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Tectonic and seismogenic variations in subduction forearcs can be linked through various
processes associated with subduction. Along the Cascadia forearc, significant variations
between different geologic expressions of subduction appear to correlate, such as epi-
sodic tremor-and-slip (ETS) recurrence interval, intraslab seismicity, slab dip, uplift and
exhumation rates, and topography, which allows for the systematic study of the plau-
sible controllingmechanisms behind these variations. Even though the southern Cascadia
forearc has the broadest topographic expression and shortest ETS recurrence intervals
along the margin, it has been relatively underinstrumented with modern seismic equip-
ment. Therefore, better seismic images are needed before robust comparisons with other
portions of the forearc can be made. In March 2020, we deployed the Southern Cascadia
Earthquake and Tectonics Array throughout the southern Cascadia forearc. This array con-
sisted of 60 continuously recording three-component nodal seismometers with an aver-
age station spacing of ∼ 15 km, and stations recorded ∼ 38 days of data on average. We
will analyze this newly collected nodal dataset to better image the structural character-
istics and constrain the seismogenic behavior of the southern Cascadia forearc. The main
goals of this project are to (1) constrain the precise location of the plate interface through
seismic imaging and the analysis of seismicity, (2) characterize the lower crustal architec-
ture of the overriding forearc crust to understand the role that this plays in enabling the
high nonvolcanic tremor density and short episodic slow-slip recurrence intervals in the
region, and (3) attempt to decouple the contributions of subduction versus San Andreas–
related deformation to uplift along this particularly elevated portion of the Cascadia fore-
arc. The results of this project will shed light on the controlling mechanisms behind
heterogeneous ETS behavior and variable forearc surficial responses to subduction in
Cascadia, with implications for other analogous subduction margins.

Introduction
Variations in the expression of subduction along convergent
margins, such as surface topography, exhumation, structure,
and seismogenic behavior, provide insight into the physical
properties of the subduction interface. In particularly warm
subduction zones, relatively shallow dehydration of the down-
going oceanic lithosphere (∼40 km; van Keken et al., 2011) is
also thought to contribute to these variations by enabling fluid-
mediated seismogenic phenomena such as nonvolcanic tremor
(NVT) and episodic slow slip based on seismic imaging (Shelly
et al., 2006; Audet et al., 2009), tidal modulation (Nakata et al.,
2008; Rubinstein et al., 2008), and correlations with the loca-
tions of metamorphic dehydration reactions (Peacock, 2009;

Condit et al., 2020). These fluids are particularly important
for controlling the rheology of the plate interface through
the metamorphic alteration of near-interface lithologies, and
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their presence has also been shown through numerical model-
ing to play a role in controlling efficiency of basal accretion
(“subcretion”) of material from the downgoing to overriding
plate (Menant et al., 2019). This in turn has a strong relation-
ship with topographic growth, deformation, and exhumation
in the overriding forearc (Menant et al., 2020). Although these
relationships can be predicted from thermopetrological and
thermomechanical modeling, understanding their applicability
to a subduction margin’s structure and evolution requires a
comparison between predictions and observed structures in
the natural world.

The Cascadia margin of the northwestern United States is
particularly well suited to test the interplay between numerical
models, geophysical observables, and geologic and tectonic
processes. Correlations between the surface expression of sub-
duction and interplate seismogenic behavior have been linked
to “subcretionary” processes using seismic imaging and other
geophysical datasets (Fig. 1; Delph et al., 2018, 2021). The case
for this mechanism is most convincingly made along the
northern portion of the Cascadia subduction zone, where an
∼10–km-thick low shear-wave velocity zone (LVZ) with high
internal reflectivity correlates with negative Bouguer gravity
anomalies and has been interpreted as subcreted sedimentary
material (Fig. 2; Calvert et al., 2011; Delph et al., 2018, 2021).
Above and slightly trenchward of this LVZ is an elevated fore-
arc accretionary complex (Olympic Mountains, Washington,
U.S.A.), where clear domal uplift and exhumation are observed
from low-temperature thermochronology and structural map-
ping (Brandon et al., 1998), as would be predicted by the ther-
momechanical modeling of subcretion (Menant et al., 2020). In

addition, the observed velocities within these LVZs appear to
necessitate the presence of free fluids and spatially correlate
with NVT distribution along the margin (Delph et al., 2018).
The fluids are sourced from dehydration reactions in the
downgoing oceanic crust based on thermopetrological model-
ing, which occurs over a similar depth range as slow slip
(Condit et al., 2020) indicating a strong link between fluids,
subcretion, and surface uplift (Delph et al., 2021).

