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Introduction 
 This fieldtrip will explore the 4D architecture of an oblique rift margin, set within 
the Big Bend domain of the San Andreas fault system. We will visit and explore the 
surface ruptures from the 2010 El Mayor-Cucapah and 1892 Laguna Salada earthquakes, 
along with their interactions, to see spectacular field relations that show how fault 
systems work together to accommodate oblique extension (Fig. 1). Aside from being the 
first well-documented example of the involvement and rupture of a system of detachment 
faults in a large, instrumentally recorded earthquake, the 2010 rupture is another example 
of an earthquake “cascade”, where slip jumped from one fault to another, ultimately 
rupturing seven discrete faults over a rupture length of 120 km. 
 We first open with a brief discussion on the overall tectonic setting and structure 
of the Big Bend domain and its components, and follow with brief introductions to the 
2010 and 1892 surface ruptures. The bulk of the guide is separated into scientific 
descriptions of the field trip stops followed by a roadlog of how to get to each and what 
you will see along the way. We also are including with a series of papers that are already 
published, in review, or about to be submitted for publication. Together, they provide a 
fairly thorough background and explanation to what we will observe over this 3-day  
fieldtrip. Enjoy yourselves (but not too much) and please provide feedback (but not when 
too drunk!) 

 

Figure 1. Field photo showing examples of offset geomorphic markers displaced by the Mw 7.2 
EMC earthquake of April 4, 2010. Slip directions on faults of different orientations formed the 
basis of modeling of 3D stress that produced the earthquake. Photo taken by Fletcher. 
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Seismotectonic Setting: The Big Bend Domain 
The 2010 Mw7.2 El 

Mayor-Cucapah (EMC) 
earthquake is located in the 
central portion of the Pacific 
North American plate margin, 
which contains the Big Bend 
segment of the San Andreas fault 
(Fig. 2). Fletcher and others 
(Geosphere) pointed out that the 
San Andreas is one of many faults 
that transects the rigid Cretaceous 
batholith of western North 
America and transfers slip from 
two misaligned segments of the 
plate margin: the San Andreas 
fault system along coastal 
California and en echelon 
transforms and spreading centers 
in the Gulf of California. This 
broad domain of faulting in the 
central portion of the plate margin 
is termed the Big Bend domain 
and it is here where the 
transtensional shearing that 
dominates the southern half of the 
plate margin is rerouted and 
undergoes a fundamental change 
to transpressional shearing 
associated with the entire length 
of the San Andreas to the north 
(Fig. 2; Fletcher et al., 
Geosphere). The rerouting of 
plate margin shearing (Faulds and 
Henry, 2008) as well as strong 
gravitational potential energy 
gradients emanating from the 
elevated and thermally weakened 
Basin and Range Province (Jones 
et al., 1996; Flesch et al., 2000) 
are two important factors that 
perturb stress and help explain the 
complex spatial and kinematic 
patterns of large earthquakes in 
the Big Bend domain (Fletcher et 
al., submitted).  

 
Figure 2. Map of Pacific North America plate 
margin showing orientation maximum horizontal 
compressive stress in transtensional (white), 
transpressional (yellow) and extensional (green) 
tectonic domains. 

 
Figure 3. Historical surface ruptures in the Big 
Bend domain. 
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Seismicity in the Big Bend domain such as the Landers and Hector Mine 
earthquakes commonly involve multiple faults that are located off of the main fault 
strands that are known to have the highest slip rates and greatest finite slip (Fig. 3).  The 
EMC earthquake also did not occur on any of the dominant fault strands at this latitude of 
the plate margin (eg., Imperial, Cerro Prieto, Laguna Salada, and Cañada David faults; 
Fig. 4). In fact, some of the faults were not known to exist prior to the event and no one 
suspected the seven spatially and kinematically distinct faults could have been assembled 
together to generate a magnitude 7.2 earthquake with a surface rupture that extends 120 
km. Furthermore, each of the faults can be subdivided into dozens of geometrically and 
kinematically distinct sections. It is therefore easy to argue that the EMC earthquake 
produced one of the most complex surface ruptures ever documented in the most 
complex domain of the plate margin.  

The 2010 El Mayor-Cucapah Surface Rupture 
The EMC mainshock 

epicenter is located near the 
middle of the rupture, and 
waveform modeling suggests that 
failure initiated on a north-
striking normal fault (Wei et al., 
2011; Uchide et al., 2013), which 
likely coincides with a subsurface 
structure identified by a strong 
band of aftershocks that emanates 
from the epicentral region along 
the southeastern flank of the 
Sierra Cucapah (Hauksson et al., 
2010). Slip on this progenitor 
fault touched off spontaneous 
rupture that cascaded through the 
other six master faults as well as 
numerous smaller faults that 
accommodate linkages.  

The EMC surface rupture 
was originally subdivided into 
three distinct topographic and 
geologic domains (Fig. 4; 
Fletcher et al., Geosphere). The 
southern half of the rupture is 

located in the Delta domain, which includes a broad region of distributed fracturing, 
liquefaction, and discontinuous fault rupture that extends ~53 km across the southern 
Colorado River Delta. This domain has very low relief with an average elevation close to 
sea level, and the master faults are buried beneath several kilometers of water-saturated 
deltaic sediments. Northwest of the epicenter in the Sierra domain, rupture propagated 
through multiple strands of an imbricate stack of east-dipping dextral-normal faults that 
extend ~55 km through the Sierra Cucapah. Master faults are generally very well exposed 

 
Figure 4. Surface deformation associated with the 
2010 El Mayor-Ccuapah earthquake and other 
important faults that accommodate Pacific-North 
American shearing.  
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in the topographically rugged Sierra domain, which reaches elevations in excess of 1km 
(Fig. 5). Coseismic slip in the Sierra and Delta domains is dominated by dextral-normal 
oblique kinematics (Wei et al., 2011; Oskin et al., 2012; Fletcher et al.). However, the 
polarity of normal-sense dip slip changes from dominantly SW down in the Delta domain 
to NE down in the Sierra domain, which reflects a fundamental change in the dip 
direction of master faults in these two domains. The Yuha domain forms the northern 
limit of the rupture and is topographically similar to the low relief Delta domain in the 
south, but generally lacks extensive liquefaction. Surface rupture in this domain was 
accommodated by a kinematically diverse network of NW-striking dextral-normal faults 
and NE-striking sinistral-normal faults that cut uplifted and folded sediments of the 
northern Colorado River delta (Rymer et al., 2011).   

The overall dextral-
normal sense of coseismic 
displacement as registered by 
remote sensing techniques of 
INSAR, GPS and SPOT pixel 
correlations (Wei et al., 2011) 
masks a remarkable range of 
kinematic diversity recorded in 
both surface displacements and 
moment tensor solutions of 
aftershocks. The magnitude of 
coseismic slip reached 3-4 m at 
several locations and averaged 
2 m (Fletcher et al., 
Geosphere). However, 
individual fault segments in the 
Sierra domain, record a 
spectrum of ratios of strike:dip 
slip from pure strike slip to 
pure dip slip (Fig. 5). This 
kinematic diversity reflects 
extreme variations in fault 
geometry, and, although the 
overall trend of the surface 

rupture is 312°, individual faults range in strike from 290° to 010° and in inclination from 
90° to 20° (Barnard, 1968; Fletcher et al., Geosphere). In the Sierra domain, faults 
become systematically more shallowly inclined toward the north and the northernmost 
segment of primary rupture in the Sierra domain is controlled by a master fault that 
extends 15 km along strike and dips as low as 20° (Fletcher et al., Geosphere). Therefore 
the EMC rupture produced the first example of seismogenic slip with strongly oblique 
normal-dextral sense on a low-angle detachment and adds to the controversy of how slip 
is accommodated by this enigmatic class of faults. Addressing this controversy will be an 
important theme of this fieldtrip. 

Stress inversions of the EMC rupture kinematics recently performed by Fletcher 
and Teran (unpublished data) indicate that despite the great kinematic diversity all slip 

 
Figure 5. Simplified map of the Sierra domain 
showing faults activated in the 2010 EMC earthquake. 
Red and yellow traces mark primary and secondary 
(<30 cm) coseismic slip respectively. There are four 
main fault segments (Paso Superior, Borrego, 
Pescadores, and Laguna Salada) separated by one 
branching intersection and two accommodation zones 
(Paso Inferior, and Puerta).  
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surfaces are consistent with a single regional stress field where the maximum and 
intermediate principal compressive stress are very close in magnitude and their axes lie in 
a subvertical plane that is perpendicular to the horizontal east-trending minimum 
principal stress. In other words the crust is being squeezed in all radial directions 
perpendicular to a single extension direction and this demonstrates that the complex fault 
network of the Sierra Cucapah clearly is capable of accommodating full triaxial strain of 
transtensional plate-margin shearing in a single earthquake. A single fault can only 
accommodate two-dimensional strain and much controversy surrounds hypotheses for the 
number of slip systems that are required to produce triaxial strain (Reches, 1983; Yin and 
Ranalli, 1992; Unruh and Lettis, 1998; Nieto-Samaniego and Alaniz-Alvarez, 1997). We 
have learned from the EMC rupture that the number of slip surfaces is unlimited, and 
they have a wide spectrum of orientations with systematic and incremental changes in 
kinematics consistent with the Wallace (1951)-Bott (1959) hypothesis.   

