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Abstract

This thesis explores relationships between the structure, rheology, and rupture properties
of seismogenic faulting in continental lithosphere from four different perspectives. First, I
derive a scaling relationship that links the spacing between two nearly parallel strike-slip
faults to the frictional strength, fault width, and lower crust viscosity for strike-slip shear
zones. Based on the scaling law, I estimate a possible range of lower crust viscosity in the
San Andreas Fault system (California), the Marlborough Fault Zone (New Zealand) and
central Tibet (China). Second, using numerical modelling methods, I explore how lower
crust rheology contrast may affect the long-term evolution of a major plate boundary fault.
The case study is based on the San Andreas Fault, which is found to vary dipping angles
(∼ 50º-90º) along strike. The moderately dipping strike-slip fault is not consistent with
Anderson faulting theory. This inconsistency may be reconciled if there are lateral variations
in the lower crustal rheology across the fault plane that decrease fault dip with time. Third,
in addition to strike-slip faults in active tectonic settings, my study also includes reverse
faults in stable cratonic regions, especially for the cratonic areas of western and southern
Australia. I apply statistical methods to investigate the co-seismic slip distribution of 11
surface-rupturing earthquakes in Australian stable regions and provide a link between the
shape and characteristics of co-seismic slip distributions and the geophysical properties of the
host crust. Fourth, using a comprehensive geophysical survey with the co-located 13GA-EG1
and 12GA-AF3 seismic reflection profiles and magnetotelluric profiles and regional gravity
and magnetic maps in the Nullarbor Plain (Australia), I find that faults initiated back to
the Proterozoic could still be reactivated in a Cenozoic convergent setting, especially for
those major faults cutting to deep crust. Those deep-penetrating faults at terrane boundaries
could be a potential channel for fluids to pass through, and thus further weakened by the
fluids, which is revealed by high-conductivity anomaly in magnetotelluric profiles. The last
research chapter of this thesis addresses a technical issue in the particle-in-cell finite element
method, which is widely used in geodynamic numerical modelling. As mixing materials
with contrasting viscosity within one element results in stress fluctuations, I assess different
smoothing methods to reduce the spurious stress in mixed-material elements.
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Chapter 1

Introduction

A fault is a record of the energy release of a seismically active planet. Physical properties
of a fault reflect cumulative effects of the damage dynamics. Great faults on the Earth are
located at plate boundaries, which are characterized by concentrations of earthquake energy
release. These faults extend horizontally thousands of kilometers, and may cut through the
whole crust, and, in some cases, to the base of the lithosphere (Ford et al., 2014). Formation
of plate-boundary great faults is mainly controlled by tectonic forces that cause the relative
movement between fault-separated plates. The relative motion between two plates is not
only accommodated by the great fault, but also by other localized deformation in a network
of sub-parallel faults, emerging as a complex plate boundary (Atwater and Stock, 1998;
Liu et al., 2010; Tong et al., 2014). The complexity of a fault is linked to its maturity, i.e.,
the fault geometric complexity is a function of its cumulative slip incurred through many
earthquakes (Stirling et al., 1996).

A great fault is always accompanied by series of sub-parallel secondary faults which are
also nested by smaller fault segments, thus forming a hierarchical self-similar damage zone.
A fault system thus demonstrates a fractal pattern (Ben-Zion and Sammis, 2003; Otsuki and
Dilov, 2005). In addition to this geometrical fractal, mechanical fractal is also suggested by
the magnitude-frequency distribution of earthquakes (Gutenberg and Richter, 1956), which is
thought to be free of scale (Day-Lewis et al., 2010). However, the characteristic length scales
for major fault zones (Bailey et al., 2010) and the occurrence of characteristic earthquakes
(Wesnousky et al., 1983) may break down the self-similar scaling. Alternatively, different
frameworks may require different scales, depending on the fault maturity or complexity. As
is suggested by Stirling et al. (1996) that, the ratio of the recurrence rate of small to large
earthquakes along a fault decreases with increasing slip displacement. The fault complexity
is commonly thought to decrease with cumulative offset, and a smother fault would allow
longer ruptures, thus increasing the number of large earthquakes. For a plate-bounding fault,



2 Introduction

its life of activity which dominates regional deformation is much shorter than the time scale
for plate reorganizations (108-109 years) (Ben-Zion, 2008). The surrounding environment
like heat flow (Yang et al., 2018), fluid system (Balfour et al., 2015) and surface processes
closely related to climate (Gerbault et al., 2003), all evolve with time. All these changes
alter a fault’s behavior. Therefore, a fault we observe now only reflects a specific stage of its
evolution.

In contrast with the behavior of inter-plate faults and earthquakes, intraplate regions rarely
contain faults exceeding hundreds of kilometers, and earthquakes radiated from intraplate
faults account for < 1% of the global seismic moment release (Johnston, 1989; Kagan, 1997).
As they are far from plate boundaries, the relatively low strain rate (<10−16 s−1) yields a
recurrence time of large intraplate earthquakes (>1000s years), which is much longer than
the instrument record history (Leonard et al., 2014; Sandiford et al., 2004). The paucity
of historic earthquakes on many intraplate faults and in vast regions can give residents
a false sense of seismic security, even though intraplate earthquakes have caused more
fatalities than interplate earthquakes (Bilham, 2014). The long recurrence time also makes
it difficult for paleo-earthquake studies because the surface erosional processes could have
removed all the scarps of historic earthquake ruptures. Finding an ideal place that can provide
sufficient observations of intracontinental faults and earthquakes is challenging but pivotal
for unraveling intracontinental fault dynamics and seismic hazard assessment.

This thesis explores fault behaviors for faults at both the active plate boundary tectonic
settings and in stable continental regions. I use (1) physical analysis methods to reveal
controls on spacings of sub-parallel faults in strike-slip shear zones, (2) numerical models to
simulate long-term dynamic evolutions of a fault system in response to lower crust hetero-
geneities, (3) combined statistic methods and geophysical observations to study complexity
of co-seismic ruptures for intracontinental earthquakes, and (4) examine how neotectonic
fault activities may be enhanced by fluids in stable cratonic areas. Case studies for the first
two projects are from active tectonic settings while the last two research projects are based in
the Australian continent. Finally, as the numerical geodynamic modelling method is powerful
in systematically investigating long-term fault evolution, (5) I provide a simple but efficient
numerical method to extract the stress in the particle-in-cell finite element method. The
five main research chapters are brought in by a brief introduction (Chapter 1) and a com-
bined discussion and conclusion (Chapter7). Since each chapter is a self-contained project
with varying scientific questions, studying methods, results and discussions, each chapter is
structured as a peer-reviewed scientific manuscript. Therefore, an abstract is present at the
front of each chapter to help readers capture the subject matter. Each project has its specific



3

background introductions and literature reviews, so I have omitted the unnecessary repetition
of introductory materials here.

Chapter 2 presents an analytical solution to fault spacing in strike-slip shear zones.
Strike-slip shear zones with sub-parallel arrays of nearly evenly spaced faults are common in
nature. Previous workers took the concept of stress-shadowing theory and gave an analytical
solution, which focused on the effect of brittle upper crust, yet the effect of ductile lower
crust was not fully studied (Zuza et al., 2017). I give a scaling law relating fault spacing to
the thickness and viscosity of lower crust and some other properties. Generally, fault spacing
positively correlates with brittle-layer thickness, viscous lower crust thickness, and strength
contrast between active faults and surrounding intact blocks; and is inversely correlative with
lower crust viscosity. This scaling theory is compared by field observations from the San
Andreas Fault system in California, the Marlborough Fault Zone in New Zealand and shear
zones in the central Tibet.

Chapter 3 presents a 3D numerical model to demonstrate how lower crust viscosity
contrasts can deform fault planes from near-vertical orientations to moderately dipping
patterns for a strike-slip faults over geological time scales. This study is inspired by the
observation of a segmented, moderately-dipping fault plane (∼ 60º) along the San Andreas
Fault (Fuis et al., 2012) that defines the transform boundary between the North American
plate and the Pacific plate (Atwater and Stock, 1998). The moderate dip angle of a strike-slip
fault conflicts with the classical Anderson faulting theory, which suggests an optimal vertical
fault plane for strike-slip faults (Anderson, 1905). The numerical experiments demonstrate
that regional lower crust strength variation along the fault strike may result in corresponding
fault dip direction alteration. For two blocks separated by transpressional faults, the block
with lower crust of high viscosity wedges into the other one with weak lower crust., the upper
crust overlying which, in turn, up thrusts over the stronger block, forming a fault dipping to
the block with a relatively weak lower crust. Comprehensive geophysical data are used to
test this hypothesis.

Chapter 4 revisits surface ruptures of all 11 thrust earthquakes that have occurred to
Australia since 1968. Many of these 11 intracontinental earthquakes are highly curved,
arcuate, and/ or segmented, the complexity of which is higher than global comparatives
(King et al., 2019; Quigley et al., 2017). Using data from the Australian National Total
Magnetic Intensity map and the Bouguer anomaly gravity map, I find the surface rupture
traces are commonly aligned with predominant geophysical fabrics (magnetic lineaments) in
underlying basement rocks and locally terminate in zones of obliquely oriented geophysical
structures. Misalignment of gravity gradients with the regional maximum compressive
stress may also enhance rupture complexity. The slip maxima coincide with fault steps,
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junctions, and structures that are obliquely oriented to the rupture. Maximum slip and rupture
length estimates exceed predictions from global scaling relationships and are attributed to
comparatively shallower rupture sources. Regular shapes (triangular or elliptical) are also
used to fit the co-seismic slip distributions. Two endmember cases are found: complex
(curved) surface rupture geometries appear to exhibit more triangular shaped displacement
profiles while relatively simple (straight) surface ruptures are better characterized by elliptical
shaped displacement profiles.

Chapter 5 explores enhanced neotectonic activities in the Nullarbor Plain, which is
one of the stable cratons in Australia. The nearly flat Nullarbor Plain is covered by 100s-
meter-thick limestone, which is cut by reactivated reverse faults inherited from Precambrian
bedrock structures (Clark et al., 2012). The limestone has been exposed to the surface
since mid-Miocene (Hou et al., 2008; Lowry and Jennings, 1974). The arid climate in this
region has helped preserve these neotectonic features from surface erosion (Sandiford and
Quigley, 2009). The high-resolution DEM data is used to track linear features on the surface
(Sellmann et al., 2020), which may be caused by neotectonic activities, and the vertical offset
along each trace is also measured to establish a detailed along-strike displacement profile.
I find the trace with the maximum displacement is not the longest one. This indicates that
there could be frictional strength variations among the mapped faults. With the regional
magnetotelluric survey, I find traces with high displacements can be well correlated with
the patches with high electrical conductivities, which is sensitive to fluids in the lithosphere.
With co-located seismic reflections profiles, gravity, and magnetic maps, I propose that
the enhanced neotectonic activities are likely to be caused by fluids from deep part of the
lithosphere.

Chapter 6 presents a computationally cheap but efficient method to recover stress in the
particle-in-cell finite element method. The particle-in-cell finite element is widely used in
simulations of geological problems due to its efficiency in dealing with large deformations.
Mixing materials with large contrast in viscosity in one element results in low-accuracy
stress fields. With a simple shear model, our analysis reveals that this stress issue cannot be
addressed by increasing mesh resolution. I propose three pre-processing methods to smooth
the properties (e.g., viscosity) and two post-processing methods to project the stress to mesh
nodes. The effect of different methods varies with different geological models. The method
with distance weighted sampling to the gaussian point is preferred with carefully selected
sampling radius and averaging method (harmonic or arithmetic mean).

Chapter 7 summaries the results presented in Chapters 1 to 6 and proposes future
research on the topics presented in these chapters.



Chapter 2

Fault spacing in continental strike-slip
shear zones

This chapter is a reproduction of this paper:
Yang, H., Moresi, L.N. and Quigley, M., 2020. Fault spacing in continental strike-slip shear
zones. Earth and Planetary Science Letters, 530, p.115906.https://doi.org/10.1016/j.epsl.
2019.115906.

Abstract

Strike-slip shear zones with sub-parallel arrays of evenly-spaced faults are widely observed
in nature, but the controls on the spacing between major faults are unclear. I analyze a
2-D model and develop a scaling law relating the fault spacing to structural and rheological
parameters in the continental crust. I find that fault spacing positively correlates with brittle-
layer thickness, viscous lower crust thickness, and strength contrast between active faults
and surrounding intact blocks; and is inversely correlative with lower crust viscosity. This is
corroborated for either a zero-shear traction (decoupled) or a prescribed velocity (coupled)
basal boundary condition in the 2-D analytical solution. The zero-shear traction boundary
condition represents low viscosities in the lowermost crust or the topmost mantle that may
decouple deformations from mantle flow. The prescribed velocity boundary condition
emphasizes basal drag tractional forces imparted on the lower crust by a strong mantle
resisting deformation. For a viscous layer that is thicker than half of its average fault spacing,
models with either of the boundary conditions produce the same results. Otherwise, a thinner,
viscous layer with a linear-velocity condition tends to produce smaller fault spacings than a

https://doi.org/10.1016/j.epsl.2019.115906
https://doi.org/10.1016/j.epsl.2019.115906
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no-shear model, all else being equal. These theoretical models are comparted to data from
shear zones in California, the Marlborough Fault Zone in New Zealand and central Tibet.
Modeling indicates that the effective viscosity of the viscous layer underlying the brittle layer
in the selected areas is 2×1020 to 4×1021 Pas. The subducted oceanic plate attached to the
lower crust of the eastern Marlborough Fault Zone also appears to influence fault spacing in
the overriding plate.

2.1 Introduction

Strike-slip faults are important features of plate tectonics on Earth (Wilson, 1965). Finite
horizontal displacements on strike-slip faults at continental plate boundaries can reach several
hundreds of kilometers, e.g., San Andreas fault (SAF, California) and Alpine fault (New
Zealand). It is often assumed that such major strike-slip faults (i.e., continental transform
faults) cut through entire lithosphere (Roy and Royden, 2000a). In contrast to a deep-
penetrating transform fault, intraplate strike-slip (transcurrent) faults are often assumed to be
limited to the thickness of crust and manifest as parallel arrays of nearly uniform spacing
between neighboring faults, e.g., the East Californian Shear Zone (ECSZ) and the strike-slip
fault systems surrounding Tibet (Yin and Taylor, 2011). Zuza et al. (2017) observed that
active fault spacing in the ECSZ is tens of kilometers while in the Tibetan Plateau it is
hundreds of kilometers. Why fault spacing varies with different tectonic settings is not well
understood.

The concept of stress-shadowing, which is widely used in explanations of extensional-
joint spacing, was introduced by Yin et al. (2016) in the context of the mechanics of evenly-
spaced faults. This mechanism was further developed by Zuza et al. (2017) to explain the
spacing of faults in California and the India-Asia collision zone. Stress-shadow theory
relates shear stress (σxy) to geometrical parameters (x, distance from the fault; h, depth of the

fault) through a power law according to σxy(x) = σbc +(σbc −σ f )[ |x|l1/l2

(|x|l1+hl1)
1/l2

−1], where

σbc and σ f are the far-field stress boundary condition and the vertically-averaged stress on
the fault plane, respectively. However, the exact values of the power-law exponent (l1 and
l2) are unknown. Zuza et al. (2017) calibrated the exponent using sandbox modeling and
suggested a linear relationship, i.e., both exponents, l1 and l2, equal to one. It is not clear how
sandbox results translate to other systems and how properties of the lower crust control brittle
deformation patterns. Our analysis includes the effects of lower crustal flow to determine the
expression of lower-crustal properties in surface strain distributions.

Roy and Royden (2000a) presented an analytic model of the deformation of a stratified,
viscoelastic crust driven by basal velocity boundary conditions. Their results showed that,
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a strong viscosity contrast between an upper and lower crust tends to produce a wide
deformation zone. A relatively weak upper crust, if it reaches the yield stress, should have a
more localized deformation zone than the case of a strong upper crust. From that perspective,
in the limit of pure elastic deformation, I would expect faults to develop everywhere. Since
the study assumes a fixed, shallow faulting-depth without considering pressure-dependence
of the yield criterion, such a conclusion may only apply to surficial faults. I note that the
model of Roy and Royden (2000a) is focused on plate boundary faults and the loading is
applied from the underlying mantle. This choice may not be appropriate for intracontinental
transcurrent faults overlying a weak lower crust. Rolandone and Jaupart (2002) proposed
a model driven from far field stresses and suggested the fault depth and vertical variations
in crustal rheology control deformation patterns. They found a deep fault or large vertical
rheological variations help localize deformation on a pre-defined fault zone. However, scaling
relationships for fault spacing were not explicitly examined in either of the studies.

In this contribution I first develop a scaling law for the emergent fault spacing in a stratified
visco-plastic model. The model is composed of a brittle upper crust and a viscous lower
crust. Faults are assumed to cut through the brittle upper layer and the brittle deformation
terminates in the viscous layer (Fig. 2.1). The difficulty for the physical model lies in deriving
a functional form of shear stress σzy at the bottom of a brittle layer. This basal shear stress σzy,
in turn, influences the average shear stress σxy in the brittle crust (Savage and Lachenbruch,
2003). How shear stress, σxy , evolves from a fault towards the far field is the basis for the
stress-shadow theory used by Zuza et al. (2017). Our analytical solutions demonstrate that the
basal shear stress is a function of the aspect ratios of a model. I compare our scaling theory for
fault spacing against field observations from the SAF system in California, the Marlborough
Fault Zone (MFZ) in New Zealand and shear zones in the central Tibet. Modeling of fault
spacing enables further refinement of viscosity parameters in the lower crust beneath those
shear zones. Investigating structural parameters, e.g., seismogenic thickness, viscous layer
thickness, and fault spacing, also sheds light on the coupling state between shallower brittle
deformation and deep dynamics.

2.2 Physical analysis

To determine controls on the spatial distribution of fault traces, I first assume a structurally
and rheologically homogenous material for our model. I acknowledge that re-activation of
heterogeneous, pre-existing weak zones (e.g. inherited fault zones and lithologic contacts)
are broadly observed in different tectonic settings (Quigley et al., 2010; Yang et al., 2018),
and that these factors may influence fault spacing, however in this study I seek to develop
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a more fundamental understanding of lithospheric scale controls on fault spacing. I first
make a force balance analysis for the upper brittle layer with a prescribed basal shear stress
to obtain the first-order governing equation for fault spacing. Then, a more self-consistent
model describing shear stress at the bottom of a brittle layer is derived as a solution to a
Laplace equation.

2.2.1 Force balance analysis in brittle layer

Consider a system subject to simple shear from lateral boundaries (Fig. 2.1a). Applied
boundary conditions produce localized frictional motion on discrete planes in the brittle
upper layer and diffuse creep in the lower, viscous part. Suppose first that the applied stresses
are high enough to break the upper layer into two pieces, block A and B (Fig. 2.1a). The
right face of block B is sheared against block A, so the per-unit-length along-strike tangential
force (T) on the fault plane can be derived from the integral of shear stress (σxy) in the z
direction

T =
∫ H

0
σxydz (2.1)

where H is the cutting depth of a brittle fault, and

σxy = µ0 p (2.2)

where µ0 is the friction coefficient of a fault and p is the assumed normal stress on the vertical
plane. Neglecting the effect of dynamic compressional or extensional forces, p can be simply
taken as the lithostatic pressure

p = ρgz (2.3)

where ρ is the material density and g is the gravitational acceleration. With equation 2.2 and
2.3, equation 2.1 can be reformulated to

T =
∫ H

0
µ0 pdz =

∫ H

0
µ0ρgz dz =

1
2

µ0ρgH2 (2.4)

To calculate the viscous shear tractions on the base of block A, I assume a Newtonian fluid
of a constant viscosity η in the lower layer, the basal shear stress, σzy, is given by the
constitutive relation

σzy = 2ηε̇zy (2.5)

where ε̇zy is the corresponding strain rate. Long-term-average strain rates based on block
models show that the second-invariant strain rate decays by more than 3 orders of magnitude
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Fig. 2.1 (a) Schematic structure of a crustal strike-slip fault. Applied lateral forces break the
brittle layer into two blocks, A and B, which are separated by a fault in-between. The fault
cuts through the whole brittle layer thickness H. Select any vertical plane in B and do force
balance analysis for the volume in B from the selected plane to the fault. It is balanced by
the frictional force, T , from A, the viscous force, F , from the bottom and internal force, N,
from the rest of B (b). (c) Sketch model for the lower layer of viscous rheology. The model
length is L and thickness is D. The right half of the model is fixed, and the left half moves
with a constant velocity V0. With the assumption of an infinite long strike-slip fault, only two
nonzero stresses, σxy and σzy, work to balance the element (d).

within tens of kilometers of an active fault in the San Andreas fault system (Bird, 2009). I
assume ε̇zy decays from ε̇0 at the interface between A and B (x = 0) to zero at distance L,
following a power law relationship. This yields

ε̇zy (x) = ε̇0

(
1− x

L

)m
(0 ≤ x ≤ L) (2.6)

Integrating σzy in x gives the magnitude of the basal traction as

F(x) =
∫ x

0
σzy dx = 2η ε̇0 L[

1
m+1

−
(1− x

L)
m+1

m+1
] (0 ≤ x ≤ L) (2.7)
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where x is the position of selected vertical plane parallel to y. The basal traction per unit
length along-strike increases inwards from the fault and reaches a maximum at x = L. That is

Fmax =
2η ε̇0 L
m+1

(2.8)

The force balance requires the tangential force (N) in y on the selected vertical plane to be

N = T +F (2.9)

where N, T and F are scalar magnitudes of the forces with orientations shown in (Fig. 2.1b).
In the case of faults driven from far field boundaries, T and F combine to oppose N. The
maximum magnitude of N occurs at x = L where another fault is most likely to develop.
From equation 2.8, the maximum shear force on the vertical plane has following relationship:

N =
1
2

µ0ρgH2 +
2η ε̇0 L
m+1

≤ 1
2

µ1ρgH2 (2.10)

where µ1 is the frictional coefficient of intact rocks surrounding the master fault. Equation
(2.10) can be further reduced to

L ≤ (m+1)∆µgH2

4ε̇0η
(2.11)

where ∆µ = µ1-µ0 is the strength contrast between a fault and surrounding rocks. Equation
(2.11) relates the fault spacing to several physical parameters. Increasing brittle-layer
thickness, H, strength contrast between faults and country rocks, ∆µ , or decreasing lower
layer viscosity, η , and background strain rate, ε̇0, raises fault spacing. Increasing the power-
law exponent, m, in equation (2.6) implies larger fault space, provided m is independent (or
weakly dependent) on L. The effect of m is discussed in the next section. Additionally, the
strength contrast ∆µ should be the effective frictional coefficient difference between faults
and intact rocks, which may be reduced in magnitude due to pore fluids in the gouge layer
(Hickman, 1991).

2.2.2 Viscous deformation in lower layer

In the force balance analysis, shear strain rate at the top of a viscous layer is assumed to
decrease away from driving faults following a power law. To establish a more accurate
description of this process, the physical model beneath a frictionally moving fault can be
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simplified to a viscous flow driven by the top velocity discontinuity and side walls (Fig.
2.1c).

I make a 2D simplification for the viscous deformation in the lower layer. I assume an
infinite length fault without variations in slip along strike (y direction). The top boundary is
controlled by a velocity discontinuity, mathematically represented by a step function (Fig.
2.1c). The origin of the coordinate system coincides with the velocity discontinuity at the
top surface. Only the fault-parallel velocity component (Vy) is non-zero. The non-zero strain
rates are

ε̇xy =
1
2

∂Vy

∂x
and ε̇zy =

1
2

∂Vy

∂ z
(2.12)

An equilibrium state of deviatoric stresses occurs through a balance between shear stresses
on vertical planes (zy), σxy,and on horizontal planes (xy), σzy (Fig.2.1d):

∂σxy

∂x
+

∂σzy

∂ z
= 0 (2.13)

With a Newtonian fluid of viscosity η , I have the constitutive relation:

σi j = 2ηε̇i j (2.14)

Combining equations (2.12), (2.13) and (2.14) yields a Laplace equation:

∂ 2Vy

∂x2 +
∂ 2Vy

∂ z2 = 0 (2.15)

As the top velocity is applied in the form of a step function, the solution of equation (2.15)
can be represented by a Fourier series combined with a linear function (Schrank, 2009):

Vy(x,z) = −V0x
L

+
V0

2
+

∞

∑
1

An(z)sin(
2πnx

L
) (2.16)

Equation (2.16) implies no-slip conditions at side walls. An additional constraint is to apply
a zero-shear traction boundary condition at the base (z = D):

∂Vy

∂ z
= 0 (2.17)

letting k = 2πn
L , the desired amplitude spectrum An(z) takes this form

An(z) =
−V0

πn
ekD + e−kD [e−kDekz + ekDe−kz] (2.18)
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With equations (2.12) and (2.14), shear stress σzy has the following relationship:

σzy(x,z) = η

∞

∑
1
−

V0
L

ekD + e−kD [e−kDekz − ekDe−kz]sin(kx) (2.19)

Integration of σzy in x gives the magnitude of the tangential tractions in the y direction as

F =
∫ x

0
σzy dx = η

∞

∑
1

V0
2πn

ekD + e−kD [e−kDekz − ekDe−kz][cos(kx)−1]] (2.20)

Alternatively, If the bottom boundary condition is changed to be a linear velocity

Vy(x,D) = −V0x
L

+
V0

2
(2.21)

An(z) in equation 2.16 takes form

An (z) =
−V0

πn
e−kD − ekD [(1+ ekD)ekz − ekDe−kz] (2.22)

From equations (2.12) and (2.14), the stress σzy follows

σzy(x,z) = η

∞

∑
1
−

V0
L

e−kD − ekD [(1+ ekD)ekz + ekDe−kz]sin(kx) (2.23)

Integration of σzy in x gives the magnitude of tangential tractions in the y direction as

F =
∫ x

0
σzy dx = η

∞

∑
1

V0
2πn

e−kD − ekD [(1+ ekD)ekz + ekDe−kz][cos(kx−1)] (2.24)

Replacing equation (2.7) with equation (2.20) or (2.24), and performing the same analysis as
equation 2.9, I find the relationship between fault spacing and other parameters:

f (L/D)≤ ∆µρgH2

2V0η
(2.25)

where f is a function of L/D, which can be obtained by removing constant terms of V0 and η

in equation (2.20 ) or (2.24). The relationship between L and H can be illustrated by plotting
L versus H in one figure with variations either in lower crust viscosity, η , strength contrast,
∆µ , or thickness of viscous layer, D.

To avoid the stress singularity associated with the step-function velocity boundary condi-
tion in analytical solutions, Savage and Lachenbruch (2003) introduced a pervasive Coulomb
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failure surrounding the singularity with a finite radius (r0), which is far smaller than the
brittle-layer thickness (H). Since the viscous stress decreases with distances from the origin
point (x = 0, z = H) and the brittle strength increases with depth, the thicker the H, the
smaller the r0 of the region where brittle-viscous transition occurs. Lachenbruch and Sass
(1992) simplified this analysis by considering a finite fault width (z0) and selecting the depth
at z0/2 beneath the originally assumed brittle layer bottom as the new interface marking the
top of a viscous layer. I take the approach of studying a range of possible fault widths.

The conventional idea of a fault zone width arises from the highly damaged zone asso-
ciated with SAF, part of which is 100s-meter wide containing fault gouge (0.1-10s meters
wide) (Chester et al., 1993). The phyllosilicate-rich (strain hardening material) Carboneras
fault zone in the southeastern Spain is reported to be 1 km in width (Faulkner et al., 2003).
Alternative results reported from seismologic observations suggest that the 200-250-meter
wide damage zone extends to several kilometers in depth (Li et al., 2014). In our analysis, a
200-meter-wide fault zone, thus observing at 100 meters beneath the original interface, is set
as a reference value in this study.

2.3 Model results and analysis

2.3.1 Calibrating power-law exponent, m, in equation (2.6)

The unknown power-law exponent, m, can be determined by fitting equation (2.19) or (2.23)
with equation (2.6). Removing the constant viscosity term η in equation (2.19) or (2.23)
produces the functional form of strain rate that is directly comparable with equation (6).
The power-law exponent, m, is positively correlated to the aspect ratio, L/D (Fig. 2.2).
When L/D ≤ 2, fittings for different boundary conditions yield no significant difference in
m. Additionally, the standard deviation of the fit increases with L/D. indicating that, with
large L/D, the power-law decay in strain rate with distance from an active fault may not be a
suitable approximation. For L/D > 2, power-law function shows slower decay in near field
and faster decay in far field than that from the Laplace solutions. For a smaller aspect ratio
(L/D ≤ 2), the range of m is roughly 2–4. For natural cases, if the viscous lower layer is
20 km and fault spacing is <40 km, m of 2–4 may be used to estimate spatial distribution of
strain rate. In the following discussions I assume Fourier series solutions for more accurate
scaling of fault spacing.
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Fig. 2.2 Calibrating power-law exponent, m, in equation (2.6) with Fourier series solutions,
using zero-shear traction (a) and linear-velocity (b) boundary conditions, respectively. The
non-linear least square method is used to fit function y = (1−x)m, where x, y are normalized
distance and strain rate to corresponding maximum values. Colorful solid lines represent
Fourier series solutions while the corresponding dashed lines are fitting results. The numbers
near lines indicate the ratio of L/D .

2.3.2 Comparing models of two different boundary conditions

To investigate the effects of different boundary conditions, profiles of surface velocity, Vy,
strain rate, ε̇zy, and basal shear force, F , are shown in Fig. 2.3. All else being equal, increasing
the aspect ratio L/D gives rise to steep velocity gradients across the dislocation center and
corresponding high basal shear forces.

For the zero-shear-traction model, an upper limit in integrated basal forces exists for
models of different aspect ratios. The basal traction tends to be asymptotic to a maximum
value when L/D ≥ 4 (Fig. 2.3c). By contrast, for the case with a linearly varying, prescribed
velocity boundary condition, the asymptotic behavior is observed in the velocity distribution
with depth when L/D ≤ 2 (Fig. 2.4). For L/2 ⪅ D, the lateral velocity distribution does
not vary with depth, when the depth is larger than L/2. When L/D ≤ 2, the velocity field
at depth larger than L/2 is close to the linearly, prescribed velocity in equation (2.21) (Fig.
2.4b), and the integrated basal traction is found to be two orders of magnitude smaller than
the value at the top (Fig. 2.4a, b), which is effectively a zero basal shear force as equation
(2.17). Therefore, for smaller L, the results from both cases are comparable.

