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Supplemental Material

We show reflectivity cross sections for the San Gabriel, Chino, and San Bernardino
basins north of Los Angeles (LA), California, determined from autocorrelations of ambi-
ent noise and teleseismic earthquake waves. These basins are thought to channel the
seismic energy from earthquakes on the San Andreas fault to LA, and a more accurate
model of their depth is important for hazard mitigation. We use the causal side of the
autocorrelation function (ACF) to determine the zero-offset reflection response. To min-
imize the smoothing effect of the source time function, we remove the common mode
from the autocorrelation to reveal the zero-offset reflection response. We apply this to
10 temporary nodal lines consisting of a total of 758 geophones with an intraline
spacing of 250–300 m. We also show that the ACF from teleseismic events can provide
illumination on the subsurface that is consistent with ambient noise. Both autocorre-
lation results compare favorably to receiver functions.

Introduction
Sedimentary basins with low velocities and densities can trap
and amplify seismic waves from earthquakes, resulting in
stronger and more prolonged ground shaking. This can pose
a threat to the urban infrastructure on top of these basins. The
San Gabriel, Chino, and San Bernardino basins northeast of
Los Angeles (LA) are located in a seismically activated area
near the southern segment of the San Andreas fault (SAF),
which has been identified as a major source for large earth-
quakes. These sedimentary basins can channel the earthquake
energy from the SAF toward the metropolitan LA.

Numerical simulations including TeraShake (Olsen et al.,
2006, 2008), ShakeOut (Graves et al., 2008), and CyberShake
(Graves et al., 2011) have shown intense ground motions in
the densely populated LA region from large ruptures on the
southern SAF. However, the accuracy of these simulations relies
heavily on the assumed velocity models. Denolle et al. (2014)
used ambient noise cross correlations to model virtual earth-
quakes on the SAF, predicting about four times stronger ground
shaking in downtown LA than the CyberShake simulations with
the current basin models. The less-constrained velocity models
for the northern LA basins, which can act as a waveguide in
channeling seismic energy into the city (Olsen et al., 2006),
are candidates for underestimation of the potential seismic haz-
ards in the aforementioned simulations.

The Basin Amplification Seismic Investigation (BASIN)
project was designed to better understand the structures and
material properties of the northern LA basins and to improve
earthquake hazard simulations and assessments in the LA met-
ropolitan area. The BASIN project deployed short-term dense

nodal arrays in the San Gabriel, Chino, and San Bernardino
basins (Fig. 1), where active source surveys are limited and
broadband stations are sparse. Previous studies using the data
from this survey include traditional frequency domain deconvo-
lution receiver functions (RFs) (Wang et al., 2021; Ghose et al.,
2023); Bayesian array-based coherent RF (Wang et al., 2021); a
3D shear-wave velocity model using ambient noise tomography
(Li et al., 2023); and a 3D basin depth model integrating RF,
gravity, and borehole data (Villa et al., 2023). Autocorrelation
is another method that can be used to image structures in
the crust. Clayton (2020b) showed ambient noise autocorrela-
tions for one of the 10 nodal transects in the BASIN survey
to image basements and faults as an example. Here, we show
the basement structure derived from autocorrelations for all
the lines in the survey.

The underlying principle was proposed by Claerbout (1968),
who showed that the zero-offset reflection response of a horizon-
tally layered acoustic medium can be retrieved from the autocor-
relation of the transmission response. The theory was later
generalized byWapenaar (2003) to arbitrary heterogeneous, elas-
ticmedia for particular source locations. Teleseismic waves arrive
at the sensors on top of sedimentary basins with steep incidence
and reverberate between discontinuities. The resulting repeating
two-way travel times between the free surface and subsurface
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interfaces can be extracted through autocorrelation.
Autocorrelating teleseismic waves has been used to image crustal
seismic discontinuities (Ruigrok and Wapenaar, 2012; Sun and
Kennett, 2016; Pham and Tkalčić, 2017; Viens et al., 2022). A
number of studies (Tibuleac and von Seggern, 2012; Zhan
et al., 2014; Taylor et al., 2016; Oren and Nowack, 2017;
Romero and Schimmel, 2018; Clayton, 2020a) have also applied
the autocorrelation technique to ambient noise, which is gener-
ated by diffuse, directionless sources such as the coupling of
ocean waves to the solid Earth.

