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Abstract

We investigate shallow slip in the 4 April 2010 El Mayor-Cucapah (Mexico) earthquake using three-
dimensional surface deformation computed from pre- and post-event airborne light detection and
ranging (lidar) topography. Focusing on the northern part of the rupture zone, we seek to resolve
a discrepancy between fault models based upon field observations, which implicate low-angle, NE-
dipping detachment faults, and those based upon space geodetic and seismological data, which
support slip on sub-vertical structures. By resolving the three-dimensional lidar displacements into
vertical, fault trace-parallel (NW- or SE-directed) and fault trace-normal (NE- or SW-directed)
components, we are able to test these models explicitly. Along most of the fault trace, we find
that the vertical throw accommodated by the surface rupture far exceeds the extensional heave,
indicating that coseismic faulting at depth is steeply-dipping. However, the heave exceeds the throw
along a short (<5 km) section of the Paso Superior fault, hinting that a low-angle structure may
have been reactivated locally, at least within the relatively narrow extents of the lidar footprint.
The differencing methods developed as part of this award exploit airborne lidar in this instance,
but in principal could be applied to any kind of high-resolution topography data, including those
generated by state-of-the-art satellite or aerial stereo-photogrammetric methods.

1 Introduction

Mapping the spatial distribution of slip in an earthquake is important for determining the frictional
and rheological properties of the fault zone, charting the transfer of stresses onto neighbouring
faults, and interpreting the long-term record of earthquakes recorded in landscapes. Interferomet-
ric Synthetic Aperture Radar (InSAR) and cross-correlation of optical or SAR amplitude images are
the prevalent geodetic techniques for mapping surface deformation over large areas (∼102–104 km2)
at high spatial resolution (∼100–102 m). Yielding displacements in the satellite line-of-sight and
horizontal directions, respectively, InSAR and image cross-correlation methods must therefore be
used in combination in order to capture the full three-dimensional (3-D) deformation field. Further-
more, InSAR coverage is often limited by decorrelation close to the fault surface trace caused by
steep phase gradients and secondary effects such as landsliding, while optical image cross-correlation
can similarly break down in areas of rapid vegetation growth or agricultural change.

The increased availability of sub-meter resolution topography derived from airborne light detec-
tion and ranging (lidar) or stereo-photogrammetry offers a potential way round these limitations.
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An explosion of lidar surveying along major faults in the western United States and some other
tectonically-active regions in the past decade has generated many new opportunities for studying
past earthquakes and tectonic geomorphology, but also provides a high-resolution baseline against
which future topography data — such as those collected after an earthquake — can be compared.
Because the slip in large earthquakes is greater than the sub-meter point spacing typical of lidar,
differencing ‘before’ and ‘after’ topography can potentially resolve dense, 3-D earthquake displace-
ments along these faults, including in the near-fault region where InSAR usually breaks down, and
in highly vegetated areas where C-band InSAR and pixel cross-correlation may struggle. However,
methods for deriving 3-D coseismic displacements from topographic differencing are currently at a
nascent stage of development, with only a few real case studies on which to test them.

This project has supported advances in 3-D displacement measurement techniques and their appli-
cation to some of the earliest earthquakes to be captured by ‘before’ and ‘after’ lidar data. Presented
in this technical report is an analysis of one of these case studies, the Mw 7.2 El Mayor-Cucapah
(Mexico) earthquake of 4 April 2010. This case study will demonstrate two of the key advantages
that topography differencing provides: (1) the ability to calculate surface displacements in three
dimensions, and (2) the potential to resolve coherent displacements within a highly-deformed fault
zone. Our central interest in the El Mayor-Cucapah earthquake is in the correspondence between
shallow fault zone deformation and mapped surface offsets, which include rare observations and
inferences of oblique right-lateral and normal slip on a low-angle (∼20◦-dipping) detachment fault
(Fletcher et al., 2014; Teran et al., 2015). The implication of low-angle slip is inconsistent with
earthquake source models based on space geodesy and seismology which support steeply-dipping
or sub-vertical faulting (Fialko et al., 2010; Hauksson et al., 2011; Wei et al., 2011; Zheng et al.,
2012; Uchide et al., 2013).

Resolving this discrepancy is important for the long-standing debate over whether low-angle normal
faults host large earthquakes (e.g. Proffett , 1977; Abers, 1991; Jackson and White, 1989; Wernicke,
1995; Axen, 1999; Styron and Hetland , 2014). It also has regional implications for how oblique
extension is accommodated along this section of the Pacific-North America plate boundary (Axen
et al., 1999; Nagy and Stock , 2000; Fletcher and Spelz , 2009; Mueller et al., 2009). Finally, the
mechanism of the El Mayor-Cucapah earthquake has an important bearing on stresses transferred
to neighboring faults; for instance, normal slip on a shallow-angle, NE-dipping detachment could
lead to a significant reduction of clamping stresses on the Imperial and San Jacinto faults to the
NE (Figure 1a).

