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Seismic Imaging of the Global Asthenosphere Using SS Precursors

Shuyang Sun

(ABSTRACT)

The asthenosphere, a weak layer beneath the rigid lithosphere, plays a fundamental role in the
operation of plate tectonics and mantle convection. While this layer is often characterized by
low seismic velocity and high seismic attenuation, the global structure of the asthenosphere
remains poorly understood. In this dissertation, twelve years of SS precursors reflected off
the top and bottom of the asthenosphere, namely, the LAB and the 220-km discontinuity,
are processed to investigate the boundaries of the asthenosphere at a global scale. Finite-
frequency sensitivities are used in tomography to account for wave diffraction effects that

cannot be modeled in global ray-theoretical tomography.

Strong S'S precursors reflected off the LAB and the 220-km discontinuity are observed across
the global oceans and continents. In oceanic regions, the LAB is characterized by a large
velocity drop of about 12.5%, which can be explained by 1.5%-2% partial melt in the oceanic
asthenosphere. The depth of the Lithosphere Asthenosphere Boundary is about 120 km, and
its average depth is independent of seafloor age. This observation supports the existence of
a constant-thickness plate in the global oceans. The base of the asthenosphere is imaged
at a depth of about 250 km in both oceanic and continental areas, with a velocity jump of
about ~ 7% across the interface. This finding suggests that the asthenosphere in oceanic

and continental regions share the same defining mechanism.

The depth perturbations of the oceanic 220-km discontinuity roughly follow the seafloor age
contours. The 220-km topography is smoother beneath slower-spreading seafloors while it

becomes rougher beneath faster-spreading seafloors. In addition, the roughness of the 220-km
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discontinuity increases rapidly with spreading rate at slow spreading seafloors, whereas the
increase in roughness is much slower at fast spreading seafloors. This observation indicates
that the thermal and compositional structures of seafloors formed at spreading centers may

have a long-lasting impact on asthenospheric convections.

In continental regions, a broad correlation is observed between the 220-km discontinuity
depth structure and surface tectonics. For example, the 220-km discontinuity depth is shal-
lower along the southern border of the Eurasian plate as well as the Pacific subduction zones.
However, there is no apparent correlation between 3-D seismic wavespeed in the upper man-
tle and the depths of the 220-km discontinuity, indicating that secular cooling has minimum

impact on the base of the asthenosphere.
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Seismic Imaging of the Global Asthenosphere Using SS Precursors

Shuyang Sun

(GENERAL AUDIENCE ABSTRACT)

In classic plate tectonic theory, the outermost shell of the Earth consists of a small number
of rigid plates (lithosphere) moving horizontally on the mechanically weak asthenosphere. In
the classic half space cooling (HSC) model, the lithosphere is formed by gradual cooling of
the hot mantle. Therefore, the thickness of the plate depends on the age of the seafloor. The
problem with the HSC model is that bathymetry and heat flow measurements at old seafloors
do not follow its predicted age dependence. A modified theory, called plate cooling model, can
better explain those geophysical observations by assuming additional heat at the base of an
oceanic plate with a constant thickness of about 125 km. However, such a constant-thickness
plate has not been observed in seismology. In this thesis, the asthenosphere boundaries are
imaged using a global dataset of seismic waves reflected off the Earth’s internal boundaries.
Strong reflections from the top of the asthenosphere are observed across all major oceans.
The amplitudes of the SS precursors can be explained by 1.5%-2% of partial melt in the
asthenosphere. The average boundary depths are independent of seafloor age, and this
observation supports the existence of a constant-thickness plate in the global oceans with a

complex origin.

The 220-km discontinuity, also called the Lehmann Discontinuity, was incorporated in the
Preliminary Reference Earth Model in the 1980’s to represent the base of the asthenosphere.
However, the presence and nature of this boundary have remained controversial, particularly
in the oceanic regions. In contrast to many studies which suggest the 220-km discontinuity

does not exist in the global oceans, S.S precursors reflected from this interface are observed
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across the oceanic regions in this thesis. Furthermore, there is a positive correlation be-
tween the topography of the 220-km discontinuity and seafloor spreading rate. Specifically,
the 220-km discontinuity is smoother beneath slower-spreading seafloors and much rougher
beneath faster-spreading seafloors. In addition, the roughness increases faster at slower-
spreading seafloors while much more gradual at faster-spreading seafloors. This indicates a
close connection between seafloor spreading and mantle convections in the asthenosphere,
and seafloors have permanent memories of their birth places. Different melting processes at
slow and fast spreading centers produce seafloors with different physical and chemical prop-
erties, modulating convections in the asthenosphere and ultimately shaping the topography

of the 220-km discontinuity.

Reflections from the 220-km discontinuity are also observed across the global continental
regions. In addition, the 220-km discontinuity beneath the continents is comparable to that
under oceanic regions in terms of their average depth (~ 250 km) and velocity contrast across
the discontinuity (~ 7%). In continental regions, there is a general connection between the
220-km depth structure and plate tectonics. For example, the boundary is shallower along
the southern border of the Eurasian plate from the Mediterranean region to East Asia where
mountain belts were formed as a result of collision between the Eurasian plate and the
Nubian, Arabian and Indian plates. Depth perturbations of the 220-km discontinuity are
also observed along the Pacific subduction zones including the Cascadia Subduction Zone,
Peru-Chile Trench and Japan-Kuril Kamchatka Trench. In addition, depth anomalies are
mapped in the interior of continents, for example, along the foothills of high topography in
the interior of the Eurasian plate, which may be controlled by far-field convection associated

with the convergent processes at the plate boundaries.
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2.2

(a) example transverse-component seismograms with large-amplitude SpapS
and S90S phases. The black seismograms are data, the red seismograms
are synthetics calculated in a reference 1-D model (Model I) with 12.5% of
the velocity jump across the LAB, and the blue synthetics are calculated in
PREM in which there is no discontinuity at the LAB depth. The reference
models are plotted in Figure 2.3. The seismograms have been band-pass
filtered between 10 and 80 mHz and aligned using their SS arrivals for better
illustration. The precursor closest to the main SS wave is labeled as SpapS
as we investigate possible reflections from the top of the asthenosphere. The
arrivals of the S590.5, S4105 and Sge0S waves are also labeled. The earthquake
event date/time and station name as well as depth and epicentral distance are
denoted on each seismogram. The corresponding geographic ray paths (black
lines) and bounce points (red circles) of the SpapS waves are plotted in (b).
Ray paths and bounce points of the 1,380 SpapS waves with anomalously
large amplitudes are plotted in (c). Seafloor age contours are plotted at 20,

60, 100 and 140 Ma. . . . . . . . . . e

Geographic distribution of subsets of the data plotted at S'S bounce points.
(a) clear SpapS observed, (b) clear Ss0S observed, (c) SpapS observed but
not SgepS, (d) S90S observed but not SpapS, (e) both SpapS and SsnS

observed, (f) no SpapS or SienS observed. There is no apparent geographic

pattern associated with either the presence or absence of the SpapS and S990S. 24
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(a) Three 1-D reference earth models Model I, Model II and Model IIT used in
this study and their corresponding example synthetic seismograms are plot-
ted in (b). Model PREM is also plotted in (a) for reference. The synthetic
seismograms are calculated using the three reference models for a magnitude
6.9 Indonesia earthquake occurred in August 2018 recorded at a GSN station
SDDR (https://doi.org/10.7914/SN/CU). The observed seismogram is plot-
ted in Figure 2.1. The seismograms have been band-pass filtered between 10
and 80 mHz and have been aligned using the main 5SS wave arrivals for better
illustration. The velocity contrast across the LAB at a depth of 130 km is
12.5% in Model I, 6% in Model II and 11% in Model III. The corresponding
StapS wave amplitude in Model I is much larger than that in Model IT and

slightly larger than that in Model III, as expected. . . . . .. .. ... ...

(a) shows example measurement windows used for LAB amplitude ratio mea-
surements Ag; .5/ Asu0s and Ag, .5/ Aseos- The seismograms are for a mag-
nitude 6.6 Mexico earthquake occurred in January 2016 recorded at a GSN
station MSEY (https://doi.org/10.7914/SN/II), and the epicentral distance
is 158°. The synthetic seismogram is calculated for Model I as in Figure 2.3
and both seismograms have been band-pass filtered between 10 and 80 mHz.
(b) and (c) are finite-frequency traveltime boundary sensitivity kernels for the
StapS and S0 S waves, respectively. The sensitivity kernels are plotted in
map view in the ray coordinates, centered at the bounce point which is about

79° away from the source and the receiver. . . . . . . . ... ... ... ..
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Synthetic amplitude measurement experiment using the same 40-second time
window as applied in data. (a) The black seismogram is the LAB phase from
the observed seismogram in Figure 2.4, and we multiply the seismogram by a
constant factor of two (frequency-independent) to obtain the red seismogram.
(b) Theoretical amplitude spectral ratio (black line) and measurements made
at periods of 15, 20, 25, 30 and 35 seconds (circles). (c¢) The black seismo-
gram is the same as in (a) and the red seismogram is obtained by multiplying
the amplitude spectrum of the black seismogram with a frequency-dependent
function. The corresponding theoretical amplitude ratios and measurements
made at 15, 20, 25, 30 and 35 seconds period are plotted in (d). The ex-
periment confirms that amplitude ratios at the measurement frequency (25

seconds) can be determined using a 40-second time window. . . . . .. ...