 

Figure 6. Along-strike variations in coseismic slip magnitude in the Sierra domain. Black arrows 
show orientation of T axes (maximum instantaneous extension). 

 
Very few of the seven master faults activated in the EMC rupture control 

topography, and 2010 coseismic slip actually lowered much of the range crest of the 
Sierra Cucapah, which suggests that the complex fault network has a much lower slip rate 
than adjacent single-fault systems like the Laguna Salada fault. These basic observations 
strongly suggest that complex fault networks behave markedly different from simple 
single-fault systems in terms of their seismogenesis, loading of differential stress and 
other mechanical interactions between individual faults and fault segments. One of the 
important themes of this fieldtrip is to use direct observations of fault kinematics, 
geomorphology, and paleoseismology to compare and contrast the seismogenic behavior 
of the complex fault array that ruptured in 2010 with the relatively simple system as 
represented by the Laguna Salada fault, which ruptured in 1892.  
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The 1892 Laguna Salada Surface Rupture Revisted   

The surface rupture for the February 23rd, 1892 was first recognized and mapped 
by Mueller and Rockwell (1991; 1995) along the western flank of the Sierra Cucapa in 
Baja California (Fig. 7). In their study, they mapped 22 km of rupture from Canon Rojo 
northwest to the Paso Inferior Accommodation Zone, which was first recognized as a 
structurally complex zone and named following the 2010 El Mayor-Cucapa earthquake 
(Fletcher et al., Geosphere).  The maximum displacements documented for the 1892 
rupture exceeded 5 m of oblique slip, which is inconsistent with a mere 22 km of rupture. 
Furthermore, recent work by Hough and Elliot (2004) estimated the magnitude of the 
1892 earthquake as M7.1, also larger than would be expected for a 22 km-long rupture, 
but consistent with the observed large displacements.  The 2010 earthquake produced 
minor secondary rupture along most of the Laguna Salada fault from Cañon Rojo to as 
far north as the international border, indicating linkage between the faults that ruptured in 
2010 and 1892.  During the field mapping of the 2010 surface rupture, we recognized 
previously unmapped scarps that we now attribute to the 1892 rupture, some of which re-
ruptured with significant slip in the Paso Inferior Accommodation Zone (Figure 2).  
Furthermore, north of the Accommodation Zone, we identified minor slip superposed on 
major youthful rupture to as far north as the international border (Figure 3). Comparison 
of the degree of scarp degradation to that along the Laguna Salada fault to the south 
indicates that these northern scarps are of the same age as those documented by Mueller 
and Rockwell (1995) and extend the known rupture extent of the 1892 earthquake 
considerably to the north.  It is clear in hindsight that the distributed nature of slip in the 
Accommodation Zone led to the false impression that 1892 slip was dying out at the 
surface. 

	  
Figure 7. Map of the 1892 rupture (in red) as reported by Mueller and Rockwell (1995). Faults 
in purple were also mapped by Mueller and Rockwell, but not considered as part of the 1892 
rupture.  Faults in black were mapped after the 2010 earthquake. 

In this guidebook, we present a draft of a paper that presents the new mapping 
along the Laguna Salada fault conducted after the 2010 earthquake, using GoogleEarth 
Pro imagery as a base map.  We made hundreds of new field measurements on displaced 
channel walls, alluvial bars, channel thalwegs and other linear features to compile a more 
complete rupture distribution for the 1892 earthquake.  In this guidebook paper, we also 
present the displacement field for the minor re-rupture of the Laguna Salada fault that 
resulted from the 2010 earthquake.  We calculate the moment release for the 1892 
earthquake, based on the new mapping and compare it to the new estimate of magnitude 
determined from historically reported damage. We then discuss these new observations as 
they relate to the structural linkage of these fault systems, and to the observed 
deformation north of the international border following the 2010 earthquake (Rymer et 
al., 2011). 
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Field Trip Stops (day-stop) 

Stop 1-1a Introduction (32.49269041, -115.6292864). The objectives of this stop are to 
1) give an overview of the plate tectonic setting and the main characteristics of the 
surface rupture related to the April 4, 2010, Mw 7.2 El Mayor Cucapah (EMC) 
earthquake, 2) present results of stress inversions of rupture slip data, 3) discuss potential 
differences in the seismogenesis of complex versus simple fault systems. Main speakers 
will be Fletcher and Teran. 

Stop 1-1b Soil pits (32.49228906, -115.630152).  Compare soil development associated 
with late Pleistocene and Holocene alluvial fan surfaces. Main speakers will be Rockwell, 
Hernandez and Fletcher.  

Here we compare two very different soil profiles – one developed in early 
Holocene alluvium, and the other in later Pleistocene alluvium.  The younger (Q5) soil 
reflects the hyper-arid climate that has persisted through the Holocene, whereas the older 
profile reflects a wetter climate, as evidenced by the substantially deeper depth of argillic 
formation and calcium carbonate accumulation.  This affect is well illustrated in the soils 
adjacent to Laguna Salada, as documented by Mueller and Rockwell (1991, 1995). The 
Q5 soil examined here is equivalent to the older Q4 soils (Q4c) of Mueller and Rockwell 
(1991) and is presumably early Holocene in age. 

The Holocene soil profile exhibits a thin cambic (Bw) horizon with an underlying 
gypsic (By) horizon.  The cambic horizon is only a few centimeters in thickness, 
reflecting the extreme Holocene aridity.  The absence of secondary carbonate reflects the 
nearly complete absence of vegetation, which is typically required to produce carbonate.  
The few exceptions are found on the base of clasts beneath old bushes. The Holocene 
surface exhibits a fairly well formed pavement with some varnish. Note that most clasts 
are still intact, although disagragation of granitic clasts has commenced. 

The Pleistocene soil is considerably stronger and thicker in development, 
consistent with profile data published by Mueller and Rockwell (1991, 1995).  The 
profile has a weak argillic horizon that is 20-30 cm in thickness, and this is underlain by a 
distinct calcic horizon. Gypsum, if present, is driven considerably deeper. The pavement 
on the Pleistocene surface has been destroyed by disintegration of the granitic clasts, 
most of which are fairly rotted. The age is poorly constrain, but based on relationships 
exposed in the trenches (which we will see) and preliminary dates, the fan deposits are 
probably 16-35 ka in age. 

We use the general observation that Holocene soils are thin and poorly-formed 
and typically have only secondary gypsum (and not carbonate) whereas the Pleistocene 
soils are thicker and have a calcic horizon.  This relationship is important in discussing 
the timing of the penultimate rupture along the Borrego fault at the next stop.  

Stop 1-1c Trench 4 Borrego fault (32.49228906, -115.630152).  Show evidence for at 
least two surface ruptures on this section of the Borrego fault that predated the 2010 
event. Main speakers will be Rockwell, Hernandez and Fletcher. 

We excavated several trenches after the earthquake to explore the timing of past 
such earthquakes.  Trench 4 was excavated across a colluvial apron at the base of the 
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2010 rupture, which cut through the middle of an older more degraded scarp preserved in 
the late Pleistocene alluvial fans (Q6) along the flank of this horst ridge. In trench T4, we 
will show stratigraphic evidence for at least two ruptures that predate the 2010 event.  
The penultimate event is expressed as a colluvial wedge that thickens to the fault scarp, 
as is the pre-penultimate event (event E3; Fig, 8).  Logs of the trench walls will be 
displayed during the stop. The colluvial wedge from the penultimate event buries a soil 
developed on the event E3 colluvial wedge, indicating a period of stability and soil 
development following scarp degradation.  Similarly, the colluvial wedge from the 
penultimate rupture is capped by a soil that indicates a fairly long period of slope 
stability.  In fact, the soil is thick, reddened and has a calcic horizon, indicating that the 
capping soil is late Pleistocene in age (refer to previous stop).  Based on this trench, we 
initially interpreted the penultimate Borrego surface rupture to be pre-Holocene in age, 
which has been confirmed with OSL dating to be presented at trench T5. 

 
Figure 8. Trench 4 south wall, Borrego fault. 

Stop 1-1d  Scarp erosion from repeat t-LiDAR scans (32.492155, -115.630144) 
Annual post-earthquake surveys with tripod LiDAR have documented the rapid onset of 
geomorphic processes including fissure fills, headward scarp erosion, and burial/erosion 
of uphill-facing scarps. Main speaker will be Elliott. 

