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1. Introduction 

 

Slow slip events and tectonic tremor have begun to reshape our understanding on how locked 

zones in subduction zones are loaded. Although different in the spectral content and radiation 

pattern, the slow and traditional earthquakes share similar shear-slip mechanism (Ide et al., 

2007) and occur in neighboring or overlapping portions of the megathrust. In the two separate 

cases,  the 2011 Tohoku, Japan and the 2014 Iquique, Chile events, large earthquakes are 

thought to have been triggered by the stress transfer from the precursory slow slip events 

(Kato et al., 2012; Meng et al., 2014). It is thus essential to monitor and analyze the the slow-

slip and tectonic tremors which potentially shed light on the probability of imminent large 

earthquakes. In the last decades, development of dense seismic networks has enabled rapid 

progresses in a broad spectrum of seismological studies, such as imaging deep earth 

discontinuities (Lin et al., 2013), obtaining high-resolution surface wave tomography (e.g. 

Porrit et al.,2011), and back- projections of the rupture process of large earthquakes (Meng et 

al., 2011). Particularly, a dense small-scale array that composed of ~ 5000 Nodal-type of 

vertical Geophone sensors enables the monitoring of microseismicity on the Newport 

Inglewood fault beneath Long Beach, CA. A modified back-projection approach using these 

data reveal excessive tremor-like events deeper than 20 km, well below the typical 

seismogenic depth in California (Inbal et al., 2015). These previously unknown events 

suggest that the brittle-ductile transition there corresponds to a transition from strong 

interaction in the brittle zone to weak interaction in the ductile zone. The data are described 

by a system of seismic asperities embedded in a ductile fault zone matrix (Inbal et al., 2016) 

suggesting the aseismic root extends into the mantle. In this project, we search for these deep 

events along the San Andreas fault systems.  

 
2. Method 

Traditional earthquake detection methods are based on the absolute amplitude, energy 

envelope or the short time average to long time average ratio (STA/LTA) of seismic 

waveforms (e.g., Earle and Shearer, 1994). These methods may fail when detecting small 

earthquakes or intense seismicity over a short period as the phases are not impulsive or 

hidden under the noise. A number of techniques have been developed to detect micro-
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seismicity under low signal-to-noise conditions. Two of the most popular methods are the 

matched-filter and back-projection methods. The waveform matched-filter approach searches 

for similar patterns by cross-correlating known event templates with continuous seismic 

waveforms (Peng and Zhao, 2009). The method is effective in detecting small earthquakes 

under low signal-to-noise conditions, but is limited by the availability of the template events. 

On the other hand, the back-projection technique detect earthquakes solely based on the 

coherent stacking of event waveforms across dense arrays. The back-projection does not 

require pre-selected templates, but its detection capability often suffered from low stacking 

amplitude due to the crustal velocity heterogeneity that breaks down the waveform coherence 

across the receiver arrays. Here, we adopt the Neighboring-Station Coherence (NSC) 

approach, a new network-detection method, that combines the strength of both the matched-

filter and back-projection (Peng et al., 2016; Li et al., 2018). Because of the different ray path 

effects, the inter-station waveform coherence is high between closely spaced neighboring 

stations, but not across the entire array. The idea of the NSC is that the waveform cross-

correlation is first done locally between neighboring stations. These cross correlation 

functions are then stacked over the array which detect signals that simultaneously impinge 

the array. This method was demonstrated to be robust and effective in the application of the 

Long Beach dataset and achieves comparable detection capability with the matched-filter 

method (Peng et al., 2016; Li et al., 2018). 

3. Dataset 

 

In this project, we apply the NSC method to detect potential deep microseismicity/tremors in 

major fault systems in southern California. Our first effort is to explore the existing data 

recorded by a 100-station pilot study in the Carrizo plain above the San Andreas fault and a 

dense 1108-station array installed at the Sage Brush Flat site across the San Jacinto Fault. The 

Carrizo plain lies in an area of southern California roughly 100 miles north of Los Angeles. 

Bounded by mountains on its south west and north eastern edges, it contains the San Andreas 

Fault and the Dragons Back pressure ridge. Between 21st and 25th march 2016, we deployed 

100 Nodal seismic nodes across the plain in three arrays each consisting of ~30 stations (Fig 

1a). The average spacing of the arrays is 100 meters. Two of the arrays are designed to be 

rectangular and one in a spiral shape to increase its effective aperture. Another rich dataset 

that we will explore is the San Jacinto dense-array experiment (Ben-Zion et al., 2015). To 



 

 4 

study source and structural properties within and around the San Jacinto Fault Zone in 

southern California, Yehuda Ben-Zion’s group at USC deployed a spatially dense Nodal 

array with 1108 vertical ZLand geophones at the Sage Brush Flat site, south of Anza, from 

2014 May 15 to 2014 May 27, in a rectangular array with inter-station spacing between 10 to 

30 meters (Fig. 1b).  

