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SUMMARY

In the Gulf of California, Mexico, the relative motion across the North America—Pacific
boundary is accommodated by a series of marine transform faults and spreading centres.
About 40 M > 6 earthquakes have occurred in the region since 1960. On 2009 August
3, an M,, 6.9 earthquake occurred near Canal de Ballenas in the region. The earthquake
was a strike-slip event with a shallow hypocentre that is likely close to the seafloor. In
contrast to an adjacent M7 earthquake, this earthquake triggered a ground-motion-based
earthquake early warning algorithm being tested in southern California ( 600 km away).
This observation suggests that the abnormally large ground motions and dynamic strains
observed for this earthquake relate to its rupture properties. To investigate this possibility,
we image the rupture process and resolve the slip distribution of the event using a P-wave
backprojection approach and a teleseismic, finite-fault inversion method. Results from these
two independent analyses indicate a relatively simple, unilateral rupture propagation directed
along-strike in the northward direction. However, the average rupture speed is estimated around
4 km s™1, suggesting a possible supershear rupture. The supershear speed is also supported
by a Rayleigh wave Mach cone analysis, although uncertainties in local velocity structure
preclude a definitive conclusion. The Canal de Ballenas earthquake dynamically triggered
seismicity at multiple sites in California, with triggering response characteristics varying from
location-to-location. For instance, some of the triggered earthquakes in California occurred
up to 24 hr later, suggesting that nonlinear triggering mechanisms likely have modulated their
occurrence.

Key words: Earthquake dynamics; Earthquake ground motions; Earthquake interaction,
forecasting, and prediction; Earthquake source observations.

East Pacific Rise and earthquakes in the region have relatively

1 INTRODUCTION simple source attributes (Goff et al. 1987; McCrory et al. 2009;

The transtensional, plate boundary fault system in the Gulf of Cali-
fornia (GoC), Mexico, comprises right-lateral transform faults con-
necting the San Andreas fault and the East Pacific Rise, extend-
ing over 1300 km (Atwater & Stock 1998; Axen et al. 2000).
The fault system accommodates about 90 per cent of the North
America—Pacific relative plate motion, which is segmented with
short extensional basins and spreading ridges transitioning from
continental extension to seafloor spreading (DeMets et al. 1990,
1994; DeMets & Dixon 1999; Plattner et al. 2007, 2009). In south-
ern GoC, the transform fault-spreading centre connects with the

Sumy et al. 2013). In contrast, the northern GoC has a more com-
plex fault system. For example, the lower Delfin basin (Fig. 1),
the largest active basin in the northern GoC, is rich in both mag-
matic activity and faulting (Persaud et al. 2003; Castro et al.
2011a).

The Canal de Ballenas fault zone connects the lower Delfin basin
to the Guaymas basin further in the south (Lonsdale 1985; Plattner
et al. 2015); it represents the northern part of the Guaymas fault
system, which extends over 350 km (Lonsdale 1985). The Canal de
Ballenas fault zone is about 93 km long and has a width of 10-20 km,
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Figure 1. The 2009 M6.9 Canal de Ballenas earthquake and the Salton Sea Geothermal Field (latitude/longitude, 33.02°/—115.70°), Coso Geothermal Field
(35.83°/—117.68"), Parkfield (35.80°/—120.35") and The Geysers Geothermal Field (38.78°/—122.75"). Seismicity rate changes up to 24 hr after the Canal
de Ballenas earthquake have been investigated at these four sites. For reference, the location of the nearby 2012 M7.0 is shown. Inset: geologic features near
the Canal de Ballenas earthquake.

