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ABSTRACT OF THE DISSERTATION

Kinematic Evolution and Mechanisms of Strike-Slip Faults in the Solar System:
Insights from Experimental Analogues

by

Ivy S. Curren
Doctor of Philosophy in Geology
University of California, Los Angeles, 2016
Professor An Yin, Chair

Identifying the ways in which faults initiate and propagate in disparate tectonic
environments is fundamental for understanding regional and global deformation on rocky and icy
bodies throughout the solar system. Furthermore, the kinematics and mechanisms of faulting
provide a framework for understanding the range of dynamic processes that operate (or have
previously operated) on planetary surfaces. To provide insight into these processes, my research
focuses on strike-slip fault formation on Earth, Venus, and tidally deformed satellites (e.g.,
Europa, Enceladus, Phobos). Strike-slip faults are widespread across tectonic environments and
their geometry, morphology, and kinematics are easily identifiable through remote sensing
techniques, making this class of structures ideal for reconstructing the histories of planetary
crusts. In this work, I integrate geologic observations and interpretations with experimental
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analogues to investigate the tectonic development of strike-slip faults in response to (1) preexisting heterogeneous crust structure and/or composition, and (2) cyclic “tidal” stresses.
The geometry and morphology of strike-slip faults can be used to test competing models
of structural deformation and geodynamic properties of solar system bodies. The current
understanding for strike-slip fault initiation, geometry, and morphology, derived from field and
experimental studies in homogenous material by unidirectional simple shear, suggests a sequence
of deformation variable only by the shape of an underlying fault. Strike-slip fault zones are
defined as having a primary throughgoing fault that accommodates the majority of regional
strain and flanking offset folds and fractures that form at characteristic angles away from the
applied stress direction. However, along-strike variations in morphology and lateral offsets,
pervasive off-fault deformation, and the absence of throughgoing faults do not adhere to
anticipated outcomes of traditional strike-slip fault formation models. Instead, I propose that the
sequence, geometry, and morphology of strike-slip faults are highly dependent on the tectonic
environment in which they were formed. Using experimental analogues I show that (1) strikeslip faults that initiate in structurally heterogeneous (i.e. previously deformed or compositionally
disparate) crust fit a distributed deformation pattern that results in widening of the fault zone,
fracture deflection, and regional strain accommodation across many faults exhibiting small or no
lateral offsets (as opposed to a single throughgoing fault), and (2) the process of cyclic
bidirectional horizontal shearing results in strike-slip fault morphologies that resemble
commonly observed features on the surfaces of tidally deformed objects that are not observed
elsewhere in the solar system in association with strike-slip faulting. In addition, I employ a
scaling model to estimate crust strength on Europa and evaluate geodynamic processes for
Europa, Enceladus, Phobos, Earth, and Venus.
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A more complete understanding of strike-slip faulting in response to diverse tectonic
environments allows for improved tectonic reconstructions and interpretations of planetary
surfaces and histories, respectively. By evaluating several planetary surfaces through the use of
tectonic models, experimental analogues, and remote sensing observations, I propose and test
that brittle strike-slip deformation is more complex than previously supposed, and highly
dependent on the environment in which formation occurred. The implications for the results
presented here span topics from earthquake hazard analysis to astrobiology, and broadly suggest
that care must be taken when interpreting stress states, histories, and geodynamic processes
based solely on fault structure.
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– Chapter 1 –
Introduction
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1.1. Statement of the Problem and Objectives
Strike-slip faults occur at many scales in a wide range of tectonic settings across the solar
system (e.g., Schultz, 1999; Yin and Hansen, 2014), and understanding their formation and
evolution processes is crucial for interpreting regional and global deformation histories (Sleep,
1992; Schultz et al., 2010; Yin and Hansen, submitted). Typical manifestations of strike-slip fault
zones include archetypal discrete faults bearing horizontal offsets, which make this class of
features ideal candidates identification in plan view (Bates and Jackson, 1987; O’Connell et al.,
1991; Sleep, 1992), conjugate fractures, duplexes, pull-apart basins, and push up-ridges (e.g.,
Sylvester, 1988). Strike-slip faults and associated structures have been studied in great detail on
Earth (e.g., Wilcox et al., 1973; Woodcock, 1986; Sylvester, 1988) and to a lesser extent on
Venus (Koenig and Aydin, 1998; Tuckwell and Ghail, 2003; Romeo et al., 2005), Mars (e.g.,
Yin, 2012), Mercury (Massironi et al., 2015), Europa (Tufts et al., 1999; Hoppa et al., 2000;
Prockter et al., 2000; Sarid et al., 2002; Spaun et al., 2003; Kattenhorn, 2004), Enceladus
(Patthoff and Kattenhorn, 2011; Martin, 2016), and Ganymede (Pappalardo et al., 2004;
Cameron et al., 2016).
Current models for brittle-deformation strike-slip fault nucleation and propagation, derived
from experimental (e.g., Riedel, 1929; Tchalenko, 1970; Naylor et al., 1986; Richard et al., 1995;
Misra et al., 2009; Dooley and Schreurs, 2012) and field studies (e.g., Aydin and Reches, 1982;
Segall and Pollard, 1983; Crider and Peacock, 2004), suggest a predictable kinematic evolution
that varies solely on the geometry of the basement fault (Fig. 1.1; e.g., Dooley and Schreurs,
2012). Strike-slip fault nucleation begins with the formation of synthetic Riedel shears (R) and
culminates with the development of a throughgoing fault, sometimes referred to as the “Y-shear”
or primary deformation zone (PDZ) (Morgenstern and Tchalenko, 1967). Riedel shear geometry
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and the sequence of intermediate shear development are dictated by material properties (Figure
1.1.; Jaeger et al., 2009; Zuza et al., 2016) and ancillary features (e.g. pull part basins) may form
more readily if basement geometries are non-linear (e.g., Aydin and Nur, 1982; An and Sammis,
1996; Dooley and Schreurs, 2012). Although significant contributions have been made with
respect to the development of Earth’s strike-slip faults in homogeneous materials, fundamental
problems remain unanswered regarding their development in non-ideal conditions.
The work presented here is concerned with strike-slip fault initiation, kinematic evolution,
and mechanisms on planetary bodies as a result of processes or tectonic environments that have
not been thoroughly examined. It is impossible to accurately interpret planetary surface histories
without knowledge of the detailed kinematics of strike-slip faulting in a variety of tectonic
settings. Furthermore, the kinematics of strike-slip faulting may provide clues to underlying
formation mechanisms and geodynamic processes that operate or have previously operated on
rock and icy bodies in the solar system (e.g., Schultz, 1999; Kattenhorn, 2004; Curren and Bird,
2014), but which are currently not well understood. In this dissertation, I will provide insight into
the evolution of strike-slip faults in two relatively unstudied scenarios that are common across
the solar system. First, I will address strike-slip fault zone formation in crust that has been
subject to prior episodes of tectonism and subsequently is structurally heterogeneous. Second, I
will investigate the formation of structures associated with bidirectional strike-slip faulting on
bodies experiencing cyclic tidal deformation.
This dissertation is based primarily on experimental analogue models that were designed
specifically to address the two outstanding issues regarding strike-slip fault evolution above.
Experimental modeling took place over the course of four years, during which the models were
designed, built and executed in the Modeling and Educational Demonstrations Laboratory
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(MEDL) and the Laboratory for Analogue Modeling of Planetary Surfaces (LAMPS) at the
University of California Los Angeles (UCLA) with the help of An Yin, Gary Glesener, Peter
Bird, and a team of UCLA undergraduate laboratory assistants. Many hours of discussion and
troubleshooting were used to constantly revise and refine experimental analogues in order to
mitigate unrealistic scaling, non-systematic processes, and incongruences between natural
settings and the model. Incremental advances in laboratory methods were presented at multiple
workshops and conferences including the 2013 Southern California Earthquake Center and
American Geophysical Union fall meetings (Curren and Bird, 2013a, b; Curren and Glesener,
2013) with Peter Bird and Gary Glesener as coauthors, the Analog Modeling of Tectonics
Workshop at the University of Massachusetts Amherst (Curren and Yin, 2015b) with An Yin as
coauthor, and the JPL-UCLA Planetary Science Workshop (Curren, 2015).
The remainder of the work presented here involves observation and interpretation of digital
images of the surfaces of planetary bodies obtained by spacecraft, and of published geologic and
structural maps. The purpose of this portion of the dissertation is primarily to compare and
contrast the geometry and morphology of structures in natural settings with those formed during
experimental analogues as a means of validating my results and investigating the underlying
mechanisms responsible for commonly observed structural features.
The experimental analogues and analysis of natural settings presented in this work are
performed with the goal of testing the validity of current strike-slip fault zone formation models
in non-idealized and disparate tectonic settings. Furthermore, we test theoretical, numerical, and
mechanical models of some of the processes examined in this work (e.g., Lee et al., 2005;
Nimmo et al., 2007; Smith-Konter and Pappalardo, 2008; Rhoden et al., 2012) and provide a new
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and independent empirically derived perspective for understanding geodynamic and physical
aspects of rocky and icy bodies in the solar system.

1.2. Strike-slip Fault Formation and Suppression in Structurally Heterogeneous Crust
(Chapter 3)
Although investigations of strike-slip fault formation in homogeneous materials have been
many and robust (Fig. 1.1.; Cloos, 1928; Riedel, 1929; Emmons, 1969; Tchalenko, 1970; Wilcox
et al., 1973; Aydin and Reches, 1982; Odonne and Vialon, 1983; Segall and Pollard, 1983;
Hempton and Neher, 1986; Naylor et al., 1986; Reches, 1988; Martel, 1990; Richard et al., 1995;
Lazarte and Bray, 1996; Ueta et al., 2000; Schöpfer and Steyrer, 2001; Crider and Peacock,
2004; Atmaoui et al., 2006; Schwarz and Kilfitt, 2008; Misra et al., 2009; Dooley and Schreurs,
2012; Cooke et al., 2013), our understanding of strike-slip faulting in response to previously
fractured terrains is incomplete. Observations of planetary surfaces indicate that crusts often
contain preferentially oriented joints, thrust and/or normal faults, or other structures resulting
from previous episodes of volcanism or tectonism (e.g., Thompson and Burke, 1974; Angelier,
1994; Johnson, 1995; Tuckwell and Ghail, 2003; Crider and Peacock, 2004). Existing models
examining the effect of preexisting structures on new faulting has been studied extensively with
respect to fault reactivation in extensional and compressional settings (e.g., Sassi et al., 1993;
Faccenna et al., 1995; Tong and Yin, 2011); however the near absence of models investigating
the effects of preexisting structural heterogeneities on new strike-slip faulting required further
examination.
In Chapter 3, I present a wet kaolin experimental analogue model designed to test the
influence of preexisting structural and/or compositional heterogeneities at several orientations

5

with respect to the applied shear direction. I show that pre-existing structures significantly affect
the geometry and physical expression of an incipient strike-slip shear zone that strike-slip fault
zones in structurally heterogeneous terrains tend to be wider (by a factor of five) and more
distributed. I suggest that strain is accommodated on preexisting structures or at depth in these
experiments, and that nominal scaling may be used to interpret locations on Earth and perhaps
Venus where strike-slip fault suppression is occurring.
The second half of this chapter focuses on analyzing the experimental results with respect to
fault mechanics theory and natural settings. With the help of Peter Bird using global plate model
PB2002 (Fig. 1.2; Bird, 2003) that combines GPS, focal mechanisms, and neotectonic modeling
to produce a continuous global plate boundary map, it was possible to identify several regions on
Earth that are dominated by toroidal motion, but do not exhibit extensive and/or discrete strikeslip faulting as predicted by the model. Published geologic and fault maps of the South Iceland
Seismic Zone (SISZ) (Johannesson and Saemundsson, 1998) and Brothers Fault Zone (BFZ),
Oregon (Walker and King, 1969) were digitized and regional stress directions analyzed on the
basis of the experimental results. Chapter 3 was originally presented at the 2013 SCEC and AGU
fall meetings (Curren and Bird, 2013a, b) and subsequently published in Pure and Applied
Geophysics Special Volume: Properties and Processes of Crustal Fault Zones (Curren and Bird,
2014). Norman Sleep, two anonymous reviewers and editor Yehuda Ben-Zion provided thorough
reviews that helped to clarify and improve the text presented in this publication and Chapter 3.

1.3. Cyclic Bidirectional Strike-Slip Fault Formation: Insights from Experimental
Analogues and Implications for Tidally Deformed Satellites (Chapter 4)

6

Strike-slip faults are observed on the surfaces of several satellites that are thought to
experience (or to have previously experienced) cyclic tidal deformation (e.g., Tufts et al., 1999;
Hoppa et al., 1999b, 2000; Prockter et al., 2000; Sarid et al., 2002; Spaun et al., 2003;
Kattenhorn, 2004; Pappalardo et al., 2004; Patthoff and Kattenhorn, 2011; Cameron et al., 2016;
Martin, 2016). Unlike terrestrial strike-slip faults that experience stress, strain and deformation in
a single direction, the diurnally oscillating stresses of eccentrically orbiting bodies resulting in
cyclically rotating stress, strain and deformation directions so that a single strike-fault could
experience both dextral and sinistral motion over the course of an orbit (Fig. 1.3; e.g., Greenberg
et al., 1998). Theoretical (Hoppa et al., 1999a, b) and numerical (Gaidos and Nimmo, 2000;
Nimmo and Gaidos, 2002; Prockter et al., 2005; Nimmo et al., 2007; Smith-Konter and
Pappalardo, 2008; Rhoden et al., 2012, 2015) models have offered end member simulations of
the cyclic bidirectional shear process (Fig. 1.3.). Some models generally match projected lateral
offset distributions on the satellite being modeled (e.g., Hoppa et al., 1999b; Rhoden et al.,
2012), while other models predict the formation of double ridge structures adjacent to the fault
plane (e.g., Gaidos and Nimmo, 2000; Nimmo and Gaidos, 2002; Prockter et al., 2005; Nimmo
et al., 2007). Despite the prevalence of double ridges, lateral offsets, and bodies expected to
undergo cyclic tidal deformation processes (Greenberg et al., 1998; Morrison et al., 2009; Porco
et al., 2006, 2014; Rhoden et al., 2015; Hurford et al., 2016; Quillen et al., 2016), there is a
dearth of knowledge regarding the detailed kinematic and mechanical evolution of strike-slip
faults in these systems.
In Chapter 4, I address the above question through two scaled experimental analogue models
that are designed to replicate the process of cyclic bidirectional strike-slip deformation in brittle
(i.e. Mohr-Coulomb behavior) materials. The first experimental analogue uses dry heterogeneous
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quartz sand to investigate cyclic bidirectional shear in low gravity/high material strength (e.g.,
Europa, Enceladus) environments. Although no lateral offsets are observed on Phobos, the small
Martian satellite is expected to undergo similar cyclic tidal deformation processes as a result of
its being within the Roche limit of Mars (e.g., Asphaug et al., 2015; Hurford et al., 2016);
subsequently, I present a second experimental analogue using crushed walnut shells to simulate a
very low gravity/material strength environment. Both models are used to test the formation of
commonly observed features on tidally deformed objects. I show that strike-slip fault formation
initiates similarly to terrestrial and previous experimental studies (e.g., Tchalenko, 1970; Naylor
et al., 1986), but departs rapidly from the classic model for kinematic evolution. In the
experiments presented here, I suggest that stress and strain reversals result in the degradation of
R-shears and associated en échelon folds by the process of rotation and granular smearing until
smooth continuous ridges flank strike-slip faults. I show that the kinematic evolution of strikeslip faults in these tectonic environments follows a continuum similar to that suggested by
previous studies of Europa’s geology (e.g., Geissler et al, 1998; Greenberg et al., 1998;
Pappalardo et al., 1999). In the case that strike-slip deformation is equal and opposite during
every cycle as in the idealized case in Fig. 1.3, I suggest that competing R-shears result in
arcuate primary faults, which are ultimately flanked by high ridges. Finally, using results from
the ground walnut analogue experiments, I propose that low gravity and strength environments
may not exhibit lateral offsets even though they are experiencing strike-slip deformation.
In the second half of Chapter 3, I examine regions of the surface of Europa, Enceladus, and
Phobos that exhibit structures that morphologically resemble those produced in experiments. I
apply the experimentally derived model for the formation of strike-slip faulting on tidally
deformed bodies to these features and show that the stress required to shear the Europan crust in
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the Astypalaea Linea region is much lower than that required for terrestrial ice (Weeks and
Assur, 1968; Vaudrey, 1977). The implication for Europa’s crust is that it is weak, perhaps as a
result of high porosity (e.g., Lee et al., 2005) or chemical impurities (e.g., Golding et al., 2013). I
also use the experimental model suggest that double ridge formation is not inescapably tied to
subsurface processes, as purely brittle deformation and granular reworking at the surface can
produce these types of features. Although it is not necessarily require interaction with a
subsurface ocean, the mature double-ridge tiger stripe strike-slip faults in the South Polar Terrain
(SPT) region of Enceladus are linked with plume generation (e.g., Hurford et al., 2007; Porco et
al., 2006, 2014). Mature strike-slip faults on Earth have anomalously low fault friction (e.g., Bird
and Kong, 1994) and may penetrate deep into the crust (Lockner et al., 2011). Extrapolating this
concept to mature faults along the experimentally derived continuum model, I suggest that when
looking for the source of plumes on Europa (e.g., Roth et al., 2014) an effort should be made to
investigate strike-slip faults exhibiting lateral offsets and fully developed double ridges, such as
the tip of transtensional Astypalaea Linea which terminates near the location of reported plumes.
The concepts of cyclic bidirectional shear and experimental analogue models using dry
heterogeneous sand to model Europa and Enceladus were first presented during the weekly
Planetary Science Seminar at UCLA (Curren, 2014). With the help of insight from An Yin and
Robert Pappalardo these concepts were further refined and presented during the 2014 AGU Fall
Meeting (Curren et al., 2014). These ideas were extended to plume generation and presented
during the 2015 Lunar and Planetary Science Conference (LPSC) (Curren and Yin, 2015a). As a
result of informative suggestions and discussions with Eric Asphaug, An Yin, David Jewitt, and
David Paige, I further added to the concept of cyclic bidirectional shear deformation by adding
ground walnut shell experiments to model the low gravity environment of Phobos. This updated
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material was most recently presented at the Weizmann Institute’s Planetary Science Seminar
(Curren, 2016).
Chapter 4 is currently being reviewed by coauthors An Yin and Robert Pappalardo at the
time this dissertation was submitted, with expected submission to Icarus before December 9th.
The text in this chapter was greatly improved by comments by David Paige. Undergraduates
Louise Tsang and Grace Broyles were extremely adept laboratory assistants providing many
hours of assistance with the experimental work.

