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Abstract

Seismicity can help to locate fault zones that are often difficult to characterize in
densely populated urban areas. In this study, we use three dense nodal arrays consist-
ing of thousands of sensors to detect and locate seismic events in the Long Beach-Seal
Beach area of California. Small events can be detected at sufficient signal-to-noise levels
during the night, when urban noise is relatively low. We detect and locate > 1000
events with M, below 2. Most of the located events are clustered at very shallow depth

(0-2 km). The results support previous suggestions that the shallow 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, which elude detection by the regional seismic network, underscore the complex

nature of the faults and their seismic hazard.

Introduction
According to modern assessment (e.g., Field et al., 2015), seis-
mic hazard in the Los Angeles and the Long Beach area,
California, is largely controlled by the Newport-Inglewood
fault (NIF; Taber, 1920). Several studies have concluded that
the damaging 1933 Long Beach earthquake (Wood et al.,
1933) occurred on the NIF, rupturing from southeast to north-
west (Hauksson and Gross, 1991; Hough and Graves, 2020),
with the significant damage concentrated in the Long Beach
and south Los Angeles areas (Wood et al., 1933; Hough
and Graves, 2020). The NIF is predominantly a strike-slip fault
with an estimated 60 km cumulative offset, but it does not have
significant seismicity associated with it (Hauksson, 1987).
There are a large number of major oil fields along the NIF
(Eaton, 1933), and cross sections derived as part of hydrocar-
bon exploration show that the NIF starts to splay at depths
shallower than 5 km (Gish and Boljen, 2021). Detailed char-
acterization of hazard in this densely populated urban area has
been hindered by the paucity of modern seismicity and the
complexity of shallow fault structures.

The current Southern California Seismic Network (SCSN)
catalog has located a total of 546 events from 1932 to 2008 with
a nominal magnitude of completeness of M. > 1.8 (Hutton
et al., 2010) and a total of 199 events from 2008 to 2018 using
template matching methods with a nominal magnitude of
completeness of M. > 0.3 (Ross et al., 2019, Fig. 1). This zone
is also unusual for southern California in that it has a number
of deep events (below 15 km). There have been 49 such events
in the SCSN catalog in the past 20 yr. Some of these events are
actually below the Moho, according to studies by Inbal et al.
(2015, 2016) using part of the same arrays’ data used in this
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study. Detecting and locating these deep events required pre-
processing to reduce the surface noise, which consisted of
downward continuation of the recorded wavefield to a depth
of 5 km (Inbal et al, 2016). 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), who showed that the deep events are not evident with
standard processing. The downward continuation step pre-
cludes detection of earthquakes shallower than 5 km depth.
In this study, we develop methodology to detect and locate
shallow events.

The paucity of cataloged seismicity may be due to the
sparse SCSN network (interstation spacing of 10 km or
~0.01 stations/km?) in the Long Beach area. In this study,
we use three temporary, dense-array surveys deployed in the
area for oil exploration (Fig. 1). These arrays comprise short-
period vertical sensors that have a spatial density of
~100 sensors/km?, which facilitates the detection of small local
earthquakes. The study area is, however, a very noisy urban
region, and this makes it a challenge to detect weak seismicity.
In this article, we exploit the density of the array to detect the
coherent signals of the shallow seismicity. Modern methods
such as template matching (Shelly et al, 2007; Ross et al,
2019) and machine learning approaches (Ross et al., 2018;
Zhu and Beroza, 2019; Mousavi et al., 2020) cannot be used
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directly because of the lack of templates or a training set for the
nodal arrays and the seismicity in this area. Therefore, we use a
standard short-term average/long-term average (STA/LTA)
method and a spatial clustering filter to exploit station density.
One of the challenges of this study is that shallow detection is
often associated with anthropological activities; therefore, we
focus on the nighttime events, when the urban area is consid-
erably quieter seismically, as shown in Figure 2.

Data and Methods

Data used in this study come from three separate surveys that
occurred at different times and were deployed for different
lengths of time. The survey 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 ver-
tical short-period velocity sensor with a lower-frequency corner
of 10 Hz. Previous studies with these data have shown that these
instruments have sensitivity to frequencies as low as ~0.1 Hz
(Lin et al., 2013; Castellanos et al., 2020). The data were recorded
continuously at 500 Hz sampling rates and were then down-
sampled to 250 Hz.

