®

Quality Analysis of High-Frequency Air-Gun
Shot Seismic Recordings in the Juan de Fuca

Plate

by Sampath Rathnayaka and Haiying Gao

ABSTRACT

The goal of this study is to extract high-frequency seismic wave-
forms recorded by both offshore and onshore instrumentations
and to quantitatively evaluate the data quality in terms of source-
to-receiver distance, source paramecters, water depth, and
sediment thickness. There were two active-source seismic ex-
periments within the Juan de Fuca plate, MGL1211 and
MGLI1212, during the first year deployment of the Cascadia
Initiative Amphibious Array. In total, we chose 114 ocean-
bottom seismometers and 211 inland stations located around
the experiment region. The common receiver gathering analysis
shows that most offshore stations located in deep-water record
clear first P-wave arrivals up to 150 km away from the air-gun
shot. The first arrival transits from crustal phase Pg to head wave
Pr at a source-to-receiver distance of 25-40 km. For stations
located at shallow water, the seismic recordings appear much
noisier compared with those of deep-water stations. Only five
inland stations record clear air-gun shot signals up to 200 km
away from the source. The signal-to-noise ratio of the first P
arrivals generally decreases from a few hundred down to a single
number with increasing source-to-receiver distance, from deep
(~3000 m) to shallow water (~100 m), with increasing sedi-
ment thickness and decreasing air-gun shot spacing and time
interval. On average, the ratio appears 5-10 times lower at in-
land stations than at offshore stations. The sediment thickness
estimated in this study demonstrates significant along-strike
variations, which is up to 5 km offshore Oregon and 3.5 km
offshore Washington. The coincidence of thick sediments with
seismicity suggests the importance of sediments on the coupling
of the plate interface.

Electronic Supplement: Tables that summarize the information
of two active-source seismic experiments, types of instrumenta-
tions, and estimate of sediment thickness and figures showing
the station locations, examples of air-gun shot recordings,
distribution of signal-to-noise ratios for onshore stations, manual
picks of the first P-wave arrivals (Pz), and distribution of
sediment thickness, as well as comparison of sediment estimate
from this study with other literatures.
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INTRODUCTION

The Juan de Fuca (JdF) plate is subducting beneath the North
American continent along the Cascadia subduction zone,
western North America, at a rate of 3-4 cm/yr (e.g., McCaf-
frey et al., 2007). Cascadia is under the threat of potential meg-
athrust earthquakes and tsunamis in the near future (e.g., Wang
and Trehu, 2016). The location and magnitude of subduction
carthquakes are strongly influenced by the physical properties
of the plate interface, subduction zone parameters, and rheol-
ogy of the crust and upper mantle (e.g,, Bilek, 2009; Wallace
et al., 2010). It has been suggested that at sediment-rich sub-
duction zones such as Cascadia and Eastern Aleutian, sediment
thickness and influx play a significant role in the observed
along-strike variations of fault-slip behaviors (e.g., Song and
Simons, 2003; Wells ez al., 2003; Wang and Trehu, 2016; Han
et al., 2017). A recent study by Phrampus ez /. (2017) showed
that sediment thickening along the accretionary wedge has a
crucial effect on the thermal structure of the Cascadia subduc-
tion system. It was suggested that accumulation of overconso-
lidated sediments offshore the Washington margin contributes
to the megathrust slip behavior and deformation of the accre-
tionary wedge (Han ez al., 2017). Thick sediments within the
accretionary wedge can also significantly amplify and extend
durations of seismic surface waves (Guo et 4/, 2016; Johnson
et al., 2017).

The active-source seismic reflection and refraction experi-
ments have been successfully applied to study sedimentary,
crustal, and upper-mantle structure and have provided high-
resolution distribution of marine sediments along 2D profiles
or within a relatively small region (e.g., Funck ez 4/, 2000; Blei-
binhaus ez al., 2007; Shillington ez /., 2008; Dash and Spence,
2011; Trehu ez al., 2012; Christeson e al., 2013). Recent ac-
tive-source seismic experiments in Cascadia demonstrated that
the sediment thickness increases from the JdF ridge toward the
trench (Han ez al., 2016, 2017; Horning ez al., 2016). Along
the Cascadia deformation front, the sediment thickness is
relatively uniform on the scaside, which is about 2.5-3.0 km
thick (Canales ez 4l., 2017). The sediments reach a maximum
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thickness of up to 5 km within the accretionary wedge (Han
et al., 2017). The P-wave scismic velocity within the sediments
varies within a range of 1.5-4.8 km/s, which increases with the
increasing sediment thickness (Canales ez /., 2017; Han et al.,
2017). However, because of the lack of dense coverage of high-
frequency scismic datasets, none of those previous studies were
capable of resolving a 3D distribution of the sediment thick-
ness within the JdF plate.

