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Abstract: We constrained sedimentary basin structure using a nodal seismic array consisting of ten
dense lines that overlie multiple basins in the northern Los Angeles area. The dense array consists of
758 seismic nodes, spaced ~250–300 m apart along linear transects, that recorded ground motions for
30–35 days. We applied the receiver function (RF) technique to 16 teleseismic events to investigate
basin structure. Primary basin-converted phases were identified in the RFs. A shear wave velocity
model produced in a separate study using the same dataset was incorporated to convert the basin
time arrivals to depth. The deepest part of the San Bernardino basin was identified near the Loma
Linda fault at a depth of 2.4 km. Basin depths identified at pierce points for separate events reveal
lateral changes in basin depth across distances of ~2–3 km near individual stations. A significant
change in basin depth was identified within a small distance of ~4 km near the San Jacinto fault. The
San Gabriel basin exhibited the largest basin depths of all three basins, with a maximum depth of
4.2 km. The high lateral resolution from the dense array helped to reveal more continuous structures
and reduce uncertainties in the RFs interpretation. We discovered a more complex basin structure
than previously identified. Our findings show that the basins’ core areas are not the deepest, and
significant changes in basin depth were observed near some faults, including the San Jacinto fault,
Fontana fault, Red Hill fault and Indian Hill fault.

Keywords: basin amplification; receiver function; nodal seismometers; northern Los Angeles; San
Bernardino basin; San Gabriel basin; Chino basin

1. Introduction

The shape and structure of a sedimentary basin can significantly affect how seismic
waves are amplified and transmitted through the Earth, potentially leading to variations
in ground shaking intensity and seismic wave propagation patterns. Basins can increase
the anticipated seismic hazard from an earthquake by amplifying seismic waves within
the sedimentary fill [1,2]. Various aspects of seismic wave propagation in a basin include
slower seismic waves within the basin, the development of multiple arrivals and surface
waves, the focusing and trapping of seismic energy within the basin, and the channeling of
seismic energy by basin structures [3–6]. The duration of strong shaking is an important
contributor to damage during an earthquake [7]. Surface waves, which are responsible for
prolonged ground shaking duration, can be generated at the basin edge by the conversion
of body waves [8]. These low-velocity surface waves, scattered back into the basin from
irregular basin margins, can increase the duration and amplitude of shaking within the
basin [1]. The effects of focusing and defocusing in the basin and corresponding amplitude
variations due to lateral changes in structure have been studied [4]. These effects can
contribute to the amplification of seismic signals inside the basin.

Ground motion simulation is a popular method used to estimate the ground shaking
hazard during an earthquake [3,9]. To understand the impact of basins on ground motions
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during an earthquake, it is essential to have a precise and accurate understanding of the struc-
ture and physical properties of the basin. Our study area encompasses multiple sedimentary
basins in northern Los Angeles—San Bernardino, Chino, and San Gabriel—which are located
in the vicinity of the southern segment of the ~1300 km long right-lateral San Andreas fault
(Figure 1a). The fault has been identified in seismic hazard assessments as the most likely
source for a very large earthquake in Southern California [10,11]. Ground motion simulations
reveal that these basins are responsible for the longer duration of strong ground shaking
during previous earthquakes, such as the 1999 Mw 7.1 Hector Mine and 2001 Mw 4.63 Big
Bear Lake earthquakes [12,13]. It has also been shown that a waveguide channels seismic
energy from the San Andreas fault into the Los Angeles basin [14].
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Figure 1. (a) Map showing the seismic array in the San Bernardino, Chino, and San Gabriel basins.
The seismic lines are color-coded by deployment years. Active faults from the 2010 Fault Activity
Map of California are shown with black lines [15]. The purple stars are two borehole locations from
Brocher et al. (1998) [16]. In the inset map, the black rectangle represents the study area. The red
stars are the location of major earthquakes that are mentioned in this paper [17]. (b) Map showing
geologic units of the study area [18]. The white outline represents the basin boundary.
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To image the structure of the San Gabriel, Chino, and San Bernardino basins for
future incorporation into ground motion simulations, the Basin Amplification Seismic
INvestigation (BASIN) study was conducted across these basins. The BASIN project is a
multipart earthquake hazard initiative that aims to characterize seismic wave amplification
within these basins [19]. Data were collected using dense linear nodal seismic arrays.
This paper presents the basin structure along the BASIN seismic lines interpreted from
teleseismic RFs. A previous study has shown that the nodal seismic waveforms recorded
by the BASIN array have enough bandwidth to produce comparable RFs to those from
broadband stations [20]. Other studies have been and are being carried out using the
BASIN nodal dataset, including a Bayesian array-based Coherent Receiver Function (CRF)
study [21], an ambient noise shear wave velocity model [22], and a 3D seismic attenuation
model based on local earthquake recordings [23]. A 3D model for the three basins has been
developed using the RF results from this study, the CRF results, an ambient noise velocity
model, and gravity data [24]. While the 3D basin model utilized a blend of these findings,
this paper presents a detailed RF investigation based on multiple events that employs a
uniform interpretation methodology throughout the basins.

