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such as joints or veins, synthetic faults and antithetic
faults (Kim et al., 2003).

† Rotated blocks can occur in extensional steps. In the
example shown in Fig. 5d, blocks rotate as slip
builds up along the boundary faults. Faults within the
step are antithetic to the stepping faults (master
faults), and extension fractures occur around the
rotated block. The faults within the step initiate at an
acute angle to the master faults, but can be rotated to
an obtuse angle with the master faults (Fig. 5d). The
blocks rotate synthetically, with the rotation angle
increasing as fault slip increases. The rotation sense
of the blocks in a step depends upon the stress
conditions vertical to the master faults, the slip sense
of the master faults and upon the sense of fault
stepping, i.e. whether there is extension (synthetic
rotation) or contraction (antithetic rotation) within the
step (Martel et al., 1988; Gross et al., 1997). The
block rotation in extensional fault steps displays a
synthetic rotation sense with respect to the master
faults (e.g. Fig. 6c). Blocks within a fault step can be
rotated, which tends to create triangular openings
where the rotating blocks intersect the master faults
(e.g. Fig. 5d).

† Strike-slip duplexes (Woodcock and Fischer, 1986;
Swanson, 1988) or isolated lenses (Kim et al.,
2001b) with a single fault-bound block are shown
in Fig. 5e and f. They are similar to sidewall ripouts

(Swanson, 1989), and to open eye-structures (Fossen
and Hesthammer, 1997). The strike-slip duplexes or
isolated lenses (Fig. 6d) form at a fault step between
two stepping fault segments. In extensional steps,
voids or areas of extension are commonly formed
around fault-bound blocks, and these spaces become
filled with vein materials or basin sediments (Fig. 5c,
e and f; Aydin and Nur, 1985). Duplexes are
commonly breached by faults that connect the
stepping segments (Fig. 5b; e.g. Cruikshank et al.,
1991b).

4.2. Contractional steps

Structures developed in contractional steps include the
following:

† Rotated blocks are shown in Fig. 5g and h, where the
blocks show synthetic sense of rotation with the dextral
master faults. Some of the faults in the steps between
master faults show a sigmoidal shape, implying dis-
tributed simple shear within the step (Fig. 5g; Ramsay
and Huber, 1983) or that fracture propagation paths have
been influenced by interaction between neighbouring
fractures (Olsen and Pollard, 1991). The antithetic slip
sense of the faults within the step is indicated by smaller
extension fractures branching off the fault tips.

† Connecting faults link two fault segments through a
contractional overstep (Figs. 5i and 6f; e.g. Bürgmann
and Pollard, 1994; Peacock and Sanderson, 1995a). The
example shown in Fig. 5i shows two sub-parallel master
faults with a strike-slip relay ramp (Peacock and
Sanderson, 1995a) in a contractional step. Veins,
antithetic faults and pressure solution seams also occur
within the fault step. The strike-slip relay ramp has been
partially breached by a synthetic fault. More evolved
examples show completely broken fault steps, with a
single irregular composite fault developed (Fig. 6f).

† Strike-slip duplexes (Woodcock and Fischer, 1986;
Swanson, 1988; Cruikshank et al., 1991b) or isolated
lenses occur in contractional steps at Rame Head (Kim
et al., 2001b), although they are more commonly
developed in extensional steps (Fig. 5e). Also, simple
lenses are more common than strike-slip duplexes. This
type of fault stepping geometry (Fig. 6g) also occurs in
deformation bands in sandstone (Cruikshank et al.,
1991b; Fossen and Hesthammer, 1997). A possible
large-scale example occurs along the Coyote Creek
Fault, which shows several fold axes and local uplift
(Fig. 5j; Sharp and Clark, 1972; Segall and Pollard,
1980). Cruikshank et al. (1991b) suggest that the
kinematics of these structures is similar to duplexes
along thrust faults (Boyer and Elliott, 1982).