The EMC earthquake abruptly produced a step-function offset in the landscape, 
offering a rare chance to track geomorphic response to a simple, discrete perturbation. 
Initial ground-based LiDAR surveys, within two weeks of the earthquake, targeted four 
distinct substrates of the rupture: bedrock, fanglomerate, fluvial sand, and aeolian silt. 
Fault geometry, fault zone width, and geomorphic rates are each expected to vary among 
these different lithologies. Here we will look at the bedrock and fanglomerate sites. Scans 
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were repeated 1 and 2.5 years after the earthquake/initial scans, in April, 2011, and 
November, 2013. Within the first year, extremely little erosion was documented, but 
sediment transport was sufficient to fill fault zone fissures. Narrow chutes were eroded 
where streams crossed downhill-facing scarps. On uphill facing scarps, mass wasting was 
the dominant the erosive mechanism, leading to highly asymmetrical scarp profiles. 
Localized blocks toppled from the upthrown side of the fault, but upon deposition on the 
downthrown side crumbled into diffuse mounds at the angle of repose and spread more 
evenly as a colluvial wedge. Sharp crests in broken desert pavement were softened mildly 
by minor diffusive processes, i.e., rainsplash. The bedrock scarp remained wholly 
unchanged except where localized chutes formed at small channels. The first year’s 
difference maps verify that common paleoseismic age brackets are reliably formed within 
<1 year following an earthquake, even in this hyper-arid environment. 

 

Figure 9. Oblique perspective view of Stop 1-1 as a lidar point cloud collected in Nov, 2013. 
Points are colored by absolute distance from a reference point cloud surveyed 12 days after the 
EMC earthquake (April, 2010). 

During the second year, heavy rainstorms dramatically eroded the scarp. Here, the 
bedrock scarp has been pervasively eroded headward by >10 cm, and up to 2 m, with 
higher rates of headward erosion in the upper ~20 cm of soil than in the bedrock exposed 
in the free-face below. The free-face itself has been largely removed, with little of the 
striated gouge remaining. The original slip surface here is only preserved along a ~4 m 
reach of the fault adjacent to the largest drainage (Fig. 9). This portion of the bedrock 
scarp is uniquely oriented perpendicular to the local hillslope, protecting it from erosion. 
These TLS datasets document three modes of scarp erosion: 1) rapid (>1 m yr -1) 
headward retreat in active channels, 2) pervasive rilling and minor headward retreat along 
hillslope reaches, and 3) limited erosion, i.e., preservation, on channel margins, where 
hillslope aspect is parallel to fault strike. In this third setting, scarps may actually capture 
streams and guide fault-parallel flow, eroding channels that enhance fault zone 
expression. 
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 Documenting two intervals of geomorphic change in the immediate aftermath of a 
fault rupture highlights that erosive processes which are modeled diffusively over long 
time spans are highly temporally episodic and spatially heterogeneous in the short term—
importantly, during the time span in which they operate at their highest rates. These 
observations guide predictions of fault scarp morphology and preservation potential, 
which may aid in identifying paleoseismic markers in the hunt for earthquakes elsewhere. 

Stop 1-1e  Slip variability assessed from repeat measurements of t-LiDAR data. 
Main speaker will be Gold. 

Fault slip distributions constructed from measurements of offset landforms 
following earthquake ruptures are primary geologic datasets used for quantifying 
coseismic slip and have important implications for understanding fault-zone mechanics.  
However, slip distributions are often characterized by large, abrupt variations (0.5-2 m) 
over relatively short along-strike distances (101 to 102 m). Determining how much of this 
short-wavelength variation can be attributed to near-fault distributed deformation and 
diffuse slip, as opposed to uncertainty introduced when measuring slip from 
topographically complex offset features, is important for understanding how to interpret 
these data. Since assessing measurement uncertainties in the field is challenging for a 
variety of reasons, at this site (Stop 1-1) and at two other locations, we measured fault 
offsets from the terrestrial lidar surveys collected in 2010 using an immersive 
visualization environment (the CAVES at UC Davis) where virtual measurements can be 
collected in a way that faithfully mimics field techniques. We constructed densely 
constrained slip distributions from measurements of offset landforms and determined 
uncertainty bounds empirically by repeating offset measurements sequentially 10-15 
times (Fig. 10).  

 At this site (and at a second to the southeast) characterized by 2 to 3 m of 
concentrated right-oblique slip for ~200 m along strike, repeat measurements yield 2σ 
uncertainties of ±11-12%, and a smoothed linear slip curve satisfies all measurement 
distributions. At a third site characterized by 1 to 2.5 m of diffuse normal slip, repeat 
measurements of fault throw summed along fault-perpendicular profiles yield 2σ 
uncertainties of ±17%. Independent measurements of off-fault strain accommodated by 
hanging wall flexure suggest that over the ~200 m length of this site, a linear 
interpolation through the average values for the slip maxima at either end of this site most 
accurately represents subsurface displacement. In aggregate, these datasets show that 
given uncertainties of greater than ±11% (2σ), slip distributions over shorter distances are 
likely to be less uneven than those derived from a single set of field- or lidar-based 
measurements. This suggests that the relatively smooth slip curves we obtain over ~102 m 
distances reflect real physical phenomena, whereas short wavelength variability over 
~100 to 101 m distances can be attributed to measurement uncertainty and that the 
common practice of interpreting slip data by defining the slip curve using the local slip 
maxima may distort the curve, overestimating along-fault strain, and perhaps 
overestimating actual fault slip by favoring measurements with large, positive, 
uncertainties. 
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Figure 10. Site 1-1 (35°29’31” N, 115°37’47” W) slip distribution and remotely measured offset 
locations. A. Down-to-the-NE right-normal displacements measured from offset channels vs. 
distance along strike. Vertical distributions of points represent 15 sequential measurements of 
each of 23 offset features; scatter reflects measurement uncertainty. Field measurements 
provided by John Fletcher and Orlando Teran are shown as circles with field-estimated error 
bars for comparison.  B. Locations of offset measurements (numbered white arrows) along 2010 
fault scarps (white line) shown in map view over a hillshaded 3 cm resolution digital elevation 
model (DEM).. White arrow indicates look direction in C, and white triangles indicate correlative 
locations in C. C. Oblique view of the full-resolution point cloud. (Gold et al., 2013).  
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Stop 1-2 Ponded sediments (32.4893042, -115.6266668). The objective of this stop is to 
observe dramatic evidence of scarp modification and landscape evolution in a modern 
arroyo. Main speakers will be Rockwell, Hernandez and Fletcher. 

 

Figure 11. The formation of unequivocal sedimentologic evidence for surface ruptures. A-B) 
Scarp dams arroyo. C) Fine-grained sediments rapidly fill hanging wall. D) Water breaches and 
erodes footwall. 
 

 As we previously noted, the 
sense of vertical slip in the EMC 
rupture was antithetic to the main 
topography of the Sierra Cucapah, 
and the rupture transected and 
uplifted the down-stream portion of 
numerous drainages flowing toward 
the western limit of the mountain 
front. With each rainstorm, ponds of 
standing water form next to these 
natural dams trapping fine-grained 
mud and sand. Only three years 
have passed and the down dropped 
hanging walls adjacent to dams have 
been backfilled by more than a 
meter of fine sediments (Fig. 11). 
Additionally ponded water levels 
have already risen high enough to 

 
Figure 12. Annual t-lidar scans (2010, 2011, 2013) 
provide quantitative records of landscape 
modification. Map of elevation change shows 
upstream aggradation and downstream erosion 
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breach many of the dams causing extensive erosion of the uplifted footwall, and in many 
larger drainages, the topographic signature of scarps with up to 2 meters of vertical offset 
has already been completely erased (Figure 11). The law of uniformitarianism suggests 
that these dramatic changes in landscape should have occurred immediately following all 
past surface ruptures and thus a rich record of large earthquakes marked by seismogenic 
sedimentary deposits should exist in the shallow subsurface.  

 

Stop 1-3 Trench 5 Borrego fault (32.49022241, -115.627721). The objective of this 
stop will be to view evidence for the timing of the last three surface ruptures that have 
occurred on this segment of the Borrego fault. We will also discuss the geomorphic and 
soil characteristics of Holocene and later Pleistocene alluvial fans, which can be 
correlated with other portions of the combined Sierra Cucapá and El Mayor. Main 
speakers will be Rockwell, Hernandez and Fletcher. 

 

Figure 13. Trench 5 on the Borrego fault shows evidence for two events prior to 2010 
 
The pair of magnitude 7.2 historical earthquakes in 1892 and 2010 provide 

important points of reference for characterizing the seismogenic behavior of the two 
contrasting fault systems, but the main differences in seismogenesis are determined from 
the past record of surface ruptures recorded by well preserved Holocene and Late 
Pleistocene alluvial fan surfaces and other seismogenic sedimentary deposits exposed by 
trenching. Ancient examples of ponded sediments were observed in many trenches and 
outcrops along the Borrego Fault, and U-series dating of soil beneath one such deposit 
documents that three major earthquakes have occurred on the northern Borrego fault in 
the last 29 ka (Fig. 13). Therefore, recurrence intervals for this part of the complex fault 
network in the Sierra Cucapah are > 10 ka. 

