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ABSTRACT

To investigate the dynamic response of the outer accretionary prism up-
dip from the patch of greatest slip during the 2010 M,, 8.8 Maule earthquake
(Chile), 10 ocean-bottom seismometers (OBSs) were deployed from May
2012 to March 2013 in a small network with an inter-instrument spacing of 7-
10 km. Nine were recovered, with four recording data from intermediate-band
three-component seismometers and differential pressure gauges, and five re-
cording data from absolute pressure gauges (APGs). All instruments were also
equipped with fluid flow meters designed to detect very low rates of flow into
or out of the seafloor. We present hypocenters for local earthquakes that have
S-P times <17 s (i.e., within ~125 km of the network), with a focus on events
located beneath or near the network. Most of the seismicity occurred either
near the boundary between the active accretionary prism and continental
basement or in the outer rise seaward of the trench. For many outer-rise earth-
quakes, the P and S arrivals are followed by a distinctive T-phase arrival. Very
few earthquakes, and none located with hypocenters deemed “reliable,” were
located within the active accretionary prism or on the underlying plate bound-
ary. Nonvolcanic tremor-like pulses and seafloor pressure transients (but no
very-low-frequency earthquakes or fluid flow) were also detected. Many of
the tremor observations are likely T-phases or reverberations due to soft sea-
floor sediments, although at least one episode may have originated within
the accretionary prism south of the network. The transient seafloor pressure
changes were observed simultaneously on three APGs located over the tran-
sition from the active prism to the continental basement and show polarity
changes over short distances, suggesting a shallow source. Their duration of
several hours to days is shorter than most geodetic transients observed using
onshore GPS networks. The results demonstrate the need for densely spaced
and large-aperture OBS networks equipped with APGs for understanding sub-
duction zone behavior.

*Now at Canyonlands Field Institute, Moab, Utah 84532, USA
"Retired

B INTRODUCTION

On 27 February 2010, a M,, 8.8 megathrust earthquake ruptured the cen-
tral Chilean margin. This event, termed the Maule earthquake, filled a well-
documented seismic gap that had not ruptured in a major earthquake since 1835
(Campos et al., 2002; Lomnitz, 2004; Ruegg et al., 2009; Ruiz and Madariaga,
2018). A large number of slip models have been published for this event based
on seismic, geodetic, satellite, and tsunami data (e.g., Moreno et al., 2010; Lay et
al., 2010; Delouis et al., 2010; Tong et al., 2010; Lorito et al., 2011; Vigny et al., 2011;
Lin et al., 2013;Yue et al., 2014). While the models differ in their details, a common
feature of most of the models is that the patch of greatest slip occurred to the
northwest of the epicenter (Fig. 1). Still debated, however, are the cross-strike
location of greatest slip, the relationship between slip in the main shock and after-
shock activity, and whether slip propagated to the trench or was arrested when
it reached the accretionary prism, which is thought to be ~30 km wide in this re-
gion. Resolution of these questions is important for understanding the conditions
under which coseismic slip can propagate beneath or through the accretionary
wedge and the implications for tsunamigenesis.

Until the 2011 Tohoku earthquake (Japan), slip during megathrust earth-
quakes was generally not expected to propagate to the deformation front be-
cause of the assumed velocity-strengthening rheology of the trench sediments
that are accreted to form the outer accretionary wedge (Lallemand et al., 1994;
Wang and Hu, 2006), with the exception being rare “tsunami” earthquakes
characterized by slow, shallow slip and generation of a tsunami much larger
than expected based on the radiated seismic energy (for a review, see Ye et al.
[2016]). The M,, 9.0 Tohoku earthquake, however, indicated that under some
conditions, the outer accretionary wedge can lurch seaward by tens of meters
(Sato et al., 2011; Kodaira et al., 2012). Assuming that subduction is driven pri-
marily by slab pull, the accretionary prism would be in the stress shadow gen-
erated by a locked segment of the plate boundary and would therefore appear
to be locked prior to an earthquake (Wang and Dixon, 2004). For this reason,
it is difficult to anticipate whether seismogenic slip is likely to extend to the
trench or be arrested as it reaches the accretionary prism based on preseismic
observations. In the latter case, stress would increase in the accretionary prism
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Figure 1. (A) Map showing several representative slip
models for the 2010 Mw 8.8 Maule earthquake (Chile)
and aftershock distribution. (Modified from Figure 1
of Rietbrock et al. (2012) to add the slip model of Yue
et al. (2014) and the location of the maps in Figures
1B and 5 and the cross-section of Figure 2.) Slip mod-
els: 5, 10, and 15 m slip contours from Lorito et al.
(2011) in red; 10 and 15 m slip contours from Vigny
et al. (2011) in blue; 10 and 15 m slip from Yue et al.
(2014) in white. Red star is the main shock epicen-
ter. Light blue dots are aftershock epicenters. Source
mechanisms of selected aftershocks are also shown.
White squares are seismic stations deployed onshore
for the international aftershock monitoring network
known as IMAD. Black triangles are volcanos. Black
lines represent the coastline of Chile and its border
with Argentina. Grey dashed lines are s to
the plate boundary at 20 km intervals from model
Slab1.0 of Hayes et al. (2012). (B) Location of the
ChilePEPPER network overlain on bathymetry. Red
triangles show locations of absolute pressure gauges
(APG); white triangles are intermediate-band three-

34.5°S

39°5 b

p s and differential pressure
350°5  gauges (DPG). Open triangle (site CP05) indicates a
site where the instrument package was not recov-
ered, although it was still responding to acoustic
release commands when the site was revisited in

February 2017 during cruise MGL1701 of RV Marcus Langseth (nearly 4 yr after the initial recovery attempt). Data from sites CP02 and CP03 were sensitive to seismic frequencies for only 10 and
100 days after deployment, respectively, because of instrument malfunction. Grey lines are high-resolution multichannel seismic reflection lines collected during R/V Melville cruise MV1206. Back-
ground bathymetry (contoured in meters) is from Global Multi-Resolution Topography (Ryan et al., 2009).

immediately after the earthquake and would be relaxed through postseismic
creep on the plate boundary and within the prism. Few in situ observations
are available of this process because, with the exception of the continental
margin offshore Japan (Nakano et al., 2016), most subduction zones are not
adequately instrumented to detect slow slip, nonvolcanic tremor, and other
subtle clues to the postseismic response of the outer accretionary prism.

The aftershocks in the months immediately after the Maule earthquake (Fig.
1A) were recorded on a dense network of temporary seismic stations, known
as IMAD (International Maule Aftershock Deployment) (e.g., Lange et al., 2012;
Rietbrock et al., 2012; Hayes et al., 2013). This effort was complemented by
networks of ocean-bottom seismometers (OBSs) with interstation spacing of
25 km or more to record aftershocks and provide data for improved velocity
models (Lieser et al., 2014; Hicks et al., 2014). While many offshore aftershocks
were observed, few were located beneath the outer accretionary wedge, and
no observations of low-frequency earthquakes or nonvolcanic tremor have
been reported from the OBS data. ChilePEPPER (Project Evaluating Prism
Post-Earthquake Response) was designed to test the hypothesis that compres-
sive stress in the accretionary prism increased as a result of >15 m of sudden
plate boundary slip to the east and that this stress was being relaxed through
internal wedge deformation, which would be expected to result in slow earth-
quakes, microseismicity, and fluid expulsion driven by increased pore-fluid
pressure. When the project was conceived, coseismic slip models and the rel-

atively small far-field tsunami generated by the earthquake suggested that slip
had not propagated to the trench, although some subsequent work challenged
that conclusion (Yue et al., 2014). To capture the dynamic response of the ac-
cretionary wedge to the expected change in stress, 10 OBSs equipped with
intermediate or broadband three-component seismometers, absolute or differ-
ential pressure gauges, and chemical aqueous transport (CAT) meters (Tryon
et al., 2001) were deployed updip of the patch of greatest slip in May 2012 and
recorded data until March 2013. Instruments were arranged in a small-aperture
network with an inter-instrument spacing of 7-10 km (Fig. 1B). High-resolution
swath bathymetric (Maksymowicz et al., 2017), potential field (Maksymowicz
et al., 2015), and multi-channel seismic reflection data (Tréhu and Tryon, 2012;
Tréhu et al., 2019) were also acquired.