SpapS amplitude measurements y= minimum [log (As, s /Asues), log
(As aps /Aseos)] obtained using observed seismograms (top) as well as syn-
thetic seismograms calculated for three reference models (Model I, II and
III) plotted at the bounce points in mapviews and histograms. The observed
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ratios calculated for Model I (12.5% velocity drop across the LAB). The am-
plitude ratios calculated in Model II (6% velocity drop across the LAB) are
overall much smaller than the observations, and the amplitude ratios calcu-
lated in Model III (11% velocity drop across the LAB) are slightly smaller
than the observed amplitude ratios. We conclude that the observed large am-
plitude of the SpApS waves can be explained by 12.5% of velocity drop across
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(a) and (b) are SpapS traveltime measurements plotted in histograms and
mapviews at their bounce points. The measurements are made with respect to
Model I synthetic seismograms. 3-D mantle wavespeed and crustal corrections

have been applied. (c¢) and (d) are the same as (a) and (b) but for SaS. . 29

(a) and (b) are the depths of the LAB calculated from traveltime measure-
ments, plotted in histogram and mapview at SpapS bounce points. (c) and (d)
are the depths of the 220-km discontinuity. (e) and (f) are the asthenosphere

thicknesses calculated from the depths of the LAB and the 220. . . . . . .. 30

Age-independent thickness of the oceanic plate. Green circles and red
diamonds are depths of the LAB and the 220-km discontinuity obtained from
this study, plotted as a function of the seafloor age. Isotherms at an interval of
200°C (starting at 300°C) from the half space cooling model (dashed line) and
the plate model (solid line) are plotted for reference. The observed depths of
the two discontinuities show significant local variations. The average depths of
the LAB and the 220-km discontinuity are at 120 km and 255 km, independent
of seafloor age. The depth uncertainties estimated from frequency-dependent

measurements are plotted as error bars. . . . ... ... 31
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2.10 (a) Synthetic seismograms calculate for Model I and Model IV as in Figure
2.3. (b) @ structure in the 1-D reference models Model I and Model IV. Model
IV is identical to Model I in velocity and density but has a much smaller @
value (Q=20) in the asthenosphere than in Model I (Q=80). The amplitude of
the main S.S wave becomes smaller in Model IV synthetics due to the overall
stronger attenuation associated with the lower () value in the asthenosphere
but its impact on the amplitude of the SS precursor SpagpsS is very limited.
This is because anelasticity also reduces the effective wave speed in the low
Q@ region. Therefore, velocity contrast across the LAB increases, resulting a
larger reflection coefficient which increases the amplitude of the SpapS wave.
The observed large amplitudes of the SpapS waves therefore can not be fully
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(a) geographic ray paths (gray lines) and bounce points (orange dots) of the
SS precursors (S2205) used in this study. (b) bounce points and ray paths
for example seismograms plotted in (c). (c) example transverse-component
seismograms with S90S phases. The epicentral distance ranges from 80° to
180°. The black seismograms are data, the red seismograms are synthetics
calculated in a reference 1-D model MOCE with 7% of the velocity jump
across the 220-km discontinuity, and the blue synthetics are calculated in
PREM in which the velocity increases is 5% across the discontinuity. Model
MOCE and PREM are plotted in Figure 3.2. The seismograms have been
band-pass filtered between 10 and 80 mHz and aligned using their SS arrivals
for better illustration. The arrivals of the S410S and Sge0S waves are also
labeled for reference. Station name, earthquake event date/time, depth and
epicentral distance are denoted. Seafloor age contours (10, 50, 90, 130 and

170 Ma) in dashed black lines. . . . . . .. .. ...
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(a) S-wave speed profiles in model MOCE (solid black line) and model PREM
(dotted black line). There is ~ 5% velocity increase across the 220-km dis-
continuity in mode PREM. Model MOCE is revised from PREM model and
it incorporates two discontinuities at 250 km and 130 km with velocity con-
trasts of 7% and 12%, respectively, to represent the 220-km discontinuity and
the lithosphere asthenosphere boundary (LAB), respectively. (b) and (c) are
0t| 55005 — Ot| 55 traveltimes of the 2754 data calculated for model MOCE after
crustal and mantle corrections plotted in mapview and histogram. Seafloor
age contours are plotted in dash, black lines at 10, 50, 90, 130 and 170 Ma.
(d) and (e) are the same with (b) and (c), respectively, but for model PREM.
The average of 0t|g,,,s — 0t|ss traveltimes in model MOCE is close to 0, while

that in model PREM is ~ -5 seconds. . . . . . . . . . . . . ... ... ...

Amplitude measurements of S5 waves. (a), amplitude measurements
of 2754 sets of observed S520S waves in data calculated as y= minimum [log
(Asyans /Asnos)s 10g8(Asyans /Aseos)] plotted in mapview (top) and his-
togram (bottom), respectively. (b) and (c), the same with (a) but for model
MOCE and model PREM, respectively. The mean amplitudes of observed
So20S5 waves are roughly consistent with that of the synthetic S90S waves in

model MOCE, both of which are larger than that in model PREM. . . . ..
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3.4 (No) correlation between the 220-km discontinuity depth and seafloor
spreading rate or seafloor age. (a), depth of the 220-km discontinuity in
oceanic regions (b), depth of the 220-km discontinuity in oceanic regions with
large resolution (> 0.25). (c) and (d), seafloor spreading rate and seafloor
age, respectively, in oceanic regions with large resolution (> 0.25). (e), scat-
ter plot of maximum depth of the 220-km discontinuity with respect to the
seafloor spreading rate in 5° x 5° degree cells in global oceans (Pacific Ocean
in orange, Atlantic Ocean in red and Indian Ocean in purple). The earth
surface is divided into certain 5° (longitude) x 5° (latitude) areas in (b) and
then the maximum 220-km depth in each area are extracted, which are then
plotted against the spreading rate at the center of the 5° x 5° areas. Mean
(maximum) depth of the 220-km discontinuity is plotted on the top in gray
dots with one standard deviation. The mean (maximum) depth is obtained
by averaging the maximum depth at seafloor spreading rate ranges of every 10
mm/year. The 220-km depth remains roughly constant at different seafloor
spreading rates. (f), same with (e) but for the scatterplots of the depth of the
220-km discontinuity against seafloor age. The 220-km depth remains roughly

constant at different seafloor ages. . . . . . .. ..o
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3.5 Correlation between the 220-km discontinuity roughness and seafloor
spreading rate. (a), roughness of the 220-km discontinuity in oceanic re-
gions (b), roughness of the 220-km discontinuity in oceanic regions with large
resolution (> 0.25). (c), scatter plot of maximum roughness of the 220-km
discontinuity with respect to the seafloor spreading rate in 5° x 5° degree
cells in global oceans (Pacific Ocean in orange, Atlantic Ocean in red and
Indian Ocean in purple). (d), scatter plot of mean (maximum) roughness
of the 220-km discontinuity against the seafloor spreading rate. The 220-
km roughness generally increases with seafloor spreading rate in the global
oceans. In addition, the roughness increases rapidly with spreading rate at
slow-spreading seafloors while it increases slowly with spreading rate at fast-
spreading seafloors. (e) and (f), same with (c) and (d), respectively, but for
the scatterplots of the roughness of the 220-km discontinuity against seafloor
age. There exists a weak positive correlation between the 220 roughness and

seafloor age in global oceans. . . . . . . .. ... oL

3.6 (a) and (b), roughness of the 220-km discontinuity in oceanic regions with
spreading rate <= 40 mm/year and spreading rate > 40 mm/year, respec-
tively. (c) and (d) are same with (a) and (b), respectively, but only for
oceanic regions with large resolution (> 0.25). (e), roughness of the 220-km
discontinuity in Atlantic Ocean with spreading rate <= 40 mm/year and
large resolution (> 0.25). (f), spreading rate (<= 40 mm/year) in the At-
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4.1

(a) distribution of 524 earthquakes used in the global dataset, with strong S.S
waves observed on 8,087 seismograms. The bouncepoints of the SS waves are
all located in continental regions. The 487 red stars are events from which
clear Syy0S waves are observed and the 37 blue stars are events from which no
clear Sa9S waves are observed. (b) distribution of 145 GSN stations where
clear SS waves are observed, with S530S waves also observed on 142 of the
stations (red triangles). (c) gray histograms are the focal depths of all 524
earthquake events. Black histograms are focal depths of the 487 events with
clear Spp0S waves. (d) epicentral distances of the corresponding earthquakes

I (C). o o



4.2 (a) bouncepoints of the S90S waves in the global continental dataset, plotted

on top of their ray paths (grey lines). The dataset provides a good coverage
across all continental regions. (b) bounce points and geographic ray paths of
16 example seismograms plotted in (c). (c) example transverse-component
seismograms with clear Ssp0S phases including data (black) and synthetics
calculated in reference 1-D models MREF (red) and PREM (blue). The ve-
locity jumps across the 220-km discontinuity in MREF and PREM are 7%
and 5%, respectively. SS waves have been aligned and some of the polarities
are reversed for illustration only. The S4105 and Sgg0S waves arrivals are also
labeled. The seismograms have been band-pass filtered between 10 and 80
mHz. The earthquake event date, station name, focal depth and epicentral
distance are denoted on each set of seismograms. The epicentral distances of
these example seismograms range between 96° and 119° and the focal depths
are all shallower than 35 km. Theoretically, S990S waves are not interfered by
other phases including topside reflections (e.g., Sge0sS and SeeoSSairs), ScS
reverberations (e.g., Se705¢S6705 and Sy105¢S4105) as well as depth phases
(SSS Waves). . ...
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4.3

4.4

(a) S-wave speed in model MREF (solid black line) and model PREM (dashed
black line). The velocity increase across the 220-km discontinuity in model
PREM is 5%. Model MREF is revised from model PREM and it incorporates
two discontinuities at 130 km and 250 km depths, to represent the lithosphere
asthenosphere boundary (LAB) and the 220-km discontinuity, respectively,
with the velocity contrasts of 12% and 7%. (b) 0t|s,,,s — 0t|ss traveltime
measurements after crustal and mantle corrections. The global dataset in-
cludes 3,422 measurements with 5SS wave bouncepoints located in the global
continental regions (black outlines) as well as 2,754 measurements with boun-
cepoints in the global oceanic regions from the study of Sun & Zhou (in
submission). (c) histograms of traveltime measurements including the 3,422
continental measurements (red filling) and 2,754 oceanic data (black, dashed
outlines). (d) same as (c) but for traveltimes without crustal and mantle cor-
rections. The mean traveltime of the continental t|g,,,s —0t|ss measurements
after and before corrections are -5.2 seconds and -5.1 seconds, respectively.
The mean oceanic measurements after and before corrections are -4.5 seconds

and -5.3 seconds. . . . .. L

(a) depth perturbations of the 220-km discontinuity obtained from finite-
frequency inversion of the continental data (Fig. 3). The resolution of the
model is plotted in (b). (c) and (d) are shear wavespeed perturbations from

model S40RTS at 200 km and 250 km depths, respectively. (e) and (f) are

gravity anomalies [61] and topography [62] in continental regions, respectively. 87
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4.5

4.6

4.7

4.8

Depth perturbations of the 220-km discontinuity in continental regions ob-
tained from finite-frequency inversion using only the continental data in (a)
and joint inversion of both oceanic and continental data in (b). Only struc-
tures in the continental regions are plotted for comparison. (c) and (d) are

the model resolutions of (a) and (b), respectively. . . . ... .. ... ...

