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The subduction of the Chile Ridge, the active mid-ocean spreading ridge between the 

Nazca and Antarctic plates, beneath Patagonian South America provides a unique opportunity to 

study spreading ridge subduction.  From Dec 2004 to Feb 2007 the Chile Ridge Subduction 

Project (CRSP) temporary seismic network, operated jointly by the University of Florida and 

the Universidad de Chile, recorded seismic data at 59 seismic stations deployed in the Chile 

Triple Junction (CTJ) region including local, regional, and teleseismic earthquakes data order to 

study the ridge subduction. This study includes two main sections, one detailing results of the 

first observations of nonvolcanic seismic tremors (NVT) to be made in South America, and the 

second presenting the results of the first study of crustal structure and seismic anisotropy in the 

CTJ region deriving from ambient seismic noise.  The tremor signals at the CTJ appear as low 

frequency (5-10 Hz) ringing seismic signals, rising clearly above noise; they have durations of 

up to 48 hours per episode. Tremors are located around 100 km east of the trench in a narrow 

band that follows the strike of the Nazca slab, but with activity concentrated in two clusters in 

the north and south of the Chonos Archipelago. Clear correlation was observed between the 

occurrence of NVT and the amplitudes of solid Earth tides. Semi-diurnal, diurnal and long-
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period modulations of tremor signals at the principal solid Earth tidal frequencies were clearly 

observed. Time series of tidal displacement in the CTJ area were calculated and cross-correlated 

with the NVT signals. The maximum cross-correlations between the two time series are 

obtained when tidal displacements parallel the orientations of major structures of the subducted 

Nazca plate and the Nazca-South America plate boundary.  In the second part of this study 

(chapters 4 and 5), cross-correlation of recorded ambient seismic noise was used to estimate 

inter-station surface wave time-domain Green's functions, and the resulting travel times were 

inverted to obtain crustal surface wave velocities and anisotropy models. The resulting inversion 

shows that cell velocities correlate well with known geologic features:  crustal velocities are 

high where the Patagonian Batholith outcrops or is likely present at depth; and low velocities 

correlate with sedimentary and volcaniclastic basins, and with the active volcanic arc of the 

Southern Volcanic Zone and the subducted Chile ridge in Taitao peninsula, where recent 

volcanism and thermal activity of hot springs is present. High velocities in the mountainous 

portions of the southeastern study area appear to correlate with outcropping older metamorphic 

units. For the anisotropic model, high radial anisotropy coincides with a highly layered Chonos 

metamorphic complex and fast raypaths of crustal azimuthal anisotropy trend approximately N-

S, parallel to the pervasive metamorphic fabric orientations  (e.g. foliation) of  the crustal units 

in the study region and with the strike of the Liquine-Ofqui strike-slip fault.  
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       CHAPTER 1 
TECTONIC SETTING 

1.1 Subduction of the Chile Ridge 

The current tectonics of the study area (Figure 1-1 and Figure 1-2) are controlled by the 

subduction of the actively spreading Chile Ridge and transform faults (Cande and Leslie 1986, 

Cande et al. 1987, Eagles 2004, Breitsprecher and Thorkelson 2009), the plate boundary 

between the Antarctic and Nazca oceanic plates, currently subducting beneath South America at 

convergence rates of 1.85 and 6.6 cm/yr, respectively (Wang et al., 2008). The three tectonic 

plates meet at the Chile Triple Junction (CTJ).  The CTJ has progressively migrated from south 

to north, beginning with subduction of the first ridge segment 14 Ma ago at Tierra del Fuego 

latitudes (55ºS), and is now located at 46.5ºS (Cande and Leslie 1986). Subduction of active 

ridge segments leads to formation of a slab window – a gap between the subducted oceanic 

lithospheres (Russo et al. 2010, Russo et al. 2010b) – due to continued spreading and cessation 

of new lithosphere production (Cande and Leslie 1986, Ramos and Kay 1992, Murdie et al. 

1993, Breitsprecher and Thorkelson 2009). The Incorporated Research Institutions for 

Seismology (IRIS). Data Management Center (DMC) catalog shows offshore seismicity (M > 4) 

occurring on the active ridge segments and transform faults of the Chile Ridge.  Onshore, 

seismic activity is low and the only previous seismic study realized in this area revealed a sparse 

alignment of slab earthquakes parallel to the subducted Taitao fracture zone, indicating 

continued slip on this ridge transform after subduction (Murdie et al. 1993). South of the CTJ, 

the seismicity is poorly recorded and apparently even less active, perhaps owing to the slow 

convergence of the Antarctic plate.  Between the Chonos Archipelago and the continent, the 

Liquiñe-Ofqui fault zone (LOFZ) is an active, low-seismicity, dextral strike-slip fault, with a 

length of ~1000 km extending from 40-47°S, striking parallel to the volcanic arc trend 
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(Cembrano and Herve 1993, Rosenau et al. 2006). Current surface site velocities of this area 

revealed by Global Positioning System (GPS) observations include approximately arc-normal 

motion of the coast and evidence for dextral displacement on the LOFZ, allowing the northward 

translation of the Chonos forearc sliver (Wang et al. 2008). North of the study region, average 

rates of motion are estimated to be 3.6 cm/yr since Pliocene times, decreasing northward to 1.3 

cm/yr (Rosenau et al. 2006).  

1.2 Geologic Setting 

The geology of the South American plate in the CTJ area (Figure 1-3) is divisible into 

four principal geologic units that lie in approximately north-south belts along the subduction 

zone.  The Western Metamorphic Complex (WMC) constitutes the primary basement outcrops 

in the forearc domain of the Chonos archipelago and Taitao Peninsula. In the Chonos islands, 

the WMC is constituted by an eastern belt, composed of metaturbidites, and a western belt, 

mainly formed by strongly foliated mica schists and greenschists (Herve et al. 2008). Rare 

preserved fossil faunas date this formation to the Late Triassic (Fang et al. 1998). Intercalated 

mica schists, phyllites, and other metasediments make up the remaining WMC units (Escobar 

1980). The Taitao ophiolite complex, outcropping on the westernmost tip of the Taitao 

Peninsula, is evidence of obduction of young Nazca plate crust, a product of the collision 

between the Tres Montes segment of the Chile ridge and the overriding continent (Forsythe and 

Nelson 1985, Forsythe et al. 1986, Nelson et al. 1993, Lagabrielle et al. 1994, Shibuya et al. 

2007). 

The North Patagonian Batholith (NPB) is one of the world's largest intrusive bodies, 

extending  from 41°S to 52°S, with a width of nearly 200 km. The granodiorites, granites, and 

tonalites of the NPB are divisible into two north-south trending bands that differ mainly in age 

(Pankhurst et al. 1999):  the Miocene central band (MPB) outcrops continuously along the 
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active volcanic arc north of the CTJ (i.e., ~46° S), but does not extend south of the bifurcation 

of the Liquiñe-Ofqui fault. In contrast, the Lower Cretaceous North Patagonian Batholith 

(LCPB) outcrops throughout the study region, primarily to the east of the Liquiñe-Ofqui fault 

zone, but some satellite bodies outcrop in a N-S trending belt along the easternmost Chonos 

islands and the Taitao Peninsula.  The LCPB extends continuously across the pronounced gap in 

modern arc volcanic activity (Ramos and Kay 1992) but trends NNE, and thus occupies a 

forearc position south of the Golfo de Penas (Figure 1-3). 

The Paleozoic Eastern Metamorphic Complex (EMC) outcrops in the SE of the study 

region, includes the oldest rocks in the area, and is formed by two distinct successions: The Rio 

Lacteo Formation in the north comprises medium-grade metasediments, and the Bahia de la 

Lancha Formation in the south comprises tightly folded turbidites metamorphosed at low grade 

(Bell and Suarez 2000, Herve et al. 2008).  

North of the EMC outcrops (~47° S), between the LCPB and the Chile-Argentina 

border, faulted and folded Jurassic and Tertiary felsic and intermediate volcanics and 

sedimentary rocks of the Patagonian Ranges outcrop both north and south of the current CTJ 

(Escobar 1980, Lagabrielle et al. 2004, Lagabrielle et al. 2007). A suite of Tertiary basalts 

erupted above the Patagonian Range units in Chile, but much more extensively in Argentina, are 

thought to represent a shift of magmatic activity - normally expressed at the arc - to the back-arc 

region, where extensive Neogene plateau lavas have erupted synchronously with ridge segment 

subduction (Ramos and Kay 1992, Gorring et al. 1997, Espinoza et al. 2005, Guivel et al. 2006, 

Espinoza et al. 2008). Interaction of the ridge segment subducted at 6 Ma with the overriding 

plate is also indicated by a marked change in deformation and uplift north and south of Lago 

General Carrera (LGC) (Lagabrielle et al. 2004, Ramos 2005, Lagabrielle et al. 2007). Near 
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Lago Carrera, a low gravity anomaly is associated with the both ridge subduction and a change 

in the crustal thickness (Murdie et al. 2000). 

 Pleistocene-Holocene strato volcanoes built atop the MPB/LCPB, forming the southern 

part of the Southern Volcanic Zone (SVZ), are closely aligned with the trend of the LOFZ 

(Cembrano et al. 1996).  Within the study region, five major strato volcanic centers (Figure 1-1) 

have been active during Holocene-Recent:  Melimoyu (200±75 AD), Mentolat (1710±5 AD), 

Maca (410 ±10 AD), Cay (Holocene), and Hudson (1991).  Hudson is the southernmost volcano 

of the SVZ, lying essentially due east of the CTJ. Between the SVZ and the Austral Volcanic 

zone (AVZ) south of the study area, a gap in volcanism of about 500 km is thought to be a result 

of perturbations in to the upper mantle wedge beneath South America caused by subduction of 

the Chile Ridge and slab window formation (Cande and Leslie 1986, Ramos and Kay 1992). 

The presence of recent volcanism and hot springs in the Taitao Peninsula at more than 100 km 

west of the volcanic arc, is evidence of the interaction between the subducted active and hot 

Chile Ridge and the overriding plate (Lagrabielle et al. 2000).  

1.3 Data Acquisition and Instrumentation 

The Chile Ridge Subduction Project seismic network (Figure 1-7) consisted of 59 

seismic stations, including 32 STS-2 broadband sensors, 4 L22 short period and 4 fat stations 

composed of 1 Guralp broadband sensor and 3 or 4 L22 short period sensors in a T- or an L- 

shaped geometric arrangement. Data were recorded continuously at a sample rate of 50 Hz. 

Most of the sites lacked alternating current electrical power and batteries charged by solar 

panels were necessary.   

The installation of the equipment required the installation of interconnected subsystems: 

•      Sensor 
•      Power sub-system (batteries, solar power, battery charger, utility company, etc) 
•      GPS timing system 
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•      Data acquisition system (DAS) 
•      Intra-system cables 
 

To protect the sensor against animals and seasonal and diurnal thermal variations, the 

sensors were placed in a specially-constructed vault below ground and, if necessary, a fence was 

constructed around the station. The sensors were placed in a hole about 1.5 m deep and 0.5 m 

diameter floored by a flat poured-concrete slab.  At the bottom of the barrels used for vaults, a 

drainage tube was installed to evacuate excess rain water and ground water percolation. The 

sensors were leveled and oriented properly to provide ground motion in the vertical, north-

south, and east-west directions. The power subsystems included two 100 Amp-hour deep-cycle 

marine batteries, two 65 Watt photovoltaic solar panels and a power box that provided a trickle-

valve charging (i.e., one way from panels to batteries) of the batteries and which distributed the 

energy to the sensor and DAS. The solar panels were attached to a wooden frame facing to the 

north and inclined at 60° from vertical to capture the maximum solar power at the study region 

latitude. Batteries at stations powered by wall current were connected to a battery charger.  The 

DAS and batteries were placed together in a plastic container protected from weather conditions 

at all outdoor sites. The GPS antennas were located at the top of the solar panel frames or on 

appropriate building architecture. The network was visited approximately every 6 months to 

collect the data and to provide routine maintenance. Because of the challenging geographic and 

climatic conditions the use of ships and, in one instance, a hydroplane, was necessary to reach 

stations located in the Chonos Archipelago and on the Taitao Peninsula, and 4x4 pickups and 

horses were used to reach the remaining sites.  In populated areas, stations were often sited on 

private property, and the help provided by the local landowners was a very important factor in 

the success of the project. 
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Figure 1-1. Tectonics and topography of Chile Triple Junction (CTJ) area. Black inverted triangles, 
seismic stations; red triangles, volcanoes.  Black and red lines:  transform faults, fracture 
zones, and  active ridge segments, dashed where subducted (surface projections by (Murdie 
and Russo 1999)).  Arrows are relative convergence directions of Nazca (6.6 cm/yr) and 
Antarctic (1.8 cm/yr) plates (Wang et al., 2007).  Double stranded fault cutting the region is 
the Liquiñe-Ofqui fault zone. Yellow curved lines, Patagonian slab window boundary 
defined by P wave tomography, shown at three depths: 50, 100 and 200 km (Russo et al. 
2010, Russo et al. 2010b). 
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Figure 1-2 Shaded-relief bathymetry in the area of the Chile Triple Junction (Ranero, 2006). 
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Figure 1-3. Geologic map of CTJ region, modified from Escobar (1980).   Black inverted triangles 
represents seismic stations. Red triangles represent volcanoes. Red line indicates Chile 
Ridge segments. Black line indicates transform faults  and fracture zones. Segmented 
lines indicate subducted transform faults and fracture zones. 
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Figure 1-4. Continuation Figure 1-3 
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Figure 1-5. Viscoelastic numercial model from GPS observations. Squares indicate locations of 
GPS sites. Dark shading represents the rupture zone of the 1960 M 9.5 Chile 
earthquake. Light shading represents the coseismic transition zones. Thick solid and 
dashed lines outline the locked and interseismic transition zones, respectively (Wang 
et al. 2008).  
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Figure 1-6. Seismic events from 1964 to present  (IRIS DMC catalog). Background image:  
Google Earth. 
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Figure 1-7.  Details of seismic network. Red squares, STS-2 broadband sensors, yellow squares, 
fat stations composed of a Guralp broad sensor and a special arrangement of  3-4 
short period L22 sensors. Blue squares, short period sensors. Background image:  
Google Earth.  
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CHAPTER 2 
NON VOLCANIC TREMORS AT THE CHILE TRIPLE JUNCTION 

1.4 Introduction 

Non volcanic tremor (NVT) is a weak, 1-10 Hz seismic signal with extended duration of 

hours to days, with no clear P or S waves. It has been observed episodically at different 

subduction zones:  Nankai in Japan (Obara 2002), Cascadia (Rogers and Dragert 2003), Chile 

(Gallego et al. 2006), Costa Rica (Brown et al. 2005, Brudzinski and Allen 2007), Oaxaca  

(Payero et al. 2008), Alaska (Peterson and Christensen 2009), and Taiwan (Peng and Chao 

2008), and along the San Andreas Fault (Nadeau and Dolenc 2005).  At subduction zones well-

located NVT lie in a belt-like zone that follows the 30-40 km iso-depth curves (Shelly et al. 

