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Abstract:  

The increased quantity and quality of recordings of small and moderate earthquakes (i.e., 
M~2 to 5) now available suggest that the simple source models in common use are 
inadequate, and are limiting progress in understanding earthquake source physics and 
ground motion patterns. High-resolution imaging of earthquake rupture processes and 
earthquake sequences also reveal correlations between geological structure and earthquake 
rupture dynamics. In this study, we focus on the “trifurcation” area of the San Jacinto Fault 
Zone (SJFZ), which is a region of both structural and geometric complexity. It also has a 
high rate of seismicity and is one of the best-recorded areas in southern California. We 
combine both frequency and time domain analysis to understand the characteristics of 
source complexity for earthquakes, and potential relationship with structural complexity. 
Our analysis has identified different types of complex earthquakes, differing from previous 
studies that report similar spectral complexity in the same tectonic region.  

Intellectual merit:  
This research contributes to better understanding of earthquake source processes, 

and factors that influence rupture. For decades, the default model of earthquake sources 
has been that of self-similarity, with the source process controlled by one characteristic 
time scale that corresponds to the corner-frequency in the frequency domain. This corner-
frequency (fc) is interpreted as corresponding to the source dimension (radius or length, 
here L) of the area ruptured during the earthquake, and is the frequency of maximum 
ground velocity, and radiated energy at the source. Following results from dynamic rupture 
simulations (Boatwright, 1984; Brune, 1970; Madariaga, 1976), the single corner 
frequency has been used to estimate the stress drop in earthquakes from all over the world, 
in an attempt to find relations between stress drop and magnitude, tectonic setting, and 
temporal changes in stress. However, recent spectral analyses have demonstrated that 
deviations from the simple source model are common, for earthquakes of a wide magnitude 
range (Archuleta & Ji, 2016; Denolle & Shearer, 2016; Uchide & Imanishi, 2016). 
Applying simple source model to complex earthquake sources will not only bias source 
parameter estimations, but also limit the progress of understanding earthquake source 
processes. A combination of both frequency domain and time domain analyses are needed 
to understand causes of deviations from simple spectral models, and any possible links 
with geological structural complexity.  

This work is directly relevant to SCEC priorities P1.d, P2.d and P4.a in 
understanding earthquake source complexity and its contribution to spatial/temporal stress 
heterogeneity and high-frequency ground motion.  
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Broader impacts:  
The project results are beneficial for learning earthquake hazards, risks and 

earthquake physics, and have been presented at international conferences (e.g. Chen & 
Abercrombie, 2018; Wu et al., 2018; Zhang et al., 2018). The project contributed to the 
training and education of a postdoc scholar and students at OU. Postdoc Qimin Wu 
contributed to the study of developing forward modeling codes to model sub-events of 
moderate earthquakes using a Mw 4 earthquake in central Oklahoma (manuscript under 
revision with GRL, Wu et al., 2019)), and a Mw 5 earthquake in San Jacinto earthquake 
(Wu and Chen, 2018). Graduate student Colin Pennington at OU received training for 
spectral ratio analysis. The project also supported collaboration between SCEC PIs, and is 
closely related to the ongoing SCEC Project of Peter Shearer and Rachel Abercrombie to 
improve routine methods of estimating reliable source parameters. Source complexity is 
shown to be a major of disagreement between different approaches in their recently 
accepted paper (Shearer et al., 2019, 
SCEC Contribution #8916). 

Technical report:  
We applied both time 

domain analysis and frequency 
domain analysis to the “trifurcation” 
area within the SJFZ. This area is the 
ideal choice for our study due to both 
the geometric complexity and high 
seismicity rate.  
Our work aimed to identify and 
investigate complex earthquakes, to 
determine: 

1. Is there is any dependence of 
source complexity on 
structural complexity? 

2. How well can we distinguish between single sources with different temporal scales, 
or spatial and geometric complexity in the rupture? 

3. How to best estimate average source parameters such as stress drop for complex 
earthquakes? 

1.1. Data and catalog 
We began by downloading triggered waveforms archived in the Southern 

California Earthquake Data Center (SCEDC) for events from the relocated catalog of 
Hauksson et al. (2012). We focus on the four mainshock sequences shown in Figure 1.  

1.2. Time domain forward modeling of source time functions:  
Initially, we used a well-recorded Mw 4.0 earthquake in Oklahoma to develop the 

forward modeling code. We then applied our approach to the 2013 Mw 4.7 and the 2016 
Mw 5.2 earthquakes in SJFZ, which were previously analyzed by (Ross & Ben-Zion, 2016; 
McGuire, 2017; Ross et al., 2017b). Both events exhibit strong directivity effects, and 
source complexity. We choose the two events to validate our time domain deconvolution. 
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Figure	1.	Map	showing	earthquakes	used	in	the	
preliminary	analysis.	The	four	earthquakes	with	Mw	>	4.5	
are	shown	in	stars	with	their	focal	mechanisms	from	
SCEC.	The	2013	Mw	4.7	and	the	2016	Mw	5.2	(green)	are	
analyzed	in	the	preliminary	study	[Wu	&	Chen,	2018].	
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Figure 2 shows the 2013 Mw 4.7 earthquake. The STF clearly show two separate pulses in 
the SE direction (backward to rupture propagation), and the stacked spectral ratio in the SE 
direction shows clear “holes” and “bumps” in the spectral ratio. The 2016 Mw 5.2 
earthquake shows similar behavior. The time domain analysis and spectral domain analysis 
are consistent for both events.  

