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[1] We perform a set of analogue wax experiments aimed at understanding the processes
and conditions that lead to lineament formation on Europa. We heat a layer of wax from
below and cool it from above so that a solid layer of wax forms above a molten layer,
simulating either the liquid ocean or the actively convecting part of the ice shell. The solid
layer of wax is then deformed periodically, simulating the cyclic strain caused by tides or by
the satellite’s nonsynchronous rotation. We find that the formation and morphology of
lineaments that develop in the solid wax layer are governed by two main dimensionless
parameters: �, the ratio of the cooling timescale for the solid layer to the deformation
timescale, and the dilation quotient g, which is defined as the magnitude of net extension
during one cycle of deformation divided by the amplitude of the periodic deformation. For
� � 1, features form that qualitatively resemble bands and ridge complexes on Europa.
We conclude that diurnal tides may be responsible for the formation of bands on Europa if
the conducting layer of ice is a few hundred meters thick and is underlain by a convecting
layer of ice. Features resembling double ridges can form if the ice shell has a thickness of a
few kilometers and periodic strains are caused by Europa’s nonsynchronous
rotation. INDEX TERMS: 6218 Planetology: Solar System Objects: Jovian satellites; 5475 Planetology:

Solid Surface Planets: Tectonics (8149); KEYWORDS: Europa, ridges, tidal deformation
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1. Introduction

[2] Evidence of surface deformation and tectonics on
Jupiter’s icy satellites is preserved in a wide range of
lineaments, including cracks, ridges, ridge complexes, and
bands on Europa. All such lineaments are generally thought
to initiate by tensile failure [McEwen, 1986; Leith and
McKinnon, 1996; Greenberg et al., 1998]. The diversity
of lineament morphology reflects the subsequent evolution
of the crack which in turn is governed by the physical and
geometric properties of the ice shell and the origin and
evolution of the stresses causing deformation.
[3] Lineaments, such as those shown in Figure 1, are

classified by their morphology, though most lineaments fit
within a morphological continuum [Tufts et al., 2000].
Ridges are the most common linear features on Europa
[Pappalardo et al., 1998]. Double ridges consist of a ridge
pair separated by a trough, and in some cases they grade
into single ridges or fractures. Ridge complexes consist of
several ridges that ‘‘usually form anastamosing and discon-
tinuous sets, with ridges that in some cases split away from
the main trend of the complex’’ [Figueredo and Greeley,

2004]. Ridges sometimes grade into ridge-bounded bands.
Bands come in a variety of forms ranging from smooth
bands, which contain no structure or very subdued ridges, to
ridged bands, which contain well-defined alternating ridges
and troughs. Although ridged bands may have parallel
margins, they generally lack clear bilateral symmetry.
[4] Many lineaments are at least qualitatively similar to

features seen at rift zones and mid-ocean ridges on Earth
[Sullivan et al., 1998; Prockter et al., 2002]. Indeed, the
importance of lithospheric extension on Europa has long
been recognized [e.g., Schenk and McKinnon, 1989]. Strike-
slip motion has also occurred at some lineaments [Tufts et al.,
1999;Hoppa et al., 2000; Spaun et al., 2003] and may play a
central role in forming double ridges [Nimmo and Gaidos,
2002] and band topography [Nimmo et al., 2003b]. While the
extension seen at many lineaments should be accompanied
by contraction elsewhere, contraction is only rarely mani-
fested in surface features [Prockter and Pappalardo, 2000;
Sarid et al., 2002].
[5] The prevalence and importance of extension are not

debated. How extension produces the range of lineaments
seen on Europa’s surface, as well as the origin of these
strains, however, remains controversial. In addition to
lithospheric extension, physical processes including cryo-
volcanism [e.g., Crawford and Stevenson, 1988], diapirism
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[Head et al., 1999], and shear heating [Nimmo and Gaidos,
2002] have been invoked to explain the morphology of
lineaments.
[6] Greenberg et al. [1998] recognize the potential

importance of cyclic deformation by diurnal tides and
suggest that repeated opening and closing of cracks can
expel either water or crushed ice that in turn creates ridge
topography. Tufts et al. [2000] extend this model and
propose that dilatational lineament morphology reflects
the degree to which cracks close during the compressional
phase of the tidal cycle. The ratio of the secular dilation, for

example, caused by nonsynchronous rotation, occurring
during the tidal cycle to the amplitude of crack opening
during this cycle is termed the dilation quotient:

g ¼ net opening during one cycle

amplitude of opening during one cycle
: ð1Þ

Tufts et al. [2000] propose that ridges form when g is small,
and bands form when g is large. Thus some combination of
extension and cyclic deformation may be important in
explaining the diversity and evolution of lineaments on
Europa.
[7] Modeling the formation of lineaments is challenging

because they probably form by processes that involve both
brittle fracture and ductile flow. We perform a set of
laboratory experiments using paraffin wax as an analogue
for ice. In these experiments, solid wax simulates brittle ice,
and molten wax simulates the region that deforms as a
viscous fluid. The experiments allow us to study the
interaction among cyclic deformation, secular extension,
and lineament formation and evolution.
[8] The goal of our experiments is to understand the

conditions under which lineaments form in wax. By apply-
ing this understanding to observations made on icy planets,
such as Europa, we hope to obtain new insight into the
physical and geometric properties of the ice shell (e.g., its
thickness), and into the origin of the stresses responsible for
lineament formation. If diurnal tides are able to create
lineaments at the present time, then we might expect some
lineaments to be active features, and thus the site of warm
ice or even liquid water, and consequently sites of astro-
biological interest. Active tectonics will also generate seis-
mic waves that are potentially useful for imaging the
Europan interior [Lee et al., 2003].
[9] In this paper we first explain and justify the experi-

mental approach. We then show how we can scale the wax
experiments to ice tectonics on icy satellites. We conclude
by considering the implications of the experimental results
for the formation of bands and ridges on Europa.