(a) histograms of the 220-km discontinuity depth in continental (red filling)
and oceanic regions (dashed, black outlines). The 220-km discontinuity depth
in continental and oceanic regions are inverted independently. (b) same as (a)
but for depths from joint global inversion of both the oceanic and continental
data. The average continental 220-km discontinuity depth is about 251 km,
which is close to the average depth of the oceanic 220-km discontinuity in

both independent and joint inversions. . . . . . . . ... ... ...

(a) and (b) are the 220-km discontinuity depth perturbations in oceanic and
continental regions, respectively, obtained from joint inversion of both the

continental and the oceanic data. . . . . . . . . . ...

(a) is same as Fig. 3b but for 6t|g,,,s — dt|ss traveltimes without crustal and
mantle corrections. (b) same as Fig. 7, but for depth perturbation of the

220-km discontinuity without corrections. . . . . . . .. ... ... ... ..
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4.9

4.10

(No) correlation between S wavespeed perturbations and the 220-
km discontinuity depth perturbations. (a) (weak) correlation between
S wavespeed perturbations and the 220-km depth perturbations. The aver-
age S-wave speed perturbations are calculated from model S40RTS, averaged
between perturbations in the upper mantle from 100 to 300 km depth. (b)
same as (a) but for the mean discontinuity depth perturbations averaged over
regions with the same S-wave speed perturbations. (c) and (d) are same as
(a) and (b) but for the 220-km discontinuity depth perturbations obtained
without crustal and mantle wavespeed corrections. There is no apparent cor-
relations between S wavespeed perturbations in the upper mantle and the

depths of the 220-km discontinuity. . . . . . . . .. ... ...

Amplitude measurements of SyS waves. Panel (a), amplitude mea-
surements v = minimum [log(As, ,5/A8105)s 108(As; sns/Ase0s)] Plotted in
mapview (top) and histogram (bottom), respectively. In the top mapview,
amplitude measurements of the continental data are plotted with black out-
lines while the oceanic measurements are plotted with gray outlines. In the
bottom histograms, amplitude measurements of the continental data are plot-
ted in red while the oceanic data are plotted as back, dashed lines. (b) and (c)
are same as (a) but for synthetic SS precursors in model MREF and PREM,
respectively. The mean amplitudes of the observed S90S waves in (a) are
close to the MREF synthetics in (b) while PREM synthetics underpredict

the amplitudes of the observed S90S waves. . . . . . . ... ... ... ...
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4.11

4.12

4.13

Al

(a) stacks of observed (left) and synthetic (right) seismograms with S.S bounce
points in continental regions. The synthetic seismograms are calculated in
model MREF. Seismograms in every 10-degree epicentral distance intervals in
the global dataset are included to build the stacks. The bottom panel is the

same but for the stacks using oceanic data. Unlike the S410S and the SggoS

waves, the S90S phase is weak or absent on the majority of the global stacks.

Example regional stacks in which strong S90S waves are observed on the
stacked seismograms. Panel (a) shows example geographic stacks at grid
points shown in (b) where standard deviations of the 220-km discontinuity
depth are small. Observed and synthetic seismograms within a 10° circle dis-
tance around each grid points have been used to calculate the observed (left)
and synthetic (right) stacks, respectively. (b) shows the location of the grid
points plotted on top of the standard deviations of the 220-km discontinuity

depths obtained from finite frequency tomography. . . . .. .. .. ... ..

Similar to Figure 10, but for weak stacks in regions where large 220-km depth
variations are observed. Panel (a) shows example stacks of observed and
synthetic seismograms, respectively. (b) locations of the grid points where
stacks are calculated. These grid points are located in regions with large

lateral depth variations in the 220-km discontinuity. . . . . .. .. ... ..

(a) and (b) are distributions of the 543 earthquakes and 151 GSN stations
used in this study. (c) and (d) are distributions of the 395 earthquakes and
144 GSN stations in the subset in which large SpapS waves were observed.
(e) and (f) are histograms of the focal depths and epicentral distances of the

same subset. ..o . L
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A2

A3

A4

Example SS seismograms with simple source time functions recorded at a
GSN station DWPF (https://doi.org/10.7914/SN/IU) for earthquakes with
different magnitudes ranging from 6.5 to 7.9. The event magnitude, date/time,
depth and epicentral distance are denoted. The SS waves have been aligned
with polarities corrected for better illustration. The dataset used in this study
includes 6,143 high-quality SS seismograms with bounce points in oceanic

TEZIONS. .+ v v v v v e e e e e e

(a) and (b) are example seismograms with SS waves significantly different from
the synthetics. SS precursors on those seismograms are not used in this study.
(c) example seismograms with noisy SS waves and precursors, S.S precursors
on those seismograms are not used in this study. (d) example seismograms
with clear SS precursors but weak (or absent) SpapS waves, their bounce

points are plotted in Figure 2.2. . . . . . . . ... .. ... .. L.

1-D reference earth models used in this study: PREM, Models I, II, IIT and
IV. (a) S-wave speed profiles. The velocity contrast across the LAB is 12.5%
in Model I, 6% in Model II and 11% in Model III. (b) density profiles of the
models. The density is scaled with velocity in the uppermost 250 km in Models
[-IV | with a scaling parameter of ~0.77, similar to that in PREM, which varies
between 0.75 and 0.78. (c) Seismic Q profiles of the models. @ = 80 in Model
I at depths between 130 and 250 km and ) = 20 in Model IV at those depths.

PREM Q values are plotted as the dashed line for reference. . . . . . .. ..
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A5

A6

(a) example seismograms with (top) and without (bottom) an interfering
depth phase. The measurement windows (shaded) are centered at the ex-
pected arrival of the S90S waves. The epicentral distance is 96° and the
depths of the earthquakes are denoted on each seismogram. The 5SS waves
have been aligned and a strong depth phase sS5S arrives after the main S.S
wave for the deep earthquake (depth=160 km). The precursor of the depth
phase s54105 arrives about the same time as the the SS precursor Ss50S. The
calculated sensitivity kernel is abnormal when there is 554105 interference —
the sensitivity is about 10 times smaller than values expected for an Ssp0S
wave. This is because the $54105 wave is not reflected at the 220-km disconti-
nuity and therefore it has no sensitivity to depth perturbations of the 220-km

discontinuity at the bounce point. . . . . . . . ...

Example traveltime sensitivity kernels with (top) and without (bottom) phase
interference. (a) and (c) are synthetic seismograms with measurement win-
dows (shaded) centered at the expected arrival of the SpapS waves, and (b)
and (d) are the corresponding traveltime sensitivity kernels. (c¢) and (d) are
the same as in Figure 2.4 (a) and (b). The interferences between the SppS
and sScS coda waves (shallow multiples) in the measurement window in (a)
result in a polarity change in the traveltime sensitivity in (b). The sensitiv-
ity kernels are always associated with measurement time windows not any
particular seismic phases, and the kernels are used to identify possible phase

interferences in measurement windows. . . . . . . . . .. ..o .
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AT

A8

A9

(a) histogram of amplitude ratios between the observed and the synthetic
SS waves for the entire dataset (6143 seismograms). (b) the same as (a)
but for the subset (1380 seismograms) in which anomalously large SpapS
were observed. The distribution of the SS amplitude measurements is very
similar in (a) and (b), indicating that the observed large amplitudes of the
StapS waves in the subset are not a result of focusing caused by mantle
heterogeneities because the focusing effects (anomalously large amplitudes)
are not observed on the SS waves which travel through the same regions in

the mantle sampled by the SpapS waves. . . . . . . . ... ... ... ...

Scatter plots of the LAB amplitude measurements made in the frequency
domain versus those obtained in the time domain using envelope functions of
the observed seismograms. (b) is the same as (a) but for measurements made
on synthetic seismograms calculated for Model I. It is worth noting that the
frequency-domain measurements are made at a period of 25 seconds while the
envelope functions include much broader frequency content. In this paper, we
focus on measurements at a period of 25 seconds, and the envelope function
results are plotted for reference only. The 45° line with a slope of 1.0 is also
plotted for reference only, it is not expected to be the best fitting line for the

scatter plots. . . . . . L

The same as Figure 2.7 but for traveltime measurements made without 3-D

crustal and mantle corrections. . . . . . . . ...

A.10 The same as Figure 2.8 but for depths of the LAB and the 220-km disconti-

nuity obtained using traveltime measurements without 3-D crust and mantle

COITECHIONS. . .+ o v o o s,
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A.11 The same as Figure 2.9 but for depths of the LAB and the 220-km disconti-
nuity obtained using traveltime measurements without 3-D crust and mantle

COITECHIONS. . .« o v o o s,

A.12 (a), example radial-component seismograms with large-amplitude SS precur-

sors. The corresponding geographic ray paths are plotted in (b). . . . . ..

