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To investigate the dynamic response of the outer accretionary wedge updip from the patch 

of greatest slip during the Mw8.8 2010 Maule earthquake, 10 Ocean Bottom Seismometers (OBS) 

were deployed from May 2012 to March 2013 in a small array with an inter-instrument spacing of 

~10 km. Nine instruments were recovered, with 4 recording data on 3 intermediate-band 3-

component seismometers and a differential pressure gauge and 5 recording data from absolute 

pressure gauges. All instruments were also equipped with fluid flow meters to monitor the 

hydrologic response to fluid pressure changes within the wedge. Here we present hypocenters for 

569 local events that have S-P times less than 17 seconds (i.e. within ~125 km of the array) using 

hand-picked arrival times and 1D velocity models derived from a 2D seismic refraction profile 

through the region (Moscoso et al 2011, EPSL).  We analyze the distribution of seismicity in the 

context of published slip models, high resolution swath bathymetry, ChilePEPPER seismic 

reflection data, critical taper analysis done by Cubas et al 2013 (EPSL), and offshore gravity data. 

Based on a lack of seismicity in the outer wedge, steady state fluid flow rates at < 0.01cm/yr, and no 

indications of anomalous styles of rupture such as very low frequency earthquakes, we suggest that 

in the study region the outer wedge is in a stable state due to localized slip to the trench that 

transported this region of the forearc to the west during the 2010 earthquake. This local 

phenomenon is probably due to the velocity weakening properties of sediments within the 

subduction channel at high slip rates. Based on distinct changes in the morphology of the wedge as 

seen in the bathymetry data and critical taper, this may be a persistent feature of this section of the 

margin. 
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1  INTRODUCTION TO THE MAULE REGION AND CHILEPEPPER PROJECT 

1.1 ChilePEPPER  

On February 27, 2010 a Mw8.8 earthquake ruptured the central Chilean margin. This event 

filled a well-documented seismic gap between ~38°S and 32.5°S. The data available for this event 

have led to a number of possible slip models. While the models differ in details, a common feature 

of the models is that the patch of highest slip (~16m) occurred to the NW of the epicenter (Figure 

1-1). A point of debate, however, is whether slip propagated to the trench [Yue et al., 2014] or halted 

prior to reaching the trench [e.g. Moreno et al., 2010; Lay et al., 2010, Delouis et al., 2010; Tong et al., 2010; 

Lorito et al., 2011]. Failure of the rupture to reach the trench is suggested by a lack of aftershocks in a 

band between 0 and 25 km downdip of the trench, as well as inverse modeling of onshore GPS and 

InSAR data. Absence of seismic activity within the prism during the aftermath of the earthquake, in 

conjunction with a lack of detectable bathymetric change (within 5m of error) of the accretionary 

wedge a month after the event [Chadwell et al., 2010] suggested alternate methods of strain release 

within the sedimentary prism. 

It has generally been thought that slip does not propagate all the way to the deformation 

front due to the velocity strengthening rheology of the plate boundary beneath the outer 

accretionary wedge (figure 1-2) and internal prism strength [Lallemant et al., 1994; Wang and Hu, 

2006].  This results in a co-seismic stress drop on the plate boundary along the downdip velocity 

weakening regime and a stress state increase within the outer accretionary wedge (figure 1-2). The 

state of stress within the outer wedge should slowly decrease during the interseismic in the form of 

dynamic deformation. This led to the main hypothesis of ChilePEPPER (Project Evaluating Prism 

Post-Earthquake Response) that the wedge accommodates increased stress from the ~16m of slip 

down dip through deformation by slow earthquakes, micro-seismicity, and fluid expulsion, to 

redistribute pore-fluid and fluid pressure [Tréhu & Tyron., 2011]. It was hypothesized that the post-

earthquake change in the stress state of the prism would induce pore pressure variations resulting in 

fluid flow within near surface sediments. If measured, this could provide a first order estimation of 

local strain that, when coupled with local seismicity, could constrain spatial and temporal variations 

within the prism as it accommodated the sudden change in stress state.  
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In order to capture the dynamic response, 10 Ocean Bottom Seismometers (OBS) equipped 

with 3 intermediate-band 3-component seismometers, pressure gauges and Chemical Aqueous 

Transport (CAT) meters were deployed up-dip of the region of greatest slip (figure 1-1). Instruments 

were arranged in a small array with an inter-instrument spacing of ~10km and recorded data from 

May 2012 to March 2013 as part of ChilePEPPER.  High-resolution bathymetric and multi-channels 

subsurface imaging data were also acquired. 

1.1.1 Instrumentation 

ChilePEPPER utilized 10 instruments from the Lamont-Doherty Earth Observatory (LDEO) group 

as part of the Ocean Bottom Seismograph Instrument Pool (OBSIP). 5 OBS packages (SL-OBS) 

were outfitted with a 3-component L4C 1 Hz geophone with a low-noise amplifier and a differential 

pressure gauge (DPG). The other 5 (CI-OBS) each contained a Trillium Compact seismometers and 

Paroscientific absolute pressure gauges (APG). Seismometers and DPGs recorded at 40sps while the 

APGs recorded at 125 sps. Of the 10 OBS packages, all but CP05 were recovered during cruise 

PS1306 from March 15-21, 2013. The SL-OBS (sites CP06-CP09) performed generally well. 

Estimated data recovery for these instruments was ~75% with stations CP06 and CP09 operating 

100% of the time, with sites CP07 and CP08 recording sporadically ~50% of the deployment 

(Figure 1-1).   

 For the CI-OBS data (sites CP01-CP04 and CP10), overall data recovery was ~25% for the 

ChilePEPPER objectives because of a systematic error in the leveling of the seismometers which led 

to no data recorded on the trillium compact seismometers.  Additionally, APGs at sites CP02 and 

CP03 became clogged and lost sensitivity to seismic frequencies at day 100 (CP02) and day 10 

(CP03) of the deployment. APGs at sites CP01, CP04 and CP10 record well below 2Hz, which is 

adequate for large local earthquakes and teleseismic events, but smaller events fail to rise above the 

noise level for these instruments.  A data summary is located in table 1-1.  

1.2 Regional Geology and Tectonics 

The western boundary of the South American plate is characterized by subduction of the Nazca 

plate below the South American plate, forming the Peru-Chile trench (Figure 1-3). Historically, it is 
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the most seismically active subduction zone in the world, typically nucleating events greater than 

magnitude 8 roughly every ten years [Campos et al. 2002] with three since 2010. The rapid seismic 

cycle and along trench variability in sediment subduction, strain partitioning, gravity anomalies and 

incoming plate topography make this region a natural laboratory for understanding seismogenesis. 

In addition, long historical records allow for the determination of seismic segments (zones that 

repeatedly rupture the same areas throughout time) [Lomnitz, 2004; Comte and Pardo, 1991]. While our 

understanding of seismic segmentation is still evolving, proposed causes include subducting ridges 

and seamounts [Contreras-Reyes et al., 2011], significant features in the overriding plate (e.g. peninsulas 

and bends in the coastline) [Loveless et al., 2010], and variations in sediment subduction and thickness 

[Ruff.,1989, ]. Segmentation is sometimes inferred from trench parallel gravity anomalies [Song and 

Simon 2003., Wells et al. 2003], and gradients in the gravity field [Loveless et al. 2010].   

The Constitución-Concepción segment in south central Chile is bounded to the south by the 

rupture zone of the 1960, Mw 9.5 event, and to the north by the rupture zones of the 1985 

Valparaiso earthquake and, most recently, the September 16, 2015 Mw 8.3 Illapel earthquake. The 

100 km x 500 km region that ruptured during the Maule earthquake was a well-documented, mature 

seismic gap with the last recorded large event (M ~8.5) occurring in 1835 [Ruegg et al., 2009]. This 

region is characterized by subduction in a N78°E direction at a current rate of 66mm/yr [Angerman 

et al., 1999]. High sedimentation rates linked to deglaciation and erosion of the Andes mountains 

since the Pliocene [e.g. Kukowski and Oncken, 2006] and blocking of sediment transport to the north 

by the Juan Fernandez ridge [Contreras-Reyes 2011] has led to the construction of an accretionary 

prism composed primarily of plagioclase, feldspar and quartz with occasional interbedded ash layers 

[Mix et al. 2003]. 

Episodic phases of trench sediment accretion and erosion along the south-central Chilean 

margin have led to along strike variability within the accretionary wedge, resulting in widths of 5-

50km and thicknesses of up to 20 km [Contreras-Reyes et al., 2010, Bangs and Cande, 1997]. A wedge 

approximate 20-50 km with a subduction channel thickness <1km characterizes the northern Maule 

prism [Moscoso et al., 2011, Schewarth et al., 2009]. Continental basement extending seaward from 

beneath the shelf, likely composed of a paleo-accretionary complex, acts as a backstop for the 

accretionary prism [Contreras-Reyes et al., 2010, Moscoso et al., 2011]. While regional scale along strike 
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variability in sediment accretion vs. subduction is typical of this section of the margin, more 

localized variations are also noted in seismic reflection data acquired during ChilePEPPER with 

transitions occurring over a few kms [Tréhu and Tyron 2012].  

On February 27, 2010 this segment ruptured in a Mw 8.8 low angle thrust earthquake that 

nucleated at ~36°S with rupture propagation to the north and south affecting nearly 500 km of the 

Chilean coast [Vigny et al., 2011; Moreno et al., 2012]. Most slip models agree that the main slip patch 

(up to 16m) occurred to the North between -34°S and -35.5°S [e.g. Delouis et al., 2010; Tong et al., 

2010; Yue et al., 2014]. This event triggered a tsunami, which reached the coast in less than 20 

minutes with wave-heights reaching up to 14 m [Vargas et al., 2011] leading to significant destruction 

throughout the Maule region. Due to the high societal impact and the extensive amount of data 

available for this event, multiple studies have been conducted to understand the dynamics of this 

event. 

1.3 Previous Studies 

1.3.1 Review of slip models 

 The Mw 9.0, 2011 Tohoku earthquake shed new light on the range of possible slip 

distributions along megathrust faults. Generally, modeled slip during megathrust events failed to 

propagate to the trench. However, the Japanese event demonstrated that slip to the trench is 

possible and poses a significant seismic hazard in the form of tsunami generation. This requires 

consideration of slip to the trench for older events, such as the 2010 Maule earthquake. Slip for the 

Mw 8.8 Maule event is fairly well constrained downdip based on continuous GPS and InSAR data 

and shows that ~500 km of the Chilean coastline ruptured bilaterally from the hypocenter, with 

main slip patches occurring to the north and the south [Tong et al., 2010, Pollitz et al., 2011, Vigny et 

al., 2011, Moreno et al., 2012]. For these geodetically derived models, patterns of slip distribution 

along strike are generally comparable. While most slip models show slip being arrested updip prior 

to reaching the trench, the extent of slip propagation is still strongly debated. 

