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Abstract of the Dissertation
Using Seismic Observations and Modeling to Place Constraint on the
Structure Beneath Japan and Central America
by
Hui Long
Doctor of Philosophy
in
Geosciences
Stony Brook University

2014

Understanding Earth’s internal structure by seismic observations, both temporally
and spatially, is key in seismology. In this thesis, I constrained structural changes beneath
the Japan subduction zone based on a newly developed theory, and detailed mid to lower
mantle structure beneath Central America by waveform and travel time observations and

modeling.

A newly developed theory states that the differential wave field of two repeated
sources in a temporally changed medium can be equivalently treated as wave fields
propagating from virtual point sources or volumetric sources. The virtual point sources or
volumetric sources are located at the place of temporal changes, and their strengths are

equal to the product of magnitude of medium property change and magnitude of the
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initial wave fields from the repeated sources. Applying the theory to the Japan subduction
zone, we then locate the temporal change of seismic properties beneath this area between
2011 and 2013 to be at (37.2°N, 142°E), and estimate the magnitude of the conceptual
body force associated with the temporal change to be 1.15X101° N, or as a reference, a

0.87% density change for an assumed volume of temporal change of 103 km”.

Seismic waveform and travel time observations sampling the mid to lower mantle
beneath Central America are analyzed and modeled. Waveform observations show
complex reflection phases and exhibit significant variations with azimuth and distance,
and travel time analyses show increasing S residuals of up to 9 seconds as distance
increases from 45° to 80°. Forward waveform and travel time modeling reveals that
several sub-horizontal 10-20 km thick segments with —10% shear wave velocity
perturbation are buried inside a “trapezoid-like” low velocity region with —2% shear
wave velocity perturbation extending between 1000 and 2750 km depth. In addition,
analyses of the ScCSH-SH and PcP-P differential travel time residuals suggest a structural
transition in the lowermost mantle beneath Central America. Comparisons of stacked
waveforms across the region indicate relatively uniform attenuation. Rapidly changing
ScSH/SH amplitude ratio and incoherently delayed radial component S phases both

indicate widely existing anisotropy and heterogeneity.
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Chapter 1

General Introduction

The solid Earth is a restless planet, which involves dynamics at different
scales. One end member of large-scale dynamics of Earth is the mantle convection.
The slow creeping motion of mantle caused by convection not only enables tectonic
plates to move around the Earth’s surface, subduct under each other at convergent
boundaries, but also enable mantle materials to sink, rise and trespass which generates
lateral heterogeneity. Another end member of small-scale dynamics compared with
mantle convection is earthquake activities. The occurrence of an earthquake involves
stress and strain accumulation and release near seismic fault zones in time spans of
years or days. It is natural to be intrigued by the mystery of earth’s structure and how

it works.

The Earth’s elastic vibrations are embedded codes containing wealthy
information about the structures through which they propagate. Through generations
of seismologists decoding seismograms, the resolution of Earth’s interior picture
continues to be improved. Early regional and global travel time studies discovered
Earth’s primary structures, the Mohorovicic discontinuity, the core-mantle boundary,
and the outer core-inner core boundary. Later on, with the progression of seismic
networks and computational methods, studies about more complex structures and

dynamic processes at different scales bloomed, including the D’ layer, the transition



zone, the ULVZ, earthquake ruptures and etc. In the 80s and 90s, revolutionary 1D
Earth velocity models were published and are still in use, such as PREM, IASP91,
andAK135-F. Nowadays, various 3D tomography pictures and updated regional
structural studies continue to provide new and detailed information about the deep
Earth structure. Through interpretation, each seismic finding tells a story about the
status or evolution of the Earth. Unfortunately, to fully understand Earth’s interior and
how it changes, these findings are far from completion. Therefore, it is necessary to
keep exploring the Earth internal structure through seismic observations, both

temporally and spatially.

Seismology is an observational science, composed of highly specialized sub-
disciplines, that relies heavily on the availability of data. Based on types of data, it
includes body wave (P and S wave), surface wave (Rayleigh and Love wave), normal
modes and ambient noise studies. In this thesis, I choose to use body wave to study
two regions, Japan and Central America, benefiting from two of the densest seismic

networks in the world, Hi-net and USArray.

Japan is a study region with great numbers of seismic recorders and sources.
Hi-net seismic network encompasses over 700 Hi-net seismic stations that are
deployed all over Japan in a roughly 20-km mesh. These stations are installed at the
bottom of over 100 meter deep boreholes, and thus are able to detect non-human-
sensitive weak ground shaking by micro-earthquakes. Real-time Hi-net seismic data
has been available since 2004. Additionally, being on the conjunction area of the

Eurasian plate, North American plate, Pacific plate and Philippine Sea plate, Japan’s



location gives it a strong seismogenic geological setting and one of the densest
seismicities. Therefore, the ability to find and locate repeating earthquakes as great
sources for studying time-lapse structural changes is enhanced. In this project, a new
theory, which uses repeated sources and their difference wave field to quantify time-

lapse structural change, is derived and applied in Japan.

On the other side of the Earth, Central America is a classic study region that
allows utilizing seismic events from South America and recorders in North America.
Over 400 portable USArray seismic stations have been deployed across the United
States in an approximately 70-km spacing mesh since 2004. The great improvement of
seismic station coverage in the US, especially outside of the western US, provides a
precious opportunity to study the mid to lower mantle structure beneath Central
America in details. In this project, we explore the interesting waveform and travel time
features of the mid to lower mantle, and build reliable velocity structures through

seismic modeling.

In this thesis, I present a new theory for quantitative determination of temporal
change of structure and application of the theory in Japan in Chapter 2; Then I present
detailed seismic observations and modeling results of a shear wave low velocity
structure in the mid-lower mantle beneath Central America in Chapter 3, and S and P
wave observations tied to a structural transition in the lowermost mantle beneath

Central America in Chapter 4; Finally [ summarize the main conclusions in Chapter 5.



Chapter 2
Using Repeated Sources to Quantitatively Determine
Temporal Change of Medium Properties: Theory and an

Example

2.1 Abstract

We develop a theory of using difference wave fields of repeated sources to
locate and quantify temporal medium change and apply the theory to locate temporal
change of seismic properties beneath the Japan subduction zone using repeated
earthquakes. Our theory states the difference wave fields of two repeated sources in a
temporally changed medium can be equivalently treated as wave fields propagating
from conceptual sources, with their location at the place of temporal change and their
strengths equal to the product of magnitude of medium property change and
magnitude of the initial wave fields from the repeated sources. When the medium
change extends to a finite region, the conceptual sources become volumetric sources
distributed over the region of the medium change and propagating in the direction of
the initial wave. The conceptualization establishes a theoretical framework for possible
applications of using difference wave fields to locate and quantify temporal medium
changes in geological sciences, ultrasonic experiments, civil engineering and medical
imaging. We search repeating earthquakes occurring in the Japan subduction zone,

formulate an empirical procedure to extract the difference wave fields between



repeating earthquakes and determine temporal change of seismic properties using a
back-projection method. We locate the temporal change of seismic properties beneath
the Japan subduction zone to be at (37.2°N, 142°E), and estimate the magnitude of the
conceptual body force associated with the temporal change to be 1.15%10'° N, or as a
reference, a 0.87% density change for an assumed volume of temporal change of 103

km®.

2.2 Introduction

Using seismic or ultrasonic waves to probe temporal change in the medium is
an important topic in ultrasound experiments, civil engineering, medical imaging and
geological sciences. In ultrasound experiments, scattered waves of repeated sources
are used to estimate nonlinear behavior in seismic velocity using coda wave
interferometry [Snieder et al., 2002, Gret et al., 2006]. In civil engineering, repeated
ultrasonic waves are used to monitor rock fractures of a building [ Young and Collins,
2001]. In medical imaging, ultrasound images have been used to monitor cerebral
blood flow changes in focal ischemia in rabbits [Els et al., 1999, Bonnin et al., 2008;
Li et al., 2010]. And, in geological sciences, repeated seismic sources or explosions
are used to monitor volcano activities [Poupinet et al., 1984, Martini et al., 2009],
seismic velocity changes before an earthquake [Niu et al., 2008] and following large
earthquakes [Li et al., 1998; Baisch and Bokelmann, 2001; Matsumoto et al., 2001;
Vidale and Li, 2003; Tkuta and Yamaoka, 2004; Schaff and Beroza, 2004; Nishimura et
al., 2005; Peng and Ben-Zion, 2006; Rubinstein et al., 2007; Li et al., 2007; Cheng et
al., 2011], temporal evolution of oil production fields [Lumley, 2001; Rickett and

Lumley, 2001], underground carbon sequestration [Santos and Harris, 2009] and



temporal change of seismic signals related to change of the properties in the crust
[Bokelmann and Harjes, 2000; Furumoto et al., 2001; Niu et al., 2003; Taira et al.,
2008; Zhao and Peng, 2009; Cheng et al., 2011] and in the Earth’s core [Zhang et al.,
2005; Wen, 2006; Cao et al., 2007; Zhang et al., 2008]. Recently, repeated ambient
noise analysis provides another means for monitoring temporal change of elastic
medium [Sens-Schonfelder and Wegler, 2006; Snieder et al., 2007; Wegler and Sens-

Schonfelder, 2007; Brenguier et al., 2008a, 2008b].

It is clear from these studies that probing temporal medium change has not
only started to provide fundamental insights into physics of many geophysical
phenomena, such as earthquake nucleation, fault zone damage and healing process,
volcano activities, stress build-up in the crust and the thermo-chemical processes in the
top of the Earth’s inner core, but also become a practical and effective tool for
monitoring evolution of oil fields and underground carbon sequestration. Two types of
approach have been developed in detecting temporal change of medium properties.
One approach is to obtain the medium images at different time steps and extract the
difference between the images, while the other one is to relate the difference of
waveform characteristics of the repeated sources or the Green’s functions obtained
from noise correlations to temporal change of medium properties. The issue, however,
has always been challenging, because the signal associated with the temporal change is
usually very weak compared to background waves, and the methods of detecting it
require extremely high resolution and great care. In the approach of comparing
images at different time steps, the presence of noise and actual station distribution

make the resolution analysis difficult in constructing images using the background



waves. The potential artifacts in the time-lapse images could significantly affect the
identification and inference of temporal change in the medium. In the approach of
relating the difference of waveform characteristics of the repeated sources or the
Green’s functions obtained from noise correlations to temporal change of medium
properties, the repeatability of the source is always a practical issue for both ambient
noise and repeated events including the controlled sources. In addition, most of the

methods in this approach only provide an average estimation of the bulk medium.