2006). NVT is believed to result from shearing on faults at high pore pressure (Obara 2002, 

Shelly et al. 2006).  

Occasionally, periods of high NVT activity correlate in time and location with the 

occurrence of Slow Slip Events (SSE). These coupled phenomena are called episodic tremor 

and slip (ETS) (Rogers and Dragert 2003, Obara et al. 2004). SSE are observed as a sudden 

motion of the overriding plate in the opposite direction of the subducting plate convergence. 

The signal is aseismic, but is detected with continuous GPS networks (Dragert et al. 2001, 

Lowry et al. 2001). There is no clear relation between SSE and major earthquakes, and their 

duration is variable, generally lasting for weeks or months.  In the Cascadia subduction zone, a 

slip of 2 cm in an area of 200 x 500 km occurred over 15 days, producing energy equivalent to a 

magnitude 6.7 earthquake.  This sudden motion of the surface is interpreted as slip on the 

interplate interface, down-dip from the locked section of the seismogenic zone (Dragert et al. 

2001). One possible interpretation for the mechanism of SSE is the concept of patches 

analogous  to asperities along faults that rupture during earthquakes (Lay and Kanamori 1981), 
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in which stronger patches with stick-slip behavior are surrounded by larger regions of stable slip 

(Ito et al. 2007).  

Another important characteristic of tremors is their migration. Along Japan’s Nankai 

Trough, NVT locations apparently migrate along the strike of the subduction zone at about 13 

km/day (Obara 2002). This migration does not always occur, and sometimes clusters of activity 

appear randomly in different parts of the slab. Another type of migration appears when 

successive low frequency earthquakes (LFEs) within the tremor signal migrate in the down-dip 

direction of the slab at about 45 km/h, much faster than NVT migration along strike (Shelly et 

al. 2007).  

There are two main processes invoked to explain the generation of NVT.  The first is the 

release and rise of fluids from dehydration of the subducting slab; this process is similar to 

volcanic tremors due to movement of magma or hydrofluids passing through volcanic conduits. 

Large amounts of water accumulate in the slab due to hydrothermal activity at mid-ocean ridges 

(Peacock 1990) and to infiltration of water in normal faults formed during the bending of the 

slab at subduction zones (Ranero and Sallares 2004, Ranero et al. 2006, Faccenda et al. 2009).  

NVT occur at depths where prograde metamorphism in the slab releases high volumes of fluid 

(Peacock 1990). These fluids migrate to the slab surface, at high pressure, and result in 

hydraulic fracturing, and, presumably, the long duration of the tremors occurs due to a chain 

reaction where the high pressure fluid activates or creates new fractures (Obara 2002). However, 

a second process is also invoked, one similar to slip during earthquakes, that occurs when a 

series of near-continuous LFE’s are detected as tremors. LFE’s were identified for the first time 

in the Nankai subduction zone (Katsumata and Kamaya 2003) and later within the NVT signal 

(Obara and Hirose 2006, Shelly et al. 2007).  Precise hypocentral locations and focal 
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mechanisms of earthquakes can be obtained by analyzing the travel times and polarities of P and 

S waves.  For most NVT such analyses are difficult because of the low amplitudes and lack of 

clear P and S waves in tremors. To overcome this problem, making use of the unmatched spatial  

density, and low-noise recordings of the Japanese borehole Hi-NET array in Shikoku, Japan, 

(Shelly et al. 2006) cross-correlated the waveforms of local earthquakes with those of LFE. 

They thus obtained P and S propagation delay times allowing good hypocentral determinations. 

The locations showed that tremors lie in a narrow band dipping parallel to the subducting slab, 

and around 5-8 km shallower than the Wadati–Benioff zone. Ide et al. (2007) correlated the 

waveforms of stacked LFE with waveforms of local earthquakes with known focal mechanism. 

Results of P wave first motion focal mechanisms obtained this way showed that the LFE 

waveforms were consistent with shear slip on definite planes corresponding to thrust fault focal 

mechanisms.  

The relationship between magnitude and frequency of NVT occurrence appears to be 

unlike that of earthquakes.  For earthquakes, there is a power-law relation between earthquake 

frequency and magnitude, known in seismology as the Gutenberg-Richter law. In contrast, the 

relationship between nonvolcanic tremor amplitude and duration is exponential (Watanabe et al. 

2007).  The difference between the two points to a fundamental difference in the processes of 

earthquakes and NVT, although exactly how they differ has not yet been determined. 

Attempts to identify and characterize NVT automatically have burgeoned since the 

recognition of the phenomenon in 2002, and now include sophisticated computer algorithms 

(Wech and Creager 2008, Suda et al. 2009, Husker et al. 2010), but the diversity of NVT 

amplitudes, frequencies, bursts and peaks have largely defied precise and consistent physical 

characterization.  In this study,  durations of NVT signals were identified during two continuous 
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years (2005 and 2006) in the CTJ area with a maximum duration of 48 h, and a maximum time 

hiatus of 72 hours, thus demonstrating that these are the most continuously active nonvolcanic 

tremor signals yet observed anywhere in the world. In order to better understand the possible 

mechanisms producing these tremors and their unique occurrence, data collected at the Chile 

Triple Junction were used to characterize the NVT signals, yielding their spectral content, wave 

propagation characteristics, durations, recurrence properties and, in some instances, epicentral 

locations. 

 

1.5 Methodology 

1.5.1 Time Distribution of NVT.  

Time series of NVT occurrence were constructed for each seismic station where such 

signals were detected (Figure 2-2). NVT signals were observed at only 14 stations located in the 

Chonos Archipelago and Taitao Peninsula, at sites around 100 km east of the Chile trench.  Two 

years of data (2005 and 2006) were examined visually, and the times of the tremor burst first 

arrival and its end were determined (Figure 2-2). NVT onset was declared when similar-shaped 

bursts were noted at a minimum of two stations; given a nominal station spacing of 70 km, this 

assured that the signals indeed corresponded to NVT and not to local noise, which is inherently 

uncorrelated and thus not recognizable.  For earthquakes, the first arrival of P and S waves are 

typically impulsive and therefore relatively easy to identify.  In contrast, NVT signals are 

emergent, arising very smoothly from background noise without apparent distinctive peaks. To 

determine the NVT arrival time and duration with accuracy is therefore difficult, but for the 

purpose of statistical analysis in this study, resulting errors of a few seconds in arrival time or 

duration are insignificant compared with hours or days of continuous tremor signal.  



31 

1.5.2 Hypocentral Determination of Non Volcanic Tremor. 

  Due to the absence of impulsive waves in the tremor signal, traditional earthquake 

location methods are not applicable.  Instead of using impulsive peaks, the Source Scanning 

Algorithm (SSA) developed by Kao and Shan (2004) utilizes the signal amplitude in a time 

window of a few seconds to find the travel time of a given tremor burst between source and 

stations. This forward modeling method depends on accurate knowledge of model shear wave 

travel times through a three-dimensional volume of the study region.  The study area was 

parametrized as a grid of 10 x 10 km cells, and, for each, the shear wave travel time between the 

cell and stations using an assumed S-wave velocity model was calculated based on results of 

Robertson et al. (2003). The SSA then yields a tremor burst hypocentral estimate by sequentially 

comparing the observed and calculated NVT travel times and burst amplitudes between each 

potential source cell and each station where the NVT were observed.  We then used a two-step 

procedure to calculate the maximum brightness function:   

 

𝑏𝑏𝑏𝑏(𝜂𝜂, 𝜏𝜏) =
1
𝑁𝑁
∑ 𝑊𝑊𝑚𝑚�𝑢𝑢n�𝜏𝜏 + 𝑡𝑡𝜂𝜂𝜂𝜂 + 𝑚𝑚𝑚𝑚𝑡𝑡��𝑀𝑀
𝜂𝜂=−𝑀𝑀

∑ 𝑊𝑊𝑚𝑚
𝑀𝑀
𝑚𝑚=−𝑀𝑀

 (2-1) 

where N is the number of stations, tηn  is the predicted travel time from potential source-

cell η to station n, τ is the origin time, un is the signal amplitude at time tηn, M is the number of 

samples used to compute the signal amplitude, and δt is the sampling interval. Wm is a weighting 

factor that depends on how much the predicted signal travel time differs from the observed 

arrival time. 

In the first step, the signal was visually inspected to find a clear tremor burst. A suitable 

portion of tremor signal was selected if it contains relatively high SNR, duration longer than 20 
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sec, and if it was identified on the same seismometer components (e.g., vertical) at a minimum 

of 4 stations. The amplitude of each selected seismogram was then normalized. In the second 

step, the time window selected was processed through the SSA. 

The brightness function is therefore a measure of how closely the timing and maximum 

amplitude of a tremor burst observed at a given station correlates with the timing and observed 

burst amplitudes at other stations, assuming that all the NVT were produced in the same source 

cell at the same time. The brightness function increases when the arrival times from the source 

to each station are close to the maximum amplitude of the signal in a particular time window 

mδt.  To accelerate convergence to a single source cell at a given origin time, the algorithm runs 

in two steps.  First, the travel times are calculated using a velocity grid of 10 x 10 km cells that 

spans the entire study area (400 x 700 km), and then the grid is reduced to cells of  5 x 5 km in 

the 100 km2 around the maximum brightness point calculated in the first step. The time window 

mδt selected was 2.5 sec.  By systematically searching through all n and t in the grid for the 

local brightness maxima, the spatial and temporal distribution of the tremor source was found.  

Due to imperfections in the assumed velocity model (Robertson et al. 2003), the arrival time 

calculated may differ from the observed time.  To calibrate this error, several local earthquakes 

were located using the SSA and compared with the hypocentral estimates derived from standard 

location software (HYPO71; Lee and Lahr, 1972), yielding errors of about 10 km horizontally 

and 30 km vertically.  The vertical error is large enough to preclude resolution of the vertical 

distribution of tremors, which is in discriminate in possible source mechanisms.  

1.5.3 Other analysis 

Spectograms (Figure 2-4 and Figure 2-10) of observed NVT signals show variations in 

the amplitudes of the frequencies that constitute the signal during a given period of observation. 

These spectrograms are produced by calculating the frequency content in a time window of 2 s 
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using a slice of 1 s, distributed over the entire signal. This analysis is potentially useful for 

source discrimination. Particle motion analysis (Figure 2-6 and Figure 2-10), used to compare 

relative amplitudes on the three components of the seismogram, was constructed by plotting one 

of the three components of the seismogram (N, E, Z), on the x-axis, against a different 

component on the y-axis, for each value of the independent variable, time. This analysis is 

useful to discriminate whether the process releases energy as shear waves or compressional 

waves.   

1.6 Results 

1.6.1 Characteristics of NVT at the CTJ.   

The NVT signals detected at the CTJ (Figure 2-1) persist for variable durations from 

minutes to up to two days, have relatively low low signal-to-noise ratios, and frequencies 

between 1 and 10 Hz, i.e., they are depleted in high frequencies compared with local 

earthquakes in the same epicentral area (Figure 2-5).  The signals are composed of several 

bursts, similar to tremors found in other subduction zones (Obara 2002, Rogers and Dragert 

2003).  

1.6.2 Time Histograms of Tremor Activity. 

Histograms of tremor occurrence (Figure 2-2) for each station, calculated for the two 

years of data recording (2005 and 2006), show that tremors occur quasi continuously during 

intervals that vary from a few minutes to two continuous days, with smooth variations preceding 

and following a high tremor duration peak. Tremor activity was observed exclusively at stations 

located in the Chonos Archipelago and on the Taitao Peninsula (Figure 1-1).  In accordance with 

the observed intensity of tremor at the observing stations, tremor activity can be separated into 

three zones: North of the Chonos Archipelago, where the Nazca plate subducts, between the 

Guamblin and Darwin transform faults, stations IMG, IBJ, and AGU show minor NVT activity 
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with durations longer than 3.5 h occurring only 5 times.  In the central part of the archipelago, 

between the Darwin and Taitao FZs, stations HUM, ISM, PLM , RPR and NWM recorded the 

greatest activity, with NVT durations longer than 17 hours occurring 6 times, and the longest 

observed duration of continuous tremor activity yet seen in South America, which lasted for 48 

hours. South of the Taitao FZs, where the Antarctic plate is subducting, tremor activity at 

stations HOP and SAD is rare.   

1.6.3 Non Volcanic Tremor Location  

The tremors that we could locate (Figure 2-12) occurred in a band of epicenters about 50 

km wide along the Chonos Archipelago and Taitao Peninsula, lying around 60 to-80 km east of 

the trench. The tremors lie well west of the Liquine-Ofqui fault zone and the recently-active 

volcanic centers of the Southern Volcanic Zone.  They are separated into two clusters about 125 

km apart which differ in activity:  one very active cluster in the south, mostly centered on the 

Taitao Peninsula, and a less active cluster in the north centered on the eastern Chonos 

Archipelago.  Analysis of the tremor depth distribution is more difficult due to the small number 

of stations deployed and the lack of a truly detailed velocity model for this area.  As is typical 

for earthquakes, CTJ tremor hypocenters are more uncertain than their epicenters because the 

wide station spacing (40 km on average) means the vast majority of tremor do not lie directly 

beneath a station, and so there is no observed travel time for a strictly vertical path to constrain 

tremor depth. The tremors we could locate are distributed (Figure 2-14) from the surface to 80 

km depth, with a peak of occurrence at 30 km ±10 km (Figure 2-15). Vertically, the two clusters 

occupy an elongated  volume separated horizontally by a gap. 

1.6.4 NVT Frequency of Occurrence. 

The relationship between earthquake magnitudes and frequency of occurrence is 

quantified by the Gutenberg-Richter law (Gutenberg and Richter 1945):  
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𝑙𝑙𝑙𝑙𝑙𝑙 𝑁𝑁 =  𝑎𝑎 − 𝑏𝑏𝑀𝑀 (2-2) 

 

where  N is the number of events with a magnitude greater than M, and a and b are constants 

that depend on the number of earthquakes in a given region. This relation has a fractal behavior 

because the same relation is found in small and large seismic areas, except for the largest 

earthquakes. 

To explore the relationship between NVT duration and frequency of occurrence, two 

years (2005 and 2006) of tremor time series were analyzed (Figure 2-2). Tremor duration was 

plotted against cumulative frequency of occurrence with a 10 min interval. The cumulative 

frequency expresses the number of tremors with duration greater than or equal to time T as a 

function of T.  The resulting curve (Figure 2-16) shows a progressive decrease in the number of 

tremors with the increase of tremor duration.  The curve fits a power-law trend with a 

correlation coefficient of 0.97 and an exponential trend with a coefficient of 0.76.  Therefore, a 

power law is more appropriate than an exponential law to express the quantitative relationship 

of the data. The equation obtained that expresses this relation is: 

𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁 = 𝑐𝑐 − 𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 (2-3) 

where N is the number of tremors with duration equal to or larger than T, c = 7 and d=1.95.  

