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Project #13065 “Indepth Study of the 2012 Brawley Sequence” 

Abstract 

Earthquakes induced by fluid injection in geothermal and other energy source production 
area are becoming important topics because of possible damages they can cause and opportunity 
to better understand the influence of fluids in the faulting process. However, the nucleation, 
rupture detail and termination of induced events are poorly known. Here, we show joint analysis 
of UAVSAR (Uninhabited Aerial Vehicle Synthetic Aperture Radar) data, strong motion record, 
field observations and leveling measurements for the extreme shallow earthquakes in the 
geothermal field at the center of Imperial Valley basin. We found that the centroid depths of these 
normal faulting are as shallow as 2.0km associated with unmapped surface breakage. The joint 
inversion of geodetic and seismic data for the Mw4.7 event reveals a short risetime (~0.4s) and 
relative high rupture speed (1.75km/s, 90% of local shear wave speed). The coseismic slip is 
complementary distributed to the aseismic transient happened 2 years prior to earthquake. The 
spatial correlation between the location of geothermal injection wells and the subsidence along 
with coulomb stress analysis from previous swarm activity suggests the possibility of multiple 
triggering mechanisms for this shallow extensional event.  

  Technical Report 

The 2012 Brawley earthquake swarm in Imperial Valley provides a unique opportunity to 
investigate triggering since the sequence is composed of 22 events with SCSN magnitude greater 
than 3.5 (Fig.1a). Two of these events, with moment magnitude of 4.4 and 4.7, occurred late in 
the swarm (Fig.1b) have normal focal mechanisms and have very shallow centroid depths (~2km) 
which are seldom reported in sedimentary basins [Wei et al., 2014]. These quakes are well 
recorded by strong motion and broadband seismic stations within the Imperial Valley. This region 
is also under the coverage of UAVSAR project conducted by JPL with one example image shown 
in Fig.1c. It appears that the ground deformation, which shows a clear discontinuity, is nicely 
recorded by this UAVSAR image. The surface breakage near the pipeline was verified by field 
observations (Fig.1d). Moreover, leveling measurements are conducted routinely (as indicated by 
triangles in Fig.1c) at the location of the normal earthquakes. Interestingly, the injection and 
production wells that are used to generate geothermal power are located in the middle of leveling 
points (green dots in Fig.1c). As part of the 2012 Brawley swarm, the two largest strike-slip 
events have been studied by previous work using the path calibration models (PCMs) established 
by a M3.9 earthquake which allows finite fault waveform inversions conducted up to 3Hz. The 
first M5.3 event ruptured a strong asperity at a depth of 5km followed by the M5.4 event which 
enclosed the earlier rupture asperity [Wei et al., 2013b]. Compared with the shallower normal 
event, the two deeper strike-slip events appear to be part of the natural tectonic evolution that has 
been well recorded in the historic record before any fluid injection [Hauksson et al., 2013]. 
Overall, this combination of excellent constrained geodetic data and near-in seismic observations 
along with the calibrated paths is unique and allows a detailed rupture study for the M4.7 normal 
event, which is likely relative to some anthropogenic activities in the geothermal fields. 