 The model of Lin et al (2013) embodies the first group of models, which show slip halting 

down dip of the trench (figure 1-4). Inverting seismic, geodetic and tsunami data they concluded 

that slip did not propagate through the shallowest 15-20 km of the megathrust. This was interpreted 
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to indicate that the upper portion of the fault slips aseismically during the interseismic period. The 

second group of models use geodetic data only and reveal slip propagating to within 5-10km of the 

trench [Moreno et al., 2012, Tong et al., 2010, Vigny et al., 2011]. However, use of onshore data 

exclusively provides poor resolution near the trench.  

 The two models that predict >10m of slip to the trench locally along the portion of the slip 

plane updip from the patch of greatest slip are Koper et al (2012) and Yue et al (2014). The Koper et al 

model uses only teleseismic body waves while the model by Yue et al  (figure 1-4) requires a complex 

correction to the tsunami Green's function in order to accurately approximate tsunami arrival times 

at DART buoys.  

 Heterogeneity in datasets used by different authors make slip models difficult to compare; 

however, most note that resolution near the trench is poor as demonstrated by checkerboard tests. 

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 

subducting topography, and future seismic hazard assessment. The disparity among slip models, 

especially near the trench, is one of the driving factors of the ChilePEPPER project. A description 

of the data used for each slip model is provided in table 1-2.  

1.3.2 Aftershock studies 

 As part of a RAPID response to the Maule event, IRIS, in collaboration with seismologists 

from Europe and Chile, deployed a 164-station temporary array for seven months to monitor 

aftershock activity. These sensors included 48 short period and 91 broadband seismometers, along 

with 25 accelerometers installed along the entire rupture zone with station spacing less than 30 km 

[Russo et al., 2011].  Additionally GEOMAR deployed 30 OBSs from September through December 

2010 leading to an unprecedented amount of data for the immediate aftermath of the megathrust 

event. Over 100,000 aftershocks have been located and more than 400 focal mechanisms have been 

constructed for this time period [Beck et al., 2014, Agurto et al., 2012, Hayes et al., 2013, Rietbrock et al., 

2012]. These events reveal that most seismic activity occurs either as outer rise normal faulting 

seaward of the deformation front or between 40 and 140 km landward of the deformation front, 

likely associated with inter-plate faulting as indicated by hypocentral depths and focal mechanisms 
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[Rietbrock et al., 2012]. Aftershocks landward of the deformation front generally occurred in areas of 

high slip gradient (rapid transitions from high to low slip when compared to the slip model of 

Moreno et al. (2010). 

  Some upper plate deformation in the region is interpreted from normal faulting (generally 

Mw <4). Though most are correlated to the Mw 6.9 Pichilemu aftershock at the northern extent of 

the rupture zone [Agurto et al 2012]. This is further revealed in the study of Lange et al (2012), which 

provides normal faulting moment tensor solutions for intraplate events occuring in this area. Lieser et 

al, (2014) suggest that aftershock seismicity reveals splay fault activation in this area, although 

preliminary results from full waveform analysis suggest these events may occur on the plate interface 

( Sebastian Carrasco, Universidad de Chile).  

 A subducting seamount near the hypocenter of the earthquake has been interpreted from a 

high P-velocity anomaly near the coast [Hicks et al., 2012]. This feature may have caused frictional 

heterogeneities on the plate interface that restricted localized slip but promoted the initial nucleation 

of the Maule event. Other local density and gravity anomalies have also been correlated to the 

highest slip patch suggesting that subducting or obducted seamounts may act as asperities 

[Maksymowicz et al., 2015].  

 Cubas et al (2013), Maksymowicz et al (2015) and Maksymowicz (2015) have estimated the basal 

friction using Coloumb wedge theory and have concluded that the frictional coefficient was lower 

on the patch of highest slip. The hypothesis that high slip and low basal friction are correlated is 

consistent with studies along other subduction margins e.g. Hikurangi [Fagerang et al 2011] and 

Tohoku [Cubas et al 2013]. 

1.4 Purpose of Study 

The primary objective of this study is to use local seismicity recorded on the ChilePEPPER OBS 

array to understand the dynamic response of an accretionary prism in the aftermath of a megathrust 

event. Additionally, we hope to place the seismicity into a geologic context using gravity data 

corrected for the effects of bathymetry and the subducting slab. Due to instrumental limitations for 

studying events offshore, many questions remain unanswered about the accretionary prism, its role 

in seismicity, and its interactions with the subducting plate. In this study we hope to add to the 
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scientific knowledge of megathrust events by addressing these questions: How does the accretionary 

wedge respond to the stress changes induced by a large megathrust event? How do small-scale 

variations in sediment subduction affect local seismicity? Is there a correlation between gravity 

anomalies, slip during an earthquake, and local seismicity? Did slip reach the trench during the 2010 

Maule earthquake? 

The instrumentation and data provided by ChilePEPPER allow insight into some of these 

questions. A small aperture array was deployed over the outer region of the accretionary wedge 

where the greatest post-earthquake stress perturbation was expected. The array included flow 

meters, seismometers, and pressure gauges. This provided the ability to locate 569 local events and 

place them into a geologic context to help understand this complex geologic system.  

Section 2 focuses on the location methodology and distribution of hypocenters with S-P 

times less than 17 seconds (i.e. within ~125 km of the array). These events were located using 

handpicked arrival times and 1D velocity models derived from a 2D seismic refraction profile 

through the region (figure 1-5). Additionally, a search for anomalous styles of rupture was conducted 

by looking for low frequency events within the dataset to see if post-earthquake relaxation was being 

accommodated in this manner. In the low frequency bands the only recorded events were attributed 

to distantly sourced rayleigh waves from other circum-pacific earthquakes and the long period wave 

associated with the Haida Gwaii tsunami.   

In order to place the distribution of events in a geologic context we provide an analysis of 

high-resolution bathymetry and of topographically corrected Bouguer gravity anomalies (TCBGA) 

[sections 3 and 4 respectively]. The TCBGA is a refined method for offshore gravity processing, 

which corrects for the effects bathymetry and removes long-wavelength gravity anomalies assumed 

to be produced by the subducting slab. The free-air gravity signal over the continental margin is 

dominated by these two effects, obscuring anomalies that result from structures within the upper 

plate or from topography on the subducting plate. By removing these effects the relationship 

between geologic structure, megathrust earthquake slip and local seismicity is highlighted. Using 

these datasets, along with published slip models and previous analyses of critical taper of the outer 

wedge, we demonstrate that in our study region slip likely propagated to the trench and that it may 

be a recurring feature in this section of the margin.
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Figure 1-1: A) ChilePEPPER array with approximate inter-instrument spacing of 10 km. Two different types of OBS packages were used. The first were outfitted 
with a 3-component L4C 1 Hz geophone with a low-noise amplifier and a differential pressure gauge (DPG) [White triangles]. The others each contained a Trillium 
Compact seismometer and Paroscientific absolute pressure gauges (APG) [Red triangles]. B) Schematic showing approximate data recovery for each instrument. Note 
that the Trillium Compact seismometers(red circles)  failed to record any data, and APGs were noisy above 2 Hz. OBS CP05 was not recovered and is not shown here. 
Over the course of deployment stations CP02 and CP03 became clogged and lost sensitivity to seismic frequencies. CP03 lost sensitivity ~10 days after deployment, while 
CP02 recorded for ~100 days. For a detailed description of data recovery see table 1-1. 
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Figure 1-2:  Top panel: Simplified sketch of morphology of the accretionary prism adapted from Lieser (2015). Bottom panel: Schematic of fault stress through multiple 
seismic cycles. The updip zone (outer wedge) demonstrates an increase in fault stress during/immediately after an earthquake while the downdip seismogenic zone has a 
coseismic stress drop (from Hu and Wang 2006).  
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Figure 1-3: Station locations for ChilePEPPER (red and white triangles) and CGO05 (blue triangle) overlain on bathymetry (A) and free air gravity (B) with 10m 
and 15m slip contours from Moreno et al (gray). The red star designates NEIC epicenter. Black lines represent the coastline while bold red line represents the 
deformation front. Shot line locations are shown in C) right and newly acquired swath bathymetry shown bottom right. 
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Figure 1-4: Three types of models for the Maule region. Left: Yue et al using geodetic, body wave and tsunami data showing 15 m of slip to the trench. Middle: Moreno 
et al showing <5m of slip to the trench and (right) Lin et al which shows slip stopping down dip of the trench.  
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Figure 1-5: Structure and P-wave velocities of the Maule Accretionary wedge from Moscoso et al (2011) with the 1-D velocity model inputs for Hypo71 (from red lines) 
for events in the outer rise (left) and events in the accretionary wedge (right). ChilePEPPER OBS array in black triangles. 
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Site Type Z H1 H2 APG DPG Comment 

S01 CI nd nd nd 50% na 
No seismometer data.  APG data good for frequencies below 
2 Hz.   

S02 CI nd nd nd 30% na 
No seismometer data.  APG data not sensitive to seismic 
frequencies because of blocked tubing after day 230, 2012.   

S03 CI nd nd nd 10% na 
No seismometer data.  APG data not sensitive to seismic 
frequencies because of blocked tubing after day 150, 2012 

S04 CI nd nd nd 50% na 
No seismometer data. AGP data good for frequencies below 
2 Hz.  

S05 SL nd nd nd na nd Instrument not recovered. 

S06 SL 100% 100% 100% na 80% 
Seismometer data quality is good. Quality of DPG signal 
deteriorates by day 048 2013. 

S07 SL 50% 50% 50% na 50% 
Signal has intermittent offsets, drop outs and zeros on Z and 
DPG. Data quality deteriorates with time. Roughly 50% of 
the data are useful.  

S08 SL 50% 50% 50% na 80% 
Sensor ball was partially flooded.  Seismometer and DPG 
signal quality deteriorates with time. 

S09 SL 100% 100% 100% na 75% 
Many data dropouts and offsets on the DPG data.  Roughly 
75% of the data are useful.   

S10 CI nd nd nd 50% na 
No seismometer data. AGP data good for frequencies below 
2 Hz.  

        

        

CI - Cascadia Initiative design with Trillium Compact seismometers and APGs. 

SL - "Standard" LDEO OBS with L4C seismometers and DPGs.   

na - not applicable     

nd - no data      

 

Table 1-1TaSummary of data recovery for the ChilePEPPER deployment (Tréhu and Tryon 2012)  
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Table 1-2 : Summary of data used in slip models from multiple authors  
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2 LOCAL SEISMICITY  

2.1 Introduction 

  Examples of seismic data recorded during deployment of the ChilePEPPER array, and 

discussions of some data quality issues faced are provided in Appendix A. 

2.2 Verification of OBS timing and polarity 

   To verify timing on instruments we used four large, deep teleseismic events (Table 2.1). 