Numerous previous studies have demonstrated the existence of a telescopic series 
of 6 generations of alluvial fan surfaces that have now been correlated throughout the 
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region by systematic differences in clast weathering and disintegration, preservation of 
original bar and channel roughness, development of desert varnish, development of soil, 
relative height and vegetation (Mueller and Rockwell, 1995; Spelz et al., 2008). In 
general the youngest fan surfaces have the lowest relative height, more vegetation, and 
little to no soil development, whereas the oldest fan surfaces are the most elevated in the 
sequence, have well developed argillic and calcic soil horizons, are vegetated by sparse 
cactus and seasonal grasses, show extreme clast weathering and the original bar-and 
channel morphology of the surface has been completely smoothed over by micro-slope 
diffusion.  

Trench 5 was dug into a small remnant of the oldest alluvial fan deposit (Q6), 
which is late Pleistocene in age. This is surrounded by the Holocene Q5 fan surface. As 
we walk to the next stop note differences in the surface geomorphology of fans. You will 
also be able to confirm as we walk that the Holocene fan deposits (Q1-Q5) are only cut 
by the 2010 rupture and post-date other prehistoric ruptures on this part of the Borrego 
fault.  

Stop 1-4 Southern Paso Inferior AZ (32.48694041, -115.6251261). The objectives of 
this stop will be to present results of detailed alluvial fan mapping, which is used to 
define the seismogenic behavior of the Borrego fault in consecutive earthquakes. We will 
also discuss the structural controls of the southern limit of the Paso Inferior 
accommodation zone. Main speakers will be Fletcher and Teran.  

From this 
vantage point we can 
see the telescopic 
sequence of alluvial 
fans in the Borrego 
valley. In her 
undergraduate thesis, 

Hernandez-Flores 
(2012; BUAP) 

systematically 
mapped alluvial fan 
surfaces along a 15 
km section of the 
Borrego fault. This 
work documented 
the existence of two 

prehistoric surface ruptures, in addition to the 2010 EMC rupture, that are defined by 
distinct surficial cross cutting relationships; the oldest rupture cuts Q6 fans, but not Q5, 
the penultimate rupture cuts Q5, but not Q4, and the youngest rupture (2010) cuts 
everything. Mapping showed that the penultimate surface rupture broke a completely 
different section of the fault, but the third oldest surface rupture has nearly the same 
distribution as the most recent rupture. All three of these most-recent ruptures are only 
observed in one short segment of the Borrego fault and here paleoscarps record the 
greatest offset (Fig. 14). This work demonstrates that alternating segments of the Borrego 
fault rupture in consecutive large seismic events, which likely reflects along strike 
coseismic loading of fault segments that extend beyond the lateral limit of individual 

 
Figure 14. Along-strike variations in vertical offset across 
composite scarps along the Borrego fault. 
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ruptures. These observations have important implications for evaluating the theories of 
elastic rebound and characteristic earthquakes in complex fault systems.  

 

Figure 15. Map of EMC 2010 rupture in the northern Sierra Cucapah showing dominant 
faults in the Paso inferior accommodation zone. 

The southern limit of the Paso Inferior accommodation zone is defined by an 
unnamed detachment fault that splays off of the Borrego fault. In places the detachment 
dips as low as 20°, and we infer that it underlies the entire Paso Inferior accommodation 
zone. 2010 rupture followed both of these splays and slip was gradually transferred from 
the Borrego fault to the detachment in its footwall. At its intersection with the 
detachment, the Borrego fault abruptly changes orientation from moderately dipping in 
the south to subvertical in the north. We proposed that this change in geometry is 
required to preserve the heave:throw ratio as slip becomes partitioned onto the low-angle 
detachment.  
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Stop 1-5* Detachment Splay (32.483738, -115.623392). Here we will see the low-angle 
fault contact between Quaternary conglomerate in the hanging wall and basement-derived 
chloritic breccia in the footwall. The contact in this area dips 18-30° to the north and 
defines the northern limit of the horst block between the Borrego and Laguna Salada 
faults. This detachment is correlated with the Paso Superior detachment that controls the 
northernmost segment of the 1892 rupture and both fault zones contain up to 80 meters of 
breccia and cataclasite in their footwalls. Main speakers will be Fletcher and Teran. 

Stop 1-6* Mountain flank scarp array (32.476768, -115.620946). The main objective 
is to compare rupture zone fabric on this section of the Borrego fault with that of stops 1-
1, 1-2 and 1-3. We will also make a transect across the scarp array to document the 
architecture of the Borrego fault and nature of fault rocks adjacent to scarps, which 
represent individual slip surfaces activated in 2010. Main speakers will be Teran and 
Fletcher. 

South of the fault 
intersection of stop 1-5* 
the rupture zone fabric 
becomes markedly 
different along the 
Borrego fault. The scarp 
array increases 
dramatically in width and 
forms steps that climb the 
mountain flank. Unlike 
the northern Borrego 
fault, where slip is highly 
concentrated on one 
scarp, it is very difficult 
to identify a principal 
scarp along this section 
of the fault. In fact, no 
single scarp 
accommodates more than 
60% of the total 

coseismic displacement, which instead is more evenly distributed among multiple 
strands. These fundamental differences demonstrate the effect of the dramatic reduction 
in fault plane inclination from subvertical in the north to moderately dipping in this 
section. On stop 3-1, we will show that fault dip is one of the most important parameters 
that control many key parameters of rupture zone fabric including its width.  

Near the top of the transect across the mountain-flank scarp array you can observe 
a prominent paleoscarp that cuts a Q6 fan surface and was reactivated in 2010, but the 
magnitude of slip (~4 m) was much greater in the previous event. This demonstrates that 
the distribution of coseismic slip among individual fault scarps must vary greatly in 
different earthquake ruptures (Teran et al., in preparation).  

Stop 2-1 Cañon Rojo (32.37297505, -115.5293248). Here we will see the intersection of 
the Laguna Salada fault and Cañon Rojo normal fault and discuss the significance of 

 

Figure 16. Photo showing Mountain flank scarp array and 
wide damage zone associated with the Borrego fault. Photo 
by Fletcher.  
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1892 rupture, which activated slip on both faults. Main speakers will be Mueller and 
Rockwell. 

The Cañon Rojo fault strikes 
approximately north-northeast and 
ends against the northwest-striking 
Laguna Salada fault, which 
continues to the southeast beyond 
their intersection. The two faults 
together control the present area of 
maximum subsidence of Laguna 
Salada, suggesting that the two 
faults slipped synchronously over a 
significant part of Quaternary time, 
which is also supported by the 
sedimentary record exposed in the 
footwall of the Cañon Rojo fault.  In 
addition, the 1892 scarps turn 
abruptly at a right angle from the 
Laguna Salada fault at this 
intersection and follow the Cañon 
Rojo fault to the south (Mueller and 
Rockwell, 1995). Displacement 
along the Canon Rojo fault in 1892 
decreases abruptly along strike from 
several meters at it’s intersection 
with the LSFZ to it’s endpoint only 
a few kilometers to the southwest. 

The fact that no 1892 scarps continue along the Laguna Salada fault to the southeast 
strongly suggest that these scarps all formed in a single earthquake event rather than two 
events closely spaced in time.   

The sense of slip on the Canon Rojo fault is purely normal as defined by striae on 
the bedrock free face located next to the exit of the slot canyon. Interestingly, these striae 
are similar in orientation to the line of intersection between the oblique normal and 
normal segments, and mullions on the oblique normal free faces. This has been 
interpreted by Mueller and Rockwell to represent a near perfect transferral of slip across 
the right angle bend in the 1892 earthquake.   

 

Figure 17. Map of Laguna Salada fault and day 
2 stops. 

Day 2 Routes and Stops
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These structural 
relations raises several 
questions relevant to 
earthquake seismology, 
paleoseismology and 
fault mechanics. How 
common (or unusual) are 
such kinematically 
linked faults--are these 
types of long- and short-
term linkages the rule 
rather than the exception 
in regions of three-
dimensional strain? What 
would be inferred about 
such an earthquake if no 
surface rupture occurred? 
Would a field geologist 
recognize the 
contemporaneous nature 

of the faulting in the ancient rock record, or conclude that the Laguna Salada fault was 
younger than the Cañon Rojo fault? First-motion studies of the 1892 event might reflect 
normal-faulting on NNE-striking planes if the rupture initiated on the Cañon Rojo fault, 
or as oblique-slip on NW-striking planes if rupture initiated on the Laguna Salada fault. 
Would the centroid-moment tensor adequately characterize the event, or would detailed 
waveform modeling be required to show the propagation of a single rupture from one 
fault to another? In Greece and Turkey, several “steep” normal fault events have been 
suggested to have significant late moment release on low-angle normal planes when 
waveform modeling or geomorphic analysis of conjugate scarps was done (see Axen, 
1999 for references). Ironically, compilations of normal-fault earthquakes that include 
these events have been used to argue that low-angle normal faults are not seismogenic 
(e.g., Jackson, 1987; Jackson and White, 1989). What are the implications for the seismic 
cycle, the crustal stress field and its stress relief and build-up, fault mechanics, and 
rupture-propagation dynamics of such kinematically linked faults?   