In this study, we create autocorrelation functions (ACFs)
from both teleseismic waves and ambient noise to image the
San Gabriel, Chino, and San Bernardino basins. Because there
were only a few teleseismic earthquakes recorded during the
node deployment period, we select one single event for each
nodal transect to create earthquake ACFs rather than stack
multiple events. Even so, the earthquake ACFs produce results
consistent with the noise ACFs. The autocorrelations capture
geologically reasonable basin structures that are compared
with previous RF results. We develop better understandings
of the studied basins, which play a significant role in accurately
simulating the ground shaking in the greater LA region caused
by earthquakes from the SAF.

Methods
Retrieving reflectivity through autocorrelation
We present the method in the z-transform domain for simpli-
fication. In equation (1), A(z) is the ACF, Tr(z) is the trans-
mission response, Re(z) is the zero-offset reflection
response, and S(z) is the source function (Clayton, 2020b),
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�
1
z

��
S�z�: �1�

Typically jRej << 1, so the source term dominates the
ACF and needs to be removed to reveal the reflection response.

Standard deconvolution is usually not effective because the
source has a narrow frequency band. Instead, we use a method
shown in Clayton (2020b) to estimate the source term with the
average autocorrelation over the seismic profile, referred to as
the common mode,

Sest�z� �
1
N

XN
i�1

Ai�z�, �2�

in which N is the number of stations along the seismic line and
Ai�z� is the ACF of a single station. Taking the causal side of
ACFs, the reflection response is estimated by

Reest�z� � Re�z�S�z� � A�z� − Sest�z�: �3�

Figure 2 shows the effect of common mode removal, taking
the noise ACF from SG2 as an example. Before removing the
common mode, the source term dominates the ACF and
obscures the reflectivity. By subtracting the common mode
from the ACF of each station, the underlying zero-offset reflec-
tion response can be retrieved. The drawback to this approach
is that horizontal geological features are also removed by this
process. Fortunately, most of the structures of interest (i.e.,
basins) are not flat.

Processing
We process ambient noise and earthquake data following
mostly the method proposed by Bensen et al. (2007), as

Figure 1. Elevation map of the studied area denoted by the white
polygon. The 10 nodal lines in the Basin Amplification Seismic
Investigation (BASIN) survey are delineated with triangles in
different colors grouped by the four deployment times between
2017 and 2019. Faults in the area are plotted with black lines,
according to the U.S. Geological Survey database. The color
version of this figure is available only in the electronic edition.
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illustrated in Figure 3. The two types of data share most
processing steps, except for two steps that are exclusively
implemented for ambient noise: temporal normalization and
spectral whitening. We remove the mean of raw signals in a
tracewise manner and filter the data in the [0.1,1] Hz range.
This frequency range has a good signal-to-noise ratio (SNR)
as determined by trial and error. To prevent earthquakes
from dominating the ambient noise correlations, we apply a
running-absolute-mean normalization in the time domain
(temporal normalization),

d̃i �
di
ω̂i

, �4�

ω̂i �
1

2N � 1

Xi�N

j�i−N

jdjj, �5�

in which di and d̃i denote filtered and normalized seismograms,
respectively, and ω̂i is the pointwise normalization weight,
which is calculated within a window with a width of (2N + 1).
The width used in this study is set to 5 s, which is half the maxi-
mum period of the applied filter, as recommended in Bensen
et al. (2007). Spectral whitening is conducted for ambient noise
to balance the frequency band of signals and to attenuate
the effect of some persistent monochromatic sources. It is the
spectral counterpart of temporal normalization,

s̃i �
si

1
2N�1

Pi�N
j�i−N jsjj

, �6�

in which si is the original spectrum and s̃i is the whitened
spectrum. We empirically set the spectral window width (2N
+ 1) to 0.5 Hz.

For ambient noise waveforms, we compute the autocorre-
lations over the node deployment period of a month approx-
imately. We believe this correlation length is adequate because
we empirically find that a correlation length of one week
(Fig. S1, available in the supplemental material to this article)
suffices to produce results similar to those obtained with one
month. The correlation length for teleseismic waveforms is set
to 50 s, covering the P/S arrivals and subsequent coda waves.