With the operation of the Cascadia Initiative seismic array
from 2011 to 2015, a few studies provided 3D sediment dis-
tributions within the JdF and Gorda plates. With the ratio of
vertical displacement to pressure of Rayleigh waves, Ruan ez /.
(2014) and Bell ez al. (2015) found that the shear velocity of
abyssal plain sediments varies at 0.1-1.0 km/s within a layer
thickness of 0.1-1.4 km from the ridge to the deformation
front, which correspondingly results in a shear-wave delay of
0.5-2.0 s. The estimates by Ruan ez /. (2014) and Bell ¢z 4/.
(2015) revealed relatively thinner sediments compared with the
active-source results by Han ez 4/ (2016) and Horning ez al.
(2016). Gomberg (2018) extracted the sediment thickness
from the velocity model by Stephenson (2007), which corre-
sponds to the 'p = 4.5 km/s depth boundary. The sediment
distribution shows an abrupt west—east thickening across the
deformation front and demonstrates distinct along-strike var-
iations within the accretionary wedge (Gomberg, 2018). In
comparison with the results by Bell ¢z 2/. (2015), the sediment
by Gomberg (2018) is on average about 0.5 km thinner within
the JdF plate.

In this study, we analyze high-frequency seismic wave-
forms from two active-source experiments within the JdF plate
and evaluate the data quality. Our analysis shows that the qual-
ity of the air-gun shot recordings varies from deep to shallow
water and from offshore to onshore. We provide a 3D distri-
bution of the sediment thickness, extending from the ridge to
the continental margin within the entire JdF plate.

EXTRACTION OF HIGH-FREQUENCY WAVEFORMS

Two active-source seismic experiments MGLI211 (Juan de
Fuca plate: Ridge to trench) and MGL1212 (Cascadia Open-
Access Seismic Transects) were carried out in June—July 2012,
within the oceanic JdF plate (see seismic lines in Fig. 1 and ®
Fig. S1, available in the electronic supplement to this article; see
cruise reports by Carbotte ez al., 2012; Holbrook ez al., 2012).
Data, experiment information, and ocean-bottom seismometer
(OBS) instrument types were archived with the Marine Geo-
science Data System (see ® Tables S1-S5). The first experi-
ment MGLI211 was carried out from 14 June to 7 July 2012,
including three main transects (lines 1-3), one short transect
(line 4), three fan lines, and several short lines. The two ridge-
perpendicular lines 1 and 2 extend from the JdF ridge to the
Cascadia margin, covering the full width of the JdF plate. Line
3 starts ~10 km west of the Cascadia deformation front and
runs parallel to the trench on the abyssal plain for a length of
400 km. Line 4 is located east of the axial seamount and ori-
ented perpendicular to line 1. The second experiment
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A Figure 1. Distribution of seismic stations and two active-
source seismic experiments (thin white lines) used in this study.
Diamond symbols represent seismic stations with clear air-gun
shot recordings, and the circles represent stations with noisy
data. Triangles represent the Cascadia Initiative offshore stations
with no data recordings during the active-source expeditions.
The large diamonds correspond to the seismic stations used
in Figures 2, 3, 5, and 6. The depth contours of the Juan de Fuca
plate interface from 20 to 60 km (gray lines) are from the model of
McCrory et al. (2004). The thick black line represents the mido-
cean ridge.

MGLI1212 was conducted on the continental shelf near the
Grays Harbor area, Washington (dense white lines in Fig. 1),
which started on 12 July 2012 and lasted for 12 days. This
expedition included nine west—east transects from trench to
margin and two north-south transects.

The volume of the air-gun arrays was kept constant (6600
cubic inches) throughout the two experiments, except for
sequence 21 in MGLI211 and sequences 24 and 25 in
MGL1212 (see ® Tables S3 and S4). We excluded those three
sequences in our data analysis because of noisy first arrivals on
data recordings. During MGL1211, the air-gun shots were trig-
gered twice along lines 1-3, every 500 m for the refraction
study and every 37.5 m for the multichannel seismic imaging
study. The shot spacings for lines 2 and 4 are 37.5 and 150 m
individually. The shot spacing was set as 170 m for the dense
lines parallel to the trench near the continental shelf of central
Oregon and a fan line west of the central Oregon trench. The
source depth was set at 9 m for sequences 7-13 and 15-22
with a 15-s shot spacing, sequences 14 and 24-26 with a
60-s shot spacing, and sequences 23 and 27 with a 216-s shot
spacing. For the rest of the sequences with 60- and 216-s shot
spacings, the source depth was set at 12 m (see ® Table S3).
During the MGL1212 experiment, the air-gun shot spacing
and time interval remained nearly constant, 50 m and 23 s,
respectively. The source depth of the air-gun array was set at
9 m for sequences 11-24, and 15 m for sequences 1-10 and 25,
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A Figure 2. Examples of the air-gun shot recordings by the Cascadia Initiative
offshore station 7D.J43A on 15 June 2012, filtered at (a) 20—40 Hz, (b) 10-20 Hz,
(c) 5-10 Hz, and (d) 3-5 Hz. The black arrow corresponds to the first P-wave arrivals
at each frequency band. The average P-wave velocity for the direct-wave traveling
in the water is 1.48 km/s. The x axis represents the reduced travel time with a