Deep events were chosen because of simple wave-forms and steep incident angles. These four 

events are paired, two from Argentina, two from Colombia with similar depths and span most of the 

duration of the ChilePEPPER deployment. Unfortunately only 5 stations recorded all four events, 

and well-recorded S-waves are present for only one event. Using cross-correlation of waveforms 

from these events, bandpass filtered at 0.1-1Hz (Figure 2-1),  it was determined that APG CP10 

contained a timing error (Table 2.2). This was confirmed by examining P-residuals at CP10 using 

Hypo71 (Lee et al., 1972) and a preliminary set of hypocenter solutions. Clock drift for this 

instrument is calculated to be 0.4s every 100 days. This was corrected for by adding timing 

corrections to CP10 picks based on the equation in figure 2-2. Interestingly, station residuals 

decrease in time during the deployment. Possible causes for the initial 1.5s offset is human error 

when setting the timing during instrument deployment. 

  Average residuals for stations other than CP10 were checked from Hypo71 output based on 

monthly calculations and were seen to contain no systematic variability throughout the deployment 

and vary by less than < 0.2 s suggesting that there were no timining drifts for other stations. 

Instrumental polarity was checked using the same teleseismic events discussed above. All of the 

APGs had inverted polarities from the other instruments and have been multiplied by -1 to correct 

for this.  

 

2.3 Velocity model and station delays 

To correct for differences in station depth I applied station delays. In order to apply this 

method to the ChilePEPPER deployment, the top of the velocity model was placed at the mean 

depth of the stations (2870m). Station delays were then calculated by: 
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 (mean station altitude - station altitude)/velocity of top layer (km/s) 

For these station delays it is assumed that the incident angle for the ray paths is vertical. This imparts 

uncertainty to events that enter the array at low angles of incidence with few picks. 

 

2.4 Vp/Vs ratios  

While P-velocities are well constrained for the study area, little is known about S-wave 

velocities for the outer accetionary prism of the Maule region. As many of our events contained 

fewer than six phase picks (figure 2-3), generally composed of both P and S wave arrivals, 

constraining S-wave velocities within our array was neccesary in order to limit uncertainty in 

hypocenter locations. In order to do this we used the September 15th 00:40 (ML 4.7) event, which 

had a preliminary bulletin location below the ChilePEPPER array. This event was used because it 

had P and S-wave arrivals on all functioning stations (8 P -wave arrivals and 4 S-wave arrivals). This 

event was located  in Hypo71 with fixed depths and varying Vp/Vs ratios. The absolute minimum 

RMS in the location for this event was determined at Vp/Vs 2.2 (Figure 2-4).   

This ratio is qualitatively confirmed by corrections applied to stations located on the 

accretionary wedge by Lieser (2015), which required up to a full second of delay when using a 

standard Vp/Vs ratio of 1.67.  This suggests that the array was distributed across a zone of poorly 

consolidated, highly saturated sediments, consistent with outer accretionary prism materials 

composed of silty clay. This is corroborated further by extremely low amplitude to negligible S-wave 

arrivals of small local events at most stations (e,g figure 7-4) and are consistent with Vp/Vs ratios 

found in cores from the Nankai accretionary wedge [Hashimoto et al., 2011].  

 

2.5 Hypocenter Locations 

 Using a 1D velocity model, a Vp/Vs ratio of 2.2 as determined from the previous analysis, 

and a starting depth of 8km (reasoning in section 2.6), we located 569 events within ~125 km of our 

array (figure 2-5). To help constrain hypocentral depths for the outer-rise, preliminary epicenters 

west of -73.2°W were extracted and re-run in Hypo71 using a 1-D velocity model better suited to 

that location (figure 1-3) and a Vp/Vs ratio of 1.78.  
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  Events located outside of the array contain high degrees of uncertainty from effects of the 

1D velocity model, poor azimuthal coverage and regional geologic structure. Using few picks for the 

location may exacerbate this error. The number of picks used for locations is shown in figure 2-3. 

Despite high uncertainty, epicentral locations produce the same pattern seen in aftershock locations 

[Lieser 2015] with an aseismic patch north of the array bounded to the north by a NW-SE trending 

zone of seismicity offshore of Pichilemu as well as a lack of well-constrained seismicity within the 

outer accretionary wedge. The fact that the patch of aseismicity persists for three years after the 

Maule earthquake is notable. 

 In order to determine well-located hypocenters, events were filtered based on Hypo71 

output. Only events with greater than 5 picks, root mean square (RMS) error <1.0, and horizontal 

errors of < 20 km were used. To determine the stability of the solution these events were re-run 

using a starting depth of 13km to see if they would converge to the same locations. Events that 

converged to within 15km of the initial location were kept. These were then matched to coda length 

magnitudes, though ~1/3 of events were not recorded at station GO05, or had poorly formed codas 

and a magnitude could not be applied, and are plotted in figure 2-6.  

Nine events cluster between -72.8°W and -73° W directly south east of the array (figure 2-6). 

The events range in magnitude from MCL 1.7 to 4.3 and tend to cluster along the plate boundary, 

though some locate within the upper plate with hypocentral depths up to 5.5 km. It should be noted 

that events above the plate boundary contain five picks (four P and one S) and depth errors for 

these events exceeds 10 km.   

28 well-constrained events locate within the outer rise with a maximum MCL3.6 associated with 

an event occurring on March 12th 2012. Due to the aperture and location of the array, uncertainty in 

hypocentral depths associated with these locations is high and lack of multiple S picks once again 

limits depth resolution. However, the March event has a depth error of < 4 km with multiple phase 

picks and will be discussed in section 2.6. Events in the outer rise are likely associated with normal 

faulting caused by bending of the subducting slab. Also notable is the lack of well-constrained 

seismicity between  -73.1°W and -73.4°W, an extent of ~ 33km downdip from the deformation 

front.  This aseismic portion is consistent with the distribution of aftershocks as shown by Moscoso et 

al (2012) and Lieser (2015) that distinguished a 40km section downdip of the trench containing 

significantly fewer aftershocks than within the outer rise or further down-dip.  
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2.6 Bias in Catalog locations 

 It has been noted offshore of Oregon that hypocentral depths in published catalogs based 

only on onshore stations are systematically biased towards deeper depths [Williams et al, 2011, Trèhu 

et al 2015]. To test the accuracy of catalog events located in the outer wedge of Chile we used the 

ChilePEPPER array and a 1-D velocity model based on the seismic refraction line from Moscoso et al 

(2012) which best represents the structure below the mid-point of the array (figure 1-3). A pair of 

events occurring on 15 September at 00:40 (Mb 4.7) (figure 7-10) and at 00:50 (Mb 4.5) (figure 7-11) 

had preliminary locations in the NEIC catalog on the eastern edge of the array and were well 

recorded on ChilePEPPER instruments (table 2-3). 

  In order to constrain best initial conditions for locations for these events we ran the 

inversion with fixed depths and plotted RMS values (Figure 2-7). Local minima occurred for both 

events at 8km depths. They were then located allowing freedom in both depth and the horizontal at 

a starting depth of 8 km giving final depths of 7.42 km and 7.56 km respectively with an RMS of 

<0.1. This represents a 40km shift to the SW and a decrease in depth of 26km for the 00:40 event 

and a 13 km shift SW and 18.84 km decrease in depth for the 00:50 event.  S-P times from onshore 

station GO05 vary by less than 0.2s confirming that events should locate within a few kilometers of 

each other.  

 The local event catalog produced by the Chilean seismic network also lists two events well 

recorded by the ChilePEPPER array. They occurred at 18:15 (ML 3.6) on 12 May and 02:31 (ML 3.4) 

on 15 September. The September 15 event located near the cluster previously described while the 

May 12 event located within the outer rise. The same analysis was applied to these events to check 

accuracy of locations within the local catalog. Similarly to the events in the NEIC catalog these 

events also show a depth decrease of 20 km.  The May event does not converge to a local minimum, 

however the RMS does decrease by half at shallower depths suggesting the hypocentral depth is 

likely shallow. 

 In order to constrain the rupture mechanics for the September events the first motion plots 

are shown in figure 2-8. The best fitting focal planes for the events were strike and dips of strike 348 

and dip 10, and strike 122 and dip 70. First arrivals fit reasonably well with the mechanism of a low 

angle thrust of similar orientation and dip to the mechanism of the main thrust of the Maule 

earthquake. This provides a second line of evidence that the locations at, or near the plate boundary 
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are correct. The use of a simplified 1-D velocity model imparts some uncertainty on the takeoff 

angles for the rays that reach each station, which is likely the source of error in our focal mechanism 

solution. Figure 2-8a shows the first arrivals for the Mb 4.7 event occurring at 00:40 on September 

15th. The best fitting mechanism for this solution corresponds to normal faulting. With a depth 

uncertainty of 1 km this could place the event within the subducting slab (suggesting a plate bending 

event) or within the inner wedge, which would suggest complex interactions between the corner of 

the inner wedge, outer wedge and subducting slab.  

 

2.7 T-phases 

T-phases are waves that are excited during an earthquake that enter the water column and 

travel through the SOFAR channel. These waves are usually high frequency (> 3 Hz) and travel at 

approximately 1.5 km/s, significantly slower than either P or S wave velocities, arriving at the 

instrument as the third large amplitude arrival. Examples of T-phases are presented in Appendix A 

(figure 7-6). Figure 2-9 shows the distribution of events with well-defined T-phases. Most events 

with evident T-phases plot within the outer rise and not within the accretionary prism, and only two 

events with greater than four picks plot within the wedge.  

Understanding of this distribution is limited. The spectrum of the T-phase contains higher 

frequency energy than the S-wave coda, particularly in the 8-10 Hz range (figure 7-8). However, high 

frequency energy for events located below the accretionary wedge may be attenuated, limiting the 

ability for T-phase excitation within the SOFAR channel. A second plausible explanation for the 

distribution of events is that the excitation of T-phases near the continental margin is related to 

source mechanisms. However, with the data available here and the small aperture of the array this 

cannot be resolved. A complete list of source parameters for events that excite T-phases is provided 

in Appendix B (table 8-1). 

 

2.8 Development of a Relative Magnitude Scale using Coda Lengths 

 Few events in our catalog had been assigned magnitudes by other institutions (37 events 

with assigned ML from the Chilean Seismic Network). Here we attempt to use the method of coda-
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length durations to determine local magnitudes. The stability of the coda, its magnitude 

independence from geologic structure, focal mechanism, or hypocentral distance from the station, 

[Crosson et al. 1972, Tsumura 1967, Mayeda et al., 2003] make it ideal as a single station estimation of 

magnitude.  

 While it would have been preferable to apply the coda magnitude scale at a station within 

our network, data dropouts, high background noise levels, and the arrival of the T-phases limited 

our ability to apply this method on our OBS data. In order to overcome these factors, land station 

GO05 of the Chilean Seismic Network was used (figure 1-3). Due to the proximity of the station 

and its operating time during the deployment, GO05 recorded most of the seismicity seen in the 

ChilePEPPER dataset. Using a station on land solves the issue of T-phase arrival for two reasons. 

