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ARTICLE INFO ABSTRACT

Keywords: Seafloor seismic observations were conducted twice in the vicinity of the Chile Triple Junction (CTJ) in order to

Chile investigate the crustal activities associated with the subduction of the hot ridge. Herein, we present the details of

znliie Junction the most recent seismic observation for the two-year period between January 2019 and January 2021.
ubduction

Furthermore, the hypocenter location, magnitude, and focal mechanisms of the local earthquakes were revealed
by analyzing the data from both deployments, including the one conducted between 2009 and 2010. In total,
more than 2100 local earthquakes were detected during the two observation periods. In both observations,
earthquakes were found to have actively occurred along the Chile Ridge and the Darwin Fracture Zone. The
magnitudes of these earthquakes range from —0.3 to 5.0. From the events cataloged during the time period 2019
to 2021, a clear seismicity gap is observed at 46.4°S with the predominant faulting type differing across this
divide. North of the seismicity gap, normal faulting earthquakes periodically occur along the Chile Ridge,
thereby indicating continuous ridge opening. By contrast, the earthquakes to the south of the seismicity gap,
where the Chile Ridge has already been subducted, occurred intermittently and are dominated by reverse
faulting. The latter earthquakes are associated with the Antarctic plate subduction. We propose that a local
transform fault, with E-W strike direction, exists 10 km north of the seismicity gap, based on the hypocenter
locations and focal mechanisms of three M > 4 earthquakes. This local transform fault was probably formed by
the effect of the active ridge subduction.
© 2017 Elsevier Inc. All rights reserved.

Ocean bottom seismometer
Broadband seismic observation

Barrientos and Ward, 1990; Moreno et al., 2009). In the vicinity of the
CTJ, active non-volcanic tremors have been reported (e.g., Ide, 2012;

1. Introduction

The Chile Triple Junction (CTJ) is located off the southern coast of
Chile at a latitude of around 46.0-46.5°S, where the active spreading
ridge between the Nazca Plate and Antarctic Plate collides with the Chile
Trench and is subducting below the South American Plate (e.g., Cande
and Leslie, 1986; Tebbens et al., 1997; Lagabrielle et al., 2000; Lagab-
rielle et al., 2015) (Fig. 1). The current half spreading rate of the Chile
Ridge is 26.5 mm/yr (Tebbens et al., 1997). This area is close to the
southern end of the 1960 Chile earthquake fault zone (Gran Terremoto
de Valdivia) and is slightly outside the huge tsunami source region (e.g.,

* Corresponding author.
E-mail address: iaki@jamstec.go.jp (A. Ito).

https://doi.org/10.1016/j.jsames.2023.104285

Gallego et al., 2013) based on on-land observations. These phenomena
seem to be related to subduction of the hot ridge and newly-generated
oceanic floor, possibly affecting the continental side by adding heat
and fluids derived from the subducting ridge and plates. Such thermal
and fluid effects of the subducted ridge have been argued to be impor-
tant also for the geological and tectonic evolution of the continent,
associated with northward migration of the CTJ over the past 14 million
years (Cande and Leslie, 1986; Iwamori, 2000; Breitsprecher and
Thorkelson, 2009). An investigation of the seismicity and seismic
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Fig. 1. The tectonic setting map showing the locations of the OBSs deployed in
2009-2010 (blue squares) and 2019-2021 (red, orange, and yellow triangles);
CT = Chile Trench; CR = Chile Ridge; DFZ = Darwin fracture zone; TFZ =
Taitao fracture zone. The red line and the black line with triangles indicate the
locations of the Chile Ridge and the Chile Trench, respectively.

structure around the CTJ is therefore important in order to examine
these thermal and fluid effects, and to address the long-standing
geophysical problem of how the plate is generated at the spreading
center, e.g., examining a plate model with a constant thickness
(McKenzie, 1967) or with thermal thickening (Parker and Oldenburg,
1973).

