
Report on SCEC Award #21034 
Seismicity Along the Newport-Inglewood Fault Using Dense Arrays 

R. Clayton and Y. Yan 
Mar 12, 2022, Caltech 

Preface 
This is a preliminary report on the analysis of shallow seismicity in the Seal Beach/ Long Beach 
(SB/LB) area of California. There are issues that we are still looking into that need to be resolved 
before we will submit this for publication.  If you are interested in this topic, you should look up 
the publication that will result from this study. The data for the study comes from dense industry 
arrays temporarily deployed in the area, which had no earthquakes reported by the SCSN during 
the deployment. The majority of the events we find are very shallow (<1km depth) and as such 
modern techniques such are template matching and machine learning cannot be used. 
This, combined with the noisy urban environment, makes the assessment of the results difficult. 
 
Abstract: 
Dense seismic arrays are used to detect and locate shallow seismicity in the Long Beach - Seal 
Beach area. A total of 1263 events are found in the magnitude range 0.5-1.5 and depth range 0-2 
km. The majority of the events are shallower than 100m. To avoid the high-level of daytime 
urban noise, only the nighttime result is presented. The location results suggest the Newport-
Inglewood fault is a wide splayed fault in this area. The seismicity pattern also compares well 
with some newly identified faults from reflection seismic surveys. The shallow events call for 
attention on the potential shallow seismicity-related hazard.  
 
Introduction: 
The seismic hazard in the Los Angeles and the Long Beach area, California, is primarily based 
on the 1933 M6.4 Long Beach earthquake, which caused widespread damage and about 120 
fatalities (Hough & Graves, 2020). Several studies have concluded that this event occurred on 
the Newport-Inglewood fault (NIF), rupturing from southeast to northwest (e.g., Benioff 1937, E. 
Hauksson & Gross 1991, Hough & Graves 2020). The areas of significant damage were in the 
Long Beach and south Los Angeles areas. The NIF is predominantly a strike-slip fault with an 
estimated 60-km offset but it does not have significant seismicity associated with it (Egill 
Hauksson, 1987). The current Southern California Seismic Network (SCSN) catalog has only 
located about 200 earthquakes in this area in the past decade, with none larger than M3.1. This 
zone is unusual for southern California in that it has a number of deep events (below 15 km). 
There are 49 such events in the SCSN catalog in the past 20 years. Studies by Inbal et al. (2015, 
2016) using some of the same array data used in this study showed that some of these events are 
actually below the Moho. Detecting and locating these events required preprocessing to reduce 
the surface noise. The preprocessing consisted of downward continuing the recorded wavefield 
to a depth of 5 km. This brings the deep events closer to the array and reduces the surface noise 
(primarily surface waves) considerably. This was confirmed by Yang et al. (2021) that showed 
that the deep events are not evident with standard filtering. The downward continuation step 
precludes earthquakes shallower than 5 km depth. In this study we now look for seismicity in 
that depth range in order to determine near surface faults. 
 
The NIF also hosts a large number of oil fields. Cross-sections derived as part of hydrocarbon 
exploration in the images produced by oil-industry data in Seal Beach show that the NIF starts to 



splay above 5 km (Gish & Boljen, 2021). The hidden nature of the faults along with the lack of 
established historical seismic activity has led to this intensely urbanized region to be 
underrepresented in seismic hazard assessments.  
 
The paucity of cataloged seismicity maybe due to the sparse SCSN network (interstation spacing 
of 10 km or ~0.01 stations/km2) in the Long Beach area. By taking advantage of the dense nodal 
arrays deployed in Long Beach and Seal Beach, we intend to detect more small-magnitude local 
earthquakes to better understand the complexities of the fault structures. In this study we use 
three temporary surveys deployed in the area for oil exploration (Figure 1). These arrays are 
composed of short-period vertical sensors but have a density of ~100 sensors/km2. However, the 
Long Beach urban area is a very seismically noisy area, and this make it a challenge to detect 
weak seismicity. In this paper, we exploit the density of the array to detect the coherent signals 
of the shallow seismicity. The modern methods such as template matching (e.g., Ross et al., 
2019; Shelly et al., 2007) and machine learning (e.g., Ross et al., 2018; Zhu & Beroza, 2019) 
cannot be directly used because of the lack of templates or a training set for shallow seismicity in 
this area during the nodal array deployment period. Instead, we use a standard STA/LTA method 
and spatial clustering filter to exploit the dense array. One of the challenges of this study is that 
shallow seismicity is often associated with anthropological activities, and for this reason we 
focus on the nighttime seismicity when the urban is considerably quieter seismically, as shown in 
Figure 2. 
 