This work has been a collaborative effort with scientists from several universities, which has been
further supported through separate but related grants from the National Science Foundation and
the Southern California Earthquake Center (see Acknowledgements). We have already published
a paper discussing the challenges in processing the El Mayor-Cucapah lidar data in Glennie et al.
(2014), and this Final Report instead focuses on the tectonic implications of these results. This
analysis has been shaped by conversations with colleagues but any mistakes or misrepresentations
are my own. This award also helped support work on two Japanese case studies, which better
demonstrate the possibility of mapping ground deformation in the presence of dense vegetation
(Nissen et al., 2014).
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Figure 1: (a) Tectonic setting of the 4 April 2010 El Mayor-Cucapah earthquake. The blue polygon represents

pre-event lidar survey extents and the magenta polygon shows the extents of the post-event lidar survey, which captures

the 2010 surface rupture. The red star is the Preliminary Determined Epicenter from the USGS National Earthquake

Information Center. (b) Post-event lidar topography in the Sierra Cucapah, with mapped surface ruptures from

Fletcher et al. (2014). This figure is modified from Glennie et al. (2014).
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2 The El Mayor-Cucapah earthquake

The El Mayor-Cucapah earthquake struck northern Baja California, Mexico, at 22:40 UTC on
4 April 2010, causing major damage to Mexicali and Calexico, killing four people and injuring
around 100 (Figure 1a). Its epicenter was situated at the southeastern end of the NW-SE-trending
Sierra Cucapah range and at the northern end of the N-S-trending Sierra El Mayor range. These
mountain belts separate the low-lying Mexicali Valley to the NE from the Laguna Salada basin to
the SW. This region forms part of the Pacific–North American plate boundary zone, which accom-
modates ∼5 cm/yr of NW-SE right-lateral shear at this latitude. How this overall plate boundary
strain rate is distributed amongst major faults in the region is currently poorly understood.

2.1 Observations from seismology

A double-couple focal mechanism calculated from P -wave first motions indicates oblique slip
on moderate angle E-dipping (normal/left-lateral) or SW-dipping (normal/right-lateral) planes
(Uchide et al., 2013), whereas solutions determined from regional long-period seismograms show
predominantly strike-slip motion on sub-vertical NW-SE and NE-SW-striking nodal planes, with
a non-double couple component that is consistent with additional NW-SE-striking normal faulting
(Hauksson et al., 2011). Regional high-rate GPS displacements support an almost pure strike-slip
mechanism on sub-vertical planes (Zheng et al., 2012). Aftershocks relocated using double differ-
ence techniques form a ∼120 km-long, ∼10 km-wide band that extends northwest of the hypocenter
along the Sierra Cucapah range and south-east of it across the Colorado river delta, with maximum
hypocenter depths of 15–20 km and mechanisms that generally mimic the mainshock long-period
moment tensor (Hauksson et al., 2011; Castro et al., 2011).

2.2 Observations from satellite geodesy

Coseismic surface deformation was initially mapped using satellite imagery, prior to the detailed
field and lidar analyses described in the following subsection. Line-of-sight displacements mea-
sured with Interferometric Synthetic Aperture Radar (InSAR) and horizontal displacements from
sub-pixel correlation of optical and SAR amplitude images revealed faulting extending along the
full length of the main aftershock zone, from the the Colorado river delta in the SE, through the
interior of the Sierra Cucapah range, to the US–Mexico border in the NW (Fialko et al., 2010; Wei
et al., 2011).