Observations and surveys using ocean bottom seismometers are
essential for investigating the seismicity and seismic structure in the
offshore area. For instance, offshore studies have been extensively
conducted using refraction surveys to image the shallow sedimentary
and crustal structures from the northern to southern Chilean subduction
zones (e.g., Scherwath et al., 2009; Contreras-Reyes et al., 2007, 2012;
Maksymowicz et al., 2012). In addition, several ocean-bottom studies
have been performed to examine the regional seismic activities and
structures from shallow to mantle depths in the northern and central
Chile subduction zones (Husen et al., 1999, 2000; Lange et al. 2007;
Tilmann et al., 2008; Haberland et al., 2009; Hicks et al., 2014).
Although no offshore seismic observations were performed in the close
vicinity of the CTJ prior to 2009, the present research group conducted
the very first such ocean bottom observation in this vicinity using five
long-term ocean bottom seismometers (LTOBSs) with a 1-Hz sensor for
one year, between March 2009 and February 2010. From this array
observation, several micro-seismic activities along the Chile Ridge and
the Darwin Fracture Zone (DFZ) (Shinohara et al., 2010), and
non-volcanic tremors (Saez et al., 2019), have been detected. These
results could not have been obtained without the OBS data due to the
sparsity of land seismic stations in this region, where only a few events
have been detected by the Preliminary Determination of Epicenters
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(PDE) catalog of the U.S. Geological Survey (USGS) over several years.

To investigate the same area over a broader frequency range, with
more precise hypocenters and a longer observation period, we used 13
OBSs, including 8 broadband ocean bottom seismometers (BBOBSs), to
perform a second OBS array observation for two years between January
2019 and January 2021. Whereas the first observation used a site
spacing of more than 20 km, the spacing for the second observation was
set at about 10 km in order to improve the accuracy of the depth
determination, as it had been already shown that most of the small
earthquakes near the CTJ have occurred at depths shallower than
around 10 km (Shinohara et al., 2010). In addition, to investigate the
crust/mantle structure, the OBS array for the second observation was
designed to enable the following analyses: (i) the change in the crustal
structure with increasing age from the ridge to the westward area, in
order to examine a plate model, (ii) the structure from the crust to the
upper mantle beneath the OBS array, as revealed by receiver functions,
in order to understand the oceanic plate being subducted, and (iii) the
mantle structure beneath the continental side affected by heat and fluids
derived from the subducting ridge and plates. The BBOBS data off Chile
will also be useful for improving the resolution of the global surface
wave tomography in the Pacific area (Isse et al., 2019).

The present paper introduces the second OBS array observation from
January 2019 to January 2021 in detail, along with its first result of
more than 2000 hypocenters originally detected from the OBS data. The
hypocenter locations, earthquake magnitudes, and focal mechanisms of
local earthquakes were determined, and the results for three M > 4
earthquakes occurring near the CTJ on December 26, 2020 were
compared with those obtained from global data (i.e., the PDE and the
Global Centroid-Moment-Tensor Project (GCMT) catalogues). In addi-
tion, the data from the first OBS observation was reanalyzed using the
same procedure as for the second OBS data. The hypocenter locations
and magnitudes of more than 100 earthquakes during March 2009 and
February 2010 are presented herein.

2. Observation and data
2.1. Instruments and observation

External views of the BBOBSs and LTOBSs that were used in the
second observation, are presented in Fig. 2a and b, respectively (Shi-
nohara et al., 2012). BBOBS consists of a broadband seismic sensor
(CMG-3T 360s for OBS, Giiralp systems Ltd.) equipped with an original
active leveling unit (Suetsugu and Shiobara, 2014). LTOBS was equip-
ped with a 1 Hz seismic sensor (LE-3Dlite, Lennartz electronics GmbH).
In each system, a data recorder, acoustic transponder, and lithium bat-
teries were installed inside the titanium alloy sphere housing (diameter
= 650 mm for the BBOBS, and 500 mm for the LTOBS). Each OBS was
designed for free-fall deployment from the sea surface, and subsequent
recovery from the sea floor was facilitated by self pop-up due to forced
electrolytic corrosion of thin titanium plates that rigidly connected be-
tween the titanium sphere housing (remaining ~10 kgf of buoyancy)
and the anchor (80 kgw). The forced electrolytic corrosion was initiated
by a release command signal from the acoustic transponder. In the
second observation, two of the BBOBSs were equipped with a differen-
tial pressure gauge (DPG; Araki and Sugioka, 2009), and six of the
BBOBSs recorded 3-component mass position (acceleration) signals
(Shiobara et al., 2021) to provide further geophysical information in
addition to the standard ground velocity signals. The sampling fre-
quency of the data recorders of all OBSs was set at 100 Hz, with 24 bits
resolution to record the three component signals of the sensor.