2. Experimental Model

[10] We use waxes because similar experiments prove
useful for understanding features of ridge-transform fault
interactions [Oldenburg and Brune, 1972, 1975; Ragnarsson
et al., 1996] and the morphology of lava flows [e.g., Fink
and Griffiths, 1992]. At least for lava flows, the interaction
between deformation and heat transport governs the surface
morphology, and it is possible to make quantitative compar-
isons between the wax experiments and natural flows
[Griffiths, 2000]. Similarly, we expect that lineament forma-
tion in ice depends on the interaction between heat transport,
which governs the physical and geometric properties of the
ice shell, and deformation. This interaction is modeled in our
wax experiments.
[11] Figure 2 schematically illustrates the experimental

apparatus. Paraffin wax is contained in an open aluminum
box 5 cm deep with horizontal dimensions of 30 cm by
30 cm. The wax is heated from below by a resistance heater
controlled by a potentiometer. The wax is cooled from
above by a fan. The thickness of the solid wax layer can
be adjusted by varying the heat provided by the resistance

Figure 1. (top) Europan ridge complex and (bottom)
Europan band crossed by a ridge. Cropped and labeled
NASA images PIA00590 and PIA01183, respectively.
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heater. The stretching and contraction of the wax layer is
accomplished by pushing and pulling on a vertical plate
embedded in the wax layer. This plate is attached to a motor
by a threaded rod so that as the rod rotates, the plate is
pulled or pushed through the wax.
[12] In previous studies of wax tectonics [Oldenburg and

Brune, 1972, 1975; Ragnarsson et al., 1996], the wax layer
was stretched at a uniform rate in a given direction. In our
case, we are interested in the response to cyclic deforma-
tion. We thus attach a function generator to the motor
controlling the rotation of the threaded rod. We can generate
sinusoidal, square or triangular signals. Because of the
asymmetry of the resistance to motion during a given cycle
of deformation (as we will discuss in more detail when we
interpret the observations), we use a feedback loop to

regulate the rotation rate of the motor. That is, we control
the amplitude and period of strain rather than stress. The
control system was adapted from the rheometer designed for
the study of Rust and Manga [2002].
[13] To run an experiment, we first set the heat flux

supplied by the resistance heater. We then allow the wax
to melt completely. Next we turn on the fan and wait a few
hours until a steady-state thickness of the solid layer is
reached. The power supplies, amplifiers, motor, and signal
generators that generate and regulate the surface deforma-
tion are then turned on simultaneously.
[14] In each experiment, we record the amplitude of the

periodic deformation A, the period P, and the average rate of
unidirectional (secular) extension. The thickness L of the
wax layer is determined by cutting out a piece of the solid
layer with a medical scalpel and measuring the thickness of
the solid layer. This is typically done a few times during
each experiment to ensure L does not change. Each exper-
iment runs for 10 to 103 cycles.

3. Scaling Considerations and Parameters

[15] Table 1 lists the physical and geometric properties of
the wax experiments and of Europa. Table 2 lists the range
of values for the dimensionless parameters that govern the
response of the ice shell to deformation. In this section, we
first discuss model parameters, followed by the dimension-
less parameters, and then conclude with a summary of the
properties and processes that we either neglect or cannot
scale.

3.1. Model Parameters

[16] Paraffin wax is a mixture of hydrocarbon groups
containing chiefly C18–C30 hydrocarbons and smaller
amounts of isoalkanes and cycloalkanes. Paraffin wax is
used to model other geological processes such as folding
[Cobbold, 1975; Latham, 1979] and boudinage [Neurath
and Smith, 1982].
[17] Dynamic similarity between an analogue model and

real-world phenomena requires that the mechanical equation
of state that relates differential flow stress to strain rate
differs only in the proportionality constant [e.g., Weijermars

Figure 2. Schematic illustration of the experimental apparatus.

Table 1. Physical and Geometric Properties

Property Wax Europa

Thermal diffusivity (k) 2 � 10�8 m2/sa 10�6 m2/sb

layer thickness (L) 0–12 mm 0.4–18 kmc

strain rate ( _�) 10�5–10�2 s�1 10�10 s�1

(diurnal tides)d

<10�14 s�1

(nonsynchronous rotation)e

a 0.3 0.3f

(conducting shell model)
1.1g

(convecting shell model)
power law exponent (n) 2.4h 1.8–6i

ln (viscosity ratio across
ductile layer)

12 11

wavelength (l) 0.74L few 100–2 kmj

aMeasured by authors.
bBased on Klinger [1980].
cWe assume L � 3Te; the range of published Te is 0.15–6 km [Williams

and Greeley, 1998; Nimmo, 2004; Pappalardo and Barr, 2004].
dOjakangas and Stevenson [1989]; Greenberg et al. [1998].
eGenerous upper bound based on the period constrained by Hoppa et al.

[2001].
fGaidos and Nimmo [2000].
gSee Turcotte and Schubert [2002].
hMancktelow [1988].
iGoldsby and Kohlstedt [2001]; actual value depends on deformation

mechanism with n = 1.8 to exponent for the most likely mechanism [e.g.,
Nimmo, 2004].

jProckter et al. [2002].
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and Schmeling, 1986]. In the case of power-law creep,
where the strain rate _� is proportional to sn, where s is
differential stress, the stress exponent n of the analogue
material should be similar to that of ice. Paraffin waxes do
exhibit power-law creep, and Mancktelow [1988] measured
n = 2.4. For ice at planetary conditions, values of n between
1.8 and 4 have been measured, depending on the deforma-
tion mechanism, strain rate, and grain size [e.g., Durham et
al., 1997; Goldsby and Kohlstedt, 2001]. Grain-boundary-
sliding accommodated basal slip, the most likely dominant
deformation mechanism on Europa [Nimmo, 2004], has n =
1.8 [Goldsby and Kohlstedt, 2001]. Basal slip accommo-
dated grain-boundary-sliding has n = 2.4 [Goldsby and
Kohlstedt, 2001].
[18] Within the solid layer of wax of thickness L, heat

transport is dominated by conduction, and we assume that it
is equivalent to the layer of ice in which heat transport also
takes place primarily by conduction (Figure 3a). The solid
layer of wax is thus analogous to two possible regions
within the ice shell. First, if thermal convection occurs
within the ice shell [e.g., McKinnon, 1999; Pappalardo et
al., 1998; Ruiz and Tejero, 2000], L is equivalent to the
thickness of the thermal boundary layer (Figure 3b). If,
however, heat transport in the entire ice shell is primarily
conductive, as it is in our experiments, then L is equivalent
to the thickness of the ice shell (Figure 3c). These two cases
will hereafter be referred to as the ‘‘convecting shell’’ and
‘‘conducting shell’’ models, respectively.
[19] The thickness of the ice shell is unknown on Europa,

