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ABSTRACT

For this thesis, we performed a manual search for earthquake swarms in South
America using the PDE catalog. We chose to perform a manual search because
global catalogs are deficient in lower magnitude events and have a potentially
low number of events per swarm. With our technique we aim to be insensitive
to spatial scales, temporal scales and particularly the number of earthquakes in
the potential swarms since seismicity rates vary greatly over the South Ameri-
can continent. However, with a manual search we sacrifice a rigorous approach
for one that requires individual interpretation. We identify 35 possible swarms
of varying spatial scales and tectonic locations with this search. For most of the
events, discussion is limited to several implications about broader tectonic pro-
cesses due to the lack of additional or higher resolution data (e.g. GPS, InSAR,
local seismic catalogs). Several of the events have geodetic data available and
for those cases we process and model surface deformation for various slip mod-
els and stress changes for earthquake interaction. Two swarms are examined
in detail and do not show or are inconclusive for aseismic slip. Seismicity that
appears to have been triggered by the Mw=8.5 2001 Peru earthquake is exam-
ined and shows that static changes in the Coulomb stress field did not trigger
the events, indicating that some dynamic triggering process may have been re-
sponsible. We provide evidence that earthquake swarms show a strong degree
of interaction with megathrust events by preceding and even marking the limits
of large earthquake rupture propagation, showing evidence of stress interaction
with megathrust events, and occurring in areas of long standing seismic gaps.

We show that swarms commonly occur at the subduction of aseismic ridges and



that there may be a potential interaction between swarm locations and trench
parallel gravity anomalies. The catalog produced in this thesis appears to agree
with previously determined magnitude-frequency scaling laws as well as po-
tentially agreeing with moment-duration scaling laws. Although few volcanic
swarms were found, we explore a possible relationship between swarm magni-

tudes, the frequency of eruption, and temperature of the volcano.
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INTRODUCTION

Clustering of earthquakes in space and time indicates that interaction be-
tween earthquakes is an important phenomenon. The nature of this interac-
tion could potentially provide insight into the physics of earthquake rupture
or could be a proxy for studying other processes of interest, such as aseismic
slip or fluid diffusion in fault zones. Generally, clustering is attributed to either
(1) a decaying cascade of ruptures along a fault plane associated with a large
main-shock event [e.g., Sykes, 1971], (2) increase in shear and confining stresses
due to and in the proximity of large main-shock events [King et al., 1994], or
(3) areas of magmatic or geothermal activity [Benoit and McNutt, 1996]. Earth-
quakes that occur in magmatic environments are often characterized as swarms
because the number and magnitude of shocks in the cluster often increases with
time and has no clear associated main-shock that can explain the distribution of
seismicity [e.g., Mogi, 1963; Sykes, 1970; Hill, 1977]. We take this definition and
in this thesis will define a swarm as an increase in seismicity rate that lacks a

clear triggering main-shock earthquake.

Earthquake swarms in volcanic regions have been extensively studied be-
cause they are often associated with eruptions or intrusions. Volcanic swarms
can occur before, during, after, or not at all correlated with volcanic activity
[Benoit and McNutt, 1996]. Swarm-like behavior near volcanic centers may re-
place mainshock-aftershock behavior due to substantial heterogeneity in ma-
terial properties or local stress fields that often accompany intrusive volcanic
systems, or by high pore fluid pressure which acts to reduce the failure shear

stress by reducing the normal stress.

Earthquake swarms not clearly associated with volcanism have been doc-



umented at strike slip and convergent boundaries around the world. Swarms
along transform faults often occur at releasing bends [e.g., Shibutani et al., 2002]
and in these cases explanations given for volcanic swarms can easily be ap-
plied because releasing bends are often accompanied by thinning of the litho-
sphere and pull-apart basins, a process that often is associated with volcanic
activity. These explanations do not easily extrapolate to swarms near the defor-
mation front (e.g. forearc) at convergent boundaries because magmatic activity,
if present in the form of arc volcanism, does not occur until the downgoing slab

is at ~100 km depth, or ~200 km from the trench in most cases.

Earthquake swarms at subduction margins have been documented in New
Zealand [Evison and Rhoades, 1993], Japan [Matsuzawa et al., 2004; Fujinawa
et al., 1983], Kamchatka [Zobin, 1996], Mexico [Zobin, 1996], and South Amer-
ica [Lemoine et al., 2001]. In most of these cases, they were studied for their
relationships to larger main-shock events or for stress interactions with other
groups of events. In Kamchatka, New Zealand, and Japan, earthquake swarms
were studied for their precursory behavior in relation to larger main-shock
events, but the mechanism of interaction remains debated. We hope that com-
piling a thorough catalog of swarms in South America will shed insight into the

nature of interaction between large megathrust events and earthquake swarms.

Conceptual models for producing earthquake swarms require two parts: (1)
a means of stressing the fault zone that will slip, and (2) a means of prevent-
ing large earthquakes relative to the fault dimensions. The means of stressing
in volcanic areas is often interpreted as injection of a dyke or magma chamber
and in tectonically active areas is far-field stresses (e.g. plate motions) or lo-

cal stress changes associated with large earthquakes. The means of preventing



large ruptures in volcanic zones is often attributed to fluids and stress or ma-
terial heterogeneity. Convergent margins where aseismic ridges or seamounts
are subducting could very well have enough fluids and heterogeneity to pre-
vent large ruptures, but observations also indicate that aseismic slip may be an
important factor in earthquake swarms [Lohman and McGuire, 2007; Ozawa
et al., 2007]. Seismology alone cannot provide direct evidence of aseismic slip
because no seismic energy is radiated. Geodesy, the field of measuring the earth
(e.g. relative motions of points on the earths crust), most commonly provides
the direct evidence seismology cannot. Aseismic slip has been suggested as co-
inciding with earthquake swarms based on direct geodetic evidence [Lohman
and McGuire, 2007; Ozawa et al., 2007; Wolfe et al., 2007], but where no geode-
tic data exists this suggestion has been based on an expansion or propagation
of hypocenters at rates faster than fluid diffusion can occur [e.g., Vidale and
Shearer, 2006]. Geodetic data (e.g. Global Positioning System (GPS) and inter-
ferometric synthetic aperture radar (InSAR)) have provided essential tools for

the discovery of several aseismic processes, such as postseismic or slow slip.

This thesis will focus on the role of earthquake swarm activity in South
America. We focus on South America because several swarms have been doc-
umented in detail and the highly active margin may make it likely that more
swarms exist. South America hasn’t been the focus of any broad earthquake
swarm studies like in Southern California or Japan, and large areas of the conti-
nent are very dry and therefore conducive to application of the INSAR geodetic
technique. The tectonic importance of the region, high earthquake activity rate,
and availability of geodetic data make South America a good natural laboratory

for the study of earthquake swarms.



Active tectonics in South America is dominated by subduction of the Nazca
oceanic plate beneath the western coast of South America. Compression dom-
inates the region, and subduction has resulted in arc volcanism in many loca-
tions throughout the Andes mountains, although the arc is discontinuous, pre-
sumably due to flat slab subduction in northern Peru and central Chile. The
core of this work is based on a search for swarm like activity all throughout
the South American continent using the National Earthquake Information Cen-
ter’s (NEIC) Preliminary Determination of Epicenters (PDE) catalog, (available
online at http://neic.usgs.gov/neis/epic/epic.html). Because global catalogs
are deficient in smaller magnitude earthquakes, this study intends to be thor-
ough, but only above the completeness threshold, and include swarms from all
tectonic environments. The completeness threshold for the PDE catalog is spa-
tially heterogeneous as it depends on station distribution. The PDE complete-
ness threshold is also temporally heterogeneous, but the threshold has generally
decreased over time as more stations are installed in the global network. Figure
1 shows the current magnitude distribution for the PDE catalog and Engdahl-
Hilst-Buland (EHB) earthquake catalogs for the year 2006. The EHB catalog
are International Seismological Centre (ISC) reported events relocated with the
algorithm described in Engdahl et al. [1998] and generally have lower hypocen-
tral mislocation error, with significantly better depth locations. The ISC catalog
is considered to be the final bulletin of hypocenters and the PDE program con-
tributes roughly one third of the data used in the ISC compilation. At the begin-
ning of the PDE catalog (1973), earthquakes below ~Mw=5 in South America
were rare in the catalog but now magnitudes of 3 to 4 are commonly reported

In many areas.

We then integrate other forms of data, such as Interferometric Synthetic
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Figure 1: Magnitude distribution for the PDE and EHB earthquake cata-
logs. Magnitude of completeness is the magnitude at which the
distribution deviates from linear at smaller magnitudes in a log-
arithmic scale (~4.7 for the EHB catalog and ~4.4 for the PDE
catalog for the year 2006)



Aperture Radar (InSAR), and apply different modeling techniques aimed at an-
alyzing potential models for earthquake swarm generation and interaction with
other earthquakes. We will report on 35 possible earthquake swarms and de-
scribe the environments in which they occurred. We perform deformation mod-
eling for three swarms which have ample INSAR data available. We also exam-
ine triggering mechanisms for two swarms apparently triggered by a Mw=8.5

earthquake in southern Peru.



CHAPTER 1
EARTHQUAKE SWARMS

1.1 Abstract

For this thesis, we performed a manual search for earthquake swarms in South
America using the PDE catalog. We chose to perform a manual search because
global catalogs are deficient in lower magnitude events and have a potentially
low number of events per swarm. With our technique we aim to be insensitive
to spatial scales, temporal scales and particularly the number of earthquakes in
the potential swarms since seismicity rates vary greatly over the South Ameri-
can continent. However, with a manual search we sacrifice a rigorous approach
for one that requires individual interpretation. We identify 35 possible swarms
of varying spatial scales and tectonic settings with this search. Due to the lack of
additional or higher resolution data (e.g. GPS, InSAR, local seismic catalogs) for
most of the events, discussion is limited to several implications about broader
tectonic processes. Several of the events have geodetic data available and for
those cases we process surface deformation data and create models for the fault
slip and stress changes for earthquake interaction. Two swarms are examined
in detail and do not show or are inconclusive for aseismic slip. Seismicity that
appears to have been triggered by the Mw=8.5 2001 Peru earthquake is exam-
ined and shows that static Coulomb stress changes due to the 2001 Peru earth-
quake are not consistent with increasing the likelihood of failure along fault
planes active during the swarm, indicating that some dynamic triggering pro-
cess may have been responsible. We provide evidence that earthquake swarms

show a strong degree of interaction with megathrust events by preceeding and



even marking the limits of large earthquake rupture propagation, showing ev-
idence of stress interaction with megathrust events, and occurring in areas of
long standing seismic gaps. We show that swarms commonly occur at the sub-
duction of aseismic ridges and that there may be a potential interaction between
swarm locations and trench parallel gravity anomalies. The catalog produced in
this thesis appears to agree with previously determined magnitude-frequency

scaling laws as well as potentially agreeing with moment-duration scaling laws.