The 8 BBOBSs and 5 LTOBSs used in the second observation were
deployed around the center of the CTJ region at approximately 10 km
intervals between the land slope of the trench in the east and the ocean
floor in the west, as shown in Fig. 2c. The locations and functional data
of these OBSs are summarized in Table S1. The deployment of the OBSs
was conducted from January 17 to January 20, 2019 as part of the
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Fig. 2. (a and b) Photographic images of (a) the BBOBSs (red and orange tri-
angles) and (b) the LTOBSs (blue squares and yellow triangles); (c) their dis-
tribution and site names. LC: first OBS array observation (Mar. 2009-Feb.
2010), CJ: second OBS array observation (Jan. 2019-Jan. 2021).

research cruise MR18-06 Leg 2 by R/V Mirai, which was operated by the
Japan Agency for Marine-Earth Science and Technology (details are
available in the JAMSTEC Cruise report). Once the OBSs had settled onto
the seafloor, the recording was started manually using the acoustic
transponder system. The recording end time for each OBS was preset as
February 1, 2021. However, the recovery of the OBS array was con-
ducted using the Chilean Navy’s patrol vessel “Cirujano Videla” between
January 25 and January 31, 2021 under the COVID-19 situation. As all
OBSs were still in the recording state, the recordings were stopped
manually using the acoustic transponder system before releasing the
anchor. While all 13 OBSs came up to the sea surface, the BBOBS at the
CJO5 site was unfortunately lost under the bad sea conditions in the
dark. Thus, 12 OBSs (7 BBOBSs and 5 LTOBSs) were successfully
recovered with full of data for the 2-year period.

2.2. Data quality

After recovery, a data quality check was performed, along with the
OBS time correction and data format conversion, for distributing the
data. As shown in Table S1, most of OBSs had a clock drift of less than a
few seconds between deployment and recovery. The maximum clock
drift was —15.44 s at site CJ11, which is equivalent to approximately
—0.25 ppm and is still within the internal clock specification of the data
recorder. As the stability of the OBS time during the observation was
already investigated by Isse et al. (2014), the correction for clock drift in
the present work was made under the assumption that it is linear during
the observational period.
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Several problems did occur in some OBSs. Firstly, two LTOBSs (at
CJ04 and CJ06) experienced an unexpected loss of sensor power in
March 2020. However, the circuit design of the LE-3Dlite sensor was still
able to output weak signals that could identify the arrival phases of
many large-amplitude events. In addition, three BBOBSs (at CJO1, CJ10
and CJ12) showed bit errors in a single one-day data file at each of their
industrial SD-XC cards. However, as the data format is well documented,
these errors were manually edited to recover complete or continuous
data with only small jumps in waveforms. No errors existed in any other
data files for the 12 OBSs. The data were thoroughly readable through
the time correction process, which also checked the data structure and
the correct ordering of the time stamps.

For the BBOBSs, noise models were calculated to obtain an averaged
power spectrum density for the entire 2-year observation period, except
for time windows containing events that were reported in the PDE and
the Harvard CMT Catalog. The calculation of the noise model is detailed
by the Incorporated Research Institutions for Seismology (IRIS) (1994).
For example, the noise models for sites CJO1 and CJ12 are presented in
Fig. 3ab. These sites were at different water depths of 1394 m and 2738
m, respectively. The general features of these two noise models are
comparable to those of previously obtained noise models at other sea-
floors in the western Pacific. For instance, the vertical components of the
noise levels are between the new low noise model (NLNM; Peterson,
1993) and the new high noise model (NHNM), and the horizontal
components are above the NHNM. The higher horizontal noise level in
CJO1 could be due to the higher-speed bottom current at the shallower
depth and the topography of the land slope. Although CJ12 and CJO1
were separated by only 40 km, peaks were observed in the vertical
components of their infra-gravity waves at around 50-100 s, with shifts
of 75 s and 65 s, respectively, in accordance with the difference in depth.
Although the mechanism is not yet well understood, strong and sharp
peaks were observed in the short-period (0.1-1 s) horizontal component
of CJO1 and are often seen in the data from many Japanese and USA
OBSs (OBS-IP report). However, similar peaks were not observed in
CJ12. Additionally, noise models of two LTOBSs are presented in
Fig. 3cd, for CJ03 and CJ11 whose water depths are 1828 m and 2835 m,
respectively. Due to the performance of the 1 Hz sensor, the data of
LTOBSs shows large noise levels at periods greater than 10 s. The same
sharp peaks at short-periods are recognized also.

3. Methods and results
3.1. Station correction and event detection

Asseen in Fig. 1, the seafloor topography in the OBS array location is
not simple, and significant variations in water depth are observed
among the individual OBS sites. Hence, in the absence of huge amounts
of data for precisely resolving and modeling the 3-D velocity structure, it
was essential to introduce a station correction term into the traveltime
data during seismic analysis, especially when a 1-D velocity structure
model was being used for the hypocenter determination. Specifically,
corrections were required both for the variations in water depth among
the OBS sites and the existence of a soft sediment layer with slow S-wave
velocity at the seafloor surface, which leads to a velocity offset in the 1-D
velocity structure model beneath each OBS site (Shiobara et al., 2010).