reduction velocity of 8.0 km/s. See station location in Figure 1.

respectively (see ® Table S4). The deeper source depth was
designated to enhance the data recording quality of the low-
frequency content (J. Pablo Canales, personal comm., 2018).
In this study, we analyzed the air-gun shots of these two
active-source experiments recorded by seismic instruments that
were located around the experiment region. In total, we chose
114 offshore and 211 onshore stations (see station distribution
in Fig. 1). These stations include the Cascadia Initiative seismic
array (7D), Neptune Canada (NV), 47 OBSs deployed for
MGLI1211 (X6), complementary deployment of 40 temporary
land stations in Oregon and Washington during the period of
the active-source experiments (YG; Imaging the Cascadia
subduction zone: A ship-to-shore opportunity). We also added
many permanent and temporary land networks, including
Cascade chain volcano monitoring network (CC), global seis-
mograph network (IU), plate boundary borchole observatory
seismic network (PB), EarthScope US Transportable Array
(TA), University of Oregon regional network (UQO), United
States national seismic network (US), and Pacific Northwest
regional seismic network (UW). Continuous vertical-
component seismic data were requested during the expedition
time (from 13 June to 24 July 2012) from the Incorporated
Research Institutions for Seismology Data Management
Center. The Cascadia Initiative deployed a total of 59 OBSs
within the JdF plate during 2011-2012. However, only 31
were operating during the active-source experiments. The tri-
angles in Figure 1 mark stations without seismic recordings.
We first explored the potential frequency ranges of each
seismic station. The upper limit of frequency is defined by the
Nyquist frequency, which is half of the sampling rate in the in-
strument. Among the 325 seismic stations, 80 have the BHZ
component with a sampling rate of 40 or 50 samples per second,
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stations from networks CC, IU, TA, UO, and
US. The rest have either an HHZ or EHZ com-
ponent with a sample rate equal to or greater
than 100 samples per second, leading to a maxi-
mum upper limit of frequency greater than
50 Hz. Although the Nyquist frequency is
up to 25 Hz for the BHZ stations and 50 Hz
for the HHZ/EHZ stations, we only go up to
80% of the Nyquist frequency to remain
conservative. Therefore, for the following data
analysis, the seismic waveforms were filtered at
multiple frequency bands, ranging from 3-5 Hz,
5-10 Hz, and 10-20 Hz for the BHZ stations
and 3-S5 Hz, 5-10 Hz, 10-20 Hz, and
20-40 Hz for the HHZ/EHZ stations.

No air-gun shot recordings can be easily
detected from the raw seismic waveforms. To
identify the air-gun shot signals, we made the
common receiver gathering with a reduction
velocity of 8.0 km/s for each seismic station
from each active-source seismic transect. Our
data analysis showed that the first P-wave arrivals
can be clearly observed at many offshore stations up to 150 km
away from the source within a broad range of frequency (see
examples in Fig. 2 and ® Figs. $2-S5). Consistently, Horning
et al. (2016) demonstrated similar maximum offset range of air-
gun shot arrivals. It appears that stations located at deeper water
recorded higher-frequency air-gun shot signals (® Fig. S3) in
comparison with stations located at shallower water (® Figs. S$4
and S5). The offshore stations also recorded strong direct waves,
which travel through the water with an average P-wave velocity
of 1.48 km/s. In total, we were able to identify clear air-gun shot
recordings for 84 offshore instruments (diamonds in Fig. 1), in-
cluding 7 from Lamont-Doherty Earth Observatory (LDEO),
20 from Woods Hole Oceanographic Institution (WHOI), 56
from Scripps Institution of Oceanography (SIO), and 1 from
Neptune Canada (NV).