Strictly speaking, autocorrelations are computed in a tracewise
manner without interactions between different stations.
However, to enhance the SNR and robustness against individ-
ual bad points, we approximate the noise ACFs by stacking
near-zero offset cross correlations (Clayton, 2020b),

A�x� �
X

C�xi,xj�,jxi − xjj ≤ H,jx − xi � xj
2

j ≤ M, �7�

in which A�x� is the autocorrelation for trace x and C�xi,xj� is
the cross correlation between traces xi and xj. The sum is over

all pairs of stations �xi,xj� such that the distance between xi and
xj is less than H and the distance between station x and the

midpoint of the pair is less thanM. There is a trade-off between
the SNR and lateral resolution in deciding H andM. Large val-
ues sacrifice the lateral variation for robustness. Figure 4 shows
an example from SB1 of how stacking with different values of
H and M affects the final imaging results with ambient noise.
In this study, we choose H = M = 1 km for noise ACFs, which
strikes a good balance between the basin shape variation and
the lateral continuity. The averaging over offset (H) is done
without any normal moveout correction to suppress surface
waves. Even with pure autocorrelations (H = M = 0 km),
the overall features of the subsurface are captured.

For earthquake ACFs, we set M = 1 km and H = 0 km,
which means that no offset averaging is done. Because only
a small number of Mw ≥ 6 earthquakes occurred during the
one-month deployment, we select one single event for each
nodal transect with a good signal instead of stacking the results
over multiple events. The latter is more commonly adopted
when sufficient events are available. The performance of tele-
seismic events in imaging the subsurface depends on a number
of factors, including magnitude, epicentral distance, incidence
angle, and data SNR. We scan all events for all lines and select
the ones that produce results that are geologically reasonable.

_ =

Figure 2. Removing the common mode from the autocorrelation
to unveil the zero-offset reflection response. The common mode
is given by the average autocorrelation over the seismic profile.
This example is the noise autocorrelation function taken from
SG2.
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Multiple factors are considered, including data quality, lateral
continuity, and consistency with results from ambient noise.
Detailed information regarding selected earthquakes is pro-
vided in Table 1. More information on the teleseismic events
can be found in Ghose et al. (2023).

As introduced earlier, the common mode is subtracted from
each trace of noise and earthquake ACFs to estimate the zero-
offset reflection response. The methodology works for multiple
(Z, R, T) components. We assume that ZZ, RR, and TT ACFs
are dominated by P, SV, and SH reflectivity, respectively.
Although the T and R components are not strictly defined
at a single point, we denote the direction for teleseismic waves
by the back azimuth from the station to the epicenter and for
ambient noise by the direction between cross-correlation pairs.

Data and Studied Area
Figure 1 shows the elevation around the studied area and locates
the BASIN survey. The BASIN survey deployed dense nodal lines
in the northern LA basins over four different periods between
2017 and 2019. The 10 lines consisted of 758 Fairfield ZLand
three-component nodal sensors spaced with 250–300 m and col-
lected waveform data in velocity for 30–35 days. The lower corner
frequency of the sensors is 5 Hz, and the upper end is well beyond
the frequencies of interest (i.e., [0.1,1] Hz). The nodes were dis-
tributed over a wide urban area that does not have 3D oil com-
pany surveys. There are four lines in the San Gabriel basin (SG1,
SG2, SG3, and SG4), three lines in the Chino basin (SB3, SB4, and
SB5), and two lines in the San Bernardino basin (SB2 and SB6).
The long, west–east-trending line SB1 crosses the San Gabriel and
Chino basins and ends near the western edge of the San

Bernardino basin. The number
ofMw ≥ 6 earthquakes recorded
by each nodal line and the infor-
mation about the selected event
for computing earthquake ACFs
are given in Table 1. More
details regarding the BASIN sur-
vey can be found in Clayton
et al. (2019). The sedimentary
formations in the studied area
result from the opening of the
LA basin during the Miocene
(Wright, 1991). We refer to
Villa et al. (2023) or Ghose
et al. (2023) for a more detailed
description of the geologic set-
ting in the San Gabriel, Chino,
and San Bernardino basins.