The effect of boundary conditions can also be investigated by comparing basal shear
force in Fig. 2.3d and Fig. 2.3f, where models with L/D ≤ 2 demonstrate close values in
terms of basal force and the required brittle-layer thickness to balance the force as is assessed
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Fig. 2.3 Velocity, shear strain rate, and integrated shear force from models of different L/D
for two different boundary conditions, zero-shear traction (a-c) and linear velocity (d-f).
Distances are normalized to the corresponding model length L. Integrated force is calculated
by an assumed viscosity of 1021 Pas. The horizontal lines plot in (c) and (f) are the required
brittle-layer thickness to support basal shear forces. This calculation follows equation (2.25)
with the assumed ∆µ ,g and ρ to be 0.1, 9.8 m s−2, and 2700 kg m−3, respectively. For
the zero-shear case of L/D = 1, 2, 4 and 6, the n for each case is 100, 220, 390 and 480,
respectively. In the case of a linear velocity boundary condition, the selected n is 110, 220,
600 and 1200 for L/D = 1, 2, 6 and 12, respectively.
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by equation (2.9). With L/D = 6, the model with a linear-velocity boundary condition
produces higher basal shear forces (6.7× 1011 N m−1) than that of zero-shear boundary
condition (5.1×1011 N m−1). The required brittle-layer thickness also increases from 19.8
km (zero-shear) to 22.7 km (linear-velocity).

For both cases, a thinner viscous layer (larger L/D) increases velocity gradients with
depth, resulting in an increased integrated-basal-shear force and potentially reducing fault
spacing. However, there is a limit for either effect of a viscous layer thickness. For a fixed L
in a zero-shear model, reducing D to < L/4 does not result in any further changes to the basal
shear force (Fig. 2.3c). In the linear-velocity model, increasing D to > L/2 produces no
change in the velocity distribution beyond a depth of L/2 (Fig. 2.4b). The overall pattern can
be summarized as follows: (1) the zero-shear case predicts that fault spacing should decrease
with decreasing viscous lower crustal thickness until a threshold value is reached, below
which fault spacing does not decrease significantly; (2) the linear-velocity case suggests that
fault spacing should increase with increasing viscous lower crustal thickness until another
threshold value, above which fault spacing does not further increase. The threshold limit of
either case is important in understanding coupling state between vertical layers.

2.4 Continental strike-slip faults

I compare our scaling law with empirical data from two inter-plate transform fault systems
(SAF system in California and MFZ in New Zealand) and one intracontinental shear zone
(the V-shaped shear zone from central Tibet; Yin and Taylor (2011)). The SAF translates
the total motion of ca. 48 mm yr−1 between the Pacific plate and the North American plate
across an area of >300 km in width (Platt and Becker, 2010). The Marlborough Fault Zone
(MFZ) is the northeast branch of the Alpine fault system, which accommodates 38 mm
yr−1 displacement between the Pacific and the Australian plate (Wallace et al., 2007). The
along-strike (N110ºE) slip rate in central Tibet is 5–10 mm yr−1 (Yin and Taylor, 2011).

2.4.1 Fault spacing measurement

The fault spacing data in California is derived from Zuza et al. (2017) which includes shear
zones in the Eastern Transverse Range (ETR, 20 ± 8 km) and Central California (CC, 33
± 3 km) , Western Southern California (WSC, 47 ± 15 km) and Mojave (Mj, 16 ± 2 km)
(Fig. 2.5a). Recent fault spacing measurements across Northern and Central Walker Lane
(NWL) by Zuza and Carlson (2018) are included as well. The spacing data in central Tibet
(CTb, 92 ± 24 km, Fig. 2.5b) also come from the compilation of Zuza et al. (2017). In
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Fig. 2.4 (a) Integrated shear forces observed at both top and bottom (grey dashed line) versus
L/D in a viscous layer with a prescribed linear velocity boundary condition. The red line
shows ratios of the bottom force over the top force. When L/D is smaller than 4, the bottom
force is about one fifth in magnitude of the top one. When the force ratio indicates over two
orders of magnitude differences, this domain is suggested to be a decoupling zone. The force
ratio of two to one order of differences in magnitude is a transition zone and that less than one
order of magnitude is assigned to be a coupling zone. The decoupling zone means the basal
drag has no significant control on top stress distributions. If L is fixed, increasing lower crust
thickness tends to reduce the role of basal drag. (b) Comparing velocity distribution for two
cases with L/D = 2.The velocity profiles are measured at depth of 0.01, 0.1, 0.5 and 1 D of
the viscous lower crust. z = D means the depth at the base of the model. Different boundary
conditions produce comparable velocity field in the upper half of the model domain.
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addition, I compile fault spacing data from Southern Walker Lane (SWL, Fig. 2.5a) and the
Marlborough Fault Zone (MFZ, Fig. 2.5c). SWL includes a complex array of normal faults
and numerous minor strike-slip faults. I use the locations of major strike-slip faults based
on the WGCEP (2007 Working group on California Earthquake Probabilities) fault traces.
The long-term average strain rate of the selected major fault traces are orders of magnitude
higher than that of less deformed areas (Bird, 2009) (Fig. 2.5a).

The fault spacing is measured by nearest-neighbor-fault distances perpendicular to av-
erage fault strike (Fig. 2.5). I sampled the spacing between adjacent faults at 10 km
along-strike increments; 8 measurements were compiled for two neighboring faults (Fig.
A.1). In that, 16 and 24 measurements yield a mean fault spacing value with standard
deviations for SWL (three faults) and the MFZ (four faults), respectively (Table 2.1). I
determine an average fault spacing of 47 ± 9 km for the three major faults comprising the
Southern Walker Lane Shear Zone (Fig. 2.5a): Owens Valley fault, Saline-Panamint Valley
fault, and Furnace Creek-Death Valley fault, from west to east. The New Zealand Active
Faults Database (GNS,https://data.gns.cri.nz/af/) is utilized to extract distance information
for four major faults in the MFZ (Fig. 2.5c): Wairau, Awatere, Clarence, and Hope faults,
from northwest to southeast, using the measurement increments (10 km) described above.
The dominating dextral slip faults are oriented nearly parallel to relative motion between
the Pacific plate and Australian plate. Regional geodetic observations suggest the ratio of
strike-slip to dip-slip rate is > 6 : 1 (Wallace et al., 2007). The average fault spacing in the
MFZ is 23 ± 10 km, but the spacing between the Wairau and Awatere faults is 37 ± 4 km,
which is about twice the averaged spacing for that between the Awatere and Clarence faults
(17 ± 2 km), and between the Clarence and Hope faults (15 ± 3 km) (Fig. A.1).

2.4.2 Brittle-layer thickness measurement

The brittle-layer thickness defined in our model can be approximated as equivalent to the
thickness of the seismogenic layer in the crust. Most of the thickness data come from
Zuza et al. (2017) and Zuza and Carlson (2018). I conduct our own seismogenic thickness
measurement in SWL and the MFZ, which is not included in the Zuza database. Additionally,
I update the seismogenic thickness in CTb with most recently published relocated hypocenters
in CTb (Zhu et al., 2017). More than 400 relocated earthquakes recorded from 2013 to 2015
are used here to evaluate seismogenic thickness. The vertical uncertainty is about 0.9 km,
which is obtained by comparing relocations with the actual locations of active seismic
experiments (Zhou et al., 2019).

The brittle-layer thickness in California is calculated by using depth distributions of
magnitude ≥ 3.0 earthquakes as a proxy for seismogenic thickness (data from the Southern

GNS,https://data.gns.cri.nz/af/
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California Earthquake Data Center) (Hauksson et al., 2012). The refined hypocenter depth
uncertainty is reported to be less than 1.25 km, at 90% confidence. Earthquakes recorded
during 2001–2010 in the MFZ are relocated with a national 3-D seismic velocity model
(Eberhart-Phillips et al., 2010). The selected earthquakes in the MFZ have average standard

Fig. 2.5 (Caption next page.)
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Fig. 2.5 (Previous page.) Simplified tectonic maps showing evenly spaced faults (thin black
lines) in California (a), central Tibet (b), and New Zealand (c). (a) Color map is the long-
term-averaged strain rate in California (Bird, 2009). Western Southern California (WSC)
includes San Andreas fault (SAF), San Jacinto fault (SJF), Elsinore fault (EF); Southern
Walker Lane Shear Zone (SWL) are composed of major faults of Owens Valley fault (OVF),
Saline-Panamint Valley fault (SPF) and Furnace Creek-Death Valley fault (FDF). Other study
areas shown here are Eastern Transverse Range (ETR) and Central California (CC).(b) The
V-shaped strike-slip faults in central Tibet locates across the Bangong-Nujinag suture (BNS),
which separates the Qiangtang terrane (QT) and Lhasa terrane (LT). SIC stands for the lake
Siling Co. Regional earthquakes are plot with colorful dots to indicate focal depths. (c) The
Marlborough Fault Zone (MFZ) is the north branch of the Alpine Fault (AF). Only dextral
fault with slip rate > 1 mm yr−1 are selected here. Major faults include Wairau fault (Wr),
Awatere fault (Aw), Clarence fault (Cl) and Hope fault (H). Numbers in cyan-faced boxes
indicate fault spacing in corresponding areas. Red-straight lines show selected cross-sections
to investigate regional brittle-layer thickness. Hypocenters on each profile are projected
from those within ±80 km distances. (d) Cross-section (the red line aa’ in b) of focal depth
distribution in MFZ. The profile is divided into uniform lengths of 25 km. The cutoff depth
is set by counting earthquakes above which 95% (D95) earthquakes are contained. The
purple line shows the interpreted Moho depth: the dot line is an iso-velocity contour of 7.5
km s−1, which is suggested to be an approximation of the velocity gradient at the Moho
(Eberhart-Phillips and Bannister, 2010) and the red dot line is from the magnetotelluric
(MT) sounding, which is located parallel to and about 40 km to south of the selected profile
(Wannamaker et al., 2009). Earthquakes in SWL (a) are projected to the red profile (SaSa’)
and those in central Tibet is project to the 32ºN latitude line

errors of 0.5 km laterally and 0.7 km in depth. Selected hypocenters (1648 events) are
projected to the profile itself (Fig. 2.5d). For the seismogenic thickness calculation of a
chosen cross-section, data along the profile are divided into segments of a uniform length of
25 km. For each segment, the seismogenic thickness is defined as a depth, above which 95%
of the events are located. This corresponding depth is marked as D95. I also demonstrate
D95 for the total events along the entire profile (Fig. 2.5d & Fig. A.2). The geometrical
information used in this study is listed in Table 2.1.

Note that the brittle-ductile interface assumed in our model is a simplification of what is
more likely a diffuse transition zone from brittle to semi-brittle deformation in nature. The
end-member case in nature that is represented by our model may be faulting above a flowing
salt layer. Small earthquakes can also happen in the transition zone of semi-brittle rheology,
which has been the focus of recent slow-earthquake mechanics studies (Burgmann, 2018;
Yin et al., 2018). Therefore, the D95 might have included both the brittle layer and transition
zone. Since the transition zone strength is generally weaker than the brittle strength at the
same depth, the estimated frictional strength should be the lower limit of the pure brittle fault
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strength. It depends on the proportion of the transition zone thickness in the D95. The lower
the proportion, the estimated fault strength closer to the pure brittle friction strength.

Fig. 2.6 Fault spacing versus brittle-layer thickness with viscosity contours (unit: Pas) at slip
rate of 8 mm yr−1 for ∆µ = 0.05 (a), 0.1 (b) and 0.4 (c). Markers show compiled data from the
SAF system, MFZ and CTb. Solid grey markers come from Zuza et al. (2017) and Zuza and
Carlson (2018) . Non-filling markers are compiled by this study. The theoretical calculations
are processed under the same assumption of a viscous layer thickness, D, gravity accelerate,
g, and upper layer density, ρ , to be 15 km, 9.8 m s−2, and 2700 kg m−3, respectively.

2.5 Discussion

2.5.1 Relationship between L, H, η , ∆µ , and V0

The compiled data of fault spacing versus brittle-layer thickness (L−H) are shown in Fig. 2.6
with contours showing how different viscosities and strength contrast affect the L−H slope.
The contours are plotted following equation (2.25). L is proportional to H positively and
related to η negatively (Fig. 2.6). The positive-correlation relationship also holds for L versus
∆µ (Fig. 2.6). Conclusions derived from equation (2.6) does not change. The relationship
among L, H and ∆µ is consistent with studies of Roy and Royden (2000a). Shallower
faults in the early stage of deformation are expected to have closer distances than those in
later stages, when they cut deeper. The viscoelastic models in Roy and Royden (2000b)
demonstrate that faults evolve by cutting deeper and deeper, thus increasing fault spacing.
Roy and Royden (2000b) pointed that crust with similar fracture strength (intact material) and
failure strength (reactivated faults) tends to produce much smaller fault spacing than would
occur with a greater strength contrast. On the other hand, a mature fault is conventionally
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Table 2.1 Fault spacing and seismogenic thickness

D95 thickness (km) Fault spacing (km)

Mojavea (Mj) 11.9±1.1 16±2
Western Southern Californiaa (WSC) 15.7±1.1 47±15
Southern Walker Lane (SWL) 10.6±1.4 47±9
Eastern Transverse Rangea (ETR) 12.1±1.5 20±8
Central Californiaa (CC) 14.4±1.9 33±3
Marlborough Fault Zone (MFZ) 17.0±2.8 23±10
Central Tibet (CTb) 14.1±2.2 92±24
Northern and Central Walker Lanea (NWL) 14.3±1.4 15±5

10.5±0.6 12±2
9.6±1.9 10±3
11.2±0.7 14±4

a Data of fault spacing and brittle layer thickness come from Zuza et al. (2017) & Zuza and
Carlson (2018). NWL includes four shear zone: Pyramid Lake domain,Carson domain,
Walker Lake Domain, and Mina Deflection, respectively.

thought to form through coalescing cracks and smoothing geometrical asperities, thus further
weakening its strength (Wesnousky et al., 1983). Since reducing a fault strength increases
the strength contrast between a fault and surrounding rocks, the weakening process also
contributes to growing fault spacing. From the perspective of a fault evolution, fault spacing
increases over time with increasing H and ∆µ .

In the compiled data from the SAF system (grey filled markers in Fig. 2.6), there is a
clear trend showing a positive relationship between brittle-layer thickness and fault spacing,
except one point from Northern and Central Walker Lane (NWL). With the assumption of
a linear relationship between L and H, two lines with different slopes to are required to fit
data in California and Walker Lane (Zuza and Carlson, 2018). With our non-linear scaling
of L−H, the slope slowly increases with H until reaching one threshold value (e.g. L ≈ 30
km in Fig. 2.6), beyond which it approximates a linear trend with the steepest L/H slope.
In this case, a linear trend in regions with small fault spacing (<30 km) may be a simplified
approximation. Such characteristic spacing value is about twice the viscous layer thickness.
The analogue modelling in Zuza et al. (2017) shows that when h > 3-4 cm, the fault spacing
is higher than the prediction from a linear trend (see Fig.4e in Zuza et al. (2017)), permitting
an nonlinear scaling of L−H. This phenomenon is consistent with our scaling of L−H.
Note that the zero-shear case shows much steeper slope than the linear-velocity one when
brittle layer is thick enough. This is attributed to the fact that increasing L/D ≥ 4 does not
increase basal shear force so significantly that the calculated brittle-layer required to support
the basal traction changes (Fig. 2.3c). The steep slope in the model with no-shear boundary
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condition does not appear in the case with linear-velocity boundary condition (Fig. 2.6),
because there is not upper limit of basal shear force with increasing L/D, as is demonstrated
in Fig. 2.3f.

Comparing theoretical values of L−H with contours of viscosity, I can use field observa-
tions to constrain viscosity values in the viscous lower layer. With equation (2.25), given the
knowledge of geometrical parameters, L, H and D, it is the ratio of ∆µ/V0 that determines
the solution of viscosity. Increasing ∆µ or decreasing V0 has same effect in controlling fault
spacing, and synchronously doubling values of ∆µ and V0 does not alter the estimation of
viscosity. For short-term dynamics of earthquake rupture propagations (e.g. the state-and-rate
friction), ∆µ is positively related to V0 (Scholz, 1998). For the long-term case, a mature
major fault in one fault system is also taken as the weakest one (large ∆µ) such that it has the
fastest dislocation rate, like SAF comparing with faults in Mojave (Wessel et al., 2013). As
there is a large variation of slip rate for each fault in one shear zone, and even the estimation
of slip rate of one fault can vary significantly by different methods (Petersen and Wesnousky,
1994), recent databases may not be sufficient for working out the effect of fault slip rate. I
simply combine the effect of ∆µ and V0 to ∆µ , and investigate its control on the solution of
lower layer viscosity with a constant V0 (Fig. 2.6). Possible ranges of ∆µ and V0 are given to
evaluate corresponding viscosities. The effective viscosity of the viscous layer underlying the
brittle layer for all the compiled data from different tectonic settings is 2×1020 −4×1021

Pas (Fig. 2.6).
Although data compiled from Zuza shows a positive correlation between L and H, it is

clear the ratios of L/H vary in different tectonic settings. The brittle-layer thickness or D95
depth does not vary that much globally (brittle-layer thickness might vary 5 to 25 km in
general), but fault spacing clearly varies much more significantly, from kilometers in SAF to
>500 km in central Asia. In the SAF system, SWL shows brittle thickness close to that in
Mojave, but the fault spacing is more than 3 times higher. The brittle-layer thickness in the
MFZ is comparable with that in Western Southern California (WSC), but the fault spacing is
only half of that in WSC. These exceptional patterns may be attributed to specific physical
conditions in the lower viscous layer.

2.5.2 Lower crust viscosity in Southern Walker Lane

Fig. 2.6 suggests that the effective viscosity in the lower crust beneath Southern Walker
Lane (SWL) is 2× 1020 − 2× 1021 Pas, which is lower than that in Mojave. The low
viscosity in SWL is also demonstrated by Shinevar et al. (2018). Without considering
hydrous phases and melt effect, the estimated aggregate viscosity from Shinevar et al. (2018)
in southeastern Sierra Nevada at 25 km depth is around 1022 Pas, which thus represents an
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upper bound. This lower viscosity in SWL may be attributed to high background heat
flow (> 250 mW m−2), close to the Coso Geothermal field in the southeastern Sierra
Nevada. Heat flow in other study areas in Southern California are 60 - 100 mW m−2 (https:
//geomaps.wr.usgs.gov/heatflow/index.htm). This indicates much higher crustal temperature
in the SWL than that in WSC and Mojave. Based on the heat flow measurement from Williams
and DeAngelo (2011) and SMU Geothermal Database (http://geothermal.smu.edu/gtda/),
Shinevar et al. (2018) obtained crustal temperature in Southern California and found that
temperature at depth 25 km in SWL is over 100◦C higher than that in Mojave. Additionally,
seismic imagings have found that the hot area in the southeastern Sierra Nevada lost its
crustal root (Fliedner et al., 1996; Jones et al., 1994). Following the delamination, pulsive
emplacement of mafic potassic magmatism was recorded ca. 3.5 Ma (Manley et al., 2000).
These might have led to high heat flow in SWL.

2.5.3 Lower layer viscosity in Central Tibet

Consistent with the reasoning for wider spacing in SWL, I attribute the wider fault spacing
in Central Tibet (CTb) to the layer of a relatively lower viscosity underlying the brittle layer.
All else being equal, L−H data with contours of viscosity in Fig. 2.6 suggest the viscosity of
CTb (3×1020−3×1021 Pas) is lower than those in the Western United States (grey markers
in Fig. 2.6), but not lower than that in SWL. Two reliable heat flow measurements are 46.7
mW m−2 in southern Qiangtang Terrane (He et al., 2014) and 140 mW m−2 in northern
Lhasa Terrane near the Bangong-Nujiang suture (Jiang et al., 2019). The wide range of heat
flow in CTb overlaps with that in Western Southern California, but the upper bound is not as
high as that in the SWL. That means the lower crust strength in CTb may not be as low as
that in SWL. There is geomorphic proxy evidence suggesting a relatively weak lower crust
of viscosity ≤ 1019 Pas beneath Siling Co (Fig. 2.5b) (Shi et al., 2015), which is located
in the north of Lhasa Terrane and near the Bangong-Nujiang suture. This estimate is about
one order of magnitude lower than our results. England and Walker (2016) commented on
the assumption of a thick elastic lid ( 20–30 km) overlying an inviscid lower crust in Shi
et al. (2015) and provided an alternate estimate for the viscosity > 5×1019 −2×1020 Pas
assuming an elastic lid thickness less than 25 km. This agrees with our predictions of the
middle-lower crust viscosity in CTb. Additionally, other studies from England et al. (2013)
and Henriquet et al. (2019) also suggested the upper bound of the long-term viscosity in the
middle to lower crust is > 1020 Pas. The current state of such high viscosity is two orders of
magnitude higher than the conditions to form “channel flow” tectonics, which is widely used
to explain the morphology and structures in eastern Tibet and the Himalaya (Royden et al.,
1997).

https://geomaps.wr.usgs.gov/heatflow/index.htm
https://geomaps.wr.usgs.gov/heatflow/index.htm
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With determined geometrical parameters, L and H, a lower ∆µ (or ∆µ/V0) requires a
weaker viscous layer than the case of higher values. If the true value of viscosity in CTb
is close to the lower endmember, ∆µ (or ∆µ/V0) should be small as well. The lower ∆µ

means that fault strength in CTb is close to surrounding rocks, thus indicating a strong fault.
A lower ∆µ indicates that faults healing may dominate over strain weakening processes in
CTb. The lower bound of our modelled viscosity ( 1020 Pas) has significant overlaps with
other studies. In this case, the strength contrast between faults and surrounding rocks is <0.1,
which tends to produce diffusive brittle deformations in the shallow crust. This is consistent
with epicenter distributions in CTb (Zhu et al., 2017).

2.5.4 Lower crust thickness and basal driving in the MFZ

With the assumption of ∆µ ranging from 0.05 to 0.4 and lower crust thickness of 2 km,
the lower crust viscosity in the southeastern Marlborough Fault Zone (MFZ) is estimated
to lie in the range 3× 1020 − 3× 1021 Pas. The narrow fault spacing in the MFZ relative
to Western Southern California (WSC), occurs in an area with similarly thick brittle crust,
suggesting that the reduced L in the MFZ does not reflect a lower value of H. The lower
values of L relative to H in the MFZ could be explained by a higher viscosity as indicated in
Fig. 2.6. High viscosity in the lower crust could originate from relatively low temperatures
or predominance of mafic material. However, the measured regional heat flow is 60–80
mW m−2 (Shi et al., 1996) – close to that in WSC, suggesting temperature variations alone
cannot explain differences in the value of L. Furthermore, no evidence exists to suggest a
more felsic lower crust in WSC than that in the MFZ. A receiver function study in Southern
California suggested a high Vp/Vs ratio of 1.8–1.85 in WSC, indicating a mafic lower crust
there (Zhu and Kanamori, 2000). Seismic studies also indicate a mafic lower crust in the MFZ
(Eberhart-Phillips and Bannister, 2010). Ruling out the possible effects of temperature and
composition, I hypothesize that the difference in fault spacing between WSC and the MFZ
may instead relate to variations in lower crust thickness and bottom boundary conditions.

Lower crust thickness is estimated by subtracting brittle thickness from total crust thick-
ness. The crust in WSC is mapped to be 30–35 km thick (Zhu and Kanamori, 2000). With a
15-km-thick brittle layer, the resulted lower crust is 15–20 km thick. The continental crust
thickness in the MFZ is difficult to estimate using seismic data, as the lower crust beneath
the eastern half of the MFZ is obliquely under-thrust by the Pacific, resulting in a weak
seismic velocity difference across the Moho. Three fault-normal cross-sections of Vp and
Vp/Vs extending from the north, middle and south of the MFZ all show similar geophysical
anomalies (Eberhart-Phillips and Bannister, 2010), indicating minimal variations along fault-
strike direction. Other geophysical profiles (Wannamaker et al., 2009) within 40 km of the
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selected red profile in Fig. 2.5c also sheds light on details of crustal structures. Combining
results from velocity inversion considering seismic wave anisotropy (Eberhart-Phillips and
Henderson, 2004) and lithospheric resistivity field obtained from a magnetotelluric survey,
Wannamaker et al. (2009) indicated the top of the subducted Pacific plate (by proxy, base of
the lower crust) is at a depth of 25 km (Fig. 2.5). In this case, the lower crust in the eastern
part of the MFZ is <10 km thick – much thinner than that in WSC (15–20 km). Within the
MFZ, there is a trend of increasing fault spacing from southeast (15 ± 3 km) to northwest
(37 ± 4 km). This relationship may also be attributed to northward increasing lower crustal
thickness, which increases from <8 km beneath the Hope Fault to more than 25 km beneath
Wairau and Awatere faults (Eberhart-Phillips and Bannister, 2010), which is also weakly
coupled with the subducted Pacific plate.

2.5.5 Lower boundary condition

In our physical analysis, two end-member boundary conditions have been studied. The
free-slip condition represents a weak lowermost crust or shallow mantle, which decouples the
overlying crustal deformation from underlying dynamics of the mantle. The prescribed linear
velocity condition is typical for cases of coupled deformation in both crust and mantle. The
case of the approximately fixed linear velocity boundary condition may occur in the eastern
MFZ where the lower crust is kinematically coupled to the subducted oceanic plate. The
strong coupling is evidenced by observations of concurrent, triggered slip on crustal faults
and the subduction interface during the 2016 Mw7.8 Kaikoura earthquake (Mouslopoulou
et al., 2019). The surface rupture of the Kaikoura earthquake was proposed to be regulated by
spatiotemporal patterns of megathrust locking in the eastern MFZ beneath the Clarence and
Hope faults (Lamb et al., 2018), indicating a kinematically coupled motion for the crust and
the under-thrusted oceanic plate. Increasing lower crust thickness may reduce the effect of
bottom boundary condition for both cases. Our physical analysis suggests (Fig. 2.3 2.4), if
L/2 ≤ D, the effect of lower boundary condition on stress distribution on the brittle-ductile
interface is negligible. The crust thickness in Southern California is 30–35 km (Zhu and
Kanamori, 2000), the brittle-layer thickness is 10–15 km, and thus the implied lower-crust
thickness is 15–25 km. With fault spacing data in Southern California, the required minimum
lower-crust thickness for the Mojave, Eastern Transverse Range, Central California, Western
Southern California and Southern Walker Lane (SWL) are 8 km, 10 km, 16.5 km, 23.5
km and 23.5 km, respectively. This approximates the requirement for a free-slip boundary
condition. The lower crust in SWL is not thick enough to decouple unless it is also weak in
these regions and this is supported by the high heat flow.
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2.6 Conclusions

I derive a scaling law for evenly-spaced faults in continental strike-slip shear zones using
estimates of brittle-layer thickness, strength contrast between faults and their bounding intact
rocks, and underlying-layer viscosity and thickness. Our model is based upon an assumption
of long-term, on-going deformation in the crust in which the faults are frictionally sliding
boundaries between relatively rigid blocks, which themselves induce flow in an underlying
viscous layer. On the one hand, the thicker the brittle layer or the larger the strength contrast
between faults and surrounding rocks, the greater the spacing to the neighboring fault. On
the other hand, thinner lower crust or larger lower crust viscosity promotes smaller fault
spacings. If the lower crust is thicker than half the fault spacing, the effect of basal drag
on fault development is negligible. These are verified by data from shear zones in the SAF
system, and the MFZ. In principle, with known structural parameters and better knowledge
of fault strength, our model can predict an effective viscosity for the viscous layer underlying
the brittle crust. The same approach can be applied in some other strike-slip shear zones to
assess the regional rheological parameters, which is an important but not directly measurable
unknown, inherent in earthquake studies.





Chapter 3

Can deep ductile deformation control
shallow brittle fault geometry of the San
Andreas Fault?

Abstract

The Anderson faulting theory suggests that the fault plane of a strike slip fault is near vertical.
However, the San Andreas Fault (SAF), one of the dominant components of the transform
boundary between the Pacific and the North American Plate, has a south-west dipping fault
plane near the western Transverse Range and a northeast dipping fault plane in the Southern
segment of SAF. The mechanism controlling fault dip direction variation along SAF is not
well understood. I utilize a 3D, finite element thermomechanical, viscoplastic model to
simulate deformation in the San Andreas Fault system. The Big Bend of the fault near the
western Transverse Range is taken as a geometrical initial condition in our model. The
numerical experiments demonstrate that regional lower crust strength variation along the
fault strike is an important control on the fault dip direction. For two blocks separated by
transpressional faults, the viscous lower crustal material moves from the block with lower
crust of high viscosity to the other one with weak lower crust. The fault-plane-normal flow in
the viscous lower crust could have forced the fault dip at the brittle-ductile depth to the flow
direction. Comprehensive geophysical data suggest that the Great Valley and south coast
area have a relatively stronger lower crust than the fault-bounded block on the opposite side,
and the predicted fault dip direction is supposed to be SW near the Big Bend and NE in the
southern segment of SAF, consistent with field observations. This self-consistent model will
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also shed light on the left-lateral Garlock Fault, which intersects the right-lateral SAF in the
western Transverse Range.
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3.1 Introduction

In a homogenously oriented stress field, the dip of a fault can be estimated by the Anderson
theory of faulting (Anderson, 1905), which predicts near-vertical fault planes for strike-slip
faults. The San Andreas Fault (SAF, Fig. 3.1) is a classical continental transform boundary
between the Pacific and North American plates accommodating 20-75 % of the relative
motion between the two plates (∼ 50 mm yr−1) (Atwater and Stock, 1998; DeMets and
Dixon, 1999; Meade and Hager, 2005). The SAF has some segments which dip at 40º-70º
(Fig. 3.1) (Fuis et al., 2012). The Southern California Earthquake Center Community Fault
Model predicted that the dextral-slip SAF in the southern California is vertical or steeply
dipping in most places (Plesch et al., 2007), except the San Gorgonio Pass area (Dair and
Cooke, 2009; Fattaruso et al., 2014). Geodetically obseved asymmetric strain rate with
respect to the mapped SAF fault traces in the southern part of the SAF suggests that it is
dipping northeast at ca. 60º (Lindsey and Fialko, 2013). High-precision earthquake relocation
in the southern SAF (northeast of the Salton Sea) also reveals that the fault dips at 60º to
northeast (Lin et al., 2007) . The recently conducted Salton Seismic Imaging Project using
steep-fault reflection imaging techniques has unraveled that, the SAF is dipping 50º-60º
northeast at depth below 6-9 km near the Salton Sea (Fuis et al., 2017). In contrast, the
segment near the Big Bend is found to dip 55º-75º southwest by the analysis of potential-field
data (Fig. 3.1) (Fuis et al., 2012). Recent earthquake hypocenter relocation studies show that
the straight section to the north of the Big Bend is steeply dipping (Kim et al., 2016). The
causes of the spatial variation of both the fault dip angle and direction along the SAF has not
been systematically investigated.