The footwall of the Cañon Rojo fault has been transferred from a location in the 
subsiding basin to a position in the uplifting range (Dorsey and Martín-Barajas, 1999).  
This allows direct observation of the strata that accumulated there during basin 
subsidence, which was initially controlled by the Cañada David detachment. Fletcher and 
Spelz (2009) demonstrated that this represents the progressive abandonment of 
backfolded segments of the Cañada David detachment. Such a migration of slip into the 
hanging wall is consistent with the rolling hinge model of detachment faulting (Wernicke 
and Axen, 1988) and Fletcher and Spelz (2009) demonstrated that this relocalization of 
slip occurs principally across synformal megamullions and acts to straighten the trace of 
the folded detachment fault.    

Geologic relations in the Cañon Rojo area illustrate well the complexities that can 
arise in making apparently straight-forward interpretations of structural cross cutting 

 

Figure 18a. Intersection between Laguna Salada and Cañon 
Rojo faults. Figure from Fletcher and Spelz, 2009. 



 
 

20 

relationships as well as interpretations of the sedimentologic record. Without the direct 
evidence of the transfer of slip from the Laguna Salada fault to the Cañon Rojo fault 
during the latest seismic cycle, one might infer simply that the Cañon Rojo fault is cross-
cut and older than the Laguna Salada fault. In fact, Axen and Fletcher (1998) originally 
interpreted that the Canada David detachment was cut by the Laguna Salada fault and 
displaced to the north where a similar southwest-directed detachment  is observed in the 
Yuha Desert (Isaac, 1987). While this interpretation remains viable, we now recognize 
that the Laguna Salada fault may have acted as a transfer fault through much or most of 
the inferred late Neogene history of slip on the Canada David detachment.   

Stop 2-2 1892 rupture kinematics (32.43809516, -115.5995685).  At this stop we will 
look at the surface of the Laguna Salada bedrock fault scarp, cataclasite and secondary 
fractures present in the bedrock.  Overall, it appears that the Laguna Salada fault is an 
oblique-slip fault, with components of both dip- and strike-slip. At this site the fault dips 
steeply southwest and has a normal component, downdropping Laguna Salada relative to 
the Sierra. Main speakers will be Mueller, Rockwell, and Fletcher. 

This location marks 
the point where the Laguna 
Salada fault splits into 
three strands.  Northwest 
of this point, the fault is an 
oblique slip, nearly straight 
segment that exhibits 
evidence for large 
displacement (2-4 meters) 
of Latest Holocene 
deposits in the 1892 
earthquake.  This segment 
extends south of the 
trifurcation point as a 
steeply dipping linear fault 
that changes its dip several 
times along its length.  It 
has been interpreted as an 
older strike slip fault with 

very little Holocene displacement, and only in early Holocene fan deposits.  At fan 3, two 
much younger and active strands step basinward and are defined by a set of discontinuous 
fault segments that offset Holocene alluvium.  Both strands show evidence of slip in 1892 
based on scarp morphology.  Vertical displacement on the scarps is largest where they 
strike more northerly, consistent with a linked kinematic system where vertical to 
horizontal displacement toggles in relation to fault strike. 

1892 displacement along the main oblique dextral fault segment just north of the 
trifurcation point is evident as bedrock free faces with nearly planar (i.e. unweathered) 
morphology.  Similarly the sense of oblique slip on the fault in 1892 can be seen where 
the scarp changes its height in a systematic fashion with regard to local topography, in 
particular across a series of 4 small alluvial fans deposited along its base (Mueller and 
Rockwell, 1995).  Note how the NW side of each small alluvial fan shows smaller scarp 

 

Figure 18b. Photo of fault trifurcation along Laguna 
Salada fault taken by Fletcher. 
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heights in relation to their SE sides.  This is a simple result of the orientation of the 
ground surface relative to the sense of slip on the fault.  Geomorphic markers indicate 
that net slip during that event was almost equally divided between dip- and strike-slip on 
the Laguna Salada fault. 

Complexities of the associated fracture patterns suggest that the net oblique slip 
may have accumulated in alternating dip-slip and dextral events, although the most recent 
scarp-forming seismic event (next stop) was oblique. Here we emphasize the need to 
distinguish between kinematic episodes (temporally distinct phases of deformation) 
versus kinematic components of deformation (which may be essentially synchronous over 
geologic time).  We argue that lack of careful distinction between these two 
interpretations of structural data has, at least partially, obscured essential aspects of the 
complex development of brittle, three-dimensional strain, such as that in the Gulf 
Extensional Province.  This tendency to favor interpretations involving distinct episodes 
has dominated Gulf literature since the publication of early fault-kinematic studies (e.g., 
Angelier et al., 1981) and, while locally appropriate, may have been overstressed.   

Stop 2-3 Horst cut-off (32.483917, -115.6414888).  View detachment fault that 
intersects with the Laguna Salada fault and defines the northern limit of the horst block 
between the Borrego and Laguna Salada faults. Main speakers will be Fletcher and 
Teran. 

Here, we will show evidence that the main 1892 scarp was reactivated in 2010 by 
west-down secondary slip with no lateral component. The 2010 secondary slip is 
generally small in magnitude (<30 cm) and these scarps have been largely erased by rapid 
degradation on the steep faces of the preexisting 1892 scarps.  Secondary slip on the 
Laguna Salada fault is not restricted to the basin margin but instead present along its 
entire length. We propose that this component of 2010 slip was transferred to the Laguna 
Salada fault by a deeper level detachment.  

This stop is also located on the section of the Laguna Salada fault where it 
strongly bends to a gently dipping plane (20°) near its intersection with the unnamed 
detachment observed at stop 1-5*. The intersection plunges to the north, and both 
structures along with the horst block that they bound become buried beneath the thick 
basin fill of the Paso Inferior accommodation zone. Detailed structural analysis of 2010 
coseismic slip thoughout the Paso Inferior accommodation zone allows us to track this 
intersection and determine its depth across the length of the accommodation zone. We 
show that from this location the northward plunge of the intersection levels off, reverses 
direction, and becomes exposed again at the surface near the northern limit of the 
accommodation zone.  

Stop 2-4a Paso Inferior AZ subsurface structure (32.51999158, -115.6704739). 
Present evidence for a synformally folded detachment fault that controls slip throughout 
the Paso Inferior accommodation zone. Main speakers will be Teran, Fletcher, 
Hernandez, Rockwell and Mueller. 

The Paso Inferior accommodation zone illustrates the mechanical interactions 
between the east-dipping fault array in the Sierra Cucapah and the west-dipping Laguna 
Salada fault. The surface intersection of these two fault systems coincides well with the 
northern and southern limits of the Paso Inferior accommodation zone (Figure 19). The 
southern intersection between the east- and west-directed fault systems plunges 
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northward into the subsurface beneath the accommodation zone, and scarps related to the 
two systems do not simply merge together into one array, but cross over each other and 
remain as two kinematically distinct systems (Fig. 19A). In fact, immediately north of 
this crossover, 2010 reactivation of scarps from the 1892 event begin to show a distinct 
component of right-lateral slip, which we infer to have been partitioned from the primary 
rupture due to kinematic interactions above their mutual intersection. At the northern 
limit of the PIAZ, a similar structural geometry of the east- and west-dipping fault 
systems, but with a mirror-image symmetry is observed (Fig. 19B). The only significant 
difference is that reactivated 1892 scarps do not extend across the 2010 primary rupture 
array, which is fully localized on the Paso Superior detachment in this location (Fig. 
19B). Instead, the reactivated 1892 scarps terminate at the intersection and are not 
observed farther south, which raises important questions about how the 1892 rupture 
propagated through the Paso Inferior accommodation zone. Nonetheless, the matching 
structural geometries with mirror image symmetry at the northern and southern limits 
strongly suggest that the intersection between the two fault systems exists in the 
subsurface beneath the entire Paso Inferior accommodation zone. 

Many of the main 
fault strands in the Paso 
Inferior accommodation zone 
dip steeply to the west and 
are antithetic to the east-
directed hanging-wall 
transport of the main faults in 
the Sierra Cucapah. 
However, using the 
differential LiDAR model of 
Oskin et al., (2012), we 
generated serial swath 
profiles that clearly show that 
the Paso Inferior 
Accommodation zone is 
dominated by east-down 
vertical displacement that 
occurs largely through off-
fault monoclinal deflections 
of the surface. This strongly 
suggests that coseismic slip 
throughout the Paso Inferior 
accommodation zone is 
controlled by a buried and 
synformally warped 
detachment fault that 
resurfaces to be exposed 
along its southern and 
northern limits. Therefore, it 
is likely that a single 

 

 
Figure 19. Oblique views of the Sierra Cucapah from 
the Paso Inferior accommodation zone showing 
important structural relationships within the Sierra 
Cucapah. 2010 surface breaks are shown in blue for 
down to the east offsets and green for down to the west 
displacements. 
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detachment fault controls the northern segment of the 2010 EMC rupture over a strike 
length of 17 km.  