In this chapter, we establish a theoretical framework that conceptualizes
propagation of difference waves fields, defined as the wave field difference between
the repeated sources, and uses difference wave fields to effectively image temporal
change of properties in the medium. The conceptualization we propose would make
experiment design and resolution analysis straightforward, and overcome many
challenging issues in the current methods of determining temporal property change in
the medium. The conceptualization also makes it possible to pinpoint and quantify
temporal change inside the medium. We apply the theory to search temporal change of
medium properties beneath the Japan subduction zone using the difference SH
waveforms of a pair of moderate-size earthquake doublet recorded at the Hi-net
stations. We present the theory in Section 2.3, application to the determination of
temporal seismic change beneath the Japan subduction zone in Section 2.4, and

discussion and conclusion in Sections 2.5, 2.6.



2.3 Theoretical framework of relating the difference wave fields with

temporal change of medium

We use two-dimensional SH wave propagation to demonstrate the concept. The
extension of the concept to the P-SV system or to three-dimensional wave propagation
is straightforward. We are dealing with the wave propagation problem that repeated
sources are used at (xg, Z;), and there is a change of medium properties of density and
shear modulus between the timing of the repeated sources. The theory is to relate the
observed difference wave fields to the location and magnitude of the property changes

in the medium.

SH elastic wave propagation in a two-dimensional x - z medium is governed

by the following equations:

i} 00y doy,
—f5(X—xs,Z—Zs)+P(X,Z)a—:=a—xy+a—zy 2.1)
aO'xy _ ov
— = M(x2) o (2.2)
aO'Zy _ ov
—. = H(xz) - (2.3)

where f is body force, (x;, z5) location of repeated sources, v velocity wave field, gy,

0,y stresses, p density, u shear modulus, and ¢ time.

Let v = vy, Oxy = Oxy,0, 07y = 02y be the velocity and stress wave fields and
P = Po, L = U the density and shear modulus of the medium associated with the first
source; V=7V + 6V , Oyxy = Oyyo+ 080y, , 0y, =0y,0+860,, , p=po+bp,

U = Uy + Su be those of the latter source. Inserting these variables for the latter source



into equations (2.1 - 2.3) and ignoring second-order perturbations, one yields the

following equations related to the difference wave fields:

asv vy _ 080,y | 080z,
p(x,2z) or + 8p(x, 2) = ar T, (2.4)
aiaxy u(x, Z)— + Su(x Z)— (2.5)
9892y _ 96v v
P u(x, z) P Su(x, z) 5 (2.6)

where 6p, 6u are temporal change of density and shear modulus between the sources,
and 6v, 60y, 60, are difference velocity and stresses of the wave fields as a result of

the medium property changes.

Let us first consider the case that the property change is localized at a single
point in space (x., z.), i.e., 8p(x,z) = Apd(x — x.,z — z.) and Su(x,z) = Aud(x —
X, Z — Z.). Equations (2.4 — 2.6) now become:

080yy | 080z
XY

p(x, Z) — —fé6(x—x,z—2z) = ox a7 (2.7)
a&rxy u(x Z) + Sy 6(x — X2 — 2;) (2.8)
a&fzy u(x Z) 9%y — 5, 0(x =X,z 2() (2.9)

ov, v ov,
Where f = _Apa_; |(x:Z)=(xchc)’ Sx = A:ua_; |(X,Z)=(xc,zc)? and SZ = A‘U,a_zo |(x.Z)=(xc'Zc)'

Note that, other than two additional source terms, s, and s, being at (x, z.),
and the body force term f at (x.,z.), equations (2.7 — 2.9) are identical to equations
(2.1 = 2.3). Equations (2.7 - 2.9) thus state that the difference wave fields can be
treated as the wave fields that propagate in the same medium as the initial waves, with

a conceptual body force f and conceptual stress perturbations, s, and s,, at the



location of property change (Figure 2.1a, 2.1b). The magnitude of the conceptual body
force is equal to the negative of the product of density change and acceleration of the
initial wave fields at the location of density change; the magnitudes of the conceptual
stress perturbations are equal to the product of shear modulus change and strains
(displacement gradients) of the initial wave fields at the location of shear modulus

change.

a)

Figure 2.1. Conceptualization of propagation of difference wave fields of repeated
sources in changed media. a) Cartoon illustration of wave propagation of repeated
sources in a temporally changing medium. Sources are repeated at the location
represented by star. Between the repeated sources, a density change (5p) and a shear
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modulus change (6u) occur at the location represented by dot; b) conceptual source
model for propagation of difference wave fields in a). Wave fields propagate in the
same background medium in a), the conceptual source situates at the location where
the medium change occur (star and dot in a); and the strength of the conceptual source,
fp, is a summation of s,, s,, and f (see text); ¢) same as a), except that the medium
changes extend to a finite region represented by circle; d) volumetric sources model
for propagation of difference wave fields in ¢). Wave fields propagate in the same
background medium in ¢), volumetric sources (stars in a circular volume lined up in
the propagating direction of source) are distributed in the region of medium changes
and propagating in the direction of initial wave (arrow), the strength of the net force,
fl, is the volumetric integration of fp in b).

When temporal change of elastic properties extends to a finite region, the
conceptual source would be the volumetric integration of equivalent forces in the
region of medium change. Since the initial wave fields (acceleration and strains) of the
actual source arrive at different time for different parts of the changed medium and the
equivalent forces take effects at the arrival times of the initial waves, the equivalent
forces become a propagating force, traveling in the direction of initial waves impinged

on the changed medium (Figure 2.1c¢, 2.1d).

Numerical simulations indicate that such conceptualization of difference wave
propagation accurately reproduces the difference wave fields. An example is shown
for a homogeneous whole space medium (Figure 2.2a - 2.2d). In this example, the
earlier source generates a wave field in a homogeneous whole space and the latter
source propagates through the same medium, but with a density change of 50% at the
point represent by the dot (Figure 2.2a). The wave fields for the two sources are

calculated by a finite-difference technique [Wen, 2002] and difference wave fields are
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obtained by subtracting the wave fields of the earlier source from those of the latter
source (Figure 2.2b). In the conceptual model, a source is placed at the location of
density change with the magnitude of the body force equal to the product of density
change and acceleration of wave fields of the earlier source at the location of the
density change (star, Figure 2.2c). The wave fields for the conceptual source model
match the difference wave fields well in time, amplitude and shape. This is evident
from snapshots (Figure 2.2b, 2.2d) and examples of waveform comparison (Figure

2.3a).

When the density change extends to a finite region (Figure 2.2¢), the residual
wave fields exhibit direction dependence with respect to the direction of the initial
waves from the repeated sources (Figure 2.2f), or directivity typical of a finite
propagating source. The residual wave fields exhibit narrower shapes and stronger
amplitudes (Figure 2.2f and the top traces in Figure 2.3b) in the direction of the initial
wave impinged on the changed media (arrow in Figure 2.2f), broader shapes and
smaller amplitudes (Figure 2.2f and the bottom traces in Figure 2.3b) in the direction
away from the initial wave propagation, and waveform features intermediate to those
in and away from the initial wave propagation (Figure 2.2f and the middle two trace
pairs in Figure 2.3b) for the receivers in the direction perpendicular to the initial wave

propagation.
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Figure 2.2. Comparisons of difference wave fields of repeated sources from a
conceptual source for a homogeneous whole space with a density of 2.6 g/cm? and a
shear velocity of 2.85 km/s. a) model setup, repeated sources (star) and location of
the density change (dot); b) a snapshot of difference wave fields of the repeated
sources. Difference wave fields are obtained by subtracting the wave fields for
homogeneous whole space from those for a model with a density change of 50% in the
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location represented by the dot in whole space; ¢) model setup for wave fields of a
conceptual source located at the place of density change (star and the same represented
by dot in a), with a strength equal to the product of density change and acceleration of
the initial waves; d) snapshot of wave fields for the conceptual source at the same time
step in b); ) model setup same as in a), except the density change occurs in a finite
region represented by circles; f) snapshot of difference wave fields for model e. For
comparison, the amplitudes of residual fields are scaled to a point source based on the
volumetric distribution of the density change. Arrow indicated the direction of the
initial waves from the repeated sources impinged on the location of density change.
Cross, triangles and square in three models represent four receiver sites.

a) b)

A
o A ——
A

0.5 1.0 15 0.5 1.0 15
t(s) t(s)

Figure 2.3. Synthetic waveform comparisons of difference wave fields of repeated
sources from a conceptual source. a) Comparisons of waveforms of difference wave
fields (heavy traces) obtained for model setup in Fig. 2.2a and wave fields (light
traces) generated by a conceptual source for model setup in Fig. 2.2c; b) same as a),
except that wave fields are for model setup in Fig. 2.2e. For comparison, the
amplitudes of the residual fields are scaled based on the volumetric distribution of the
density change. Synthetic waveforms are labeled with the symbols according to the
receiver locations in Fig. 2.2a, 2.2¢, 2.2e.
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Since, except for the equivalent source terms, equations (2.7 — 2.9) are
identical to the governing equations for the initial waves, the conceptualization of
residual wave fields propagation (Figure 2.1) applies to any types of heterogeneous
media. This is illustrated in a half-space model that consists of a free surface and
random variations of seismic velocity of 4% with correlation scale lengths of 200 m in
both x- and z- directions. The conceptual source in this case contains two major parts
related to the initial direct wave and the reflected initial wave from the free surface,
and minor components associated with the scattering of the initial waves from the
random medium. The conceptual source model of wave propagation reproduces all the
features of the residual waves, including various components related to direct,
reflected and scattered initial waves, their interaction with free surface and interference
of various components of residual waves, as evident from comparisons of snapshots

(Figure 2.4b — 2.4d, 2.4f — 2.4h) and synthetic waveforms (Figure 2.5).
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Figure 2.4. Comparisons of residual wave fields of repeated sources and wave fields
from a conceptual source for a half-space model with a density of 2.6 g/cm’, a shear
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velocity of 2.85 km/s and random velocity variations of 4% with correlation lengths of
200 m in both horizontal and vertical directions. a) Model setup, repeated sources
(star), location of density change (dot); the magnitude of density change is 50%
between the repeated sources; b-d) snapshots of residual wave fields of the repeated
sources; ¢) model setup for wave fields of a conceptual source situated at the location
of density change (star, and the same represented by dot in a), with a strength equal to
the product of density change and acceleration of the initial waves; f-h) snapshots of
wave fields for the conceptual source at the same time steps in b-d). Squares and
triangles in a) and e) indicate receiver locations where synthetic waveforms of two
wave fields are shown in Fig. 2.5.

05 10 15 20 25 30 05 10 15 20 25 30
t(s) t(s)
Figure 2.5. Comparisons of waveforms of difference wave fields (heavy traces)
obtained for model setup in Fig. 2.4a and wave fields (light traces) generated for a

conceptual source for model setup in Fig. 2.4e. Synthetic waveforms are labeled with
symbols according to the receiver locations in Fig. 2.4a, 2.4e.
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2.4 Application to study temporal change of seismic properties

beneath the Japan subduction zone using earthquake doublet

As an example, we apply the theory to search and determine temporal change
of seismic properties beneath the Japan subducution zone. Temporal seismic velocity
changes are reported in the region associated with faulting and volcanic activities
[Furumoto et al., 2001; Matsumoto et al., 2001; Nishimura et al., 2005; Rubinstein et
al., 2007] and the region is covered by more than 700 high-resolution Hi-Net seismic
stations. We will rely on earthquake doublets as sources. In the following subsections,
we present doublet search, an empirical procedure for the extraction of the difference

wave fields and results of inferred temporal change of seismic properties in the region.