In contrast, only five land stations recorded clear air-gun
shot signals up to 200 km away from the source, especially at
5-10 Hz (sce examples in Fig. 3 and ® Figs. S6 and S7). All
of these five stations were located in the remote areas of the
Oregon fore-arc (diamonds in Fig. 1) and far away from possible
human-made noise sources. In contrast, none of the stations lo-
cated in the Washington remote areas showed clear air-gun shot
recordings. The data quality difference between the Washington
and Oregon stations may reflect the distinct structural variations
along the Cascadia fore-arc. For example, the up-to-30-km sedi-
ment accumulations within the Olympic accretionary wedge in
Washington (e.g., Calkins e a/., 2011; Calvert ez al., 2011; Rath-
nayaka and Gao, 2017) could significantly decrease the ampli-
tude of the air-gun shot signals (e.g., Shulgin and Thybo, 2015).
Furthermore, the thickened oceanic crust (25-35 km; Trehu
et al., 1994) and relatively low heat flow (< 40 mWm™2; Inge-
britsen and Mariner, 2010) in the Oregon fore-arc would allow

éO 40 60
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A Figure 3. Examples of the air-gun shot recordings by onshore station UW.BABR
on 6 July 2012, filtered at (a) 10-20 Hz, (b) 5-10 Hz, and (c) 3-5 Hz. The white arrow
corresponds to the first P-wave arrivals at each frequency band. The x axis rep-
resents the reduced travel time with a reduction velocity of 8.0 km/s. See station
location in Figure 1.
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A Figure 4. Definition of the signal-to-noise ratio (SNR). (a) Example of air-gun
shot recordings with SNR = 120. (b) Example of air-gun shot recordings with
SNR = 10. (c) Example of air-gun shot recordings with SNR = 3. The seismic
waveforms are filtered at 5-10 Hz. Solid and dashed lines define the 6-s signal
window and the 6-s noise window, respectively. Black circles denote the first
P-wave arrivals. The air-gun shot signal can be clearly observed at SNR > 3.

window (defined by an approximate velocity of
8 km/s), and the noise is defined as the stan-
dard deviation of the noise (see definition in
Fig. 4). We chose a narrow 6-s signal window
(4 and 2 s before and after the estimated phase
arrival, respectively) to avoid interference with
other phases. The noise window starts at 14 s
before estimated first arrival for a total length
of 6 s. Figure 4 shows that we can observe clear
first arrivals with the SNR equal to or greater
than 3.

The first P arrivals of the air-gun shot re-
cordings can be cither Pg (P-wave traveling in
the crust) or head wave Pn (P-wave traveling in
the uppermost mantle), which depends on the
source-to-receiver distance. To distinguish these
two phases, we applied a reduction velocity of
7.0 km/s for the common receiver gathering
(Shillington ez al., 2004). We expect a positive
trend between the phase arrival and the source-
to-receiver distance for Pg and a negative trend
for Pn (see examples in Fig. 5). We observed a
transition of the first arrival from Pg to Pz at a
source-to-receiver distance of about 25-40 km
for offshore stations and 70-80 km for onshore
stations.

We calculated and analyzed the SNR of the
first P arrivals at multiple frequency bands for
the seismic stations where the first P arrivals can
be identified (SNR 2 3). The goal is to sta-
tistically and quantitatively investigate varia-
tions of the data quality in terms of source-
to-receiver distance, frcquency, air-gun shot
depth and spacing, and site location. In general,
the SNR decreases exponentially with increas-
ing source-to-receiver distance at all the fre-
quency ranges for both offshore and onshore
stations (Figs. 6 and 7, and ® Fig. S8). This
trend is expected considering the dissipation
and attenuation of the seismic energy along
the propagation path (e.g., Shulgin and Thybo,
2015). More specifically, at shorter distance,
when Pg is the first arrival, the SNR varies
within a large range, up to a few thousands
for offshore stations (Figs. 6a—c and 7) and

propagation of seismic energy with less attenuation compared
with thick sediments in the Washington fore-arc.

QUANTITATIVE ANALYSIS OF THE FIRST
ARRIVALS

Hereinafter, we preceded the following data quality analysis
only for the 89 seismic stations with signal-to-noise ratios
(SNRs) = 3 (the diamond symbols in Fig. 1). The signal is re-
ferred to as the maximum amplitude within the selected signal
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hundreds for land stations (Fig. 6d and ® Fig. S8). At longer
distances, when Pz becomes the first arrival, the SNR on aver-
age is much smaller, < 300 and < 50 for offshore and land
stations, respectively. The sharp decrease of the SNR near
the Pg—Pn transition, as observed at many seismic stations, in-
dicates that on average, the amplitude of the Pz phase is at least
10 times lower at offshore stations and 5 times lower at land
stations than that of the P¢ phase within our study region.
No general trend has been observed between the SNR
variation and the frequency range. However, we noticed that
the air-gun shot recordings at some deep-water stations
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A Figure 5. Examples of the first P-wave arrivals for (a) deep-
water seismic station X6.77 and (b) shallow-water station
7D.MO7A. See station locations in Figure 1. The seismic wave-
forms are filtered at 5-10 Hz. The shaded area represents the
phase transition from Pgto Pn. The x axis represents the reduced
travel time with a reduction velocity of 7.0 km/s.