First, T-phases do not generally propagate into the crust, and if they do, they tend to attenuate very 

rapidly, allowing the full S-wave coda to be determined. Secondly, increased distance from the 

source allows adequate time for separation between the T and S phases.  For our dataset, 362 events 

out of 569 were recorded at GO05. Using the method demonstrated by Mayeda et al (1993, 1999, 

2003), events were filtered at 3.0-3.2Hz. This frequency band was chosen because signal to noise 

ratios for lower frequencies were much lower for small magnitude earhtquakes. Additionally S waves 

generally had the highest amplitude frequency between 3-3.5 Hz.  We determined the coda envelope 

using a Hilbert transformation. A linear regression was then fit to the log-amplitude of the S-wave 

coda. The time at which this linear regression intercepted 0 was determined to be the end of the 

coda while the start of the coda was picked independently from the unfiltered seismogram (figure 2-

10). 

 To calibrate the magnitude scale, we determined coda lengths for 37 well-recorded events 

with local magnitudes (ML). Coda length vs. ML was then plotted and a linear regression fit to the 

data (Figure 2-11). The correlation between coda length and local magnitude was calculated as: 

ऻोॖौॉ = 5.7 ∗ log ॎॐ॓ज़्ख़्ौ  ोॖौॉ  ्॓ॕॏज़ℎ − 8.9   

The smallest coda magnitude (MCL) recorded was a MCL1.1. The two largest MCL applied were 

MCL4.4 and MCL4.2, which correspond to the Mb4.7 and ML4.5 earthquakes on Septhember 15th at 

00:40 and 00:50. Average event magnitude was 2.8. Events smaller than 1.1 were probably too 

distant from the onshore station to rise above the noise level of that instrument.  While this scale 
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may not be accurate for events smaller than M 2.9 it at least provides a relative magnitude scale for 

events detected during the ChilePEPPER deployment. 

 

2.9 Magnitude of Completeness and b-value 

 The correlation between earthquake magnitude and frequency of occurrence is described by 

the Gutenberg-Richter law: 

log ़ = य− ॊऻ 

Where N is the cumulative number of events with magnitude greater than M, and A and b are 

constants. In this equation the value b correlates to the number of smaller events relative to larger 

events. This means that the higher the value of b, the higher the number of smaller events there are 

relative to large events. The typical b-value in seismogenic zones is 1. Departure from this value can 

indicate that there is a systematic bias in magnitude calculations. B-values have also been used in 

other applications such as determining the stress state of the megathrust [e.g. Nishikawa et al., 2014, 

Sobiesiak et al., 2004).  

  Here we provide b-value calculation and magnitude of completeness as an independent 

check on the method of using coda magnitudes for events offshore. Following the methods of 

Naylor et al (2010) and Mignan et al (2010) [and references there in] we estimate the magnitude of 

completeness and b-value of the catalog of events produced by the ChilePEPPER deployment. 

Using the goodness of fit test it was determined that the catalog is complete for events above 

magnitude 3.6. Due to a two week recording gap during October at station GO05 and failure of 

some events to rise above background noise level limiting the number of calculated magnitudes, this 

is likely an underestimation. However, from these magnitudes the b-value was determined to be 1.00 

with a 95% confidence interval of 0.27 (figure 2-12). This independent evaluation of the coda 

magnitude suggests that this is a robust method for events offshore of this region.  

 

2.10 Very Low Frequency Events 

 In 2003 an anomalous style of seismic rupture was discovered within the Nankai trough in 

Japan [Ishihara., 2003]. These events are characterized by a very low frequency (VLF) content of 
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approximately 10 -100 seconds with little to no high frequency energy, preventing them from being 

detected by regional or global seismic arrays through conventional detection methods [Ishihara., 

2003]. VLF earthquakes occasionally contain minor high-frequency wave-trains which indicate 

source properties distinctive from those of typical earthquakes [Obara et al., 2005]. The spatial 

occurrence of these events typically overlaps documented aftershock areas in active subduction 

zones [Obara et al., 2005]. These events are speculated to release overpressure through fluid 

expulsion along reverse faults within the accretionary wedge [Obara et al., 2005] and have the 

potential to release significant amounts of stress without being observed in typical seismic studies. 

In order to determine the possibility of the Maule prism responding in this manner, the data 

were bandpassed at 0.003-0.07 Hz and visually scanned on all instruments. 43 episodes of low 

frequency energy were noted (example figure 7-9). These events were then compared against times 

and locations of large seismic events within the ANSS catalog. Travel times of Rayleigh waves 

between these events and the ChilePEPPER array were calculated and found to account for 42 of 

the 43 events (Appendix C). While the 43rd event did not have a correlated event within the ANSS 

catalog, the similarity of its waveform to other Rayleigh waves suggests it is also a surface wave from 

an unpublished event, possibly of smaller magnitude but with a closer source.  Other than the 

distantly sourced Rayleigh waves the only other long-period signal captured on the ChilePEPPER 

instrumentation was the Haida Gwaii tsunami, which had a period of over 20 minutes (figure 2-13). 

This leads to two possible conclusions. Either the wedge is not accommodating strain through this 

mechanism, or the dynamic response through slow slip and low frequency events occurred prior to 

the ChilePEPPER deployment.  

 

2.11 Fluid Flow Measurements  

 According to the dynamic wedge theory as described by Hu and Wang (2006) stress should 

increase in the outer accretionary wedge after a great earthquake (figure 1-2). The increased fault 

stress subsequently increases pore-fluid pressure in the wedge and should induce fluid flow out at 

the sediment water interface. Fluid flow should exponentially decrease during the interseismic period 

as the wedge dynamically responds to the increased fault stress.  This post earthquake relaxation has 

been noted in multiple subduction zones, most notably during the Nias-Simeulue earthquake of 

2005 where direct cGPS on islands overlying the outer wedge captured the outer wedge deformation 
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[Hsu et al 2006]. In the Nanakai trough, gradual pore-pressure changes at the toe of the wedge 

suggest that pore-pressure re-equilibration may take more than 60 years [Hsu et al 2006].  

 In order to quantify the induced flow due to the hypothesized increased stress state of the 

outer wedge, all ten OBS packages were outfitted with CAT flow meters. Flow meters were attached 

to the base of the instruments with a collection chamber settling into the sea floor and capturing 

flow into or out of the sediment [Tryon et al., 2001]. Flow meter results showed that fluid discharge 

from the sediment, when equilibrated after the first order settling of the instrument, was < 0.005 

cm/yr (figure 2-14). These flow rates are two to three orders of magnitude less than similar 

measurements taken along the Costa Rican margin [Deshon et al., 2006]. 
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Figure 2-1: Cross correlation of waveforms for events from Colombia. The time shift is the same for all events except CP10. 
While the maximum correlation for CP01 (middle panel) is not quite correct the second maximum was chosen from looking at 
the original waveform and visually calculating estimated time lag.  

 

 
Figure 2-2: Plot of CP10 residuals during the ChilePEPPER deployment. Residuals decrease with time, which is unusual. The 
initial 1.5 second offset may be attributed to human error during deployment by entering the incorrect start time. In order to 
correct for this systematic time change, time was added to each individual CP10 pick based on the equation described above. 
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Figure 2-3 Number of picks used for locations. Of the 569 events presented, 386 events had < 6 picks. 

 

 

 
Figure 2-4: Vp/Vs, depth, RMS plot for the September 15th 00:40 (ML 4.7 event). Absolute minimum in RMS located at 
Vp/Vs ratio of 2.2. 
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Figure 2-5 All events located by the ChilePEPPER array (events with < 5 picks shown as open circles) scaled by coda length 
magnitude. Lack of depth resolution is apparent as most earthquakes locate at the starting depth of the inversion (8 km). Events 
west of -73.2 are located using a velocity model for the outer rise, while events east of -73.2 are located using the 1-D velocity 
model for the accretionary wedge. 

 

 
Figure 2-6 Well constrained events from the ChilePEPPER deployment. Events are color coded by number of picks used for the 
location, sized by magnitudes determined from coda lengths. 
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Figure 2-7 Events showing systematic depth bias in the NEIC (gray dots) and local (red dots) catalogs. Left panel: RMS vs. 
Depth plot for May 12th event in outer rise. Middle panel: longitude vs. depth plot of well located events by the ChilePEPPER 
array vs. NEIC and local catalog locations. Right: RMS vs depth plot for events occurring September 15th using the accretionary 
wedge velocity model. 

 

 

 
Figure 2-8 First motion plots for the September 15th sequence. The 00:50 (B) and 02:31 (C) events show mechanisms consistent 
with low angle thrusting. The event occurring at 00:40 demonstrates normal faulting.  
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Figure 2-9: A: Events with well-defined t-phases colored by the number of picks used in the location. B: same as A but scaled by 
coda magnitude Events that are not shown in B but are in A are events that did not have recorded coda magnitudes. Open circles 
represent events with < 5 picks associated with their location. 
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Figure 2-10 Method of magnitude calculation. Upper panel shows unfiltered seismogram from which coda start time is recorded. 
The log amplitude of the 3-3.2 Hz seismogram envelope is calculated and a linear regression fit (bottom panel). 
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Figure 2-11:  Coda Magnitude calibration from GO05. Coda Lengths (s) plotted against bulletin magnitudes. R2 = 0.84. 
These values are extrapolated to lower magnitudes for events detected from the ChilePEPPER array. 

 

 
Figure 2-12 Magnitude of completeness calculated from the goodness of fit test shows a Mc of 3.6 (left) while the frequency 
magnitude distribution, and associated b-value is shown on the right. 
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Figure 2-13: Haida Gwaii tsunami captured on ChilePEPPER Absolute Pressure Gauges.  
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Figure 2-14 Flow meter results from the ChilePEPPER deployment. First order trend is that associated with the settling of the 
instrument which stabilizes for all instruments at ~0.01 cm/yr. 

 

 

 

 

Event and Magnitude Depth Date Azimuth, Angle of 
Incidence 

Argentina M6.7 586.9 05/28/2012 54°, 63° 

Argentina M6.1 585.8 02/22/2013 54°, 63° 

Colombia M7.3 170.0 09/30/2012 355°, 42° 

Colombia M6.9 145.0 02/09/2013 355°, 42° 

 

Table 2-1  Events used to determine if timing issues were present in well recording stations. Events occurred from two locations at 
similar depths covering most of the time that stations were recording 
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 Argentina 
05/28/2012 

Argentina 
02/22/2013 

Colombia 
09/30/2012 

Colombia 
02/09/2013 

CP01 0.68 1.071 3.21 3.31 

CP04 -0.04 -0.01 1.53 1.50 

CP09 1.184 1.271 1.13 1.10 

CP10 1.8 1.05 2.31 1.83 

 

Table 2-2 Results from cross-correlation of waveforms relative to CP06. For CP01, CP04, and CP09 correlation stays the 
same for all events. This is not the case for arrivals from CP10 which appears to contain a clock drift amounting to loss of 0.25s 
~ every 100 days. Variations in timing between the delays of the Argentinian events and the Colombian events can be attributed 
to differences in azimuth and angle of incidence. At site CP04 a straight line approximation of arrival times through the 
Moscoso velocity model were calcluated for the two different sources. The results of this calculation were a difference in arrival times 
of ~1.2s, well within the error of a straight line approximation. 

