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Figure 2. A cartoon illustrating the backprojection method and the biasing effect of 3-D structure on travel times.
(a) Travel times from the hypocenter (star) are perturbed by 3-D structure, such that the wavefront at the stations
(wiggly solid line) is distorted compared to that predicted by a 1-D model (dashed line). However, by cross correlating
and aligning the first-arriving P waves from the hypocenter, time correction factors can be applied to bring the arrival
times into agreement with theoretical predictions. (b) Backprojection imaging stacks the seismograms for each source
grid point using theoretical differential times relative to a source at the epicenter. (c) However, the time corrections
computed for the hypocenter are not necessarily correct for other source points because the rays travel through
different 3-D structure, and thus, the backprojection images may be biased. (d) Using cross-correlation results from
pairs of earthquakes, we test to see how much this bias will shift the backprojection images of target earthquakes, as
measured by the distance of the image peak from the epicenter (De) or the backprojection image with self-aligned time
calibrations (Db).

At the relatively high-frequencies used in backprojection, time shifts due to 3-D structure along the ray paths
will prevent coherent stacking of the records if only a 1-D model is assumed. Because 3-D tomographic models
do not yet have the resolution to predict these time shifts, the standard approach for estimating them
is to align the first-arriving waves from the hypocenter using waveform cross correlation. These empirical
time shifts are then used to correct the times for all the hypothetical source locations in the backprojection
calculation. However, the timing corrections are only exact at the hypocenter and presumably can become
increasingly inaccurate at more distant locations on the fault, where the rays will traverse different parts of
the underlying 3-D velocity structure. This will cause the backprojection stacks to be less coherent at these
locations, reducing the apparent amplitudes of features. Perhaps more seriously, inaccurate time corrections
might bias the locations of subevents away from their true locations.

One way to address the timing correction issue is to use records from other earthquakes within the main
shock rupture region (often aftershocks of the main shock) as calibration events to obtain more accurate time
shifts at varying locations on or near the fault (Ishii et al., 2007). This idea has been explored by applying
waveform cross correlation of these aftershocks to extract empirical time corrections for the regions close
to the aftershocks (e.g., Ishii et al., 2007; Meng et al., 2016). For the 2004 Sumatra-Andaman earthquake,
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Fault interactions and triggering in Sumatra 
(Not mainshock water phase artifacts!)

Geophysical Research Letters 10.1002/2016GL067785

Figure 2. Back projection results from European stations. (a) Low-frequency (LF, 0.05–0.3 Hz) time-integrated back
projection image. (b) Low-frequency (LF, 0.05–0.3 Hz) rupture evolution. (c) High-frequency (HF, 0.3–1 Hz)
time-integrated back projection image. (d) High-frequency (HF, 0.3–1 Hz) rupture evolution. Two energy bursts from
0 to 50 s are denoted as P1 and P2. The two energy bursts shown at 50 to 75 s and 100 to 125 s are likely from one or
more triggered events, shown in the maps northeast of the trench, and not physically connected to the main shock
rupture. They are denoted as AE1 and AE2. The insert in Figure 2b shows the stations used for back projection of the
Mw 7.2 earthquake.

−173∘. The finite-fault model from the U.S. Geological Survey National Earthquake Information Center (NEIC),
based on a W-Phase moment tensor solution, has strike 101.2∘ and dip 75.1∘ [Duputel et al., 2011; Hayes, 2011;
Hayes et al., 2011; Ji et al., 2002b]. The finite-fault model suggests most of the displacement on the fault slipped
above the hypocenter, and the moment rate function derived from the finite-fault model shows the rupture
lasted for about 40 s.