Several studies have been previously conducted to characterize basin structure in this
region using various geophysical approaches, including active source seismic reflection
and refraction, borehole measurements, and gravity and magnetic modeling [16,25–28].
Seismic reflection is a popular method, but it is challenging to constrain the deeper parts
of the basin from seismic reflection data due to the low signal-to-noise ratio (SNR) and
limited depth of penetration. Active source surveys are less suitable in densely populated
urban areas, not only because of their high cost but also due to permit requirements
and restrictions. Additionally, these studies had limitations where seismic arrays were
confined to a small and focused area in the basin or sparsely distributed wells, resulting in
shallow depth of penetration and low SNR [16,26,28]. Combining gravity and magnetic
data with reflection and borehole measurements has proven useful in addressing these
limitations [25]. An RF study using short-period seismometers was conducted along a
140 km long profile across the San Andreas fault, but the array did not include stations in
the northern Los Angeles basins [29]. Different approaches to imaging crustal structure
along the Pacific–North American plate boundary using teleseismic RFs from broadband
data have given useful results [30,31]. However, this paper shows that dense arrays of
short-period seismic instruments, popularly known as N-arrays, are effective at overcoming
the problems associated with the limited distribution of traditional broadband stations.

2. Geologic Setting

The northern Los Angeles basins are part [31] of a complex tectonic region where
the Pacific and North American plates meet. The Pacific plate exhibits a northwestward
migration rate of approximately 5 cm per year relative to the North American plate, and the
movement finds substantial accommodation within the San Andreas Fault zone, attributing
a significant seismic contribution to the plate boundary faults’ overall activity [32].

The San Bernardino basin, located in the eastern part of our study area (Figure 1a), is a
pull-apart basin sandwiched between two active strike-slip faults: the San Andreas fault to
the northeast and the San Jacinto fault zone to the southwest, separated by a distance of
3–10 km from each other [26,33]. The basin is bounded to the north by the San Bernardino
mountains, to the southwest by the Peninsular Ranges, and farther to the southeast by
Crafton Hills (Figure 1a). The formation of the basin has been significantly influenced
by the San Jacinto fault, which has had an average slip rate of 20 mm/year for the past
1.5 million years [25,28]. The San Jacinto fault zone is the most seismically active fault zone
in the San Bernardino basin [26]. The northern San Jacinto fault is a strike-slip fault, but
earthquake focal mechanisms suggest a region of deep creep [34].

The modern trace of the San Jacinto fault has several right-slip strands, namely, the
Glen Helen, Shandin Hill, Lytle Creek, and Rialto-Colton faults [25]. The Rialto-Colton
fault is a strand of the San Jacinto fault and has 2 km right-slip offset [25]. The Rialto-Colton
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fault zone and the northeastern Shandin Hill fault zone also show extensional tectonic
activity with normal faulting focal mechanisms [25]. The area between the Rialto-Colton
fault to the east and the Indian Hill fault to the west is referred to as the Chino basin in this
paper (Figure 1a). The Chino basin is a groundwater basin, and its hydrologic boundary is
southwestern San Bernardino County and northwestern Riverside County, which is part
of the Santa Ana River watershed [35]. The basin area is bounded to the north by the
Cucamonga fault, west by Puente Hills, southwest by the Central Avenue and Chino faults,
east-southeast by the Rialto-Colton fault, and south by Jurupa Hills and the Peninsular
Ranges [36] (Figure 1a). The Fontana seismicity zone runs through the central part of the
basin (Figure 1a). The Cucamonga fault zone has a thrust-slip component with a slip rate
of 2–5 mm/year and the Cucamonga-Sierra Madre thrust fault system has the potential of
producing > M 7.5 earthquakes [37,38].

The San Gabriel basin, located in the western part of our study area, is bounded
by several faults. To the southwest lies the right-slip East Montebello fault; while the
Indian Hill fault, the Walnut Creek fault, and the San Jose anticline are located to the east.
Adjacent to the right-slip Whittier fault to the southeast is the Puente Hills anticline [37].
The northwestern and northern parts of this triangular-shaped basin are bounded by the
left-slip, southward-convex Raymond fault, which may have a dip-slip component, and
the Sierra Madre fault zone, respectively [37,39]. The San Jose fault, an active reverse fault
with a slip rate of 0.4–0.8 mm/year, bounds the San Jose anticline to the south [37,40]. The
East Montebello fault is the northern extension of the Whittier fault with a strike-slip rate
of 0.1–0.3 mm/year on one strand [37]. North–south Quaternary convergence has been
identified in the San Gabriel basin indicated by the Sierra Madre reverse fault to the north
and Puente blind thrust to the south [37].