Firstly, to estimate the initial station correction, the P to S converted
phase (PS phase) at the boundary of the sediment and the basement was
used. Seismograms for local earthquakes are shown in Fig. S1; these
were recorded at CJ11. Corrections for the P and S phase arrivals were
calculated with several Tps — Tp data sets, where Tps and Tp are the
observed arrival times of the PS and the P phase, respectively, as given in
Eq. (1):

Tps — Tp = h (1/Vs — 1/Vp) (@D)]

where h is the thickness of the sediment, and Vp and Vs are the P and S
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Fig. 3. The BBOBS and LTOBS noise models of CJO1 (a), CJ12 (b), CJO3 (c), and CJ11 (d). Here, the thick purple lines are the NHNM and NLNM according to
Peterson (1993), and Z, H1, and H2 correspond to the respective UD, NS, and EW signals of the CMG-3T sensor for BBOBS and LE-3Dlite sensor for LTOBS. The
horizontal axes in (c) and (d) are shifted toward short periods for the 1 Hz sensor used in the LTOBS.

wave velocities of the sediment, respectively.

Then, the correction terms dTp and dTs for the P and S arrivals are
expressed as Eqns. (2) and (3), respectively:
dTp = h (1/Vp — 1/Vp") )
3

where Vp’ and Vs’ are the respective P and S wave velocities in the
shallow part of the 1-D velocity structure model.
The above equations can be rearranged to give Eq. (4):

dTs = h (1/Vs — 1/Vs’)

4

A 1-D velocity model was then constructed based on the crustal
structure around the trench axis at the latitude of 47.5°S, which was
obtained by a seismic survey (Maksymowicz et al., 2012), as shown in
Fig. S2. Here, Vp’ is 2.7 km/s at depths shallower than approximately 5
km, and a Vp/Vs of 1.73 was assumed at all depths.

The observed arrival delays between the P and PS phases, and the P
and S corrections for each OBS, in the 2009-2010 observational data are

h = (VpVs) (Tps — Tp) / (Vp — Vs)

summarized in Table S2, and those in the 2019-2021 observational data
are summarized in Table S3. Here, the sediment velocities Vp and Vs are
assumed to be 2.7 km/s and 1.2 km/s, respectively, and Vp/Vs is
assumed to be 2.1, with reference to the tomographic study in the
offshore region of central Chile (Hicks et al., 2014).

Next, the detection of local earthquake events was carried out using
all the OBS data for the period 2019-2021. The vertical component data
of each station was re-sampled at 25 Hz throughout the long observation
period for quick data processing. The amplitudes of the re-sampled data
were then used to detect changes in the ratio of the short time average
(STA) to long time average (LTA), based on the root-mean-square (RMS)
values of 1s time windows for the STA, while the LTA windows were set
to 120 s. If the STA/LTA ratio exceeded 2.0 for a period of longer than
10 s, the start time of the STA time window was regarded as corre-
sponding empirically to a suspicious signal. Then, among all the suspi-
cious signals, those detected at more than 4 stations separated within 20
s of each other were listed as possible events. The individual possible
event data were then extracted from the continuous OBS data.

For the 2019-2021 OBS data, 3365 possible events were detected,
including three M > 4 earthquakes occurring near the CTJ; these were
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also detected by the GCMT and PDE catalogues. When the same process
was performed for the 2009-2010 OBS data, suspicious signals were
detected at more than 3 stations separated within 60 s of each other, and
were listed as possible events. In all, 501 possible events were detected
for the OBS data of the 5 LTOBSs.

3.2. Hypocenters

The manual picking of P and S phase onsets, and the determination of
the hypocenters, were performed using the WIN system (Urabe and
Tsukada, 1992), which includes both an interactive GUI phase picking
tool and a hypocenter determination program, hypoMH (Hirata and
Matsu’'ura, 1987). Example of seismic record for a local earthquake is
shown in Fig. S3. During phase picking, the 1-D velocity structure model
shown in Fig. S2 was assumed, the phase reading errors were manually
defined for each arrival, and the polarities of the P-wave first motion
were recorded to estimate the focal mechanism. Not all signals marked
as possible events contained identifiable seismic phases with clear onset
times, and therefore the amount of picked events was fewer than the
number of event triggers. After picking all locatable events, the station
correction terms were iteratively modified, so as to compensate for the
travel time residuals (O-C) for the P and S arrival phases of earthquakes
at each station, in order to refine the hypocenter determination. As a
result, 133 events were located between 2009 and 2010, and 2080
events were located between 2019 and 2021. The final station correc-
tions (SC) and the RMS values of the O-Cs are given in Tables S2 and S3.
The difference between the initial and final RMS values of the O-Cs for
the P and S phases, for events in these two array observations, are shown
in Fig. 4.

