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Abstract 7 phases from 54 South American earthquakes with M,, > 5.2 are observed at a broadband
station on Juan Fernandez Island. We computed the T phase energy flux (TPEF) values of the seismograms.
The TPEF values show a large dispersion that can be explained by considering the tectonic characteristics of
the South American plate and the Nazca plate bathymetry. The TPEFs generated by the 2015 lllapel and 2017
Valparaiso seismic sequences were controlled by the positions of the interface events along the dip. The
central and downdip interplate earthquakes were more efficient in the generation of T phases than the
near-trench interplate earthquakes (depths of <15 km). The variations in the generation efficiency with
depth are explained by the continental raypaths of the body waves and the incidence angles of waves
entering the sound fixing and ranging channel. Additionally, we observed differences in the TPEFs from both
earthquake sequences that were controlled by seamounts atop the Nazca plate along the T phase paths.

1. Introduction

Since 2015, the National Seismological Center (CSN) has operated the continuously recording broadband
station VAO4 on Juan Fernandez Island (JFI), which is located 700 km from the South American coast.
Station VAO4 has consequently recorded most of the larger events that occurred throughout South
America (see Figure 1a). Due to the large hypocentral distances between these events and station VA04,
the resulting high-frequency body waves are strongly attenuated; nevertheless, T phases are clearly observed
in the records (Matsumoto et al., 2016). T phases are high-frequency acoustic waves (2-8 Hz) that are
generated by the conversion of seismic waves trapped within the sound fixing and ranging (SOFAR) channel
(Talandier & Okal, 1998). The SOFAR channel is a low-velocity channel located 1,200 m below the sea surface
that acts as a waveguide for T phases, thereby allowing them to travel long distances without anelastic
attenuation (Thorp, 1965). The low attenuation property of T phases has been utilized to study the source
properties of distant earthquakes (Okal & Talandier, 1997), underwater landslides (Fryer et al., 2004), and
low-magnitude seismic swarms (Ito et al., 2012) and to differentiate between nuclear explosions and
earthquakes (Talandier & Okal, 2001). On the receiver side, T phases are converted from acoustic to seismic
waves, being strongly attenuated by continental raypaths and the conversion process (Kosuga, 2011;
Walker et al., 1992). Despite this, Buehler and Shearer (2015) showed that it is possible to observe them at
coastal stations using stacking methods. For simplicity, we refer to seismic waves recorded on seismograms
after the conversion process as “T phases.” Despite its multiple uses, the mechanism through which T phases
are generated is a complex process that is not well understood; this is primarily due to differences in a
multitude of factors, including variations in the bathymetry, sizes, and types of earthquakes; continental
and oceanic raypaths; and frequency content (Williams et al., 2006), which affect their formation.

We analyzed 54 earthquakes with magnitudes larger than M,, 5.2 (Table S1 in the supporting information).
These earthquakes are associated with the subduction of the Nazca plate beneath the South American plate
and primarily occur along the plate interface, along which Lay et al. (2012) proposed three different seismic
domains that generate high-frequency content. Events from shallower depths (<15 km) are characterized by
source spectra with low high-frequency contents (Ye et al,, 2013), and they are deficient in the generation of T
phases (Okal et al., 2003). Meanwhile, events generated at moderate depths (15-30 km) along the central
plate interface have modest high-frequency content in their source spectra. Finally, interface events from
greater downdip depths (35-60 km) are characterized by earthquakes with source spectra rich in high-
frequency content (Lay et al,, 2012; Ye et al,, 2013, among others). In this study, we compared the T phase
energy flux (TPEF) values and high-frequency seismic source spectrum content recorded at broadband
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Figure 1. Spatial distribution of the 54 earthquakes analyzed in this study. The sizes and colors of the markers are propor-
tional to the M,, and depth of each event, respectively. (a) South American earthquakes (M,, > 5.2) that occurred between
February 2015 and May 2017 recorded by station VA04 on Juan Fernandez Island and station COO06 in the city of
Coquimbo. The largest events considered are the 2015 lllapel M,, 8.3, 2017 Chiloé M,, 7.6, 2015 deep Peru M,, 7.6, and
2017 Valparaiso M,,, 6.9 earthquakes. (b) Magnified view of the white box shown in (a). The circles are events associated
with the 2015 lllapel seismic sequence, and the squares represent the 2017 Valparaiso seismic sequence.

station VA04 on JFI with those recorded at the coastal broadband station CO06 (see Figure 1). We focused on
the seismic sequences of the 2015 M,, 8.3 lllapel and 2017 M,, 6.9 Valparaiso earthquakes (Ruiz et al., 2016;
Ruiz, Aden-Antoniow, et al,, 2017) because their foreshocks and aftershocks were located over the entire
plate interface. Our results show that the TPEFs observed at JFI depend on the body waves produced by
continental raypaths, the incidence angle into the SOFAR channel and the bathymetry of the Nazca plate.

