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ABSTRACT

In the tectonically complex Imperial Valley, California (USA), the Imperial fault (IF) is
often considered to be the primary fault at the U.S.-Mexico border; however, its strain parti-
tioning and interactions with other faults are not well understood. Despite inferred evidence
of other major faults (e.g., seismicity), it is difficult to obtain a holistic view of this system
due to anthropogenic surface modifications. To better define the structural configuration of
the plate-boundary strain in this region, we collected high-resolution shallow seismic imag-
ing data in the All American Canal, crossing the Imperial, Dixieland, and Michoacan faults.
These data image shallow (<25 m) structures on and near the mapped trace of the Imperial
fault, as well as the Michoacan fault and adjacent stepover. Integration of our data with
nearby terrestrial cores provides age constraints on Imperial fault deformation. These data
suggest that the Michoacan fault, unmapped in the United States, is active and likely produces
dynamic or off-fault deformation within its stepover to the Dixieland fault. Together, these
data support more strain partitioning than previously documented in this region.

INTRODUCTION

North of the Gulf of California, along the Pa-
cific—-North America plate boundary, the Imperial
Valley is a tectonically complex region (Larsen
and Reilinger, 1991; Han et al., 2016). Strain is
partitioned eastward into the Eastern California
shear zone and subsequently north to the Walker
Lane, an incipient Pacific—North American plate
transform boundary (Dokka and Travis, 1990;
Wesnousky, 2005). This leads to active fault evo-
lution, interaction, and strain partitioning in the
region (Crowell et al., 2013), which are important
to understand for present-day fault interactions
and seismic hazard, and to elucidate the history
of this complex, segmented margin.

At the latitude of the U.S.-Mexico border, the
Imperial fault (IF) is considered to be the major
structure in the Pacific-North American plate-
boundary system, hosting two large recent earth-
quakes (1940 M 7.0 and 1979 M 6.5; Trifunac
and Brune, 1970; Archuleta, 1984). The Uniform
California Earthquake Rupture Forecast version
3 (UCERPFS3, https://www.scec.org/ucerf; Field
etal., 2014) hazard model attributes 30-40 mm/
yr of plate-boundary slip to this fault. Geologic

slip rates are much lower (15-20 mm/yr; Thomas
and Rockwell, 1996). Patterns of seismicity in
the Imperial Valley suggest that several other in-
ferred faults share the plate-boundary strain with
the IF, including the Weinert—El Centro, Dix-
ieland (DF), and Michoacdn (MF) faults (Ma-
gistrale, 2002; Gonzélez-Escobar et al., 2020).
Seismicity lineaments indicate that the MF ex-
tends north of the U.S.-Mexico border, accom-
modating some plate-boundary slip, as do joint
interferometric synthetic aperture radar (InSAR)
and global navigation satellite system (GNSS)
studies, which place slip on a structure 10-20 km
to the west of the IF (Lindsey and Fialko, 2016).
Similarly, south of the border, geodetic data sup-
port shared slip among the IF, MF, and faults
of the Sierra Cucapah, Mexico (Sandwell et al.,
2016). Likewise, mechanical models (Dorsett
etal., 2019) found that the MF/Cerro Prieto fault
is likely linked to the IF system, and faults such
as the DF accommodate some of the IF’s strain,
changing our understanding of fault interaction
in the Imperial Valley.

Geomorphic evidence of faulting is, how-
ever, almost entirely obscured in the Imperial

Valley due to anthropogenic activity and ancient
Lake Cahuilla sediments, posing challenges in
identifying suitable sites for geologic studies
and paleoseismic trench campaigns. Although
several trenches exist in the region (e.g., Thom-
as and Rockwell, 1996; Jerrett, 2016; Wessel,
2016), the slip rate of the IF is not as well con-
strained as other faults in Southern California.
Without direct observations of shallow faulting,
it is challenging to fully characterize these struc-
tures geologically.

DATA

We address this insufficiency of observations
with a novel study to constrain young (<5 ka)
deformation in the shallow subsurface. We used
atraditionally marine subsurface imaging instru-
ment in the All American Canal (AAC; Fig. 1),
a large aqueduct that transports water from the
Colorado River to the Imperial Valley. The All
American Canal parallels the California-Mexi-
co international border near Calexico, Califor-
nia, and directly crosses the IF, DF, and a pro-
posed region of strain accommodation. With an
acoustic compressed high-intensity radar pulse
(CHIRP) instrument, we can attribute shallow
deformation to these structures and further our
understanding of the interaction of fault struc-
tures in the region. We towed the CHIRP from
west to east through the All American Canal in
a floating cage (Fig. 2). We collected 27 seismic
lines in three main regions: near the (1) IF, (2)
the DF, and (3) the inferred trace of the MF (3 in
Fig. 1). Lines are abbreviated as ACDXXLYY,
with XX indicating the day and YY indicating
the line number. We approximated ages of the
sediments with a sedimentation rate using cal-
ibrated '“C dates from a nearby core (see the
Supplemental Material'; Rockwell et al., 2019).

