as the box air (Tair)
temperatures are monitored and recorded using thermocouples connected to a Fluke 52-2 digital thermometer.
To cool the surface solid wax layer of the experiment, liquid N2
ﬂows through a U-shaped copper manifold with 2.5 cm slits that are
directed outwards towards the top of the apparatus to allow the cold N2
gas to spread over the entire box dimensions before it reaches the
surface. This way the entire surface is cooled evenly (Figs. 3 and 4). To
contain the N2 gas within the box and insulate the box from the surrounding warmer air during cooling, a cardboard lid roughly seals the
entire apparatus during the experimental runs. This promotes even
cooling of the entire wax surface during the experiments. After cooling
the surface to the desired thickness, and before the experimental run
(horizontal shortening of the surface), we created vertical or inclined
pre-existing zones of weakness (PZW) subparallel to the moving wall by
cutting the entire thickness of the solid wax layer near the center of the
experimental surface with a heated knife (Fig. 4). Note that the vertical
cuts are not perfectly vertical due to the fact that the cuts were made by
hand. The PZW in the experiments represents any one of the ubiquitous
fractures observed on Europa's surface (e.g. Kattenhorn and Hurford,
2009; Han and Showman, 2008) where subduction might initiate, including ridges, bands, cycloids, etc. For inclined PZWs, the cut angle
always dips south approximately 45°, unless otherwise noted. Immediately after making the PZW, boundary displacement begins by
setting the moving wall in motion. To maintain a consistent solid layer
thickness during the experiment, cooling resumes throughout the experimental run. Before and after completion of the experiment, we
measure the thickness of the wax to verify consistent solid layer
thickness throughout the run. During experimental runs, we systematically photograph the wax surface from directly above the apparatus.
During photography, two LED light strips illuminate the wax surface
from the moving wall to ensure optimal lighting conditions. In addition,
temperatures at the heat mat array (Tmat), solid wax surface at a depth
of ∼2 mm (Tbrittle), and box air (Tair), are recorded every minute
throughout the experimental run to ensure constant thickness of the
solid, brittle layer.

parameters that may allow subduction initiation to take place using a
series of two-layered paraﬃn wax experiments composed of a solid,
conductive surface as analogue to the solid, conductive surface ice layer
and an underlying liquid wax layer that behaves viscously and convects
(Fig. 2b) as analogue to the underlying ductile, convecting, warmer ice
layer on Europa (Fig. 2a). We investigate three parameters and their
inﬂuence on subduction and subduction initiation: (1) the role of the
solid layer thickness, (2) the role of deformation rate, and (3) the role of
the dip angle of a pre-existing zone of weakness. By varying these three
parameters, we can study their impacts on subduction initiation. In
addition to providing constraints on subduction as a process, the experiments may provide important insight into the total ice layer
thickness on Europa.
2. Experimental setup
Our experiments use paraﬃn wax as an analogue material to the
thick ice model (Fig. 2) on Europa. In these two-layered wax experiments, the upper solid surface wax layer is analogous to a conductive
surface ice layer on Europa, whereas the underlying liquid wax layer is
analogous to a ductile, convecting subsurface ice layer on Europa
(Fig. 2). Our solid, conductive surface wax layer consist of an upper
brittle part and a lower elastic-plastic part (Fig. 2d), similar to the
subdivision by Nimmo and Manga (2009) for the conductive surface ice
on Europa (Fig. 2b) (Manga and Sinton, 2004).
Fig. 3 illustrates the experimental design. The wax rests inside a
plexiglass box with four ﬁxed side walls, one internal moving wall, and
a base. The dimensions of the box are 60.9 cm × 58.4 cm × 30.4 cm
(length × width × height). The long sides of the box consist of clear
plexiglass to allow cross-section viewing. The internal moving wall is
notched at the bottom to allow it to pass over a heat mat and to allow
molten wax to ﬂow from one side of the moving wall to the other
(Figs. 3 and 4). With this design, consistent total wax depth of ∼10 cm
can be maintained on both sides of the moving wall. Contraction of the
solid wax occurs by pushing the internal wall, coupled to an AC motor
through a rotating threaded rod (Figs. 3 and 4). The AC motor is controlled by a custom computer program called “Motor Control” created
in National Instruments™ LabVIEW 8.0. The moving wall can be moved
forward or backwards at a rate between 0.1 and 35 cm/h ( ± 0.1 cm/h).
To heat the wax from the bottom of the experiment, resistance heat
595
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Fig. 3. Schematic sketch of the set-up of the experimental apparatus box in cross section. Box dimensions are 60.9 cm (length) × 58.4 cm (width) × 30.4 cm (height).
Not to scale, “N” denotes northern direction. (For color in this ﬁgure, the reader is referred to the web version of this article.)

3. Scaling considerations, parameters, and paraﬃn wax

Sinton (2004). Thus, it has previously served as a brittle-ductile analogue modeling material for terrestrial continental extension (Brun and
Ellis, 1997), terrestrial microplate sea-ﬂoor spreading (Katz et al.,
2005), and for extraterrestrial formation of icy bands and ridges on
Europa (Manga and Sinton, 2004). Subduction on Europa is a relationship between heat transfer (and by proxy, viscosity), deformation,
porosity and salt content (Kattenhorn and Prockter, 2014; Johnson
et al., 2017). Here, we perform lab experiments using paraﬃn wax and
compare the results to deformation of the brittle solid icy surface and
the underlying ductile warmer ice on Europa similar to Manga and
Sinton (2004).
Dynamic similarities between analogue models and the natural
system require that the mechanical equation of state that relates differential stress to strain rate only diﬀer in the proportionality constant
(Manga and Sinton, 2004). For power-law creep, where the strain rate έ
is proportional to σn (with σ = diﬀerential stress; n = stress exponent),
paraﬃn wax has a stress exponent of n = 2.4 (Mancktelow, 1988). This
value is similar to the power-law creep stress exponent for ice at planetary conditions, which ranges from n = 1.8 to n = 4, depending on
the deformation mechanism, strain rate, and grain size (Manga and
Sinton, 2004; Goldsby and Kohlstedt, 2001). Grain-boundary-slidingaccommodated basal slip is most likely the dominant process in
Europan ice (Nimmo, 2004) and has n = 1.8 (Goldsby and
Kohlstedt, 2001). We refer the reader to Manga and Sinton (2004) for a
more detailed discussion of the parameters governing the similarity of
power-law creep in paraﬃn wax and ice. Manga and Sinton (2004)

Ideally, analogue models should be geometrically, kinematically,
and dynamically similar to the natural system. Paola et al. (2009) explored this concept in detail and noted the “unreasonable eﬀectiveness”
of some un-scaled stratigraphic and geomorphic experiments because
these un-scaled experiments appear strikingly morphologically similar
to natural systems. Many important aspects of natural processes are
scale independent and operate over a wide range of scales, e.g., grain
size in ﬂuvial experiments (Paola et al., 2009). Therefore, analogue
experiments need only include enough relevant dynamics to serve as a
plausible test of the natural system and are not required to be fully
scaled models to provide scientiﬁcally useful insight into that system
(Paola et al., 2009). Our experiments are not fully scaled models and
are therefore not “simulations” of Europan processes. Rather, they serve
as an experimental framework through which to examine subduction
initiation processes on Europa, and aid in the interpretation of observed
features. We investigated many avenues for modeling Europa in a
physical laboratory setting and like Manga and Sinton (2004), we found
no substance that would fully scale dynamically, kinematically, and
geometrically to ice on Europa, while also having a strongly temperature-dependent response to deformation at laboratory conditions.
Paraﬃn wax does exhibit a strong temperature dependence of
viscosity (Rosseletti et al., 1999; Ukrainczyk et al., 2010), which is similar to H2O, and is extremely sensitive to temperature changes that
can easily be achieved in a laboratory setting as shown by Manga and

Fig. 4. Top views of a 1 cm thick solid
layer experiment. (A) Before the run;
black dashed line indicates the location
of the PZW. (B) After the run of 13 cm
of boundary displacement. Ductile
rolldown occurred as brittle surface
material is “rolled” near-vertically into
the subsurface. The black dots on the
wax surface are originally spaced 5 cm
apart and provide a reference frame
used to measure surface displacement,
“N” and black arrow denotes northern
direction.
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Fig. 5. Exponential temperature proﬁle across a 3 cm thick conductive lid experiment. Temperature readings are from the surface
and at 2 mm depth, and from the liquid wax temperature of 63 °C at
the heat mat. The data point at 35 °C represents the transition from
brittle wax to plastic wax at 1 cm. Equation of best ﬁt curve is displayed in graph.

behave similarly and deform plastically at higher strains. Manga and
Sinton (2004) have shown that the thickness of the elastic layer on
Europa, Le (Te in Manga and Sinton, 2004), can be compared to the
depth at which brittle-ductile transition occurs on Earth. Depending on
the strain rate and deformation mechanism, Le on Europa is estimated
to be between 0.2 L and 0.6 L (where L is the thickness of the conductive
surface ice layer) (Nimmo et al., 2002; Nimmo et al., 2002; Manga and
Sinton, 2004). Paraﬃn wax undergoes a solid-solid phase transition at
∼35 °C (Manga and Sinton, 2004; Ukrainczyk et al., 2010), in which
the warmer solid phase behaves elastic-plastically, while the colder
phase behaves brittlely (Manga and Sinton, 2004). Thus, the conductive
wax layer can also be divided into two parts similar to the conductive
ice layer on Europa with: (1) an upper region that behaves brittlely
(Fig. 2c and d), in which strain is accommodated by forming fractures
during deformation and ((2) an underlying region that behaves elasticplastically, in which strain is accommodated mostly by viscous ﬂow
Fig. 2c and d) (Manga and Sinton, 2004). In our experiments, the
transition from (1) to ((2) is observable by a transition in the solid wax
color from white (the brittle layer) to translucent (plastic layer)
(Fig. 2d). By assuming a linear temperature gradient, Manga and
Sinton (2004) determined that the elastic thickness Le of their analogue
experiments is 0.3 L. In our experiments, the temperature gradient
proﬁle follows an exponential function (Fig. 5) based on the temperature measurements of the box air (Tair), the solid (brittle) layer at a
depth of ∼2 mm (Tbrittle), and considering the melting temperature
(Tliquid) of the paraﬃn wax (∼63 °C). Nevertheless, Le in our experiments ranges from 0.30 L for 3 cm thick lid experiments to 0.24 L for
1 cm thick lid experiments (Fig. 2d; Table 1) and, hence, is comparable
to Le on Europa and within the range to that of Manga and
Sinton (2004).
In laboratory subduction experiments, a low Reynolds number (Re)
is essential (Schellart and Strak, 2016). The Reynolds number is deﬁned
as:

conclude, as does Nimmo (2004), that wax in the analogue model and
ice on Europa should respond similarly to stress.
Current estimates for viscosity of pure water ice present on icy
moons range from 1013 Pa⋅s (warmer, convecting ice) to 1021 Pa⋅s (cold,
brittle ice) (Showman and Han, 2004; Jara-Orué and Vermeersen,
2011; Leonard et al., 2017). Paraﬃn wax has viscosities ranging from
10 Pa⋅s (liquid; 52 °C) to 1010 Pa⋅s (solid, 30 °C) (Rossetti et al., 1999)
and, thus, the viscosity change from liquid to solid is similar in magnitude between both states (108 for Europa vs. 1010 for wax, respectively). Despite the diﬀerence of two orders of magnitude,
Nimmo (2004) argued that the diﬀerences in viscosity have little eﬀect
on the deformation style, and thus deformation in both Europan ice and
wax experiments can be assumed to result in comparable topographic
features. In addition, ice and wax can be approximated with an Arrhennian model in which viscosity scales with exp[Q/RT], where T is
temperature, Q is activation energy, and R is the ideal gas constant
(Solomatov, 1995; Wylie and Lister, 1998; Manga and Sinton, 2004).
Manga and Sinton (2004) calculated the dimensionless parameter, β,
which is the natural logarithm of the viscosity ratio across the deforming region, and controls deformation and ﬂow of ﬂuids with a
temperature-dependent viscosity. They showed that for wax and ice the
magnitude and importance of viscosity variations within the ductile
layer of wax (β = 12) and ice (β = 9) are similar (Manga and
Sinton, 2004). We estimate that β ranges from 17 to 23 for our wax
experiments (depending on thickness of the brittle ice lid) and, thus, is
within the same order of magnitude as that of Manga and
Sinton (2004).
In the thick-ice layer model, the solid icy crust on Europa is divided
into a thin, conductive surface layer with a thickness of L that conducts
heat, and the remaining underlying warmer bulk subsurface ice layer
(Figs. 1c, 2a) that convects on a geologic time scale (Pappalardo et al.,
1998; Prockter et al., 2002; Showman and Han, 2004; Manga and
Sinton, 2004; Schubert et al., 2009; Kattenhorn and Prockter, 2014).
Heat transport within the solid layer of wax with a relative thickness of
Lw is dominated by conduction and therefore, can be assumed to be
equivalent to the thickness L of the solid ice layer on Europa that also
transports heat primarily by conduction (Manga and Sinton, 2004). The
liquid subsurface wax layer in the experiments convects heat similar to
the convecting warmer subsurface ice layer on Europa (Fig. 2c and d)
(Manga and Sinton, 2004).
The conductive surface ice layer on Europa can further be divided
into a brittle ice layer and an elastic ice layer Fig. 2b) (Manga and
Sinton, 2004; Billing and Kattenhorn, 2005; Nimmo and Manga, 2009;
Schubert et al., 2009). For very small strains, the solid wax layer will

Re =

ρdv
η

(1)

where ρ is density of the ambient ﬂuid, d is the characteristic length
scale (in our experiments, conductive layer thickness), v is characteristic velocity, and η is the viscosity of the ambient ﬂuid (Schellart and
Strak, 2016). In such experiments, Re must be <1 so that laminar ﬂow
around the subducting slab can be assumed without eddy formation
around the slab (Hudson and Dennis, 1985; Schellart, 2008; Schellart
and Strak, 2016). The calculated Reynolds numbers for Europa
(6 × 10−16) and our experiments (between 2 × 10−4 and 2 × 10−5)
are both signiﬁcantly <1 (Table 2).
597
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Table 1
Average experimental run temperatures and required initial cooling durations before the run starts for the three common conductive layer thicknesses tested. Air-box
temperature was monitored ∼5 cm above wax surface, surface wax temperature was monitored ∼2 mm below the surface, and sub surface wax temperature was
monitored slightly above the heat mat array.
Solid conductive layer thickness

Air box temperature (Tair)

Surface wax temperature (Tbrittle)

Sub surface wax temperature (Tliquid)

Le*

Duration of initial cooling

1 cm
2 cm
3 cm

−5.0 °C
−10 °C
−18 °C

33.5 °C
23.5 °C
18 °C

63 °C
63 °C
63 °C

0.24 L
0.31 L
0.30 L

30–45 min
90 min
120 min

⁎
= Le is the fraction of total length thickness L that is elastic, below which it is plastic (Manga and Sinton, 2004).Le on Europa is estimated to be between 0.2 L and
0.6 L (Nimmo et al., 2002).

on Europa, and aid in the interpretation of observed features on Europa.
For a more detailed discussion and description on scaling properties of
wax to ice on Europa see Manga and Sinton (2004).

Table 2
Parameters and calculated Reynolds and Rayleigh numbers for experiments and
Europa.
Parameters

Experiments

Europa

4. Limitations
Density (ρ)
Length scale (d)
Velocity (v)
Viscosity (η)
Gravity (g)
Thermal expansivity
(∝)
Thermal diﬀusivity (κ)
Reynolds number (Re)

3 [1] (liquid paraﬃn wax)

790 kg/m
0.01–0.03 m [&], 0.10 m[%]
2.8 × 10−5 to
8.3 × 10−5 m/s*
10 Pa•s[2] (liquid paraﬃn wax)
9.8 m/s2
1.1 × 10−3 – 2 × 10−3 K−1

920 kg/m3 [3]
7000 m [3]
1 × 10−9 m/s

Europa has one of the most complex geologic surfaces in our Solar
System, and in this study, we attempt to greatly simplify a speciﬁc
phenomenon into a few parameters that are most likely important to
subduction on Europa. Although the experiments are a plausible test for
subduction on Europa as a basic process, there are important diﬀerences between the two systems. Many factors likely inﬂuence ice-shell
tectonics and the resulting observed morphology on Europa, including
curvature, ice grain size, ice grain-to-grain interactions, shear heating,
total amount and composition of ice contaminants (salts, brine), ice
fatigue, cryovolcanic processes, space weathering, and probably other
unknown factors (e.g., Manga and Sinton, 2004; Moore et al., 2009;
Caswell and Cooper, 2017; Pascuzzo et al., 2017). We cannot simulate
these processes in our experiments. In addition, the Europan surface is
completely covered by deformation structures, each a potential PZW for
further deformation initiation. Our experimental wax surface is smooth
and only includes one large imposed PZW in each experimental run.

[3]

1012 × 1013 Pa•s [4,5]
1.315 m/s2
1.65 × 10−4 K−1 [4]

[1]

1.0 × 10−7 m2s−1 [1];
2 × 10−8 [8]
∼2 × 10−4 [$] to 2 × 10−5

1 × 10−6m2s−1

[4]

∼6 × 10−16

[#]

Rayleigh number (Ra)

∼2 × 105 to ∼4 × 106

∼106–109

[7]

[1] Ukrainczyk et al. (2010); [2] Rossetti et al. (1999); [3] Kattenhorn and
Prockter (2014); [4] Showman and Han (2004) [5] Showman and Han (2005);
[7] Mitri and Showman (2005); [8] Manga and Sinton (2004); [&] Thickness of
solid layer of wax based on Table 1; [%] based on total model depth of wax;
*based on experimental velocities ranging from 10 cm/h to 30 cm/h; [$, #] Re
endmember results: [$] based on thick layer (0.03 m) and fast velocity
(8.3 × 10−5 m/s); [#] based on thin layer (0.01 m) and slow velocity
(2.8 × 10−5 m/s), all other scenarios fall between these two end-member results.

5. Deﬁnitions
In our experiments, we use the term subduction as deﬁned by
Kattenhorn and Prockter (2014), as a term to “…imply that a portion of
the surface moved downwards below an adjacent plate, analogous to
terrestrial subduction. However, the geodynamical considerations may
be quite diﬀerent and the accompanying term subsumption [is used] to
infer that the descending plate is probably incorporated into the underlying warmer ice through thermal diﬀusion, in contrast to a dense
descending plate in terrestrial systems…” (Kattenhorn and
Prockter, 2014). Buoyancy constraints prevent any subducting plate
from moving directly into the Europan ocean. Our use of “plate motion”
and “subduction” are restricted to the brittle, rigid lid; the subducted
material is subsequently subsumed the underlying, convecting, warmer
ice layer (Kattenhorn and Prockter, 2014) (Fig. 6a and b).
Kattenhorn and Prockter (2014) estimate that the density diﬀerence
between the brittle ice (∼943 kg/m3) and the underlying warmer
convecting ice (∼920 kg/m3) is suﬃcient for subduction to occur on
Europa, which is similar to the density diﬀerence between the brittle
wax (928 kg/m3; Seyer and Inouye, 1935) and the underlying warmer
convecting wax (790 kg/m3; Ukrainczyk et al., 2010) in our experiments (Fig. 6a and b). Initiation of subduction is marked by the development of a thrust fault or by intense local horizontal-axis rotation with
increasing boundary displacement that eventually results in a thrust
fault geometry. If subduction occurs over ≥75% of the length of the
PZW, the experimental run is deﬁned as full subduction. If subduction
occurs only on a portion of the PZW, <75% and >10%, the run is
deﬁned as partial subduction. If subduction occurs on ≤10% and does
not propagate, especially if it begins at an edge, or does not occur at all,
then the experiment is deﬁned as no subduction.
Ductile rolldown occurs as brittle surface material is “rolled” near-

Another important factor is the Rayleigh number, which is deﬁned
as:

Ra =

ρg ∝ ΔTd3
κηo

(2)

where ρ is the density of the ﬂuid, g is the gravitational acceleration, ∝
is the thermal expansivity, ΔT is the temperature diﬀerence between the
top and bottom of the medium, d is the depth of the medium, κ is the
thermal diﬀusivity, and ηo is the dynamic viscosity at the melting
temperature (Showman and Han 2004, 2005). Convection in such a
system occurs above some critical Ra number (Racr); the exact value of
Ra, however, is the subject of continued modeling and debate
(Pappalardo et al., 1998; Melosh et al., 2004; Mitri and Showman 2005)
and the estimates range from 106 to 109 for the icy crust on Europa
(McKinnon 1999; Mitri and Showman 2005). While direct comparisons
between convection in our experimental model and convection beneath
Europa's surface should be avoided, the calculated Ra value for the wax
experiments ranges between ∼2 × 105 to ∼4 × 106 and thus, are
within the range for Ra on Europa (see Table 2).
The analytical framework of this study aims to understand resurfacing processes in a single medium where temperature alone is the
major controlling factor for its mechanical behavior. We conclude, like
Manga and Sinton (2004), based on the above discussion about wax and
ice parameters, that paraﬃn wax represents the best available material
to study Europan surface processes in analogue experiments. While our
experiments are not fully scaled models and are therefore not “simulations” of Europan processes, they rather serve as an experimental
framework through which to examine subduction initiation processes
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Fig. 6. Example of cross-section views
of wax model. (a) View of experiment
through plexiglass side walls. Total
subduction at 13 cm boundary displacement; inclined PZW, 30 cm/h
boundary displacement, 2 cm thick
solid layer. Note geometry of subducted slab relative to overriding slab.
(b) Cut out cross-section of ﬁnished
wax experiments; total subduction at a
boundary displacement of 13 cm; inclined PZW; 30 cm/h boundary displacement rate (3 cm thick layer experiment). Note that the overriding
plate got pushed down into the subducted plate, which makes it appear
more like an underthrusting process
rather than subduction. (c) Ductile
rolldown at boundary displacement of 13 cm; vertical PZW; 30 cm/h displacement rate; 1 cm thick solid layer experiment. Wax between the plates upwelled during
PZW cut leading to a “wedge” between both plates during the ductile rolldown. Note that, for both (b) and (c), the solid wax layer cooled for a few hours to ensure the
cross-sections wouldn't break during cutting; thus, the thicknesses of the solid layers of the cross sections do not represent the true thicknesses that existed at the end
of each experiment. The thin green layer is colored wax painted onto the experimental wax surface before the onset of boundary displacement and used to trace the
subducting plates and ductile rolldowns. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

ductile rolldown. These folds accommodated a signiﬁcant fraction of
boundary displacement in the experiments. For moderate boundary
displacement rates (20 cm/h) partial subduction occurred when the
conductive layer is thicker than 2.5 cm (Fig. 7). In fast displacement
rate experiments (30 cm/h), however, partial subduction occurred
when the thickness was greater than 1.5 cm. Full subduction occurred
for conductive layer thicknesses greater than 2 cm (Fig. 7). In many
vertical PZW experiments subduction is either preceded by, or accompanied by, long wavelength (>15 cm) folding. However, for the fastest
deformation rate experiments (30 cm/h) with conductive layer thicknesses of 2.5 cm and 4 cm, subduction resulted in subdued surface topography with a height (H = 1 cm) to length (L = 22 cm) ratio of H/
L = 0.045 (see Fig. 12). For those speciﬁc experiments subduction was
accompanied by block overturning and upwelling of subsurface wax
that ﬂowed from the subduction zone onto the subducting plate, resulting in hummocky textures/subsumption bands (Fig. 9).

vertically into the subsurface within a tightly appressed syncline that
intervenes between two adjacent rounded actively-growing anticlines;
the tight syncline is localized at the PZW. With increasing boundary
displacement, additional surface material is rolled into the subsurface
(Figs. 4 and 6c). The process seems similar to a process called “ablative
subduction” that was described by Tao and O'Connell (1992), in which
the denser plate subducts and the less dense plate falls away in a
downward direction akin to the downwelling of a convecting ﬂuid.
Ductile rolldown in our experiments resembles “symmetrical downwelling” in the models presented by Tao and O'Connell (1992).
6. Experimental results
A total number of 31 experiments were performed, eight of which
were repeated multiple times to test and ensure reproducibility. The
maximum boundary displacement for each experiment was dependent
on the displacement rate and thus, each experiment resulted in a different total (maximum) displacement. For experiments run at 10 cm/h,
maximum boundary displacement was between 5.5 cm and 9.5 cm, for
20 cm/h it was 10–13 cm, and for 30 cm/h it was 13–14 cm. To compare experimental results, all experiments were examined for subduction initiation at 5.5 cm of boundary displacement

6.2. Inclined preexisting zone of weakness (PZW)
In the inclined PZW experiments, conductive layer thickness played
a dominant role with no subduction initiation for any of the 1 cm thick
experiments (Fig. 10; Table 4) regardless of boundary displacement
rate. Instead it resulted in the same ductile rolldown process at the PZW
as the vertical PZW experiments. Ductile rolldown accommodated signiﬁcant proportions of boundary displacement, with up to 80% of the
imposed convergence being driven into the subsurface.
In general, however, conductive layers more readily subducted in
the inclined PZW experiments (compare Figs. 7 and 10). The range of
deformation rates that resulted in subduction was much broader in the
inclined PZW experiments (Fig. 10) than in the vertical PZW experiments (Fig. 7). In the inclined PZW experiments, subduction occurred
over the entire range of experimental boundary displacement rates for
the 3 cm thick conductive layers, and partial to full subduction occurred
over the entire range of the 2 cm thick experiments (Fig. 10, Table 4).
Additionally, the surface relief resulting from boundary displacement
was overall much less pronounced in the inclined PZW experiments
compared to the vertical PZW experiments (Fig. 11), independent of the
solid conductive layer thickness. Subduction in the inclined experiments was not associated with any signiﬁcant topographic relief across
the subduction zone.

6.1. Vertical preexisting zones of weakness (PZW)
In our vertical PZW experiments, the thickness of the solid conductive layer and the boundary displacement rate play a signiﬁcant role
in the ability to subduct surface material. In general, the slower the
deformation rate and the thinner the solid surface material, the less
likely subduction is to initiate (Fig. 7).
In the thinnest, 1 cm, conductive layer experiments subduction
never occurred regardless of the boundary displacement rate (Fig. 7,
Table 3). Instead, boundary displacement resulted in buckle folding and
ductile rolldown only. This process accommodated a signiﬁcant part of
boundary displacement (up to 77% in the 1 cm thick experiments) at all
studied deformation rates. Surface topography is generally minimized
during ductile rolldown and usually results in two parallel ridges centered on the PZW (Figs. 6c and 8).
Only conductive layers thicker than 1.5 cm with a deformation rate
faster than 10 cm/h resulted in partial or full subduction (Fig. 7). In
general, the thicker the conductive layer, the less ductilely it behaved.
In vertical PZW experiments with conductive layers thicker than 1 cm,
long-wavelength folds formed with high surface topography, instead of
599

Icarus 321 (2019) 593–607

M.W. Klaser et al.

Fig. 7. Scatter plot of subduction initiation at maximum boundary displacement
for vertical preexisting zones of weakness (PZWs). The maximum boundary displacement varies by experiment. Red dots indicate no subduction; yellow dots
indicate partial subduction, green dots indicate full subduction. Black solid line
indicates boundary above which subduction occurs. Black dotted line indicates
uncertainty in the boundary line. Note that given the large uncertainties in the
scaling parameters between wax and ice on Europa, these values should not be
translated directly into Europan ice layer thickness values or deformation rates.
Rather, the deﬁning trend in these experiments indicates that subduction initiation is more likely to occur at a faster rate and a thicker conductive ice layer on
Europa. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

7. Discussion

potential (e.g., Gaidos et al., 1999; Chyba and Phillips, 2001).
The results of our experiments indicate that a very thin conductive
surface layer, regardless of the orientation of a pre-existing zone of
weakness and displacement rate, never subducts, whereas thicker
conductive surface layers can subduct more easily. We discuss the effects of the conductive layer thickness, displacement rate, and the orientation of the PWZ on subduction initiation below in more detail.
Signiﬁcantly, the conductive layer thickness, deformation rate, and the
PZW orientation are related parameters, as are the physical phenomena
that control them. For example, thicker conductive layers may not
deform at the same rate given constant stress. Although the three
parameters explored in our study may not represent a comprehensive
list of the factors that control subduction initiation on Europa, the experiments demonstrate that subduction can occur over a broad range of
conditions if important physical requirements are met.

The thickness of the ice crust on Europa is important to our general
understanding of Europan geologic evolution and processes including
the development of chaos features, impact crater morphologies (and
thus surface age calculations); the formation of ridges, bands, and
faults, which represent structural lineaments in the ice shell; and the
formation of pits, spots, and domes. The thickness of the ice shell also
has crucial implications for habitability and exobiological studies
(Chyba and Phillips, 2001), as nutrient transport and sustainability are
limited by the ice shell thickness (e.g., Gaidos et al., 1999; Chyba and
Hand, 2001; Chyba and Phillips, 2001; Figueredo et al., 2003; Hand
et al., 2007). Direct and indirect (through radar) access to the ocean
during future exploration, such as by the proposed NASA Europa
Clipper Mission, will also be aﬀected by ice thickness (Billings and
Kattenhorn, 2005).
The current models of observed features on the Europan surface
imply the presence of a ductile, convecting ice subsurface layer beneath
a conductive surface ice layer (Figs. 1 and 2) with variable thickness
estimates (e.g., Billings and Kattenhorn, 2005; Kattenhorn and
Prockter, 2014). Work by Johnson et al. (2017) shows that subduction
is geophysically feasible on Europa. Previous two-layered analogue
models, investigating the role of the ductile layer on surface ice deformation, used two diﬀerent materials such as therapeutic putty underneath ﬁne-grained sand to represent a ductile layer overlain by a
thin brittle layer (e.g., Leonard et al., 2016). In contrast to
Leonard et al. (2016), we are using a single medium for our two-layered
model that undergoes phase transitions, similar to the brittle-ductile
transition for H2O, to understand the basic physical parameters that
may allow subduction to take place on Europa. Subduction of Europa's
solid icy crust would enhance the rate at which surface material, including potential contaminants and nutrients, could be delivered to its
subsurface ocean, which would improve Europa's astrobiological

