
Evaluation of Deep, Widespread Seismicity beneath 

Long Beach through Deep-Learning-based Noise 

Suppression and Reverse-Time Migration 

 

Principal Investigator: Gregory C. Beroza  

Postdoctoral Associate: Lei Yang 

Department of Geophysics, Stanford University  

Microseismic location is the primary approach to illuminating the subsurface 
rupture for potential earthquake hazards1-3. The frequency of earthquakes 
increases exponentially as the magnitude decreases4, while the detection and 
location for these small events become challenging due to the seismic noise 
from the Earth’s surface. Previous studies reported widespread small 
earthquakes down to the upper mantle under Los Angeles5,6. These unusual 
deep detections are contrary to our widely held notion that seismicity on 
continental faults is confined to the crust, with the lower crust and upper mantle 
deforming aseismically7-9. Here we revisit the finding of widespread deep 
seismicity in the upper mantle imaged with a dense, temporary nodal seismic 
array in Long Beach, California using back-projection to detect candidate 
events, and trace randomization to develop a reliable imaging threshold for 
candidate detections. We find that nearly all detections of small events at 
depths greater than 20 km in the upper mantle fall below the reliability threshold. 
We find a modest number of small, shallower events in the crust that appear to 
align with the active Newport-Inglewood Fault. These events occur primarily at 
15-20 km depth near the base of the seismogenic zone. Localized seismicity 
under fault zones is consistent with the notion that the deep extensions of active 
faults are localized and deforming, with stress concentration leading to a 
concentration of small events, near the seismic-aseismic transition. 

Metropolitan Los Angeles is within the actively deforming Pacific-North 
America plate boundary. The Newport-Inglewood Fault Zone (NIFZ) is among 
the most prominent active faults within and/or bounding the Los Angeles Basin, 
and extends from a northwestern terminus near the Santa Monica-Hollywood 
Fault to Newport Beach (Fig. 1a), where it continues offshore. The NIFZ is an 
active right-lateral strike-slip fault system, with at least five ML ≥ 4.9 earthquakes 
since 1920, including the 1933 Long Beach earthquake (ML = 6.3)10, which is 
the second deadliest earthquake in California history. 
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Fig. 1 | Map of LA Basin and Long Beach phase B deployment. a, Map of 
Los Angeles Basin showing the Newport-Inglewood Fault and other faults (LB: 
Long Beach; VF: Verdugo Fault; ERF: Eagle Rock Fault; EMF: East Montebello 
Fault; WHF: Workman Hill Fault). Red star shows epicenter of the 1933 Long 
Beach earthquake. Blue and green polygons outline the Long Beach phase A 
and B, deployments. Blue dot is epicenter of a local M 2.1 earthquake that 
occurred during the deployment of phase B. OO’ is a profile across the 
epicenter. b, Map of Phase B deployment. Stripe of missing sensors in the 
upper left is the Long Beach Airport runway. Narrow gap in the northern and 
eastern part of the deployment tracks the I-405 Freeway. Black lines show 
mapped surface trace of the Newport-Inglewood Fault. Red dashed rectangle 
is the surficial boundary for the 3D imaging cube we use in our analysis.  