1.4. Organization of the Thesis
The thesis is organized as follows: Chapter 2 will review the fundamentals of experimental
analogue modeling, including design, modeling material properties and scaling issues
encountered in Earth and planetary sciences. This chapter will also review the remote sensing
imagery and digitization techniques of geologic and structural maps used to analyze the surfaces
of the bodies examined in the context of this research. Chapters 3 and 4 will be used to present
the specific analogue models, ideas and concepts discussed in Sections 1.2 and 1.3 above,
respectively. Chapter 3 describes the development of strike-slip faulting in structurally
heterogeneous crust, presumably from previous tectonic episodes and regimes in natural settings
and from preexisting fractures in the model, and relates the results to regions on Earth and
Venus. In Chapter 4, a model is presented that discusses the kinematic development of features
on bodies that are affected by significant stresses and resultant deformation due to cyclic tidal
deformation (e.g., Europa). Summarizing remarks about the main results of this work and
suggestions for future work are made in Chapter 5.
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Figure 1.1. Line drawing of classic kinematic evolution strike-slip faulting in
structurally and compositionally homogeneous (A) wet clay (redrawn from
Tchalenko et al. (1970) and Dooley and Schreurs (2012)), and (B) dry sand
(redrawn from Naylor et al. (1986) and Dooley and Schreurs (2012)). Both (A)
and (B) are in plan view and colors correspond to colors in the standard Riedel
fault assemblage shown in (C). PDZ is primary deformation zone. (D)
Example of small-scale natural shear zone.
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underdeveloped or missing. CTF – continental transform fault; OTF – oceanic transform fault.
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2.1. Experimental Analogue Models
Significant advances in space exploration over recent decades have enabled the detailed
observation and interpretation of strike-slip deformation on solar system objects including
Mercury (Massironi et al., 2015), Venus (e.g., Koenig and Aydin, 1998; Tuckwell and Ghail,
2003; Romeo et al., 2005), Earth (e.g., Taylor et al., 2003; Avouac et al., 2014), Mars (Anguita et
al., 2001; Yin, 2012), icy satellites (e.g., Greenberg et al., 1998; Prockter et al., 2000; Pappalardo
et al., 2004; Patthoff and Kattenhorn, 2011; Curren et al., 2014; Yin et al., 2016). In most
instances, however, observations are collected over a short timespan with respect to geologic
time and rarely record actively changing landscapes (e.g., McEwen et al., 2011; Porco et al.,
2006; Bridges et al., 2012; Roth et al., 2014). Spacecraft observations revealing only the current
state of a planetary surface are often supplemented with comparative studies of Earth (or other
planetary) analogs with known formation mechanisms. Analog studies have provided insight into
plausible geologic processes on several bodies (e.g., Greeley et al., 1998; Ferrill et al., 2011;
Schmidt et al., 2011; Hurford and Brunt, 2014). However, there are often significant factors
including gravity, material properties, temperature and thermal history, and temporal evolution
that differ between locales and subsequently impede complete understanding by observations
and Earth analogs alone.
Parallel advances in theoretical (e.g., Hoppa et al., 1999b), mechanical (e.g., Lee et al.,
2005), and numerical (e.g., Smith-Konter and Pappalardo, 2008; Rhoden et al., 2012) modeling
capabilities have enabled investigations of planetary tectonic features and processes that cannot
be performed solely using observations. Modeling efforts have shown the importance of the
details of faulting (e.g., three-dimensional fault structure, variations in lithology) and produced
valuable information regarding mesoscale tectonic processes, but often result in non-unique
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solutions. As an example, the ubiquitous double-ridges on Europa have numerous suggested
mechanisms including various forms of cryovolcanism (Kadel et al., 1998; Turtle et al., 1998;
Dombard et al., 2007, 2013; Johnston and Montési, 2014), diapirism (Head et al., 1999), ice
wedging (Melosh and Turtle, 2004; Han and Melosh, 2010), tidal squeezing and compression
(Greenberg et al., 1998; Sullivan et al., 1998; Patterson and Pappalardo, 2002; Sarid et al., 2002;
Patterson et al., 2006; Bader and Kattenhorn, 2007), volumetric deformation (Aydin, 2006), and
shear heating (Gaidos and Nimmo, 2000; Nimmo and Gaidos, 2002; Han and Showman, 2008).
The profusion of models attempting to explain Europa’s double-ridges (Fig. 2.1) illustrates the
need for supplemental constraints beyond the limited observations that are available for most
planetary bodies.
The field of Earth sciences has long employed experimental analogues to integrate field
observations and theoretical modeling. Unlike (and complementary to) theory and fieldwork
and/or remote sensing observations, analogue modeling permits the direct observation of active
processes using materials and parameters with real physical properties. With respect to strike-slip
deformation, empirical observations in the laboratory have been used to verify proposed dynamic
processes and fault kinematics on Earth (e.g., Riedel, 1929; Tchalenko, 1970; Tapponnier et al.,
1982; Tong and Yin, 2011; Dooley and Schreurs, 2012; Cooke et al., 2013; Curren and Bird,
2014). Despite the contributions and invaluable insight they have played in the interpretation of
Earth’s tectonic processes (e.g., Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973; Tapponnier
et al., 1982, 1986; Naylor et al., 1986; Peltzer and Tapponnier, 1988; Richard et al., 1995; Cruz
et al., 2008; Yin and Taylor, 2011; Dooley and Schreurs, 2012; Mariotto et al., 2015),
experimental analogues have seldom been used in planetary sciences (e.g., Manga and Sinton,
2004; Curren and Bird, 2014; Curren et al., 2014; Sims et al., 2014; Curren and Yin, 2015a;
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Wyrick et al., 2015; Leonard et al., 2016; Yin et al., 2016). This is in part due to the fact that
scaling between objects with differing conditions (e.g., gravity, temperature) is not
straightforward. Nevertheless, even when only possessing geometric similarities or partial
scaling, analog models have been critical for the interpretation of geologic processes and
structures (e.g., Peltzer and Tapponnier, 1988).
In this work, scaled or partially scaled physical models are utilized to test the kinematic
development and mechanisms of strike-slip fault zones in tectonic environments that are, in the
classic sense, non-idealized. The purpose of the experimental analogues is to providing insight
(quantitatively scaled, when possible) into processes and strike-slip fault manifestations that are
currently not well understood. Like other experimental models, the results are validated by
morphologic and geometric comparisons to the natural systems they simulate and may used to
reconcile the plausibility of proposed formation mechanisms for structures found in those
environments.

2.1.1 Model Design
The specific design of each experimental model employed in this thesis, which is based
upon the tectonic environment of the structure or process being investigated (Hubbert, 1937;
Cobbold and Davy, 1988; Ritter et al., 2016), is presented in Chapters 3 and 4; however, all of
the models presented in this thesis follow the basic setup of previous Riedel shear-type models in
which modeling materials lying above two parallel base plates are subjected to simple shear via
relative motion of a single plate (e.g., Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973;
Dooley and Schreurs, 2012). This design is chosen over en échelon (e.g., Atmaoui et al., 2006;
Dooley and Schreurs, 2012; Cooke et al., 2013) and distributed (e.g., An and Sammis, 1996)
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deformation experiments (Fig. 2.2) because it provides the simplest design to test thesis
hypothesis, that tectonic environment boundary conditions affect the kinematic evolution and
geometric and morphologic manifestations of strike-slip fault zones. Furthermore, en échelon
and distributed deformation mechanisms have the propensity to create pull-apart basins, which
are not the primary focus of the research presented here.
Although many Riedel shear analog models have been shown to mimic natural strike-slip
fault systems (e.g., Tchalenko, 1970; Naylor et al., 1986; Viola et al., 2004; Schwarz and Kilfitt,
2008), it should be noted that the inherent rigid base plate configuration (requiring that overlying
material to deform similarly to the imposed basement geometry) is limiting in the sense that true
fault zone nucleation. As a result, some natural features (e.g., asperity cutoff) cannot be observed
(e.g., An and Sammis, 1996; Dooley and Schreurs, 2012). The focus of this thesis is more on
large-scale kinematic and mechanic processes; therefore, while there is some loss in true-tonature representation, there should be no significant overall changes to fault zone geometry.
I used multiple modeling devices to carry out the Riedel shear mechanism experiments
presented herein. Experimental analogues designed to investigate strike-slip faulting in
structurally heterogeneous terrain were performed on a tectonic apparatus built by Gary Glesener
of the UCLA Modeling and Demonstrations Laboratory (MEDL), while those investigating
bidirectional strike-slip faulting are performed using the tectonic apparatus in the UCLA
Laboratory for Analog Modeling of Planetary Surfaces (LAMPS; Curren, 2015; Curren and Yin,
2015b), for which An Yin is the Principal Investigator. The technical specifications of each
model are described in their containing chapter.

2.1.2 Materials and Scaling
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Because an experimental analogue model is not an exact duplicate of nature (Fig. 2.3),
choosing models and parameters that scale dynamically to nature is the most crucial aspect of
this method. Hubbert (1937) first showed that in order for an experimental model to scale
appropriately to nature it must have similar material properties, such as the coefficient of friction
(μ), and the model must scale linearly to nature with regard to cohesion (C), density (ρ), gravity
(g), and length (h). For Earth-simulating analogue experiments gravity is in unison.
Subsequently, scaling becomes straightforward and length scaling (h) is only dependent on μ, ρ,
and C (e.g., Hubbert, 1937; Ramberg, 1981; Ritter et al., 2016; Zuza et al., 2016). Some
experimental materials (e.g., wet clay; Tchalenko, 1970; Dooley and Schreurs, 2012) produce
discrete geometries advantageous for fault zone analysis that are subdued other materials (e.g.,
sand; Naylor et al., 1986), but may not scale as well (see Section 3.3.3 of Chapter 3; Curren and
Bird, 2014). Most terrestrial experimental analogue models have a scale factor of 10-5 – 10-6 to
the natural settings they simulate (e.g., Dooley and Schreurs, 2012).
In contrast to Earth, scaling to planetary bodies requires incorporating differences in
gravity as well as crustal materials. There is some uncertainty regarding the material properties
of some bodies (e.g., Hurford et al., 2016), which augments scaling uncertainties. As a result,
there have been few analogue experiments performed to simulate tectonics on planetary
environments (e.g., Manga and Sinton, 2004; Curren and Bird, 2014; Curren et al., 2014; Sims et
al., 2014; Curren and Yin, 2015a; Wyrick et al., 2015; Leonard et al., 2016). With the exception
of Phobos, however, for which the physical properties are largely unconstrained (e.g., Asphaug
et al., 2015; Hurford et al., 2016), each of these bodies presented in this thesis is expected to
experience Coulomb failure in its crust. Subsequently, I argue that granular materials should
behave similarly to these environments, regardless of scaling ambiguities (e.g., Malavielle, 1984;
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Arch et al., 1988; Krantz, 1991; Schellart, 2000; Lohrmann et al., 2003; Mourgues and Cobbold,
2003; Rossi and Storti, 2003; Eisenstadt and Sims, 2005; Panien et al., 2006; Henza et al., 2010;
Klinkmüller, 2011; Cooke and van der Elst, 2012; Ritter et al., 2016). Furthermore, although
scaling is necessary to achieve accurate representation of natural systems, analogue models with
only geometric similarity or partial scaling to natural settings have been invaluable in
interpreting tectonic structures and processes (Riedel, 1929; Tapponnier et al., 1982, 1986;
Peltzer and Tapponnier, 1988). The specific scaling and justification of materials used for each
experimental model presented herein will be addressed in Chapters 3 and 4.

2.2. Remote Sensing Observations and Digitized Maps
I used a combination of imagery from spacecraft and previously published maps of Earth
to analyze and validate the results of the experimental analogue component of this work. A
description of the specific products and analysis methods that is not included in Chapters 3 and 4
is described below.

2.2.1. Spacecraft Observations
The experimental efforts of this thesis are used to compare and contrast features observed
on the surfaces of several bodies throughout the solar system. Not including Earth, for which
geologic structural maps were used (Chapter 3), I utilize spacecraft imagery to examine the
surfaces of Venus, Europa, Enceladus, Triton, Ganymede, and Phobos. Although some of the
experimental results do not scaled well to the objects listed above, and as such are not presented
in detail, I found it useful to investigate the morphology and geometry of features on these
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surfaces for context. The following instruments/data products were used for each solar system
object listed:
•

Venus – Magellan synthetic aperture radar (SAR) images were used to identify and
examine regions of strike-slip faulting or pervasive fracturing at oblique angles.
Magellan SAR imagery is produced by radar backscatter at two wavelengths and as
such can be laden with imaging artifacts that do not represent the true structural form
of the surface (e.g., Meyer and Sandwell, 2012). Observations made in Chapter 2 for
Venusian fault zones are preliminary and detailed mapping was not published in
Curren and Bird (2014) or in this thesis.

•

Ganymede and Europa – Galileo Solid State Imaging instrument products were
utilized (e.g., Greeley et al., 2000; Pappalardo et al., 2004). High-resolution imagery
is available for Europa, permitting detailed morphologic and geometric comparisons
of structural features produced in experimental analogues. Ganymede does not scale
well to the experimental analogues presented here, however lower resolution images
show distinct strike-slip offsets indicating that it was previously tectonically
deformed (e.g., Cameron et al., 2016).

•

Enceladus – Cassini orbiter’s Imaging Science Subsystem (SSI) images were used
examine the tiger stripes fractures at the South Polar Terrain (SPT) on Enceladus.
Specifically, I used the high-resolution (100 m/pix) image PIA12566 to examine the
morphology of double ridges and possible offset features on Baghdad Sulcus (e.g.,
Patthoff and Kattenhorn, 2011; Yin et al., 2015).
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•

Triton – Voyager 2 image PIA01537, which was taken from a distance of 130,000 km
from the surface, was used to examine the “X” shaped double ridge intersection
formed by Slidr Sulci and Tano Sulci.

•

Phobos – NASA’s Mars Reconnaissance Orbiter (MRO) HiRISE and Mars Global
Surveyor (MGS) Mars Orbiter Camera (MOC) products were utilized to examine the
grooved terrain on Phobos’ surface. Additional high-resolution images from ESA’s
Mars Express mission were used to identify possible faintly raised ridges through
shadow placement.

2.2.2. Digitization of Geologic Maps
In Chapter 3, I discuss applications of the model to regions on Earth with similar
geometries to experimental results. I present two structural maps that were interpreted from
multiple published geologic and structure maps at multiple scales (Walker and King, 1969;
Lawrence, 1976; Langer, 1991; Johannesson and Saemundsson, 1998; Bergerat et al., 1998;
Hammond and Thatcher, 2005; Brueseke et al., 2007; Gudmundsson, 2007), and then digitized
using a CalComp Drawing Board © and Adobe Illustrator. The 48” × 60” CalComp Drawing
board permitted large-format maps to be digitized easily. These digitizations were then lain over
smaller format maps to compare and adjust structural features and geologic units. The final
products were leveled and colored fault traces were added using Adobe Illustrator.
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Figure 2.1. Europan double-ridges and their many proposed formation mechanisms. (A) Offset
double-ridges located at 78.8ºS, 121.7ºW on Jupiter’s moon Europa. Modified from Kattenhorn,
2004. (B) Artist representation (left) of Europa’s surface and cryovolcanic formation models. Top
left – fissure (Kadel et al., 1998; figure modified from Dombard et al., 2013); Top right –dike
(Johnston and Montési, 2014, fig. 15); Bottom – sill (Dombard et al., 2013, fig. 3).
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Figure 2.1. cont. (C) Double-ridge formation through cracking and subsequent diapirism (Head
et al., 1999; figure modified from Dombard et al., 2013). (D) Finite element mesh showing
surface deformation due to ice wedging, a common process on Earth (Melosh and Turtle, 2004,
fig. 1). (E) Repeated cycles of compression and extension force water to the surface in the tidal
squeezing model (Greenberg et al., 1998, fig. 2). (F) Reconstruction of a double-ridge set
indicating compressional origin (Patterson and Pappalardo, 2002, fig. 1). (G) Examples of
volumetric deformation in terrestrial sandstone as an analog for double-ridge formation (Aydin,
2006, fig. 9). (H) Repeated shearing on preexisting fractures leads to elevated temperatures and
ductile deformation adjacent to the crack. Left – temperature and dynamic topography model
(Han and Showman, fig. 1); Right – schematic of the shear heating mechanism (Gaidos and
Nimmo, 2000; Nimmo and Gaidos, 2002; figure modified from Dombard et al., 2013). I) Cyclic
shearing results in the formation of en échelon features that smear out adjacent to fractures
creating double-ridges (Curren et al., 2014).
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Riedel Shear Deformation Mechanism
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Distributed Deformation Mechanism

Homogeneous base
plate

Figure 2.2. Schematic representation of the initial basement configuration (left column) and
basement configuration post deformation (right column) for strike-slip experimental models
employing Riedel shear (top), en échelon (middle) and distributed deformation (bottom)
mechanisms (after Atmaoui et al., 2006). All analogue experiments presented in this work
use the Riedel shear mechanism of deformation.
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Figure 2.3. Schematic representation of model to nature scaling,
where the dashed lines indicate the geometric scale factor (h*), which
is set by the model-to-nature ratio of dynamic properties cohesion
(C*), coefficient of friction (μ*), density (ρ*), and gravity (g*).
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Strike-Slip Fault Zone Formation and Suppression
in Structurally Heterogeneous Crust
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3.1. Abstract
Strike-slip faults are a defining feature of plate tectonics, yet many aspects of their
development and evolution remain unresolved. For intact materials/regions, a standard sequence
of shear development is predicted from physical models and field studies, commencing with the
formation of Riedel shears and culminating with the development of a throughgoing fault.
However, for materials/regions that contain crustal heterogeneities (normal/thrust faults, joints,
etc.) that predate shear deformation, the kinematic evolution of strike-slip faulting is poorly
constrained. We present a new plane-stress finite-strain physical analog model developed to
investigate primary deformation zone evolution in simple shear, pure strike-slip fault systems
where faults or joints exist prior to shear initiation. Experimental results suggest that preexisting
mechanical discontinuities (faults/joints) have a marked influence on the geometry of such
systems, causing deflection, lateral distribution, and suppression of shears. A lower limit is
placed on shear offset necessary to produce a throughgoing fault in systems containing
preexisting structures. Fault zone development observed in these experiments provides new
insight for kinematic interpretations of structural data from strike-slip fault zones on Earth,
Venus and other terrestrial bodies.