P wave back projection [e.g., Ishii et al., 2005; Walker et al., 2005; Walker and Shearer, 2009; Koper et al., 2011;
Kiser and Ishii, 2012; Yagi et al., 2012] is useful for resolving the spatiotemporal evolution of complicated earth-
quakes because it makes few prior assumptions about the fault geometry. The method has been successfully
applied in mapping out complex ruptures [e.g., Kiser and Ishii, 2011; Fan and Shearer, 2015] and in detecting
subevents and early aftershocks [e.g., Yao et al., 2012; Kiser and Ishii, 2013]. Here we apply a variation of the
back projection approach we used to image the 2015 Nepal earthquake [Fan and Shearer, 2015] to the 2012
Mw 7.2 Sumatra earthquake using teleseismic P wave vertical-component velocity records. Because of the less
ideal azimuthal coverage of stations for the Sumatra event, and to avoid potential back projection artifacts
due to polarity flips caused by focal mechanism rotations or differences during the rupture, we restrict our
analysis to 89 stations located in Europe (Figure 2) and the Hi-net array located in Japan (Figures S2 and S3)
[Okada et al., 2004; Obara et al., 2005]. We grid the potential sources at 5 km spacing, within the latitude range
0.6∘ to 4.2∘ and longitude range 91.4∘ to 95.0∘ (400 km by 400 km). Following Xu et al. [2009] and Fan and
Shearer [2015], we filter the P waves into two frequency bands, 0.05–0.3 Hz (low frequency, LF) and 0.3–1 Hz
(high frequency, HF), to assess possible frequency dependence in the seismic radiation images. Details
about the back projection method and data processing are presented in the supporting information.
No postsmoothing or postprocessing is applied to the images.

From integrated back projection images over ∼125 s (Figure 2), the earthquake does not show
frequency-dependent rupture behavior. Most of the radiated energy was released northwest of the epicenter

FAN AND SHEARER 10 JAN 2012 SUMATRA EARTHQUAKE 3
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Fan & Shearer, GRL, 2016; Fan & Shearer, JGR, 2018 
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Figure 2. Back projection results from European stations. (a) Low-frequency (LF, 0.05–0.3 Hz) time-integrated back
projection image. (b) Low-frequency (LF, 0.05–0.3 Hz) rupture evolution. (c) High-frequency (HF, 0.3–1 Hz)
time-integrated back projection image. (d) High-frequency (HF, 0.3–1 Hz) rupture evolution. Two energy bursts from
0 to 50 s are denoted as P1 and P2. The two energy bursts shown at 50 to 75 s and 100 to 125 s are likely from one or
more triggered events, shown in the maps northeast of the trench, and not physically connected to the main shock
rupture. They are denoted as AE1 and AE2. The insert in Figure 2b shows the stations used for back projection of the
Mw 7.2 earthquake.

−173∘. The finite-fault model from the U.S. Geological Survey National Earthquake Information Center (NEIC),
based on a W-Phase moment tensor solution, has strike 101.2∘ and dip 75.1∘ [Duputel et al., 2011; Hayes, 2011;
Hayes et al., 2011; Ji et al., 2002b]. The finite-fault model suggests most of the displacement on the fault slipped
above the hypocenter, and the moment rate function derived from the finite-fault model shows the rupture
lasted for about 40 s.

P wave back projection [e.g., Ishii et al., 2005; Walker et al., 2005; Walker and Shearer, 2009; Koper et al., 2011;
Kiser and Ishii, 2012; Yagi et al., 2012] is useful for resolving the spatiotemporal evolution of complicated earth-
quakes because it makes few prior assumptions about the fault geometry. The method has been successfully
applied in mapping out complex ruptures [e.g., Kiser and Ishii, 2011; Fan and Shearer, 2015] and in detecting
subevents and early aftershocks [e.g., Yao et al., 2012; Kiser and Ishii, 2013]. Here we apply a variation of the
back projection approach we used to image the 2015 Nepal earthquake [Fan and Shearer, 2015] to the 2012
Mw 7.2 Sumatra earthquake using teleseismic P wave vertical-component velocity records. Because of the less
ideal azimuthal coverage of stations for the Sumatra event, and to avoid potential back projection artifacts
due to polarity flips caused by focal mechanism rotations or differences during the rupture, we restrict our
analysis to 89 stations located in Europe (Figure 2) and the Hi-net array located in Japan (Figures S2 and S3)
[Okada et al., 2004; Obara et al., 2005]. We grid the potential sources at 5 km spacing, within the latitude range
0.6∘ to 4.2∘ and longitude range 91.4∘ to 95.0∘ (400 km by 400 km). Following Xu et al. [2009] and Fan and
Shearer [2015], we filter the P waves into two frequency bands, 0.05–0.3 Hz (low frequency, LF) and 0.3–1 Hz
(high frequency, HF), to assess possible frequency dependence in the seismic radiation images. Details
about the back projection method and data processing are presented in the supporting information.
No postsmoothing or postprocessing is applied to the images.