The southern margin of Cascadia shows a strikingly similar
surficial and shear-wave velocity structure to what is observed
in northern Cascadia (Fig. 2); however, these features appear
more exaggerated here than elsewhere along the margin. For
instance, the seismogenic behavior of the southern Cascadia
margin is characterized by the shortest recurrence intervals
of episodic slow slip (Brudzinski and Allen, 2007), highest den-
sity of NVT (Wech, 2010), and large amounts of crustal and
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Figure 1. Map showing variable subduction characteristics along
the Cascadia margin (after Delph et al., 2021). Our local study
will focus on the southern Cascadia margin (orange box), which
shows (a) the highest slab curvature and shallowest slab dip;
(b) the highest amounts of intraslab seismicity; (c) the highest
density of nonvolcanic tremor (NVT) and shortest recurrence
intervals for slow-slip events; (d) the largest crustal low shear-
wave velocity zones; (e) the lowest Bouguer gravity anomalies;
(f) the highest uplift rates; and (g) the highest topography along
the entire Cascadia margin. Red lines in (d) indicate location of
shear-velocity cross sections in Figure 2. Blue and purple polygons
indicate boundaries for the Siletzia and Klamath terranes. The
color version of this figure is available only in the electronic
edition.
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intraslab seismicity (McCrory et al., 2012; Bostock et al., 2019)
compared with the rest of the margin. In addition, the broadly
elevated forearc and high uplift rates cannot be adequately fit
by models of plate locking (Kelsey et al., 1994; Schmalzle et al.,
2014), implying a significant anelastic contribution to uplift.
These characteristics make it tempting to invoke a similar
“subcretion” hypothesis to what is interpreted farther north
(Calvert et al., 2011; Delph et al., 2021). However, understand-
ing whether subcretion plays a dominant role in controlling
the intraplate seismicity of the overriding forearc and the sur-
ficial expression of subduction in southern Cascadia is compli-
cated by (1) the lack of similar seismic reflection images to
those in northern Cascadia (e.g., Calvert et al., 2011), (2) an
overriding plate of a different composition and architecture
(intermediate composition Klamath terrane vs. the mafic com-
position Siletzia terrane in central and northern Cascadia), and
(3) the combination of transpressional deformation related to
the San Andreas system and subduction-related deformation.

To better understand the dominant controlling mechanisms
behind southern Cascadia deformation patterns, surface expres-
sion, and seismogenic behavior, researchers at the University of
Oregon and Purdue University deployed the Southern Cascadia
Earthquake and Tectonics Array (SCENTAR), a passive array of
60 nodal seismometers in the southern Cascadia forearc. This
array operated from early March to early April, 2020, and rep-
resents an approximately eightfold increase in station coverage
compared with the permanent seismometer networks in the
region over the deployment period (Fig. 3). This denser station
spacing will allow for higher resolution images of the forearc
crust immediately atop the locus of NVT and low-frequency
earthquakes (purple polygon in Fig. 3) than can currently be
obtained. The questions that this project aims to answer are

(1) what is the structure of the Cascadia forearc crust near
the plate interface, and how might this relate to episodic slow
slip and tremor, and (2) what allows for the very broad uplift of
the southern Cascadia forearc? In addition, recent research has
shown a rather significant discrepancy between low frequency
earthquake (LFE) hypocenters and the location to the plate
interface inferred from slab models and seismic images
(Plourde et al., 2015; Delph et al., 2021), indicating a better
model of the geometry and morphology of the plate interface
in southern Cascadia is needed. To answer these questions,
we integrate this dataset with both previously deployed and
active seismic arrays operating in the region and perform P-
wave receiver function analysis alongside LFE detection and
location, ambient noise interferometry, and focal mechanism
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Figure 2. Forearc structure of northern and southern Cascadia.
Location of cross sections shown in Figure 1d (red lines). In all
images, purple dots represent low-frequency earthquakes, the
purple polygon represents low-velocity zones interpreted to
represent underplating material, the pink line above topography
represents NVT distribution, the black triangles represent seismic
stations, and the red triangles represent Holocene volcanic
centers. (a) Conceptual cartoon of processes that are operating
along the northern Cascadia margin (latitude: 48.0° N) based on
thermochronology (green line; Brandon et al., 1998), thermo-
mechanical modeling (Menant et al., 2019), and shear-wave
velocity structure (as seen in panel b; Delph et al., 2018). Figure
after Delph et al. (2021). (b) Shear-wave velocity model (after
Delph et al., 2021). (c) Shear-wave velocity images of southern
Cascadia (latitude: 41.0° N; after Delph et al., 2021), showing a
strikingly similar character to what is observed in northern
Cascadia (b). The color version of this figure is available only in
the electronic edition.
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analysis for small local earthquakes. We will also jointly invert
the receiver function and ambient noise datasets to create a
higher resolution 3D shear-wave velocity model of the region
than currently exists.