1.2 Introduction

With this work we aim to address the fundamental observation that earthquake
swarms occur by conducting a thorough examination of the swarm process in
South America. Earthquake swarms are of scientific interest because they rep-
resent a potentially different mode of fault rupture than mainshock-aftershock
sequences that may not be understood and they are of societal interest because
earthquake interaction is a key aspect of earthquake hazard mitigation. Earth-
quake swarms, unlike Mainshock-aftershock sequences (MS-AS), do not have a
single accepted definition and the definitions that exist are mostly observational
in nature. Hill [1977], for example, defines swarms as clusters of “earthquakes in
which the number and magnitude of shocks in a cluster gradually increase and
decay in time without a distinct main shock.” MS-AS sequences have several
scaling relations: 1) Gutenberg-Richter scaling, which relates the magnitude of
events to the frequency with which they occur, 2) Omori’s Law, which describes
the temporal decay of aftershock sequences, and 3) Bath’s Law, which relates the
magnitude of the mainshock to the magnitude of its largest aftershock [Lay and

Wallace, 1995]. In this study, we define a swarm of earthquakes as a seismicity



rate increase which starts and ends abruptly in time and is not accompanied by

a distinct main-shock.

Several automated or semi-automated techniques have been developed
to identify earthquake swarms or anomalous seismicity rate changes, and
they work well within regional catalogs [Vidale and Shearer, 2006; Ogata,
2007]. Vidale and Shearer [2006] investigated earthquake bursts in Japan and
Southern California with a semi-automated technique that identified seismicity
rate increases which were then examined visually and labeled as swarm-like,
aftershock-like, and mixed. They found 18 swarm-like bursts of seismicity in
Southern California and 19 swarm-like bursts in Japan. Ogata [2007] and pre-
vious studies compared observed seismicity rates with rates predicted by the
Epidemic-Type Aftershock Sequence (ETAS) model to detect anomalous seis-
micity rate changes, both increases and decreases, which can be explained by
static stress changes caused by aseismic slip with Coulomb failure stresses on
the order of millibars triggering rate changes. The ETAS model is a stochastic
model based on expansion of Omori’s Law for aftershock decay, an empirical
law that relates the aftershock rate to the mainshock magnitude and time after
the mainshock event [Shcherbakov et al., 2004], and takes into account that ev-
ery earthquake in each sequence will have its own set of aftershocks. In this way
the ETAS model removes the effect of aftershocks from the seismicity catalog,
which is important because aftershocks are caused by the mainshock and not

another underlying process, such as asesimic slip or stressing rate.

Rate and state friction dependent models have also been proposed to ex-
plain seismicity rate changes on faults [Dieterich, 1994]. Llenos et al. [2009]

combine the ETAS and rate- and state- dependent models to show that after-



shock productivity within a swarm is not related to stressing rate and use the
ETAS model to reduce the impact of aftershocks on their inferred aseismically

triggered stressing rates.

Earthquake swarms that have occurred in regions with dense geodetic and
seismic observations (e.g. Boso peninsula, Japan and Salton Trough, Califor-
nia) have been shown to occur coincident with large amounts of aseismic mo-
ment release in the form of a slow earthquake [Ozawa et al., 2007; Lohman and
McGuire, 2007]. For the recent Boso peninsula swarm in 2007, total seismic mo-
ment release of 3 x 10 (Mw=>5.59) was observed, compared to the geodetically
constrained moment release of 1.09 x 10 (Mw=6.62) which is 36 times larger
than the total seismic moment release [Ozawa et al., 2007]. Geodetic moment for
two other Boso swarms in 2002 and 1996 were ~2000 times larger than total seis-
mic moment release. Seismicity during the Salton Trough swarm of 2005 totaled
1.1 x 10** dyne-cm (Mw=5.3), 5 times smaller than the geodetically constrained
moment release of 5.25 x 10 dyne-cm (Mw=>5.75) [Lohman and McGuire, 2007].
We will examine potential scaling relations between swarm moment release and

duration.

In the Boso and Salton Trough cases, as well as the 2000 Izu Islands swarm
that occurred during a dike intrusion [Toda et al., 2002], seismicity rate is shown
to be directly correlated with stressing rate, either by aseismic slip or some other
stress inducing event. In these three geodetically constrained cases, earthquake
swarm locations are adjacent to the aseismically slipping regions. We document
seismicity rate increases only as they are easy to determine visually when the

background seismicity rate is low.

The purpose of this swarm search is to identify earthquake swarms in South
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America and determine their basic characteristics. We then determine if geode-
tic data exist for each swarm. A few of the swarms for which additional data
exists are examined. This provides examples for the types of applications this
swarm database can provide, such as Coulomb stress change modeling or In-
SAR investigations. The motivation behind these investigations is the possi-
bility of aseismic slip as a controlling factor in the generation of earthquake
swarms and on stress interactions between swarms and other clusters of earth-
quakes. This explanation for earthquake swarms has been invoked in tectonic
(which here we define as not magmatic) environments, such as the Salton trough
and Boso peninsula swarms. Geodesy provides observations of deformation
due to subsurface magmatic or fluid movements and can be a useful tool for
studying volcanic processes. Since we document several swarms in volcanic
regions, we also combine geodetic and seismic evidence to examine the role
of earthquake swarms in volcanic processes. Individual studies will compare
seismic observations with detailed geodetic inversions to test for the existence
of aseismic slip as a potential controlling mechanism and will calculate the
Coulomb stress changes associated with earthquakes to test swarm triggering

mechanisms.

1.3 Data and Methods

1.3.1 Swarm Search

We download the complete PDE catalog for the western half of the South Amer-

ican continent, which spans from latitude 13N to 575 and longitude 63W to 83W.
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The data are freely available online from http://neic.usgs.gov/neis/
epic/epic_global.html and contains information on time, location, mag-
nitude, and depth for earthquakes from 1973 through February 1, 2009. Global
catalogs such as the PDE are generally not as accurate as local catalogs because
local Earth structure is not accounted for [Engdahl et al., 1998]. Local seismic ve-
locity variations (e.g. due to a subducting plate) tend to impart systematic errors
in global catalogs, so while global catalogs suffer in accuracy they do not suf-
fer as much in precision in the locations since systematic errors affect accuracy
but not precision [Syracuse and Abers, 2009]. Global catalogs also do not have
accurate or precise measurements of depths for shallow (<~50km) earthquakes
because picking good depth phases in earthquake waveforms varies by earth-
quake and station location, making it difficult for global catalogs to constrain
this information. Engdahl et al. [1998] attempted to correct for these discrepan-
cies by using better earth velocity models and an algorithm for picking depth
phases in generating the EHB catalog. Benchmarking of the EHB catalog with
locally relocated seismicity has shown that the EHB catalog can still have errors
on the order of 10 km [Maggi et al., 2000], but catalogs such as the PDE and ISC
catalog can have errors on the order of several tens of kilometers [Engdahl et al.,
2006]. With all catalogs, much of the error is in depth estimation [Maggi et al.,
2000; Engdahl et al., 2006; Syracuse and Abers, 2009].

A grid search was used to extract all earthquakes in a moving window over
a grid in latitude and longitude. Depth was not restricted in the search. A box
size of 1.5 degrees (~167 km) was used and all earthquakes in that area were
plotted as a magnitude vs time plot. For each iteration we shifted the grid by
0.5 degrees so there was overlap in successive plots. This was done to ensure

that no swarms were missed due to improper sampling of the source area. 1.5

12



degrees was chosen after testing several box sizes because with larger box sizes
there are too many earthquakes in the moving window to identify individual

earthquake sequences.

We examined the plots of earthquake magnitude as a function of time for
seismicity rate changes or bursts of seismicity. For each case where an apparent
increase in seismicity was not accompanied by a large earthquake, we made ad-
ditional plots, like the one shown in Figure 1.5, focusing on the cluster in ques-
tion to determine the nature of the seismicity. The plots show time-magnitude
distribution on a 15 year time scale to get a sense of the background seismicity,
time-magnitude in a short time period bracketing the potential swarm, and a
map view image of seismicity in a window encompassing the potential swarm.
In most cases, bursts that appear to be swarm-like were coincident with large
events just outside of the grid search area and are labeled aftershock sequences

as they appear to follow the scaling laws for MS-AS sequences.

The initial set of aftershocks is often interpreted to outline the rupture area
of large events [Lay and Wallace, 1995]. Large earthquakes in South America,
particularly on the subduction interface, consistently rupture hundreds of kilo-
meters of the fault. Since the PDE reports the epicentral location, care must be
taken that aftershocks of large earthquakes are not misinterpreted as swarms
due to their distance from the mainshock epicenter. To ensure this is the case,
it is important that the map view image completely encompasses the cluster
of seismicity, which we ensure by expanding the area well beyond the edge of

seismicity (most figures in this thesis have a box size of ~3 degrees).

We identified 35 swarm-like clusters of earthquakes. A summary of all

swarms is presented in Table 1.1, 1.2 and Figure 1.3.1. The “environment” vari-
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able is determined from the tectonic environment of the swarm (between the
trench and the 50km depth contour is “megathrust”, anywhere near the arc
is ”“volcanic”). The ”volcanic” label only implies the swarm is in the vicinity
of the arc, not that it is necessarily a volcanic earthquake swarm. The area
calculation is made with an algorithm solving for the minimum volume en-
closing ellipsoid (a convex optimization problem) of the earthquake hypocen-
ters. The algorithm is freely available at the MATLAB central file repos-
itory (http://www.mathworks.com/matlabcentral/fileexchange/9542) under
the BSD License. The two largest dimensions of the 3-D ellipsoid are taken
to represent the rupture plane and the area of this ellipse is the area reported
in Table 1.1. This algorithm was tested for several large mainshock-aftershock
sequences in South America and was able to accurately determine strikes and
dips and slightly overestimate rupture areas. The overestimation is probably
due to earthquake hypocentral errors. Only areas for swarms with more than 40
earthquakes are reported because for small numbers of events hypocentral er-
rors dominate in the area calculation. Characteristics of swarms were diverse in
geologic setting, relation to other earthquakes, duration, spatial extent, number
of earthquakes, and magnitudes of earthquakes. In all, close to one thousand
earthquakes were identified as associated with swarms out of a total of 50,000
earthquakes in the PDE catalog, with moment magnitudes up to Mw=6.7. It is
worth noting that this methodology may have some systematic problems with
it. For example, swarms are difficult to determine visually in areas with high
background seismicity rate (e.g. central Chile, between 30°S and 35°S contains
half of the earthquakes in South America). Also, it is difficult to distinguish
between swarms that follow large earthquakes or are triggered by large earth-

quakes and aftershock sequences.
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Figure 1.1: Combined Topography/Bathymetry of South American region
studied in this Thesis. Red circles and associated dates provide
times and locations of all swarm events discussed in the Re-
sults section. Size of red circles is true to the zone of shocks
associated with the swarms. Thick black lines provide plate
boundary information from Bird [2003] and thin dashed lines
show depth to slab contours every 50 km (from Syracuse and
Abers [2006]).
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1.3.2 InSAR Methodology

SAR acquisitions made from the European Space Agency’s (ESA) ERS-1, ERS-
2, and Envisat radar satellites were searched for acquisitions that span each
swarm. In most cases, the time interval search window before and after each
swarm was limited to a couple of years, but in several cases was expanded be-
yond that to acquire potential pairs. Tracks that have acquisitions bracketing
swarms are listed in Table 1.3. These are acquired from the European Space
Agency (ESA’s) Earthnet On-Line Interactive (EOLI) data repository for sev-
eral of the events discussed in the results section. For this study, we focused
on swarms that had larger maximum magnitudes (~6) because these have the

highest probability of being detected geodetically.