Results
We show results for a number
of lines in the survey along
with some geologic interpreta-

tions (Fig. 5) and comparisons to RFs for all of the 10 seismic
lines (Fig. 6). For each line we have tried all of the three com-
ponents, but the horizontal (R and T) components produce
consistently better (more continuous, less noisy) images than
the vertical (Z) component (Fig. S2). We attribute this to data
quality due to the stronger shear component in the raw seismo-
grams. We present representative images from ambient noise
and teleseismic waveforms for each line, based on data SNR,
lateral continuity, and consistency between results from the
two types of data. We compare our imaging results using auto-
correlations directly to the depth of the sediment–basement
interface obtained from an earlier study (Villa et al., 2023),
in which integrated gravity and RF measurements, along with
borehole constraints, are used to produce a 3D depth map for
the basins. We choose this study for comparison because it has
incorporated the RFs computed in all of the three previous
studies (Liu et al., 2018; Wang et al., 2021; Ghose et al.,
2023) in the same area. We simplify things by focusing on
the basin shapes, so no time-to-depth conversion is done on
ACFs. For comparison, we plot two vertical axes: time and
depth, in which the velocity model of Li et al. (2023) has been
used by Villa et al. (2023) to obtain the depth. The shear-wave
velocities used to match the time and depth scales for all the
lines are listed in Table S1. These velocities represent an aver-
aged result over the entire depth of the basin, serving to bridge
the ACF and RF studies. The same amount of smoothness
(M = 1 km) is applied to both results in the comparison.

Figure 5a shows the imaging results for SB1, which is the
longest line in the BASIN survey, crossing the San Gabriel
and Chino basins from west to east and extending to the edge

Figure 3. Workflow of imaging with ambient noise and teleseismic-wave autocorrelations. The
color version of this figure is available only in the electronic edition.
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of the San Bernardino basin. The ambient noise and earth-
quake ACFs generally align with each other, with both images
showing a deeper San Gabriel basin and a shallower Chino
basin. The lateral variation of the sediment–basement interface
is consistent with the basin depth variation based on Villa et al.
(2023). This is especially true for the Chino basin, which could
be explained by the fact that it has a more homogeneous veloc-
ity model (Li et al., 2023) than the San Gabriel basin. The more
complex velocity structure in the San Gabriel basin could cre-
ate the observed discrepancy, because only an average velocity
is used to match the time and depth scales. As shown in Figure
S3, the velocity model used in the basin depth study exhibits a
complex low-velocity zone along profile distances of 10–35 km,
which could explain the uplift in depth in the segment com-
pared to this study. This is important for seismic hazard assess-
ment because the wave amplitude varies inversely with the
square root of impedance (Shearer, 2019). We also find the
strong multiple of the San Gabriel basin delineated in red
and a slab-like geologic feature delineated in blue that is
not seen by other methods but has no tectonic interpretation.
Figure 5b shows the images for SG1 that crosses the San
Gabriel basin from north to south. It also has a deep basin,
in agreement with SB1. The basin shape revealed by the

time-domain ACFs generally resembles it in depth. Again,
the difference in them could be explained by the strong hetero-
geneities of the underlying velocity model (Li et al., 2023). In
these two cases, the earthquake ACFs are noisier than the noise
ACFs, because only one event is used for imaging. The hypoth-
esis that the incidence angle of teleseimic waves through
sedimentary basins is vertical is not strictly accurate, resulting
in slightly different times.

SG2 lies near the southwest border of the San Gabriel basin
and crosses the left-lateral Raymond fault (Jones et al., 1990),
bounding the basin to the northwest. The Raymond fault acts
as a major barrier between the Raymond basin and the deeper
San Gabriel basin. A steep Bouguer gravity gradient (Clayton,
2022) is observed southeastward along SG2 over the Raymond
fault due to the deepening basement and change of rock den-
sity, as is reflected in the basin depth variation (Fig. 5c). The
noise and earthquake ACFs also see a remarkable deepening
feature at the same location, although it is not as sharply
defined.