The shallow part of the NIFZ has been resolved to some extent11-13, but its 
deep structure is less clear. Microearthquake monitoring is the primary tool for 
delineating the deep geometry of active faults14. Microseismicity also provides 
crucial information on deformation processes, including potentially earthquake 
nucleation. Detection of small earthquakes, however, is hampered by the 
sparsity of seismic networks and high-levels seismic noise in this setting. The 
level of small earthquake signals barely exceeds the low noise floor at the 
Earth’s surface on individual seismograms, and in urban settings, such as that 
for the NIFZ, the noise floor is high. As a result, traditional earthquake detection 
methods based on single or a few station measurements may fail to detect 
small microseismic events. Template matching15, data mining16, and machine 
learning17 methods have been developed for this purpose; however, in the 
presence of strong noise, these methods can be susceptible to a combination 
of lower sensitivity and more false detections.  
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Inbal et al.5 applied a novel approach to detect microseismic events along 
the NIFZ using waveforms recorded by the Long Beach nodal deployment with 
dense, ~100 m, spacing, in urban settings. To suppress cultural noise, they 
performed downward continuation to back propagate the wavefield from the 
surface to 5 km depth, then applied back-projection (BP) to image/locate 
seismicity at depth. They found widespread seismicity in the lowermost crust 
and upper mantle at depths greater than 20 km. These results paired with 
geochemical evidence from helium isotopes along the NIFZ18, led Inbal et al.6 
to conclude that the NIFZ is seismically active down to the upper mantle. They 
proposed a new conceptual framework of deep deformation that involves a 
combination of aseismic ductile flow with interspersed seismogenic deformation. 

Inbal et al.’s finding5,6 challenges the widely held notion that seismicity on 
continental faults is confined to the crust, with deformation in the lower crust 
and upper mantle accommodated aseismically7-9. Li et al.19 followed this work 
with a new detection approach that exploits local waveform similarity and 
applied it to the Long Beach dense array data to detect very weak 
microseismicity. They analyzed one week of data and found that most of the 
earthquakes occurred in the shallow crust. They suggested that the difference 
is because Inbal et al. used downward continuation to enhance earthquake 
detection at greater depths and suppress earthquake detection above 5 km. 
They were measured in their interpretation, however, because they only 
performed their grid search over horizontal space and not over depth.  These 
seemingly contrary results on the seismogenic depth of the high-risk active fault 
zone led us to re-examine the seismic location/imaging results. In this paper, 
we study the spatial distribution of earthquakes imaged based with Long Beach 
dense array data, demonstrate that most of the candidate upper-mantle events 
are likely artifacts, and identify a subset of shallower, small events that are more 
likely to be real events with their own characteristic distribution pattern.  

The data were collected by Signal Hill Petroleum, initially for the purpose of 
oil and gas exploration, but because of its deployment straddling important 
faults in Southern California, and unusually high spatial density, some of the 
data have been openly shared for seismological research. The Long Beach 
dense array with ~100 m spacing was deployed in two phases (Fig. 1a, A and 
B). Phase A covered an area of 10 km × 7 km and included approximately 5,200 
vertical 10 Hz geophones with sampling frequency at 500 Hz. It operated for 
the first six months of 2011. Phase B extended the original survey towards the 
east, using the identical sensors, and sharing similar tectonic setting above a 
branch of the NIFZ. It covered an area of 8.5 km × 4.5 km with approximately 
2,500 sensors and operated for the first three months of 2012. We work on the 
phase B dataset, the volume of which exceeds 50 terabytes. Figure 1b shows 
the map of Long Beach phase B deployment.  With time-frequency domain 
analysis of sections of seismograms, we find a variety of cultural noise sources 
(traffic, airplane, helicopter) within a 220 s seismogram (Extended Data Fig. 1a), 
which are similar to those in Meng and Ben-Zion20. We show other unidentified 



transient signals in Extended Data Fig. 1b, c. Extended Data Fig. 1 conveys 
some of the challenges with working at high noise levels. The conventional 
approach of detecting phases on individual seismograms, phase association 
with events, and event location is infeasible for weak signals in the presence of 
strong non-stationary noise from such sources. 

Another factor that limits earthquake detection is the narrow aperture of the 
Long Beach deployment with respect to the target depth of microseismic 
sources. We perform synthetic tests to assess the imaging resolution of the BP 
method (see Supplementary Material for details). For shallow sources, we find 
that BP has good resolution in both horizontal and vertical directions; however, 
for deep sources the imaging resolution deteriorates, particularly in the vertical 
direction, due to small variability of traveltime difference at these depths21. With 
an approximate 10 km aperture for the detection at 24 km depth (Extended 
Data Fig. 2c), we cannot easily differentiate between sources ranging from 22 
to 28 km depth. The real data will be yet more challenging, with stronger and 
more varied noise sources, inaccurate velocity model, etc. Thus, with the limited 
available aperture, we should be able to detect sources, but we expect it to be 
challenging to localize the depths, for events greater than 20 km. 