A non-vertical strike-slip fault plane may be an inherited structure from previous moder-
ately dipping faults, or it is caused by transpressional deformation, especially for the bending
segment. In a compressional stress regime, the Anderson theory of faulting predicts conjugate
fault planes, but it is hard to tell which one is the master fault. The static solution of Anderson
faulting theory neglects the long-term evolution of a fault and the depth dependent rheology
in crust. The moderately dipping fault segments have been linked to a high-velocity body in
the upper mantle beneath the Transverse Range (Fuis et al., 2012), but the dynamic process
that could result in this causal connection is still an enigma.

I use the numerical geodynamic modelling method to simulate the long-term be-havior of
the SAF. I propose that the deep ductile deformation due to viscosity contrast between two
fault-bounded blocks would affect shallow, brittle-fault kinematics. To test our hypothesis,
regional geophysical observations are combined to examine the ductile strength in the
lithosphere. Modelling results also shed light on secondary fault distributions associated with
SAF, e.g., the Garlock fault intersecting the SAF near the Big Bend (Fig. 3.1).
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Fig. 3.1 (Caption next page.)
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Fig. 3.1 (Previous page.) Tectonic settings of the San Andreas Fault system (a) and the
simplified numerical model setup (b). (a) Major faults (thick purple lines) including the San
Andreas fault (SAF) and the Garlock fault (GF) and other sub-major faults (thin purple lines)
are marked on shaded relief map. The arrow shows relative motion between the Pacific Plate
and the North American Plate. Along the SAF, the southwest dipping fault segment near
the Big Bend is coded as blue color while the northeast dipping segment in the southern
end is denoted by red color. Abbreviations for some main structures: SGM, San Gabriel
mountain; SBM, San Bernardino mountain; ECSZ, Eastern California Shear zone. WTR,
Western Transverse Range. The position of three profiles, P1, P2 and P3, shown in Fig. 3.3 is
marked by grey lines. Four grey circles with a radius of 50 km show the area of the sampled
earthquakes in Fig. 3.4. (b) The corresponding three-dimensional structure for the Model3,
and the details of other models are stated in the context when used. The constant velocity 40
mm yr−1 towards the positive x direction is applied on the back vertical plane (y = 300 km)
while the velocity in x direction in the front vertical plane (y = 0 km) is zero. Materials are
not allowed to move out/in the box, and free slip is applied for other velocity components.

3.2 Methods

The particle-in-cell, finite-element, geodynamics code Underworld2 (https://doi.org/10.5281/
zenodo.1436039) is used to model the 3D thermo-mechanical deformation in the SAF
system (Mansour et al., 2020; Moresi et al., 2007). Underworld2 solves the equations for
conservation of momentum and mass (incompressible material). The resulted velocity field
are coupled in temperature calculation with advection-diffusion equation. The Boussinesq
approximation is assumed for the equation of state. I assume a power law dislocation creep
to represent viscous flow. Drucker-Prager pressure-dependent yielding criteria is used for
plastic deformation σyield =P tanφ +C, where σyield is the maximum second deviatoric stress
invariant, tanφ is the friction coefficient and C is the cohesion. Linear strain weakening of the
friction coefficient (0.4-0.02) and cohesion (20-5 MPa) between plastic strains of 0.5 and 1.5
allows for strain localization. Visco-plastic flow is modelled through an effective viscosity:
ηvp = min

(
η ,

σyield
2ε̇II

)
, where η is the viscosity represented by power law dislocation creep,

and ε̇II is the second invariant of strain rate. The viscosity is limited in the range between
1019 Pas and 1024 Pas. Parameters used in the numerical experiments are listed in Table 3.1.

3.3 Model description

The model domain has total dimensions of 600 × 300 ×150 km with 144 × 72 × 48 linear,
quadrilateral elements (Fig. 3.1). The 120-km-thick model consists of a 30-km-thick crust
and a 90-km-thick mantle. Based on regional tectonic settings, the calculation domain is

https://doi.org/10.5281/zenodo.1436039
https://doi.org/10.5281/zenodo.1436039
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divided into 3 tectonic blocks: the coast area (west of SAF), the Great Valley (east of SAF
and north of the Garlock Fault), and the Sierra Nevada-Mojave (east of SAF) (Fig. 3.1).
Seismic surveys show that the crustal thickness in the Coast Range (north of the coast area)
to be 25-30 km thick and 30-35 km in the other blocks (Fliedner et al., 1996; Jones et al.,
1994; Mooney and Weaver, 1989; Zhu and Kanamori, 2000). I set a constant value of 30
km for crustal thickness and neglect lateral variations. The crust is generally composed of
felsic upper crust and mafic lower crust, but the absence of mafic lower crust in the Mojave
block is suggested by many seismic studies. A Receiver function study found the Vp/Vs
ratio < 1.75, indicating a felsic crust (Zhu and Kanamori, 2000). A seismic refraction survey
(Fuis et al., 2001) detected the seismic P wave velocity in lower crust to be 6.3 km/s. This is
unusually low: mafic lower crust generally has a P wave velocity of > 6.5 km/s. which might
be caused by removing of mafic lower crust which can be linked to surface magmatism dated
to early Miocene (ca. 22-24 Ma) (Glazner et al., 2002). The southeast Sierra Nevada is also
thought lost its crustal root (Fliedner et al., 1996; Jones et al., 1994), and the delamination
is estimated to occur ca. 3.5 Ma, which is evidenced by a pulsive emplacement of mafic
potassic magmatism em-placed during 4-3 Ma (Manley et al., 2000). Therefore, both the
Mojave and Sierra Nevada block are designed in our models to have no mafic lower crustal
layer.

The model evolution time in our numerical experiments is < 4 Myr. Because the relative
motion direction between the North American plate and Pacific plate shows no significant
changes since 8 Ma (Atwater and Stock, 1998), the boundary conditions in our model do
not vary with model evolution. A constant shear velocity (Vx) of 40 mm yr−1 is applied on
the back plane (y = 300 km) while the velocity in the front plane (y = 0 km) is zero. Free
slip conditions are applied on the other boundaries. The initial condition for temperature
field assumes half-space cooling model at 50 Myr. The resulting temperature at the Moho
depth of 30 km is 550oC and surface heat flow is 50 mW m−2. The model includes a
pre-defined weak zone with a Big Bend in the initial setup (Fig. 3.1). The 4-6 Ma near-
fault block uplift of the San Emigdio Mountains along the Big Bend, which is revealed by
low-temperature thermochronology studies (Niemi et al., 2013), may be attributed to the
intensive transpressional strain near the Big Bend. In this case, I assume that the Big Bend
has formed when the model begins, though the exact time or mechanism for the formation
of Big Bend is debated (Niemi et al., 2013; Popov et al., 2012). The weak zone is initially
represented by materials with plastic strain of 2, which is the upper limit of the linear strain
weakening, and the corresponding effective cohesion and friction coefficient are 5 MPa and
0.02, respectively. This produces a weak fault as observed in regional stress mapping and
laboratory experiments (Collettini and Marone, 2009; Lockner et al., 2011; Zoback et al.,
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Table 3.1 Model parameters: the power law dislocation creep is in viscous regime is described
as ε̇= Aσ

n exp
(
−E+V P

RT

)
where ε̇ is strain rate, A material constant, σ deviatoric stress,

n stress exponent, E activation energy, V activation volume, R the gas constant, and T
temperature. The effective ductile viscosity η = σII

2 ˙εII
, where subscript marks the second

invariant. Density ρ = ρo [1−α (T −T0)], ρ0 is the standard density at P0 = 0.1 MPa and
T0 = 273 K; Cp is heat capacity. α is thermal expansion. k is heat conductivity, and Hr
radioactive heat production.

Upper crust[1] Lower crust[1] Mantle[2]

A (MPa−n s−1) 3.2×10−4 3.3×10−4 1.3×106

n 2.3 3.2 3.0
E (kJ mol−3) 154 240 510
V (cm3 mol−1) 0 0 14
ρ (kg m−3) 2700 2900 3300
Cp (J kg−1) 1200 1200 1200
α (K−1) 3×10−5 3×10−5 3×10−5

k (W (mK)−1) 2.5 3 3.5
Hr (µW m−3) 2 0.1 0.01

[1]Ranalli (1995);[2]Karato and Jung (2003)

1987). The fault plane is assumed to be vertical everywhere along the fault strike but can
deform with time. Fault is set to cut into 60 km deep to the mantle. A 50-km-wide and
60-km-deep buffer zone is added to both ends of SAF to minimize artificial boundary effects.
The buffer zone has a relatively weak viscosity of 1020 Pas. Such weak value applies to all
material particles once entering the buffer zone.

3.4 Results

A successful model should produce along-strike variations of the fault dipping direction that
are comparable with those detected in SAF, and other more features agree with observations
in the SAF system. I have run series of models testing the influence of lower crust rheology
and its heterogeneity, mainly due to the composition or temperature heterogeneity. Here I
show three main models: Model1, Model2, and Model3. The crust in Model1 has only one
layer (the whole crust in all blocks are represented by quartzite rheology). With all other
parameters being equal, Model2 has a mafic lower crust in the Great Valley (20 km thick)
and coast area (15 km thick). Model1 and Model2 show different deformation patterns after
2 Myr evolution. In Model2, the fault plane of the southern end (x = 350 - 500 km) evolves
from initially vertical to dipping towards the Mojave block at 60º (Fig. 3.2a 3.2b). No
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moderately dipping fault as Model2 occurs in Model1. Moreover, a shear band along the
right boundary of the Great Valley block occurs in Model2 rather than Model1 (Fig. 3.2a and
3.2b).

For Model2, replacing the two-layered crust in Great Valley with only one layer of
quartzite rheology does not change the dipping pattern of Model2, but a strong lower crust
in the coast area is required to form a dipping fault toward the Mojave block. With these
observations, the corollary is that lower crustal viscosity contrast (>102 Pas) between two
fault-separated blocks appears to determine the fault dip direction. I found that the strong
loweral crust material flows to the other fault-bounded block that has a weaker lower crust. In
turn, the lower part of the upper crust overlying a weak lower crust thrust on top the footwall
with a strong lower crust. In this scenario, the fault dip direction is in accord with the relative
motion between lower crustal material across the fault.

Model2 only produces the fault that is dipping to the Mojave block, and no dipping
direction variation along the strike. Model3 is adapted from Model2 and reduces mafic lower
crust thickness in the central coast area (x = 250 - 400 km) from 15 km to 5 km (Fig. 3.1).
Moreover, to reflect lateral temperature heterogeneities in lithosphere, the initial temperature
in the coast area follows the 30 Myr oceanic lithosphere geotherms, and that in Mojave
block linearly increases from 30 Myr at the west boundary (the Big Bend) to 40 Myr at the
east boundary (y = 200 km), beyond which the temperature follows the 40-Myr oceanic
lithosphere geotherm. The Great Valley keeps 50 Myr geotherms. The model (Fig. 3.2c)
shows that formation of a shear band near the southmost edge of the Great Valley as in
Model2. The northeast-dipping fault appears at the southern SAF (x > 430 km) while the
fault near the Bid Bend (250 km < x < 320 km) dips towards the coast area. In-between the
northeast and southwest dipping fault segment (x=320 – 430 km), there is a segment of a
nearly vertical fault plane (Fig. 3.2c). This is comparable with the first-order features of fault
dipping pattern in the SAF in the Southern California (Fig. 3.1).

3.5 Discussion

3.5.1 Rheology variation along the SAF

Model3 requires higher viscosity of lower crust in the Great Valley than that in the central
coast area (the Western Transverse Range), and that in the south coast range (west to the
SAF) is higher than that in Mojave block (close to the San Bernardino Mountains). The
seismogenic layer thickness in the crust may reflect the strength of the crust, which is a
combination of the effects of temperature, composition, and strain rate. Generally, the thicker
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Fig. 3.2 Snapshots of plastic strain distribution at depth of 5 km and the fault plane depth
distribution after models running 2.1 Myr for Model1 (a), Model2 (b) and Model3 (c),
respectively. Localized shear bends along the right edge of the Great Valley happen to the
Model2 and Model3. The initially vertical fault planes in Model2 and Model3 evolve to be at
a moderately dip ( 60º), while the Model1 of a homogenous crustal property keeps the nearly
vertical fault plane. The Model3 with lateral viscosity variations in the lower crust produces
the comparable features of the fault dipping direction variation along the SAF.

the seismogenic layer, the stronger (higher viscosity) the lower crust may be. Regional
relocated Earthquakes from the Southern California Earthquake Data Center are used to
calculate the seismogenic thickness (Hauksson et al., 2012). The reported hypocenter depth
uncertainty is less than 1.25 km at 90% confidence. I draw three profiles (P1, P2 and P3 in
Fig.1) of 60 km long across the different segments of the SAF. The SAF is in the midpoint of
each profile. Earthquakes within 20 km of the selected line are projected to the corresponding
profile. For each half section, the seismogenic thickness is defined as a depth, above which
95% of the events are located. Such depth is marked as D95 (Fig. 3.3). The P1 and P3
profiles sample the earthquakes in the SAF segment with moderate dip and show D95 depth
differences between the fault-bounded blocks of more than 5 km (Fig. 3.3). In contrast, P2
profile located in the near-vertical segment demonstrates that the contrast of D95 depth for
two blocks is less than 1 km (Fig. 3.3). Additionally, the D95 in the Great Valley (20.0 km)
is deeper than that to the west (14.3 km), and the D95 in the San Bernardino Mountains
(13.0 km) is shallower than that to the west of the SAF (18.2 km). This indicates stronger
lower crust in the Great Valley than that in the Western Transvers Range, and that the San
Bernardino Mountains may have lower viscosity in the deep crust than the block to the west
of the SAF. This is consistent with rheology requirement in the numerical model to cause the
fault dipping southwest near the Big Bend and that dipping northeast to the south segment.

Topographic swaths 40 km wide along each of the three sections are compiled to see
whether the strain asymmetry is reflected in topography. The asymmetry of seismogenic
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Fig. 3.3 The density of the crystalline basement layer (upper panel), topography of the earth
surface (middle panel) and the earthquake depths (lower panel) distributions along three
profiles, P1, P2 and P3 (position marked in Figure 3.1). All these properties are projected
from distances < 20 km to the corresponding profile. The light red color patches for density
and topography show the envelope of the data range, and the black line is the median value.
The lines in lower panel marks the D95 depth, above which 95% of the earthquakes are
located, for either block that is separated by the fault. The SAF is located at the mid-point of
the profile (distance = 0); all profiles start from south with negative coordinates.
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thickness distribution across the SAF in P1 and P3 is seen in the topography as well (Fig.
3.3). For the median lines in P1 and P3, the block of deeper D95 depth has about 1500
m lower elevation than the one of thinner seismogenic thickness, and the P2 profile shows
the difference in topography is less than 500 m (Fig. 3.3). The topography difference is
potentially a reflection of regional crustal thickness and density variation. I further collect the
density information in the crystalline crust which is derived from the inversion of residual
gravity anomaly that has the influence of sediments and variations in Moho depth removed
(Kaban and Mooney, 2001). It is found that the density in the Great Valley (3000-3100 kg
m−3) is much higher than that in the Western Transverse Range (<3000 kg m−3) for the
Big Bend area. Since the inversion method only considers anomalies of wavelength larger
than 150 km, the horizontal resolution is too limited to distinguish between P2 and P3. For
the southern SAF, the first-order observation is that the density in the block located west of
SAF (coast side) is about 50 kg m−3 higher than that in the east block (Mojave side). The
density in crystalline crust is a good indicator of bulk crust composition, i.e., higher densities
correspond to rheologically stronger, quartz-poor compositions. The high density in the
Great Valley has been interpreted to be oceanic in nature, composed of mafic and ultra-mafic
rocks (Kaban and Mooney, 2001). The Great Valley functions as a rigid block and almost
accommodates no deformation in its interior, as is seen from surface slip field recorded by
GPS observations (Shen-Tu et al., 1999; Tong et al., 2014).

Although material of higher seismic wave velocity does not always correspond to higher
viscosity, seismic wave velocity tomography at the comparable depths beneath surface is
thought to be a good proxy of strength (viscosity) contrast in the lower crust. High-resolution
S wave tomography shows that, at depth of 20 km, the Great Valley and the south coast
area has high shear velocity (4.0-4.2 km s−1) in the region. The corresponding upper plate
(i.e., the hanging wall of the transpressional fault), the Western Transverse Range and south
Mojave, have the low velocity (3.4-3.8 km s−1) in the region. The vertical segment that lies
in-between, both sides of the fault are of low velocity (3.4-3.8 km s−1) (Lee et al., 2014).
The first order features of S wave velocity are also mapped by other seismic studies (Lee and
Chen, 2017; Tape et al., 2009, 2010). Both the gravity and seismic surveys support a stronger
lower crust in the Great Valley and the south coast area than in the Western Transverse
Range and the San Bernardino Mountains, respectively. Such rheology contrast may form
the moderately dipping fault in the transpressional environment as observed in our numerical
models.
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3.5.2 Depth distribution of earthquakes in Southern California

I compare the depth variation of earthquake occurrence for four areas in Southern California.
Two regions are along the SAF, one close to the Big Bend and the other to the west of the
southern SAF. The other two are in the Eastern California Shear zone, one north to the
Garlock Fault (NGF) and the other south to the Garlock Fault (SGF). The focal mechanism
solution data are from Southern California Earthquake Data Center (Yang et al., 2012). I
select events with magnitude > 1, and divide them in to two groups: one has shallow dip
(< 30º) and the other steep dip (> 80º). The total events are also plotted as a reference.
The total cases and the steep group have a consistent trend of depth distribution, i.e., the
peak number of earthquake occurrence frequency occurs at depth of 2-10 km, after which
it decreases with depth (Fig. 3.4). The shallow dip group shows the same trend for those
in the Eastern California Shear Zone (NGF and SGF in Fig. 3.4), but different features
for those along the SAF where there are moderately dipping fault planes. The maximum
occurrence of earthquakes for the shallow group in the SAF cases (Bend and WSAF in 3.4)
locates at the depth to the base of the seismogenic layer. I note that the total number of
earthquakes in the Bend is less than the number of those occurring in SGF, but the number of
earthquakes in the shallow group for the Bend at depth > 10 km is higher than that in SGF.
That means the shallow cases in the moderately dipping segments of SAF is statistically
significant and is not biased by total numbers. The depth variation of earthquakes with
steep and shallow dips suggests that the selected seismogenic faults are steeply dipping at
depth < 10 km but may gradually reduce their dip at depth for those in the SAF. This is
consistent with the seismic image of the southern SAF near the Salton Sea, which is detected
to be near vertical at shallow depth (<9 km), but dips 50º–60º northeast for the deeper part
(Fuis et al., 2017). This pattern is also found in our numerical models: the deeper part (>10
km) is affected by the long-term ductile transpressional deformation, which is initially set
to be vertical (Fig. 3.5). The shallow groups at deeper part in the young fault zone, NGF
and SGF, is not as significant as that in the SAF, which is considered as a mature fault that
has evolved for 10s million years. The long-term evolution of the SAF might have been
subjected to fault-plane-normal shear stress imparted from the viscous flow moving from the
fault-bounded block with high viscosity to the one with low viscosity in a transpressional
stress regime. Such fault-plane-normal flow in the lower crust could have forced the fault dip
at the brittle-ductile depth to the flow direction.
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Fig. 3.4 The depth distribution of earthquakes in four areas (marked as circles in Figure 3.1).
The NGF and SGF are sampled from north and south of the Garlock fault, respectively. The
WSAF is located west of the SAF and BEND is closed to the Big Bend. The events are
divided into two group: steep dip (> 80º) and shallow dip (< 30º), and the total events are
also plot as a reference. The steep group shows the peak numbers of earthquake occurrence
locate at depth of 2 -10 km, but this trend in shallow group is only true for those in NGF and
SGF. For the shallow group, the peak number in WSAF and BEND appears at the base of the
seismogenic layers (12 - 20 km)



42 Geometry of the San Andreas fault

3.5.3 Garlock Fault

Our numerical experiments predict formation of a major shear band along the south boundary
of the Great Valley block. The shear band may explain the activity of Garlock fault that
intersects the SAF near the Big Bend. The major shear band that mimic the Garlock fault
requires the coast area to be stronger in lower crust than the Mojave block (Fig. 3.5). This
has been confirmed from both gravity and seismic surveys (Kaban and Mooney, 2001; Lee
et al., 2014). As the strong Great Valley block moves towards the Mojave block, it is impeded
by strong coast area, thus squeezing out the Mojave block. This is accommodated by the left-
lateral Garlock fault (Fig. 3.2 & 3.5). The Garlock fault is thought to begin its sinistral slip
ca. 11 Ma (Andrew et al., 2014), and the eastern part might have been related to extension of
the Basin and Range and the East California Shear Zone development (Davis and Burchfiel,
1973; Hatem and Dolan, 2018). Although our numerical model does not consider such
complex evolution, it may provide a view on how the present stronger lithosphere in the
coast area (west) than that in Basin and Range (east) facilitates left-lateral inter-seismic strain
accumulation on the Garlock fault.

Fig. 3.5 Sketch model describing how the lower crustal strength distribution affects regional
structure development. (a) A strong lower crust in the coast area of the Southern California
impedes the Mojave block moving southwest, and the Garlock Fault is formed to accom-
modate the eastward escape of the Mojave block. (b) A weak lower crust in the coast area
tends to produce a diffusive deformation at the right edge of the Great Valley. (c) In a
transpressional environment, strong viscous lower crust tends to wedge into the weaker one
while the upper crust overlying a weak lower crust over thrusts to the one with strong lower
crust. Therefore, the deep part of the originally vertical fault plane gradually evolves to be a
moderately dipping fault plane, the direction of which is consistent with the flow direction in
the lower crust. The red dashed lines stand for scaled strength profile of corresponding block.
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3.6 Conclusions

This study focuses on the formation of moderately dipping fault segments of the strike-slip
San Andreas fault. 3D numerical models suggest the lower crustal viscosity contrast across
the fault plane might have controlled the fault dip direction in a transpressional environment.
The fault-normal flow direction in the viscous lower crust near the strike-slip fault plane is
from the one with higher viscosity to the one with lower viscosity. The long-term viscous
deformation upward reduces the dip angle of the initially near vertical fault plane from the
brittle-ductile transition depth. This is consistent with the observations of the moderately
dipping segments of the San Andreas fault: a near-vertical fault plane for shallow depth (<
10 km), and a shallow dip angle at depth > 10 km. The viscosity contrast across the fault
plane is consistent with seismogenic thickness variations along the San Andreas fault, and
other geophysical observations.





Chapter 4

Surface slip distributions and geometric
complexity of intraplate reverse-faulting
earthquakes

This chapter is a reproduction of this submitted paper:
Yang, H., Quigley, M. and King, T. 2020. Surface slip distributions and geometric complexity
of intraplate reverse-faulting earthquakes. GSA Bulletin. (Third round review after minor
revision)

Abstract

Earthquake ground surface ruptures provide insights into faulting mechanics and inform
seismic hazard analyses. Surface ruptures for eleven historical (1968 to 2018) moment
magnitude (Mw) 4.7 to 6.6 reverse earthquakes in Australia are analyzed using statistical
techniques and compared to magnetic, gravity, and stress trajectory datasets. Rupture length
(64% of events) and maximum slip (100%) are higher than equivalent magnitude earthquakes
in global empirical scaling relationships. Rupture length (L) : width (W) ratios typically
exceed 2. These characteristics are attributed to steep increases in cratonic crustal strength
with depth that favors shallow hypocentres (∼1 to 6 km) and limits down-dip rupture widths
(∼1 to 8.5 km), and anisotropies in host bedrock structure that enhance lateral rupture
propagation. Slip maxima are more commonly (73%) situated in the middle third of the
rupture trace and in areas of fault steps, bends, and/or high-angle fault intersections (73%).
S-transform analysis indicates high-frequency slip maxima also coincide with fault steps
and junctions, consistent with stress amplifications and enhanced slip variability due to
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geometric and kinematic interactions with neighboring faults. Rupture slip taper angles
exhibit large (> 1 % to 310 %) variations towards rupture termini. Steep slip taper angles
are associated with rupture termination at obliquely-oriented magnetic lineaments and/or
lithology changes. Where the predominant bedrock fabric is structurally continuous, trends
perpendicular to maximum horizontal compressive stresses and gravity gradients, and is
favorable for brittle slip within active stress field, shallow (ca. <4 km) earthquakes produce
relatively straight surface rupture traces with low curvature to rectangular-shaped surface
displacement fields, L:W ratios, and lower slip taper gradients. Increasing host bedrock
structural-geophysical complexity and/or misorientation of predominant fabrics for rupture
within the contemporary stress field increases surface rupture geometric and kinematic
complexity, asymmetry and amplitude of displacement field shapes, slip taper gradients, and
stress drops. Shallow earthquakes exhibit larger proportional energy at short wavelengths
(ca. 1-3 km), lower stress drops, and higher L:W ratios compared with deeper (>4 km)
earthquakes. I propose a surface rupture classification scheme to characterize the prevailing
characteristics of intraplate earthquakes across diverse crustal structural-geophysical settings.
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4.1 Introduction

Co-seismic displacements on faults provide important sources of information of the charac-
teristics and physics of earthquake ruptures (Thingbaijam and Mai, 2016; Wesnousky, 2006).
Slip distributions along surface ruptures are proposed to conform to regular shapes that relate
to fracture mechanics, including elliptical shapes (linear elastic theory; Segall and Pollard
(1980)), bell shapes (elastic-plastic theory; Cowie and Scholz (1992a,b)), or triangular shapes
(off-fault damage theory; Manighetti et al. (2004), although heterogenous stress distributions
may complicate attribution of rupture shapes to a specific theory (Bürgmann et al., 1994).
It is still contested whether co-seismic slip spatial distributions and associated shapes are
highly variable or self-similar across different spatiotemporal scales, and what the most
probable sources of variability (if observed) may be (Mai and Beroza, 2002; Manighetti
et al., 2009). Although standard simplified shapes (e.g., ellipse or triangle) may enable
generalized classification of rupture forms, empirical observations show that many ruptures
include embedded hierarchical shapes in wavelength and amplitude that are described as
self-similar or self-affine geometries (King, 1983; Power and Tullis, 1991). Fluctuations
inside the rupture plane may relate to along-strike variations in the fault roughness (Dolan
and Haravitch, 2014; Gold et al., 2015; Perrin et al., 2016; Zinke et al., 2014), the rheology
of faulted materials (Haeussler et al., 2004; McGill and Rubin, 1999), fault segmentation
(Brown and Scholz, 1985; Klinger, 2010; Manighetti et al., 2009; Okubo and Aki, 1987),
fault junctions (Andrews, 1989; Gabrielov et al., 1996; Shen et al., 2009) and/or be attributed
to the non-linear, anelastic responses of surficial material to sudden co-seismic strain (Gold
et al., 2015; Kaneko and Fialko, 2011; Zielke et al., 2015).

The gradient with which rupture displacements reduce towards rupture termini (i.e.,
slip taper) may be linked to the interaction with periphery structures which may directly
affect the earthquake arresting dynamics (Manighetti et al., 2004; Scholz and Lawler, 2004).
The slip taper is suggested to be a scale-invariant property of rocks (Cowie and Scholz,
1992a,b; Scholz and Lawler, 2004). To discern potential controlling mechanisms of spatial
slip gradient variation for both interior and termini, more detailed field measurements, maps,
and analyses of high-resolution co-seismic slip distribution are necessary.

Australian stable continental regions (SCR) comprise non-extended Precambrian crust
(Leonard et al., 2014) that is (relative to plate boundaries and more rapidly deforming
intraplate regions) largely unaffected by active tectonic processes (Johnston, 1989). However,
Australia SCRs are not immune from seismicity. Since 1968, 11 historical surface-rupturing
earthquakes with moment magnitudes (Mw) between 4.7 and 6.6 have occurred in Australian
SCRs (Fig. 4.1A 4.1B) (see King et al. (2019) and references therein). These account for
more than half of the instrumented global cratonic earthquakes (Clark et al., 2012; Crone
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et al., 2003). Studies of the source faults suggest long (i.e., >104 to 105 years) preceding
periods over which no surface ruptures occurred (Clark et al., 2012), which some workers
have interpreted as evidence for ‘one-off’ rupture behavior on incipient or ‘newly formed’
brittle faults (Clark et al., 2019; King et al., 2018). Together with the paucity of preceding,
historical Mw > 6 events on these fault systems (Leonard, 2008; Leonard et al., 2014), this
suggests variations in slip rate, interseismic creep, local-to-regional stress perturbations
relating to prior earthquake(s), and fault structural maturity (i.e., the roughness of the fault
plane, which is physically scaled to D−0.1 where D is the cumulative displacement of a fault
(Brodsky et al., 2011) may be of minimal significance to interpreting any slip distribution
variability observed in these earthquakes. With the exception of the three surface-rupturing
earthquakes on neighboring faults in the 1988 Tennant Creek sequence, which have been
explained by proximate Coulomb stress transfer (Mohammadi et al., 2019), 8 of the 11
Australian ruptures are thus considered to be spatially and temporally isolated, with slip
distributions that are unlikely to have been strongly influenced by preceding, spatiotemporally
proximate earthquakes. Issues of data handling and measurement uncertainties have been
recently addressed by King et al. (2019), who re-analyzed all Australian surface rupture
displacements and established new estimates of net-slip metrics that I utilize here. Driven
primarily by exploration needs of the natural resources industry, rich and diverse geophysical
datasets have also been acquired and are publicly available across the continent. King
et al. (2019) concluded that 90% of Australian surface-rupturing earthquakes have fault
orientations that align with prevailing linear anomalies in geophysical (gravity and magnetic)
data and bedrock structure (foliations and/or quartz veins and/or intrusive boundaries and/or
pre-existing faults), but did not consider the morphology of surface rupture displacement
fields in detail.