Duration magnitudes for small earthquakes (ML < 3) derive from empirical relationships which 

are highly dependent on local conditions and instrument corrections; however, they all have a 

logarithmic dependence on event duration (Lee et al. 1972, Castello et al. 2007). Thus, log T in 

tremors is proportional to the tremor magnitude and equation (2-3) is comparable to a 

Gutenberg-Richter law (2-2). 
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1.6.5 Low Frequency Earthquakes 

Within the tremor signal, on rare occasions, two consecutive impulsive waves appear, 

the second larger in amplitude than the first (Figure 2-7 and Figure 2-8).  The delay time (Figure 

2-9) between these two peaks increases with epicentral distance, suggesting that these are 

seismic signals that propagate at P- and S-wave velocities. The frequency content of these 

waves (Figure 2-10) is strongly concentrated between 1 and 10 Hz, and particle motions (Figure 

2-10) of these peaks are consistent with a primary P-wave oscillating in the vertical plane and a 

secondary S-wave oscillating in the horizontal plane. Compared to NVT and local earthquakes 

(Mw < 1) from the same epicentral area, their spectral content (Figure 2-11) is similar to that of 

NVT, but their amplitudes are smaller than those of the local earthquakes. These waves have 

been recognized in other regions (Katsumata and Kamaya 2003, Shelly et al. 2006) and termed 

low frequency earthquakes (LFE).  The locations of LFE in the CTJ region (Figure 2-12) 

coincide with the distribution of NVT clusters, but their depths are shallower, distributed 

between the surface and 40 km deep. 

1.7 Discussion 

The characteristics of the NVT signal in the CTJ region are similar to those of NVT in 

other regions (Obara 2002, Rogers and Dragert 2003, Brudzinski and Allen 2007, Payero et al. 

2008, Peng and Chao 2008, Peterson and Christensen 2009). We observe tremor durations of 

hours to days, a frequency range between 1-10 Hz (Figure 2-4), depletion of higher frequencies 

with respect to spectra of local earthquakes (Figure 2-11), and propagation at shear wave  

velocities because the signals are large amplitude on horizontal component (Figure 2-6).  

Histograms of tremor activity during the two years of recording (2005 and 2006) vary smoothly 

and peaks of long-duration activity seem to be separated by 30 to 40 days. In contrast to other 

subduction zones where tremors occur  episodically in intervals of months (Rogers and Dragert 
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2003, Obara et al. 2004),  NVT at the CTJ are the most active in the world with just 72 hours of 

NVT hiatus during two years of observation.  Stations that recorded major activity (ISM, PLM) 

show 8 peaks with durations greater than 15 hours.  The long signals, composed of several 

bursts of variable amplitude, shape and duration, indicate that tremors may be produced by a 

quasi-continuous single-event process, a quasi-continuous process of a chain of events, or a 

continuous process that is only perceptible when for some reason the amplitude of the signal is 

greater than the background noise.  

The tremor signal also contains sporadic LFE, with distinctive P and S waves, similar to 

those found in Japan (Katsumata and Kamaya 2003).  These LFE are enriched in low 

frequencies (1-10 Hz) and depleted in high frequencies compared to those of local earthquakes. 

The variations of the frequency spectra (Figure 2-11) are similar to that of NVT, although their 

amplitude spectral peaks are greater, supporting the idea of a common source mechanism 

(Shelly et al. 2007). 

Located tremors occur in a distributed zone with a depth range of over 80 km (Figure 

2-14) and a peak of occurrence at about 20-30 km depth (Figure 2-15).  Accurate tremor 

locations are critical to understanding the mechanism that produces them.  In the Cascadia 

subduction zone (Kao et al. 2005), located tremors in a distributed zone (depth range of over 40 

km), very similar to this study’s  findings using data from a similarly-spaced seismic network 

and the SSA technique. However, Shelly et al. (2006) used cross-correlation and double 

difference to confine LFE observed in Shikoku to a narrow zone dipping parallel to the 

subducting plate, and a few km above interplate interface. If the Chilean NVT are similar to 

those in Shikoku, they probably also occur near the Nazca-South America interpolate interface.  

The geometry of the shallow slab in the CTJ is poorly known, but given the distance of 



38 

the tremor cluster from the trench of about 100 km, and a nominal subduction angle of 20 

degrees, and assuming tremors occur along or near the interplate interface, the location of  the 

tremors maximum at 20-40 km depths is similar to that observed for Shikoku (Shelly et al. 

2006). 

The more vigorous NVT activity beneath the south compared with those in the north, is 

probably related to the differential  proximity of the Chile ridge to the trench and the proximity 

of the southern cluster to the slab window.  The central part of the very active southern cluster 

(46°S) is located 105 km from the Chile Ridge, but the less active northern cluster (45°S) is 343 

km from the Chile Ridge (Figure 2-13). In the Cascadia and Shikoku subduction zones, NVT 

occur where relatively young (< 20 Ma), warmer oceanic plates subduct beneath the overriding 

plate (Peacock 2009). In southern Chile at 44°S numerical models predict temperatures similar 

to Cascadia subduction zone  (Oleskevich et al. 1999); south of 44°S were tremors were observe 

to occur, the proximity of the Chile Ridge should increase temperature gradients even more. 

South of 41°S, GPS data show a decrease of landward motion of coastal sites and an anomalous 

seaward motion of inland sites (Figure 1-5). This southward decrease in distance between the 

Chile Ridge and the trench increases the temperature in the slab, narrowing  the seismogenic 

zone toward the south and leading to increased stable slip (Wang et al. 2008).  In addition, high 

amounts of water accumulated prior to subduction due to  hydrothermal processes are released 

in the subducted slab during dehydration processes  (Peacock 1990, Peacock and Wang 1999). 

This dehydration and dewatering almost certainly increases the fluid pressures in the slab 

interface, reducing the effective normal stress on any fault surface present. Increased pore 

pressure in a network of intermittently connected fractures should facilitates fault slip, 

enhancing the occurrence tremors, LFE (Shelly et al. 2006) or the escape of fluids producing 
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NVT (Obara 2002).  

The IRIS CMT earthquake catalog (Figure 1-6) shows that the most active faults 

offshore are the Guafo, Guamblin, and Darwin transform faults, with some more minor activity 

near the subducted  Taitao and Tres Montes subducted transform faults.  Also, lineaments of 

inland local earthquakes parallel to the subducted Taitao and Darwin transform fault indicate 

that seismic activity of these transform faults continues after subduction (Murdie et al. 1993). 

The locations of NVT clusters coincide with the locations of subducted transform faults and 

fracture zones beneath the Chonos Archipelago (Figure 2-12).  The southern, high tremor 

activity cluster appears immediately north of and above the subducted Taitao transform fault 

and south of Darwin FZ, and the less active cluster in the north coincides with the subducted 

Guamblin FZ. The Taitao transform faults generated  a slow earthquake (as part of the 

aftershock sequence of the Great 1960 Chile earthquake) with a rupture process which lasted 

more than 1 h, indicating that the subducted oceanic transform fault can slip by quasi-seismic 

creep (Kanamori and Stewart 1979).  However, the NVT epicenters are dispersed rather than 

striking parallel to the fracture zones.  Additionally, the subducted Taitao transform fault now 

forms the southern boundary of the subducting Nazca plate, and, in consequence, is the edge of 

the slab window exposed to the asthenospheric mantle (Russo et al., 2010a,b), although seismic 

activity on this principal plate boundary fault plane is frequent enough to be distinguished from 

background (Murdie et al. 1993). Slip on the shear zone of the plate edge could occur by 

dragging of the mantle. The minor tremor activity in the northern cluster may be related to 

reactivation of the Guamblin and Darwin fracture zones during subduction. This reactivation 

results from changes in vertical and horizontal stresses during subduction (Nakajima and 

Hasegawa 2006). Note that NVT generation in transform faults is also observed, for example 
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along the San Andreas transform boundary (Nadeau and Dolenc 2005, Shelly et al. 2009), where 

they form a recurrently active lineament striking parallel to the fault at depth of 26 km well 

below the seismogenic zone (Shelly et al. 2009). Since oceanic transform faults accommodate 

most relative plate motion aseismically (Ihmle et al. 1993, McGuire et al. 1996), a slip 

mechanism that produces NVT may be a good candidate to compensate the observed slip 

deficit.  Moreover, the seismogenic zone in transform faults is strongly controlled by 

temperature (Behn et al. 2007).  In the southern cluster, the proximity of the Taitao and Darwin 

transform faults and fracture zones to the Chile Ridge increases the temperature gradient, 

elevating the isotherms so faults can slip aseismically, thus facilitating the occurrence of NVT.  

Accurate locations and focal mechanisms of both tremors and low frequency earthquakes are 

necessary to truly understand the origin of NVT at the CTJ, and to determine the tectonic 

regime in which they occur:  on or near the inter-plate interface, on subducted transform faults, 

or both.  At the CTJ, two factors probably control the distribution and activity of tremors: 

temperature, as indicated by the tremor cluster locations with respect to the active, unsubducted 

portion of the Chile Ridge, and high pore pressures in or near interplate interface and within the 

overriding plate. High pore fluid are likely present due to the dehydration of minerals that were 

altered by hydrothermal processes during lithosphere formation at the Chile spreading ridge, 

and also potentially due to infiltration of water in reactivated crustal normal faults during slab 

bending (Ranero and Sallares 2004, Ranero et al. 2006, Faccenda et al. 2009).  

The cumulative frequency of tremor duration (Figure 2-16) shows a power law trend 

similar to the Gutenberg-Richter law for moment magnitude.  A model based on scale 

invariance assumes that the frequency of a given size earthquake is inversely proportional to the 

area of the fault involved (Aki 1989): 
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𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁 = 𝑐𝑐 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (2-4) 

where S is the fault area and c is a factor depending on the fault shape.  The time of rupture 

propagation, TR, during an earthquake is proportional to the area of the fault, L, and inversely 

proportional to the velocity of rupture, vR, i.e.,  L = vRTR.  If tremors are a product of fault slip, 

and Tr is the tremor duration, the logarithmic relation between tremor duration and tremor 

frequency of occurrence found in this study (2-3) can potentially be explained by two 

mechanisms:  tremors occur on a single fault, and tremor duration increases logarithmically 

with the area of the fault; or, tremor duration increases logarithmically with the number of faults 

that slip in a chain reaction, with tremor duration proportional to the number and size of these 

faults. 

1.8 Conclusion 

Nonvolcanic seismic tremors in the CTJ subduction zone region are similar to those 

observed  in the Japan and Cascadia subduction zones:  long duration signals lasting from hours 

to days, depleted in high frequencies relative to earthquakes, and occurring in conjunction with 

LFEs within the tremor signal.   

Chilean NVT and LFE lie in a band parallel to the strike of the Nazca slab, dispersed 

within a narrow elongated area of 100 km width lying 100 km east of the trench. The NVT do 

not coincide with either recently active volcanic centers or the Liquine-Ofqui fault zone.  The 

wide depth distribution of NVT (0-80 km), with peak occurrence at 30 km, and the depths of 

LFE within 40 km of the surface, indicate that both phenomena occur mostly near the plate 

interface and within the overriding South American plate.  Two clusters of NVT activity, one 

very active in the south and another less active in the north, can be explained by different 

thermal and pore pressure conditions. The proximity of the active Chile Ridge and slab window 
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to the southern cluster increases the temperature gradient, thereby narrowing the area of the 

seismogenic zone, thus allowing aseismic fault creeping. Additionally, the oceanic Nazca plate, 

fractured by normal and strike-slip faults formed prior to subduction, accumulated ocean water 

within minerals of its altered crust and then released this water later during dehydration of the 

subducted slab.  This process increases the pore pressure and decreases the effective normal 

stress necessary for faulting. The frequency of occurrence of Chilean NVT is well represented 

by a power law, revealing a direct relationship between tremor duration and the number and size 

of faults involved in their production.   
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Figure 2-1. Non volcanic tremor waveform.  More than one hour of signal detected at 9 stations 
located along the Chonos Archipelago. Stations at the top (north) and bottom (south) 
are separated by more than 350 km. 
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Figure 2-2. Time series analysis of NVT.  Dark bars represent tremor duration in minutes per day 
during two years of data recording (2005 and 2006).  
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Figure 2-3. Brightness function calculated for a tremor burst:  blue colors represent an increase in 
the average amplitude for travel time calculated from a cell grid to all stations shown 
(inverted black triangles). 
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Figure 2-4. One continuous hour of tremor signal (top) and spectrogram (bottom). Color bar 
(center left) indicates power spectrum of frequency content.  Tremors visible as small 
bursts of signal above noise in the seismogram at top correspond to patches of 
elevated power (green-red) in the spectrogram below.  Note the tremor power is 
concentrated between ~1 – 10 Hz.   
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Figure 2-5. Comparison of a tremor burst and local earthquake near the epicentral area of NVT. 
Frequency analysis. (A) Spectral content of tremor burst. (B) Seismogram of tremor 
burst. (C) Spectral content of local earthquake (D) Seismogram of local earthquake. 
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Figure 2-6. Particle motion diagram of NVT signal.  BHZ, vertical component; BHN, horizontal 
N-S component; BHE horizontal E-W component.  Note the more energetic motion 
on the horizontal components, indicating the tremors propagate primarily as S waves. 
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Figure 2-7. Amplification of a LFE within tremor signals (top) observed at 4 stations (PLM, 
RPR, ISM, HUM).  Red arrow indicates time of the LFE in the raw seismograms, top.  
Amplified signal (bottom) represents 20 s of seismogram at station PLM. 
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Figure 2-8. Epicentral location of LFE using vertical (BHZ) and horizontal (BHE) arrivals of P- 
and S-waves at 4 stations (HUM, ISM, RPR, and PLM).  Red star indicates epicentral 
location. 
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Figure 2-9. Delay time between P and S waves for a LFE. Red dots are S-P time for 
stations located at 10, 34, 39 and 72 km from the epicenter. 
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Figure 2-10. LFE earthquake analysis. Particle motion diagram of P- (left column) and S-wave 
(right column) and spectrogram (center, bottom).  
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Figure 2-11. Frequency comparison between Local Earthquakes (LE), low frequency 
earthquakes (LFE), non volcanic tremor (NVT), and background noise. 
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Figure 2-12. Epicentral locations of NVT and LFE.  Red dots represent epicenters of tremor 
bursts found using the SSA algorithm.  Yellow dots are epicenters of micro-
earthquakes and LFE within tremors, located using HYPO71. 
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Figure 2-13. Yellow lines represent the distance (white numbers) from the active Chile ridge to 
the center of the northern and southern cluster of NVT.  
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Figure 2-14. Vertical sections of NVT hypocenters.  Red dots are locations of NVT with depth; 
yellow dots are locations of LFE.  A)  N-S section centered at 74.4°W.  B) E-W 
section centered at 46.1°S. 
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Figure 2-15. Number of NVT located with SSA as a function of depth.  
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Figure 2-16. Cumulative frequency of NVT at the Chile Triple Junction.  Red dots represent the 
number of NVT with duration equal to or greater than x-axis time. Black line 
represents the best fitting power-law curve to the distribution. 
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CHAPTER 3 
TIDAL CONSTITUENTS IN NON VOLCANIC TREMORS AT THE CHILE TRIPLE 

JUNCTION 

1.9 Introduction 

  The influence of tidal gravity on seismic phenomena has been studied for many years 

with relative success (Heaton 1975, Tolstoy et al. 2002, Cochran et al. 2004).  At the Juan de 

Fuca Ridge, correlation between minimum tidal ocean loading and earthquake swarms results 

from the reduction in confining pressure that decreases the normal stress across faults at the 

Ridge, facilitating the triggering of small earthquakes (Tolstoy et al. 2002).  Cochran et al. 