3.2. Introduction
On Earth, regions dominated by toroidal (shear) motion are characterized by faults with
heave parallel to their strike (Bates and Jackson, 1987), which are known as strike-slip in
continental settings or transform faults in oceanic settings. They are responsible for
accommodating motion between plates as well as between offset spreading ridges, rotating
blocks, and within compressional orogens. Unlike normal and thrust faults along which area is
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gained or lost by extension or compression, respectively, strike-slip faults conserve area by
sliding horizontally along approximately vertical fault planes (e.g., O’Connell et al., 1991; Sleep,
1992). Their lateral motions produce horizontal offsets that are easily identified in plan view; as
a result, strike-slip faults are ideal candidates for identifying and reconstructing tectonic
processes and histories on terrestrial planets and satellites (e.g., Sleep, 1994; Yin, 2012).
Physical analog models (Cloos, 1928; Riedel, 1929; Emmons, 1969; Tchalenko, 1970;
Wilcox et al., 1973; Hildebrand-Mittlefehldt, 1979; Odonne and Vialon, 1983; Hempton and
Neher, 1986; Naylor et al., 1986; Reches, 1988; Richard et al., 1995; Lazarte and Bray, 1996;
Casas et al., 2001; Schöpfer and Steyrer, 2001; Atmaoui et al., 2006; Le Guerroué and Cobbold,
2006; Schwarz and Kilfitt, 2008; Misra et al., 2009) and field studies (Bartlett et al., 1981; Aydin
and Reches, 1982; Segall and Pollard, 1983; Martel, 1990; Crider and Peacock, 2004) have
revealed that strike-slip faults nucleate and develop in undeformed materials by a predictable
sequence of events that begins with the formation of conjugate Riedel shears (R and R’) and
culminates with the development of a throughgoing fault, sometimes referred to as the “Y-shear”
(Morgenstern and Tchalenko, 1967). Although the sequence of intermediate shear development
is dictated by the properties of the material being sheared, Riedel experiments invariably result in
the formation of some or all of the following shear components prior to the development of a
throughgoing fault: conjugate R (synthetic) and R’ (antithetic), conjugate P (synthetic) and P’
(synthetic), and X (antithetic; Bartlett et al., 1981) shears.
Although Riedel experiments have provided much insight regarding the development of
fault zones in pristine (undeformed) materials, real planetary surfaces are rarely left intact prior
to shear deformation. Instead, the crust often contains preferentially oriented joints, thrust and/or
normal faults resulting from episodes of compression and/or extension (e.g., Thompson and
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Burke, 1974; Angelier, 1994; Johnson, 1995; Tuckwell and Ghail, 2003; Crider and Peacock,
2004). The effects that preexisting structures impose on new faulting has been studied
extensively with respect to fault reactivation in extensional and compressional settings (e.g.,
Sassi et al., 1993; Faccenna et al., 1995; Tong and Yin, 2011); studies investigating the influence
of preexisting structures on shear zone development have been fewer. Freund (1974) performed
experiments in which “faults” were cut into plasticine, which was then shortened in order to
investigate nonrotational strain processes. Arch et al. (1988) studied the effects of primary
anisotropic fabrics on micro-shear zone geometry. Román-Berdiel et al. (1997), Corti et al.
(2005), and Mazzarini et al. (2010) examined the influence of dike and magma emplacement on
synchronous shearing. Letouzey and Sherkati (2004) and Koyi et al. (2008) investigated the
effects of salt diapirs on localized strike-slip faulting, while Holohan et al. (2008) studied the
influence of caldera collapse in strike-slip tectonic regimes. Similarly, Dooley and Schreurs
(Sect. 7; 2012) studied the effects of a single weak zone oriented oblique to their basement fault
in. Richard and Krantz (1991) and Viola et al. (2004) explored the effects of a solitary dip-slip
basement fault on the development of strike-slip faulting with respect to reactivation of the
preexisting fault; both studies found that preexisting faults were often reactivated and responsible
for localized strike-slip faulting.
In this contribution, we introduce a new plane-stress finite-strain physical analog model
of the Riedel experiment variety, developed to investigate the influence of preexisting joints and
faults on the development of pure strike-slip faulting (fault plane parallel to displacement vector)
in a material (clay) deformed by simple shear. We build upon the work of previous Riedel shear
modelers, adding experiments containing preexisting mechanical discontinuities that were cut
into the clay surface prior to shear deformation.
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3.3. The Analogue Model
Our physical analog model follows the basic design of previous workers’ Riedel shear
analog models (e.g., Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973), but differs in three
significant ways. First, we removed basal shear traction by injecting high-density ZnCl2 solution
beneath the clay. This produced layering (as may be appropriate for terrestrial bodies) and
decoupled the clay layer and strong base plates, similar to the decoupling of Earth’s crust from
the potentially-strong upper mantle in continental zones of normal or elevated heat flow (e.g.,
Bird, 1978a, b, 1979; Kirby, 1980). Second, we allowed the wet kaolin to viscously and
hydrostatically relax prior to shearing, which concurrently established a thin (≤ 0.002 m) semidry
(damp, but unsaturated) layer. We suspect the critical changes during this time were compaction
and relaxation by diffusion of super-hydrostatic pore pressures in the bulk of the clay, and that
partial drying of the thin surface layer was less critical. Finally, our model focuses on the role of
preexisting structures in subsequent shear zone development.

3.3.1. Model Design
All experiments in this study were performed on a simple shear deformation table
constructed by the Modeling and Educational Demonstrations Laboratory (MEDL) at the
University of California Los Angeles. The apparatus consisted of two base plates, each 1 m-long
by 0.5 m-wide, and a geared-down motor that drove one plate in a straight line, parallel to heave,
past the other plate at a fixed velocity; relative motion of the plates subsequently defined a
sinistral (left-lateral) shear zone. A split frame (interior dimensions 0.36 m × 0.35 m) was affixed
to and centered over the contact between the base plates, and ten 0.02 m-wide scalene triangular
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teeth were adhered to its inside edges to transmit shear tractions into the clay and prevent lateral
slip along the boundaries (Fig. 3.1). Experiments were assembled by pouring homogenous wet
kaolin into the frame, smoothing its surface (taking special care to prevent anisotropy), and
allowing time for relaxation and equilibration (~ 168 hours). Kaolin has a linear dry shrinkage of
5.8%, which caused the drying clay to pull away from the frame; to compensate for the loss of
volume a dilute plaster-of-Paris solution was piped into the void between the clay and frame. To
avoid adding strength along the shear plane, a small gap was left in the plaster at the contact
between the base plates. Although the plaster-of-Paris probably added some strength to the
analog model, it did not appear to affect the primary deformation zone (PDZ).
Prior to shearing, the clay surface was left intact for control experiments. For other
experiments cuts meant to mimic deformed crust were incised into the clay. Faults and joints
were hand-cut with a wetted blade to a depth of ~ 0.01 m and overlapped the contact between the
two base plates by 0.03 m on either side. Because of the difficulty associated with cutting dip
angles into wet kaolin, we opted to cut all preexisting faults vertically. Although this does not
represent dip seen in true normal faults, the vertical incisions represent mechanical
discontinuities in the crust, which orthogonally (or obliquely) abut strike-slip faults produced by
horizontal shear. If we visualize this in 3-D space with the x- and y- axes horizontal and z-axis
vertical, then the shear plane (x-axis) and preexisting fault plane (y-axis) are always normal or
subperpendicular (depending on the experiment). Because the x- and y-axis are both horizontal,
shear stress applied in the horizontal direction resulting in strike-slip faulting should be most
affected by crosscutting in the horizontal plane. Variations in dip angle (z-axis) should not be as
critical to the development of strike-slip faulting, except in the sense of defining where the two
faults will converge first. For a normal fault, new strike-slip faults would encounter the dipping
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fault plane at depth first, causing deflection/suppression to occur at depth initially then move
upward; for a thrust fault, we would expect the opposite.
Early trials showed that the underlying ZnCl2 solution would intrude between the kaolin
and frame, which prevented the exertion of deviatoric tension along the appropriate stress axis
and resulted in a transpressive state. We eliminated transpression by adding triangular wooden
blocks containing evenly spaced blunt-tipped nails into the extensional-diagonal corners of the
frame (Fig. 3.1). While the nail combs created highly localized non-analogous effects in the
extensional-diagonal corners of the experiment, the effects did not appear to affect the PDZ and
can therefore be ignored for the purposes of this model.
Fault-zone development was monitored using time-lapse digital photography (one- and
five-minute intervals for experiments with velocities 2.03 × 10-5 m s-1 and 3.83 × 10-6 m s-1,
respectively). Low-angle lighting was used to accentuate the appearance of faults and
topography. A passive marker grid on the clay surface was used to map progressive fault
deformation. Shear offset of the deformation frame was measured at five-minute intervals using
a fixed ruler. Real-time observation was used to establish the offset at which a throughgoing fault
formed; this offset was later confirmed or adjusted by analysis of map-view digital imagery.

3.3.2. Materials
The primary modeling material used in this study, Edgar Plastic Kaolin from Edgar,
Florida, is a clay consisting of small grains (~ 1.36 μm) that exhibits low plasticity and
viscoelasticity when mixed with water (Atmaoui et al., 2006; Cooke and van der Elst, 2012).
Shear and cohesive strengths of kaolin can be varied easily by increasing or decreasing water
content (Krynine, 1947; Terzaghi and Peck, 1948; Bain and Beebe, 1954; Kemper and Rosenau,
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1984; Eisenstadt and Sims, 2005). Wet kaolin approximately 50-60% water by mass (ρ = 16001630 kgm-3) exhibits low cohesive strengths (40-65 Pa; Sims, 1993; Eisenstadt and Sims, 2005)
appropriate for analog modeling. Although it is not brittle, but a complex visco-elastic-plastic
material, wet kaolin exhibits Mohr-Coulomb failure as well as bi-viscous creep; as a result, it
develops discrete faults (velocity discontinuities and strain singularities) that mimic natural
strain-weakening features in Earth’s crust (Ode, 1960; Oertel, 1965; Arch et al., 1988; Reches,
1988; Eisenstadt and Sims, 2005; Cooke and van der Elst, 2012).
Our wet kaolin had an initial water-to-EPK ratio of 0.55 (ρ = 1170 kgm-3) and was nearly
saturated. The wet kaolin was allowed to relax over a period of one week (~ 168 hrs.), which
resulted in loss of ~ 5% of the water (by mass) through the exposed diffusive/evaporative surface
during drying. This produced a thin unsaturated layer and depressed the water table to a depth
0.002 m below the clay surface. We suspect there was only slight disparity in frictional strength
between the semidry and wet clay, due to lack of pore pressure in the former; an analogous
boundary layer exists in Earth’s crust at the water table, but this has rarely been invoked as a
tectonically relevant boundary. Below the water table we assume retention of the original water
content (55 wt.%) and saturation >80% and hence assume a hydrostatic pressure gradient
(increasing linearly with depth) for this portion of the wet kaolin. The bulk density of the kaolin
after the drying period was 1503 kg m-3.
Although it has been demonstrated that basal traction can affect surface and volumetric
strains, kinematics, and geometry in physical analog models simulating fold-thrust belts and
accretionary wedges, basal boundary conditions are often overlooked in models of strike-slip
faulting (Liu et al., 1992; Gutscher et al., 1996; Nilforoushan et al., 2007). Klinkmüller (2011)
showed that in a 0.04 m-thick analog model comprised of granular materials and various basal
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surfaces, the angle of internal friction at the base can be as much as 20º lower than the angle of
internal friction of the bulk material at peak strength, indicating that small differences in
boundary conditions can have large effects on frictional behavior. An and Sammis (1996) placed
a layer of plastic wrap sprinkled with water beneath their gravity sliding model, but this is
problematic as it could result in water absorption by the clay and cause strain hardening. To
minimize basal shear tractions in our model, we utilized a high-density (1906 kg m-3) zinc
chloride solution that was injected between two thin plastic bags beneath the wet kaolin. The
plastic bags, pleated parallel to the direction of maximum compression (which allowed pleats to
open in the direction of greatest extension), were placed inside the deformation frame to prevent
mixing and/or absorption of water from the wet kaolin into the underlying ZnCl2 solution. While
the strength of the plastic bag at the base of the clay may have caused subtle mechanic effects, it
is important to note that pleats (and free unfolding of those pleats into the underlying fluid layer)
prevented the plastic bag from carrying any regional deviatoric stress. The clay floated above the
0.01 m-thick layer of ZnCl2 solution; consequently, basal traction was eliminated and a free
surface was created at the base of the model, providing the added benefit of free isostatic
compensation, similar to the layered sand/honey model of Dauteuil and Mart (1998).

3.3.3. Scaling Issues
Hubbert (1937) illustrated that in order to properly scale a brittle-deformation
experimental model, two conditions must be satisfied. First, the model and natural materials must
have similar coefficients of friction, µ. Second, the model must scale linearly to nature with
respect to cohesion, density, gravity and length. Although scaling is necessary to gain an
accurate representation of natural systems, models are often limited by poorly constrained
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natural and model parameters. Nevertheless, analog models possessing only geometric similarity
or partial scaling to natural settings have been invaluable in interpreting tectonic structures and
processes (e.g., Riedel, 1929; Tchalenko, 1970; Tapponnier et al., 1986).
The model presented in this study is qualitative; however, like other qualitative analog
models, our model has geometric similarity to nature in the sense that the strong layer (clay) is
planar (sometimes prefaulted) like real crust in simple shear, and that boundary conditions are
comparable. In addition, direct-shear experiments by Sims (1993) identified the angle of internal
friction, φ, for wet clay (50% water by weight) as 28°, which corresponds to µ = 0.53. The
coefficient of friction of intact crustal rock, µE, is estimated as 0.85 (Handin, 1966; Jaeger and
Cook, 1976; Byerlee, 1978), but there is much uncertainty in this value for regions of pervasive
and/or active faulting, and strain weakening could cause large drops in effective friction to
values as low as 0.03 (Brace and Kohlstedt, 1980; Bird and Kong, 1994; Chester, 1995; Bird,
1996; Kong and Bird, 1996; Bird, 1998; Jiménez-Munt et al., 2001; Liu and Bird, 2002; Bird et
al., 2008; Goldsby, and Tullis, 2011; Tong and Yin, 2011). If we assume an average µE for the
crust from these end-member values, we satisfy the first condition set by Hubbert (1937).
Because our modeling material likely has a coefficient of friction similar to rock and because the
most natural geometric scale is according to the ratio of thicknesses of the strong layers, it may
be possible to make very tentative length-scale evaluations between the model and natural
systems. For the purposes of this model, we define the length scale parameter, , based upon the
thickness of wet kaolin, λm = 0.04 m, and approximate depth to the bottom of Earth’s
seismogenic crust, λE = 104 m. Thus, we derive a length scale

= λm/λE = 4.0 × 10-6, indicating

that our scaled clay surface represents an area of approximately 8 × 109 m2.
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Because clay has complex material properties, there are several failures of our model to
reproduce natural settings. One distinct failure of the model is the apparent lack of earthquakes
(inertia-limited slip events). Natural earthquakes may exert both transient and lasting stress
concentrations on crack tips (e.g., Dunham, 2007) that could control their propagation (e.g.,
Sleep and Hagin, 2008), whereas our model is apparently slow and quasi-static at all times. A
second notable failure is the development of features with no analogous natural counterparts,
such as Mode-I (opening) cracks parallel to the most compressive stress (σ1). This is most likely
a result of cohesive strength being too high to accurately represent natural crust where extension
generally results in normal faulting. Third, although shear stress may be independent of depth
during the early stages of faulting resulting in fault initiation at the surface where strength is the
lowest (Lockner et al., 1991; Schulson et al., 1999), it is also plausible that some faults form at
depth that are initially blind. Slip at depth imposes strain on a shallow lid above a blind fault,
which eventually leads to frictional failure if static stress is high (Sleep, 2013). Because wet
kaolin has viscous properties, our model does not allow for lid failure and self-organization.
Although our model is not dynamically scaled to nature, similar statements could be
made with respect to analog models using different materials (e.g., sand with high shear
dilatancy; Mandl, 1988) and numerical models that often, as a result of unconstrained natural
properties, have more parameters than constraints. Accordingly, the limitations of all models
simulating natural environments should be interpreted with an open mind and a watchful eye.