Interferograms were processed using the Repeat Orbit Interferometry Pack-
age (ROI_PAC) software package maintained by JPL/Caltech [Rosen et al.,
2004]. Interferograms were initially processed using orbits provided by the Eu-
ropean Space Agency and available online, but for every case long wavelength
ramps were present in the initial interferograms. These ramps are mostly due
to orbit uncertainties and are fit using a quadratic ramp and removed. Interfer-
ograms were then down-sampled (looked down), unwrapped, and geocoded

using ROI_PAC.

Inversion of the geodetic data was performed using the Neighborhood Algo-
rithm, a nonlinear inversion scheme useful in exploring several different model
parameters efficiently [Sambridge, 1998]. A key advantage of the Neighbor-
hood Algorithm is that it gives a measure of the broadness of the misfit min-
imum for each of the parameter spaces explored which allows the reader to

visually qualify the goodness of the result. Interferograms are resampled using

17



Table 1.1: South American Earthquake Swarms. * denotes previously dis-
covered swarms. Duration is in years, area is in square meters.

Lat and lon are the approximate center of the swarm.

| Date | Lat. | Long. | Duration | Num. EQs | Total Mw | Fig. | Area |

1973.5* || -26.83 | -70.92 0.12 72 6.7 1.4.1 | 6.1e+09
19769 || -11.93 | -73.5 0.25 14 59 1.30

1977.3 -1.36 | -80.79 0.05 9 5.6 1.25

1979.3 | -27.15 | -71.05 0.03 12 6.2 1.4

1980 -1293 | -74.5 0.8 12 58 1.31

1985.1 | -33.08 | -71.85 0.01 15 5.8 1.18

1985.3 0 -80.5 0.2 5 4.9 1.27

1986.15 | -17.43 | -65.5 0.25 7 5.8 1.32

1990.5 3.5 -76.5 0.25 100 54 1.33 | 1.1e+11
1991.3 10.07 | -82.5 0.2 15 6.3 1.42

1991.6 | -4493 | -72.5 0.07 13 6.1 1.23

1993.6 9.5 -79 0.65 10 52 1.43

1994 -33.2 | -72.2 0.1 10 44

1997.5* || -30.52 | -71.86 0.04 32 6.9 1.12 | 1.8e+10
1997.6 9.5 -79 1 141 4.6 1.44 | 2.2e+11
1998.05 | 6.21 | -73.87 0.35 30 52 1.46

1998.1 7.3 -81 1 57 5.0 1.45 | 2.8e+10
1999.3 | -33.33 | -72.29 0.02 25 49

1999.45 || -33.33 | -72.29 0.1 50 4.8

1999.84 -38 -72.5 0.15 11 57 1.34

2000.6 -5.36 | -76.62 1.7 15 5.6 1.35

2001.45 || -154 | -72.2 15 31 6.1 1.37

2001.45 || -15.41 | -70.36 0.5 16 5.6 1.38

2001.45 -17 | -70.25 0.15 20 5.8 1.39

2001.8* || -33.2 | -72.2 0.01 10 49 1.19

20034 | -32.34 | -72.19 0.02 25 52 1.20 | 3.1e+09
2005.05 | -1.36 | -80.79 0.09 39 6.6 1.26 | 5.1e+09
2005.2 || -14.77 | -76.54 0.8 15 55 1.40

2005.61 | -343 | -72.5 0.01 9 4.7 1.21
2005.55* || -16.64 | -70.79 0.25 38 5.8 1.14

2006.3* | -27.02 | -71.02 0.1 100 6.9 1.5 | 6.4e+09
2006.7 -33.2 | -72.2 0.1 14 4.7

2007* || -45.24 | -72.65 0.25 15 6.4 1.22
2008.34* || -42.7 | -72.5 0.01 10 6.0 1.24
2008.40* || -42 -72.3 0.02 7 6.1 1.24
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Table 1.2: South American Earthquake Swarms. * denotes swarms exam-

ined with InSAR in this thesis

| Date | Lat | Environment | Location | Area |

1973.5 | -26.83 | Megathrust Copiapo | 6.08e+09
19769 | -11.93 ? C. Peru

19773 || -1.36 | Megathrust Ecuador

19793 | -27.15 | Megathrust Copiapo

1980 || -12.93 ? C. Peru

1985.1 || -33.08 | Megathrust | Valparaiso | 1.57e+10
1985.3 0 Megathrust Ecuador
1986.15 || -17.43 | Sub-Andean Bolivia

1990.5 3.5 ? Colombia | 1.13e+11
1991.3 | 10.07 ? Costa Rica

1991.6 | -44.93 Volcano Hudson

1993.6 9.5 ? Panama

1994 -33.2 | Megathrust | Topocalma

19975 | -30.52 | Megathrust | Punitaqui | 1.8e+10
1997.6 9.5 ? C. Amer. | 2.19e+11
1998.05 | 6.21 ? S. Panama

1998.1 7.3 ? N. Panama | 2.8e+10
1999.3 || -33.33 | Megathrust | Topocalma
1999.45 | -33.33 | Megathrust | Topocalma
1999.84 | -38 | Megathrust Arauco

2000.6 | -5.36 ? N. Peru
2001.45* | -15.4 Volcano Coropuna
2001.45 | -1541 Volcano? Titicaca 2.23e+10
2001.45 -17 Volcano Tutupaca

2001.8 | -33.2 | Megathrust | Topocalma

2003.4 | -32.34 | Megathrust Papudo | 3.14e+09
2005.05* || -1.36 | Megathrust Ecuador | 5.07e+09
2005.2* || -14.77 | Megathrust Pisco 3.11e+10
2005.61 || -34.3 | Megathrust 34S
2005.55* || -16.64 Volcano Ticsani 1.33e+10
2006.3* | -27.02 | Megathrust Copiapo | 6.38e+09
2006.7 | -33.2 | Megathrust | Topocalma

2007 | -45.24 Volcano Aysen
2008.34 || -42.7 Volcano Chaiten
2008.40 -42 Volcano Hornopirén
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Table 1.3: Interferograms Made. BPerp is the perpendicular baseline be-

tween the two satellite passes. The Track column has the for-
mat ’‘Satellite’-T'Track Number’, where satellite is either ERS
or IM'number’ (ENVISAT Image mode number). For example,
IM2-T447 is Envisat image mode 2, track 447.

] Location H Master Date\ Slave Date \ Track \Bperp\
Coninno 06/18/2007 | 08/22/2005 | ERS-T96 | 300
p1ap 01/14/2008 | 08/22/2005 | ERS-T96 | 260
03/05/2007 | 09/06/2004 | ERS-T96 | 230
Tieoani 01/22/2005 | 01/07/2003 | IM2-T411
06/17/2006 | 12/04/2004 | IM4-T361
06/14/2006 | 01/05/2005 | IM2-T318
Eeuador 02/11/2006 | 07/12/2003 | IM2-T068 | 30
02/11/2006 | 06/07/2003 | IM2-T068 | 100
07/12/2003 | 06/07/2003 | IM2-T068 | 80
01/09/2002 | 04/09/1996 | ERS-T225 | 40
5. Peru (Coropuna) | 113 /5003 | 10,06/1997 | ERS-T497 | 40
Pert (Pisco) 07,/28/2006 | 02/18/2005 | IM2-T447 | 100
10/19/2007 | 10/10/2003 | IM2-T354 | 60
08/17/2007 | 2/18/2005 | ERS-T447 | 190

20



the resampling tool of Lohman [2004], which uses an initial fault plane guess
to identify important regions in the interferogram. Greens functions are built
using Okada’s rectangular dislocation solution in an elastic half space [Okada,
1985]. The inversion scheme allows for exploration of several model parame-
ters: location of the fault patch described by an azimuth and a distance from
an initial search point, depth, length, width, and aspect ratio the fault patch,
strike, dip, and rake. Variations in incidence angle along the radar scene, which

manifests as a ramp in the range direction, are accounted for in the inversions.

1.4 Results

1.4.1 Previously Discovered Swarms

A key test for the effectiveness of our effort to compile a thorough list of swarms
is comparing swarms found with this method to previously discovered swarms
documented in literature or meeting abstracts. Individual swarms documented
by previous researchers will be discussed in the following sections. Most of
these swarms were studied individually and discovered with local seismic net-
works. Our search was blind in the sense that the swarm search described above
was done before a literature search for swarms. All of the swarms known in
the literature and above or near the catalog completeness threshold (~4-5) were

found by our swarm search method.
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Central Chile, 1973, 1979, and 2006 Copiapo Swarms (27°S)

Comte et al. [2002] report a swarm during July and August of 1973 using ISC re-
ported earthquakes. The swarm search presented in this thesis also documents
this swarm, and shows it contains at least 72 earthquakes with a maximum mag-
nitude of Mw=6.3. The first earthquakes occurred near 27°S and propagated to
the north. They report this swarm to be in the middle of the 1922 Mw=8.2 rup-
ture zone and show that this swarm marks the southern terminus of the 1983
Mw=7 4 earthquake. They suggest that if this swarm were on the interface and
not in the continental crust above it, this indicates that the region north of the
swarm was not ready to rupture in 1973. The 1973 Copiapo swarm and its re-
lation to the 1983 earthquake is shown in Figure 1.4.1. Figure 1.4.1 shows that
the events appear to have started at the southern edge of the rupture zone and
ended at the northern edge, so we plotted the along strike position of epicenters
to determine if any propagation had actually occurred. Figure 1.3 shows the
along strike epicentral propagation. While a linear fit to the along-strike dis-
tances favors this south to north propagation at ~3 km per day for the initial
swarm and ~0.6 km per day when averaged over the whole sequence, we feel
there is not enough resolution to differentiate between smooth propagation of

epicenters, discrete jumps in epicenters, or random scatter.
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Figure 1.2: 1973 Copiapo Earthquake Swarm. Top panel shows mapview
of seismicity with circle size representing Mw and color repre-
senting time as shown in the middle panel. The dashed lines on
the map show depth to slab contours from Syracuse and Abers
[2006] and represent the 6, 50, 100, 150, and 200 km depth con-
tours. Middle panel shows PDE reported seismicity in a small
time window just bracketing the seismicity and within the area
shown in the top panel. The bottom panel contains 15 years of
seismicity to show the background seismicity rate. Thin verti-
cal lines in the bottom panel show the begin and end times of
the middle panel. When present, stars in the top and bottom
panels show epicenters of earthquakes with Mw > 6.5 within
the 15 year timespan shown in the bottom panel. The same
scheme will hold for all subsequent plots of swarm seismicity.
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Comte et al. [2002] also report that this is the only swarm in the Copiapo
region, but this swarm search identified an additional swarm in 1979, though
much smaller in number and magnitudes of earthquakes. This swarm is shown
in Figure 1.4 and contains only 12 earthquakes with a maximum magnitude of

Mw=5.6.

More recently, in April to May of 2006, a swarm consisting of approximately
180 earthquakes observed within the PDE catalog occurred overlapping with
and to the south of the 1973 Copiapo swarm. This swarm was also identified
and examined by Comte et al. [2006]. They present evidence that seismicity
within this swarm is correlated with a subducting seamount. In addition, they
tind that events occur in areas of low Vp and high Vp/Vs ratio. Seismic anoma-
lies of low Vp and high Vp/Vs ratio are consistent with the presence of excess
fluids in the area because fluids are seismically slow but affect shear velocities

more than compressional velocities.