 

Earthquake Catalog Latitude (°S) Longitude (°W) Depth (km) 

May 12th 
18:15 

NEIC 34.523 73.269 15 
CSN 34.449 73.385 27.6 

CPEPP 34.495 73.492 5.4 

Sept 15th 
00:40 

NEIC 34.638 72.564 34.1 
CSN N/A N/A N/A 

CPEPP 34.717 73.011 8.3 

Sept 15th 
00:50 

NEIC 34.622 72.923 26.4 
CSN 34.622 72.923 26.4 

CPEPP 34.722 72.993 7.9 

Sept 15th 
02:31 

NEIC  N/A N/A N/A 
CSN 34.647 72.987 17.3 

CPEPP 34.713 72.993 7.2 
 

Table 2-3: Locations and depths of well-located events from the National Earthquake Information Center (NEIC), Chilean 
Seismic Network (CSN) and ChilePEPPER (CPEPP) demonstrating differences in hypocentral locations. 
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3 ANALYSIS OF BATHYMETRY IN THE NORTH MAULE REGION 

3.1 Introduction 

Segmentation of the marine forearc has been interpreted in the Maule region immediately to 

the south of our study region based on characteristic morphoplogy as seen in swath bathymetry and 

multi-channel seismic data [Geersen et al., 2011]. Based on the analysis by Geersen et al. (2011), the 

Concepcion North segment (-35.1S to -36.2S) is characterized by prominent, landward-dipping 

thrust ridges (~600 m of surface expression) within the crystalline basement (figure 4-1 and 4-2 a,b). 

Thrust ridges have been correlated to splay faults, which may transfer coseismic slip during large 

earthquakes from the plate boundary into the upper plate. This segment shows a distinct lack of 

normal faulting within the forearc as compared to the South Concepcion segment (-36.1 to -36.7S). 

The South Concepcion segment also demonstrates prominent thrust ridges; however the 

morphology in this region is dominated by 500-m high, seaward-dipping escarpments related to 

normal faulting (figure 4-2 c, d). The proposed mechanism for this change in morphology is a 

thicker subduction channel to the south, underplating sediment and causing uplift of the crystalline 

forearc [Geersen et al. 2011].  The morphology of the forearc has not been analyzed for the region 

north of -35.1S, the region correlated to the high slip patch of the Maule rupture. We build on the 

analysis of Geersen et al. (2011) to interpret distinctive features seen in this area. 

3.1.1 Data 

High-resolution swath bathymetry was downloaded from GeoMapApp 

(http://www.geomapapp.org/) and combined with data collected during the ChilePEPPER cruise. 

 

3.2 North Maule 

 Here we look at high-resolution swath bathymetry of the North Maule region. The original data 

are presented in figure 4-1 (whole region) and 4-3 (study area). Trench-parallel horst and graben 

structures seaward of the trench are present in the bathymetric data and disappear within 20 km of 

the trench. The structures become buried in sediment as the Nazca plate bends beneath the South 

American plate. High sedimentation rates linked to deglaciation and erosion of the Andes mountains 

since the Pliocene [e.g. Kukowski and Oncken, 2006] combined with strong alongshore sediment 

transport have created an ~2 km thick blanket of sediment on the incoming plate in this area. The 
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axial channel running south to north along most of the south-central Chilean coast is a prominent 

expression of the alongshore sediment transport.  

The most distinct feature along the deformation front is a 15 km wide indentation at -35°S. 

The morphology of the incision suggests an entrance scar from a subducting seamount. The width 

of the scar correlates well to incoming features on the Nazca plate e.g. at -34.5°S -73.9°W (figure 4-

4) and is similar to entrance scars seen in other subduction zones correlated to subducting 

topography (e.g. Costa Rica, Dominguez et al., 1998, Cascadia, Trehu et al., 2012). Just south of this 

feature is a less well-defined indentation of similar width, which may also be the result of subducting 

topography. At -34.4°S the deformation front steps ~5 km seaward, which is coupled with distinct 

trench-parallel folding features and the transition from sediment subduction to sediment accretion 

(figure 4-5).  

Three submarine channels cut through the forearc. Channels to the north and south are 

deeply incised meandering channels that terminate at the deformation front. The northernmost 

channel shows distinct slope failure features towards its landward extent. The morphology of the 

middle channel is distinct from the channels that bound it to the north and south as it lacks 

meanders and terminates 40 km landward of the deformation front. Termination of the channel 

corresponds to a 500 m fault scarp. 

Approximately 34 km landward of the deformation front is a poorly formed trench-parallel 

linear feature that runs discontinuously 80 km through the entire study area (figure 4-4). This feature 

contains similarities to the thrust ridges and normal faults that characterize the Concepcion north 

and south segments. However, this feature lacks lateral continuity and, based on surface 

morphology, shows aspects of both normal and thrust faulting varying on the order of a few 

kilometers (figure 4-2 e, f) which is a distinctly different characteristic than the described segments 

to the south (figure 4-2 a,b). 

Other features stand out in the calculated bathymetric gradient field (figure 4-3) that are 

difficult to resolve from the bathymetric data. To the south of the folding accreting sediments, are 

strong along-strike lineations within the outer accretionary prism. The morphology of these 

lineations and their proximity to the accretionary structures just to the north, lead to the 

interpretation that this was a paleo deformation front accreting sediment similar to the one directly 

along strike.   
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North of the rupture zone the morphology of the forearc resembles that of the North 

Concepcion forearc with a continuous thrust ridge that extends > 80km along strike. This feature 

has been associated with splay fault activity during the Pichilemu aftershock sequence  [Lieser et al., 

2014].   
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Figure 3-1 High resolution swath bathymetry of the North Mule area. Black squares correspond to figure 4-3.  
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Figure 3-2 Examples of features seen along the Chilean margin. Left panels (A,C,E) are the trench perpendicular gradient of 
the bathymetry shown on the right (B,D,F). Top two rows are examples from other places along the Chilean margin that show 
typical examples of thrust ridges (A,B) and normal faulting (C,D). Bottom panel is a linear feature that cuts through the 
ChilePEPPER study area that shows features of both thrust ridges and normal faults with exposed scarps to the north and 
south straddling a possible thrust ridge and piggyback basin. This shows that the along strike characteristics of faulting in the 
ChilePEPPER region vary on the order of < 10 km (scale in bottom right corner of panel B). 
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Figure 3-3 (Top panel) Close up of study area with features in the bathymetry outlined. Of particular note the submarine channel 
that terminates suddenly. The ENE-WSW feature (red dashed line) is a feature seen in the bathymetric gradient map that is 
not currently well understood. Gray dashed line is an ~80 km feature which cross-cuts the ChilePEPPER array and is 
discussed in the text. Thrust ridge (dark blue dashed line) described by Lieser (2015), which may be related to the Pichilemu 
aftershock sequence. (Bottom panel) Gradient of the bathymetry calculated perpendicular to the trench. The white oval shows 
distinct trench parallel lineations, which can be attributed to sediment accretion at the deformation front. Other trench parallel 
features to the south are shown in white dashed lines, which may be attributed to a formerly active deformation front.  The strong 
ENE-WSW trending feature (white dashed line) present may be associated with the transition from sediment subduction to 
accretion, but is not well understood at this stage. A and B in figure correlate to MCS data shown in figure 4-5. 
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Figure 3-4 Morphology of incision in deformation front at -35S (top panel). Incoming seamount on Nazca plate (bottom panel). 
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Figure 3-5 Multi Channel Seismic reflection data showing transition from sediment accretion (top panel) to sediment subduction 
(bottom panel) over the course of a few kilometers. Locations of seismic data acquisition shown in figure to the right. 
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Figure 3-6 Same as 4-1 with features outlined in the North Maule segement. Black lines are projections of the modern 
convergence rate. Dashed lines correspond to 15 mGal  contours associated with bullseye structures from TCBGA  
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4 GRAVITY  

4.1 Introduction 

A correlation between gravitational anomalies and slip distribution during earthquakes has 

been noted since 2003 [Song and Simons 2003, Wells et al., 2003]. Song and Simons (2003) noted that 

trench parallel gravity lows correlated to areas of high slip during large (Mw ≥ 6.0) subduction zone 

earthquakes. They attribute this to higher shear traction on the plate interface, depressing local 

topography and gravity. Similarly, Wells et al (2003) note that high slip is correlated with fore-arc 

basins as distinguished by free-air gravity lows, which are likely created due to basal erosion that 

depresses the overlying forearc. This suggests that fore-arc basins may indicate the presence of 

asperities on the underlying plate boundary. However, other along strike variability in the gravity 

field can be associated with subducting features or variations in the rheology of upper plate, which 

can either promote or limit slip on the seismogenic contact [e.g. Aki., 1979, Sobiesiak et al ., 2007, 

Contreras-Reyes et al.,  2011, Wang and Bilek, 2014].  

To aid in the interpretation of ChilePEPPER results we provide a terrain and slab corrected 

bouguer gravity map of the Maule region. Gravitational anomalies may help determine physical 

factors that play a role in seismogenesis and slip distribution. 

 

4.2 Method 

Spatial variations in the observed gravity signal can be caused by a variety of factors, including 

slab bouyancy, lithology, density anomalies and mantle rheology.  This is further complicated for 

uncorrected free-air gravity data which contains a first order signal of topography. While Bouguer 

corrections are standard onshore, offshore corrections are rarely done. This is particularly 

detrimental to understanding gravity signals over the continental margin where there are rapid 

bathymetric changes and the signal is further dominated by the high amplitude long-wavelength 

signal from the subducting slab. This obscures smaller wavelength features resulting from 

topography on the subducting plate and structures within the upper plate.  In order to correct for 

these effects we build on the method of Maksymowitz et al (2015).  
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4.2.1 Grid Preparation 

In order to perform this correction, bathymetric and free-air gravity data are required. For 

this region, data were downloaded from GeoMapApp [Ryan et al., 2009] with grid resolutions for 

GMRT bathymetry and Smith and Sandwell free air gravity of 440 m and 1,833 m respectively. In 

order to remove signals from rapidly varying topography, grids were first low pass filtered at 10 km 

and resampled at 1000 m grid spacing.  

 

4.2.2 PRISM Code 

We use the equation for the gravitational attraction of a rectangular prism from Blakely 

(1995) to produce a terrain corrected gravity anomaly map for both onshore and offshore of the 

Maule rupture region.  

ॏ =   ௟௭
ॡ′

[य़′!ॠ′!ॡ′!]!/!
य़!

य़!

ॠ!

ॠ!