a) Point Source Mechanism and Depth Verification 

Our study of the 2012 Brawley swarm starts from long period point source mechanism 
inversions. To compute the green’s functions, we used the averaged Path Calibration Model (red 
model in Fig.2c) established by the M3.9 earthquake [Wei et al., 2013b]. All the broadband and 
strong motion stations in the basin were included in the inversion. There are 22 earthquakes with 
SCSN magnitude greater than 3.5 which guarantees high signal to noise ratio at long period. We 
adopted the Cut-And-Paste method [Zhu and Helmberger, 1996] to derive the focal mechanism 
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by grid search for the best strike, dip, rake, moment and the centroid depth. Some events 
waveforms overlap and 19 out 22 have useful signals with their focal mechanisms plotted in 
Fig.1a. The sensitivity of waveform to depth can be better seen in computing 1Hz three 
component synthetics at various depths for strong motion station Q0044 located at about 5km to 
the south of the epicenter. When the centroid depth is as shallow as 2km the secondary arrival in 
the radial component can be generated. This phase is produced by the combination of strong 
velocity gradient at the top of the model and very shallow source depth. The amplitude ratio 
between body-waves and surface waves on the vertical component also require very shallow 
depth. In short, only a very shallow source depth can explain the broadband waveform of the 
M4.7 normal earthquake at such a small epicenter distance. With the point source mechanism and 
depth fixed, we can now perform waveform inversions to higher frequency to resolve more detail 
of the source process. To do this requires reliable velocity models. Fortunately, path calibrations 
have been established in our previous work, which is conducted by the using the M3.9 earthquake 
at the depth of 5km [Wei et al., 2013b]. However, before applying these PCMs we would like to 
make sure the path calibration is still valid when the earthquake is still shallower than the 
calibration event. The M4.4 normal earthquake is good candidate for this purpose because it is 
also shallow (~2km) and is very close to the epicenter of the M4.7 earthquake. Similar as in (Wei 
et al., 2013), we grid search for the best Vp_top (Vp at the top) and Depth_vp4.0 (depth of 
Vp=4.0km/s), using the M4.4 earthquake (Fig.2a). Here we filtered the waveform to 1Hz to avoid 
the effect of finiteness of the rupture of the M4.4 earthquake. Taking the strong motion station 
11369 as an example (Fig.2b), our preferred velocity model (blue) is very similar to that we 
derived from the M3.9 calibration event (red, Fig.2c). Note that, only with the best combination 
of Vp_top and Depth_vp4.0 can we obtain the highest waveform cross-correlation between the 
data and synthetics for all three components, which means that our parameterization of the 
velocity model is still effective. Also note the excellent agreements between data and synthetics 
for surface multiple phases, such SS, SSS, and the amplitude ratio between body-wave and 
surface waves on the vertical component. These multiple phases can also be seen as the evidence 
of the extreme shallow depth. However, it proves particularly difficulty to fit the late arriving 
high-frequency Rayleigh waves which are very sensitive to the 3D surface structure and source 
finiteness at these depths. For this reason, we concentrate on the earlier portion of the M4.7 event 
records and will use the PCMs from earlier study which proved accurate up to 3Hz. As shown in 
Fig.1c, the ground deformation near the M4.7 normal earthquakes is well documented by the 
UAVSAR data which is generated by interferometry of images recorded on 2012/May and 
2012/Sept. The surface discontinuity of the deformation field forms a fault striking approximately 
190° from north, in agreement with the strike of the point source mechanism of the M4.7 
earthquake. Western side of the fault shows stronger deformation than the eastern side, indicating 
the fault is dipping to the west.  

b) Joint inversion of UAVSAR and strong motion data 

During the joint inversion we use equal weighting for the static and seismic data by 
normalizing the error of each data set by the minimum errors derived from inverting each data set 
alone. The moment magnitude is constrained to be round 4.7 but allowed to vary within some 
range. The risetime ranges from 0.12s to 1.24s with interval of 0.08s. The rupture speed is 
allowed to vary from 1.5km/s to 2.0km/s and the slip amplitude can vary from 0 to 100cm. Our 
joint inversion result is summarized in Fig.3 with resolution of different datasets, highlighting the 
improvement of the resolution for slip distribution and risetime when both datasets are used. 
Because the static data can constrain the spatial distribution of slip, the trade-off between source 
parameters can be greatly reduced in joint inversion. The best average rupture speed we found is 
1.75km/s, which is about 90% of the shear wave speed at the depth of 2km. Considering possible 
variations, we let the rupture speed change around the preferred value (1.50~2.00 km/s) and 
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repeated the inversion. The preferred slip model obtained in this way shows a bilateral rupture 
centered at the depth around 2km (Fig.3a). The risetime ranges from 0.3s to 0.6s, and displays 
some depth variations. Note that the risetimes are slightly larger than that of the M5.3 strike-slip 
event but shorter than the M5.4 event. The total duration of the earthquake is about 2.0s (Fig.3c), 
which is apparently longer than the deeper events with similar size. The strong motion waveforms 
are well fitted and shown in Fig.3e, filtered to 3Hz and longer period. The static data is also well 
matched (Fig.3f), although the slip model under predict the data at about 3km to the west of the 
surface rupture which might be caused by some of aseismic deformation signal included in the 
UAVSAR data.  