Fig. 4. Schematic illustrations of the main types of tip damage zones. The

tip damage zones are divided into four major types (a–d), and some

combined or mixed tip damage zones occur (e–g).
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segments is mainly controlled by extension fractures
approximately parallel to the local s1 orientation, and the
extension fractures are dominantly developed in the
extensional quadrants of fault segments. The extension
fractures abut the fault segments, and some link the two
fault segments (Fig. 6a; e.g. Segall and Pollard, 1983;
Peacock and Sanderson, 1995a).

† Pull-aparts are a type of extension fracture that open up
between two fault segments (Figs. 5a and c and 6b; e.g.
Aydin and Nur, 1982; Royden, 1985; Peacock and
Sanderson, 1995b) due to increasing slip on the fault
segments (e.g. Segall and Pollard, 1983). The shape of
pull-aparts is controlled by the geometries of associated
secondary fractures that form the pull-apart boundaries,

Fig. 3. Examples of damage zones at the mode II tips of strike-slip faults. Sinistral examples are reflected into a dextral sense for ease of comparison. Thick

line ¼ major fault, thin line ¼ minor fault, shading ¼ vein, which is part of the damage zone. The dotted shadings indicate tip damage zones. (a) Wing cracks

in limestone from the Les Matalles outcrop, Languedoc region, France (Rispoli, 1981). (b) Horsetail fractures in slates at Crackington Haven, Cornwall, UK

(Kim et al., 2000). (c) Horsetail fractures in schists and Carboniferous sedimentary rocks at Villefort’s region, France (Granier, 1985). (d) Branch faults, normal
faults and antithetic faults in the Dead Sea region, Lebanon (Butler et al., 1997). (e) Antithetic faults in limestone on Gozo, Maltese islands (Kim et al., 2003).

(f) Antithetic faults in limestone at Kilve, Somerset, UK (McGrath and Davison, 1995). (g) Antithetic faults in limestone on Gozo, Maltese islands (Kim, 2000).

(h) Antithetic faults at Dasht-e Bayaz, Iran (Tchalenko and Ambraseys, 1970).
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Motivation

[Kim et al., 2004] [Ross et al., 2019] 

was activated on the Garlock fault by the Mw

6.4 event and locates in a pull-apart structure
about 50 km southwest of the Ridgecrest se-
quence (fig. S9). More than 4000 events with
anM of >0 occurred in this swarm during the
first 3 weeks, the largest of which was ML 3.2
(fig. S9). This area has seen onlyminor seismic
activity over the past several decades. Another
swarm began north of the Coso geothermal
field (Fig. 1), where similar behavior was ob-
served following the Landers earthquake (16),
with a 15-km gap over the geothermal produc-
tion area (17). A third swarm was triggered in
Panamint Valley.
On the section of the Garlock fault south of

the rupture terminus of the Ridgecrest main-

shock, InSAR data reveal an ~30-km zone of
left-lateral, triggered, shallow creep (Fig. 6).
The largest surface offset is around 20 mm of
relative motion in the satellite line-of-sight
direction, directly on the bearing of theMw 7.1
rupture. The narrow extent of the deformation
field suggests that the creep is confined to the
upper few hundred meters. This creep is sim-
ilar to shallow creep induced by other major
earthquakes (18). Although the Garlock fault
has been seismically quiescent during the his-
toric period, it has hosted numerous large
earthquakes during the previous several thou-
sand years (19). However, previous geodetic
measurements have shown no measurable
creep on the Garlock fault (20).