In this study, I propose that the shape of surface rupture displacement profiles and
geometric complexity of earthquakes on incipient reverse faults emerging through SCR
crust is strongly influenced by the relationship between intrinsic properties (structural and
geophysical properties of the host crust) and extrinsic forces (local-to-continental scale stress
trajectories) that influence the dynamics of propagating ruptures and their resultant surface
rupture displacement fields. I use net (reverse + strike-slip where present) displacements for
10 events from King et al. (2019) and convert vertical surface offsets from the 8th November
2018 Mw 5.3 Lake Muir earthquake (Clark et al., 2019) to net slip assuming pure dip slip and
a fault dip of 45◦. Rupture data is compared to the national high-resolution (grid cell size
80 m) total magnetic intensity (TMI) map (https://pid.geoscience.gov.au/dataset/ga/89596).
Since bedrock is exposed at the surface and/or is only thinly (1 to > 50 m ) blanketed by
aeolian and/or alluvial sediments King et al. (2019), TMI signals directly reflect bedrock

https://pid.geoscience.gov.au/dataset/ga/89596
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structures and lithologies in the seismogenic crust. As rock strength properties are not
directly measurable by TMI, and I do not attempt to undertake a detailed TMI analysis to
resolve three dimensional geometries of TMI anomalies, I focus primarily on the azimuthal
relationships between surface ruptures and predominant geophysical structural-lithologic
lineaments in the TMI data. The azimuthal relationship between geophysical aspects may
reveal rock properties that may affect rupture propagation, e.g., lithological interfaces or
fault junctions may have lower frictional strength or modulus than intact rocks (Gabrielov
et al., 1996). To locate magnetic anomalies above the source without any distortion, a
variable reduction to pole is implemented in this database. Intrusive dikes of relatively lower
magnetic susceptibility than host rocks have been detected through aeromagnetic mapping
in the Yilgarn craton, where they are characterized by lineament anomalies (Dentith et al.,
2009, 2000). Magnetic lineaments may represent near-vertical structures such as steep faults,
plunging fold axes or intrusive dikes (Dentith et al., 2009), and these features may act as
stress concentrators to become the sites of subsequent faulting (Dentith et al., 2009). In order
to crudely estimate the subsurface position of rupture with respect to anomalies, I assume
planar geometries with uniform dip for vertical geophysical structures. Although not resolved
in high-resolution, the rupture centroids at depth of 1 – 4 km indicate the earthquakes studied
herein are sourced from shallow fault ruptures (e.g. King et al. (2019) and references therein).
The shallow structures can be tracked as short wave-length responses (magnetic lineaments)
in the TMI map. Additionally, national high-resolution gravity data (a grid cell size of 800
m) (https://pid.geoscience.gov.au/dataset/ga/101104) is used to test how the gravitational
body forces, which may dominate both the regional and local principal stress direction, might
affect rupture complexity.

4.2 Geological setting

All historically recorded surface-rupturing earthquakes analyzed here occurred in Australian
SCRs (Clark et al., 2012; Leonard et al., 2014) (Fig. 4.1A). The Archean Yilgarn (Fig.
4.1A) craton hosted the Meckering (Mw 6.6, 1968), Calingiri (Mw 5.0, 1970) and Cadoux
(Mw 6.1, 1979) events in the Southwest Seismic Zone (all earthquakes magnitudes in this
paper from Allen et al. (2018)), which is one of the four high-seismicity zones in Australia
(Leonard, 2008). The Southwest Seismic Zone (Fig. 4.1A) also hosted the Katanning (Mw
4.7, 2007) and Lake Muir (Mw 5.3, 2018) earthquakes. The Proterozoic Musgrave block
in Central Australia (Fig. 4.1A) sequentially hosted the Marryat Creek (Mw 5.7, 1986),
Pukatja (Mw 5.2, 2012) and Petermann (Mw 6.1, 2016) events. The three Tennant Creek
events (Kunayungku Mw 6.2, Lake Surprise West Mw 6.3, Lake Surprise East Mw 6.5, 1988)

https://pid.geoscience.gov.au/dataset/ga/101104
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Fig. 4.1 (A) Map of Australia showing sites of historic surface-rupturing earthquakes, geo-
logical provinces (Leonard et al., 2014), onshore historic earthquakes > 4.0 (1840 – 2017)
(Allen et al., 2018), crustal stress trajectory (Rajabi et al., 2017), neotectonic features
(http://pid.geoscience.gov.au/dataset/ga/74056) and seismic zones (Leonard, 2008). The
four rectangular boxes mark four high seismicity zones in Australia. (B) Maps of surface
rupture for each event, numbered chronologically. Dots demonstrate the position of original
field measurements, and the color code notes the amount of net slip. Small red arrows note
the location of slip maxima for each event. (C) Interpreted bedrock geology surrounding
the Tennant Creek events. The ruptures are aligned with local structures. The legend is
simplified to focus on the structures around the surface rupture, for more details refer to
(Johnstone and Donnellan, 2001). (D) The geometric complexity of rupture segmentation
versus the magnitude. The surface-rupturing earthquakes (Mw> 5.5) in Australia are plotted
against global compilations (Quigley et al., 2017). The bars denote segmentation ranges of
multi-fault earthquakes based on all reported studies.

http://pid.geoscience.gov.au/dataset/ga/74056
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occurred in the Paleoproterozoic Warramunga Province in the Northern Territory. Geological
terrain boundaries are generally not well exposed at the surface but have been inferred from
lithological, geochronological, and structure changes (Johnstone and Donnellan, 2001); local
structures are mapped by detailed geophysical and geological surveys (Fig. 4.1C). Detailed
descriptions of the geological settings of each studied earthquakes are provided in King et al.
(2019) and references therein.

4.3 Observations

4.3.1 Co-seismic slip distributions and rupture segmentation

Co-seismic displacements (Fig. 4.2) are mainly derived from field measurements of vertical
and /or strike-slip discrete surface rupture displacements at surface scarps (Clark et al., 2019;
King et al., 2019), except for Katanning, for which discrete surface offsets are inferred
from InSAR data (Dawson et al., 2008), and Lake Muir, which includes field and InSAR
measurements (Clark et al., 2019; Dawson et al., 2008). Since many profiles are not straight
lines but rather highly curved, arcuate, and/or segmented, the length of the profile is the sum
of different segments (King et al., 2019). Segment boundaries are assigned where gaps/steps
exceed 1 km and/or where fault strike varies by >20º in 1 km (Quigley et al., 2017). For
major ruptures with parallel segment ruptures (e.g., Splinter segment in Meckering and the
segment in Lake Surprise West), the net slip of each segment is projected and added to
its major rupture profile. Details of slip distributions and rupture segmentation are further
described by King et al. (2019).

The Australian earthquake surface rupture patterns are relatively complex when compared
with recent global compilations of 135 Mw 4.1 to 8.1 continental earthquakes (Quigley et al.,
2017) (Fig. 4.1D). Rupture complexity is defined by the number of kinematically and
structurally-distinct fault segments that ruptured in a ‘single earthquake’, which is defined as
a continuous seismic energy release with no temporal gaps in seismic moment release rate >
20 seconds. An example of how this modifies previous treatment of these data is the 1988
Tennant Creek earthquake sequence (Fig. 4.1C), where multiple mainshocks and surface
ruptures were previously amalgamated into a single event (Wells and Coppersmith, 1994;
Wesnousky, 2008) despite the earthquakes occurring several hours apart within a 12-hour
period and producing independent scarps (Bowman, 1992). Therefore, I treat them as three
separate events of Mw = 6.2 (Kunayungku), 6.3 (Lake Surprise West) and 6.5 (Lake Surprise
East) with their own surface rupture traces (Mohammadi et al., 2019). Three of those Mw
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> 5.7 events (Cadoux, Meckering, Marryat Creek in Fig. 4.1D) represent the maximum
complexity for corresponding Mw in the global database (Quigley et al., 2017).

4.3.2 Morphologic characteristics of co-seismic slip distributions: shape,
symmetry, and slip tapers

To determine whether co-seismic slip spatial distributions can be well fit by standard shapes
(Bürgmann et al., 1994; Manighetti et al., 2004; Segall and Pollard, 1980), I fit various
regression curves to slip data using the fit function (fit object) in the MATLAB curve fitting
toolbox (https://www.mathworks.com/products/curvefitting.html). Due to the heterogenous
distribution of the original observations, I set a uniform sampling distance of 0.1 km, and the
slip at the regular sampling point is linearly interpolated from the two nearest raw data. To
mark the original data distribution, points that have field measurements within 200 m are
code with grey colors, otherwise are coded with red colors in Fig. 4.2.

Following Wesnousky (2008), I fit offset data using a flat line (equivalent to the average
surface displacement for the rupture, AD) and symmetric and asymmetric forms of a triangle
and ellipse. For symmetric fittings, the amplitude (maximum net slip at mid-point) is the
only free variable. In the case of asymmetric triangle forms, the maximum net slip and
its corresponding position are free in regression. For asymmetric ellipse forms, I follow
Wesnousky (2008); the shape function is multiplied by a value (1−m× x), where x is
distance (normalized to rupture length) along the rupture, and m is the variable in regression.
Therefore, the parameter m and the amplitude are two free variables in the asymmetric ellipse
function.

I first evaluate goodness of fit using the adjusted R2, which considers the number of free
variables in regression to assess the goodness of fit (Fig. 4.3A). Adjusted R2 is correlated
with the goodness of fit; 0.5 ≤ R2 ≤ 1 values are crudely considered to represent a good fit of
a specified shape function to the empirical displacement data relative to lower values or R2.
Because R2 is not a good independent evaluative measure of goodness of fit for horizontal
lines, I also use root mean square error (RMSE) normalized to the mean displacement for
each earthquake (Fig. 4.3B), to enhance our statistical comparison amongst earthquakes
of different size. Normalized RMSE decreases with increasing goodness of fit (Fig. 4.3B).
Earthquakes are ordered by increasing surface rupture length as determined from field
mapping in Figures 4.2 and 4.3.

Asymmetric shapes ubiquitously exhibit higher R2 and lower RMSE relative to their
symmetric equivalents because they have more allowable free parameters to enhance the
goodness of fit. However, some earthquakes (e.g., Katanning, Kunayungku, Meckering)

https://www.mathworks.com/products/curvefitting.html
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Fig. 4.2 Best-fitting regression curves of different regular shapes to the 11 co-seismic
displacement profiles in Australian SCRs. The events are ordered by rupture length. The
distance to the start point is normalized to the rupture length, which is labeled after the name
of each event in the title. The filled circles represent the resampled data points. The red color
means the resampled point has no original observations within 200 m while the grey ones
indicate the nearest interpolation distance is < 200 m. The central quintile (x = 0.4 – 0.6) and
central third (x = 0.33 – 0.67) are represented by the faint blue and pink box, respectively.
The location of the preferred range of seismic derived epicenters in each area are projected to
fault plane. The epicenter ranges roughly mark the relative position of sources with respect
to the central third of the profile. A range across the whole profile means I cannot put any
preferred range for corresponding event according to the reported data and uncertainties.
The black arrow marks the position of the slip maxima that has the high spatial frequency in
net slip (abrupt rise and drop in few hundred meters) coincident with fault stepovers, blue
star coincident with fault junctions. For the slip taper calculation, I first use the asymmetric
triangular shape function, which may over smooth the slip profile where there are strong
perturbations. I correct those taper angle calculations at ending segments. The thick blue
lines are corrections for the rupture tip taper calculation for those ending segments. The
rupture length (L) : width (W) ratios and average displacement (AD) : maximum displacement
(MD) ratios are reported for each event. Stress drops (in MPa) reported from the literature
(‘observed’; see text for sources) and modelled from a logarithmic regression fit to per
unit area data (‘modelled’; see text for details) are: Pukatja (14.5), Katanning (20.5, 18.2),
Calingiri (9.0, 17.4), Lake Muir (10.6), Lake Surprise West (13.0, 9.9), Kunayungku (5.8,
8.0), Marryat Creek (6.8), Lake Surprise East (8.6, 6.2), Petermann (2.2, 2.7), Cadoux (2.0,
5.9), Meckering (9.0, 7.2).
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exhibit high R2 and low RMSE (i.e., a relatively good statistical fit) for all shapes, with
minimal statistical improvement through asymmetric shapes. Other earthquakes are almost
equally poorly fit by symmetric, asymmetric, and rectangular (i.e., average displacement)
shapes (e.g., Petermann, Lake Surprise West). Some earthquakes are statistically poorly fit
by most or all shapes (e.g., Cadoux, Pukatja).

I further investigate the symmetry of surface rupture displacement profiles by determining
the location of the apex of best-fitting asymmetric triangular and elliptical functions (i.e., the
modelled slip maximum) relative to the normalized surface rupture half-length (Fig. 4.3C).
Importantly, the location and displacement of the observed slip maxima (i.e., maximum
displacement, MD) may differ from modelled slip maxima (e.g., Calingiri, Lake Muir) as
the former may be strongly influenced by changes in fault geometry or interactions, while
latter represents a generalized fit to the displacement profile (Fig. 4.2). ‘Symmetric ruptures’
(n=5) have observed and modeled slip maxima within the middle third of the rupture trace
(faint pink, Fig. 4.2; symmetry 0.33 in Fig. 4.3C); the most symmetric of these (Kunayunku,
Meckering, Lake Surprise East) have slip maxima in the middle quintile of the rupture
trace (faint blue, Fig. 4.2; symmetry ≥ 0.4 in Fig. 4.3C). ‘Asymmetric ruptures’ (n = 6)
have slip maxima in the end thirds of the rupture trace (Fig. 4.2) and symmetry values of
<0.33; the most asymmetric ruptures are the Pukatja, Calingiri, and Cadoux earthquakes (Fig.
4.3C). Nine of eleven earthquakes (82%; including Meckering) have observed slip maxima
in the central third of the rupture (Fig. 4.2) and seven of eleven earthquakes (64%) have
symmetrical best-fitting functions (Fig. 4.3C). I also plot AD : MD ratios for each earthquake,
for comparison with global datasets (Fig. 4.2) (e.g, Wells and Coppersmith (1994); Moss and
Ross (2011)). AD : MD ratios range from 0.13 (Petermann earthquake) to 0.76 (Katanning)
with a mean of 0.36±0.14 (1σ ).

The rupture slip taper describes the gradient of decreasing slip towards the terminus of a
fault surface rupture trace (Fig. 4.3D inset) (Scholz and Lawler, 2004). Asymmetric triangle
fits are first used to estimate discretized profile-scale slip gradients towards rupture termini.
Using these functions enables good fits to be produced for some profiles, but may overly
smooth the data for some events, which minimizes the potential for noise or over-reliance
on individual measurements to misrepresent slip tapers, reducing goodness of fit for some
displacement profiles. To refine slip taper estimates for some specific events, I manually
fit data using linear regressions to local gradients at rupture termini (thick lines of blue
color in Fig. 4.2), including two termini of the Lake Surprise East event, the right end of
Katanning, and the left ends (distance = 0) of the Petermann, Cadoux and Meckering events
(Fig. 4.2 & 4.3D). Although the Meckering event shows a relatively good fit (R2 = 0.6−0.8),
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considering the obviously large slip at the position close to distance = 0, I correct the result
at the left terminus (distance = 0) according to the local linear trend (Fig. 4.2 & 4.3D).

After this correction, most rupture tip taper results are in the range of 2.7(±1.5)×10−4

(Fig. 4.3D). Outliers with anomalously steep tapers are the Pukatja (right = east end), Lake
Surprise West (both ends), Meckering (left = south end) earthquakes, and the Calingiri (right
= south end) ruptures. Since these slip tapers are calculated for individual earthquakes, the
estimates can be compared to ‘isolated’ and ‘interacting’ earthquake tip tapers in the dataset
of (Scholz and Lawler, 2004). The average taper value for the eleven Australian earthquakes
studied here (2.7(±1.5)×10−4) is consistent with (albeit slightly higher than) the reported
average value of 1.8(±0.97)×10−4 for ‘isolated exterior earthquake tips’ near the end of
ruptures that are unlikely to be affected by proximal fault interaction (Scholz and Lawler,
2004). Tip taper outliers from the interacting faults in our study (i.e., the Lake Surprise
W and E) are consistent with the Scholz and Lawler (2004) average taper for ‘interacting
exterior earthquake tips’ of 1.4(±1.3)×10−3. This leaves the eastern termini of the Pukatja
rupture, southern end of the Meckering rupture, and southern end of the Calingiri rupture as
remaining outliers. Each of these outliers coincide with a high angle intersection between
the rupture trace and major geophysical lineaments and /or changes in geophysical structure.

I acknowledge the tip tapers described here are all from reverse faults, while those
in Scholz and Lawler (2004) are from normal-faulting or strike-slip events. The similar
taper estimates suggests similar slip taper values may be observed across diverse kinematic
modes of rupture and may exhibit scale independence. The prevailing characteristics of
surface rupture displacement fields (shape, symmetry, slip tapers) relative to seismological
attributes of the associated earthquakes and crustal structure are discussed in more detail in
the Discussion.

4.3.3 Seismological attributes: epicenter locations, source dimensions,
stress drops

I estimate a preferred epicenter location along each rupture profile to determine whether
any relationships are evident between probable earthquake nucleation locations and slip
distributions. Earthquake epicenters in Australian SCRs typically have large location
uncertainties (i.e., ≥ 5 − 10 km), particularly for early (pre-1980) and remote events
due to the sparse instrumentation of the Australian National Seismograph Network (https:
//www.fdsn.org/networks/detail/AU/). Each earthquake has at least three reported epicenter
locations. Each reported epicenter is first projected to the nearest surface rupture location;
this may be along the fault trace or a fault tip. Where epicentral locations reside at distances >

https://www.fdsn.org/networks/detail/AU/
https://www.fdsn.org/networks/detail/AU/
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Fig. 4.3 Post-analysis of the fitting results of different shapes. (A) adjusted R2 for each shape
function regression of all events to evaluate the goodness of the fitting. The higher R2, the
better fitting result. (B) The root-mean-square error (RMSE) is normalized by the mean value
of corresponding measurements. (C) Symmetry for each event. (D) The rupture tip taper for
each event. The insert sketch illustrates the calculation of rupture tip taper, which is defined
as the spatial slip gradient when it approaches the terminus. The marked grey area within
two black lines shows 1 perturbations of the data (exclude 5 outliers of value > 10−3). The
perturbation within two red dash lines are existing dataset for long (>30 – 100s km) ruptures
of strike-slip or normal fault mechanisms (Scholz and Lawler, 2004).
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15 km from the rupture plane (e.g., the mis-location of initial epicenters for the Marryat Creek
earthquake are > 30 km from the rupture plane), these events are excluded from the analysis.
Revised locations for epicentral locations are used; for example (Denham, 1988; McCue et al.,
1987) favored an epicentral location for the Marryat earthquake on the east-west oriented (W)
branch (Fig. 4.2). I count the number of epicenters that project to each third of the rupture
length and consider the rupture third with the most projected epicenters (or best constrained
epicenter locations; e.g., I prefer the epicenter locations and associated uncertainties for the
Tennant Creek earthquakes using Choy and Bowman (1990)) as the favored host third of the
epicenter (horizontal double-arrowed lines in Fig. 4.2). If the preferred epicenter location
is proximal to a boundary between adjacent rupture thirds, I include both thirds as possible
hosts for the epicenter. King et al. (2019) present a detailed discussion of the epicenters
associated with each earthquake. The epicenter positions that I display in Fig. 4.2 are the
preferred host third(s) based on all reported epicenter data for each earthquake. A ‘unilateral’
rupture (e.g., Kattaning, Lake Surprise West, Kunayungku, Cadoux) is defined as containing
the projected earthquake epicenter in either of the end thirds of the rupture trace, a ‘bilateral’
rupture (e.g., Calingiri, Lake Surprise East, Petermann, Meckering) contains a projected
epicenter in the middle third of the rupture. Where the projected location of the epicentre
on to the rupture trace is insufficiently precise to enable designation into a specific third
of the rupture (Pukatja, Marryat Creek, Lake Muir), I do not consider it in the analysis of
rupture directivity. I do not examine the vertical component of rupture propagation. Of the 8
ruptures analyzed, 50% exhibit unilateral and 50% exhibit bilateral rupture directivity, and
no relationship between rupture shape and epicenter location is evidenced.

Available rupture models (e.g.,Mohammadi et al. (2019); Dawson et al. (2008); At-
tanayake et al. (2020); Clark et al. (2019)) and additional constraints on the dips and down-
dip extents of ruptures (e.g., hypocenter depths, moment balancing) are used to estimate
down-dip rupture widths (W) for all events. L : W ratios are estimated from these constraints
and shown on Fig. 4.2. W ranges from <1 km (Katanning) to 16 km (Lake Surprise Fault E).
L : W ratios range from 0.3 (Pukatja) to 5.4 (Cadoux), generally consistent with the range of
L :W ratios in global compilations of dip slip earthquakes over the same magnitude range (0.7
to 4; ave. 1.5) (Weng and Yang, 2017); The three earthquakes with largest L yield the three
largest L : W ratios. The variability in L : W ratios in this small dataset can be considered
high when compared with global data. Preferred hypocentral depths are predominantly in
the lower third to the basal depth of fault planes (i.e., suggestive of primarily up-dip rupture
propagation for the vertical component), with the exception of the Tennant Creek earthquakes
(Choy and Bowman, 1990). Fault length to width ratios exceed 2.0 in 73% of events.
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Stress drops have been reported for several of the earthquakes studied here (Fig. 4.2
caption). It is critical to first acknowledge that stress drops can be estimated via a variety of
methods, including (i) static shear stress drop (△σ s) from established equations (e.g, Starr
(1928)) that include average fault displacements (e.g., △σ s ∼9 MPa for Meckering and
Caligiri; Denham et al. (1980)), and (ii) dynamic stress drops ( △σ seis) estimated from source
time functions (e.g., ca. 5.8 to 13 MPa for the Tennant Creek earthquakes; Choy and Bowman
(1990)). Secondly, stress drop estimates are highly sensitive to estimates of rupture size and
slip, and variations in fault rock shear strength, and are therefore accompanied by large (and
typically uncharacterized) uncertainties both in magnitude and in spatial distribution (e.g.,
Denham et al. (1987); Dawson et al. (2008)). Third, stress drops have not been established
for all earthquakes studied here and thus there is epistemic uncertainty in how to compare
one earthquake with another in this aspect. Given these limitations, I consider stress drop
variations amongst these earthquakes in only a general sense. The highest reported △σ s

estimates are 14-27 MPa for the Katanning earthquake Dawson et al. (2008), and the lowest
(ca. 2 MPa) are for the Petermann and Cadoux earthquakes (Attanayake et al., 2020; Denham
et al., 1980) ). I model △σ s for all earthquakes using a simple regression fit of (i) the average
slip (m) (Fig. 4.2) to rupture area (km2) (= L×W ) ratio to (ii) previously reported stress drops
(Fig. 4.2) and report these values in the Fig. 4.2 caption. Most variations between modeled
and previously reported stress drops are within ± 30%, which is smaller than commonly
reported uncertainties in △σ s associated with utility of different source models (e.g, (Dawson
et al., 2008)).

With relevance to following discussions on the seismological characteristics of these
earthquakes, proxy measurements of cratonic in situ stresses at 0 to 1.5 km depth, and
extrapolation to greater depths, imply large increases in maximum horizontal and deviatoric
stresses from the surface (e.g., ca. 5 to 20 MPa) to depths of ca. 1.5 km (e.g., ca. 100 MPa;
Bamford et al. (1976)) and to depths of ca. 5 km (ca. >200 MPa; Denham et al. (1980)).
Estimates of near-surface crustal stress variations proximal to earthquake surface ruptures
also exhibit spatial patterns consistent with Choy and Bowman (1990)) that are susceptible to
large uncertainties in rupture dimensions, slip distributions, rock strength and fault frictional
properties, and other factors.

4.3.4 S-transform analysis of the slip residuals

Earthquake slip distributions commonly exhibit aspects of hierarchical self-similarity or self-
affinity (Frankel, 1991; King, 1983; Mai and Beroza, 2002) that manifest as low amplitude
and short wavelength features (i.e., high-order shapes) embedded into the high amplitude and
long wavelength first-order shape of the total displacement field (i.e., the basic shape). To
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investigate the spectral characteristics and distributions of low level shapes, I first subtract the
basic shape component from the discrete observations and apply S-transform analyses on the
residuals (Stockwell et al., 1996). The basic shape (triangle or ellipse) is selected by the shape
fitting with higher R2 (Fig. 4.2A). The S-transform is based on the idea of the continuous
wavelet transform and has a moving and scalable localizing Gaussian window. The advantage
of the S-transform is that it can deal with non-stationary signals (like the slip distributions
in this study), and provide a clear space-frequency representation of the slip distribution,
which is not available for the classical Fourier spectrum method. The S-transform given by
Stockwell et al. (1996) is expressed as S(l,k) =

∫
∞

−∞
h(x) |k|√

2π
e−(l−x)2k2

e−i2πkxdx, where S
is the S-transform of the space function h(x), which is the residual spatial distribution; k is
the spatial frequency and l is the parameter which determines the position of the Gaussian
window. The window size is inversely scaled with k. The S-transform characterizes the local
spectrum, and averaging the local spectra over the whole space gives the Fourier spectrum
as

∫
∞

−∞
S(l,k)dl = H(k), where H(k) is the Fourier transform of h(x). In this study, h(x) of

each event is normalized by the corresponding maximum residual. In the following, I first
demonstrate the frequency-space distribution, S(l,k), of the residual signals (Fig. 4.4), and
then check its averaging representations, H(k) (Fig. 4.5A). A potential source of sampling
bias is that some fault segments have fewer measurements relative to others, and that the slip
shapes derived for the faults with sparse measurement data may be oversimplified.

Fig. 4.4 shows the results of the S-transform analysis. The spatial frequency parameter k
is a discretized value of the total rupture length (L) / the wavelength of the specified increment.
For example, a value of k = 50 is equal to a wavelength of 280 m for the Marryat Creek
earthquake (L = 14 km) and 780 m for the Meckering earthquake (L = 39 km). A value of k
= 0 represents a rupture shape wavelength > 1.5L with an infinite upper limit representing a
horizontal line (i.e., residuals that are collectively fit by a shape with a wavelength longer
than L). A value of k = 1 is equivalent to fitting the displacement profile with one shape. As
the uniform resampling interval is 100 m, the highest spatial frequency that can be recovered
is 200 m. The z axis is a unitless measure of the relative apportionment of energy (i.e.,
probability distributions) for different residual wavelengths (i.e., spatial frequencies) plotted
as discrete (100 m) increments along the rupture trace. Since the range of computable values
for k is conditional upon L and the minimum wavelength of the sampling interval, larger
values of k can be estimated for longer ruptures (e.g., Meckering, Petermann) relative to
short ones (e.g., Pukatja, Calingiri).

Fig. 4.5A shows the averaged S-transform results H(k) over the whole rupture length.
The Pukatja earthquake exhibits minimal statistical preference amongst k =1 to 4. This is
consistent with (i) the highly sinuous and structurally complex surface rupture morphology
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that could promote slip variability (manifested as embedded shorter wavelength shapes in
the general profile), and (ii) the high density of surface displacement measurements, that
could enhance recognition of any displacement variability (Clark et al., 2014). Enhanced
high frequency energy at 4 ≥ k ≥ 8 in the eastern third of the rupture is associated with the
location of peak displacement and variability at a step-over (Fig. 4.1).

The Katanning earthquake exhibits clear statistical preference for k =1 with small signals
associated with k = 0 (suggestive of adherence to a broader form) and k = 2 and 3 towards
rupture termini (Fig. 4.4), where small fault orientation changes are possible based on InSAR
data (Fig. 4.1) (Dawson et al., 2008) and where enhanced variability would be expected
as deformation is diffused from the primary fault. This earthquake exhibits the simplest
S-transform spectra and is consistent with a shallow focus, circle-shaped, structurally simple
rupture (Dawson et al., 2008).

The Calingiri earthquake exhibits a statistical preference for k = 3 (and k = 2) above
k = 1, consistent with the segmented rupture trace (Fig. 4.1) and deformation undulations at
wavelengths of 1.3 to 2 km (Fig. 4.4, 4.5B). The zone of enhanced high frequency energy
(8 ≤ k ≤ 15 corresponding to wavelengths of 500 to 260 m; 4.4, 4.5B) is concentrated in the
southern half of the rupture and is coincident with maximum displacement at a fault stepover
(Fig. 4.2).

The Lake Muir earthquake exhibits statistical preference for k = 2 (and k = 3) correspond-
ing to wavelengths of 2.4 (and 3.6 km). The preference of a segmented rupture is consistent
with distinctive trends in the rupture trace with 20 to 45◦ variance (Clark et al., 2019).
Embedded shorter wavelength triangular shapes (Fig. 4.2) are identified at 6 ≤ k ≤ 9 (1.2 to
0.8 km wavelength ) (Fig. 4.4, 4.5) and these include additional hierarchies of embedded
energy undulations at higher k (Fig. 4.4). High frequency energy spikes coincide with peak
displacement at a small step-over, and change in average rupture trace orientation, in the
northern half of the rupture (Clark et al., 2019) (Fig. 4.1, 4.2).