Using the Mw4.0 earthquake in Oklahoma, we next developed a sub-event 
inversion process to investigate the source process in more detail. As a result, we were able 
to calculate the relative location and time separation between successive sub-events, and 
the seismic moment of each sub-event. The results are summarized in Wu et al. (2019). We 
then applied this method to the mainshocks in SJFZ where we were successful in 
identifying individual sub-events (e.g., sub-event modeling to the M4.7 event in Figure 2).  

 

1.3. Spectral complexity of selected events in the Trifurcation area 
Frequency domain analysis is more routine than the individual-event based time 

domain methods. Therefore, we investigated all the earthquakes with M≥2.5 recently 
recorded in the study area. For each of these target earthquakes, we search for nearby EGF 
(empirical Green’s function) events (within 5 km for M>4 events, and within 2 km for 
3≤M≤4 events, and within 1 km for 2.5≤M≤3 earthquakes). The final analysis includes 168 
target events with at least 5 EGF, from a minimum of 10 stations, with minimum signal-
to-noise ratio (STN) of 3. For each ratio, quantify the deviation of the target earthquake 
source process from that predicted by the simple source model. We perform model fitting 
with the Brune model (Brune, 1970), and obtain the deviation ratio between observation 
and model prediction with a single corner frequency (Uchide & Imanishi, 2016). We 
compute peak-to-peak ratio for different frequency band, starting from the lowest 

Figure	2.	Example	of	the	Mw4.7	earthquake.	
Left	Top:	stacked	spectral	ratio	from	all	EGF	
events.	The	best-fitting	corner	frequency	from	
Brune	model	is	1.02	Hz.	Left	Bottom:	stacked	
ratio	in	the	NW	(rupture	direction)	and	SE	
(backward	direction	to	rupture	propagation).	
Right:	STF	at	different	azimuth.	The	red-
dashed	lines	show	the	duration	at	different	
azimuth	[Wu	&	Chen,	2018].	
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frequency point, then gradually increase the upper limit of the frequency band. Based on 
the deviation ratio and peak-to-peak ratio, we manually select “simple” and “complex” 
earthquakes.  

Figure 3 shows that the simple and complex earthquakes are different in terms of 
the spectral shape: the complex earthquakes have larger standard deviation for the 
deviation ratio (obs/syn), and the maximum peak-to-peak ratio is much larger. However, 
the shape of the deviation for different events differs substantially, unlike the consistent 
deviation ratio observed for many earthquakes in Uchide & Imanishi [2016] (Figure 3). 
For most of the events, we obtain similar results with P and S waves, suggesting that the 
results are robust, the S-wave results are typically smoother than P-wave. The difference 
in the shape with Uchide & Imanishi [2016] suggests that the complexity may depend on 
regional geological structure.  

 Based on the shape of the spectral deviation, we visually identify different types of 
spectral complexity based on relationship between “peak” and “trough” locations and best-
fitting corner frequency (see representative earthquakes in Figure 4). Work is currently 
underway to develop an algorithm to automatically classify the spectral deviation into 
different groups based on attributes of spectral ratio.  

1.4. Publication and dissemination:  
The related methods are submitted for publication in GRL (SCEC contribution 

#9038) (Wu et al., 2019), which is currently under revision. We presented the preliminary 
results at SCEC annual meeting 2018 (SCEC contribution #8653) (Wu & Chen, 2018).  
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Figure	3.	Example	of	the	manually	separated	simple	and	complex	earthquakes.	Left	and	middle	panels	are	for	
P	and	S	waves,	respectively:	top	-	stacked	ratio	for	simple	(red)	and	complex	earthquakes	(blue);	middle	–	
deviation	ratio	between	observation	and	model	prediction;	bottom	–	peak-to-peak	ratio	from	lowest	
frequency	to	increasing	upper	frequency	limit.	Right:	deviation	ratio	for	S-wave	(i.e.,	the	middle	panel).	The	
dashed	line	separates	simple	and	complex	earthquakes.	The	black	dots	indicate	best-fitting	corner	frequency.		
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Figure	4.	Example	representative	events	with	different	types	of	complexity.	For	all	figures,	top:	spectral	ratio	
for	each	event	pair	(grey	lines),	average	spectral	ratio	from	all	event	pairs	(solid	black),	model	predictions	(red	
dashed	line).	Bottom:	left	axis	is	the	ratio	between	observation	and	synthetic	spectra	(red	line),	and	vertical	
line	is	the	best-fitting	corner	frequency;	right	axis	is	the	peak-to-peak	ratio	for	each	upper	frequency	limit	
(blue	solid	line).	It	can	be	noted	that	the	bumps	and	peaks	in	the	observed	spectral	ratio	have	different	
relationships	with	the	corner	frequency.		
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