B BACKGROUND
Tectonic Setting

The western boundary of the South American plate is characterized by sub-
duction of the Nazca plate below the South American plate at the Peru-Chile
trench. Historically, it is the most seismically active subduction zone in the
world, nucleating events >M 8 roughly every 10 yr (Campos et al., 2002), with
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three since 2010. The short seismic cycle, long historical record (Lomnitz, 2004;
Ruiz and Madariaga, 2018), along-strike variability in trench sediment fill and
slab dip (e.g., Contreras-Reyes and Osses, 2010), and complex topography
of the incoming plate make this region a natural laboratory for understand-
ing seismogenesis and the segmentation of plate-boundary faults. Proposed
causes for seismic segmentation (i.e., zones that repeatedly rupture in earth-
quakes separated by zones that are frequently barriers to rupture propaga-
tion) include subducting ridges and seamounts on the incoming plate (Con-
treras-Reyes et al., 2010; Contreras-Reyes and Carrizo, 2011), peninsulas and
bends in the coastline of the overriding plate (Loveless et al., 2010), variations
in sediment subduction and thickness (Ruff, 1989; Scholl et al., 2015), and frac-
tured zones in the incoming oceanic plate (Poli et al., 2017).

The 100 km x 500 km region that ruptured during the Maule earthquake
was a well-documented, mature seismic gap that had last ruptured in a large
event (M ~8.5) in 1835 (Ruegg et al., 2009). This segment, which is bounded to
the south by the rupture zone of the 21 and 22 May 1960 M,, 8.0 Concepcion
and M,, 9.5 Valdivia earthquakes and to the north by the rupture zone of the
1985 Valparaiso earthquake, is characterized by subduction in a N78°E direc-
tion at 66 mm/yr (Angermann et al., 1999). High sedimentation rates linked to
deglaciation and erosion of the Andes mountains since the Pliocene (e.g., Ku-
kowski and Oncken, 2006; Volker et al., 2013) and blocking of sediment trans-

A Trench fill Shelf break Coastline
Accretionary prist Paleo-accretionary
” .

port to the north by the Juan Fernandez Ridge (Contreras-Reyes et al., 2010)
has led to a sediment-filled trench and construction of an accretionary wedge
composed primarily of terrigenous sediments with rare interbedded ash layers
(Mix et al., 2003). Along-strike variability within the accretionary wedge has
been attributed to episodic phases of trench sediment accretion and erosion
(Bangs and Cande, 1997; Contardo et al., 2008; Contreras-Reyes et al., 2017).
Along the segment of margin where the OBS network was deployed, a
20-50-km-wide wedge with a subduction channel <1 km thick and a subduction
zone backstop correlated with the slope break has been inferred based on sev-
eral large-aperture seismic transects (Moscoso et al., 2011; Contreras-Reyes et
al., 2017). The ChilePEPPER network straddles one of these transects (Moscoso
et al., 2011). This profile has been interpreted to show an accretionary wedge
defined by P-wave velocity <4.5 km/s adjacent to a paleo—accretionary complex
with velocity of 4.5-6 km/s overlain by a slope basin up to 2 km thick that ex-
tends from the shelf break to the coast (Fig. 2). The solid white lines indicate the
top and bottom of the subducted oceanic crust and the short-dashed white line
shows the base of the continental crust interpreted from the velocity model
(Moscoso et al., 2011). The long dashed line shows the interpreted boundary
between the active accretionary prism and a Cretaceous paleo-accretionary
complex that forms the continental backstop in this region (Contreras-Reyes et
al., 2017). More regionally, a subducting seamount near the hypocenter of the
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Figure 2. (A) P-wave velocity (Vp) model of Moscoso et al. (2011). Solid white lines indicate the top and bottom of the subducted oceanic crust and short-dashed white line shows
the base of the continental crust interpreted from the velocity model (Moscoso et al., 2011). Velocities are in units of km/s. Depth is relative to sea level. The locations of the three
velocity-depth profiles discussed in the text and shown in B are indicated by vertical red lines, and the reference depths used for locating earthquakes with these models are
shown by horizontal blue lines. The boundary between active accretionary prism and the paleo-accretionary rocks that form the continental basement, which is interpreted based
on the position of a strong lateral velocity gradient, is shown as a long-dash white line. Contreras-Reyes et al. (2017) interpreted this boundary to be co-located with the slope
break and used the slope break as a proxy for the position of the backstop along strike. High-resolution multichannel seismic data have shown that the projection to the seafloor
of this gradient is a complex zone of transpression and transtension located seaward of the slope break (Tréhu et al., 2019), indicated by the shaded rectangle shown above the
cross-section. Locations of the ChilePEPPER ocean-bottom seismometers (see Fig. 1B for location) projected onto the cross-section are shown by the black triangles. (B) P-wave

velocity versus depth below sea level for models A, B and C.
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earthquake has been interpreted from a high P-velocity anomaly in the upper
plate by Hicks et al. (2014), who speculated that this feature may have caused
frictional heterogeneities on the plate interface that promoted the initial nucle-
ation of the Maule event. Other local density and gravity anomalies have also
been correlated with the patch of greatest slip, suggesting that subducting or
obducted seamounts may act as asperities (Maksymowicz et al., 2015). Cubas
et al. (2013a) and Maksymowicz et al. (2015) have estimated the basal friction
using Coulomb wedge theory and have concluded that the frictional coeffi-
cient was lower on the patch of highest slip. Their conclusion that low basal
friction is correlated with interseismic coupling and/or large coseismic slip is
consistent with studies along other subduction margins (e.g., Hikurangi [New
Zealand]: Fagereng, 2011; Tohoku [Japan]: Cubas et al., 2013b).

Seismological Constraints on the Maule Earthquake and
Its Aftershocks

The along-strike distribution and downdip limit of slip during the M,, 8.8
Maule event are well constrained based on regional seismic, teleseismic, GPS,
and interferometric synthetic-aperture radar (INSAR) data and show that the
earthquake was a bilateral rupture that extended along ~500 km of the Chilean
coastline, with the largest slip patches occurring to the north and south of the
epicenter (e.g., Tong et al., 2010; Pollitz et al., 2011; Vigny et al., 2011; Moreno
et al., 2012; Lin et al., 2013; Yue et al., 2014). The updip extent of seismogenic
slip, however, varies depending on model parameterization because of limited
offshore data. Even when data from offshore DART (Deep-Ocean Assessment
and Reporting of Tsunamis) buoys are included in the data set used to con-
strain the model, different investigators obtain different solutions (Fig. 1A). For
example, the model of Lin et al. (2013) suggests that coseismic slip did not
propagate through the shallowest 15-20 km of the plate boundary, suggest-
ing that the plate boundary beneath the accretionary wedge slips aseismically
during the interseismic period. In contrast, Yue et al. (2014) concluded that >10
m of slip locally extended to the trench along the portion of the plate boundary
updip from the patch of greatest slip. Understanding whether slip propagated
to the trench is important for understanding aftershock distribution, frictional
properties of the megathrust, forearc structure of the region, effects of sub-
ducting topography, and future seismic hazard assessment.

In response to the Maule event, seismologists from Chile, Europe, and the
United States deployed a temporary 164-station network onshore for seven
months to monitor aftershock activity (Russo et al., 2011). Several groups also
deployed short-period OBSs for several months during the year following the
earthquake (Lieser et al., 2014; Hicks et al. 2014). Over 100,000 aftershocks have
been located and >400 focal mechanisms have been constructed from these
data sets (Agurto et al., 2012; Lange et al., 2012; Rietbrock et al., 2012; Hayes et
al., 2013). The OBS data have been used for joint inversion of velocity structure
and seismicity (Hicks et al., 2014; Lieser et al., 2014) with a resolution controlled
by the relatively sparse inter-instrument spacing of several tens of kilometers.