(2004) decomposed calculated solid Earth tidal stresses and ocean loading into normal and shear 

stresses acting on the fault planes of 2027 thrust earthquakes, demonstrating a good correlation 

between high tides and shallow thrust earthquakes.  A better correlation has been found between 

tides and volcanic activity.  At Mayon volcano, coincidence between tides and magmatic 

activity results from tidal ocean loading and solid Earth tides that modify the ambient stress 

balance, reducing or increasing the normal internal pressure generated in volcanic vents 

(Jentzsch et al. 2001). 

Solid Earth tides in the crust produce stress changes that can exceed 2 kPa, and, in ocean 

basins, water loading can change stresses by nearly 50 kPa (Heaton 1975).  The high stress 

necessary to trigger earthquakes (102-104 kPa), compared with the small stresses produced by 

tides, results in a generally weak correlation between earthquakes and tides (Beeler and Lockner 

2003).  However, stress change rate is on the order of 2 kPa/h for tides but only 0.03 kPa/h for 

tectonic stresses, and 0.04 kPa/h for SSE with duration of several days, and Nakata et al. (2008) 

have shown recently that nonvolcanic tremors are probably more sensitive to stress change rate 

than to absolute stress change.  Recently, in the Japan and Cascadia subduction zones, and at 

depth along the San Andreas Fault, NVT have shown a strong correlation with solid Earth tides 
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and, where appropriate, tidal ocean loading. Tremor amplitude (Nakata et al. 2008, Rubinstein 

et al. 2008, Thomas et al. 2009) and tremor occurrence (Gallego et al. 2007) is strongly 

modulated at diurnal (24h) and semidiurnal (12 h) tidal periods; Gallego et al. (2007) also 

showed a strong correlation of tremor duration and occurrence with the long period monthly 

solid Earth tide.  These authors agree that stresses necessary to trigger tremors are much smaller 

than stresses involved in earthquake production, and the faults involved are very close to failure.  

Nakata et al. (2008) calculated the Coulomb failure stress change from the theoretical solid 

Earth tide and ocean tidal loading.  Tidal stress was estimated in the epicenter of the tremor 

assuming a thrust fault mechanism.  Their results demonstrate a good correlation between NVT 

and the rate of tidal stressing.  These stresses are also on the order of the stress rate generated by 

SSE.  

Triggering of tremors has also been observed when surface waves originating from 

distant earthquakes traverse areas prone to NVT. The surface waves produce a small change in 

the stress level necessary for fault slip (Peng and Chao 2008, Rubinstein et al. 2009), or a 

change in the volumetric strain, increasing the fluid flow (Miyazawa and Brodsky 2008) 

resulting in fault slip. These observations lend support to the idea that NVT can be triggered by 

small stresses such as those produced by tides and surface waves. Tidal displacements could 

affect tremors occurring on highly-pressured faults or slip surfaces if the displacements have the 

effect of unclamping the fault surfaces or enhancing shear stress along fault surfaces (Cochran 

et al., 2004, Shelly et al. 2006).  The solid Earth tidal displacements diminish with depth (e.g., 

Melchior, 1983), and thus must involve differential strain.  For a suite of variably oriented slip 

surfaces, such as might be found in either the subducting Nazca plate crust and lithosphere, or in 

the overriding South American forearc, this strain might be compressive, dilatational or shear.   
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Solid Earth tides are caused by lunar and solar gravitation, and yield sub-meter 

displacements near the surface of the earth (Xu and Knudsen 2000).  Semidiurnal constituents 

produce the largest body tide contribution to distortion of the Earth, diurnal constituents the 

second largest, and long-period the smallest such amplitudes.  In this study, two years (2005 and 

2006) of NVT activity and computed time series of solid earth tides were analyzed.  The 

spectral content of tremor time series were calculated to determine tidal constituents in tremor 

occurrence, and time series of three component tidal displacements were cross-correlated to 

recover preferential strain directions favoring tremor occurrence. 

1.10 Methodology 

In order to determine the arrival times and durations of tremor the seismograms were 

visually inspected.  To overcome the low SNR ratio, the signal was detrended, demeaned, 

highpass filtered at 5 Hz, decimated at 10 Hz, and normalized. The time-series was formed by 

binarizing the tremor occurrence at a 1-hour sample interval, i.e., the signal is 1 when tremor is 

detected and 0 when no tremor was visible (Figure 3-1).  Although other studies utilized tremor 

signal amplitude (Rubinstein et al. 2008), we used tremor occurrence instead to make the 

analysis independent of the tremor intensity.  Stations with the greatest activity (ISM, PLM) 

near the active tremor cluster in the south were used for the analysis.  

Fourier spectra of the tremor time series (Figure 3-2,Figure 3-3) were calculated from 

the binarized signal and their amplitude were normalized.  Spectrograms for stations ISM 

(Figure 3-4) and PLM (Figure 3-5) were calculated with a time-moving window of 720 h and a 

slice time of 360 h.  The three components (Z, N, E) of solid Earth tidal displacement were 

computed using the program solid (Milbert 2007).  The algorithm produced time series of the 

tidal displacement at 1-hour sample interval in the area of the southern tremor cluster (46.5 S, 

74.5 W). 
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The near-surface tidal displacement in the CTJ area is thus a time-varying vector in three 

dimensions.  We can get a sense of the orientations of the slip surfaces that produce tremors 

modulated by tides if we can show that the modulation depends on the direction of the tidal 

displacement.  To estimate the maximum correlation of Chilean NVT with regional solid Earth 

tides, the three components of the tidal displacement vector time series were correlated 

(Pearson) with the tremor series at a series of different phase shifts.  The calculation was 

repeated with both time series filtered at semidiurnal, diurnal, and long-term tidal periods. 

  

1.11 Results 

Power spectra of the tremor time series (Figure 3-2) reveals strong tidal modulation of 

tremor occurrence at diurnal, semi diurnal, and long tidal periods.  The spectra include 

prominent  peaks at periods of 12.4 hours, 25.8 hours, 23.9 hours, 27.8 days, 16.2 days, 10.3 

days, 12 hours, and 2.6 days, in order of decreasing amplitude .  For comparison, the vertical 

amplitudes of solid Earth tidal constituents, in decreasing order, are:  12.4 hours, 23.9 hours, 12 

hours, 25.8 hours, 12.7 hours, 24.1 hours, 11.9 hours, 13.7 hours, and 27.6 days (Wahr 1995) 

Note the excellent correspondence in periods between the two sets of time series.  In general, 

the amplitudes of solid Earth tidal displacement coincide with the amplitudes of NVT power 

spectral peaks, high amplitudes for semi-diurnal tides, medium amplitudes for diurnal, and low 

amplitudes for long-period tides.  Note three observed peaks in the tremor spectra occur at 

periods unrelated to tidal displacements, those at 16.2, 10.3, and 2.6 days (Figure 3-2).  In 

detail, four diurnal tidal constituents (Figure 3-3) are present in the tremor power spectra, at 

25.82, 23.93, 24.08, and 24.01 hours.  This excellent correspondence between the NVT and tidal 

spectra has not been observed before.  

Spectrograms (Figure 3-4,Figure 3-5) of tremor signals at stations PLM and ISM show 
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strong spectral content at semidiurnal, diurnal and long-period continuously throughout the two 

years of data collected.  Diurnal periods appear stronger during November-February (Austral 

summer), and spectral gaps for the three periods appear during winter time.  One month (8 Nov 

and 8 Dec, 2005) of the tremor time series during the period of high spectral amplitudes reveals 

that tremor activity increased during periods of low tidal amplitude (Figure 3-6).  In other 

words, high tides tend to suppress tremor, and low tides enhance tremor activity. 

The cross-correlation between NVT time series and computed near-surface displacement 

of the solid Earth tides was calculated using narrow-band filtered signals at semi-diurnal (0.08 

cph), diurnal (0.04 cph) and long (0.002 cph) periods.  The maximum cross-correlation value, 

trend, and plunge directions for semi-diurnal, diurnal and long periods are, respectively: 0.55, 

S66°W, 17°;  0.55, N16°W, 56°S and 0.54, N86°W, -3°.  For signals filtered at periods outside 

the tidal band periods, the correlation coefficient decreased to 0.2, and for a random tremor 

signal filtered at the tidal periods yielded a correlation coefficient of just 0.02. 

1.12 Discussion 

Spectral analysis of NVT time series reveals a strong tidal modulation of CTJ tremor 

occurrence.  The amplitudes of tremor power spectral peaks (Figure 3-2) mimic the amplitudes 

of the semi-diurnal, diurnal and fortnightly tidal displacements (Table 1).  Two mechanisms 

have been invoked to explain the production of NVT:  The first entails the presence of slab 

dehydration fluids near the plate interface increases pore pressure, thereby decreasing the 

effective normal stress, and  producing hydraulic fracturing (Obara 2002).  The second 

mechanism posits that tremors occur by shear on fractures produced by long-duration series of 

small-magnitude LFE (Ide et al. 2007, Shelly et al. 2007, La Rocca et al. 2009).  In the CTJ, the 

strong correlation (>0.55) between tremor activity and tidal displacements  (Table 2) in certain 

orientations indicates that small stresses produced by the gravitational forces of the moon and 
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sun can trigger tremor activity.  For the first tremor production mechanism, tidal stresses could 

produce volumetric changes facilitating fluid flow and fracturing; for the second model, tidal 

stresses could activate indurated faults at high pore pressure that are already close to failure.  

If we assume that the maximum correlations between tidal displacement and tremor 

occurrence occur because the tides unclamp existing indurated (high pore pressure) fault 

surfaces, or because they enhance shear stress along such faults, accelerating slip episodes, then 

the directions of these tidal displacement at the three periods studies (semidiurnal, diurnal, long) 

should indicate the orientations of the fault surface in question.  At semi-diurnal periods, the 

maximum Pearson cross-correlation (0.55) occurs when the displacement on the Earth’s surface 

trends S66°W and plunges shallowly at 17°.  Fault surfaces perpendicular to this direction, as 

they must be to be unclamped by such a displacement, strike N24°W and dip 73°E.  A 

population of faults with orientation similar to this ideal attitude exists in the CTJ region in the 

form of the many crustal normal faults formed in the Nazca Plate during spreading of the Chile 

Ridge.  The Chile Ridge segment now at the trench at the CTJ in fact strikes N15°W, and we 

know from marine geophysical studies (Herron et al. 1981, Bangs et al. 1992) that the normal 

faults dip steeply.  Tremors of the CTJ margin occur in Nazca lithosphere that has subducted.  

The effect of downthrusting beneath South America on the orientations of the Nazca crust 

normal faults should be to steepen the dip of the faults by around 10-15°, but should only have a 

slight effect on the faults’ strike, tending to rotate them slightly to the northwest.  A similar 

analysis shows that the best-correlation long period tidal displacement can unclamp faults 

oriented N4°E, 87°W, i.e., faults also with a very similar orientation to the subducted normal 

faults in the Nazca Plate.  Numerous studies of the oceanic lithosphere show such ridge-formed 

normal faults to be pervasive, and thus tidal unclamping and slip on these faults – post 
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subduction – is a realistic source of tremor production. 

Invocation of the other potential mechanism for linking tremors and tides, shear on 

existing faults enhanced by tidal displacements, involves a different geometry between the tidal 

displacement and the fault surface that can be affected.  Shear on a plane is enhanced by 

motions at angles of, typically, 30-60° to the planar surface.  The maximum correlation between 

diurnal tidal displacements and tremors occurs for tidal displacements that trend nearly E-W 

(N86°W) and are nearly horizontal (-3°).  Planes that lie at the angles to this displacement 

necessary to enhance shear have poles that form cones about the maximum correlation vector.  

Obviously, there are an infinite number of such planes, but in reality, the likely fault surfaces 

that exist in the vicinity of the Nazca-South American interplate interface (i.e., where the 

tremors occur) include both the pervasive normal faults formed by spreading at the Chile Ridge, 

mentioned above, and also the transform faults that offset the Chile Ridge segments that have 

now subducted beneath South America.  The latter includes the Taitao transform fault that lies 

beneath the Taitao Peninsula very close to the southern cluster of very active tremors.  

Depending on their post-subduction dips, both sets of faults also lie at the requisite angles to the 

diurnal tidal displacement vector that produces the maximum tide-tremor correlation. 

Thus, existing fault and fracture populations within the subducted Nazca crust are 

properly oriented with respect to tidal displacements to yield tidally-triggered slip, thereby 

producing tremors.  The stress rate of tidal forces is likely sufficient to trigger tremors on slip 

surface subjected to high pore fluid pressures, thus diminishing the need for large stresses 

(Nakata et al. 2008).  

1.13 Conclusions 

Episodes of NVT  detected at the Chile Triple Junction occur near and at the Nazca-

South America interplate interface and within the overriding plate. A clear correlation between 



66 

the occurrence of NVT and soli-lunar tides was observed in the CTJ area.  Tremor triggering 

probably occurs when fractures close to failure are activated by the small change in stresses 

produced by tides.  The correlation between tremor occurrence and tidal displacements is a 

maximum when the strain caused by semi-diurnal, diurnal, and fortnightly tidal displacements 

unclamps or enhances shear on existing populations of faults in the Nazca plate crust.  
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Table 3-1. Tidal constituents of the solid earth tide,  a product of  lunar and solar gravitational 
attraction (Wahr 1995).  Cph, cycles per hour. 
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Table 3-2. Maximum cross-correlation of NVT signal and solid Earth tidal displacement. Tremor 
signal was band passed at diurnal, semi-diurnal and long tidal periods.  A random 
signal was generated and filtered at the same periods. 
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Figure 3-1. Binarized signal of tremor duration time series per hour, 1 signifies tremor  present, 0 
when no tremor activity for each hour. 
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Figure 3-2. Power spectrum of binarized tremor time series.  Frequency expressed in cycles per 
hour (cph); amplitudes have been normalized. 
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Figure 3-3. Power spectrum of binarized tremor time series for diurnal periods. Frequency 
expressed in cycles per hour (cph); amplitudes have been normalized. 
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Figure 3-4. Station ISM spectrogram. Top:  detrended and demeaned binarized signal for 1720 
hours.  Bottom:  spectrogram, with frequency in cycles per hour (cph) on the vertical 
axis, and time in hours for two years of data (2005 and 2006) on the horizontal axis. 
Color scale indicates spectral  power.  
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Figure 3-5. Station PLM spectrogram. Top:  detrended and demeaned binarized signal for 1720 
hours.  Bottom:  spectrogram, with frequency in cycles per hour (cph) on the vertical 
axis, and time in hours for two years of data (2005 and 2006) on the horizontal axis. 
Color scale indicates spectral  power.  
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Figure 3-6. Tidal amplitude (red line) and tremor activity (dark bars) during a period of 700 
hours. 
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CHAPTER 4 
SEISMIC NOISE TOMOGRAPHY IN THE CHILE RIDGE SUBDUCTION REGION 

1.14 Introduction 

Studies of scattered sound waves in inhomogeneous media (Lobkis and Weaver 2001, 

Larose et al. 2004) have found recent application in seismology in a new technique called 

ambient noise tomography, whereby it is possible to invert for seismic velocities of the lower 

and upper crust without having recourse to either passive or active seismic sources (Campillo 

and Paul 2003, Shapiro and Campillo 2004, Snieder 2004, Shapiro et al. 2005, Gerstoft et al. 

