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ABSTRACT

The moment magnitude 7.2 El Mayor– 

Cucapah (EMC) earthquake of 2010 in 
northern Baja California, Mexico produced 
a cascading rupture that propagated through 
a geometrically diverse network of intersect-
ing faults. These faults have been exhumed 
from depths of 6–10 km since the late Miocene 
based on low-temperature thermochronology, 
synkinematic alteration, and deformational 
fabrics. Coseismic slip of 1–6 m of the EMC 
event was accommodated by fault zones that 
displayed the full spectrum of architectural 
styles, from simple narrow fault zones (<100 m 
in width) that have a single high-strain core, to 
complex wide fault zones (>100 m in width) 
that have multiple anastomosing high-strain 
cores. As fault zone complexity and width in-
crease the full spectrum of observed widths 
(20–200 m), coseismic slip becomes more 
broadly distributed on a greater number of 
scarps that form wider arrays. Thus, the infin-
itesimal slip of the surface rupture of a single 
earthquake strongly replicates many of the 
fabric elements that were developed during 
the long-term history of slip on the faults at 
deeper levels of the seismogenic crust. We find 
that factors such as protolith, normal stress, 

and displacement, which control gouge pro-
duction in laboratory experiments, also affect 
the architectural complexity of natural faults. 
Fault zones developed in phyllosilicate-rich 
metasedimentary gneiss are generally wider 
and more complex than those developed in 
quartzo-feldspathic granitoid rocks. We hy-
pothesize that the overall weakness and low 
strength contrast of faults developed in phyl-
losilicate rich host rocks leads to strain hard-
ening and formation of broad, multi-stranded 
fault zones. Fault orientation also strongly 
affects fault zone complexity, which we find 
to increase with decreasing fault dip. We at-
tribute this to the higher resolved normal 
stresses on gently dipping faults assuming a 
uniform stress field compatible with this ex-
tensional tectonic setting. The conditions that 
permit slip on misoriented surfaces with high 
normal stress should also produce failure of 
more optimally oriented slip systems in the 
fault zone, promoting complex branching and 
development of multiple high-strain cores. 
Overall, we find that fault zone architecture 
need not be strongly affected by differences 
in the amount of cumulative slip and instead 
is more strongly controlled by protolith and 
relative normal stress.

INTRODUCTION

Most faults are characterized by a zone of 
penetrative fracturing that increases in intensity 
toward progressively higher strain portions of 
the fault zone, culminating in a zone of gouge 

or cataclasite that is recognized as the fault core 
(e.g., Chester and Logan, 1986; Caine et  al., 
1996). The thickness of the damage zones of 
penetrative fracturing (tens to hundreds of me-
ters) is up to several orders of magnitude greater 
than the width of high-strain fault cores, which 
generally ranges from a few centimeters to sev-
eral meters (e.g., Shipton and Cowie, 2001). The 
internal structure or architecture of a fault zone is 
defined by the number and distribution of high-
strain cores, the overall width and intensity of 
fracturing in the zone of damage that extends 
into the country rock, and the presence of sub-
sidiary faults that cut through and, in some cases, 
extend beyond the limits of the main fault zone 
(e.g., Faulkner et al., 2010).

A central goal in the study of fault mechanics 
is to understand how the internal structure of a 
fault zone relates to its mechanical and seismo-
genic behavior (Biegel and Sammis, 2004; Frost 
et al., 2009). The internal structure of a fault zone 
is recognized to be affected by displacement 
(e.g., Scholz, 1987; Shipton and Cowie, 2001), 
lithology (e.g., Faulkner et  al., 2003, 2008), 
preexisting fabric (e.g., Collettini and Sibson, 
2001), and depth, the latter of which controls 
gradients in temperature, confining pressure, and 
fluid pressure (e.g., Sibson, 1977; Butler et al., 
1995; Wibberley et al., 2008). Interseismic heal-
ing may significantly change the mechanical 
behavior of a fault and is thought to occur due 
to post-seismic compaction and lithification of 
fractured fault rocks (e.g., Karner et al., 1997). 
Understanding the complex interplay  between 
all of these variables requires the  integration 

†jfletche@cicese.mx.
§Present address: Ovintiv, The Woodlands, Texas 

77380, USA.
#Present address: Department of Geology and 

Geophysics, Texas A&M University, College 
Station, Texas 77843, USA.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2084/5138365/2084.pdf
by guest
on 20 April 2021



Factors that control fault zone architecture

 Geological Society of America Bulletin, v. 132, no. 9/10 2085

of results from laboratory experiments and me-
chanical modeling, with direct observations of 
the faults themselves from structural and seis-
mological studies.

The internal structure, or architecture, of a 
fault zone not only reflects its physical properties 
but also its mechanical evolution and mode of 
slip. Faulkner et al. (2003, 2010) described fault 
zones with two contrasting architectural styles. 
The first is a simple fault zone with a single high-
strain core. Many workers recognize a positive 
feedback between slip and various transforma-
tion weakening processes associated with cata-
clasis (e.g., Chester et al., 1993; Yan et al., 2001). 
Progressive strain softening is thought to cause 
fault zones to evolve toward architectural sim-
plicity with shear concentrated into a single, nar-
row core that lies within the variably fractured 
damage zone (e.g., Chester et  al., 1993; Ben-
Zion and Sammis, 2003; Cowgill et al., 2004a; 
Rockwell and Ben Zion, 2007; Frost et  al., 
2009). Because slip localization is required for 
seismic rupture nucleation and propagation, the 
mode of displacement accommodated by single-
cored faults is thought to be dominated by stick-
slip (Chester and Logan, 1986). However, this 
model of fault zone evolution cannot explain the 
occurrence of complex fault zones that are much 
wider and have multiple overlapping high-strain 
cores, which constitute the second architectural 
style described by Faulkner et al. (2003). The 
evolution of a fault zone toward structural com-
plexity is hypothesized to result from strain hard-
ening, which causes slip to relocate and leads to 
the development of multiple overlapping high-
strain cores (Faulkner et al., 2003, 2008; Cowgill 
et al., 2004a). The Carboneras fault of Spain and 
the Parkfield section of the San Andreas fault in 
California, USA, are two well studied examples 
of wide multi-core fault zones (Rymer et  al., 
2006; Bradbury et al., 2011). Both are hosted 
within weak phyllosilicate-rich country rock and 
demonstrate mixed-mode displacement with sta-
ble creep associated with large numbers of small 
earthquakes interpreted to represent localized 
patches of the fault surface undergoing stick slip 
sliding surrounded by stable sliding areas (Rubin 
et al., 1999; Faulkner et al., 2003).

The Sierra Cucapah in northern Baja Cali-
fornia, Mexico is an ideal natural laboratory 
for testing hypothesized controls on fault zone 
architecture. It is located near the axis of shear-
ing between the Pacific and North American 
plates and contains a diverse array of faults that 
accommodate three dimensional, transtensional 
strain. Individual faults have large variations in 
cumulative slip, protolith, and kinematics, which 
allow us to assess the role of each of these pa-
rameters in generating fault zones with a spec-
trum of architectural styles. Importantly, all of 

the faults in the Sierra Cucapah are active and 
many have segments that slipped in the 2010 
moment magnitude (MW) 7.2 El Mayor–Cuca-
pah (EMC) earthquake (Fletcher et al., 2014). 
This study builds on the work of Teran et  al. 
(2015) to document how fault-zone architecture 
evolves with the coseismic slip, and, in turn, how 
this architecture affects rupture propagation. We 
provide field evidence demonstrating that the 
architecture of a fault is strongly affected by its 
orientation relative to regional principal stresses. 
We find that as the slip tendency or ratio of shear 
to normal stress (Morris et al., 1996; Tong and 
Yin, 2011) on a fault decreases, its width and 
architectural complexity increases. Overall, we 
show that factors known to increase gouge pro-
duction in the laboratory setting, such as proto-
lith rheology, normal stress, and cumulative slip 
(e.g., Yoshioka, 1986), also increase the width 
and architectural complexity of natural faults.

GENERAL GEOLOGY OF THE SIERRA 
CUCAPAH

The Sierra Cucapah forms an uplifted massif 
of crystalline basement that rises 1 km in relief 
above the surrounding rift valley floor (Fig. 1). 
Plate margin faults are exceptionally well ex-
posed in this remote desert region of northern 
Baja California and have been exhumed from 
depths of 6–10 km since the late Miocene (Axen 
et al., 2000), which corresponds to the middle to 
lower portion of the seismogenic crust. The faults 
have a wide range of orientations, and individual 
fault sections vary in strike from 290° to 040° 
with dips that vary from 90° to 20° (Fletcher 
et al., 2014; Teran et al., 2015). In map view, the 
faults are short (20–30 km), discontinuous and 
end at intersections with other faults (Fig. 2). In 
three dimensions this fault system forms a com-
plex interlocking network, which gives rise to 
intimate mechanical interactions between faults 
(Fletcher et al., 2016). The MW 7.2 EMC earth-
quake of 2010 demonstrated that the complex 
fault network failed as an integrated system and 
its strength was controlled by the cross-cutting 
misoriented faults that support higher levels of 
shear stress (Fletcher et al., 2016).

The geometric diversity of faults in the com-
plex network gives rise to kinematic diversity. 
Shear sense varies from pure normal dip slip 
to pure dextral strike slip, but most faults have 
oblique slip defined by some combination of 
normal and lateral shear (Fletcher et al., 2014). 
Although highly variable, slip direction is not 
random. Fletcher et al. (2016) demonstrated that 
incremental changes in fault orientation are as-
sociated with incremental changes in the rake 
of slip. Moreover, they showed that coseismic 
slip directions are consistent with the variations 

predicted by uniform regional stress state (e.g., 
Wallace, 1951; Bott, 1959) where the maxi-
mum principal stress is vertical, the minimum 
is horizontal trending ENE, and the intermedi-
ate principal stress is close in magnitude to the 
maximum and trends NNW. This stress state is 
consistent with prolate triaxial strain, which is 
expected in a transtensional shear zone (e.g., 
Fossen et  al., 1994). Therefore, the complex-
ity of faulting in the Sierra Cucapah, with all 
of its diversity, is required to accommodate the 
three-dimensional strain of this transtensional 
plate margin.