3.4. Experimental Results
Results of the eleven analog experiments performed in this study are summarized in
Table. 3.1. Experiments are organized into four types based on the structural similarity of their
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preexisting structures: (1) pristine (control) (2) bookshelf faults, (3) multidirectional faults, and
(4) columnar joints. All shear angles, α, are reported as departure from the applied shear
direction.

3.4.1. Pristine (control)
During these experiments (P-1–P-4), the surface of the clay was left intact prior to shear
deformation. As expected, a discrete fault zone composed en échelon faults and folds developed
with progressive strain (Fig. 3.2, Table 3.1; e.g., Riedel, 1929; Tchalenko, 1970; Wilcox et al.,
1973; Naylor et al., 1986; Dooley and Schreurs, 2012). Synthetic R-shears began to form after
0.01 m of offset at angle α = 8º-17º. Jaeger and Cook (1976) determined that α can be expressed
as a function of the angle of internal friction, φ, or coefficient of friction for a material, µ, such
that α = ½φ = ½tan-1µ; for wet kaolin with µ = 0.5-0.6 (Sims, 1993; Henza et al., 2010), α should
be approximately 13º-15º, which is in general agreement with our results.
After 0.005 m of additional offset, syntectonic conjugate R’-shears began to form at α =
65º-83º. P-shears were few in number, formed at α = 164º-170º, and were concentrated near the
leading and trailing edges of clay. Because of their azimuthal similarity, it is difficult to
distinguish between R’- and P’-shears, however a set of shears (α = 35º-57º) we assume to be P’shears appeared during later stages of the experiment. Antithetic X-shears (α = 123º-134º)
formed along the contact with the deformation frame and may be artifact structures. Rotation and
linkage of shears into a throughgoing fault occurred within the primary deformation zone (PDZ)
after 0.024 m (avg.) of total (base plate) offset. The average width of the PDZ was 0.045 m, and
average spacing between R-shears within the PDZ was 0.007 m (Fig. 3.2). En échelon folds
perpendicular to σ1 formed and interacted with faults, resulting in the development of a variety of
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structures such as along-strike pop-ups, orthogonal pull-apart basins (oval in Fig. 3.2), tension
fractures, and coalesced and/or reactivated faults, all of which have commonly been reported in
Riedel experiments (e.g., Cloos, 1928; Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973;
Aydin and Schultz, 1990; Atmaoui et al., 2006). The majority of coalesced shears produced
right-stepping compound faults that formed restraining bends.
Maximum clay displacement was measured as the average offset of the most displaced
row of passive markers with respect to a fixed point. With the exception of one low-velocity
experiment (3.83 × 10-6 m s-1), the maximum accommodation of total offset at the clay surface
was 77.2%. The shear array produced by the low-velocity pristine experiment geometrically
similar to classic Riedel shear array (Fig. 3.2, inset); however, a higher percentage (86%) of the
total offset was accommodated at the surface and a throughgoing fault appeared after less total
offset. It is unclear if this indicates a temporal dependence of PDZ evolution in the wet kaolin.

3.4.2. Bookshelf Faulting
Experiments containing preexisting structures classified as bookshelf faulting consisted
of five parallel to sub-parallel linear incisions oriented normal (BF-1), 45º (but antithetic; BF-2),
or parallel (BF-3) to the inferred principal stress direction (σ1), respectively, which translates to
135º, normal, or 45º transects of the base plate contact and applied shear direction (Fig. 3.3;
Table. 3.1). Experiments resulted in a distributed shear zones, wide PDZs and fault spacing, and
progressively rotated R-shears with decreasing obliquity of preexisting structures with respect to
σ1 (Table. 3.1). No throughgoing faults were produced during bookshelf experiments, although
fault traces were often 0.05–0.08 m long. Preexisting faults showed signs of rotation and offset
and shears formed simultaneously with preexisting fault reactivation displayed reverse drag,
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similar to that described by Reches and Eidelman (1994). The average accommodation of total
offset (81.6%) was larger than for pristine experiments, implying that deviatoric stress was
probably lower in bookshelf experiments.

3.4.3. Multi-directional Faulting
Multi-directional fault experiments contained networks of preexisting intersecting linear
features meant to simulate a highly faulted/fractured crust. The first experiment (MDF-1)
consisted of incisions normal, 45º, and parallel to σ1, essentially representing a combination of
the bookshelf faulting scenarios (Section 3.2). A second experiment (MDF-2) consisted of a
network of linear features cut into the clay surface transecting the base plate contact along planes
oriented 60º, normal, and 120º (Fig. 3.4). These experiments produced fault zones that were
significantly reduced in both number and length of shears; as a result, throughgoing faults did not
develop (Table. 3.1). Shears that did develop were delimited by preexisting faults and were
rotated away from the applied shear direction at larger angles than in pristine experiments. The
minimum PDZ width in these experiments was influenced by the width of preexisting fault
network. Average surface accommodation of total offset was 79.5%.

3.4.4. Columnar Jointing
Columnar jointing experiments were comprised of an interconnected hexagonal pattern
(CJ-1) and a mesh-like network of equilateral triangles (CJ-2; Fig. 3.5). Due to the difficulty of
cutting intricate patterns into the clay surface, “columnar joints” in these models are not true-toscale with natural columnar joints; rather, they are meant to mimic the regional effects of basaltic
or andesitic cover that are known to commonly exhibit extensive columnar jointing (e.g.,
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Tomkeieff, 1940). Although columnar joints do not behave as crustal-scale tectonic structures in
nature, it is possible that during the early stages of an incipient shear zone, the shear stress may
be independent of depth in the upper crust. In such a scenario, faults could nucleate near the
surface and rupture downward; thus, columnar joints at the surface could exert a deeper
influence by controlling the location and geometry of fault nucleation.
Both columnar jointing experiments produced chaotic shear deformation. Shears were
short, fault linkage did not occur, and throughgoing faults were not developed. Mean R-shear
direction, α = 13º, was within the predicted range for R-shears in pristine materials; however,
shears did not resemble the en échelon pattern developed during pristine experiments. Faults
were restricted to the interior/exterior of preexisting structures and generally did not intersect
preexisting linear traces. Counterclockwise rotation of the modeling material, dilation on
portions of preexisting structures parallel or sub-parallel to σ1, and compression along portions of
preexisting features approximately normal to σ1 are apparent in both experiments. PDZs were
widely distributed (> 0.17 m-wide) and extended past preexisting structures. The average
accommodation of base plate motion was 81.9% and 81.1% in CJ-1 and CJ-2, respectively
(Table. 3.1).

3.5. Discussion
We find that mechanical discontinuities (faults/fractures) that predate shear deformation
affect the evolution and geometry of an incipient shear zone by means of fault suppression and
dispersion. Fig. 3.6 plots the relationship of experiment type (i.e., pristine, bookshelf, etc.),
required offset for throughgoing fault formation (filled squares) or total offset if no throughgoing
faults formed (open squares), and the accommodation of base total offset in the clay surface.
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Pristine experiments produced throughgoing faults after ≤ 0.025 m total offset, while
experiments containing preexisting structures did not produce throughgoing faults in the range of
offsets available to us. Due to structural limits, we were required to terminate shear at total
offsets of 0.05 m; therefore, we can only assign a lower limit to the total offset necessary to form
throughgoing faults in systems containing preexisting structures. It appears that more than twice
as much total offset (with respect to pristine experiments) is required to develop throughgoing
strike-slip faults in systems containing preexisting faults, and it may be that the ratio is much
higher. No statistically significant relationship exists between accommodation of total offset by
the clay surface and experiment type.
Our conclusions agree with theoretical predictions for strike-slip fault response to
obliquely oriented preexisting faults and joints. Experiments with preexisting structural
heterogeneities normal or oblique to applied shear produced more distributed shear zones than in
pristine surface experiments. Normalized PDZ widths (accounting for the effect of the
preexisting fracture networks) plotted against offset required to form a throughgoing fault show a
correlation indicating that wide fault zones require more offset to form a discrete regional fault
(Fig. 3.7). In more distributed zones, shears were fragmented and were often deflected or unable
to cut preexisting structures. It has been reported a strike-slip fault may develop secondary
features with reversed-polarity (with respect to large-scale slip) at its fault tips (Ben-Zion et al.,
2012); if this is true for our model, then reversed polarity tips could have an inhibiting affect on
shear propagation as shears approach an oblique/orthogonal structure in the horizontal plane,
resulting in observed deflection or arrest.
Preexisting “normal faults” were reactivated to slip opposite the applied shear direction.
Additional strain resulted in counterclockwise block rotation defined by the location of
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preexisting faults, dilation normal to σ1 of incisions parallel to σ1, and compression parallel to σ1
of incisions normal to σ1 (Figs. 3, 4). These observations are consistent with crustal block
rotation theory, which states that because the stress tensor is symmetric in any coordinate system
(σxy ≡ σyx), shear stress on a linear shear zone and on preexisting high-angle faults perpendicular
to the linear shear zone are always equal. Subsequently, regional stress should be regulated by
slipping on high-angle faults in the sense opposite the bulk shear, which would, in theory, delay
throughgoing faulting and produce rotated crustal blocks (Nur et al., 1986; Ron et al., 2001).
While crack dilation along preexisting “faults” has no natural analog, we presume these
might be equated with slip on normal faults, which also form by extension perpendicular to
strike. If a preexisting structure forms an extensional crack in the model, then we may infer that
the fault is reactivated in the normal sense and that slip would occur along the weakest plane (in
our model, these planes are vertical, but in nature fault dip would determine the direction of slip);
if a preexisting fault is compressed in the model, we would infer that the fault is reactivated in a
reverse sense, with slip occurring along the predefined fault plane. These faults may also show
some component of horizontal slip along strike as a result of horizontal shear, making these
faults dip-slip. Although we cannot observe what happens at depth in our model, we predict that
preexisting fault geometry will greatly influence reactivated fault geometry. From global and
regional studies of strike-slip fault systems, Mann (2007) and Mann et al. (2007) proposed that
the formation of releasing, restraining, and paired bend formation is often the result of
propagating fault interaction with preexisting crustal structures, such as ancient rift basins.
Dilation of preexisting faults with strike oriented parallel to σ1 and compression of those with
strike oriented oblique to σ1 in our model suggests that this may be at least partly correct,
although it does not require that all strike-slip fault bends form in this particular fashion.
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Columnar joints are commonly formed by thermal contraction in flood basalts and
andesite (e.g., Aydin and DeGraff, 1988; DeGraff and Aydin, 1993). Although individual joints
do not generally exceed a diameter of two meters (Ryan and Sammis, 1978; DeGraff and Aydin,
1987; Grossenbacher and McDuffie, 1995), they can form expansive colonnades – collections of
adjacent equant polygonal columns (Tomkeieff, 1940). Assuming that colonnades act
mechanically as a unified structure larger than its individual constituents, we may surmise that
columnar jointing will suppress strike-slip faulting in the following ways: (1) Shears aligned
with the applied shear direction will be deflected or dampened when they encounter hexagonal
columnar joints, and/or (2) columnar joint networks will tend to dilate under in-plane shear
resulting in the opening of some joints. If lateral boundary conditions are resistant to dilation,
then horizontal compressive stress will increase, adding frictional strength to the deformed
region and subsequently suppressing any faulting instability (Sleep, 1997). Although we did not
replicate the scale of individual joints in our model, preexisting equilateral triangle (CJ-1) and
hexagonal (CJ-2) patterns we employed presumably mimic larger-scale colonnades found in
many flood basalts, such as the Columbia River Basalt Group (Long and Wood, 1986). Results
from our model show dilation under in-plane shear that caused joints parallel to σ1 to open (Fig.
3.5), as predicted by Sleep (1997). Shear deflection was not overly apparent in experiment CJ-1,
but discrete strike-slip fault formation along the PDZ was almost completely subdued/absent.

3.5.1. Natural Examples
Our model is beset with caveats and uncertainties with respect to natural settings;
however, if we adopt a geometric similarity length-based approximation for which the thickness
of our wet kaolin corresponds to a seismogenic crust of 10 km, then the offset at which
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throughgoing faults formed in pristine surfaces corresponds to 3.5-6.5 km in nature. Many
regions follow the deformation evolution of our pristine experiments, forming throughgoing
shear zones after only relatively little offset. Among these regions are the Calico/West Calico
faults in the southern Mojave Desert (Wesnousky, 1986; Petersen and Wesnousky, 1994) and the
Dasht-e-Bayaz sinistral fault in Iran (Tchalenko, 1970; Walker et al., 2004).
Using global plate model PB2002 (Bird, 2003) that combines GPS, focal mechanisms,
and neotectonic modeling to produce a continuous global plate boundary map, it was possible to
identify several regions on Earth that are dominated by toroidal motion, but do not exhibit
extensive and/or discrete strike-slip faulting as predicted by the model (Fig. 3.8). For example,
the 70 km-long and 20-60 km-wide South Icelandic Seismic Zone (SISZ), a seismically active
transform boundary between the NE-SW-trending Western and Eastern Volcanic Zones, has
been shearing at ~ 19 mm a-1 (Bird, 2003) since ~ 2 Ma (Saemundsson, 1974). Net offset for the
SISZ is therefore ~ 38 km. Although earthquakes generated in the SISZ exhibit strike-slip focal
mechanisms and GPS measurements confirm sinistral motion at >11 mm a-1 and extension
(Angelier et al., 2004; LaFemina et al., 2005), virtually no anticipated E-W trending sinistral
faults are present (Fig. 3.9; Einarsson et al., 1981; Hackman et al., 1990; Bergerat and Angelier,
2000; Bergerat, 2001; Gudmundsson, 2007). Instead, the SISZ, which is located partly in Upper
Pliocene-Pleistocene rocks and partly in Holocene lava flows, is comprised of conjugate NNESSW-, NE-SW-, and ENE-WSW-striking fractures that form as a result crustal spreading
(Bergerat and Angelier, 2000). NE-SW-trending normal faults are dated to an age similar to the
Upper Pliocene-Pleistocene lava pile they are contained within, while NNE-SSW dextral and
ENE-WSW/NE-SW sinistral fractures are younger (Gudmundsson and Brynjolfsson, 1993;
Bergerat and Angelier, 2000; Gudmundsson, 2007). Net offset in the SISZ corresponds to a total
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offset of 0.15 m in our model. Experiments MDF-1 and MDF-2, which best represent the
complex fabric of the pre-fractured basaltic crust of the SISZ, show very little to almost no
deformation in the form of strike-slip faults parallel to applied shear after 0.15 m total offset.
Gudmundsson (2007) inferred a principal stress direction for the region (Fig. 3.9) which agrees
with E-W transform motion, and went further to suggest that E-W strike-slip faults have not
formed because the structure of South Iceland (e.g., the Hreppar anticline, mechanically
dissimilar materials, and oblique-trending normal faults) is unfavorable for fault propagation.
Results from our model suggest that preexisting faults/fractures have resulted in the mechanical
suppression of throughgoing E-W trending strike-slip faults and strain accommodation by dextral
slip on NNE-SSW-trending fractures, which is in general agreement with Gudmundsson (2007).
We will also discuss two regions in the broad, dextral Pacific-North America boundary
zone: the Brothers fault zone in Oregon and Walker Lane in California and Nevada. We focus on
these relatively inland portions of the developing Pacific-North America plate boundary because
they are probably less strongly controlled by the Mendocino triple-junction singularity than are
the more proximal strike-slip fault of the Coast Ranges and Klamath Mountains. Nevertheless, it
is true that both may have involved an element of southeast-to-northwest propagating
development, and therefore do not exactly match our experimental conditions of shear initiating
simultaneously in all locations of the future shear zone.
Brothers Fault Zone (BFZ) is a NW-SE-trending 280-km-long, 30-km-wide zone of
poorly developed NW-SE-trending dip-slip faults in southeast Oregon (Figs. 7, 9; Higgins and
Waters, 1967; Walker, 1969; Lawrence, 1976; Walker, 1977; Walker and MacLeod, 1991;
Christiansen and Yeats, 1992; Hooper et al., 2002b). The onset of faulting is younger than the
Early Miocene Columbia River Basalt Group covering much of the region, and probably
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coincides with the opening of the Gulf of California (12-6 Ma). The BFZ is intersected by a set
of NE-SW-trending high-angle Basin and Range extensional normal faults, including Steens
Mountain fault, the largest normal fault in Oregon (Fig. 3.10; e.g., Lawrence, 1976). Steens
Mountain fault is a long-lived horst structure that predates Basin and Range extension (Minor et
al., 1987a,b; Langer, 1991; Hooper et al., 2002a; Scarberry et al., 2010) and is responsible for
expansive (≤ 60,000 km2) and thick (450 – 1000 m) basalt flows that erupted approximately
16.6-15.3 Ma (Carlson and Hart, 1988; Swisher et al., 1990; Langer, 1991; Brueseke and Hart,
2000; Hooper et al., 2002a; Camp et al., 2003; Bondre et al., 2004; Bondre and Hart, 2006;
Brueseke et al., 2007). The neotectonic model of Bird (2009) and GPS data of Hammond and
Thatcher (2005) predict and confirm a dextral offset rate of 2-3 mm a-1, implying a net offset of
12-36 km. Based on the simple approximations from our model, we would expect real shear
zones containing preexisting faults to deform by at least 13 km (possibly much more) without
developing new throughgoing faults, which agrees with the observations in BFZ, and also
suggests that the formation of integrated strike-slip fault systems is quite slow where the upper
crust is predominantly composed of basalt flows and/or contains preexisting faults oriented
normal/oblique to shear.
The Walker Lane (WL) in the western Great Basin of North America (Fig. 3.8) is a case
where net offset is quite large, but throughgoing strike-slip faulting is sparse. The WL has been
shearing at rates up to 12 mm a-1 (Argus & Gordon, 2001) probably since the opening of the Gulf
of California at 6 Ma, so its net offset may be as much as 72 km. It shows numerous NW-striking
dextral strike-slip faults that cut previous thrusts and normal faults, but that are not integrated
into a throughgoing fault (Wesnousky, 2005). These very rough numbers may confirm the
mechanical importance of preexisting faults in suppressing or delaying the appearance of
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discrete, throughgoing strike-slip faults, and suggest that even higher displacement than the
lower limit determined in this model may be necessary to for throughgoing faults to develop
where faults/joints exist prior to shear deformation.
Sleep (1994) suggested that when searching for plate tectonics on terrestrial planets, we
should search for transform boundaries because they demonstrate the relatively rigid motion of
plate interiors. Our results indicate, however, that strike-slip/transform fault zones may be
subdued or highly distributed in certain settings, making their identification difficult. As an
example, the basaltic crust of Venus has been subjected to multiple episodes of deformation
(Crumpler et al., 1986; Raitala, 1994; Koenig and Aydin, 1998; Phillips and Hansen, 1998;
Ghent and Hansen, 1999; Tuckwell and Ghail, 2003), which has left its crust riddled with normal
and thrust faults, sinuous deformation fabrics called ribbon-tessera, cross-cutting lineae, and
many other features. Regions presumed to contain strike-slip faulting, such as Lavinia Planitia,
(volcanic plains) and Thetis and Ovda Regios (upland areas), contain highly distributed shear
zones that are often blunted at their ends by obliquely oriented fractures (Solomon et al., 1992;
Squyres et al., 1992; Koenig and Aydin, 1998; Tuckwell and Ghail, 2003; Romeo et al., 2005).
Perhaps these shear zones are forming in geometries and on timescales defined by preexisting
structures. More detailed map analysis is needed to establish the mechanics of faulting in these
regions.