'Supplemental Material. Description of methods (seismic data processing, '“C dating, interpretations, and Coulomb stress models), supplemental figures, and interpreted
fault locations. Please visit https://doi.org/10.1130/GEOL.S.19104956 to access the supplemental material, and contact editing @ geosociety.org with any questions. Data
are stored at the Marine Geoscience Data System https://doi.org/10.26022/IEDA/330515.
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Figure 1. Top: Imperial Valley region of California, USA, showing the Southern California Earth-
quake Center community fault model (SCEC CFM 5.3) faults (Plesch et al., 2020), U.S. Geological
Survey (USGS) historic faults (USGS, 2017), and Mexico Quaternary faults (Villegas et al., 2017),
“confident” mapped faults from this study, quake template matching (QTM) 9.5 standard devia-
tion database seismicity (Ross et al., 2019), select geothermal fields (Heber—yellow; Cerro
Prieto—red), the unlined All American Canal (AAC), the trenches of Sharp (1980) and Thomas
and Rockwell (1996; T&R 1996), and ancient Lake Cahuilla footprint (Buckles et al., 2002), as
described in the legend. Inset: Red star on globe indicates map location. Yellow box indicates
location of bottom map. Bottom: Survey region. In addition to the main map features, this study’s
survey lines are shown, as well as “medium” and “uncertain” mapped faults in this study, and
earthquakes scaled by magnitude (legend). Seismic lines are highlighted in green with labels.

RESULTS

We characterized our interpretations as “con-
fident,” “medium confident,” and “uncertain.”
Intermittent striping from gas throughout the
dataset prevented local data interpretation in
some places (Sahakian et al., 2016).

In region 1 (IF), only line ACDO1L02
showed clear data. We observed deformation
of thick, strong reflectors at 15-25 m depth as-
suming 1500 m/s water velocity (horizon 2, 5.4°
dip), and less prominent reflectors beneath the
canal bed forms, such as “shallow IF” (Fig. 3),
with an apparent 3.4° dip to the west, intersected
by the mapped traces of the IF (Nicholson et al.,
2020; Plesch et al., 2020; Rockwell and Klinger,
2013). At ~0.4 km distance, there were small
discontinuities in this reflector (“uncertain”),

with gas obfuscation to the east. At ~0.17 km
distance, we observed small offsets in reflec-
tors (0.018-0.302 s) such as horizon 1, and at
~0.04 km. Underlying strata fold in toward an
inferred structure (“confident”; Fig. 3). Other
lines in region 1 exhibited thick, bright, flat-
lying reflectors at the same depth.

In region 2 (DF), we observed some shal-
low deformation and folding of reflectors
above 10 m depth; however, the reflectors
were thinner and less continuous compared
to region 1. Identifying surface offsets here
was challenging due to high canal floor reflec-
tivity. Multiples dominated >15 m, obscuring
deformation below ~10 m. Most observable
reflectors in this region were flat-lying. The
mapped trace of the DF intersects day 2 line

1 (ACDO02LO01; Figs. S1 and S2), but inter-
pretations were not possible due to the strong
prevalence of gas.

Clear offsets and deformed reflectors were
observed in region 3 (MF) on lines ACDO3L0S,
ACDO03L06, ACDO3L12 (Fig. 4; Fig. S3), and
ACDO3L13 (Figs. S4 and S5). North of the
mapped MF trace (ACDO03L12), we observed clear
offsets in reflectors (horizon 1) with down-to-the-
west vertical separation of ~4.5 m. At ~1.1 km
distance, there is an abrupt transition between
continuous and chaotic reflectors (“confident”).
There is a prominent region of gas in the middle
of this line, separating flat-lying from dipping re-
flectors, likely due to a fault (“‘uncertain,” ~0.9 km
distance). The “confident” fault interpreted at
~0.2 km distance on ACDO3L05 demonstrates
reflector offset >1 m. An adjacent fault warps
reflectors, but their continuity is not sufficient to
confidently describe an offset. The eastern portion
of ACDO3L05 showed folded reflectors, and the
adjoining ACDO3L06 showed divergence of reflec-
tors, small offsets, and a westward dip between two
confidently mapped faults. Gas on line ACD0O3L13
occurred in the middle of the line, with reflectors
dipping and thickening toward the center region of
gas, potentially obscuring a structure responsible
for this deformation (“‘uncertain”).