A.13 (a) velocity models with a 12.5% of velocity change across the LAB at a depth
of 130 km over a first-order discontinuity (Model I) as well as a gradient zone
of 5 km, 10 km and 20 km. (b), (c), (d) and (e) are the corresponding his-
tograms of the amplitude measurements y= minimum [log (As, ,ns /Asu08),
log(As; ,ps /Asens)] made on the synthetic seismograms calculated for the
four reference models as in Figure 2.6. The Sy ApS amplitudes become smaller
when the velocity change occurs over a gradient zone. The average amplitude
difference between a first-order discontinuity and a 5-km gradient zone for this
dataset is about 2%, and it is about 6% if the velocity change occurs over a
10-km gradient zone. For a gradient zone over a depth range of 20 km, the
mean SpapS amplitude is about 17% smaller than that for a first-order dis-
continuity, and the overall amplitude distribution also becomes significantly
different. The calculations suggest that a 12.5% velocity change over a gra-
dient zone of 5 km or less can explain the observed amplitude data in Figure

2.6. L



A.14 (a) standard deviation at different length scales calculated for the LAB depths

obtained in this study. The LAB depths are plotted in histogram and mapview
in Figure 2.8 (a) and (b). The average standard deviations of the LAB depth
are calculated for moving square cells over the global surface, plotted as a
function of the length of the cell. The center of the cell moves at a one degree
interval in latitude and longitude directions. Only cells that contain more than
30 data points are used in the calculation. (b) same as (a) but calculated for

moving cells that are not overlapping. . . . . . . . . ... ... ... ...

A.15 A simple example illustrating the concept the large amplitudes of SS precur-

B.1

sors may not be picked up in stacking results when large variations in SS
precursor amplitudes and arrival times are present. The black seismograms
are observed data with close epicentral distances between 129° and 130°. In
a 1-D earth model, the SS precursors arrive at about the same time when the
SS waves are aligned (with arrival time differences less than 0.2 seconds). We
align the SS waves and produce a stack using only the top seven seismograms
(blue) and a second stack using all ten seismograms (red). The SS precursors

on the two stacked seismograms are significantly different. . . . . . . . . ..

(a) distribution of the bouncepoints of all 32,369 sets of S.S data (orange dots)
in the global oceans. Seafloor age countours are plotted in dash, black lines at
10, 50, 90, 130 and 170 Ma. (b) distribution of 6506 sets of data (orange dots)
with good SS waves. (c) distribution of 2754 sets of data (orange dots) with
good S90S waves plotted on top of the traveling paths (grey lines), same with
Figure 3.1(a). The data set has a good coverage on all oceanic regions. (d)
distribution of 459 earthquakes (gray stars) and 144 stations (orange triangles)

for the 2754 sets of good S990S data used in this study. . . .. .. .. ...
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B.2

B.3

B4

1-D reference earth model MOCE used in this study. (a), S-wave
speed profiles in model MOCE (solid black line) and model PREM (dotted
black line). The velocity contrasts across the 220-km discontinuity and the
LAB are 7% and 12%, respectively, in model MOCE. (b), density profiles of
model MOCE and model PREM. (c), seismic Q profiles of model MOCE and
model PREM. . . . . . . 0

(a) and (b), similar to Figure 3.2b and 3.2c, respectively, but are 0t|g,,,5—0t|ss
traveltimes of the 2754 data calculated for model MOCE before crustal and
mantle wavespeed corrections plotted in mapview and histogram. (c) and
(d), similar to Figure 3.2d and 3.2e, respectively, but are dt|s,,,s — dt|ss
traveltimes of the 2754 data calculated for model PREM before crustal and
mantle corrections. (e), similar to Figure 3.4a, but is 220-km depth before
crustal and mantle corrections. (f), similar to Figure 3.5a, but is 220-km

roughness before crustal and mantle wavespeed corrections. . . . . . . . ..

a, example traveltime measurement of dt|s,,,s — 0t|ss and the SS waves
have been aligned. The shaded area indicates the measurement window of
0t|sy00s — Ot|ss. The observed seismogram was recorded at a GSN station
CPUP (https://doi.org/10.7914/SN/GT) for a magnitude 6.8 earthquake in
Japan in October 2009. The seismograms have been band-pass filtered be-
tween 10 and 80 mHz. The seismic event data/time, station, depth and epi-
central distance is denoted above. b, finite-frequency traveltime boundary

sensitivity kernel for the shaded measurement window ina. . . ... . ...
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B.5

B.6

(a), trade-off curve of TSVD solution to the inverse problem Ax = b truncated
to varying parameters k. The horizontal axis is ||«|| and the vertical axis is
|AT Az — ATb||. The optimal Model A plotted in (b) is obtained by using
truncation parameter of 500, which is indicated by the star. TSVD solutions
truncated to 100, 300, 700 and 900 are denoted by the black dots from left to
right on the curve. Models truncated to 300 and 700 are labelled as Models
B (c) and C (d), respectively. Insufficient eigenvectors are used in Model
B which could not fully recover the 220-km depth structure, while excess
eigenvectors are used in Model C which contains additional noise. Model A
calculated using 500 eigenvectors best represents the depth structure of the

220-km discontinuity in the global oceans. . . . . . . . .. .. ... ...

Correlation of 220-km depth filtered at different length scales with
respect to seafloor spreading rate and seafloor age. In top row, the left
figure shows the 220-km depth filtered at degrees of 0-5. The middle figure,
similar to Figure 4.4e, is the scatter plot of 220-km depth with respect to the
seafloor spreading rate in all oceans (Pacific Ocean in orange, Atlantic Ocean
in red and Indian Ocean in purple). Mean 220-km depth is plotted on the top
in gray dots with one standard deviation. The right figure, similar to Figure
4.4f, is the scatter plot of 220-km depth and mean 220-km depth against the
seafloor age in all oceans. The second, third and fourth rows are the same
but for 220-km depth filtered at degrees of 0-15, 0-30 and 0-40, respectively.
The 220-km depth at all length scales remains roughly constant at different

seafloor spreading rates and seafloor ages. . . . . . . ... ... ... ...
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B.7 (a), 220-km depth model in global oceans. (b), resolution of the 220-km depth

B.8

B.9

model (a). The 220-km depth is well recovered in regions where the resolution
is large. (c), 220-km depth model with resolution > 0.1. (c), 220-km depth

model with resolution > 0.25. . . . . . . . . ...

(a), 220-km roughness in the Atlantic Ocean with spreading rate <= 40
mm/year and resolution > 0.1. (b) spreading rate <= 40 mm/year in the
Atlantic Ocean with resolution > 0.1. There is a strong correlation between
the 220-km roughness and spreading rate in the Atlantic Ocean. Specifically,
roughness is generally small in North Atlantic where spreading rate is slow in
general. In the middle Atlantic, roughness becomes large and the spreading

rate turns fast. . . . ...

Correlation between 220-km roughness filtered at different length
scales and seafloor spreading rate. In top row, the left figure shows the
220-km roughness filtered at degrees of 0-5. The middle figure is the scatter
plot of maximum 220-km roughness with respect to the seafloor spreading rate
in 5° x 5° degree cells in all oceans (Pacific Ocean in orange, Atlantic Ocean
in red and Indian Ocean in purple), similar to Figure 5.5¢. The right figure
presents the scatter plot of mean (maximum) 220-km roughness against the
seafloor spreading rate, similar to Figure 5.5d. The second, third, and fourth
rows are the same but for 220-km roughness filtered at degrees of 0-15, 0-30
and 0-40, respectively. The positive correlation between 220-km roughness

and seafloor spreading rate holds at different length scales. . . . . . .. ..
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B.10 Correlation between seafloor spreading rate and seafloor age. (a),

seafloor spreading rate in oceanic regions with large resolution (> 0.25). (b),
seafloor age in oceanic regions with large resolution (> 0.25). (c¢) and (d),
scatter plot of maximum and mean (maximum) seafloor spreading rate with
respect to the seafloor age in 5° x 5° degree cells in global oceans. The mean
(maximum) seafloor spreading rate is obtained by averaging the maximum
seafloor spreading rate at seafloor age ranges of every 10 Ma. The seafloor
spreading rate generally remains constant at different seafloor ages except at
120 - 150 Ma at which there are abnormally fast rates. This sharp increase

in rate may reflect potential timescale miscalibration. . . . . . . . . . . ..