On close inspection the rupture trace incorporates several discrete faults segments. From SE
to NW, these are the Indiviso fault within the Colorado River delta (which had not previously
been recognized), and the Laguna Salada, Pescadores, Borrego, and Paso Superior faults within
the Sierra Cucapah mountains (which were mapped but mostly considered inactive before this
earthquake). A surprising aspect of the earthquake is that it ruptured into stress shadows of recent
events on adjacent, parallel faults (Fialko et al., 2010; Fletcher et al., 2014). The surface traces of
the Paso Superior and Borrego faults lie within 1–2 km of the northern (W-dipping) Laguna Salada
fault along the western Sierra Cucapah range-front, which ruptured in a M ∼7.2 earthquake in
1892 (Mueller and Rockwell , 1995; Hough and Elliot , 2004). The Indiviso fault lies ∼10 km SW of
the Cerro Prieto fault which hosted M ∼7.1, ∼6.1 and ∼5.4 earthquakes in 1934, 1980 and 2006,
respectively (Suárez-Vidal et al., 2007). However, fluid extraction in the Cerro Prieto geothermal
field, ∼15 km NE of the El Mayor-Cucapah epicenter, may have reduced the stress shadowing from
these prior events and promoted triggering of the 2010 earthquake (Trugman et al., 2014).
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Analysis of InSAR line-of-sight displacements, horizontal satellite pixel offsets, and regional GPS
velocities supports steeply-dipping to sub-vertical faulting, in agreement with the seismological
moment tensor solutions. An elastic dislocation model by Fialko et al. (2010), published also in
Gonzalez-Ortega et al. (2014), indicates a 71◦ NE-ward dip for the Paso Superior and Borrego
faults, a 79◦ NE-ward dip for the Pescadores fault, and 59◦ and 89◦ SW-ward dips along Indiviso
fault. An alternative model by Wei et al. (2011) shows a 50◦ NE-ward dip for the Paso Superior
fault, a 75◦ NE-ward dip for the Borrego and Pescadores faults, and a 60◦ SW-ward dip for the
Indiviso fault. Their model also invokes slip on a 45◦, E-dipping normal fault at the southern end
of the Sierra Cucapah, which corresponds to the earthquake hypocenter and accounts for its first
motions mechanism. Both models indicate that fault slip penetrates to depths of ◦10 km (a few
kilometers short of the base of the aftershock zone), with peak slip at depths of 3–6 km. There
are three discrete maxima of up to 5–6 m in the slip distribution associated with the Borrego,
Pescadores and Indiviso faults. Across-strike profiles through along-strike horizontal displacements
indicate shallow strike-slip components of up to 3–4 m, significantly smaller than the peak values
at depth (Wei et al., 2011).

Kinematic models, which take the fault geometries derived from geodesy and map the progres-
sion of slip from seismological data, reveal important additional properties of the rupture (Wei
et al., 2011; Uchide et al., 2013). Slip initiated on an E-dipping normal segment before progressing
bilaterally onto the Indiviso and Pescadores faults after 15–20 seconds. Strong high-frequency ra-
diation ∼50 km NW of the hypocenter after ∼28 seconds may correspond to the step-over between
the Borrego and Paso Superior faults, and starting at ∼32 seconds the Pescadores fault may have
slipped a second time. Finally, rupture ceases simultaneously at the NW end of the Paso Superior
fault and the SE end of the Indiviso fault after ∼50 seconds.

2.3 Field and lidar observations of surface rupturing

The earthquake generated ∼120 km of surface ruptures from the Colorado River delta in the SE to
the US–Mexico border in the NW, in close correspondence with the aftershock zone. The surface
rupture characteristics have been documented through extensive field measurements (Gold et al.,
2013; Fletcher et al., 2014; Teran et al., 2015) and also, for the first time ever, by analyzing lidar
surveys undertaken before and after the earthquake (Oskin et al., 2012). The pre-event lidar data
belong to a regional survey by the Instituto Nacional de Estadistica y Geografia (INEGI) in August
2006 whilst the post-event data were collected by the National Center for Airborne Laser Mapping
(NCALM) in August 2010, four months after the earthquake (see Acknowledgments).

For ∼50 km SE of the epicenter, the newly identified Indiviso fault produced a zone of distributed
fracturing and liquefaction within thick deltaic deposits of the Colorado River (Fletcher et al.,
2014). This surface expression is characteristic of earthquakes in the delta, such as the 1934 and
1980 events on the neighboring Cerro Prieto fault. Though the sense of slip can be estimated from
the en echelon fracture arrangement, slip magnitude is difficult to determine from field measure-
ments due to the lack of a discrete, laterally-continuous surface trace. However, elevation changes
computed by subtracting pre-event from post-event lidar digital terrain models (DTMs) indicated
up to 0.5 m of vertical displacement across the Indiviso fault zone, down to the SW (Oskin et al.,
2012). Lidar imagery was also used to reconstruct the geometry of faulted cultural features such
as canal levees, which indicated ∼0.5 m of right-lateral displacement. Geodetic models imply peak
slip at depth of ∼2–5 m along much of the Indiviso fault (Fialko et al., 2010; Wei et al., 2011), so
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it is clear that only a small proportion propagated into the near-surface.