Table 1. The general information about the three arrays. 

ID Dates # of nodes Name 

LB3D 2011/01/05 - 2011/06/15 5441 Long Beach 

ELB 2012/01/10 - 2012/04/13 2484 East Long Beach 

SB3D 2018/01/22 - 2018/02/15 
(span of complete array) 5228 Seal Beach 

 

           
Figure 1 (a) Location Map. The red dots show seismicity from a template matching-based catalog (Ross et al., 2019), the 
beachball is the focal mechanism for the 1933 M6.4 Long Beach earthquake (Hauksson & Gross, 1991), and the black lines are 
the known faults (https://www.usgs.gov/natural-hazards/earthquake-hazards/faults). The orange triangles show the SCSN 



stations. The red, blue and magenta lines outline the Long Beach (LB3D), the Seal Beach (SB3D) and the extended Long Beach 
(ELB) arrays, respectively. (b) The zoomed-in view of the three nodal arrays in (a). 

 
Data and Method: 
Data used in this study comes from three separate surveys that occurred at different times and 
were deployed for different lengths of time. The operation information is shown in Table 1. The 
arrays have an average sensor spacing of 100 m. The instruments are Fairfield Z-land nodes each 
consisting of a vertical short-period velocity sensor with a lower-frequency corner of 10 Hz. 
Previous studies with these data have shown that these instruments have sensitivity down to 
approximately 0.1 Hz (Castellanos et al., 2020; Lin et al., 2013).The data were recorded 
continuously with 500 Hz sampling rates that were downsampled to  250 Hz. 
 
The Long Beach/Seal Beach area has a high level of cultural noise that varies significantly over 
the span of a day.  Figure 2 shows the hourly RMS energy of three stations near the center of the 
Seal Beach array averaged over the duration of the survey, and clearly there is a factor of two 
difference between the daytime and nighttime hours. In this study we focus on the nighttime 
hours in order to improve the general signal to noise ratio. 

 
Figure 2 The noise variation with local hours for 3 nodes in the SB3D array, which clearly reveals day-night variation. 

 
In this work, the P waves are picked with a short-time-average over long-time-average 
(STA/LTA)-based picker (Withers et al., 1998).  The window lengths of 0.25 and 10.0 s are used 
for the STA and LTA, respectively. The STA/LTA algorithm registers a detection when the ratio 
of the two averages (each calculated as the root mean square signal amplitude) exceeds an onset 
threshold of 5 and remains above a secondary threshold of 2 for at least 2 s. The continuous data 
is bandpass filtered to 2-8 Hz. The lower end is to avoid the strongest ocean microseism energy 
and the upper end to avoid the vibrator signal of the active survey. 
 
Recordings are contaminated by various anthropogenic noise sources, such as traffic from local 
freeways and active pumping during oil extraction (Snover et al., 2021). We excluded Sunday 
nights from the analysis with the Long Beach array because the contractor used the time period 
to run the vibrator sources a full power near the Long Beach Airport. The bandpass filter of 2-8 



Hz is designed to remove the vibrator frequency higher than 8 Hz. In normal operations, the 
vibrators are only operated during the day time at highly reduced power. We also see some 
detected events clustered around the Long Beach airport only in the day time. For this reason, we 
focus on presenting the nighttime results (9 p.m.-5 a.m. local time).  
 
The second step is to associate the single station-based picks into events. The STA/LTA method 
can be triggered by spurious signals that originate from shallow noise sources in the vicinity of 
the geophones. Therefore, we associate the picks in both time and space to mitigate the false 
detections. It takes a maximum of 2 s seconds for P-waves to traverse the arrays, and hence, a 
quick way to associate the events is to count the number of single-station picks within a 2-second 
sliding window. If at any moment the number of picks is larger than two standard deviations 
from the mean of a day, a potential event is declared at this time (Figure 3). 
 
After the association, the events are further screened by a spatial coherence filter. The local 
anthropogenic noise may trigger nearby sensors but not usually the sensors away from the 
triggered one. For each associated event and particular sensor, the number of sensors that are 
triggered within 1 km of the particular sensor is counted and only when this is over 20% of all 
the sensors, the pick is kept. After the spatial clustering, the number of events decreases from 
more than 600,000 to about 50,000. This process eliminates most of the uncorrelated random 
picks that occur. 
 