Instrument Deployment and Details
This dataset consists of 60 Magseis Fairfield ZLand three-com-
ponent 5 Hz nodal seismometers owned by the University of
Oregon and managed by Dr. Amanda M. Thomas. Nodal seis-
mometers are small, autonomous sensors with on-board digi-
tizer, storage, and Global Positioning System (GPS) powered
by a lithium-ion battery, allowing for the deployment of these
units with trivial equipment in remote places. The instruments
were deployed in early March 2020 in a gridded geometry over
a 185 km (∼40.5°–42° N) × 155 km (124.1°–122° E) area with
∼15 km station spacing throughout the forearc of northern
California specifically designed to lie immediately above the
region of NVT (Fig. 3). The sampling rate for all stations
was 250 Hz with a 12 dB gain. Station numbering increases
from west to east and north to south. If possible, we used a
posthole digger to make ∼8 inch deep holes so that the nodal
instrument could be buried ∼1–2 inches below the surface to
decrease noise (Farrell et al. 2018). All stations were coupled to
the ground with a 4.6 inch metal spike (Fig. 4).

Most station locations were constrained to near state and
interstate highways, covering a vast range of elevations from
sea level to >2 km. Of the 60 stations, 30 were deployed on pub-
lic land operated by the Klamath, Shasta-Trinity, and Six Rivers

National Forests; two were
deployed on the Hoopa Valley
Indian Reservation; and the
remaining were deployed on
the properties of private land-
owners or adjacent to local
roads. The original intent of this
deployment was to swap the
nodal instruments with fully
charged nodals at the same
locations after 1 month of oper-
ation to extend data recording,
but complexities related to the
COVID-19 pandemic pre-
vented the second deployment
of nodal instruments. Instead,
stations were recovered in
mid-April ∼40 days after
deployment so they could oper-
ate for their entire battery life
and maximize data collection.
The instruments recorded data
for an average of ∼38 days
(Fig. 5). During this deploy-
ment, a cluster of seismicity

occurred along the Mendocino Fracture Zone along with a
slow-slip event whose southern edge overlapped with the array.

Overall Data Quality and Availability
Of the deployed 60 stations, 56 operated undisturbed for the
entirety of the deployment. A consistent misorientation of
∼10–20° east of north was observed during instrument
removal, likely resulting from compass misalignment during
deployment. Station orientations, dates of operation, and dates
of disturbance to the best of the authors’ knowledge are shown
in Table S1, available in the supplemental material to this
article. Four of the stations were severely disturbed during
operation (stations 5, 48, 52, and 57). These sensors were
removed from their deployed locations and either placed
nearby on the ground (station 5) or replanted loosely with
incorrect orientations (stations 48, 52, and 57). In addition,
station 57 showed significantly higher amplitudes at high
frequencies compared with other stations nearby, although
the frequency content for data below 1 Hz appears similar; thus
the data may still be useful albeit rather noisy. The date of dis-
turbance was estimated from changes in the probabilistic
power spectral density (PPSD) functions and spectrograms
but is not known precisely.