The 2006 Copiapo swarm is shown in Figure 1.5. Figure 1.6 shows that this
swarm may exhibit north to south propagation of hypocenters, but again there
is not enough resolution in the PDE to rule out discrete jumps in seismicity
or just random scatter. A best fit line to the main part of the seismicity, from
~2006.335 to ~2006.345, prefers a rate of -7.4 km/day of along-strike epicentral
propagation. North to south propagation is opposite to the 1973 swarm but is
similar to the overall trend of north to south propagation during recent large
megathrust events in Chile [Pritchard et al., 2007]. Seismicity within the swarm
was clustered at the beginning and after 1/3 of the sequence, with the largest

event occurring in this second burst of earthquakes.

The onshore region next to the site of the 2006 Copiapo swarm lies at the
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Figure 1.3: Earthquake epicenter propagation for the 1973 Copiapo earth-
quake swarm. Distances on the y-axis are taken from the south-
ernmost event in the cluster so the y axis has north at the top
and south at the bottom and represents along-strike propaga-
tion. Depths are not included because of poor depth resolution
in the global catalog. Values shown are in km per day and the

error is one standard deviation.
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Figure 1.4: 1979 Copiapo Earthquake Swarm.
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Figure 1.5: 2006 Copiapo Earthquake Swarm. InSAR associated with the
swarm is discussed in the text (Table 1.3) , colored vertical lines
in the bottom panel will show the acquisition dates, with simi-

lar colors representing independent interferograms made.
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Figure 1.6: Earthquake epicenter propagation for the 2006 Copiapo earth-
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southern end of an extensive hyper-arid region that extends from central Peru
through central Chile along the west coast of South America. The aridity allows
for interferograms to remain coherent over periods of several years. Three in-
terferograms were made from track 96 that span the swarm, and the dates of
these acquisitions are shown in the bottom panel of Figure 1.5. Our primary
goal in performing these inversions is to determine if any aseismic slip compo-
nent is needed to predict the observed ground deformation. Any disagreement
between the seismically and geodetically constrained moments could indicate

aseismic slip had occurred.

Since only one track was available that contained this deformation pattern
and the rupture plane appears to be offshore, we performed several iterations
of the inversion algorithm to arrive at a solution consistent with a priori infor-
mation regarding the seismicity patterns and interface location. We made three
interferograms with SAR imagery from Envisat track 96 beam mode 2 that span
the swarm - two share a common scene and one is completely independent. All
three are used in the inversion scheme in an effort to reduce the noise due to
atmospheric or other errors. Atmospheric errors can be on the order of several
centimeters, and since the signal we see is ~6 cm, using all data in the inversion

is necessary.

If allowed to explore all parameter space freely, the inversion arrives at a
solution inconsistent with seismicity as located by the EHB catalog or plate dip
because only one lobe of the deformation pattern is visible to the radar and the
rest of the deformation pattern is offshore. The inversion in this case prefers
solutions that are several tens of kilometers further offshore than the seismicity,

much steeper dips of >45° than the approximate 20° dip of the plate interface
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[Comte et al., 2002], and with larger magnitude solutions of > Mw=7.6. Since
the primary concern is the event magnitude, this is unacceptable as location,
dip, depth, and magnitude all trade off with each other because of the offshore

nature of the deformation pattern.

For our next attempt, we added in a priori information about the location of
seismicity to determine whether the observed deformation could be consistent
with the recorded seismicity. First, the location and depth were fixed in space
near the seismicity and all other parameters allowed to vary. The first iteration
was performed to arrive at the proper strike and dip. The inversion algorithm
arrived at a strike of 15° and a dip of 21°. Strikes associated with the swarm
in the CMT catalog ranged from -27° to 21° with a mean of -1° and standard
deviation of 12°. Strikes average out to 10° when they are weighted with the
moment of the event. Dips in the CMT catalog average 21° with a standard
deviation of 5°. When weighted by the event moments, the mean dip is 16°.
Since the inverse solution using the INSAR datafor strike and dip are close to
the weighted averages of the CMT solutions, these values are assumed to be
correct and fixed in future iterations. The strike of the trench at ~27°S is about
10° [Bird, 2003] and the dip of the interplate contact is determined from local

seismicity to be about 20° [Comte et al., 2002].

The second iteration fixes the strike and dip at 15° and 21° and explores
location, depth, length and width. The magnitude of the inversion result is
very sensitive to depth, and for this particular case deeper fault planes produce
smaller residuals. The inversion arrives at a result that is about 15 km deeper
than the seismicity reported by the ISC using the Engdahl et al. [1998] location

scheme and contains approximately three times the total seismic moment re-
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lease. When the location and depth are limited to a very small region (10 km
search radius around EHB reported seismicity and down to 25km depth), the
inversion arrives at a result that predicts the total seismic moment release ex-
actly. EHB reported seismicity shows events occurring down to ~25km depth
in this swarm. Results from the Neighborhood Algorithm inversion and com-
parisons to seismicity are shown in Figure 1.7. The green stars represent Be-
nioff zone seismicity of the downgoing slab located by a local on and off shore
seismic network [Comte et al., 2002] and are not associated with the swarm.
The blue dots and red stars represent PDE and EHB reported seismicity for this
swarm. Considerable decrease in scatter of hypocentral locations is seen in the
EHB events for this swarm and the good comparison between EHB and Comte
et al. [2002] seismicity suggests there is little systematic error in these EHB lo-
cated earthquakes. The second iteration of the inversion forced the fault plane
to agree with the a priori information of EHB located seismicity. Comparison of
data and forward models of deformation are shown in Figure 1.8. This result
suggests no component of the observed ground deformation needs to invoke
asesimic slip as the seismically radiated energy can account for nearly all of the
geodetically observed moment release. While no additional slip is needed to
explain the signal, the inversion does not rule out the potential for asesimic slip
since small changes in fault locations and size will have a large impact on the

apparent moment magnitude of the slip.

For comparison, we also present the best fit model without using the a pri-
ori information. The inversion algorithm arrives at a moment magnitude of
Mw=7.22, more than three times larger than the seismic moment of Mw=6.89.
This would imply aseismic slip is a necessary component, but we choose not to

believe this model because of the a priori information mentioned above. Results
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Figure 1.8:

Comparison between full resolution data and best fit inverse
model after using a priori information for the 2006 Copiapo
Swarm. All profiles are taken from the same swath profile as
shown in the data and residual columns, with the first profile
in each case representing all the data and model points and
the second profile showing just the resampled data and model
points. Model and Residual interferograms are based on lin-
ear interpolation of the resampled interferograms onto the full

resolution interferogram.
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from the Neighborhood Algorithm inversion and comparisons to seismicity are
shown in Figure 1.9 and comparison of data and forward models of deformation

are shown in Figure 1.10.

Central Chile, July 1997-September 1998 Sequence

This sequence began in July 6, 1997 with a thrust event with Mw=6.7 and was
followed almost a month later by a swarm of over 30 earthquakes with a max-
imum magnitude of Mw=6.3. The swarm occurred immediately south of but
separate from the initial July 6 earthquake and the large events were relocated
by Lemoine et al. [2001] and found to occur on or near the megathrust, here at
15 to 20 km depth. Figure 1.11 shows this entire sequence of earthquakes and
1.12 shows the first earthquake and the subsequent swarm only. The sequence
shows a north to south progression of epicenters as indicated in Figure 1.13, in-
dicating that stress transfer may be an important aspect of this sequence, and
was studied by Lemoine et al. [2001] and Gardi et al. [2006] for various types of
stress interaction within the sequence. The PDE catalog does not have enough
resolution to differentiate between smooth propagation or discrete jumps in epi-
centers, or random scatter in epicentral errors. Lemoine et al. [2001] and Gardi
et al. [2006] were primarily concerned with the 15 October 1997 Punitaqui event,
which was an intraslab event with a slab push mechanism. Slab push mecha-
nisms show a polarity opposite the regular thrust focal mechanisms and are in-
terpreted to be in the subducting slab due to plate unbending and by definition
is indicative of down-dip compression. Slab push mechanisms are relatively
rare in this region, especially one of this magnitude. Both studies concluded

that the Coulomb stress change due to the amount of slip corresponding to the
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magnitudes of the July earthquakes was insufficient (hundredths of a bar) to

trigger the slab push earthquake.

Figure 1.12 shows that the swarm displays north to south propagation, with
the initiation of the swarm closest to the initial July 6 event. All earthquakes
are within the rupture region of the Mw=7.9 Illapel earthquake of April 1943
as defined by aftershock sequences, which was a shallow thrust event which
ruptured ~100 km of the margin centered at 30°S and displayed relatively low
rupture complexity [Beck et al., 1998]. Low rupture complexity may indicate
that the fault did not have significant stress or frictional heterogeneity at the
time of rupture. If the Punitaqui swarm signifies an area that exhibits stress or
frictional heterogeneity, as the occurrence of swarm-like behavior may require,
this could indicate stress variations within the earthquake cycle. An additional
swarm may have occurred in 2001 in the same region (Figure 1.3.1), but seis-
micity is very much elevated after the 1997-1998 sequence and so is difficult to
distinguish visually. Determination of changes in seismicity rates will require
modeling beyond the scope of this thesis, such as comparing seismicity patterns

with predicted ETAS models [e.g., Ogata, 2007].

Southern Peru and Ticsani Volcano, 2005

Figure 1.14 shows a swarm that occurred near Ticsani Volcano and Laguna Vis-
cacha in the middle of 2005. The swarm begins between the Ticsani and Vis-
cacha and experiences a burst of seismicity a couple of months later beneath
Ticsani (Edmundo Norabuena, personal communication, 2005). The relation-
ship between the burst of seismicity beneath Ticsani Volcano and the swarm

was examined by Gonzdles et al. [2006] and will be examined in depth here.
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This swarm highlights possible interaction between different sources in that
there appears to be two different types of clustering activity in adjacent regions:
the southeastern cluster spans the whole 3 months and is more uniformly dis-
tributed in time (Figure 1.14, purple to green events) while the northwest cluster
appears as a sudden burst that begins and ends in a short time span (Figure 1.14,

yellow events).

Ticsani lies on the Andean plateau in Southern Peru where the altitude and
climate of the plateau are conducive to maintaining radar coherence over long
time spans. The volcanic regions of the Andes are also extensively sampled by
SAR, so there are several different INSAR pairs that document the deformation
associated with this swarm. Figure 1.15, compiled by Matt Pritchard, shows 7
interferograms spanning times that do not contain the swarm (panels a-g) and
3 interferograms from times that do contain the swarms (panels h-j). The in-
terferograms appear to contain 3 deformation sources, most clearly visible in
panel h. The southeastern source beneath Laguna Viscacha first appeared in
interferograms that spanned January of 2003 to March of 2004, well before the
seismic swarm took place. No anomalous seismicity exists in the global cata-
logs during this approximate location and time. The other two sources (in the
center and northwest corner of 1.15, panel h) are most likely associated with the
swarm activity, although the relationship between the deformation signal and
the earthquake times are impossible to tell from these interferograms because of

the sampling times.