The source ruptures of the 1988 Tennant Creek share similar attributes: (i) a clear
statistical preference for low k (k = 1 for Lake Surprise W and E; k = 2 for Kunayungku),
with progressively decreasing contributions with increasing k (particularly distinct when
compared to the similarly-sized Marryat Creek and Petermann earthquakes (Fig. 4.4, 4.5); (ii)
localized pulses of energy at high k in the central portions of rupture traces (all), coincident
with peak displacements (all) that are located near fault gaps (Kunayungku) or changes in
strike +/- intersecting fault junctions (Lake Surprise E) (Fig. 4.1, 4.4), and (iii) minimal
energy contributions from wavelengths < 3 km (Fig. 4.5B). In comparison, the Marryat
Creek and Petermann earthquakes are characterized by (i) large mean energy contributions at
k ≥ 5 in Fig. 4.5A (wavelength ∼ 2-3 km) that are similar to the mean relative probabilities
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at k = 1 or 2 (Fig. 4.5A), and (ii) localized high k (> 10) peaks (∼ 1 km wavelengths; Fig.
4.5B) coincident with maximum displacement domains at fault junctions (Marryat Creek)
and step-overs (Petermann) (Fig. 4.1, 4.2). In addition to the distinctions, it is notable that
the Lake Surprise E and W, and Petermann earthquakes exhibit less definitive shape profiles
that are as almost as well represented by average displacements (flat lines) as triangular or
elliptical fits, whereas Kunayungku and Marryat Creek adhere more closely to asymmetric
triangles. This is further explored in the Discussion.

The Cadoux earthquake is statistically best-defined by a single (k = 1) asymmetric
triangle displacement profile (Fig. 4.2, 4.4, 4.5) despite a highly complex and segmented (n=
6 faults; King et al. (2019)) rupture trace (Fig. 4.1), suggesting strong transfer of vertical
displacement across complex fracture networks. Both the northern and southern thirds of the
rupture include local slip maxima at high-angle fault intersections (Fig. 4.1, 4.2) and high k
spikes associated with embedded high frequency triangular shapes (Fig. 4.2). Distinct from
Lake Surprise W and Kunayungku, there is a persistent mean probability signal at 2 ≥ k ≥ 10
(Fig. 4.5); the upper range (k = 5 to 10) of which corresponds with wavelengths of 4.6 to 2.3
km.

The Meckering earthquake exhibits consistent relative probabilities for k = 1 and k = 2,
both of which are statistically preference in the 0 ≥ k ≥ 10 range (Fig. 4.5). A high k
spike is observed at the southernmost end of the rupture (Fig. 4.4). The persistent signal at
4 ≥ k ≥ 10 (Fig. 4.5) corresponds to contributions from 9.8 to 3.9 km wavelengths; these
are evident as hierarchical, self-similar triangle-shaped features embedded within the overall
triangular-shaped slip shape (Fig. 4.2). The Meckering earthquake could have comprised as
many as 4 to 8 planar faults (Fig. 4.1D); consistent with the persistence of signals at k ≥ 4.
No evidence for fault trace orientation changes or fault intersections on displacements is
found; the displacement profile is statistically well fit by the triangular shape function (Fig.
4.3).

4.3.5 Slip maxima and rupture length

I scale maximum slip and rupture length to Mw and compare the scaling with global thrust
fault regressions from Wells and Coppersmith (1994) and Moss and Ross (2011). The 1989
Ungava, Canada earthquake (Adams et al., 1991) also occurred in a non-extended craton
and is included with the Australian events for our linear regression analysis. For events of
Mw < 7, the linear regression fitting shows that both the maximum slip and rupture length
in non-extended cratonic areas are higher than global comparatives (Fig. 4.6). The longer
rupture length in Australia compared to analogous global averages is also reported by Clark
et al. (2014). The high value in slip maxima and rupture length in stable cratons may be
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Fig. 4.4 S-transform analyses for the residuals of the best-fitting regression curves for different
shapes. The dominating spatial frequency is generally less than 5, but there are significant
high-frequency signals for Calingiri (at x = ∼ 1.3 km), Marryat (at x = ∼5 km), Lake Surprise
East (at x = 6-7 km), Petermann (at x = 7-8 km ∼14 km), Cadoux (at x = ∼14 km) and
Meckering (at x = 1-2 km).
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Fig. 4.5 Averaging amplitude of the S-transform results versus the spatial frequency (A) and
wavelength (B) over the whole domain for each event. (A) Only those spatial frequency
lower than 10 are shown here as the averaging method would smooth out those high spatial
frequency signals and the mean amplitude quickly decreases with spatial frequency after
the dominating spatial frequency (i.e.,1-3), especially for the stacked case. (B) The spatial
frequency is converted to the wavelength with the rupture length. The down-dip rupture
width is noted for each event and is also marked with a red box in x-axis. The mean amplitude
of the S-transform results generally decreases with the wavelength, but some events have
large contributions from short-wavelength signals (< ∼5 km), which are comparable with the
down-dip rupture width for those relatively shallow events (marked with red in rupture width
notation).
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considered to primarily result from the shallow hypocenters (generally 3-6 km deep) in our
data. It is important to note that hypocenters for all events are subject to large locational
uncertainties (> 5 km) due to large distances between the instrumental networks (particularly
pre-1980) and hypocenters (Leonard, 2008). The recent work by Attanayake et al. (2020)
found that the aftershocks of the Petermann earthquake (Mw 6.1, 2016) were distributed on a
triangular fault plane (dip ∼ 30◦) that extends to 6 km deep. The Katanning earthquakes
(Mw 4.7, 2007), the lowest magnitude surface-rupturing event recorded in Australia, was
found to rupture only the top 1 km of the crust through Geoid survey (Dawson et al.,
2008). The reported hypocenters of reverse-faulting earthquakes in the non-cratonic areas
outside Australia are at depth of 14 ± 4 km (Wesnousky, 2008). For the global study of 53
earthquakes of different slip modes with both surface and subsurface rupture length available,
Wells and Coppersmith (1994) found that the averaged surface rupture length is about 75
% of subsurface rupture length. The longer surface rupture in Australian cratonic regions
compared to global averages for equivalent magnitudes suggests that the surface rupture for
shallow Australian earthquakes may represent what would otherwise be subsurface rupture
length because the shallow earthquake ruptures in bedrock and extend to the surface without
significant influence of thin sediments. For example, the precisely located aftershocks of
the Petermann events with a roughly straight surface rupture indicate that the maximum
sub-surface rupture length essentially equivalent to the surface rupture length (Attanayake
et al., 2020). Finally, I propose that an important factor in addition to the shallow depths is
the predominance of up-dip and lateral rupture processes in the earthquakes I study herein.
This is explored further in the Discussion.

4.3.6 Probability distribution of co-seismic slip

The probability distribution of co-seismic slip is suggested to be a proxy of stress distribution
and fault strength by Thingbaijam and Mai (2016), who undertook probability analysis by
using sub-surface co-seismic slip data. Due to the limited dataset of surface co-seismic
slip, especially for those earthquakes of Mw < 6, I only analyze the probability distribution
of co-seismic slip for two end-member cases of Meckering and Petermann, for which the
surface rupture geometry shows significant differences in shape (Fig. 4.1, 4.2). With the
uniformly sampled (0.1 km) co-seismic slip data, I first count the bins of slip value in
corresponding ranges; then measure the complementary cumulative distribution function
(1 − F(u)), which is fit by the exponential function, e(−u/uh), and the truncated exponential
function, e(−u/uc)−e(−umax/uc)

1−e(−umax/uc)
, where u and umax are the co-seismic slip and the maximum slip,

respectively; uh and uc are the unknown rate parameters used in the regression for exponential
function and truncated exponential function, respectively. In the case of the truncated
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Fig. 4.6 Comparison of the maximum slip (A) and rupture length (B) versus magnitude
scaling relationship for thrust earthquakes between non-extended cratons in Australia and
Ungava (Canada) and other areas (Moss and Ross, 2011; Wells and Coppersmith, 1994). The
solid lines correspond to the linear regression results for the two groups. The value of slip
maxima and rupture length in Australia is estimated to be higher than global comparatives.

exponential function, I also define ut which denotes the position where the probabilities start
to deviate from an exponential trend (Fig. 4.7). Both uh and uc are related to the expected
value of the distribution, but uc is likely to be larger than the maxima of the distribution, and
the physical implications of different uc is discussed later. The goodness of fit is measured
by R2. The Meckering event is best fit by the truncated exponential function, while the R2 is
the same for both fitting functions in the case of Petermann earthquake (Fig. 4.7).

The Meckering and Petermann cases represent two endmember cases listed in Thingbai-
jam and Mai (2016): uc > ut (subcritical behavior in Meckering where uc is larger than the
umax, thus not shown in Fig. 4.7B) and uc < ut ≈ umax (near-critical behavior in Petermann
where ut is close to umax, thus both fitting function produce close R2). These end members
describe fault rupture propagation that has to overcome strong physical constraints during
rupture (subcritical) versus weak physical impediments to rupture (near-critical). I explore
this observation further in the Discussion.

4.3.7 Comparison of rupture characteristics with geophysical data

Surface rupture traces are plotted on aeromagnetic intensity maps in Fig. 4.8 and on Bouguer
gravity contour maps in Fig. 4.9. The Petermann earthquake surface rupture parallels the
predominant NW-trending orientation of regional magnetic structure (Fig. 4.8) and is parallel
to NW-striking, NE-dipping bedrock foliations at the surface (Attanayake et al., 2020; King
et al., 2019). Magnetic fabrics continue in rupture-parallel orientations beyond the rupture
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Fig. 4.7 Histograms of the co-seismic slip for the Peterman (A) and Meckering (B)
earthquakes. The insert plot shows the complementary cumulative distribution function
(1 − F(u)), which are fit by exponential functions (EX) and truncated exponential functions
(TEX). The fitting result is measured by R2. The Petermann earthquake demonstrates a
near-critical behavior, while the Meckering earthquake a sub-critical behavior. uh and uc are
the unknown rate parameters in regression. In the case of the truncated exponential function,
ut is the position where the probabilities start to deviate from an exponential trend.
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termini, although minor curvature is evident at the NW end; no high angle geophysical
structures that could act as barriers to rupture are identified. The rupture orientation is
orthogonal to SHmax (Fig. 4.8), and with a dip of 30◦ (Attanayake et al., 2020), is optimally
oriented for reverse faulting. The rupture trace is orthogonal to the regional gravity gradient
(Fig. 4.9) and thus stress perturbations that could result from geological density contrasts are
considered to have orientations that could be well accommodated thorough uniform slip on
the rupture plane.

All earthquakes contain rupture traces that clearly align with prevailing magnetic struc-
tures. Pukatja parallels the edge of a strong magnetic contrast. Marryat Creek sub-parallels
near-orthogonal E-W and NNE-trending lineaments. The three Tennant Creek ruptures
parallel NW and E-W lineaments, geological contacts, and previously mapped faults (Fig.
4.1C). The complex array of surface rupture traces in Cadoux parallel NW, NE, and E-W to
ENE-WSW oriented magnetic fabrics. The northern and southern sections of the Meckering
rupture parallel NE and NW-trending magnetic lineaments respectively; the central N-S
striking rupture coincides with a less well defined but still identifiable zone of changes in
magnetic structure and intensity. Katanning parallels NE-trending lineaments. Clark et al.
(2019) conclude that the Lake Muir rupture trace parallels pre-existing structures evident
as N to NE-trending surface features (valleys) that parallel minor lineament trends in the
magnetic data; the bedrock structural controls on Lake Muir are amongst the least obvious in
our dataset. The Calingiri rupture parallels N-trending lineaments (Fig. 4.8). Of the total
combined (summative) length of all surface ruptures (∼148 km) I estimate between 133 km
(90%) and 145 km (98%) aligns with geophysical structure in the host basement rocks (Fig.
4.8). In instances where one orientation of magnetic fabric is clearly dominant in the host
bedrock (e.g., Petermann, southern part of Marryat Creek, all Tennant Creek earthquakes) the
entire rupture trace is parallel to that fabric. Where two or three sets of magnetic fabrics are
present, ruptures may involve all fabrics (e.g., Marryat Creek, Cadoux, Meckering) or remain
confined to a single trace that is parallel to one fabric and truncated by high angle fabrics
(e.g., Katanning, Lake Muir, Calingiri). Strong evidence for surface rupture termination at a
projected high-angle magnetic lineament is identified at the southern ends of the Meckering
and Calingiri ruptures, the northern end of the Katanning rupture, and both ends of the Lake
Muir rupture (Fig. 4.8); it is possible the eastern end of the Pukatja also terminates at a high
angle magnetic anomaly boundary however this is less clear.

In addition to Petermann, the Pukatja, Calingiri, Kunayungku, and Lake Surprise East
ruptures are primarily oriented perpendicular to SHmax. The Lake Surprise West and
Katanning ruptures are obliquely oriented to SHmax. The segmented Meckering, Marryat
Creek and Lake Muir ruptures all contain middle segments that are roughly perpendicular
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to the SHmax and terminal segments at angle of < 45◦ to SHmax. Cadoux is dominated
by traces perpendicular to SHmax that are linked by high angle traces that are locally sub-
parallel to SHmax. Petermann, Pukatja, Calingiri, the three Tennant Creek ruptures, northern
segment of Marryat Creek, and Meckering have rupture trace orientations that are at high
angle (to perpendicular) to Bouguer gravity gradients (i.e., sub-parallel to contours; Fig.
4.9). Lake Muir and the northern part of the Cadoux rupture are the most obvious ruptures
that are oriented sub-parallel to gravity gradients. In a geophysical context, the Petermann,
Kunayungku, and Lake Surprise East ruptures may be considered the structurally simplest
‘end-members’ of the dataset I investigate (Fig. 4.8); with the Petermann the simplest isolated
rupture. The Meckering, Cadoux, Lake Muir, Calingiri, and Marryat Creek earthquakes
are exhibit substantially more structural complexity, consistent with the enhanced structural
complexity of their geophysical settings.

4.4 Discussion

4.4.1 Type classification of SCR earthquakes by structural-geophysical
setting

The prevailing surface rupture characteristics for the eleven earthquakes studied herein (Figs.
1-7) can be compared to their geophysical settings (TMI, Fig. 4.8; gravity, Fig. 4.9) to
gain insights into the influence(s) of crustal structure on seismogenic faulting. Structural
geophysical settings can be classified into three main types (Fig. 4.10). Type 1 crust contains
a dominant bedrock fabric (e.g., penetrative TMI fabric, surface geology foliations and faults)
that is structurally continuous on the scale of surface ruptures (e.g., 10’s of km), trends
perpendicular to SHmax and gravity gradients (Fig. 4.9), and may contain foliation and
fault dip angles favorable for brittle slip (ca. 20◦ to 60◦) under Andersonian fault mechanics
(Anderson, 1905) within the active intraplate stress field (Hillis et al., 2008). Shallow
earthquakes (e.g., Petermann) are contrasted with deeper earthquakes (e.g., the Tennant
Creek earthquakes), using a letter classification (A vs. B). Type 2 crust contains a dominant
bedrock fabric (nearly normal to the SHmax and gravity gradients) that is intersected by other
bedrock fabrics which are at an angle < 60◦ to the SHmax and gravity gradients. Shallow
earthquakes (e.g., Katanning, Calingiri, and Marryat Creek) and deeper earthquakes (e.g.,
Pukatja and Meckering) are classified as well in Fig. 4.10. Type 3 contains a dominant
bedrock structure that is at < 20◦ to SHmax and unfavorable for reverse-faulting earthquake
ruptures, and the secondary structures include inherited faults and foliations that may be
favorably or unfavorably oriented for brittle slip within active stress field. Only shallow
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Fig. 4.8 (Caption next page.)
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Fig. 4.8 (Previous page.) (A) Total magnetic intensity map shows how lineaments affect the
development of surface ruptures. The uninterpreted map is put adjacent to the interpreted
map. Based on the regional SHmax orientation, the 11 events are divided into two groups: (1)
the Petermann, Pukatja, Marryat Creek and Tennant Creek events with an average azimuth of
26◦−27◦ and (2) the Cadoux, Meckering, Calingiri, Katanning and Lake Muir events with
an east-west oriented SHmax. The area in each sub-plot has the same scale of 0.6◦×0.6◦.
The Spl. in Meckering is short for the secondary Splinter rupture. (B) The schematic model
illustrates how the orientation of SHmax orientation with respect to lineaments (weak zones)
may affect the surface rupture complexity.

Fig. 4.9 (A) Bouguer gravity anomaly (Unit: µm s−2) contours overlying the shading map of
magnetic lineaments. The surface ruptures are drawn with black lines and their names are
labelled adjacent to the rupture. The black arrows show regionally averaged SHmax. The red
thick lines overlying the gravity contour near the Petermann rupture mark the steps of the
contours at the points P and P’.

earthquakes (e.g., Lake Muir and Cadoux) are observed in Australian SCRs. Detailed
descriptions for each type are illustrated in Fig. 4.10.

The bedrock structure and its orientation to the SHmax and gravity gradients may control
the co-seismic rupture complexity. The Type 1 (rupture-favorable structures) tends to produce
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relatively simple and straightly surface ruptures while Type 2 and Type 3 (rupture-unfavorable
structures) have complex and highly curved ground surface rupture geometries, especially
for the Cadoux earthquake, which exhibits the most complex surface rupture with 6 classified
intersecting fault scarps.

The south half of the Cadoux surface rupture is composed of disconnected north-south
dominated segments, while the north half consists of predominately east-west dominated
segments (Fig. 4.8). This change in fault orientation from south to north, may suggest that
during rupture, the orientation of maximum compressive stress changed from east-west in
the south half of rupture, to north-south in the north half. The regional rupture strike (the line
linking two termini) in Cadoux is normal to the regional east-west oriented SHmax. In the
north half, the surface ruptures are traced along detectable magnetic lineaments (Fig. 4.8)
and they have much higher Bouguer anomaly gradients than the south half (Fig. 4.9). A
large-volume body of high Bouguer anomaly, the source of which also demonstrates high
magnetic susceptibility in the TMI map (Fig. 4.8), is located to the north of the rupture
(Fig. 4.9), thus forming a high gravity gradient from north to south along the surface rupture.
Therefore, the south half may be controlled by regional east-west oriented SHmax and
the north half dominated by gravitationally controlled north-south oriented SHmax during
earthquake rupture. The transition from regional east-west oriented SHmax to the local
north-south oriented SHmax indicates that the principal stress across the Cadoux area (∼20
km) is at such a critical state that the gravity stress is very close to the regional stress imparted
from far field boundaries (Rajabi et al., 2017), and a slight perturbation in the system could
trigger a cascading multi-fault earthquake (Bak et al., 1988; Quigley et al., 2019). The
complexity of surface rupture in Cadoux might be explained by co-seismic changes to the
orientation of maximum compressive stress during rupture propagation.

4.4.2 Spatial slip variability and shapes of surface rupture displace-
ment fields

For the eleven events, six are best fit by a triangle and five by an ellipse (Fig. 4.2, 4.3A). That
indicates both triangular and elliptical shapes may represent generic forms of surface rupture
displacements for cratonic earthquakes, whilst acknowledging that significant localized
departures from these simplistic shapes can greatly reduce the overall statistical goodness
of fit. The controlling factors on displacement shapes may be explored by comparing the
two endmember cases represented by the Meckering and Petermann earthquakes. The
Meckering earthquake has the longest surface rupture length (39 km) and a symmetric
slip distribution best fit by a triangular shape, but has a highly curved surface rupture
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TYPE 1: OPTIMALLY ORIENTED FAULTS IN STRUCTURALLY FAVOURABLE HOST BEDROCK

Dominant bedrock fabric is structurally continuous, trends perpendicular to SHmax and gravity gradients, 
and contains foliation and fault dip angles favourable for brittle slip (ca. 20o to 60o) within active stress �eld

(e.g., Petermann, Tennant Creek earthquakes: Lake Surprise East, Lake Surprise West, Kunayungku)

Shallow earthquakes (<1 - 4 km) (e.g., Petermann)

- average orientation of surface rupture optimal for
reverse faulting with respect to regional SHmax
- reverse slip-dominated rupture kinematics
- straight rupture traces with minimal geometric
  and kinematic segmentation
- high (> 3.5) L:W ratio
- low (<3 MPa) stress drops
- higher symmetry displacement pro�les 
- minimal variance in goodness of �t for 
  diverse rupture shape models
- general adherence to low curvature ellipse and 
  rectangular displacement shapes
- slip maxima near step-overs and gaps
- large proportional contributions from high frequency 
   displacements at λ <5 km 
- lower slip taper gradients

Deeper earthquakes (>4 km) (e.g., Tennant Creek earthquakes)
- average orientation of surface rupture mostly optimal for
reverse faulting with respect to regional SHmax
- reverse slip-dominated rupture kinematics 
- straight rupture traces with minimal geometric
  and kinematic segmentation
- low (<1.5) L:W ratios
- moderate (3-8 MPa) to high (>8 MPa) stress drops
- higher symmetry displacement pro�les 
- minimal variance in goodness of �t for 
  diverse rupture shape models
- general adherence to low curvature ellipse and 
  rectangular displacement shapes
- largest slip maxima near step-overs and gaps
- minimal proportional contributions from high frequency 
   displacements at λ <5 km
- higher slip taper gradients in fault interaction zones and/or
   structural-lithologic changes

TYPE 2: OPTIMALLY ORIENTED TO MISORIENTED FAULTS IN STRUCTURALLY COMPLEX BEDROCK

Multiple sets of intersecting bedrock fabrics trend at varying (0 to ±90o) angles to SHmax and gravity gradients, 
bedrock foliations and faults favourably to unfavourably oriented for brittle slip within active stress �eld 

(e.g., Pukatja, Katanning, Marryat Creek, Meckering, Calingiri)

Shallow earthquakes (<1 - 4 km) 
(e.g., Kattaning, Calingiri, Marryat Creek)

- singular straight (Kattaning) to multiple 
  orthogonal (Marryat Ck) rupture traces
- surface ruptures variably misoriented for pure reverse 
  faulting with respect to regional SHmax
- oblique (reverse plus strike-slip) rupture kinematics
- moderate (2-3.5) L:W ratios 
- moderate (3-8 MPa) to high (>8 MPa) stress drops
- moderate to higher symmetry displacement pro�les 
- high variance in goodness of �t for diverse rupture 
   shape models
- stronger adherence to high curvature ellipse and 
  triangular displacement shapes
- centrally located slip maxima (near fault junctions 
  and centroids)
- large proportional contributions from high frequency 
  displacements at λ ca. 1-2 km 
- slip taper gradients variable: steep towards high angle 
  bedrock fabric intersections (Kattaning, S termini Calingiri) 
  and low for ruptures that parallel predominent bedrock 
  fabrics (Marryat Ck, N termini Calingiri)

TYPE 3: OPTIMALLY ORIENTED TO MISORIENTED FAULTS IN STRUCTURALLY UNFAVOURABLE BEDROCK

Dominant bedrock fabric is misoriented (parallel-to-low angle, e.g. < ±20o) to SHmax, secondary structures 
including inherited faults and foliations may be favourably to unfavourably oriented for brittle slip within

active stress �eld (e.g., Lake Muir, Cadoux)

Shallow earthquakes (<1 - 4km) (e.g., Lake Muir, Cadoux)

Deeper earthquakes (>4 km) (e.g., Pukatja, Meckering)

- multiple curved rupture traces
- surface ruptures variably misoriented for pure reverse
faulting with respect to regional SHmax
- oblique (reverse plus strike-slip) rupture kinematics
- low (<1.5) L:W ratios (Pukatja) to high (>3.5) L:W ratios
(Meckering)
- high (>8 MPa) stress drops
- low symmetry (Pukatja) to high symmetry (Meckering)
displacement pro�les
- high variance in goodness of �t for diverse rupture shape
models
- stronger adherence to high curvature ellipse and
triangular displacement shapes
- slip maxima near fault junctions and centroids
- minimal proportional contributions from high frequency
displacements at λ ca. 1-2 km
- slip taper gradients variable: steep towards high angle
bedrock fabric (E termini Pukatja, S termini Meckering) and
low for ruptures that nearly parallel predominent bedrock
fabrics (W termini Pukatja, N termini Meckering)

- multiple curved and segmented rupture traces
- surface ruptures variably oriented to strongly misoriented for 
   pure reverse faulting with respect to regional SHmax
- oblique (reverse plus strike-slip) rupture kinematics
- moderate (2-3.5) (Lake Muir) to high (>3.5) L:W ratios (Cadoux)
- low (<3 MPa) stress drops
- low (Cadoux) to moderate symmetry (Lake Muir) displacement pro�les
- high variance in goodness of �t for diverse rupture shape models
- stronger adherence to high curvature ellipse and triangular displacement shapes
-slip maxima near fault junctions and stepovers
- signi�cant proportional contributions from high frequency displacements at λ <2 km
- slip taper gradients variable: steep towards high angle bedrock fabric (S termini Cadoux) or structural
   lithology changes (N termini Cadoux) and low for ruptures that nearly parallel predominent bedrock
   fabrics (Lake Muir)

Deeper earthquakes (>4 km) (not observed)

TYPE 1A TYPE 1B

TYPE 2A TYPE 2B

TYPE 3A TYPE 3B

- reduced probability of surface rupture

Fig. 4.10 (Caption next page.)
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Fig. 4.10 (Previous page.) A classification scheme for SCR earthquakes based on structural-
geophysical setting (grey boxes, types 1-3) and earthquake depths (columns, sub-types A
and B). Prevailing characteristics for each rupture type based on empirical observations from
the eleven Australian earthquakes studied here and discussed in the text.

geometry. The Petermann event (third longest, with length 21 km) is poorly represented
by a triangular shape (with minimal statistical difference between all shapes including the
‘average’ slip function; Fig. 4.3) and the planform geometry is characterized by a generally
straight surface rupture. The probability distributions of co-seismic slip for the Meckering
and Peterman events demonstrate different patterns as captured by the complementary
cumulative distribution function (Fig. 4.7): subcritical behavior for Meckering and critical
behavior for Peterman. This difference may reflect different physical conditions during
earthquake rupture propagation superimposed on differences in crustal structure. Thingbaijam
and Mai (2016) attribute subcritical behavior (e.g., Meckering) to very strong physical
constraints on the largest slip (i.e. frictional asperities during faulting). For those cases of
complex surface ruptures due to structures obliquely oriented to SHmax, off-fault fractures
are kinematically required to allow rupture propagation through fault bends, stepovers
or junctions (Andrews, 1989). The resultant intensive off-fault damage may explain the
triangular shapes in Meckering, Cadoux, and Lake Muir (Manighetti et al., 2004). The
triangular shape may also be attributed to the non-uniform distributions of stress along the
fault plane and a relatively high frictional stress on the fault plane (Bürgmann et al., 1994).

Unlike those with complex surface rupture geometry, the Petermann earthquake surface
rupture is relatively straight and geometrically simple. The rupture source can be generally
described as a 30◦ dipping fault that is parallel to micaceous foliations in the hosting bedrock
and almost perpendicular to the SHmax and gravity gradients. Parallelism with bedrock
fabrics is suggested to have enhanced rupture gliding and promoted rupture despite a low
stress drop (Attanayake et al., 2020). The critical behavior of the Petermann event observed
in our probability distribution analysis of co-seismic slip indicates that this event had a
relatively weak fault strength which may result in an elliptical to ‘box-shape’ (i.e., minimal
along-strike slip deviations from the average slip) slip distribution.

In summary, the subcritical behavior observed for the Meckering event is suggestive of a
high and spatially variable co-seismic stress drop due to rupture on crustal structures that are
variably-oriented with respect to SHmax and that require complex kinematic and geometric
interactions to enable rupture propagation; this ultimately favors a triangular shape for the
slip distribution. Conversely, in the Petermann earthquake, the relatively simple and ‘weak’
source fault (related to inherited bedrock structure) and orthogonal relationship with respect
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to SHmax, favored a simple and more uniform displacement shape, albeit with localized
complexity at a fault step-over (Fig. 4.1).

4.4.3 High-frequency slip maxima at fault junctions and step-overs

S-transform analysis reveals high-frequency (k > 10) signals in four events (Calingiri, Lake
Surprise East, Petermann and Cadoux) that are spatially coincident with high spatial slip
gradients (> 10−3) and fault stepovers. The stepover width at these locations is ubiquitously
less than 2 km. Rupture continuity across <2 km-wide stepovers is consistent with previous
empirical studies (Wesnousky, 2006, 2008). To pass the stepovers, I suggest the observed
high slip gradients and high-frequency signals at the steps are related to highly dynamic
stress concentrations associated with rupture propagation across neighboring fault segments
(Elliott et al., 2009; Oglesby, 2020). The threshold value of spatial slip gradient that permits
rupture jump over gaps and stepovers was suggested to be > 2×10−4, which was based on
the analysis of continental strike-slip earthquakes (Elliott et al., 2009). The observed spatial
slip gradient in the Australian examples studied here is about one order of magnitude higher
than the threshold value.

Recent numerical models conducted by Oglesby (2020) for strike-slip faults found that
fault segments shallowly connected at 1-2 km deep tend to have higher slip gradients at fault
edges than those connected at deeper depth. If this theory is applicable to reverse earthquakes,
the spike-like high spatial frequency at the surface could relate to disconnected fault segments
that are connected at depth. At this stage, I are unable to evaluate fault connectivity in the
subsurface but given the shallow dipping nature of many of the faults, connectivity at depth
is considered likely.

I note that the high slip gradient is only one aspect of the high-frequency signals; an
abrupt increase and decrease of slip within several hundred meters is also observed. This
short-wavelength feature is not predicted in the high stress concentration model (Elliott
et al., 2009; Oglesby, 2008) nor the theory of shallowly connected faults (Oglesby, 2020).
It may relate to short-wavelength geological anomalies with lower shear modulus relating
to lithologies that are cut by the fault (Bürgmann et al., 1994) or shallowly connected fault
segments (e.g., en-echelon fracture networks) only hundreds of meters long (Oglesby, 2020).
However, I do not find any evidence of lower shear modulus materials or short fault segments
for these ruptures, based on examinations of geological and rupture maps, except for Cadoux
(see next).

Overlapping stepovers connected by opening fractures have been found elsewhere to
produce the comparable high-frequency signal features to those observed here (e.g., see
Fig. 9 in Bürgmann et al. (1994)). The linking fractures are able to transfer slip efficiently
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(Bürgmann et al., 1994). Fractures connecting two stepovers are found in Cadoux and
Calingiri (Gordon and Lewis, 1980; Lewis et al., 1981). It is worthwhile to note that the
fault segments (or fractures at segment termini) in Petermann and Lake Surprise East are not
parallel, but have an acute angle (∼ 45◦) at the contacting point (Fig. 4.1B), which might have
also enabled slip tran sfer. The high-frequency signal in Marryat Creek is correlated to the
fault junction zone where intersecting faults are orthogonally oriented with a wedge-shaped
rupture geometry that can be considered kinematically and geometrically compatible. The
mechanics of fault junctions suggests the intersection of these types of faults could act as
earthquake nucleation points and foci of maximum slip (Andrews, 1989). If fault steps,
bends, or high-angle fault intersections act as kinematic asperities, I might anticipate these
to coincide with slip maxima associated with maximum seismic energy release, and also
high frequency variations in slip as variations in the intrinsic characteristics of the fault zone
influence the dynamics of the propagating rupture.