The resultant hypocenter distributions of the two array observations
are presented in Fig. 5, where 0 km corresponds to the sea surface. Here,
those earthquakes having small location errors, of less than 1 km in the
horizontal direction and less than 2 km in the depth direction, are rep-
resented by red outlines around the circles. These are considered in the
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remaining discussion as highly reliable earthquakes. The number of
these earthquakes is 81 in the 2009-2010 observation, and 1947 in the
2019-2021 observation. In the latter case, half of the events (approxi-
mately 1000 earthquakes) occurred during only one month, between the
middle of December 2020 and the end of the observational period in
January 2021, as shown in Fig. 6.

In Fig. 5, seismic activities are identified along the Chile Ridge and
the DFZ in both array observations, although the DFZ is outside of the
OBS arrays and, hence, the earthquakes there have large location errors.
Some earthquakes have been determined at depths shallower than 0 km.
Most of them also have large location errors because they are located
away from the center of the OBS arrays. No earthquakes were observed
along the Taitao Fracture Zone (TFZ), thereby suggesting that this past
transform fault is currently inactive. A clear seismicity gap is identified
at 46.4°S (46° 25'S) in the second observation results (black arrows,
Fig. 5b).

3.3. Magnitudes

Although the WIN system includes an interactive magnitude esti-
mation function, we attempted to automatically estimate the earthquake
magnitude independently after the phase picking process. The main
reason for this is the existence of episodic high amplitude micro-seism
signals, which may cause the WIN system to overestimate the ampli-
tude. The magnitude estimation used herein is based on Watanabe’s
formula (Watanabe, 1971) using the maximum amplitude of the vertical
component ground velocity signal empirically. For earthquakes shal-
lower than 60 km, the magnitude value based on Watanabe’s formula
roughly corresponds to Mw for magnitudes of 5-7; for magnitudes
smaller than 5, the comparison was not made because the value of Mw
had not been frequently determined (Watanabe, 1971; Katsumata,
1996). We extrapolated the relationship between Mw and the Wata-
nabe’s value for magnitudes smaller than 5, because these magnitude
values for the three M > 4 earthquakes are generally matched, as we will
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the bin size is a half month). The vertical axis is in the logarithmic scale.

discuss later.

The same parameters were used for all earthquakes except for the
three M > 4 ones. First, event records were chosen only if both the P and
S phases were picked at the same site. Then, after applying a 2-10 Hz
band-pass filter to the data in order to avoid the high amplitude of micro
seismic noise, the maximum amplitude was sought between the onset of
the P phase and 2 s after the onset of the S phase. The event magnitude
was then determined by averaging the individual values at the sites. For
the three M > 4 earthquakes, the band-pass-filtering parameter was
changed to 0.5-10 Hz to cover the corner frequency, and all the P phases

used to measure the maximum amplitude were not saturated. We refer
to the earthquake magnitude determined by the procedure above as
“Mv” in this paper.

The magnitude of each event is indicated by the size of the corre-
sponding circle in Fig. 5. The magnitudes range from 0.7 to 4.0 in the
first array observation (Fig. 5a), and from —0.3 to 5.0 in the second array
observation (Fig. 5b). In both array observations, earthquakes that
occurred far from the OBS array, i.e., along the DFZ and near to, or on,
the Taitao Peninsula, were detectable because of their large magnitudes.
The magnitude distributions for the two observation periods are plotted
in Fig. 7a. Here, the b-values are estimated from the first-order regres-
sion curve for the linear part of the data, as 0.78 for the 2009-2010
period using all events and 0.84 for the 2019-2021 period using events
excluding the three M > 4 earthquakes that might cause bias to this
estimation. Fig. 7b shows the magnitude distributions for the period
2019-2021, excluding events between December 24, 2020 and January
4, 2021 in order to eliminate the effect of M > 4 earthquakes, and ex-
amines the background seismicity. The b-value is estimated to be 0.94.
The b-value for the period 2019-2021 is higher than that for the period
2009-2010 (0.78).