 

(a) Carrizo Plain                                          (b) San Jacinto 

 
Figure 1: Station distributin of the Carrizo Plain (a) and San Jacinto (b) expriments. 

 

4. Result 

 

4.1 Event detection 

From the experiments of Carrizo Plain and San Jacinto by using NSC method, we find that 

the stacked and normalized cross-correlation value of the noise and earthquake is about 0.4 

and above 0.55 respectively (Fig 2.). Thus, we set a shrehold of 0.55 in detecting events. In 

the preliminary detection, we are able to detect 84, 856 and 256 events using the 3 arrays 

individually in the Carrizo Plain during 62 hours. When intersecting the detections in time, 80 

events that are simultaneously detected by more than 2 arrays and 23 of them are recorded in 

the USGS catalog. For the San Jacinto Plain, we are able to detect 1873 events during 312 

hours and 324 of these events are recorded in the USGS catalog. Thus, we have 57 and 1549 

newly detected events in Carrizo Plain and San Jacinto respectively, which needs to be 

discriminated  in the next step.  
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Figure 2: Stacked and normalized cross-correlation value in one hour waveform (upper panel) and 100 

seismograms (under panel). Red dots mark the detected events. 

 

4.2 Event Discrimination 

 

When carefully checking these newly detect events, we find that a large amount of them are 

not earthquakes. That’s because NSC method only detects signals with high coherence in the 

whole dense array. These high coherence signals might come from the air and ground traffics, 

winds, and query explosions, etc. Figure 3 shows the air traffic signals we find with clear 

doppler effect (Meng et al., 2018; Eibl et al., 2017).  
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Figure 3: Seismic trace (a), corresponding envelope (b) and spectrogram (c) during the arrival of the seismic 

waves from two air traffic events around 2014-05-26 17:30. 

 

We use two methods to discriminate the earthquake sources from other accoustic or cultural 

sources: checking the spectrograms and envelopes of the single station waveforms as well as 

calculating slowness of detected events. To understand the difference between seismic signals 

and acoustic noises, we comprehensively study the spectrograms of local earthquakes in the 

catalogs (Fig 4.). The major energy burst that geophones receive is below 80 Hz and the 

duration of the energy burst is within 20 s. The energy of different frequencies come to the 

receiver at almost the same time, but higher frequency energy dissipate faster. Also, we can 

find a very clear and smooth peak in the envelope. Based on these observations, we check our 

preliminary detected events and find most of them are non-seismic acoustic signals. Figure 5 

shows the acoustic signal generated by a moving object with overtunes. The doppler effect in 

the spectrogram is weaker than the air traffic events (Fig 4.), thus we think this signal might 

be generated by the ground transportations. The duration of the event is also an effective 

index in discriminating the seismic and non-seismic sources. Figure 6 shows a detected event 

with duration over 100 s and we consider it a non-seismic source. The envelope of it shows 

no clear peak either. However, even though some seismograms look very similar to the 

earthquake signals with clear peaks in the envelope profile, it can still be generated by non-

seismic sources (Fig 7. ). We can observe very clear overtunes in the spectrograms and 

doppler effect at the frequencies.  



 

 7 

 
Figure 4: Seismic trace (a), corresponding envelope (b) and spectrogram (c) during the arrival of the seismic 

waves from a local Mw 1.38 event with origin time at 2014-05-15 09:23:37. 

 

 
Figure 5: Seismic trace (a), corresponding envelope (b) and spectrogram (c) generated by a moving object. 
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Figure 6: Seismic trace (a), corresponding envelope (b) and spectrogram (c) from a non-seismic acoustic event 

with very long duration. 

 
Figure 7: Seismic trace (a), corresponding envelope (b) and spectrogram (c) from an unknown source. 

 

The two previous methods help us remove most of false detected events, but we still can’t 

recognize some signals propagated in the air (Fig 8.). As we know, the sound speed in the air 

is around 340 m/s, so the slowness of a event propagating in the air is around the 3 s/km. The 

event shown in Figure 8 has the slowness around 3 s/km and thus we deduce it propagating in 

the air. We suspect this particular acoustic source might be a episode of strong winds.  
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Figure 8: 100 seismograms of false detected events propagated in the air. 

 

After manually checking 57 and 1549 newly detected events in Carrizo Plain and San Jacinto, 

we confirm 8 and 120 events are earthquakes respectively (Appendix Table). On the one 

hand, NSC method has the excellent ability in capturing tinny local coherent signals. On the 

other hand, the false detection rate is also very high for the exchange.  

 

4.3 Event Location and Magnitude Estimation 

 

We locate our detected earthquakes by calculating the slowness vector and then performing 

the ray tracing. We grid-search the slowness vector by stacking the seismograms in a 10s 

window. To estimate the uncertainty of our result, we utilize the Bootstrap method by taking 

70% of seismograms to calculate slowness vector every time. We then Bootstrap 100 times 

and produces the error ellipse for slowness vector with the confidence of 95%. Then we 

perform the ray tracing to achieve the region with 95% confidence that earthquake locates. 