Despite its importance for understanding plate-boundary slip, no attempts to
detect nonvolcanic tremor, which is commonly interpreted to be a short-period
proxy for slow slip, have been reported from these offshore data.

Aftershock seismicity from Rietbrock et al. (2012) is shown in in Figure 1A.
Most of the seismicity was located on or near the plate boundary between 40
and 140 km landward of the deformation front, with a second, less-continuous
band of events at greater depth; most source mechanisms for earthquakes in
this band indicate low-angle thrust motion on or near the plate interface. Af-
tershocks with normal faulting mechanisms were recorded beneath the outer
rise seaward of the trench, especially along the northern end of the rupture
zone. Evidence for an offshore splay fault along the northern boundary of the
rupture zone was reported by Lieser et al. (2014) based on OBS data. All studies
document a notable dearth of aftershock activity within or beneath the forearc
within ~40 km of the trench. Rietbrock et al. (2012) interpreted this to indi-
cate that slip models in which the largest slip magnitude is within 40 km of
the trench and the highest downdip gradient in slip is correlated with greatest
moment release in aftershocks were most consistent with global patterns in
the relationship between slip during large earthquakes and aftershock distribu-
tion. In contrast, Lange et al. (2012) and Moscoso et al. (2011) argued that this
pattern suggested that the outer forearc did not slip during the main shock and
was accommodating plate motion aseismically.

B INSTRUMENTATION

Ten (10) Lamont-Doherty Earth Observatory (Palisades, New York, USA)
OBSs from the Ocean Bottom Seismograph Instrument Pool (OBSIP; http:/
www.obsip.org/) were available on short notice for ChilePEPPER (Table 1). Five
OBSs (SL-OBSs) were equipped with a three-component L4C 1 Hz geophone
with a low-noise amplifier and a differential pressure gauge (DPG). The other
five OBSs (CI-OBSs) each contained a Trillium Compact broadband seismome-
ter and a Paroscientific absolute pressure gauge (APG). The SL-OBSs recorded
40 samples/s (sps) and the CI-OBSs recorded 125 sps. CAT flow meters (Tryon
et al., 2001), which are designed to detect flow rates of 0.01-1.5 cm/yr into or
out of the seafloor, were integrated into the OBS packages by using the patch
of seafloor covered by the OBS anchor as the collection area monitored by the
CAT meter, which was attached to the side of the OBS and recovered with it
(Tréhu and Tryon, 2012).

Nine of the 10 OBSs that were deployed in May 2012 during RV Melville
cruise MV1206 were recovered in March 2013 during on R/V Point Sur cruise
PS1306. One SL-OBS (site CP05) responded to the release command but re-
mains on the seafloor. The remaining SL-OBSs (sites CP06-CP09) generally
performed well and recorded data for the entire deployment, although CP07
and CP08 had occasional artifacts that intermittently distorted the waveforms.
Unfortunately, the seismometers in the CI-OBSs did not record data, so only
pressure data from these instruments were used for this study (Fig 1B). Three
of the APGs (at sites CP01, CP04, and CP10) recorded good-quality data for
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TABLE 1. SITE LOCATIONS (SEE FIG. 1B), SAMPLE RATE, AND COMPONENTS RECORDED

Site Latitude Longitude Water depth ~ Sample rate Comments
(S) w) (m) (sps)

Decimal degrees  Degrees Minutes Decimal degrees Degrees Minutes
CPO1 34.70182 34 42.1091 72.93232 72 55.9394 2395 125 APG
CP02 34.58622 34 35.1734 73.29314 73 17.5884 3924 125 APG (to 17 Aug 2012)
CPO3 34.63270 34 37.9617 73.16094 73 9.6565 3272 125 APG (to 29 May 2012)
CP04 34.67109 34 40.2652 73.03790 73 2.2739 2673 125 APG
CPO05 34.61964 34 37.1786 72.95682 72 57.4089 2550 40 Not recovered
CP06 34.54564 34 32.7382 73.19254 73 11.5524 3623 40 X,Y, Z, DPG
CPO7 34.58792 34 35.2754 73.06748 73 4.0486 2790 40 X,Y, Z, DPG
CP08 34.75379 34 45.2271 73.00970 73 0.5817 2398 40 X,Y, Z, DPG
CP09 34.67334 34 40.4004 73.25416 73 15.2494 3224 40 X,Y, Z, DPG
CP10 34.71460 34 42.8759 73.13726 73 8.2356 2967 125 APG

Notes: X, Y, and Z refer to three orthogonal geophone components. APG—absolute pressure gauge; DPG—differential pressure gauge; sps—samples per second.

seismic frequencies <2 Hz for the entire deployment. Rapidly increasing instru-
ment noise for frequencies >20 Hz (Webb and Nooner, 2016), however, limited
the utility of the APGs for detecting local earthquakes with magnitude <~3 (Fig.
3). Unfortunately, two of the APGs lost sensitivity to seismic frequencies after
~10 and 100 days, respectively, because of internal corrosion. For more details
on OBS performance, see Tréhu (2013).

Timing for the OBSs was provided by an internal clock that was calibrated
to a GPS clock before deployment and after recovery, and timing was corrected
assuming a linear drift rate. Total clock drift ranged from -0.87 to 1.16 s. As a

secondary, qualitative check on the timing accuracy of the instruments, we
looked at four large, deep teleseismic events (deMoor, 2015), two from Ar-
gentina and two from Colombia, with origin times distributed over the dura-
tion of the ChilePEPPER deployment to see whether the time lags between
instruments remained constant, as they should have if they were due only
to differences in local crustal structure and the distance between the source
and the receiver. Deep events were chosen because of their impulsive P-wave
and steep incident angles. Unfortunately, only five stations recorded all four
events. Using cross-correlation of waveforms from these events, bandpass

10°

Site CP04

waves

noise ) )
notch  Microseisms

Amplitude (Pa2)

10!

10°

counting noise

Figure 3. Power spectra of absolute pressure gauge data for
day-long records at site CP04 (see Fig. 1B for location) on five
different days distributed through the deployment. The legend
indicates color coding by year and Julian day. Similar spectra
were observed at sites CP01 and CP10. These spectra are not
corrected for counting noise (Webb and Nooner, 2016).

Frequency (Hz)
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filtered at 0.1-1 Hz, we concluded that the APG at site CP10 contained a timing
error. This was confirmed by examining P-wave residuals at CP10 after initially
locating earthquakes using Hypo71 software (Lee and Lahr, 1975) without in-
cluding a timing correction for CP10. A decrease in the residual at CP10 with
time was observed, leading to an empirical clock drift correction for CP10 of
-0.004s/day and initial time offset of 1.5 s (deMoor et al., 2015). A timing correc-
tion based on this analysis was applied to picks from CP10. Average residuals
for stations other than at CP10 are <0.2 s and show no systematic temporal
variation throughout the deployment. Because the network was sampling a
single quadrant of the radiation pattern for the direct P-wave from these deep

A .

events, these observations also served as a check on polarity. The APG data
were multiplied by —1 for consistency with the seismometer data.