3.6. Conclusions
Preexisting fault networks affect fault zone development both geometrically and
systematically by shear dispersion and suppression of throughgoing faults. Whether preexisting
structures in our model correspond to natural deformation patterns or to the mechanical
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properties of regional flood basalts is still not completely clear. However, the results of the
model match the theoretical interactions of strike-slip and obliquely oriented faults and joints. In
addition, our model seems to fit select regions on Earth and could possibly correspond to
regional shear deformation on other terrestrial planets, suggesting that it may be at least in part
insightful with respect to shear zone development. Finally, it is well documented that faults
rarely occur as isolated structures, but rather as complex zones of fault interaction that
accommodates local strain, which suggests that preexisting structures are probably involved in
the evolution of most new fault zones.
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Figure 3.1. Plan and cross-sectional views of the physical analog model presented here. Large black triangles with
white dots in upper right and lower left corners of plan view represent nail combs used to apply additional tension
to the clay in the extensional-diagonal corners of the deformation frame. Nail combs are omitted from cross
section view. Relationship of layered modeling materials to nature is shown to the right of the cross section. After
Curren and Bird (2014).
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Figure 3.2. Map view line drawing of strike-slip faults developed during sinistral shearing in wet kaolin with an
originally intact surface (total relative shear offset of base plates = 37 mm). Classic Riedel fault assemblage (inset)
developed during pristine experiments. Small arrows indicate the inferred and observed shear direction for each shear
type. Bold line is throughgoing fault (Y-shear). Oval indicates pop-up and pull-apart basin location. See text for detailed
discussion. After Curren and Bird (2014).

Figure 3.3. Map view of wet kaolin containing preexisting bookshelf faults oriented
approximately perpendicular (BF-1), 45° (BF-2), and parallel (BF-3) to the inferred
principal stress direction (σ1). Top three diagrams are schematic representations of faults
that were pre-cut into the wet kaolin. Bottom three figures are line drawings of faults that
formed after 37 mm of sinistral base plate offset in the analog model. Large arrows denote
the applied shear direction, and small arrows on fault maps indicate inferred and observed
relative motion of individual shears. Arrow colors indicate shear type – R-shears (green),
R’-shears (orange), P-shears (red), P’-shears (blue), X-shears (purple). Solid lines indicate
distinct fault traces, dashed lines indicate inferred faults (visible but not fully ruptured at
the surface), dotted lines indicated concealed fault segments. After Curren and Bird (2014).
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Figure 3.4. Map view of sinistral shearing in wet kaolin containing preexisting multi-directional
faults, oriented perpendicular, 45°, and parallel (MDF-1) to the inferred principal stress direction
(σ1) and 60°, perpendicular, and120° to the applied shear direction (MDF-2), after 37 mm of base
plate offset. Insets are schematic representations of faults that were pre-cut into the wet kaolin.
Arrows in inset denote the applied shear direction, and small arrows on fault maps indicate
observed and inferred relative motion of individual shears. Arrow colors indicate shear type – Rshears (green), R’-shears (orange), P-shears (red), P’-shears (blue), X-shears (purple). Solid lines
indicate distinct fault traces, dashed lines indicate inferred faults (visible but not fully ruptured at
the surface), dotted lines indicated concealed fault segments. After Curren and Bird (2014).
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Figure 3.5. Map view of sinistral shearing in wet kaolin containing preexisting columnar joint
structures, represented by an equilateral triangle mesh (CJ-1) or a hexagonal mesh (CJ-2), after
37 mm of base plate offset. Insets are schematic representations of faults that were pre-cut into
the wet kaolin. Arrows in inset denote the applied shear direction, and small arrows on fault maps
indicate observed and inferred relative motion of individual shears. Arrow colors indicate shear
type – R-shears (green), R’-shears (orange), P-shears (red), P’-shears (blue), X-shears (purple).
Solid lines indicate distinct fault traces, dashed lines indicate inferred faults (visible but not fully
ruptured at the surface), dotted lines indicated concealed fault segments. After Curren and Bird
(2014).
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Figure 3.6. Plot illustrating the relationship between base plate offset necessary to form
throughgoing faults and surface offset as a fraction of base plate offset for each experiment. Open
squares indicate experiments in which throughgoing faults did not form. Arrows imply a minimum
value of offset necessary for throughgoing faults to develop. After Curren and Bird (2014).
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Figure 3.7. Plot of offset necessary to form a throughgoing strike-slip fault as a function of
normalized PDZ width. Linear regression shows the apparent relationship requiring more
net offset accumulate prior to discrete fault formation in wider fault zones. This is consistent
with the observation that strain is being accommodated on preexisting and subsidiary
fractures in experiments with structurally heterogeneous crust.
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Figure 3.8. (A) Strike-slip plate boundaries of the world, from the PB2002 global plate model of Bird (2003). The model is known to be incomplete in
shaded regions of complex (orogenic) geometries. Dashed ellipses highlight regions where fault systems are underdeveloped or missing. CTF – continental
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high-angle bookshelf faults sub-perpendicular to the shear direction and Brothers Fault Zone, Oregon presents columnar-jointed basaltic/andesitic cover
and high-angle faults sub-perpendicular to the shear direction, and (C) South Iceland Seismic Zone contains high-angle faults sub-perpendicular to the
shear direction and regional cover of flood basalts. After Curren and Bird (2014).
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Figure 3.9. Fault map of the South Iceland Seismic Zone (SISZ) and its surroundings (modified from Johannesson and
Saemundsson, 1998). The NE-SW-trending fractures (blue dashed-dotted lines) are primarily high-angle normal, NNE-SSWtrending fractures (orange long-dashed-dotted lines) are mostly dextral (as noted by directional arrows), ENE-WSW-trending
fractures (green long-dashed lines) are primarily sinistral, and NNW-SSE-trending fractures (purple dotted lines) are of an
“unknown type” (Bergerat et al., 1998). Most compressive stress direction is from Gudmundsson (2007). Grey area in inset map
is the Mid-Atlantic ridge system as it is expressed on Iceland. After Curren and Bird (2014).
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Figure 3.10. Fault map of SE Oregon. Blue lines denote NW-SE trending dextral dip-slip faults (e.g.,
Lawrence, 1976; Hammond and Thatcher, 2005) and red lines denote NNE-SSW trending steeply
dipping normal faults corresponding to Steens Mountain basalt and andesite (e.g., Walker and King,
1969; Langer, 1991; Brueseke et al., 2007). Top inset is geologic map of SE Oregon from which the fault
map was developed (Walker and King, 1969), showing primarily basaltic/andesitic crust (pink/red hues).
Bottom inset is the fault map from experiment BF-2 of this study, mirrored and rotated to correspond to
the tectonic setting of SE Oregon. After Curren and Bird (2014).
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not achieved due to the stretching limits of the plastic that lined each material layer.

* Denotes lower limit on base plate offset required to form a throughgoing fault in experiments where throughgoing faulting was

Table 3.1. Result from experiments run during this study. After Curren and Bird (2014).
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– Chapter 4 –
Cyclic Bidirectional Strike-Slip Fault Formation: Insights from Experimental Analogues
and Implications for Tidally Deformed Satellites
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4.1. Abstract
Strike-slip faults and associated features such as flanking ridges are commonly found on
satellites in eccentric orbits across the solar system. Although the development of lateral offsets
is generally accepted to occur through bidirectional horizontal shear as a result of cyclic diurnal
tidal stress variations (i.e. tidal walking), there is no consensus on the formation mechanism of
ridges. Furthermore, fundamental questions regarding the kinematics and mechanics of tidal
walking remain. Here, we perform a set of experimental analogues in dry quartz sand and ground
walnut shells with the goal of understanding the processes and conditions that result in strike-slip
offsets of lineae on tidally deformed bodies. Dynamically scaled analogue experiments emulate
the process of tidal walking in the brittle crust and relate kinematic evolution to slip magnitude
ratio (β), but do not include compression and extension cycling or temporal scaling. Results from
experimental analogues demonstrate a predictable kinematic evolution for fractures formed by
cyclic bidirectional horizontal shear. This progression, although continuous, can be broken into
three stages: (1) Initiation – fractures in their initial stages exhibit en échelon structures; (2)
Intermediate – fractures are throughgoing, but have discontinuous fault-flanking ridges; (3)
Mature – fractures and ridges are both continuous. The rate of kinematic evolution is controlled
to some degree by the slip magnitude ratio β, but the resulting morphology for all values of β ≠ 1
resemble double-ridge features found on Europa. In the case that β = 1, curvilinear and cuspoid
fault traces with flanking ridges that qualitatively resemble cycloidal features form. Ground
walnut shell experiments produce subdued features that may be related to grooved terrains in the
low gravity environment of Phobos. We conclude that cyclic bidirectional horizontal shear as
driven by diurnal tidal variations may be, in part, responsible for the formation of double ridges
on Europa and grooves on Phobos if considering only the brittle portion of the crust. Our
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approach enables the identification of early stage strike-slip faulting, which may be useful in
unraveling physical and geodynamic properties of tidally deformed satellites.

4.2. Introduction
The multitude of tectonic lineae found on the surfaces of satellites in eccentric orbits
exhibit diverse forms including troughs (fractures), grooves, cycloids, ridges, ridge complexes
and bands (e.g., Thomas et al., 1979; Geissler et al., 1998; Greenberg et al., 1998; Pappalardo et
al., 1999; Greeley et al., 2000; Dombard and McKinnon, 2001; Pappalardo, 2006; Morrison et
al., 2009; Basilevsky et al., 2014). The range of morphological expressions and scales over
which lineae form are presumably the result of manifold formation mechanisms (e.g., Aydin,
2006; Rhoden et al., 2010, 2012; Rhoden and Hurford, 2013) or represent stages in an
evolutionary continuum of deformation (e.g., Geissler et al, 1998; Greenberg et al., 1998;
Pappalardo et al., 1999). Subsequently, the structure, geomorphology, and crosscutting
relationships of lineae preserve critical information regarding the tectonic and stress histories as
well as physical and geometric properties of the crusts and interiors of these bodies (e.g.
Pappalardo et al., 1999; Spaun et al., 2003; Kattenhorn, 2004; Lee et al., 2005; Aydin, 2006;
Patthoff and Kattenhorn, 2011; Dombard et al., 2013; Yin et al., 2016).
The most widespread lineation morphologies observed on tidally deformed bodies are
ridge and trough sets (Fig. 4.1A). They are most notably present on Europa (e.g., Pappalardo et
al., 1998, 1999; Giese et al., 1999; Kattenhorn, 2002; Nimmo et al., 2003a; Dombard et al.,
2013), but are also found on Ganymede (Lucchita, 1980; Dombard and McKinnon, 2001; Head
et al., 2002; Pappalardo et al., 2004; Patterson et al., 2010), Enceladus (Nimmo et al., 2007;
Giese et al., 2008; Spencer et al., 2013; Nahm and Kattenhorn, 2015), Epithemus (Morrison et al.
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2009), Triton (Fig. 4.1B; e.g., Croft et al., 1995; Prockter et al., 2005; Collins et al., 2009), other
outer planet satellites (Pappalardo, 2006; Collins et al., 2009; Morrison et al., 2009), and as
components of grooved terrains on Phobos (Fig. 4.1C; Thomas et al., 1979; Basilevsky et al.,
2014). Ridges vary morphologically from object to object, but are characterized as
topographically high features that flank elongate linear or curvilinear depressions (troughs) in
planform. They may occur on one or both sides (i.e. double-ridges) of their adjacent troughs, and
can be fairly continuous or discontinuous along strike. Many ridged lineae exhibit lateral offsets
on Europa (Figs. 2A-B; Hoppa et al., 1999b, 2000; Kattenhorn, 2002, 2004; Sarid et al., 2002;
Kattenhorn and Hurford, 2009), and Enceladus (Patthoff and Kattenhorn, 2011; Martin and
Kattenhorn, 2013; Crow-Willard and Pappalardo, 2015; Martin, 2016). Lateral offsets also exist
across extensional bands on Europa and Ganymede (Fig. 4.2C-D; e.g., Prockter et al., 2000;
Tufts et al., 2000; DeRemer and Pappalardo, 2003; Pappalardo et al., 2004; Kattenhorn, 2004;
Cameron et al., 2016). Although lateral offsets have not been observed on Phobos’ grooved
surface it is possible fractures below the surface are obscured by overlying regolith or the offsets
are below the resolution of imaging (Basilevsky et al., 2014). Table 4.1 shows the distribution of
ridges, troughs, grooves and strike-slip faults on various satellites throughout the solar system.
The formation of ridges, troughs, lateral offsets and other linear features on satellites has
primarily been ascribed to diurnal tidal stress variations (e.g. Melosh, 1980; Greenberg et al.,
1998; Hoppa et al., 1999a, b; Tufts et al., 2000; Smith-Konter and Pappalardo, 2008; Rhoden et
al., 2012; Hurford et al., 2016). Eccentricity causes fluctuations in the orientation and amplitude
of a satellite’s tidal bulge, leading to corresponding changes in its global stress field. Stresses
exceeding the yield strength of some portion of the body (e.g., brittle crust) will trigger
deformation in the regime dictated by the mean stress. Most fractures are presumed to initiate by
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tensile failure on tidally deformed bodies (Helfenstein and Parmentier, 1983; Schenk and
McKinnon, 1989; Greenberg et al., 1998; Figueredo and Greeley, 2000; Kattenhorn, 2001;
Morrison et al., 2009; Quillen et al., 2016), but some authors suggest horizontal shear failure as a
plausible and overlooked initiation mechanism (Schulson, 2002; Michalski and Greeley, 2002;
Spaun et al., 2003; Kattenhorn, 2004; Curren et al., 2014). Once a fracture is produced, rotating
stresses as the satellite moves through its orbit will cause cyclic tensile-compressive and/or
dextral-sinistral horizontal shear deformation (Greenberg et al., 1998; Hoppa et al., 1999b;
Smith-Konter and Pappalardo, 2008; Rhoden et al., 2012; Hurford et al., 2016).
Grooves, double ridges, bands, and arcuate cycloids have previously been hypothesized
to form in response to tensile/compressive cycling (Greenberg et al., 1998; Sullivan et al., 1998;
Hoppa et al., 1999a; Tufts et al., 2000; Patterson and Pappalardo, 2002; Sarid et al., 2002;
Melosh and Turtle, 2004; Manga and Sinton, 2004; Patterson et al., 2006; Bader and Kattenhorn,
2007; Han and Melosh, 2010; Asphaug et al., 2015; Hurford et al., 2016). Conversely, strike-slip
faulting has been linked to horizontal shear cycling (e.g., Hoppa et al., 1999b; Gaidos and
Nimmo, 2000; Nimmo and Gaidos, 2002; Prockter et al., 2005; Nimmo et al., 2007; Han and
Showman, 2008; Cameron et al., 2016). Manga and Sinton (2004) tested the conditions under
which lineae form solely in response to tensile/compressive cycling (e.g., Greenberg et al., 1998)
using a wax analogue experiment heated from below. The solid layer of wax was deformed
periodically to simulate cyclic strain caused by diurnal tides. Their wax experiments formed
ridge and dilatational band-like morphology, however they were unable to reproduce many
features associated with lineae, including lateral offsets.
Cyclic horizontal shear deformation, which was not incorporated into the experiments of
Manga and Sinton (2004), is commonly known as “tidal walking” (Hoppa et al., 1999b). The
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central premise of the tidal walking model is that stress oscillations cause an out-of-phase
cycling of compression or tension with dextral or sinistral motion along faults, so that when
normal stress on a vertical fault is compressive, strike-slip motion is suppressed along the fault.
Thus, faults subject to compressive/dextral and tensile/sinistral stresses will have left-lateral net
offset, and faults with tensile/dextral and compressive/sinistral stresses will have right-lateral net
offset. Numerically driven models have portrayed this process in more detail using the MohrCoulomb fracture criterion and additional mechanical constraints to explain offsets on the
surfaces of Europa (e.g., Rhoden et al., 2012) and Enceladus (e.g., Smith-Konter and Pappalardo,
2008). The ability of the tidal walking model and its successors to generally reproduce observed
global fault-slip distributions indicates that they correctly describe a fundamental process
occurring on tidally deformed bodies exhibiting lateral offsets (Hoppa et al., 1999b, 2000; Sarid
et al., 2002; Smith-Konter and Pappalardo, 2008; Rhoden et al., 2012).
Despite the wide occurrence of lateral offsets and the success of previous studies in
predicting strike-slip fault distributions on tidally deformed bodies, the mechanical and
kinematic evolution of tidal walking (i.e., cyclic bidirectional strike-slip fault formation) has not
been investigated. In this contribution, we present scaled analogue experiments designed to test
the formation of lineations and associated features (e.g., double-ridges) by the process of
bidirectional cyclic horizontal simple shear. The experiments simulate a selection of tidal
walking conditions with the goal of gaining a greater comprehension of the detailed kinematics
and mechanics of repeated horizontal simple shear in opposing senses along a vertical fault
plane. We do not incorporate components of extension or compression in these experiments (as
are included in the tidal walking model of Hoppa et al., 1999b) so as to simplify our results and
because slip on a vertical fault may not require simultaneous extension (Smith-Konter and
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Pappalardo, 2008). We discuss the implications of experimental results for structures observed
on tidally deformed bodies, with emphasis on fractures and double ridges (as found on Europa,
Enceladus, and Triton) and grooves (Phobos). We also use experimental and spacecraft
observations to produce an independent estimate of Europa’s ice shell strength.