North-west of the epicenter, the surface rupture enters the Sierra Cucapah (Figure 1b), an up-
lift composed of Mesozoic igneous and metamorphic rocks and Tertiary volcanics and sediments
(Fletcher et al., 2014). In the south-easternmost Sierra Cucapah, its trace follows two splays of the
sub-vertical Laguna Salada fault over a distance of ∼7 km, with overall right-lateral slip of up to
∼3 m. Vertical displacements are limited to <0.3 m and change polarity along strike. The rupture
then merges into the steeply NE-dipping Pescadores fault, which it follows for a further ∼15 km
into the central Sierra Cucapah mountains, producing horizontal displacements of up to ∼4 m and
vertical displacements of up to ∼2 m, now consistently down to the NE. This section of the rupture
is difficult to discern in maps of lidar elevation change, any vertical displacements being obscured
by the lateral offset of rugged topography (Oskin et al., 2012).

North-west of the Pescadores section, coseismic faulting steps left across a broad relay zone known
as the Puerta Accommodation Zone (PAZ), eventually linking up with the Borrego fault ∼10 km to
the NW. Though only a few scattered ruptures were identified on the ground and surface faulting
is hard to discern from lidar elevation changes, pixel cross correlation results indicate a sharp, near-
continuous horizontal displacement discontinuity crossing the PAZ (Wei et al., 2011; Fletcher et al.,
2014). It is possible either that the surface trace of the rupture is largely obliterated by coseismic
mass wasting, or that slip at depth failed to propagate upwards all the way to the surface. The
Borrego fault itself dips moderately (as low as ∼40◦) towards the NE and accommodates up to
∼3.5 m of oblique normal-dextral slip across a typically >50 m-wide damage zone (Gold et al., 2013;
Fletcher et al., 2014). A second relay zone known as the Paso Inferior accommodation zone (PIAZ)
then links the Borrego fault with the Paso Superior fault to the North (Oskin et al., 2012; Fletcher
et al., 2014). The PIAZ is characterized by discontinuous scarps in low-relief terrain bordering the
Laguna Salada that represent a diverse range of faults, from low-angle (∼20◦) NE-dipping detach-
ments to steep, SW-dipping antithetic faults. In addition, lidar elevation changes appear to show
kilometer-scale bending across the PIAZ, perhaps accounting for the extensive ground cracking
that was observed even away from the main scarps.

North of the PIAZ, for a distance of ∼10 km, the surface rupture follows the trace of the NE-
dipping Paso Superior detachment fault which juxtaposes Neogene sediments with Mesozoic crys-
talline basement (Fletcher et al., 2014). Where well exposed, the surface rupture dips at angles
as shallow as 20◦ and accommodates up to ∼3.3 m of oblique normal-dextral slip. The rupture
terminates at its northern limit in scattered, conjugate NW-SE (dextral) and SE-SW (sinistral)
fractures and N–S scarps in the low-relief terrain close to the US–Mexico border, which lies within
the hanging-wall of the Paso Superior detachment. This is an area of intense aftershock activity, in-
cluding the largest single aftershock (to date) of Mw 5.7 (Hauksson et al., 2011). UAVSAR imagery
indicates that the earthquake also triggered minor (<4 cm) slip along the southern San Jacinto
and Imperial faults to the north and east of the rupture termination (Donnellan et al., 2014).

3 Three-dimensional lidar displacements

We computed the 3-D surface displacement field within the El Mayor-Cucapah rupture zone by
differencing the pre- and post-event lidar point clouds using an adaptation of the Iterative Clos-
est Point (ICP) algorithm (Nissen et al., 2012). This procedure allows us to work directly with
the irregular point clouds and copes well with their markedly differing densities, which average
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Figure 2: Outline of our method for aligning pre- and post-event point cloud cells, based on an adaptation of

the Iterative Closest Point (ICP) algorithm (Nissen et al., 2012). In step 2, the rigid body transformation Φ that

minimizes closest point distances between the pre- and post-event cells comprises translations tx, ty and tz in the x,

y and z directions, and rotations α, β and γ about the x, y and z axes. This figure is modified from Nissen et al.

(2014).

∼0.013 points/m2 and ∼10 points/m2 for the pre- and post-event datasets, respectively. Each
point cloud is first separated into square cells with prescribed dimensions, and then each pre-event
cell is aligned with its post-event equivalent by iteratively minimizing distances between closest
point pairs using rigid-body translations and rotations (Figure 2). After testing, we found that a
cell size of 100 m yielded robust displacements at an adequate resolution. However, insufficient
topographic variation within a pair of cells results in a quasi-random alignment, leading in this
instance to incoherent displacements within the Colorado River delta and Laguna Salada basin.
We therefore restrict our analysis to the northern half of the rupture zone within the higher relief
Sierra Cucapah. Initial results were also hampered by large N–S-trending artefacts related to errors
in the pre-event survey data. Reprocessing of the pre-event lidar, described in Glennie et al. (2014),
has reduced but not entirely eliminated these artefacts from the results presented here (Figure 3).