Figure 4A shows vertical component (BHZ) or pressure (HDH) across the
network from one of the largest earthquakes to occur beneath the network and
illustrates several characteristics of the data. This event is the second of a pair
of approximately collocated events with M, 4.7 and 4.5 that occurred on 15
September 2012 at 00:40 and 00:50 UTC and were reported in the U.S. Geolog-
ical Survey Comprehensive Earthquake Catalog (ComCat; https:/earthquake
.usgs.gov/earthquakes/search). A third event from the same location with
M, 3.4 was reported by the Chilean National Seismological Center (CSN) at
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Figure 4. (A) Vertical ground velocity (BHZ) and pressure (HDH) data recorded across the ChilePEPPER network (see Fig. 1B for location) from an earthquake within the network on 15
September 2012; time is shown as hour:minute:second UTC. Source-receiver distance is indicated below the station name. Red arrows show the P- and S-wave arrival-time pick used for
locations. SSR indicates the reflection of the P-wave from the sea surface above the instrument. GO05 is an onshore station (35.01°S, 71.93°S; Fig. 5A) that was not used for the catalog of
Table S1 (see footnote 1) but is shown here to illustrate the difference in code length between an onshore station that is well coupled to the ground and an ocean-bottom seismometer

placed on soft fl di (B) S grams recorded at station CP06 for six approximately co-located earthq on 15 Sep ber 2012, showing variation in amplitude,
waveform, and frequency content of events in this sequence. Data have been filtered with a passband of 1-15 Hz. P- and S-wave arrival time picks used for locations are marked by red
arrows. All S-waves were picked using horizontal as well as vertical component data.
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02:31. We located several additional smaller earthquakes very near these three
events. Figure 4B shows the vertical component at site CP06 for several events
in this sequence, including the three reported by ComCat and CSN. The two
largest events were recorded across the network, but the signal was clipped
on the two closest seismometers so that shear-wave arrival times could not
be identified at these two sites (Fig. 4A); absolute pressure sensors at these
distances (HDH) did not clip, demonstrating their ability to measure strong,
high-frequency, local signals as well as very-long-period signals. On the other
hand, the signal on the pressure sensors did not rise above background noise
level for smaller, high-frequency earthquakes, even though these were well re-
corded by the seismometers. Note that the waveforms from these earthquakes
at CP06 differ (Fig. 4B), indicating different fault mechanisms. The most com-
plete data set was obtained for the event at 02:31, for which both P- and S-wave
arrivals were clear on all four instruments equipped with seismometers and
P-wave arrivals were clear on the three pressure sensors functioning at that
time, resulting in a total of 11 travel-time picks for that event.

H DATA ANALYSIS
Local Earthquakes
Hypocenters

Data were input into an Antelope database for display and phase picking.
Events were detected automatically using the ratio of the long term to the short
term amplitude average, but all arrival times used for locations were picked
manually. The picks were then exported and reformatted for input to Hypo71
(Lee and Lahr, 1975) for calculating event locations. This classic program was

used because it is well documented, flexible, and suitable for the small net-
work aperture and relatively small number and local nature of the events being
located. A one-dimensional P-wave velocity model was extracted from kilome-
ter 28 in the model of Moscoso et al. (2011), which corresponds to the center of
the ChilePEPPER network (model A in Fig. 2B). The reference depth for the top
of the velocity model was placed at the mean depth of the stations (2.9 km be-
low sea level [bsl]), and station delays or advances were defined by the differ-
ence between the reference depth and the station depth divided by the velocity
of the first layer in the velocity model. This method assumes that the ray paths
in layer 1 are vertical, an assumption that would be violated for very shallow,
local events. Different station delays were used for P- and S-wave picks.

While P-wave velocities (Vp) for the study area are well constrained, the
S-wave velocity (Vs) for the outer accretionary wedge is poorly constrained by
the controlled source results. To estimate the regional Vp/Vs ratio, we located
the 15 September earthquake at 02:31 for a series of Vp/Vs ratios from 1.6 to
2.6 and for hypocentral depths from 1 to 17 km relative to our reference depth
of 2.87 km bsl. The minimum root mean squared (RMS) travel-time misfit for
this event was for a depth of 7 km and a Vp/Vs ratio of 2.0-2.2 (Table 2, event
1). This relatively high Vp/Vs ratio is consistent with the Vp/Vs ratio for the
outer accretionary wedge in this region obtained by Hicks et al. (2014) and with
Vp/Vs ratios measured in cores from the Nankai accretionary wedge, Japan
(Hashimoto et al., 2011). The low S-wave velocity is probably due to the pres-
ence of unconsolidated sediments in the accretionary wedge. In contrast, for
an event located in the trench ~40 km west of the network, the minimum RMS
travel-time residual was for a depth of 9-13 km and a Vp/Vs ratio of 1.8 (Table
2, event 2).

All events with at least five arrival-time picks and a location within ~125
km of the ChilePEPPER network (as indicated by an S-P time <17s) were iden-
tified and located (de Moor, 2015). In addition, events with only four P-wave

TABLE 2. ROOT MEAN SQUARED MISFIT AS A FUNCTION OF RATIO OF P-TO S-WAVE VELOCITY (Vp/Vs) AND SOURCE DEPTH FOR AN
EVENT BENEATH THE ChilePEPPER ARRAY (EVENT 1) AND ONE LOCATED WEST OF THE ARRAY BENEATH THE OUTER RISE (EVENT 2)

Depth* Event 1 Depth* Event 2
(km) Vp/Vs (km) Vp/Vs
1.60 1.80 2.00 2.20 2.40 1.60 1.80 2.00 2.20 2.40
1 1.21 0.62 1.00 1.00 2.38 1 1.27 1.48 1.19 1.19 1.18
3 0.59 0.52 0.66 0.66 0.95 3 1.27 1.47 1.22 1.22 1.14
5 0.59 0.56 0.46 0.46 0.72 5 1.27 1.45 1.28 1.28 1.17
7 0.55 0.47 0.44 0.44 0.80 7 0.44 1.48 1.26 1.26 1.17
9 0.58 0.48 0.50 0.50 0.71 9 0.44 0.42 1.24 1.24 1.17
11 0.58 0.52 0.51 0.51 0.79 11 0.44 0.42 1.31 1.31 1.17
13 0.58 0.52 0.50 0.50 0.90 13 0.44 0.42 0.53 0.53 1.19
15 0.58 0.53 0.58 0.58 1.02 15 0.44 0.43 0.52 0.52 1.31
17 0.59 0.55 0.50 0.50 1.15 17 0.44 0.43 0.51 0.51 1.33

*Relative to reference depth of 2.9 km below sea level.

Note: Cell outlines highlight combination of depth and Vp/Vs that minimizes the root mean squared travel-time misfit.
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arrival time picks and no S-wave picks were included in our catalog if the high-
frequency content of the signal suggested a nearby source. Hypocentral pa-
rameters were calculated for a starting depth of 8 km relative to the reference
depth of 2.9 km below sea level. After an initial run in which all earthquakes
were located using velocity model A (Fig. 2B) and a Vp/Vs ratio of 2.2, earth-
quakes west of —73.2° were relocated using model B (Fig. 2B) and a Vp/Vs ratio
of 1.78. As an empirical test of the reliability of the hypocentral parameters,
events with an RMS travel-time misfit <1.0 s and nominal horizontal errors
<20 km were relocated using a starting depth of 13 km, and only events with a
solution located within 15 km of the first solution were retained. This second
test yielded a catalog of 453 events, including 147 events with RMS residuals
<0.5 s and epicenters located within 16 km of a ChilePEPPER station. Of these,
35 were located using at least six arrival-time picks. The average RMS trav-
el-time misfit for all events is 0.19 s; for events with at least six picks, RMS mis-
fit is 0.22 s; for events with eight or more picks, it is 0.35 s. Coda magnitudes
were estimated as described in Section S1 of the Supplemental Material'. The
complete catalog is provided as Table S1 (footnote 1); however, actual uncer-
tainties in the hypocentral parameters for most of the events in Table S1 are
large and poorly defined, and the catalog should be used primarily as a tool to
help initiate future studies.

Magnitude
O 36

34°S

74°W

Comparison to Other Catalogs

The distribution of epicenters in our catalog (Fig. 5A) is generally consistent
with the distribution of epicenters in the ComCat catalog for the time period
of the ChilePEPPER deployment (Fig. 5B), and with the catalog of Lieser et
al. (2014) developed from OBS data from 20 September to 25 December 2012
(Fig. 5C). All three catalogs show a low level of seismicity beneath the outer-
most wedge (note that two “outer wedge” events in the ComCat catalog are
likely mislocated, as discussed below). Most of the activity is focused near the
boundary between the inner and outer wedge or seaward of the deformation
front beneath the outer rise.