2. Data and Methodology
2.1. JFI and Chilean Coastal CSN Broadband Stations

Stations VA04 and CO06 are located on JFI and on the Chilean coast at 90 and 200 m above sea level, respec-
tively (see Figure 1). We considered South American earthquakes that occurred between February 2015 and
May 2017, during which time VA04 was operating continuously. Figure 1a shows the epicenters from the
CSN catalog for the Chilean events and those from the United States Geological Survey catalog for the other
earthquakes. Table S1 shows the magnitude (ranging from M,, 5.2 to M,, 8.3), epicenter location, and focal
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Figure 2. Four seismogram:s filtered between 2 and 8 Hz of earthquakes recorded simultaneously at stations VA04 and CO06. (a, ¢, e, and g) Seismograms recorded at
station COO06. (b, d, f, and h) Seismograms recorded at station VAO4. The gray dashed lines represent the windows that contain the T phases (T-P).

depth (ranging from 10 to 620 km) of each event. Stations VA04 and C006 are equipped with a broadband
Trillium 120-s period sensor, a Marmot data logger system, and a Quanterra Q330 digitizer. The broadband
stations recorded continuously at a rate of 100 samples per second.

2.2. T Phases Observed at the JFI and Chilean Coastal Stations

We filtered the up-down components using a fourth-order Butterworth band-pass filter with corner
frequencies of 2 and 8 Hz. Figure 2 shows filtered traces generated in VA04 and CO06 stations for four
different earthquakes. The T phases recorded at station VA04 have amplitudes greater than or similar to those
of P or Swaves (Figures 2b and 2d). The T phases of the deep Peru 2015 earthquakes (Ruiz, Tavera, et al., 2017)
exhibit conversions from both P and S phases to T phases (Figure 2f), similar to the conversions from the deep
Bolivian 1994 M,, 8.2 earthquake observed by Okal and Talandier (1997) at other broadband stations placed
on islands throughout the Pacific Ocean. Although the distance between station CO06 and the 1,200 m
isobath is only 16 km, the T phases are strongly attenuated by the continental raypath, and thus, it is
impossible to distinguish their arrivals in the filtered traces (Figures 2a, 2¢, 2e, and 29).

2.3. T Phase Energy Flux
The TPEF generated by a T phase at a receiver is defined as follows (Okal et al., 2003):
TPEF = pafwl[u(t))’dt )

where t(t) is the vertical ground velocity motion, Wis the T phase duration, and p and a are the density and P
wave velocity at the site where the station is located, respectively.

After filtering the records, we followed the steps listed hereafter to calculate the TPEF.

1. We calculated the theoretical arrival times of the T phases. Considering the travel time of P and S waves
from the hypocenter to the continental slope and the travel times of T phases in the SOFAR channel,
we used average velocities of 8, 4.6, and 1.484 km/s, respectively (Talandier & Okal, 1998).

2. Utilizing the theoretical T phase arrival time at station VA04, we visually selected the T phase time win-
dows. We performed this process manually due to the frequent seismicity detected at VA04 during the
seismic sequences of 2015 lllapel and 2017 Valparaiso earthquakes.
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Figure 3. T phase energy flux (TPEF) as a function of the magnitude M,,. (a) TPEF versus M,, for the 54 South American
earthquakes shown in Figure 1. (b) TPEF versus M,, for the lllapel events. (c) TPEF versus M,, for the Valparaiso events.

3. We divided the T phase records into windows with a length of 1 s and calculated their root mean square
(rms) in each available window, thereby generating an rms curve.

4. The rms curve was normalized according to its maximum value and then smoothed using a moving
average of 5 points (Figure S1 in the supporting information).

5. We calculated the TPEF according to equation (1) by considering the T phase duration (W) where the rms-
normalized amplitude is equal to or greater than 0.6 as the record portion (Figure S1). Finally, our
computed TPEF values are normalized by p and a.