Sharp discontinuities in one or more of the x (E–W), y (N–S) and z (vertical) displacement fields
(top row of panels in Figure 3) delineate the entire fault trace, including across the Puerta accom-
modation zone where we observe a hitherto undocumented vertical offset of ∼1–2 m, up to the SW.
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Figure 3: ICP results for a cell size of 100 m. The upper panels show translations in the x, y, and z directions,

with positive values indicating motion to the East, North, and up. The lower panels show rotations about the x, y

and z axes, with positive values indicating clockwise rotations about the positive axis direction (see Figure 2). Map

extents are the same as in Figure 1b, marked with UTM zone 11 coordinates in km.

On close inspection the PAZ discontinuity has a scalloped appearance which may indicate accom-
modation of shear by distributed faulting and/or small-scale block rotations rather than by a single,
through-going fault. Much of the rupture is also outlined by cells that contain significant rotations,
reflecting attempted rigid body alignments in the presence of newly-formed surface scarps (lower
row of panels in Figure 3). As expected, rotations about the y axis are positive (red) for NE-facing
scarps and negative (blue) for SW-facing scarps, such as those in the northern Paso Inferior accom-
modation zone. Rotations about the z axis are everywhere negative, consistent with a right-lateral
sense of shear within cells that capture the surface faulting. There is no continuous trace of cell rota-
tions through the PAZ, consistent with an absence of discrete surface faulting within this relay zone.

Next we test for the involvement of low-angle normal faulting, as was proposed in the northern
Sierra Cucapah on the basis of field mapping (Fletcher et al., 2014; Teran et al., 2015). In Figure 4,
the x and y displacements are combined and rotated into horizontal motions parallel and perpendic-
ular to the overall NW-SE fault trace. Absolute measurements of the along-strike or across-strike
displacements are still hampered by the N–S-oriented survey artefacts, but their relative magnitudes
either side of the fault trace can still be determined in most places. These differences represent the
strike-slip and heave of the fault, respectively. The heave can then be compared with the throw,
estimated from offsets in the vertical displacement field, which for ease of comparison are plotted
again in the right-hand panel of Figure 4. Along the Pescadores and Borrego faults, and within the
PAZ between them, fault throw appears significantly larger than heave, indicating that any normal
component of slip is taken up by steeply-dipping faulting. However, further north-west, the exten-
sional heave exceeds the vertical throw along a ∼5 km section of the Paso Superior fault, which
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Figure 4: ICP displacements parallel to the overall NW–SE fault trace (left panel) and perpendicular to it (center

panel), derived from the x and y displacements in Figure 3. Vertical displacements are shown again for comparison

(right panel), with the same color saturation as for the fault trace-perpendicular displacements.

encompasses some of the key field localities in which low-angle slip was observed on the ground
(Fletcher et al., 2014; Teran et al., 2015). The lidar displacements therefore confirm that locally,
slip on the low-angle Paso Superior detachment fault extends into the subsurface underneath the
north-eastern part of the lidar footprint (i.e. over a distance of ∼2 km from the surface trace).

Existing seismological and geodetic models of the El Mayor-Cucapah earthquake therefore fail
to capture genuine shallow-angle slip in the northern rupture zone. However, it is possible that
they instead accurately characterize the deeper part of the fault zone, which may not be well-
sampled by the narrow (∼3 km-wide) lidar swath (Fialko et al., 2010; Wei et al., 2011). We note
that aftershock locations and mechanisms in this region appear inconsistent with deep slip on a
NE-ward extension of the Paso Superior fault beneath the Mexicali Valley (Hauksson et al., 2011).

4 Conclusions

This award has supported development of methods to compute three-dimensional surface displace-
ments from ‘before’ and ‘after’ high-resolution topography datasets. Applied here to the 2010 El
Mayor-Cucapah earthquake, we help resolve discrepancies between published fault models based on
field measurements and those based on seismology and satellite geodesy. The El Mayor-Cucapah
rupture mostly involved steeply-dipping faulting, with vertical slip generally exceeding extensional
slip within the Sierra Cucapah mountains. However, we do also find evidence for subsurface normal
slip on the low-angle Paso Superior detachment fault in the northernmost rupture zone, consistent
with local field measurements of surface offsets.
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