3.4. Focal mechanisms

To understand the tectonic conditions around the CTJ, the focal
mechanisms of the earthquakes occurring between 2019 and 2021 were
modeled. Out of the 1947 events with small location errors, 185 events
with vertical component polarity readings of more than 10 sites were
analyzed using the FOCMEC software (Snoke, 2003). The number of
inconsistent polarity data was at most 1 out of the total polarity data set.
The number of total polarity data was between 10 and 12 (i.e., at most
the number of recovered OBSs). Fig. S4 shows triangle diagrams for all
the focal mechanisms. Following the criteria of Frohlich (1992), the
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focal mechanisms of 41 earthquakes were classified as normal faulting,
79 as strike-slip faulting, and 63 as reverse faulting. The remaining two
earthquakes were not categorized into any of these types. The resulting
183 solutions are presented in Fig. 8. Here, different focal mechanisms
are recognized to the north and south of the seismicity gap at 46.4°S. In
the northern area, all three faulting types are observed, with strike-slip
faulting earthquakes being the most numerous, and normal faulting
earthquakes being the most widely distributed. A close-up map of focal
mechanisms in the northern area is shown in Fig. S5. By contrast, the
southern area is dominated by reverse faulting, and shows fewer
strike-slip and normal faulting earthquakes.

The temporal sequence of seismic activity according to faulting type
is shown in Fig. 8c and d, along with the events with small location
errors (open gray circles). Here, more than 10 normal faulting earth-
quakes are seen to have periodically occurred in the northern area, while
numerous earthquakes of all three types occurred after the three M > 4
earthquakes on December 26, 2020. This period range, between
December 24, 2020 and January 5, 2021, is shown in Fig. 8d to make
clear the event sequence of the three M > 4 earthquakes and their fore-
and aftershocks. Also shown is the spatial concentration of normal fault
type earthquakes. Meanwhile, reverse faulting earthquakes are seen to
have occurred periodically in the southern area.

(@)

46°00'S

75°30'W (b)

The compressive stress axes of the three faulting types at the
epicenter positions are shown in Fig. 9. Although there are some
directional variations, the minimum compressive axes (T-axes) of the
normal faulting and strike-slip earthquakes, and the maximum
compressive axes (P-axes) of the reverse faulting earthquakes, are
approximately E-W.

4. Discussion
4.1. Comparison of two OBS array observations

Two OBS array observations with different spacings, numbers of
stations, and observation periods were performed, and the local earth-
quakes were located using similar parameters. The largest difference in
seismic activity between the two observation periods was the occurrence
of three M > 4 earthquakes on December 26, 2020. These were followed
by approximately 1000 aftershocks. In terms of the total number of
events with small location errors, the second observation period was
found to include 1947 events, which was more than 20 times as many as
in the first period (81 events). The number of earthquakes during each
observational period was then compared with the normal background
seismicity, excluding December 2020 to January 2021 in order to
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hemisphere projections, where the size of the focal mechanism indicates the earthquake magnitude (Mv). In (b), 0 km corresponds to the sea surface. In (c) and (d),
the colors and sizes of the circles correspond to the faulting type and the magnitude shown in (a), respectively.



A. Ito et al.

Journal of South American Earth Sciences 124 (2023) 104285

76°00'W 75°30'W 76°00'W 75°30'W 76°00'W 75°30'W
46°00'S I " | A ] . | ! r " |
T axis of T axis of \ P axis of
\  Normal fault. Strike-slip fault. \ Reverse fault.
Y
46°30'S g~

Fig. 9. The minimum compressive stress axes in the normal faulting (left) and strike-slip faulting (middle) earthquakes, and the maximum compressive stress axes in

the reverse faulting (right) earthquakes.

eliminate the effects of the M > 4 earthquakes (Fig. 6). Thus, approxi-
mately 1000 events with small location errors occurred during two years
within the second observational period, which corresponds to 500 per
year. This was 5 times as many such events as in the first observation
period. This increase in the number of detected earthquakes might be
because the second OBS array was more capable of locating the earth-
quakes, or because the background seismicity was genuinely higher
during the second observational period, or both.

The improved earthquake detection capability of the second OBS
array is mainly due to the increase in the number of OBSs and the shorter
distances between the stations. The intensive coverage area of the ob-
servations is also important for investigating the seismicity of the region.
Compared to the first OBS array, the OBSs in the second observation
were more concentrated at the southern CTJ region (Fig. 2), thereby
facilitating the detection of the seismicity gap at 46.4°S. This seismicity
gap was revealed by the existence of large numbers of earthquakes to the
north and south of the CTJ region, but few earthquakes close to the CTJ
(Fig. 5b). However, the first OBS array detected only a small number of
earthquakes in the southern CTJ region (Fig. 5a), even though earth-
quakes probably were occurring there regularly during the first obser-
vation period, as discussed in Section 4.3 below. Thus, the first OBS
array failed to identify the seismicity gap.