7.1. Eﬀect of the conductive layer thickness
While the estimates of the total ice thickness on Europa vary from
0.1 km to ≤40 km (Fig. 1), previous work indicates that a minimum
total ice thickness of 27 km is needed for convection to be initiated on
Europa (Hussmann et al., 2002). For an intra-ice subduction system to
be feasible, the conductive ice thickness must be thin compared to the
ductile convecting subsurface ice layer (Kattenhorn and
Prockter, 2014). The experiments in this study indicate that the thickness of the conductive surface layer plays a role in the ability to initiate
subduction. Deformation of the thinnest conductive layers, regardless of
the orientation of the PZW and deformation rate, results in ductile
rolldown rather than subduction and is usually accompanied by widespread ductile surface deformation features, such as long-wavelength
folds which, like buckle folds, increase in wavelength with increasing
thickness of the competent layer (e.g. Ramsay and Huber, 1987). The
ductile deformation features are most likely due to the higher heat ﬂux

Table 3
Summary of results for experiments with vertical preexisting zones of weakness.
Solid conductive layer thickness

Deformation rate

Subduction

Boundary displacement accommodated by subduction

Maximum boundary displacement

1 cm
1 cm
1 cm
1.5 cm
2 cm
2 cm
2m
2.5 cm
2.5 cm
3 cm
3 cm
3 cm
4 cm

10 cm/h
20 cm/h
30 cm/h
30 cm/h
10 cm/h
20 cm/h
30 cm/h
20 cm/h
30 cm/h
10 cm/h
20 cm/h
30 cm/h
30 cm/h

No
No
No
No for 5.5 cm, Yes for max
Yes
No for 5.5 cm, Yes for max
Yes
No
Yes
No
Partial
Yes
Yes

N/A
N/A
N/A
9.5 cm
2–5.3 cm
2.9 cm
2.1–5.8 cm
N/A
7.8–12 cm
N/A
1–7.6 cm
2–11 cm
7–10 cm

9.5 cm
10 cm
13 cm
13 cm
6 cm
13.3 cm
13 cm
10.8 cm
13 cm
6 cm
11 cm
13 cm
14 cm
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Fig. 8. Comparison between double ridges produced by ductile rolldown in the experimental models (1 cm thick layer experiment; 20 cm/h, inclined PZW) and
double ridges on Europa. (a) Oblique view and (b) top view of a thin solid layer experiment that resulted in ductile rolldown and formed ridges similar to (c)—the
double ridges observed on Europa. Black dots give approximate scale in (a); (c) modiﬁed from Prockter et al. (2002). Gray arrows indicate displacement direction;
sun icon indicates lighting direction; the black dots on the wax surface, originally spaced 5 cm apart, provide a reference frame used to measure surface displacement.

provided to the thin layer by the underlying warm, convecting ductile
subsurface layer. Thus, if the conductive icy surface shell on Europa is
on the thinner side of the 0.1–6 km estimated thickness, the conductive
surface ice layer could behave more ductilely, resulting in widespread
long-wavelength folding and ductile rolldown. Such surface features are
not widely observed on Europa (Kattenhorn and Hurford, 2009), although Prockter and Pappalardo (2000) documented long-wavelength
folding at Astypalaea linea.
Furthermore, our experiments suggest that above some minimum
initial thickness of the conductive layer, subduction initiation is possible over a wide range of thicknesses (Figs. 7 and 10). Thus, widespread subduction on Europa could occur if the conductive icy surface
is on the thicker side of the estimated 0.1–6 km thicknesses for this
layer. Operation of subduction as a geologic process could have been
possible over a large part of Europa's geologic history, given that the
conductive surface ice layer on Europa is most likely heterogeneous in
thickness (Zahnle et al., 2003; Nimmo et al., 2005; Sotin et al., 2009),
has potentially changed in thickness with time (Zahnle et al., 2003),
and/or periodically thins and thickens (Hussmann and Spohn, 2004).
Therefore, it is possible that subduction began early in Europa's geologic history, operated throughout that history, and could be responsible for recycling most of the aging terranes. Our experiments
suggest that ductile rolldown could also have been a signiﬁcant terranerecycling mechanism throughout much of Europa's history. Consequently, other more exotic re-surfacing mechanisms alone, such as large
impacts and widespread cryovolcanism, are not required at signiﬁcant
magnitudes to explain the 40–90 Ma young surface of Europa that is
observed today.

Fig. 10. Scatter plot of subduction initiation at 5.5 cm of boundary displacement for inclined preexisting zones of weakness (PZWs). Red dots indicate no
subduction; yellow dots indicate partial subduction; green dots indicate full
subduction. Black solid line indicates boundary above which subduction occurs.
Black dotted line indicates uncertain extrapolation of the boundary line. Note
that given the large uncertainties in the scaling parameters between wax and
ice on Europa, these values should not be translated directly into Europan ice
layer thickness values or deformation rates. Rather, the deﬁning trend in these
experiments indicates that subduction initiation is more likely to occur at a
faster rate and by doubling the thickness of the conductive ice layer on Europa.
In comparing this ﬁgure to Fig. 7, subduction is also more likely for inclined
PZWs. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig. 9. Comparison of asymmetric
subsumption bands on Europa (a;
modiﬁed
from
Kattenhorn
and
Prockter, 2014) and in experiments (b;
view from above). Black arrows indicate hummocky texture of the subsumption band, while gray arrows indicate
smooth
surface
of
the
subsumption bands. Black dashed lines
indicate sharp boundary between
hummocky and smooth surfaces. In (b)
black dashed line also indicates subsumption thrust fault, experiment was
run with 2.5 cm thick layer; 30 cm/h;
vertical PZW. In (a) and (b) the plate on
the south side of the image overrides
the plate on the north side of the image.
Other symbols as in Fig. 8.

601

Icarus 321 (2019) 593–607

M.W. Klaser et al.

2017), the speciﬁcs of subduction on Europa are likely diﬀerent. The
density diﬀerence between the inferred conductive ice (∼943 kg/m3)
and the warmer convecting subsurface ice (∼920 kg/m3) is suﬃcient to
subduct the surface layer (Kattenhorn and Procter, 2014), which is
comparable to the density diﬀerences between brittle wax (928 kg/m3
at −10 °C; Seyer and Inouye, 1935) and warm wax (790 kg/m3 at 64 °C;
Ukrainczyk et al., 2010) in our experiments. Stresses on Europa to initiate and more importantly drive subduction need to reach magnitudes
of ∼10 MPa to overcome the compressive strength of the ice shell
(Pappalardo and Davis, 2007). Although still poorly understood (e.g.
see Bills et al., 2009), diurnal tidal stress does not seem to play a signiﬁcant role in the subduction process on Europa, because this mechanism usually does not exceed stresses of 90 kPa (Wahr et al., 2009)
but it could be responsible for driving subsurface ice convection
(Pappalardo et al., 1998). However, recent numerical 2D and 3D simulations show that the diﬀerential stress related to tides may exceed
the yield strength of the external crust, and this may lead to fractures
and weak zones along the ice shell (Han and Showman, 2008) that
could serve as PZWs where subduction could initiate.
Evidence for non-synchronous rotation (NSR) exists on Europa and
also likely plays a signiﬁcant role in Europa's surface processes
(Greenberg et al., 1998; Sotin et al., 2009; Kattenhorn and Hurford,
2009), because it produces stresses up to several megapascals (MPa)
(Bills et al., 2009). Another mechanism that could create large stresses
of several megapascals is true polar wander (TPW) (e.g. Sarid et al.,
2002; Matsuyama and Nimmo 2008; Schenk et al., 2008) and may even
accompany NSR (Bills et al., 2009). In concert, NSR is potentially a
source of relatively short-time-scale, high-magnitude stress, whereas
TPW is potentially a source of longer-time-scale, high-magnitude stress
(Matsuyama and Nimmo, 2008). The exact crustal responses to these
stresses depend heavily on Europa's ice rheology, which is also poorly
understood.
Our experiments indicate that the orientation of the PZW plays a
signiﬁcant role on how deformation rates aﬀect subduction initiation.
For vertical PZWs, subduction initiation only occurs at the fastest deformation rates (Fig. 10). Thus, NSR alone may not be suﬃcient for the
creation of such a large fault to physically initiate subduction on Europa
if only a vertical zone of weakness exists; it may also require the contribution of other mechanisms such as ridge-push (Kattenhorn and
Prockter, 2014). However, the inclined PZW experiments show that, if
an inclined PWZ exists on the surface of Europa, less stress would be
needed to overcome the frictional resistance along the initial thrust and
initiate subduction. Thus, at present, NSR seems to represent the most

Table 4
Summary of results for experiments with inclined preexisting zones of weakness.
Solid
conductive
layer
thickness

Deformation rate

Subduction

Boundary
displacement
accommodated
by subduction

Maximum
boundary
displacement

1 cm
1 cm
1 cm
2 cm
2 cm
2 cm
2.5 cm
3 cm
3 cm
3 cm

10 cm/h
20 cm/h
30 cm/h
10 cm/h
20 cm/h
30 cm/h
30 cm/h
10 cm/h
20 cm/h
30 cm/h

No
No
No
Partial
Yes
Yes
Yes
Yes
Yes
Yes

N/A
N/A
N/A
4.2 cm
11–11.6 cm
8.5–12.7 cm
7.75–10 cm
6.8–7 cm
13 cm
12.3–12.5 cm

7 cm
11.6 cm
13 cm
5 cm
11.6 cm
13 cm
11 cm
7.5 cm
13.3 cm
13 cm

7.2. Eﬀect of deformation rate
Our experiments indicate that deformation rate plays a signiﬁcant
role in the likelihood of subduction initiation of the conductive surface
layer. However, given the large uncertainties about thickness and
scaling parameters between ice on Europa and wax, we are hesitant to
make direct quantitative comparisons. Rather, the experiments are
useful for deﬁning trends that make subduction initiation more likely or
less likely. In the vertical PZW experiments, subduction only occurred
at the fastest rates (Fig. 7) in contrast to the inclined PZW experiments,
in which subduction occurred over a wider range of deformation rates
(Fig. 10). Using previously modelled dilational band spreading rates of
up to 40 mm/year as an indicator for potential subduction rates
(Nimmo, 2004; Stemple et al., 2005), Kattenhorn and Prockter (2014)
calculated that Europa could have recycled its surface material in the
40–90 Myr surface age time frame through this process. These rates are
directly tied to the forces and icy shell dynamics that drive the mobile
lid, similar to ridge-push, slab-pull, and basal shear stresses of terrestrial subduction systems (Kattenhorn and Prockter, 2014).
Understanding the forces that initiate and drive subduction on
Europa is of fundamental importance and yet very little is known and
understood about them (Solomatov, 2004; Wong and McKinnen, 2017;
Bland and McKinnon, 2017; Collins et al., 2016, 2017; Kattenhorn and
Prockter, 2014; Johnson et al., 2017). Although subduction on Earth
and Europa is driven primarily by density contrasts (e.g., Johnson et al.,