ॡ!
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ौय़′ौॠ′ौॡ′ 

 

We calculated the effect of 3D rectangular prisms of density 2.7 g/cm3 with a cross sectional 

area of 1km and height corresponding to water depth (offshore) or altitude (onshore) in that grid 

point (figure 2-1a). Maksymowicz et al (2015) performed a similar calculation, however they 

underestimated the effect by not summing adjacent prisms, which is particularly detrimental at 

greater water depths. Figure 2-1b shows a test to determine how many kilometers away from the 

central grid point must be added to the gravitational anomaly. This shows that in order to capture 

the full effects at water depths equal to the depth of the trench, a 41 x 41 km grid around the 

observation point must be included. By incorporating prism heights determined by water depth, or 

topography, this inherently goes beyond a simple bouguer gravity correction and applies a more 

complex terrain correction both onshore and offshore that seamlessly crosses the coastline. The 

results of the terrain correction are shown in figure 2-2b.  

In order to remove long wavelength effects of the subducting slab, data was low-pass filtered 

using a 2D convolution filter in matlab with a filter length of 100 km (Matlab function conv2). The 

low frequency signal was then removed from the terrain corrected gravity anomaly producing a 

complete gravity correction. A 100 km lowpass filter was determined to be optimal for this region 

from comparing various filters (50-120 km) to slab structure as determined from Slab1.0 [Hayes et al, 
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2012]. The 100 km filter contained most of the structures as outlined by the subducting slab without 

removing higher frequency anomalies that may be caused by structure on the subducting slab or 

within the upper plate.  

   

4.3 Case Study: Maule Region 

Figure 4-2c shows the 2D convolution, low pass filter for the Maule region. This provides a 

first order estimation of the gravitational effects of the subducting slab. Trench-parallel variations in 

the gravity field that diverge from predictions of the slab 1.0 model, particularly near 36 ̊ S, may be 

due to previously unrecognized long wavelength structures either on the subducting plate, or within 

the upper plate density structure. The gravitational high (~25 mGal difference from surroundings) 

correlates to an inflection point in margin parallel slab dip as described by Moreno et al. (2012) as well 

as a systematic decrease in depth of aftershock hypocenters as described by Rietbrock et al (2012) 

suggesting subducting plate topography on the order of a few kilometers. However, uncertainty in 

hypocentral depths offshore is high and the decrease in depths of these hypocenters could result 

from errors in the velocity model used during hypocentral location.  

Figure 4-3 shows the terrain and slab-corrected gravity anomaly for the Maule region. Using 

tomographic inversions from P-wave arrivals from the aftershock sequence of the Maule 

earthquake, Hicks et al (2012) noted a high P-wave velocity anomaly below the shoreline at -36 ̊ S. 

The interpretation of this feature is a subducting or obducted seamount possibly responsible for 

nucleation of the Mw 8.8 event due to increased stress at the up-dip limit [Hicks et al., 2012]. This 

feature is seen as a pronounced 25 mGal gravity high in the corrected gravity data.  

Other subducting features include the 20 mGal gravitational anomaly located to the NE of 

the ChilePEPPER array, which has also been interpreted as either a subducting seamount or a local 

increase in contact friction [Maksymowicz et al., 2015]. This feature is in the middle of three other 

similar magnitude and expression anomalies that form a NE-SW trending trench parallel gravity 

high. Analysis of these features based purely on the gravity field is not unique. Without 

incorporation of other data sets, at least three possible interpretations exist of these features. First 

they could be the expression of the forearc high, which is the outer most expression of the 

crystalline continental basement being uplifted due to shear traction on the megathrust. These 

features could also be a set of four distinct subducting or obducted seamounts, or distinct 

rheological heterogeneities in the upper plate. 
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  The pronounced, elongate trench parallel gravity low within the patch of highest slip is 

likely associated with a fore-arc basin as noted by Wells et al., (2003) in other subduction zones. In 

this case, high shear traction along the megathrust leads to basal erosion. Basal erosion then 

depresses the overlying continental basement creating accommodation space for incoming 

sediments, which expresses itself in the gravity field as a gravity low. High shear traction at the plate 

along the megathrust is further demonstrated by the correlation of the TPGA low with the 100% 

interseismic locking described by Metois et al., (2012) (figure 2-3b).  
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A) 

 

B) 

 
Figure 4-1: 2-D Schematic of the topographic correction applied onshore and offshore (A). The dimensions of each 3D 
rectangular prism are 1 km x 1km x water depth (or altitude). The correction offshore uses a delta rho of 1.7 (density of rock – 
density of water), while onshore prisms are calculated with rho 2.7 g/cm3. Onshore, the gravitational attraction of the prism is 
subtracted from the free-air anomaly while offshore it is added in order to correct for either mass excess above sea level, or mass 
deficiency below sea level. B) Test showing the # of square kilometers away from the observation point need to be incorporated 
into the complete correction. Prisms over 20 km away add no additional gravitational anomaly. 
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Figure 4-2: a) Original free-air gravity data downloaded from Geomapapp. b) Water column corrected gravity anomaly (see text 
for details). c) 100 km 2D convolution filter of the water column corrected gravity field that was subtracted from the anomaly in 
(b)  
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Figure 4-3 A) Terrain and slab corrected bouguer gravity anomalies for the Maule region. The high P-wave velocity feature 
distinguished by Hicks et al., 2012 correlates to a distinct gravity high extending offshore at -36°S. The proposed obducted 
seamount at -34.5°S by Maksymowicz et al., (2015) also appears as a 22 mGal anomaly. Similar structures to the proposed 
seamount are seen in a trench parallel NE-SW trend from -34°S-35.5°S. Directly down-dip of this feature is the proposed 
forearc basin, a -25 mGal trench parallel anomaly. B) Coupling from Metois et al (2012) overlain on the corrected gravity data 
from the ChilePEPPER study area. C) Corrected gravity data overlain by critically taper analysis as described by Cubas et al., 
(2013). Sections outlined in red are critically tapered while unmasked areas are conditionally stable.  
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5 DISCUSSION AND CONCLUSIONS 

 Based on previous studies by Moscoso et al., (2012) and Lieser (2015) the outer accretionary 

wedge remained seismically quiet above the patch of greatest slip for at least eight months after the 

Maule megathrust event (figure 5-1 a,c). This has previously been interpreted to mean slip did not 

propagate to the deformation front [Moscoso et al., 2012], a fact that seems to be verified by the 

analysis of Cubas et al., (2013) demonstrating that the outer wedge is in a critically compressive state. 

Well-recorded seismicity by the ChilePEPPER array also demonstrates a lack of seismicity occurring 

within the outer accretionary wedge (figure 5 b,d), with all seismicity occurring either within the 

outer rise or the paleo-accretionary wedge (critically stable portion of the wedge), meaning that the 

wedge has not responded in a seismic manner for three years post earthquake. This includes three 

well located events at or near the plate boundary between the outer wedge, the paleo-accretionary 

complex and the subducting slab, which show a systematic depth bias in catalog locations (figure 2-

7).  However, according to dynamic Coulomb wedge theory, the coseismic stress transfer between 

the down-dip sesimogenic zone and the outer accretionary complex should result in active reverse 

faulting within the outer wedge. Lack of seismicity in the outer wedge could alternatively be 

interpreted as the wedge being composed of predominantly velocity strengthening materials that 

inhibit nucleation of events within the outer wedge. This interpretation is nominally verified by the 

high Vp/Vs ratio of the outer wedge (figure 2-4) and the poorly formed S-waves recorded on 

ChilePEPPER instruments. This would then suggest that the dynamic deformation of the outer 

accretionary wedge is accommodated through alternate methods. 

 If coseismic stress transfer to the wedge did occur, alternate methods of post-earthquake 

stress relaxation could include increased pore-pressure with a resultant increase of fluid flow out of 

the wedge [LaBonte et al 2009], or anomalous styles of rupture such as tremor and very low frequency 

events (VLFE). VLFEs have been described as possible mechanisms of interseismic dynamic 

deformation of the outer wedge in multiple regions of the Japan margin [Obara et al., 2005, Obana 

and Kodaira., 2009]. The primary interpretation being that increased pore-pressure along pre-

existing fractures leads to longer duration ruptures that lack high frequency energy. Band-passing the 

ChilePEPPER data into typical frequencies associated with these events and manually scanning the 

data set demonstrated no evidence of ruptures of this type. The only long-period signals recorded by 

the OBSs were distantly sourced surface waves and the Haida Gwaii tsunami (figure 2-12).  
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The other method of post-earthquake stress relaxation possible in this section of margin was 

increased fluid flow at the sediment water interface. Induced fluid flow in the outer wedge in 

response to seismicity has been demonstrated along the Costa Rican margin with flow rates 

exceeding 0.1 cm/day [Deshon et al., 2006]. However, using the same instruments as those on the 

Costa Rican margin, flow rates in our study region remained steady at 0.01 cm/yr (figure 2-12), rates 

three orders of magnitude lower than those measured by Deshon et al., (2006).  

The lack of seismicity in the outer wedge, nominal sediment-water interface flow rates and 

absence of anomalous styles of rupture within the region of our array suggest that there was no 

coseismic stress state increase within the outer accretionary wedge as was expected based on the 

model of Hu and Wang (2006). One possible interpretation for this is that no coseismic stress 

transfer occurred due to slip occurring along a splay fault prior to reaching the outer wedge. 

However, analysis of high resolution swath bathymetry shows that while splay faulting is prevalent 

to the north and the south of the study region with fault scarps exceeding 600 m, no evidence of 

laterally continuous, well developed splay faults can be seen in this region. These lines of evidence 

suggest that locally, slip propagated through the outer wedge and to the deformation front, an 

interpretation that may help explain the increased seismicity within the outer rise in this region 

[Moscoso et al., 2012]. 

Due to a lack of instrumentation along the deformation front and poor resolution of slip 

models at that distance from the coastline, coseismic slip to the trench (STT) is a poorly understood 

feature of megathrust subduction zone events. It has been demonstrated that STT does occur from 

the 2011 M 9.0 Tohoku-Oki earthquake, which showed seafloor uplift of greater than 10 meters 

which has been interpreted as about 60 m of coseismic slip at the deformation front [Wang et al., 

2015].  However, along other margins, the accretionary wedge appears to limit the coseismic rupture, 

with deformation occurring over greater timescales. Post-earthquake stress relaxation in the outer 

wedge monitored along islands for the 2004 Nias earthquake [Hsu et al., 2006] and borehole pressure 

measurements along both the Costa Rican margin and the Nankai margin, provide evidence for slip 

halting down dip and deforming during the interseismic [Davis et al., 2013, Davis et al., 2015]. The 

ChilePEPPER array, however, demonstrates that, at least locally, slip likely propagated to the trench 

coseismically as was suggested by the slip model of Yue et al., (2014) (figure 1-4). This has important 

implications in hazard assessment as it suggests that slip to the trench may not vary at margin scales, 
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but on much smaller local scales. Local variations for STT may be dependent on the frictional 

characteristics of the megathrust as determined by the size of the suduction channel and the amount 

of cosesimic slip downdip of the accretionary wedge. 