2006, Bensen et al. 2007, Lin et al. 2007). Long period seismic noise from sources such as 

ocean waves generates long-period surface waves that travel in the earth's crust.  At long 

distances, attenuation due to scattering eventually reduces the coherence of the signal and 

original direction of propagation.  However, it is possible to enhance the signal coherence and 

obtain a Green's function of the surface wave propagation by cross-correlating long time series 

of inter-seismic noise seismograms between stations pairs(Shapiro and Campillo 2004, Snieder 

2004). 

     In a typical tomographic inversion, propagation of seismic waves along the path 

between the localized source (earthquake or shot) and receiver (seismic sensor) yields the travel 

time of the seismic waves from origin to terminus.  In this new method, seismic noise signals 

received simultaneously at two sensors placed at regional distances are cross-correlated to 

obtain the ballistic wave field response (Green's function) at one station due to an impulse 

source at the other (Lobkis and Weaver 2001, Snieder 2004). The ballistic wave Green's 

function includes travel time information for propagation in either direction between the two 

receivers, a phenomenon called time reversal.  Thus, the impulse response can be recovered 

from either causal (t  > 0) or  acausal (t < 0) propagation (Larose et al. 2004).  Correlation of 
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scattered waves yields the Green's function when the waves scattered from points near the 

interstation path interfere constructively; in this scenario, time reversal is equivalent to 

propagation of scattered energy in either direction along the interstation path (Snieder 2004). 

     In the ideal situation where seismic noise sources or scatterers are uniformly 

distributed between two stations, the cross-correlated noise signal will be a symmetric function 

with respect to the arrival time.  However, when the noise source is concentrated along one 

azimuth, the cross-correlation will be one sided (Gerstoft et al. 2006). Because longer period 

scattered waves correspond to propagation at deeper levels, different frequency bands can be 

used to resolve velocity models at specific depth ranges  (Gerstoft et al. 2006, Bensen et al. 

2007, Lin et al. 2007). 

1.15 Data 

    In this study, we used ambient seismic noise data obtained from 44 broad band 

sensors (Figure 1-7) deployed between December 2004 and February 2007 in the CTJ region.  

Unlike other parts of the Andes, seismic activity near the CTJ is rare, with an almost complete 

absence of events larger than magnitude 4 (Figure 1-6).  Thus, the study area is a nearly ideal 

place for tomography derived from ambient seismic noise. The area is very remote and sparsely 

inhabited, so cultural noise is also virtually non-existent.  The analyzed signal as the continuous 

broadband vertical component seismic data recorded at 50 samples/second at the CRSP stations 

during the period from December 2004 to January 2007.  For each station pair, a minimum of 

30 days and a maximum of one year (2006) of continuous data was used. Because some of the 

CRSP stations did not operate during the entire deployment, only 38 station pairs met the 

requirement of more than 30 days of simultaneous recording.  This limitation yielded 703 (38 x 

37/2 = 703) interstation paths traversing an area approximately of 400 x 700 km, including the 

CTJ forearc, arc, and back-arc regions. 
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1.16 Methodology 

1.16.1 Cross-Correlation of Noise 

     All signals were band-pass filtered at periods of 2.5–100 sec, downsampled to 0.5 

sec, detrended, and demeaned.    Then the signal was single-bit binarized,  retaining just the sign 

of the signal amplitude (+1 for positive, -1 for negative). This truncation is effective in reducing 

the influence of any local earthquakes or non coherent noise included in the time window that 

could potentially modulate the interstation cross-correlation (Campillo and Paul 2003, Bensen et 

al. 2007).  

    24 hours of data for each station pair were cross-correlated independently and then 

stacked day by day into one time series that represents the Green's function dominated by 

Rayleigh wave energy for the given station pair.  The time series were bandpass filtered at 5-10, 

10-20, and 20-30 sec and normalized by the maximum amplitude, and the maximum amplitude 

of the envelope calculated, yielding the group velocity waveform of the scattered Rayleigh 

wave traveling from one station to the other.  The cross correlation thus also yields the 

interstation travel time of forward and (in some cases) reverse propagating surface waves, as 

discussed above. 

   Two time series for stations HOP and HUD, located to the west and in the center, 

respectively, of the CRSP network, illustrate the cross-correlation technique.  Station HOP  

(Figure 4-1) was located at the western extreme of the network on the Taitao Peninsula. Its 

cross-correlated signals with all other stations each show a strong causal, forward-propagating 

wave, indicating ocean waves were the principal source of the long period noise generating the 

interstation Rayleigh waves.  For each of these interstation cross-correlograms, the amplitude of 

the anticausal back-propagating wave is very small and difficult to observe, but, when visible, 

symmetric in time with the forward propagating scattered wave. The highest peak amplitude, 
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also shows an increase in the lag time as a function of the station pair distance.  Cross-

correlograms for station HUD (Figure 4-2), located at the center of the network, show causal 

correlations along paths to stations located to its east, and also to those lying to its west, and the 

anticausal, back-propagating scattered waves are small but symmetric. The spectra  (Figure 4-3) 

of the cross-correlated signals show peaks between 7 to 10 sec, due to the influence of ocean 

noise on the resulting Green's function, and white noise was added to the data to flatten the 

spectra.    

      To quantify the effect of our sensor distribution in the results (Figure 4-4),  the 

number of station-pairs as a function of azimuth was plotted for distances between 0-100, 100-

200, 200-300 and 400-500 km.  Most of the paths trend north-south, but this trend is more 

prevalent for short paths (< 300 km).  Longer paths tend to yield a wave velocity that is an 

average of the crustal heterogeneity, whereas short paths yield more variable velocities because  

averaging of structures is less along shorter paths. 

     The interstation velocities, determined from the interstation distances and travel times 

(Figure 4-5a,b), converge to the average crustal velocity as distance increases, as expected, but 

are more scattered for short distances.  There is also a bias toward high velocities for short 

paths, relative to velocities less than the average, which cannot be explained by the station 

distribution.  In part, these highly dispersed values result from low SNR (Figure 4-5e,f) for long 

wave periods (20-30 sec) which are not well developed in short station path and short wave 

periods (5-10 sec) attenuated at long distances.  

     The interstation velocities (Figure 4-5c,d), vary more for paths trending north-south 

than for other azimuths. The main source of seismic noise in this region is ocean waves along 

the N-S trending coast, which produces larger amplitude scattered waves along paths trending 
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E-W than N-S.  Correlations are thus stronger for E-W trending interstation paths.  As shown 

below, once signal-to-noise ratio is taken into account, this velocity variability with path 

azimuth is minimized. 

1.16.2 Signal to Noise Ratio, SNR 

     The quality of the signal was estimated for the three period bands via a signal-to-

noise ratio (SNR), defined as the ratio between the maximum amplitude of a 50 sec window 

centered at the time of the main scattered arrival, and the standard deviation of a 50 sec window 

centered 475 sec before the arrival time (i.e., true noise only). The SNR was calculated for both 

the causal and acausal sides of the time series. Plots of SNR versus velocity (Figure 4-5e,f) 

show that calculated interstation velocities are more variable for low SNR ratio (< 6) signals, 

which result predominantly for long period (20-30 sec) correlations. Signal quality is highest for 

shorter periods (5-10 sec).  With respect to interstation path azimuth, SNR (Figure 4-5g,h) is 

high for stations pairs trending east-west.  SNR is high for paths trending W (270° in Figure 

4-5g) and E (90° in Figure 4-5h), depending on which station of the cross correlation pair is 

nearer the coast.  

   In order to minimize the effects of low SNR cross correlations in the travel time 

inversion, station pairs with SNR values larger than 6 were selected, considering the maximum 

SNR from either the positive or negative lag (causal or acausal). The interstation distance was 

required  to be greater than 1.5 times the  wavelength (λ) of the highest cut-off period (τ = 10, 

20 and 30 sec), and, assuming a phase velocity, c, of 4 km/s (Bensen et al. 2007), the minimum 

path lengths are 60 km for the 5-10 sec band, 120 km for 10-20 sec waves, and 180 km for 20-

30 sec waves.  The velocities of the interstation pairs retained after discarding the low SNR 

correlations (Figure 4-6) are considerably smoother with respect to path azimuth. However, a 

systematic variation of crustal velocity with path azimuth is visible in Figure 4-6:  the highest 



80 

velocity paths trend N-S (around 0° and 180° azimuth) for the longest period waves (blue).  This 

variation is a consequence of the sensor distribution (Figure 4-4) and possibly also azimuthal 

anisotropy in the crust (Murdie and Russo 1999). Of the 703 potential interstation paths,  640 5-

10 sec wave paths were retained with an average velocity of 3.0 km/sec and a variance of 0.02, 

454 10-20 sec wave paths with mean velocity of 3.1 km/sec and a variance of 0.01, and 200 20-

30 sec wave paths with mean velocity and variance of 3.2 km/s and 0.05.  Note that the longer 

period waves are more sensitive to higher seismic velocities of the deeper crust.  

1.16.3 Dispersion and Rayleigh Wave Group Velocities 

     A frequency-time dispersion analysis (FTAN) was included to estimate group 

velocity as a function of period (Levshin et al. 1992) and the sensitivity of the period wave to 

the depth. First, the cross-correlated signal was transformed to the frequency domain, and the 

spectrum was flattened and normalized by weighting the complex signal by the smooth 

amplitude spectrum. Then, the analytical signal that discard the negative frequencies with no 

loss of information was calculated (Bensen et al. 2007). 

𝑙𝑙𝑎𝑎 = 𝑠𝑠(𝜔𝜔)(1 + 𝑠𝑠𝑙𝑙𝜂𝜂(𝜔𝜔))                          𝑠𝑠𝑙𝑙𝜂𝜂 = � 𝑗𝑗       𝜔𝜔 > 0
−𝑗𝑗     𝜔𝜔 < 0

�      (4-1) 

For each station-pair waveform, the signal was filtered in a narrow band using a Gaussian filter. 

𝐹𝐹(𝜔𝜔 − 𝜔𝜔𝑖𝑖) = 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝛼𝛼𝑖𝑖 �
𝜔𝜔 − 𝜔𝜔𝑖𝑖

𝜔𝜔𝑖𝑖
�

2
�           𝑖𝑖 = 1, … ,𝑁𝑁                  (4-2) 

Where ωi is the central frequency for periods between 5 and 30 sec with intervals of 1 sec, and α 

is the relative width of the filter, which is distance dependent. The dispersed signal is 

constructed by weighting the analytical signal with the gaussian filter: 

𝑙𝑙𝑎𝑎 = 𝑠𝑠(𝜔𝜔)(1 + 𝑠𝑠𝑙𝑙𝜂𝜂(𝜔𝜔))𝐹𝐹(𝜔𝜔 − 𝜔𝜔𝑖𝑖) (4-3) 
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The resulting waveform was transformed to the time domain and the logarithm of the symmetric 

signal calculated, averaging the positive and negative lagged signals, thereby yielding a matrix 

with period and group velocity arrival time. Values between grid points were calculated using a 

spline interpolation were calculated. 

     The dispersion curve (Figure 4-7) was obtained from the local maxima for each 

period. To eliminate spectral holes in the dispersion curves, the local maximum was calculated 

in a time window of 30 sec centered around the maximum of the previous period.  Curves with 

large velocity jumps and gaps were disregarded, yielding a total of 407 dispersion curves 

(Figure 4-8).  The averaged group velocity of the dispersion curve for each period was used to 

estimate a 1D velocity model (Figure 4-9), with an iterative weighted inversion method 

(Herrmann and Ammon 2002).  The initial model was constructed with eleven 5 km thick 

layers, each with constant Vs = 3.5 km/s, Vp = 6 km/s, and density = 2.5 kg/m3. The sensitivity 

of the wave period with respect to the crustal depth (Figure 4-10) was estimated using the 

derivative of the calculated model with respect to the initial model. 

1.16.4 2-D Travel Time Inversion 

    A 2D travel time inversion was performed using the least-squares method (Tarantola 

2005).  The area was parameterized as cells of 30 x 30 km.  Wave propagation paths were 

assumed to be straight lines, given the small effect of earth curvature at these propagation 

distances.  The forward velocity model was estimated by inverting the linear model, d=Gm, 

where G contains the lengths of segments formed by the intersections of ray paths and the cell 

boundaries, m is the matrix of slownesses of each cell block, and d is the inter-station travel 

time, obtained from the cross-correlation of stations pairs.  The new model is obtained by 

solving the inverse problem:  
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𝑚𝑚 = 𝑚𝑚𝑒𝑒𝑏𝑏𝑖𝑖𝑙𝑙𝑏𝑏 + 𝐶𝐶𝑀𝑀𝐺𝐺𝑡𝑡(𝐺𝐺𝐶𝐶𝑀𝑀𝐺𝐺𝑡𝑡 + 𝐶𝐶𝐷𝐷)−1(𝑑𝑑 − 𝐺𝐺𝑚𝑚𝑒𝑒𝑏𝑏𝑖𝑖𝑙𝑙𝑏𝑏 ) (4-4) 

where Gt is the transpose of G, mprior is the a priori velocity model, assumed constant with 

values of 3.0 km/s for the 5-10 sec period correlograms, and 3.1 km/s for those of the 10-20 sec 

period signals.  CD is a diagonal matrix of travel time errors (assumed to be 2 sec), and CM is the 

covariance matrix, derived from the exponential covariance function: 

𝐶𝐶(𝑒𝑒, 𝑒𝑒)𝜎𝜎2𝑒𝑒𝑒𝑒𝑒𝑒 �
−‖𝑒𝑒 − 𝑒𝑒′‖2

𝐿𝐿
� (4-5) 

where σ is  the variance of the velocity, (x-x') is the distance between cells and L is the 

smoothness, assumed to be 20 km, of the variation between contiguous cells.  For large 

distances, the covariance tends to zero.  The resolution matrix is: 

𝑅𝑅 = (𝐺𝐺𝑡𝑡𝐶𝐶𝐷𝐷−1𝐺𝐺 + 𝐶𝐶𝑀𝑀−1) (4-6) 

Thus two 2D models were produced for the selected cross-correlated waveforms at 5-10 

and 10-20 sec period. 640 ray paths were used for the 5-10 sec inversion (Figure 4-11), and 454 

paths for 10-20 sec model (Figure 4-12).  Ray density is higher at the center of the network, 

which is evident in the maps of inversion resolution (Figure 4-13, Figure 4-14).  Resolution falls 

below the acceptable threshold only near the edges of the CRSP network. The velocity model 

for 5-10 sec band (Figure 4-15 & Figure 4-9) corresponds to the shallow crust above 10 km, and 

that derived from the 10-20 sec band is representative of crustal structure between 10 to 20 km 

depth (Figure 4-16 and Figure 4-9). 