The source closest to Ticsani Volcano shows two prominent lobes of defor-
mation usually indicative of a double-couple source mechanism (Figure 1.15,

panels h-j). This deformation signal is focused on when resampling the three
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interferograms that show the signal and inverted with the Neighborhood Al-
gorithm. This deformation signal is sampled by three different Envisat tracks:
track 318 beam mode 2, track 411 beam mode 2, and track 361 beam mode 4.
Envisat beam modes represent different incidence angles only. It is sampled by
two descending tracks and one ascending tracks, so the one dimensional sam-
pling issues encountered for the Copiapo swarms are not encountered during
this inversion. Because it was well sampled with multiple tracks and look an-
gles and the entire deformation patten (both lobes of deformation) is resolved,
the inversion was allowed to effectively explore all parameter space at once.
The results from the Neighborhood Algorithm are shown in Figure 1.16 with
comparisons of data and models given in Figure 1.17. The inversion arrived
at a Mw=>5.7 event, not significantly greater than the seismic moment suggests,
while giving an excellent fit to the INSAR data. This suggests that no additional

aseismic moment was released along with this swarm activity.

Topocalma Knoll and Subduction of the Juan Fernandez Ridge

Subduction of the Juan Fernandez Ridge near 32.5°S (Figure 1.3.1) provides a
boundary for subduction angle (flat slab subduction to the north) and sedimen-
tation input to the trench (low input to the north) [vonHuene et al., 1997]. How-
ever, it does not appear to be a definitive boundary to earthquake rupture prop-
agation, as the 1730 rupture extended to both sides of this region by hundreds
of kilometers [Kelleher, 1972; Comte et al., 1986]. At ~32.4°S between the trench
and the coast, the Papudo seamount has been subducted and is associated with
a bathymetric high. The subducted Topocalma Knoll offshore of Valparaiso at

~33.1°S and the tectonically controlled San Antonio Canyon represent the south-

46



10000

20 .
0 2000 4000 6000 8000
Search Radius (m)
dip=64
50 !
-
E 40 .
€
30
20
0 20 40 60 80
Dip (degrees)
aspect=0

-0.2 0.1

0.1

0
Aspect Ratio

0.2

misfit

angle=37

50

100 150 200 250 300
Search Angle (degrees)
rake=98

350

S(; 100 150
Rake (degrees)

depth = 4607

20

Depth (km)

misfit

40f.

300 . 320 340 360
Strike (degrees)
area=31243779

280

4 6 8
Area (1e7 m)

misfit

200 400 600 800 1000
Model iteration number

Figure 1.16: Neighborhood algorithm results for the Ticsani Swarm shown
in Figure 1.14

47



Northings (km)

01/07/2003 to 11/22/2005
Phase (m)

12/04/2004 to 06/17/2006
Northings (km)
Phase (r;w)

Northings (km)

01/05/2005 to 06/14/2006
Phase (m)

60| 7 A : o
-40 -30 -20 -10 0 10 20 -40 -30 20 -10 0 10 20 30 40 -40 -30 -20 -10 ﬂ_ 10 20 30 40
Eastings (km) Eastings (km) Eastings (km)

Mw=5.6992, 0.51 meters slip

Depth (km)

-1 2
: o

North (km)

East (km)

Figure 1.17: Inverse model of the 2005 Ticsani Earthquake Swarm. Red is
an increase in LOS displacement or subsidence, blue is uplift.
The subsidence-only pattern to the southeast is effectively re-
moved during resampling of the deformation field so is not
modeled or removed.

48



ernmost part of this transitional zone. This is a seismically active area with seis-
micity located on the plate interface and throughout the overriding plate above

it.

A great subduction earthquake (Mw=8.0) occurred on March 3, 1985 in this
region, dubbed the Valparaiso earthquake. Comte et al. [1986] document intense
foreshock activity in the region of the epicenter, and this activity appears to
be swarm-like. Foreshock swarms are not uncommon and have been studied
extensively in California [e.g., Jones, 1994], New Zealand [Evison and Rhoades,
1993] and documented elsewhere [Zobin and Ivanova, 1994]. The foreshock

swarm and aftershocks of the 1985 earthquake are shown in Figure 1.18.

Thierer et al. [2005] document a shallow swarm in October of 2001 in the
vicinity of the San Antonio canyon and above the plate interface where the
Topocalma Knoll has subducted at near 20 km depth. More than 30 events were
recorded by an array of ocean bottom seismometers (OBS), 10 of which were
reported to have magnitudes of ML=4.0 or greater. The main burst lasted only
one day but seismicity remained elevated immediately following the swarm
[Thierer et al., 2005]. The swarm search presented in this thesis locates this
swarm despite having only 10 earthquakes recorded by the global catalog. A
similar but significantly more energetic swarm occurred in this region in 1999,
and this swarm is shown in Figure 1.19. In addition to the 1999 and 2001 swarm,
this search documents six other swarms in the Juan Fernandez-Topocalma re-
gion. These other swarms are similar to the documented 2001 swarms in their
duration and maximum magnitudes. Swarms in the Topocalma Knoll region
appear to occur regularly as six of the seven swarms from 1973 to 2009 occurred

in this region, which is near the epicenter of the 1985 earthquake.
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The other swarm in the region occurred in the vicinity of the subducted
Papudo seamount in July of 2003, and is shown in Figure 1.20. The Papudo
seamount and Topocalma Knoll are both correlated with positive magnetic
anomalies, indicating emplacement by the Juan Fernandez Ridge hot spot
[Yanez et al., 2001], ~700 km off the coast of Chile. This swarm was close in
time to another cluster of earthquakes to the south, which appears to be a main-
shock/aftershock sequence. The mainshock/aftershock sequence, despite re-
leasing over four times as much moment as the Papudo swarm, shows a slightly
smaller area of aftershocks. This is indicative of a smaller stress drop during the
earthquake swarm. To the south of this region, at ~34°S, a small swarm occurred
in mid-2005 and is shown in Figure 1.21. Whether or not this swarm is in some

way connected to the subduction of the Juan Fernandez Ridge is unclear.

Multichannel seismic reflection data acquired and presented by Yanez et al.
[2001] suggest that the Topocalma Knoll was formed by uplift of a continen-
tal crustal block in response to seamount subduction. Laursen and Normark
[2002] go further and say the Topocalma Knoll records the location of the sub-
ducted San Antonio seamount. They suggest compressional deformation asso-
ciated with subduction of the Juan Fernandez Ridge seamounts helped form the
Valparaiso basin with the formation of trench-ward verging thrusts in the over-
riding plate above seamounts. Additionally, high pore fluid pressure along the
plate interface associated with subducting sediments has been inferred in the
region [e.g., Kirby, 2000; Laursen and Normark, 2002], and this fluid pressure
may cause hydrofracturing of the base of the overriding plate. A combination
of high amounts of fluids and a hydrofractured and heavily faulted overriding
plate may provide conditions conducive to generating earthquake swarms (e.g.

fluids and fault or stress heterogeneity).
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Puerto Aysen Swarms (45-46°S)

At 46°S, the Chile Rise active spreading center is subducting beneath South
America (Figure 1.3.1). Oblique subduction and the indenting force of the ridge
is the suspected cause of strain partitioning accommodated by the Liquine-
Ofqui Fault Zone (LOFZ), a dextral intra-arc system that strikes parallel to the

trench.

In January 2007, an earthquake swarm began near the Aysen Fjord at ~45.3°S
and near the LOFZ. This swarm was recorded by a temporary network of 60
seismometers in the region deployed by the Universidad de Chile and the Uni-
versity of Florida [Mora et al., 2008; Barrientos et al., 2007]. Mora et al. [2008]
report over 6000 earthquakes associated with the swarm, and deformation asso-
ciated with this swarm was examined by Fukushima [2007]. The swarm search
conducted for this thesis successfully identified this swarm. 15 earthquakes in
the swarm were large enough to be identified by the NEIC (PDE), but this far
surpasses the background seismicity average of much less than one per year.
The swarm is shown in Figure 1.22. Three earthquakes have focal mechanisms
obtained from the global centroid moment tensor (CMT) project. The first shows
a slightly oblique strike slip mechanism while the last two show an additional
component of opening. Focal mechanisms with sizable isotropic components

are often attributed to volcanic sources, such as deflation of a magma dike.

The origin of the 2007 Aysen swarm (tectonic, magmatic, or both) will be
difficult to discern as the LOFZ dissects the Andean magmatic arc. However,
our search documented an earlier swarm in 1991 from August 8 to September 7.
This swarm contained 14 earthquakes and is shown in Figure 1.23. This swarm

is directly related to the eruption of Cerro Hudson Volcano. The eruption be-
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gan on August 8 with a basaltic flow and intensified from August 12-15 with an
andesitic eruption [Naranjo and Stern, 1998; Venzke et al., 2002]. A seismic sta-
tion 50 km away recorded a couple hundred earthquakes, but was just a single
station so no locations were obtained. In addition to these two swarms, three
events were detected at virtually the same location as the 1991 swarm in Jan-Feb
2000 (magnitudes 4.8, 5.1, and 5.0) but three events are too few to confidently

suggest swarm activity.

Chaiten eruption, 2008 (~43 S)

The first eruption of Chaiten volcano in almost 10,000 years occurred in April
2008. This eruption was accompanied by seismic activity recorded at nearby
stations STAB and PUMA [Venzke et al., 2002; Lara et al., 2008]. Thousands of
small volcano-tectonic (VT) and long period (LP) earthquakes were recorded
beneath Chaiten volcano, but seismicity was also present on the Liquine-Ofqui
Fault Zone. The relation between the earthquakes on the LOFZ and the eruption

remains unclear. Seismicity recorded by the NEIC is shown in Figure 1.24.

Seismicity in the early part of the time window in Figure 1.24 reflects seis-
micity near or beneath Chaiten volcano. Less than a month later, approximately
100 km to the north, a second series of seismicity occurred along the LOFZ. The
northern cluster is near Hornopirén volcano, but global catalogs are not pre-
cise enough to show the relationship between seismicity and the volcano (An-
dres Pavez, personal communication). Lange et al. [2008] deployed a temporary
seismic network in 2004-5 along the LOFZ from 41.5°-43.5°S. They describe four
clusters of crustal earthquakes along the LOFZ, two of which are near the small

town of Hornopirén 20 km from Hornopirén Volcano and below Chaiten Vol-
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cano. The article was published online 11 days before the Chaiten eruption, and
since the deployment was 3 years before the eruption, seismicity was present at

least that long prior to the eruption.

Fournier et al. [2009] examine interferograms of this swarm and conclude
that geodetically required volume changes cannot account for the large volume
of erupted material indicating complex interaction between volcanic and other
(e.g. seismic, magma compressibility) deformation sources. Additional defor-
mation sources, such as aseismic slip, could be present but separating volcanic
from tectonic sources in such a complex system is difficult. The limiting factor
in separating volcanic from tectonic sources is that no continuous deformation
histories can be established. No continuous GPS exist in the region and SAR
acquisitions were not made during the swarm, so a time series of deformation

cannot be constructed.