The crystalline basement of the Sierra Cuca-
pah is a lithologically diverse sequence of meta-
morphic and plutonic rocks of Jurassic and Cre-
taceous age (Barnard, 1968; Axen et al., 2000). 
Surrounding the Sierra Cucapah, these rocks are 
juxtaposed by faults against synrift sedimentary 
sequences that reach 4 km in thickness (Kelm, 
1971; García-Abdeslem et  al., 2001; Fletcher 
and Spelz, 2009; Chanes-Martínez et al., 2014) 
and range in age from late Miocene to the pres-
ent (Seim, 1992; Dorsey and Martin-Barajas, 
1999; Chanes-Martínez et al., 2014; Fig. 2). The 
central portion of the range contains a dismem-
bered, compositionally zoned batholith of Late 
Cretaceous age (Barnard, 1968). The batholith 
has a felsic core of unfoliated to weakly foli-
ated granodiorite (Cucapah granodiorite) that 
intrudes a more mafic but compositionally het-
erogeneous complex of strongly foliated meta-
igneous gneiss (La Puerta tonalite in Fig.  2). 
Along the outer intrusive contact of the grano-
dioritic core, Barnard (1968) mapped a foliated 
rock unit of intermediate composition that he 
termed the melanocratic intrusive phase. This 
rock unit pinches and swells along strike and in 
places reaches as much as 2 km in thickness. The 
northern third of the Sierra Cucapah along with 
much of Sierra El Mayor immediately to the 
south are dominated by an extensive sequence 
of upper amphibolite facies metasedimentary 
gneiss (green unit in Fig.  2; Barnard, 1968). 
Abundant cross-cutting intrusive contacts and 
systematic variations in the thickness of ductility 
deformed rock units provide abundant markers 
that act as piercing points to determine cumu-
lative offset across individual faults. Below we 
summarize the geometry, cross cutting relations 
and cumulative offset of the main faults exam-
ined in this study.

Cumulative Offset

The Laguna Salada fault defines the western 
limit of the Sierra Cucapah and controls a sharp 
linear mountain front juxtaposed against the 
northern half of the Laguna Salada Basin (Fig. 1; 
Barnard, 1968; Chora-Salvador, 2003; Mueller 
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Figure 1. Seismotectonic map of northern Baja California, Mexico, showing the dominant faults (thick black lines) along this part of the 
plate margin (see inset map). The 2010 El Mayor–Cucapah (EMC) epicenter is shown as the red star and its surface rupture in red and 
yellow lines. Red hachured line ornament represents distributed coseismic surface flexure above the blind Indiviso fault. Solid circle orna-
mentation shows down dropped hanging wall of each fault. In the Colorado River delta region, yellow envelopes delimit the approximate 
extent of 2010 EMC liquefaction-induced ground failure. In the delta, laterally continuous surface displacements were only observed from 
synthetic aperture radar interferometry (Wei et al., 2010; Oskin et al., 2012) and differential light detection and ranging (Oskin et al., 
2012) and are respectively shown as thick hachured lines and solid lines. Labels include: LSF—Laguna Salada fault; CDD—Cañada David 
detachment. Inset map of the Pacific–North American plate margin also shows epicentral locations of the 2010 EMC event, 1999 Hector 
Mine and 1992 Landers, all of which produced complex multifault ruptures. Figure modified from Fletcher et al. (2014). Dashed line north 
of EMC epicenter marks location of normal fault in subsurface, on which the earthquake initiated. Abbreviations in inset map denote the 
North American (NA) and Pacific (PAC) plates and San Andreas fault (SAF).
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and Rockwell, 1991, 1995; Axen and Fletcher, 
1998; Fletcher and Spelz, 2009). Basin fill 
along the Laguna Salada fault reaches 3–4 km 
in thickness based on gravimetric modeling 
(Kelm, 1971; García-Abdeslem et  al., 2001; 
Fletcher and Spelz, 2009). At the junction of the 
Sierra Cucapah with the Sierra El Mayor, the 
west-directed Cañada David detachment trans-
fers 14 km of horizontal displacement (Fletcher 
and Spelz, 2009) onto the Laguna Salada fault 

(Fig.  2). Along its southern mapped extent, 
the Laguna Salada fault places prebatholithic 
metasedimentary rocks of the Sierra El Mayor 
against the plutonic rocks of the Sierra Cucapah 
(Fig. 2). The fact that these rocks have a similar 
unroofing history (Axen et al., 1998) indicates 
little vertical motion across the Laguna Salada 
fault here. Thus its cumulative right lateral slip 
must be >11 km, which is the length of exposed 
fault contact between dissimilar basement rocks.

The Pescadores fault splays off the Laguna 
Salada fault and extends toward the north along 
the western side of the Sierra Cucapah crest 
(Fig. 2; Barnard, 1968). In general, the Pesca-
dores fault is subplanar, strikes ∼310°, and dips 
steeply (∼75°) to the northeast. The Borrego fault 
is another splay that extends toward the north 
from the Laguna Salada fault (Fig. 2). Its curvi-
linear mapped trace spans a wide range of dips 
(40°–84°) toward the northeast (Barnard, 1968; 

Rock Units

Tectonic Separation Markers

LEGEND

Pliocene-Pleistocene conglomerates
Miocene Progreso volcanics
Cretaceous Cucapah granodiorite
Cretaceous Cucapah granodiorite
melanocratic phase
Jurassic-Cretaceous La Puerta tonalite
Jurassic-Cretaceous metamorphics

Pescadores (~4.4 km)
Borrego (~8 km)
Laguna Salada (>11 km)

10km

Figure 2. Simplified geologic map of the Sierra Cucapah, northern Baja California, Mexico, showing the main rock packages and faults 
mapped by Barnard (1968), Chora-Salvador (2003), and from this study. Black lines represent all faults; hanging wall indicated by tick 
marks for detachment faults and round symbols for steeper faults. Pinchouts of the melanocratic phase of the Cucapah granodiorite defines 
subvertical piercing points, which are offset by both the Borrego and Pescadores faults for a total of ∼6–8 and ∼4.4 km, respectively. Along-
strike lithologic mismatch across the Laguna Salada fault (red triangles) requires a minimum of ∼11 km of dextral offset. Cumulative offset 
on the Laguna Salada fault must increase north of its intersection with the Cañada David detachment, which accommodates an additional 
14 km of west directed transport (Fletcher and Spelz, 2009). White rectangles delineate detailed maps shown in Figure 4. Red star marks 
the epicenter of the 2010 El Mayor–Cucapah (EMC) earthquake and the segments of faults activated in this event are shown in red.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2084/5138365/2084.pdf
by guest
on 20 April 2021



Fletcher et al.

2088 Geological Society of America Bulletin, v. 132, no. 9/10

Fletcher et al., 2014). Cumulative offset on both 
faults may be constrained from offset of piercing 
lines formed by the sub-vertical pinch-out of the 
melanocratic phase of the Cretaceous Cucapah 
igneous complex (Fig. 2). We recognize ∼4.4 km 
of dextral-normal slip on the Pescadores fault, 
and 6–8 km dextral-normal slip on the Borrego 
fault. Near its northern limit, the Pescadores fault 
bifurcates and is cut by the Zaragosa detachment 
(Fig. 2), whereas the Borrego fault cuts off this 
detachment. The immediate hanging wall of the 
Borrego fault consists of late Tertiary rift basin 
sediments that likely represent a dismembered 
sliver captured from the paleomargin of the La-
guna Salada basin (Fig. 2).

The Paso Superior detachment dips as low as 
20° and has a curviplanar surface defined by sev-
eral prominent megamullions (Fig. 2; Fletcher 
et al., 2014). Two prominent ramp sections are 
observed where dip increases to 40°–55° (Fletch-
er et al., 2014). The fault controls an extensive 
sedimentary basin that is 3–5 km in width. The 
vertical component of cumulative offset across 
the Paso Superior detachment is estimated to be 
at least 5–6 km, which is a minimum amount of 
tectonic exhumation since the late Miocene as 
documented with thermochronology on other 
detachment faults in the area that have similar 
structural relations (Axen et al., 2000). The cu-
mulative slip on the Paso Superior detachment 
is likely to be two to three times greater than the 
vertical unroofing due to both the shallow dip 
of the fault and the strong component of right-
lateral slip that it accommodates.

Fault Zone Architecture

Fault zone architecture represents the internal 
configuration of structures and fabrics produced 
by shearing and is defined in terms of three main 
rock units: unfractured protolith, damage zone, 
and fault core (e.g., Chester and Logan, 1986; 
Caine et al., 1996). Most slip occurs in the fault 
core, which is composed of a wide range of 
high-strain fault rocks including breccia, gouge, 
cataclasites, and ultracataclasites (Mitchell and 
Faulkner, 2009, and references therein). Fault 
zones can have multiple cores, with more cores 
reflecting more complexity (Faulkner et  al., 
2003, 2008; Mitchell and Faulkner, 2009), 
 although not all fault cores need to have slipped 
simultaneously. The damage zone is the heav-
ily fractured rock that surrounds the core(s). 
The degree of damage may be measured by the 
density of fractures and/or healed fluid inclusion 
planes, which typically diminish exponentially 
with distance from a fault core and eventually 
grades into the background fracture density of 
the surrounding protolith host rock (Chester 
and Logan, 1986; Mitchell and Faulkner, 2009; 

Rockwell et al., 2009; Rempe et al., 2013 Mor-
ton et al., 2012). Another important structural 
element of fault zone architecture are subsidiary 
faults, which have focused shear strain that is 
greater than that of rocks in the damage zone, 
but significantly less than that observed in the 
fault cores. Subsidiary faults may either branch 
from the fault cores or cut them. Additionally, 
they can exist entirely within the damage zone 
or extend beyond the fault zone and into the sur-
rounding protolith.

In this paper we utilize the work of Teran 
et  al. (2015) who presented systematic map-
ping at scales of 1:500 or better for all the fault 
sections that ruptured in the 2010 MW 7.2 EMC 
earthquake. The identification of the outer limits 
of the fault zones was aided by a strong contrast 
in outcrop weathering resistance between highly 
fractured fault rocks and crystalline basement 
with a background intensity of fractures (Teran 
et al., 2015).

Rupture Zone Fabric

Rupture zone fabric is a general term we use 
to describe the distribution and internal configu-
ration of coseismic slip, as revealed by fault-
scarp arrays cutting the ground surface. Some of 
its defining characteristics include: (1) rupture 
zone thickness, (2) number of scarps, (3) distri-
bution and partitioning of coseismic slip across 
scarps within the rupture zone, (4) existence of a 
principal displacement scarp, and (5) geometric 
arrangement of different sets of scarps, patterns 
of splaying, and degree of interconnectivity (Ter-
an et al., 2015). Based on these characteristics, 
Teran et al. (2015) developed a set of parameters 
that could be systematically and quantitatively 
documented along the length of the 2010 EMC 
surface rupture in the Sierra Cucapah. They 
found that rupture zone thickness varies by more 
than an order of magnitude (12–262 m), and as 
rupture zone thickness increases, so does the 
number of coseismic scarps counted in strike-
perpendicular transects. Therefore, this suggests 
that as rupture zones become wider, coseismic 
slip becomes more broadly distributed on multi-
ple scarps in progressively more complex arrays.