as is the existence of thermal convection within the ice shell.
Indeed, these two features are among the major unresolved
questions that motivate our experiments. What is ‘‘known’’
about Europa is the thickness of the elastic lithosphere. The

elastic thickness Te is estimated by modeling flexural
features and interpreting the topographic expression of
internal dynamics. On Earth, Te is similar to the depth of
the brittle-ductile transition (BDT) [Maggi et al., 2000]
though this relationship is controversial [King et al.,
1988]. Te similar to the BDT depth should also be the case
on the icy satellites [Nimmo, 2004], though the exact
relationship depends on the strain rate _�, the deformation
mechanism, and the geological setting. Thus, to relate the
wax experiments to observations on Europa, we need to
relate observationally inferred Te to the equivalent quantity
in our wax experiments.
[20] Paraffin wax undergoes a solid-solid phase transition

at �35�C [Ragnarsson et al., 1996]. The warmer solid
phase is plastic and deformable, and the colder phase is hard
and brittle. The solid layer of wax can thus be subdivided
into two regions: a brittle upper layer in which strain is
mostly accommodated by forming cracks during extension,
and a ductile sublayer in which strain is accommodated
primarily by viscous flow during extension. The base of our
paraffin wax is at a temperature of �55�C, and the top is at
�25�C. Assuming a linear temperature gradient, and that
the BDT in the experiments is equivalent to the elastic
thickness, Te � L/3.
[21] On the icy satellites, depending on the strain rates

and deformation mechanism, Te is between about 0.2L and
0.6L [Nimmo et al., 2002; Nimmo and Manga, 2002], where
L is the thickness of the layer in which conduction domi-
nates. We thus assume that Te on the icy satellites is also
�L/3 and estimate the uncertainty in this scaling to be about
a factor of 2.
[22] In our problem, heat transfer also matters and,

because temperature affects rheology, we must also scale

Table 2. Dimensionless Parameters

Dimensionless
Parameter Wax Europaa

� = L2 _�/4a2k 0.01–27 >44
(diurnal tide, conducting model, L > 0.4 km)

>3.2
(diurnal tide, convecting model, L > 0.4 km)

<0.5
(nonsynchronous rotation, convecting model, L = 15 km)

<0.5
(nonsynchronous rotation, conducting model, L = 4 km)

dilation quotient g 0–1 0–1
aTufts et al. [2000].

Figure 3. (a) Solid wax layer above a layer of liquid wax. The solid layer consists of a brittle layer above a
ductile lower layer. Solid layer has thickness L. (b) ‘‘Convecting ice shell’’ model in which the thermal
boundary layer, with thickness L, overlies an actively convecting layer of solid ice. (c)‘‘Conducting ice
shell’’ model in which the ice layer, with thickness L, overlies a water ocean. Schematic temperature
(q) profile, i.e., temperature as a function of depth, for each case is also shown.

E09001 MANGA AND SINTON: FORMATION OF BANDS AND RIDGES ON EUROPA

4 of 15

E09001



the effects of temperature on viscosity. Both ice and wax
can be approximated with an Arrhennian model in which
viscosity scales with exp[Q/Rq], where q is temperature, Q is
activation energy, and R is the ideal gas constant. The
dimensionless parameter, denoted b, that governs deforma-
tion and flow of fluids with a temperature-dependent
viscosity is the natural logarithm of the viscosity ratio
across the deforming region (see, e.g., Solomatov [1995]
for the general problem of convecting fluids and Wylie and
Lister [1998] for extensional flows similar to the one
considered here):

b ¼ Q

Rq2i
Dq: ð2Þ

Here, qi is the interior temperature of the deforming fluid
(assumed to be the mean temperature of the ductile layer,
rather than the entire layer) and Dq is the temperature
difference across the region of interest, again assumed to
be the ductile layer. We continue to assume that the
temperature difference across the ductile layer is two thirds
of that across the entire wax layer, and also two thirds of
that across the conducting part of the ice shell, as discussed
previously. For wax, Q = 530 kJ/mol [Mancktelow, 1988],
and in our wax experiments qi = 318 K and Dq = 20 K. For
ice, we assume Q = 49 kJ/mol [Goldsby and Kohlstedt,
2001], qi � 230 K, and Dq = 80 K. We thus estimate b = 9
and 12 for ice and wax, respectively. Though the
uncertainty in both numbers is probably several tens of
percent, the magnitude and importance of viscosity
variations within the ductile layer are similar.
[23] The thermal diffusivity k of ice is temperature-

dependent, and we assume a representative value of
10�6 m2/s. We measure k for solid wax to be 2 � 10�8 m2/s.
The rate at which the wax layer thickens as it is being
deformed is governed by the solution to the Stefan problem.
For a problem in which a half-space is cooled from above
and the fluid solidifies from the upper surface downward,

L ¼ 2a
ffiffiffiffi

kt
p

; ð3Þ

where t is time and a is a constant of proportionality that
depends on the temperature difference across the solidified
layer, the latent heat of solidification, and the specific heat.
In the wax experiments a = 0.3.
[24] If the solid wax layer is analogous to the entire ice

shell (conducting shell model), then the liquid wax layer is
analogous to Europa’s ocean, and a is also 0.3 for Europa
[Gaidos and Nimmo, 2000]. However, if the solid wax layer
is analogous to the upper thermal boundary layer of a
convecting ice shell, latent heat of solidification does not
affect heat transport through the conducting layer. In this
case, equation (2) still applies but a = 1.1 [see, e.g., Turcotte
and Schubert, 2002].