For the ray tracing, we use the  horizontal layered model from Peter Shearer and 1D velocity 

model for the California from Cybershake. To validate this method, we test it on a USGS 

recorded event with the magnitude 2.3 (Fig 9.). The black, blue, and green regions are the 
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areas estimate by Network 1, 2, and 3 with 95% confidence that the earthquake locate. Even 

though the uncertainty of estimated epicenter from a single network is quite large, however, 

the intersected area by three region is quite close to the USGS catalog epicenter with very 

small uncertainty. In the Carrizo Plain, we intersect the estimated regions from three 

networks to achieve our final epicenter estimation. When only two networks detect the event, 

we only intersect the two estimated region. In San Jacinto, we only have one dense array, so 

we select the slowness vector with the maximum stack to perform ray tracing.   

 
Figure 9: Stacked and normalized cross-correlation value recorded by three networks in Carrizo Plain. Red 

square marks a USGS recorded Mw 2.3 event. 
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Figure 10: Estimated location of a USGS recorded Mw 2.3 event. The black, blue, and green regions are the 

areas estimate by Network 1, 2, and 3 (red triangles) with 95% confidence that the earthquake locate. Red star 

represents the epicenter in the USGS  catalog. 

 

In this project, we estimate the magnitudes of events by using ElarmS algorithm (Kuyuk et 

al., 2013). We scaled the earthquake magnitude with peak absolute amplitude of the P wave 

displacement (Pd). The empirical equation is shown as below: 

𝑀 = 1.23𝑙𝑜𝑔(𝑃𝑑) + 1.38𝑙𝑜𝑔(𝐸) + 5.39  

where E is the epicentral distance in kilometers and Pd is in centimeters. By using this 

equation, we estimate the magnitudes of our newly detected earthquakes. The most events 

missed by USGS catalog are below magnitude 0. The largest and smallest newly detected 

earthquake is magnitude 1.7 and -2.7 respectively (Appendix Table).  

 

4.4 Event Distribution 

 

Once we determine the locations and magnitudes of these missed earthquakes, we plot them 

together with USGS recorded events on the topography basemap at Carrizo Plain and San 

Jacinto (Fig 11. and Fig 12.). The red and green dots are missed and recorded earthquakes 

respectively. The larger size of the circles, the larger magnitudes they are. In the Carrizo 

Plain, all missed 8 events (M < 0) are smaller than recorded events (Fig 11.). We find three 

missed events locate on the East Huasna Fault and one event is very close to a cluster of 

recorded events. In the San Jacinto, most of newly detected earthquakes are south to the 

dense array.  
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Figure 11: Missed (red circles) and recorded (green circles) events by USGS at Carrizo Plain from 21st to 25th 

March 2016. The blue triangles represent three networks. 
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Figure 12:. Recorded (green circles) events by USGS at San Jacinto from 15th to 27th May 2014. The red circles 
denote the new events detected by this project. The blue triangle represents the dense seismic array. 
 

 

5 conclusion 

 

In this project, we detected missed events in Carrizo Plain and San Jacinto by using NSC 

method. Benefiting from the dense arrays we detect 57 and 1549 new events in Carrizo Plain 

and San Jacinto respectively. During the discrimination process, we also find that some non-

seismic acoustic signals detected by NSC are non-seismic signals. Based on the observation 

of spectrograms and waveform envelopes, we rule out moving sources (such as helicopters) 

with Doppler effect. By calculating the slowness, we can also rule out the sources 

propagating in the air. After manual inspections, we confirm 8 and 120 events as earthquakes 

in Carrizo Plain and San Jacinto respectively. Next, we calculate the slowness vector of 

events and then perform ray tracing to locate our events. The uncertainty of estimated 
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epicenter from one single network is quite large, while intersected area by three regions is 

quite close to the USGS catalog epicenter with very small uncertainty. Comparing to the 

distance constrain, our method has a better constrain on the azimuth. Thus, the distribution of 

the networks is the key factor influencing the resolution of earthquake location. But we don't 

have good constraint on the focal depths. Due to the low signal to noise ratio (SNR), the 

depth phases of the micro-seismicity are challenging to detect. Most of our newly detect 

events are smaller than magnitude 0, therefore the methods using depth phases are infeasible. 

We then try to use the delay time difference between P and S phases arrivals to estimate the 

depth. However, we find that depth is not very sensitive to the delay time based on the 

Cybershake’s South California 1D velocity model. In the future work, we will try to use 3D 

Back-Projection method to determine the microseismicity depth. The first step is to increase 

SNR, e.g., downward continuation (Inbal et al., 2016 ). 
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