Individual station noise was estimated using PPSDs over the
entirety of the experiment (McNamara and Buland, 2004).
PPSDs were calculated every 10 min with 5 min overlap fol-
lowing the approach of Lecocq et al. (2020) using the ObsPy
package (Krischer et al., 2015). Some examples are shown
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Figure 3. Nodal station locations (red triangles) deployed in the forearc of northern California. Black
triangles are pre-existing broadband seismic stations belonging to the Northern California Seismic
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in Figure 6. Although these instruments have low-end corner
frequency of 5 Hz, these instruments have been shown to accu-
rately recover waveform character from teleseismic earth-
quakes at lower frequencies (<1 Hz) after instrument
response removal, especially for large events (e.g., Wang et al.,
2019). Indeed, the PPSD plots generally show that ambient
noise on the instruments for most stations do not cross the
high noise model (HNM) until ∼0.1 Hz (∼10 s), consistent
with previous estimations of noise on these instruments from
other field deployments (e.g., Sweet et al., 2018). This indicates
that these data will be useful for understanding both local
earthquakes characteristics and for analyzing teleseismic body
waves, such as in receiver function analysis and teleseismic
tomography, as has been demonstrated in previous studies
(Ward and Lin, 2017; Ward et al., 2018; Stanciu and
Humphreys, 2021). Other studies have also shown that these
instruments can recover ambient noise surface-wave measure-
ments as well (e.g., Wang et al., 2017, 2019), and there is no
reason to believe this would not be the case with this array
geometry. In fact, the quietest nodal stations show similar
PPSDs to nearby broadband stations from ∼0.1 to 10 Hz
(red line, Fig. 6).

Initial Observations
To better understand the factors that affect data quality at our
stations and how they might affect the analyses we propose to
apply to these data, we inspected the regional characteristics of
the PPSD signals in the array.

At frequencies generally used for teleseismic body-wave
analysis (0.125–1 Hz; Fig. 7a), we see a change in the power
of the noise spectrum that likely results from two main sources.
The first dominant source is associated with the peak fre-
quency of the secondary microseism (∼6–8 s). Spectral noise
trends in this frequency band show a decrease in power away
from the coastline. This is expected because the main

mechanism for generating the secondary microseismic energy
arises from ocean-wave interactions in the ocean basins and
(locally) with coastlines (Ardhuin et al., 2011). There seems
to be a local site response effect as well because stations located
in the Franciscan terrane show higher noise levels, perhaps
because of the strength of the bedrock. The Franciscan terrane
comprises dominantly accretionary material (Hamilton, 1969),
whereas the Klamath terrane bedrock is dominated by accreted
crystalline oceanic and island arc material (Irwin, 1985).

At higher frequencies that overlap with local seismicity,
low-frequency earthquakes, NVT (1–10 Hz; Fig. 7b), noise
characteristics seem to be dominated by station proximity
to human infrastructure, with secondary effects likely arising
from site response. This is most strikingly seen near Redding,
California, where all stations show high mean spectral power
relative to more remote stations in the high elevations of the
Klamath terrane (Fig. 7b). The generally higher noise levels
also seem to run along the major highways, including the
California coastal highway and Interstate-5, which are roughly
demarcated by the north–south-trending westernmost and
easternmost lines (red lines, Fig. 7). Juxtaposed on this signal,
higher noise levels on proximal stations likely reflect small-

Figure 4. (a) Magseis Fairfield ZLand three-component nodal
seismometer with dimensions (see Data and Resources). (b) The
ZLand seismometer is readily deployed with a handheld
deployment tool and terminal after preliminary experiment
geometry is created using Magseis Fairfield’s proprietary soft-
ware. Compass (not shown) and bubble level are used to
properly orient the instrument. Redundant Global Positioning
System (GPS) locations were taken with a handheld GPS.
(c) Typical example of an installation prior to complete burial
(shoe for scale). Locations were marked with orange utility flags
placed ∼1 ft away from the instrument. The color version of this
figure is available only in the electronic edition.
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mometers located near the city of Redding, California. Higher
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scale shallow geological basins and waterways associated with
the Klamath River and its tributaries (blue lines; Fig. 7b).
Despite this deployment overlapping with COVID-19 shut-
downs in the state of California on 19 March 2020, no signifi-
cant decrease in the noise level of the data in this frequency
band was observed on cursory inspection, which speaks to
the remote nature of many of these stations.