4.3. Experimental Analogue Model
The analogue experiments presented here were performed using the tectonic apparatus in
the UCLA Laboratory for Analog Modeling of Planetary Surfaces (LAMPS; Curren, 2015;
Curren and Yin, 2015b). The experimental apparatus is comprised of two parallel horizontal
rigid aluminum base plates spaced 0.1 m apart. The two 0.01 m-thick plates are under lapped by
a third horizontal plate, which is capable of horizontal motion driven by a computer-operated
stepped gear motor (Fig. 4.3). The contact edges between the upper and lower horizontal plates
predefine the locations of primary simple shear deformation zones, which remain fixed
throughout experiments. Parallel simple shear zones with opposing senses (dextral and sinistral)
are produced along each contact with the adjacent plates (Fig. 4.3A). Four additional boundarywall aluminum plates perpendicular to the base plates define the 0.74 × 0.74 m experimental
area. The boundary-wall dimensions are approximately order of magnitude larger than the
typical width of a deformation zone.

4.3.1. Modeling Materials
Three materials were used to simulate brittle deformation in the experiments presented in
this study: (1) dry unconsolidated, fine-grained heterogeneous quartz sand, (2) damp quartz sand,
and (3) dry ground walnut shells. We choose these materials because, first and foremost, they are
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widely available and their material properties are well studied. Second, the cohesion values of
the materials differ (e.g., Krantz, 1991; van Mechelen, 2004; Cruz et al., 2008; Zuza et al., 2016)
such that they permit scaled testing of cyclic deformation for a wide range of solar system bodies
with differing physical properties (see Section 3). Third, the densities of the quartz sand and
walnut shells differ significantly, which also enables different scaling relationships between
nature and the model.
The heterogeneous dry quartz sand used in these experiments was collected from Point
Dume beach in Malibu, California. All of the sand is sifted through a 425 μm sieve in order to
remove large particles. The material properties of dry quartz sand have been studied extensively
and have been shown to adhere to the Coulomb fracture criterion (e.g., Mandl, 1988; Krantz,
1991; Cobbold and Castro, 1999; Schellart, 2000; Lohrmann et al., 2003; Mourgues and
Cobbold, 2003; Rossi and Storti, 2003; Eisenstadt and Sims, 2005; Panien et al., 2006;
Klinkmüller, 2011; Ritter et al., 2016; Zuza et al., 2016) with the exception of in microgravity
experiments (Sture et al., 1998). Experiments using dry quartz sand reproduce distributed
deformation behaviors followed by shear zone localization into narrow zones as are observed in
strike-slip shear zones in brittle crustal rocks (Jaeger and Cook, 1976; Jaeger et al., 2009) or ice
at low temperatures (e.g., Picu et al., 1997; Gupta et al., 1998; Collins et al., 2009; Schulson and
Fortt, 2012; Schulson, 2013). Dry ground walnut shells with a 300 μm diameter were found by
Cruz et al. (2008) to be consistent with behavior described in similar sand models (e.g.,
Malavielle, 1984; Colletta et al., 1991; Bonini et al., 1999; Persson and Sokoutis, 2002),
implying Mohr-Coulomb behavior. Each of the experiments using dry heterogeneous sand
focuses on deformation of the brittle crust of rocky or icy bodies including Europa, Enceladus,
Ganymede, and Phobos. With the exception of Phobos, for which the physical properties are
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largely unconstrained (e.g., Asphaug et al., 2015; Hurford et al., 2016), each of these bodies is
expected to experience Coulomb failure in its crust.
Frictional properties of the dry quartz sand and ground walnut shells were measured
using a Hubbert-type apparatus (Hubbert, 1951) as described in Zuza et al. (2016). Cohesion of
dry sand used with a density of ~ 1700 kgm-3 was 55 ± 20 Pa, which is consistent with previously
measured cohesion values (Schellart, 2000; Lohrmann et al., 2003; Mourgues and Cobbold,
2003; Panien et al., 2006; Ritter et al., 2016). Ground walnut shells (ρ ~ 750 kgm-3) were
measured as having a cohesion of 40 ± 15 Pa, which is slightly higher than values (23 ± 13 Pa)
from Cruz et al. (2008). Independent estimates of coefficients of friction were determined
empirically by measuring the average angle of R-shears away from the imposed fault zone, and
using the following relationship determined by Jaeger and Cook (1976):
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where α is the departure angle away from the applied shear, ϕ is the angle of internal friction,
and μ is the coefficient of friction. Initial tests showed values of α = 11–21º (μ = 0.41 – 0.89) for
dry sand and α = 18–22º (μ = 0.73 – 0.96) for ground walnut shells. These values are within the
range of previously measured dry quartz sand (e.g., Krantz, 1991; Schellart, 2000; Zuza et al.,
2016) and crushed walnut shell (Cruz et al., 2008) materials.
Moist quartz sand dampened to 10% water by mass was utilized in these experiments to
test the effect of a more cohesive material (e.g., warm ice) overlain by a brittle material (e.g.,
very cold ice). While adding water in this concentration has been shown to increase the cohesion
value of the model crust by as much as an order of magnitude, it has little effect on other material
properties considered important for scaling, such as the coefficient of friction and density (van
Mechelen, 2004). Table 4.2 summarizes the critical properties of each modeling material.
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4.3.2. Procedure and Parameters
These experiments follow the basic setup of previous Riedel shear-type models in which
modeling materials lying above two parallel base plates are subjected to simple shear via relative
motion of a single plate (e.g., Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973; Dooley and
Schreurs, 2012). Each experiment was assembled by first sifting heterogeneous quartz sand or
ground walnut shells through a 425 μm sieve. The sand was then either left dry or was wetted
until damp (10% water by mass). For dry sand and ground walnut shell experiments, the
modeling material was placed into the deformation area to a height of 2 cm and then smoothed
(Fig. 4.4A). For wet sand experiments, the sand was deposited to a depth of 1 cm and then
covered by 1 cm dry sand that was then smoothed (Fig. 4.4B). A passive marker grid of colored
sand was carefully placed on the surface of each experiment prior to its start.
Lateral offsets along fractures on planetary bodies such as Europa are typically less than
10 km, with some noted exceptions (83-km, Sarid et al., 2002; 20-km, Prockter et al., 2000) and
analytic and mechanical models suggest that many fractures experience small or zero net offsets
diurnally (Smith-Konter and Pappalardo, 2008; Rhoden et al., 2012). If net diurnal offsets are
very small or vary as a result of changing tectonic environment (e.g., fault reactivation or
distributed stress/strain accommodation) it is possible that these offsets develop over 10s of
thousands of years. Furthermore, tectonism may experience periods of quiescence and
proliferation (Ojakangas and Stevenson, 1989), which would affect the rate of deformation and
subsequent net offset accumulation. For ease, the experiments presented here model continuum
deformation and were all run constant velocity of 1.67 × 10-5 ms-1. The offsets accumulated
during a given cycle are most certainly (when scaled) larger than those in nature, however it
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should be noted that brittle deformation, which is the focus of this study, is time independent. As
a result, the patterns of deformation should form more so in response to the geometric and stress
boundary conditions than to slip magnitude or deformation velocity.
In addition to uncertainties regarding the absolute timing and rates of tidal deformation,
our experiments are limited by (1) their inability to scale precisely to expected slip per cycle (as
it would be below the resolution of our recording instruments) and by (2) discrepancies between
observation capabilities and modeling efforts. To address these issues, the experiments in this
study were designed to test an assortment of slip magnitude ratios and absolute slip values. We
define the non-dimensional slip magnitude ratio as follows:

β =
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(2)

where β values above or below unity denote sense of net offset with respect to the initiation
direction. Several slip magnitudes were employed for these experiments, ranging from 2.5 mm to
10 mm during a single cycle (Fig. 4.5). As such, the value β = 2 could refer to 10 mm dextral slip
followed by 5 mm sinistral slip, 4 mm dextral followed by 2 mm sinistral slip, or any other 2:1
slip magnitude ratio. Absolute slip per cycle is larger (after scaling; see Section 4.3.3) than
expected for the natural settings (Smith-Konter and Pappalardo, 2008), however the physical
process of bidirectional cyclic shear deformation is accurate as predicted by geodynamic models.
Experiments were grouped into four general categories: (1) unidirectional shear (control),
(2) bidirectional shear with net offset in the initiation direction (β>1), (3) bidirectional shear with
net offset opposite the initiation direction (β<1), (4) bidirectional shear with no net offset (β=1)
(Fig. 4.5). Once β and slip magnitude values were determined, each bidirectional horizontal
shear deformation experiment was cycled a minimum of ten times, with a mode of 20 times, and
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a maximum (one experiment) of 500 cycles. Figure 5 shows various values of β and slip
magnitudes utilized in the experiments presented here.
Fault zone development was monitored through high-resolution time-lapse digital
photography. Low-angle lighting was used to accentuate the appearance of faults and
topography, and a passive 0.02 × 0.02 m marker grid was used to map progressive fault
deformation. Real-time observations were used to interpret deformation during experiments,
which were then later validated using digital imagery.

4.4. Scaling Considerations and Limitations
One of the fundamental considerations of modeling physical processes in a controlled
laboratory environment is the ability of the model to accurately simulate natural processes. This
is accomplished for tectonic analogue models through the use of scaling laws, which are based
on the relative proportionality of geometric, geodynamic, and kinematic properties of the two
systems (e.g., Hubbert, 1937; Ramberg, 1981; Nalpas and Brun, 1993; Weijermars et al., 1993;
Withjack et el., 2007; Henza et al., 2010). Hubbert (1937) first demonstrated that for proper
scaling of a Mohr-Coulomb failure analogue model, two conditions must be satisfied. First, the
model must scale linearly to nature with regard to shear stress, density, gravity, and length. It
should be noted that cohesion in this context refers to the shear strength of a material with
respect to overburden pressure and material properties. This relationship can be expressed
mathematically as:
!!
!!

=
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where subscripts m and n stand for model and nature, respectively and τ is shear stress, ρ is
density, g is gravity, and h is length. Because the state of stress is often difficult to maintain or
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(3)

evaluate for an experimental model, the second condition is that materials used in the model and
found in the natural setting must have similar rheologies that behave according Mohr-Coulomb
failure criterion, expressed as:
! = ! + !!!

(4)

where σn is normal stress, and μ is the coefficient of friction. Because cohesion is generally small
compared to the second term in the equation, the main rheological property that must bear
similarity in the modeling and natural materials is the coefficient of friction (e.g., Davy and
Cobbold, 1988; Buchanan and McClay, 1991; Tron and Brun, 1991; Duerto and McClay, 2009).
Ritter et al. (2016) noted that the neglect of cohesion in many experiments is problematic as
reduction in cohesion during deformation may lead to weakening processes. Subsequently, the
models presented here adopt cohesion as a proxy for shear strength of the material. Equation (3)
can then be rewritten as:
! ∗ = ! ∗ ! ∗ !∗ ℎ∗

(5)

where asterisks denote the model-to-nature ratio, and C is cohesion.
Unlike those made to simulate Earth processes, experimental analogues of deformation
on smaller bodies are affected by the difference in gravitational forces between nature and the
laboratory. Europa will be used as an example in this section, but specific scaling for individual
bodies is presented in Table 4.3 and the discussion section. Gravity at Europa is 1.32 ms-2, giving
a scale ratio of 0.13. Laboratory experiments indicate that coefficients of friction (µf) for ice-ice
motion range from 0.1–0.7 (e.g., Beeman et al., 1988; Maeno et al., 1993; Kennedy et al., 2000;
Fortt and Schulson, 2007), with high (0.8 – 1.4) coefficients of friction expected for low sliding
velocities in cold ice (Schulson, 2013). These values correspond well to the measured coefficient
of friction for the quartz sand and ground walnut shells used in this study (Table 4.2), resulting in
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a scale ratio of 1.4-8.9 for sand and 1.33-4.3 for ground walnut shells. In the case of Europa,
which is composed of water ice at its surface, the density is ~950 kgm-3, giving a scale ratio of
1.8 for dry sand, and 0.79 for ground walnuts.
Cohesion is not well known for icy satellites, but Schulson (2013) estimated values of
0.1-0.2 MPa based on extrapolated values from low temperature experiments. This gives a
cohesion scale ratio of ~ 10-3 and 10-4 for sand and walnut shells, respectively. Putting this all
together gives the following length scales: (1) 3 × 10-3 – 5 × 10-4 for dry sand experiments, and
(2) 2 × 10-4 – 7 × 10-4 for ground walnut shells. As such, in sand models, 1 cm corresponds to
less than 1 to 5 km, while 1 cm of ground walnut shells represents 2 – 7 km of crust. Both
experimental models utilize 2 cm-thick layers of modeling material, which is consistent with thin
shell estimates for the Europan crust (e.g. Schenk and McKinnon, 1989; Greeley et al., 1998;
Kadel et al., 2000; Billings and Kattenhorn, 2002; Nimmo et al., 2003a). Table 4.3 shows scaling
relationships for bodies considered in this study.
As dictated by the scaling laws described above, the analogue experiments presented here
model only the brittle portion of the tidally deformed satellites of interest. Therefore we are not
concerned with physical or compositional buoyancy forces of icy satellites (Stevenson, 2000;
Buck et al., 2002; Nimmo et al., 2003b). It should be noted, however that there are some
additional limitations to the experiments presented here including – first and foremost, our
inability to impose simultaneous variations in multiple stress regimes (compression/extension
and dextral/sinistral shear). Cycles of compression and extension have been called up on to
explain various features on the surfaces of tidally deformed bodies including ridges (Greenberg
et al., 1998; Sullivan et al., 1998; Patterson and Pappalardo, 2002; Sarid et al., 2002; Patterson et
al., 2006; Bader and Kattenhorn, 2007) and grooves (Asphaug et al., 2015; Hurford et al., 2016),
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and even lateral offsets via the tidal walking model (Hoppa et al., 1999b; Smith-Konter and
Pappalardo, 2008; Rhoden et al., 2012). In addition, we do not incorporate the thermally-induced
effects such as shear heating, which has been used to describe the formation of double ridges on
several bodies (Gaidos and Nimmo, 2000; Nimmo and Gaidos, 2002; Prockter et al., 2005;
Nimmo et al., 2007), or cryovolcanism (Crawford and Stevenson, 1988; Kadel et al., 1998;
Fagents et al., 2000) in our experiments. Finally, we do not account for satellite curvature in our
experiments, which is insignificant on bodies like Europa where the area of our model represents
a small portion of the surface; however, the evolution of structures on smaller bodies like Phobos
may be inexorably linked to its shape and curvature (Morrison et al., 2009; Basilevsky et al.,
2014; Hurford et al., 2016).

4.5. Results
The results from the experimental analogues in this work are presented in three sections,
although we previously indicated there were four types of experiments: (1) unidirectional shear
(null), (2) bidirectional shear with net offset in the initiation direction (β>1), (3) bidirectional
shear with net offset opposite the initiation direction (β<1), (4) bidirectional shear with no net
offset (β=1). Results showed very little discrepancy between experiments with β>1 and β<1, so
we choose to group them together below.