Coseismic slip partitioning is expressed in 
terms of variations in the magnitude and sense 
of offset accommodated by individual members 
of a fault scarp array, and both of these kine-
matic parameters were systematically compiled 
by Fletcher et al. (2014). Teran et al. (2015) clas-
sified all scarps of the 2010 EMC rupture in the 
Sierra Cucapah into four categories based on 
relative magnitude of the total coseismic slip that 
the principal scarp accommodates in any given 
strike perpendicular transect: >90%, 60%–90%, 
30%–60%, <30%. We show that this classifi-

cation scheme can be used to distinguish fault 
sections with slip that is focused onto a single 
principal scarp that accommodates most of the 
coseismic slip from those with more broadly 
distributed slip on multiple overlapping scarps. 
Coseismic slip partitioning among individual 
faults of a scarp array is also key for defining the 
symmetry of coseismic slip distribution relative 
to important structural elements such as the prin-
cipal fault scarp, the tectonic contact separating 
distinct fault blocks, and the boundaries of the 
long-lived master fault zone.

CASE STUDIES

In this paper, we build on the work of Teran 
et al. (2015) who showed that rupture zone thick-
ness is strongly correlated with the thickness 
of the damage zone of the fault along which it 
propagated (Fig. 3). These relationships strongly 
suggest that many important aspects of rupture 
zone fabric are related to the architecture of the 
long-lived fault zone. This raises questions con-
cerning whether one phenomenon controls the 
other or if some other processes related to seis-
mogenic failure may drive development of both 
rupture zone fabric and fault zone architecture.

In order to understand the factors and pro-
cesses that control rupture zone fabric and its 
relationship with the structural evolution of the 
host fault zone, we mapped three case studies in 
detail. Each contains an association of multiple 
characteristics that represent important catego-
ries that define distinct levels in a spectrum of in-
creasing variations in structural complexity. The 
architectural complexity of a long-lived fault 
zone is represented by increasing width, num-
ber of cores, and the role of subsidiary faults. 
The complexity of fracture fabrics formed in 
the rupture zone of an infinitesimal increment 
of coseismic slip is represented by increasing 
width, number of scarps, kinematic partitioning, 
and role of subsidiary faults. These and other key 
geometric, kinematic, and lithologic character-
istics are described in detail below and summa-
rized in Table 1.

Type 1: Narrow Fault Zones with Highly 
Focused Strain

The Pescadores fault has one of the narrowest 
and structurally simplest fault zones in the Sierra 
Cucapah (Figs. 4A, 5A, and 6). It dips steeply 
(∼75°) and has a relatively straight trace through 
the high-relief mountainous terrain along the 
crest of the Sierra Cucapah (Fig. 4A). Its fault 
zone is ∼20 m wide and is dominantly composed 
of unconsolidated fault breccia and gouge devel-
oped in the granitoid rocks that comprise both the 
footwall and hanging wall (Fig. 6). More  resistant 
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outcrops of the host rock prominently define the 
outer margins of the fault zone (Fig. 6). The fault 
core contains foliated clay gouge (<1 m thick) 
that has likely accommodated most of the cumu-
lative geologic slip of ∼4.4 km. The core coin-
cides with the trace of paleo-bedrock fault scarps 
and contains the principal displacement scarp of 
the 2010 EMC rupture (Fig. 6).

The EMC rupture associated with the Pesca-
dores fault extends ∼15 km along strike and gen-
erally consists of a single, prominent principal 
scarp from which emanate a series of second-
ary fractures with a Riedel-like obliquity (Figs. 
4A and 6A). Total coseismic slip is strongly 
oblique with an average ∼2.5 m of dextral and 
∼0.9 m normal slip (Fletcher et  al., 2014). A 
principal scarp with >90% of total coseismic 
slip dominates the northern 10 km of this rup-
ture section (Fig. 4A). In the south, near the in-
tersection with the Laguna Salada fault, where 
the rupture branched from one master fault to 
another (Fig.  2), the relative displacement on 
the principal scarp decreases to 60%–90% and 
coseismic slip is somewhat more distributed. 

Although the Pescadores fault has a highly lin-
ear trace, the principal scarp is not continuous 
along strike, but rather is divided into segments 
that are generally <3 km in length and separated 
by discontinuities that occur as short en echelon 
steps (100–150 m wide). Secondary fault scarps 
are generally much shorter in length (<120 m). 
They typically splay obliquely from the principal 
scarp and extend to the lateral limit of the dam-
age zone where they curve into parallelism with 
the principal scarp. In general, the rupture zone 
does not exceed 20 m in thickness, which coin-
cides with the width of the fault zone. However, 
Teran et  al. (2015) documented short anoma-
lously wide sections with thicknesses as great as 
∼60 m. These wider sections, extending several 
hundred meters along strike, may be related to 
step-overs between spatially distinct fault cores.

Type 2: Wide Fault Zones with Internally 
Distributed Strain

In contrast to the Pescadores fault, the cen-
tral Borrego fault section has a gentler dip (40° 

to 50°), accommodates twice as much cumula-
tive slip (6–8 km), and has a fault zone that is 
more than five times wider, averaging ∼100 m 
and locally reaching ∼175 m (Figs. 4B and 7). 
The wide damage zone is composed of highly 
fractured rock and contains numerous cores de-
fined by high-strain fault rocks including non-
cohesive gouge, foliated gouge, and cohesive 
crush breccia (Fig. 8). In general, the fault cores 
vary in width from 10 to 100 cm. The rocks that 
make up the fault zone along this section of the 
Borrego fault are overwhelmingly derived from 
the footwall, which is composed of an intru-
sive complex that ranges from foliated diorite 
to non-foliated granite. These rocks are easily 
distinguished from the hanging wall, which is 
composed of synrift clastic sedimentary strata 
(Fig. 2; Barnard, 1968; Chora-Salvador, 2003). 
The low involvement of hanging wall strata 
within the fault core may reflect the relatively 
short duration that the hanging wall sediments 
have been in fault contact. Therefore, at depths 
below this structural basin where the hanging 
wall is composed of pretectonic crystalline base-
ment, the fault zone width may be greater than 
that documented at the surface.

Scarps of the EMC rupture are generally dis-
tributed throughout the core and damage zone 
of the central Borrego fault (Figs. 7A and 8B), 
and coseismic slip averages ∼2.8 m with a 1:1 ra-
tio of lateral:vertical slip (Fletcher et al., 2014). 
Some scarp-forming faults follow a moderately 
dipping core near the base of the damage zone 
(Fig. 7B), and, in general, the structurally highest 
fault strands occur below the upper tectonic con-
tact between fault zone and sedimentary basin fill 
(Fig. 4B). The fabric of the rupture zone is defined 
by a parallel-anastomosing pattern, and some sec-
tions contain up to 20 individual scarps (Fig. 4B). 
In contrast to the Pescadores fault segment, en 
echelon arrays are exceedingly rare. The orien-
tation of almost every individual scarp-forming 
fault is subparallel to the upper and lower bound-
aries of the fault zone, and the rake of coseismic 
slip on most individual scarps is similar to that 
of total coseismic slip integrated from all scarps 
in a given transect. Thus, the sense of coseismic 
slip is not strongly partitioned among the numer-
ous scarps within the central section of the Bor-
rego fault. Nonetheless, faults with an antithetic 
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Figure 3. Scatter plots showing variations of fault zone thickness with (A) rupture zone 
thickness and (B) fault dip from faults in the Sierra Cucapah, Baja California, Mexico. The 
thickness of the zone of coseismic surface rupture is strongly correlated with the thickness 
of the fault zone but in general is not as wide. Both of these structural parameters increase 
as fault dip shallows. Vertical dashed lines connect symbols of the long lived Paso Superior 
fault zone (green filled) with symbols of the subsidiary cross cutting ramp (white filled). 
Fault abbreviations include: B—Borrego; LS—Laguna Salada; PS—Paso Superior; Pes—
Pescadores. Figure modified from Teran et al. (2015).

TABLE 1. FAULT SECTIONS OF THE SIERRA CUCAPAH, NORTHERN BAJA CALIFORNIA, MEXICO

Fault section Protolith Fault zone width 
(km)

Cores Offset 
(km)

Alpha* 
(degree)

Fault zone 
type†

Pescadores quartz-feldspathic 20–50 single 4.4 20–30 type 1
Northern Borrego quartz-feldspathic 20–50 single 6–8 10–30 type 1
Laguna Salada quartz-feldspathic <100 single >11 20–40 type 1
Paso Superior ramp quartz-feldspathic and micaceous <100 single 0.3–2.0 30–50 type 1
Central Borrego quartz-feldspathic 100–200 multiple 6–8 40–50 type 2
Paso Superior flat micaceous 100–200 multiple >10 50–70 type 3

*Angle between fault and maximum compressive stress.
†See text for descriptions.
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 west-down sense of vertical displacement were 
present along a short section, which indicates that 
some slip transfer occurred between the master 
fault and the scarp-forming faults. (Fig. 2).

Along the central section of the Borrego fault, 
coseismic slip of the 2010 EMC event is distrib-
uted among multiple overlapping scarps, which 
in some transects include as many as 18 indi-
vidual scarps (Fig. 4B). Thus, principal scarps 
were difficult to identify and no scarp was ob-

served to accommodate more than 90% of the 
total coseismic slip. Moreover, principal scarps 
with 60%–90% of the total coseismic slip were 
only observed along four nonadjacent sections, 
none of which extend more than 600 m along 
strike (Fig. 4B). More commonly, surface rup-
ture along the Borrego fault displays at least two 
overlapping fault scarps carrying 30%–60% of 
the slip together with numerous other scarps car-
rying 0%–30% of the slip (Fig. 4B).