3.2. Dimensionless Parameters

[25] Studies of lava flow morphology provide a guide for
scaling the lab experiments to an icy satellite. The analogy
is appropriate because in both cases, cooling through the
upper surface leads to an increase in viscosity of the fluid
and a transition from ductile to brittle deformation. How
deformation at the surface influences surface features

depends on the time scale for surface deformation tdef
compared with the time scale for cooling tcool.
[26] The deformation time scale is governed by the strain

rate tdef = _��1. In the lab experiments _� = A/HP, where H is
the length of the wax layer (in a direction parallel to the rod)
that is being deformed, A is the amplitude of the deforma-
tion, and P is the period of motion. The cooling time scale is
given by tcool = L2/4a2k, where a is a dimensionless
parameter that is given by the solution to the Stefan problem
(see section 3.1).
[27] The ratio of the cooling and deformation time scales,

following the notation used in studies of lava flows [e.g.,
Griffiths, 2000], is given by

� ¼ cooling time

deformation time
¼ tcool

tdef
¼ L2 _�

4a2k
: ð4Þ

[28] Why should� influence surface features? We answer
this question by first considering how deformation causes the
instabilities and strain localization that result in the formation
of surface features. We then consider how heat transfer (e.g.,
cooling) can suppress strain localization.
[29] Consider the periodic stretching and contraction of a

deformable layer, with a region where the layer is slightly
thinner than the mean thickness. As the layer is stretched
and thinned, the thinner region is thinned faster than
average because its viscosity is lowered, leading to strain
localization. There are two reasons why the thinned region
has lower viscosity. First, because the cross-sectional area
perpendicular to the stretching direction is smaller, stresses
will be larger, and viscosities are thus lower owing to the
nonlinear rheology of the wax and ice. Second, even for a
Newtonian fluid, because of the temperature dependence of
viscosity, advective thinning of the wax or ice layer brings
warmer isotherms closer to the surface. The lower viscosity
in the thinned region concentrates stretching in the less
viscous region, which, by continuity, induces a vertical flow
that further warms, and hence thins, the layer.
[30] In summary, the stress and temperature dependence

of the viscosity of both wax and ice can destabilize flow,
leading to strain localization. Sufficiently rapid heat trans-
port and cooling, however, can suppress strain localization
by keeping isotherms, and hence material properties at a
given depth, from varying in the horizontal direction.
[31] The second dimensionless parameter we consider,

the dilation quotient g, is described in the introduction and
was introduced by Tufts et al. [2000].
[32] Finally, the amplitude of the periodic deformation

can be scaled by comparing it with the thickness of the solid
layer, yielding a dimensionless ratio A/L that can influence
surface features.

3.3. Limitations

[33] The range of parameters we are able to investigate is
limited both by the power supplies and the motor we use
(these affect the period of deformation and amplitude) and
our ability to control the thickness of the wax layer. Our
motor and controller are unable to cope with very large �
because large applied forces are required: large � requires
some combination of large L or high _�.
[34] There are also several features of ice tectonics on the

icy satellites that we are unable to scale or study. First, we
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cannot scale gravitational forces. Gravity can influence the
wavelength of folding in some cases [Fink and Fletcher,
1978]. Buoyancy forces also affect flow in the ductile part
of the ice shell. In our experiments, viscous gravitational
spreading is negligible for all experiments. However, vis-
cous flow of low-viscosity ice at the base of the ice shell
should remove variations in the ice shell thickness on time
scales from 102 to 105 years [Stevenson, 2000; Nimmo et al.,
2003b] (though see Buck et al. [2002] and O’Brien et al.
[2002] for an alternative view). Any flow in the lower crust
involves warm, and thus very low viscosity, ice. We do not
expect the experimental absence of such flow to influence
the formation of features, except to note that if lower crustal
flow is rapid compared to the surface deformation, then the
conductive shell model should be replace by a convective
shell model. Gravity also influences the depth of the BDT.
Nimmo [2004] estimates that the depth of the BDT for
Europa is �L/4, with the exact value depending on the
strain rates, similar to that in our experiments.
[35] Second, there is no compositional buoyancy in the

experiments. Compositional buoyancy is sometimes invoked
to explain the topography of bands [Nimmo et al., 2003b] and
lenticulae morphologies [Pappalardo and Barr, 2004].
[36] Third, the experiments are done in a Cartesian tank

with unidirectional extension and compression. On the icy
satellites, the surface curvature and temporal evolution of
stress orientations during nonsynchronous rotation, which
may cause cycloidal ridges [e.g., Hoppa et al., 1999b],
cannot be simulated.
[37] Fourth, we do not scale the possible role of shear

heating, which, locally, reduces viscosity and adds thermal
buoyancy. In the experiments, shear heating is not signifi-
cant because of the small length scales. Shear heating,
however, is sometimes invoked to explain double ridges
[Nimmo and Gaidos, 2002].
[38] Fifth, cryovolcanic processes [Crawford and

Stevenson, 1988; Fagents et al., 2000] and tidal
pumping of water to the surface [Greenberg et al., 1998],
all of which are sometimes called upon to explain some

aspects of lineaments, are not simulated or scaled. Fagents
[2003] notes, however, that the Voyager-era inference for
widespread cryovolcanism on icy satellites is overstated.
[39] Sixth, we are unable to correctly scale stresses to

closure forces and yield strengths. In the experiments, we
control strain rates (whose influence is characterized by �)
rather than stress, and the applied stresses are always large
enough to crack the brittle layer of wax. In order to crack
the wax we also need sufficiently large strains and hence
amplitudes A. For this reason the experiments have values
of A/L that are probably larger than those on Europa. The
effect of the larger A/L in our experiments is discussed in
section 6.1.

4. Results

[40] We are able to obtain quantitative data for 22 experi-
ments. Parameters and results are summarized in Table 3. In
this section, we report and describe observations and briefly
comment on what features of the experimental morpholo-
gies resemble features of Europan ridges, ridge complexes,
and bands. Explanations are reserved for the discussion.

4.1. Effect of ��

[41] Figure 4 shows an oblique view of what we call a
‘‘deformation belt’’ and is typical of experiments in which
� � O(1) (cooling time approximately equal to deformation
time) and g is small. The deformation belt running across
the tank is oriented approximately perpendicular to the
stretching/contraction direction. That it is not at a right
angle implies that a small component of shear occurs within
the deformation belt during the cyclic deformation. The
deformed region consists of a number of anastamosing
ridges that resemble, at least qualitatively, the interweaving
and discontinuous ridges in ridge complexes and some
bands [e.g., Figueredo and Greeley, 2004]. These ridges,
as shown later, are folds that form during the compression
stage of deformation. Anastamosing deformation belts have
also developed (they branch and join irregularly).