In the ChilePEPPER study region it was shown that the transition from partial sediment 

subduction to accretion could vary on the scale of 10 km (figure 3-5).  This transition may mark the 

northern boundary of the outer wedge segment that slipped to the trench during or soon after the 

main event, releasing strain.  However, no data are available to evaluate whether fluid flow signals in 

response to the Maule earthquake are present north or south of this segment limiting our analysis of 

the extent of rupture to the deformation front. The thicker subduction channel below the array may 

act in a velocity-weakening manner at high slip velocities. It has been demonstrated that clay rich 

fault gouge can propagate significant slip to the trench [Chester et al., 2013].  This is further 

corroborated by lab experiments of the frictional properties of clays, which show that at high slip 

velocities, clays demonstrate velocity weakening properties [Faulkner et al., 2011, Ujiie and Tsutsumi., 

2010)]. Our data suggest that high slip down-dip and STT may be correlated as was demonstrated in 

the Tohoku-oki earthquake, implying that STT was not an anomalous feature limited to the Japanese 

margin.  

 Understanding whether local STT was an anomalous style of rupture for this section of the 

margin is also an important question to address. Based on the data available, which show different 

wedge morphologies to the north and south, the rapid transition from sediment subduction to 

sediment accretion, and the transition from critically stable to critically compressive to the north 

[Cubas et al., 2013] suggest that this may be a long lived feature. This may be due to the persistence 

of high slip along the down dip section of the megathrust, a feature that is also likely long lived as is 

demonstrated by the presence of the trench parallel gravity low seen in the terrain and slab corrected 

Bouguer anomaly. 

In section 4 we presented a refined method for processing offshore free-air gravity data. In 

order to calculate a topographically corrected Bouguer gravity anomaly (TCBGA) along the 

continental margin, the effect of all topography within 20 km of the gravity value being corrected 

must be included in the calculation (Fig 4-1). Similar calculations for residual forearc gravity 

anomalies have been calculated for this region [Hicks et al., 2012] and highlight similar anomalies in 

the forearc. The high P-wave velocity structure at -36°S described by Hicks et al., (2012) is 
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highlighted as a ~40 mGal high along the coastline which extends offshore.  Additionally, the 

proposed obducted seamount resolved by Maksymowicz et al., (2015) through density modeling of the 

outer forearc is seen as a ~23 mGal high bullseye structure in the TCBGA. However, as shown in 

figure 4-3, by incorporating a full water column correction our calculated gravity anomaly (compared 

to the partial correction of Maksymowicz et al., 2015) we highlight smaller scale variations. 

As mentioned previously, the primary feature noted is the distinct trench parallel gravity 

anomaly (TPGA) low associated with the patch of greatest slip (figure 5-2), a feature described in all 

slip model inversions [e.g. Moreno et al., 2010, Lin et al., 2013, Yue et al., 2014] (figure 1-3). We 

associate this feature with a well-formed forearc basin as has been described throughout circum-

Pacific subduction zones [Wells et al., 2003]. This interpretation, and the associated high slip patch, is 

consistent with the findings of Song and Simons (2003), who note that areas within the forearc with 

strong negative TPGAs correspond to nearly half of the total seismic moment released in 

subduction zone events Mw ≥ 6.0. This correlation is attributed to increased shear traction and basal 

erosion along the plate boundary, depressing the forearc and providing accommodation space for 

sediment deposition [Wells et al., 2003]. The TPGA low correlates directly to the zone of 100% 

interseismic coupling as described by Metois et al., (2010) (figure 4-3) providing a second line of 

evidence that shear traction along the plate boundary in this area is high. The forearc basin is not a 

readily apparent feature in either the free air gravity or bathymetric grids, which demonstrates the 

value of the water column and slab corrections to the free-air gravity data. The magnitude of 

variation in the gravity field and the presence of a well developed fore-arc basin suggest that this is a 

long lived feature in this region of the Maule fore-arc and that it is likely that high slip occurs in this 

region during multiple seismic cycles.  

Secondary features noted in the TCBGA are the set of four bullseye gravity highs directly up 

dip of the trench parallel gravity low. These features, along with the frontal embayments seen in the 

high-resolution swath bathymetry may be the results of subducting or obducting seamounts (figure 

5-3). These features are, at present, poorly understood. However, the fact that slip propagated 

through this region and was not halted suggests that these are not actively subducting seamounts. 

The obduction of all or part of the seamount to the front of the paleo –accretionary complex, 

however, may play a role in localized increased friction along the megathrust leading to these 

anomalies acting as local asperities, a hypothesis which may help interpretation of seismicity 
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surrounding the gravity high as seen in figure 5-b. This very localized region may have had increased 

coseismic slip resulting in a near-field increase of the stress state along the megathrust and increased 

seismicity along the edge of the asperity. While the effects of actively subducting topography are 

relatively well understood, as it tends to limit rupture [Wang and Bilek, 2011, Basset et al., 2015] the 

effects of obducted seamounts on the frictional characteristics of the megathrust is a question that 

remains to be explored. Additionally, their role in the localized segmentation of rupture currently, 

and active subduction, also poses an interesting research question. Is paleo-subducting topography 

the cause of the localized heterogeneity in STT in this section of the margin? A detailed plate 

reconstruction and look at topography on the other side of the Chile Ridge and East Pacific rise may 

provide insight into this question.  

While data drop-outs and instrument failure limited the scope of the work, some important 

results beyond those previously described were acquired during the ChilePEPPER deployment. 

Calculating magnitudes of local events surrounding a small aperture array proves difficult due to 

inconsistent location of the array within P and S wave nodal planes, attenuation of S-wave arrivals 

due to unconsolidated sediment, and the arrival of the T-phase. However, we demonstrate that with 

a single onshore station, using band-pass filtered codas can provide stable estimates of earthquake 

magnitude for events within the accretionary wedge and outer rise, when calibrated to the local 

magnitude scale (figures 2-11, 2-12). This can be particularly useful for small aperture arrays offshore 

of poorly instrumented margins. 
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Figure 5-1 Distribution of seismicity from Lieser (2015) on TCBGA (A) and bathymetry (C) with critically tapered sections of 
the outer accretionary wedge from Cubas et al., (2013) highlighted in red. Distribution of well-located events from 
ChilePEPPER are shown in figures B and D. White pentagons are the Geomar OBS array used in the Lieser study, Purple 
triangles are locations of OBS' from the ChilePEPPER array. 
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Figure 5-2 Topographically and slab corrected gravity anomalies with overlain slip contours from Moreno et al., (2010). Purple 
star is the NEIC epicenter.   
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Figure 5-3: Comparison of Complete gravity correction (left) and high resolution swath bathymetry (right). 
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7 APPENDIX A 

 Here we present some examples of seismicity as observed on the ChilePEPPER array to 

highlight typical waveforms and show some of the issues with instrumentation that occurred during 

deployment. Figure 7-1 shows two events that occurred on October 27th that had not been described 

in either the Chilean or ANSS catalogs. Here we show the vertical components of the SL-OBS sites 

and the APGs for the CI-OBS stations. As described previously, the APGs only recorded well below 

2 Hz, therefore only recording large local and teleseismic events. Additionally, waveform distortion 

and offsets can be seen at stations CP06 and CP07. While both stations are functioning at this point 

the signal deteriorates with time as is shown in figure 7-2. With only four stations recording for most 

small local events, acquiring an adequate number of picks for a location with reasonable uncertainty 

prove difficult. Four picks are needed for any location and to constrain depth, S-wave arrivals are 

needed. 

 Figure 7-3 shows a well-recorded event at station CP08 with a strong impulsive P-arrival and 

well-formed S-wave. Arrivals were hand picked to minimize uncertainty and a qualitative analysis of 

pick error was applied to each arrival. When picks were imported into the hypocentral location 

program Hypo71, picks could be given a weight of 1-4 (or 100% - 0% in increments of 25%). Figure 

7-3 shows an event with 100% weighting applied to the P-arrival, which has an error of < 0.1 s. Due 

to uncertainty in S-arrivals, the maximum weighting applied to S picks is 75%. Picking S-arrivals is 

further complicated by attenuation within the accretionary prism as seen in figure 7-4 (discussed in 

3.1.3).  

 P-wave arrivals for the Mb 4.7 September 15th event as seen on the APGs are shown in figure 

7-5. The proximity and magnitude of this event provided enough energy to rise above the noise level 

for these instruments. Unfortunately, stations CP02 and CP03 had stopped functioning completely 

at this point and provided no useful data towards event locations.  

 Figures 7-6 and 7-7  provide examples of earthquakes that do, and do not, excite T-phases. 

Figure 7-8 show the frequency spectra for different sections of the earthquake shown in figure 7-6. 

Note that while the T-phase contains more high frequency energy the spectra for just the earthquake 

(7-8c) and the for the earthquake including the T-phase (7-8a) look virtually identical. This means 

that for earthquakes that are located closer to the array where the T-phase and the S-wave coda may 
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overlap, we cannot distinguish the T-phase by filtering the data or looking at the frequency 

spectrum. 

 Figure 7-9 gives an example of a distantly sourced Rayleigh wave, which can be seen in the 

frequency range of Very Low Frequency earthquakes. This is discussed in section 3.1.6. Figures 7-10 

and 7-11 show two events from the September 15th sequence to highlight differences in waveforms 

between the 00:40 event which has a normal faulting mechanism and the 00:50 event which has a 

shallow thrust fault mechanism. 
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Figure 7-1 Two events > Mcoda 3 recorded on the ChilePEPPER array not previously described in the Chilean seismic bulletin. 
As we can see, events are not recorded on the APGs (bottom five panels) due to only recording well below 2 Hz and therefore only 
recording the largest events. Distortions in the waveforms of CP07 and offsets in CP08 are common and become more prevalent 
throughout the deployment resulting in unusable data for sections of time. 
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Figure 7-2 Signal quality problems at site CP08 on the horizontal (A) and vertical (B) components during an event occurring on 
Jan 27. (C) and (D) is the same event recorded on CP06. While data dropouts like this are common throughout the deployment, 
data quality tends to deteriorate with time. 
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Figure 7-3 Showing P and S-wave arrivals at station CP08. P-picks are made on the vertical component (BHZ) because 
compressive wave are more impulsive in the Z direction while S-waves are first seen on horizontal components (BH1). 
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Figure 7-4 Event on September 15th recorded at station CP06. This figure highlights issues with picking S-wave arrivals for 
small events within the accretionary prism. We interpret that highly saturated sediments attenuate S-wave arrivals (as shown from 
the Vp/Vs ratio, section 3.1.3). 
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Figure 7-5 P-wave arrivals for September 15th Mb 4.7 event on all APGs. At this stage CP02 (D) and CP03 (E) had 
stopped functioning even below 2 Hz. Time is measured relative to the time listed in the upper right of each panel 

 

A

B

C

D
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Figure 7-6 Typical waveform of event located in the outer rise that excites a high frequency T-phase. To propagate efficiently in 
the SOFAR channel T-phases contain high frequency energy and are generally composed of frequencies above 3 Hz. Here the 
waveform has been high pass filtered at 1 Hz showing a typical t-phase arrival. T-phases arrive at instruments after the P and S 
waves because slower acoustic velocities in water than in consolidated materials. 
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Figure 7-7 ML 3.4 event located below the ChilePEPPER array. Top panel unfiltered data. Bottom panel high-pass filtered at 
1Hz (same as previous figure). This event shows no evidence of T-phase excitation. 
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Figure 7-8 Spectrum from earthquake shown in figure 7-6. A) shows the spectrum of the entire earthquake including the T-
phase. B) Shows just the spectrum of the T-phase. C) shows spectrum of the earthquake without the T-phase. 