The Borrego fault preserves evidence that the 
localization of slip on a primary fault trace may 
vary from one event to the next. Paleoscarps that 
formed in the penultimate event are sporadically 
preserved (Fig. 9; Hernandez Flores et al., 2013; 
Hernandez Flores, 2015) where cutting the old-
est regionally correlative alluvial fan surface, 
which is likely late Pleistocene in age based on 
its well-developed argillic and  carbonate-bearing 
soil horizons (Mueller and Rockwell, 1995; 
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Figure 4. Simplified geologic maps showing the distribution of 2010 El Mayor–Cucapah, coseismic slip along sections of the (A) steeply 
dipping Pescadores fault, (B) moderately dipping Borrego fault, and (C) a flat section of the Paso Superior detachment that is flanked by 
two moderately dipping ramps—see Figure 2 for map locations. Teran et al. (2015) classified individual scarp traces by their relative mag-
nitude of the total coseismic slip as observed in the field by Fletcher et al. (2014) and differential light detection and ranging data prepared 
by Oskin et al. (2012). Upper and lower limits of fault zone (blue map units) defined by white lines and detachment faults indicated with 
tic mark ornamentation. The Pescadores fault has a simple narrow fault zone that generally does not exceed 20 m in width, and thus along 
strike variations in width cannot be shown at this map scale. Fault zone limits are defined by the transition to more resistant outcrops of 
less damaged protolith (Teran et al., 2015). Dip and dip direction are shown by bar and ball symbols. Rock units include: Qa—Quaternary 
alluvium; Tf—Tertiary fluvial sediments; Kgd—Cretaceous granodiorite; Kmgd—Cretaceous melanocratic granitoid; JKm—Mesozoic 
metasedimentary rocks; fzms—fault zone composed of metasedimentary rocks; fzgd—fault zone of granodioritic composition. White ar-
rows show azimuth of photos shown in other figures. Geology simplified from Barnard (1968), Chora-Salvador (2003), and this study using 
observations from the field and Google Earth. Hillshade digital elevation models downloaded from www.opentopography.org.
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Spelz et al., 2008). Due to the highly restricted 
distribution of this fan surface and the long re-
currence interval since the penultimate event, 
these paleoscarps are poorly preserved. None-
theless, all preserved paleoscarps were reacti-
vated in the 2010 EMC event and one locality 
confirms the existence of multiple overlapping 
scarps in the penultimate event (Fig. 9). These 
structural relationships suggest a certain repeat-
ability of the pattern of surface rupture in con-
secutive events. However, in one case, a paleos-
carp with ∼4 m of vertical offset was reactivated 
with only 25–45 cm of vertical slip in the 2010 
EMC event. Detailed mapping and trenching 
shows that this large-offset paleoscarp formed 
in a single event (Hernandez Flores et al., 2013; 
Hernandez Flores, 2015), and thus it carried at 
least 60%–90% of the coseismic displacement 
in the previous event. In contrast, the 2010 EMC 
event did not produce an obvious principal dis-
placement scarp along the same fault section.

Type 3: Wide Fault Zones with External 
Subsidiary Faulting and Strain Partitioning

The Paso Superior detachment illustrates 
the key characteristics of a wide, complex fault 
zone architecture. The fault zone reaches 170 m 
in thickness with discrete high-strain catacla-
site and gouge zones distributed throughout. 
Gouge zones that reach ∼2 m in thickness are 
commonly found along the contact that sepa-
rates footwall derived fault rocks from syn-rift 
strata of the hanging wall basin (Fig. 10). Fo-

liated clay gouge near the contact may show 
a change in color from greenish/blackish hues 
to brownish/reddish hues reflecting incorpo-
ration of both the footwall and hanging wall 
protoliths, respectively. We also observe foot-
wall-derived clay gouge in direct contact with 
weakly fractured sedimentary strata, and essen-
tially no gouge derived from the hanging wall. 
As observed with other faults, the base of the 
gently dipping fault zone is well defined by an 
abrupt change in fracture intensity. The damage 
zone contains numerous different fault rocks 
including: thin (<2 cm) discrete slip surfaces, 
chloritically altered fault breccia, and strongly 
cohesive cataclasite (Fig. 11). The intensity of 
cataclasis through the damage zone is hetero-
geneous and we commonly observe numerous 
anastomosing high-strain zones separated by 
lenses of variably fractured protolith. Rocks 
in the damage zone are derived from the foot-
wall, which consists of a lithologically hetero-
geneous metamorphic and igneous protoliths. 
Among other rock types, the damage zone 
contains rheologically weak protoliths such 
as phyllosilicate rich schists, gneiss, and mar-
ble. Strain is commonly concentrated into the 
weaker phyllosilicate-rich rock types as well as 
along contacts between rock types with strong 
mechanical contrasts. The damage zone of the 
Paso Superior detachment commonly displays 
a strong lithologic layering that may either rep-
resent tectonic transposition of the heteroge-
neous protolith or guiding of fractures along the 
anisotropic metamorphic layering (Fig. 12A).

Along most of the Paso Superior detachment, 
the EMC rupture had oblique slip with an aver-
age of 1.5 m dextral and 1.1 m of normal dis-
placements (Fletcher et  al., 2014). However, 
the fabric of the EMC rupture shows system-
atic variations that coincide well with ramps 
and flats of the master fault (Figs. 4C, 10B, and 
10C). Ramp sections are formed by subsidiary 
faults that emanate from the structurally lower 
portions of the fault zone and displace cores 
and fabrics in the structurally higher portions. 
In the steepest portions of the ramp sections, 
the EMC rupture is narrowest (thickness gen-
erally <50 m) and scarps show predominantly 
parallel-anastomosing arrays with minor en 
echelon left-stepping sets (Fig. 10C). In general, 
principal fault scarps are easiest to identify along 
the ramp sections, where they typically accom-
modate 60%–90% of the coseismic slip (Figs. 
4C and 10B). In contrast, the EMC rupture is 
widest in the flat sections having a map-view 
width of up to 292 m and thickness of ∼170 m 
(Figs. 4C and 10C). The along-strike transition 
from ramp to flat also coincides with a widening 
of the rupture zone and principal scarps accom-
modating significantly less of the total coseismic 
slip (Figs. 4C, 10B, and 10C). The widening of 
the zone is accommodated by the branching of 
coseismic rupture along subsidiary faults that cut 
the hanging wall sedimentary basin above the 
more shallowly dipping sections of the Paso Su-
perior detachment (Figs. 4C and 10C). Although 
the Paso Superior fault has an overall width simi-
lar to that of the Borrego fault and both contain 
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Figure 5. Oblique aerial photographs showing the rupture zone fabric developed in the 2010 El Mayor–Cucapah (EMC) event as observed 
along faults with a simple narrow architecture. (A) Pescadores fault dips steeply to the northeast, and >90% of total coseismic slip was 
typically accommodated by a single principal displacement scarp (yellow arrows). Total coseismic slip of 2.14 m (dextral slip of 1.89 m and 
vertical slip of 0.93 m) was measured at the red arrow. Photo azimuth is ∼186° and location shown on Figure 2. (B) The subvertical sections 
of the Borrego fault were also characterized by a single principal displacement scarp that accommodated >60% of the total 2010 EMC 
coseismic slip. Yellow arrows point to synthetic thrust-fault scarps in the hanging wall and oblique Riedel shears in the footwall of the prin-
cipal scarp. Total coseismic slip of 3.17 m (dextral slip of 2.88 m and vertical slip of 1.3 m) was measured at the red arrow. Photo azimuth is 
∼275° and location shown on Figure 2. Coseismic slip reported by Fletcher et al. (2014).
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Figure 6. Field photographs of 
the simple narrow fault zone 
architecture of the Pescadores 
fault, southern Sierra Cuca-
pah, Baja California, Mexico. 
Location shown in Figures  2 
and 4A. (A) The narrow core 
and damage zone reach ∼20 m 
in width and are bounded by 
the more resistant outcrops 
of the granodioritic proto-
lith. Dextral coseismic slip of 
∼310 cm (red arrow; Fletcher 
et al., 2014) was accommodated 
by a single scarp that coincides 
with the  exact location of the 
prominent paleoscarp observed 
along the ridge. Yellow lines 
are  secondary faults that splay 
from the principal scarp and 
into the damage zone. Photo 
azimuth ∼298°. (B) Field photo 
of varicolored clay gouge of the 
fault core, which is exposed in 
the free face of the principal 
displacement scarp. The prin-
cipal scarp also coincides with 
a paleoscarp defined by up-
lifted old alluvial deposits. Tape 
measure indicates ∼127 cm of 
oblique dextral-normal dis-
placement (Fletcher et  al., 
2014). Photo azimuth ∼294°.
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multiple high-strain cores, the former is distin-
guished by abundant subsidiary faults that both 
cut through and extend beyond the limits of the 
long-term fault zone. This represents a signifi-
cant difference in the internal structural com-
plexity of these two faults.

Where late Pleistocene fan surfaces that con-
tain penultimate event scarps are preserved, we 
observe multiple overlapping paleoscarps with 
complex geometries and distributions. Although 
much of the detail of the penultimate surface 
rupture has been lost due to erosion, the com-
plex branching of the EMC rupture coincides 
well with the remaining paleoscarps and, with-
out exception, all observed paleoscarps were 
reactivated in this event.

Coseismic Slip Partitioning in Type 3 Faults
Flat sections of the Paso Superior detachments 

display the widest and most complex rupture 
zone fabrics from the 2010 EMC event. Coseis-
mic slip is not only distributed among multiple 
scarps, but it is also partitioned kinematically 
into sets of scarp-forming faults with distinct 
orientations and slip directions. Figure 12A 
shows an example of spatially separated bands 
of scarps with distinct orientations and kinemat-
ics. Both sets have a subparallel strike and are 
exposed within the wide complex fault zone of 
the Paso Superior detachment. The set of scarps 
that crop out closest to the surface trace of the 
detachment exhibits shallow to moderate angles 
of inclination (50°–37°), which are only slightly 

steeper than the basal contact of the fault zone 
(31°–37°), and they accommodate predominate-
ly normal-sense coseismic slip (Fletcher et al., 
2014). The set of scarps located farthest from the 
surface trace are subvertical and accommodate 
coseismic slip dominated by dextral strike slip 
(Fig. 12A; Fletcher et al., 2014). Farther north 
where the Paso Superior detachment crosses 
Highway 2, Figure 10B shows that scarps can 
be divided into at least two sets of distinctly dif-
ferent orientations; one set strikes subparallel to 
the hanging wall contact of the Paso Superior 
fault zone and a second includes a broad zone of 
left-stepping en echelon scarps that are highly 
oblique to the strike of the fault zone (Fig. 10A). 
The oblique strike and en echelon configuration 