From integrated back projection images over ∼125 s (Figure 2), the earthquake does not show
frequency-dependent rupture behavior. Most of the radiated energy was released northwest of the epicenter
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Fault interactions and triggering in Sumatra 
(Not mainshock water phase artifacts!)



How common is this type of 
triggering?



Local near-instantaneous dynamic triggering of large earthquakes

Fan & Shearer, Science, 2016

2004-2015 
7<Mw<8



Local near-instantaneous dynamic triggering of large earthquakes

Fan & Shearer, Science, 2016



Local near-instantaneous dynamic triggering of large earthquakes

Fan & Shearer, Science, 2016



Distance vs time 
of the triggered 

early aftershocks
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Distance vs time 
of the triggered 

early aftershocks
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• Why aftershocks? 
• Why dynamic?

Fan & Shearer, Science, 2016



~40s high amplitude 
seismic waves from M7 

earthquakes

Distance vs time 
of the triggered 

early aftershocks

Fan & Shearer, Science, 2016



Receiver faults  
failed immediately 

Distance vs time 
of the triggered 

early aftershocks

Fan & Shearer, Science, 2016



• Aftershocks of aftershocks? 
• Nucleation stage? 
• Hydraulic response? 
• Non-linear frictional 

properties?

Distance vs time 
of the triggered 

early aftershocks

Fan & Shearer, Science, 2016



• Any preferred tectonic 
setting? 

• How about long term strain/
stress field?

Distance vs time 
of the triggered 

early aftershocks

Fan & Shearer, Science, 2016



Global Arrays:

Large earthquakes (M > 7) with all type of focal-

mechanisms commonly dynamically trigger early 
aftershocks on nearby faults as far as 300 km 

within tens of seconds.
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Tsunami earthquake and splay faults


Continental Arrays

Using surface waves of large aperture arrays to detect and locate 
non-earthquake (glacial-quakes, landslides, submarine landslides) 
events 

Nodal Arrays

Investigating microearthquake finite source attributes with IRIS 
Community Wavefield Demonstration Experiment in Oklahoma

How earthquake processes evolve along faults?



Using surface waves recorded by a large mesh 
of three-element arrays to detect and locate 

disparate seismic sources

Goal: 
The unknown unknowns.

What are in the observed seismic wavefield?



Array Structure

Fan et al., 2018 in revision



Plane wave

Direction of highly coherent local surface waves 
(period: 20 to 50 s) 

S1

S2S3

261.2°

Fan et al., 2018 in revision



Resolve seismic sources with wavefield

Fan et al., 2018 in revision



Resolve seismic sources with wavefield

Fan et al., 2018 in revision



2010 Mw 7.2 El-Mayor earthquake

Fan et al., 2018 in revision



Glacial quakes

WHOI

Greenland

Fan et al., 2018 in revision



Greenland

Glacial quakes

Noisy data

Fan et al., 2018 in revision



Bessette-Kirton et al., 2017 USGS; Fan et al., 2018 in revision

Nuugaatsiaq Landslide (~Ms 4.8)

Elevation difference between 
6/5/17 and 6/22/17



Nuugaatsiaq Landslide (~Ms 4.8)

Elevation difference between 
6/5/17 and 6/22/17

Bessette-Kirton et al., 2017 USGS; Fan et al., 2018 in revision



Opportunities

Submarine landslides?

Glacial quakes?

CaribbeanEast Pacific Rise

Cascadia

Alaska OBS array

Fan et al., 2018 in revision



~481.2 TB

Available data is the key 
for new findings

(computers as well)



Now: 
TA Archive, 

Data transfer 

HPC with  
Large Dataset 

Future: 
Preserve  Legacy, 

Azimuthal Coverage



Continental Arrays

Exotic slip events may occur more often 

than we thought.
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How earthquake processes evolve along faults?