 

A

B

C
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Figure 7-9 Example of distantly sourced Rayleigh waves from a M4.7 event in Tonga at the same frequency band of 
Very Low Frequency events. 
 

 

 
Figure 7-10: Vertical components and APG recordings of September 15th 00:40 event low-pass filtered at 1Hz 
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Figure 7-11 Vertical components and APG recordings of September 15th 00:50 event low-pass filtered at 1Hz 
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8 APPENDIX B 

Date (yymmdd) Time Latitude Longitude Coda Length 
Magnitude 

120620 5:30 -34.61233333 -74.13316667 3.693709958 
120620 6:32 -34.69616667 -72.82083333 3.889530622 
120620 13:58 -34.63983333 -73.95433333 1.916712784 
120622 12:32 -34.57233333 -73.26483333 2.431686592 
120625 22:33 -34.6595 -73.9425 2.276107754 
120627 9:38 -35.06016667 -73.89183333 1.992887508 
120706 15:13 -34.56883333 -73.3 

 
120707 6:49 -34.56083333 -73.19966667 

 
120707 20:00 -34.08166667 -73.47633333 

 
120715 9:37 -34.565 -73.19416667 

 
120717 14:36 -34.30066667 -73.73183333 1.141888209 
120720 8:24 -34.55883333 -74.05 2.124359632 
120720 4:43 -34.616 -73.46483333 1.621272376 
120724 5:33 -34.583 -74.12083333 1.477726406 
120728 7:22 -34.56183333 -72.90033333 2.624992634 
120729 9:35 -34.63333333 -73.91383333 1.421675497 
120730 21:47 -34.5695 -73.26383333 

 
120730 21:47 -34.5695 -73.26383333 

 
120805 13:57 -34.63683333 -74.06933333 

 
120807 11:44 -34.098 -73.50283333 0.777860592 
120808 8:49 -34.01233333 -73.33283333 2.124359696 
120809 21:06 -34.57866667 -73.2805 

 
120811 1:43 -34.60283333 -73.87516667 2.456691561 
120813 15:59 -34.90083333 -73.13733333 4.594698369 
120818 5:27 -34.231 -73.74266667 2.081306855 
120822 12:19 -34.8505 -73.15716667 2.951184831 
120825 8:33 -34.581 -73.28516667 

 
120826 7:20 -34.60466667 -73.17833333 

 
120827 20:10 -34.54733333 -73.19416667 

 
120830 6:01 -34.84616667 -73.15366667 3.521841065 
120901 15:44 -34.58183333 -73.84033333 1.822096961 
120909 9:36 -34.53766667 -73.98616667 1.932136377 
120911 18:52 -34.60833333 -73.75016667 3.202816907 
120923 9:16 -34.54733333 -73.19416667 

 
120924 5:58 -34.46233333 -74.04733333 -0.201470055 
120925 13:41 -34.13133333 -73.66316667 

 
120925 22:34 -33.87083333 -73.33533333 2.289452664 
120925 19:40 -34.47016667 -74.044 

 
121004 15:07 -34.91 -74.19416667 

 
121011 2:38 -34.31366667 -72.69016667 4.02520725 
121014 17:34 -33.997 -73.5865 

 
121014 10:50 -35.3455 -74.26866667 

 
121015 22:24 -34.53566667 -73.8025 

 
121110 9:06 -34.675 -73.9095 1.992887345 
121113 16:09 -34.5725 -73.83583333 1.962698347 
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Date (yymmdd) Time Latitude Longitude Coda Length 
Magnitude 

121114 1:01 -34.59166667 -73.87266667 2.066787878 
121114 00:35 -34.155 -73.4795 0.519764625 
121120 22:04 -34.08233333 -73.61083333 2.208282305 
121120 23:35 -34.07416667 -73.6315 0.321620638 
121130 14:05 -34.964 -73.25583333 1.477726177 
121130 20:40 -34.4895 -73.65083333 -0.470391416 
121207 20:40 -34.64016667 -73.94633333 

 
121207 7:11 -34.97933333 -73.19416667 0.802249968 
121209 7:08 -33.9445 -73.658 1.977838984 
121210 00:05 -34.4345 -73.9575 2.110091681 
121218 20:29 -34.5275 -74.0025 

 
121220 1:48 -34.63366667 -73.95266667 1.141888472 
121222 14:51 -34.68383333 -74.17083333 1.789737503 
121223 8:07 -34.3955 -74.056 1.838119731 
121227 2:51 -34.9625 -73.2185 3.447940683 
130102 19:14 -34.53766667 -73.83766667 

 
130102 1:07 -33.94866667 -73.91933333 1.099206551 
130102 18:09 -35.86166667 -73.52933333 3.137546416 
130104 9:17 -34.7845 -74.13183333 2.249200259 
130111 13:09 -34.72166667 -73.76333333 1.901192635 
130112 12:41 -33.99766667 -73.43316667 2.235635916 
130113 5:50 -34.90283333 -74.4145 3.985279344 
130117 22:54 -33.9405 -73.40083333 3.640307626 
130120 21:26 -34.481 -73.98583333 -0.351545479 
130121 1:21 -34.57733333 -73.29866667 

 
130124 12:40 -33.3525 -73.3785 

 
130127 2:24 -34.211 -73.54416667 2.329061289 
130127 21:19 -34.98716667 -73.48466667 2.951184659 
130129 15:40 -34.60216667 -73.96866667 2.951184785 
130203 8:29 -33.91416667 -73.4095 

 
130211 16:54 -34.0675 -73.61533333 

 
130222 1:46 -34.40983333 -73.66083333 

 
130223 15:57 -34.07216667 -73.529 

 
130224 11:20 -34.41283333 -73.69466667 

 
130225 00:56 -34.40233333 -73.872 

 
130301 3:27 -34.48916667 -74.00416667 

 
130302 17:05 -34.23583333 -73.648 1.992887345 
130303 5:52 -34.89866667 -74.131 3.041212124 
130305 14:04 -34.03333333 -73.51116667 

 
 

Table 8-1: List of all events with identifiable T-phases seen in ChilePEPPER data set. 
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9 APPENDIX C 

 

VLFE date Time Rayleigh Time Lat Lon ΔDegree  Mag 
    location       
 
 
June 
2012 153 5:30 Antarctica 5:07 -77.0 -148.8 53.3  5.5 
2012 156 1:00 Panama 0:45 5.30 -82.6 40.8  6.3 
2012 156 3:30 Panama 3:15 5.50 -82.5 40.8  6.3 
2012 169 21:40 N. Japan 20:32 38.9 141.8 151  6.4 
        
July 
2012 190 12:40 Kuril  11:33 45.4 151.2 144  6 
2012 193 21:00 S. Peru  20:52 -15.2 -75.2 19.3  5.6 
2012 207 12:15 Solomon Is 11:20 -9.6 159.7 113.3  6.4 
2012 208 6:30 Mauritius 5:33 -17.5 66.3 115.1  6.7 
2012 211 12:45 Guatemala 12:22 14.1 -92.2 52.0  5.9 
 
August 
2012 223 19:30 Aleutian Is. 18:37 52.6 -167.4 119.32  6.2 
2012 224 13:30 Iran  12:34 38.3 46.74 132.23  6.3 
2012 231 10:50 Indonesia 9:41 -1.3 120.0 142.1  6.3 
2012 239 15:20 Japan  14:30 37.0 142.3 119.52  4.4 
        
September 
2012 247 19:37 NO RELATED EVENT      
2012 250 23:53 Japan  23:33 -4.6 -105.8 42.5  5.8 
2012 270 0:18 Mexico  23:45 24.6 -110.1 68.8  6.3 
2012 271 0:38 Alaska  23:39 51.5 -178.2 125.2  6.4 
        
October 
2012 282 1:53 Chile  1:50 -21.7 -68.1 13.5  5.8 
2012 282 7:03 California 6:26 25.1 -109.5 68.9  6 
2012 286 0:50 Papua  00:31 -4.9 134.0 132.9  6.6  
2012 294 23:49 Vanuatu 23:00 -13.5 166.5 105.6  6.2 
2012 298 0:54 Costa Rica 00:45 10.1 -85.3 46.2  6.5  
2012 302 3:18 Haida Gwaii  03:04 52.8 -132.1 101.3  7.8   
   
        
November  
2012 315 15:08 Peru  14:57 -8.8 -75.0  6 
2012 316 2:30 Myanmar 01:32 22.6 95.8  4.9 
2012 316 22:24 Guatemala 22:14 14.1 -92.1  6.5 
2012 316 22:31 Guatemala 22:21 14.1 -92.1  6.5 
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2012 316 22:39 Guatemala 22:28 14.1 -92.1  6.5 
2012 317 11:02 Chile  10:55 -45.9 -76.9  4.7 
2012 317 21:10 Japan  20:00 36.1 142.4  4.9 
2012 321 19:20 Kuril Islands 18:12 49.2 155.4   6.5 
2012 330 22:17 Chile  22:11 -44.3 -77.7  4.8 
2012 331 0:36 EPR  0:17 -9.0 -108.3  5.5 
2012 334 7:22 Peru  7:09 -6.5 -80.9  5.5 
2012 334 20:00 Guatemala 19:32 13.7 -92.1  5.5    
    
December  
2012 336 13:19 Easter Island 13:04 -30.1 -111.2  4.6 
2012 337 1:43 Vanuatu 0:54 -16.9 167.6  6.2 
2012 342 18:41 Tonga  17:51 -15.9 -173.8  4.7 
2012 349 10:48 Vanuatu 9:55 -19.0 169.5  4.7 
2012 352 17:55 EPR  17:41 -4.1 -104.4  5.9 
2012 352 18:01 EPR  17:46 -3.9 -104.0  5.7 
        
January 
2013 005 9:15 MIR  8:27 -15.0  67.0  4.7 
2013 015 16:27 PAR  16:09 -62.5 -161.4  6.1 
2013 023 4:43 EPR  4:29 -34.6 -109.1  5.1 
 
Table 9-1 Table describing where in the dataset VLF waveforms were seen. All but one could be associated with distantly 
sourced earthquakes and their associated rayleigh waves. Table shows time that rayleigh waves arrived at the stations and the 
associated earthquake. 
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