Figure 7. Oblique aerial photo-
graphs showing the rupture zone 
fabric of the 2010 El Mayor–Cu-
capah (EMC) event as observed 
along faults with an architecture 
that we classify as type 2, central 
Sierra Cucapah, Baja Califor-
nia, Mexico. Location shown in 
Figures 2 and 4B. (A) The mod-
erately dipping (<50°) sections 
of the central Borrego fault, 
principal displacement scarps 
are generally not observed and 
instead 2010 EMC slip is widely 
distributed among numerous 
subparallel/anastomosing fault 
scarps (yellow arrows) through-
out its core and inner damage 
zone (Dz; >130 m wide). Total 
coseismic slip of up to 3 m with a 
lateral:vertical slip ratio of ∼1:1 
was accommodated across the 
array in this fault section. Photo 
azimuth ∼295°. (B) Oblique 
aerial photograph of the 2010 
EMC rupture within the char-
acteristically wide Borrego fault 
zone. Along the moderately 
dipping sections of the Bor-
rego fault coseismic slip largely 
occurred within its wide dam-
age zone, and in this photo the 
westernmost fault-scarp (yel-
low arrows) follows the footwall 
contact between Dz and grano-
dioritic host rocks; it dips ∼41° 
and accommodated 187 ± 30 
and 50 ± 30 cm of vertical and 
dextral slip, respectively (red ar-
row; Fletcher et al., 2014). Bi-di-
rectional arrow for scale. Photo 
azimuth ∼230°.
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Figure 8. Field photographs of the penetratively fractured crush breccia distributed throughout the core and damage zone of 
the Borrego fault. Photo azimuth ∼006° Taken by Geoff Faneros on 6 April, 2010. (B) Slip surface reactivated with ∼1.4 m of 
vertical slip in the El Mayor–Cucapah event (lateral displacement not measured) exposes brecciated protolith in its free face. 
See Figure 7 for photo locations.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2084/5138365/2084.pdf
by guest
on 20 April 2021



Factors that control fault zone architecture

 Geological Society of America Bulletin, v. 132, no. 9/10 2095

of the second set demonstrates that they accom-
modate much of the dextral wrenching across the 
fault zone. Another example of kinematic parti-
tioning is documented in Figure 12B. All scarps 
in this photo strike subparallel to the hanging 
wall contact, which dips 20° at this locality, but 
the scarps themselves are steep to subvertical. 
Based on the offset of the highway pavement 
and lane markers, it is clear that the set of scarps 
that crop out closest to the surface trace of the 
detachment accommodates pure normal-sense 
dip slip, whereas the set of scarps located far-
thest from the surface trace accommodates pure 
dextral strike slip.

All of the above examples of kinematic parti-
tioning show that despite the extreme structural 
complexities manifested in rupture zone fabric, 
there is an underlying order that implies the ex-
istence of a mechanical explanation. Wesnousky 
and Jones (1994) demonstrated that crustal-scale 
kinematic partitioning of transtensional shearing 
does not require changes in the state of stress to 
drive slip on both normal faults and strike slip 
faults, and they argued that kinematic partition-

ing on two faults is mechanically favored over 
oblique slip on a single fault. The 2010 EMC 
rupture clearly shows that whether it is favorable 
or not, oblique coseismic slip becomes parti-
tioned onto multiple subsidiary faults that extend 
far beyond the limits of the long-lived fault zone.

In order to test the hypothesis that kinematic 
partitioning is consistent with a single stress 
state, we plotted the hypothetical and observed 
slip directions for all cases of partitioned coseis-
mic slip along the Paso Superior detachment 
(Fig. 13A). The assumed state of stress is consis-
tent with stress inversions performed by Fletcher 
et al. (2016), who showed that for the Sierra Cu-
capah the maximum principal stress (σ1) is verti-
cal, the minimum principal stress (σ3) is horizon-
tal trending 085°, and the intermediate principal 
stress (σ2) is horizontal trending 355°. The ori-
entations of principal stress axes were derived 
from the linked Bingham statistics of 237,000 
stress models that make up the 95% confidence 
interval. The stress magnitude ratio (ϕ = (σ2-
σ3)⁄(σ1-σ3)) is assumed to be 0.98, which is the 
modal peak for all the stress models in the 95% 

confidence interval and indicates that the maxi-
mum and intermediate principal stresses are very 
close in magnitude (Fletcher et al., 2016). Hypo-
thetical slip directions shown in Figure 13 are as-
sumed to be parallel to the resolved shear stress, 
which is calculated by projecting the assumed 
stress state onto planes of different orientations 
(Wallace, 1951; Bott, 1959).

Figure 13A shows a strong correlation be-
tween the observed and hypothetical slip direc-
tions suggesting a cause and effect relationship, 
and thus it would seem that the stress state that 
controls the direction of fault slip at seismogenic 
depths also factors into controlling the complex 
expression of rupture zone fabric developed 
within a few hundred meters of the surface. One 
important relationship displayed in Figure 13A 
is that all subvertical faults regardless of strike 
are predicted to be dominated by strike slip. This 
also implies that regardless of topographic and 
other perturbations that may reorient principal 
stress axes, subvertical faults are mechanically 
favored to accommodate the lateral component 
of oblique slip. The geometry of any low-angle 

N

Figure 9. Field photograph of the 2010 El Mayor–Cucapah (EMC) rupture (yellow arrows) distributed throughout the wide damage zone of 
the Borrego fault, southern Sierra Cucapah, Baja California, Mexico. Location shown in Figures 2 and 4B. Photo also shows the 2010 EMC 
reactivation of multiple overlapping paleoscarps (blue arrows), which offset an old alluvial surface (red arrows). The prominent paleoscarp 
has ∼4 m of vertical offset and likely represents the principal displacement scarp from the penultimate event (Hernandez Flores et al., 2013). 
However, in the 2010 EMC event a principal displacement scarp was not observed, and thus the distribution of slip magnitude is not exactly 
the same in consecutive earthquake rupture events. Photo azimuth of ∼323°.
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fault requires that scarps farthest from the sur-
face trace of the fault dip more steeply than those 
closer to the surface trace (Fig. 13B). Therefore, 
more steeply dipping faults should preferentially 
filter off the strike slip component of offset leav-
ing the up-dip section of detachment fault and 
any of its fault splays with the remaining dip 
slip component (Fig. 13B). This explains why 
normal-sense dip slip is consistently partitioned 
into the coseismic scarps closest to the surface 
trace of the Paso Superior detachment and dex-

tral strike slip is accommodated by scarps farther 
from the trace (Figs. 12A and 12B).

Summary of Field Relations

We demonstrate that as fault zones increase 
in complexity and width, so does the expression 
of coseismic surface rupture (Figs. 3A and 4), 
which supports the strong link between fault zone 
architecture and coseismic rupture zone fabrics 
as observed by Teran et al. (2015). Additionally, 

we have documented a suite of associated struc-
tures and fabrics that occur together in different 
types of fault zones, which are schematically 
shown in Figure 14. Fault zones of the type 1 
class generally do not exceed 70 m in width and 
have a single well-developed core that is typi-
cally defined by a zone of foliated clay gouge of 
∼1 m in thickness. In this fault class, coseismic 
slip is strongly concentrated onto a single well-
defined principal scarp that reactivates the clay 
gouge core (Figs. 5A and 6). Typically, these 
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Figure 10. (A) Field photograph that shows the wide, complex type 3 fault zone (∼130 m) developed along the Paso Superior detachment. 
Scarps of the 2010 El Mayor–Cucapah (EMC) rupture (yellow arrows) are distributed throughout the fault zone, cut the upper fault con-
tact, and extend into hanging wall Tertiary fanglomerates (Tf). This section of the Paso Superior detachment dips ∼37°, and its damage zone 
is composed of gouge cataclasite and breccia derived entirely from the footwall, which is dominated by protolith of layered metasedimen-
tary rocks. Upper and lower limits of fault zone mapped as black lines with single bar and double bar ornamentations, respectively. In the 
2010 EMC event, this section accommodated up to 1.3 m of total coseismic slip with a lateral:vertical ratio of ∼1:2 (Fletcher et al., 2014). 
Photo azimuth is 330°. Location shown in Figure 2. (B) Wide complex rupture zone fabric developed along the Paso Superior detachment 
in a flat section of the fault that dips 11° to 20°. Coseismic slip is broadly distributed among multiple fault-scarps oriented subparallel and 
oblique to the master fault trace. Total coseismic slip (lateral:vertical slip ratio of ∼3:1) of up to 2 m was measured across the array (Fletcher 
et al., 2014). Location shown in Figure 4. (C) A narrowing of the zone of coseismic rupture associated in the 2010 EMC event occurs along 
the southern ramp section of the Paso Superior detachment where its dip increases to 47°. Here coseismic slip is concentrated in a zone 
<50 m wide and scarps are arranged in predominantly parallel-anastomosing arrays with minor en echelon left-stepping sets. No single 
scarp accommodates more than 60% of total coseismic slip. Total coseismic slip of 1.86 m (dextral slip of 0.5 m and vertical slip of 1.22 m) 
measured at red arrow (Fletcher et al., 2014). Location shown in Figure 4.
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principal  displacement scarps accommodate 
>90% of the total coseismic slip (Fig. 4A). Fault 
zone complexity increases considerably in the 
type 2 class, which is characterized by a broader 
zone (50–150 m) of overlapping cores, but none 
of these are as well developed as the main core 
associated with the simple narrow class. This 
widening of the fault zone is accompanied by 
widening of the coseismic rupture zone and an 
increase in the number of scarps. In type 2 fault 
sections, it is difficult to identify a single prin-
cipal scarp, and scarps with the greatest coseis-
mic displacement are generally limited in both 
along-strike length (<600 m) and the relative 
amount of coseismic slip that they accommodate 
(30%–60%; Fig. 4B). In this way, the rupture 
fabric strongly reflects the fault zone architec-
ture characterized by multiple overlapping cores 
and subsidiary faults. Rupture zones of the type 
3 class are similar to those of the type 2 class, 
but they are distinguished by abundant subsid-
iary faults and strong coseismic slip partitioning. 
These widest and most complex rupture zones 
are associated with the widest and most com-
plex fault zones. However, coseismic surface 

rupture is generally not restricted to the confines 
of the long-lived fault zone. Instead most scarp-
forming faults splay from the main fault to form 
new ramps that uplift the footwall or occur as 
extensive and structurally complex arrays in the 
immediate hanging wall (Fig. 14C). Scarps that 
have <30% of the total coseismic slip were ob-
served in all fault classes.