2.4.1 Doublet search

We adopt the procedures outlined in [Yu and Wen, 2012] to search possible
doublets in the Japan subduction zone. We briefly review the procedures here. We first
group event-pairs based on the event catalog between 2004 and 2010 provided by the
Incorporated Research Institutions for Seismology for events that are less than 40 km
away and with a body wave magnitude larger than 4.0. We collect vertical component
data for those event-pairs from the seismic stations at the Global Seismographic
Network (GSN), and band-pass filter the data from 0.8 to 1.5 Hz. Waveforms are
further selected based on high signal-to-noise ratios. We cross-correlate the waveforms
recorded at each GSN station between possible event-pairs. Highly similar
neighboring events with an average cross-correlation coefficient higher than 0.95 are

selected for further event relocation.
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We use the most similar and closest doublet located on the eastern coastline of

Japan as repeated sources (Figure 2.6c). The doublet consists of two events occurring

in 2005 and 2009 (table 2.1). The GSN recordings of this doublet constitute good

azimuthal coverage for determining their relative location (Figure 2.6a, 2.6c). We

employ a master event relocation method developed by Wen [2006] to relocate the

doublet. Relative location of the doublet is determined by minimizing the RMS travel

time residuals of the P or Pn phase observed at GSN stations [Wen, 2006]. The

relocation procedures place the 2009 event 225 m east and 40 m north to the 2005

event (Figure 2.6b, 2.6d).

Table 2.1. Doublet information

Date Origin Time | Latitude | Longitude | Magnitude
Event (year/mm/dd) | (hh:mm:ss) °N) ) (Mb)
2009
2009/01/03 07:13:05.00 | 37.1270 | 141.0560 4.8
(master event)
2005
(before relocation) 2005/09/10 20:06:50.00 | 37.0650 | 141.1850 4.7
2005
. 2005/09/10 20:06:50.01 | 37.0654 | 141.1871 4.7
(after relocation)
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Figure 2.6. Relocation results of the 2005/09/10 and 2009/01/03 doublet. a) Measured
difference in absolute arrival time (circles and squares) of P,Pn arrivals between two
events, plotted centered at the location of each station, along with the great circle paths
(black traces) from source to station. The arrival time differences are plotted with
respect to a source origin time difference that generates a zero mean of the travel time
differences for all stations. Red circles indicate that the P or Pn phase in the 2005
event arrives relatively later than in the 2009 event, while blue squares show the
opposite (scale shown in the inset in the unit of sec). b) Travel time residuals between
the two events after corrections using the best-fitting relative location and origin time
for the 2005 event. ¢) Vertical components of waveform of the two events recorded at
GSN stations aligned along the P,Pn arrivals, waveforms are filtered with the
worldwide standard seismic network short-period instrument response and labeled
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with station name and seismic phase used in the relocation. Red traces are waveforms
from the 2005 event while blue traces from the 2009 event. d) Best-fitting location of
the 2009 event (star) relative to the location of the 2005 event (circle) that minimizes
the RMS travel time residual of the P,Pn phase observed at GSN stations shown in c¢).
The RMS residuals larger than 28 ms are plotted as background.

2.4.2 Extraction of difference wave field

In extracting the difference wave fields resulted from the temporal change of
medium, the source difference of the repeated sources has always been a challenging
issue in both passive and active source experiments. To minimize the effects of source
difference between the 2005 and 2009 doublet, two steps are adopted in the extraction
of difference wave fields for each station between the two events. We use the
observations recorded at a Hi-Net station MTDH (red triangle in Figure 2.9) as an

example to illustrate the procedures (Figure 2.7).

Because we are dealing with the SH wave propagation, we only use the
transverse components of the seismic data. We first align the waveforms of the doublet
by cross-correlation and normalize the waveforms (Figure 2.7a, 2.7¢). The
normalization procedure is based on one event as a reference, and uses the ratio of 20-
second waveform integration between the doublet to correct for amplitude difference
of the other event due to the magnitude difference between the doublet at each station.
We then extract difference wave fields between the doublet by weighting the
subtraction of the normalized waveforms based on the cross-correlation coefficient

between the doublet waveforms (Figure 2.7b — 2.7d, 2.7f — 2.7h). In this step, we
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calculate cross-correlation coefficient between the doublet waveforms within a 2-
second time window and move the cross-correlation time window every 0.1 s through
the time series (Figure 2.7d, 2.7h). Waveform subtraction is weighted by a binary
function of a value of zero for the time windows with a cross-correlation coefficient
greater than a cut-off value and a value of one for other windows (Figure 2.7c¢, 2.7d,
2.7¢g, 2.7h). In another word, we only regard the difference waveforms in the de-
correlated time windows (with the correlation coefficient lower than the cut-off value)
as the signals resulted from temporal change of media. The difference waveforms in
the correlated time windows (with correlation coefficient higher than the cut-off value)
are regarded as the results from the slight differences in source radiation between the
doublet. The cross-correlation coefficients are high in most of the time windows, but
decrease dramatically at some time windows (Figure 2.7d). A cut-off value of 0.93 is

chosen empirically in this example.
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Figure 2.7. Procedures of extracting difference wave fields between the doublet, using
station MTDH (noted red triangle in Figure 2.9) as an example. a) Overlap of
normalized waveforms of the doublet. Waveforms are aligned based on cross-
correlation and amplitudes have been normalized. b) Waveform difference obtained
from the two waveforms shown in a. ¢) Waveform difference obtained based on a
binary weighting function based on waveform cross-correlation values. d) Cross-
correlation coefficients between the two waveforms in a). The moving time window
for cross-correlation is 2 s, and the shifting time is 0.1 s. €)-h) are the same as a)-d),
but for the time window between 25 s — 35 s, the shaded regions in a)-d).

23



I
o
i

Normalized amplitude
) o
“ <

w
o

32

34

°o o o
2. F 2

I
©
i

1HYSH

!

20

0.6
0.3
0.0

-0.3

-0.6

NS2H

!

I 1 1

I

20 22
time (sec)

24

26

28

30

Figure 2.8. Overlap of normalized waveforms of the doublet recorded at other 10
stations (same as Figure 2.7¢). Blue arrows mark the arrival times of the extracted

difference wave fields signal for each station.
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After these two steps, we exclude stations with the amplitude of the extracted
difference wave field signal smaller than the level of the background noise, defined as
the amplitude of the waveform difference of the doublet before the Pn wave. To
further ensure the quality of the data, we only use those waveforms with average
cross-correlation coefficient larger than 0.98 for imaging temporal medium change. Of
about 700 stations in the Hi-Net, a total of 36 stations are selected based on the these
selection criteria, with 19 stations on the southwest side, 9 stations on the west side
and 8 stations on the northwest side (triangles, Figure 2.9). The seismic data and
extracted signals at these stations have been further eye-checked for their waveform
qualities (Figure 2.8). The station distribution indicates such signals are observable at

large area.

2.4.3 Determination of temporal change of seismic properties

We use the observed difference SH wave fields to locate and quantify temporal
change of seismic properties between the occurring times of the doublet. We
determine the location of the temporal medium change based on the arriving times of
the extracted difference signal and the magnitude of the temporal change based on the
amplitudes of extracted signal and the acceleration of initial wave fields at the

determined location of temporal medium change.

The conceptualization theory states that the arriving time of the signal caused
by the temporal change of seismic properties at each station is the summation of the
travel time from the repeated events to the location of temporal changes (the

conceptual sources) and the travel time from the conceptual sources to the station.
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Therefore, for a signal detected at a station, the possible conceptual sources locate at
one ellipsoid-shaped surface based on the arrival time of the signal. When we have
multiple stations, we can determine the location of the conceptual source, which is
where those ellipsoid surfaces overlay. This back projection is implemented in the
following steps, similar to those used to determine seismic scatterers in the deep
mantle from PKP precursors [Wen, 2000; Niu and Wen, 2001]. For each station, we
first determine its ellipsoid surface based on the station location, event location and the
arrival time of the extract difference wave fields. We then assign the relative energy of
the extracted difference wave fields (with respect to the maximum of the background
field) to the grids of the ellipsoid surface. When multiple stations are used and their
ellipsoid surfaces overlay, the projected energy is averaged. These projection steps are

repeated for each assumed depth of the temporal change.

We use Preliminary Reference Earth Model (PREM) [Dziewonski and
Anderson, 1981] to calculate the travel times and adopt a grid size of 0.2 by 0.2 degree
based on the errors in predicting the Sn arrival times by PREM. The back-projection
procedure places the location of temporal change at (37.2°N,142°E), where the
projected energy of the difference wave fields is focused. The energy of the difference
wave fields is about 3.5% relative to the main energy of the observations. Forward
calculation indicates that the predicted difference wave fields travel times based on the
inferred position of the temporal change are consistent with either the first or the
secondary arrivals of the extracted difference wave field at those stations. Given the
uncertainties of the model in predicting Sn arrival times, the uncertainty in the depth

determination of the temporal change is large, between 0 and 80 km. If we assume that
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the temporal changes occur at the slab interface, they should be located at 35 km depth

based on the slab depth contours in the region (Figure 2.9).
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Figure 2.9. Back projected relative energy using a 0.2 degree by 0.2 degree grid size
(see text for explanation). Black and red triangles represent Hi-net stations used for
back projection. The projected energy is focused at (37.2°N, 142°E). Red and black
stars represent the location of the 2005-2009 doublet and the initiation location of the
March 11, 2011 Tohoku earthquake (Chu et al., 2011), respectively. Yellow lines are
reconstructed subducted slab depth contours from 0-60 km (Nakajima and Hasegawa,
2006; Nakajima et al., 2009). Blue lines are rupture slip contours of the March 11,
2011 Tohoku earthquake from (Ammon et al., 2011).
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While the relative amplitudes are projected back to determine the location of
temporal change, the absolute amplitude of the observed difference wave fields are
used to estimate the magnitude of medium property change. The displacement

generated by a single force can be expressed by:

Ui, = iz (8 = 2= 2 ) Fy(e = ) (10)

4Tpvir
where U; is displacement in i direction, F; body force in j direction, v velocity and r
distance from the source to the receiver [Aki and Richards, 2002]. For each station, we
know the amplitude of difference wave fields, U; and the distance from the conceptual
source to the station, r, so we can estimate the magnitude of the body force, F;. When
multiple stations are used, the magnitude of body force F is the average. As from
equation (7), the magnitude of the conceptual source per volume is:
f= —Ap% |(x,2)=(x0z.)» Where Ap is density change and % |(x,2)=(x,.2,) acceleration

of the initial wave fields at the location of temporal change, and the equivalent body
force F = Vf with V representing the volume of the region of temporal change, the

volumetric integral of density change can be estimated by equation:

v,

ApV = =F /(5 lx2)=(xeze) (o

We estimate the acceleration of the initial waves of the 2005 - 2009 doublet

based on the empirical relationship of the acceleration amplitudes with distance

. . . . - d
observed in the Hi-Net stations. The accelerations of the initial wave fields % decay

over distance (r) following this empirical relationship: % = 2.1x107* xr~2 m/s?

based on the observations in the Hi-Net stations. Thus, based on the acceleration
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empirical relationship and the distance from the earthquake doublet to the location of
temporal change, the acceleration at the location of the temporal change is estimated to
be 3.2%10™* m/s?. The estimated magnitude of the conceptual body force associated
with the temporal change of property is thus 1.15x10%° N. For reference, if we
assume that the temporal change occurs within a volume of 10° km® and the density of
oceanic crust to be 3.0 g/em’, the density change of the medium is estimated to be

0.87%.