The events are located by a cascade of methods designed to improve locations. For the initial 
location, the events are individually located using the algorithm NonLinLoc (Lomax et al., 
2009), which is a probabilistic, global-search approach. During the grid search, it is assumed that 
both velocity model and picks can produce 0.5 s errors. This input prior uncertainty is quite 
large, and could be improved with path-dependent error. After that, a double-difference 
relocation is performed to refine the relative location. The differential times of all the event pairs 
are calculated with cross-correlation of waveform in a window around the P wave arrival times 
(0.5 s before and 2 s after). The differential travel times obtained by cross-correlating waveforms 
are input into GrowClust (Trugman & Shearer, 2017), which is a cluster-based double-difference 
relocation algorithm. A minimum of 8 differential travel times and a minimum cross-correlation 
coefficient of 0.7 are required to relocate each event pair. For both absolute and relative location,  
SCEC-CVMS model is used (Small et al., 2017). The event is kept if it is relocated by 
GrowClust. After relocation, the number of events decreases from 50,000 to 3363. 
 
The local magnitude of the events can be estimated with a simple regression based on the largest 
amplitudes and hypocentral distances recorded at the sensors (Richter, 1935): 
 𝑀! = log"# 𝐴 + 𝑎 log"# Δ + 𝑏, (1) 

Where A is the peak amplitude of the P-wave waveform recorded at a station with epicentral 
distance Δ. The empirical parameters 𝑎 and 𝑏 in the equation are calibrated using 11 known 
events in the SCSN catalog that are close to the arrays.  
 



 

 
Figure 3 Detection and Association. (a) The waveforms for a sample event. (b) STA/LTA detection function of the event in (a). (c) 
The number of the single-station picks in a 2-sec sliding window for the picks in (b). (d) The spatial distribution of the raw picks. 
(e) the picks after the cluster filter.  

 
Results 
This study detected and located a total of 1263 nighttime events during a non-continuous period 
of 8 months in the Long Beach area. The resulting earthquake catalog is shown in Figure 4. The 
main feature of the seismicity is that the bulk of it is shallower than 2 km depth, with several 
large clusters along the NIF and around the Seal Beach Pier. The SCSN cataloged events are all 
detected and located with better-resolved hypocenter (Figure 5). However, they are not located in 
our relocated catalog, because the relocation requires multiple events with coherent waveform 
while the SCSN cataloged events are relatively large (~M2-3) and don’t have repeating 
counterparts within several months. Figure 6 shows two vertical cross-sections of the located 
events, with a high-resolution seismic reflection profile produced by 3DSeismicSolutions shown 
in the background. It shows the diffuse seismicity and the fractured seismic section show the NIF 
is a wide splay zone. A new fault named the Garden Grove Fault (GGF) from oil-company 
analysis is also evident in the cross-section.  



 
 

Figure 4 Map of the cataloged nighttime events in the Long Beach area, with color showing depth and size showing magnitude.  

 
Figure 5 Comparison between the earthquake location in SCSN catalog and our result. (a) Epicenters of SCSN catalog in red and 
our located results in blue. The dots show the sensors with color indicating the picked travel times. (b) waveform and predicted P 
wave arrival time using the two hypocenters in (a).  



 

 
Figure 6 Seismicity Cross-sections. (a) Map view of the two cross sections AA’ and BB’ perpendicular to the NIF and the LAF. (b) 
The relocated seismicity with the high-resolution seismic reflection profile produced by 3DSeismicSolutions in the background. 
Both the seismicity and seismic section show the NIF is a wide splay zone. The Los Alamitos Fault (LAF) is shown as sharp linear 
feature. A new fault named the Garden Grove Fault (GGF) is evident. 

 
Discussion  
Active Faults Beneath Long Beach 
The Long Beach/Seal Beach area is crossed by the southern portion of the NIF, which appears to 
be a strike-slip fault with a single main strand. Detailed subsurface mapping of the oil fields 
along the NIF has revealed a variety of complex structural patterns, and many of these cannot 
easily be reconciled with a pure strike-slip origin (Wright, 1991). The formation of the splay 
features may be related to the tectonic environment of the LA basin, of which the regional stress 
field transitioned from extension to compression (Harding, 1973; Williams et al., 1989). Previous 
results support the idea that the NIF changes character along strike. In Long beach, it is a 
relatively simple fault with a pair of strands. In Seal Beach, it is a flower structure with several 
splays currently active. Inbal et al. (2015) located the seismicity in Long Beach with the depths 
gradually increase to the northeast of the NIF, indicating a dipping structure. Our seismicity 
locations in the very shallow depth confirms that the NIF is actually dispersed at the surface 
(Figure 6). 
 