1.16.5 3-D Travel Time Inversion 

     A 3D velocity (Figure 4-17) model was also determined using the 407 dispersion 

curves derived from the group velocity analysis (Figure 4-8).  For each period band between 5 

and 20 sec, we inverted the travel times, obtaining 25 velocity models. For each cell we inverted 
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the 25 group velocities (Herrmann and Ammon 2002) using the initial model of eleven layers 

with layer thicknesses of 5 km, Vs = 3.5 km/s, Vp = 6.0 km/s and density = 2.5 g/cm3, obtaining 

a 3D model of the velocity perturbation respect to the initial model.  

1.17 Results 

     Rayleigh wave group velocities for 5-10 sec and 10-20 sec period bands are shown in 

Figure 4-15 and Figure 4-14, respectively. S wave velocities from the surface wave dispersion 

analysis are shown in Figure 4-17, and the 1-D S wave crustal model for the study area is shown 

in Figure 4-9. The 1D crustal model (Figure 4-9) shows a velocity increase from 3.2 km/s to 3.6 

km/s between 0 and 20 km depth, and a deeper increment of velocity from 3.6 km/s to 3.9 km/s 

could indicate a Moho depth of 30-40 km, but resolution deeper than 30 km is poor (Figure 

4-10).  

1.17.1 5-10 Second Period Inversion 

The principal features visible in the map of group velocities derived from the 5-10 sec 

period (Figure 4-15) signals are an elongated low velocity (2.8-3.0 km/s) anomaly 

approximately between the two branches of the Liquiñe-Ofqui fault zone between 44.5-45.5°S; 

patches of low (2-6-2.8 km/s) velocity at the NE edge of the Golfo de Penas and extending to 

the east; and also along the Chile-Argentina border between 45-47°S, along the eastern edge of 

the study region.  Shallow crustal velocities in the western Chonos Islands and Taitao Peninsula 

are generally low, but the eastern part of this area is marked by higher velocity anomalies (3.0-

3.2 km/s).  More restricted regions of relatively high velocity (3.2-3.6 km/s) occur in three small 

areas near the center-north of the map, and near the southeastern boundary of the region of 

resolved velocities.  In general, the region lying 100-150 km to the east of the Liquiñe-Ofqui 

fault zone is characterized by relatively high velocities of 3.1-3.3 km/s. 
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1.17.2 10-20 Second Period Inversion 

     Figure 4-16 shows the results for group velocities determined from the 10-20 s period 

signals.  The overall pattern of velocity anomalies is similar to those visible in Figure 4-15, 

although the range of velocities is more restricted (2.8-3.3 km/s), and the scale of the anomalies 

appears to be smaller.  Two high velocity anomalies (3.1-3.3 km/s) lie  parallel to the Lower 

Cretaceous North Patagonian Batholith, and a low velocity (3.0 km/s) anomaly occurs where the 

volcanic arc is present.  The Taitao Peninsula is also marked by low velocity (<2.9 km/s).    

Note the persistence of a high velocity (3.1-3.2 km/s) anomaly at the south eastern edge of the 

study area, and a low velocities (2.9-3.1 km/s) along the Chile-Argentina border between 45-

47°S. 

1.17.3 3-D Group Velocity Inversion 

The 3D model (Figure 4-17) obtained from the dispersion analysis is in a good 

agreement with the two 2D models.  A high velocity anomaly is present between 2.5 and 20 km 

depth along the LPBC, and patches of lower velocity anomalies follow the volcanic arc and the 

Liquiñe-Ofqui fault. The low velocities along the eastern edge of the study area fade with depth. 

The extended low velocity at the Taitao Peninsula is present between 2.5 and 7.5 km, and low 

velocities anomalies beneath the Golfo de Penas also fade out at deeper levels.  

1.18 Discussion 

     Relative to other studies using the ambient seismic noise tomography technique, the  

Rayleigh wave group velocity anomalies obtained are somewhat high.  For example, Shapiro et 

al. (2005) show velocities for 7.5 sec period Rayleigh waves in southern California that range 

from 1.4-4.0 km/s, with a definite preponderance of regional velocity anomalies at the low end 

of their scale (see their Fig. 2).  Likewise, Lin et al. (2007) show Rayleigh wave group 

velocities ranging from 1.8-3.2 km/s for 8 and 13 sec period waves recorded in New Zealand.  
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In part, such differences may be due to differences in the analysis and inversion methods.  

However, we note that the geology of our study area - dominated by the glacially-stripped 

basement of Patagonian Batholiths at the surface - is distinctive and clearly lacks the extensive, 

deep sedimentary basins found in southern California and New Zealand.  Also, Shapiro et al. 

(2005) found group velocities in the Sierra Nevada Batholith that are as high or higher than the 

values founded in this study for the LCPB (3.1-3.3 km/s). 

     The Rayleigh wave velocities obtained from travel time inversions of ambient noise 

cross-correlations and dispersion analysis correspond closely to known geologic features 

(Figure 1-3).  The inversion of the 5-10 s period Green's functions (Figure 4-15) is more 

sensitive to shallow structure no deeper than 10 km (Figure 4-10), and should therefore correlate 

most closely with superficial geology.  An elongated, north-south trending low velocity anomaly 

that coincides with the MPB and the Southern Volcanic Zone eruptive centers is observed north 

of the CTJ.  This low velocity anomaly is also bounded by the two main strands of the Liquiñe-

Ofqui fault zone.  Velocities ~2.7-2.8 km/s, although not very low with respect to results from 

similar studies elsewhere (e.g., (Lin et al. 2007)), are noticeably low for the CRSP study region.  

The depth of magma chambers beneath the five arc volcanoes is uncertain, but hypocenters of 

earthquakes that occurred during the last eruption of Hudson volcano in 1991 were clustered 

between 2-20 km depth (Naranjo et al. 1993).  High velocities west and east of the LOFZ 

correlate well with the exposures of the NPB in the eastern Chonos Islands/Taitao Peninsula and 

east  of the LOFZ.  The high velocity anomaly at the southestern corner of the study area 

corresponds to the metamorphic units of the Devonian-Carboniferous EMC exposed at high 

elevations around Monte San Lorenzo (3,700 m).  

     The notable low velocity anomaly at the NE edge of the Golfo de Penas is probably 
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due to the one sedimentary basin extant in the study area, as this area is clearly the site of much 

recent glacial sediment fill brought to the Golfo by the rivers draining Campo de Hielo Norte, 

the northern Patagonian ice field; the extension of this anomaly to the east correlates with the 

presence of the ice field.  The low velocity regions near the Chile-Argentina border in the NE 

part of the study area  correlate with the Jurassic-Cretaceous units of the Patagonian Ranges.   

     The inversion of the 10-20 second period signals (Figure 4-16) is sensitive to depths 

between 10-20 km (Figure 4-10).  The observed velocity variations for this inversion are less 

pronounced than those of the shorter periods, perhaps indicating a more homogeneous crust at 

these depths, or, alternatively, greater smoothing of velocity heterogeneities due to longer 

sampling period.  The high velocity anomaly in the southeastern portion of the study region, 

also observed in the shallower crustal velocity model, persists at these greater depths, indicating 

that the high velocity units of the EMC outcropping at the surface in the vicinity of Monte San 

Lorenzo extend throughout the upper crust (Thomson and Herve 2002).   

     Two high velocity anomalies (3.1-3.4 km/s) at the east and west of the volcanic arc 

correlate with the LCPB, indicating the presence of the batholith at depth.  Lower velocity 

between these two features correlates with the location of the volcanic arc.  The low velocity 

anomaly (2.7-2.9 km/s) at the Taitao Peninsula is likely a result of elevated temperatures 

(manifested as active hydrothermal springs and recent volcanism) due to the subduction of an 

actively spreading segment of the Chile Ridge (Lagrabielle et al. 2000).  

1.19 Conclusions 

     Interstations time-domain Green’s function were estimated from cross-correlation of 

ambient seismic noise recorded in the Chile Triple Junction region, the resulting interstation 

travel times were inverted to obtain a crustal shear wave velocity model.  The results show that 

observed crustal seismic velocities correlate well with known geologic features.  High crustal 
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velocities are where the North Patagonian Batholith outcrops or is likely present at depth, and 

relatively low velocities correlate with the active volcanic arc of the Southern Volcanic Zone 

and the Liquiñe-Ofqui intra-arc shear zone, the recent Chile Ridge subduction beneath the 

Taitao Peninsula, and a sedimentary sequence due to glacial sediment outflow into the NE Golfo 

de Penas.  A pronounced high velocity anomaly in the southeastern portion of the study area 

correlates with high-elevation outcrops of highly compacted metamorphic rocks of the 

Paleozoic Eastern Metamorphic Complex 
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Figure 4-1. Time series of cross-correlation for station HOP01, located at the extreme west of 
the study area, near the coast, and other CRSP stations.  Signal was band-pass 
filtered at 2.5-10 sec 
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Figure 4-2.  Time series of cross-correlation for station HUD01, located approximately at the 
center of the CRSP network.  Signal was band-pass filtered  at 2.5-10 sec. 
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Figure 4-3. Frequency analysis of cross-correlated waveform between station PLM and IBJ 
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Figure 4-4. Azimuthal  distribution of stations path, for distance range between 0-100, 100-200, 
200-300, 300-400, 400-500 km. 
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Figure 4-5. Data analysis for Right and Left side of the cross-correlation for three period bands. 
Green dots (5-10 sec), red dots (10-20 sec) and blue dots (20-30 sec). a-b.  Average 
velocity for station pairs as a function of distance. c-d.  Average velocity for station 
pairs as a function of azimuth. e-f.  Average velocity as a function of SNR. g-h.  
SNR as a function of azimuth. 
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Figure 4-6. Selected velocities for station pairs with SNR > 6 and distance large than 1.5 the 
wavelength of the filter. 
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Figure 4-7. FTAN analysis for IBJ-PLM station pair, red colors indicate high amplitude 
of the cross-correlation after the Gaussian filter. Black dots indicate the 
highest amplitude for each period band. 
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Figure 4-8. 407 curves dispersion curves (back) and the averaged group velocity at each period 
(red)  
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Figure 4-9. 1D inversion model (red line) for the averaged dispersion curves, the 
initial model (black line) is a constant Vs = 3.5 km/sec. 
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Figure 4-10. Group velocity derivatives of the calculated model with respect to the initial model. 
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Figure 4-11. Interstation paths for group velocities derived from Green's functions filtered at 
5-10 sec period.  A total of 640 paths were selected 
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Figure 4-12. Interstation paths for group velocities derived from Green's functions 
filtered at 10-20 sec period.  A total of 454 paths were selected 
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Figure 4-13. Resolution map for 5-10 sec period group velocities. 
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Figure 4-14. Resolution map for 10-20 sec period group velocities. 
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Figure 4-15. Group velocity model for 5-10 sec periods. 
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Figure 4-16. Group velocity model for 10-20 sec periods. 



104 

 

Figure 4-17. 3D inversion calculated using dispersion analysis, the color bands correspond  to the 
percentage variation with respect to the initial model (3.5 km/sec)    
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CHAPTER 5 

AZIMUTHAL ANISOTROPY OF THE UPPER CRUST FROM AMBIENT SEISMIC NOISE 
AT THE CHILE TRIPLE JUNCTION 

1.20 Introduction 

At different length scales, measurements of seismic anisotropy have been broadly used 

to constrain the mineralogy and dynamics of the crust and mantle (Silver 1996, Maggi et al. 

2006). The main effects of anisotropy on seismic wave propagation are variations of Pn 

velocities (Hearn 1996), S-wave splitting (Crampin 1994), Love and Rayleigh wave 

incompatibility (Anderson 1961), and the azimuthal variation of surface wave velocities (Smith 

and Dahlen 1973).    

Azimuthal anisotropy is observed when seismic wave velocities vary as a function of 

horizontal direction.  Shear waves traveling in the plane of layering are generally faster than 

shear waves traveling across the layers and the waves become split. The most likely cause of 

anisotropy in the mantle is the systematic crystal lattice preferred orientation of anisotropic 

crystals during the mantle flow (Hess 1964, Mainprice and Silver 1993).  In the crust, variations 

of azimuthal anisotropy may result from lattice preferred orientation of minerals, opening of a 

set of parallel fractures due to horizontal crustal stress, shear deformation that produces strong 

fabrics in faults zones, sedimentary layering, parallel basaltic dikes, or presence of metamorphic 

foliations (Crampin 1984).   

Assuming isotropic propagation, shear wave velocities derived from Love waves (SH) 

differ from shear velocities derived from Rayleigh waves (SV). This difference is usually 

attributed to radial anisotropy due to incompatibility of Love and Rayleigh wave phase 

velocities (Ekstrom and Dziewonski 1998).  SH velocity inferred from the dispersion of Love 

waves is typically observed in horizontal fast layers, and SV velocity inferred from the 
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dispersion of Rayleigh waves is equal in slow and fast horizontal layers, and thus, radial 

anisotropy is expected to occur in sediments or sedimentary rocks, planar igneous bodies, or 

rocks with horizontal foliations.  Differences in shear velocity are also produced by differences 

in the shape and size of the averaging areas for both waves, so the dispersion may correspond to 

dispersion curves averaging different structures. 

Several studies have used short period waves (1-20 s) originating from earthquakes to 

infer the phase velocity and azimuthal anisotropy in the upper crust (Levshin et al. 1992, Li and 

Detrick 2003, Su et al. 2008).  However, (Yao and van der Hilst 2009) used ambient seismic 

noise, to resolve the azimuthal anisotropy in the upper crust and mantle, and also demonstrated 

that incoherent noise has little effect (<1%) on the resulting isotropic phase velocities or 

azimuthal anisotropy. 