Gouge Production and Fault Zone 
Architecture

The diversity of fault-zone architecture and 
related rupture zone fabrics in the Sierra Cu-
capah provides an opportunity to assess their 
underlying controls. Yoshioka (1986) identified 
multiple factors that affect gouge production in 
laboratory experiments including displacement, 
rock strength, normal stress, existence of gouge 
prior to slip, and mode of slip. Based on mea-
surements of the amount of gouge produced in 
laboratory conditions, rock strength and normal 
stress are by far the most important of the five 
factors (Yoshioka, 1986). In examples of natural 
faults, cumulative displacement has been shown 
to affect some components of fault zone archi-
tecture such as the abundance of gouge in fault 
cores (e.g., Scholz, 1987; Hull, 1988), as well as 
the intensity of fracturing and overall width of 
damage zones (Shipton and Cowie, 2001; Mitch-
ell and Faulkner, 2009). Protolith strength is also 
thought to strongly affect the width and num-
ber of cores (e.g., Faulkner et al., 2003). Given 
the importance of normal stress in experimental 
gouge production, surprisingly little work has 
been done to examine its effects on the architec-
tural expression of faults. In this study we show 
how fault orientation can be used as a proxy 
for normal stress. Additionally we compare the 
relative importance of displacement, protolith, 
and orientation-controlled normal stress on the 
resulting architectural variations of faults in the 
Sierra Cucapah.

Displacement

We find that cumulative displacement on 
faults with several kilometers of slip does not 
appreciably affect fault zone architecture com-
pared to other factors. One of the faults with 
the greatest cumulative slip in the study area is 
the Laguna Salada fault. In terms of the range 
of architectural styles documented in this study, 
the Laguna Salada fault is most similar to the 
type 1 class represented by the Pescadores fault 
(Table 1; Figs. 4A, 5A, and 6). Both faults have 
a single high-strain core and cut quartzo-feld-
spathic protoliths. They also have similar orienta-
tions and oblique dextral-normal slip directions. 
However, the Laguna Salada fault has accom-

modated more than twice as much cumulative 
slip (>11 km versus 4.4 km). The Paso Superior 
detachment is the only other fault in the Sierra 
Cucapah with cumulative slip that approaches 
that of the Laguna Salada fault, yet its damage 
zone, hosting multiple fault cores, belongs to the 
type 3 class of faults at the opposite end of the 
spectrum of structural complexity. Therefore, 
structural relations in the Sierra Cucapah show 
that faults with much different cumulative slip 
have similar architecture and those with similar 
slip have radically different architecture, which 
suggests that the magnitude of slip has the small-
est effect on fault zone architecture.

Protolith

Protolith appears to exhibit a stronger control 
on gouge production than displacement. The 
two extremes of architectural variations in the 
Sierra Cucapah are represented by faults that 
have very different protoliths. The wide com-
plex fault zone of the Paso Superior detachment 
is developed in a sequence of phyllosilicate-
rich metasedimentary gneiss with a strong 
preexisting foliation. In contrast, many simple 
narrow fault zones in the Sierra Cucapah are 
developed from quartzo-feldspathic protoliths 
of the granitoid plutonic complex. Laboratory 
experiments demonstrate an inverse relation-
ship between production of gouge and the 
strength of the host rock (Yoshioka, 1986) and 
quartzo-feldspathic protoliths are much stron-
ger than phyllosilicate protoliths, which com-
monly have a preexisting mechanical fissility 
that is susceptible to reactivation (Faulkner 
et al., 2003). There is a general perception that 
cataclasis of a quartzo-feldspathic protolith is 
associated with strain weakening, which has a 
positive feedback with strain localization and 
results in the development of a narrow fault 
zone with a single high-strain core (Chester 
and Logan, 1986; Chester et al., 1993; Faulkner 
et al., 2003, 2008). In contrast, phyllosilicate 
host rocks are associated with multicore fault 
zones, which are thought to develop because 
of strain hardening during cataclasis (Faulkner 
et al., 2003, 2008).

The frictional strength of faults is typically as-
sumed to obey Byerlee’s (1978) law with a co-
efficient of friction of 0.6–0.85. However, most 
of these friction measurements were performed 
on joints and other bare rock surfaces and more 
recent work has shown that clay rich gouges are 
consistently weak, with a steady-state coefficient 
of sliding friction of <0.35 (Saffer and Marone 
2003; Ikari et al., 2009). Collettini et al. (2009) 
showed that even in rocks with relatively low 
abundance of phyllosilicates (10%–30%), the 
frictional properties of the rock may approach 

~0.5 m

Figure 11. Field photograph of strongly foli-
ated cataclasites in the damage zone along 
the northern flat section of the Paso Superior 
detachment. A coseismic fracture formed 
in the 2010 El Mayor–Cucapah event has 
rather small displacement but clearly dem-
onstrates that it propagated through (red 
arrows), and reactivated (yellow arrows) 
the preexisting cataclastic foliation of the 
detachment fault core. Yellow dashed line 
is parallel to cataclastic foliation. Location 
shown in Figure 2.
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that of the weak phyllosilicate phases. Most of 
the phyllosilicate phases observed in fault zones 
are secondary and derived from grain-size re-
duction and synkinematic hydration reactions 
associated with shearing. However, metamor-
phic rocks containing abundant primary phyl-
losilicates are also common in continental crust. 
Significant weakening associated with the re-

activation of metamorphic anisotropies is well 
documented (e.g., Donath, 1961). As proposed 
by Faulkner et al. (2003, 2008), phyllosilicate-
rich protoliths and the fault rocks derived from 
them should have a very low contrast in fric-
tional strength. As we argue below, the process 
of cataclasis of anisotropic phyllosilicate rich 
protolith is inherently characterized by strain 

hardening, which leads to the development of 
wide multicored fault zones.

Fault Orientation

Fault orientation controls the expected ratio of 
normal stress to shear stress, which in this trans-
tentional setting should be higher for faults with 

Figure 12. Photographs of the 
strong kinematic partitioning 
of 2010 El Mayor–Cucapah 
(EMC) rupture zones along 
the shallow dipping sections of 
the Paso Superior detachment, 
northern Sierra Cucapah, Baja 
California, Mexico. Location 
shown in Figures  2 and 4B. 
(A) Oblique aerial photograph 
showing two main sets of fault 
scarps. Moderately dipping 
scarps with dominantly dip-slip 
motion are shown with yellow 
arrows, and subvertical scarps 
with dominantly strike-slip are 
shown with red arrows. The 
colored circle and triangle sym-
bols mark pairs of sites of par-
titioned slip measurements used 
in Figure  13. In the distance 
both sets of coseismic scarps cut 
across the upper fault contact 
and project into the adjacent 
hanging wall. The well exposed 
fault core is composed of a thick 
(∼90 m) package of smeared 
metasedimentary rocks (fcms) 
with compositional layering 
shown by a dash-dot line pat-
tern. Hanging wall Tertiary 
fanglomerates (Tf; upper right 
of photo) and footwall Juras-
sic–Cretaceous gneissic rocks 
(JKm; upper left of photo). Up-
per and lower limits of shear 
zone marked by black lines with 
single bar and double bar orna-
mentation, respectively. Num-
bers indicate dip of scarps and 
faults. Photo azimuth ∼280°. (B) 
Field photograph at Highway 2 
where 2010 EMC rupture devel-
oped almost entirely as off-fault 
deformation in the hanging wall 
sediments (Qa) located imme-
diately above the 20° dipping 
Paso Superior detachment. Off-
set road markings clearly show 

that scarps in the upper half of the photo accommodated dominantly normal-sense vertical offsets, whereas scarps in the lower half of the 
photo show dominantly dextral displacements. Photo azimuth is ∼215°.
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lower dip (e.g., Fletcher et al., 2016). Indeed, 
one of the most surprising results from both this 
study and the companion paper by Teran et al. 
(2015) is that fault zone architecture changes 
systematically with orientation, becoming in-
creasingly wider and more complex with de-
creasing dip of the structure (Fig. 3). For the ex-
amples we describe here, however, both elevated 
relative normal stress and a weaker protolith may 
be responsible for the wide Paso Superior fault 
zone. Thus to discriminate these effects, we turn 
to the central Borrego fault example. The central 
Borrego fault has cumulative slip (6–8 km) that 
is intermediate between that of the Pescadores 
fault (∼4 km) and Laguna Salada fault (>11 km). 
All of these fault sections cut strong quartz-feld-
spathic protoliths, but the former shares almost 
no similarities in structural style with the latter 
two (Table 1). The central Borrego fault zone 
is characterized by penetrative fracturing and 
crush breccia that is distributed throughout its 
wide type 2 fault zone. None of the high-strain 

zones within the Borrego fault zone reach the 
same thickness and degree of comminution as 
the single fault core observed on the type 1 Pes-
cadores fault zone. Therefore, although strain is 
not as intense in the central Borrego fault, it is 
more broadly distributed through a fault zone 
that is 3–5 times wider. Besides the vastly differ-
ent fault zone architectures, the only significant 
difference between these faults is their orienta-
tions. The narrow type 1 faults are both steeply 
dipping, whereas, the wide type 2 fault is mod-
erately dipping (Table 1).

Further evidence for the effect of orientation 
on fault zone architecture is provided by along 
strike variations with dip of some of the faults 
in the Sierra Cucapah. North of the moderately 
dipping central section, the Borrego fault be-
comes subvertical, and this change in orienta-
tion is accompanied by the transition into a nar-
row type 1 fault zone (Table 1; Fig. 5B). Here 
strain becomes concentrated onto a single core 
composed of foliated gouge and the 2010 EMC 

rupture zone fabric is dominated by a single 
principal displacement scarp (Fig. 5B; Dorsey 
et al., 2017; Teran et al., 2015). In yet another 
example, the widest and most complex rupture 
zone fabrics developed in the 2010 EMC event 
are observed along the ∼20° dipping flat sections 
of the Paso Superior detachment. In contrast, the 
along-strike ramp sections of the Paso Superior 
fault (40°–60° dip) exhibit a 105-fold decrease 
in rupture-zone thickness (Figs. 3, 4C, 10B, and 
10C). Because the ramp sections offset structur-
ally higher portions of the fault zone, these faults 
have developed with far less slip than the master 
Paso Superior detachment into which they root 
(Fig. 14C). Thus the along-strike occurrence of 
ramps and flats along the Paso Superior detach-
ment coincides well with the transition from type 
1 to type 3 fault zones, respectively.