occupying the Ballenas Channel and separating the Baja California between the oceanic and the continental transform systems (Goff
peninsula and Angel de la Guarda Island (Castro et al. 2011a,b). et al. 1987; Plattner et al. 2007). Deformation in the channel is
The Ballenas transform fault changes its strike about 10° from the highly localized, forming clear, linear fault traces (Lonsdale 1985;

continental Cerro Prieto transform fault, suggesting a transition Plattner et al. 2015).
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On 2009 August 3, an M,, 6.9 earthquake ruptured this fault,
showing a consistent strike-slip focal mechanism (Castro et al.
2011b; Ekstrom et al. 2012). The earthquake is one of the largest
earthquakes in the region in modern time, and may have ruptured
to the seafloor with a shallow hypocentre (Castro et al. 2011b; Plat-
tner et al. 2015). The M,, 6.9 earthquake caused an earthquake
early warning algorithm being tested in southern California to is-
sue a false detection during retrospective analyses (Cochran et al.
2019). Intriguingly, the 2012 April 12 M,, 7.0 Gulf of California
earthquake, which is only 51 km away from the 2009 M,, 6.9 earth-
quake, did not produce similar ground motions in southern Califor-
nia (Fig. 1). The differences suggest that the rupture propagation of
the 2009 Canal de Ballenas earthquake is responsible for the abnor-
mally large ground motions. Understanding the earthquake rupture
process would help interpreting the local faulting process and the
regional seismotectonics.

Here, we image the earthquake rupture propagation with a back-
projection method and obtain a kinematic slip distribution with a
teleseismic finite-fault inversion method. Both models suggest the
earthquake ruptured along strike, towards the north, but also that
the rupture speed may have exceeded local shear wave speed—a
supershear rupture. We further investigate the associated seismicity
rate changes seen in California with three different earthquake cat-
alogues. We find the 2009 M,, 6.9 earthquake dynamically triggered
earthquakes at multiple sites in California, including three geother-
mal fields and the Parkfield segment of the San Andreas fault. This
complex set of slip events highlights the triggering and interaction
processes across global-scale fault systems.

2 DATA SETS AND METHODS

2.1 Backprojection

We analyse the rupture propagation of the 2009 M,, 6.9 Canal de
Ballenas earthquake following a standard time-domain backprojec-
tion method (Fig. 2; Ishii et al. 2005; Fan & Shearer 2015). We
first download P-wave velocity records of the event from stations
within 30° to 90° epicentral distance (see Data Availability). We
apply a 0.05-0.25 Hz second-order Butterworth filter. Records with
signal-to-noise ratios (SNRs) less than 5 are removed. The SNR is
defined as the root-mean-square (RMS) amplitude ratio from time
windows 10 s before and 10 s after the theoretical P-wave arrival
obtained from AK135 (Kennett et al. 1995). Stations that are close
to the nodal plane directions are also discarded. We then visually
examine the records to only keep traces with clear P-wave onsets.
After the initial quality control steps, the traces are aligned us-
ing multichannel cross-correlation with a time window from -2 to
8 s relative to the theoretical P arrivals. Polarity flips are allowed
during cross-correlation to accommodate the varying radiation pat-
terns at different azimuths. In summary, 82 stations are used to
image the rupture evolution of the Canal de Ballenas earthquake
(inset, Fig. 2a).

Backprojection is effective at resolving earthquake radiation
and detecting hidden aftershocks of large earthquakes because the
method does not assume a fault geometry or a rupture velocity (Fan
& Shearer 2016; Nissen et al. 2016). The method has been success-
fully implemented to study spatiotemporal evolution of complex
earthquakes, including multifault rupture events and supershear
earthquakes (Meng et al. 2012; Yagi & Okuwaki 2015; Wang et al.
2016; Okuwaki et al. 2020). For the backprojection procedure, we
set a grid of potential sources around the hypocentre (Castro et al.

2011b) with a 10-km horizontal grid spacing fixed at the hypocentral
depths. The potential source grids cover a 600 km > 600 km area for
the earthquake with its epicentre at the centre of the grids. Backpro-
jection is then performed with the Nth root stacking method (Rost
& Thomas 2002; Xu et al. 2009) with N = 4. The Nth root method
can improve spatial resolution of backprojection images, albeit at
the cost of losing absolute amplitude information (Rost & Thomas
2002; Xu et al. 2009). Seismic records are self-normalized and
inversely scaled by the number of contributing stations within 5°,
which helps to balance differences in azimuthal and spatial cover-
age of the stations. To evaluate the spatiotemporal migration, we
compute backprojection snapshots with 8-s stacking windows; these
snapshots are normalized by the maximum power within each win-
dow and are shown as contours with coherence above 85 per cent
of the maximum normalized energy (Fig. 2).