B.11 Stacking of observed seismograms shows weak 220-km signal. a and

b, example observed and synthetic seismograms with epicentral distance of
124-125 degrees. The synthetic seismograms are calculated in the reference
model MOCE. The event date/time, station and depth are denoted above. 10
observed seismograms where clear 220-km waves can be observed in a. But
they present large variations in arrival time and polarities. The corresponding
synthetic seismograms calculated using Model MOCE are in b. c, stacking
result of the observed seismograms in a (top, red seismogram) and the syn-
thetic seismograms in b (bottom, black seismogram). The main SS waves
are aligned and the polarities are corrected to be the same.The arrivals of SS

precursors are labeled. . . . . . . . ... L



B.12 Example traveltime sensitivity kernels of S90S with and without phase in-
terference of SgesS. (a) SS wavefield at epicentral distance 80° - 120° for a
earthquake event source of 0 km. The SS waves are aligned. The arrivals
of the SS precursors Sgg0S, S4105 and S90S as well as two large-amplitude
phases S410sS and S660sS are labeled. S660sS wave strongly interfere with
S990S when epicentral distance is smaller than ~ 90°. (b) and (c) are the
zoom in views of the seismogram at 115° and 82°, respectively , from (a). The
kernel measurement windows (shaded) are centered at the expected arrival of
the S90S waves. There is no phase interference for Ss90S wave at epicentral
distance of 115° while a strong S660sS wave arrives about the same time as
the S500S wave at 82°. As a result, the calculated sensitivity kernel values
under the impact of S660sS wave for 82° (e) are abnormal which are an or-
der of magnitude smaller than that for 115° (d). The strong S660sS wave
is dominating in the expected arrival time window of S50.S. This phase is
not reflected at the 220-km discontinuity and therefore it has no sensitivity

to depth perturbations of the 220-km discontinuity at the reflection point. . 134

B.13 Amplitude measurements of Sy 55 waves. Similar to Figure 3.3, but
for the amplitude measurements of 1021 sets of S; 455 waves in data, model
MOCE and model PREM calculated as y= minimum [log (Ag; ,ns /AS1109)s

log(As; ,ps /Aseos)] Plotted in mapviews and histograms. . . . .. ... .. 135
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C.1 (a) trade-off curve of finite-frequency tomography using continental SjeS
measurements only. The horizontal axis is model norm |m|| and the ver-
tical axis is data misfit ||[GTGm — G*d||. Dots are models obtained using
different regularization parameter N and the red star denotes the optimal so-
lution. (b) trade-off curve of finite-frequency global tomography using both

the continental and oceanic Sip0S measurements. . . . . . . . . .. .. ...
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Chapter 1

Introduction

The asthenosphere is a mechanically weak layer beneath the strong lithosphere and is of great
importance to plate tectonics and mantle convection. Seismic observations [1, 2, 3, 4, 5, 6]
as well as geodynamic studies based on geoid and post-glacial rebound measurements [7, §]
have long confirmed the existence of this low-velocity, low-viscosity layer in the uppermost
sublithospheric mantle although its origin remains debated. This layer plays an important
role in the operation of plate tectonics as its ductile nature allows it to provide crucial lubri-
cation for the movement of the overlying tectonic plates. The low-viscosity asthenosphere

also promotes long-wavelength thermal convection to efficiently cool the mantle [9, 10].

The Lithosphere Asthenosphere Boundary (LAB) and the 220-km discontinuity are the top
and bottom interfaces of the asthenosphere. In this dissertation, twelve years of seismic data
recorded at the global seismological network (GSN) stations are processed to investigate S.S
precursors reflected at the upper and lower boundaries of the asthenosphere in the global
continents and oceans. Clear SS precursors bounced off the LAB and the 220-km discon-
tinuity are observed globally despite the fact that the signals are largely absent on global
stacks of SS seismograms. This might be caused by large depth variations of the 220-km
discontinuity which result in destructive stacking of the seismograms. Finite-frequency to-
mography is applied to investigate the LAB and the 220-km interfaces and the nature of the

asthenosphere.



In Chapter 2, the LAB and the 220-km discontinuity beneath the oceanic regions are inves-
tigated based on a small global dataset of S.S precursors. Strong reflections from both the
top and the bottom of the asthenosphere are observed across all major oceans. The average
depths of the two discontinuities are ~ 120 km and ~ 250 km, respectively. The SS waves
reflected at the lithosphere and asthenosphere boundary are characterized by anomalously
large amplitudes, which require ~12.5% reduction in seismic velocity across the interface.
This large velocity drop cannot be explained by a thermal cooling model but indicates
1.5%-2% localized melt in the oceanic asthenosphere. The depths of the two discontinuities
show large variations, indicating that the asthenosphere is far from a homogeneous layer
but likely associated with strong and heterogeneous small-scale convections in the oceanic
mantle. The average depths of the two boundaries are largely constant across different age
bands. In contrast to the half space cooling model, this observation supports the existence

of a constant-thickness plate in oceanic regions with a complex and heterogeneous origin.

In Chapter 3, Finite-Frequency tomography is applied to explore the spacial characteristics
of the 220-km discontinuity in the global oceans. A larger data set of SS precursors with
bouncepoints in the global oceans are analyzed. The global model obtained from Finite-
Frequency tomography shows that the 220-km depth perturbations roughly follow the age
contours, however, the average depth of the 220-km discontinuity is independent of seafloor
age. We compute the surface Laplacian (roughness) of the 220-km discontinuity depth to
characterize the lateral depth perturbatioins of the discontinuity. = The most interesting
observation on the topography of the 220-km discontinuity is that the roughness of the dis-
continuity increases with seafloor spreading rate. The geodynamic processes responsible for

this positive correlation is unclear, but it indicates small-scale convections in the oceanic



asthenosphere may be controlled by seafloor thermal structures formed during the initial

melting and deformational processes at spreading centers.

SS precursors with bounce points in continental regions are analyzed in Chapter 4. SS pre-
cursors reflected off this discontinuity are observed across all tectonic regions, from orogeny
belts to stable cratons, confirming the global existence of the 220-km discontinuity. However,
the 220-km discontinuity may become weak or absent when stacking is applied in regions
where large lateral perturbations are present as confirmed by the analysis based on the global
map of the 220-km discontinuity obtained from finite-frequency tomography. The average
depth of this discontinuity beneath the continents is about 250 km, with an average velocity
increase of 7% across the interface. The average depth and lateral perturbations of the dis-
continuity in continental regions are comparable to what was observed for oceanic regions
in Chapter 3. In continental regions, there is a broad correlation between surface tectonics
and the depths of the 220-km discontinuity. For example, depth anomalies are observed at
the southern border of the Eurasian plate along the mountain belts from the Mediterranean
region to East Asia. Depth anomalies are also observed along the Pacific subduction zone,
as well as in more stable continental interiors. The correlation between S-wave speed per-
turbations and the depth of the 220-km discontinuity is weak to non-existent. This indicates

that secular cooling does not have a significant impact on the base of the asthenosphere.
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Chapter 2

Age-Independent Oceanic Plate
Thickness and Asthenosphere Melting

from SS Precursor Imaging

This chapter has been modified from a published article by Sun and Zhou (2023) [1].

2.1 Introduction

In the plate tectonic theory, the outermost shell of the Earth consists of a small number of
rigid plates (lithosphere) moving horizontally on the mechanically weak asthenosphere. The
origin of the asthenosphere as well as the defining mechanism of its top and bottom rheo-
logical interfaces have been highly controversial [2, 3, 4, 5, 6, 7, 8]. The oceanic plates make
up ~70% of the Earth’s surface and they have a relatively simple geological and tectonic
history and therefore they are ideal for resolving these fundamental questions. The classic
half-space cooling model predicts that the thickness of the thermal boundary layer as well
as the depth of the ocean increase proportionally with the square root of the sea-floor age.
While this simple conductive cooling model successfully explains the first-order observations
in the oceans, bathymetry and heat flow measurements at seafloor older than ~70 million

years do not follow the age dependence predicted by the half space cooling model. The
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plate model, which assumes additional heat at the base of an oceanic plate with a constant
thickness, successfully explains the flattening of sea floor depth and heat flow observations
[9]. However, such a constant-thickness plate has not been observed in seismology at a global
scale, and the exact source of the additional heat remains unclear, probably associated with

small-scale convections [9, 10, 11, 12] or oceanic hotspots [13].

It is a general feature in global seismic surface wave studies that the high-velocity lid in
oceanic regions becomes thicker with sea-floor age [14, 15, 16, 17]. It has also been suggested
that a plate model with additional heat at a constant depth of about 125 km fits surface wave
observations [18]. Recent surface-wave studies suggest a small amount of melt is trapped
within the entire low-velocity oceanic asthenosphere [19], which might provide the additional
heat required by the plate model. The depths of the lithosphere-asthenosphere boundary
(LAB hereinafter) have also been studied using secondary seismic phases reflected or con-
verted at the interface, including S\S precursors [20, 21, 22|, receiver functions [23, 24, 25, 26]
and active source studies [27, 28]. Those studies suggest large variations as well as an origin
of the asthenosphere much more complex than gradual thermal variations with depth as
predicted in the half space cooling model [29]. A variety of rheological mechanisms have
been proposed, including a change in grain size [30], seismic anisotropy [31, 32, 33], elasti-
cally accommodated grain boundary sliding [34] and near melting [35]. The large velocity
drop and high attenuation also make partial melt a dominant mechanism in many stud-
ies [3, 8, 19, 21, 22, 23, 24, 25, 27, 28]. For example, a thin sublithosphere melt channel

beneath the normal oceanic seafloor has been proposed for the equatorial Atlantic Ocean [27].

The velocity increase at the base of the asthenosphere has been incorporated in the widely

used 1-D global reference earth model, PREM, with about ~7% of velocity increase across



the 220-km discontinuity [36]. A discontinuity at about this depth was first observed in
Europe and North America [37, 38, 39] and later confirmed by studies using surface-wave
dispersion measurements, underside seismic reflections, ScS reverberations and receiver func-
tions [40, 41, 42, 43]. This discontinuity has been reported in continental regions and is also
called the Lehmann discontinuity. However, many studies have concluded that the 220-km
discontinuity is not global in nature and a reflection from this depth is missing in the global
long-period stacks [44, 45, 46, 47, 48], which indicates that the existence of the discontinuity
is either absent in oceanic regions, or there are large variations in the depth of this discon-

tinuity.

In this paper, we analyze twelve years of long-period transverse component seismograms
recorded at 151 GSN stations (Figure A.1) to investigate S.S waves reflected at the top and
the bottom of the asthenosphere in oceanic regions, namely, the SpapS wave reflected at
the LAB and the S5505 reflected at the bottom of the asthenosphere. We will interpret the
low velocity zone (LVZ) between the two discontinuities observed in oceanic regions as the
asthenosphere (“weak layer”) as it roughly corresponds to the depth range of the global LVZ
in model PREM. This is the depth range where the geotherm may exceed mantle solidus

and partial melt occurs [49].