Both clusters show CMT solutions that contain significant non-double cou-
ple components, and since the LOFZ slices through the volcanic arc a magmatic
link between the two regions may be considered. Alternatively, an aseismic
slip event could have been the cause of both swarms and the eruption. Such a
slip event was inferred to occur in Alaska in 1996 when several volcanoes sepa-
rated by hundreds of kilometers simultaneously either erupted or experienced
swarm activity [McNutt and Marzocchi, 2004]. Any model to explain the seis-
micity should consider that both Hornopirén and Chaiten were seismically ac-
tive with microearthquake activity from 2004-5 and that the Hornopirén region

experienced elevated activity during the Chaiten eruption.
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1.4.2 Newly Discovered Swarms

In addition to the 8 swarms documented in the literature, 30 additional swarms
were found during the search presented in this thesis. The following sections
describe these swarms individually. None of the newly discovered swarms had
sufficient INSAR coverage for further analysis, motivating the need for denser
temporal coverage of SAR acquisitions, particularly in vegetated areas. Newly
discovered swarms described hereafter were probably recognized by local pop-
ulations because most events were large enough to be felt. In cases where
swarms occurred near volcanic regions, local populations may have even been
alerted to the swarm activity (e.g., by the Sernageomin service of the Govern-

ment of Chile).

Ecuador swarms at Carnegie Ridge intersection

Historical seismicity for Ecuador shows there is a sizable seismic gap between
about 0° and 10°S [Swenson and Beck, 1996]. This section of the margin accom-
modates a large convex bend in the trench and the subduction of the Carnegie
Ridge, which records the Galapagos hot spot to the west, from about 0° to 2.5°S,
both of which have been postulated to produce enough heterogeneity at the
plate interface to prevent the propagation of large earthquake ruptures into or
throughout the region. The margin north of the Carnegie Ridge has broken two
times in the past 300 years, once in 1906 in a large magnitude 8.8 event and later
in a Mw=7.9 in 1942. The 1942 earthquake was the first in a series of three large
earthquakes that re-ruptured the entire 1906 rupture area, but did so with only

~15% of the moment release of the 1906 earthquake [Swenson and Beck, 1996].
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At the intersection of the aseismic Carnegie Ridge, near the coastal city of
Manta and the southern part of Manabi, two earthquake swarms have been
found. The first occurred in 1977 and lasted about a month. The maximum
magnitude associated with this is small, only Mw=5.1, and few events were
recorded, but it appears to show north to south propagation as shown in Figure
1.25. The second swarm occurred in 2005 and is shown in Figure 1.26. This
swarm was much more energetic with moment magnitudes up to 6.2 and the
total sum of the moment was equivalent to a Mw=6.6 earthquake. This swarm
showed bilateral propagation of epicenters at rates of ~4.5 to 10 km per day as
shown in Figure 1.28, however the PDE catalog does not have enough resolution
to tell if this propagation occurred smoothly or as discrete jumps. An additional
potential swarm is shown in Figure 1.27 and occurs about a degree to the north

in 1985, but contained only 5 earthquakes in the cluster.

The coast of Ecuador receives a substantially larger amount of rainfall than
northern Chile and southern Peru, so INSAR coherence will degrade faster, par-
ticularly for the available C-band data. C-band radar systems (ERS, Envisat,
Radarsat) operate at a radar wavelength of 5.6 cm. At this wavelength, radar
cannot effectively penetrate through vegetation or the uppermost soil, so rain-
fall and vegetation growth tend to decorrelate the radar signal. Only one track
in Ecuador has acquisition spanning the swarm, and we acquired and processed
three scenes to test the coherence near the time of the swarm, with the timing
of the acquisitions shown in Figure 1.26. Radar coherence associated with two
processed interferograms are shown in Figure 1.29 and show that while some
coherence is maintained over short time intervals, it is almost entirely lost over
longer intervals. The only scenes spanning the swarm are over 1 year apart,

so it does not appear that INSAR provides useful geodetic observations of this
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Figure 1.25: 1977 Earthquake Swarm in Southern Ecuador.
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swarm.

1977 and 1980 Central Peru Swarms

Subduction of the Nazca plate beneath central Peru is noted for flat slab subduc-
tion which occurs between about 3°S and 15°S. One of the predominant charac-
teristics of flat slab subduction is a disruption of arc volcanism [e.g., Barazangi
and Isacks, 1976]. In 1977 and again in 1980, two small swarms occurred on
the plateau above the Peruvian flat slab segment, and are shown in Figures 1.30
and 1.31. The Peruvian flat slab segment is noted for an absence of volcanoes,
but both swarms occur directly above the 100 km depth contour (Figure 1.3.1)
near where volcanism would occur in a normal subduction system [Syracuse

and Abers, 2006].

1986 Sub-Andean zone in Bolivia

In 1986 a small cluster of earthquakes occurred in the sub-Andean zone near the
Main Andean Thrust of the Eastern Cordillera in Bolivia. This potential swarm
is shown in Figure 1.32 but there are too few globally located events to be defini-
tive about the details of the earthquake sequence. The decollement below the
eastern edge of the Cordillera is sub-critical within critical taper theory [Davis
et al.,, 1983], and high pore fluid pressure at the base of the wedge has been
prescribed to explain the sub-critical angle and structural coherence seen in the
main thrust sheet [Roeder, 1988]. This high pore fluid pressure could help ex-
plain the occurrence of swarms by reducing the normal stress and allowing for

the lower stress drops during events often seen during earthquake swarms.
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Figure 1.30: 1977 Central Peru Earthquake Swarm.
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Figure 1.31: 1980 Central Peru Earthquake Swarm.
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1991 Colombia Swarms

In 1991 two swarms occurred that covered a huge area in Colombia. These two
swarms and a mainshock-aftershock sequence that occurred immediately after
the second swarm are shown in Figure 1.33. The two swarms each lasted a
month or two and had cumulative magnitudes of Mw=5.15 and Mw=5.05 re-
spectively. Each swarm appeared to occupy an area at least a couple hundred
of kilometers wide, although the second swarm also contained a tightly clus-
tered group of events near Buenaventura Bay. For comparison, the sequence at
the end of this time interval contained cumulative magnitude of Mw=7.2, over
1000 times as energetic as each of the swarms, but occupies an area no more
than 50km by 50km. This large area to moment release ratio implies an ex-
tremely low stress drop, on the order of le-5 bars. Low stress drops are often

observed in earthquake swarms.

Central Chile at ~38°S

One swarm in late 1999 was discovered offshore to the south of the Arauco
peninsula and is shown in Figure 1.34. This swarm is immediately south of and
adjacent to the aftershock zone of a Mw=6.6 earthquake that struck the region
in 2004 and is shown as a star in Figure 1.34. The earthquake was not the subject
of any detailed studies, probably because it was not an energetic or damaging

earthquake.
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Figure 1.33: 1991 Colombia Earthquake Swarms.
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Northern Peru at ~5°S

In 2001-2002 a pair of small clusters of earthquakes (2001.2 and 2002.5) occurred
in Northern Peru at the eastern edge of the Eastern Cordillera in Northern Peru.
There are less than 10 earthquakes in both clusters, so definitively labeling this
as a swarm or otherwise is not absolute. This potential swarm is shown in Fig-
ure 1.35. Each of the earthquakes shown here were either near the plate interface
(106-117 km depth) or were assigned the default depth in the region of 33km. If
all of the events did occur near the plate interface at ~100 km depth, this swarm
would be the only one found that was not either on or near the shallow megath-

rust or in the upper plate crust.

Triggered seismicity after the 2001 Peru earthquake

The Mw=8.5 2001 Southern Peru earthquake seems to have triggered seismicity
up to several hundred kilometers away from the rupture zone [Devlin, 2008],
as shown in Figure 1.36. Several large earthquakes around the world have been
documented to trigger seismicity at great distances [e.g., Hill et al., 1993; Husen
et al., 2004]. Three of these triggered clusters of seismicity were identified as
swarms in this thesis. The first swarm contained two distinct bursts of seis-
micity oriented beneath Coropuna volcano and to the southeast of Coropuna
volcano. [Pritchard et al., 2007] show deformation associated with Coropuna
volcano and the swarm shown in Figure 1.37. The second swarm occurred to
the west of lake Titicaca and the third occurred to the southwest of lake Titicaca
near Tutupaca volcano. The second and third are shown in Figures 1.38 and

1.39.
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Figure 1.38: 2001 Triggered Swarm near Lake Titicaca.
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Figure 1.39: 2001 Triggered Swarm at Tutupaca Volcano.
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Prior to the 2007 Peru Earthquake

A Mw=8.1 earthquake struck off Pisco Peru on 15 August, 2007. This earthquake
was preceded a year earlier by a Mw=6.7 foreshock with an epicenter very close
to the 2007 epicenter. Several interferograms of this earthquake were made by
Pritchard and Fielding [2008]. Both the foreshock and the mainshock were near
the northern edge of the rupture zone of the Mw=8.1 earthquake [Pritchard and
Fielding, 2008; Motagh et al., 2008; Biggs et al., 2009]. South of the epicenter of
the 2007 event, a pair of swarms in early 2005 and early 2006 occurred south of
Pisco, Peru. The 2007 rupture propagated to the south, and the swarms shown
in Figure 1.40 mark the southern terminus of the aftershock sequence of the

large Peru earthquake.

To test whether or not the 2005-2006 swarm was accompanied by aseismic
slip, we examine interferograms formed from acquisitions made before and af-
ter the earthquake. Figure 1.41 shows interferograms made from both acquisi-
tions before the Earthquake in panel 1 and an interferogram spanning both the
swarm and the earthquake with the best fit joint INSAR-seismic model for the
earthquake removed [Pritchard and Fielding, 2008]. Residuals in both cases are
on the order of several centimeters. This is a small swarm, with most earth-
quakes occurring offshore and with depths of several tens of kilometers. Be-
cause of the depth and offshore nature of the swarm, it appears that any slip
associated with the swarm is below the observation threshold for INSAR. Nev-
ertheless, the location of the swarm at the southern terminus of the mainshock
rupture highlight a potential relationship between the two processes, and will

be discussed in section 1.5.
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Figure 1.40: 2005 Pisco, Peru Earthquake Swarm preceeding the 2007 Pisco
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Central American Swarms

As a consequence of downloading all data within a rectangle over South Amer-
ica, earthquakes from Panama and Costa Rica were also analyzed. Three
swarms in Panama and one on the Panama-Costa Rica border were found.
The first occurred in 1991 along the Costa Rica border and is shown in Fig-
ure 1.42, near the North Panama Deformed Belt. The North Panama Deformed
Belt marks the northern edge of the Costa Rica-Panama microplate and accom-
modates the motion of the microplate to the west and north. This region also
lies above the subducting Cocos Ridge and marks a volcanic gap between the
Panama and Costa Rica volcanoes. The events in this swarm were located by

the global catalogs as shallow events with depths less than 20 km.