Intellectual Merit and Broader Impacts  

 It is well known that earthquakes can be induced primarily by stress release of human 
activity or as a result of tectonic stress releasing triggered by such activities. The earthquakes that 
are generated by industrial activity, such as hydraulic fracturing, itself is easier to discriminate 
from natural earthquakes since they usually happen right after the injection and co-located with 
high injection pressure wells. The triggered earthquakes, however, are much harder to distinguish 
from regular earthquakes, for example, the 2011 Oklahoma earthquake happened about two 
decades after the disposal of the injection [Keranen et al., 2013]. There are mainly two 
mechanisms for inducing earthquakes which are increase of pore pressure acting on a fault and by 
changing the shear and normal stress on the fault. The fluid migration is one of the largest 
uncertainties behind such mechanisms [Ellsworth, 2013]. To solve the problem for identifying 
triggered events and better understand the mechanism behind them, it is particularly helpful to 
study individual triggered events in greater detail. However, because induced or triggered events 
are usually small (M<4), most of the previous works treated them as point sources. Also due to 
their limited sizes, researchers mainly rely on nearby seismic data to constrain the location and 
the focal mechanisms of such earthquakes. To use these waveform data more effectively requires 
waveform inversion at higher frequency ranges which is not easy due to the complexity of the 3D 
velocity structure. In short, investigations of finiteness of individual induced events have seldom 
been conducted but should become a key issue in forensic investigations of shallow events.  

While great earthquakes are extremely important to understand, swarm events may 
provide more key information about the rupture process. Because they are sometimes associated 
with fluid-injection displaying direct evidence for the role of fluid in a man-made experiment, in 
which surface geodetic data is available for constraining the slip-distribution. Industrial induced 
earthquakes have become an important topic due to the possible damage and the increase of 
seismicity they can cause [Ellsworth, 2013; Gonzalez et al., 2012]. In particular, special attention 
has been paid to fluid injection in geothermal and other energy source production area [Bourouis 
and Bernard, 2007; Brodsky and Lajoie, 2013]. Before studying the relation between these 
earthquakes and human activity, the first challenge is to distinguish them from regular tectonic 
earthquakes. Detailed spatial and temporal pattern of these earthquakes and their mechanisms are 
very useful for this purpose as discussed above. To monitor ground deformation and search for 
the unmapped faults in the injection region one can use high-resolution plane based UAVSAR 
techniques in combination with high-resolution modeling to help understand the aseismic vs 
seism process.  
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Figure High-resolution finite fault slip models for the largest three events (Mw5.3, Mw5.4, Mw4.9) in the 
2012 Brawley earthquake swarm. High frequency (up to 3Hz) waveform inversion is enabled by the path 
calibration from a smaller (Mw3.9) event. The location and point source mechanisms of these events are 
shown in (a) along with the seismic and GPS stations (triangles). The red rectangle is the map view of the 
fault plane used for the strike-slip (Mw5.4, Mw5.3) events. The slip models of the Mw5.3 and Mw5.4 
events are shown in (b) and (c), respectively. The black triangle in (b) and (c) denotes the same location on 
the fault which highlights the complementary slip distribution between the two earthquakes. The Mw4.9 
normal earthquake with shallow depth (~2km) has generated ground offsets that were well observed by the 
UAVSAR data (d). Finite fault inversion shows a coseismic slip dimension of ~3km×3km with average 
offsets of about 20cm (e).  Inversion of the leveling data reveals a bull-eye aseismic slip pattern located on 
the same fault of the Mw4.9 earthquake, centered at about 2km to the south of the epicenter with similar 
centroid depth of the earthquake. Note the complementary feature between the seismic and aseismic slips. 