Fig. 11. Comparison between vertical
and inclined PZW experiments (3 cm
solid convective lid) after 13 cm of
boundary displacement to provide a
comparison of morphology and resultant topography; (a) view from
above and (b) oblique view of a large
fold accompanying subduction during
an experiment with a vertical PZW. (c)
View from above, and (d) oblique view
of the overall relative lower topography during subduction experiments
with an inclined PZW relative to that in
(a). Subduction in (c, d) is accompanied by a hummocky subsumption
band. The deformation rate for both
experiments was 30 cm/h; symbols as
in Fig. 8.
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Fig. 12. Comparison between inferred
experimental regional topography and
regional topography observed on
Europa. (a) Overriding plate slightly
increases in relative elevation towards
the subduction zone with a height (H)
to length (L) ratios of H/L = 0.045,
while the subducting plate is slightly
pushed down by the overriding plate;
view from above. (b) Observed regional
topography on Europa that could indicate an overriding plate (past or
present) that has a similar height to
length ratio of H/L = 0.033 to our wax
experiments.
Modiﬁed
from
Prockter et al. (2002). (For color in this
ﬁgure, the reader is referred to the web
version of this article.)

initiate at the numerous observed normal faults on the Europan surface
(Prockter and Patterson, 2009; Kattenhorn and Hurford, 2009).

likely mechanism to create high stress over relatively short time periods, which could drive brittle deformation. In general, deformation
behavior becomes less ductile (more brittle) as strain-rate increases.
However, diﬀerential stress created by TPW, despite being potentially
of equal magnitude to NSR, is accumulated over longer time scales,
which may allow the icy shell to accommodate that stress viscously
rather than brittlely.

7.4. Morphology comparison
On the surface of Europa, little evidence exists for large-scale
shortening to accommodate the dilational creation of new surface areas
(Kattenhorn and Prockter, 2014), although Culha et al. (2014) reported
small scale shortening on double ridges. In addition, convergence
bands, although rare, imply high shortening-related strain in some
areas on Europa (Figueredo, 2002; Sarid et al., 2002); however, the
expected topography that should accommodate this shortening is
lacking (Kattenhorn and Prockter, 2014). No substantial surface erosion
mechanism has been proposed to explain this lack of topography. In the
sections below, we compare the experimental morphologies to those
observed on the Europan surface.

7.3. Eﬀect of orientation of the preexisiting zone of weakness
Many zones of weakness are present on the Europan surface. These
zones of weakness can form through exogenic (e.g., impacts) and endogenic processes (e.g., extension, cryovolcanism, ice-fatigue) that
create lineaments such as ridges, troughs, and cycloidal bands
(Pappalardo et al., 1999; Kattenhorn and Huﬀord, 2009 and references
therein) where subduction could potentially begin. A variety of orientations of these zones of weakness are likely present on Europa,
ranging from vertical or near vertical faults or cracks in some conceptual models of ridge formation (e.g., Greenberg et al., 1998; Head
et al., 1999; Tufts et al., 2000; Fagents, 2003) to inclined faults that
primarily are normal faults (Prockter and Patterson, 2009; Kattenhorn
and Hurford, 2009). The vertical and inclined PZW experiments here
test the eﬀect of two possible weak-zone orientations on subduction
initiation.
The results of the experiments indicate that the dip of the PZW plays
a crucial role in the ability of a conductive layer to begin subduction. It
is much more diﬃcult to initiate subduction at vertical PZWs compared
to inclined PZWs. Inclined PZWs allow subduction to occur over a much
wider range of deformation rates compared to vertical PZWs. This reﬂects the fact that in an inclined PZW experiment, the resolved shear
stress on the slip plane is much greater than in a vertical PZW experiment. Furthermore, the orientation of the PZW greatly inﬂuences the
pre-subduction and post-subduction morphology. In the vertical PZW
experiments, subduction is mostly preceded by, or accompanied by,
long-wavelength folding. Although such folding is not widely observed
on Europa, Bland and McKinnon (2012, 2013) numerically modeled the
mechanics of folding on Europa and concluded that passive crustal
thickening and long-wavelength folding (locally documented by
Prockter and Pappalardo, 2000) could accommodate up to 5% horizontal shortening. In addition, convection of the subsurface ice can
eﬀectively erase large-scale topographic variations in geologically instantaneous time frames (Nimmo and Manga, 2009). Therefore, it may
be possible that subduction has occurred at vertical PZWs on Europa in
the past, and obvious evidence of the resultant topography has been
eﬀectively erased. However, subduction would be much more likely to

7.4.1. Subduction zone morphology
All experiments with inclined PZWs result in ﬁnal topographic
proﬁles across the subduction zone without large-wavelength folding,
similar to those observed by Kattenhorn and Prockter (2014). However,
despite the lack of such obvious high topographic variation, the overriding plate in many of these experiments does exhibit broad regional
uplift across the subduction zones with a height to length ratio of H/
L = 0.045 (Fig. 12). Regional uplifts with a similar H/L ratio of ∼0.033
are present on Europa (Prockter et al., 2002), albeit not yet associated
with purported subduction zones (Fig. 12). However, it is possible that
regional uplift resulting from subduction zones may decay over time
considering the relaxation timeframes of ice (Nimmo and
Manga, 2009), and/or isostatic compensation (Kattenhorn and
Prockter, 2014). In contrast, in most of the vertical PZW experiments,
subduction initiation is accompanied or preceded by long-wavelength
folding resulting in high topography (Figs. 11 and 12). Such high topographic features have not yet been observed on Europa. Although
convection in the subsurface ice layer has the potential to erase topographic variations on Europa as previously discussed (Nimmo and
Manga, 2009), some remnant indication of long-wavelength folding
could be expected to be preserved. In experimental models, in which
the analogue material is too strong compared to the natural system,
relatively higher topography in the experiments is common
(Schellart and Strak, 2016), which could explain higher topography in
our experiments compared to the Europan surface.
In some of the vertical PZW experiments, subduction is accompanied by the overturning of small- and large-scale surface blocks, resulting in subduction without long-wavelength folding (Fig. 13); these
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Fig. 13. Comparison of small-scale overturning (a) vs. large-scale over-turning (b) accompanying subduction in experiments (views from above). (a) 2.5 thick layer
experiment; 30 cm/h; vertical PZW. (b) 4 cm thick layer experiment; 30 cm/h rate; vertical PZW. White arrows indicate overturning blocks; gray arrows indicate
displacement direction; symbols as in Fig. 8.

experiments exhibit a ﬁnal topographic proﬁle similar to that observed
by Kattenhorn and Prockter (2014). This is evidence that subduction
may initiate at vertical PZWs without the predicted long-wavelength
folding. The numerous ridges observed on Europa could act as fracture
zones to facilitate overturning of blocks (small or large) during shortening. In fact, evidence for block overturning does exist on Europa, for
example in the Conamara Chaos region (e.g., Collins and
Nimmo, 2009). In this region, some blocks appear to have been at least
partially overturned and/or achieved steep dips (Collins and
Nimmo, 2009; their Fig. 2). Although it seems quite clear that this region is not associated with subduction processes (and we do not suggest
this here either), it does indicate that blocks and plates can move independently from the main surface plates and potentially overturn.
Additionally, in one of our experiments, the subduction zone developed
a transform fault (Fig. 13b). This could be the result of a slightly kinked
initial orientation of the vertical PZW. Its kink serves as nucleation site
for the transform fault. While many of the ridges on Europa are straight,
numerous examples of similar kinks exist (e.g., in double ridges or cycloids; Prockter and Patterson, 2009). In addition, transform boundaries (i.e., major strike-slip faults) are present (Hoyer et al., 2014); thus,
it is possible that similar subduction geometries could have developed
on Europa.

subduction process. Asymmetric subsumption bands as well as convergence bands observed on Europa (Kattenhorn and Prockter, 2014;
Sarid et al., 2002) could therefore be an indicator of and identifying
feature of past or present subduction regions on Europa.
7.4.3. Ductile rolldown morphology
Besides potential subduction zones and convergence bands, little
other evidence exists on Europa for other large-scale shortening that
could balance the creation of new surface areas at dilational bands
(Kattenhorn and Prockter, 2014; Sarid et al., 2002). However, evidence
exists that double ridges on Europa exhibit limited lateral oﬀset and
shortening (Bader and Kattenhorn, 2008) and may even behave nonrigidly (Patterson et al., 2006). In spite of the ubiquity of these features,
there is neither a generally accepted mechanism for their formation nor
any quantitative models of how their characteristic morphology forms
or how long they are active (e.g., Pappalardo et al., 1999; Nimmo and
Gaidos, 2002; Hurford et al., 2005; Bader and Kattenhorn, 2008;
Prockter and Patterson, 2009; Dombard et al., 2013; Johnston and
Montesi, 2014; Craft et al., 2016; Melosh et al., 2017; Sattler-Cassara
and Lyra, 2017). Recent work by Culha et al. (2014) demonstrates that
double ridges on Europa can accommodate some shortening ductilely
and indicate that some surface material could be recycled at these
ridges. The underlying shortening and recycling mechanism, however,
is unknown.
Ductile rolldown, which occurs in almost all our thin lid (1 cm)
experiments, could represent one possible mechanism for the formation
of double ridges. Ductile rolldown accommodates most of the experimental shortening and consumes a signiﬁcant amount of surface material at the PZW. This process results in relatively low topographic
variation across the PZW. In the experiments, the ridges that form on
either side of the PZW during ductile rolldown are morphologically
similar to some of those observed on Europa although the experimental
ridges appear to have less relative relief (Figs. 6 and 8). The total surface removal at the observed double ridges on Europa today
(Culha et al., 2014) is signiﬁcantly less than that observed by
Kattenhorn and Prockter (2014) at subduction zones. It is possible
however, that ductile rolldown could have occurred early in Europa's
geologic history if the icy shell was thinner and could have recycled
signiﬁcantly more surface material similar to our experiments. Evidence for this older process would be diﬃcult to recognize today, as
further resurfacing and deformation have modiﬁed the surface of
Europa, erasing any older expressions of this process (Culha et al.,
2014). Thus, based on current observations, ductile rolldown at double
ridges is plausible. If ductile rolldown did occur at some double ridges
(past and/or present), even if playing a limited role today, this process
in combination with subduction could represent an additional recycling
mechanism on Europa.