The lower part of the basement complex beneath the San Bernardino basin is pre-
dominantly composed of Pelona schist, which is less dense than the overlying rocks [25].
The upper part consists of prebatholitic crystalline rocks with Mesozoic plutons [33]. The
crystalline rocks form the base of the San Bernardino basin, extending eastward from the
San Jacinto fault. Schist is exposed near the Shandin Hill area [28] (Figure 1b). To the west
of the San Jacinto fault zone, Peninsular Ranges rocks primarily composed of Jurassic and
Cretaceous granodiorite, quartz diorite, tonalite, and gabbro are exposed [26]. The most
common basement rocks of the Chino basin are Peninsular Ranges, which are exposed to
the south of the basin [25,36]. Granitic gneiss is exposed at the eastern end of San Jose Hills
(Figure 1b). Gneiss is also exposed to the north of the San Gabriel basin, and granitic rocks
are exposed to the south in Puente Hills [37].

The upper part of the Cenozoic basin fill in the San Gabriel basin is predominantly
composed of non-marine Pleistocene gravel and sands, while the lower part consists of
clay-rich marine sandstone [37]. The contact between the upper and lower parts has been
identified at depths between 1.2 and 1.75 km in the basin, marked by a prominent rever-
sal in sonic velocity logs from the Live Oak Park and Ferris boreholes [16] (locations in
Figure 1a). The marine sedimentary rocks in the Ferris borehole reveal a low-velocity
zone approximately 0.8 km thick at a depth of 1.75 km [16]. In the Chino basin, a series of
sedimentary rocks, including consolidated marine and continental conglomerates, sand-
stones, and siltstones ranging from the Paleocene to the late Miocene to Pliocene, overlie
the underlying basement complex [36].

3. Data and Methods

The BASIN nodal seismic array of 758 stations was installed along 10 closely spaced
seismic profiles within the greater Los Angeles region [19,20]. Note that 498 of the total
nodes were distributed over four lines in the San Gabriel basin, three lines in Chino, and
two lines in the San Bernardino basin. These 9 lines (SB2, SB3, SB4, SB5, SB6, SG1, SG2,
SG3, and SG4) have 15 to 96 nodal stations, covering distances from 3 km up to 30 km
(Figure 1a). The remaining 260 nodes were deployed along a single east–west-oriented line
(SB1), covering a total distance of 82 km (Figure 1a). The nodal stations were deployed
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along the seismic profiles over four different periods between 2017 and 2019, each spanning
a duration of 30–35 days, resulting in four distinct sets of teleseismic events recorded by the
stations. In these 30–35-day periods, 13–15 earthquakes were recorded with magnitudes
greater than 5.5 and epicentral distances from 30◦ to 90◦, making a total number of 55 events
recorded by the stations altogether (Table S1).

The teleseismic RF method is a well-established seismological technique used to image
crustal structure [31,41–44]. The RF technique involves two major parts: data processing
and RF computation. After gathering the teleseismic event information, waveforms were
cut in 3600 s long windows starting from the event origin time, and data were decimated to
≤50 samples/s. Then, the P-onset and pre-event noise windows were picked (waveform
examples have been included in the Supplementary Materials, Figure S1). The process
includes rotating the horizontal recordings to obtain the radial and the tangential seis-
mograms and estimating the power spectral density (PSD) of the pre-event noise on the
vertical, radial, and tangential recordings. For the RF computation, we used the technique
developed by Di Bona (1998) [45], which is particularly useful for analyzing single-event
RFs by providing an uncertainty estimate which helps to assess the accuracy of the com-
puted RFs. A frequency domain deconvolution was performed using the estimated noise
PSD. The high-frequency noise in the RFs was reduced by applying a Gaussian filter. For
our analysis, we allowed maximum frequency content from ~1 Hz up to ~3 Hz.

While stacked RFs from multiple events recorded by broadband stations are commonly
used to identify crustal and lithospheric discontinuities, stacked RFs from nodal data
can eliminate smaller amplitude phases present in individual RFs, which are helpful for
interpreting shallow structure such as the sediment–basement interface. Stacking can also
reduce the possibility of observing spatial variations in basin depth, which has led to the
development of the array-based CRF method that considers nearby stations and produces
a single profile of basin depths [21]. However, in regions of laterally varying structure
and seismic velocities, individual RFs from linear nodal arrays can provide a detailed
representation of the near-receiver structure. An example of stacked RFs from three events
for SB2 is included in the Supplementary Materials (Figure S2). The stack was produced
using 3 Hz RFs with similar back-azimuthal directions and epicentral distances. Compared
to the SB2 profiles of individual RFs (as shown later in this paper), the stacked RFs show
less lateral continuity and are more difficult to interpret.