The Long Beach-Seal Beach study area has a high level of
cultural noise that varies significantly over the span of a day.
Figure 2 shows the hourly root mean square (rms) energy aver-
aged over the stations of the Seal Beach array and the duration
of the survey. There is a factor of approximately two difference
in noise levels between daytime and nighttime hours. Because
the focus of our study is on elucidation of shallow fault struc-
tures rather than catalog completeness, we restrict our analysis
to nighttime hours (9 p.m. to 5 a.m. Pacific time) to maximize
the signal-to-noise ratio. We excluded Sunday nights from the
analysis with the Long Beach array because the seismic-survey
contractor used this time period to run the vibrator sources at
full power near the Long Beach airport. The band-pass filter of
2-8 Hz is designed to remove the vibrator sweep frequencies,
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Figure 1. (a) Map of the study area. The lower left inset map
shows the location of the study area within California. The red
dots show seismicity from the template matching—based catalog
(Ross et al., 2019), the focal mechanism plot is the focal
mechanism for the 1933 M 6.4 Long Beach earthquake
(Hauksson and Gross, 1991), and the black lines are the known
faults from the U.S. Geological Survey (USGS) Quaternary Fault
and Fold Database. The orange triangles represent the Southern
California Seismic Network (SCSN) stations. The red, blue, and
magenta lines outline the Long Beach (LB3D), Seal Beach (SB3D),
and extended Long Beach (ELB) arrays, respectively. (b) The
zoomed-in view of the three nodal arrays is shown on the right,
with dots showing the location of the sensors. LA, Los Angeles;
LAF, Los Alamitos fault; NIF, Newport-Inglewood fault.

which is 8-80 Hz. In normal operations, the vibrators are only
operated during the daytime at highly reduced power (Snover
et al., 2020). Some machine learning denoisers are proposed
recently to remove the urban noise (Yang et al, 2022), but
these methods are based on trace-by-trace method and may
degrade the spatial correlated pattern of the earthquakes
recorded in a dense nodal array (Fig. S1, available in the sup-
plemental material to this article).

In this study, the P waves are picked with an STA/LTA-
based picker (Bungum et al, 1971; Withers et al., 1998;
White et al., 2019). 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 aver-
ages (each calculated as the rms signal amplitude) exceeds an
onset threshold of 5 and remains above a secondary threshold
of 2 for at least 2 s.

The second step is to associate the single station-based picks
into events. The STA/LTA method can be triggered by spuri-
ous 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
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Figure 2. The noise amplitude variation with local hours. The
curve is averaged over all the nodes in the SB3D array and for all
the dates, which clearly reveals day—night anthropogenic noise
variation and rush hours. rms, root mean square.

a maximum of 2 s for P waves to traverse the arrays, and hence,
a quick way to associate events is to count the number of sin-
gle-station picks within a 2 s sliding window. If, at any
moment, the number of picks is larger than two standard devi-
ations from the mean of a day, a potential event is declared
(Fig. 3).

After the association, candidate events are further screened by
a spatial coherence filter. The local anthropogenic noise may trig-
ger nearby sensors but not usually the sensors away from the
triggered one. For a pick at sensor to be kept in the associated
event, we require that 20% of sensors within 1 km of that sensor
to also have picks (Fig. 3f). After the spatial clustering, the num-
ber of events decreases from >600,000 to ~50,000. This process
eliminates most of the uncorrelated random picks.