Table 3. Summary of Experiments and Parameters

Experiment Morphology � g L/A l/L

3.7 band 2.7 ± 0.6 0.10 ± 0.05 0.20 ± 0.04 0.79 ± 0.05
3.10 two folds 9.1 ± 0.6 0 0.50 ± 0.04 -
3.12 crack 27 ± 3 0 0.07 ± 0.01 -
3.16 parallel ridges 2.7 ± 0.4 1.0 ± 0.1 0.30 ± 0.06 1.3 ± 0.1
3.17 band 1.8 ± 0.3 0.40 ± 0.02 0.33 ± 0.03 1.0 ± 0.1
3.18 band 2.7 ± 0.3 0 0.20 ± 0.03 0.75 ± 0.08
16 crack 1.1 ± 0.1 0 2.9 ± 0.4 -
17 crack 0.51 ± 0.08 0 0.90 ± 0.10 -
18 band 1.16 ± 0.20 0 0.27 ± 0.04 0.71 ± 0.09
19 band 0.84 ± 0.14 0 0.31 ± 0.05 0.75 ± 0.09
20 band 0.55 ± 0.13 0.015 ± 0.002 0.25 ± 0.03 0.73 ± 0.07
21 band 0.84 ± 0.14 0 0.40 ± 0.05 0.79 ± 0.06
22 band 0.45 ± 0.11 0 0.33 ± 0.06 0.71 ± 0.04
23 crack 0.50 ± 0.06 0 0.92 ± 0.08 -
24a crack 0.28 ± 0.04 0 0.90 ± 0.10 -
24b crack 0.031 ± 0.009 0 0.31 ± 0.10 -
25a crack 0.019 ± 0.006 0 0.50 ± 0.17 -
25b crack 0.30 ± 0.04 0 1.0 ± 0.1 -
26a crack 0.20 ± 0.07 0 0.6 ± 0.2 -
26b crack 0.30 ± 0.04 0 1.2 ± 0.2 -
27a crack 0.14 ± 0.05 0.20 ± 0.03 0.43 ± 0.11 -
27b crack 0.55 ± 0.13 0.20 ± 0.03 0.86 ± 0.12 -
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[42] The folds are not all parallel to one another. In
some cases, older folds are disrupted by younger folds. In
addition, there is no regular spatial pattern to the age of
the folds: the oldest folds are not necessarily on the

outside of the deformed region, nor are the youngest
necessarily in the middle. We also find that wide defor-
mation belts can form even if there is little or no net
extension.
[43] Figure 4b shows a magnified view of the defor-

mation belt during maximum extension. The red arrows
indicate regions in which the solid wax has cracked and
then spread, a process hereafter referred to as ‘‘rifting’’.
Within the rift, new solid wax forms as the liquid wax
cools. Notice that the rifted region is not laterally
continuous but instead jumps across preexisting folds
and features. It is this discontinuous rifting that causes
the contorted folds, overall structure of the deformation
belt, and lack of age progression of features across the
deformation belt.
[44] Figure 5 summarizes the results of experiments for

g 
 0.2. The vertical axis shows A/L, which is the ratio of
the amplitude of deformation to the thickness of the solid
layer. Experiments in which the deformation belt contains
many ridges are shown with open circles. Experiments in
which the crack opens and closes without forming wide
deformation belts are shown with filled circles. The exper-
iment with � = 9.1 produced only two main folds. Figure 5
shows that to form bands, � should be of O(1). Although it
is not possible to perform many experiments with small A/L
because the wax typically does not crack at under these
conditions, the data in Figure 5 tentatively suggest that the
amplitude of opening A/L must also be large enough to form
lineaments.
[45] The detailed deformation history does not appear

to have any effect on surface features. For the conditions
and parameters of the experiment shown in Figure 4,
qualitatively similar deformation belts develop when the
signal generator provides square waves (constant velocity
of the vertical plate in alternating directions) or sinusoidal
waves.

4.2. Effect of ;

[46] As shown in Figures 4 and 6b, for small g (less than
about 1/2), the deformation belt contains anastamosing
(non-parallel) folds. For g = 1, all ridges within the
deformed region are parallel to each other (Figure 6c) and
the deformation belt is bilaterally symmetric, a feature of
many bands on Europa [Prockter et al., 2002]. As g

increases, the relief of ridges also decreases.
[47] For g ! 1 (pure secular extension and no cyclic

deformation), as found by Ragnarsson et al. [1996], the
crack forms a regular zigzag pattern when viewed from
above (see Figure 6a). This type of pattern occurs when
there exists both a brittle and ductile layer within the layer
of solid wax. Ridge-transform systems similar to those at
mid-ocean ridges are found in analogue wax experiments
only with a wax that becomes brittle once it solidifies [Katz,
2000].
[48] Similar zigzag patterns can be found on the surface

of basaltic lava lakes. No similar features, however, can
be seen on any of the icy satellites. The results of the
wax experiments indicate that some cyclic deformation
may be required to suppress the zigzag pattern.
[49] Figure 7 shows the relationship between surface

features, �, and g. Filled circles denote experiments in
which deformation belts or ridges form, and open circles

Figure 4. (a) Oblique view of a deformation band
composed of multiple ridges from experiment 3.7. Photo-
graph is taken at the time of largest extension or opening.
(b) Magnified view of the region in the box shown in
Figure 4a. The arrows indicate regions in which rifting has
occurred and new solid crust is forming. Notice that rifted
regions are not continuous along the length of the band,
leading to anastamosing ridges and lineaments. � = 2.7, g =
0.1; A = 2.0 cm, L = 4 mm.

E09001 MANGA AND SINTON: FORMATION OF BANDS AND RIDGES ON EUROPA

7 of 15

E09001



denote experiments in which only cracks form. Only experi-
ments with L/A < 0.9 are shown.