Stop 2-4b Trench 2 Laguna Salada fault (32.51999158, -115.6704739).  Present 
evidence for paleoseismic activity on a major west-dipping fault that controls the margin 
of the Laguna Salada basin and was activated at shallow levels by the 2010 EMC 
earthquake. Main speakers will be Rockwell, Hernandez and Fletcher. 

 

Figure 20. Trench along Laguna Salada fault displays evidence for four earthquake rupturing 
events within the last 5 k.y, indicating an order-of-magnitude faster recurrence interval than 
Borrego fault. 

Trench T2 was excavated across the 2010 rupture where it re-occupied the 1892 
rupture trace of the Laguna Salada fault.  The trench exposed a sequence of lacustrine, 
fluvial and eolian deposits that capture evidence for up to four surface ruptures.  The 
1892 rupture is expressed as a buried scarp with associated colluvium and sedimentary 
growth strata.  This event horizon is buried by deposits from at least three high lake 
stands of Laguna Salada, the most recent of which occurred in 1984 when the Colorado 
River was allowed to flood.  Previous historical high-stands occurred in 1884, 1893 and 
1905 (MacDougal and Sykes, 1907). The occurrence of a high lake stand soon after the 
1892 earthquake is interesting, as it may not have allowed for the normal degradation of 
the scarp at this site.  Radiocarbon dates on small mollusks confirm that the upper lakes 
are young; they post-date AD 1680 but are pre-1950 (no bomb carbon). 

An older event is expressed above a buried lake deposit, the top of which contain 
mollusk shells; one date yielded an age of about 1.95 ka, suggesting that the earthquake 
occurred soon after this time.  Another event is interpreted to have occurred during the 
older lake phase but is poorly dated.  The eolian deposits below the older lake are dated 
to about 4.9 ka, based on two radiocarbon dates on scorpion carapaces, meaning that 
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2010, 1892 and two earlier events all have occurred in the past 5 ka.   In contrast to long 
recurrence intervals observed in trenches along the Borrego fault, trenches along the 
Laguna Salada fault preserve evidence for recurrence intervals are shorter by nearly a full 
order of magnitude. 

Stop 3-1 Southern Paso Superior detachment (32.54321343, -115.6871714). Discuss 
important parameters that define the fabric of scarp arrays and the intrinsic fault 
parameters that controls them. Main speakers will be Teran and Fletcher.  

Detailed mapping of the 
2010 EMC surface rupture along 
buried fault sections revealed 
systematic variations in rupture 
zone fabric with fault orientation, 
kinematics, magnitude of coseismic 
slip and thickness of sedimentary 
overburden. Rupture zone fabric is 
the internal configuration of fault 
scarps in a given array. The overall 
width of the array and existence of 
a principal scarp are two important 
characteristics of any rupture array. 
However, rupture array fabric is 
also defined by the way in which 
fracture sets are arranged relative to 
each other, their degree of 
interconnectivity and patterns of 
splaying. Additionally, the 
distribution and partitioning of 
coseismic slip among the different 
fracture sets is another important 
parameter to characterize rupture 

array fabric. Together these parameters define rupture array fabric and provide an 
observational basis for understanding how rupture propagates from seismogenic depths to 
the surface. Our results show that the dominant control on rupture zone width is 
inclination of the master fault (Fig. 21). At this stop we will demonstrate systematic 
relationships between of different aspects of rupture zone fabric and other structural 
parameters such as depth of burial of the master fault, fault zone architecture, magnitude 
of coseismic slip, fault orientation and rake of slip.  

Shallowly buried faults with steep dips demonstrate how fabric develops in 
neoruptures at the tips of propagating faults. The EMC 2010 earthquake shows that 
rupture near fault tips is dominated by secondary fractures and the arrays become wider 
(from ~10 to 125 m) and more complex with oblique kinematics compared to pure 
normal or pure strike-slip (Fig 22A and B). This is likely related to the higher shear stress 
and shear:normal stress ratio associated with planes that are well oriented to 
accommodate oblique slip (Fig. 22C-E). Alternatively, slip may simply affect a greater 
rock volume due to the greater number of secondary scarps required to accommodate the 

 

Figure 21. Plot of rupture zone width versus dip of the 
master fault.  
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partitioning of slip into kinematically distinct fracture sets that separately accommodate 
the normal and strike-slip components.  

 
Figure 22. Plots showing correlations between rupture zone width and kinematics (A and B), 
which is also related to hypothetical stress magnitudes on planes of different orientations (C, D, 
and E) 

 
 Field relations show 

that as magnitude of 
coseismic slip increases from 
0 to 60 cm, the linkages 
between kinematically distinct 
fracture sets increases 
systematically to the point of 
forming a through going 
principal scarp. Our data also 
show that due to the slip 
partitioning secondary faults 
continue to accommodate 
(~50%) coseismic slip after 
the formation of a through 
going principal scarp. This is 
fundamentally different from 
laboratory experiments of 

strike-slip faults, in which the accumulation of slip on secondary fractures ceased 
immediately following the formation of a through-going fault (Tchalencko, 1970). 
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Figure 23. View looking south at buried segment of the east-
rooting Paso Superior detachment, which has the widest 
zone of coseismic surface displacement. 
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Despite the relatively simple kinematics dominated by dip slip, all of the rupture 
segments of the buried section of the PSD are consistently among the widest in the entire 
Sierra domain (Fig. 23). In fact this study demonstrates that neorupture zones formed 
above low-angle master faults are 10 times wider than those formed above steeply 
dipping master faults with dominantly dip slip kinematics. Additionally, the heave 
component of the total coseismic slip vector is partitioned and accommodated by both 
synthetic and antithetic deformation, which reflects a difference in how optimally 
orientated the master fault is with respect to the scarp forming faults. 

Stop 3-2 Northern 1892 rupture (32.54680639, -115.7121543).  Main speakers will be 
Rockwell, Teran and Fletcher. 

The scarp of the 1892 rupture is clearly evident on the west-facing slope of the 
northern Sierra Cucapa, south of Highway 2.  Where localized in canyon bottoms, lateral 
displacement was measured to be about 2.5 m, based on offset canyon walls and alluvial 
bars. To the south, the 1892 scarp is cross-cut by the Paso Superior detachment, which 
ruptured in 2010. 2010 rupture along this north-central section of the Laguna Salada fault 
was expressed as a few centimeters of dip slip, and no recognizable right-lateral slip. 
Farther north, where the fault expresses nearly pure strike-slip, the triggered slip in 2010 
is expressed as 1-3 cm of right-lateral displacement.  

 

 
Figure 24. Oblique GoogleEarth scene of northern 1892 rupture and field photo of offset 
channel wall. 
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To the north, the 1892 
rupture becomes less 
obvious as Highway 2 is 
approached, and north of 
Highway 2, 1892 rupture is 
distributed as slip steps west 
to another strand.  The 
western strand is evident as 
a strong lineament that 
crosses the Laguna Salada 
shoreline and extends into 
the lake.  The shoreline itself 
is deflected in a right-lateral 
sense, but that could also 
result from west-side-down 
dip displacement. The 
western strand splays 
northward in the region of 
the international border. 
 

Stop 3-3 Northern Paso 
Superior detachment (32.58044693, -115.7227082).  Discuss structural relationships of 
2010 rupture along the Paso Superior Detachment. Main speakers will be Fletcher and 
Teran. 

In the northern Sierra Cucapah, the Paso Superior detachment emerges together 
with the Laguna Salada Fault from beneath as much as 1.5 km of sediments in the PIAZ.  
It is exceptionally well exposed over a strike length of ~8 km in a domain that represents 
the anticlinorial half the long-wavelength synformal megamullion of the PIAZ, and 
coseismic rupture of the EMC earthquake is observed along almost its entire length. The 
PSD dips as shallowly as 20° and has a curvilinear trace defined by several shorter-
wavelength megamullions with amplitudes in excess of 1 km (Fig. 26). The vertical 
component of finite offset across the PSD is estimated to be ~8-12 km based on the 
presence of strongly cohesive cataclasite and extensive propylitic alteration (Fletcher et 
al., Geosphere). The PSD controls an extensive sedimentary basin that is at least 5 km in 
width and synextensional strata have fanning dips that increase down section to ~55° 
(Barnard, 1968 Fig. 4). The strata also have a consistent NE-strike that is on average ~65° 
oblique to the NNW striking detachment (Barnard, 1968), which we interpret to represent 
the magnitude of clockwise vertical axis rotation of the hanging wall above the 
detachment. This component of dextral wrenching demonstrates that the PSD has 
accommodated oblique slip since its inception and total geologic offset across the fault is 
much greater than the significant amount of vertical unroofing of its footwall. 