Identified events are located by a cascade of methods designed
to improve locations. For the initial location, the events are indi-
vidually located using the algorithm NonLinLoc (Lomax et al.,
2000, 2014), which is a probabilistic, global-search approach.
During the grid search, it is assumed that both the velocity model
and picks can produce 0.5 s errors. This input prior uncertainty
is quite large and could be improved using a path-dependent
error. After this, 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 the waveforms
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 and Shearer,
2017), which is a cluster-based double-difference relocation algo-
rithm. A minimum of eight differential travel times and a mini-
mum cross-correlation coefficient of 0.7 are required to relocate
each event pair. For both absolute and relative location, a 1D
Volume XX« Number XX
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TABLE 1
General Information about the Three Arrays

Date Number
ID (yyyy/mm/dd-yyyy/mmi/dd) 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 5228 Seal Beach

(span of complete array)

ELB, extended Long Beach; LB3D, Long Beach; SB3D, Seal Beach.

velocity model averaged from the Southern California
Earthquake Center Community Velocity Models (SCEC-CVMs)
in this region is used (Small et al, 2017). The event is kept if
either is relocated by GrowClust or has an uncertainty (estimated
by NonLinLoc) <2 km. After relocation, the number of events
decreases from 50,000 to 3363 (including day and night). We
use bootstrapping to estimate the error of the relocation results
(Trugman and Shearer, 2017). The resulted average horizontal
error is 0.12 km, and the average vertical error is 0.16 km.
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 as used in a
Wood-Anderson seismograph (Richter, 1935):

My =log,, A + alog,y A+ b, (1)

in which A is the peak amplitude of the P-wave waveform
recorded at a station with epicentral distance A. For calibra-
tion, we use a total of 11 events that are already recorded
in the SCSN catalog and are located closest to the nodal array.
Given the accurate magnitudes M; from the SCSN catalog and
the peak amplitudes A and the epicentral distances A based on
the recordings of our nodes, we can optimize the empirical
parameters a and b in the equation with linear regression.
We have the resulted best-fitted a = 0.4958 and b = 1.8517.
With the fixed parameters a and b, we calculate the magnitude
for the events that are not in the SCSN catalog but detected and
located by the nodal arrays. For each event, we determine its
magnitude using the median of the magnitudes calculated by
all the nodes following equation (1).

Results

The nearby SCSN cataloged events are all detected and located
with better-resolved hypocenters (Fig. 4). They are not, how-
ever, included in our relocated catalog because they are outside
the array area, and the relocation requires multiple events with
coherent waveforms. The SCSN cataloged events are relatively
large (M,, ~2) and do not have repeating counterparts within
several months. We detected, located, and relocated a total of
1262 nighttime events during a noncontinuous period of eight
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Figure 3. The scheme of detection and association. (a) The 15 s continuous waveforms around a
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detected event for all the sensors in SB3D array. (b) Similar to panel (a) but only for all the picked
sensors. (¢) Short-term average/long-term average (STA/LTA) of the data in panel (a). (d) Similar to
panel (c) but only for all the picked sensors. (e) The number of the single-station picks in a 2 s sliding
window for the picks in panel (c). The nodes plotted in (b) and (d) are picked based on the window
with peak values. (f) The spatial distribution of all the picked sensors for this event, with colors
showing the picked arrival times. Black circles represent the sensors that were picked during this
event but did not pass the following spatial clustering for association.

months in the Long Beach area. The magnitudes of these
events range between 0.40 and 1.34 with a mean value of
0.81. The distribution of the located seismicity is shown in
Figure 5. 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. Figure 5 shows
two vertical cross sections of the located events, one of which
has a high-resolution seismic reflection profile produced by 3D
Seismic Solutions Inc shown in the background. The diffuse
seismicity and the complicated seismic section show that at
shallow depths, the NIF is a wide splay zone with a width
>1 km. A new fault between the Los Alamitos fault (LAF)
and the NIF and north of the Garden Grove fault (GGF) newly
detected by oil company analysis is evident in the cross sec-

tion (Fig. 5).

4 Seismological Research Letters

The hourly distribution of
seismicity in all areas typically
shows a bell-shaped distribution
with a significant increase in
the number of earthquakes at
night due to the decrease in
anthropogenic noise (Fig. 2).
Although we only present
nighttime events in this work,
we also processed daytime data
for comparison. Our results
show that the number of events
detected per hour in the night-
time is indeed higher than that
in the daytime. The clusters of
the events that appear during
the daytime are mostly located
around the Long Beach airport
but do not appear to correspond
to other areas of the city where
we expect to have anthropologi-
cal noise such as freeways and
rail lines, industrial areas, port
areas, and oil fields (Fig. S2).
The calculated magnitudes for
the daytime detections are sub-
stantially larger than that of
nighttime events, which is due
to the large amplitudes from
the strong cultural noise right
on the surface. The events
number-magnitude distribution
also differs between the daytime
and nighttime events (Fig. 6).
We use the maximum curvature
method to calculate the M,
(Wiemer and Wyss, 2000), in
which M. is set as the maxi-