2.2 Data & Methods

SS precursors are underside reflections from internal discontinuities and they arrive before
the main 5SS waves which are reflected at the surface of the Earth. SS precursors are
very sensitive to the structures of the interfaces at the reflection midpoints, about halfway

between the earthquake and the station. They provide good data coverage in the global
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oceanic areas where seismic stations are sparse. In this study, we examine 32,369 broadband
seismograms at 151 GSN station from 543 earthquakes occurred between January 2009 and
December 2020 with SS-wave reflection points in oceanic regions (Figures 2.1 & 2.2). The
moment magnitude of the earthquakes ranges from 6.0 to 8.0 such that SS precursors are ex-
cited by potentially sufficient seismic energy [21]. We download seismograms from the Data
Management Center at the Incorporated Research Institutions for Seismology (IRIS). The
instrument responses are removed and the East-West and North-South component displace-

ment seismograms are rotated to obtain the radial and transverse component seismograms.

The seismograms are band-pass filtered between 10 and 80 mHz and decimated to 0.1 second
sampling interval. Seismograms with weak or complex S.S waves due to source processes are
discarded (Figures A.2 & A.3). Seismograms with noisy SS waves and precursors are also
discarded (Figure A.3). This leaves 6,143 sets of transverse-component seismograms with
epicentral distances greater than 80°. We visually inspect seismograms for S.S precursors,
including SpapS, S2205, S4105 and SgepS. Clear SpapS arrivals are identified on 1,380 seis-
mograms (about 22.5% of the entire dataset) from 144 stations and 395 earthquakes (Figures
2.1 & 2.2). The majority of the data with strong SpapS waves (981 out of 1380) have focal
depths shallower than 45 km, and the epicentral distance varies between 80.1° and 176.3°

with the majority larger than 100° (Figure A.1).

SS precursors from the 220-km discontinuity (S9205) are observed on 2,756 seismograms.
We are able to pick more S590S phases than SpapS phases from seismograms partly because
many SpapS arrivals are too close to the main SS wave arrivals and they are not used in this
study to avoid strong phase interferences. The SpapS and Si90S signals can be both clearly

observed on 1,021 of seismograms. There is no apparent geographic pattern associated with



the presence (or absence) of the SS precursors (Figure 2.2). The amplitudes of the secondary
reflected waves are expected to be small, and the SS precursors are often below the noise
level due to weak source radiation, small reflection coefficient and/or defocusing caused by
mantle heterogeneities. For example, only about 30% of the recorded SS waves have clear SS

precursors from the 410-km and the 660-km discontinuities in recent global studies [50, 51].

The observed SS precursors from the LAB (SpapS) are characterized by large amplitudes
that are comparable to the amplitudes of the mantle transition zone SS precursors Sii0S
and SgeoS (Figure 2.1). To investigate the velocity reduction across the LAB discontinuity,
we construct 1-D reference models modified from PREM to include a large velocity drop in
the asthenosphere (Figure 2.3 & Figure A.4). We calculate synthetic seismograms based on
traveling-wave mode summation [52]. The global centroid-moment-tensor (CMT) solutions
[53, 54] and the USGS Preliminary Determination of Epicenters (PDE) [55] source loca-
tions and origin times are used in the calculations of the 1-D synthetic seismograms. The
synthetic seismograms are complete, including all seismic phases with exact amplitudes for
earthquakes in 1-D earth models. The effects of incident angles on seismic amplitudes have
been automatically accounted for. The synthetic seismograms are then processed using the
same bandpass filter as applied to the observed seismograms. The differences in S.S precur-
sors between different models facilitate the identification of the SpapS and S90S waves on

the observed seismograms (Figure 2.3).

We measure the amplitudes of the S.S precursors SpagS, Ss105 and SggoS at a period of 25
seconds. The measurements are made in the frequency domain using a 40-second window
centered at the arrival time of the SS precursors (Figure 2.4). We use a short time win-

dow to limit the interference between the SpapS wave and the main SS wave. Example



amplitude measurement experiments using synthetic data show that amplitude ratios at the
measurement frequency as well as their frequency-dependent variations can be well captured
using a 40-second time window (Figure 2.5). We will focus on measurements at a period of
25 seconds in this study. The longest half duration of the earthquakes used in this study
is about 25 seconds and seismic energy often decreases rapidly at frequencies higher than
the earthquake corner frequency. In addition, 5SS precursors at higher frequencies can be
heavily contaminated by noises (meteorological and multiple scattering). At periods much
longer than 25 seconds, seismograms are not suitable for SS precursor studies as the precur-
sors are not well separated and surface-wave overtone dispersion also becomes a problem.
The frequency dependence of the measurements and their corresponding finite-frequency
sensitivities will be documented in a separate paper. Amplitude ratios SpapS/S4105 and
SpaBS/See0S are calculated for the observed datasets as well as synthetic seismograms in

1-D reference models (Figure 2.6).

We measure the differential arrival times between the SS waves and their precursors in the
dataset. The observed and synthetic seismograms are aligned using the S.S traveltime mea-
surements, and the residue arrival times of the SS precursors are then calculated in the
frequency domain at a period of 25 seconds [56] (Figure 2.7). The time shifts due to uncer-
tainties in source origin times do not affect the final measurements as only 6t|s, ,,5—0t|ss and
0t| 55005 — Ot| 55 differential traveltimes are used to determine the depths of the discontinuities.
The length of the measurement windows ranges from 42 to 117 seconds for S.S waves, 37 to 69
seconds for SpapS waves and 38 to 75 seconds for S90S waves. The length of a measurement
window depends on the arrivals of the neighboring phases, and the measurement windows are
chosen to minimize possible phase interferences. The relation between time delays and depth

perturbations of the discontinuities depends on their finite-frequency sensitivity kernels. We
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calculate finite-frequency traveltime sensitivities to boundary depth perturbations in the
framework of travelling-wave mode coupling, which fully account for source radiation pat-
terns, phase interactions as well as time-domain windowing and tapering applied in making
frequency-dependent measurements [57, 58, 59]. Example finite-frequency boundary sensi-
tivity kernels for traveltime measurements are plotted in Figure 2.4. The finite-frequency
sensitivities display a typical X shape due to the minimax-time nature of the reflected waves
[60]. Unlike direct body waves which have minimum-time ray paths, surface-reflected phases
are minimax waves in that the reflection point is a stationary maximum for perturbations

in the source-receiver ray plane and a minimum for perturbations perpendicular to the plane.

Seismic waves at different frequencies are sensitive to different regions (Fresnel zones) and
this introduces frequency-dependent time shifts when lateral variations exist in discontinuity
topography, as a result, SS precursors do not always have the same polarities as expected for
1-D earth models [50]. The interferences between different waves within the measurement
window are accounted for in the calculation of the finite-frequency sensitivities, including
the travel time curves of the interference phases as well as their amplitudes. We use travel-
time sensitivity kernels to identify possible phase interferences in the measurement windows,
including interferences with the main 5SS waves and other phases such as the precursors of
depth phases (Figure A.5), precursors and/or multiples of S¢S waves (Figure A.6). Sensi-
tivity kernels with abnormal values indicate strong interferences and those measurements
are excluded (Figures A.5 & A.6). In addition, we exclude measurements out of the two
standard deviations. This leaves 1274 and 929 sets of measurements for SpapS and SioS,
respectively. The thicknesses of the asthenosphere at the 921 locations are calculated as the

depth difference between the 220-km discontinuity and the LAB.
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2.3 Results

We process a total number of 32,369 transverse component seismograms that have reflec-
tion points in oceanic regions and observe clear SS waves on 6,143 seismograms with simple
source time functions. SS precursors are secondary reflected waves, their amplitudes are
much smaller than the main SS waves and they are often heavily influenced by scattered
waves and phase interactions. As expected, the majority of the seismograms with clear SS
waves do not show strong S.S precursors from the LAB and the 220-km discontinuity. The
most striking observation from this dataset is the anomalously large amplitudes of the SpapS
phases on 1,380 seismograms, with the majority (1,021 out of 1,380) accompanied by strong
S90S phases. The SS precursors are well separated from the main SS waves, and their
amplitudes are comparable to the amplitudes of the mantle transition zone phases, S4105
and SggoS (Figure 2.1). The geographic distribution of the reflection points is dispersive
across major oceans, including the Pacific, the Atlantic and the Indian ocean, with seafloor

age spanning from 10 to 170 million years old (Figure 2.1).

2.3.1 Large Amplitudes of the LAB SS Precursors

To quantify the observed large amplitudes of the SS precursors associated with the LAB
discontinuity, we calculate the amplitude ratios between the SpapS phase and two reference
phases, S4105 and SgggS. The amplitude measurements are made in the frequency domain
based on spectra division at a period of 25 seconds [50, 56], In Figure 2.6, we plot the
histograms of the minimum amplitude ratios, defined as v = minimum[log(As; x55/A481109)s
log(As,aps/Asess)] (Table S1). We have used the minimum values to avoid over amplifi-

cation when the amplitude of S410S or SgepS is small due to scattering or defocusing. The
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precursors SpapS and Sy10S (or SgeoS) have similar ray paths in the bulk mantle, the use of
amplitude ratios minimizes the impact of possible focusing and defocusing effects. In addi-
tion, the main SS waves travel through the same regions sampled by the SS precursors, and
the distribution the SS amplitude measurements for the entire dataset is very similar to that
for the subset in which anomalously large SpapS were observed, indicating that the observed
large amplitudes of the SpapS waves are not a result of focusing caused by mantle hetero-
geneities (Figure A.7). To investigate possible interference from the main SS waves and
other phases on the frequency-domain Sy g5 amplitude measurements, we make additional
time-domain amplitude measurements using the maximum value of the envelope function
for each SpapS measurement window. The measurements made in the frequency domain
based on spectra division and those made in the time domain using envelope functions in
general agree well (Figure A.8). The observed mean value of the minimum amplitude ratio
is close to zero (Figure 2.6), indicating that the reflection coefficients at the LAB are about
the same as those at the 410 and the 660. The corresponding velocity contrasts across the
LAB are expected to be larger than the contrasts across the 410 and the 660 due to their
smaller incident angles at shallower depths. The geographic distribution of the amplitude

ratios do not show dependence on the age of the sea floor (Figure 2.6).