	  
Figure 25. Deflected channel, interpreted as 
representing displacement from the 1892 earthquake.  
2010 cracking and minor displacement is exactly 
coincident with the offset. 
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Figure 26. Map of 2010 rupture associated with Paso Superior detachment.  
Two important ramp sections were observed to cutout nearly the entire thickness 

(~90 m) of the fault zone. Along these segments the fault core is reduced to an extremely 
thin (10-30 cm) zone of foliated clay gouge that separates footwall damage zone from 
hanging wall strata. Macroscopically both ramp sections observed along the PSD 
coincide well with the crest of antiformal megamullions, which are defined by bulges in 
the distribution of outlying tectonic windows that expose the fault core in contact with 
sedimentary hanging wall (Fig. 26). The map view distance between the ramp segments 
of the PSD and the trace of a simple enveloping surface that connects the outermost 
tectonic windows increases systematically to as much as 1 km near the center of each 
ramp section (Fig. 26). Relative to the fault zone that they cut, the ramp forming fault 
segments lose displacement along strike and merge into flat sections that coincide well 
with synformal deflections of the PSD (Fig. 26). In one key location, we observe EMC 
scarps that extend from a ramp section cut across the upper core sedimentary contact 
without displacing it more than the magnitude of coseismic slip in the last event. 
Therefore, this well exposed relationship marks the exact location where the ramp section 
of the PSD ceases to exist and EMC coseismic rupture merges into the long-lived fault 
core of the detachment.  

The fact that the EMC rupture 
propagated continuously along-strike 
through five alternating low- and high-
angle segments over a distance of only 
eight kilometers requires that the ramps 
and flats cannot be considered 
independent faults. Large heave:throw 
ratios documented throughout the PIAZ 
and along the southern segment of the 
PSD strongly indicate that rupture was 
controlled by the long-lived, low-angle 
fault, which is present in every segment 
including those where it has been 
bypassed. Therefore, ramp sections of the 
PSD are younger fault splays with much 

less finite offset that cut through the footwall to connect the long-lived portions of the 

 

Figure 27. Paso Superior detachment in 
highway roadcut. Stop 3-4 

Fletcher et al., Figure_24.pdf
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fault zone in troughs of synformal megamullions. This configuration likely reflects a 
structural reorganization that straightens the trace and significantly reduces the surface 
area of the warped low-angle fault zone. 

Stop 3-4 Paso Superior detachment in roadcut (32.57948276, -115.7245828).  As you 
walk across the EMC 2010 scarp array move toward the edge of the highway way where 
a spectacular exposure of the Paso Superior detachment can be seen in road cuts on both 
sides of the highway (Fig. 27). Here the detachment dips 20° and all scarps of the 2010 
rupture are located in its hanging wall. Main speakers will be Fletcher and Teran.  

 

Stop 3-5 Striated surface of Laguna Salada fault strand (32.58074792, -
115.7265237).  View basal strand of west-down Laguna Salada Fault system. Main 
speakers will be Rockwell and Fletcher.  

This is a trophy outcrop of a striated fault surface the size of house developed on a 
strand of the Laguna Salada fault. The single set of striae indicate that the dip slip 
component of oblique shear across the Laguna Salada fault is partitioned on this 
structurally low strand. The fault is very steeply dipping and forms a high angle with 
metamorphic layering in its footwall. Hanging wall is composed of Quaternary 
conglomerates, which were excavated during the construction of the old highway when 
this fault surface was exposed. Although evidence for 1892 rupture has been destroyed 
well developed scarps are observed on the same fault strand in both directions from this 
location.  

Stop 3-6 Complex fault network 
(32.57829431, -115.7309942).  In this 
roadcut you will see partitioned brittle 
strain superimposed on a package of 
rheologically heterogeneous granitoid 
and metamorphic rocks. This complex 
network of faults has oppositely dipping 
low angle extensional faults, and, in 
many ways, the exposure can be 
considered a scaled model of 
seismogenic upper crust of northern Baja 
California. Main speaker will be 
Fletcher. 

 

 
Figure 27. Paso Superior detachment in 
highway roadcut. Stop 3-4 
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2014 FOP Fieldtrip Roadlog 
 
This road log starts at the international border at Tecate and proceeds to the first camp 
site on the shore of Laguna Salada.  For those of you coming in from Mexicali, ignore the 
first part.  You already should have the logistics instructions on how to get to campsite 1 
Thursday evening.  The first part of the road log has a few extra points of interest that 
you will pass on the way to the camp site. 
 
The Tecate border crossing is off of Highway 94 in the mountains east of San Diego. 
Before you cross, you will want to buy insurance and fill your gas tanks!  There is a gas 
station that also sells insurance as you come into Tecate (on the American side) on the 
left.  Insurance costs about $10/day for the basic coverage. 
 
Milepost 0 is the border itself.  Set your odometers!  Go straight across the border (if you 
get a red light, you need to stop so they can check out what you are bringing into Mexico.  
That takes an extra 5 minutes).  Go straight for about 0.2 miles (a couple of blocks) and 
turn left onto Benito Juarez (old Highway 2) that runs the length of town.  Benito Juarez 
defines the northern edge of the central plaza / park, which after you turn, should be on 
your right. 
 

 
 
Very Important!  There are stop signs at nearly every intersection, and they are not very 
visible.  Some are half hidden making them hard to see.  The local cops make part of their 
income from “taxing” people who run stop signs, so make sure you stop.  In fact, I use 



the 2 second stop rule – stop and wait a second or two before proceeding.  The speed 
limit here is 25 mph and is also enforced. 
 
At about 0.8 miles from the border, you will cross the intersection where (to the left) you 
will go to the border when you return.  Make a mental note of this location (at the 
whitewashed stone wall). 
 
At 3.3 miles, merge left onto the toll road towards Mexicali (ie., don’t go towards 
Tijuana) and take the Mexicali Cuota (toll road) which are the right two lanes. You 
definitely want to take the toll road, as there are no potholes and it is easy route to the 
field area.  Note 110 km per hour = 68 mph. Set cruise control and don’t exceed this. 
 
Mile 13.9.  Note the broad erosion surface that defines the surrounding landscape.  This 
datum was originally formed as the basement-cover contact between igneous rocks of the 
Peninsular Ranges and overlying Eocene and Miocene deposits that locally cap it. 
 
Mile 19.0  El Hongo toll booth. Stay on the Mexicali Cuota (left).  Autos are 63 pesos, or 
about $4.95 – you can pay in dollars. 
 
Mile 32.5  Note the round gravels on the west-bound side of the highway in the road cut.  
These are part of the Eocene sequence, possibly Owl Creek, and are sourced in Sonora, 
Mexico. 
 
38.6  Speed bumps.  Slow down – you are coming to the last toll booth. 
 
38.7  Toll booth at Rumarosa.  21 pesos, or about a buck and a half. 
 
After Rumarosa, you will drop 1.3 km to the desert – enjoy the drive, but drive slowly 
(ie, the speed limit, which may seem too slow but isn’t).  There are a couple of turnouts 
on the uphill side of the freeway with great views of the Salton Trough and eventually the 
Sierra Cucapah and Laguna Salada.  Rocks here are igneous rocks of the Peninsular 
Ranges. 



 
 
Mile 52.8  At the bottom of the grade, there is a military checkpoint where they work to 
eliminate the drug flow that continues to be a problem in Baja.  They typically speak only 
Spanish.  If you respond in Spanish, count on a long dialogue.  If you speak only English, 
they usually just send you on your way.  So it’s best to speak English!  If they ask to 
search your car, follow their instructions; it’s often only a cursory check of the items in 
your vehicle. 
 
Mile 56.3  The highway goes up a scarp – you are crossing a down-to-the-west normal 
fault associated with the oblique extensional margin in the region.  This fault is synthetic 
to the Laguna Salada fault. 
 
Mile 61.5  Turn off to Canon Guadalupe.  DO NOT TAKE THIS, please continue to 
proceed along the northern edge of the playa. 
 
Mile 64.1  Entrance of Laguna Salada.  There will be a large sign saying “Pavarotti Sin 
Fronteras” at the entrance.  Turn right at the sign and drive down towards the playa.  At 
the playa shoreline, turn left and go for about a mile, which is where we will camp on 
Thursday night. Be sure to stay on the dirt track and don’t drive straight across the playa. 
 



 
 
IMPORTANT: Under no 
circumstances should you 
drive out onto the playa 
surface itself.  Many parts 
of the playa appear dry but 
are not.  Much of the playa 
is overlain by a thin friable 
crust; if you break through 
this to the underlying mud 
it’s almost impossible to 
extricate yourself even with 
a 4X4 with locking 
differentials.  Many 
geologists have been fooled 
by this and it takes about 
$400 and as much as two 
days to get unstuck.  So 
please stick to the 
established tracks on the 
margin of the lake bed.  