4.3. Wavelength of Folds

[50] Figure 8 shows the spacing of ridges (wavelength of
the folds), l, normalized by the thickness of the layer of
solid wax, as a function of both � and normalized defor-
mation amplitude L/A. In all cases, g 
 0.2. The wavelength
is obtained by dividing the width of the deformation belt by
the number of ridges. Figure 8 indicates that the wavelength
l is proportional to the layer thickness L, and in detail, that
l = 0.74 L. Variations in � and A/L do not appear to affect
the preserved spacing of folds. For larger g, secular exten-
sion does increase the spacing (see Table 3), and for large g,
l is greater than L.

4.4. Effect of Variable ;

[51] The elastic thickness of the ice shell on Europa does
not have to be uniform, because of latitude- and longitude-
dependent tidal heating at the global scale [Tobie et al.,
2003], or, at small scales, diapirism [e.g., Sotin et al., 2002;
Pappalardo and Barr, 2004] and melt-through [Greenberg
et al., 1999; O’Brien et al., 2002]. We therefore also
performed a few experiments in which the wax layer has
a spatially variable thickness.

[52] Figure 9 shows the surface features formed for an
experiment in which � increases from �0 near the
middle to �2.7 near the sides of the tank. The deformed
region near the side resembles that shown in Figure 4 for
a similar value of �. Near the middle of the tank, where
� � 1, surface features form that are best described as
radiating ridges. Radial features are predicted from ‘‘hole-
in-a-plate’’ models [e.g., van Wyk de Vries and Merle,
1996]. If � had been �1 everywhere, no surface features
would have formed.

5. Discussion

[53] At least qualitatively, several features seen in the
experiments resemble features on Europa. First, a continuum
of morphologies develop and reflect different extents of
evolution: cracks, ridge-like features, features that resem-
ble ridge complexes containing several ridges, and finally
wide band-like structures with many ridges. Second, both
subparallel and laterally discontinuous ridges can form, as
seen in ridge complexes and some bands on Europa.
Third, deformation belts can split, a common feature of
Europan bands. Fourth, deformation belts can destroy
preexisting terrain if there is no secular extension, which

Figure 5. Relationship between� and surface features for different opening amplitudes (plotted as A/L).
Only experiments with g < 0.2 are shown.��O(1) is required to make deformation bands that are similar
to Europan bands and ridge complexes. Open circles indicate experiments in which features contain many
ridges. Experiments indicated with filled circles had only cracks. For reference, estimated values of � on
Europa are shown by vertical lines. On the far right is the lower bound for the conducting shell model (a =
0.3), assuming L> 0.4 km. The vertical line at� = 3.2 is the lower bound for the convecting shell model (a =
1.1), assuming L > 0.4 km. The vertical line on the left is the upper bound for the case that period
deformation is caused Europa’s nonsynchronous rotation, for the conducting model with L = 4 km and _� <
10�14 s�1.
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is also apparently the case for some Europan bands
[Figueredo and Greeley, 2004].
[54] There are two main features of the experimental

observations that should be understood in order to apply
our results in more detail to Europa. First, why do defor-
mation bands containing many ridges form for � � O(1)
and not much smaller or larger � (Figure 5)? Second, why

are folds within deformation belts not parallel to each other
for small g (Figure 7)?

5.1. Why Is �� ������� O(1) Required to Make
Surface Features?

[55] Figure 10 illustrates schematically the evolution of
the solid layer during one cycle of deformation for � �
O(1). Once stretching begins, we observe that thinning and
then crack formation occur where the solid layer is thinnest.
For � � O(1), fluids with a temperature-dependent viscos-
ity are unstable during stretching, and strain localization can
occur [e.g., Wylie and Lister, 1998]. New solid wax forms
within the rifted region, and cooling of the stretched region
allows the wax to thicken where it is stretched. During the
closing phase, contraction causes the solid layer to thicken.
To accommodate the new solid wax that is added, the solid
layer is ‘‘folded’’ near where it is thinnest, as suggested by
Prockter and Pappalardo [2000].
[56] The term ‘‘folded’’ is placed in quotation marks

because during a given cycle, only one or two folds are
actively deforming. This differs from the classic folding of a
uniform layer [e.g., Biot, 1961] or from the more relevant
problem, in which viscosity decreases exponentially with
depth [e.g., Fink and Fletcher, 1978]. Nevertheless, as
shown in Figure 10f, the ridge-like structures that form
are indeed folds. The cross section of the folds in Figure 10f
is obtained at the end of the experiment by making a vertical
slice through the wax after it is allowed to solidify com-
pletely. The long-wavelength surface deformation of this
cross section is not present during the active experiment.
[57] During the next cycle, a new crack forms adjacent to a

newly formed fold. Over time, a sequence of folds can form.
In our experiments, we observe that the number of folds is
always less than (sometime much less than) or equal to the
number of deformation cycles. This implies that folds may
sometimes reopen during the next cycle, or that they form
progressively during many cycles (the case for small A/L).
[58] For � � 1, cooling rates are large compared with

deformation rates; the solid layer thus has a nearly constant
thickness during both stretching and contraction, and no folds
will form. For� 1, cooling rates are small compared to the
deformation rate; the thickening caused by cooling shown in
Figure 10c does not occur, and the rift opens and closes in
same location during each cycle. Similar arguments have
been given for other types of lithospheric instabilities [e.g.,
Herrick and Stevenson, 1990].
[59] In our experiments, strain localization always occurs

at a single linear feature rather than forming regularly
spaced instabilities, as found in previous studies [Herrick
and Stevenson, 1990; Dombard and McKinnon, 2001]. The
reason is that because we control strain rates, rather than
stress, once rifting occurs at some location, stresses elsewhere
decrease. This prevents the formation of additional cracks.