4.2. M > 4 earthquakes on Dec. 26, 2020

The three M > 4 events that occurred near the CTJ on December 26,
2020 were the only events whose magnitude and Centroid Moment
Tensor (CMT) solutions were determined from the global data during the
two observation periods. These seem to be rare events, because most of
earthquakes that were detected by the global networks were located
along the DFZ. The hypocenter locations, magnitudes, and focal mech-
anisms of the three M > 4 earthquakes are summarized in Table 1, where
events A and B were reported by the GCMT (Mw), and events B and C
were reported by the PDE (mb). In this study, the magnitudes of the
three events were estimated to be Mv 4.6-5.0, which are closely com-
parable to those determined from the global data. In detail, the presently
estimated magnitudes of events A and C are larger than those of the
global data by 0.2-0.3, while that of event B is 0.1 lower than the GCMT
and larger than the PDE. Considering the differences in data acquisition
and analysis methods (waveform inversion for the CMT solutions or the
maximum amplitude of the body waves in the global data versus the
maximum amplitude of the vertical component in this study), we believe
that the magnitude determination process used in this study provides
reasonable results for the estimation of earthquake magnitudes.

Table 1
Summary of M > 4 earthquakes occurred on Dec. 26, 2020.
Event GCMT PDE (USGS) This study
A B B C A B C
Time (hh: 01:47 02:19 02:19 02:23 01:47 02:19 02:23
mm)
Lat. (°S) 46.25 46.29 46.08 46.32 46.32 46.32 46.32
Lon. (°W) 75.98 75.91 75.91 76.10 75.82 75.82 75.83
Dep. (km) 20 18 10 10 3.6 4.0 2.9
Fault. Strike- Strike- - - Strike- Other Strike-
Type slip slip slip slip
Fault 352/ 350/ 170/ 338/ 342/
plane 1 68/ 66/ 85/2 30/9 83/
—18 —22 -13
Fault 90/ 90/ 80/ 241/ 74/
plane 2 73/ 70/ 88/ 86/ 77/
—156 —154 175 120 -172
Magnitude Mw Mw mb mb Mv 5.0 Mv Mv 4.6
4.8 4.9 4.7 4.3 4.8

Fault planes 1 and 2: Strike/Dip/rake (slip).

A comparison of the hypocenters is presented in Fig. 10a. Here, the
GCMT and PDE data give widely separated locations for each event, but
the three hypocenters were almost identical (46.3°S, 75.8°W) in this
study, with a high level of accuracy due to the nearby OBS array. Indeed,
the location errors of the three events were 0.1 km in both the horizontal
and depth directions. Thus, these three events are thought to have
occurred close together at the same fault plane, at a shallow depth of
3-4 km. The epicenters were located approximately 10 km north of the
seismicity gap.

The focal mechanism solutions and distribution of polarities ob-
tained in the present study are shown in Fig. 10b. Events A and C are
strike-slip faulting earthquakes, whereas event B is not categorized into
any of the three faulting types, in accordance with the criteria of Froh-
lich (1992). However, the three earthquakes are regarded as having
similar focal mechanisms of the strike-slip faulting type because all three
occurred close together in terms of both location and time. The GCMT
also estimated the CMT solutions of events A and B to be strike-slip
faulting, with approximately N-S or E-W strike directions. We pro-
pose that all three M > 4 earthquakes are more likely to be right-lateral
strike-slip faulting earthquakes, similar to those occurring along the
DFZ. Here, a type of local transform fault with an E-W strike direction is
possibly formed around the CTJ due to the active ridge subduction, and
the three M > 4 earthquakes would have occurred along this local
transform fault. It is unlikely that active fault planes with N-S strike
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and the black arrow indicates the location of the seismicity gap.

direction were formed in the studied area, because the relative plate
motions of both the Antarctic and Nazca plates are almost E-W in di-
rection (E-W and ENE-WSW, respectively; DeMets et al., 2010).