We evaluate the significance of a detection by comparing the strength of 
BP images in the original vs. trace-randomized Long Beach dense array data 
for the validation of earthquake location (Methods, Extended Data Fig. 3). 
Trace-randomization (TR) involves randomly reassigning the seismic 
recordings to receivers at different locations rather than the original receiver 
location. We would not expect a true image to form, but the signals accurately 
represent the noise levels, bandwidth of the original signals, and geometry of 
the array. Maxima in our image space for trace-randomized back projections 
provide a lower-bound on the strength of detections required for confidence that 
the results represent true earthquake detections rather than artifacts due to 
random and fortuitous alignment of local noise sources. Only if the maximum 
amplitude of the imaged source location is higher than that from randomized 
waveforms are the original waveforms likely to come from a real source.  

Inbal et al.5,6 analyzed Phase A of the Long Beach array deployment. We 
analyzed the adjacent Phase B. Given the immediate proximity of these data 
sets and the massive number of detections reported previously, we expect that 
our results should generalize to phase A. We image earthquake sources below 
the Long Beach Phase B deployment following the data processing workflow 
shown in Extended Data Fig. 4. We do not perform downward continuation, 
which is equivalent to back propagating the time-reversed seismic recording 
from surface and recording the new wavefield at another depth22. Extended 
Data Fig. 5 shows that after downward continuation, the signal-to-noise ratio 
(snr) for traces near the source increases, while that for traces farther away 
from the source decreases. Downward continuation does not improve the BP 
imaging quality, however, it suppresses the detection of near-surface sources.  



Figure 2a and b show the BP imaging results of Julian day 28, 2012 (during 
local night between 10 p.m. – 4 a.m.), based on original data and trace-
randomized data, respectively. We adopt the same detection threshold value 
for trace-randomized data as that for original data. In the 3D imaging cube, each 
dot represents one detection, with its color indicating the depth. From Fig. 2a 
and b, we find similar patterns of the earthquake depth distribution before and 
after TR. The statistics of the earthquakes at different depths and the BP energy 
before and after data TR is shown in Fig. 2d. In summary, we find: 

� Within the range of 0-20 km depth, the number of detections in both the 
original and trace-randomized data decreases with increasing depth. The 
BP imaging results with only random noise show a similar pattern 
(Extended Data Fig. 6); 

� At 20-25 km - the deepest 5 km interval, the number of detections in the 
original data is greater than in 5-10 km, 10-15 km and 15-20 km intervals. 
This is likely because the incident energy from the local/regional events 
outside the 3D imaging cube can result in detections at the boundary of the 
cube as we demonstrate below; 

� After TR, the number of the detections decreases by 23.73%, while the BP 
energy for these events decreases by 27.35%. The fact that most of the 
detection and energy remains before and after TR indicates that most of 
the detections could be artifacts, rather than real earthquake sources. 

 

Fig. 2 | Earthquake imaging/location. Left and center panels show the BP 
imaging results of Julian day 28, 2012 night time (local) on original and trace-
randomized data, respectively; Right panel shows the BP imaging result on the 
same data using the new detection threshold.  Nearly all previous detections, 
particularly deep detections, do not meet the detection threshold. 