4.4.4 Slip taper at rupture termini

Here I focus on the five events with slip taper > 10−3 that are considered outliers in Fig. 4.3D.
The high rupture tip taper value has been attributed elsewhere to (1) off-fault barriers of high
frictional strength, (2) blocks of reduced shear modulus, (3) obliquely oriented structures,
and (4) rupturing into a fault region that has previously experienced a large earthquake and
is at a residual stress state (Cappa et al., 2014; Manighetti et al., 2004; Perrin et al., 2016;
Scholz and Lawler, 2004). The faults in Australian cratonic regions are considered immature
or incipient faults, (following definitions from Brodsky et al. (2011) and Perrin et al. (2016)).
An absence of scarps in proximity to these historic ruptures suggests (4) is unlikely to account
for the observed displacement patterns (Clark et al., 2019; Clark and McCue, 2003; Crone
et al., 2003).

In this section, detailed structures are mapped for each surface-rupturing earthquake. The
Calingiri event is asymmetric in slip distribution with a high rupture tip taper (1.2×10−3) at
the southern tip (Fig. 4.3D; left end in Fig. 4.2). The southern tip is found to terminate at a
nearly north-south striking lineament of low magnetic anomaly (dashed purple line in Fig.
4.8), while the whole rupture extends into a high-anomaly body, which sits on the hanging
wall (Fig. 4.8). The southern tip of the Meckering event, which shows the maximum rupture
tip taper of all the events (Fig. 4.3D), stops at a northeast-southwest oriented lineament
of lower susceptibility (dashed purple line in Fig. 4.8). There are arrays of sub-parallel
northeast-southwest striking lineaments in the Meckering region, and the strike of the rupture
is spatially coincident with some of these lineaments. Compared with those cut by the rupture
(dashed blue lines in Fig. 4.8), the one at the southern tip extends as the longest lineament
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in this area (dashed purple line in Fig. 4.8). Large dikes are reported to be 30 m wide
in the Meckering region (Dentith et al., 2009). Those long and wide dikes may work as a
more effective barrier to rupture than smaller ones. The Pukatja event is 1.6 km long and
has a highly asymmetric slip distribution with a high rupture tip taper value (2.9× 10−3)
at the eastern tip (Fig. 4.3D; right end in Fig. 4.2). The east tip stops at a lineament of
high magnetic susceptibility while the other end (west) cuts into a body of relatively lower
susceptibility (dash purple line in Fig. 4.8). The ends of other rupture tips of normal taper
values (Fig. 4.3D) are not found to stop coincident with lineaments like those cases of high
rupture tip taper values (Fig. 4.5).

The relationship between high rupture tip taper value and the presence of magnetic
lineaments at high angles to the rupture plane provides evidence that obliquely oriented
bedrock structures may be effective barriers to rupture propagation in some of the earthquakes
studied here. Lineaments orientated unfavorably to the rupture propagation direction may
channel the propagating rupture into less efficient fracture pathways, therein dissipating
fracture energy and stopping propagation in the direction that the rupture was previously
propagating.

The relatively high rupture tip taper in the right end (east) of Lake Surprise West and the
left end (west) of Lake Surprise East (Fig. 4.3D) may be explained by the abrupt change
of the dip direction of the hosting reverse fault (Fig. 4.1C) (Bowman, 1992; Mohammadi
et al., 2019). The Lake Surprise West event ruptured a NE-dipping fault while the Lake
Surprise East event ruptured a SW-dipping fault (Fig. 4.3B & C) (Bowman, 1992). For the
high rupture tip taper of the right tip (east) of the Lake Surprise East event, referring to the
1:250 00 Tennant Creek interpreted basement geology map (Johnstone and Donnellan, 2001),
I find it stops at a location coincident with a fault separating volcanoclastic units from the
undifferentiated granite (Fig. 4.1C).

These observations collectively suggest that obliquely orientated bedrock structures at
the termini of some of the ruptures studied herein are associated with anonymously steep
rupture tip tapers; No clear relationship is observed between tip taper steepness and prevailing
rupture directivity, as proxied from estimates of epicentral location (Fig. 4.2).

4.4.5 Scaling between maximum slip, rupture length and moment mag-
nitude

Fig. 4.6 demonstrates that Australian cratonic earthquakes have larger maximum slip and
longer rupture lengths than other earthquakes of comparable Mw (Wells and Coppersmith,
1994) (Fig. 4.6), with a few exceptions (Pukatja, Tennant Creek events). The Australian
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earthquakes also predominate the subset of the global data with hypocenters shallower than
7 km depth (filled symbols). I note that the small sample size (n=12; Fig. 4.6) limits our
confidence in whether the earthquakes studied here represent the expected range of surface-
rupturing earthquake behaviours in cold and stable cratonic crust, and cannot dismiss possible
effects of selection bias. Nonetheless, I consider the relationship between surface rupture
length, slip, and Mw to merit further discussion.

The Australian cratonic surface-rupturing earthquakes are primarily sourced from shallow
(albeit imprecisely located) hypocenters (i.e., <7 km depth; filled symbols in Fig. 4.6) with
predominantly up-dip and lateral rupture propagation (e.g., Attanayake et al. (2020)). These
aspects could be expected to favour generation of higher L/W ratios and larger maximum slip
when compared to deeper, but otherwise similarly-sized, crustal earthquakes in the global
datasets from which empirical scaling relationships are derived (e.g., Wells and Coppersmith
(1994)). The exceptional cases (i.e., Pukatja and Tennant Creek earthquakes in Fig. 4.6B)
that deviates from the linear regression have a relatively low L/W ratios (<1.5) while the low
L/W ratios of other cases in Australian SCRs are ≥ 2 (Fig. 4.2).

Although high L/W ratios are also commonly observed in large earthquakes (Mw > 7)
(Weng and Yang, 2017), where the rupture width is limited by regional brittle layer thickness,
the shallowness of the Australian cratonic earthquakes examples studied here preclude the
involvement of ductile processes at the base of the rupture zone, such as enhanced viscous
friction (e.g., Schueller et al. (2005)), in limiting rupture depth. With this in mind, I speculate
that one possibility for the comparably high L/W ratios observed in this study is that the
cratonic surface-rupturing earthquakes studied here may be depth-limited by increases in
crustal strength and decreases in fracture continuity with depth in strong cratonic crust. The
effect of depth limitation is also reflected in the spectrum of co-seismic slip distribution
(Fig. 4.5B). I find high energy concentrations at the short wavelength (1-∼5 km) that
is comparable with the rupture width for all cases except the Pukatja and Tennant Creek
earthquakes (Fig. 4.5B), which are suggested to be none-depth-limited ruptures. For the none-
depth-limited ruptures (e.g., Pukatja and Tennant Creek earthquakes), the spectrum shows
approximately linear increase of energy with the wavelength without strong perturbations
at short wavelengths (1- 5 km) before reaching a plateau at the wavelength of the rupture
length.

This hypothesis is not incompatible with the large range of stress drops and rupture
displacement shapes I observe in shallow cratonic earthquakes, as aspects such as co-seismic
slip and rupture length could be highly dependent on shallow (<5 km) variations in crustal
structure, lithology, and other factors whilst still adhering to our hypothesis of depth-limited
behaviour. For the Tennant Creek and Petermann earthquakes, they are located in Type
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1 crust which tends to produce simple surface rupture geometries, but the stress drop for
Tennant Creek earthquakes ( 6-13 MPa) is higher than the Petermann earthquake (2 MPa).
This difference may be still attributed to the rupture width. The Tennant Creek earthquakes
ruptured to depth > 6 km (Choy and Bowman, 1990) while the Petermann earthquake was
limited in top 4 km (Attanayake et al., 2020). The frictional strength of shallow crust (< 5
km) in cratonic areas might be much lower than the deeper part. The rupture of depth limited
shallow earthquakes may be comparably less constrained from propagating laterally due
to the presence of lithologic and structural heterogeneities that could enhance co-seismic
rupture growth (Attanayake et al., 2020). Just as the lateral dimension of fault step-overs is
important in limiting the size and mechanics of laterally propagating ruptures (Wesnousky,
2006), perhaps variations in the strength (e.g. Mooney et al. (2012)) and stress distributions
in cratonic crust favour depth partitioning of earthquakes with limited rupture widths (Fig.
4.5B).

I note that the hypothesis does not preclude the occurrence of deep cratonic earthquakes,
such as the 1989 magnitude 5.6 Uluru earthquake (hypocentre depth = 31 km; Michael-Leiba
et al. (1994)). Rather, I suggest the strength and strongly segmented nature of fractures
in cratonic lithosphere suppresses upward propagation of deep earthquakes and downward
propagation of shallow earthquakes and thereby potentially limits earthquake maximum
magnitudes in cratons (e.g., Mooney et al. (2012)).

4.4.6 Using geophysical data to estimate the characteristics of surface
ruptures

Through the study of structural control on rupture tip taper and the complexity of rupture
segmentation, the role of pre-existing structures in initiating, facilitating or stopping rupture
development is evident. The concept of rupture potential may provide some hint to the
relations between earthquake initiation point and terminus point (Weng and Ampuero, 2019).
The rupture potential theory suggests that final rupture termini are located at the places of
the same rupture potential as that at the initiating position. The rupture potential theory
determines the potential size of an earthquake provided that the spatial distribution of Gc/G0

is obtained, where Gc and G0 are the fracture energy and the steady state energy release
rate, respectively. The fracture energy is a function of rupture acceleration, which is not
available before the earthquake occurs, and may be obtained from some physical scaling, thus
introducing large uncertainties. Applying this theory to the Australian cratonic earthquakes, I
find that, if an initiating point located in the intersecting part of two faults had a high rupture
potential, the earthquake would rupture through other intersecting segments, thus forming
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complex rupture patterns as seen for the Meckering, Lake Muir, and Marryat Creek events.
If the events initiated between two lineaments (dashed purple lines in Fig. 4.8), and was of
lower rupture potential than that of the intersection points, the final rupture would be limited
by two lineaments and form relatively simple rupture patterns, like the Pukatja and Katanning
events, where ruptures are located between two large magnetic lineaments (dashed purple
lines in Fig. 4.8). Therefore, the potential rupture length of a weak zone that is normal to the
SHmax is controlled by two intersecting segments and is determined by the rupture potential
of the initiating point.

In addition, the geophysical heterogeneity derived from the gravity map may reveal
controlling factors on the Petermann earthquake, where no intersecting structure is detected
through the TMI map. The gravity contours (marked by thick red lines in Fig. 4.9), to the
north-east of the surface rupture of the Petermann event, demonstrates a sudden offset (at
the position P and P’ in Fig. 4.9) from the general trend where it is coincident with the
location of the rupture, which is dipping to the northeast. This sudden change of gravity
contours reflects a shallow high-density anomaly beneath the surface (Fig. 4.9). The size of
this anomaly is comparable to the surface rupture length and may have controlled the length
of the final rupture.

4.5 Conclusions

I analyze 11 surface-rupturing reverse earthquakes in the non-extended Australian craton. I
find that:

1. Surface co-seismic slip distributions for the studied earthquakes generally adhere
to asymmetric triangular or elliptical shapes. S-transform analysis on the residuals
suggests that these basic shapes are representative of the slip distributions, though
there are significant contributions from some high spatial frequency (short-wavelength)
signals which implies high rupture energy radiations in short distances.

2. The higher value of maximum slip and longer rupture length in Australia compared to
global examples may be attributed to shallow earthquake hypocenters (<5 km). Shallow
earthquakes exhibit larger proportional energy at short wavelengths (ca. 1-3 km), lower
stress drops, and higher L:W ratios compared with deeper (>4 km) earthquakes.

3. The rupture tip taper value at the termini is consistent with the result from global
database and compliments existing data in slip mode. The asymmetry of displacement
distribution and extremely steep rupture tip tapers are found to be affected by bedrock
fabrics obliquely oriented with respect to the rupture strike.
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4. The interaction between regional SHmax, intersecting segments, and the local SHmax,
increases surface rupture complexity (e.g., the Cadoux event). The segment length of a
magnetic lineament that is normal to SHmax may set the limit of an earthquake surface
rupture by intersecting other lineaments at low angle (< 60◦) to the SHmax.

5. There are two prevailing endmember forms of co-seismic slip spatial distribution (Fig.
4.8B): the low curvature to rectangular shape (e.g., Petermann; close to an elliptical
shape) for earthquakes with a roughly straight and localized damage zone and the high
curvature shape (e.g., Meckering; close to a triangular shape) for earthquakes with
complex surface rupture geometry. The latter is proposed to originate from higher
frictional stress on the fault plane relative to the former. Seismic hazard analyses
could favor elliptical shaped displacement profiles for future earthquakes in areas
where faults are geometrically favorably oriented for simple kinematics (e.g., pure dip
slip) with respect to regional stresses. Seismic hazard analyses could favor triangular-
shaped displacement profiles for areas where bedrock structure contains suites of
variably oriented structures and lithologies that are not well-oriented for simple rupture
kinematics.

6. Slip maxima are commonly situated in the middle third of the rupture and in areas of
fault steps, bends, and/or high-angle fault intersections. S-transform analysis reveals
that the spike-like high-frequency slip maxima also coincide with fault steps and
junctions, suggesting concentrations of hierarchical fractal fault damage networks
embedded within areas of geometric and kinematic incompatibility. The geometric
compatibility or incompatibility of fault intersection zones provides a fruitful avenue
for future research. It is clear from this study that fault intersections should not be
simply treated as converging areas where displacement tapers to net-zero slip in seismic
hazard. In some cases, fault intersections could be forecasted to have slip maxima; this
is particularly important to consider in probabilistic fault displacement seismic hazard
analyses for critical infrastructure.



Chapter 5

Fluid-enhanced neotectonic faulting in
the cratonic lithosphere of the Nullarbor
Plain, Australia

Abstract

Cratons are characterized by thick, cold, and strong lithospheric mantle and an associated
paucity of neotectonic faults and seismicity. The lithospheric mantle beneath the Nullarbor
Plain in south-central Australia, the world’s largest karst plateau with 100s-meter-thick
limestone successions overlying the Precambrian crystalline basement, has lower teleseismic
P wave attenuation and higher electrical resistivity in the lithospheric mantle than the
neighboring Yilgarn craton. These geophysical features suggest the Nullarbor Plain is
underlain by a cratonic mantle. Based on 30- and 90-metre Shuttle Radar Mission (SRTM)
and 12-metre pixel resolution Tandem-X data, mapped neotectonic fault traces on the nearly
flat karst landscape locally extend >100 km in length, suggesting potential for hosting large
(>7.3 to 7.5) moment magnitude (Mw) earthquakes. The measured cumulative along-strike
maximum displacement Dmax for each trace is not proportional to fault length (L). The
faults with high Dmax are correlated with the occurrence of crust-scale electrical conductors
identified in magnetotelluric surveys. Two major conductors penetrate from the upper crust
to the lower crust and topmost mantle along crustal scale shear zones. The conductivity value
in the topmost mantle is much higher than in the cratonic mantle, indicating serpentinization
of the mantle with the addition of water. Lithospheric fluid localization may have weakened
pre-existing faults and enhanced neotectonic faulting in the Nullarbor plain.
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5.1 Introduction

The high integrated brittle strength of cratons with a cool and thick lithosphere protects
cratonic interiors from tectonic deformation. The paucity of neotectonic (i.e., 0-10 Ma) faults
and seismicity in cratons relative to peripheral geological domains and plate boundaries
provides evidence for enhanced lithospheric strength and its role in limiting tectonic defor-
mation. Tectonism is typically concentrated in places with relatively low integrated brittle
strength (Lenardic et al., 2003; Naliboff and Buiter, 2015; Yang et al., 2018), e.g., plate
boundaries. High strain rates (>10−16 s−1) at plate boundaries facilitate enhanced faulting.
Energy radiated by interplate seismogenic faulting events accounts for >99 % global seismic
moment release (Johnston, 1989; Kagan, 1997). In contrast, stable cratons with lower strain
rates (<∼ 10−16 s−1) are are mostly quiescent of large earthquakes and faulting (Fagereng
and Biggs, 2019).Seismic quiescent may in some cases relate to short instrumental histories
(< ∼150 years) with respect to the earthquake cycles (>104 years) and the limited resolution
of geodetic surveys for fault motions in stable cratons (Leonard et al., 2014). However,
neotectonic faulting and historical surface-rupturing earthquakes have occurred throughout
Australia’s cratons (Clark et al., 2012; King et al., 2019; Quigley et al., 2010). Repeated
surface-rupturing earthquakes on a single fault may enable fault lengthening through lateral
propagation and linkage Cowie and Scholz (1992a,b) and can accumulate maximum and
average displacements that can be quantified through analyses of neotectonic features, e.g.
faults or fault-related folds. The slow rates of erosion and flatness of cratons also provide
excellent fault scarp preservation and present opportunities to examine fault evolution over
Myr timescales.

The Proterozoic basement underneath the nearly featureless Nullarbor Plain, composed
of the Madura province (west) and Coompana province (east) (Fig. 5.1,5.2 and 5.3), demon-
strates lower teleseismic P wave attenuation and seismic activities than the Yilgarn craton to
the west (Bezada and Smale, 2019). The magnetotelluric survey shows that high electrical
resistivity (>104 Ωm) in the mantle underneath the Nullarbor Plain extends to 200 km depth
(Wise and Thiel, 2019), indicating a cratonic lithosphere similar to the neighboring Gawler
craton to the East (Artemieva and Mooney, 2001). The 200,000 km2 surface of the Nullarbor
Plain is covered by 100s-meter-thick limestones (Scheib et al., 2016), which are cut by reac-
tivated reverse faults inherited from bedrock structures (Clark et al., 2012). The limestone
has been exposed at the surface since mid-Miocene (Hou et al., 2008; Lowry and Jennings,
1974).Reverse faulting in southern Australia is attributed to approximately E-W oriented
most compressive stress (SHmax) originating from plate boundary forces that have increased
since 10-5 Ma (Coblentz et al., 1995; Quigley et al., 2010; Sandiford et al., 2004). The age of
the faulted limestones and late Miocene onset of neotectonic faulting elsewhere provides the
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oldest age limit for inception of neotectonic faulting on the Nullarbor Plain. The arid climate
in this region has helped preserve these neotectonic features from surface erosions (Sandiford
and Quigley, 2009). Previous paleo-earthquake studies in the Nullarbor Plain have revealed
that some neotectonic traces are >100 km long (Clark et al., 2012). Rupturing along the
entire length would produce an earthquake of Mw ≈ 7.3 to 7.5, according to the empirical
relationships between rupture length and Mw (Wells and Coppersmith, 1994). What controls
the spatial distribution and prehistoric activity of these neotectonic traces on the Nullarbor
Plain is not well understood.

Digital elevation models have been used to map linear features on the surface and
identify those of neotectonic faulting origin (Sellmann et al. (2020), Unpublished material),
which could be caused by neotectonic activities. The vertical offset along each trace has
been measured to establish a detailed along-strike displacement profile (Sellmann et al.
(2020), Unpublished material). The mapped neotectonic traces are commonly aligned with
magnetic lineaments and normal to maximum gravity gradient direction. The 12GA-AF3 and
13GA-EG1 seismic reflection profiles across the Nullarbor Plain (Fig. 5.2) (Costelloe and
Holzschuh, 2012; Holzschuh, 2015), which intersect many of the observed neotectonic traces,
are used to constrain the crust-scale fault geometries and physical properties. The regional
magnetotelluric profiles (Fig. 5.3) are utilized to analyze the electrical conductivities that
are sensitive to fluids in the lithosphere (Constable, 1993), which can significantly reduce
the rheological strength of a fault for both the brittle and ductile deformation (Brace and
Kohlstedt, 1980; Karato and Jung, 1998).

5.2 Neotectonic features

The mapped neotectonic traces demonstrate a North-South to North-Northeast trending
orientation (Fig. 5.1, 5.2 and 5.3) that is nearly normal to the East-West-oriented, regional
horizontal maximum compressive stress (Rajabi et al., 2017). This implies the neotectonic
scarps are consistent with reverse faulting kinematics. The length of the trace ranges from 2
km to 150 km. The net displacement is calculated based on measured vertical offsets in the
DEM map (Sellmann et al. (2020), Unpublished material) and the fault dip angle inferred
from regional seismic reflection profiles. The 13GA-EG1 line crosses most of the eastern part
of the Nullarbor Plain and cuts many measured fault/fold traces (Holzschuh, 2015), and the
12GA-AF3 line covers the western half of the study area (Costelloe and Holzschuh, 2012).

To investigate how the displacement (D) varies with the fault length (L) in the Nullarbor
Plain, I plot the maximum displacement Dmax versus L in Fig. 5.1b. The data set exhibits
large scatter, distinct from the linear relationship observed from fault growth models (Cowie
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Fig. 5.1 (a) Topographic map of the Nullarbor Plain, Australia. Black (or red) lines mark the
mapped neotectonic fold (or fault) traces on the surface. The circles are regional earthquakes
(1970-2020) from the Geoscience Australia catalog. The traces in the northwestern part
are demarcated by a shaded polygon, which is referred to as the interior region in this
study. The dashed yellow contours represent annual precipitations. The inset map illustrates
tectonic settings of the study area, which is located between the Archean Yilgarn and Gawler
craton. Accumulated displacement for each trace is measured. The maximum and average
displacement versus fault length are shown in (b) and (c), respectively. The light grey dots
represent data from the Northwestern part, shaded polygon in (a). Some of these traces that
have a relatively high displacement or length are labeled with the number of each trace, which
is shown in (a) adjacent to each fault trace. The label colors in (b) and (c) are also consistent
with the fault color in (a). The red one generally has high accumulated displacements.
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and Scholz, 1992a,b). A apositive relationship between Dmax and L is not obvious either.
Fold traces f02 or f29, which extend more than 140 km, show Dmax < 30 m. In contrast,
the fold traces f290 or f102, which are less than 100 km long, show Dmax > 30 m. Further
analyzing the spatial distribution of Dmax, I find that those located in the Northwest interior
of the Nullarbor Plain have a relatively small Dmax (light grey dots in Fig. 5.1b), and those
close to the current coastline to the southern and the eastern boundary have relatively high
values. Apart from the study on the relationship between slip maxima and length, the average
slip shows the same result (Fig. 5.1c).

If these faults are assumed to be reactivated at the same time, then the ones with higher
displacement should be more active than other faults. Such higher displacements may not
be controlled by fault length. It is not consistent with the linear fault growth model (?),
which predicts that faults grow by tip propagation and accrue displacement contemporarily.
The Nullarbor Plain cases appear to rather follow the constant-length model (Walsh et al.,
2002), which suggests that, for a reactivated fault system, fault lengths in the overlying
sediment layer quickly increase to the inherited fault lengths in the bedrock; afterwards, the
fault accrues displacement with a nearly constant fault length (i.e., the rupture tips remain
stationary in space through multiple earthquake cycles). In this case, the rheological strength
of each fault may control its activity. As the fault in-situ strength is not directly measurable,
the geophysical observations can provide indirect estimation of the spatial variation of the
frictional strength in the brittle upper crust and the viscous strength in the ductile lower crust
(Ellis et al., 2017).

5.3 Magnetotelluric profiles

The high-resolution (station spacing between 1 km and 5km) broadband (0.001-1000 s)
magnetotelluric (MT) profiles (Fig. 5.3b), collected by the Geoscience Australia, co-located
with the 12GA-AF3 and 13GA-EG1 seismic reflection lines (Fig. 5.2b) provide a high-quality
dataset to image the lithosphere conductivity properties (Costelloe and Holzschuh, 2012;
Holzschuh, 2015; Wise and Thiel, 2019), which are sensitive to active or fossil fluids in the
lithosphere and the related mineral precipitations, e.g., graphite and sulfides (Glover, 1996).
The dimensionality analysis of the MT data for 2D inversions requires the separation of the
>800-km-long profile into two parts, due to the NNE striking structures to the east (Fig. 5.2a
and 5.3a) and the predominant N-S oriented strike to the west (Fig. 5.2a and 5.3a). Another
earlier 450-km-long MT profile (Thiel and Heinson, 2010), with an average station distance
of 18 km, located at the southeastern edge of the Nullarbor Plain, is also used to test our
hypothesis. This is referred to as Thiel2010 profile later in this paper.
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Fig. 5.2 (a) Tectonic settings in the Nullarbor plain shown on the total magnetic intensity
map (Geoscience Australia, https://pid.geoscience.gov.au/dataset/ga/89596). (b) Migrated
seismic reflection profiles, 12GA-AF3 and 13GA-EG1, crossing the Nullarbor Plain. The
vertical axis of the seismic profile is the two-way time (TWT, 0-20 s), and the time-to-depth
conversion is calculated with the velocity of 6 km s−1.

https://pid.geoscience.gov.au/dataset/ga/89596
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Most of the neotectonic surface traces that cross the seismic reflection profiles can be
well linked to subsurface reflectors (Fig. 5.3b and 5.4). With the interpreted active faults in
the seismic reflection profile, the co-located MT profile is overlapped on the seismic profile
to further constrain the subsurface geophysical structures related to those active faults (Fig.
5.4).

A spatial correlation between the high conductors in the crust and mapped surface faults
with high Dmax is revealed in Fig. 5.4. For the eastern part, the right lobe of conductor C1
overlaps with the fault f82 and the left lobe is related to the fault f688. For the western part,
the fault f102 cuts the MT profile, but the interpreted subsurface structure is not directly
located in the center of conductor C2. The fault f102 is located in an area of a resistivity of
103 Ωm, but close to the conductor C2 to the East. I note that this is only a 2D profile, the
northern section of the NNE oriented fault f102 might be better correlated with the conductor
C2 than the southern end of f102 (Fig. 5.1 & 5.4). The left branch of the conductor C3 is
located close to the fault f10. Although the right lobe of the conductor C3 is not directly
cut by the fault f290, extending the right lobe of C3 straight to the south coastline is likely
to be spatially correlated with the fault f290. The fault f64 at the southeastern edge of the
Nullarbor Plain with the maximum Dmax among all the mapped neotectonic traces is located
right at the near vertical conductor in the Thiel2010 profile (see conductor C2 in Fig. 11 of
Thiel and Heinson (2010)). In contrast, the two longest faults f29 and f02 are not directly
connected to the conductors in the upper crust, though the lower crust beneath f29 shows
a clear high conductive channel (conductor C5) and the f02 offsets the right lobe of the
conductor C3 center by ∼ 30 km. The northwestern, interior faults (marked with the polygon
in Fig. 5.1a) do not directly intersect any upper crustal conductors, though, the lower crust
beneath has high conductivities (conductor C5).

5.4 Surface erosion rate

The results show lower Dmax for those traces located in the northwest Nullarbor Plain than
those located along the boundaries of the Nullarbor Plain. Whether this reflects a spatial
variation of crustal activity requires detailed investigation of spatial variation of surface
erosion rates. The arid climate might have assisted in preserving the neotectonic scarps on
the surface. However, the measured vertical displacement is also very small (<30 m), and the
potential time scale for preserving these features can be 15 Myr (Lowry and Jennings, 1974).
That means, the local erosion rate of 2 m Myr−1 might have removed the signal. Based on
the Cosmogenic 36Cl study, Stone et al. (1994) suggested that the latest Quaternary erosion
rate is ∼ 4.5 m Myr−1, and ∼ 60 m of the surface material has been removed since exposure.
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Fig. 5.3 (a) Tectonic settings in the Nullarbor plain shown on the Bouguer Gravity anomaly
map (Geoscience Australia, https://pid.geoscience.gov.au/dataset/ga/101104). (b) MT pro-
files co-located with the 12GA-AF3 and 13GA-EG1 seismic reflection profiles crossing the
Nullarbor plain (Wise and Thiel, 2019). The MT profile is divided into two parts, due to the
NNE striking structures to the east and the predominant N-S oriented strike to the west. The
white dashed line is at the depth of 25 km, which is used to delimit the lower boundary for
most of the upper crustal conductors and the upper boundary for the lower crustal conductors.

https://pid.geoscience.gov.au/dataset/ga/101104
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Fig. 5.4 Interpretation of the overlapped seismic and MT profiles. For the surface-mapped
faults that have corresponding reflectors on the seismic profile, those with a relatively high
Dmax and adjacent to the electrical conductors are coded with red color, otherwise, they are
illustrated by black lines. The fault f290 is not directly cut by the profile, but assumed to
be if northward extended, so it is marked with red dashed line. Red color in the MT profile
denotes high conductivity and blue low conductivity.
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This is roughly consistent with the study from Lowry and Jennings (1974), who suggested
that 60-180 m of the limestone in the south and 30-120 m in the north has been removed.
The erosion rate difference between the south and north may be attributed to the annual
average precipitation, which decreases from south (∼ 250 mm) to the north (∼ 150 mm).
The higher annual precipitation could have facilitated the karst dissolution, thus resulting in
higher erosion rate to the south than the north. The higher erosion rate in the south would
suggest that, if fault scarp generation rates were constant, then fault scarp relief in the south
could be less than the north due to enhanced erosion. However, our observation shows higher
fault scarp relief in the south than the north. That suggests rates of neotectonic faulting in
the south could even be higher than the estimation based on our observations, and in general
higher than neotectonic faulting rates in the northern part of the Nullarbor.

5.5 Formation of active faults

The spatial correlation of faults with high Dmax and crustal high conductors suggests a causal
relationship may exist between them. High conductors could be saline fluids circulating in
the fault zone or water-bearing conductive minerals. Free water in the fault zone increasing
pore pressure can reduce the effective frictional strength (Brace and Kohlstedt, 1980). Weak,
hydrous minerals in the fault gouge, like the smectite clay mineral found in the San Andreas
fault with a frictional coefficient < 0.2 (Lockner et al., 2011), also reduces fault strength. The
mineral water percolation in the fault zone with interconnected fractures as wide as several
kilometers may be related to conductors in the upper brittle crust. The free water in the upper
crust can be surface-derived meteoric fluids that circulate in the shallow crust.