4.5.1. Unidirectional Strike-Slip Faulting (control)
Unidirectional shear experiments in dry sand, where the underlying horizontal base plate
moved at a constant velocity (~1 mm/min), (unsurprisingly) produced terrestrial-like shear zones
dominated by en échelon shears and folds (Fig. 4.6; Sylvester, 1988). The first appearance of
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deformation occurs after 0.01 m offset in the form of dilated sand grains. This appears as a faint
linear bulge directly above the contact between the moving and immobile plates, which is
quickly followed by the appearance of synthetic R-shears that lie approximately 11º-21º (average
= 16.3º) away from the applied shear direction (Fig. 4.6). Average R-shear spacing was 2.3 cm,
which is consistent with empirically determined fault spacing values as a function of sand depth
(Zuza et al., 2016). Increased net offset leads to the formation of a throughgoing strike-slip fault
and the displacement of initially formed folds and shears which can be traced back to their
original locations using piercing points across the fault line. Antithetic shears (R’ shears) rarely
form in these types of experiments. The primary deformation zone (PDZ) measured
perpendicular to fault strike is generally ≤ 1 cm wide, consistent with the Panien et al. (2006)
estimate for PDZ width as a function of grain size. The observed fault evolution in unidirectional
experiments has been modeled previously by many Riedel shear experiments (e.g., Naylor et al.,
1986; Mandl, 1988; Richard et al., 1995) and field studies of terrestrial shear zones (e.g., Bartlett
et al., 1981; Aydin and Reches, 1982; Segall and Pollard, 1983; Crider and Peacock, 2004).
Ground walnut shells produce much fainter sets of R-shears after several millimeters of offset,
and produce fine elongate troughs along the base plate contacts (Fig. 4.6D). This subdued
morphological behavior is most likely the result of the material’s low specific gravity. Moist
sand experiments have a higher cohesion, and as such produce more exaggerated en échelon
folds (Fig. 4.6E).

4.5.2. Cyclic Bidirectional Strike-Slip Faulting (β < 1 or β > 1 )
Cyclic bidirectional shear experiments performed in dry quartz sand were tested using a
variety of offset ratios (β; see Equation 2), where the ratio could be in the direction that a strike-

113

slip fault zone was initiated (β > 1), or in opposition to it (β < 1). In all experiments, the process
of faulting in sand begins with wide zones of dilation, approximately 10-15 times the average
grain size (Panien et al., 2006), as a result of the individual sand grain sizes and shapes (e.g.,
Reynolds, 1885; Casagrande, 1940; Mandl, 1988; Eisenstadt and Sims, 2005). Although this has
no analog to natural rock deformation, the behavior of dry granular materials at this scale
supports both tensile (e.g., Schenk and McKinnon, 1989; Greenberg et al., 1998; Manga and
Sinton, 2004) and shear (e.g., Spaun et al., 2003; Kattenhorn, 2004) failure fracture initiation
hypotheses for tidally deformed satellites in that it produces an initially tensile zone which is
then quickly followed by strike-slip motion.
During the early stage of faulting (i.e., prior to cycling), synthetic (with respect to the
initiation direction) en échelon R-shears and popups (folds) similar to those formed during
terrestrial strike-slip faulting (e.g., Sylvester, 1988). Riedel shear formation is followed by shear
coalescence and initiation of strike-slip faulting along a linear (or curvilinear in wet sand
experiments) primary fault above the contact between the base plates (Fig. 4.7). Visible offsets
of features were apparent in cases where the magnitude of slip was large (~ 10 mm). The
maximum slip assigned to any ratio in these experiments was 10 mm, which is half the faultparallel length of an R-shear, on average. Generally speaking, unless they were very small (< 1
mm), which was not typical, the slip values had no overall effect on the experiments.
After the initial stage of en échelon R-shear and popup development (Fig. 4.7A),
experiments followed the same evolution, with slight variations dependent upon the β value.
During the first cycle, a 180º switch in the applied shear direction results in a reversal of offset
features that developed during the initial stage of faulting. If a throughgoing fault did not form
during initiation (i.e., slip was small), it would typically form after one cycle of bidirectional
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shear. Fault traces were topographically low, compared to the adjacent folds. After an additional
cycle or more the folds, which would in a unidirectional (terrestrial) setting be offset but retain
their structure, began to rotate to fault-parallel and “smear” out along the edges of the primary
fault. During this process, R-shears were obliterated most likely through reworking of the
modeling material, resulting in a fault zone with a topographically low main fault flanked by
discontinuous topographically high ridges (Fig. 4.7). Additional cycling results in a decrease in
ridge width (Fig. 4.8), which is consistent with continued reorientation and lateral elongation of
folds into continuous fault flanking features and results in features that resemble double-ridges
(e.g., Pappalardo et al., 1999; Collins et al., 2009; Dombard et al., 2013). Final ridge width and
height during dry sand experiments is ~ 0.3 – 0.4 cm and 0.1 cm, respectively, while trough
width is typically 0.3 cm.
The original structure of en échelon folds and shears result in the loss of obvious piercing
points directly across the primary fault. Figures 7 and 8 show the standard kinematic evolution of
a cyclic bidirectional shear experiment where β > 1 or β < 1. During experiments for which β »
1, structures that formed in the initial stages of fault formation retained their characteristic shape
for more cycles, but were eventually affected by bidirectional reworking along the fault slip
plane. Conversely, when β « 1, fault zone structures formed during initiation were obliterated
quickly (Fig. 4.8).
Wet sand covered in dry sand experiments produced experienced a similar kinematic
evolution, although features exhibited higher vertical relief and required more cycles to spread
laterally along their primary curvilinear strike-slip fault. Experiments utilizing ground walnut
shells did not exhibit as much visible deformation of en échelon structures as was observed in the
dry and wet sand experiments. Fault-flanking features were highly subdued in the vertical
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direction, although image shading and real-time observations suggest minor (< 1 mm) ridges. We
believe the small vertical relief is due to the low specific gravity and cohesion of the ground
walnut shells, which precludes vertical exaggeration without compressive stress. This type of
behavior may be akin to that expected for materials in low gravity environments (Fink and
Fletcher, 1978), such as Phobos. Visible offsets were not present in ground walnut experiments.

4.5.3. Cyclic Bidirectional Strike-Slip Faulting (β = 1)
Cyclic bidirectional experiments resulting in no net offset (β = 1) initiated identically to
other experiments, with R-shears and folds forming at a characteristic departure angle, α, from
the applied shear direction followed by strain localization onto a single throughgoing strike-slip
fault. Unlike other experiments, however, the β = 1 trials resulted in curvilinear fault traces with
convex-outward (with respect to the moving plate) cuspoid segments. Fault traces appeared
curvilinear to arcuate with distinct cusps, with arcuate segment lengths ranging from 6 – 12 cm.
Wet sand experiments exaggerate the fault trace cuspoid shape as they are disposed to form
curvilinear fault traces in all experiments, while dry ground walnut shells form subdued
curvilinear fault traces. Observations suggest that these features form by the competition of two
equal but opposite sets of R-shears forming along the same fault plane as a result of a
combination of stress reversal and no directional offset bias (Fig. 4.9). Continued cycling results
in topographically high ridges and low central trenches, as observed in other experiments.

4.6. Discussion
In the analogue experiments presented here, we test the strike-slip component of cyclic
tidal deformation. We find that, at least qualitatively, experiments produce features that resemble
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some of the more commonly observed features on the surfaces of tidally deformed bodies. These
include linear fractures with flanking double or single ridges (e.g., Pappalardo et al., 1999;
Collins et al., 2009), en échelon folds (Prockter et al., 2000; Michalksi and Greeley, 2002),
vertically subdued trough and ridge sets (e.g., Basilevsky et al., 2014), and arcuate cuspoids
(e.g., Hoppa et al., 1999a). Furthermore, experiments follow a predictable evolutionary sequence
that proceeds through very few “diurnal” cycles (Fig. 4.7). We do not expect that our
experiments are temporally or rate scaled for diurnal offsets on tidally stressed bodies and
therefore can only present a lower limit for cycles required to produce the deformation observed
in the experiments. However, the experiments presented here are intended to provide insight into
a process with geodynamic, structural, and astrobiological implications, rather than provide an
exact duplicate a specific environment.

4.6.1. Kinematic Evolution of Cyclic Strike-Slip Faulting
With minor variations accounted for by material properties, slip magnitude ratio (β), and
absolute slip magnitude, we find that all cyclic strike-slip faults undergo a predictable
morphological and kinematic evolution. This evolution may be divided into three phases that
operate in a continuum: (1) Initiation, (2) Intermediate, and (3) Mature. The Initiation phase is
characterized by the appearance of R-shears and en échelon folds at a characteristic departure
angle from the applied shear direction. When the direction of shear (and stresses associated with
it) was reversed, strain was accommodated along the preexisting R-shears, but a main fault
continued to form (Fig. 4.10A). After multiple stress direction reversals, en échelon folds began
to rotate and redistribute into thin raised ridges parallel and adjacent to the main fault. This
intermediate phase is identified as possessing a throughgoing strike-slip fault with a
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topographically low trough and undulating and intermittent ridge-like flanks as remnant
structures from the initiation phase (Fig. 4.10B). The mature fault zone phase is characterized as
having a topographically low primary fault with topographically high flanking ridges resulting
from reorientation and redistribution of en échelon folds parallel to the fault (Fig. 4.10C).
The results of the experiments presented here agree with geologic observations of Europa
that imply an evolutionary sequence for the formation of its ridges with fracture initiation (trough
formation), and continuing to raised-flank troughs, double-ridges, and double-ridge complexes
(Geissler et al., 1998; Head et al., 1999; Greeley et al., 2000; Prockter and Patterson, 2009). Our
experiments do not produce double-ridge complexes, although the one experiment that was
cycled 500 times did experience a factor of two trough widening, which may be a representation
of the strike-slip component of ridge complexes or band formation (e.g., Figueredo and Greeley,
2004; Collins et al., 2009). In the wax analogue experiments of Manga and Sinton (2004),
features resembling ridge complexes and were formed by compression-tension cycling but
strike-slip offsets were not observed.
If the process of bidirectional cyclic strike-slip faulting proceeds on tidally deformed
satellites in the manner determined by the experimental analogue presented here, then traces of
each stage should be present on the surface. We have not located any early stage incipient Rshears, however this may be due to resolution limitations. Two fractures within Astypalaea
Linea, an 810-km long transtensional feature on Europa, have been identified as Intermediate
stage faults consistent with our bidirectional shear experiments (Fig. 4.11). The fractures, located
at approximately ~69ºS, 198ºW, are characterized as having a primary throughgoing fault that is
topographically low compared to the surrounding terrain and intermittent fault flanking fractures.
The fracture and en échelon folds are ~1 km across at the widest locations and a 100-200 m high.
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In the dry quartz sand experiments presented here, 1 cm scales to approximately 2 km and the
average width en échelon folds across the primary fault in intermediate stage fractures is ~ 0.7
cm and their height is ~1 mm. These scale to 1.4 km and 100 m, which scales quite well to the
Europan example. If cyclic bidirectional shear is the mechanism of formation for these fractures,
the en échelon arrangement of the intermittent folds suggests right lateral initiation and net offset
(Fig. 20) in this location. Hoppa et al. (1999b) and Rhoden et al., (2012) predict strike-slip
faulting in this region under current orbital conditions, which is consistent with this
interpretation. A reconstruction of this region also suggests right lateral motion along the large
dilated Astypalaea Linea feature (Kattenhorn, 2004).
The Mature phase of cyclic bidirectional shear is characterized by fractures that possess
fault-parallel flanking ridges. The ridges may be continuous or intermittent (Fig. 4.7), which is
also observed on ridges occurring on satellites (e.g., Pappalardo et al., 1999). Double-ridge
formation processes are heavily debated (see Fig. 2.1. for a comprehensive list of models); as
such it is necessary to address existing models in the context of the experimental work here.

4.6.2. Double Ridges
In the cyclic bidirectional shear model presented here, the evolution of shear continues
after the Intermediate phase through the rotation and redistribution of en échelon folds along the
flanks of fractures (Figs. 7, 10). Double-ridges, which qualitatively resemble the outcome of our
experiments, are the most common feature on the surface of Europa (e.g., Pappalardo et al.,
1999; Greeley et al., 2000, 2004; Collins et al., 2009), and have been detected on other tidally
deformed bodies (e.g., Prockter et al., 2005). Ridges range from tens to hundreds of meters high,
may be sub-kilometer to tens of kilometers wide (e.g., Thomas et al., 1979; Collins et al., 2009),
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and have slopes typically less than the angle of repose of crustal material (e.g., Head et al., 1999;
Coulter et al., 2009; Coulter and Kattenhorn, 2010). Troughs range in length and width from
kilometers to hundreds of kilometers (e.g., Veverka and Duxbury, 1977; Figueredo and Greeley,
2004; Morrison et al., 2009) and from sub-kilometer to tens of kilometers (Collins et al., 2009),
respectively. On Europa specifically, double-ridge features range from a few hundred meters to
approximately 2 km wide, which scales well with the experiments presented here; conversely,
double-ridges and fractures on Triton, which are much wider (20-30 km total width), do not scale
well implying the geology does not have the same properties as the materials chosen for this
study.
Although they are common features, there is currently no consensus on the mechanism of
ridge (and central trough) formation. Suggested explanations include cryovolcanic fissures
(Kadel et al., 1998) or sills (Dombard et al., 2007; Dombard et al., 2013), dike intrusion (Turtle
et al., 1998), ice wedging (Melosh and Turtle, 2004; Han and Melosh, 2010), linear diapirism
(Head et al., 1999), tidal squeezing (Greenberg et al., 1998), compression (Sullivan et al., 1998;
Patterson and Pappalardo, 2002; Sarid et al., 2002; Patterson et al., 2006; Bader and Kattenhorn,
2007), shear heating (Gaidos and Nimmo, 2000; Nimmo and Gaidos, 2002; Prockter et al., 2005;
Han and Showman, 2008), and volumetric deformation (Aydin, 2006). Figure 2.1. gives an
overview of categories of double-ridge formation models. In the experiments presented here,
double ridges are formed through cyclic strike-slip deformation and reorientation of en échelon
folds and shears, which are well-documented in strike-slip fault systems (e.g., Sylvester, 1988).
Although the experiments presented here do not produce all of the features associated with
double-ridges, such as fault parallel tensile fractures (Dombard et al., 2013), this is most likely
due to their purposely simplified approach, which neglects extension-compression cycling and
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buoyancy. With the exception of a sill model proposed by Dombard et al. (2007) and refined by
Dombard et al. (2013), models that invoke thermal anomalies as the mechanism for double-ridge
formation, either by cryovolcanism (Kadel et al., 1998) or ductile or shear heating (Head et al.,
1999; Nimmo and Gaidos, 2002; Nimmo et al., 2007) do not produce large enough thermal
anomalies to result in all the observed morphology associated with double ridges (Dombard et
al., 2013). While we cannot rule out the role of sills in forming double-ridges (e.g., Collins et al.,
2000; Manga and Wang, 2007; Dombard et al., 2013), it is difficult to imagine a subsurface
fault-parallel sill running the tremendous lengths of some double-ridge systems. Furthermore, the
dearth of double ridges across the surface implies a large percent of the subsurface would be
comprised of linear sills.
The experimental analogue model produces double-ridges that resemble and scale well to
similar features on Europa. Formation is achieved through surface granular processes, and does
not require any interaction between the surface and subsurface (e.g., Kadel et al., 1998;
Greenberg et al., 1998; Dombard et al., 2013), implying that all double-ridged fractures may not
be ideal locations when searching for signatures of life. Although we cannot rule out the roles
played by compression and extension cycling, which may enhance ridge formation under certain
conditions (Manga and Sinton, 2004), or the possibility of some form of cryovolcanism, the
observations are clear: cyclic bidirectional horizontal shear produces topographically high
flanking ridges with central axis fractures.

4.6.3. Crust Strength
The physical properties of Europa’s ice shell have long been debated (e.g. Lee et al.,
2005; Golding et al., 2013). It is expected that very cold ice with a low homologous temperature
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(a proxy for strength) should obey Mohr-Coulomb behavior (Watts, 2001), implying that en
échelon R-shears in the initiation or intermediate stage of strike-slip fault formation could be
used to determine the approximate coefficient of friction of the ice in which they form (Eq. 1).
The results from our model and analysis of features on the surface of Europa indicate there may
be regions of incipient strike-slip faulting (Fig. 4.11). Assuming the primary fault lies along the
applied shear direction the departure direction of en échelon folds from the primary fault is
approximately 18º – 22º (numbered locations in Fig. 4.11; Table 4.4), which translates to a
coefficient of friction from 0.74 – 0.93. Schulson (2013) experimentally determined that high
coefficients of friction are present at low sliding velocities, for cold ice (-40ºC) in a range
consistent with our measurements. At the surface of Europa it is possible to calculate the shear
strength (i.e., cohesion with no overburden pressure) as:
! = !!! = !"#ℎ

(6)

where C is cohesion, σn is normal stress, μ is the coefficient of friction, g is gravity, and h is
length/depth. From the measurements of coefficient of friction made in this study, we provide an
independent estimate of the regional shear strength of Europa’s crust as ~930 – 1200 Pa.
Cycloidal crack analysis has yielded crustal strength values of 40 – 220 kPa (e.g., Hoppa et al.,
1999a; Crawford et al., 2005; Lee et al., 2005), which is at minimum an order of magnitude
larger than the estimate made in this study. The typical strength of terrestrial ice is roughly 500
kPa (Weeks and Assur, 1968; Vaudrey, 1977). The implication for Europa’s icy crust, and
specifically in the location that measurements were made during this study, is that it is very
weak, perhaps as a result of high porosity (e.g., Lee et al., 2005) or chemical impurities (e.g.,
Golding et al., 2013).
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4.6.4. Cycloids
In addition to double-ridge formation through mechanical processing, experiments with
no net offset resulted in the development of curvilinear fault traces as a result of the interaction
of equal but opposite R-shears (Fig. 4.12). These structures bear remarkable geometric and
morphologic similarity to cycloid features on the surface of Europa (Fig. 4.12), however they do
not scale properly. In our model a typical cycloidal arcuate segment is 8 cm (16 km scaled), but
cycloids on Europa are typically on the order of 100 km (e.g., Hoppa et al., 1999a; Marshall and
Kattenhorn, 2005). The current LAMPS apparatus setup does not allow for experiments that
would scale to these lengths. Nevertheless, the similarity of the experimental results and cycloid
features on the surface of Europa is noteworthy and merits further investigation.