Figure 5d presents consistent results from ambient noise
and teleseismic autocorrelations for SG3 near the eastern
boundary of the San Gabriel basin. It shows a southward deep-
ening of the basin after passing the Indian Hill fault (Valley,

TABLE 1
Teleseismic Events Selected for Computing Autocorrelations

Line
Number
of Events

Selected
Event Magnitude

Time
(yyyy/mm/dd
hh:mm:ss)

Latitude
(°)

Longitude
(°)

Depth
(km)

Epicentral
Distance (°)

Back
Azimuth (°)

SB1 15 Chile 6.0 2019/12/03
08:46:35 (UTC)

−18.504 −70.576 38.0 69 131

SB2 22 Oregon 6.2 2018/08/22
09:31:45 (UTC)

43.564 −127.717 10.0 12 322

SB3 22 Mid-
Atlantic
ridge

6.0 2018/07/23
10:35:59 (UTC)

−0.299 −19.252 10.0 97 85

SB4 5 Argentina 6.4 2017/02/18
12:10:17 (UTC)

−23.861 −66.659 222.0 76 133

SB5 13 Papua New
Guinea

7.6 2019/05/14
12:58:25 (UTC)

−4.051 152.597 10.0 92 267

SB6 22 Russia 6.0 2018/08/10
18:12:07 (UTC)

48.459 154.939 27.0 64 312

SG1 6 Solomon
Islands

6.0 2017/03/19
15:43:25 (UTC)

−8.136 160.754 8.4 87 259

SG2 6 Argentina 6.4 2017/02/18
12:10:17 (UTC)

−23.861 −66.659 222.0 76 132

SG3 13 Papua New
Guinea

7.6 2019/05/14
12:58:25 (UTC)

−4.051 152.597 10.0 92 267

SG4 13 Papua New
Guinea

7.6 2019/05/14
12:58:25 (UTC)

−4.051 152.597 10.0 92 267
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2010) in agreement with the depth model. The (northeast-
striking, left-slip) Walnut Creek fault (Valley, 2010) separates
the San Gabriel basin from the San Jose Hills and sees a south-
ward rise in depth (Fig. 1), but this is either not captured or
smoothed out in ACFs.

In the north-to-south SB4 crossing the Chino basin
(Fig. 5e), we find a fault-like feature delineated in green.
This is interpreted as the Red Hill fault (Jennings, 1994), which
is a thrust fault that is seen in an earlier study on ambient noise
autocorrelations (Clayton, 2020b) and two studies on teleseis-
mic RFs (Liu et al., 2018; Ghose et al., 2023). Although Villa
et al. (2023) incorporate the two RF studies, the feature does
not appear in the comprehensive basin depth model, which
might be because it also uses gravity measurements, resulting
in the smoothing out of local details.

SB2 is located in the San Bernardino basin and crosses the
SAF zone and San Jacinto fault zone (Petersen andWesnousky,
1994) from north to south. As shown in Figure 5f, the very
shallow north end along SB2 reflects the fact that the San
Bernardino basin is bounded by the SAF to the northeast.
To the south, the sediment–basement interface deepens and
reaches its deepest point near the Loma Linda fault, in agree-
ment with Ghose et al. (2023). The interface turns shallower
again further south till it meets the San Jacinto fault at the end
of SB2.

Figure 6 integrates the noise and earthquake ACFs for all of
the 10 seismic lines in the northern LA basins for a compre-
hensive view. In the middle is the map of the basin depths
developed by Villa et al. (2023), along with the locations of

the nodal lines plotted on top. Each line points to its own
images with a corresponding color. The lines SB3 and SB5
in the Chino basin are relatively noisy. Beyond 15 km along
the profile distance for SB3, in which the largest discrepancy
with the result from Villa et al. (2023) appears, the basin depth
more closely follows the trend of the residual Bouguer gravity
anomaly. Another source of uncertainty arises from the fact
that Ghose et al. (2023) and Wang et al. (2021) have signifi-
cantly different time-to-basement interpretations for RFs, and
Villa et al. (2023) reinterpret it using both. The shortest line in
the survey, SG4 at the throat connecting the San Gabriel and
Chino basins, is less than 4 km. Even so, the ACFs show an
impressive agreement with the basin depth variation. The
west–east-oriented SB6 line sees a shallowing of the sedi-
ment–basement interface toward the northeast end of the
San Bernardino basin, which is bounded by the SAF.