To examine possible biases in locations of offshore earthquakes located
using only onshore observations, we compared hypocenters for events in the
ComCat catalog that were located within or near the ChilePEPPER network
(i.e., events between 34.5° and 35.0°S and between 72.8° and 73.8°W). Figure
6A suggests that ComCat epicenters may be systematically too far east and
too deep along a transect perpendicular to the coast and overlying the Chile-
PEPPER network. A similar systematic bias has been documented for earth-
quakes occurring offshore central Cascadia (Pacific coast of North America)
and attributed to the difference in crustal structure between the Oregon Coast

X
T
2
5
5
2
=
8

2
5

2

Figure 5. (A) Events located during ChilePEPPER deployment (see Fig. 1 for location) overlain on bathymetry. Open circles indicate events located using only four or five P and S-wave arrival time
picks. Red filled circles indicate events located with six or more phase picks. Circle radius is determined by the local coda magnitude determined as described the Supplemental Material (see foot-
note 1). Yellow outlines indicate events for which a T-phase was observed. White triangles show the stations of the ChilePEPPER network. (B) Events in the U.S. Geological Survey Compreh
Catalog (ComCat; https://earthquake.usgs.gov/earthquakes/search/) for the period during which the ChilePEPPER network was active (red filled circles) and from 1 March 2010 until the begin-
ning of ChilePEPPER deployment (open circles). Magnitudes range from 4.1 to 5.2. (C) Events reported by Lieser et al. (2014) based an ocean-bottom seismometer (OBS) network deployed from
20 September to 25 December 2010; white hexagons are OBS locations. Events are color coded by location quality: blue—excellent; yellow —very good; red—good. The elevation/depth scale applies
to all three maps.
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Range and the continental margin as well as to the lack of close stations when
only onshore data are available (Williams et al., 2011; Tréhu et al., 2015).

A cluster of relatively large-magnitude earthquakes in Figure 5A located
near 34.2°S, 72.7°W corresponds to earthquakes near 34.0°S, 72.2°W in Figure
5B. Figure 6B shows the difference between ComCat hypocenters and our hy-
pocenters for these earthquakes. The epicenters in our catalog for these events
are probably systematically biased to be too close to the network because of
the high Vp/Vs ratio we used for locating all events east of 73.2°W. Although a
high Vp/Vs ratio is appropriate for the events originating in the wedge beneath
the network, it is likely too high for events outside the network, for which the
ray path is primarily in the crust and upper mantle. Depths for events in Figure
6B are poorly resolved for both catalogs. Relocation of these events in an ac-
curate three-dimensional velocity model and using travel time observed both
onshore and offshore is needed to obtain more accurate hypocentral parame-

ters for these events. In the subsequent discussion, we focus on earthquakes
located within or near the ChilePEPPER network.

Depth Uncertainty and Fault Mechanisms for Selected Earthquakes

To further examine depth resolution, three of the events that occurred on
15 September 2012 near site CP08 (Fig. 1B) were relocated for fixed depths
at 2 km intervals from 2 to 30 km assuming velocity model A (Fig. 2B) and a
Vp/Vs ratio of 2.2 (Fig. 7A). A similar exercise was run for two earthquakes lo-
cated in the outer rise west of the deformation front assuming model B and a
Vp/Vs ratio of 1.78 (Fig. 7B). The smallest RMS travel-time misfits occur for the
15 September events at ~8 km relative to sea level (compared to depths of 8.3,
7.9, and 7.2 km for these events when depth was not constrained). Although
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Figure 7. (A) Root mean squared (RMS) travel-time residuals as a function of source
depth relative to the reference depth of 2.9 km below sea level for the three largest
events on 15 September 2012 assuming velocity model A (Fig. 2). The best-recorded
event was at 02:31 UTC (M, 3.4), which was large enough to be recorded on the ab-
solute pressure gauges and small enough to be on scale on the seismometers. The
events at 00:40 (M, 4.7) and 00:50 (M, 4.5) were clipped on several seismometers.
(B) Residuals as a function of source depth for two outer rise earthquakes located ~24
and 37 km from the closest station, assuming velocity model B. Although depth is
not well resolved, the best fit is for shallow depth. (C) First-motion diagrams for three
events on 15 September 2012. Lower-hemisphere projection. Filled circles are compres-
sional first motions; open circles are dilatational first motions. Takeoff angle and azi-
muth were calculated for the solution in Table S1 (see footnote 1). Orthogonal nodal
planes were fit by eye.

depth is not well constrained for the outer-rise earthquakes, a shallow depth
is suggested.

To explore the impact of our choice of velocity model and Vp/Vs ratio, we
relocated five earthquakes in the 15 September cluster for which at least six
arrival time picks were available using a Vp/Vs ratio of 1.8 rather than 2.2;
we also relocated these earthquakes using a P-wave model representative of
the crustal structure near the coast (model C in Fig. 2; Table 3). The outer-

accretionary-wedge P-wave velocity model with a Vp/Vs ratio of 2.2 yielded
the shallowest source and the smallest travel-time misfit, supporting our
choice of velocity model. The average horizontal and vertical uncertainties
in the estimated hypocentral parameters with model A and Vp/Vs = 2.2 are
3.7 km and 3.3 km, respectively.

First-motion polarities are shown in Figure 7C for the three largest events
on 15 September. Each event has a different mechanism, consistent with the
observation that waveforms at a particular station differ among the events
(e.g., Fig. 4B). Although the uncertainty in these mechanism estimates may be
large because of the sensitivity of take-off angle and azimuth to local velocity
structure, all three events are consistent with a scenario in which the greatest
compressive stress is approximately horizontal and oriented NW-SE, and the
intermediate and least compressive stresses are of similar magnitude.

T-Phase Observations

Nearly 50% of the events located beneath the outer rise show a distinctive
T (tertiary) phase that is rarely observed for events located east of the defor-
mation front (Fig. 8); events with T-phases are indicated in Table S1 (footnote 1)
and outlined by a yellow circle in Figure 5A. T-phases are commonly observed
from earthquakes originating in ocean basins and are generally thought to
represent energy traveling in the SOFAR (sound fixing and ranging) channel,
which occurs because the speed of sound in the ocean has a minimum at
~1000 m water depth, forming an efficient waveguide for transmitting sound
in the ocean. Because of low attenuation, the T-phase may be the only phase
observed for smaller events in submarine earthquake swarms (e.g., Dziak et
al., 1995, 2004; Dziak, 2001; Blackman et al., 2000; Bohnenstiehl et al., 2002;
Forsyth et al., 2003; Tréhu et al., 2018). They are characterized by their high-
frequency content (>3 Hz), emergent nature, and a propagation velocity of
1.5 km/s. Although the mechanism for coupling P- or S-wave energy from
earthquakes into the SOFAR channel remains controversial (e.g., de Groot-
Hedlin and Orcutt, 2001; Balanche et al., 2009), spatial correlation of T-phase
observations with outer-rise events suggests a shallow source depth (Wech et
al., 2018) and/or a source where crystalline basement is at or near the seafloor
for these events. That not all outer-rise events generate T-phases may indicate
a range of source depths.

Possible Nonvolcanic Tremor

The importance of observations of nonvolcanic tremor as a proxy for slow
slip motivated a search for tremor in the ChilePEPPER data. Wech et al. (2013)
have discussed the challenges of detecting tremor from OBSs. One of the
challenges is distinguishing tremor offshore from T-phases from regional or
teleseismic earthquakes for which the body and surface waves are too low
in amplitude or frequency to rise above the background noise level in the
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TABLE 3. COMPARISON OF ROOT MEAN SQUARED (RMS) TRAVEL-TIME MISFIT AND HYPOCENTRAL DEPTH FOR
VELOCITY MODELS A AND C (FIG. 2B) AND RATIOS OF P- TO S-WAVE VELOCITIES (Vp/Vs) OF 1.8 AND 2.2

15 Sep 2012 No. of picks Model A, Vp/Vs = 1.8 Model A, Vp/Vs = 2.2 Model C, Vp/Vs = 1.8 Model C, Vp/Vs = 2.2
(hr:min) RMS Depth RMS Depth RMS Depth RMS Depth
(s) (km) (s) (km) (s) (km) (s) (km)

0:40 9 0.50 10.70 0.59 5.50 0.52 15.00 0.78 21.68
0:48 6 0.26 10.52 0.17 9.31 0.32 3.77 0.26 13.58
0:50 8 0.44 4.28 0.12 5.00 0.49 14.86 0.46 19.99
2:31 11 0.56 719 0.42 5.37 0.60 14.33 0.62 15.00
2:54 6 0.20 10.72 0.05 5.68 0.08 10.83 0.18 12.54
Average of five events 0.39 8.68 0.27 6.17 0.40 12.41 0.46 16.56
Depth below sea level 13.70 10.48 15.28 19.43

Notes: Depths are relative to the reference depth of 2.9 km except where indicated in the bottom row. Model A with Vp/V's = 2.2 is the preferred model
for events located beneath the network in the accretionary wedge. Time zone is UTC.