If the surface fluids were the only source of water along the shear zone, how deep could
they reach to affect the rheological strength in the crust? As pressure and temperature
increase with depth, limited porosity and permeability and positive pressure gradient with
depth in the ductile crust would inhibit the transfer of surface water to the deep crust without
any other driving forces in a stable continent (Connolly and Podladchikov, 2004). Focusing
on the conductors at depth <25 km in the MT profiles (white dashed line in Fig. 5.3b),
there are many other near vertical (C6) or shallow conductors (C0) in the areas outside the
Nullarbor Plain (Fig. 5.3b). Most of those conductors (C0) in the eastern part (Gawler craton)
do not cut into depth > 10 km. Such depth may indicate limited penetration of surface-
derived fluids into the crust. In the Nullarbor Plain, except the major conductors (C2 and C3)
cutting to the middle-lower crust, shallow conductors (<15 km) like C0 and C6, which may
indicate surface-derived fluids, are not observed. This is likely to be attributed to the reduced
permeability in limestones with depth, due to clay mobility and concentrations, diagenesis
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and fracture sealing, macro-porosity clogging by microminerals, etc., which prevent meteoric
fluids from penetrating to the deeper crust. On the other hand, if the conductors and fault
activities were controlled by surface fluids, the annual precipitation should be higher in the
northeast areas, where f82 and f688 are located. However, the current annual precipitation
in the northeast is estimated to be equivalent to those at the same latitude in the northwest
interior (f29). The surface fluids can also be trapped in the middle crust through prograde
burial of the fault zone under thick sedimentary sequences (Raimondo et al., 2013), which
is not recorded in the geological evolution of the Nullarbor Plain since cratonization. The
corollary of these observations is that the current surface-derived fluids are unlikely to form
crust-scale conductivities in the Nullarbor Plain region.

Both the conductors C2 and C3 extend to and are connected in the lower crust, forming
a 100-km-long flat conductive layer at depths of 30-60 km (C4), most of which is in the
topmost mantle. The continent root beneath the Nullarbor Plain with a resistivity > 104 Ωm
extends to the depth of 200 km, suggesting a depleted and dry cratonic mantle (Wise and
Thiel, 2019). However, the lowest resistivity of the topmost mantle of the Nullarbor Plain at
depth from 40-60 km is less than 200 Ωm. The conductivity of the lithospheric mantle is
controlled by the conductivity of olivine (comprising 50-60% of the upper mantle), which
can be significantly increased with temperature, but is slightly dependent on pressure (Xu
et al., 2000). That means the topmost mantle with lower temperature should have higher
resistivity than that at depth of 100-200 km. The global average electrical resistivity of the
shallow mantle (< 100 km deep) at stable continents is > 1000 Ωm (Artemieva, 2006), which
is about one order of magnitude higher than the corresponding part in the Nullarbor Plain.
The low-resistivity anomaly in the Nullarbor Plain at the depth of the lower crust and shallow
mantle might be attributed to serpentinization of the shallow mantle (Becken and Ritter,
2012). The electrical conductivity of serpentinized rocks have been reported to be three to
four orders of magnitude higher than the un-serpentinized rocks of similar compositions, and
the variation of serpentinite conductivity depends on the porosity and connection of those
conducting mineral phases (e.g., magnetite) (Stesky and Brace, 1973).

As the Nullarbor Plain has been stable for hundreds of million years, how the shallow
mantle could be serpentinized in such environment is an enigma. I propose that the con-
ductor C4 could represent the relic of a subducted oceanic plate which has experienced
serpentinization. The isotopic data from borehole-derived bedrocks suggest the Coompana
Province crust is built on an oceanic crustal precursor which was dated to be ca. 1950 Ma
(Kirkland et al., 2017). This is also supported by recent joint interpretations of orthogonal
deep seismic reflection profiles and 3D magnetotelluric surveys (Wise et al., 2018), which
suggested an ocean (Mirning Sea) between the Gawler craton and the Coompana Province
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with the Jindarnga Shear zone, corresponding to the fault f82 and f688 in this study, being the
outboard extend of the transition zone. The relatively stable environment since cratonization
might have helped preserve this serpentinite layer for > 1000 Myr. For the cold crust with
a temperature gradient of 10 K km−1, the upward migration rate of fluid in the ductile
lower crust is estimated to be < 10 m Myr−1 (Connolly and Podladchikov, 2004). Without
significant alternation from later thermal events, the serpentinite is likely to be detected
at present time. The Cambrian serpentinite layer, part of which was cropped out to the
surface, preserved in the Delamerian Orogen in southeast Australia has also been revealed by
a magnetotelluric survey (Robertson et al., 2015).

The concave up conductor C4 in the lower crust-topmost mantle rising upwards at two
edges is aligned with the lower crustal reflectors (thick blue dashed lines in Fig. 5.4), which
represent low-angle detachment faults. This alignment in geometry indicates the dynamic
process of co-deformation fluid migration. The fluid migration in a ductile shear zone can
be explained by syn-deformation porosity generation due to creep cavitation (Fusseis et al.,
2009), which is formed through coalescing originally pores at grain boundaries and triple
junctions due to local dilatancy during grain boundary sliding (Menegon et al., 2015). The
grain boundary sliding may close one cavity but open another pore nearby, thus producing
a grain-scale pressure differences between two neighboring pores (Fusseis et al., 2009;
Menegon et al., 2015). Both field and laboratory observations of ductile shear zones found
the fluid concentrates at areas of reduced grain size (Precigout et al., 2017, 2019), which
causes a significant drop in strength of a fault. The opening of new pores is accompanied
with second-phase precipitations (Precigout et al., 2017), which inhibits the grain growth,
thereby maintaining the strain localization (Menzies et al., 2014). Even if the fluid had
diffused for the time range of more than 1000 Myr and the fluid migration rate is higher than
the estimation of 10 m Myr−1 (Connolly and Podladchikov, 2004), the maintained grain size
reduction may still yield a weaker zone than surroundings. In this case, the conductor C4 in
the lower crust and topmost mantle is likely to be related to the interconnected magnetite
formed during serpentinization. Such microphysical processes explain how the fluid and
deformation process control current strain localizations in those faults of high Dmax. The
conductor C4 is directly linked to C3 and C2, which might have enhanced the activity of
the faults f10 and f290. The mantle conductor C4 is horizontally connected to another
major shallow-mantle conductor at CDP 20000-22000, which appears to be connected to the
conductor C1 to the east. C1 might have affect the activity of f82 and f688.

Compared with those active faults cut by the high-conductivity patches in the MT profile,
faults not directly cutting those conductors (e.g., f50, f29 or f02) also have relatively high
displacement. The dip angle for f50, f29 and f02 are measured to be ∼ 30 degree. According
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to the Anderson faulting theory (Anderson, 1905), these faults are at a preferred reactivation
angle for reverse faults. Those faults cutting high-conductivity zones with slightly higher dip
angles (∼ 45 degree) can be reactivated with lower frictional strength than faults with lower
dip angles (Sibson, 1995). The lower frictional strength may be attributed to the fluids that
are indicated by the high-conductivity anomalies.

5.6 Conclusions

The 100s-meter-thick limestone overlying the Precambrian basement in the Nullarbor plain
provides a unique chance to record the neotectonic faulting events in the interior of cratons.
This study investigates the controlling factors on the distribution of neotectonic activities
in the Nullarbor Plain region. The reactivated faults or folds have accumulated 10s-meter
displacement on the surface since mid-Miocene. The neotectonic features with the largest
cumulative displacements are interpreted to have the highest rates of neotectonic faulting.
The selected fault activity in the Nullarbor Plain depends on the fault dip and fault plane
frictional strength. The fault dip is estimated by linking topographic linear traces, which
are also constrained by both gravity and magnetic surveys, to seismic reflectors in seismic
reflection profiles. The electrical conductivity obtained through MT observations are used to
constrain fluids in the lithosphere, which is assumed to be able to weaken a fault. The most
active faults in the Nullarbor Plain may be attributed to the inherited bedrock faults with a
favored dip (∼ 30 degree) for reverse faults and/ or lower strength of the fault plane, which
could be due to fluids either sourced from the surface or the shallow mantle.





Chapter 6

Stress Recovery for the Particle-in-cell
Finite Element Method

This chapter is a reproduction of this submitted paper:
Yang, H., Moresi, L. and Mansour, J., 2020. Stress Recovery for the Particle-in-cell Finite
Element Method. Physics of the Earth and Planetary Interiors. (Third round review after
minor revision)

Abstract

The particle-in-cell Finite Element (PIC-FE) method has been widely used in geodynamic
numerical modelling due to its efficiency in dealing with large deformations without the
requirement of remeshing. However, material deformation within a Eulerian mesh frame
will mix particles of contrasting strength properties (e.g. viscosity in Stokes problems) in a
single element requiring some form of averaging to project particle properties to integration
points. The numerical solutions are thus dependent on the way how the particle properties are
projected to the integration points. An intra-element property discontinuity may introduce
severe stress oscillations along the interfaces. In this study, we assess three preprocessing
methods to smooth the viscosity contrast within one element. For simplified models with
analytical solutions, the accuracy and convergence rate in L2 norm are systematically studied
with ensembles. It is found that using higher-order quadrature elements does not improve the
convergence rate for either the velocity or stress solution, both close to one. Additionally, the
convergence rate of the maximum stress error, which exists adjacent to the mixed-material
elements, is much less than one for all cases studied here. Investigating each component
of the stress tensor, we find that the stress tensor component with the highest strain rate
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gradient across the material interface produces the maximum stress error. Such errors can
be reduced by averaging the particle properties to the Gaussian quadrature point with an
inverse-distance-weighted harmonic mean.
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6.1 Introduction

The classical finite element method (FEM) (see e.g. Hughes (2012)) has been widely used to
simulate diverse problems in engineering. Unlike most engineering problems, geological
simulations are dominated by emergence of geometrical structures due to the non-linear
processes involved (Lenardic et al., 2003). For the structurally conforming FEM meshes,
the large deformations result in distorted meshes, which often require repeated remeshing
in computation (Braun and Sambridge, 1994; Davies et al., 2011; Maddison and Hiester,
2017). The particle-in-cell (PIC) method allows Lagrangian material particles to move in a
background Eulerian mesh (Harlow, 1964; Moresi et al., 2002; Poliakov and Podladchikov,
1992; Sulsky et al., 1994). Those particles carry the density, composition, viscosity, etc.,
while the unknowns are solved at nodes of the mesh. In addition to the particle-in-cell FEM,
the PIC finite difference (FD) method, where the governing equation is discretized using the
finite difference method, is also widely used in geodynamic numerical models (Deubelbeiss
and Kaus, 2008; Duretz et al., 2011; Gerya and Yuen, 2003).

PIC implementations have many advantages for problems where large-deformation and
emergent structures are dominant but there are two shortcomings that appear if the mesh
does not conform to interfaces that separate materials of different strength: the first is that
the interface is represented by a continuous interpolant on the mesh which can introduce
significant errors in calculating fluxes such as the stress-tensor; the second problem relates to
the discretization of the boundary shape by a non-conforming mesh which introduces corners
and “staircases” into the geometry that are not present in the original interface. This can
produce severe stress-focusing artefacts.

In the tectonic-modelling problem, interfaces typically represent boundaries between
materials of different viscosity (effective viscosity in the case of a visco-elastic problem) or
the location of a shear-band with distinctive constitutive properties from the intact material. A
viscosity jump within one element may give rise to errors more than two orders of magnitude
larger than where material interfaces align with element boundaries (Moresi et al., 1996).
This viscosity jump can also significantly degrade the convergence properties of numerical
solvers (Gassmöller et al., 2019; May, 2009; May and Moresi, 2008; Thielmann et al., 2014).
For modelling long-term geological problems, the stress artifacts could dissipate this error to
historical evolution with non-linear processes (Bardenhagen and Kober, 2004).

To address the effect of mixing materials of contrasting viscosity in one element, one
strategy is to divide the element into sub-domains along the interfaces between different ma-
terials within one cell, and integrate those with same properties separately (Braun et al., 2008;
Wallstedt and Guilkey, 2011). As subdivision of the mesh by searching for material interfaces
increases the computational complexity (Puckett et al., 2018), smoothing the discontinuities
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by averaging particle properties with the arithmetic or harmonic mean (Deubelbeiss and
Kaus, 2008; Schmeling et al., 2008), or using a smooth basis function in the FEM (Barden-
hagen and Kober, 2004) can be a simpler approach. Averaging of the viscosity in cells with
multi-phase materials in the FD method was systematically studied by (Deubelbeiss and
Kaus, 2008). However, they did not make full use of the possibilities offered by the FEM, as
they use a single value for all quadrature points in one element. This constant interpolation
of viscosity in the cell with mixed materials is also tested by Thielmann et al. (2014), who
proposed another more sophisticated strategy, the linear least square interpolation, which
requires solving a linear equation for each mixed-material element. However, this extra cost
of combining linear least square interpolation with Q2 elements does not work well in cases
of sharp changes of viscosity in one element (Thielmann et al., 2014).

We examine the effectiveness of several smoothing methods in eliminating spurious
stress fluctuations within the framework of Underworld, which is a Python package used to
simulate geodynamics processes (Mansour et al., 2020; Moresi et al., 2007). The smoothing
methods we test can be conveniently implemented and efficiently run with Underworld.
We first introduce two post-processing methods available in Underworld that are used to
compute a smooth nodal stress or strain rate field, and then describe three pre-processing
solutions that can be used to mitigate errors associated with the mesh not conforming to the
interfaces: (1) a node-based method using the element shape functions, (2) an element-based
averaging method, and (3) a Gaussian-quadrature-point based method using the distance
weighted averaging. Additionally, we further compare them with the classical stress recovery
technique that reconstructs continuous stresses on specified patches based on nearby super-
convergent points (SPR) (Zienkiewicz and Zhu, 1992a,b). The SPR method was designed
for cases without the internal structure in the element and is thus not intended to alleviate
the problem caused by mixed-material elements. Each method is tested against analytic
solutions for models that are relevant to geological problems. We also discuss how best
to combine the various pre- and post-processing methods in “real” modelling situations.
To be comparable with previous studies (Duretz et al., 2011; Thielmann et al., 2014), the
accuracy and convergence rate in the L2 norm for the global model scale are provided.
Additionally, we discuss the local maximum error, which is not addressed in previous studies
but is of importance for geological problems such as shear band development where there is
a non-linear feedback that can be sensitive to mesh-dependent errors.
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6.2 Governing equations

The simulation is based on the Stokes equation for Newtonian viscous, incompressible flow:

∂σi j

∂x j
− ∂P

∂xi
= ρgi (6.1)

∂vi

∂xi
= 0 (6.2)

σi j = 2ηε̇i j (6.3)

ε̇i j =
1
2
(

∂vi

∂x j
+

∂v j

∂xi
) (6.4)

where σi j denotes deviatoric stress, P pressure, ρ density, gi gravity acceleration, vi velocity,
η Newtonian viscosity, ε̇i j strain rate, and the Einstein summation convention is used here.

6.3 Methods

6.3.1 Post-processing methods

In the classical Finite Element Method, inter-element stress continuity is not guaranteed.
Smoothing the numerical discontinuity to fit the physically continuous system has been
conventionally implemented as a post processing step (Boroomand and Zienkiewicz, 1997;
Zienkiewicz and Zhu, 1992a,b). These generally include (1) averaging around local nodes
and (2) global projection with least square fits (Hinton and Campbell, 1974).

Averaging around local nodes with shape functions

The projection at mesh nodes is done through extrapolation from superconvergent points
(e.g., Gaussian points) and then averaging locally at mesh nodes. In the FEM framework, the
distance-based weight can be found using the shape function (Na) in the whole calculation
domain Ω, so the average nodal stress is

σ
h =

∫
Naσ p dΩ∫
Na dΩ

(6.5)

where σ p is the point stress computed in the element interior. Note that, although the
integration is applied to the whole domain, the shape function has compact support limited
to adjacent elements. In this study, I adopt the convention that the superscript p and h denote
the properties from points in the element interiors and mesh nodes, respectively.
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Global projection with least square fits

The least square fit approach can be applied to the whole finite element domain to minimize
the error between the smoothed stresses σ̃ and the point stresses σ p

∫
(σ̃ − σ

p)2 dΩ (6.6)

The smoothed stress is written as

σ̃ =
nnp

∑
B=1

NBσ
h
B (6.7)

where nnp is the number of nodal points, NB the respective shape function and σh
B the stress

on the mesh node B. The least square method is used to minimize the error by

∂

∂ σh
B

∫
(σ̃ − σ

p)2 dΩ = 0 (6.8)

for B = 1, 2,..., nnp. This yields the following matrix problem:

X σ̃ = P (6.9)

where X = [XAB], σ̃ =< σh
B > and P =< PA >. The construction of X and P is implemented

in elementwise fashion:

xe
ab =

∫
Ωe

Ne
aNe

bdΩ, pe
a =

∫
Ωe

σpNe
adΩ (6.10)

for 1 ≤ a,b ≤ nen, where nen is the number of nodal points per element.
It has to be noted that the global projection method is a more costly process to recover

accurate nodal stresses and may also produce overshoot values at nodal points (Thielmann
et al., 2014).

SPR-superconvergent point recovery

The SPR method (Zienkiewicz and Zhu, 1992a) computes a continuous nodal stress field,
σ∗, from a patch of elements local to each node:

σ
∗ = Ma (6.11)
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where M = [1,x,x2, ...,xm] and a = [a1,a2,a3, ...,am+1]
T for the one dimensional cases. m is

the order of the polynomial expansion, which is the same as that used in the shape function
N. Accordingly, for the two-dimensional expansion for linear elements, M = [1,x,y], and
for quadratic M = [1,x,y,x2,xy,y2] (the xy term is optional). To determine the unknown
parameters a in equation (6.11), I minimize

F =
n

∑
i=1

(σh
i (xi,yi)−M(xi,yi)a)

2
(6.12)

where (xi,yi) are the coordinates of specified sampling points, the total number of which is n.
Therefore, for F to be a minimum

∂F
∂ai

= 0 (6.13)

This gives
n

∑
i=1

MT(xi,yi)M(xi,yi)a =
n

∑
i=1

MT(xi,yi) σ
h(xi,yi) (6.14)

This system is rewritten as
a = A−1b (6.15)

where

A =
n

∑
i=1

MT (xi,yi)M (xi,yi) and b =
n

∑
i=1

MT (xi,yi) σ
h(xi,yi) (6.16)

After obtaining the parameter a in equation (6.11), with the polynomial expansion, the mesh
node values can be evaluated by any given coordinates using the functional form of σ∗ in
equation (6.11). Although clearly an expensive method, SPR is a node-by-node technique
that only needs to be computed when and where accurate stresses are required. I note that
momentum conservation is not guaranteed in the SPR method, but a more sophisticated
approach can reconstruct the stress by equilibrium of patches using original momentum
equations (Boroomand and Zienkiewicz, 1997; May, 2009).

6.3.2 Pre-processing methods

The classical post-processing methods are designed to produce continuous, node-based stress
field, but not to resolve the stress perturbations caused by mixed-material elements. Instead,
I utilize pre-processing methods to reduce the strength contrast across the interfaces between
two materials. Directly sampling the nearest particle to Gaussian points is taken as the
reference method, which is named as Direct in the following sections.
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Fig. 6.1 Sketches illustrating three preprocessing methods. (a) The node-based method
first projects reciprocals of particle viscosities to the mesh nodes, and then interpolate the
reciprocals of node values to the Gauss quadrature points. (b) The element-based method
first locates the cells that contain different viscosities, then replaces the viscosities in the
mixed-material cells with harmonic mean value of the materials involved. (c) The Gaussian-
quadrature-point based method directly projects those particles that are within a distance of
δ to the Gaussian point.

To smooth the strength properties in one cell, the arithmetic mean (Am), geometric
mean (Gm) and harmonic mean (Hm) are commonly used. For a positive viscosity sequence
η = η1,η2, ...,ηn, where n is the total number of components in the sequence, they are
defined respectively by

Am(η) =
1
n

n

∑
i=1

ηi, Gm(η) = n

√
n

∏
i=1

ηi and Hm(η) = n /
n

∑
i=1

1/η i (6.17)

It is well known and has been demonstrated by Xia et al. (1999) that for the same sequence,
Am ≥ Gm ≥ Hm. The harmonic mean produces an averaged value close to the minimum
of the sequence while the arithmetic mean produces a result close to the maximum of the
sequence. In terms of the physical meaning, Schmeling et al. (2008) suggested that the
harmonic-mean averaging best represents the effective viscosity of simple shear models,
while the arithmetic-mean averaging can stand for the effective viscosity of pure shear
models.

For the FD method, the harmonic-mean averaging has being found to be the optimal
smoothing method in the viscosity field (Deubelbeiss and Kaus, 2008). However, for a
buoyancy driven system, the arithmetic averaging for density is the dominant factor rather
than the viscosity (Deubelbeiss and Kaus, 2008). For the FEM, the results from Thielmann
et al. (2014) also indicated that the harmonic mean averaging method is the preferred one
to smooth the viscosity. Therefore, I mainly test two end-member averaging methods: the
harmonic and arithmetic averaging method for the viscosity field in this study.
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Node-based method

I use the method described in section 6.3.1 (eq. 6.5) to project reciprocals of the property
information η p (e.g., viscosity) carried by particles to mesh nodes through the shape function
Na in the whole calculation domain Ω (Fig. 6.1a):

η
h =

∫
Na(1/η p) dΩ∫

Na dΩ
(6.18)

The strength values η∗ considered in the elementwise integration is

η
∗ =

nnp

∑
A=1

NA(1/η
h
A) (6.19)

Element-based method

Here I first look for elements that contain more than one material, and then unify the
properties of all the particles in those elements to be one value (Fig. 6.1b) (Deubelbeiss and
Kaus, 2008; Thielmann et al., 2014). The harmonic mean method averaging over all types of
points in one cell gives the unified property value

η
e = nk/

nk

∑
A=1

1/η
p
A (6.20)

where nk is the number of material types in one element. It is worthwhile noting that nk

is not the number of particles in one element and it is different from what other codes do
(Deubelbeiss and Kaus, 2008; Thielmann et al., 2014). For large viscosity jump > 103 Pas, if
the particles numbers in one cell is few (e.g. 10s), the effective viscosity for both cases are at
the same order of magnitude. For simplicity, I take the number of material types.

Gaussian-quadrature-point-based method

This method is also applied only to elements with a mixture of materials, and I first locate
mixed-material cells. Then, instead of unifying materials over one cell, particles within
distance δ to the selected Gauss quadrature point (Fig. 6.1c) are averaged by

η
gp =

nd p

∑
A=1

W p
A /

nd p

∑
A=1

W p
A /η

p
A (6.21)

where nd p is the number of sampling points for the specified Gauss quadrature point and
W p

A is the weight. The sampling numbers nd p is determined by the selected distance δ . The



104 Stress Recovery for the Particle-in-cell Finite Element Method

effect of sampling distance is discussed later. The distance weighted averaging is found to
produce good results in the FD method (Duretz et al., 2011), therefore the weight used in
this study depends on the reciprocal of the distance from the sampled particle to the Gauss
quadrature point. The default averaging method is harmonic mean as shown in equation
(6.21), and the arithmetic averaging method (eq. 6.17) is also fully investigated here. The
Gaussian-quadrature-point based method with harmonic mean averaging over a distance
of δ is recorded as Gauss-Hm δ for short, while the one with the arithmetic mean strategy
is Gauss-Am δ . In this study, δ= 0.5, 1, 2, 4 times of the corresponding element size at
different mesh resolutions.

6.3.3 Error measurement

To study the error caused by intra-element viscosity jumps, I use a set of models with existing
analytical solutions. To solve the governing equations, we only use direct solvers (e.g., LU
or MUMPS with large positive penalty values) rather than the iterative solvers for numerical
experiments. The later need subjective criteria to stop iterative cycles, while the direct solver
only introduces errors on the order of floating-point precision on the computer. I compute
the error by the normalized root mean square error in L2 norm

RMS error =

√∫
(ϕana −ϕnum)

2dΩ∫
ϕana2dΩ

(6.22)

where ϕana and ϕnum are the analytical and numerical values, respectively; The integration
is over the domain Ω, which is an elementwise calculation in the FEM. Additionally, I also
measure the maximum error

Maximum error = max(|ϕana −ϕnum|) (6.23)

which is a pointwise measurement over the whole calculation domain. The convergence rate
r is measured by computing the numerical solution under a sequence of regular meshes with
the L2 norm error determined in equation (6.22)

RMS error ≤ Chr (6.24)

where h is the mesh size and C is a h-independent constant. With the commonly used
Qk ×Qk−1 (subscript k is the element degree) ‘Taylor-Hood’ elements (Taylor and Hood,
1973) for the velocity and pressure discretization, the optimal convergence rate r for the
error of the velocity and pressure in the L2 norm is k+1 and k, respectively (Bercovier and
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Pironneau, 1979). In this study, I test cases with k = 1 and 2, which are named as Q1 and Q2

elements.

6.4 Results and discussion

6.4.1 Models with analytical solutions

Simple shear model with regular mesh

I first test the effect of different smoothing methods on a simple shear model (Fig. 6.2a). The
dimensionless model ranges from -1 to 1 in both x and y directions and has two layers with a
viscosity contrast η1

η2
= 103. The driving velocity V0 is 1 and periodic boundary conditions

are applied to the left and right boundaries. Rectangular meshes of N × N are compared,
where N = 15, 33, 75, 133 for Q1 elements, and N = 7, 17, 37, 67 for Q2 elements. Taking
the solution of Couette flow and considering stress continuity at the interface, the analytical
solution for the shear stress reads as

σxy =
2V0η2

h1η2
η1

+h2
(6.25)

where h1 and h2 are the thickness of two layers. The y coordinate of the material interface
(yinter f ace) is designed around y = 0 with |yinte f ace| < dy/2, where dy is one element size
in y direction for the corresponding mesh resolution. For the mixed-material cells around
y = 0, if the interface is at a height of α of the element size, h1 = 1− (α − 0.5)dy and
h2 = 1+(α −0.5)dy. I create model ensembles with α ={0.1, 0.15, 0.25, 0.35, 0.5, 0.75,
0.9}.α = 0.5 represents the case with the interface located exactly in the middle of the box
(y = 0)

The detailed convergence study for each Vx and σxy of the ensembles is shown in Fig.
6.3ab, where I directly sampling the nearest particle property to the Gauss quadrature point
and project the stress to local nodes with the shape functions (Direct0 in Fig. 6.3cd). The
order of convergence in velocity is one, which, however, is supposed to be second order
in theory without the effect of material mixing in one element (May, 2009). The stress
convergence rate is less than one. The RMS error for both the velocity and stress increases
by one order of magnitude with α increasing from 0.1 to 0.9. That means how two materials
are mixed in one cell has significant influences on the both the velocity and stress accuracy
evaluation. If I test the accuracy and convergence rate by varying model resolution with a
fixed interface, and do not have such ensemble test, models with different resolutions may
correspond to different α values in the ensembles. This would cause fluctuations in the RMS
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Fig. 6.2 Simple shear model setup (a) and results of shear stress for the Direct sampling
method (b), the node-based method (c), the element-based method (d), the Gaussian-
quadrature-point based method with harmonic mean that averages particles within a distance
of half element size to the corresponding Gaussian point (Gauss-Hm0.5) (e), the Gauss-Hm1
method (f), the Gauss-Hm2 method (g) and the Gauss-Hm4 method (h). The color bar shows
the normalized error. The mesh consists of 133×133 regular Q1 elements with α = 0.5
(interface at y = 0).
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error, thus biasing our assessment of the convergence rate with linear regression analysis.
With the ensembles, the convergence rate is calculated with the linear regression for the mean
value of the ensembles at corresponding mesh size (Fig. 6.3cd). The ranges of the upper and
lower limit in the ensembles are shown with vertical bars with caps in Fig. 6.3cd. This rule
applies to all the convergence rate calculation for models with analytical solutions in this
study.

Changing the number of particles in one element almost has no effect on the results
for the Direct0 case (Fig. 6.3cd). As I use the nearest sampling method to project particle
properties to Gaussian point, only those closest to the respective Gaussian point contribute to
the projection. In this case, increasing particle numbers higher than the number of Gaussian
points will not change have solutions too much for the models which have a relatively
simple geometry. The particle per cell numbers should also have little effect on the element-
based method, as it unifies the element properties by the numbers of material types rather
than the particle numbers. For smooth problems that do not have intra-element viscosity
discontinuities, it has been suggested that increasing particle per cell numbers with mesh
resolution may increase the convergence rate (Gassmöller et al., 2019). However, increasing
the number of particles comes at the cost of an increased computation time. In the following
sections, I fix the number of particles in each element to be 32 for both Q1 and Q2 elements,
where Q1 and Q2 elements have 3 × 3 and 5 × 5 Gauss quadrature points, respectively. The
selected particle per cell number is higher than the respective number of Gaussian points and
the case with 32 particles works as accurately as the case with 128 particles per cell (not
shown in Figures). Therefore, the number of 32 can be a good compromise between accuracy
and computational cost. Additionally, the simple case shows that the global projection of
least square fits (Direct1 in Fig. 6.3cd) produces worse results than the local projection with
shape functions (Direct0 in Fig. 6.3cd). I only use the local projection method to obtain
the stress on mesh nodes in following sections and focus more on the effect of different
pre-processing methods.

The calculated stress field with the mesh resolution of 133 for Q1 elements with α=
0.5 is shown in Fig. 6.2. The maximum stress error along the interface reaches 66 % of
the analytical solution for the node-based method (Fig. 6.2c). The element-based method
produces the best result in this particularly simple case with a maximum error of 2 % (Fig.
6.2d). Increasing the sampling radius in the Gauss-Hm method helps lower the maximum
error (Fig. 6.3e-h). Further increasing the sampling distance should produce similar results
as the element-based method, but it would increase computational time as well. The optimal
sampling distance is thus the crucial parameter in the Gaussian-quadrature-point based
method.
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Fig. 6.3 The RMS error for Vx (a) and σxy (b) with ensembles that have the intra-element
viscosity discontinuity at different levels of the mixed-material element. The effect of particle
numbers and post-processing methods on the RMS error is compared in (c) and (d). The
Direct0 represents the case that does not have any preprocessing procedure but have used the
post-processing method averaging around local nodes with shape functions and the Direct1
uses the global projection method with least square fits. The case in (a) and (b) corresponds
to the Direct0-Swarm32 which has 32 particles per cell and is postprocessed with the Direct0
method. The caps of the vertical line denote the upper and lower limit of the ensembles.
The mean values are represented by different markers. I fit the mean value of the ensembles
versus the mesh size by linear regression. The slope of the regression line is the convergence
rate. For tests with the same mesh resolution, each case is shifted a little bit horizontally
to de-collapse the vertical bars. The plotting rules are applied to all other convergence rate
studies listed below.