A second swarm event occurred in 1993 and is shown in Figure 1.43. This
event occurred to the south of the North Panama Deformed Belt but still appears
to be offshore. This area became active again in 1998 in a widespread pulse of
earthquake activity. This pulse or swarm, shown in Figure 1.44, started in 1998
with activity that spanned several degrees and three major tectonic plates and
lasted a few months. This pulse marks the beginning of a swarm in northern
Panama that is shown in Figure 1.45 and appears to be similar to, although south
of, the 1993 swarm. A few months after that, a swarm in southern Panama,
shown in Figure 1.46, occurs to the north of the Southern Panama Deformed
Belt along the Rio Flores Fault Zone up to the Azuero-Sona Fault Zone. The
1998 swarms were composed of earthquakes with smaller magnitudes than had
previously been reported, so further study will need to eliminate the possibility
that these swarms are an artifact of a temporarily decreased magnitude report-

ing threshold.
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Figure 1.42: 1991 Costa Rica Earthquake Swarm.
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Figure 1.43: 1993 North Panama Earthquake Swarm.
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Figure 1.44: 1998 Swarm Activity in Central America.
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Figure 1.45: 1998 Northern Panama Earthquake Swarm
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Figure 1.46: 1998 Southern Panama Earthquake Swarm.
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1.5 Discussion

The role of aseismic slip in plate boundary processes is a key motivation for
this thesis as the number of aseismic slip observations has greatly increased due
to high precision geodetic techniques (e.g. GPS and InSAR) [Heki et al., 1997].
Studies have focused on potential interaction between aseismic slip events and
earthquakes as any advancement could potentially help with earthquake haz-
ard mitigation. Slow or aseismic slip has been observed in association with
earthquake swarms [Lohman and McGuire, 2007], non-volcanic tremor (NVT)
[Rogers and Dragert, 2003; Hirose and Obara, 2006], or not correlated with any
seismic observation [Ozawa et al., 2002]. NVT is a weak, long duration and
slowly emergent seismic signal prominent in the 2-10 Hz range and is often
inferred to have some relation to fluid release or movement. When NVT is ob-
served in correlation with slow slip, the process is characterized as episodic
tremor and slip (ETS) and has been observed in Japan [Hirose and Obara, 2006],
Costa Rica [Brown et al., 2005], Cascadia [Rogers and Dragert, 2003], Mexico
[Payero et al., 2008], and Alaska [Peterson et al., 2005].

Recently, Shelly et al. [2007] has shown evidence that NVT in Japan during
GPS detected slow slip events is actually a swarm of low-frequency earthquakes
(LFE) and that tremor in the Parkfield region of the San Andreas Fault also
consist of identifiable low frequency earthquakes [Shelly et al., 2009]. Low fre-
quency earthquakes differ from regular earthquakes in that they are enriched in
~1-5 Hz and depleted at higher frequencies. Shelly et al. [2006] show evidence
that LFE’s represent fluid-enabled shear slip on the megathrust. Preliminary
work also suggests LFE’s are abundant within Cascadia NVT (Mike Brudzin-

ski, personal communication, 2009), so the observation of NVT anywhere may
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be observation of an earthquake swarm manifested in a manner that is not de-
tectable by traditional seismic deployments or teleseismic data. In Japan and
Mexico, tremor and LFE’s locate adjacent to the region of aseismic slip, but
the relationship between aseismic slip and megathrust earthquakes remains un-
known in these regions because observations have not been occurring for a long
enough time to sample any possible interaction. Earthquake afterslip has been
shown on several occasions to occur immediately adjacent to mainshock slip
asperities [e.g., Heki et al., 1997; Hsu et al., 2006] suggesting that aseismic slip
and afterslip are intimately related. Slow earthquakes or aseismic slip, either
postseismic or as independent slow slip events, may indicate that the fault is ex-
hibiting velocity strengthening characteristics since the rupture is not allowed

to reach shear wave speeds [Segall and Rice, 1995; Segall et al., 2008].

The search presented in this thesis identifies swarms on or near the megath-
rust in some interesting and unique regions of the South American margin.
There are three main aseismic ridges currently subducting beneath South Amer-
ica: the Carnegie Ridge in Ecuador, the Nazca Ridge in Peru, and the Juan Fer-
nandez Ridge in Chile. All three of these ridges have had earthquake swarms
in the past 40 years (most easily seen in Figure 1.3.1). The Carnegie and Nazca
ridges have been characterized by prominent seismic gaps [Swenson and Beck,
1996, 1999], and the 2007 Pisco earthquake was shown to only partially fill the
Nazca gap [Pritchard and Fielding, 2008]. There are two end-member models
for why seismic gaps occur. Either (1) the fault is fully locked and accumulating
strain to be released in a great earthquake, or (2) the fault is unable to accu-
mulate strain and will never rupture in a great earthquake. If the swarms in
Ecuador are associated with significant aseismic moment release [e.g., Lohman

and McGuire, 2007; Ogata, 2007] this could possibly explain part of the seismic
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gap in the southern Ecuador region as frequent aseismic strain release could

prevent the fault from loading.

The 2007 Peru Earthquake was studied using INSAR by Pritchard and Field-
ing [2008]. Pritchard and Fielding [2008] demonstrate that a seismic gap still
remains, particularly at the crest of the incoming Nazca Ridge to the south of
the 2007 rupture zone. This marks the area of the 2005-2006 earthquake swarm.
Pritchard and Fielding [2008] solve for approximately 10 m of maximum slip
during the earthquake. Since the last earthquake in the region occurred in 1746,
this earthquake ruptured approximately half of the ~20m slip deficit accumu-
lated since then. This deficit may be made up in future earthquakes or the deficit
may be accommodated aseismically. Additionally, this earthquake exhibited
very low rupture velocity (<1.5km/s). Such a low rupture velocity indicates
that not enough seismic energy is being radiated to propagate the rupture effi-
ciently along strike. Conceptual models for slow or asesimic slip events require
that rupture is inhibited in some way so rupture propagation does not reach
shear wave speeds. If a relationship between the low earthquake rupture ve-
locity during the 2007 earthquake and aseismic slip associated with the swarm
above the Nazca Ridge exists (aseismic slip is just really slow rupture veloc-
ity), these observations could be documenting a transition in fault properties
associated with the subduction of the Nazca Ridge from velocity weakening to

velocity strengthening.

There is at least one other example of prior swarms occurring at the spatial
edge of coseismic rupture, which took place in Kamchatka. Slavina et al. [2007]
reported a preshock swarm before the Mw=7.8 Kronotskii earthquake on De-

cember 5, 1997. This swarm was at the northernmost edge of the rupture zone,
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as shown in Figure 1.47. Zobin [1999] report 23 swarms as having occurred off
the peninsula of Kamchatka in the past, so we applied our swarm search to this
region as well. There are several areas of repeating earthquake swarms as re-
ported by Zobin, but there are also two swarms that seem closely tied to the
rupture zone of 1997. We found a swarm in 1973, shown in Figure 1.48, which
marks the southern edge of the 1997 rupture zone. We also found that a swarm
in 1983, shown in Figure 1.49, as well as the 1997 preshock swarm detailed in

Zobin [1999], mark the northern edge of the 1997 rupture zone.

The swarms before the earthquakes in Kamchatka and Peru could be affect-
ing coseismic rupture in two ways: releasing slip deficit aseismically so that
rupture cannot propagate through the swarm area, or signifying an area of the
plate interface that has mechanical properties conducive to swarm generation
and provides a barrier to rupture propagation (i.e. an area of stable sliding,
heterogeneous, wet). It does not appear as though the Peru swarm of 2005-
2006 released much moment aseismically, but the period from 1746 to 1973 will
remain undocumented so distinguishing between these two end members is

impossible.

We explored the magnitude-frequency content in our earthquake swarm cat-
alog to test whether there is any indication of how frequent swarms in South
America may be and if South American swarms are similar in frequency to
swarms in Japan or Southern California. Vidale and Shearer [2006]; Vidale et al.
[2006] use local catalogs to constrain types of earthquake bursts in Japan and
Southern California, but the sizes of the events and duration of the catalogs are
different than our swarm search. Vidale et al. [2006] shows swarms in Japan

with total magnitudes ranging from 2 to 4 and a catalog length of 2.9 years. In
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Figure 1.47: 1997 Kronotskii Earthquake and pre-shock Earthquake
Swarm at the northern edge of the rupture zone.

94



8 - Mw_total=6.26006

oo

@O

w
|

°
00y ©

Magnitude(Mw)

T T
1973.44 1973.46

Time(y)

T T T T T T T T T
1970 1972 1974 1976 1978

Time(y)

Magnitude(Mw)

Figure 1.48: 1973 Kamchatka Earthquake Swarm. Open circles represent
the 1997 Kronotskii earthquake aftershocks.

95



160° 161° 162° 163°

55°

53°

52°

Mw_total=6.22203

Magnitude(Mw)

L[]
o o
e o’ ° oo ° e
T T T T T T T
1983.02 1983.04 1983.06 1983.08
Time(y)
5 .'.-' ..;i -j. L. s‘o T .:':' " ;y.'; -‘?5&-..' [S¥ -:-‘;;u".-'-' @ -‘;‘\: g::

Magnitude(Mw)

T T T T T T T T
1980 1982 1984 1986 1988

Time(y)

Figure 1.49: 1983 Kamchatka Earthquake Swarm.
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order to compare South American swarms with the local catalog of Japanese
swarms, we examine the frequency of swarms per unit of margin length and
time. We did not include Southern California in this analysis because the differ-
ent tectonic environments don’t allow the frequency to be normalized correctly
(normalizing by margin length). Figure 1.50 shows that when normalized this
way, both swarm catalogs are similar with respect to how frequent swarms of a
given magnitude should be. We grouped the magnitudes into 0.4 Mw bins to at-
tempt to accomodate for the small catalogs available. Extrapolating the inverted
values of frequency for the length of the South American margin shows that a
Mw=4 swarm should occur about every year and we estimate there should be 7
Mw=2.5 (near the observable completeness limit when dense seismic networks
exist) swarms per year. Some swarms of this magnitude have been reported,
at Cordon Caulle for example. A Mw=8 swarm should occur every 50 years,
and a Mw=8.5 swarm every 90 years, but it is important to keep in mind that
events this large may not be physically possible. A barrier to the size of the
swarm will result in the best fit line in Figure 1.50 to become vertical at the bar-
rier magnitude (since 0 swarms will occur at magnitudes larger than the barrier
magnitude). Volcanic earthquake swarms, which are included in this analy-
sis, likely have a barrier much before swarms on the megathrust because there
isn’t enough fault area in the vicinity of a volcano to produce large magnitude
events. This could be skewing the results in the range which volcanic earth-

quake swarms occur but its influence on Figure 1.50 is not clear.

We also used our catalog to explore relationships between different prop-
erties of swarms. For example, Ide et al. [2007] has presented a scaling law
between moment and duration for slow earthquakes. Figure 1.51 explores dif-

ferent properties of swarms for all swarms in this catalog, but no clear signals
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emerge. This may be an artifact of combining megathrust swarms and volcanic
swarms, so Figure 1.52 shows the same relationships except only for swarms
near or on the megathrust (between the trench and 50 km depth to slab con-
tour). Figure 1.52 shows that several of the swarms fit within the scaling law
presented by Ide et al. [2007], particularly the ones with larger moment magni-

tudes.

When possible, we calculated apparent along strike epicentral propagation
velocities. Table 1.4 shows a brief comparison of velocities associated with aseis-
mic slip and epicentral propagation rates found in this study. All studies show
along strike propagation of epicenters on the order of 5-10 km/day. As this
propagation velocity seems to be common for aseismic transient events, any

model to explain slow slip should explain this velocity.