demonstrate relatively higher SNR values at 10-20 Hz than at
5-10 Hz (Fig. 6a). In contrast, for stations located near the
trench or inland, the SNR decreases from 5-10 to 10—
20 Hz (Fig. 6b—d). The SNR distribution from all the offshore
stations with all the air-gun shots (Fig. 7) demonstrates similar
patterns at 20-40, 10-20, and 5-10 Hz. The air-gun shot sig-
nals appear to be much noisier at 3—5 Hz, with the SNRs about
5-10 times lower than the ratios at higher frequencies. The
SNR distribution from the five onshore stations suggests
higher data quality at 5-10 Hz with SNR up to 250 than at
10-20 and 3-5 Hz where SNRs are less than 60 (® Fig. S8).

We also explored the correlation of the data quality in
terms of the source parameters. The SNR analysis shows that
the data quality within our selected frequency range does not
show strong dependence on the depth of the air-gun array
(Fig. 8). For the MGLI211 experiment, we observed similar
SNR variation pattern at source depths of 9 and 12 m, which
decreases exponentially with increasing source-to-receiver dis-
tance (Fig. 8a). The SNR from MGL1212 does not vary much
in terms of the shot-to-receiver distance at both source depths
of 9 and 15 m and is 5-10 times lower than from MGL1211
(Fig. 8b). For MGL1211, we observed that the data recording
quality increases with increasing shot spacing and time interval
at all the frequencies (Fig. 8¢). This indicates the direct effect of
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multiple waves from previous shots on the first P-wave arrivals

of the air-gun shots.

ESTIMATE OF SEDIMENT THICKNESS

To estimate the sediment thickness beneath each offshore seis-
mic station, we applied two types of layered models to best
predict the observed P arrival time. A model with three layers
above the oceanic mantle lithosphere, including water, sedi-
ment, and oceanic crust, is applied when the air-gun shot is
located on the seaside of the trench (see model A in Fig. 9).
A continental crustal layer is added between the oceanic sedi-
ment and the oceanic crust when both the source and the
receiver are located between the trench and the continental
margin (see model B in Fig. 9).

Equations (1) and (2) are used to estimate the sediment
thickness for model A (Fig. 9b) and model B (Fig. 9¢), respec-
tively:

1 1 X
s (-) W

1 1 1 1 X
2y (- )+ (5-=)+ 5 @
20 ( )* ‘ ( )* @

in which ¢ is the Pn arrival time and v,-v4 and h;-h,
correspond to P-wave velocities and layer thicknesses in water,
sediment, continental crust, and oceanic crust, respectively. vs
is the P-wave velocity in the uppermost mantle, and x is the
shot-to-receiver distance.

The P-wave velocity in the water v; is set as 1.48 km/s,
which matches well with the observed direct wave in this study.
The selection of other model parameters is based on the recent
work in Cascadia by Han e al. (2016, 2017), Horning ez al.
(2016), and Canales ez al. (2017) (Fig. 9d). We assume a 6-km-
thick oceanic crust (b;) with the P-wave velocity (v;) of
6.4 km/s. The P-wave velocities in the continental crust v; and
uppermost mantle vs are set as 5.6 and 8.0 km/s, respectively.
We used Gerdom er a4l (2000) for the thickness of the
continental crust layer /3, which varies from trench toward the
coastline. Variation of the water depth A, relies on the locations
of the air-gun shot and the receiver.

As demonstrated by many previous studies (e.g., Han ez al,
2016; Horning e al., 2016; Gomberg, 2018), the sediment
thickness within the JdF plate varies within a broad range from
the ridge to the accretionary wedge (< 5-6 km thick). The
P-wave velocities of the oceanic sediment vary significantly
within a range of 1.5-4.8 km/s, which increase gradually with
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A Figure 6. Distribution of the SNR at individual stations. (a) SNR for offshore sta-
tion X6.76 at deep water (2800 m), (b) SNR for offshore station 7D.J43A at water
depth of 2654 m, (c) SNR for offshore station 7D.MO07A at shallow water (1356 m),
and (d) SNR for land station UW.BABR. See station locations in Figure 1. Black dots
are measurements from 10 to 20 Hz, and open diamonds are from 5 to 10 Hz. The
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increasing sediment thickness (Han ez 4/, 2016, 2017; Horn-
ing et al., 2016; Canales ez al., 2017). Therefore, we took var-
iations of sedimentary velocities into consideration in our
calculation of sediment thickness. The average velocities within
the sediment layer (v, ) are set as 1.8 and 2.6 km/s, respec-
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tively. To minimize the ray-path effect on the
estimate of sediment thickness 5, beneath each
receiver, we required the source-to-receiver dis-
tance within 35-50 km (® Fig. $9). We then
took the average of the estimated sediment
thicknesses at the common receiver gatherings
as the average sediment thickness beneath the
station (Fig. 10).