S A 2-8 Hz passband. Because of efficient propagation of high-frequency sound
in the SOFAR channel, the T-phase is sometimes the only phase observed.
This phenomenon has been observed in OBS networks on the coast of Oregon
(USA) for earthquakes from the Explorer Ridge (offshore British Columbia, Can-
ada) (Czoski et al., 2012) and Blanco transform fault (offshore Oregon) (Tréhu et

il . al., 2018). Another challenge is distinguishing tremor from the extended coda
[ H}1||‘1TMM"WW‘"‘f\\“l'l"f“""”"’l’“‘“"’"”"“ for earthquake signals recorded on seismometers emplaced on the seafloor

Accretionary prism

v

P

on continental margins compared to signals recorded on well-coupled stations
on land. For example, note the much longer signal recorded on the OBSs and
APGs in Figure 4A compared to the signal from the same earthquake recorded
CP09 BHZ ] onshore at station GOO05.

15 Sep (day 259), 2012 Signals resembling nonvolcanic tremor are observed at stations CPO6,
02:31:49.995 CP07, and CP09 throughout the deployment. These signals were identified by
‘ . L L o ‘ bandpass filtering the data at 2-8 Hz, squaring the signal, low-pass filtering
0 g 20 40 60 80 below 0.1 s and resampling at 1 sample/s, and taking the square root of this
B signal to produce the signal envelope. The signal envelopes from the three
stations were cross-correlated using a 300 s time window with a 150 s over-
lap. A potential “tremor” event was detected if the maximum normalized
cross-correlation between the three stations was >0.6. Finally, to rule out local
earthquakes, the cross-correlation had to remain above 80% of its maximum
value for at least 20 s. This procedure resulted in >800 events. The procedure
is described in more detail in Section S2 (footnote 1), and the times and dura-
= tion of tremor-like pulses detected thus are listed in Table S2. The number of
tremor events per day is compared to the number of earthquakes per day in
our catalog in Figure 9.
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Figure 8. Examples of data recorded on the br d vertical p 1t (BHZ) for two typical
local earthquakes. (A) An earthquake in the accretionary prism. (B) An earthquake from the
outer rise, showing a distinct T-phase; P and S phases are observed for both events. The station,
date (including Julian day), and time (UTC) of the first sample are shown for each event.
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The largest number of potential tremor events detected through this pro-
cedure occurred on 16 December 2012 (day 351 of the year 2012). Four hours
of data showing possible nonvolcanic tremor (Fig. 10A) are compared to a
typical 4 h window of data, which contains local and regional earthquakes
(Fig. 10B). Although tremor-like signals were coherent across the ChilePEPPER
network on 16 December, no such signals were recorded onshore at station
GOO05 (Fig. 10A), suggesting an offshore source. This is in marked contrast to
tremor-like signals observed following a M,, 6.0 earthquake on 6 June that was
located ~270 km southeast of the network (Fig. S2.2 [footnote 1]). For 6 June,
the tremor-like signals are closely correlated with aftershock and other local
earthquake activity recorded at GOO05 (Fig. S2.3).

Time lags between stations picked from cross-correlations were used to
try to locate the source of the tremor pulses using several techniques used to
locate tremor onshore. In general, apparent tremor sources could not be local-
ized. Lags calculated for several time windows during the 16 December tremor
“swarm,” however, allow us to place some constraints on the source location.
Figures 10C and 10D show that cross-correlation lags are similar regardless
of whether a single pulse or multiple pulses are included in the analysis, indi-
cating that the tremor pulses on this day were coming from the same source.
Picks at station CP07 are advanced relative to those at station CP09, whereas
those at station CP06 are delayed. Picking the delay time for CP06 is compli-

360 400 440

cated by the asymmetric nature of the cross-correlation. The peak lag is ~15 s,
which implies a velocity of no more than 1 km/s to cover the 15 km distance
between CP09 and CP06. However, if the lag is measured from the midpoint of
the cross-correlation pulse, the lag is decreased to ~8 s, implying a velocity of
at most 1.88 km/s. Picking the advance for CP07 is complicated by the double
pulse of the cross-correlation. The advance of the first peak is too large for
any reasonable velocity. The second peak is advanced by 5.5-6 s, implying a
maximum velocity of 3.5 km/s. One reason for the asymmetric lags between
tremor pulses recorded on different OBSs may be variable OBS-seafloor cou-
pling resonances due to the relatively massive instrument packages deployed
on seafloor sediment with very low shear modulus (e.g., Tréhu, 1985). The
peak frequency of the signal observed on the OBSs is systematically different
on different instruments (~4.5 Hz at CP06, ~3 Hz at CP09, and no distinct peak
at CP07). This is likely a site rather than a source characteristic and may affect
the accuracy with which lag times between events can be measured. Although
the uncertainties in the lag times preclude a precise location, they are com-
patible with a source at a distance of a few tens of kilometers to the south or
southeast of the network and with a path either in the ocean or in the shallow
accretionary prism.

Although we cannot conclusively rule out a source in the water, the appar-
ent source location landward of the deformation front for the 16 December

Tréhu et al. | Post-seismic response of the outer accretionary prism
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Figure 10. (A) Possible nonvolcanic tremor observed at sites CP06, CP07, and CP09 (see Fig. 1B for location) on 16 December 2012 (Julian day 351). A 4-h-long sample of
data on channel BH1 is shown, bandpass filtered at 1-20 Hz. Amplitudes are shown as counts. Data have not been corrected for instrument response; all instruments had
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Figure 11. Transient event observed on 17 June 2012 at stations CP1, CP04, and CP10 (see Fig.
1B for location). Data have been processed as described in Section S3 in the Supplemental
Material (see footnote 1).

tremor pulses and the general absence of T-phases observed in our data for
earthquakes originating in the accretionary prism suggest that these apparent
tremor pulses are not T-phases. Moreover, the absence in the CSN catalog of
a large earthquake within a few hundred kilometers of the network on 16 De-
cember suggests that these events are not aftershocks that look like tremor
because of OBS-seafloor coupling resonances. We conclude that it is likely
that the ChilePEPPER network recorded nonvolcanic tremor originating in the
forearc on 16 December, although we cannot rule out the possibility that some
of the pulses detected are due to T-phases from earthquakes. We include these
inconclusive results here both as a tantalizing suggestion and a cautionary

note. Reliable detection of offshore tremor likely requires both close spacing
of stations to detect tremor located within the network and a large aperture to
rule out T-phases.

Seafloor Deformation Transients

Slow slip near the deformation front updip of the main slip patch after large
earthquakes has been noted in several subduction zones, most notably after
the 2005 Nias-Simeulue earthquake (Sumatra, Indonesia), where continuous
GPS on islands overlying the outer wedge captured the outer-wedge defor-
mation (Hsu et al., 2006). Shallow slow slip beneath the offshore accretionary
prism that was not preceded by a megathrust earthquake downdip has been
detected on APGs in the Hikurangi subduction zone (Wallace et al., 2016).

To evaluate whether slow slip events with periods of days to weeks oc-
curred during the post-Maule earthquake deployment, the APG data were
processed through a sequence of steps described in Section S3 (footnote 1),
which included deterministic removal of the tides (Egbert and Erofeeva, 2002),
removal of a long-period drift signal, and reduction of noise using principal
component analysis (Dong et al., 2006). This procedure resulted in detection of
three episodes of possible transient deformation on 10 May and 17 June 2012
and on 5 January 2013. The processed time series for the largest event (event
B) is shown in Figure 11, and the approximate duration and offset observed at
each instrument are given in Table 4. The 17 June 2012 transient lasted <24 h,
with most of the displacement occurring within 4 h. Subsidence occurred at
sites CP01 and CP04 and uplift occurred at site CP10. The pattern of uplift and
subsidence is different for the three events, suggesting shallow-rooted defor-
mation of the seafloor.