Previous studies of seismic anisotropy in the upper mantle of the CTJ area were based 

on shear wave splitting of SKS and S phases.  Results reveal that fast axes are parallel to the 

subducted spreading ridge segments of the Chile Rise, probably as a result of along-axis 

asthenospheric flow (Murdie and Russo 1999).  Subsequently, Russo et al. (2010a,b) showed 

that anisotropy in this area is highly variable, with fast shear wave propagation typically parallel 

to the trench north of the CTJ, but more nearly normal to the trench near and south of the Taitao 

Peninsula, where an actively spreading segment of the Chile Ridge subducted 3 million years 

ago (Cande and Leslie 1986, Forsythe et al. 1986, Guivel et al. 2006).  

This chapter presents results attempting to resolve the complex crustal deformation in 

the CTJ area due to the Chile ridge collision and the oblique subduction of the Nazca plate using 

ambient seismic noise. Rayleigh and Love wave phase and group velocities were obtained by 

cross-correlation of ambient seismic noise recorded at stations between 43°-49°S and 71°-76°W. 



107 

Radial anisotropy was resolved from vertical and horizontal shear waves and azimuthal 

anisotropy from Rayleigh wave phase velocities.   

1.21 Methodology 

1.21.1 Radial Anisotropy from Group Velocity of Love and Rayleigh Waves  

 Rayleigh and Love wave group velocities obtained  from  dispersion curves (Figure 5-1) 

of ambient noise cross-correlation (Section 4.3.3) were used to invert for a 2D depth-dependent 

shear wave velocity structure.  In order to obtain Love wave group velocities, the horizontal 

components (N, E) were rotated into the station-pair azimuth direction.  The 2D models were 

calculated in two inversion steps: 

In the first step, SH and SV velocities were extracted from dispersion curves of Love and 

Rayleigh waves to obtain a 1D velocity model.  The inversion was performed using a linearized 

least-squared inversion method (Herrmann and Ammon 2002), which minimizes the misfit 

between the observed and calculated model.  The technique evaluates the partial derivatives of 

group velocity with respect to layers with shear and compressional velocity (Hwang et al. 

2003): 

Δ𝐶𝐶(𝑑𝑑𝑗𝑗 ) = ��
𝜕𝜕𝐶𝐶(𝑑𝑑𝑗𝑗 )
𝜕𝜕𝜕𝜕𝑖𝑖

�Δ𝜕𝜕i
 
                   (5-1) 

where ΔC is the difference in phase or group velocity at period Tj, Δβ is the resulting difference 

in velocity in layer i with respect to the initial model, and N is the number of layers.  The initial 

starting model was parameterized as a stack of flat layers 2 km thick with velocities for S wave 

set to 4.5 km/s and that for P waves set 8.0 km/s.  These constant, high (mantle) velocities were 

chosen to allow the inversion routine to change the model without introducing any sharp 

velocity discontinuities that would persist during the inversion.   

In the second step, the 1D inversion for SH and SV velocities for each station pair was 
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used to invert for a 2D model of SH and SV velocities at 2, 6, 12 and 18 km depth.  The inversion 

was carried out using the Tarantola (2005) least-squares inversion method (Section 4.3.4).  The 

study area was parameterized with cells of 30 x 30 km and for each cell, the calculated radial 

anisotropy ξ (Figure 5-2) is:  

𝜉𝜉 = (𝑙𝑙ℎ/𝑙𝑙𝑆𝑆)2 (5-2) 

1.21.2 Azimuthal Anisotropy from Phase Velocity Rayleigh Waves 

     Seismic wave velocities in an anisotropic medium depend on the direction of 

propagation or polarization of the wave, causing azimuthal variations of the surface wave 

velocities.  The wave velocity is not independent of the medium’s elastic parameters, so the 

inversion for velocity also yields the value of these parameters and the trade-off between them.  

The azimuthal dependence of Love or Rayleigh wave velocity in a mildly anisotropic medium 

has 2θ and 4θ dependence (Smith and Dahlen 1973), and can be written: 

C(ω, θ) = C0(ω) + A1(ω) cos 2θ + A2(ω) sin 2θ 

+A3(ω) cos 4θ + A4(ω)sin4θ 
(5-3) 

where C is the phase velocity, ω is the frequency of the wave, and θ corresponds to the azimuth 

along the path.  The coefficient A0 is the isotropic term, while the remaining Ai are the 

anisotropic  coefficients that govern azimuthal dependence of phase velocity.  The coefficients 

Ai depend on the combinations of the elastic moduli through depth integration.  The constant C0 

is an average velocity over all azimuths, and depends on five independent parameters, A,C, F, L, 

and N (Love, 1944) 

The elastic moduli for anisotropic materials contain 21 independent components Cij that 

relate the stress and strain tensor. Using the formulation provided by Montagner and Nataf 

(1986), the notation of the anisotropic moduli with the 1-axis oriented N and the 2-axis oriented 



109 

East can be written as: 

𝐴𝐴 = 𝜌𝜌𝑃𝑃ℎ2 =
3
8

(𝐶𝐶11 + 𝐶𝐶22) +
1
4
𝐶𝐶12 +

1
2

C66  (5-4) 

𝐶𝐶 = 𝜌𝜌𝑃𝑃𝑆𝑆2 = 𝐶𝐶33  (5-5) 

𝐹𝐹 =
1
2

(𝐶𝐶13+𝐶𝐶23)  (5-6) 

𝑁𝑁 = 𝜌𝜌𝑙𝑙ℎ2 =
1
8

(𝐶𝐶11 + 𝐶𝐶22) −
1
4
𝐶𝐶12 +

1
2
𝐶𝐶66  (5-7) 

𝐿𝐿 = 𝜌𝜌𝑙𝑙ℎ2 =
1
2

(𝐶𝐶44 + 𝐶𝐶55) (5-8) 

The cos2θ and sin2θ terms of equation (5-3)  are related to: 

𝐵𝐵𝐶𝐶 =
1
2

(𝐶𝐶11 − 𝐶𝐶22) (5-9) 

𝐺𝐺𝐶𝐶 =
1
2

(𝐶𝐶55 − 𝐶𝐶44) (5-10) 

𝐻𝐻𝐶𝐶 =
1
2

(𝐶𝐶13 − 𝐶𝐶23) (5-11) 

𝐵𝐵𝑙𝑙 = 𝐶𝐶16 + 𝐶𝐶26  (5-12) 

𝐺𝐺𝑙𝑙 = 𝐶𝐶54  (5-13) 

𝐻𝐻𝑙𝑙=𝐶𝐶36  (5-14) 

The cos4θ and sin4θ depend on the depth integrals of: 

𝐸𝐸𝐶𝐶 = 𝑁𝑁 − 𝐶𝐶66  (5-15) 

𝐸𝐸𝑙𝑙 =
1
2

(𝐶𝐶16 − 𝐶𝐶26) (5-16) 

Love waves depend on N, L, Gc, Gs, Ec,and Es, and Rayleigh waves depend on all coefficients 

except N.  The variation of Rayleigh phase velocity can be expressed in terms of the derivatives 
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for the transverse isotropic elements as: 

𝑚𝑚𝐶𝐶𝑅𝑅 =
𝜕𝜕𝐶𝐶𝑅𝑅
𝜕𝜕𝐴𝐴

(𝑚𝑚𝐴𝐴 + 𝐵𝐵𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠2𝜃𝜃 + 𝐵𝐵𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂2𝜃𝜃 + 𝐸𝐸𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠4𝜃𝜃 + 𝐸𝐸𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂4𝜃𝜃) 

+
𝜕𝜕𝐶𝐶𝑅𝑅
𝜕𝜕𝐶𝐶

𝑚𝑚𝐶𝐶 +
𝜕𝜕𝐶𝐶𝑅𝑅
𝜕𝜕𝐹𝐹

(𝑚𝑚𝐹𝐹 + 𝐻𝐻𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠2𝜃𝜃 + 𝐻𝐻𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂2𝜃𝜃) 

+
𝜕𝜕𝐶𝐶𝑅𝑅
𝜕𝜕𝐿𝐿

(𝑚𝑚𝐿𝐿 + 𝐺𝐺𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠2𝜃𝜃 + 𝐺𝐺𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂2𝜃𝜃) 

         (5-17) 

The variation of Love phase velocity can be expressed in terms of the derivatives for the 

transverse isotropic elements as: 

𝑚𝑚𝐶𝐶𝐿𝐿 =
𝜕𝜕𝐶𝐶𝐿𝐿
𝜕𝜕𝐿𝐿

(𝑚𝑚𝐿𝐿 − 𝐺𝐺𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠2𝜃𝜃 + 𝐺𝐺𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂2𝜃𝜃) + 

+
𝜕𝜕𝐶𝐶𝐿𝐿
𝜕𝜕𝑁𝑁

(𝑚𝑚𝐶𝐶 − 𝐸𝐸𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠4𝜃𝜃 − 𝐸𝐸𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂4𝜃𝜃) 

(5-18) 

∂CR/∂L is the dominant partial derivative for Rayleigh waves, and ∂C L/∂N for Love waves.  

Then the surface waves can be resolved by the combination of: 

𝑚𝑚𝐿𝐿� = 𝑚𝑚𝐿𝐿 + 𝐺𝐺𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠2𝜃𝜃 + 𝐺𝐺𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂2𝜃𝜃 (5-19) 

and 

𝑚𝑚𝑁𝑁� = 𝑚𝑚𝑁𝑁 − 𝐸𝐸𝐶𝐶𝑐𝑐𝑙𝑙𝑠𝑠4𝜃𝜃 − 𝐸𝐸𝑙𝑙𝑠𝑠𝑖𝑖𝜂𝜂4𝜃𝜃 (5-20) 

The δ𝐿𝐿� parameter controls the SV velocity and the δ𝑁𝑁� parameter controls the SH velocity, with 

both waves propagating horizontally with azimuth θ. 

The amplitude of the 2θ azimuthal anisotropy is defined as:  

𝜓𝜓2𝜃𝜃 = �𝐴𝐴1
2 + 𝐴𝐴2

2 (5-21) 

And the direction of the fast wave is defined to be: 

𝜙𝜙 =
1
2
𝑎𝑎𝑏𝑏𝑐𝑐𝑡𝑡𝑎𝑎𝜂𝜂 �

𝐴𝐴2

𝐴𝐴1
� (5-22) 
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1.21.3 2-D Travel Time Inversion for Anisotropic Terms 

The azimuthal variation of phase velocity was obtained from inversion of travel time 

phase velocities. Using the least-squared inversion (Section 4.3.4) developed by Tarantola 

(2005), the phase velocity of Rayleigh waves was inverted simultaneously for the spatial 

distribution of the isotropic A0, and anisotropic A1 and A2 terms. These terms were included in 

the matrix inversion (4-4).  

The inversion is mainly controlled by three parameters, the damping, L, the a priori 

standard deviation of isotropic terms, σi, and the standard deviation for anisotropic terms, σa  in 

the equation (4-5).  The optimal values for these parameters were selected by applying two 

synthetic checkerboard (Figure 5-3) tests and a Chi-squared statistical analysis. The first 

checkerboard tests was constructed with blocks of 120 km2 with velocity anomaly of 2 km/s 

with a fast shear propagation direction oriented 90°N, and velocity anomaly cells of 3 km/s with 

fast shear propagation oriented 0°N.  The inversion was performed using 665 ray paths, which is 

the number of ray paths obtained from the dispersion analysis for the 6 sec period. The second 

checkerboard test was constructed with a homogeneous layer with phase velocity of 2 km/s and 

fast shear propagation oriented EW, and an elongated N-S velocity anomaly of 3 km/s, 60 km 

wide, and fast shear propagation oriented N-S, simulating a shear zone of the LOFZ with fast 

ray parallel to the fault (Figure 5-3). For the joint inversion, a good balance between over- and 

under-fitting data was obtained using a damping parameter of  L = 63.2 km, standard deviations 

of σ1 equal to 0.005 km/s for the isotropic term and  σ2 equal to 0.005 km/s for the anisotropic 

term. The checkerboard test inversion (Figure 5-3a, c) was well resolved for isotropic and 

anisotropic terms.  The elongated anomaly (Figure 5-3b, d) representing the LOFZ was also 

well resolved, for both isotropic and anisotropic terms, especially between 44°S and 46°S.  At 
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the edge of the ray path coverage, the recovery of the resulting model presents some deviation 

from the synthetic model.  The resulting inversion maps (Figure 5-4 to Figure 5-14) can then be 

directly compared with  the tectonic (Figure 1-1) and geologic maps (Figure 1-3) of the region. 

The discrepancy between the initial model and the observed model can be determined 

using the Chi-square test obtained from:  

𝜒𝜒2 = (𝐺𝐺𝑚𝑚𝑒𝑒𝑏𝑏𝑖𝑖𝑙𝑙𝑏𝑏 − 𝑑𝑑𝑙𝑙𝑏𝑏𝑠𝑠 )𝑡𝑡(𝐺𝐺𝐶𝐶𝑀𝑀𝐺𝐺𝑡𝑡 + 𝐶𝐶𝐷𝐷)−1(𝐺𝐺𝑚𝑚𝑒𝑒𝑏𝑏𝑖𝑖𝑙𝑙𝑏𝑏 − 𝑑𝑑𝑙𝑙𝑏𝑏𝑠𝑠 ) (5-23) 

The null hypothesis establishes that the calculated travel times obtained with the new velocity 

model have a similar distribution to the observed travel times, and are independent. The lower 

the significance level, the more the data must diverge from the null hypothesis to be significant; 

a significance level of 0.05 assures a balance between over- and under-fitting data.  

Resolution maps of the isotropic and anisotropic-joint inversion were included in the 

analysis.  Resolution depends on ray path density, the frequencies of the Rayleigh waves, and 

the smoothing length used in the inversion. 

The phase velocity maps presented in Figure 5-4 to Figure 5-14 include an isotropic-only 

model, determined without the A1, and A2 terms; an anisotropic-only model without the A0 term; 

a joint inversion with the A0, A1 and A2 terms, and the resolution map.  In total, ten 2D phase 

velocity models of Rayleigh waves were selected.  The measurements correspond to period 

bands between 5 and 15 sec.  Inversions for periods greater than 15 s resulted in poor ray 

coverage and were not included.  

1.22 Results 

Resulting average dispersion curves of Love and Rayleigh waves (Figure 5-1) for the 

CTJ area show higher velocities for Love waves than Rayleigh waves.  Radial anisotropy 

models for shear wave velocity were obtained from inversion of Rayleigh and Love group 
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velocity.  2D inversion maps at 0, 6, 12 and 18 km depth (Figure 5-2) show the radial anisotropy 

index ξ.  The maps reveal higher values of radial anisotropy at deeper levels.  The most 

consistent anomalies are a highly anisotropic region west of the Chonos Archipelago, and low 

radial anisotropy in the SW of the study area and along the two strands of the LOFZ.  

Inversion of Rayleigh wave phase velocities resulted in ten 2D models of azimuthal 

anisotropy for periods between 5 and 15 s (Figure 5-4 to Figure 5-14).   