mum of the first derivative of the discrete Gutenberg—Richter
law plot. Then we use all the events above M, to compute
the b-value and its uncertainty with the maximum-likelihood
estimate method (Aki, 1965). The daytime distribution is poorly
fit with a power law, whereas the nighttime distribution has a
regressed b-value of nearly 2 (Fig. 6). Currently, we do not
include daytime detections in our results because we do not
have a procedure for distinguishing between earthquake and

anthropogenic noise sources.

Discussion

Active faults beneath Long Beach

The study area, comprising parts of Long Beach and Seal
Beach, is crossed by the southern portion of the NIF, which
appears on the U.S. Geological Survey (USGS) fault map to
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be a strike-slip fault with a single main strand. Detailed subsur-
face mapping of the oil fields along the NIF has revealed a vari-
ety 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 is likely related
to the tectonic environment of the Los Angeles basin, in which
the regional stress field transitioned from extension to com-
pression (Harding, 1973; Williams et al, 1989). Previous
results support the idea that the NIF changes character along
strike (Wright, 1991). In Long Beach, the NIF is a relatively
simple fault with a pair of strands. In Seal Beach, the NIF is
a wide flower structure with several splays currently active.
Inbal et al. (2015) located the seismicity in Long Beach with
the depths gradually increasing to the northeast of the NIF,
indicating a dipping structure. The seismicity and the seismic
reflection profile confirm that the NIF is dispersed across a
zone that is at least 1 km wide at the surface (Fig. 5).

The active source portion of the Seal Beach array was proc-
essed by 3D Seismic Solutions Inc to produce 3D reflection
images of the subsurface (Gish and Boljen, 2021). The top sec-
ond of these images (~1 km in depth) is shown in Figure 5.
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 GGF. At least part of the
unmapped GGF is active, as shown in Figure 7. The seismicity
pattern along the northwest-southwest trend is at a 10° angle
to the shoreline as does the mapped fault. The seismicity ceases
near the San Gabriel River where the fault is cut through by
another orthogonal fault (Fig. 7). The southern end of both
the fault and the seismicity is determined by the extent of
the Seal Beach survey. The part of GGF without seismicity
-2023
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Figure 4. Comparison between the earthquake location in SCSN
catalog and this study. (a) Epicenters of SCSN catalog in red and
our located results in blue. The dots represent the sensors with
color indicating the picked travel times. (b) Waveform sorted by
the hypocenter in the red star in panel (a) with predicted P-wave
arrival time shown in red bars. (c) Similar to panel (b) but for the
hypocenter in blue in panel (a).

may be inactive during the very limited deployment duration.
It is also possible that the events’ frequency content is above the
highest frequency used in this article.

Shallow seismicity

One notable feature is that most of the events detected in this
study are clustered at very shallow depth (<2 km). Although the
earthquakes in the SCSN catalog and the template-matching-
based quake template matching catalog using regional stations
(Ross et al., 2019) are deeper than 6 km, previous studies 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.

Tectonic seismicity in southern California is rarely observed
shallower than 2 km (Sanders, 1990). A lack of near-source
station coverage or the use of generalized regional velocity
models has typically been considered as the cause of the large
uncertainty in the earthquake depth in published catalogs. A
sequence of unusually shallow earthquakes (<3 km) has been
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reported in 1993 inside the Rock Valley fault zone, Nevada
(Smith et al., 1993). The convincing evidence is the extremely
short S minus P times recorded in their near-source three-
component receiver. The nodal arrays in our study, however,
only have single vertical component. We attempted to use the
array data to determine focal mechanisms for identified earth-
quakes but were unsuccessful because spatial patterns were too
noisy to be interpretable. We suspect this is due to paths being
almost horizontal leaving the source (for shallow events) and
hence encountering strong near-surface heterogeneity and
scattering. An example is shown in Figure S3.