Discussion
Most of our knowledge about the structural
architecture of fault zones comes from obser-
vations made on the surface, which consist
primarily of geological mapping of faults and
geodetic observations of coseismic deforma-
tion. At depth, our understanding of proper-
ties such as the geometry of fault zones is far
less complete, with most evidence suggest-
ing a general tendency for structural com-
plications like damage zones to localize and
simplify with depth (21). For the Ridgecrest
earthquakes, we find that nearly every aspect
of the surface geometry persists at depth,
including the bifurcation of the Mw 7.1 rup-
ture to the southeast, the horsetail faulting
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Fig. 2. Map view of Ridge-
crest seismicity. Black lines
indicate the surface trace of
the fault (31), and purple lines
indicate quaternary faults.
Events with Mw of >4.5 are
indicated by focal mecha-
nisms (32). The fault network
exhibits multiscale orthogonal
faulting throughout the
region, with a bifurcation to
the southeast and horsetail
faulting at the northwest
terminus. The lower panel
shows a seismicity cross
section for events within 1 km
of A-A′ with interpreted
faults drawn shown as brown
lines. At least 20 orthogonal
faults cut through this
profile. The dashed red line
indicates the surface trace
of southwest-trending
fault that ruptured in the
Mw 6.4 event.
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STM 1  -  Seismo-Thermo-Mechanical Modeling  [van Dinther et al., JGR, 2013]

Methods

Rheology
 

Visco-elasto-plastic

Plastic yielding

 3

I2ELVIS  -  2-D continuum-based Finite-difference code  [Gerya and Yuen, PEPI, 2007]

STM 2 -  Rate-and-state friction    [Herrendörfer et al., JGR 2018]
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𝜏II - second invariant of stress tensor            𝜇0 - static friction coefficient     
P -  pressure                                                 𝜽 - state
V  -  plastic slip rate                                       L - characteristic slip distance
V0 - reference slip rate

[Dieterich, 1978, 
1979; Ruina, 1983]

 long-term fault evolution + spontaneous earthquakes ruptures
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1) Complex evolving fault geometries and earthquake ruptures on propagating faults 

2) Complex earthquake rupturing in the Ridgecrest faulting case  

Presentation objectives
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Model setup
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1 - Complex fault geometries

3 new ingredients 

• New dynamically adaptive measure 
of fault width 

• Plastic strain weakening of bulk rate-
and-state friction parameters L and b 

• 2.5D approximation  
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2.5D Model setup
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[Preuss et al., in review]

1 - Complex fault geometries
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Aseismic vs. seismic growth1 - Complex fault geometries
[Preuss et al., in review]

• Fault growth initiated seismically (Riedel + conjugate)

• Continued growth predominantly due to aseismic deformation 

• Seismic contribution to localize and steepen/flatten the fault angle + causing off-fault deformation
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Role of the fault angle
RT Model RW Model Optimally oriented fault Model

max slip velocity equal ? 

RT 1st event: mean=0.91m/s 
max =1.1m/s Optimal model 1st event: mean=0.45m/s 

max =1.0m/s
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[Preuss et al., in review]
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1 - Complex fault geometries
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1) Complex evolving fault geometries and earthquake ruptures on propagating faults 
‣ Fault growth predominantly aseismically  
‣ Seismic contribution to localize and steepen the fault angle + causing off-fault deformation 
‣ Plastic off-fault dissipation strongly dependent on initial fault orientation 
‣ Hypothesis: Non-optimality causes structural complexity 

2) Outlook: Complex earthquake rupturing in the Ridgecrest faulting case  

1) Findings
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Presentation objectives

1) Complex evolving fault geometries and earthquake ruptures on propagating faults 
‣ Fault growth predominantly aseismically  
‣ Seismic contribution to localize and steepen the fault angle + causing off-fault deformation 
‣ Plastic off-fault dissipation strongly dependent on initial fault orientation 
‣ Hypothesis: Non-optimality causes structural complexity 

2) Complex earthquake rupturing in the Ridgecrest faulting case  
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Ridgecrest 2019 earthquake sequence
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2 - Outlook

Preuss, 2020. PhD Thesis @ ETH Zurich
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Quaternary model -117.5
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Conclusions

1) Complex evolving fault geometries and earthquake ruptures on propagating faults 
‣ Fault growth predominantly aseismically  
‣ Seismic contribution to localize and steepen the fault angle + causing off-fault deformation 
‣ Plastic off-fault dissipation strongly dependent on initial fault orientation 

2) Complex earthquake rupturing in the Ridgecrest faulting case   
‣ Orthogonal faulting but not yet orthogonal rupturing 
‣ Ongoing research 
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