DISCUSSION

The deformation in region 1 coincides with
the mapped IF trace, likely representing IF de-
formation from the 1940 and previous earth-
quakes. Both the deep and shallow strata sur-
rounding the mapped fault trace exhibit an
apparent southwestward dip, which increases
slightly with depth. Consistent with syndeposi-
tional faulting, this suggests a local, consistent
sense of motion on the IF.

Obtaining a sedimentation rate here is
fraught with uncertainties, but we aimed to place
highly approximate temporal constraints on sub-
surface deformation. The All American Canal is
1 km south of a cone penetrometer (CPT) pro-
file obtained by Rockwell et al. (2019) yielding
stratal relationships, with two cores within and
adjacent to the IF. Both cores, located on a berm
at 9 m above sea level (1 m above the surround-
ing agricultural fields, averaging 8 m elevation),
sampled several Holocene clay layers beneath
interpreted ancient Lake Cahuilla Lake G depos-
its, with age control based on radiocarbon dating
of mollusk shells, charcoal, and ostracods. The
oldest sampled layer is ~16 m below sea level.
In our data just 1 km to the south, the local ca-
nal water level from CHIRP-mounted GNSS is
8 m above sea level and 3 m below average land
surface, suggesting that sedimentation should be
consistent across this flat region.

With the cores, we estimated a sedimenta-
tion rate of 4.6-19 m/k.y. (>10 m depth), and an
earlier rate of 3.6-5.7 m/k.y. (5-10 m). We thus
estimated horizon 2 line ACDO1L02 at ~0.03 s
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Figure 2. Photos of compressed high-intensity radar pulse (CHIRP) instrument deployment. (A) Transducers on CHIRP bottom. (B) CHIRP
frame. (C) Buoyant pontoons to float frame. (D) Deployment of CHIRP from northern canal bed. (E) Towing CHIRP from the southern bank with
a towline; umbilical and second towline (right) toward the northern bank and topside. Global navigation satellite system (GNSS) receiver on

frame mount (red circle and arrow). (F) Topside system setup.

two-way traveltime (TWTT; ~17.5-22.5 m be-
neath instrument, ~9.5-14.5 m below sea level)
to be ca. 3.6-1.9 ka. See the Supplemental Mate-
rial for additional information. Most deforma-
tion we observed in ACD0O1L02 is likely oc-
curring in Holocene sediments, and the deepest
antiformal deformation at ~2 km along-track
distance is older, likely Pleistocene in age.

The apparent southwestward tilt on the eastern
portion of the line at ~4—6 m depth is likely
<1.1 ka in age and is similar to the southwest-
ward tilted strata noted in a nearby trench by
Sharp (1980), but not by Thomas and Rockwell
(1996) 75 m to the south (Fig. S6). This suggests
that these structures may be produced by a local
structural pressure ridge or pull-apart feature

associated with a fault stepover. The fault we
observed at ~0.17 km distance does not deform
reflectors above ~0.0125 s TWTT, correspond-
ing to <2.5 ka, or lakes below Lake G (ca. 2
ka; Rockwell et al., 2011), which implies that
there have been no coseismic offsets on this
structure for at least the last 3—4 IF events. This
agrees with an analysis of aerial imagery of the
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Figure 3. Data crossing the Imperial fault (IF, California, USA). Day 1 line 2 seismic line, showing deformation near mapped trace of the IF.
Two-way traveltime (TWTT) is on the left axis, and depth below instrument is on the right axis. (A) Uninterpreted seismic profile. (B) Interpreted
seismic profile. Faults are from the Southern California Earthquake Center (SCEC) Community Fault Model (CFM 5.3), U.S. Geological Survey
(USGS) historic faults, and Rockwell and Klinger (2013) (RK13), as well as interpretations from this study. Select horizons and their names are
indicated in the legend.
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Figure 4. (A) Day 3 line 12 showing deformation and offset near the proposed Michoacan fault.
Two-way traveltime (TWTT) is on the left axis, and depth below instrument is on the right axis.
Line 12, horizon 1 reflector shows ~4.5 m of vertical offset next to the mapped fault. (B) Day 3
lines 5 and 6 (~15 m apart) showing deformation between the Michoacan and Dixieland faults.

1940 Imperial Valley earthquake (Rockwell and
Klinger, 2013), where we also found no evi-
dence of surface offsets near this structure along
its strike to the northwest and southeast in ag-
ricultural fields with closely spaced crop rows.