We propose that the correlation of fault zone 
architecture with orientation can be explained 
by considering how orientation determines the 
traction that a fault experiences. All fault sec-
tions in this study that were activated in the 2010 
EMC earthquake and coseismic slip directions, 
despite their great diversity, are consistent with 
a uniform regional stress state, which was de-
rived by Fletcher et al. (2016) as previously de-
scribed for Figure 13. A Mohr plot of this stress 
state demonstrates that the observed variation 
in normal stress on individual fault sections ap-
proaches the applied differential stress (Fig. 14), 
which is of the order of tens of megapascals at 
depths of earthquake nucleation (e.g., Fletcher 
et al., 2016). In this transtensional tectonic re-
gime, the degree of misorientation and resolved 
normal stress both increase as fault dip decreases 
(Fig. 14D). The three classes of faults that we 
have documented in this study plot in the Mohr 
diagram over distinct ranges of slip tendencies, 
and generally faults of types 1, 2, and 3 have 
high, intermediate, and low slip tendencies, re-
spectively (Fig. 14).

Laboratory experiments (e.g., Yoshioka, 
1986) and numerical modeling (e.g., Moore and 
Lockner, 2007) demonstrate a strong positive 
correlation between gouge production and nor-
mal stress. This is consistent with qualitative ob-
servations from the Sierra Cucapah where gently 
dipping and wide fault zones with multiple cores 
generally contain more gouge than narrow sin-
gle-core faults. However, the expected variation 
in gouge production alone does not explain the 
complex branching and development of multiple 
high-strain cores in a single fault zone.

Faults oriented at a high angle to the maxi-
mum compressive stress experience high normal 
stress and are considered misoriented because 
they have the greatest resistance to activation 
(Fig. 14D). In order to reach criticality and slip, 
misoriented faults require low-frictional strength 

Figure 13. Structural analysis 
of coseismic slip partitioning on 
the Paso Superior detachment, 
northern Sierra Cucapah, Baja 
California, Mexico. Location 
shown in Figures 2 and 4B. (A) 
Plot showing strong correla-
tion of observed (circles and 
triangles colored by transects, 
some of which are shown in 
Fig.  12) and theoretical slip 
directions (pale gray lines) ex-
pressed as rake for faults of dif-
ferent orientations. Theoretical 
slip direction is calculated by 
projecting regional stress mod-
eled by Fletcher et  al. (2016) 
onto planes of different orien-
tations. Grey lines show theo-
retical rake of slip for planes 
of constant strike and variable 
dip. For faults of a wide range 
of strikes, the theoretical strike 
slip component of oblique offset 
becomes progressively greater 
as dip increases, such that sub-
vertical faults of any strike are 

predicted to have little to no dip slip. Observed coseismic slip on shallowly dipping scarps 
from up-dip portion of the transects (triangles) is dominated by dip slip, and that from 
steeply dipping scarps from the down-dip portion of the transects (circles) is dominated by 
strike slip. (B) Schematic cross section showing observed patterns of coseismic slip parti-
tioning on the Paso Superior detachment. Portions of the fault activated by strike slip are 
shown in red, and those activated by dip slip are shown in yellow. Scarp-forming faults 
farthest from the surface trace of the detachment are steeper and preferentially accom-
modate the strike slip component of coseismic displacement. The remaining coseismic dip 
slip propagates onto more gently inclined scarp forming faults located closer to the surface 
trace of the detachment.
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(Carpenter et al., 2011; Lockner et al., 2011), 
high pore pressure (e.g., Rice, 1992; Axen, 
1992), and/or high differential stress (e.g., Nie-
to-Samaniego and Alaniz-Alvarez, 1995, 1997; 
Nieto-Samaniego, 1999; Axen, 2004; Fletcher 
et al., 2016). Fletcher et al. (2016) showed how 
stress can rise to the magnitudes required to 
make misoriented faults slip, even in the pres-
ence of nearby optimally oriented faults that 
yield at much lower states of differential stress. 
However, regardless of the specifics of any given 
stress condition, a fault must somehow reach 
criticality in order to slip. All of the factors that 
affect criticality should operate on the entire 
fault zone. Therefore, if the misoriented surfaces 
in a fault zone are able to reach criticality, oth-
ers with more optimal orientations should also 
be critically loaded. We propose that the fric-
tional reactivation of slip surfaces with a greater 
range of orientations is one important factor that 
causes the branching of slip onto multiple paths 
and leads to a widening of the fault zone.

In severely misoriented fault zones, it could 
be possible for coseismic rupture to leave the 

fault zone altogether and follow more optimally 
oriented faults in adjacent blocks, which is es-
sentially what we observe along the Paso Supe-
rior detachment. Flat sections of the detachment 
are associated with broad scarp arrays developed 
in the hanging wall immediately adjacent to the 
surface trace of the fault zone. Alternatively, 
ramp sections are controlled by splays that ema-
nate from near its base and cut across the fabric 
of the long-lived fault zone (Fig. 14C). Coseis-
mic scarps in both ramp and flat settings either 
leave the long-lived, severely misoriented fault 
zone or cut across it. Similar structural rela-
tionships are commonly observed in other well 
studied examples of seismically active low-angle 
normal faults (e.g., Caskey et al., 1996; Axen 
et al., 1999; Hayman et al., 2003; Numelin et al., 
2007; Spelz et  al., 2008; Fletcher and Spelz, 
2009). Fletcher and Spelz (2009) proposed that 
the near-surface transfer of slip from the low-
angle master fault to more optimally oriented 
high-angle scarp-forming faults occurs because 
the factors that are thought to allow seismogenic 
slip on low-angle faults at depth, such as near-

lithostatic pore fluid pressure (Axen, 1992) or 
rotation of principal stress axes (Yin, 1989; Me-
losh, 1990), are not as likely to operate near the 
surface. Also, near the surface, high-angle faults 
are not as likely to be pinned against other faults 
within the overall fault network, allowing these 
to be activated as slip on a low-angle fault propa-
gates to the surface.

Implications for the San Andreas and 
Other Misoriented Faults

The San Andreas fault is the main plate 
boundary fault between the Pacific and North 
America plates (Fig. 1) and has accommodated 
hundreds of kilometers of cumulative slip (Mat-
thews, 1976). It extends ∼1300 km and transects 
numerous distinct tectonostratigraphic terranes 
such as the Franciscan accretionary wedge, 
underplated Pelona-Orocopia-Rand schist, the 
Mesozoic batholiths of the Sierra Nevada and 
Peninsular Ranges, as well as a diverse suite 
of metamorphic and plutonic rocks of the Pro-
terozoic North American craton. Two contrast-
ing sections of the San Andreas fault, discussed 
below, demonstrate the relative effects of host 
rock lithology, mode of slip, cumulative slip, 
and normal stress on the internal structure of a 
fault zone.

The Parkfield section of the San Andreas fault 
in central California, USA, consists of a complex 
zone of faulting that is ∼3 km wide and made 
up of overlapping strands including the Buzzard 
Canyon, San Andreas, and Gold Hills faults, 
each of which contains multiple cores (Rymer 
et al., 2006; Bradbury et al., 2011). Host rock 
lithology is thought to play a primary role in con-
trolling the dominantly creeping mode of slip in 
this section, and high-strain gouge zones contain 
talc and other weak phyllosilicates derived from 
hydrothermal alteration and shearing of serpen-
tine-rich ultramafic rocks in contact with arkosic 
sandstones, both of which are abundant within 
the Franciscan mélange (Moore and Rymer, 
2007, 2012).

The Mojave section of the San Andreas fault 
in southern California predominantly cuts schist 
and quartzo-feldspathic rocks derived from Pro-
terozoic basement and the Mesozoic batholith 
(Barrows et al., 1985). Mode of slip is thought to 
be dominated by stick-slip and this section was 
activated most recently in the 1857 Mw 7.8 Fort 
Tejon earthquake, which had as much as 8 m of 
right-lateral coseismic slip (Sieh, 1978; Zielke 
et al., 2010). Near Littlerock, California, the San 
Andreas system is composed of six major strands 
including from NE to SW: the Littlerock fault, 
San Andreas main fault, northern and southern 
Nadeau faults, Punchbowl fault, and Soledad 
fault as well as several other unnamed strands 
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(Barrows et al., 1985; Dor et al., 2006). The faults 
are subparallel in strike, define an anastomosing 
configuration and each strand represents a distinct 
core in a complex multicore fault zone that varies 
in width from 1 to 3 km (Barrows et al., 1985; Dor 
et al., 2006). It is difficult to unequivocally define 
the slip history of each individual strand, but each 
of them has accommodated tens of kilometers of 
slip since the early Pliocene (4.5–4.0 Ma; Bar-
rows et al., 1985; Powell, 1993). Most late Qua-
ternary slip has been concentrated on the main 
strand of the San Andreas fault, which is thought 
to be much younger than the other strands, hav-
ing initiated in the Pleistocene. Nonetheless, Sieh 
(1978) proposed that an observed slip deficit of 
the 1857 Fort Tejon rupture near Palmdale, Cali-
fornia can be explained by having additional co-
seismic slip partitioned onto adjacent strands in 
the overlapping system.

One factor that is consistent with our example 
in the Sierra Cucapah and may best explain the 
kilometer-scale width and complexity of the 
San Andreas fault zone is high normal stress. 
The San Andreas is severely misoriented and 
typically forms angles of 60°–90° to the hori-
zontal maximum compressive stress (e.g., Zo-
back et  al., 1987; Yang and Hauksson, 2013; 
Fletcher et al., 2014). Explaining the mechanics 
of slip on the San Andreas has been one of the 
greatest conundrums in earth science and lead-
ing hypotheses include: (1) high pore pressure 
with stress rotation in the fault zone (Rice 1992; 
Faulkner et al., 2006), (2) heterogeneous friction 
with the San Andreas fault as the weakest in the 
system of faults (Lockner et al., 2011), and (3) 
uniform friction among multiple faults that form 
an interlocking network with the San Andreas 
as the strongest member due to its severe mis-
orientation (Fletcher et al., 2016). Regardless of 
the controversy associated with slip mechanics, 
there is a strong consensus that the San Andreas 
fault has a very low slip tendency and thus must 
have very high applied normal stress.

Faulkner et  al. (2008) presented a detailed 
structural analysis of two other large-scale 

strike-slip faults with wide multi-cored fault 
zones. Despite strong similarities of fault zone 
architecture, the Carboneras fault of southeast-
ern Spain and the Caleta Coloso fault of north-
ern Chile differ markedly in protolith (graphitic 
mica schist versus granodioritic plutonic rocks), 
cumulative slip (40 versus >5 km), and tectonic 
setting (transtension versus transpression), re-
spectively (Stapel et al., 1996; Faulkner et al., 
2008). However, the one parameter that is com-
mon to both of them, is low slip tendency and 
thus high applied normal stress. The Carbon-
eras fault regionally forms an angle of 60° to 
the maximum compressive stress, and locally 
it becomes as high as 90° (Stapel et al., 1996; 
Faulkner et al., 2008). The Caleta Coloso fault 
is oriented 80°–90° from the modern regional 
maximum compressive stress (Faulkner et al., 
2008; Heidbach et al., 2009).