DISTRIBUTION PATTERN OF
SEDIMENT THICKNESS

Our estimated sediment thickness within the
JdF plate is shown in Figure 10a (also see ®
Fig. $10 and Table S6). The thickest sediment
(3-5 km) is accumulated within the Cascadia
accretionary wedge, consistent with many pre-
vious studies (e.g., Westbrook ez al., 1994; Flueh
et al., 1998; Goldfinger ez al., 2000; Scherwath
et al., 2006; Trehu ez al., 2006; Han ez al., 2016,
2017; Horning et al., 2016; Gomberg, 2018).
The sediment thickness is up to 4-5 km off-
shore the Oregon margin and within 3-3.5 km
offshore the Washington margin, demonstrat-
ing significant along-strike variations. Unfortu-
nately, because of uneven coverage of the
seismic stations, we were unable to extract the
sediment thickness distribution along the entire
accretionary wedge.

In comparison with the active-source seis-
mic results, we noticed that for receivers located
near the deformation front and within the ac-
cretionary wedge, a 2.6 km/s sedimentary veloc-
ity could better predict the Pz arrivals. For
receivers located further westward away from
the deformation front, a 1.8 km/s sedimentary
velocity fits the observations. For example,
along line 3 of MGLI211, our estimated sedi-
ment thickness with a 2.6km/s sedimentary
velocity agrees well with the active-source seismic
results by Canales ez 2/, (2017) (< 200 m differ-
ence; ® Fig. S10d). Given a 1.8 km/s sedimen-
tary velocity, we observed a tight agreement (i..,
< 150 m difference) of the sediment thickness
between this study and Han ez 4/ (2016) along
line 2 of MGLI211 (® Fig. S10c). The only
exception is for the OBS located on the deforma-
tion front, where a 2.6 km/s sedimentary veloc-
ity matches better (the red dot in ® Fig. S10c).
Along line 1, our sediment estimate at six
sites, which are 75-150 km westward of the

deformation front, is up to 800 m thicker than that of Horning
et al. (2016; ® Fig. S10b). The discrepancy between our
study and that of Horning er 4/ (2016) may be because
of the trade-off between velocity and layer thickness. As
shown by Horning ez al (2016), the P-wave velocities in

January/February 2019 299



—_~
2

MGL 1211 MGL 1212

&
1=}
=3
S
'S
Q
S

9m [ om |
15m

- 12m

W

(=]

(=3

o
o me——

Signal-to-noise ratio
- n
(=3 [=3
(=3 (=3
= =]

Signal-to-noise ratio
n
(=3
o

0 50 100 150 0

50 100 150
Source-to-receiver distance (km) Source-to-receiver distance (km)
(c) MGL 1211 (d) MGL 1212
4000 . — - 400 . - .
° 500 m (216 s) o 50m (23s)]
= ¢ - 150-170m (60's) 2
S 3000 + 37.5m (155) S 300 1
[0} ' [0}
2 K}
g g 200
S S
g g 100 1
2 R |
(7] %)
0 |
0 50 100 150

Source-to-receiver distance (km)

Source-to-receiver distance (km)

A Figure 8. Distribution of the SNR as a function of source parameters. (a) Com-
parison of the SNR at source depths of 9 m (pluses) and 12 m (dots) for MGL1211.
(b) Comparison of the SNR at source depths of 9 m (pluses) and 15 m (crosses) for
MGL1212. (c) Variation of the SNR in terms of the air-gun array spacing and time
interval. Pluses, dots, and diamonds represent the 500 m, 150170 m, and 37.5 m
shot spacings for MGL1211, respectively. Data are filtered at 5-10 Hz. (d) Distribu-
tion of the SNR in terms of the air-gun array spacing and time interval for MGL1212.
The color version of this figure is available only in the electronic edition.

sediment coverage (~200 m). As described ear-
lier (Fig. 8), we observed lower SNRs for the
MGLI1212 experiment in comparison with the
MGLI1211 experiment, which is mainly because
that MGL1212 was located within the accre-
tionary wedge where we observe the thickest
sediments.