4.3. Seismic activities north and south of the seismicity gap

In the present study, distinct seismic activities were observed to the
north and south of a clear seismicity gap at 46.4°S. To the north, where
the Chile Ridge is located, several normal faulting earthquakes period-
ically occurred along the Ridge at shallow depths of approximately 10
km beneath the sea surface, as shown in Fig. 8. Taking account of the 3-
km seafloor depths in this region, it corresponds to a depth of approxi-
mately 7 km below the seafloor. Based on this result, we consider that
these normal faulting earthquakes are probably associated with the
continuous ridge opening. Based on numerical experiments and the re-
sults of observational data in several ridge regions, Morgan and Chen
(1993) proposed that the lower depth limit of earthquakes associated
with the ridge opening depends mainly on the thermal conditions and
derived the relationship between the earthquake depth and the
spreading rate of the ridge. In their study, the lower depth limit was
estimated to be approximately 6 km beneath the seafloor, at the current
half spreading rate of the Chile Ridge (26.5 mm/yr; Tebbens et al.,
1997). This depth is reasonably consistent with the value obtained in the
present study (7 km).

After December 2020, numerous earthquakes with normal, strike-
slip, and reverse faulting were observed along the ridge axis to the
north of the seismicity gap (Fig. 8). These represent aftershocks of the M
> 4 earthquakes, and were concentrated at depths shallower than 5 km.
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Their epicenters were spread across a length of 20 km in the N-S di-
rection, which was slightly narrower than the distribution of normal
faulting earthquakes associated with the continuous ridge opening. The
normal faulting aftershocks were possibly located along the ridge, while
the strike-slip and reverse faulting aftershocks might reflect the complex
stress field affected by the active ridge subduction. A fracture zone may
exist along the shallower portion of the ridge (less than 5 km), extending
20 km in the N-S direction. It includes a number of small fault planes
with E-W strike direction, because the T-axes of the strike-slip faulting
aftershocks (middle panel, Fig. 9) and the P-axes of the reverse faulting
aftershocks (right-hand panel, Fig. 9) were both oriented roughly E-W.
The major fault plane within the fracture zone may correspond to the
local transform fault proposed in Section 4.2.

South of the seismicity gap, where the Chile Ridge has already been
subducted, reverse faulting earthquakes were predominant and occur
periodically. Their P-axes were oriented roughly E-W, i.e., parallel to
the subduction direction of the Antarctic Plate (right-hand panel, Fig. 9).
These earthquakes were probably associated with the Antarctic plate
subduction and are occurring regularly.

5. Conclusions

To investigate crustal activities and seismic structures, two OBS
array observations were conducted in the vicinity of the CTJ, and the
hypocenter distributions, earthquake magnitudes, and focal mechanism
solutions of local earthquakes were determined. The period of the first
OBS array observation was between 2009 and 2010, and the second one
was between January 2019 and January 2021. Whereas the first
observation had a site spacing of more than 20 km, the spacing for the
second observation was set at about 10 km, thereby improving the
capability and accuracy of the hypocenter determination.

In total, 133 hypocenters with Mv of 0.7-4.0 were identified between
2009 and 2010, and 2080 hypocenters with Mv of —0.3 to 5.0 were
identified between 2019 and 2021. High seismic activities were
observed along the Chile Ridge and the DFZ in both observations,
whereas no earthquakes were observed along the TFZ.

A clear seismicity gap was identified at 46.4°S in the hypocenter
distribution between 2019 and 2021, with distinct faulting types
occurring to the north and south thereof. Thus, to the north of the
seismicity gap, normal faulting earthquakes occur periodically along the
Chile Ridge, and are associated with the continuous ridge opening. To
the south of the seismicity gap, where the Chile Ridge has already been
subducted, reverse faulting earthquakes associated with the Antarctic
plate subduction are predominant and occur regularly.

In addition, three M > 4 earthquakes occurred on December 26,
2020 at almost same location, approximately 10 km north of the seis-
micity gap. These were possibly right-lateral strike-slip faulting earth-
quakes. We suggest that these earthquakes occurred along that a
putative local transform fault with an E-W strike direction near the CTJ.
Numerous strike-slip and reverse faulting aftershocks were also
observed, and were distributed across a length of 20 km in the N-S di-
rection. This aftershock activity reflects the complex stress field along
the ridge under active subduction.

The OBS array observations described herein revealed the details of
seismic activities around the CTJ, which could only be obtained from
offshore observations far from the land network. Nevertheless, there are
uninterpreted issues remaining, including the existence of the seismicity
gap and its relation to the active ridge subduction. Moreover, further
studies on the seismic velocity structure, especially the underlying 3-D
structure and the thermal and fluid conditions around the CTJ, are
needed in order to better understand of the CTJ region. Hence, we intend
to perform several further studies to investigate the seismic structure
described in the introduction section. In particular, the BBOBS data
obtained during the second OBS array observation has enabled the
investigation of seismic structure with broad-band data coverage.
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