Both swarms studied with InNSAR in this thesis show no need for an aseismic
slip component within the resolution of our data. Both, however, contained in-
set bursts of seismicity that accounted for a large amount of the seismic moment.
Toda et al. [2002] and Llenos et al. [2009] have argued to remove such bursts of
seismicity from the analysis because they may indicate a separate process, such
as a triggered MS-AS sequence that is not directly related to the aseismic slip.
The 2006 Copiapo swarm had two main bursts while the 1973 Copiapo swarm
did not show any such bursts within the main swarm area. The 1973 Copiapo
swarm did show bursts of seismicity after the main swarm activity, but they
were separated from the swarm region by a few tens of kilometers while bursts
during the 2006 swarm were within the swarm region. Inversions for the 2006
Copiapo swarm show a stress drop of 0.68 bars, which is over an order of mag-

nitude lower than the average of ~10 for interplate contacts Lay and Wallace
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Table 1.4: Comparison of along strike epicentral propagation velocities.

| Location | Propagation Velocity | Reference
Copiapo 1973 3.5 km/day This study
Copiapo 2006 7.5 km/day This study
Ecuador 2005 2.5 km/day This study
Punitaqui 1997 5-10 km/day This study
Salton Trough 3-20 km/day Lohman and McGuire [2007]
West Moreland 3-10 km/day Lohman and McGuire [2007]
N. Cascadia 5-15 km/day Wech and Creager [2008]
C. Cascadia 5 km/day (Brudzinski, personal com., 2009)
Shikoku Japan 12 km/day Shelly et al. [2007]
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the megathrust compiled in this swarm catalog shows several
intriguing possibilities. First, several of the swarms fit within
the moment vs. duration scaling law presented by Ide et al.
[2007]. Also, this catalog may show an increase in the num-
ber of earthquakes with decreasing area, perhaps opposite to

what would be expected.
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[1995], although this solution is very poorly resolved. Since inversions with sin-
gle fault patches tend to over-estimate the fault area and under-estimate the slip
(leading to a lower apparent stress drop), we also inverted for distributed slip
using the solution described in Figure 1.7 as a starting point. For this inversion,
we discretized the fault into a 10 by 10 grid of patches and then allowed the
length and width of the whole system to vary by a small amount. This allows
the inversion to explore the up-dip, down-dip, and along-strike directions by a
couple of tens of kilometers. This inversion was run for several different val-
ues of smoothing and the final solution was taken off of an L-curve. Picking
a solution visually with an L-curve attempts to resolve model smoothness and
the misfit norm. The final solution is shown in Figure 1.53 and shows a mag-
nitude of Mw=7.08, somewhat larger than with the single fault patch. The slip
near the trench is not well resolved due to its distance from the deformation
pattern and is likely an artifact of noise. We then calculate the stress drop in
two different ways. First, we calculate the average stress drop for all patches
that slipped more than 0.2 meters which results in a stress drop of 0.54 bars.
Second, we calculated the stress drop of the largest slipping fault patch (which
slipped 0.77 meters), which results in a maximum stress drop of 0.84 bars. Both
of these values still agree with the solution for the single fault patch. There is no
discrepancy between the larger magnitude and similar stress drops because this
solution has a total fault length and width greater than that of the single fault

patch solution.

Both the 1973 and 2006 Copiapo swarms show what appear to be periodic
bursts of seismicity within the swarms. Since NVT, which is associated with
slow slip events, has been shown to be tidally modulated, we modeled tidal

displacements at Copiapo to determine if any tidal forcing was apparent. Fig-
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Figure 1.53: A distributed slip solution is arrived at by discretizing the so-
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similar stress drop (with this magnitude discrepancy accomo-
dated by a larger area)
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ures 1.54 and 1.55 show the output of this modeling, but do not show any ob-
vious relation between the tides and the bursts of seismicity. To compute tidal
loads, a program at http://www.oso.chalmers.se/~loading/ by M.S. Bos and
H.G. Scherneck was used. The program computes surface displacements (for
use on GPS monuments) using the GOTO00.2 ocean tide model. This model is a
hydrodynamic model on a finite element model with high resolution near the
coast that is tuned to fit tide gauges and adjusted to fit TOPEX/Poseidon and

ERS1/2 data altimetry data.

Geodetic inversions are sometimes unable to differentiate between single
low stress drop events and many smaller but higher stress drop events and this
swarm appears to be at least dominated by higher stress drop events that came
as a burst within the swarm. Low stress drops are common for slow earthquakes
and maybe ubiquitous for aseismic or slow slip events [Ide et al., 2007]. Allmann
and Shearer [2009] compiled stress drops for 1759 earthquakes using the corner
frequency approach [Boatwright, 1984] and found that the stress drops of the

two largest events in the 2006 Copiapo swarm were 19 bars and 14 bars.

One possible explanation for why the Ticsani cluster did not show significant
aseismic moment release is that it was not a swarm but rather an statically in-
duced cluster of seismicity due to deformation associated with the swarm to the
southeast. Seismicity can be induced in a dog bone-shaped pattern near dike ac-
tivity with induced seismicity containing mainshock-aftershock sequences not
associated with the swarms [e.g., Toda et al., 2002]. The geodetic solution for
the Ticsani earthquake shows a stress drop of 35 bars, which is much greater
than expected if it were part of the swarm as swarms are generally very low

stress drop [Vidale and Shearer, 2006]. Studies such as Llenos et al. [2009]; Ogata
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[2007] attempt to remove the aftershock sequences from the catalog when com-
puting earthquake statistics since they aren’t believed to be caused by the same
triggering event that caused the swarm. Figure 1.56 shows a conceptual model

for how this may apply to the Ticsani Swarm.

We examined two of the three swarms caused by the 2001 Mw=8.5 South-
ern Peru earthquake for the possibility of static triggering via Coulomb stress
changes. Several studies have shown that small Coulomb stresses, defined as a
combination of shear and confining stresses, can have enough impact to trigger
seismicity [King et al., 1994]. Coulomb stress changes as small as tenths of a bar
has been shown to trigger seismicity. Earthquakes have also been shown to be
triggered dynamically, with 1992 Landers earthquake providing the seminal ex-
ample when it was shown to trigger earthquakes at volcanoes and hot springs
several hundreds of kilometers away [Hill et al., 1993]. More recently, seismicity
has been shown to be dynamically triggered by long period surface waves sev-
eral thousands of kilometers away [e.g. Velasco et al., 2008]. We look to ascertain
whether static triggering could have caused the swarms after the Southern Peru

earthquake or if some sort of dynamic triggering must be involved.

Pritchard et al. [2007] calculate displacements associated with the 2001 earth-
quake by combining InNSAR and teleseismic data in a joint inversion. Static
changes in the Coulomb stress field due to the 2001 Peru earthquake were cal-
culated using the solutions presented in Meade [2007] for stress and strain due
to triangular tensile and shear faults in an elastic half space. The solutions of
Meade [2007] are identical to Okada [1985] but are solved for triangular faults
instead of rectangular faults. While there is no difference in this case because

Pritchard et al. [2007] solve for displacements on rectangular fault patches, tri-
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Figure 1.56: This conceptual model for the occurrence of the Ticsani
swarm shows that stress changes due to deformation to the
southeast of Ticsani Volcano could have caused the Ticsani
earthquake swarm.
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angles have the advantage of being able to tile curved interfaces without gaps
between the edges. In the elastic half space, Poisson’s ratio is taken to be 0.25

and the shear modulus of the fault is taken to be 3.2 x 10'° N*m.

The swarms in question did not occur coseismically but rather weeks to
months after the event. The direct effects of dynamic triggering will only last
on the order of minutes to hours, so it seems necessary that some static trig-
gering is involved. Alternatively, a dynamic triggering mechanism that takes
some time to manifest could be responsible. For the seismicity near Coropuna
Volcano, strikes retrieved from the CMT catalog are consistent with the trend in
the aftershocks, so the CMT solution strike (329°) and dip (88”) was used to con-
struct the target fault. Only one CMT solution for seismicity southwest of lake
Titicaca exists and it is not consistent with the trend of shocks associated with
the swarm and so was not used. To be consistent with the trend in seismicity, a
strike of 50 was used. Figure 1.57 shows Coulomb stresses resolved onto a fault
plane consistent with seismicity near Coropuna Volcano and Figure 1.58 shows
Coulomb stresses near lake Titicaca. However, both the Coulomb and confining
stresses resolved onto fault planes consistent with swarm seismicity show very
little static effect, on the order of 107> bars. It therefore does not appear likely
that these swarms were triggered by static stress changes due to the the Mw=8.5

earthquake.

Since few volcanic swarms were discovered, their significance isn’t as well
determined. With the exception of the Ticsani swarm, all were associated with
large megathrust earthquakes (the 2001 Mw=8.5 earthquake) or volcanic erup-
tions. Volcanic swarms in the north of the South American margin don’t seem

to be associated with eruptions, at least with magnitudes detectable by global
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seismic networks, and many of these volcanoes are hot and frequently erupting.
Southern Chilean volcanoes do produce sizable earthquake swarms, such as the
Hudson and Chaiten Eruptions. The Cerro Hudson and Chaiten volcanoes both
have infrequent eruptions, as their last eruptions were ~3600 and ~8000 years
ago. The infrequency of the southern Chilean volcanoes and the magnitude of
the swarms associated with those eruptions may both be related to the nature
of the volcanoes, which are cooler than their northern counterparts. Swarms in
the northern South American margin may require large triggering mechanisms,
but there are too few swarms to make any clear inferences. Volcanic activity and
volcanic earthquake swarms in the southern volcanoes can be triggered by large
earthquakes as well, as the Mw=9.5 Chilean earthquake triggered the eruption
of Cordon Caulle via movement of the LOFZ [Lara et al., 2004]. Key factors for
the generation of earthquake swarms near volcanoes may be temperature and

the presence of large faults near the volcano.
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CONCLUSION

We performed a manual search for earthquake swarms in South America in
order to identify earthquake swarms and determine their basic characteris-
tics. We used the PDE catalog and identified 35 possible earthquake swarms
of varying spatial scales and tectonic locations. We uncover indication that
earthquake swarms may have some interaction with large megathrust events in
South America, based on the observation that the termination of large megath-
rust ruptures sometimes end where swarms have recently occurred. We exam-
ine two of the swarms with InSAR geodetic data and conclude that no aseismic
deformation is necessary to explain the observed surface deformation, however
both of these swarms contain sudden bursts that make up most of the seismic
moment release which is generally not indicative of aseismic slip. Seismicity
that appears to have been triggered by the Mw=_8.5 2001 Peru earthquake is ex-
amined and shows that static changes in the Coulomb stress field did not trigger
the events, indicating that some dynamic triggering process may have been re-
sponsible. We extended this idea to Kamchatka and showed that a similar pro-
cess may have occurred there as well. We examined the frequency-magnitude
content of our swarm catalog and found it to be in agreement with the regional
swarm catalog from Japan despite large differences in catalog duration suggest-
ing that we are observing the same process on a different scale. Although few
volcanic swarms were found, we explore a possible relationship between swarm
magnitudes, the frequency of eruption, and temperature of the volcano. With
this South American earthquake swarm catalog we hope to provide the scien-
tific community with a database that can help researchers better understand the

earthquake process or their individual areas of interest in South America.
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