IRIS Community Wavefield Demonstration Experiment in Oklahoma
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SH waves
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observed in other studies [e.g., Abercrombie, 1995; Prejean
and Ellsworth, 2001; Shearer et al., 2006]. The histogram in
Figure 3 shows the distribution of log stress drops for a
different minimum number of station recordings per event.
The scatter in the stress drop distribution can be signifi-
cantly reduced by increasing the required number of sta-
tions. Also, the higher the minimum number of stations, the
more the distribution resembles a Gaussian. This is because
stress drops are increasingly difficult to resolve for smaller
magnitude events. Events that were recorded by more
stations are usually larger and allow a more reliable deter-
mination of stress drop. The asymmetric distribution and
higher scatter for a minimum of five stations (Figure 3a) is
therefore caused by larger uncertainties in the stress drop
estimates of small events due to very high corner frequen-
cies and the large degree of variability in the individual
spectra.
[16] In the following, we will require a minimum number

of five stations per event, despite the bias in the distribution.
This still allows us to resolve the variations in median stress
drop and it is preferable to requiring more stations, because
(1) we have a larger magnitude bandwidth to work with and
(2) we have a larger overall number of events. While the
former is necessary for a reliable determination of the EGF,
the latter is needed to obtain a uniform spatial distribution
for interpolating stress drops over the fault surface.

3.1. Moment Dependence

[17] One controversial question about stress drop is its
dependence or independence of moment. Self-similarity of
earthquakes, i.e., scale invariance of earthquake source
mechanics, was first suggested by Aki [1967]. Lower stress
drops for smaller magnitudes have been observed by several
authors [e.g., Archuleta et al., 1982]. Such an observation
could mean that earthquakes are not self-similar. Other
authors explain this apparent breakdown of self-similarity
for smaller magnitude events to be caused by either bias
related to attenuation of higher frequencies [e.g., Anderson,
1986; Abercrombie, 1995; Ide et al., 2003] or due to a

limited bandwidth of the data [e.g., Hough, 1996; Ide and
Beroza, 2001].
[18] Similar to the results of Kanamori and Anderson

[1975], and Abercrombie [1995] we do not observe any

Figure 3. Histogram of stress drop estimates requiring at
least (top) 5 and (bottom) 20 station recordings per event.

Figure 4. (a) Stress drop versus moment magnitude. The
squares mark the median stress drop. There is no obvious cor-
relation between stress drop and moment magnitude. (b) Stress
drop estimates computed assuming a constant shear wave
velocity. (c) Stress drop estimates computed assuming a depth-
varying shear wave velocity. Note that the computed stress
drops increase with depth for Figure 4b but not for Figure 4c.
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drops increase with depth for Figure 4b but not for Figure 4c.

B04305 ALLMANN AND SHEARER: STRESS DROP VARIATIONS NEAR PARKFIELD

5 of 17

B04305

Global earthquakes (M > 5) Parkfield earthquakes (M < 3)

Allmann & Shearer, 2007, 2009, JGR

Earthquake stress-drops inform rupture dynamics 
and earthquake physics, but having factor of 

1000 difference for a given magnitude!



Estimating rupture area is the key
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Wavefield: 
Physical meaning of 

corner frequency

Fan & McGuire, 2018, GJI
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Physical meaning of corner frequency
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Directly estimate microearthquake finite source 
attributes with nodal array by second moments



Empirical Green’s function (EGF) deconvolution 
to get apparent source time functions (ASTF) 

Recorded seismogram ASTFEGF
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Physically meaningful pattern of apparent durations