Local and teleseismic events were clearly recorded on the
seismic array during the period of operation and qualitatively
compare well with nearby broadband seismometers from the
Northern California Seismic Network (Figs. 8, 9). The high-
frequency sensitivities of nodal seismometers make them par-
ticularly good for short-duration studies on local seismicity,
but certain processing steps can also make them produce very
comparable waveforms as broadband seismometers at inter-
mediate periods (up to ∼10 s). Thus, these nodal instruments
can be used for both fine-scale local studies and as more tradi-
tional “broadband” seismic studies that utilize teleseismic
earthquakes (as long as the signal-to-noise ratio of the teleseis-
mic earthquakes is high enough).

Figure 8 shows an example of a local earthquake recorded on
the array that occurred within the Gorda region of the Juan de
Fuca plate. ThisML 3.5 event took place on 10 March 2020 and
was clearly recorded on most of the stations in the array. We
observe clear onsets for the P wave on most of the nodal stations
(shown in black), whereas the S-wave arrival shows more vari-
ability, consistent with the broadband records (blue). Some of
the nodal stations show quite a bit more noise prior to the
P-wave onset compared to the broadband records, likely caused
by differences in the deployment style (vaults for broadband vs.
direct burial for nodal seismometers). Regardless, the clear arriv-
als on the nodal seismometers can be directly combined with
those from the broadband stations in the region to understand
travel-time variations. Furthermore, these waveforms can be

used alongside nearby broadband stations for waveform mod-
eling after the removal of the instrument response to make
records comparable (e.g., Gong and McGuire, 2022).

Figure 9 shows an example of a P-wave and its coda from an
Mw 7.5 teleseismic event recorded on the array that occurred
on 25 March 2020 near the Kuril Islands compared with
nearby broadband records. Given the large epicentral distance
between the event and array, the P wave should look nearly
identical on all records. Indeed, we observe very similar wave-
form characteristics between the event recorded on the broad-
band stations (blue traces) compared with the nodal records
after the removal of the instrument response and filtering
between 0.05 and 4 Hz (black). Many studies have used
short-period (∼1 Hz low corner) seismometers to compute
P-wave receiver functions in the past (Niu et al., 2005; Delph
et al., 2017), and this has been shown to work with 5 Hz nodal
seismometers as well (e.g., Ward and Lin, 2017; Liu et al., 2018;
Lythgoe et al., 2020). The only significant limitation in using
nodal seismometers compared with seismometer systems at
< 10 second periods is that the nodal seismometers are limited
in their operation duration by their internal battery life,
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Figure 7. PPSD for each station over the duration of their oper-
ation for common frequency ranges used in (a) teleseismic and
(b) local earthquake studies. The blue lines denote major river
systems, black dashed line denotes Klamath Terrane boundaries,
and the red lines denote major interstate and state highways.
(a) At lower frequencies, mean seismic noise generally decreases
with distance from the shoreline because the primary microseism
band (∼6–8 s) contributes to this noise level. (b) At high
frequencies, increased noise levels generally correspond to locally
generated anthropogenic noise (e.g., cities, highways) and river
systems. Yellow circles denote major cities in study area. The color
version of this figure is available only in the electronic edition.
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whereas other systems often
operate with an external power
supply. This can make targeted
scattered-wave imaging studies
using teleseismic waves some-
what risky because the quality
of the results is generally dic-
tated by the number of teleseis-
mic events that occur over the
duration of the deployment.
During this deployment, the
array recorded 19 teleseismic
earthquakes amenable to typi-
cal P-wave receiver function
calculation (Mw > 5:5, epicen-
tral distances between 30°
and 95°).

Our main goals for this data-
set are to use a variety of tech-
niques aimed at better imaging
and characterizing the structure
and seismicity of the southern-
most Cascadia forearc, includ-
ing using both teleseismic
earthquakes alongside ambient
noise methodologies to con-
strain the discontinuity and
shear-wave velocity structure
of the region and using machine
learning techniques (e.g.,
Thomas et al., 2021) to identify
and characterize “traditional”
seismicity and low-frequency
earthquakes to understand the
dominant state of stress in the
overriding crust and better con-
strain the location and mor-
phology of the plate interface.
However, many other analyses
can be done with this dataset.
These include Love-wave ambi-
ent noise analysis (Lin et al.,
2008), constraining Rayleigh-
wave anisotropy and horizon-
tal-to-vertical ratios (e.g., Lin
et al., 2009; Lin and Schmandt,
2014), waveform modeling of
the many Gorda plate earth-
quakes that took place over
the duration of the deployment
(e.g., Gong and McGuire, 2022),
and calculating ground-motion
predictions using horizontal-
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Figure 8. Data from a local earthquake recorded on Southern Cascadia Earthquake and Tectonics
Array (SCENTAR) and nearby broadband stations. (a) Earthquake details. (b) Event location and
great circle paths from event to SCENTAR stations (red) and Northern California Earthquake Data
Center (NCEDC) broadband stations (blue). (c) Comparison of waveforms from nodal (black) and
broadband (blue) seismometers. Stations are ordered by epicentral distance from the event. Clear
P- and S-wave moveouts are apparent on most of the stations in the record section. Earthquake
metadata from U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC). The
color version of this figure is available only in the electronic edition.
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to-vertical spectral ratios or
other site response analyses
(e.g., Klimasewski et al., 2019),
which would also greatly con-
tribute to the communal under-
standing of this portion of the
Cascadia forearc.