In this study, we therefore analyzed single-event RFs to identify the sediment–basement
interface, and the events used in the RF analysis, which are referred to by their event IDs,
are listed in Table 1. Estimated Ps pierce points or conversion points at 5 km depth for
each event are shown in Figure 2a. Travel times of the basement-converted phases at the
respective pierce points provide information on basement topography in a swath near our
profiles. In the Results Section 4, we discuss the basin depth variations observed at different
pierce points.

Table 1. Teleseismic earthquakes selected for computing receiver functions.

Event Date
yyyy/mm/dd

Event
Time

hh:mm:ss

Geographic
Location Event ID Latitude Longitude Magnitude Depth

(km)

Back-
Azimuth

(◦)

Distance
(◦)

2019/12/03 08:46:36 Chile CH −18.5597 −70.6504 6 32.44 131.56 69.26
2019/11/20 04:27:05 Mexico MX 13.8855 −93.2133 6.3 14.16 125.68 30.32
2019/05/30 09:03:28 El Salvador ES 13.1462 −89.3663 6.6 25 121.68 33.49

2019/05/26 07:41:15 Northern
Peru NP −5.8132 −75.2775 8 122.4 125.92 56.77

2018/08/24 09:04:06 Peru-Brazil PB −11.0424 −70.8169 7.1 609.48 126.24 63.58
2018/08/21 21:31:47 Venezuela VZ 10.7791 −62.907 7.3 146.18 101.12 55.39

2018/08/12 14:58:54 North
Alaska NA 69.5619 −145.2998 6.3 2.2 345.09 38.49

2017/02/21 14:09:04 Bolivia BL −19.281 −63.9047 6.5 595.98 127.14 74.03
2017/02/18 12:10:17 Argentina AR −23.861 −66.6592 6.3 222 132.32 75.59
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deep velocity model with an incoming wave recorded at the surface. Within each layer, 
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latitude, longitude, and Vs values are the model velocity at those points in Figure 3a). We 
averaged the Vs values across 10 laterally adjacent cells around those points at every 50 m 

Figure 2. (a) Map showing estimated pierce points at 5 km depth for each station along the 10 seismic
lines computed using the PREM velocity model [46]. The yellow inverted triangles are the stations.
Pierce points are color-coded by the events shown in the inset map in the bottom left corner. The white
outline represents the basin boundary. (b) Histograms showing the number of stations recording
each event and useful RFs produced from those events.

To obtain depths from the basin-converted Ps times, we incorporate the 3D shear wave
velocity model produced from ambient noise tomography as part of the BASIN project,
which has a depth extent of 5 km with values every 50 m [22]. The depth conversion was
carried out using the P-wave velocity, Vp, S-wave velocity, Vs, and ray parameter [47].
We estimated the path through the velocity model for each station-event pair using the
back-azimuth and epicentral distance. The schematic diagram in Figure 3a shows a 150 m
deep velocity model with an incoming wave recorded at the surface. Within each layer,
the ray passes through a specific point with a corresponding Vs value (x and y values are
latitude, longitude, and Vs values are the model velocity at those points in Figure 3a). We
averaged the Vs values across 10 laterally adjacent cells around those points at every 50 m
depth interval primarily for smoothing and removing small-scale heterogeneities. There
are instances where the model has missing Vs values within the adjacent 10 cells (500 m),
and the average is computed with the available values only. Vp was obtained using an
empirical equation (Equation (1)), [48]. These velocities were then used in Equation (2) [47]
to calculate the estimated P-to-s time relative to the direct P, tPs at different model depths.
For each station, we find the estimated tPs that most closely matches the RF tPs for the
basement interface, and the corresponding depth is recorded. Figure 3b shows the estimated
tPs with depth for station 334 in the SG3 line where the start of the converted phase for the
basement is at ~1.1 s in the RF (Figure 3c). The corresponding basin depth is 2150 m for
1.1 s from Figure 3b.

Vp (km/s) = 0.9409 + 2.0947Vs−0.8206Vs
2+0.2683Vs

3−0.0251Vs
4 (1)
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H =
tPs√

1
Vs

2 − p2 −
√

1
Vp

2 − p2
, where H is the layer thickness (2)
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Figure 3. Diagram illustrating the depth conversion. (a) Cross section of an incoming ray passing
through a three-layer velocity model; the black triangle represents the seismic station. x and y values
are the coordinates corresponding to each circle, and Vs values are the shear wave velocities at those
locations. (b) Estimated Ps times (tPs) are plotted at the corresponding depths for station 334 in the
SG3 line with the blue star marking the depth obtained for the interpreted basement in (c). (c) RF
from station 334 showing the interpreted Ps for the basement interface marked with the blue star.