Discussion
The autocorrelation technique can also be interpreted as a spe-
cial case of the broader theory known as seismic interferom-
etry, in which the Green’s function emerges from the cross
correlation of diffuse waves (e.g., ambient noise) recorded at
two stations. With a single station, the cross correlation

Figure 4. Effect of stacking near-zero offset cross correlations with
(a) H = M = 0 km (pure autocorrelations), (b) H = M = 0.5 km,
(c) H = M = 1 km, and (d) H = M = 2 km on the imaging results
with ambient noise. This example is taken from SB1.
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Figure 5. Imaging results of ambient noise and teleseismic-wave
autocorrelations for (a) SB1, (b) SG1, (c) SG2, (d) SG3, (e) SB4,
and (f) SB2. The orange line delineates the basin depth derived
from Villa et al. (2023), plotted with the depth axis on the right.
Significant faults are annotated and marked with red triangles. In

panel (a), the red line delineates the multiple, and the blue
line delineates a geologic feature yet to be investigated. In panel
(e), the green line marks a fault-like feature that is interpreted as
the Red Hill fault. The color version of this figure is available only
in the electronic edition. (Continued)
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becomes the autocorrelation, and the zero-offset reflection sec-
tion is imaged. Thus, autocorrelation processing is similar to
cross-correlation processing, but additional care is needed for
the source time function. Spectral whitening is carried out to
produce a broader-band signal and reduce the imprint of the
source wavelet. However, because the ACF is naturally zero-
phase, perfect (or one-bit) whitening will lead to a delta func-
tion at zero lag and conceal the later reflections. Therefore, we
do spectral whitening within the passband of [0.1,1] Hz in a
running average manner with a window of 0.5 Hz. Even so,
the source term spiked at 0 s still has dominant energy in
the ACF. Although tapering the first few data points (Pham
and Tkalčić, 2017; Mroczek and Tilmann, 2021; Viens et al.,
2022) and automatic gain control (Oren and Nowack, 2017)
have been used to suppress the source imprint, we employ
a common mode removal technique that approximates the
source term with the average ACF over the transect, which

is then subtracted from each trace to reveal the reflections.
A possible negative side effect of this method is that horizontal
interfaces will be attenuated.

Autocorrelations are similar to RFs from teleseisms in that
they can be generated from a single station. The Ps phase and
reverberated phases, such as PpPs and PpSs, commonly appear
in the RF. These phases are sensitive to velocity jumps and can
be used to study subsurface discontinuities. The RF and auto-
correlation methods complement each other in determining
primary interfaces (Delph et al., 2019; Kim and Lekic, 2019;
Mroczek and Tilmann, 2021). ACFs provide independent
information on P and S velocities, which are inseparable in
RFs. ACFs have difficulties imaging deeper targets such as
the Moho, whereas crustal-scale RF studies typically see dis-
tinct Ps arrivals from the Moho. This is also true for the
BASIN project. Although the Moho beneath the studied basins
is well resolved by RFs (Liu et al., 2018; Wang et al., 2021;

N S N S

Indian Hill fault Walnut Creek fault

(d)

N NS S

Red Hill fault

(e)

N S N S

Loma Linda fault San Jacinto faultSan Andreas fault

(f)

Figure 5. Continued
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Ghose et al., 2023), we do not see it with autocorrelations. It
appears that the Moho is obscured by the strong multiples
from the basin bottom.

Conclusions
Autocorrelating the seismic record at a single station provides an
estimate for the zero-offset reflection response. To get rid of the
source term, we remove the common mode from the ACF and
obtain an enhanced zero-offset section. We derive consistent
images of the San Gabriel, Chino, and San Bernardino basins
using autocorrelations created from ambient noise and teleseis-
mic waves. The earthquake ACF from a single teleseismic event
can also provide good illumination on the subsurface. Our
images clearly reveal the basin shape that compares well with
multiple previous studies covering RFs, gravity measurements,
and surface-wave tomography. This study provides further con-
straints on sedimentary basin structures north of LA for accu-
rately analyzing the resulting seismic amplification.

Data and Resources
The primary data (node data) used in this study are available from the
Incorporated Research Institutions for Seismology Data Management
Center. The autocorrelation functions and processing code underlying
this article are made public at https://github.com/caifeng-zou/
BASIN_ACF (last accessed September 2024). The supplemental
material to this article includes a list of shear-wave velocities used
to match the time and depth scales in Figures 5 and 6 (Table S1),
an example image using a correlation length of one week (Fig. S1),
an example ZZ autocorrelation function (Fig. S2), and the VS model
plot (Li et al., 2023) for SB1 (Fig. S3).
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