Summary
The structural and rheological
properties of a subduction
margin directly influence seis-
mogenesis and overriding plate
deformation, but several
aspects remain poorly under-
stood. In early March 2020,
the Southern Cascadia
Earthquake and Tectonics
Array (SCENTAR), consisting
of 60 nodal seismic stations
was deployed to investigate
how the composition, struc-
ture, and seismic characteris-
tics of the southern Cascadia
margin contributes to broad
uplift, topographic evolution,
and high rates of episodic slow
slip and tremor. To constrain
the characteristics of the fore-
arc, we will apply both robust
and novel seismic methodolo-
gies, including (1) teleseismic
receiver function imaging,
(2) ambient noise interferom-
etry, (3) a joint inversion of
receiver functions and sur-
face-wave dispersion measure-
ments to obtain a new 3D
shear-wave velocity model of
the region, and (4) and seis-
micity analysis to understand
the stress state of the southern
Cascadia overriding plate and
better constrain the morphol-
ogy of the subduction interface.
Insight into how these charac-
teristics relate to the expression
of subduction in southern
Cascadia will then be used to
better understand what con-
trols variability in the manifes-
tation of subduction elsewhere
along the Cascadia margin. In
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Figure 9. An example of data from a teleseismic earthquake recorded on the vertical component of
SCENTAR and nearby broadband stations. Details for earthquake are shown at the top. (a) Location
of event and great circle paths to the stations. (b) Focal mechanism of earthquake (Global Central
Moment Tensor catalog; Ekström et al., 2012). The black circle represents mean back azimuth and
takeoff angle for the P wave on the focal mechanism stereonet. Low-amplitude, positive P-wave
first-motion results from the array’s position in a compressive quadrant near the nodal plane of the
focal sphere. (c) Comparison of data from SCENTAR nodal stations (black traces) and NCEDC
broadband instruments (blue traces). Earthquake metadata from USGS NEIC. The color version of
this figure is available only in the electronic edition.
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addition, these high-resolution images of forearc crustal struc-
ture will allow for the better understanding of the possible
physical, compositional, and rheological controls on the proc-
esses of episodic tremor-and-slip.

Data and Resources
The Southern Cascadia Earthquake and Tectonics Array (SCENTAR)
dataset was collected using funds provided through the University of
Oregon and Purdue University, and these data will be analyzed as part
of National Science Foundation (NSF) Grant Number 102939.
SCENTAR data can be referenced by citing this article and its asso-
ciate DOI (Delph and Thomas, 2020, doi: 10.7914/SN/3A_2020) and
will be archived and made available through the Incorporated
Research Institutions for Seismology Data Management Center
(IRIS-DMC) after the completion of the NSF proposal (1 August
2024). Further information on station metadata is included in
Table S1. Readers who are interested in obtaining this dataset ahead
of the public release are encouraged to reach out to Jonathan Delph.
Broadband data for comparison of local and teleseismic waveforms
were obtained through the Northern California Earthquake Data
Center (NCEDC; www.ncedc.org, last accessed February 2022). All
maps were created using Generic Mapping Tools (GMT) version 5
(Wessel et al., 2013). Data processing was performed using the
ObsPy package (Krischer et al., 2015). The information about
Tremor map is available at www.pnsn.org/tremor (last accessed
October 2022). The information about Magseis Fairfield is available
at magseisfairfield.com (last accessed February 2020). The Northern
California Seismic System is available at https://www.ncedc.org/ncss
(last accessed October 2021).
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