Relatively little is known about very shallow seismogenesis.
Long (2019) summarizes the studies on shallow seismicity
swarms in southeastern United States 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 or 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, shallow seismicity may have dif-
ferent properties from the seismicity at greater depth. The focal
mechanisms of shallow-induced seismicity are associated with
joint directions (Zoback and Hickman, 1982), and the spectral
decay of shallow seismicity is more rapid (Marion and Long,
1980). Many studies have also pointed that the shallow earth-
quakes generally have higher than normal b-values (Scholz,
1968; Mori and Abercrombie, 1997; Spada et al, 2013; Li
et al, 2015; Goebel et al, 2017; Meng et al, 2018; Riviére
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Figure 5. Distribution of the relocated nighttime events in the Long
Beach area shown as circles. (a) The horizontal view. The circles are
the events with their colors showing the depth and their sizes
showing the magnitude. The red lines show the fault traces in USGS
database (U.S. Geological Survey and California Geological Survey,
1993). The purple and the orange lines represent the recently
mapped thrust and normal faults of the Garden Grove fault (GGF)
zone, respectively (Gish and Boljen, 2021). The black lines mark the
location of the two cross sections shown in panels (b) and (c). The
gray shaded area depicts the ~250 m wide Alquist-Priolo zone as
previously estimated (California Division of Mines and Geology
[CDMG@], 1976). (b) Seismicity on the depth profile AA” with the red
dashed line showing the location where the NIF crosses the profile.
(c) Seismicity on the depth profile BB’ with the red dashed line
showing the locations where the NIF and LAF cross the profile. The
purple dashed lines show the locations where the GGF traces are
across the profile. The background shows the high-resolution
seismic reflection profile produced by 3DSeismicSolutions Inc. A
question mark is placed above our located seismicity, indicating a
possible unmapped fault in the region.

et al., 2018), which is consistent with the mechanism that they
nucleate at lower differential stress (Scholz, 2015). A key question
for hazard assessment is whether shallow seismicity increases
seismic hazard. Although we expect that large earthquakes likely
nucleate and release energy at 6-10 km depth, shallow seismicity
suggests that there are many possible paths for a rupture to
propagate to the surface. The regulatory zones surrounding
the surface traces of active faults in California are called the
Alquist-Priolo zone, which has a minimum extent of 50 ft from
the fault. Our results suggest that the zone of high hazard at the
surface may therefore be much wider than the Alquist-Priolo
zone indicates (Fig. 5).
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2.0 3.0 tion surveys. The two surveys in
the Long Beach area are property
of Signal Hill Petroleum LLC,
and permission to use the data
must be obtained from them.
The survey in the Seal Beach area
is managed by 3D Seismic
Solutions, and permission to use

(@)

may be obtained from that com-
pany. The
produced by this study is available

seismic  catalog

1843 11812 —t1841e —tig.10 —118.00r -t1scer (O) A \ at https://data.caltech. edufrecords/
- , - 0.0 = : . :
' °oF . ° 5ws5e-ddh43. The fault locations
33.75° 02 [—o uu%oo—go—"— in Figure 1 are publicly available
_ ® of © at  https://www.usgs.gov/natural-
£ o4 hazards/earthquake-hazards/
f‘:} 06 ° al o faults. The software used in this
a4 e - °C1i study are publicly available and
S N 08 ] downloaded from NonLinLoc
: — — I (https://github.com/alomax/
—— USGS faults GGF normal  —y— GGF thrust ‘ | R d |
Local magnitude: ~ ©0.5 o1 015 0 e 1o Nonlinloc) and - GrowClust
B Deoth (km) Longitude (https://github.com/dttrugman/
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GrowClust). All websites were last
accessed in March 2023.

Figure 7. A zoomed-in view of the cluster of shallow seismicity in the southeast corner of the study
region. (a) The seismicity 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 northwest by another fault. Note that this seismicity is ~2—-3 km away from the Seal Beach
oilfield. The symbols of the faults are the same as those in Figure 5. (b) Seismicity along the depth
profile AA’. The magnitude scale is the same as that in panel (a). The purple dashed line shows the
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