The active source portion of the Seal Beach array was processed by 3Dseismicsolutions Inc. to 
produce 3D reflection images of the subsurface. The top one second of these images (about 1 km 
in depth) are shown in Figure 6. Their analysis has identified a previously unknown fault with 
significant offset, in the area between the NIF and LAF faults, which they have named the 
Garden Grove Fault. The unmapped Garden Grove Fault is active and adds to the seismic hazard 
of the area. This fault is also seen in the seismicity shown in Figure 6. They have also identified 
a number of other faults, one of which aligns with the seismicity shown in Figure 7. The 
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seismicity pattern along the NW-SW trend is at a 10-degree angle to the shoreline as does the 
mapped fault. The seismicity ceases near the Alamintos River where the fault is cut through by 
another orthogonal fault (Figure 7).  The southern end of both the fault and the seismicity is 
determined by the extent of the Seal Beach survey. 
 

 
Figure 7 Shallow Seismicity and a new Fault. The seismicity in the SE corner of the Seal Beach array identifies a fault along the 
coast that is also identified in the interpretation of the seismic data by the company 3dseismicsolutions. This fault is intersected 
or truncated on the NW by another fault. Note that this seismicity is about 2-3 km away from the Seal Beach oilfield, which is 
shown by the turquoise dot in the left image. The small yellow dot in both images is the location is the Seal Beach Pier.  

 
Shallow seismicity 
One notable feature is that most of the events are clustered at very shallow depth (<2 km). 
Although the earthquakes in the SCSN catalog and the template matching-based QTM catalog 
using regional stations (Ross et al., 2019) are deeper than 6 km, previous seismicity study using 
the Long Beach and Extended Long Beach arrays present similar results showing the seismicity 
is clustered in the top 5 km (Li et al., 2018; Yang et al., 2021). We did not detect any deep events 
but as shown by Inbal et al. (2016), detecting deep earthquakes in a noisy urban environment 
requires spatial filtering to reduce surface noise. Applying such a filter in this study would 
attenuate the detected shallow seismicity. 
 
Relatively little is known about very shallow seismogenesis. Long (2019) summaries the studies 
on shallow seismicity swarms in southeastern U.S. and proposes a positive feedback mechanism 
to account for the mechanics of shallow seismicity. The key is a low-stress environment rather 
than an increase in tectonic stress. In a low-stress environment, fractures can be open and filled 
with fluid and can be held open further by their asperities. During faulting, the reduction in 
fracture volume increases the fluid pressure, enhancing the capability of fluids to trigger more 
earthquakes. This mechanism works only at shallow depths and low stress where fractures and 
faults can hold fluids. In this fluid-rich environment, the shallow seismicity may deviate from 
those properties at greater depth. The focal mechanisms of shallow induced seismicity are 
associated with joint directions (Zoback & Hickman, 1982). The spectral decay of shallow 
seismicity is more rapid (Marion & Long, 1980). Many studies have also pointed that the 
shallow earthquakes generally have higher than normal b-values (Li et al., 2015; Meng et al., 
2018; Mori & Abercrombie, 1997; Spada et al., 2013), which is consistent with the mechanism 
that they nucleate at lower differential stress (Scholz, 2015). Our magnitude estimation also 
observes this higher-than-normal b-value. Does shallow seismicity increase seismic hazard? 



Main earthquake rupture will still be at 6-10 km depth, but shallow seismicity indicates there are 
many possible paths that the rupture can propagate to the surface.  
 
Daytime and nighttime variation 
The hourly distributions of seismicity in all areas typically show a bay-shape distribution with a 
significant increase in the number of earthquakes at night due to the detectability. Indeed our 
results show that the number of events detected per hour in the night time is higher than that in 
the day time. The clusters of the events that appear during the daytime do not appear to 
correspond to areas of the city where we expect to have anthropological noise such as freeways 
and rail lines, industrial areas, port area, oil fields. The events number-magnitude distribution 
also differs between the daytime and nighttime events. The depth distribution shows that daytime 
event depth peaks at the surface while the nighttime events do not. Currently we only use 
nighttime detections as seismicity but it’s necessary to build a procedure for distinguishing 
between earthquake and anthropogenic noise sources. 
 
Conclusions  
We use three dense urban exploration seismic networks in Long Beach, CA to detect and locate 
local seismicity. Besides the documented events from outside the arrays in SCSN catalog, a large 
number of shallow events inside the array are detected. The location results suggest the Newport-
Inglewood fault is a wide splayed fault in this area. The seismicity pattern also compares well 
with some newly identified faults from reflection seismic surveys. The shallow events call for 
attention on the potential shallow seismicity-related hazard.  
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