3. Results
3.1. TPEF Efficiency

Figure 3a shows the TPEF values generated at station VA04 by the earthquakes shown in Figure 1a. The TPEF
values scale according to the event magnitudes, as was proposed originally by Okal et al. (2003). The data
dispersion between the TPEF and the magnitude decreases when we separate the values associated with
each seismic sequence (see Figures 3b and 3c). The lllapel and Valparaiso seismic sequences show that
near-trench earthquakes (<15 km depth) have TPEF values lower than those of deeper earthquakes
(15-60 km depth). Intraplate intermediate-depth earthquakes (>60 km depth) have a higher TPEF dispersion,
but this can be explained by the diverse depths and zones in which those events occurred (Figure 1). In
addition, the Valparaiso seismic sequence generated smaller TPEF values than the lllapel earthquakes, even
though their epicentral distances to JFI are smaller.

3.2. High-Frequency Fourier Spectrum Variations

We computed the Fourier amplitude spectra of the lllapel earthquakes recorded at stations VA04 and CO06 by
considering time windows beginning with the first P wave arrivals and ending 30 s after the S wave arrivals. We
chose this time window because of the relationship between the body waves and the conversion from seismic
to acoustic waves (Balanche et al., 2009; Talandier & Okal, 1998). To compare the events with different
magnitudes, we decided to normalize the Fourier spectra at 1 Hz, as their corner frequencies are all less than
1 Hz. The Fourier spectra associated with the lllapel events recorded at station VA04 (Figure 4a) show an
important frequency content between 2 and 8 Hz independent of the event depths. Meanwhile, the
Fourier spectra associated with the lllapel earthquakes recorded at station CO06 show variations in the
frequency content with respect to their focal depths. The shallower events (<15 km depth) have lower
high-frequency spectral amplitudes between 2 and 8 Hz compared with those of the deeper events
(15-60 km depth).
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4. Discussion

4.1. High-Frequency Variations in the Plate Interface Events
Along Dip

Okal et al. (2003) first suggested the presence of a dip-dependent variation
in the efficiencies of generated T phases after observing lower TPEF values

for tsunami earthquakes. According to Okal (2008), these types of events
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are deficient in the generation of T phases due to their low spectral fre-
quency contents above 1 Hz. This dip-dependent difference in the source
: spectra for plate interface events was corroborated by Lay et al. (2012),
: and other authors, who studied the source spectra of recent megathrust
: subduction earthquakes. In this study, we compared the Fourier spectra
L of the 2015 lllapel earthquakes in the frequency band from 2 to 8 Hz.

Figure 4. Fourier amplitude spectra of the lllapel earthquakes normalized to
1 Hz. (a) VA0O4 records. (b) CO06 records. Frequencies between 2 and 8 Hz for
near-trench interface events are more attenuated at station CO06 than at

-
o
=1
o
N
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Freq4uency Hz] Figure 4 shows different high-frequency properties between the broad-

band records of stations VAO4 and CO06. While the Fourier spectra
recorded at VA04 from the shallow, central, and downdip interface events
do not display evident differences, the Fourier spectra for the shallower

station VAO4. The gray and black lines represent normalized Fourier ampli-  €arthquakes recorded at CO06 exhibit a lower high-frequency spectral con-
tude of near trench (depth < 15 km) and central and downdip earthquakes  tent than the deeper ones. We propose that the greater high-frequency

(15 km < depth < 60), respectively.

attenuation observed at station COO06 is associated with the continental

raypaths of the body waves. The shallower earthquakes generated body
waves that traveled from the near-trench area to the coast through an eroded and fractured wedge that
probably serves as a low-pass filter (Figure 5a). This wedge has previously been observed along the Chilean
subduction zone, and it is characterized by a low-velocity zone relative to the continental basement
(Contreras-Reyes et al., 2012, 2014; Ledn-Rios et al., 2016). Meanwhile, the central and downdip interplate
events generated body waves that traveled through the continental basement (Figure 5a), which would
attenuate high-frequency waves relatively less. In the case of station VA04, the raypaths of the body waves’
path did not travel through the eroded and fractured wedge because they traveled directly to JFl without tra-
versing the South American plate (Figure 5a). We propose that the observed deficiency of T phases from shal-
lower earthquakes can be partially explained by the high-frequency attenuation of body waves produced by
their paths through the wedge to the continental slope where the seismic-acoustic conversion occurred.

4.2. T Phase Incidence Angles of Waves Entering the SOFAR Channel

Another reason for the depth-dependent T phase efficiency for the Valparaiso and lllapel earthquakes could
be due to the incidence angles of the acoustic waves entering the SOFAR channel. The shallower events
generated body waves with incidence angles that were almost vertical with respect to the continental slope;
these waves would require a considerable number of reflections to reach a horizontal angle (~12) suitable for
penetrating the SOFAR channel (Okal, 2008; Talandier & Okal, 1998). These multiple reflections make the
seismic-acoustic conversion relatively inefficient (Talandier & Okal, 1998). In contrast, the deeper events gen-
erated seismic rays with relatively horizontal incidence angles in comparison with the shallower earthquakes;
these rays required fewer reflections to enter the SOFAR channel, and therefore, the generation of T phases
was more efficient (Talandier & Okal, 1998). This explanation is schematically summarized in Figure 5b.