7.4.2. Hummocky surface textures at subsumption bands
In the conceptual model proposed by Kattenhorn and
Prockter (2014) (their Fig. 4), subduction is also accompanied by the
development of so-called “subsumption bands” with hummocky surface
textures that form by processes similar to accretionary wedges in terrestrial subduction zones. Europan convergence bands (Sarid et al.,
2002) seem to involve recycling of surface material and have hummocky textures similar to subsumption bands. These convergence bands
could, in fact, represent subduction zones. In our experiments, however,
bands with similar hummocky textures form when warmer subsurface
wax migrates up through the subduction fault, extrudes onto the surface, and is subsequently deformed by the ongoing subduction process
(Figs. 9b, 11c and d). The younger wax that extruded onto the overriding plate stays relatively smooth during cooling, while the wax that
extruded on the subducted plate develops small-scale buckle folding
during continued deformation. This process generates an asymmetrical
band geometry that very closely resembles the asymmetric subsumption
bands on Europa (Fig. 9) (Kattenhorn and Prockter, 2014). Many of our
other experiments result in similar hummocky surface texture and
asymmetrical band geometries, independent of the dip of the PZW.
Therefore, we suggest that a similar process could explain the asymmetric hummocky textured bands occurring on Europa—i.e., less-dense,
underlying, warmer material extrudes along the subduction fault onto
the surface where it subsequently deforms during the ongoing
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8. Conclusions

dominant mechanisms for recycling a signiﬁcant part of aging surface
material on Europa, regardless of absolute heat ﬂux and lid thickness.
Finally, these processes would enhance the rate at which surface material, including potential contaminants and nutrients, could be delivered to its subsurface, convecting ice and eventually its ocean, improving Europa's astrobiological potential (e.g., Gaidos et al., 1999;
Chyba and Phillips, 2001).

This study explored resurfacing processes on Europa through physical analogue experiments using a single medium – wax – where
temperature alone is the major controlling factor for its mechanical
behavior, similar to H20. We have investigated three basic parameters
and their control on subduction and subduction initiation: 1) conductive layer thickness, 2) deformation rate, and 3) dip angle of the preexisting zones of weakness (PZWs).
Our main conclusions are:
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a) Subduction does not occur for conductive lid thicknesses below 1 cm
in our experiments. This is most likely due to the higher heat ﬂux
provided to the thin layer by the underlying warm, convecting
ductile subsurface layer. A similar barrier to subduction initiation on
Europa may exist, where the conductive surface ice layer could
behave more ductilely, resulting in widespread long-wavelength
folding and ductile rolldown. Therefore, if widespread subduction
does occur on Europa (past or present), conductive ice layer thickness is unlikely to be on the thinnest end of the estimated 0.1–6 km
range. Above a minimum thickness, subduction initiation is possible
over a range of surface-layer thicknesses, deformation rates, and
PZW dip angles in the experiments, although higher deformation
rates and inclined PZWs result more readily in subduction initiation.
Similarly, subduction initiation could also be possible over a range
of conditions on Europa. Possible driving mechanisms for generating
the stresses to overcome the compressive strength of the solid icy
crust at depth are likely limited to non-synchronous rotation and
true polar wander, as suggested by Geissler et al. (1998), Wahr et al.
(2009), Matsuyama and Nimmo (2008), and Schenk et al. (2008).
b) Although subduction in some of the vertical PZW experiments results in topographic proﬁles similar to those observed on Europa,
most of the vertical PZW experiments do not produce such topography. Combined with numerous observed inclined PZWs on
Europa, the scarcity of evidence for widespread large-scale folding
or overturning, and consideration of relaxation time frames, this
indicates that subduction on Europa is more likely to initiate at inclined PZWs rather than at vertical PZWs.
c) The observed asymmetric hummocky textured subsumption and
convergence bands on Europa could be useful as an indicator of past
or present subduction zones. They could have formed either from a
process similar to that of an accretionary wedge in Earth's subduction zones (Kattenhorn and Prockter, 2014), or alternatively, from
upwelling of less dense subsurface material that continued to deform during the ongoing subduction, similar to our experiments.
d) Ductile rolldown, which can accommodate signiﬁcant boundary
displacement in our experiments, represents another potential recycling process. This process, in which surface material is consumed
into the subsurface, results in experimental morphologies similar to
double ridges on Europa and, thus, could explain the observed
shortening at these surface features. Ductile rolldown likely only
plays a minor role in resurfacing at double ridges today but could
have had a larger role in the past, if the overall ice crust on Europa
was thinner. In addition, if the solid icy crust is currently heterogeneous in thickness, it is possible that ductile rolldown could play a
more important resurfacing role today in local areas that have a
thin, solid, icy crust.

References
Anderson, J.D., Schubert, G., Jacobson, R.A., Lau, E.L., Moore, W.B., Sjogren, W.L., 1998.
Europa's diﬀerentiated internal structure: inferences from four Galileo encounters.
Science 281 (5385), 2019–2022.
Bader, C.E., Kattenhorn, S.A., 2008. Formation mechanisms of Europan ridges with apparent lateral oﬀsets. Lunar Planet Sci. 39, 2036.
Bierhaus, E.B., Zahnle, K., Chapman, C.R., 2009. Europa's crater distributions and surface
ages. In: Pappalardo, R.T., McKinnon, W.B., Khurana, K. (Eds.), Europa, edited by.
pp. 161–180.
Billings, S.E., Kattenhorn, S.A., 2002. Determination of ice crust thickness from ﬂanking
cracks along ridges on Europa. In: Lunar and Planetary Science Conference. 33.
Billings, S.E., Kattenhorn, S.A., 2005. The great thickness debate: Ice shell thickness
models for Europa and comparisons with estimates based on ﬂexure at ridges.
ICARUS 177 (2), 397–412.
Bills, B.G., Nimmo, F., Karatekin, O., Van Hoolst, T., Rambaux, N., Levrard, B., Laskar, J.,
2009. Rotational dynamics of Europa. In: Europa. Tucson. Univ. Arizona Press, pp.
119–136.
Bland, M.T., McKinnon, W.B., 2012. Forming Europa's folds: Strain requirements for the
production of large-amplitude deformation. ICARUS 221, 694–709. https://doi.org/
10.1016/j.icarus.2012.08.029.
Bland, M.T., McKinnon, W.B., 2013. Does folding accommodate Europa's contractional
strain? The eﬀect of surface temperature on fold formation in ice lithospheres.
Geophys. Res. Lett. 40, 2534–2538. https://doi.org/10.1002/grl.50506.
Bland, M.T., McKinnon, W.B., 2017. Breaking the shell: Initiating plate tectonic-like
subduction on Europa. In: AAS/Division for Planetary Sciences Meeting Abstracts. 49.
Bray, V.J., Collins, G.S., Morgan, J.V., Melosh, H.J., Schenk, P.M., 2014. Hydrocode simulation of Ganymede and Europa cratering trends—How thick Is Europa's crust?
ICARUS 231, 394–406.
Brune, J.N., Ellis, M.A., 1997. Structural features in a Brittle–Ductile Wax Model of
continental extension. Nature 387 (6628), 67–70.
Canup, R.M., Ward, W.R., 2009. Origin of Europa and the Galilean satellites. In:
Pappalardo, R.T., McKinnon, W.B., Khurana, K. (Eds.), Europa. University of Arizona
Press, pp. 59–84.
Carr, M.H., Belton, M.J., Chapman, C.R., Davies, M.E., Geissler, P., Greenberg, R.,
McEwen, A.S., Tufts, B.R., Greeley, R., Sullivan, R., Head, J.W., 1998. Evidence for a
subsurface ocean on Europa. Nature 391 (6665), 363.
Caswell, T.E., Cooper, R.F., 2017. Grain size evolution in icy satellites: New experimental
constrains. Lunar Planet. Sci 47, 2000.
Chyba, C.F., Hand, K.P., 2001. Life without photosynthesis. Science 292 (5524),
2026–2027.
Chyba, ChristopherF., Phillips, C.B., 2001. Possible ecosystems and the search for life on
Europa. PNAS 98, 801–804.
Collins, G.C., Nimmo, F., 2009. Chaotic terrain on Europa. In: Pappalardo, R.T.,
McKinnon, W.B., Khurana, K. (Eds.), Europa, edited by. University of Arizona Press,
pp. 259–281.
Collins, G.C., Cutler, B.B., Brenes Coto, J.P., Prockter, L.M., Patterson, G.W., Kattenhorn,
S.A., Rhoden, A.R., Cooper, C.M., 2016. Plate motions on Europa from Castalia
Macula to Falga Regio. Lunar Planet Sci. 47, 2533.
Collins, G.C., Prockter, L.M., Patterson, G.W., Rhoden, A.R., Kattenhorn, S.A., Cooper,
C.M., Perkins, R.P., Rezza, C.A., Walsh, J.D., White, O.A., Albright, C.E., Olubusi,
O.S., Oldrid, S.R., Wood, F.D., 2017. Plate reconstructions on the antijovian hemisphere of Europa. In: Europa Deep Dive I; #7016.
Cox, R., Bauer, A.W., 2015. Impact breaching of Europa's ice: Constraints from numerical
modeling. J. Geophys. Res. Planets 120 (10), 1708–1719.
Craft, K.L., Patterson, G.W., Lowell, R.P., Germanovich, L., 2016. Fracturing and ﬂow:
Investigations on the formation of shallow water sills on Europa. ICARUS 274,
297–313.
Culha, C., Hayes, A.G., Manga, M., Thomas, A.M., 2014. Double ridges on Europa
Accommodate some of the missing surface contraction. J. Geophys. Res. Planets 119
(3), 395–403.
Dombard, A.J., Patterson, G.W., Lederer, A.P., Prockter, L.M., 2013. Flanking fractures

In summary, according to our results, subduction initiation and thus
signiﬁcant crustal recycling is tectonically possible on Europa, either by
subduction or by ductile rolldown. Numerical modeling work demonstrates that changes in heat ﬂux to Europa could drive oscillation between thin conductive lids and thick convective lids (Mitri and
Showman, 2005). Thus, these two independent processes (subduction
and ductile rolldown) can operate over a wide range of conditions on
Europa and throughout geologic time, and could perhaps represent
605

Icarus 321 (2019) 593–607

M.W. Klaser et al.