The Gole Larghe fault zone, which splays 
from the Tonale line in the Italian Alps, is an-
other example of a well-studied wide complex 
fault zone. Despite having accommodated only 
1100 m of total dextral displacement, the Gole 
Larghe fault zone is ∼600 m wide and composed 
of numerous overlapping pseudotachylyte and 
cataclasite bearing faults in addition to two prom-
inent zones of 2-m-thick cataclasites (Di Toro 
and Pennacchioni, 2005; Smith et al., 2013). The 
fault zone is developed in quartzofeldspathic rich 
protolith that forms part of the Adamello tonal-
itic batholith (Di Toro and Pennacchioni, 2005; 
Smith et al., 2013). Pseudotachylytes from the 
fault zone yield 40Ar/39Ar–ages of 29.8 ± 0.4 Ma 
and their presence indicate seismogenic stick-
slip behavior (Di Toro and Pennacchioni, 2005). 
The Oligocene maximum compressive stress in 
this region is oriented subhorizontal and trends 
NNW, which is nearly perpendicular to the E-
striking fault. Therefore, the Gole Larghe is yet 
another example of a severely misoriented fault 
with a wide complex fault zone architecture.

This brief survey demonstrates that wide 
multi-cored fault zones are not limited to spe-
cific protoliths, certain ranges of cumulative 

displacement, nor any particular mode of slip. 
Quite to the contrary, Table 2 shows that wide 
multi-cored fault zones span the extremes of 
each of these parameters. The only factor that all 
of these global occurrences have in common is 
misorientation with respect to the greatest princi-
pal compressive stress, which is consistent with 
our findings in the Sierra Cucapah.

Strain Hardening

The relocation and redistribution of shearing 
that leads to the formation of multiple high-
strain zones in a single fault requires some form 
of strain hardening (e.g., Chester and Chester, 
1998; Di Toro and Pennacchioni, 2005; Cowgill 
et al., 2004a; Faulkner et al., 2008). Regardless 
of protolith, strain hardening and the develop-
ment of wide multicored faults may result from 
the healing of gouge with compaction and fluid 
induced cementation, which gives rise to dilatan-
cy strengthening (Morrow et al., 1982; Marone 
et al., 1990; Marone, 1998a, 1998b; Hirakawa 
and Ma, 2016). This hypothesis predicts that 
abandoned fault cores should be more strongly 
compacted and/or mineralized than active fault 
cores, but such evidence has yet to be well doc-
umented. In the Sierra Cucapah, syn-kinematic 
alteration is not restricted to wide complex fault 
zones, and relatively simple single-cored faults 
like the Laguna Salada fault are associated with 
extensive hydrothermal alteration.

Due to the expected low strength contrast of 
faults developed in anisotropic phyllosilicate 
protoliths, small changes in strength of gouge 
could have large effects on the localization of 
future increments of shearing. We propose that 
in such faults, cataclasis may be inherently char-
acterized by strain hardening. Cataclasite and 
gouge not only have a smaller grain size, but 
these rocks are also likely to have a diminished 
grain-shape fabric (e.g., Heilbronner and Keu-
len, 2006) and alignment of phyllosilicate grains 
compared to a strongly foliated metasedimentary 
protolith. This should reduce the continuity of 

TABLE 2. GLOBAL SURVEY OF WIDE COMPLEX FAULT ZONES

Fault Fault zone width 
(km)

Number of 
cores

Offset 
(km)

Slip mode Protolith Alpha 
(degree)*

San Andreas Parkfield 3† >4† 315§ Creep# Phyllosilicate# 70–90**
San Andreas Mojave 1–3†† >6†† 315§ Stick slip§§ Quartz-feldspathic and phyllosilicate** 60–80**
Carboneras 0.75## >2## 40*** Creep and stick slip## Phyllosilicate## 60–90***
Caleta Coloso 0.2–0.3## >2## >5*** Stick slip## Quartz-feldspathic## 80–90***
Gole Larghe 0.6††† 2††† 1.1††† Stick slip††† Quartz-feldspathic††† 80–90†††

*Angle between fault and maximum compressive stress.
†Rymer et al. (2006); Bradbury et al. (2011).
§Mathews (1976).
#Moore and Rymer (2007, 2012).
**Zoback et al. (1987); Yang and Hauksson (2013).
††Barrows et al. (1985).
§§Sieh (1978); Zielke et al. (2010).
##Faulkner et al. (2008).
***Stapel et al. (1996); Faulkner et al. (2008).
†††Di Toro and Pennacchioni (2005); Smith et al. (2013).
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slip surfaces defined by aligned mica and lead 
to a strengthening of the fault rock compared to 
its protolith. Collettini et al. (2009) demonstrated 
that powdered samples with smaller grain size 
and no preferred grain alignment have a twofold 
increase in frictional strength compared to equiv-
alent rocks that are naturally foliated. Another 
effect of cataclasis is to change the rate-state fric-
tional properties from velocity weakening of the 
protolith to velocity strengthening of the gouge.

We propose that the predicted strain harden-
ing of multi-cored fault zones is associated with 
the one parameter that all of these examples have 
in common: severe misorientation and high nor-
mal stress. The difference in normal stress of 
two faults that form angles of 30° (optimally 
oriented) and 80° (severely misoriented) to the 
maximum compressive stress is ∼72% of the 
applied differential stress. Yield strength, which 
is proportional to normal stress, may be several 
times greater for misoriented faults compared to 
optimally oriented faults. Therefore, we agree 
with Cowgill et al. (2004b) who proposed that 
the rotation of a fault relative to principal stress 
should result in either strain hardening or strain 
softening.

Our proposed genetic association of misori-
entation with wide multicore fault zones does 
not require these faults to have experienced high 
normal stress throughout their entire slip history. 
As orogenic strain accumulates by progressive 
general shear, a deformation path that consists 
of both pure and simple shear components, all 
planar markers progressively rotate toward the 
principal extension axis, which commonly is 
oriented at a high angle, if not perpendicular, to 
the regional maximum compressive stress (Fos-
sen and Tikoff, 1993; Tikoff and Wojtal, 1999). 
Therefore, all faults, regardless of their initial 
orientation, should rotate to progressively great-
er angles of misorientation relative to regional 
stress. Likewise principal stress axes can also 
rotate with respect to stationary features in the 
crust due to a change in tectonic loading. Such 
a mechanism, associated with basin and range 
extension, may be responsible for the high angle 
of principal normal stress with respect to the 
San Andreas fault. We propose that as long as 
some of the cumulative slip has occurred under 
high normal stress, a fault may develop a wide 
multicore architecture. With only 1100 m of total 
dextral displacement (Di Toro and Pennacchioni, 
2005), the Gole Larghe fault zone demonstrates 
an example of the lower limit of cumulative slip 
needed to generate a wide complex fault zone.

CONCLUSIONS

Field relationships in the Sierra Cucapah dem-
onstrate a strong correlation between the style of 

faulting associated with the infinitesimal strain 
of a single earthquake rupture and the internal 
structure of the long-lived fault zone. We recog-
nize three distinct types of faults. Type 1 faults 
have narrow damage zones (<100 m in width) 
and a single high-strain core. Coseismic slip is 
contained within the fault zone and highly con-
centrated (60%–90%) onto a single principal 
scarp that coincides with the fault core. Type 
2 faults have wide damage zones (several hun-
dred meters in width) with multiple overlapping 
high-strain cores. Coseismic slip is widely dis-
tributed on multiple (5–20) overlapping scarps 
that exist entirely within the fault zone. Type 
3 faults also have wide damage zones with 
multiple cores, and additionally, they are more 
strongly affected by subsidiary faults, some of 
which cut previously formed cores and extend 
several kilometers beyond the limits of the dam-
age zone. Coseismic slip is widely distributed 
on multiple scarps and becomes transferred to 
subsidiary faults that diverge and remerge with 
the main fault along strike. Kinematic partition-
ing of oblique coseismic slip is most strongly 
developed in type 3 faults compared to the other 
two classes. Even in the cases of greatest rupture 
complexity, all paleoscarps from earlier events 
were reactivated by scarp-forming faults of the 
most recent earthquake, which indicates high re-
peatability of rupture fabrics and kinematics in 
consecutive events.

Our work supports the widely accepted hy-
pothesis that strain softening leads to progressive 
localization of slip to form simple narrow fault 
zones that have a single high-strain core, where-
as, strain hardening leads to the redistribution 
of slip and the development of wide complex 
multi-cored fault zones. Grain-size reduction 
and alteration reactions increase phyllosilicate 
concentrations, which drives progressive weak-
ening that localizes strain into the core of a fault. 
However, if the host rock is already rich in phyl-
losilicates, such as in the cases of metasedimen-
tary schist and gneiss, the degree of cataclastic 
weakening is greatly diminished. In these cases, 
cataclasis itself may result in strengthening by 
disrupting preexisting foliations and reducing 
the continuity of slip surfaces in the rock. Ad-
ditionally, when protolith-core strength contrast 
is low, the small changes associated with the 
velocity strengthening properties of cataclasite 
and gouge may be sufficient to relocate strain 
to less deformed areas of the fault zone that are 
characterized by velocity weakening.

Many fault sections in the Sierra Cucapah 
and throughout the world display wide multi-
core architecture (Table 1), but are developed in 
granitoid rocks, which is somewhat counterin-
tuitive given the large expected contrast in the 
strength of protolith and core. However, all such 

examples presented in this study correspond to 
faults that are severely misoriented with respect 
to the greatest principal normal stress. There-
fore, regardless of the physical properties of the 
gouge and cataclasite that they contain, the cores 
of these faults must be greatly strengthened by 
high magnitudes of the applied normal stress.

It stands to reason that wear and damage 
should increase with the amount of cumulative 
slip accommodated across a fault, but several 
factors work to inhibit the existence of a straight 
forward relationship. The rate of gouge produc-
tion decreases significantly with progressive 
deformation as fracture energy from slip events 
further reduces grain size of pre-existing gouge 
without adding appreciably to its volume (Yosh-
ioka, 1986). Therefore, faults that undergo pro-
gressive weakening should produce less gouge 
and wear than those that experience progressive 
strengthening. This suggests that orientation-
controlled variations in the applied normal 
stress and protolith-core strength contrasts are 
essential to consider when assessing the role of 
cumulative slip on fault zone architecture.
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