6.4 Results and discussion 109

Fig. 6.4 The Vx (a & c) and σxy (b & d) RMS error calculated with Q1 elements for different
preprocessing methods applied to the simple shear model with regular mesh. Every row
shares the same legend. The solutions calculated with the Direct method, node-based method
and element based method are plot in both the upper and lower panels as a refence to be
compared with the Gauss-Hm method in the upper panel (a & b) and the Gauss-Am method
in lower panel (c & d).
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For the ensembles calculated with Q1 elements, the convergence rate for the RMS error is
1 in velocity and <1 in stress for the cases processed with all the methods studied here (Fig.
6.4). The element-based method produces the lowest RMS error in stress, but the highest
RMS error in velocity (Fig. 6.4ab). The Gauss-Hm4 method produces a mean RMS error
in stress as low as the element-based method, but the RMS error in velocity is also as high
as that with the element-based method. In terms of the RMS error, the optimal distance is
two-element widths for the Gauss-Hm method, which produces a slightly higher mean RMS
error in velocity, but much lower mean RMS error in stress than that in the one-element-width
case (Fig. 6.4ab). For the arithmetic mean averaging method (Gauss-Am), it neither reduces
the velocity error with respect to the Direct method, nor produces better results than the
harmonic mean method in terms of the RMS error of stress (Fig. 6.4cd).

In the cases of Q2 elements (Fig. 6.5), the convergence rate for the RMS error in velocity
is still approximately close to one as for Q1 elements and does not increase as the classical
FEM theory predicts. That means using higher-order quadrature integration may not improve
the convergence rate when there are mixing materials with contrasting viscosity in one
element, as has also been suggested by May (2009). The node-based method better recovers
the velocity field than other methods tested in this study but produces the worst result in
stress. The Gaussian-quadrature-point based method with the harmonic mean averaging over
a sampling radius of one element size (Gauss-Hm1) is the preferred method as it results
in the lowest RMS error in stress and second lowest error in velocity. Comparing with the
Direct method, I find the Gauss-Am method almost does not damp the RMS error in velocity,
nor does it result in a better stress recovery than the harmonic mean method.

Simple shear model with distorted mesh

The numerical experiments illustrated before are a specific case study where meshes are
aligned with the material interface. In this study, with all else being equal, I perturb the
mesh around y = 0. For meshes nodes with |y| < 2dy, where dy is one element size in y
direction for the corresponding mesh resolution, the mesh nodes are deformed following
y = y0 +β ×dy× sin(2πkx) with k being the wave number, which is set to be 4 in this study,
β the factor that affects the amplitude of the perturbation and y0 the original y coordinates in
the regular mesh. The interface in the study is fixed at y = 0, and I test the model ensembles
with β ={0.1, 0.3, 0.6, 0.8}.

The case of β = 0.8 with the resolution of 133 × 133 for Q1 elements is shown in Fig. 6.6.
As the element-based method unifies material properties in elements that contain particles
of different properties, it produces sharp contact boundaries horizontally (Fig. 6.6a). Such
sharp contact is conventionally known to introduce a “staircase” effect, which is suggested to
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Fig. 6.5 The Vx (a & c) and σxy (b & d) RMS error calculated with Q2 elements for different
preprocessing methods applied to the simple shear model with regular mesh. Every row
shares the same legend.
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Fig. 6.6 Simple shear model setup with distorted mesh surrounding the interface with β =0.8
(a) and results of shear stress for the element-based method (b), the Gauss-Hm2 method
(c), and post-processing with SPR on Gauss-Hm2 results (d). The color bar shows the
normalized error. The mesh consists of 133×133 Q1 elements. The model setup shows
material distribution after being preprocessed with the element-based method, and the mesh
in y direction is exaggerated by 4 to see the details of deformed mesh.
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reduce the velocity error convergence rate (L2 norm ) from O(h2) to O(h1) for Q1 rectangular
elements in the classical FEM theory (Ramière, 2008). The “staircase” effect is unable to be
explored the simple shear case with a regular mesh, which indicated that the element-based
method has advantages in reducing stress perturbation. With a more general case like that
shown in Fig. 6.6a, the element-based method produces poor stress field results (Fig. 6.6b)
with the maximum error of 52 % relative to the analytical solution., The Gauss-Hm2 method
reduces its maximum error to 41 % of the analytical solution (Fig. 6.6c). Further applying the
SPR postprocessing method to the stress field obtained by Gauss-Hm2 lowers the maximum
error down to 27 % (Fig. 6.6d).

The convergence rate study for the ensembles of different β is shown in Fig. 6.7 and 6.8.
For Q1 elements (Fig. 6.7), the pattern of RMS error does not differ much from that in the
section with regular mesh. The convergence rate for both velocity and stress approximate
one. Comparing with the Q1 element in section with regular mesh (Fig. 6.4), I find that the
irregular mesh has increased the mean RMS error stress by a factor of 5-10 for the element-
based method and the Gauss-Hm2 method, which might have enhanced the “staircase” effect
due to the distorted mesh (Fig. 6.6). The optimal sampling distance for the Gauss-Hm
method is two element size, which equals the value found in the previous section. It is
interesting to note that the node-based method generates the narrowest range and lowest
mean value of RMS errors both in velocity and stress field.

Comparing the RMS error of Q2 elements in Fig. 6.8 with those in Fig. 6.5 in the section
with regular mesh, I find the node-based method displays major changes with the widest range
and the highest value for both the RMS error. On the other hand, the node-based method
also leads to the highest convergence rate among all tested methods. The convergence rate
in both velocity and stress for the node-based method is more than twice of that with other
methods. This might be caused by the high-order shape function used to project the particle
properties to the interpolation points, which was also found to improve the convergence rate
for smooth problems (Gassmöller et al., 2019).

SolCx model

The SolCx benchmark model was used by Thielmann et al. (2014) to test the influence of a
sharp viscosity jump within one element on computation error and convergence rate. The
SolCx benchmark is a complementary case to the previous model which includes the body
force terms which are not considered in the previous simple shear models. The analytic
solution for this case was derived by Zhong (1996), and the code for this analytic solution is
included in the Underworld package.
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Fig. 6.7 The Vx (a & c) and σxy (b & d) RMS error calculated with Q1 elements for different
pre-processing methods applied to the simple shear model with distorted mesh. Every row
shares the same legend. The ensembles are created with different β .
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Fig. 6.8 The Vx (a & c) and σxy (b & d) RMS error calculated with Q2 elements for different
preprocessing methods applied to the simple shear model with distorted mesh. Every row
shares the same legend. The ensembles are created with different β .



116 Stress Recovery for the Particle-in-cell Finite Element Method

Fig. 6.9 Model setup for the SolCx benchmark.

The model consists of a unit box where density is described by the trigonometric function
ρ = sin(πy)cos(πx). Gravity is 0 in the x direction and 1 in the y direction (Fig. 6.9).
Free-slip boundary conditions are applied to all boundaries. As before, rectangular meshes
of N×N are compared, where N = 15, 33, 75 and 133 for Q1 elements, and N = 7, 17, 37 and
67 for Q2 elements. There is a viscosity jump of 103 at x = 0.5+ γ ×dx, where dx is one
element size in x direction for the corresponding mesh resolution, and γ is a constant as α in
the simple shear model with regular mesh. I build model ensembles with γ={0.1, 0.15, 0.25,
0.35, 0.5, 0.75, 0.9}.

If Q1 elements are used (Fig. 6.10), RMS errors display the same behaviour as observed
in the simple shear models. The convergence rate of the RMS error in velocity and stress is
about one. The major change I observe in this case is that the Gauss-Hm method does not
reduce the mean RMS error in stress with respect to the Direct method for as efficiently as
that in the sections of simple shear models, but still lowers the upper limit of the RMS error
in stress by a factor of 2 for the Gauss-Hm2 method. Further applying the SPR method, it
reduces the stress RMS error by 10 % with respect to the Gauss-Hm2 method (Fig. 6.10b).
The Gauss-Am method recovers a poor velocity field and does not recover the stress field
better than the Gauss-Hm method (Fig. 6.10cd).

The RMS error in Q2 elements (Fig. 6.11) demonstrate the same pattern as before, and
the Gauss-Hm1 method results in the lowest error. The node-based method produces the
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Fig. 6.10 The Vx (a & c) and σxy (b & d) RMS error calculated with Q1 elements for different
preprocessing methods applied to the SolCx benchmark model. Every row shares the same
legend. The ensembles are created with different γ .
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Fig. 6.11 The Vx (a & c) and σxy (b & d) RMS error calculated with Q2 elements for different
preprocessing methods applied to the SolCx benchmark model. Every row shares the same
legend. The ensembles are created with different γ .
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Fig. 6.12 The σx (a & d), σy (b & e) and pressure (c & f) RMS error calculated with Q1
elements for different preprocessing methods applied to the SolCx benchmark model. Every
row shares the same legend. The ensembles are created with different γ .

widest range and highest value of for the RMS error in stress. The convergence rate for
velocity and stress is about one for the RMS error for all methods studied here. The higher
convergence rate for cases with the node-based method in Q2 elements than other methods
observed in the simple shear model with distorted mesh is not observed in this case.

I note that all the stress convergence rate studies beforehand only consider σxy with σx

and σy not being considered. I thus further investigate the RMS error for the σx, σy and
pressure, which are calculated with Q1 elements (Fig. 6.12). It is found that almost all the
methods produce the same results, except the node-based method which produces higher
error in pressure than others. No significant difference is observed between the Gauss-Hm
and Gauss-Am method. I find that the largest stress errors are located at the interface in
the vicinity of mixed-material elements (Fig. 6.13abc). The error shown in Fig. 6.13abc is
normalized by its maximum value of each component. The error in σxy is in the range of
0-30 % while the error in the other two components are in the range of 0-8 %. Additionally,
the error in σxy is mainly distributed in the central part while the error for the other two
components are close to the top and base boundaries. With the strain rate distribution for
each component (Fig. 6.13def), I find that the maximum errors in each component are all
located in regions with large strain rate gradients. The higher in strain rate gradient across the
interface, the higher error in stress. The gradient of ε̇xy across the interface is much higher
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than the two normal components. Such higher strain rate of ε̇xy across the interface is also
the common feature in the simple shear cases.

I therefore suggest that the harmonic mean averaging method for cases where there are
high gradients of tangential strain rate across the material interface. This is consistent with
the suggestion by Schmeling et al. (2008) that harmonic-mean averaging best represents the
effective viscosity of simple shear models and arithmetic-mean averaging best represents
that of pure shear models . For a buoyancy driven system as the SolCx model or other
complex geological problems, it may be a composite of both simple shear and pure shear
models. Thus, the choice of arithmetic or harmonic mean depends on the specific geologic
problem. For the SolCx model, the Gauss-Hm method almost produces comparable, though
not better, results for two normal stress components as the Gauss-Am method (Fig. 6.13).
Note that further applying the SPR post-processing method on those results obtained by the
Gauss-Hm may improve the final accuracy (Fig. 6.10). Therefore, the Gauss-Hm method
plus the SPR post-processing method could be a practical option for models when we are not
familiar with the dominating deformation mode. Alternatively, it is worthwhile to consider
the transversely isotropic viscosity that takes different averaging method for the viscosity in
different directions in future work (Sharples et al., 2016).

Maximum Error

The convergence rate for the RMS errors reflects how the global error decays with mesh sizes
but cannot reflect how the local errors vary with the resolution. The maximum error, which
exists in mixed-material elements, is thus studied in this section. The results for the three
simple models with analytical solutions are found to have common features in terms of the
maximum error. The results for the simple shear model with regular mesh calculated with Q1

are shown as an example here, and other models can be found in the appendix.
Regarding the maximum error for Q1 elements (Fig. 6.14), the convergence rate for

velocity is close to 1, but the maximum error in stress almost does not decay while increasing
the resolution (Fig. 6.14ab). The element-based method is poor in recovering the velocity
field as it does in the RMS error, though it produces the lowest stress error among all methods
studied here. The Gauss-Am method behaves in the same way as it in the RMS error, neither
reducing the maximum error in velocity with respect to the Direct sampling method, nor
producing better results than the Gauss-Hm method (Fig. 6.14cd).
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Fig. 6.13 The error for σx (a), σy (b) and σxy (c), and the analytical solution for strain
rate, ε̇x (d), ε̇y (e) and ε̇xy (f). The stress error is normalized by the maximum value of the
corresponding analytical solution for each component. The strain rate is normalized by the
maximum value for each component. The stress error is calculated with 75×75 regular Q1
elements.
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Fig. 6.14 The Vx (a & c) and σxy (b & d) maximum error calculated with Q1 elements for
different preprocessing methods applied to the simple shear model with regular mesh. Every
row shares the same legend. The black dashed line in the right panel (b & d) has the same
slope as the Gaussian-quadrature-point based method with a sampling radius of two element
size. The ensembles are created with different α .
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6.4.2 Models without analytical solutions

Models in sections 6.4.1 are all based on a relatively simple geometry, the stress field of
which can be obtained through analytical solutions. In this section, I test complex models
that do not have simple analytical solutions. First, I test a model with a fault (thin weak zone)
that is at a low angle to the x-axis. Then, I build a synthetic model by using the observations
from a complex fault network to test how the methods proposed in this study work in a
complex system.

Shear zone at a low angle to x-axis

This model (Fig. 6.15) has a weak zone (1019 Pas) embedded in a strong matrix (1023 Pas).
The driving velocity at the top and base is ±0.5 cm yr−1, respectively. The velocity at both
lateral boundaries linearly increases from -0.5 cm yr−1 at base (y = -10 km) to 0.5 cm yr−1

at top (y = 10 km). The weak zone (∼ 260 m thick) is at 10º to the x-axis, thus forming
rectangular elements that have both strong and weak materials (Fig. 6.15a). As a reference, I
also build a model where mesh edges are aligned with material interfaces (Fig. 6.15b). In
addition, the mesh in the y direction surrounding the weak zone is refined, with the grid size
in the y direction varying from 0.21 m to 330 m. I assume here that the reference model
solution is better at representing the true solution than the non-body-conforming cases and
the relative difference between non-body-conforming cases and the reference model then
approximates the error.

Compared with the stress field in the reference model (Fig. 6.15c), the Direct method
introduces intensive perturbations along the fault (Fig. 6.15a), while other methods demon-
strate stress shadows adjacent to the weak zone without visible fluctuations as in the Direct
method. In addition to the absolute value of the stress field (left panel in Fig. 6.16abcd), I
also calculate the relative differences between the reference model and the case that contains
mixed-material elements (right panel in Fig. 6.16efgh). I find errors distributed along the
strike of the embedded weak zone in the model processed with the Direct method. The
element-based method and the Gauss-Hm2 method (Fig. 6.16cdgh) produce the best results
with localized errors around the fault tips. The results of the node-based method (Fig. 6.16bf)
is in-between. Note that the stress perturbations for three pre-processed cases are mainly
close to the tip, but those in the Direct case have some high stress lobes within the supposed
stress shadow area (Fig. 6.16ae). If those stress lobes within the shadow area was higher than
the yielding stress of the material, the model would develop a new branch of faulting zone
intersecting the stem of the weak zone rather than through the tips. Such artificial pattern
may mislead our understanding of shear bands development in the long-term run. The errors
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Fig. 6.15 Models with an embedded weak zone (dark blue particles at x=-0.21–0.21) that
is at a low angle (∼ 10º) to the x-axis. The model size is 80 km × 20 km, and the length
shown here is normalized by 100 km. Q1 elements of 300×150 resolution is applied. The
mesh edges in (a) is not aligned with the weak zone strike, while that in (b) is designed to be
aligned with material interfaces, and the mesh in the central part that is close to the weak
zone is refined in y direction as well. That means material mixing happens in (a) but not
in (b). Note that the meshes in (a) and (b) are zoomed to see details of the mesh structure
and only part of the calculation domain. The whole-domain shear stress of the case in (b) is
shown in (c). The results of the case in (a) is illustrated in Figure 6.16.
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Fig. 6.16 The results based on the mesh in Figure 6.15a which has mixing materials in
elements. The left panel (a, b, c & d) shows the absolute shear stress and the right panel (e, f,
g & h) shows the difference with respect to the reference model for different pre-processing
methods. σ ′

xy is the stress in the reference model. The white dashed line marks the end of
fault tips.

in other cases which focus the error in fault tips may affect the quantitative near-fault stress
analysis but does not influence first-order evolution pattern of a fault zone.

Complex fault geometries

The case study of a complex fault geometry is based on the San Andreas Fault system in
California. which strikes through the state of California and is a transform boundary between
the Pacific and North American plates. Many studies have suggested that the San Andreas
Fault at different segments accommodates 20-75 % relative motion between these two plates
( 50 mm yr−1) (Atwater and Stock, 1998; DeMets and Dixon, 1999; Meade and Hager, 2005).
I map the major faults based on the WGCEP (2007 Working group on California Earth-quake
Probabilities) fault traces, where fault traces with long-term strain rate of orders of magnitude
higher than that of less deformed areas are selected (Bird, 2009) (Fig. 6.17). I only extract
the major trace of the San Andreas fault (SAF) and the Garlock fault (GF) for this case study.
The 2-D model is 1110 km long and 484 km wide with 400×200 Q1 element. A simple shear
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Fig. 6.17 The second invariant stress of the synthetic model with complex fault geometries
that are derived from the San Andreas Fault system in California (Bird, 2009). The left panel
(a, b, c, d & e) shows absolute shear stress, the middle panel (f, g, h, I & j) shows the spatial
distribution of the difference with respect to the reference model for different pre-processing
methods and the right panel (k, l, m, n & o) demonstrate the histogram of the errors for each
case. σ ′

II is the stress in the reference model, which has four times resolution of models
processed with the Direct, node-based, element-based, and Gauss-Hm2 method. With others
being equal, the Direct2 models has twice resolution of the Direct model, which is calculated
with 400×200 Q1 elements. Briefs for major faults and blocks: SAF - San Andreas Fault, GF
- Garlock Fault, Mj - Mojave block.
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boundary condition is applied to the base (y = 0 km) with Vx = 4 cm yr−1 and the top (y = 484
km) with Vx = 0 cm yr−1, and the velocities at two lateral boundaries linearly decrease from
4 cm yr−1 (base) to 0 cm yr−1(top). The fault zone is set to be ∼ 10 km thick, and spans 3 –
5 grid points, and the viscosity for non-fault area is 1023 Pas. The mapped fault area is set
to be a constant value of 1019 Pas, which corresponds to the strength of the wet quartzite
deformed at the temperature of ∼500 ºC with the strain rate of 10−13 s−1 (Ranalli, 1995).

I generate a reference model with a resolution of 1600×800 Q1 elements, which is four
times higher than the test model in each direction. In the model with a resolution of 400×200
Q1 elements (Fig. 6.17abcd), the Direct sampling method produces obvious stress lobes along
the Garlock fault, which is not seen in the cases that have been pre-processed with a smooth
viscosity field (Fig. 6.17bcd). The difference with respect to the refence model is taken as the
approximate error. The absolute errors (Fig. 6.17fghi) demonstrate that the element-based
method and Gauss-Hm2 method generates the best results. The absolute errors of magnitude
> 107 in the Gauss-Hm2 and element-based method are significantly reduced with respect
to the Direct method (Fig. 6.17 klmn). I note that the width of the fault zone, which has
the lowest stress (dark blue color), is widened in the case with the node-based method (Fig.
6.17b). The harmonic mean averaging method used in the node-based method might have
increased the effective thickness of the weak zone, which was also observed in the study of
Schmeling et al. (2008). However, this effect is not obvious in the Gauss-Hm method. The
node-based method could smear the low-viscosity particles to neighboring elements through
the shape function interpolation, but the Gaussian-quadrature-point based method limits
the low-viscosity effect introduced by the harmonic mean method to the mixed-material
elements.

In addition, I build a model with a resolution of 800×400 Q1 elements, which has twice
resolution of the Direct case in both directions and is named Direct2 in Fig. 6.17e. I find
the Gauss-Hm2 or element-based method produce comparable results as the Direct2 case
(Fig. 6.17jo), and the absolute error in the Mojave block is even lower than the Direct2
case (Fig. 6.17j). This is promising in saving the computational time for 3D models with
the Gauss-Hm method or element-based method which can recover the stress field with a
relatively low-resolution mesh. Additionally, as demonstrated in the analytical models in
section 6.4.1, we need to be careful with the element-based method that tends to produce a
worse velocity field than the Gaussian-quadrature-point based method with a relatively short
sampling distance.
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6.5 Conclusions

I compare the effects of both post-processing and pre-processing methods in dampening the
stress perturbations which may be introduced by contrasting viscosity within a single element
for the particle-in-cell finite element method. The classical post-processing methods alone
cannot eliminate stress oscillations. Instead, using the pre-processing methods to reduce
the interface strength contrast first, projecting stress from points to local nodes with shape
functions can generate a relatively accurate stress field.

1. The node-based method introduces the least computational cost and recovers the
velocity field best among the three methods. However, it cannot recover the stress
field as efficiently as other two methods, especially for models interpolated with Q2

element.

2. The element-based method has advantages in reducing stress perturbations, but it
introduces more errors in the velocity field. For models with a complex geometry,
the regular mesh with the element-based pre-processing method is likely to produce a
“staircase” effect, which tends to increase the stress errors.

3. The Gaussian-quadrature-point based method can provide an optimal viscosity to the
Gauss quadrature point by selecting a proper sampling distance and averaging method.
Increasing the sampling distance improves the stress accuracy but deteriorates the
velocity accuracy. The recommended sampling radius is two-element width for Q1

elements and one-element width for Q2 elements.

4. Regarding the averaging method of viscosity from particles to the Gauss quadrature
points, the harmonic mean method is suggested for the cases where the interface is
dominated by simple shear modes which produces high contrasts of strain rate across
the interface.

5. The classical superconvergent point recovery (SPR) method is utilized to refine stress
patches of interest that have been processed by combined pre- and post-processing
methods, although the SPR method alone cannot effectively remove stress perturbations
caused by mixed-material elements.

6. All these preprocessing methods have a convergence rate (L2 norm) close to one for
both the stress and velocity solutions. In contrast, the maximum stress error decays
slowly with the mesh resolution and has a convergence rate far less than one, though
the maximum velocity error has a convergence rate of one.



Chapter 7

Conclusions and future work

This thesis focuses on the long-term behaviors of continental active faults and their con-
trol on co-seismic rupture dynamics. This study estimates how the ductile lower crustal
rheology affects the fault spacing (Chapter 2) and geometry of strike-slip faults (Chapter
3) and quantifies the influence of structure on co-seismic slip distribution (Chapter 4) and
neotectonic activity (Chapter 5) in the Australian stable continent, which is crucial in seismic
hazard assessments. Chapter 6 assesses the effects of different smoothing methods on stress
perturbations with material-mixed elements in the particle-in-cell finite element method. As
each chapter has a self-contained conclusion, I will not repeat these here, but first discuss
the paradigm of fault evolution with the observations in this study and note some interesting
points for consideration of future work.

7.1 Fault evolution

The study of fault spacing in continental strike-slip shear zones suggests that fault spacing
grows with reducing frictional strength. The frictional strength is directly linked to the fault
plane roughness, which is suggested to be inversely related to the accumulated displacement
of a fault (Brodsky et al., 2011). The conventional fault growth model either suggests the
accumulated fault displacements increase with fault lengths (tip-propagation model) (Cowie
and Scholz, 1992a) or increase with a stationary length for reactivated faults (constant-length
model) (Walsh et al., 2002). One fault can also grow length by linking two fault segments
close to each other (segment-linking model) (Walsh et al., 2003). The fault growth in length,
either through tip propagation or segment linking, tends to increase the stress shadow width,
which deactivates smaller faults adjacent to the relatively long fault. The measured fault
spacing would thus increase with the fault length. On the other hand, the constant-length
model is better represented by the case study of the Nullarbor Plain where neotectonic faults
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are reactivated on the inherited bedrock structures. The relatively low frictional strength for
those active faults in the Nullarbor Plain is not attributed to the fault plane roughness, but to
the effect of fluids.

The integrated strength of a fault is not only controlled by the frictional strength in the
brittle upper crust, but also the ductile strength in the viscous lower crust. Ductile shear
zones in the viscous lower crust have also been proved to affect the strain spatial distribution
and fault plane geometry in this study. The viscosity of crustal material is inversely related
to temperature. Secular cooling of the lithosphere would improve the integrated strength of
a fault. On the other hand, adding fluids could significantly reduce lower crustal viscosity,
which, in this study, is also suggested to contribute to the activity of faults in the Nullarbor
Plain, though which has a relatively cool lithosphere.

The moment magnitude of an earthquake associated with the rupture area is limited
by the earthquake-hosting fault length and width. Large earthquakes may rupture through
several segments of one fault rather than the entire fault length because heterogeneous
frictional strength (or stress) distribution on the fault plane, fault segmentation, and / or fault
geometry variations along the fault strike like the San Andreas fault. The surface-rupturing
earthquakes in the Australian stable continent with relatively shallow hypocenters than global
comparatives are spatially aligned with magnetic lineaments, but no proximal neotectonic
ruptures and preceding events on the source faults are found. The relatively shallow rupture
depth and absence of preceding events suggest these seismogenic faults could be incipient
faults. How a fault grows in width (depth) is not well described in previous fault growth
models. The constant-length model suggests a stationary fault length for reactivated fault
activities but does not give any indication on the width evolution. Note that the constant-
length model is mainly based on the observation of normal faults, whether it can be applied
to reverse faults or strike-slip faults is not tested. In the case of the Australian earthquakes, it
is reasonable to assume that the fault width evolves with fault length for incipient faults, but
the details of that how the fault width grows deserve further explorations.

7.2 Future work

I first would like to extend the application of the scaling relationship between fault spacing
and other parameters. In Chapter 2, we assume the lower crustal viscosity is unknown, which
is derived with the knowledge of brittle layer thickness. For the place where the brittle
layer thickness or seismogenic thickness is not well constrained due to limited instrumental
observations or few earthquakes in stable continents, we may use sufficient geothermal
measurements that can be used to infer lower crustal temperature to calculate the temperature-
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dependent viscosity. With the fault spacing data, the seismogenic thickness can be estimated
with the lower crustal viscosity.

In Chapter 3, the lower crustal rheology contrast across the fault plane is found to control
the deformation asymmetry, which is also reflected in topography variation across the fault.
For transpressional faults, how the topography asymmetry can be used a proxy to determine
the fault dip direction deserves further studies. Some other continental strike-slip faults like
the Denali fault in Alaska, the North Anatolian fault in Turkey and Alpine fault in New
Zealand may provide more insights into this hypothesis.

The study provided in Chapter 4 about rupture mechanics is better to be explored with
more quantitative investigations. The dynamic rupture processes that produce spike-like
high frequency slip signals can be tested with numerical models. What causes the relatively
shallow hypocenters of earthquakes in Australia with respect to global cases deserves further
studies. Compared with the seismicity zone in the Yilgarn Craton, Western Australia,
the Nullarbor Plain with vast surface- mapped neotectonic features is almost devoid of
earthquakes (Chapter 5). Why the earthquake occurrence frequency in the Nullarbor Plain is
not as high as that in the Yilgarn Craton is still an enigma.
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Appendix A

Chapter 2

Here are supplementary materials for the measurement of fault spacing (A.1) and seismogenic
thickness (A.2)
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Fig. A.1 Histogram of fault spacing measurement between major neighboring faults in
Southern Walker Lane Shear Zone (SWL, a & b) and the Marlborough Fault Zone (MFZ, c,
d & e)

Fig. A.2 Seismogenic thickness along the selected profile in Central Tibet (CTB, a) and
Southern Walker Lane Shear Zone (SWL, b).



Appendix B

Chapter 6

Here are results for the maximum error of the simple shear case with regular Q2 elements
(Fig. B.1), the simple shear case with distorted Q1 elements (Fig. B.2), the simple shear case
with distorted Q2 elements (Fig. B.3), the SolCx model with Q1 elements (Fig. B.4) and the
SolCx model with Q2 elements (Fig. B.5).
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Fig. B.1 The Vx (a & c) and σxy (b & d) maximum error calculated with Q2 elements for
different preprocessing methods applied to the simple shear model with regular mesh. Every
row shares the same legend. The black dashed line in the right panel (b & d) has the same
slope as the Gaussian-point-based method with a sampling radius of two element size. The
ensembles are created with different α .
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Fig. B.2 The Vx (a & c) and σxy (b & d) maximum error calculated with Q1 elements for
different preprocessing methods applied to the simple shear model with distorted mesh.
Every row shares the same legend. The black dashed line in the right panel (b & d) has the
same slope as the Gaussian-point-based method with a sampling radius of two element size.
The ensembles are created with different β .
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Fig. B.3 The Vx (a & c) and σxy (b & d) maximum error calculated with Q2 elements for
different preprocessing methods applied to the simple shear model with distorted mesh.
Every row shares the same legend. The black dashed line in the right panel (b & d) has the
same slope as the Gaussian-point-based method with a sampling radius of two element size.
The ensembles are created with different β .
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Fig. B.4 The Vx (a & c) and σxy (b & d) maximum error calculated with Q1 elements for
different preprocessing methods applied to the SolCx benchmark model. Every row shares
the same legend. The black dashed line in the right panel (b & d) has the same slope as the
Gaussian-point-based method with a sampling radius of two element size. The ensembles
are created with different γ .
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Fig. B.5 The Vx (a & c) and σxy (b & d) maximum error calculated with Q2 elements for
different preprocessing methods applied to the SolCx benchmark model. Every row shares
the same legend. The black dashed line in the right panel (b & d) has the same slope as the
Gaussian-point-based method with a sampling radius of two element size. The ensembles
are created with different γ .
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