 West of the study area, between 44°S and 47°S, the joint inversion for phase velocities 

at periods between 5 - 13 s reveals high anisotropy (>1%) and a high phase velocity (3.2-3.6 

km/s).  The fast direction of anisotropy is consistent at all periods, striking NNE. At all periods, 

for the region east of the volcanic arc and the LOFZ, the joint and isotropic inversions exhibit 

an elongated anomaly with medium to high velocity (>3.0 km/s), and patches of high velocity 

(>3.2 km/s) that correspond to the LCPB.  In general, the anisotropy is lower (<1%) here 

relative to other units.  At longer periods (14-15 s), there is a clear difference between a high 

anisotropy region west of the LOFZ, and a region of lower anisotropy to the east.  This area also 

presents the lowest anisotropy in the anisotropic model. 

 Between the two branches of the LOFZ, where the MPB is emplaced, the joint inversion 

yields areas of relatively low velocity (2.9-3.0 km/s) and anisotropy > 1%.  The fast shear wave 

propagation trend is consistently oriented subparallel to the LOFZ, and is more evident for 

periods longer than 10 sec.  In the anisotropic model, the coincidence between the fast shear 

wave direction and the strike of the LOFZ is noticeable. South of the CTJ, in the Taitao 

Peninsula and Golfo de Penas, all periods show a low velocity anomaly (<2.9 km/s) and high 

anisotropy (>1.55%).  In the joint and anisotropic models, the fast shear wave trend exhibits a 

gradual change in orientation from NNW in the Taitao Peninsula to NNE in the Golfo de Penas.   
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In the SE, for periods between 5 and 9 s in the joint model, the presence of the EMC 

coincides with the greatest anisotropy (>2%), with fast shear wave trend oriented NNW and 

phase velocity (>3.1 km/s).  The high velocity anomaly in the isotropic model is larger in extent 

in comparison with that seen in the joint inversion.  For periods between 5 to 9 s, more 

restricted regions of relatively low velocity (< 2.9 km/s) and anisotropy > 1% with NNW-

trending fast shear propagation appear in two small areas to the east that correlate with 

volcaniclastic deposits of the Patagonian Range, with a high anisotropy trending NNW. 

1.23 Discussion 

The radial and azimuthal anisotropic inversion maps include features that can be 

correlated in straightforward fashion with the surface geology of the study area.  In general, the 

major velocity and anisotropic anomalies that appear in both the isotropic and anisotropic joint 

inversions can also be seen in the isotropic-only and anisotropic-only model, indicating that the 

inclusion of the anisotropic terms does not introduce major artifacts into our final model. 

Average Rayleigh (Figure 5-1) wave phase velocities range between 3.0 km/s, at 5 s, to 

3.2 km/s at 20 s, typical of upper crust values (Dziewonski and Anderson 1981).  Between 5 and 

11 s, phase velocities increase from 3.0 km/s to 3.13 km/s, probably due to the presence of 

sedimentary and pyroclastic deposits restricted to the shallow crust, transitioning to granitic and 

metamorphic rocks at deeper levels.  Between 11 and 16 s, a decrease in velocity from 3.13 to 

3.11 km/s could indicate magma infiltration of some areas associated with the volcanic arc, and 

geothermal areas near the Taitao Peninsula.  Between 16 and 20 s an increase in velocity from 

3.11 to 3.2 km/s is probably related to less differentiated rocks of the LCPB, since seismic 

velocities decrease as the silica content decreases (Christensen and Mooney 1995).  

High phase velocities (>3.1 km/s) and variable anisotropy occur in the region where the 

LCPB outcrops (Figure 5-4 to Figure 5-14).  Two elongated bodies of high velocity east and 
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west of the MPB are well resolved primarily in the isotropic model, probably due to the low 

anisotropy of these granitic rocks.  It is noticeable at 6-11 s, and especially at 9 s, that a low 

velocity region visible in the isotropic and joint model coincides with the presence of the slab 

window, which may indicate warming of the crust due to Chile Ridge subduction. 

In the joint inversion, a consistent orientation of the fast shear wave trend parallel to the 

LOFZ, with 0.5% to 1% anisotropy and a relatively low phase velocity (3.0 km/s), occurs at all 

periods, and is especially pronounced at 12 and 15 s periods.  This correlation is more evident 

for the anisotropic inversion, where the trend of the fast shear wave propagation coincides with 

the LOFZ along its entire length in the study area.  The radial anisotropy is low (<0.8) at all 

depths, indicating vertical fabrics or structures are dominant.  The LOFZ includes two 

lineaments west and east of the MPB that correspond to a zone of ductile deformation 

(Cembrano et al. 1996). This zone was generally shortened in the E-W direction during 

subduction, and structures and fabric within the area strike ~NS and ~NE (Cande and Leslie 

1986, Arancibia et al. 1999).  Strong anisotropy with fast shear wave propagation trending 

parallel to the LOFZ shear zone at long periods may indicate that deeper levels of the fault are 

ductilely deformed, whereas the shallow LOFZ is a brittle zone.   

West of the WMC, the highest radial anisotropy (ξ > 1.2) at all depths and intermediate 

azimuthal anisotropy (>2%), with consistent N45°E orientation at all periods (5-15 sec), may be 

related to the highly foliated rocks of the western belt of the WMC.  In contrast to the eastern 

belt, the schists of the western belt are nearly flat lying with a slight dipp to the NE (Willner et 

al. 2000).  The existence of abundant mica schists can contribute up to 45% of shear wave 

splitting in the crust (Godfrey et al. 2000).  This occurs because shear waves oscillate faster in 

the plane of the layered schist than across the layers; thus radial anisotropy is stronger than 
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azimuthal anisotropy.  The anisotropy in the eastern part of the WMC decreases to less than 1%, 

probably due to the absence of foliation in the eastern belt.  The discontinuity in the anisotropy 

through this metamorphic unit may be related to differences in the thicknesses of the schists, 

which are thicker where the anisotropy is present at depth.  Thinning of this unit can be 

explained by the rise of magma beneath the WMC during the emplacement of the LCPB. 

South of the WMC and CTJ, at periods between 9-15 s, a change from intermediate 

velocities (>3 km/s) to low velocities (<2.9 km/s) occurs at 9 s in the joint model.  This area 

presents low radial anisotropy (<0.9) and strong azimuthal anisotropy (>2%) at periods between 

5 to 12 s.  The fast shear wave propagation trend gradually changes from NE at the Golfo de 

Penas basin to NW in the Taitao Peninsula. The high anisotropy and rotation of the fast shear 

wave trend may related to the complex deformation due to the subduction of ridge segments, 

which strike N15°W, and perhaps the right lateral motion of the LOFZ (Cembrano and Herve 

1993, Arancibia et al. 1999). 

In the SE, south of the EMC, for periods between 5 to 8 s, a region of very high 

velocities (>3.2 km/s) and high anisotropy (>2%) with fast shear propagation trending NNW 

coincides with exposed rocks of the basement at the Bahia de la Lancha formation, a folded and  

metamorphosed succession of turbidites probably formed in the forearc during accretion (Bell 

and Suarez 2000).  The absence of this anomaly for periods longer than 8 s probably indicates 

the formation does not extend to depth.  

East of the study area, between 44°S and 46°S, a region of low phase velocity (< 2.9 

km/s) and variable anisotropy (1 - 2%) generally trending NNW, is visible at periods up to 13 s.  

This low velocity region coincides with the Jurassic and Lower Cretaceous volcaniclastic 

deposits of the Patagonian Range.   
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In the SW, a region of low phase velocity (< 2.8 km/s) and high anisotropy (>1%) with 

variable fast shear wave trend is somewhat unexpected, due to the presence of the LCPB in 

major outcrops at the surface.  However, this zone lies contiguous to the Golfo de Penas basin, 

which composed of more than 3 km of sediment that strikes roughly NNW (Forsythe and 

Nelson 1985) . 

1.24 Conclusions 

Cross-correlation of ambient seismic noise collected with a network of 44 broadband 

sensors reveals azimuthal and radial anisotropy of the upper crust in the Chile Triple Junction 

area. Strong anisotropy with fast shear wave propagation directions trending parallel to the 

LOFZ is consistent with a wide area of shear deformation that increases at depth.  Strong radial 

anisotropy and high seismic velocities coincide with foliated metamorphic rocks of the western 

belt of the Western Metamorphic Complex. Intermediate to high velocities and weaker 

anisotropy appear where the LCPB is present, and high phase velocities and strong anisotropy 

coincide with the presence of the EMC.  
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Figure 5-1. Dispersion curves for Rayleigh (R) and Love (L) wave group velocities. 

 

 

 

2.8

2.9

3

3.1

3.2

3.3

3.4

3.5

3.6

0 5 10 15 20 25 30

G
ro

up
 V

el
oc

ity
 (k

m
/s

)

Period (s)

R

L



119 

a) b)  

c)  d)  

Figure 5-2. Radial anisotropy model in the upper crust at the CTJ.  (a) Results of the inversion at 
0 km depth. (b) Results of the inversion at 6 km depth (c) Results of the inversion at 
12 km depth. (d) Results of inversion at 18 km depth. 
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         a) b)  

       c)        d)  

Figure 5-3. Checkerboard test of the study area.  (a) Input anomalies, isotropic squares with 
velocities of  2 km/s and 3 km/s.  (b) Input anomalies include homogeneous bands of  
2 km/s with E-W anisotropy and an elongated narrow area with 3km/s and N-S 
anisotropy.  (c) Isotropic and anisotropic joint inversion using 665 ray paths from 
synthetic model (a). (d) Isotropic and anisotropic joint inversion using 665 ray paths 
from synthetic model (b).  
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a) b)  

c) d)  

Figure 5-4. Inversion results for 5 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray.  
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a) b)  

c) d)  

Figure 5-5. Inversion results for 6 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray. 
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a) b)                                                                                     

c) d)  

Figure 5-6. Inversion results for 7 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray. 
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a) b)  

c)  d)  

Figure 5-7. Inversion results for 8 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray. 
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a) b)  

c) d)  

Figure 5-8. Inversion results for 9 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray. 
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a) b)  

c) d)  

Figure 5-9. Inversion results for 10 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion.  Black 
bars indicate magnitude and orientation of polarized fast ray. 
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a) b)  

c) d)  

Figure 5-10. Inversion results for 11 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion. Black 
bars indicate magnitude and orientation of polarized fast ray.   
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a) b)  

c) d)  

Figure 5-11. Inversion results for 12 sec period.  (a) Isotropic inversion.  (b) Azimuthal inversion. 
(c) Azimuthal and isotropic joint inversion. (d) Resolution of joint inversion. Black 
bars indicate magnitude and orientation of polarized fast ray.  
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a) b)  

c) d)  

Figure 5-12. Inversion results for 13 sec period.  (a) Isotropic inversion.  (b) Azimuthal 
inversion. (c) Azimuthal and isotropic joint inversion. (d) Resolution of joint 
inversion. Black bars indicate magnitude and orientation of polarized fast ray.  
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a) b)  

c) d)  

Figure 5-13. Inversion results for 14 sec period.  (a) Isotropic inversion.  (b) Azimuthal 
inversion. (c) Azimuthal and isotropic joint inversion. (d) Resolution of joint 
inversion. Black bars indicate magnitude and orientation of polarized fast ray 
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a) b)   

c) d)  

Figure 5-14. Inversion results for 15 sec period.  (a) Isotropic inversion.  (b) Azimuthal 
inversion. (c) Azimuthal and isotropic joint inversion. (d) Resolution of joint 
inversion. Black bars indicate magnitude and orientation of polarized fast ray. 
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SUMMARY AND CONCLUSIONS 

Nonvolcanic seismic tremors in the CTJ subduction zone region are similar to those 

observed  in the Japan and Cascadia subduction zones:  long duration signals lasting from hours 

to days, depleted in high frequencies relative to earthquakes, and occurring in conjunction with 

LFEs within the tremor signal.   

Chilean NVT and LFE lie in a band parallel to the strike of the Nazca slab, dispersed 

within a narrow elongated area of 100 km width lying 100 km east of the trench. The NVT do 

not coincide with either recently active volcanic centers or the Liquine-Ofqui fault zone.  The 

wide depth distribution of NVT (0-80 km), with peak occurrence at 30 km, and the depths of 

LFE within 40 km of the surface, indicate that both phenomena occur mostly near the plate 

interface and within the overriding South American plate.  Two clusters of NVT activity, one 

very active in the south and another less active in the north, can be explained by different 

thermal and pore pressure conditions. The proximity of the active Chile Ridge and slab window 

to the southern cluster increases the temperature gradient, thereby narrowing the area of the 

seismogenic zone, thus allowing aseismic fault creeping. Additionally, the oceanic Nazca plate, 

fractured by normal and strike-slip faults formed prior to subduction, accumulated ocean water 

within minerals of its altered crust and then released this water later during dehydration of the 

subducted slab.  This process increases the pore pressure and decreases the effective normal 

stress necessary for faulting. The frequency of occurrence of Chilean NVT is well represented 

by a power law, revealing a direct relationship between tremor duration and the number and size 

of faults involved in their production.   

A clear correlation between the occurrence of NVT and soli-lunar tides was observed in 

the CTJ area.  Tremor triggering probably occurs when fractures close to failure are activated by 

the small change in stresses produced by tides.  The correlation between tremor occurrence and 
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tidal displacements is a maximum when the strain caused by semi-diurnal, diurnal, and 

fortnightly tidal displacements unclamps or enhances shear on existing populations of faults in 

the Nazca plate crust.  

     Interstations time-domain Green’s function were estimated from cross-correlation of 

ambient seismic noise recorded in the Chile Triple Junction region, the resulting interstation 

travel times were inverted to obtain a crustal shear wave velocity model.  The results show that 

observed crustal seismic velocities correlate well with known geologic features.  High crustal 

velocities are where the North Patagonian Batholith outcrops or is likely present at depth, and 

relatively low velocities correlate with the active volcanic arc of the Southern Volcanic Zone 

and the Liquiñe-Ofqui intra-arc shear zone, the recent Chile Ridge subduction beneath the 

Taitao Peninsula, and a sedimentary sequence due to glacial sediment outflow into the NE Golfo 

de Penas.  A pronounced high velocity anomaly in the southeastern portion of the study area 

correlates with high-elevation outcrops of highly compacted metamorphic rocks of the 

Paleozoic Eastern Metamorphic Complex. 

Furthermore, cross-correlation of ambient seismic noise reveals azimuthal and radial 

anisotropy of the upper crust in the Chile Triple Junction area. Strong anisotropy with fast shear 

wave propagation directions trending parallel to the LOFZ is consistent with a wide area of 

shear deformation that increases at depth.  Strong radial anisotropy and high seismic velocities 

coincide with foliated metamorphic rocks of the western belt of the Western Metamorphic 

Complex. Intermediate to high velocities and weaker anisotropy appear where the LCPB is 

present, and high phase velocities and strong anisotropy coincide with the presence of the EMC.  
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