5.2. Effect of ;

[60] We have argued that rifting, as shown in Figure 10,
occurs where the solid layer is thinnest as a result of strain
localization. For small g, the location of thinnest solid wax
depends on where the thickening and folding occur during
the compression stage. In the cartoon shown in Figure 10,
the next cracks form wherever the solid wax layer is most
easily deformed, which appears to be at the original location

Figure 6. Effect of dilation quotient g on surface features.
(a) Oblique view of wax surface for g ! 1 (pure secular
extension), showing rifts with a zigzag pattern in map view.
The black curve is drawn over the center of the rift to
highlight the geometry. (b) Oblique view of the wax surface
for g = 1.0 and � = 2.7, showing lineaments that are all
parallel to one another. The white curve shows the position
of the crack at the center of the rift. (c) g = 0.4 and � = 1.8
(L = 5 mm, A = 1.5 cm) allows ridges to cross one another,
for reasons that can be seen in Figure 4b. This is a map view
made on a flatbed scanner, so there is no distortion of the
image.
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or on the sides on newly formed folds. Thus the location of
rifting shifts, which in turn causes laterally discontinuous
rifting, as seen in Figure 4. One consequence of discontin-
uous rifting is that shear strains occur between rifted seg-
ments. These result in small en echelon folds oriented
perpendicular to the extension direction, but at an angle to
the main deformation belt and larger folds (Figure 9c).
[61] When g is sufficiently large, somewhere between

about 0.5 and 1 in the experiments, the crack always forms
at the same location, and the deformation belt is bilaterally
symmetric. The crack and subsequent rifting always form at
the same location because the solid layer is always thinnest
where the rift first formed.

6. Implications for Europa

[62] Observations of lineaments provide estimates of l
for different features and thus, using Figure 8, constraints on
L. In our experiments, we found that to make lineaments
containing ridges, rather than only cracks, we require � �
O(1). This constrains _� and a, and the latter property
indicates whether liquid water is involved in lineament
formation. In the discussion that follows, we continue to
assume that L � 3Te and note once again that the uncer-
tainty in this relationship may be a factor of two on the icy
satellites [Nimmo et al., 2002].

6.1. Formation of Lineaments on Europa by
Diurnal Tides

[63] Assuming that l � 0.74 L, as found in our experi-
ments, the typical 0.3 km spacing of features in bands

[Prockter et al., 2002] implies L � 0.4 km. More generally,
if we assume 0.1 < L < 0.5 km, the diurnal tidal strain rate of
10�10 s�1 [Ojakangas and Stevenson, 1989] implies 0.2 <
� < 5 for a convecting ice shell. In our experiments well-
developed band-like features containing many lineations
form over this range of �. The corresponding values of Te
are near the low end of the range of those estimated for
Europa, but are still similar to estimates for tectonically
active areas, for which estimates of Te range from 0.1 to
0.5 km [e.g., Williams and Greeley, 1998; Pappalardo and
Barr, 2004]. In fact, L � 0.4 km implies Te close to the
0.15 km value inferred independently for bands [e.g.,
Nimmo et al., 2003b, Figure 5].
[64] Figure 5 does hint that to make bands, we might also

require sufficiently large A/L. This conclusion relies, how-
ever, on the single experiment in which A/L = 0.34. The
cooling time scale is dominated by the smaller of A and L,
such that if A is less than L, we need larger values of � to
make lineaments (but if � is too large then only cracks
form). Greenberg et al. [1998] suggest that a value of A �
1 m is plausible, assuming the separation between active
cracks is 100 km. If all the tidal strain is accommodated in a
single crack (assuming vertical motion is translated into
horizontal displacement), A � 30 m [Moore and Schubert,
2000]. The value of A/L on Europa is thus not clearly large
enough that we can be sure that bands can form in a manner
similar to that in the wax experiments, even though � may
have the right magnitude. In addition, as A/L decreases, the
number of folds produced per cycle of deformation
decreases, and for small A/L, many deformation cycles
appear to be needed to make each fold. In our experiments,

Figure 7. Relationship between dilation quotient (g), �, and surface features. Only experiments with
L/A < 0.9 are shown.
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10–103 cycles are sufficient to form well-developed
lineaments, equivalent to 10�1–10 Earth years on Europa.
Such short timescales suggest that a comparison of
Voyager and/or Galileo images from different times (and
eventually images from future missions) should be able to
identify active features. However, we reemphasize that
because A/L is probably smaller on Europa, we expect a
greater number of cycles will be needed to make linea-
ments on Europa.
[65] Double ridges have widths of about 1–2 km. If they

too form in a manner similar to the features in the wax
experiments, but reflect early (or arrested) stages in the
evolution of a deformation belt, then this larger value of l
implies that L is a couple km. If L is larger than it is for
bands, then � is also larger, and Figure 5 shows that ridges
are more likely to form than wide bands. Bands are
relatively old lineaments [Figueredo and Greeley, 2004],
consistent with a thickening ice shell and lithosphere. That
is, bands form early in Europan history when L is a few
hundred meters, and lineaments are restricted to ridges and
then finally to cracks as L increases as the ice shell grows in
thickness [Figueredo and Greeley, 2004].
[66] A wide variety of models have been proposed to

explain the formation of the various linear features on
Europa (see review by Pappalardo et al. [1999]). The key
question and motivation for these models and, indeed, for
understanding the origin of bands and ridge, are whether
they require the active participation of liquid water or warm
ductile ice. As shown in Figure 5, � is likely too large for
the conducting shell model. That is, at the diurnal tidal
forcing frequency, the cooling rate of intruded water is too

slow to allow band-like structures to develop through the
processes that occur in the wax experiments. In this case,
bands are produced only if L is a few tens of meters. If L is
this small, then the spacing of lineaments is similar, and
thus much smaller than observed spacings.
[67] In summary, diurnal tides can create bands in a

manner similar to that in the experiments, but only when
and where Te is O(100) m. Moreover, such bands would
have to form from warm, ductile ice rather than from liquid
water.

6.2. Formation of Lineaments by Europa’s
Nonsynchronous Rotation

[68] Evidence for the nonsynchronous rotation of Europa
is provided by the orientation and distribution of lineaments
[e.g., Geissler et al., 1998] and has long been invoked to
influence fracturing [e.g., McEwen, 1986]. The rotation
period is difficult to constrain but is greater than 12 ka
[Hoppa et al., 1999a] and probably less than 106 years
[Hoppa et al., 2001], assuming a surface age of 50 Ma
[Zahnle et al., 2003]. A generous upper bound on the strain
rate is thus 10�14 s�1, and we assume that _� < 10�14 s�1.
[69] For the convecting model (a = 1.1), � � 1/2 if L >