The playa often looks dry but the crust is thin and is underlain by thick wet and sticky 
mud! 

Laguna Entrance & Camp 1



 
There is plenty of room for camping, and we should be out of sight of the highway 
traffic.  Who knows what the weather will be, so check ahead of time and be prepared.  
We expect it to be pleasant with highs around 85 - 90F and nights around 50F. 

 
 

Day 1 Fieldtrip Roadlog and Stops 
 
Reset your odometer to zero.  All mileage for Friday is set from the Thursday night 
campsite. 
 
0.0 Campsite.++From+camp+proceed+south+along+eastern+edge+of+lake+bed.++Stay+on+the+

sandy+track+and+do+not+drive+out+onto+the+lake+bed.+
+
Mile+2.6+Note+on+your+left+exposures+of+uplifted+Palm+Springs+Formation+and+

younger+grey+alluvium+at+an+obvious+westCfacing+fault+scarp.++This+is+the+
basinward+strand+of+the+Laguna+Salada+fault+zone.+

+
Mile+3.2+C+Y+in+road,+track+leads+left+to+Trench+1+(don’t&take&this).&Proceed+south+along+

the+margin+of+the+playa.&
+
Mile+6.8+Turn+left+onto+a+small+dirt+road+that+leads+up+to+Borrego+Valley,+where+we+

will+camp+for+the+second+and+third+nights+of+trip.++Note+loose+sand+in+a+couple+of+
hundred+yards,+keep+your+speed+up+or+risk+getting+bogged+down,+although+4WD+
is+generally+no+problem.++You+will+pass+over+a+horst+ridge+of+gravel,+dune+and+
lacustrine+sediments.++This+feature+was+offset+along+its+eastern+side+in+the+2010+
earthquake.++There+may+have+been+offset+of+the+west+side+of+the+horst+in+1892,+
but+this+has+not+been+documented+with+trenching.+

+
The+ridge+makes+a+good+place+to+view+the+three+main+rock+packages+in+the+Sierra+

Cucapah.++These+include+from+younger+to+older:+1)+alluvial+fan+deposits+of+latest+
Quaternary+age,+2)+post+late+Miocene+basin+fill+comprised+of+three+main+facies+–+
fluvial+gravel,+eolian+sand+and+lacustrine+mudstone,+3)+Miocene+Providencia+
volcanics,+first+identified+by+Barnard.++These+were+deposited+onto+a+Tertiary+
erosional+surface+that+provides+an+important+datum+for+restoring+faulting+in+the+
range.++4)+Basement+igneous+and+metamorphic+rocks,+here+visible+as+a+high+peak+
of+tonalitic+gneiss+and+darker+black+and+grey+rocks+that+include+amphibolites,+
metamorphosed+calcCsilicates+and+migmatitic+gneiss.+++

+
The+basement+rocks+form+two+rock+packages+of+different+strength+that+have+been+

correlated+with+fault+segments+of+different+orientation.++Typically+the+stronger+
tonalite+is+associated+with+steeper+extensional+fault+ramps,+while+the+somewhat+
weaker+metamorphic+sequence+is+associated+with+detachment+faults+with+flatter+
geometries.+



+

+
+
Mile+8.4+–+Borrego+campsite.++This+will+be+the+central+campsite+for+the+second+and+

third+nights+of+the+trip+and+we+will+return+here+at+the+end+of+today.++After+the+
earthquake,+the+wash+we+will+be+camping+in+was+offset+by+a+1+m+high,+east+facing+
fault+scarp.++That+scarp+has+been+completely+removed+by+subsequent+rainstorms.++
We+will+see+other+evidence+of+these+large+rainfall+events+in+the+form+of+backfilled+
deposits+in+east+facing+scarps,+deeply+incised+channels+and+small+microCdeltas.++
This+is+also+evident+by+the+formation+of+numerous+small+rills+on+the+main+eastC
facing+fault+scarp+located+just+south+of+the+Borrego+Camp.+

+

Camp 1 to Camp 2



Drive south from the Borrego camp site for about 0.4 miles (2/3 km) along a narrow 
arroyo at base of a ridge 
that forms a horst block 
of tonalitic basement. 
Park on the alluvial fans 
facing the prominent 
2010 scarp along a strand 
of the Borrego fault (Stop 
1), and from here we 
walk to the rest of the 
stops for the day.  At the 
end of the day, return to 
the Borrego Camp where 
we first encountered the 
2010 rupture along the 
Borrego fault.  
 
 
 
 
 
 
 

 

Day 1 Routes and Stops



Day 2 
 
Reset your odometers to zero.  All mileage for Day 2 is from the Borrego camp site. 
 
Mile 0.0  Borrego Camp.  Head back down the “wash” road towards Laguna Salada. 
 
Mile 1.6  Turn left onto the Laguna Salada lakeshore road. 
 
Mile 15.5  Driving along the 1892 rupture, with offset alluvial fans and debris flows.  

Note the higher alluvial surface well above the lake shoreline – this is late 
Pleistocene in age, based on very deep soil profile development.  Also note 
that some scarps are modified by wave action when the lake is high. 

 
Mile 16.8  View to the south of Monte Blanco dome – this is a turtleback in the footwall 

of the Canon David detachment fault, which is part of the linked system with 
the Canon Rojo fault. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Day 2 Routes and Stops



Mile 17.9  1892 scarps on your left, with 2-4 m of 1892 dip slip displacement.  Note 
extensive epidote/chloritized fault zone rocks exposed in scarp.  The 1892 
scarp is locally modified by wave action. 

 
Mile 18.3  Fan 3 – we will be returning here for stop 2.2 
 
Mile 19 Fork in road - take the left fork/track.  
 
Mile 24.3  Turn off the main track onto “sandy trail” on the left. 
 
Mile 25  Stop 2-1 – Canon Rojo, intersection of Laguna Salada and Canon Rojo 

faults, 5.5 m high 1892 fault scarp. 
 
Backtrack back to the Laguna Salada main track and turn right towards the north. 
 
Mile 31.8  Stop 2-2 – 1892 rupture immediately north of “fan 3”.  Here we will spend 

some time on the 1892 rupture where it is relatively simple, and see evidence 
for about 5 m of oblique slip. 

 
Continue northward on the Laguna Salada highway. 
 
Mile 36.4  Stop 2-3 – Exposure of the detachment fault and Laguna Salada fault, with 

also an example of 2010 triggered/induced slip on the Laguna Salada fault. 
 
Continue back-tracking to the north (which here, means west around the large alluvial 

fan) 
 
Mile 52.4  Stop 2-4 – Trench T2 across Laguna Salada fault, which also sustained 

primary slip in 2010.  We will park adjacent to the road and walk the 100 m to 
the trench.  This area got hit hard by a storm last summer, so you will see how 
fast things erode in a hyper-arid environment with no protective vegetation 
cover…. 

 
From here, we return to the Borrego camp.  Head south for about 1.8 miles and turn left 

on the dirt track that leads to Borrego Camp.  Grab a cup and head to the tap 
for beer, as you must be thirsty by now. 

 

Day 3 (Sunday, in case you have lost track of time) 
 
Pack up your stuff, as we are heading out and NOT returning.  We will end the day in the 

early to mid afternoon on Highway 2, so that you will all be north of the 
border before dark. 

 
Reset your odometer to zero at Borrego Camp. 



 
Mile 0.0 – head out of camp back to the Laguna Salada coastal highway. 
 
Mile 1.6  Turn right onto the shoreline route and head north.  
 
Mile 4.7 – turn right on dirt track and go about a mile to Stop 3-1, where we will look 

at the southern Paso Superior Detachment rupture from the 2010 earthquake. 
 

 
 
Return to the Laguna Salada highway.  Turn right.  Odometer should be at about 6.8 
 
Mile 8.5  - Road side stop to look at 1892 rupture from afar.  It is too difficult to drive 

into this part of the rupture, but it is clearly visible from Laguna Salada. 

Day 3 Routes and Stops



 
Mile 10  – passing camp 1 
 
Mile 10.9 - Laguna Salada entrance road - turn right towards the highway.   
 
Mile 11.4  - Turn right onto Highway 2 and head east. 
 
Mile 12.6 – At U-turn, or Returno, turn left and cross the west-bound lanes of Highway 2 

and continue onto the dirt road, and then onto the old highway – head west to 
Stop 3-3. 

 

 
 
Stops 3-4, 3-5 and 3-6 are all along the old highway, and you can either walk or 

drive this part – it is about a half mile from stop 3-3 to 3-6 
 
After stop 3-6, the fieldtrip is over.  Retrace your route to Highway 2, and head for the 

border.  Thanks for joining us!  And have a safe trip home!! 
 

Day 3 Northern
Routes and Stops
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