4.6.5. Link to Plumes
We have shown that it is unnecessary to have surface and subsurface interaction
(cryovolcanism, sills, etc.) to produce intermediate and mature fault zones with double ridges.
However, episodic water vapor plumes emanate from a set of fractures, known as the “tiger
stripes” in Enceladus’ South Polar Terrain (SPT; Porco et al., 2006, 2014). The five fractures are
thought to be sites of active strike-slip faulting (e.g., Nimmo et al, 2007; Yin and Pappalardo,
2015; Yin et al., 2016) resulting from cyclic tidal deformation (Smith-Konter and Pappalardo,
2008). The ‘tiger stripes’ fractures have continuous troughs, but discontinuous ridges and
possible en échelon structure remnants. These characteristics are consistent with the Intermediate
to Mature phases of cyclic bidirectional strike-slip faulting as determined by the experiments
presented here.
On Earth, mature strike-slip faults (e.g. San Andreas) have anomalously low fault friction
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(e.g., Bird and Kong, 1994) and may penetrate deep into the crust (Lockner et al., 2011), while
only slipping in one direction. If fractures on icy satellites follow the same fault friction patterns,
then mature faults may have very low friction and could slip easily, thereby allowing certain
fractures to release volatiles under the correct tidal conditions (Hurford et al., 2007; Nimmo et
al., 2014; Porco et al., 2014; Curren and Yin, 2015a). Although the “tiger stripe” fractures are
only intermediate stage, it has been suggested that the SPT crust is thin and overlying a shallow
subsurface ocean (e.g., Yin and Pappalardo, 2015). Low friction on these fractures also does not
support the ridge production by frictional heating hypothesis (Nimmo et al, 2007).
Two sets of plumes have been reported near the same location on Europa’s south pole
(Roth et al., 2014; Sparks et al., 2016), although no reliable predictions have been made to tidal
modulation or other periodic processes that could drive them (e.g., Rhoden et al., 2015).
Observations of Enceladus’ plume-fracture interactions and our experiments here suggest that
plume sources on Europa may also be mature faults with low friction and the ability to penetrate
deep into the ice shell. The resolution for the south pole of Europa is poor; however, the
terminator of the satellite’s longest fracture, Astypalaea Linea, comes within 10º of the presumed
location of the south polar plumes (Fig. 13; Tufts et al., 1999). Astypalaea Linea’s structure
varies along strike, but long portions of the fracture are mature and transtensional. Further
investigation of Enceladus’ and Europa’s fractures needs to be conducted to fully understand the
source and implications of plume generation.

4.6.6. Implications for Phobos
Ground walnut shell experiments performed here showed little to no vertical relief, and the
material properties do not scale well to satellites with strong crusts (e.g., Europa, Ganymede).
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The low density and specific gravity scale more appropriately to unconsolidated bodies such as
Phobos (Asphaug et al., 2015; Hurford et al., 2016), which is presumed to be a rubble pile
overlain by cohesive regolith (Blum, 2006; Arslan et al., 2008; Asphaug, 2009; Scheeres et al.,
2010; Meisner et al., 2012; Seizinger et al., 2013). The surface of Phobos is covered in grooved
terrain, the origins of which have been debated (e.g., Soter and Harris, 1977; Veverka et al.,
1994; Morrison et al., 2009; Murray and Heggie, 2014; Hurford et al., 2015). Their parallel
patterns and recent modeling efforts suggest formation by structural fracturing as a result of
tidally-induced stresses (Soter and Harris, 1977; Melosh, 1980; Morrison et al., 2009; Hurford et
al., 2016). Tidal stresses may result in a strike-slip component of deformation, but lateral offsets
are not observed. The grooves on the surface of Phobos bear some morphologic and geometric
similarity to those produced during the ground walnut shell experiments presented here. First,
fault traces in ground walnut shells were subdued compared with dry or wet sand which is
consistent with the small vertical relief of grooved terrain on Phobos (Thompson et al., 1979;
Morrison et al., 2009; Basilevsky et al., 2014). Second, they have continuous fault traces and are
100-200 m wide, which scales well to our experimental observations where fault traces were 1-2
mm across. And finally, neither the experiments nor the surface of Phobos show high flanking
ridges on either side of the primary fault.
Although our experiments possessed an underlying preexisting fault (as do all Riedel
shear models), the surface of the ground walnut shells did not show lateral offsets when net
offsets were imposed. Similarly, Phobos does not exhibit lateral offsets although it is most likely
experiencing strike-slip as well as compression and extension due to tidal stresses (Fig. 4.1B;
Hurford et al., 2016). This may be due to the possibility that fractures below the surface are
obscured by overlying regolith, which is supported by our experimental observations.
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Alternatively, it may be that offsets are below the resolution of imaging (Basilevsky et al., 2014).

4.7. Conclusions
We present analogue experiments in dry and wet granular materials to simulate the
process of cyclic bidirectional strike-slip faulting (i.e. tidal walking), a proposed mechanism for
the formation of tectonic features on satellites. As discussed in Section 4.3.3, there are caveats to
the experimental approach employed here that must be reflected upon when interpreting the
results. However, as with many analogues, the experiments presented here are aimed at
providing insight into natural settings or processes, and thus we come to the following
conclusions:
•

Cyclic bidirectional shear results in a predictable kinematic evolution that may be broken
into three segments: (1) Initiation – fractures in their initial stages exhibit en échelon
structures; (2) Intermediate – fractures are throughgoing, but have discontinuous faultflanking ridges; (3) Mature – fractures and ridges are both continuous. Understanding
fault maturity can aid in the interpretation of tectonics on active satellites, as well as
provide constraints for physical properties. Here, we have provided and independent
estimate of crust strength for Europa, a topic of much debate.

•

Deformation rate is a function of the slip magnitude ratio, β, where values greater than 1
result in slower evolution than β < 1. In the case that β = 1, opposing sets of R-shears
compete to form arcuate fault traces.

•

The geomorphology and geometry of features formed during cyclic bidirectional shear
are qualitatively similar to those observed on several bodies, but experiments do not scale
well to Triton or Ganymede. Europa’s double-ridge features scale to our experiments, but
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cycloids do not. The subdued nature of fractures and ridges on Phobos and in ground
walnut shell experiments paired with appropriate length scaling suggests that strike-slip
faulting may be occurring but obscured by regolith on the small satellite.
•

Finally, we show that double-ridges and fractures can form through purely granular
processes and do not require interaction between the surface and a subsurface aquifer, as
is suggested by many double-ridge formation models. The implication being that doubleridges may not be idea targets for astrobiological study during future missions.
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Figure 4.1. Comparison of ridges on (A) Europa and (B) Triton, and grooves on (C)
Phobos. (A) High resolution image of Androgeos Linea located at 14.7ºN, 273.4ºW
taken by NASA’s Galileo spacecraft during its E6 orbit. (B) Triton’s cantaloupe
terrain viewed from 130,000 km by Voyager 2. (C) Phobos grooves as imaged by the
ESA’s Mars Express orbiter. N indicates north pole. Note the scale differences;
double ridge sets on Europa are typically 1-3 km across, while they are much larger
(35 km in B).
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Figure 4.2. Examples of strike-slip offsets on tidally deformed bodies and geologic
interpretations of each image. (A) Image of Europa from centered on 78.8° S, 121.7° W.
(B) Interpreted image exhibiting dextrally and sinistrally offset fractures with maximum
offsets of 3.5 km. (C) Image and (D) interpretation of large-scale strike-slip deformation in
the Dardanus Sulcus region of Ganymede. Both images are from NASA’s Galileo
spacecraft.
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Figure 4.3. (A) Oblique view of a dextral
(upper) and sinistral (lower) pair of strikeslip fault zones in the LAMPS experimental
analogue apparatus. The work here utilized
the horizontal underlying plate (middle,
outlined by dashed green lines), which
slides in parallel to the two adjacent
aluminum plates. (B) Plan view schematic
of experimental model. Black walls and
gray plates are fixed. Green dashed lines
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Figure 4.4. Schematic cross-section of (A) unlayered dry heterogeneous granular material experiments, and (B)
layered experiments using high cohesion wet sand topped with dry sand.
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for experiments shown as displacement as
a function of elapsed time. Experiments
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the direction of shear initiation (β < 1).
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Figure 4.6. (A) Plan view image (illumination from bottom) and (B) interpreted line
drawing of unidirectional strike-slip fault formation after 3.7 cm sinistral
displacement. The structures visible in the experiment are synthetic R-shears that lie
11º-21º from the applied shear direction (orange), and en échelon folds (green).
Small double-sided arrows denote the direction of fold (anticline). Surface grid in
(A) is for analyzing offset features. (C) Idealized strike-slip zone development in
simple shear. R-shear departure angle from the applied shear direction is highlighted
in orange. Modified from Tchalenko (1970). Unidirectional strike-slip in (D) ground
walnut shells, and (E) wet sand topped with thin layer of dry sand. Illumination is
from the right in both images.
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Figure 4.7. (A) Plan view
images and interpreted
structures of bidirectional
shear experiment (β = 2)
illustrating the kinematic
evolution of progression
of “tidally” driven fault
formation. Formation of
synthetic Riedel shears is
observed during the first
cycle (t = 600 s), followed
by the development a
primary fault that
displaces the original
Riedel shears during the
second tidal cycle (t =
1500 s). By the end of the
fifth cycle pictured here (t
= 6000 s) tidally driven
strike-slip motion has
degraded the majority of
original Riedel shears and
has produced a wide
damage zone and B)
topographically high
fault-parallel flanks. (B)
Oblique view showing
raised fault-flanking
ridges. (C) Shear zone
after 20 cycles. Blue sand
grid is 2 cm × 2 cm.
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Figure 4.8. Plot showing the relationship between number of cycles and ridge and trough
widths. At initiation, en échelon pop-ups are wide. Continued cycling results in thinning and
“smearing” pop-ups into fault flanking ridges. The trough width remains constant. The average
trough and ridge widths measured at 1 km intervals of the feature in Fig. 4.11C have been
provided for comparison. Their placement along the x-axis is arbitrary.
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Figure 4.9. (A) Plan view of bidirectional shear experiment with no net offset (β = 1)
after five cycles. (B) Line drawing of structures in 8A. Fault traces (green) are
curvilinear with some remnant R-shears existing. (C) wet sand (10% water by weight)
experiment.
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Figure 4.10. Plan view schematic representation of bidirectional strike-slip fault development
during the (A) Initiating, (B) Intermediate, and (C) Mature fault phases. Green ellipses are en
échelon folds that are continually rotated and “smeared” out along the edge of the primary
fault, forming double ridge features after many cycles. (D) Schematic representation of the
same process in cross-section.
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Figure 4.11. (A) Plan view of bidirectional shear experiment shown after two cycles. Faulting is
initiated by development of intermittent trough-flanking ridges. (B) High resolution Galileo image of a
subsection of Astypalaea Linea, centered near 69ºS, 198ºW. Fractures possibly initiated in shear on
Europa (note the en échelon structures). (C) Galileo mosaic of an intermediate phase strike-slip fault
crossing Astypalaea Linea on Europa. The fracture appears to transition from a trough with intermittent
flanking ridge topography (top) into an immature ridged trough near the bottom). The white numbers
indicate locations where the R-shear departure angle was measured (c.f. Table 4.4.).
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Figure 4.12. (A) Plan view schematic of shear zone development as the interaction
between equal but opposite R-shears during experiments with no net offset. (B)
Example of Europan cycloidal features located at 2ºN, 10º W after Marshall and
Kattenhorn (2005).
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Table 4.1. Properties and occurrences of structural features on various solar system satellites in eccentric
orbits. Asterisk denotes non-spherical shape, and R denotes a retrograde orbit.

Table 4.2. Physical properties of materials used for experimental analogue models presented
here.
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Table 4.3. Physical properties of satellites exhibiting tidal deformation features and scaling ratios for materials utilized
in this study. Highlighted scaling relationships are optimal. Ganymede, which is previously thought to undergo tidal
deformation does not scale effectively to our laboratory experiments.

Table 4.4. Measured values of shear departure angle and calculated μ values. Shear
number corresponds to numbers in Figure 4.11.
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5.1. Conclusions
In this thesis, I have shown how strike-slip fault kinematics, geometries, and
morphologies depart from traditional formation models (e.g., Riedel, 1929; Tchalenko, 1970;
Wilcox et al., 1973) when subject to boundary conditions that are non-idealized. Specifically, the
research presented here addresses brittle deformation responses to (1) structurally heterogeneous
crust and (2) cyclic bidirectional strike-slip motion. In addition, the results from the experimental
analogues were used to validate proposed formation mechanisms and evaluate potential
implications for the surfaces of Earth, Venus, Europa, Enceladus, and Phobos.
In the wet kaolin experimental analogue, I showed that fractures and structures that
predate strike-slip fault motion significantly affect the evolution and geometry of the incipient
fault zone by means of suppression and dispersion (Fig. 3.6). Furthermore, experiments exhibit
fault zone widening (Fig. 3.7), disorder and fracture deflection (Figs. 3.3 – 3.5), and I suggest
that strain may be accommodated at depth or on preexisting fractures. Previous plate boundary
model PB2002 for Earth (Fig. 3.8; e.g., Bird, 2003) was used as a benchmark to locate regions
where predicted strike-slip faulting was absent, minimal, or distributed fractures existed but
showed no lateral offsets. The regions possessed fractures predating and oblique to the predicted
strike-slip direction or were covered extensive lava flows. Digitized structural maps of the South
Iceland Seismic Zone (Fig. 3.9; Johannesson and Saemundsson, 1998), Brothers Fault Zone
(Oregon) (Fig. 3.10; Walker and King, 1969), and geodetic and modeled estimates of offset in
Walker Lane (California) were used to demonstrate geometric and kinematic similarity between
the experimental analogue model and natural environment. The model results indicate that strikeslip fault zones widen significantly compared to those that form in homogeneous crust and
require at least twice as much offset to form a throughgoing fault along which the majority of
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displacement occurs. Fault patterns observed in this work may be useful for earthquake and fault
hazard analysis on Earth and for interpretations of planetary tectonics like those on Venus when
high-resolution imagery becomes available.
The second experimental analogue model I presented was designed to test the process of
cyclic bidirectional strike-slip motion as a way of addressing satellites experiencing tidal
deformation. Through these experiments, I showed that strike-slip faults retained their linear
geometric traces (with the exception of the zero net offset experiments), however fault-flanking
double ridge morphology was not consistent with classic fault zone development models. I
demonstrate that there is a predictable strike-slip deformation continuum commencing with en
échelon shear and folds (initiation), progressing to a throughgoing fault flanked with
discontinuous ridges (intermediate), to a smoothed fault zone with topographically high,
continuous fault flanking ridges and low troughs (mature). Using NASA Galileo images, I
identified fractures on the surface of Europa that resemble the intermediate phase of fault
formation and used their characteristic shear features to estimate of a value of 900-1200 Pa for
the shear strength of the crust. Double-ridges on Europa were geometrically and morphologically
compared to double-ridge features produced experimentally, indicating that “tidal walking” may
be responsible for their formation. I also suggest that it is not necessary to invoke subsurfacesurface ocean interactions such as cryovolcanism or squeezing of liquid onto the surface to form
double ridges (Greenberg et al., 1998; Kadel et al., 1998; Turtle et al., 1998; Head et al., 1999;
Melosh and Turtle, 2004; Dombard et al., 2007; Han and Melosh, 2010; Dombard et al., 2013).
Comparisons between my experimental results and NASA Cassini images showed that the “tiger
stripes” fractures at the south pole of Enceladus are mature, leading this study to postulate that
similar mature faults may exist at the south pole of Europa where water plumes have been
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reported. Finally, Mars Express Orbiter images were used to compare the morphology of ground
walnut shell experiments to grooves on Phobos, which is tidally deformed by its extreme
proximity to Mars (e.g., Morrison et al., 2009; Basilevsky et al., 2014; Asphaug et al., 2015;
Hurford et al., 2016). Finally, I suggest that the low strength of the crushed walnut shells and
regolith at the surface of Phobos may be analogous, producing highly subdued fault traces and
topography and showing no clear signs of lateral offsets despite cyclic strike-slip deformation
occurring on fractures beneath the surface.
These results presented in this thesis are accompanied by other recent studies
investigating non-ideal behavior of faults in different regimes (e.g., Yin and Taylor, 2011),
which suggest that the classically defined mechanics and kinematics of faulting (e.g., Jaeger and
Cook, 1976) may be too simple for interpreting complex natural geologic environments. Many
geologic and structural observational studies rely on classic fault formation models to reconstruct
tectonic histories and interpret geodynamic and geophysical processes and properties,
respectively. Therefore, the final and most broad sweeping implication of this thesis is that care
must be applied when interpreting the widely varying terrains, tectonic settings, and material
compositions of rocky and icy bodies in the solar system and that experimental analogues should
be paired with observations and numerical, theoretical, and/or analytic techniques whenever
possible.
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