The second and third transients show a temporal correlation with times
of relatively high seismicity (Fig. 9), although in the first case the transient
precedes the seismicity, and in the second case the transient follows the seis-
micity. In both cases, Table S1 (footnote 1) indicates that the earthquakes re-
sponsible for the peaks in Figure 9 were small (locations based on four to five
observations) and located near the ChilePEPPER network. In contrast, the seis-
micity peak on 21 November was due to events located well to the north of the
network. Although the seismicity peak on 15 September was located near the

TABLE 4. DATE AND DURATION OF THE DETECTED TRANSIENTS IN THE VERTICAL DISPLACEMENT TIME SERIES

Date Time of Duration Amplitude Amplitude Amplitude
onset Site CPO1 Site CP04 Site CP10
(UTC) (cm) (cm) (cm)
Event A 10 May 2012 23:05 Instantaneous -1.06 + 0.01 0.66 + 0.01 0.32 + 0.01
Event B 17 Jun 2012 19:40 ~1 day -1.65 +0.003 -1.67 +0.01 2.95 + 0.003
Event C 05 Jan 2013 10:00 Two events ~5 days apart 0.85,0.15 -1.95, -0.35 0.9, 0.30

Notes: Event C is actually two short transients ~5 days apart; the offset during each transient is listed, separated by a comma. See Figure 1B for site locations.
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network, no transient was detected around that time. Possible explanations
for these transients will be discussed in the concluding section of the paper,
which integrates the various observations reported here with the structural
framework derived from swath bathymetry and high-resolution multichannel
seismic (MCS) data, which are discussed in detail by Tréhu et al. (2019).

Very Low Frequency (VLF) Earthquakes

In 2002, a new class of seismic signals was discovered in the accretion-
ary wedge adjacent to the Nankai Trough offshore Japan (Ishihara, 2003).
These events are characterized by peak energy at periods of 10-100 s and lit-
tle short-period energy and are referred to as VLF (very low frequency) earth-
quakes. Because of the dearth of high-frequency energy, these events are gen-
erally not detected by detection algorithms optimized to find high-frequency
events. The spatial occurrence of these events typically overlaps documented
aftershock areas in the Nankai Trough, and the unusual properties of these
events have been attributed to release of fluid overpressure through fluid
expulsion along reverse faults within the accretionary wedge (Obara and Ito,
2005). One of the objectives of ChilePEPPER was to determine whether VLF
events were occurring in the accretionary wedge updip as a response to an-
ticipated increased pore pressure in the accretionary wedge induced by slip
further downdip during the Maule earthquake.

The APG data from sites CP01, CP04, and CP10 were bandpassed at 0.003-
0.07 Hz and visually scanned on all instruments. Forty-three (43) episodes of
low-frequency energy were noted (Table S3 [footnote 1]). The times of these
events were then compared to times and locations of large seismic events in
the U.S. Geological Survey ComCat catalog. All but one of the events corre-
sponded to the expected arrival times of Rayleigh waves. The waveform of the
single event that could not be correlated with the catalog was similar to the
other interpreted Rayleigh waves, suggesting that it also was a Rayleigh wave
from a distant earthquake. We conclude that at most one VLF event (but likely
none) large enough to be detected above the background noise level occurred
in the vicinity of the ChilePEPPER network during its deployment. Although
no VLF events were observed, the ChilePEPPER APG network clearly recorded
the tsunami generated by the 2012 Haida Gwaii earthquake (British Columbia,
Canada), which generated coherent signals with a primary period of ~20 min
(0.0008 Hz) and a peak-to-peak amplitude of ~80 Pa (~8 mm) on the APGs (Fig.
S4 [footnote 1]), illustrating the sensitivity of the APGs to very small pressure
changes at time scales intermediate between those detected by seismology
and geodesy.

Fluid Flow Measurements

According to the dynamic wedge theory of Wang and Hu (2006), stress
should increase in the outer accretionary wedge after a great earthquake if the

plate boundary beneath the outer wedge is velocity strengthening and slip is
arrested downdip of the trench during the main shock. The increased stress
should increase pore-fluid pressure within the wedge and induce fluid flow
through the sediment-water interface. Slow slip episodes on the plate bound-
ary should also result in pulses of fluid flow. In the Nankai Trough, gradual
pore-pressure changes at the toe of the wedge suggest that pore-pressure re-
equilibration may take >60 yr (Davis et al., 2013). CAT flow meters designed
to detect very low rates of flow into or out of the seafloor (Tryon et al., 2001)
were deployed next to OBSs on the outer wedge offshore Costa Rica and re-
corded oscillating flow of 0.2-1 cm/yr into and out of the seafloor. This flow
was correlated with increases in seismic noise (Brown et al., 2005). Modeling
suggests that the flow was driven by an episode of localized slow slip on the
plate boundary (LaBonte et al., 2009).

For ChilePEPPER, CAT flow meters were integrated into the OBS packages
by using the OBS anchor as the collection chamber and attaching the meter to
the side of the OBS (Tréhu and Tryon, 2012). The data show that settling of the
instruments into the sediments took several months and varied considerably
from site to site, yielding in situ records lasting 2-6 months. Once equilibration
had been achieved, in situ flow rates were <+0.01 cm/yr (Fig. S5.1 [footnote 1]),
and no significant temporal variation was detected. These flow rates are two
to three orders of magnitude smaller than rates observed on the Costa Rican
margin (Brown et al., 2005, LaBonte et al., 2009) and approach the detection
limit of the CAT flow meters. It is difficult to evaluate the significance of this
result because of uncertainty about how well the collection chamber was cou-
pled to the seafloor with this instrument configuration.

H DISCUSSION

Figure 12A shows the locations of earthquakes in our catalog overlain
on structural features of the accretionary prism interpreted from the high-
resolution MCS data (Tréhu et al., 2019). As in Figure 5, open circles repre-
sent earthquakes located with four or five phases, and filled circles represent
earthquakes located with six or more phases. Magenta dots are considered
reliable; orange dots are earthquakes for which the epicenters derived from
ChilePEPPER data are likely biased to the south, as discussed above. The three
APGs on which transients were observed are indicated by yellow triangles out-
lined in black, and the three seismometers that were used to detect tremor are
shown by white triangles outlined in black. Two APGs and one seismometer,
outlined in yellow or white, respectively, and filled with gray, were affected
by instrumentation problems; although they may have intermittently provided
arrival times used for hypocenter locations, they were not used for the tremor
and transient analyses. Figure 12B shows hypocenters based on six or more
phase picks and at latitudes between 34.8°S and 34.5°S overlain on the velocity
model of Moscoso et al. (2011).

One of the more surprising results from the MCS data acquired during
ChilePEPPER was an abrupt transition from subduction of nearly all sediment

Tréhu et al. | Post-seismic response of the outer accretionary prism
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on the incoming plate at the deformation front south of 34.42°S to accretion of
nearly all sediment to the north (Tréhu et al., 2019). This transition in the struc-
ture at the deformation front is correlated with a change in the morphology
of the active accretionary prism (shown by a magenta line in Fig. 12A) that
extends to the boundary between the active prism and continental backstop.
Tréhu et al. (2019) argued that this change in deformation front structure can-
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not be explained by changes in the trench sediment and attributed it to a his-
tory of subduction of topographic roughness. They concluded that the abrupt
downward step in the plate boundary at this transition affected both the up-
dip and along-strike propagation of slip during the Maule earthquake. Both of
these outer-prism segments were quiet during the ChilePEPPER deployment,
with only a few epicenters based on fewer than six arrival-time readings lo-
cated within the active accretionary prism in either segment.