The detected temporal change of medium property between 2005 and 2009 is
about 125 km away from the initiation of the 11 March 2011 Tohoku-Oki earthquake
[Chu et al., 2011] and within the rupture area of the earthquakes, as determined by
many studies [Ammon et al., 2011; Ide et al., 2011; Yue and Lay, 2011] (Figure 8).
The timing and location of the detected temporal change may provide insights on the

initiation and rupture of the large earthquake.

2.5 Discussion

Difference wave fields between earthquake doublets have been used to
determine the temporal change of seismic properties in the past [e.g.,Niu et al., 2003;
Taira et al., 2008; Cheng et al., 2011]. There are similarities and differences between
our study and the previous studies. In the previous studies, the difference wave fields
were judged to be in existence based on cross-correlation coefficient between the
doublet waveforms; the difference wave fields were projected back to possible
locations of temporal changes based on their arrival times; and the length scale of the

temporal change was determined based on the frequency of the difference wave fields
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and the length of the time window the difference waves existed. Our identification of
difference wave fields and back projection procedure are very similar to theirs.
However, unlike the previous studies, which were based on just an intuitive
relationship between the difference wave fields and the temporal change of medium
property, our study provides a theoretical framework relating the difference wave
fields to the temporal change of seismic properties. Besides locating temporal changes,
our theoretical framework also illustrates how different characteristics of difference
wave fields are physically related to the temporal change of seismic properties and
how can those characteristics be used to quantify temporal changes of seismic
properties of the medium, including their location, magnitude, volume and type of

medium property change.

The doublet we used in this study has a source location separation of about 250
m. The difference wave fields we observed are unlikely due to the location difference
between the doublet. A location difference of the doublet will generate a decreased
cross-correlation coefficient between the waveforms of the doublet, but such decrease
is independent of time base on both theory and synthetics [Snieder et al., 2002;
Snieder, 2003; Niu et al., 2003]. However, our observed quick decrease of cross-
correlation coefficient is only isolated in a very limited time window (Figure 2.7d,
2.7h). The characteristics of the observed cross-correlation coefficients indicates that
either the waveform difference due to the location difference is small or it does not

arise in the time window our difference wave fields are extracted.
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The temporal changes of velocity and density are related to different types of
conceptual sources and they are theoretically distinguishable based on their waveform
characteristics and azimuthal variation. In our example, the complex propagation paths
of the difference wave fields render it impossible to distinguish between the temporal
changes of density and velocity, we have thus only considered the density change.
Because of the station coverage, we are also unable to study the directivity of the
difference wave fields in the data and cannot estimate the volume of the temporal
change. It is hopeful that the seismic data of future simpler events or experiments in a
controlled environment may be used to better constrain the volume of temporal change

and separate the effects of temporal change of density from those of velocity.

2.6 Conclusions

Using SH elastic wave propagation as an example, we derive a theory that
conceptualizes the propagation of difference wave fields of repeated sources in a
temporally changed medium. We show that the SH difference wave fields in the
changed medium could be equivalently treated as wave fields propagating from a
conceptual body source and two conceptual stress perturbations located at the place of
temporal medium change, with the magnitude of the conceptual body force equal to
the product of density change and acceleration of the initial wave field at the location
of density change, and the magnitudes of the conceptual stress perturbations equal to
the product of shear modulus change and strains (displacement gradients) of the initial
wave fields at the location of shear modulus change. When medium changes extend to
a finite region, the conceptual sources become volumetric sources distributed over the

region of the medium change and propagating in the direction of the initial wave.
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The conceptualization of propagation of difference wave fields of this study
indicates that the problem of locating and quantifying temporal property changes in
the medium can be essentially treated as a problem of locating and quantifying the
strengths of the conceptual sources using difference wave fields. When the property
changes extend to a finite region, the directivity of the difference wave fields can be
used to further quantify the lateral extent of the conceptualized source, and thus, of the
changed medium. The conceptualization overcomes many challenging issues in the
current methods for determining temporal property changes in the medium. The
conceptualization makes it possible to pinpoint and quantify exact location of temporal
changes inside the medium and experiment design and resolution analysis for the

detection of temporal medium change straightforward.

As an example of application, we apply the theory to locate and quantify
temporal change of seismic properties beneath the Japan subduction zone using an
earthquake doublet as sources. We develop an empirical procedure to extract the SH
component difference wave fields from the Hi-Net stations, which includes weighting
the subtraction of the normalized waveforms between the doublet by a binary function
based on cross-correlation coefficients between the waveforms. We detect temporal
change of medium properties in the region and determine the location of the temporal
change to be at (37.2°N, 142°F) based on the arrival times of the difference wave
fields using a back-projection method. Based on the amplitudes of the extracted
difference signal and the acceleration of the background wave fields, we estimate the
magnitude of the conceptual body force associated with the temporal change is

1.15%10° N, or, as a reference, a 0.87% density change, assuming that the temporal

32



change occurs within a volume of 10° km®. The detected temporal change of medium
property between 2005 and 2009 is about 125 km away from the initiation of the 11
March 2011 Tohoku-Oki earthquake [Chu et al., 2011] and within the rupture area of

the earthquakes
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Chapter 3
Detailed Shear Wave Low Velocity Features in the Mid-

lower Mantle Beneath Central America

3.1 Abstract

Tangential shear wave seismic observations of South American earthquakes
recorded at USArray stations between 2011 and 2013 are used to place constraints on
the detailed mid-lower mantle structure beneath Central America. Waveform
observations sampling the center of our study region show complex reflection phases,
which exhibit significant variations with azimuth and distance. Travel time analyses
show increasing S wave residuals of up to 9 seconds as distance increases from 45° to
80°. Forward waveform and travel time modeling reveals that several sub-horizontal
10-20 km thick segments with —10% velocity perturbation are buried inside a
“trapezoid-like” low velocity region with —2% velocity perturbation extending
between 1000 and 2750 km depth. This low velocity anomaly is located at the west of
a high velocity anomaly, which is believed to be the ancient Farallon subduction slab.
The geometry and velocity features of the “trapezoid-like” anomaly show some
similarities with the mid-lower mantle structure beneath Africa and the Pacific. This
low velocity anomaly structure could be a locally chemically distinct province or

driven by mantle convection, with partial melting inside.
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3.2 Introduction

The North and Central America region is well known for over 150 million
years of subduction history, which generates complex wave velocity structures. Back
to the 90s, global travel time tomography studies from P wave [van der Hilst, et. al.,
1997] and S wave [Grand, 1994] both showed the existence of high-velocity
anomalies extending eastward to the lower-most mantle in this region, which was
interpreted as the subduction of ancient Farallon plate [Grand et. al., 1997, Yoshio et.
al., 2001]. Later studies revealed more detailed features such as the breaking of the
Farallon plate and two-state subduction [e.g. Lithgow-Bertelloni and Richards, 1998;
Ren et. al., 2007, Sigloch et. al., 2008; Liu and Stegman, 2011], though the main
features remained consistent. Detailed crustal and upper mantle structures were studied
extensively using various methods [e.g. Lin et. al., 2008; Grand and Helmberger, 1984;
Obrebsi et. al., 2011; Sun and Helmberger, 2011; van der Lee and Frederiksen, 2013;
van der Lee and Nolet, 1997]. Also, various studies had focused on the lower-most
mantle structures [e.g. Garnero and Lay, 2003, Hutko et. al., 2006, Lay and
Helmberger, 1983, Miller and Niu, 2008; Sun et. al., 2006, Thomas et. al., 2004,
Wysession et. al., 2001], which showed a complex high velocity anomaly above the
core-mantle boundary. By contrast, studies targeting the detailed mid-lower mantle
structures were much less. Small-scale shear wave anomalies at depths between 1380
km and 1800 km [Courtier and Revenaugh, 2008; Kaneshima and Helffrich, 2010]
had been detected by multiple ScS reverberationa and S-to-P scattered waves, and
were interpreted as slab debris or chemical heterogeneity. A few studies had noticed a

large-scale slow blanket at the east side of the subducted Farallon slab [van der Lee et.
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al., 2008, Sigolch 2011], yet the nature of the low velocity anomalies is still

mysterious.

Outside of the Americas region, investigations about velocity anomalies in the
mid to lower mantle have revealed several key features. Studies had shown that two of
the most prominent low velocity provinces were located below the Pacific and Africa
le.g. Su et al., 1992; Grand et al., 1997; van der Hilst et al., 1997, Ritsema et al.,
1999], which extended hundreds of kilometers into the mid-lower mantle with possible
sharp edges [e.g. He and Wen, 2012; Ni et. al., 2002; Wang and Wen, 2007, Tanaka
et. al, 2009; To et. al, 2005]. Also small-scale scatterers or reflectors had been
detected by using S-to-P converted phase [Kaneshima and Helffrich, 1999, Kaneshima
and Helffrich, 2010; Kawakatsu and Niu, 1994; Li and Yuen, 2014, Niu and
Kawakatsu, 1997; Niu et. al., 2003; Vanacore et. at., 2006, Vinnik et al., 2001],
multiple ScS reverberationa [Bagley et. al., 2013], receiver function [Shen et. al.,
2003; Vinnik et. al., 2010], SS, PP and P’P’ precursors [Deuss, 2009, Sebastian et. a.,
2008, Stunff et. at., 1995]. Most of the detected scatterers and reflectors are located at
the depth between 750km and 1800km beneath circum-Pacific region with velocity

perturbations as large as 6% [Kaneshima, 2013].