It is important to note that Equation (2) can provide significant differences in estimated
thickness (H) for small changes in tPs, as the seismic wave velocities will amplify the effects
of even minor changes in Ps timing. The sensitivity of the equation makes it important to
have accurate velocity measurements for the time-to-depth conversion approach.

4. Results and Interpretations

The histograms in Figure 2b depict the number of RFs generated for each linear array.
The data reveal that nearly 80% of the stations produced RFs, indicating that a significant
portion of the seismic data analyzed in this study was of high quality and useful for the
analysis. For our interpretations, we used RFs with maximum frequencies of 1, 2, and 3 Hz.
In lower-frequency RFs, two very close phases sometimes merge, and higher-frequency
RFs are useful for separating out those phases and identifying shallow structure. The phase
right after the direct P arrivals in the RFs is generally interpreted as the Ps conversion from
the bottom of the sedimentary basin. While this is the most common scenario, exceptions
occur where other conversions from within the basins are present in the RFs and may
appear as a positive phase between the direct P and the basement-converted phases. Our
interpretations of the basement interface were confirmed by distinguishing the primary Ps-
converted phases from the later multiples. PpPs is the positive multiple, and PpSs + PsPs
are the negative multiples. The estimated arrival times for these multiples were computed
using the following equations [47].

H =
tPpPs√

1
Vs

2 − p2 +
√

1
Vp

2 − p2
(3)

H =
tPpSs+PsPs

2
√

1
Vs

2 − p2
(4)
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Figure 4 shows the interpreted basement Ps and PpSs + PsPs multiples along three
RF profiles in the three basins. The basin-converted Ps phase is marked with brown dots
for all three cases. The multiples were identified and marked with green and light pink
dots, respectively. We also show the arrival times of PpPs and PpSs + PsPs multiples
calculated using Equations (3) and (4), which are shown with blue and pink dots in
Figure 4, respectively. The estimated and observed arrival times match, thereby verifying
our interpretations. The conversions identified as an intracrustal layer and the Moho in
Figure 4 are additional phases visible in the RFs.
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Figure 4. RF profiles showing primary basin conversions and multiples along the (a) northern part of
the SB2 line in the San Bernardino basin, (b) SG4 line in the San Gabriel basin, and (c) northern part
of the SB5 line in the Chino basin.

In this section, we present one radial RF profile with the interpreted basement-
converted phases along with the corresponding depth profile for each line across the
San Bernardino, Chino, and San Gabriel basins (Figures 5–7). Additional radial RF profiles
from other events are included in the Supplementary Materials (Figures S3–S5). The depths
were obtained for the Ps times using a velocity model described in the previous section. All
depths mentioned in this paper are relative to sea level. The interpretations of two deeper
interfaces, an intracrustal layer and the Moho, are shown and discussed in a separate study.

4.1. San Bernardino Basin

The north–south-trending SB2 line, the east–west-trending SB6 line, and 10 stations
in the eastern part of the SB1 line are located in the San Bernardino basin (Figure 1a). The
3 Hz RF profiles from the NA event for SB2 and SB6, and the MX event for SB1, are shown
in Figure 5 with the interpreted sediment–basement interface.

The northeastern part of the San Bernardino basin is bounded by multiple strands
of the San Andreas fault, and to the north, the basement is exposed near the fault. In the
northern part of SB2, we identified the basin-converted phase at times ranging from 0.2 to
0.5 s for the NA event. The basin is as shallow as 80 m near station 210 (Figure 5b). The
basement interface for the PB event was observed at around 1 s in that area (Supplementary
Materials, Figure S3). The pierce points for the PB event are approximately 4 km apart from
the NA event; however, we note that all pierce points are estimated for a depth of 5 km.
The basin depths of 1700 m and 350 m, respectively, at those two pierce points indicate an
estimated apparent basement dip of 18◦ (Figures 5 and 8b, marked by the dashed rectangle
labeled a in the maps).
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There is a ~7 km long northeast–southwest-striking blind fault located in the central
part of the basin that cuts across the central part of the SB2 line (Figure 1a). An increase
in the basin Ps arrival times was observed passing this point (near station 230) and going
south along SB2 (Figure 5b). RFs become more complex in the central to the southern parts
of the basin, near the Loma Linda fault and further south near the San Jacinto fault. The
deepest part of the basin reaches up to 2.4 km near the northwestern extension of the Loma
Linda fault, as observed along the SB2 line from the NA event at 1.3 s, close to station 239
(Figure 5b). The basin depths at stations 239–250 range from ~1.5 km to ~2.4 km based on
the NA event. However, basin depths identified at the pierce points for the PB and V events
located ~4 km to the south range from ~600 m to ~1.7 km (Figures 5 and 8b, marked by the
dashed rectangle b). Further south along SB2, the sediment–basement interface becomes
shallow again and reaches 0.7 s (~700 m) near the San Jacinto fault, as observed for the NA
event (Figure 5b).