15 km. If the larger values of Te, close to 6 km [Nimmo et
al., 2003a], are representative of present-day values for
Europa, then only strains caused by nonsynchronous rota-
tion should be able to create bands and ridges. However, the
predicted wavelength of lineaments should then be many
kilometers, and greater than the spacing of lineaments on
Europa.
[70] For the conducting model (a = 0.3), L � 4 km is

sufficient to have � � 1/2. Given the uncertainty in Euro-
pan model parameters, this value of L is inconsistent with
the 1–2 km spacing of the ridges that make up double
ridges. This implies that Te � 1 km, consistent with several
estimates of the BDT depth [e.g., Pappalardo et al., 1999;
Ruiz and Tejero, 2000]. Thus the double ridges that make up
cycloidal ridges would imply an ice shell thickness of only a
couple kilometers at the time the ridges formed, consistent
with the original model of Hoppa et al. [1999a], though the
Hoppa et al. model may still apply for the convecting shell
model.
[71] For the conducting model, however, viscous flow

of the lower crust arising from lateral pressure gradients
will tend to keep the ice shell at a constant thickness on
time scales similar to the period of nonsynchronous
rotation [Stevenson, 2000; Nimmo et al., 2003b]. In
contrast, Buck et al. [2002] argue that thin regions can
persist for 1 My (longer than the non-synchronous
rotation period) if the conductive shell thickness is less
than about 6 km (as we are proposing). Any lateral flow
of ice in the lower crust will displace warm, low
viscosity ice and will probably not influence the dynam-
ics. However, in this case, it may be more appropriate to
use the scaling (i.e., appropriate value of a) for the
convective model rather than the conducting model, in
which case we again need unrealistically large L to have
� � O(1).
[72] Given the few hundred meter spacing of features in

bands, we conclude that individual lineaments in bands are
not likely to have been formed by Europa’s nonsynchronous
rotation because � is always too small. The overall exten-

Figure 8. Relationship between the wavelength of pre-
served ridges and (a) � and (b) L/A. Ridge spacing is
always about 0.74 L. In all cases, g < 0.2. Larger g leads to
increased spacing.
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sion that might lead to g > 0 may still be caused by non-
synchronous rotation.

6.3. What Is the Dilation Quotient ; on Europa?

[73] In the wax experiments, the extent of bilateral
symmetry is governed by the dilation quotient g, as dis-
cussed in section 4.2. Our experiments suggest that smooth
band material forms at high g, whereas ridged band material
forms at small g. This is qualitatively consistent with
Prockter et al. [2002], who propose that smooth bands
form at higher spreading rates.

7. Conclusions

[74] Analogue wax experiments allow us to simulate
processes in which heat transfer and periodic deformation
occur in materials that can behave in both brittle and
ductile manners. The experiments are performed in a
three-dimensional system so that we can study patterns
formed in the horizontal plane for a problem in which
material properties vary (and heat transport occurs) primar-
ily in the vertical direction. There are, however, some
limitations in the experimental approach, as discussed in
section 3.3, that must be considered when applying results

to an icy satellite. There are also experimental limitations in
the range of parameter space that could be accessed
(Figures 5 and 7). Nevertheless, the general idea that the
formation of lineaments is governed by relative magnitudes
of cooling and deformation time scales should be general.
As a consequence, we expect that � on Europa at the time
of lineament formation should be similar to that required to
make lineaments in the lab.
[75] Although there is considerable uncertainty in the

model parameters for Europa, we can draw several quanti-
tative and qualitative conclusions:
[76] . Features that qualitatively resemble bands and

ridges on Europa form for � � O(1). For much larger �, the
stretching and thinning of the lithosphere near cracks
appears to be reversible because heat transfer is too slow
to thicken the wax layer during the extensional phase. For
much smaller �, heat transfer is sufficiently fast to maintain
the wax layer at an approximately constant thickness so that
strain localization does not occur.
[77] . If the relevant strain rate is caused by diurnal tides,�

� O(1) is possible with L of a few hundred meters and is
consistent with the elastic thickness and lineament spacing in
bands. In this case, L also represents the thickness of the
thermal boundary layer above the actively convecting part of

Figure 9. Effect of spatially variable �. Here � ranges from �2.7 near the sides (box 1) to �0 near the
middle (box 2). Box 3 shows features formed when there is both extension and shear within the rifted
region. A = 2.0 cm, 0 < L < 5 mm.
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Figure 10. Cartoon illustrating the formation of ‘‘folds’’ during a deformation cycle for � � 1 for (a) a
solid layer with small variations in thickness. The vertical dashed lines are passive markers used to
indicate the evolution of strain during the deformation cycle. (b) During the extension or opening stage, a
crack forms and the solid layer thins. (c) New solid wax (shown in gray) forms within the rift, and
cooling of the stretched region allows it to thicken. (d) During the closing phase the solid layer thickens
because of compression. (e) Folding occurs to accommodate the new crust that was added. This folding
forms either one or two folds. During the next cycle the new crack and subsequent rifting appear to form
wherever the layer is thinnest. On the basis of the experiments, this rifting can be in any of the three
locations indicated by the vertical arrows. (f ) Cross section of the solidified wax for parameters similar to
experiment 3.18 showing that the ridges are, in fact, folds. The vertical line labeled ‘‘limit’’ indicates the
right edge of the deformation band. The location labeled ‘‘crack’’ shows the last position of the active
crack. For � � 1, cooling rates are large compared with deformation rates; the solid layer thus has a
nearly constant thickness, and no folds will form. For � 1, cooling rates are long compared to those of
the deformation; the thickening caused by the cooling shown in Figure 10c does not occur, and the rift
opens and closes in the same location with each cycle.
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the ice shell. Conversely, strains caused by non-synchronous
rotation require L to be large enough that it is not consistent
with the spacing of features in bands. The spacing of ridges in
double ridges, however, is consistent with L of a few kilome-
ters, if L is also the thickness of the ice shell and cyclic
deformation is caused by Europa’s non-synchronous rotation.
[78] . The initial cracks, and the later-formed band-like

features and ridges, do not in general form perpendicular to
the opening direction. That is, oblique opening and shear
are common, as is also inferred to be the case on Europa
[Prockter et al., 2002].
[79] . Anastamosing deformation bands and interweav-

ing ridges can form naturally for g less than about 1/2. For
g > about 1, thickening in the closing phase in insufficient
to allow reopening to occur elsewhere, and hence all
features are parallel to each other.
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