DISCUSSION AND CONCLUSIONS

We analyzed the data quality of the first P-wave
arrivals from two active-source seismic experi-
ments within the JdF plate, recorded by both
offshore and onshore seismic stations. The
common receiver gathering analysis showed
that stations located in deep water recorded
clear air-gun shot signals, but most stations lo-
cated at shallow water appeared much noisier.
We were able to identify air-gun shot seismic
signals for only five land stations, which were
all located within the Oregon fore-arc. The dis-
tribution of the SNR revealed a few general
trends: (1) the ratio decreases with the increas-
ing source-to-receiver distance, (2) the ratio in-
creases from shallow to deep water, (3) the ratio
decreases with the increasing thickness of the
marine sediment and (4) the ratio decreases

the crust and upper mantle vary within a large range, from 4.5 to
7.5 km/s and from 6.5 to 8.5 km/s, respectively, and the crustal
thickness varies from about 4.8 to 7.25 km. However, in our
calculation, we simply used 64 and 8.0 km/s for the crust
and mantle velocities, respectively, and a constant crustal thick-
ness (6 km).

We also compared our estimated sediment thicknesses
with the results by Bell ez 4/ (2015) and Gomberg (2018;
® Fig. S11). For the four-shared sites by this study and Bell
et al. (2015), our estimate of the sediment thickness is about
100-800 m thicker (® Fig. S11a). The difference in the sedi-
ment thickness between this study and Gomberg (2018) varies
from —1.1 km up to 2.6 km (® Fig. S11b), which can be
partly due to variations of sedimentary velocities. Gomberg
(2018) defined the sediment thickness as the depth to P-wave
velocity of 4.5 km/s. However, as demonstrated by active-
source seismic results in Cascadia (Han et 4/, 2016, 2017;
Horning et al., 2016; Canales ez al., 2017), the P-wave velocity
is up to 4.8-5.0 km/s at the bottom of thick sediments.

To explore the impact of sediment thickness and water
depth on data quality, we defined the average SNR at each
seismic station as the average of all the SNR values from all the
air-gun shots, filtered at 5-10 Hz, within a source-to-receiver
distance between 25 and 45 km. For all types of instrumenta-
tions, the average SNR decreases from 26 to 8 with increasing
sediment thickness (Fig. 10b) and from deep water to shallow
water (Fig. 10c). Our analysis showed the highest SNR for the
receivers located at deep-water column (~2800 m) and thin
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with the decreasing air-gun array spacing and
time interval. We do not observe strong correlations between
the data quality and the air-gun array depth.

It has been suggested by many previous active-source seis-
mic studies that the air-gun shot signals can be largely affected
by sediment thickness (e.g., Fluch ez al., 1998; Shillington ez al.,
2004, 2008; Bohnenstiehl ez 4/, 2012). The thick sediments
can attenuate the seismic energy (Tullos and Reid, 1969;
Hamilton, 1972), resulting in relatively noisier data. Distinct
low-velocity anomalies have been observed along the Cascade
fore-arc at shallow depths (Rathnayaka and Gao, 2017), which
were presumably related to sediments. Our quantitative and
statistical analysis of the air-gun shot recordings further sup-
ports that the thick sediments within the accretionary wedge
are the primary cause of the low SNR for stations located on
the continental side of the trench. A few other factors may also
contribute to the increased noise level at shallow-water and
inland stations such as the interaction between oceanic waves
with coastline, structural contrast across the continental
margin, and a variety of human-made noise sources.

The sediment thickness estimated in this study increases
from the ridge toward the continental margin, with significant
along-strike variations. Recent seismic refraction studies (e.g.,
Trehu ef al., 2006; Han ez al., 2017) also showed significant
decrease in sediment thickness (> 0.5 km) and increase in sea-
floor heat flow (up to 25 mWm™) from offshore Oregon
northward to offshore Washington. Han ez a/. (2017) suggested
that the along-strike variation of the sediment thickness within
the accretionary wedge reflects the consolidation state of the
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sediments. The thick sediment accumulation
acts as a thermally resistive blanket, which in-
creases the basement temperature and prevents
heat conduction through sediment to the ocean
floor (e.g., Davis ¢ al., 1999; Trehu ez al., 2006;
Salmi ez al., 2017). We did not observe a strong
correlation between variations of the sediment
thickness and the gravity anomalies (e.g., Wells
et al., 2003; Blakely ez al., 2005; Sandwell ez al.,
2013), which may be partly because of the in-
fluence of the accreted Siletz oceanic terrane
(Blakely et 4l., 2005).