To estimate the velocity change across the LAB, we construct a 1-D reference model with
the depths of the LAB and the 220-km discontinuity at 130 km and 250 km, respectively
(Figure 2.3). The velocity jump across the LAB is 12.5% in the reference model (Model
I). SS precursors from all upper mantle discontinuities can be clearly identified on the ob-
served seismograms when the observed and synthetic seismograms are filtered to the same
frequency band (Figure 2.1). We make amplitude measurements and calculate the relative

amplitude ratios v = minimum|log(As, ,ps/As4105)s 108(As; x5/ Asesos)] using the synthetic
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seismograms following the same process as applied on the observed seismograms. The am-
plitude ratios between SpapS and Sy05 (or SgeS) calculated for Model T are very close to
the observations (Figure 2.6). To better constrain the velocity drop across the LAB required
to produce the large amplitudes of SpapS, we introduce two additional models, Model II
with 6% of velocity drop and Model III with 11% of velocity drop across the LAB. Exam-
ple synthetic seismograms are plotted in Figure 2.3 and the amplitude measurements are
plotted in Figure 2.6. The mean logarithm amplitude ratio v calculated using Model II as
a reference model is -0.3, meaning that the corresponding average amplitudes of the LAB
precursors are about 50% of the amplitudes of the 410 (or the 660) precursors, much smaller
than the observations. The mean logarithm amplitude ratio ~ calculated using Model III as
a reference model is slightly smaller than the observed value. Based on the calculations, we
conclude that 12.5% of velocity drop across the LAB is necessary in our model to explain

the observed large amplitude of the SpapS waves (Figure 2.6).

2.3.2 Depths of the LAB and the 220-km Discontinuity

To constrain the depths of the LAB and the 220-km discontinuity, we measure the differen-
tial traveltimes dt|s, ,,5 — O0t|ss and 0t|g,,,s — 0t|ss with respect to synthetic seismograms
calculated in Model I (Figure 2.7), similar to the studies of [50, 51] in which S4105 and SgepS
traveltime measurements were used to investigate the depths of the 410-km and the 660-km
discontinuities at a global scale. The time shifts due to uncertainties in source origin times
do not affect the final measurements as we use differential traveltimes. We apply 3-D crust
and mantle wave speed corrections using global models CRUST1.0 [61] and S40RTS [62].
Model I is constructed as the reference model for the oceanic regions where large-amplitude

SS precursors have been observed. As it is not a global reference model, there is overall
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about 5 seconds of traveltime shifts in 6t|s, ,,5-0t|ss after 3-D wavespeed and crustal correc-
tions (Figure 2.7 & Figure A.9). The mean 6t|g,,,5-0t|ss traveltime delay before and after
the corrections remains approximately the same, with an average value close to zero. This
indicate that the average velocity in the uppermost mantle in the reference model is close to

the global average.

To obtain depth perturbations of the LAB and the 220-km discontinuity, we calculate the
sensitivities of the differential traveltimes to depth perturbations of the interfaces by inte-
grating the finite-frequency sensitivity kernels over the surface of the boundary (Figure 2.4).
The LAB depths obtained from this study varies between ~70 and ~160 km (Figure 2.8)
and the mean LAB depths obtained using the same data with and without the corrections
are 120 km and 125 km, respectively (Figures 2.8 & A.10). The depth of the 220-km dis-
continuity varies between 180 and 340 km with a mean value of ~255 km, and it does not
change with wavespeed and crustal corrections. We calculate the thickness of the astheno-
sphere in regions where both the LAB and the 220-km discontinuities are well defined by
strong SS precursors from both discontinuities. The thickness of the asthenosphere ranges
from 50 km to 220 km with an average of 140 km. Large depth variations of the LAB and
the 220-km discontinuity are observed across the global oceanic regions and the depth can

change abruptly over small geographic distances.

The depths of the LAB and the 220-km discontinuity are plotted as a function of seafloor age
[63] in Figure 2.9. The depths of the two discontinuities obtained using the same dataset but
without the 3-D crustal and mantle wave speed corrections are plotted in Figure A.11. The
average depth of the two discontinuities are independent of seafloor age, regardless of the

corrections applied. To quantify uncertainties in traveltime measurements and discontinu-
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ity depth perturbations, we calculate frequency-dependent traveltime measurements at five
different periods ranging from 23 to 27 seconds. The standard deviation of those traveltime
measurements are then converted to uncertainties in discontinuity depth using the corre-
sponding finite-frequency sensitivities. The depth uncertainties are plotted as error bars in
Figure 2.9, they are generally small, with an average of 1.1 km for the LAB and 1.2 km for

the 220-km discontinuity.

2.4 Discussions

2.4.1 Melt Spots in the Oceanic Asthenosphere

The observed large amplitudes of the SS precursors require a large velocity change across
the LAB. The presence of a small amount of melt may significantly reduce seismic velocity.
It has been suggested that S-wave velocity reduction is about 7.9% for every percent of
melt in realistically shaped melt in the upper mantle based on finite element calculations for
shear modulus reduction (produced by the presence of a connected network of realistically
shaped and naturally organized melt inclusions), with the geometries of the inclusions taken
directly from laboratory calculations [64]. The finite element model predictions are also in
general agreement with recent experimental results [65]. The large amplitudes of the SS
precursors observed in this study can be explained by 1.5%-2% of melt in the asthenosphere.
This melt concentration is comparable to observations at mid-ocean ridges, for example, the
East Pacific Rise [66]. In a recent surface-wave study [19], a large melt fraction of up to 1%
beneath the entire oceanic lithosphere has been suggested, in general agreement with the

overall estimation of melt (0.3-2%) from electrical conductivity study [67].
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A sharp increase in the water content across the LAB has been proposed as a possible candi-
date for significant wave speed reduction through enhanced anelasticity [34, 68]. To explore
the effect of anelasticity (seismic quality factor Q) on the amplitudes of SS precursors, we
calculate synthetic seismograms in models with and without strong anelasticity in the as-
thenosphere and compare the amplitudes of the SS precursors. In Figure 2.10, the velocity
and density structures in Model I and Model IV are identical but their  values in the
asthenosphere are different, ()=80 in Model I and Q=20 in Model IV. The low Q value in
the asthenosphere in Model IV results in a much smaller SS amplitude but the amplitude
reduction on the SpagS wave is very limited. This is because while both the 5SS wave and
the SpapS wave experience more attenuation due to enhanced anelasticity, anelasticity also
reduces the effective wave speed in the low Q region. Therefore, the effective velocity contrast
across the LAB increases, resulting a larger reflection coefficient and increased amplitude of
the SpapS wave. The amplitude ratios calculated in Model I (Figure 2.6) and Model IV
(Figure 2.10) do not show significant differences in their histograms. We conclude that the

large amplitudes of SpapS waves therefore can not be explained by a change in anelasticity.

The observed large amplitudes of the S.S precursors can not be explained by seismic anisotropy.
Strong radial anisotropy (up to 10%) has been observed in the oceanic asthenosphere with
SH waves travelling faster than SV waves [32, 36, 69, 70, 71]. This radial anisotropy would
lead to larger SH wave velocity beneath the LAB, and therefore reduced velocity contrast
across the LAB and smaller precursor amplitudes, while the observed large amplitudes of the
SS precursors require anomalously large velocity drop (12.5%) across the boundary. Frozen-
in radial anisotropy in the oceanic lithosphere from petrological fabrics or melt ponding has
been suggested [31]. In this case, the SH wave speed would become faster in the oceanic

lithosphere, which may cause a larger SH velocity contrast across the LAB but a reduced
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velocity contrast in SV velocity. In this study, strong SpapS phases are also observed on
the radial component seismograms (Figure A.12). The observed SS precursors with large
amplitudes also display a good azimuth coverage (Figure 2.1), indicating that the observed
large amplitudes of the SpapS waves are unlikely a result of azimuth anisotropy in the litho-

sphere [32].

It is important to emphasize that we have interpreted the low velocity zone (LVZ) between
the two discontinuities observed in oceanic regions as the asthenosphere, and we have mod-
eled the wavespeed structure associated with reflected waves as first-order discontinuities.
In 1-D earth models (e.g., PREM), a first-order discontinuity is an equivalent mathematical
representation of the earth structure. The same applies to other discontinuities in the Earth
including the Moho, the 410 and the 660. Synthetic seismograms calculated based on the
equivalent first-order discontinuities can explain the observed seismograms. The large ampli-
tude of the LAB phase observed in this study requires about 12.5% of velocity jump across a
first-order discontinuity. The same velocity change over a gradient zone of 5 km or less may
also explain the observed SpapS amplitudes, with less than 2% of difference in their average
amplitudes (Figure A.13). If the velocity change occurs over a much larger gradient zone
of 20 km, the average SpapS amplitude will decrease by ~17%, and the required velocity

increase would be larger in order to produce the same peak amplitude [57].

2.4.2 Age-Independent Thickness of the Oceanic Plate

The observed LAB SS precursors characterized by large amplitudes can be modeled as waves

reflected off a first-order discontinuity with a large velocity contrast. The strong SS precur-

18



sors from the LAB are observed across the global oceanic regions, with an average depth of
120 km that is independent of seafloor age (Figure 2.9). This observation supports the plate
model for the oceanic bathymetry and heat flow measurements, in which a reheating process
is required at the base of the oceanic plate with a constant thickness of about 100-125 km.
The reheating process is probably caused by small-scale mantle convection beneath the large

oceanic plate [10].