The eastern end of the SB1 line intersects the Rialto-Colton fault and the San Jac-
into fault in the San Bernardino basin. The sediment–basement interface between these
two faults shows an eastward deepening in the RFs from 0.5 s to 1.1 s near station 1240
(Figure 5c). A similar structure was identified for the CH event where the basin deepens
to 1.4 s near station 1241 (Supplementary Materials, Figure S3). The basin is shallow
(100–500 m) to the east of the blind fault, as observed at the pierce points for the NA event
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along the SB6 line (Figure 5b). However, the other two events, PB and V, reveal a ~1 km
deeper basin at their corresponding pierce points located further south.

4.2. Chino Basin

The north–south-oriented SB3, SB4, and SB5 lines and 137 stations along the east–west-
oriented SB1 line are located in the Chino basin (Figure 1a). RFs for these four lines were
computed for four different sets of events, as they recorded data at different times. The
3 Hz RF profiles from the NA event for SB3, NP for SB5, MX for SB1, and BL for SB4 are
shown in Figure 6 with the interpreted sediment–basement interface.

The basement is exposed to the north of the profiles, and the basin depth is as shallow
as ~20 m in that area, as observed along the SB3, SB4, and SB5 lines (Figure 6). The
minimum arrival time for the basement interface was identified near the Cucamonga fault
along SB3 at around 0.3 s for the NA event (Figure 6c). In the northeastern part of the
Chino basin, along SB5, the minimum basement interface time is around 0.4 s near the
Lytle Creek fault for the NP event (Figure 6b). The northwestern part of the basin exhibits a
shallower basement at around 0.5 s, observed at stations located between the Cucamonga
and Red Hill faults along SB4 for the BL event (Figure 6a). In Figure 1, the surface trace of
the Rialto-Colton fault ends to the south of SB1; however, some studies suggest that the
fault extends all the way to the north, and intersects with, the Cucamonga fault [25]. In that
case, the fault would intersect the SB5 line near station 520. A shallower basin at ~0.6 s was
observed near station 520 (Figure 6b). This area is also close to the approximately 25 km
long Fontana blind fault in the central Chino basin and is associated with the Fontana
seismicity zone that crosses the SB5 line.

The Red Hill–Etiwanda Avenue fault intersects the pierce points for the BL event
along the SB4 line near station 420, where a sudden deepening from 0.5 s to 1 s in the
basement was identified (Figure 6a). A phenomenon of the Moho becoming shallower
and the basin becoming deeper was observed in the southern part of the SB4 line, near the
Central Avenue fault (Figure 6a), which was also observed in the Los Angeles basin [30].

The eastern part of the basin deepens from north to south, close to the Jurupa Hills.
The deepest point in the basin along SB5 was observed at ~3 km, located to the north of
Jurupa Hills, near station 558 (Figure 6b). Within a short distance of ~4 km near stations
545–558 along SB5, basin depths range from ~1.6 km to ~3 km (Figure 6b). SB3 shows a
gradual southward deepening of the basin, with the largest depth of 3.3 km in the central
basin. For SB3, the NA event was recorded by most stations along the entire line, while
only 20 stations to the south recorded the PB and V events. All three events showed a
consistent pattern in basin depths to the south. To the north along SB3, the stations near
the Cucamonga and Red Hill–Etiwanda Ave. faults show a basin depth variation of ~1 km
within a very small (~1 km) profile distance (Figure 6c). A similar basin depth variation
was observed along SB4 near those faults across an ~5 km profile distance (Figure 6a).

4.3. San Gabriel Basin

The seismic array in the San Gabriel basin includes the north–south-oriented SG1, SG3,
and SG4 lines, the northwest–southeast-trending SG2 line, and 110 stations located at the
western end of the SB1 line (Figure 1a). Figure 7 displays the 3 Hz RF profiles from the
NP event for SG3 and SG4, MX for SB1, BL for SG1, and AR for SG2, with the interpreted
sediment–basement interface.
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A relatively shallow sediment–basement interface was observed in the western part of
the basin along the SG2 line (Figure 7d). The shallowest depth of the basin was identified
at around 400 m, and the minimum Ps arrival time was ~0.4 s for the AR event along the
SG2 line (Figure 7d).