Thus, it’s intriguing to study and understand the extent and velocity contrast of
the mid-lower mantle low velocity structures beneath Central America. Of particular
interests are the similarities and dissimilarities of the mid-lower mantle low velocity
structures between different regions, which might shed some light on mantle dynamics

and evolution. In this chapter, we use seismic waveform and travel time observations
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mid-lower mantle beneath Central America.

and forward modeling to study the detailed shear wave low-velocity features in the

Table 3.1. Event List

Event Date Origin Time Latitude('N) Longitude("E) Depth(km)
Group one:

2012/11/14 19:02:06.0 -29.118 -71.190 63
2011/09/02 13:47:09.0 -28.398 -63.029 578.9
2012/05/28 05:07:23.0 -28.043 -63.094 586.9
2013/02/22 12:01:58.0 -27.932 -63.097 575.2
Group two:

2012/11/22 13:07:10.0 -22.742 -63.571 516.6
2012/10/08 01:50:26.0 -21.725 -68.165 122
2011/06/20 16:36:01.0 -21.701 -68.22 128
2013/07/10 14:32:13.0 -19.23 -69.172 110
Group three:

2012/05/14 10:00:40.0 -17.678 -69.591 105.9
2011/06/08 03:06:22.0 -17.083 -69.518 145.7
2011/11/22 18:48:16.0 -15.362 -65.087 549.9
2012/07/02 23:31:37.0 -14.423 -75.597 39.6
Group four:

2012/08/02 09:38:31.0 -8.379 -74.245 143.3
2011/08/24 17:46:11.0 -7.641 -74.525 147
2011/11/17 01:57:05.0 -1.702 -81.546 26.6
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Figure 3.1. (a) Seismic data coverage map with great circle paths (gray lines) from
South America seismic events (red stars) to USArray stations (blue triangles). Colored
crosses mark the S wave turning points sampling different sections of the region.
Wavetform observations sampling sections marked with purple crosses show no or
little waveform complexity, and waveform observations sampling sections marked
with turquoise, green and blue crosses show distinctly different secondary reflection
features after S arrival. Red box marks the region with -2% shear wave velocity
perturbation in the mid-lower mantle based on S and ScS travel time analyses. AA’ is
the cross-section sampled in this study. Seismic events are divided into four groups by
event latitude as shown in table 3.1 and marked as blue boxes. (b) Shear wave velocity
structure beneath the red box in (a) with S wave ray-path along the cross-section. The
turquoise, green and blue segments are 10-20 km thick segments with —10% shear
wave velocity perturbation beneath the turquoise, green and blue sections
correspondingly. The red region is a “trapezoid-like” low velocity region with —2%
shear wave velocity perturbation extending between 1000 and 2750 km depth beneath
the red box in (a).
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3.3 Data and study region

Four groups of South American earthquakes occurred between 2011 and 2013
(Table 3.1) and recorded at USArray stations are collected based on sampling distance
and high signal to noise ratio. Tangential seismograms are band-pass filtered between
0.1 — 1 Hz, and arrival times are hand picked. The collected seismic observations
sample a large distance ranging between 35°and 82° and provide a good sampling

coverage in the mid-lower mantle beneath Central America (Figure 3.1).

3.4 Seismic waveform observations and modeling

3.4.1 Detailed waveform observations

All seismic waveforms are aligned by hand picked S and ScS arrivals, and
compared based on azimuth and distance coverage. We notice distinct reflection
features. In general, one or multiple additional phases are observed to arrive after the S
phase arrival (Figure 3.2 and 3.3). These additional secondary phases first gradually
migrate closer to the S arrival at shorter distance range and then migrate away from the
S arrival at larger distance range. However, strong variations with sampling azimuth
and distance do exist for the secondary reflection phases. The detailed features of each
waveform profile are quite unique in terms of the merging distance, move-out rate, and

distance window of observable secondary phases.
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Figure 3.2. Observed seismic waveforms aligned by the S phase arrival sampled by
events from Group 1, 2 and 3. Based on waveform differences, each sampling region
can be divided into several sub-sections (one turquoise, one green, one blue and two
purple sections). Red arrows mark the observed secondary reflection phases.
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Based on similarities of waveform features, we are able to divide our study
region into five azimuthal sub-sections, one turquoise, one green, one blue and two
purple sections (Figure 3.1 and 3.2). The reflection features only exist when sampling
the center of our study region (sections marked with turquoise, green and blue crosses
in Figure 3.2). Let’s take waveform observations sampled by events from Group 1 for
example, which have similar coverage in terms of distance (Figure 3.2.a). The
observations sampling in the turquoise and blue sections show strong secondary
reflection phases; the observations sampling in the two purple sections show no sign of
secondary reflection phase. However, the distance window and the merging distance
of the observed secondary phases are different between the turquoise and blue
sections. Waveform observations sampling in the turquoise section show one phase
merging faster to the S arrival before 70° and multiple phases merging away from the
S arrival beyond 72°; whereas waveform observations sampling in the blue section
show only one phase merging slower to the S arrival before 68° and away from the S
arrival beyond that. Azimuthal differences are observed between waveform
observations sampled by events from Group 2 (Figure 3.2.b) and Group 3 (Figure

3.2.c) as well.

When the same azimuth section is sampled by different events with varied
distance coverage, the reflection features are also different. One example is shown in
Figure 3.3. Though all profiles are sampling in the turquoise section, the event from
Group 1 samples deeper and the most southern part of the mid-lower mantle, and the
event from Group 4 samples shallower and the most northern part of the mid-lower

mantle. The secondary reflection features change as the event moving between Group
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1, 2 and 3. We note that the event from Group 2 has a much broader source time
function that would flatten and weaken the reflection features. The complex secondary
reflection features disappear when the sampling event is from Group 4. One phase has
about 18s of constant delay with the S arrival when the sampling event is from Group
4. Because the reflection phase from the other waveform profiles normally have a
move out when the seismic waveforms are aligned by the S arrival, this observed
phase does not fit the other profiles and is likely caused by the upper mantle and crust
structures. Distance dependent changes in reflection features are observed for green

and blue sections as well.

The complex reflection features are only found after the S arrival. Seismic
waveforms following the ScS arrival show no sign of a secondary phase. One example
of seismic waveforms aligned by the ScS phase is presented in Figure 3.4. The same
waveform aligned by the S arrival is shown previously in Figure 3.2.(a) and 3.3. The
clear differences indicate that our observed complex waveform features are likely
caused by the mid-lower mantle structure, and not by source or receiver side shallow

structures.
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Figure 3.3. Observed seismic waveforms aligned by the S phase arrival in turquoise
section sampled by events from Group 1, 2, 3 and 4. Red arrows mark the observed

secondary reflection phases.
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3.4.2 Waveform modeling benchmark

Extensive waveform modeling shows that the characteristics of synthetic
reflection waveforms generated by the abnormal velocity segment are controlled by
several key parameters, including amplitude of velocity contrast, thickness, depth,
horizontal dimension and location, dipping angle, and number of the segments. We
demonstrate the effects of these controlling parameters in the following bench tests.
All waveform and travel time modeling in this study use a SH hybrid method
developed by Wen [2002]. The SH hybrid method combines Generalized Ray Theory
(GRT), Finite Difference (FD) and Kirchhoff Theory. It assumes an Earth flattening

approximation. The input velocity model includes two parts: a 2-D velocity model in a
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certain region, defined as heterogeneous region, and a 1-D velocity model outside of

this region.

Segments with low and high velocity anomalies would both generate a
reflective secondary phase after the S arrival. However, the secondary phase generated
by a segment with high velocity anomalies has the same polarity as the S phase, and
disappears beyond the distance range where the S turning depth is deeper than the
location depth of the segment; the secondary phase generated by a segment with low
velocity anomalies has the opposite polarity as the S phase, and is still visible but
migrates away from the S arrival beyond the distance range where the S turning depth
is deeper than the location depth of the segments (around 75° in Figure 3.5). The
waveforms generated by a segment with low velocity anomalies are more compatible

with the observations.

The amplitude of the velocity contrast affects the amplitude, width and arrival
time of the secondary reflection phase. When the amplitude of the velocity contrast is
less than 3%, the secondary phase is too weak. In other cases, the amplitude and width
of the secondary phase increases with the amplitude of the velocity contrast, especially
beyond a distance range where the S turning depth is deeper than the location depth of
the segment (around 75° in Figure 3.6). Additionally, the arrival time of the secondary
phase increases with the amplitude of velocity contrast beyond distance where the S
turning depth is deeper than the location depth of the segment, and does not change

before that.
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The thickness of the segment affects the amplitude, width and arrival time of
the secondary reflection phase as well, in a similar fashion as the amplitude of the
velocity contrast. There are certain trade-offs between the amplitude of the velocity
contrast and thickness. However, a comparison of the synthetic waveforms generated
by two models, between a 20-km thick segment with -10 % velocity perturbation
(Figure 3.6.d) and a 10-km thick segment with -20% velocity perturbation (Figure
3.6.b), indicates that increasing thickness would have a slightly larger impact on the

amplitude, width and arrival time of the secondary phase.
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Figure 3.5. Comparison of the synthetic waveforms generated by a 10-km thick
segment with -10% (left, low velocity anomaly) and 10% (right, high velocity
anomaly) velocity perturbation.
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Figure 3.6. Comparisons of the synthetic waveforms generated by a segment with
various thickness and velocity perturbation (black traces) and a 10-km thick segment
with velocity perturbation of -10% (red traces). Other parameters are the same.
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Depth, horizontal dimension and location, dipping angle of the segment control
the move-out and the observable distance window of the secondary phase at the same
time. First, placing the segments at larger depth would shift the move-out of the
secondary phase to larger distance range (Figure 3.7.a and 3.7.d). Second, placing the
segments at different location would shift the observable distance window of the
secondary phase (Figure 3.7.a and 3.7.b). When the segment is moved from the source
to the receiver, the observable distance window of the secondary phase shifts from
closer distance to larger distance. The turning point between approaching and leaving
S phase remains the same as long as the depth does not change. Move-out rate does
not change with either horizontal location or depth. Similar shift also occurs when the
segment is not flat. Third, dipping of the segment affects both the move-out and
distance window where the secondary reflection phase can be observed. When the
dipping angle is positive, it indicates that the segment dips towards the receiver side.
In this case, the model with a larger dipping angle generates a secondary phase at
larger distance ranges, and the move-out rate of the secondary phase approaching and
leaving S phase both become larger. The secondary phase disappears when the dipping
angle is beyond 15°. When the dipping angle is negative, it indicates that the segment
dips towards the source side. In this case, the model with a larger dipping angle
generates a secondary phase at closer distance ranges. The move-out rate of the
secondary phase becomes smaller when approaching the S phase and becomes larger
when leaving the S phase. The secondary phase disappears when the dipping angle is
beyond -35°. A comparison between the waveforms generated by flat and dipped

segment (Figure 3.7.a, 3.7.c and 3.7.d) shows the difference.
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Figure 3.7. Synthetic waveforms generated by models with various depth, horizontal
location, dipping angle, and number of segments. Blue arrows mark the arrivals of
secondary phases.

Multiple segments generate multiple secondary phases. An example is shown
in Figure 3.7.e. Depending on the depth separation of the segments, multiple
secondary phases are superimposed with one another constructively or destructively.