Region 3 shows the most compelling evidence
of shallow deformation and provides the first-ever
evidence of shallow faulting in this region to the
west of the IF. We documented two distinct loca-
tions with faulting. The first is within the postu-
lated location of the northern extension of the MF.
The offsets on reflectors here are comparable to,
if not larger than, those observed across the IF in
region 1 (Figs. 3 and 4). The second evidence of
faulting is farther east, on lines ACDO3LO05 and
ACDO3L06. We interpret transtensional faulting
features here, both at greater depths and in the
shallow subsurface, though we could not resolve
surface faulting in these strata.

Our observations of shallow faulting in the
westernmost section of region 3 are not unex-
pected, as others have proposed that the MF
likely extends to the north, and that the DF ac-
commodates some plate-boundary strain here
(Magistrale, 2002; Lin, 2013). Dorsett et al.
(2019) found that the MF and Cerro Prieto fault
are likely linked to the IF system, and that the

adjacent DF accommodates ~3—-8 mm/yr of
slip, repartitioning some of the UCERF3 IF slip
rate onto the DF and MF. Furthermore, Lind-
sey and Fialko (2016) placed 10-15 mm/yr of
slip on an unnamed structure(s) at this latitude,
which may be in part accommodated by the MFE.
We thus propose that the deformation on lines
ACDO3L12 is the shallow manifestation of slip
associated with the northern extension of the
MEF, which is also observable in seismicity. This
structure is yet to be geologically investigated
north of the U.S.-Mexico border, and it is not
included in current fault models.

The transtensional structures on lines
ACDO03L05 and ACDO3L06 may be associated
with a small basin postulated by previous work-
ers in the area (Persaud et al., 2016). However,
there is no observed seismicity in comprehen-
sive seismic catalogs (Fig. 1) within the wide
(~10 km) stepover between the MF and DF
(Ross et al., 2019). Other similar regional young
and active basins, such as the Mesquite basin,
exhibit shallow faulting and deformation and
host active seismicity (Rockwell and Meltzner,
2008; Brothers et al., 2009). We propose four
possible hypotheses for the presence of shallow
faulting in this region:

(H1) A mature, strain-accommodating fault
exists at depth, but it is in the stress shadow of
the 2010 EI Mayor—Cucapah or 1979 Imperial
Valley earthquakes.

(H2) There is no main structure in this re-
gion; rather, these shallow features represent
coseismic offsets from through-going rupture
within the stepover.

(H3) The faulting is due to coseismic offsets
from rupture on either the MF or the DF that
dynamically propagated into but not through the
stepover, and this activity was associated with
the formation of a small local basin.

(H4) The transtensional structures we ob-
serve are from a relic fault system (the MF or
DF), from which activity moved to the west or
east over time.

Simple models of Coulomb stress change
(Figs. S7 and S8) in the region from the 1979 Im-
perial Valley and 2010 El Mayor—Cucapah earth-
quakes can test H1. The stepover does not pref-
erentially experience an increase or decrease in
stress compared to the observed seismicity linea-
ments, which implies that the absence of seismici-
ty is not likely due to static stress changes. It is not
possible for us to propose any further constraints
on the possibility of through-going rupture (H2)
with our data set; however, we posit that this is
improbable—a stepover of 10 km width is highly
unlikely to allow for through-going rupture (Biasi
and Wesnousky, 2016). We cannot distinguish
between H3 and H4 with our data set; however,
both seem plausible, given the documented pos-
sibility for propagating ruptures to trigger slip
on preexisting or new structures within a radius
near the rupture front (Wesnousky, 2008), and
for off-fault deformation to occur statically or
dynamically near a large rupture or mature fault
(Milliner et al., 2015; Okubo et al., 2020). Fur-
ther work would be necessary to characterize the
three-dimensional nature of these offsets and their
timing, and to understand if they represent active
fault evolution and interaction, or if they represent
dynamically triggered offsets within this stepover.

CONCLUSIONS

Our novel terrestrial application of CHIRP
provides the first images of subsurface deforma-
tion across structures in the Imperial Valley, in-
cluding the Imperial fault and Michoac4n fault.
It confirms that the Michoacan fault/Cerro Prieto
fault extends northward into the United States.
We observed transtensional structures in the re-
gion between the Michoacdn fault and Dixieland
fault, potentially coseismic displacements in the
stepover between these faults, and a relic fault
system. We cannot place slip rates on these faults
based solely on two-dimensional imagery and
lack direct dating of the imaged strata. Never-
theless, this work provides valuable constraints
for the locations of future studies to understand
regional strain distribution, slip rates, and fault
interactions in the Imperial Valley.
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