Self-Consistent Self-Consistent 

Fan & McGuire, 2018, GJI



Stress-drop from second moments

44.5 m

71.2 m

Strike

Dip

�� = 7.3MPa
<latexit sha1_base64="gPNrvLGDb4LHYllkf6R7uWIf0bg=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCBwmJCtWDUNCDF6WCtYUmlMl22y7dTcLuRiihNy/+FS8eVLz6G7z5b9x+HLT1wcDjvRlm5oUJZ0q77reVm5tfWFzKLxdWVtfWN+zNrXsVp5LQKol5LOshKMpZRKuaaU7riaQgQk5rYe9i6NceqFQsju50P6GBgE7E2oyANlLT3vUvKdfgK9YRgM9xyTnGmS+Ff4ivKzBo2kXXcUfAs8SbkCKaoNK0v/xWTFJBI004KNXw3EQHGUjNCKeDgp8qmgDpQYc2DI1AUBVkoz8GeN8oLdyOpalI45H6eyIDoVRfhKZTgO6qaW8o/uc1Ut0+DTIWJammERkvaqcc6xgPQ8EtJinRvG8IEMnMrZh0QQLRJrqCCcGbfnmWVI+cM8e7PSmWbyZp5NEO2kMHyEMlVEZXqIKqiKBH9Ixe0Zv1ZL1Y79bHuDVnTWa20R9Ynz+fiZd4</latexit><latexit sha1_base64="gPNrvLGDb4LHYllkf6R7uWIf0bg=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCBwmJCtWDUNCDF6WCtYUmlMl22y7dTcLuRiihNy/+FS8eVLz6G7z5b9x+HLT1wcDjvRlm5oUJZ0q77reVm5tfWFzKLxdWVtfWN+zNrXsVp5LQKol5LOshKMpZRKuaaU7riaQgQk5rYe9i6NceqFQsju50P6GBgE7E2oyANlLT3vUvKdfgK9YRgM9xyTnGmS+Ff4ivKzBo2kXXcUfAs8SbkCKaoNK0v/xWTFJBI004KNXw3EQHGUjNCKeDgp8qmgDpQYc2DI1AUBVkoz8GeN8oLdyOpalI45H6eyIDoVRfhKZTgO6qaW8o/uc1Ut0+DTIWJammERkvaqcc6xgPQ8EtJinRvG8IEMnMrZh0QQLRJrqCCcGbfnmWVI+cM8e7PSmWbyZp5NEO2kMHyEMlVEZXqIKqiKBH9Ixe0Zv1ZL1Y79bHuDVnTWa20R9Ynz+fiZd4</latexit><latexit sha1_base64="gPNrvLGDb4LHYllkf6R7uWIf0bg=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCBwmJCtWDUNCDF6WCtYUmlMl22y7dTcLuRiihNy/+FS8eVLz6G7z5b9x+HLT1wcDjvRlm5oUJZ0q77reVm5tfWFzKLxdWVtfWN+zNrXsVp5LQKol5LOshKMpZRKuaaU7riaQgQk5rYe9i6NceqFQsju50P6GBgE7E2oyANlLT3vUvKdfgK9YRgM9xyTnGmS+Ff4ivKzBo2kXXcUfAs8SbkCKaoNK0v/xWTFJBI004KNXw3EQHGUjNCKeDgp8qmgDpQYc2DI1AUBVkoz8GeN8oLdyOpalI45H6eyIDoVRfhKZTgO6qaW8o/uc1Ut0+DTIWJammERkvaqcc6xgPQ8EtJinRvG8IEMnMrZh0QQLRJrqCCcGbfnmWVI+cM8e7PSmWbyZp5NEO2kMHyEMlVEZXqIKqiKBH9Ixe0Zv1ZL1Y79bHuDVnTWa20R9Ynz+fiZd4</latexit><latexit sha1_base64="gPNrvLGDb4LHYllkf6R7uWIf0bg=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCBwmJCtWDUNCDF6WCtYUmlMl22y7dTcLuRiihNy/+FS8eVLz6G7z5b9x+HLT1wcDjvRlm5oUJZ0q77reVm5tfWFzKLxdWVtfWN+zNrXsVp5LQKol5LOshKMpZRKuaaU7riaQgQk5rYe9i6NceqFQsju50P6GBgE7E2oyANlLT3vUvKdfgK9YRgM9xyTnGmS+Ff4ivKzBo2kXXcUfAs8SbkCKaoNK0v/xWTFJBI004KNXw3EQHGUjNCKeDgp8qmgDpQYc2DI1AUBVkoz8GeN8oLdyOpalI45H6eyIDoVRfhKZTgO6qaW8o/uc1Ut0+DTIWJammERkvaqcc6xgPQ8EtJinRvG8IEMnMrZh0QQLRJrqCCcGbfnmWVI+cM8e7PSmWbyZp5NEO2kMHyEMlVEZXqIKqiKBH9Ixe0Zv1ZL1Y79bHuDVnTWa20R9Ynz+fiZd4</latexit>

Optimal estimation

2.93 km/s 
(90% of local Vs)