Geosciences 2023, 13, 320 12 of 17Geosciences 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 7. 3 Hz RF profiles and cross sections showing basin structures along the seismic lines in the 
San Gabriel basin. (a) SG3; (b) SG4; (c) SG1; (d) SG2; (e) SB1-SG. The illustration depicting the layers 
overlaid on the RF profiles serves to enhance visualization. The inset map shows basin depths at the 
pierce point for the three RF profiles shown in this figure; purple crosses are the station locations, 
and the white outline represents the basin boundary. 

A relatively shallow sediment–basement interface was observed in the western part 
of the basin along the SG2 line (Figure 7d). The shallowest depth of the basin was identi-
fied at around 400 m, and the minimum Ps arrival time was ~0.4 s for the AR event along 
the SG2 line (Figure 7d). 

Figure 7. 3 Hz RF profiles and cross sections showing basin structures along the seismic lines in the
San Gabriel basin. (a) SG3; (b) SG4; (c) SG1; (d) SG2; (e) SB1-SG. The illustration depicting the layers
overlaid on the RF profiles serves to enhance visualization. The inset map shows basin depths at the
pierce point for the three RF profiles shown in this figure; purple crosses are the station locations, and
the white outline represents the basin boundary.

The two easternmost lines of the San Gabriel basin, SG3 and SG4, located just west
of the Chino basin, show a gradual deepening of the basin southward of the Indian Hill
fault (Figure 7a,b). Along SG4, the basin is as shallow as 200 m to the north of the Indian
Hill fault. Basin depths range from 1 to 2 km across a distance of ~3 km near stations
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309–318 along SG3 (Figure 7a). Depths range from 200 m to ~1.7 km across ~4 km along
the entire SG4 line. Along SG3, the maximum basement Ps arrival was identified at ~1.5 s
to the south of the Walnut Creek fault near station 334 (Figure 7a). The deepest part of the
San Gabriel basin was observed at 1.8 s, with a basin depth of around 4 km to the north of
Puente Hills, near station 149 along SG1 (Figure 7c).

5. Discussions

Our study documents finer-scale variations in basin depth compared to what was
previously identified. The deepest part of the San Bernardino basin was previously thought
to be ~1.7 km near the San Jacinto fault, with a vertical displacement of 1.2 km across
the fault [28]. Another study also documented the deepest part of the basin in the fault
zone (~2 km depth) [25]. The results from our study agree with previous results but show
more variability in basin depth. The single-event RFs in the San Bernardino basin gave
average depths ranging from ~1 km to ~2 km in the area where the deepest part of the
basin was identified from the pierce point locations for the NA and PB/V events near
the San Jacinto fault over a distance of ~4 km (Figure 8b, dashed rectangle b). A general
southwest dip of the basin across the San Jacinto fault dismissed the previously held idea
of a symmetric basin [26,28]. The southwest dip was identified near the intersection of
the Loma Linda fault and the SB2 line at 1.1 km depth [49]. The model presented by
Anderson et al. (2004) [25] showed that extension is centered over the modern trace of the
San Jacinto fault, and normal displacement is around 1 km at that fault-bounded graben
area. Our results show consistency with the northern shallow basin, asymmetric shape,
and southwest dip.

The CRF study carried out using the BASIN dataset showed a maximum depth of
3 km in the San Bernardino basin along SB2 [21]. That study focused on presenting the CRF
methodology rather than the detailed basin structure and used constant Vs and Vp values
for the time-to-depth conversions, whereas we incorporated a detailed velocity model for
the process. However, the maximum depth was observed at the same location in both
studies along the SB2 profile, which is near the Loma Linda fault. Although the general
basin shape is the same, our RF interpretations of the basement from the NA event along
SB2 are shallower at the northern end (~0.5 s and less with an average depth of ~500 m)
and deeper in the south (~1.2 s with an average depth of ~1 km) than what was shown in
Wang et al. (2021) [21] (~1 s and ~1.5 km in the north and ~0.5 s and ~500 m in the south).
However, the stations to the north in the San Andreas fault zone show notable basin depth
variability of ~1–1.5 km, with an apparent basement dip of ~18◦ between the pierce points
for the NA and PB/V events (Figure 8b, dashed rectangle a).