For models with dipping segments, similar superimpositions are observed.
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3.4.3 Best fitting waveform modeling results

Forward waveform modeling is used to constrain the source of the additional
reflection phases. Bench tests of forward waveform modeling show that the detailed
waveform features, such as merging distance, move-out rate, and distance window of
observable secondary phase, are closely tied with the location, dimension, orientation
and velocity perturbation of the segments in the mid-lower mantle. The turquoise,
green and blue sections are modeled individually. In each section, all synthetic
waveforms generated by different event locations should be compatible with observed

seismic waveforms.

Our best fitting model shows that several very low velocity segments with
various dimensions are scattered in the center mid-lower mantle beneath Central
America. In the turquoise section (waveform data shown as an example in Figure 3.4),
two flat 1300-km wide, 10-km thick and one dipping 300-km wide, 20-km thick low
velocity segments are located at 1800-km, 1950-km and 2150km (turquoise segments
in Figure 3.8). In the green section, one flat 400-km wide, 10-km thick and one
dipping 500-km wide, 10-km thick low velocity segments are located at 1730-km and
1850-km (green segments in Figure 3.9). In the blue section, one flat 700-km wide,
10-km thick, one dipping 400-km wide, 10-km thick and one flat 1000-km wide, 10-
km thick low velocity segments are located at 1550-km, 1660-km and 1950-km
(purple segments in Figure 3.10). To compare with data, all modeled waveforms are
plotted as red traces in Figure 3.8, 3.9, and 3.10. The velocity perturbation of modeled
low velocity segments is -10%, but there are slight trade-offs between velocity and

thickness of the segment. Most of the segments are in horizontal position. The largest
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dipping angle of non-flat segments is 13°. In the purple sections, no reflection feature

is observed and thus no segment exists.
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Figure 3.8. Synthetic waveforms generated by the best fitting velocity model in the
turquoise section. All observations (black traces) and synthetics (red traces) are
aligned by the S arrival. Blue arrows mark the arrival of the additional reflection
phases distinct from the S and ScS phase. Turquoise segments marks the location of
low velocity segments with -10% velocity perturbation in the mid-lower mantle of the

turquoise section.
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Figure 3.9. Synthetic waveforms generated by the best fitting velocity model in the
green section. All observations (black traces) and synthetics (red traces) are aligned by
the S arrival. Blue arrows mark the arrival of the additional reflection phases distinct
from the S and ScS phase. Green segments marks the location of low velocity
segments with -10% velocity perturbation in the mid-lower mantle of the green
section.
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Figure 3.10. Synthetic waveforms generated by the best fitting velocity model in the
blue section. All observations (black traces) and synthetics (red traces) are aligned by
the S arrival. Blue arrows mark the arrival of the additional reflection phases distinct
from the S and ScS phase. Blue segments marks the location of low velocity segments
with -10% velocity perturbation in the mid-lower mantle of the blue section.
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3.5 Travel time analyses and modeled “trapezoid-like” low velocity

structure

3.5.1 Travel time analyses

Besides waveform observations, S and ScS travel time residuals sampling
inside the red box of our study region in Figure la are also analyzed. Travel time data
include two event sets. Each set of data is composed of events from different groups
recorded at the same group of stations, which sample similar azimuthal section with
different distance range. Our travel time analyses consist of two main steps: we first
obtain absolute S and ScS residuals with reference to PREM model; then we correct
for travel time residuals that are caused by heterogeneities other than from the mid-
lower mantle. The corrected travel time residuals are solely tied to the mid-lower

mantle structure.

One of our data set includes events 20120528, 20121008, 20120514 and
20120802 from south to north; the other data set includes events 20110902, 20110620,
20110608 and 20110824 from south to north. Southern events have further distance
coverage and sample deeper, and northern events have closer distance coverage and
sample shallower. These two data sets have very similar event locations. The
recording station coverage is close as well. For each data set, we divide them into 4

sub-sets by every 2° of azimuth coverage.

Global shear wave tomography (Figure 3.11) shows that the upper mantle and
crust effects are very strong, therefore it is important to remove travel time

contributions from the upper mantle and crust during travel time analyses. Two
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separate procedures are used to remove receiver and source side contributions.
Receiver side contributions can be corrected by using one reference event because the
ray-paths in the upper mantle and crust from different events are almost identical in
the receiver side. We use the most northern event (20110824 for the 2011 event set
and 20120802 for the 2012 event set) as reference event, and absolute travel time
residuals of other events are corrected based on station location. Source side
contributions can be corrected by using a group of western stations as reference
because of similar ray-paths near the source for each event (Figure 3.11). The
averaged absolute S travel time residuals from those western stations then correct the

source side contributions for each event individually.
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Figure 3.11. (a) Selected events (red stars), selected stations and reference western
stations (blue triangles) location. AA’ and A-western stations are two cross-sections.
(b) Global shear wave tomography (Grand, 2002) along cross section AA’ and A-
western stations with corresponding S wave ray-paths from events to stations. (c)
Absolute S residuals of western stations with reference to PREM model. For event
20121008, no clear S phase from western stations is available.
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Detailed travel time analyses results are plotted in Figure 3.12 (2012 data set)
and Figure 3.13 (2011 data set). The absolute S and ScS residuals from different
events show strong correlation with station locations. This is expected due to the
strong upper mantle and crust effect, and is later taken care of by corrections. After
corrections, S travel time residuals keep increasing as distance increases from 45° to
80°, and have a change of increase rate around 55° (trend marked as black lines in
Figure 3.12 and 3.13). There are still some notches in the corrected S travel time
residuals, which are likely the remaining minor upper mantle and crust effects, but the
main increasing trend for corrected S travel time residuals remains the same. The
increasing trend of S residuals is consistent for all azimuths. For corrected ScS travel
time residuals, notches also exist and no increasing trend as a function of distance is

observed.
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Figure 3.12. S and ScS travel time residuals from data set 1, which includes event
20120802, 20120514, 20121008, 20120528. 1(a) - 4(a) are sampling area of selected
data; 1(b) - 4(b), 1(e) — 4(e) are absolute S and ScS travel time residual; 1(c) — 4(c),
1(e) — 4(e) are S and ScS travel time residual with source side correction; 1(d) — 4(d),
I(e) — 4(e) are S and ScS travel time residual with source side and receiver side
corrections. Each color represents data from each event.

Figure 3.13. S and ScS travel time residuals from data set 2, which includes event
20110824, 20110608, 20110620 and 20110902. 1(a) - 4(a) are sampling area of
selected data; 1(b) - 4(b), 1(e) — 4(e) are absolute S and ScS travel time residual; 1(c) —
4(c), 1(e) — 4(e) are S and ScS travel time residual with source side correction; 1(d) —
4(d), 1(e) — 4(e) are S and ScS travel time residual with source side and receiver side
corrections. Each color represents data from each event. Note two data sets have
overlapped coverage, and are consistent with each other.
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3.5.2 Best fitting model for travel time observations

Considering minor scatterings of the data, the corrected S travel time residuals
show an increase of up to 9 seconds as distance increases from 45° to 80°, and change
of increase rate around 55° (Figure 3.12, 3.13 and 3.14.e). The travel time analyses
indicate that S waves encounter a low velocity anomaly along their ray-paths. Forward
travel time modeling is used to define the boundary and magnitude of the low velocity

anomaly.

Our best travel time fitting model is a “trapezoid-like” low velocity region with
—2% velocity perturbation extending up to 1000 km depth (red region in Figure 3.1.b
or grey region in Figure 3.14.b). The model has a broad base and narrows as the depth
decrease, therefore the S wave with further sampling distance travels deeper and has a
larger portion of ray-path inside the low velocity anomaly. The top boundary are
defined by the onset of the increasing S residuals; the change of increase rate of S
residuals around 55° is the key characteristic used to place constraints on the width of
the top of “trapezoid like” low velocity structure, the steepness of its edge, and its
location. In the best fitting model, the S waves from the reference event (event
20120802 in Figure 3.14 or events from group 4) does not encounter this low velocity
region until 60° which is out of the sampling distance range; whereas the S waves
from other southern events travel through this region differently and show an
increasing arrival delay as the corrected data shows (Figure 3.14.g). The ScS waves
with various sampling distance, however, have similar portion of ray-path inside the
“trapezoid-like” anomaly. The synthetic ScS residuals show no increasing trend as a

function of distance (Figure 3.14.h) similarly to the corrected ScS residuals. A
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depth (km)

constant offset exists between the corrected and modeled ScS residuals, and is likely

caused by the lower-most mantle structure above the core-mantle boundary.
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Figure 3.14. (a) Selected events (red stars) and stations (blue triangles) location. AA’
are the sampling cross-section. (b) The best fitting model and S and ScS wave ray-path
along sampled cross-section AA’. The grey “trapezoid-like” region has -2% shear
wave velocity perturbation. (c¢) and (d) are absolute S and ScS travel time residuals
with reference to PREM. (e) and (f) are corrected S and ScS travel time residuals. (g)
and (h) are predicted S and ScS travel time residuals based on shear wave velocity
structure of (b). Reference event is also used in (g) and (h). Different colors represent
data and prediction of different event.
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The bottom depth of the low velocity region is constrained by an “Scd-like”
phase observed beyond 75°. Modeling results indicate the bottom boundary of the low
velocity region is 2750 km (Figure 3.15) and a 1-2% velocity jump at the bottom is
preferred (Figure 3.15). When the velocity jump is 1% (Model 2 in Figure3.16), no
significant reflection phase is observed; when the velocity jump is 4% (Model 3 and
Model 7 in Figure 3.16), the reflection phase is too strong and observable even around
56°. Synthetic waveforms generated by models with gradual velocity changes between

2750-km and CMB (Model 4, 5, 6 in Figure 3.16) do not fit the data either.

(a) (b)
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Figure 3.15. (a) Waveform observations (black traces) and the best fitting synthetics
(red traces) of the “Scd-like” phase (marked by blue arrows), both aligned based on S
arrival. (b) The best fitting bottom structure of the “trapezoid” low velocity structure
based on the “Scd-like” phase.
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Figure 3.16. Comparison between synthetic waveforms generated by models with
different bottom structures. All models have the same top “trapezoid” low velocity
structure with —2% velocity perturbation. Model 1, Model 2 and Model 3 show an
instant velocity jump from -2% to normal, -1% and 2% at 2750-km; Model 4 show
gradual velocity increases from -2% to 2% between 2500-km and 2750km, and then
gradual velocity decreases from 2% to normal between 2750-km and CMB; Model 5
and Model 6 show gradual velocity decreases from -2% to normal and 2% between
2750-km and CMB; Model 7 show an instant velocity jump from -2% to 2% at 2750-
km, and then gradual velocity decreases from 2% to normal between 2750-km and
CMB. All synthetic waveforms are aligned based on S phase. Blue arrows mark the
corresponding reflection phase generated by the bottom structure; whereas black
arrows mark the artifacts generated by the SH hybrid method.