4.3. T Phase Path Bathymetry

Although the Valparaiso earthquakes have a smaller epicentral distance with respect to JFI (Figure 1), they
generated TPEF values that were 1 order of magnitude lower than those of the lllapel earthquakes
(Figures 3b and 3c). These different TPEF versus M,, trends can be explained by the complex Nazca bathymetry
along the raypaths between the Valparaiso earthquakes and JFI compared with the smooth Nazca bathymetry
between the lllapel earthquakes and JFI. The bathymetry along profile A’-B’ (Figure 5b) extracted from Becker
et al. (2009) and Smith and Sandwell (1997) is characterized by several seamounts belonging to the Juan
Fernandez Ridge with heights greater than 1,200 m (Figure 5c). These seamounts penetrate the SOFAR chan-
nel; therefore, they acted as a barrier to the propagation of T phases (Walker et al., 1992) between the 2017
Valparaiso earthquakes and JFI. In contrast, the smooth bathymetry of profile A’-C’ (Figure 5¢) favored the effi-
cient propagation of T phases between the 2015 lllapel earthquakes and JFI. Despite of the presence of
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Figure 5. (a) Schematic illustration of body waves rays generated from near-trench interface events (red line), central and
downdip interplate events (green line), and intraplate intermediate-depth earthquakes (blue line). The sound fixing and
ranging channel is located at 1,200 m. The low-velocity layer is based in the scheme suggested for the Northern Chile by
Garth and Rietbrock (2017). (b) Scheme of the generation of T phases. (c) Bathymetry of profile A’-B’ in Figure 1b repre-
sentative of the Valparaiso-Juan Fernandez Island (JFI) raypaths (Figure 1b). (d) Bathymetry of profile A’-C’ in Figure 1b
representative of the lllapel-JFI raypaths (Figure 1b).

seamounts along profile A’-B/, we were not able to detect reversed propagation of T phases (Obara & Maeda,
2009) due to the high rate of aftershocks detected during the 2017 Valparaiso seismic sequence.

4.4, Intraplate Intermediate-Depth Events

Intraplate intermediate-depth earthquakes occur at depths greater than 60 km throughout most of the South
American subduction zone. The presence of a low-velocity layer at the top of the subducting oceanic crust
(Garth & Rietbrock, 2017; Martin et al., 2003) and the scattering due to small-scale heterogeneities within
the subducted plate (Furumura & Kennett, 2005) have been proposed as waveguides for high frequency.
Despite this, the TPEFs calculated for intraplate intermediate-depth events are similar to those of the shal-
lower lllapel earthquakes and the Valparaiso central and downdip interface events (Figure 3a). Additional
data and research are needed to interpret the TPEFs values of these types of events, especially because we
considered events located in different zones (Figure 1a) characterized by different conditions of T phase gen-
eration and different Nazca bathymetry paths.

5. Conclusions

We showed that T phases produced by various South American earthquakes were recorded at the broadband
station deployed on JFI. The situation was different for the coastal station CO06, where very weak T phases
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were recorded due to strong attenuation along the continental raypath. The TPEFs generated by the South
American earthquakes recorded at JFI increased with M,,. For the 2015 lllapel and 2017 Valparaiso seismic
sequences, the TPEF values were controlled mainly by the Nazca bathymetry along the oceanic raypaths
and the hypocentral depths of the earthquakes. The complex bathymetry between the 2017 Valparaiso
earthquakes and JFI reduced the continuity of the SOFAR channel relative to that along the raypaths from
the 2015 lllapel earthquakes to JFI; thus, the T phases were able to propagate more efficiently between the
latter. In addition, we observed that the T phase efficiency varied with the dip. The central and downdip
earthquakes (depths ranging from 15 to 60 km) were more efficient in the generation of T phases than
near-trench earthquakes (depths less than 15 km). This depth dependency of the efficiency can be explained
by two reasons: (1) higher seismic wave attenuation along continental wedge raypaths in comparison with
those through the continental basement and (2) the incidence angles of waves entering the SOFAR channel.
We expect that future seismicity in South America will generate T phases that follow the pattern exposed
herein, for which JFI can be used as a natural place for continuous monitoring.
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