Mancktelow, N.S., 1988. The rheology of paraﬃn wax and its usefulness as an analogue
for rocks. Bull. Geol. Inst. Univ. Uppsala 14, 181–193.
Manga, M., Sinton, A., 2004. Formation of bands and ridges on Europa by cyclic deformation: Insights from analogue wax experiments. J. Geophys. Res. Planets 109
(E9), 1–15.
Matsuyama, I., Nimmo, F., 2008. Tectonic patterns on reoriented and despun planetary
bodies. ICARUS 195 (1), 459–473.
McKinnon, W.B., 1999. Convective instability in Europa's ﬂoating ice shell. Geophys. Res.
Lett. 26, 951–954.
Melosh, H.J., Ekholm, A.G., Showman, A.P., Lorenz, R.D., 2004. The temperature of
Europa's subsurface ocean. ICARUS 168, 498–502.
Melosh, H.J., Turtle, E.P., Freed, A.M., 2017. How fast do Europa's ridges form? In: Europa
Deep Dive I, #7005.
Mitri, G., Showman, A.P., 2005. Convective-conductive transitions and sensitivity of a
convecting ice shell to perturbations in heat ﬂux and tidal-heating rate: Implications
for Europa. Icarus 117, 447–460.
Moore, J.M., Black, G., Buratti, B., Phillips, C.B., Spencer, J., Sullivan, R., 2009. Surface
properties, regolith, and landscape degradation. In: Pappalardo, R.T., McKinnon,
W.B., Khurana, K. (Eds.), Europa, edited by. pp. 329–349.
Nimmo, F., 2004. Dynamics of rifting and modes of extension on icy satellites. J. Geophys.
Res. Planets 109 (E1), 1–13.
Nimmo, F., Gaidos, E., 2002. Strike‐slip motion and double ridge formation on Europa. J.
Geophys. Res. Planets 107 (E4), 1–8.
Nimmo, F., Manga, M., 2009. Geodynamics of Europa's icy shell. In: Pappalardo, R.T.,
McKinnon, W.B., Khurana, K. (Eds.), Europa. University of Arizona Press, pp.
381–404.
Nimmo, F., Giese, B., Pappalardo, R.T., 2003. Estimates of Europa's ice shell thickness
from elastically‐supported topography. Geophys. Res.Lett. 30 (5), 1–4.
Nimmo, F., Pappalardo, R.T., Giese, B., 2002. Eﬀective elastic thickness and heat ﬂux
estimates on Ganymede. Geophys. Res. Lett. 29 (7), 1158. https://doi.org/10.1029/
2001GL013976.
Nimmo, F., Prockter, L., Schenk, P., 2005. Europa's icy shell: Past and present state, and
future exploration. ICARUS 177 (2), 293–296.
Nimmo, F., Thomas, P., Pappalardo, R., Moore, W., 2007. The global shape of Europa:
Constraints on lateral shell thickness variations. ICARUS 191 (1), 183–192.
Ojakangas, G.W., Stevenson, D.J., 1989. Thermal state of an ice shell on Europa. ICARUS
81 (2), 220–241.
Paola, C., Straub, K., Mohrig, D., Reinhardt, L., 2009. The “unreasonable eﬀectiveness” of
stratigraphic and geomorphic experiments. Earth Sci. Rev. 97, 1–43.
Pappalardo, R.T., Davis, D.M., 2007. Where's the compression? Explaining the lack of
contractional structures on icy satellites. In: Workshop on Ices, Oceans, and Fire:
Satellites of the Outer Solar System. 1357. pp. 108–109.
Pappalardo, R.T., Belton, M.J.S., Breneman, H.H., Carr, M.H., Chapman, C.R., Collins,
G.C., Denk, T., Fagents, S., Geissler, P.E., Giese, B., Greeley, R., 1999. Does Europa
have a subsurface ocean? Evaluation of the geological evidence. J. Geophys. Res.
Planets 104 (E10), 24015–24055.
Pappalardo, R.T., Head, J.W., Greeley, R., Sullivan, R.J., Pilcher, C., Schubert, G., Moore,
W.B., Carr, M.H., Moore, J.M., Belton, M.J.S., Goldsby, D.L., 1998. Geological evidence for solid-state convection in Europa's ice shell. Nature 391 (6665), 365.
Pascuzzo, A.C., Johnson, B.C., Sheppard, R.Y., Fisher, E.A., Wiggins, S.E., 2017. Porosity
and salt content determine if subduction can occur in Europa's ice shell. In: Europa
Deep Dive Vol. 1, pp. 7006.
Patterson, G.W., Head, J.W., Pappalardo, R.T., 2006. Plate motion on Europa and nonrigid behavior of the icy lithosphere: The Castalia Macula Region. J. Struct. Geol. 28
(12), 2237–2258.
Prockter, L.M., Pappalardo, R.T., 2000. Folds on Europa: Implications for crustal cycling
and accommodation of extension. Science 289 (5481), 941–943.
Prockter, L.M., Patterson, G.W., 2009. Morphology and evolution of Europa's ridges and
bands. In: Pappalardo, R.T., McKinnon, W.B., Khurana, K. (Eds.), Europa, Edited by.
University of Arizona Press, pp. 237–258.
Prockter, L.M., Head, J.W., Pappalardo, R.T., Sullivan, R.J., Clifton, J.W., Giese, B.,
Wagner, R., Neukum, G., 2002. Morphology of Europan bands at high resolution: A
mid-ocean ridge-type rift mechanism. J. Geophys. Res. Planets 107 (E5), 1–26.
Ramsay, J.G., Huber, M.I., 1987. The Techniques of Modern Structural Geology, Vol 2:
Folds and Fractures. In: Ramsay, J.G., Huber, M.I. (Eds.), Academic press, London,
UK, pp. 697.
Rhoden, A.R., Militzer, B., Huﬀ, E.M., Hurford, T.A., Manga, M., Richards, M.A., 2010.
Constraints on Europa's rotational dynamics from modeling of tidally-driven fractures. ICARUS 210 (2), 770–784.
Rossetti, F., Ranalli, G., Faccenna, C., 1999. Rheological properties of paraﬃn as an
analogue material for viscous crustal deformation. J. Struc. Geol. 21 (4), 413–417.
Sarid, A.R., Greenberg, R., Hoppa, G.V., Hurford, T.A., Tufts, B.R., Geissler, P., 2002.
Polar wander and surface convergence of Europa's ice shell: Evidence from a survey
of strike-slip displacement. ICARUS 158 (1), 24–41.
Sattler-Cassara, L., Lyra, W., 2017. Implications of tidally driven convection and lithospheric arguments on the topography of Europa. In: Europa Deep Dive I, #7021.
Schellart, W.P., 2008. Kinematics and ﬂow patterns in deep mantle and upper mantle
subduction models: Inﬂuence of the mantle depth and slab to mantle viscosity ratio.
Geochem. Geophys. Geosyst. 9 (3), 1–29.
Schellart, W.P., Strak, V., 2016. A review of analogue modelling of geodynamic processes:
Approaches, scaling, materials and quantiﬁcation, with an application to subduction
experiments. J. Geodyn. 100, 7–32.
Schenk, P.M., 2002. Thickness constraints on the icy shells of the Galilean satellites from a
comparison of crater shapes. Nature 417 (6887), 419–421.
Schenk, P.M., McKinnon, W.B., 1989. Fault oﬀsets and lateral crustal movement on
Europa: Evidence for a mobile ice shell. ICARUS 79, 75–100.