In search of the best fitting shear wave velocity structure, “box-shaped” low
velocity structure models are also tested. They generate “dome-shaped” S residuals
because the lengths of the S wave ray-paths inside the low velocity region are similar
(Figure 3.17). When the location changes, the shape of S residuals will change
slightly. However, none of the “box-shaped” low velocity anomalies could generate

continuously increasing S residuals between 45° and 80°.
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Travel time analyses outside of the red box in Figure 1a are not available, thus
we are not able to place constraints on the extent of this low velocity region on NNE-

SSW direction.

3.6 Conclusions and discussions

In this study, we observed seismic waveform and travel time features related to
a shear wave low velocity anomaly in the mid-lower mantle beneath Central America.
Secondary reflection phases are observed after S arrival when sampling the center of
our study region. The waveform features show significant variations with azimuth and
distance. Travel time analyses reveal consistently increasing S phase residuals of up to
9 seconds between 45° and 80°. Forward waveform and travel time modeling reveals
that several sub-horizontal 10-20 km thick segments with —10% shear wave velocity
perturbation are buried inside a “trapezoid-like” low velocity region with —2% shear

wave velocity perturbation extending between 1000 and 2750 km depth.

The low velocity structure beneath Central America shows strikingly strong
similarities with the mid-lower mantle structure beneath African and the Pacific in
terms of the geometry and velocity contrast. In both regions, low velocity anomalies
with -2% to -3% shear wave perturbations extend high above the core mantle
boundary with shape dipping edge, 1300km in Africa [Wang and Wen, 2007], and 740
km in the Pacific [He and Wen, 2011]. Our modeled structure in Central America has
—2% velocity perturbations and extends between 1000 and 2750 km depth. Lateral
dimensions at the base of all three low velocity structures are thousands of km.

However, the lowermost mantle structures can be quite different. In African and the

74



Pacific regions, the very low velocity zone (VLVZ) is located at the lowermost mantle
above core-mantle boundary, whereas in Central America region, it is not likely to be
the same case. Hence it is interesting to discuss the source for these large-scale low
velocity anomalies extending high up in the mid mantle. There are two possible
explanations. One possible explanation would be intrinsic chemical differences in all
three regions. These could be primary reservoirs existing since early Earth. The other
possible explanation would be velocity anomalies caused by mantle convection. In the
African and Pacific regions, thermal effect is the dominant force of mantle convection.
In Central America, the complex subduction history is likely the main driving force of
mantle convection (Figure 3.18). The active subduction on the west side and the
ancient subduction on the east side push mantle material moving away from the center
of Central America, and new material from the south and north direction flow back to
fill it in, forming some heterogeneity in the mid-lower mantle beneath Central
America. For the small-scale segments with -10% velocity segments buried inside the
low velocity anomaly beneath Central America, partial melting likely occurs due to

water or other weakening effects.
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Figure 3.18. Illustration of mantle convection derived heterogeneity in the mid-lower

mantle beneath Central America.
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Chapter 4
A Transition of Velocity Structure at the Lowermost Mantle

Beneath Central America

4.1 Abstract

We suggest the existence of a structural transition at the base of the Earth’s mantle
beneath Central America based on ScSH-SH and PcP-P differential travel time
residuals. Our seismic data set includes Southern American earthquakes recorded at
USArray stations between 2007 and 2011. The analyzed ScSH-SH differential travel
time residuals show that the shear wave velocity decreases from at lease 2% velocity
perturbation to normal along the northwest-southeast direction; and the analyzed PcP-
P differential travel time residuals show that the compressional wave velocity
decreases from normal to -2% velocity perturbation along the same direction. Both
shear and compressional velocity experience a 2% of velocity decrease along the
northwest-southeast direction, suggesting that a structural transition boundary likely
exists at the lowermost mantle beneath Central America. Stacked S or ScS waveforms
sampling different velocity perturbation provinces are slightly different, but stacked S
and ScS waveforms sampling the same velocity perturbation province are very similar.
Stacked P or PcP waveforms sampling different velocity perturbations are also very
similar. These indicate that attenuation is relatively uniform across different provinces.
Moreover, the rapidly changing ScSH/SH amplitude ratio and incoherently delayed

radial component S and ScS phases both indicate widely existing anisotropy and
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heterogeneity. Relatively simple shear waveform features indicate that the

heterogeneity is of relatively small-scale.

4.2 Introduction

The lowermost mantle is one crucial part of the Earth because it is the region
where heat is conducted from the core into the mantle and has major implications for
thermal evolution and mantle dynamics. As we mentioned in Chapter 3, many studies
have focused on the lower-most mantle structure beneath Central America, detecting
high-velocity anomalous D’’ shear wave structures [Garnero and Lay, 2003; Lay and
Helmberger, 1983] with possibly folded features [Hutko et. al., 2006; Sun et. al.,
2006], small-scale low-velocity anomalies inside the large high-velocity anomalies
[Wysession et. al., 2001, Thomas et. al., 2004], scatterers near the high-velocity
anomalies [Miller and Niu, 2008] and rapid P-wave travel time change across a small
region [Sun et. al., 2006]. Past studies have shown that the lowermost mantle beneath
Central America is very complex. Given the improvement of data coverage, we are
interested in finding seismic features that might have been missed in the past. In this
study, we suggest a structural transition by using both shear and compressional shear

wave travel time and waveform observations.

4.3 Seismic data

We collect broadband displacement of 14 South American earthquakes
between 2007 and 2011 (listed in Table 4.1) recorded at USArray stations. Our seismic

data provide a dense coverage near the core mantle boundary in Central America. The

84



seismograms are deconvolved using their corresponding instrument response and
rotated to tangential, radial and vertical components. Tangential and radial
seismograms are band-pass filtered between 0.1-1 Hz, and vertical seismograms are
band-pass filtered between 1-4 Hz. Arrival times of S, ScS, P and PcP phases are hand

picked.

Table 4.1. Event List

Event Date Origin Time  Latitude('N) Longitude(’E) Depth(km)

2007/05/25 17:47:31.0 -24.22 -67.03 180
2007/07/21 15:34:53.0 -22.15 -65.78 289
2007/11/16  03:12:59.8 -23.10 -77.84 122
2008/02/04 17:01:17.0 -20.27 -70.76 46.1
2008/09/03 11:25:14.0 -26.74 -63.22 569
2008/10/12 20:55:42.0 -20.12 -64.97 352
2009/07/12  06:12:50.0 -15.25 -70.75 197
2009/09/05 03:58:39.0 -15.12 -70.25 210
2009/11/14 19:44:33.0 -23.04 -66.83 221
2010/01/28 08:04:16.0 -23.64 -66.96 205
2010/03/04 22:39:29.0 -22.36 -68.69 119
2010/05/24 16:18:33.0 -8.08 -71.64 591
2010/07/12 00:11:26.0 -22.24 -68.61 134
2011/01/01  09:57:04.0 -27.04 -63.39 586

Because ScS and S phases propagate along similar ray paths in the upper
mantle and crust (Figure 4.1), ScS-S differential travel time residuals minimize upper
mantle and crustal heterogeneity effects. This is also true for PcP-P differential travel
time residuals. In this study, we mainly use ScSH-SH and PcP-P differential travel
time residuals to constrain velocity perturbations in the lowermost mantle. We further
use comparisons of stacked waveforms, the SCSH/SH amplitude ratio, differentiated
arrival times of radial and tangential S and ScS phases, and waveform complexity to

investigate possible seismic features in the lowermost mantle in this region.
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Figure 4.1. Illustration of S and ScS ray-paths in the mantle.
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4.4 A structural transition in the lowermost mantle based on ScSH-

SH and PcP-P differential travel times

The ScSH-SH and PcP-P differential travel-time residuals provide good
coverage in the lowermost mantle beneath Central America (Figure 4.2 and 4.3). We
are primarily interested in the velocity structure in the lowermost 300 km of the
mantle. Three steps are taken to obtain the velocity perturbations in the lowermost
mantle. First, absolute differential travel time residuals with reference to PREM model
are obtained. Next, tomographic corrections are used to remove the effects of
heterogeneities 300km above the core mantle boundary. Despite the fact that ScCSH-SH
and PcP-P differential travel time residuals are not sensitive to upper mantle and crust
effects, the seismic heterogeneities 300km above the core mantle boundary might still
contribute to the differential travel times at close distances. Tomographic corrections
are calculated based on the tomography models, using the global S wave tomography
model from Stephen P. Grand and the global P wave tomography model from Robert
D. van der Hilst. Finally, averaged S and P wave perturbations at the lowermost 300

km mantle are calculated based on corrected ScSH-SH and PcP-P differential travel
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time residuals. In this step, we assume a uniformly 300 km thick layer with lateral

velocity variations.

As we presented in Chapter 3, a strong mid-lower mantle low shear wave
velocity structure is located on the east side of our study region. It is important to
check how efficiently tomographic corrections remove the contributions from the mid-
lower mantle structure. Here we use the same data set as in Chapter 3. The S wave
perturbations of the lowermost mantle based on corrected ScCSH-SH differential travel
time residuals from this data set range between 0% and -0.5% (Figure 4.2). This
indicates that our tomographic corrections efficiently remove most of the contributions

from the mid-lower mantle.

_95° —90° 85" 80" _75° _70° —65°
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Figure 4.2. Test of tomographic corrections on the “trapezoid-like” low velocity
anomaly in the mid-lower mantle. Data include ScSH-SH differential travel time
residuals of events 20110824, 20110608, 20110620, 20110902 (same data set as in
Chapter 3). Same procedures are taken as for Figure 4.3 and 4.4.
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Figure 4.3. Shear wave velocity perturbations at the lowermost 300km mantle using
ScSH-SH differential travel time residuals. (a) Absolute ScSH-SH differential travel
time residuals with reference to PREM model. (b) Corrected ScSH-SH differential
travel time residuals based on the global S wave tomography model from Stephen P.
Grand. In (a) and (b), squares represent less than -2s, crosses represent -1s to Is, and

circles

represent larger than 2s

ScS-SH differential travel time residuals

correspondingly. (c) Average S wave velocity perturbation percentages at the
lowermost 300km mantle. Squares and circles are averaged values in 1 by 1 degree
grid size. Squares represent high velocity perturbations; circles represent low velocity
perturbations. Color plottings are Gaussian smoothed perturbations. Two black boxes
are the locations of seismic scatter determined by Niu and Wen [2001] based on PKP
precursor data.
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Figure 4.4. Compressional wave velocity perturbations at the lowermost 300km
mantle using PcP-P differential travel time residuals. Same as Figure 4.3 except that
tomographic corrections are based on the global P wave tomography model from
Robert D. van der Hilst.