We use the same detection threshold as Inbal et al. (9), which is five times the 
median absolute deviation (MAD) of the noise distribution. Inbal et al. set this 
detection threshold based on the assumption of a Gaussian noise distribution. 
They produced synthetic tests by generating 1000 realizations (windows) of 
Gaussian noise with variance equal to the variance of the BP images, fitting a 
Gumbel distribution to the maximum value of each realization, and calculating 
the probability of exceeding 5-MAD at 3.22 × 10−7. We compare the Gumbel 



distribution to the real data by fitting the distribution of peak amplitude values 
from all time windows at each imaging grid point. We find that the real data 
does not follow the Gumbel distribution (Extended Data Fig. 7a), but is better 
described by a generalized extreme value (GEV) distribution with c = 0.16852). 
Assuming the maxima of noise data follows the GEV distribution, we estimate 
that the probability exceeding 5-MAD is 0.001549, which leads to an 
expectation of 17 out of 10,800 time windows (9 hours). We count a total 
number of 59 peak values from the time windows exceeding 5-MAD. The 
number of false detections (17) is non-trivial compared with the total detections 
(59).  

Some false detections in the 3D imaging cube may come from 
local/regional earthquakes originating outside of the 3D cube and localized non-
earthquake sources at that surface. We show a local M 2.1 earthquake with 
hypocenter 2.5 km away from the western boundary of the 3D imaging cube 
(blue dot in Fig. 1a) accounting for one detection (red circle) at the boundary of 
the 3D cube in Extended Data Fig. 8a. This can explain the concentration of 
detections at the bottom and four vertical surfaces that bound the imaging 
volume. We also image an anomalously large number of events clustering at 
the northwest corner of the surface and far more detections through the entire 
imaging cube from top to bottom on Julian day 29, 2012, which were from 
vibroseis sources. The vibroseis operating near the northwest corner of the 
imaging volume led to many apparent detections located far from the causative 
source, indicating that localized non-earthquake sources at that surface can 
result in deep location artifacts. 

TR also provides a useful criterion for the event detection from data with 
non-stationary noise. That is, only if the maximum amplitude for a potential 
detection decreases by an amount larger than the detection threshold after TR, 
can it be confirmed as a reliable detection. We apply this criterion to image 
microseismic events. Because the snr for most microseismicity is low, we 
repeat BP on multiple sets of trace-randomized data to obtain a stable result. 
We remove from further consideration those detections that locate at the cube 
boundary from the earthquake relocation results. Figure 2c shows the 
microseismic relocation result for Julian day 28, 2012. We find a large reduction 
in the number of detections. Figure 3a and b show the slices for different depth 
ranges. We do not find evidence for widespread, deep earthquakes below 20 
km as reported by Inbal et al. (9, 11). Although no clear earthquake trend is 
observed from the near surface to 15 km depth, the detections in the 15-20 km 
depth range appear to correlate somewhat with the surface fault traces. The 
densest detection area (roughly x: 1293.8 ~ 1294.4 km, y: 1230 ~1231 km) 
matches the fault junction. When we slightly increase the detection threshold, 
the remaining dots in the depth slice of 0~5 km match the fault trace (Fig. 3b), 
and the missing dots in the upper-right part of the panel follow the traces of the 
freeway at the surface (narrow gaps within the deployment sensors in Fig. 1b).  
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Fig. 3 | Horizontal slices for earthquake detection on Julian day 28, 2012 
(night time) under the new criterion. a, Horizontal slices for different depth 
ranges of 0-5 km, 5-10 km, 10-15 km, 15-20 km and 20-25 km, respectively. b, 
Horizontal slice for 0-5 km depth range under a slightly higher detection 
threshold.  

 

Fig. 4 | Schematic plot for the strain rate at seismogenic depth. 

 

The result showing that small events at 15-20 km follow the surficial fault 
traces (Fig. 3a) suggests a seismogenic model in which the base of the 
seismogenic zone accommodates more seismic activity than faults at shallower 
depth (Fig. 4). Assuming the base of the seismogenic zone extends to 15 km 
depth and transitions from locked to slipping below that, the shear stress should 
increase at the boundary, much as stress/strain are focused on stuck sections 
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of otherwise creeping faults (19). These, and other, results from dense-array 
monitoring suggest there may be much we can learn from such data, 
particularly as dense nodal instrumentation and distributed acoustic sensing 
are more routinely deployed.   
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