Duration: 
0.0192 s

Fan & McGuire, 2018, GJI



Stress-drop uncertainties from extreme 
rupture scenarios permitted by the data
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Optimal estimation

Minimum area

Maximum area

Only Factor of 2!
Fan & McGuire, 2018, GJI



The concept and methodology has the potential to address the 
controversy on earthquake stress-drop

observed in other studies [e.g., Abercrombie, 1995; Prejean
and Ellsworth, 2001; Shearer et al., 2006]. The histogram in
Figure 3 shows the distribution of log stress drops for a
different minimum number of station recordings per event.
The scatter in the stress drop distribution can be signifi-
cantly reduced by increasing the required number of sta-
tions. Also, the higher the minimum number of stations, the
more the distribution resembles a Gaussian. This is because
stress drops are increasingly difficult to resolve for smaller
magnitude events. Events that were recorded by more
stations are usually larger and allow a more reliable deter-
mination of stress drop. The asymmetric distribution and
higher scatter for a minimum of five stations (Figure 3a) is
therefore caused by larger uncertainties in the stress drop
estimates of small events due to very high corner frequen-
cies and the large degree of variability in the individual
spectra.
[16] In the following, we will require a minimum number

of five stations per event, despite the bias in the distribution.
This still allows us to resolve the variations in median stress
drop and it is preferable to requiring more stations, because
(1) we have a larger magnitude bandwidth to work with and
(2) we have a larger overall number of events. While the
former is necessary for a reliable determination of the EGF,
the latter is needed to obtain a uniform spatial distribution
for interpolating stress drops over the fault surface.

3.1. Moment Dependence

[17] One controversial question about stress drop is its
dependence or independence of moment. Self-similarity of
earthquakes, i.e., scale invariance of earthquake source
mechanics, was first suggested by Aki [1967]. Lower stress
drops for smaller magnitudes have been observed by several
authors [e.g., Archuleta et al., 1982]. Such an observation
could mean that earthquakes are not self-similar. Other
authors explain this apparent breakdown of self-similarity
for smaller magnitude events to be caused by either bias
related to attenuation of higher frequencies [e.g., Anderson,
1986; Abercrombie, 1995; Ide et al., 2003] or due to a

limited bandwidth of the data [e.g., Hough, 1996; Ide and
Beroza, 2001].
[18] Similar to the results of Kanamori and Anderson

[1975], and Abercrombie [1995] we do not observe any

Figure 3. Histogram of stress drop estimates requiring at
least (top) 5 and (bottom) 20 station recordings per event.

Figure 4. (a) Stress drop versus moment magnitude. The
squares mark the median stress drop. There is no obvious cor-
relation between stress drop and moment magnitude. (b) Stress
drop estimates computed assuming a constant shear wave
velocity. (c) Stress drop estimates computed assuming a depth-
varying shear wave velocity. Note that the computed stress
drops increase with depth for Figure 4b but not for Figure 4c.
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Parkfield earthquakes (M < 3)

Allmann & Shearer, 2009, JGR

Us with error bars



Wavefield observations bridging models and observations
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Observation Dynamic rupture simulation

Fan & McGuire, 2018, GJI; Kaneko & Shearer, 2014, GJI; Kaneko & Shearer, 2015, JGR
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Nodal Arrays:

Small earthquakes can be just as complex 

as large earthquakes



OPPORTUNITY! 
3C nodes has the potential to 

revolutionize our understanding of 
both earthquakes and tectonics 
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Global Arrays

Tsunami earthquake and splay faults


Continental Arrays

Using surface waves of large aperture arrays to detect and locate 
non-earthquake (glacial-quakes, landslides, submarine landslides) 
events 

Nodal Arrays

Investigating microearthquake finite source attributes with IRIS 
Community Wavefield Demonstration Experiment in Oklahoma

We observe complexities for small and large 
earthquakes and exotic slip events
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Global Arrays:

Large earthquakes (M > 7) with 
all type of focal-mechanisms 
commonly dynamically trigger 

early aftershocks.

Continental 
Arrays


Exotic slip events may occur 
more often than we thought.

Nodal Arrays:

Small earthquakes can be 
just as complex as large 

earthquakes

 Fan & Shearer, 2016, Science ; Fan & McGuire, 2018, GJI; Fan et al., 2018, in revision