Looking at absolute ScSH-SH differential travel time residuals of this study
(Figure 4.3), we observe negative residuals in the northwest province of the region,
positive residuals in the southeast and east province of the region, and mixed residuals
in the middle province of the region. The difference between the residuals from the
northwest province and residuals from the east province varies up to 10 seconds. After
tomographic corrections, mixed ScSH-SH differential travel time residuals in the
middle province are reduced significantly, which again proves that tomographic
corrections are necessary and effective. Furthermore, the difference between the

residuals from the northwest province and residuals from the east province is also
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reduced down to approximately 5 seconds. Averaged shear wave velocity
perturbations at the lowermost 300 km mantle show that there is a high velocity
anomaly with at least 2% velocity perturbation in the northern province. This high
velocity anomaly is compatible with other studies. In the southern province, it is
normal lowermost mantle. On the east province, there is a weak low velocity anomaly
with about -0.5% velocity perturbations. Comparing it with Figure 4.2, the velocity
perturbations are about the same magnitudes, and are likely the remaining

contributions from the mid-lower mantle.

Looking at absolute and corrected PcP-P differential travel time residuals
(Figure 4.4), positive residuals are dominant in most of the region, and very weak
negative residuals are observed in a small northwest province. The difference between
the residuals from the northwest province and residuals from the east province is 4-5
seconds, similar to shear wave data. Averaged compressional wave velocity
perturbations at the lowermost 300 km mantle show that there is a low velocity

anomaly with -1% to —2% velocity perturbation in the middle and southern province.

In comparison, a clear anti-correlation between shear wave and compressional
wave perturbations is observed in the lowermost 300 km mantle. Interestingly, a
similar velocity-decreasing trend exists along the northwest-southeast direction. Shear
wave velocity decreases from at lease 2% velocity perturbation to normal, and
compressional wave velocity decreases from normal to -2% velocity perturbation.

Both shear and compressional velocity experience a 2% of velocity decrease along the
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northwest-southeast direction. This feature suggests that a structural transition

boundary likely exists at the lowermost mantle beneath Central America.

4.5 Other seismic features

To further constrain seismic features along the structure transitional region, we
also look at differences of stacked waveforms, ScSH/SH amplitude ratio,
differentiated arrival times of radial and tangential S and ScS phases, and waveform

complexity.

Seismic attenuation determines how fast seismic energy is lost during
propagation, and constitutes an important characteristic of structures. The direct
effects of seismic attenuation are reduced amplitude and broadened waveforms. To
investigate seismic attenuation in this region, we focus on waveform broadening
caused by attenuation and compare stacked S and ScS waveforms across different
geological provinces. Based on the velocity perturbations in the lowermost 300 km
mantle, we divide our study region into three provinces. Then S and ScS waveforms
are normalized and stacked for each province. For shear waves (Figure 4.5), the black
province is the high velocity anomalous province, the red province is the transition
province, and the green province is the normal province. Comparing stacked S
waveforms across different provinces, we observe gradual waveform broadening when
stacking stations move from high velocity anomalous province to the normal province.
Similar waveform broadening is observed for stacked ScS waveforms. However,
further comparisons between stacked S and ScS waveforms from the same province,

exhibit no significant difference. This indicates that the broadening of the stacked S
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and ScS waveforms across different provinces is caused by attenuation from upper
structures. For compressional waves (Figure 4.6), the black province is the normal
province, the red province is the transition province, and the green province is the low
velocity anomalous province. Very similar waveforms are observed when comparing
between stacked P and PcP waveform across different provinces. Based on joint
observations of stacked S and P phase waveforms, seismic attenuation is likely

relatively uniform across different provinces in this region.
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Figure 4.5. (top) Comparisons of stacked S or ScS waveforms between different
provinces. The Black, red, green traces correspond to the stacked waveforms of the
black, red, green provinces in the left. Blue traces are stacked waveforms based on all
stations. (bottom) Comparisons of stacked S and ScS waveforms in the same
provinces. Black traces are stacked S waveforms, red traces are stacked ScS
waveforms.
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Figure 4.6. Comparisons of stacked P or PcP waveforms between different provinces.
The black, red, green traces correspond to the stacked waveforms of the black, red,
green provinces in the left. Blue traces are stacked waveforms based on all stations.

1 1 1 1 25
i ﬂ% z ; 120
AR ¥ L TR
° & ..: o0 ® ° o
*
B oo S O o 15
° o8%000de ‘s ® o
.. Y o® ° <
lf ° .
L)
y "}:ﬁv’ o3 SERTN ° 0 ° 10
2 :
o385 800!
s oo
[ ]
L ]
. L5
° ° ° °
<04 04-06 0608 >=08
0
265 270 275 280 285 280 205

Figure 4.7. The ScSH/SH amplitude ratio plotted at ScS reflection point on the core
mantle boundary. Data between 60° and 64° are not used because sS and ScS phases
are mixed at this distance window. Different colors represent different ScCSH/SH
amplitude ratios.
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Lateral structural variations have significant effects on the amplitude of
waveforms. Figure 4.7 shows the amplitude ratios between the ScSH phase and the SH
phase. Along the southeast-northwest direction, we observe gradual amplitude ratio
decrease as a function of epicentral distance. But the ScCSH/SH amplitude ratio also
changes rapidly over very small areas, which cannot be explained by geometric
amplitude ratio decay. Furthermore the anisotropy in this region is inferred by
comparing the arrival times of two components of a shear phase when polarized
horizontally (SH) and vertically (SV). Figure 4.7 shows the differentiated arrival times
of SV (radial component) and SH (tangential component). The majority of the data
shows positive SV-SH and ScSV-ScSH differential travel time, indicating delayed SV
and ScSV arrivals. However, there are also significant differences between SV-SH and
ScSV-ScSH differential travel times, which are caused by anisotropy in the lowermost
mantle. Rapidly changing ScSH/SH amplitude ratio and incoherently delayed radial

component S phases both suggest widely existing anisotropy and heterogeneity.

Relatively simple shear waveforms are observed in this region. An example is
shown in Figure 4.9. An “Scd” phase observed beyond 70° is the reflection phase from
the top boundary of the high shear wave anomaly. Apart from the S, ScS and Scd
phases, no additional phase is observed. The lateral anisotropy and heterogeneity is
likely to be of relatively small scale and is not reflected on shear waveform

observations.
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Figure 4.9. Tangential shear waveform aligned by S phase arrival. Red arrow marks
“Scd” phase. Red lines are theoretical travel time curves for S, sS and ScS phase.
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4.6 Conclusions

We utilize the observed ScSH-SH and PcP-P differential travel time residuals to derive
the averaged velocity perturbations in the lowermost 300 km of the mantle beneath
Central America. The calculated shear wave velocity structure shows that a high
velocity province with at lease 2% velocity perturbation is located in the northern
province, and gradually changes to normal in the southern province. The calculated
compressional wave velocity structure shows that normal perturbations exist in the
northern province, and gradually changes to a low velocity province with -2% velocity
perturbations in the southern province. Both shear and compressional velocity
experience a 2% of velocity decrease along the northwest-southeast direction,
suggesting that a structural transition boundary likely exists at the lowermost mantle
beneath Central America. We further constrain seismic features in this region by
comparing stacked waveforms, the ScSH/SH amplitude ratio, differentiated arrival
time of radial and tangential S and ScS phases, and waveform complexity. Stacked S
or ScS waveforms sampling different velocity perturbation provinces are slightly
different, but stacked S and ScS waveforms sampling the same velocity perturbation
province are very similar. Stacked P or PcP waveforms sampling different velocity
perturbations are also very similar. These indicate that attenuation is relatively uniform
across different provinces. Rapidly changing ScSH/SH amplitude ratio and
incoherently delayed radial component S and ScS phases both indicate widely existing
anisotropy and heterogeneity. Relatively simple shear waveform features indicate that

the heterogeneity is of relatively small-scale.
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Chapter 5

Overall Conclusions

In this thesis, I present two regional studies about the seismic velocity
structures beneath Japan and Central America by using body waves. Because these
two studies are focused on different aspects of seismic structure, one regarding
temporal structure change and the other one regarding spatial seismic structure,

different approaches are utilized.

A new theory is derived to locate and quantify temporal structural changes by
using difference wave fields of repeated events. The theory states that the difference
wave fields of two repeated sources in a temporally changed medium can be
equivalently treated as wave fields propagating from conceptual sources, with their
location at the place of temporal change and their strengths equal to the product of
magnitude of medium property change and magnitude of the initial wave fields from
the repeated sources. When the medium change extends to a finite region, the
conceptual sources become volumetric sources distributed over the region of the
medium change and propagating in the direction of the initial wave. Japan has a great
geological setting for studying temporal changing seismic structures, and the new
theory is successfully applied here. I search repeating earthquakes occurring in the
Japan subduction zone, formulate an empirical procedure to extract the difference

wave fields between repeating earthquakes and determine the temporal change of
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seismic properties using a back-projection method. I locate the temporal change of
seismic properties beneath the Japan subduction zone to be at (37.2°N, 142°F), and
estimate the magnitude of the conceptual body force associated with the temporal
change to be 1.15%101° N, or as a reference, a 0.87% density change for an assumed

volume of temporal change of 103 km’.

With the great improvement of station coverage by USArray, I am able to study the
detailed mid-lower mantle and lowermost mantle structures beneath Central America
by using South American earthquake dataset. First, seismic waveform and travel time
observations sampling the mid to lower mantle of Central America are analyzed and
modeled. Waveform observations show complex reflection phases and exhibit
significant variations with azimuth and distance, and travel time analysis shows
increasing S residuals of up to 9 seconds as distance increases from 45° to 80°.
Forward waveform and travel time modeling reveals that several sub-horizontal 10-20
km thick segments with —10% shear wave velocity perturbation are buried inside a
“trapezoid-like” low velocity region with —2% shear wave velocity perturbation
extending between 1000 and 2750 km depth. Secondly, a structural transition at the
lowermost mantle is suggested based on ScCSH-SH and PcP-P differential travel time
residuals. The calculated shear wave velocity structure shows that a high velocity
province with at lease 2% velocity perturbation is located in the northern province, and
gradually changes to normal in the southern province. The calculated compressional
wave velocity structure shows that normal perturbations exist in the northern province,
and gradually changes to a low velocity province with -2% velocity perturbations in

the southern province. Both shear and compressional velocity experience a 2% of
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velocity decrease along the northwest-southeast direction, suggesting that a structural
transition boundary likely exists at the lowermost mantle beneath Central America.
Also, comparisons of stacked waveforms across the region indicate relatively uniform
attenuation. Rapidly changing ScSH/SH amplitude ratio and incoherently delayed
radial component S and ScS phases both indicate widely existing anisotropy and

heterogeneity.

Advanced methods and more data usually bring more answers to the nature of
Earth structure. What can we do next? The theory used for quantitatively
determination of temporal changes may be used to monitor temporal changes
associated with other geological activities, such as glacial, tremor and volcanic
activities. Regions with improved data coverage recently could be the next study as
well. Rest assured, seismograms will continue to provide insightful information for

seismologists.
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