To assess the robustness of the backprojection images, we per-
formed three different tests to evaluate the results. First, we calculate
the theoretical resolving power to estimate the best possible resolu-
tion for a given network in the frequency bands of interest (Support-
ing Information Figs Sl1a and b). For this test, we randomly assign
a recorded P wave train to all the stations, then backproject these
traces following the same procedure that is used to image the Canal
de Ballenas earthquake. From this test, the array resolution is about
20 km for the earthquake at 0.05-0.25 Hz frequency band (Support-
ing Information Figs Sla and b). Second, we image a few smaller
earthquakes in the same region. This test can help to assess potential
biases introduced by the complexities of the wavefield and the path
effects (Supporting Information Figs S1c—f). The obtained image
represents the lower resolution limit. This is because smaller magni-
tude events often have noisy data. We performed backprojection on
two nearby earthquakes within 5° at the same frequency band with
similar array configurations (Supporting Information Figs S1c—f).
The images of these earthquakes have spatial extents around 20 km
onaverage, and are free of obvious artefacts, including possible arte-
facts from water reverberations (Supporting Information Figs Slc—
f). The spatial extents are comparable to the snapshot energy bursts
in Fig. 2(b), confirming the rupture episodes of the Canal de Bal-
lenas earthquake. Aftershocks immediately adjacent to the 2009
M,, 6.9 Canal de Ballenas earthquake have low SNRs, limiting their
use for assessing the near-source 3-D velocity effects on the images.
However, previous studies show that such effects may cause loca-
tion uncertainties less than 25 km (Fan & Shearer 2017). Finally, we
use jackknife resampling to quantitatively evaluate the robustness
of the resolved radiation episodes (Efron & Tibshirani 1994; Fan &
Shearer 2016). For the three time windows, the distances from the
epicentre to the peak loci have spatial uncertainties of one standard
deviation as 0, 6 and 29 km (inset, Fig. 2b). The standard deviation
of the first time window is 0 because of the initial alignment. We
do not stack or post-process the backprojection images to avoid
subjective choices. All these tests indicate that our backprojection
results are well resolved.

2.2 Finite-fault inversion

To resolve the slip development, we perform a finite-fault slip in-
version of the 2009 M,, 6.9 earthquake using newly developed
potency—density tensor approach following Shimizu et al. (2020;
Figs 3 and 4). The method is designed to produce slip distributions
that account for uncertainties in the Green’s function and the fault
geometry, which often represent major modelling errors in finite-
fault inversion (Yagi & Fukahata 2011; Duputel et al. 2014; Ragon
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Figure 2. Backprojection results of the 2009 M6.9 Canal de Ballenas earthquake and the associated surface wave observations. (a) Integrated backprojection
image of the earthquake (60 per cent normalized energy contours). Inset: stations used for backprojection. (b) Backprojection snapshots of the earthquake.
Inset: cumulative distance as a function of time. The location uncertainties are obtained from a jackknife analysis.
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Figure 3. Finite-fault inversion results of the 2009 M6.9 Canal de Ballenas earthquake. (a) Map view of the slip distribution. The colour of subfault cell shows
the slip amplitude. The largest slip cell along depth is shown for each column of the model fault. Inset: stations used for finite-fault inversion. The beach balls are
the centroid moment tensor solutions from the Global Centroid Moment Tensor (GCMT) catalogue (Ekstrém et al. 2012), the USGS W-phase moment tensor
solution (Duputel et al. 2012; U.S. Geological Survey Earthquake Hazards Program 2017), and the FFM of this study. The background bathymetry/topography
is from the GEBCO 2019 Grid (GEBCO Bathymetric Compilation Group 2019). (b) The cross-section of the static slip distribution with the same colourmap in
(a). The star shows the hypocentre. The arrow shows the rake angle. Note that the abscissa is inverted. (c) The cross-section of the moment-tensor distribution
extracted from the resultant potency—density tensors. Only the double-couple component is shown. All the beach balls of the moment-tensor solution are
represented as a lower-hemisphere stereographic projection (far-side focal sphere). These are not cross-section of focal-mechanisms. (d) The waveform fitting
between the observed (black) and the synthetic (red) waveforms. The station code is shown in each panel.
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