The sediment within the Oregon accretion-
ary wedge is up to 5 km thick, where the highest
fault slip was predicted for the great A.D. 1700
Cascadia earthquake (Wang ¢r 4/, 2013) and a
higher locking rate (up to 40 mm/yr) on the
Cascadia megathrust was obtained (Pollitz and
Evans, 2017; see ® Fig. S12a). The spatial cor-
relation may imply the influence of the Cascadia
megathrust earthquake and seamount subsidence
on the redistribution of sediments along strike.
More broadly, the region where we observed rel-
atively thick sediments within the southern JdF
plate corresponds with the distribution of small
carthquakes (magnitudes < 4) within and above
the JdF slab (® Fig. S12b). The seismicity on the
scaside of the trench was attributed to hydration
of the downgoing oceanic plate and reactivation
of pre-existing faults (Han ez /., 2016; Horning
et al., 2016). Here, in terms of the coincidence of
our sediment distribution with observed seismic-
ity, we suggest that the thick and less consoli-
dated sediment accumulation offshore Oregon
may play a significant role on the coupling of
the plate interface (e.g, Heuret ez al, 2012).

Our analysis of the air-gun shot recordings
provides very useful 3D seismic datasets within
the entire JdF plate. This is particularly impor-
tant for the model resolution within the oceanic
crust and the uppermost mantle. As well
known, seismic tomographic studies with differ-
ent types of datasets are complementary to cach
other but are usually carried out separately, leav-
ing a gap in the model resolution. The active-
source seismic recordings have been successtully
applied to study the shallow crustal structures
both onshore and offshore. Regional body-wave
tomography provides strong constraints on the
upper-mantle  structure, and
tomography is well suited to resolve structures
from the crust down to ~200 km depth. Inte-
gration of high-frequency air-gun shots and
short-period surface waves will provide a tight
constraint of the structure from the shallowest
sedimentary layers down to tens of kilometers,

surface-wave
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filling the gap in the model resolution between active- and pas-
sive-source seismic tomographic images.

DATA AND RESOURCES

Seismic data used in this study were obtained from the Incor-
porated Rescarch Institutions for Seismology (IRIS) Data
Management Center (https://ds.iris.edu/mda, last accessed
August 2018). Information about the seismic reflection and
refraction experiments were obtained from the Marine Geosci-
ence Data System (http://www.marine-geo.org/index.php, last
accessed August 2018). B4
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A Figure A1. Analysis of day-long frequency spectrogram for the Lamont-Doherty
Earth Observatory trawl-resistant offshore station 7D.FN14A. See station location in
® Figure S1, available in the electronic supplement to this article. (a) Raw seismic
waveforms without filtering. (b) The seismic waveforms are filtered at 5-20 Hz.
(c) The frequency spectrum for daytime (gray) and nighttime (black). The gray-
shaded segments of the seismic waveforms in (a,b) represent the 03:00-15:00
UTC nighttime.
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A Figure A2. Analysis of day-long frequency spectrogram for the EarthScope
Transportable Array station TA.I02D. See station location in € Figure S1.
(a) Raw seismic waveforms without filtering. (b) The seismic waveforms are filtered
at 5-20 Hz. (c) The frequency spectrum for daytime (gray) and nighttime (black).
The gray-shaded segments of the seismic waveforms in (a,b) represent the 03:00-
15:00 UTC nighttime.

Earth Obscrvatory trawl-resistant offshore station 7D.FN14A
and the land station TA.I02D as examples (see station loca-
tions in ® Fig. SI, available in the electronic supplement
to this article). The raw day-long seismic recordings by both
stations show no temporal variations (Figs. Ala and A2a).
For station 7D.FN14A, we observed the air-gun shot arrivals,

which appear as numerous strong signals (about 5-200 times
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of the background noise level) at periodic inter-
vals after filtering the seismic recordings
between 5 and 20 Hz (Fig. A1b). The frequency
spectrogram appears similar during daytime and
nighttime (Fig. Alc, gray and black lines). The
strong signals within 3 Hz may correspond to
the background noise level, and the relatively
high-seismic energy at 3-20 Hz reflects the
air-gun shots. In contrast, the seismogram by
station TA.I02D, which is located in a highly
populated area, appears to be much noisier.
The nighttime frequency spectrogram at
TAI02D (Fig. A2c) shows a similar pattern
as the daytime/nighttime spectrogram at
7D.FN14A. The magnitude of the frequency
spectrogram is much stronger during daytime
(15:00-03:00 UTC time/8:00-20:00 local
time; Fig. A2c, gray lines) compared with the
quiet nighttime (03:00-15:00 UTC time/
20:00-8:00 local time; Fig. A2c, black lines).
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