The RFs show a complex pattern from the central to the southern part of SB2, which
was discussed in Section 4.1. The Chino basin exhibits relatively shallow depths of ≤ 2 km,
with few exceptions in the model of Villa et al. (2023) [24]. Our study identified the largest
depths in the Chino basin to be around 3 km, observed near the Jurupa Valley with an
average depth of ~2 km to the south of the Fontana seismicity zone observed along SB3
and SB5. The northern part of the basin along SB5 is shallower relative to its southern part,
which conflicts with the results of Villa et al. (2023) [24] (Figure 8b). It is noteworthy here
that our interpretations are based on the arrival times of the primary Ps phase identified
from the RFs and are consistent for all three basins (as shown in Figure 8a). The basin
model in Villa et al. (2023) [24] considered this phase to be a multiple of the basin-converted
Ps phase in the Chino basin and therefore obtained shallower depths overall. However, the
western deeper and eastern shallower pattern across the Chino basin is consistent in both
studies and is observed along the SB1 line (Figure 8b).
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Basin depths identified from the sonic logs at the non-vertical Live Oak Park borehole
reveal a true vertical basement depth of 2.3 km, and the Ferris well, which was drilled
vertically, showed a basement top at 3.5 km in the San Gabriel basin [16,50] (shown by
two stars in Figure 8b). Based on our study, the depth of the basement is approximately
1.5 km at a distance of 500 m north of the Live Oak Park borehole and 3.5 km at a distance
of 1.5 km east of the Ferris borehole (Figure 8b). The San Gabriel basin has the deepest
depths of all the basins, which was observed in the south-central area of the triangular
basin. A notable basin depth variation of ~2 km is observed along the SG1 line within a
distance of ~3 km (near stations 140–150 along SG1, Figure 7c). The borehole sonic logs [22]
reveal a low-velocity zone in the basin that may have a significant impact on the depth
estimates. This zone has a velocity approximately 1 km/s slower than the layer above
it [22], which can affect the results of seismic imaging, possibly producing complex phase
conversions near its top and causing longer arrival times for phases converted at the bottom
of the basin. Our interpretations of the basin-converted phase is distinct in the RF profiles
and consistent with nearby lines, and the presence of multiples following the interpreted
primary Ps supports our interpretation. Our interpretation of SG3 is consistent with Wang
et al. (2021) [21], except for the northern part. Liu et al. (2018) presented RFs along the SG1,
SG2, and SB4 lines with basement interpretations that are consistent with our findings [20].
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Near the Indian Hill fault, the average basin depth ranges from ~1.2 km in the west (stations
311–314 along SG3, Figure 7a) to ~300 m in the east (stations 401–404 along SG4, Figure 7b).

The RF profiles and corresponding basin depths exhibit notable changes near certain
faults in our study area. Evidence of the Lytle Creek fault, Cucamonga fault, Red Hill–
Etiwanda Avenue fault, and San Andreas fault can be confirmed by the shallowest basin
depths (Figure 8b). In the San Bernardino basin, significant changes in basin depth were
observed near the San Jacinto and Loma Linda faults (Figure 5). In the San Gabriel basin, a
noteworthy change in basin depth is evident to the north of the Indian Hill fault (Figure 7).
Some of the faults are located at the basin edges, some separate the basins, and others
are basin-crossing faults, suggesting that the basins’ shapes and underlying basement
topography are controlled by complex fault interactions.

In some instances, the RFs did not exhibit a strong conversion from the basement
interface. For example, in the central part of SB5 near the Fontana fault, the primary
converted Ps and multiples are not clearly visible in the RF profiles, leading to uncertainties
while picking the Ps-converted phase (Figure 6b, dashed brown line in the RF profile).
Differences between the onset and the peak of a converted phase in the RFs can be as large
as 0.7 s, particularly if phases overlap. The depths obtained from the RF times also depend
on the seismic velocities used. However, we relied on consistent patterns and amplitudes
of the Ps-converted phases in the RF profiles when interpreting the sediment–basement
interface, suggesting that the derived basin shapes are well resolved.

6. Conclusions

This study highlights the complex nature of basin structure in the northern Los Angeles
region. Contrary to a general southward deepening pattern in basin depths, our findings
revealed significant variability in the depth of the sediment–basement interface across
the basins with the deepest parts of the San Bernardino, Chino, and San Gabriel basins at
different locations with respect to the overall basin shapes. Individual RFs from different
seismic events displayed depth variations over small distances within the basins. Our
analysis also suggests that there are significant variations in basin depth near specific faults.
Overall, this study contributes to a better understanding of the geological complexities
of the sedimentary basins underlying the Los Angeles region and illustrates how nodal
receiver functions can be used to map basement structure. A precise understanding of
basin structure contributes to more precise seismic hazard assessments, enabling better-
informed decisions in urban planning, infrastructure design, and disaster preparedness.
By considering the geological complexities of the sedimentary basins underlying the Los
Angeles area, we can enhance our ability to mitigate earthquake-related risks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences13110320/s1, Figure S1: Example waveforms used to
compute the RFs, Figure S2: Stacked RF profile along the SB2 line, Figure S3: Additional RF profiles
for the San Bernardino basin, Figure S4: Additional RF profiles for the Chino basin, Figure S5:
Additional RF profiles for the San Gabriel basin; Table S1: Teleseismic events recorded by all stations,
Table S2: Number of stations that recorded events and produced RFs.
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