and the formation of double ridges on Europa. ICARUS 223 (1), 74–81.
Fagents, S.A., 2003. Considerations for eﬀusive cryovolcanism on Europa: The postGalileo perspective. J. Geophys. Res. Planets 108 (E12), 1–19.
Figueredo, P.H., 2002. Cryovolcanic and tectonic resurfacing mechanisms on Europa and
Ganymede. Univ. Arizona, pp. 244.
Figueredo, P.H., Greeley, R., Neuer, S., Irwin, L., Schulze-Makuch, D., 2003. Locating
potential biosignatures on Europa from surface geology observations. Astrobiology 3
(4), 851–861.
Gaidos, E.J., Nealson, K.H., Kirschvink, J.L., 1999. Life in ice-covered oceans. Science 284
(5420), 1631–1633.
Geissler, P.E., Greenberg, R., Hoppa, G., Helfenstein, P., McEwen, A., Pappalardo, R.T,
Tufts, R., Ockert-Bell, M., Sullivan, R., Greeley, R., Belton, M.J.S., 1998. Evidence for
non-synchronous rotation of Europa. Nature 391 (6665), 368.
Goldsby, D.L., Kohlstedt, D.L., 2001. Superplastic deformation of ice: Experimental observations. J. Geophys. Res. Solid Earth 106 (B6), 11017–11030.
Greeley, R., Figueredo, P.H., Williams, D.A., Chuang, F.C., Klemaszewski, J.E., Kadel,
S.D., Prockter, L.M., Pappalardo, R.T., Head, J.W., Collins, G.C., Spaun, N.A., 2000.
Geologic mapping of Europa. J. Geophys. Res. Planets 105 (E9), 22559–22578.
Greenberg, R., Leake, M.A., Hoppa, G.V., Tufts, B.R., 2003. Pits and uplifts on Europa.
ICARUS 161 (1), 102–126.
Greenberg, R., Geissler, P.E., Hoppa, G., Tufts, B., Durda, D.D., 1998. Tectonic processes
on Europa, tidal stresses, mechanical response, and visible features. ICARUS 135,
64–78.
Han, L., Showman, A.P., 2008. Implications of shear heating and fracture zones for ridge
formation on Europa. Geophys. Res. Lett. 35 (3), L03202.
Hand, K., Chyba, C., 2007. Empirical constraints on the salinity of the Europan Ocean and
implications for a thin ice shell. ICARUS 189 (2), 424–438.
Hand, K., Carlson, R.W., Chyba, C., 2007. Energy, chemical disequilibrium, and geological constraints on Europa. Astrobiology 7 (6), 1006–1022.
Harada, Y., Kurita, K., 2006. The dependence of surface tidal stress on the internal
structure of Europa: The possibility of cracking of the icy shell. Planet. Space Sci. 54
(2), 170–180.
Head, J.W., Pappalardo, R.T., Sullivan, R., 1999. Europa: Morphological characteristics of
ridges and triple bands from Galileo data (E4 and E6) and assessment of a linear
diapirism model. J. Geophys. Res. Planets 104 (E10), 24223–24236.
Hoppa, G.V., Tufts, B.R, Greenberg, R., Geissler, P.E., 1999a. Strike-slip faults on Europa:
Global shear patterns driven by tidal stress. ICARUS 141, 287–298.
Hoppa, G.V., Tufts, B.R., Greenberg, R., Geissler, P.E., 1999b. Formation of cycloidal
features on Europa. Science 285 (5435), 1899–1902.
Hoyer, L., Kattenhorn, S.A., Watkeys, M.K., 2014. Multistage evolution and variable
motion history of Agenor Linea, Europa. ICARUS 232, 60–80.
Hudson, J.D., Dennis, S.C.R., 1985. The ﬂow of a viscous incompressible ﬂuid past a
normal ﬂat-plate at low and intermediate reynolds-numbers—The wake. J. Fluid
Mech. 160, 369–383.
Hurford, T.A., Sarid, A.R., Greenberg, R., 2007. Cycloidal cracks on Europa: Improved
modeling and non-synchronous rotation implications. ICARUS 186 (1), 218–233.
Hurford, T.A., Preblich, B., Beyer, R.A., Greenberg, R., 2004. Flexure of Europa's lithosphere due to ridge-loading. In: Proceeding Lunar Science Conference 35, Abstract
1831.
Hurford, T.A., Beyer, R.A., Schmidt, B., Preblich, B., Sarid, A.R., Greenberg, R., 2005.
Flexure of Europa's lithosphere due to ridge-loading. ICARUS 177 (2), 380–396.
Hussmann, H., Spohn, T., 2004. Thermal-orbital evolution of Io and Europa. ICARUS 171
(2), 391–410 (Oct).
Hussmann, H., Spohn, T., Wieczerkowski, K., 2002. Thermal equilibrium states of
Europa's ice shell: Implications for internal ocean thickness and surface heat ﬂow.
ICARUS 156, 143–151.
Jara-Orué, H.M., Vermeersen, B.L., 2011. Eﬀects of low-viscous layers and a non-zero
obliquity on surface stresses induced by diurnal tides and non-synchronous rotation:
The case of Europa. ICARUS 215 (1), 417–438.
Johnson, B.C., Sheppard, R.Y., Pascuzzo, A.C., Fisher, E.A., Wiggins, S.E., 2017. Porosity
and salt content determine if subduction can occur in Europa's ice shell. J. Geophys.
Res. Planets 112 (12), 2765–2778.
Johnston, S.A., Montési, L.G., 2014. Formation of ridges on Europa above crystallizing
water bodies inside the ice shell. ICARUS 237, 190–201.
Kadel, S.D., Chuang, F.C., Greeley, R., Moore, J.M., Galileo SSI Team, 2000. Geological
history of the tyre region of Europa: A regional perspective on europan surface features and ice thickness. J. Geophys. Res. Planets 105 (E9), 22657–22669.
Kattenhorn, S.A., 2002. Nonsynchronous rotation evidence and fracture history in the
Bright Plains region, Europa. ICARUS 157 (2), 490–506.
Kattenhorn, S.A., 2004. Strike-slip fault evolution on Europa: evidence from tailcrack
geometries. ICARUS 172 (2), 582–602.
Kattenhorn, S.A., Hurford, T., 2009. Tectonics of Europa. In: Pappalardo, R.T., McKinnon,
W.B., Khurana, K. (Eds.), Europa, edited by. University of Arizona Press, pp.
199–236.
Kattenhorn, S.A., Prockter, L.M., 2014. Evidence for subduction in the ice shell of Europa.
Nat. Geosc. 7 (10), 762–767.
Katz, R.F., Ragnarsson, R., Bodenschatz, E., 2005. Tectonic microplates in a wax model of
sea-ﬂoor spreading. New J. Phys. 7, 37.
Kivelson, M.G., Khurana, K.K., Russell, C.T., Vowerk, M., Walker, R.J., Zimmer, C., 2000.
Galileo magnetometer measurements: A stronger case for a subsurface ocean at
Europa. Science 289, 1340–1343.
Leonard, E.J., Yin, A., Pappalardo, R.T., 2017. Constraining the viscosity of Enceladus's
ice shell through the crater islands. Lunar Planet Sci. 48, 2336.
Leonard, E.J., Yin, A., Pappalardo, R.T., Patthoﬀ, D.A., Lin, J., 2016. Analyzing surface
structures on icy satellites: a physical analogue modeling approach. Lunar Planet Sci.
47 2278.

606

Icarus 321 (2019) 593–607

M.W. Klaser et al.

conventional subduction model. J. Geophys. Res. Solid Earth 97 (B6), 8877–8904.
Tobie, G., Choblet, G., Sotin, C., 2003. Tidally heated convection: Constraints on Europa's
ice shell thickness. J. Geophys. Res. Planets 108 (E11).
Tobie, G., Mocquet, A., Sotin, C., 2005. Tidal dissipation within large icy satellites:
Applications to Europa and Titan. ICARUS 177 (2), 534–549.
Tufts, B.R., Greenberg, R., Hoppa, G., Geissler, P., 2000. Lithospheric dilation on Europa.
ICARUS 146 (1), 75–97.
Turtle, E.P., Pierazzo, E., 2001. Thickness of a Europan ice shell from impact crater simulations. Science 294 (5545), 1326–1328.
Ukrainczyk, N., Kurajica, S., Šipuśić, J., 2010. Thermophysical comparison of ﬁve commercial paraﬃn waxes as latent heat storage materials. Chem. Biochem. Eng. Q. 24
(2), 37–129.
Wahr, J.M., Zuber, M.T., Smith, D.E. and Lunine, J.I., 2006. Tides on Europa, and the
thickness of Europa's icy shell. Journal of Geophysical Research: Planets, 111(E12), p.
1-10.
Wahr, J., Selvans, Z.A., Mullen, M.E., Barr, A.C., Collins, G.C., Selvans, M.M., Pappalardo,
R.T., 2009. Modeling stresses on satellites due to nonsynchronous rotation and orbital
eccentricity using gravitational potential theory. ICARUS 200 (1), 188–206.
Williams, K.K., Greeley, R., 1998. Estimates of ice thickness in the Conamara Chaos
Region of Europa. Geophys. Res. Lett. 25 (23), 4273–4276.
Wong, T., McKinnen, W.B., 2017. Lithospheric stresses in Europa's icy shell: Can subduction initiate on Europa? In: Europa Deep Dive I, #7012.
Wylie, J.J., Lister, J.R., 1998. Stability of straining ﬂow with surface cooling and temperature-dependent viscosity. J. Fluid Mech. 365, 369–381.
Zahnle, K., Schenk, P.M., Levison, H.F., Dones, L., 2003. Cratering rates in the outer solar
system. ICARUS 163, 263–289.
Zimmer, C., Khurana, K.K., Kivelson, M.G., 2000. Subsurface oceans on Europa and
Callisto: Constraints from Galileo magnetometer observations. ICARUS 147 (2),
329–347.

Schenk, P., Turtle, E.P., 2009. Europa's impact craters: Probes of the icy shell. In:
Pappalardo, R.T., McKinnon, W.B., Khurana, K. (Eds.), Europa, Edited by. University
of Arizona Press.
Schenk, P., Matsuyama, I., Nimmo, F., 2008. True polar wander on Europa from globalscale small-circle depressions. Nature 453 (7193), 368–371.
Schubert, G., Sohl, F., Hussmann, H., 2009. Interior of Europa. In: Pappalardo, R.T.,
McKinnon, W.B., Khurana, K. (Eds.), Europa. University of Arizona Press, pp.
353–368.
Showman, A.P., Han, L.J., 2004. Numerical simulations of convection in Europa's ice
shell: Implications for surface features. J. Geophys. Res. Planets 109 (E1).
Showman, A.P., Han, L., 2005. Eﬀects of plasticity on convection in an ice shell:
Implications for Europa. Icarus 177 (2), 425–437.
Spohn, T., Schubert, G., 2003. Oceans in the icy Galilean satellites of Jupiter? ICARUS
161 (2), 456–467.
Solomatov, V.S., 2004. Initiation of subduction by small-scale convection. J. Geophys.
Res. Solid Earth 109, B01412.
Solomatov, V.S., 1995. Scaling of temperature‐and stress‐dependent viscosity convection.
Phys. Fluids 7 (2), 266–274.
Sotin, C., Tobie, G., 2004. Internal structure and dynamics of the large icy satellites.
Comptes Rendus Physique 5 (7), 769–780.
Sotin, C., Tobie, G., Wahr, J., McKinnon, W.B., 2009. Tides and tidal heating on Europa.
In: Pappalardo, R.T., McKinnon, W.B., Khurana, K. (Eds.), Europa. University of
Arizona Press, pp. 85–118.
Stempel, M.M., Barr, A.C., Pappalardo, R.T., 2005. Model constraints on the opening rates
of bands on Europa. ICARUS 177 (2), 297–304.
Sullivan, R., Greeley, R., Homan, K., Klemaszewski, J., Belton, M.J., Carr, M.H., Chapman,
C.R., Tufts, R., Head III, J.W., Pappalardo, R., Moore, J., 1998. Episodic plate separation and fracture inﬁll on the surface of Europa. Nature 391 (6665), 371.
Tao, W.C., O'connell, R.J., 1992. Ablative subduction: A two‐sided alternative to the

607