The MCS data also indicate that the boundary between the active wedge
and the continental basement in this region is a complex zone marked by
transpressional structures near the seafloor immediately north and south of
the ChilePEPPER network. These are indicated by the blue lines in Figure 12A,
which are solid where flower structures are imaged on MCS data and dashed
where transpressional ridges are inferred based on bathymetry. The Chile-
PEPPER network was deployed in a region where the transpressional ridges
are not observed. The MCS data suggest that this region is characterized by a
pull-apart basin (labeled PAB in Figs. 12A and 12B) formed in response to an
extensional stepover in a dominantly right-lateral transpressional shear zone
that follows the boundary between the active accretionary prism and the con-
tinental framework. Fault mechanisms from first motions for the three largest
events of the 15 September 2012 earthquake sequence are roughly consistent
with this tectonic setting. Landward of this shear zone, the depth to the pa-
leo-accretionary rocks that comprise the continental basement in this region
varies significantly along strike. An uplifted basement dome is present im-
mediately east of the network (labeled DBU in Fig. 12A). The cluster of earth-
quakes recorded on 15 September 2012, which are among the largest and best
located in our catalog, occurred on the boundary between the active accretion-
ary prism and the continental basement as defined by a strong lateral gradient
in velocity. Other earthquakes are scattered over a range of depths landward
of this boundary or in the subducting crust (with a few additional earthquakes
in the upper mantle below 25 km, which are not shown here).

<
<

Figure 12. (A) Earthquakes located using data from the ChilePEPPER network. Open circles are
events located with fewer than six arrival time picks; magenta and grey filled circles are located
with six to 11 arrival-time picks. Grey circles are likely mislocated with a bias toward the network
for reasons discussed in the text. Circle diameters are proportional to coda magnitude deter-
mined as discussed in Section S1 in the Supplemental Material (see footnote 1). See B for scale.
Triangles are ChilePEPPER ocean-bottom seismometer locations. White indicates seismometers
used for tremor analysis; yellow indicates absolute pressure gauges used for transient analysis;
all stations were used to locate earthqualk Blue lines indicate transpressional structures near
the seafloor (solid line for flower structures, dashed line for transpressional ridges inferred from
bathymetry). Magenta line delimits a region of disrupted topography interpreted to indicate
subduction of a large topographic feature at ~2 Ma (Tréhu et al., 2019). PAB—pull-apart basin;
DBU —domal basement uplift. See text for further discussion. (B) Depth below sea level versus
longitude for earthquakes (magenta filled circles) with latitude between 34.5°S and 34.8°S and
located using at least six arrival-time picks, compared to the velocity model of Moscoso et al.
(2011). Long dashed line is the plate boundary interpreted by Moscoso et al. (2011), modified to
incorporate results of Tréhu et al. (2019) near the deformation front (solid line). Purple triangles
are the projected location of the ChilePEPPER instruments. Short dashed lines are upper plate
structures discussed by Tréhu et al. (2019).
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We interpret the three transients detected on the APGs to represent adjust-
ments in response to motion on the boundary between the active prism and the
continental basement. The detailed nature of the deformation resulting in these
observations is poorly constrained. They could reflect slumping of near-surface
topography generated in response to faulting at greater depth or a response to
motion on shallow faults that reach the seafloor. Given the complexity of the
local structure, the variability in the observations, and the expected anelastic
behavior of the sediments, we did not attempt to model these results. Given
the increasing interest in seafloor geodesy and the small number of results
reported from seafloor APGs, we nonetheless think they merit being reported
as additional evidence documenting the promise of APGs as a tool for seafloor
geodesy as well as evidence for continuing tectonic activity on the boundary
between the active accretionary wedge and the continental basement.

Many pulses of energy in the 2-8 Hz range that resemble nonvolcanic
tremor were detected throughout the deployment, but techniques developed
for locating tremor on land were not successful at locating the source of the
tremor. Detailed examination of the lag times of tremor pulses during the 16
December “swarm” indicates a source located in either the ocean or the shal-
low forearc wedge several tens of kilometers south or southeast of the Chile-
PEPPER network, although the precision with which lag times can be picked
precludes a precise determination of the source location. Based on the obser-
vation that most earthquakes that generated T-phases during the ChilePEP-
PER deployment were located seaward of the deformation front, an apparent
source landward of the deformation front suggests that these tremor pulses
may have a shallow subseafloor source. More detailed analysis of the azimuth
of approach and apparent velocity of tremor pulses throughout the experiment
is underway. These tantalizing results (as well as the transients observed on
the APGs) illustrate the need for large-aperture networks with small intersta-
tion spacing, requiring larger numbers of seafloor instruments.

B CONCLUSIONS

We have located earthquakes with S-P times <17 s (i.e., within ~125 km of
the network), with 34 earthquakes located with at least six phase picks, RMS
residual <0.5 s, and the closest station within 16 km of the epicenter. Most of
the seismicity occurred either near the boundary between the inner and outer
wedge or in the outer rise of the subducting plate seaward of the deformation
front. For ~50% of the outer-rise earthquakes, the P- and S-wave arrivals were
followed by a distinctive T-phase arrival traveling in the ocean. T-phases were
rare for earthquakes located landward of the deformation front. Very few earth-
quakes, and none located with hypocenters deemed “reliable,” were located
within the active accretionary wedge or on the underlying plate boundary.
Comparison of hypocenters for earthquakes within the ChilePEPPER network
with hypocenters for the same events reported by onshore catalogs suggests
that depths determined with only onshore data and using velocity models ap-
propriate for the coastal region are systematically overestimated.

Application of techniques used to detect nonvolcanic tremor resulted in
identification of many potential tremor events. For offshore events recorded
on offshore seismometers, distinguishing between nonvolcanic tremor from
sources beneath the seafloor and T-phases from tectonic earthquakes is chal-
lenging with a small-aperture network. Because of uncertainties in defining
the lag time of these arrivals between stations in the network, we were not
able to locate the source of the nonvolcanic tremor or conclusively rule out
the possibility of T-phases. Close examination of the lag times across the net-
work on the day with the largest number of apparent tremor events indicates
that the source of the observations was south or southeast of the network,
either along the boundary between the accretionary prism and the continen-
tal framework or within the continental framework. The maximum veloci-
ties compatible with the observed lags suggest that the source depths were
within either the ocean or near-seafloor sediments. In addition to T-phases,
P and S waves from earthquakes that reverberate in the uppermost layer
of very low-velocity sediments on the seafloor can resemble nonvolcanic
tremor. Misidentification as tremor of aftershocks that trigger these reverber-
ations is the likely explanation for an episode of apparent triggered tremor
following a M 6 earthquake near the Chile-Argentina border ~270 km from
the network.

Analysis of the APG data resulted in several important observations. First, al-
though the APGs were not a good sensor for detecting small, local earthquakes
because of a rapid increase in background noise level at frequencies <2 Hz,
they did serve as strong-motion instruments for larger, local earthquakes that
saturated the seismometers. At longer periods, they proved to be very sensi-
tive, and were used to detect several transient events with a duration of sev-
eral hours to a few days on instruments that straddled the boundary between
the active prism and the continental framework. Because the polarity of the
transients differs between stations and between events, we conclude that they
represent readjustments of forearc basin sediments in response to tectonic
motion along a buried shear zone.

No VLF earthquakes or fluid flow into or out of the seafloor were detected,
suggesting that if pore pressures in the outer accretionary prism were elevated
in response to the Maule earthquake, release of pressure by flow through the
seafloor was below the detection threshold of our instruments.

In spite of limitations due to the small number of stations, the results
demonstrate the value of deploying networks of seismometers and APGs in
the ocean after major earthquakes in order to document postseismic defor-
mation and understand interplate dynamics. While close instrument spac-
ing was required to obtain good constraints on the depth of earthquakes
within the network as well as for detecting tremor and spatially varying
transients, all of these measurements would have benefited from a larg-
er-aperture network; however, ten instruments equipped with broadband
seismometers, APGs, and flow meters were available for deployment on
short notice, resulting in a tradeoff between spacing and aperture. The re-
sults underscore the need for large numbers of OBSs capable of measuring
seafloor deformation over a wide range of time scales.

Tréhu et al. | Post-seismic response of the outer accretionary prism
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