The observed depths of the LAB in this study are characterized by substantial local vari-
ations. The standard deviation of the LAB depths calculated for the entire dataset is at
~15 km. We calculate the standard deviation of the LAB depths at different length scales
(Figure A.14). The standard deviation can be up to ~17 km at small length scales and it
becomes consistent with the standard deviation of the entire dataset when the length scale
exceeds ~1000 km. Reflectors at depths between 120 and 180 km have been detected across
the Pacific ocean in a SS precursor stacking study, though they were found in only 16%
of the stacks [21]. LAB reflectors at depths of about 100-140 km have been reported in
Hawaii where high-resolution receiver function studies are available with the deployment of
local stations [24, 25]. The large variation of the LAB depths is also consistent with surface
waves studies in which individual transects often display considerable depth variability in

age-averaged profiles [8, 14].

In seismic studies, age-dependent reflectors have been reported in several oceanic regions,
especially under the young seafloors [20, 22, 72, 73|. For example, a recent receiver function
study from ocean bottom seismometers in the equatorial Mid Atlantic Ocean discovered that
the LAB depth increases from about 30 km at the mid-ocean ridge to about 80 km beneath

30 million years old seafloors in some locations [72]. The relation between the crust age and
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the LAB depth is much less clear across the Pacific Ocean and it has been suggested that
regional dynamical processes may play an important role in asthenospheric melt production
[21]. SS precursors reflected off the LAB is observed beneath all oceans in this dataset re-
gardless of seafloor age. It is important to point out that the horizontal grid spacing in our
model is about 4.3 degrees, and variations smaller than a couple of hundred kilometers may
not be imaged in our model. For example, if the LAB becomes shallower in a small region
near mid-ocean ridges, it may not be imaged in the model. In this study, we use long period
SS waves, as a result, signals from a very shallow reflector (<40 km) will interfere with the
main SS waves and will not be picked up. It is also possible that there may be multiple
reflectors in the lithosphere in some regions and what we observe in this study represents a
strong deep reflector associated with melting not secular cooling. In general, velocity change
associated with a thermal lithosphere is expected to be smaller and much more gradual
than the reflectors associated with the chemical differentiation (melting) process. Double
reflectors have been observed beneath mid-ocean ridges in some regional studies [74], the
connection between the LAB we observe and the shallower reflector associated with decom-

pression melting is still unclear.

Similar to the LAB, the depths of the 220-km discontinuity also do not depend on the age
of the seafloor and are characterized with large local variations. It is understood that the
smoothness (roughness) of a same discontinuity in different studies often depends on the re-
gions of study as well as smoothing applied in some of the inversions. Reflectors at depths of
250-300 km (the X discontinuity) have been observed in many oceanic regions, including the
South Pacific and the Indian Ocean [44, 45]. Large depth variations up to ~100 kilometers
on the 220-km discontinuity have been report over length scales of several hundred kilome-

ters beneath the northwestern Pacific in a short-period array study [75]. The large local
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variations in the depths of the discontinuities are expected to generate significant variability
in both the waveforms and travel times of the SS precursors. When stacking is applied
to SS precursors with reflection points in regions where large depth variations occur over
very short distances, it may be possible that the large amplitudes of SS precursors could be
effectively averaged out in stacking results due to phase equalization [46]. In Figure A.15, we
show a simple example to illustrate the concept that, in some cases, the large amplitudes of
SS precursors may not be picked up in stacking results when large variations in SS precursor

amplitudes and arrival times are present.

2.5 Conclusions

The thermal boundary as predicted by the half space cooling model is not observed in SS
precursors in this study. Instead, we observe anomalously large amplitudes of SS precur-
sors reflected off the lithosphere-asthenosphere boundary (LAB), which can be explained by
~12.5% of velocity drop across the boundary. This result indicates 1.5%-2% of localized
melt across the global oceanic regions. The large variability in the depths and amplitudes of
the SS precursors observed across the global oceanic region suggests a heterogeneous melting
process in the oceanic asthenosphere. The majority of the LAB SS precursors are accom-
panied by strong reflections from the 220-km discontinuity. This indicates that the 220-km

discontinuity may define the lower boundary of the local asthenosphere where melting occurs.

The plate model, which requires additional heat at the base of a constant-thickness oceanic
plate, explains the bathymetry and heat flow observations that do not follow half space

cooling predictions. While such a constant-thickness plate has not been reported in seismic
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studies, the oceanic plate as defined by the strong LAB reflector in this study does not
thicken with age but show an average depth of 120 km across different age bands. This
observation supports the existence of a constant-thickness plate in oceanic regions. The
localized melt spots distributed over the global oceanic regions may be essential to decouple
the oceanic plates from the underlying mantle by dramatically reducing the mantle viscosity

19, 76].
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Figure 2.1: (a) example transverse-component seismograms with large-amplitude SpapS and
Sa005 phases. The black seismograms are data, the red seismograms are synthetics calculated
in a reference 1-D model (Model I) with 12.5% of the velocity jump across the LAB, and
the blue synthetics are calculated in PREM in which there is no discontinuity at the LAB
depth. The reference models are plotted in Figure 2.3. The seismograms have been band-pass
filtered between 10 and 80 mHz and aligned using their SS arrivals for better illustration.
The precursor closest to the main SS wave is labeled as SpapS as we investigate possible
reflections from the top of the asthenosphere. The arrivals of the S90S, S4105 and SggoS
waves are also labeled. The earthquake event date/time and station name as well as depth
and epicentral distance are denoted on each seismogram. The corresponding geographic ray
paths (black lines) and bounce points (red circles) of the SpapS waves are plotted in (b).
Ray paths and bounce points of the 1,380 SpapS waves with anomalously large amplitudes
are plotted in (c). Seafloor age contours are plotted at 20, 60, 100 and 140 Ma.
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Figure 2.2: Geographic distribution of subsets of the data plotted at SS bounce points.
(a) clear SpapS observed, (b) clear Ss0S observed, (¢) SpapS observed but not Sg90.5, (d)
S90S observed but not SpapS, (e) both SpapS and Ss0S observed, (f) no SpapS or SggS

observed. There is no apparent geographic pattern associated with either the presence or
absence of the SpapS and S590S.
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Figure 2.3: (a) Three 1-D reference earth models Model I, Model II and Model III used in
this study and their corresponding example synthetic seismograms are plotted in (b). Model
PREM is also plotted in (a) for reference. The synthetic seismograms are calculated using
the three reference models for a magnitude 6.9 Indonesia earthquake occurred in August
2018 recorded at a GSN station SDDR (https://doi.org/10.7914/SN/CU). The observed
seismogram is plotted in Figure 2.1. The seismograms have been band-pass filtered between
10 and 80 mHz and have been aligned using the main 5SS wave arrivals for better illustration.
The velocity contrast across the LAB at a depth of 130 km is 12.5% in Model I, 6% in Model
IT and 11% in Model III. The corresponding SiapS wave amplitude in Model I is much larger
than that in Model II and slightly larger than that in Model III, as expected.

25



(a) 30 1

660 410 220 LAB 0
Observed : : : :
I I Lol _30
I I I I
1 1 | 1
660 410 220 LAB
Synthetic : : : :
(Model 1) | | | |
| | I

T T 1
2400 2500 2600 2700 30

30

(b) FF kernel (LAB)

60 90
. ‘
‘ ‘
60 90
L eeeee— |
-40  -20 0 20 40

107(-8) s/km"3

(c) FF kernel (220)

60 90
. ‘
)
‘ ‘
60 90
L eeee— |
-20 -10 0 10 20

107(-8) s/km"3

|- 30

|- 30

Figure 2.4: (a) shows example measurement windows used for LAB amplitude ratio
measurements Ag, ,55/Asu0s and Ag 55/ Ases. The seismograms are for a magni-
tude 6.6 Mexico earthquake occurred in January 2016 recorded at a GSN station MSEY
(https://doi.org/10.7914/SN/II), and the epicentral distance is 158°. The synthetic seismo-
gram is calculated for Model I as in Figure 2.3 and both seismograms have been band-pass
filtered between 10 and 80 mHz. (b) and (c) are finite-frequency traveltime boundary sensi-
tivity kernels for the SpapS and S990S waves, respectively. The sensitivity kernels are plotted
in map view in the ray coordinates, centered at the bounce point which is about 79° away

from the source and the receiver.
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Figure 2.5: Synthetic amplitude measurement experiment using the same 40-second time
window as applied in data. (a) The black seismogram is the LAB phase from the observed
seismogram in Figure 2.4, and we multiply the seismogram by a constant factor of two
(frequency-independent) to obtain the red seismogram. (b) Theoretical amplitude spectral
ratio (black line) and measurements made at periods of 15, 20, 25, 30 and 35 seconds
(circles). (c¢) The black seismogram is the same as in (a) and the red seismogram is obtained
by multiplying the amplitude spectrum of the black seismogram with a frequency-dependent
function. The corresponding theoretical amplitude ratios and measurements made at 15, 20,
25, 30 and 35 seconds period are plotted in (d). The experiment confirms that amplitude
ratios at the measurement frequency (25 seconds) can be determined using a 40-second time
window.
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Figure 2.6: SpapS amplitude measurements y= minimum [log (Ag; 55 /A81105), 108 (As; ans
/Asesos)] Obtained using observed seismograms (top) as well as synthetic seismograms cal-
culated for three reference models (Model I, IT and III) plotted at the bounce points in
mapviews and histograms. The observed SpapS amplitudes show a similar distribution (his-
togram) to the amplitude ratios calculated for Model I (12.5% velocity drop across the LAB).
The amplitude ratios calculated in Model II (6% velocity drop across the LAB) are overall
much smaller than the observations, and the amplitude ratios calculated in Model IIT (11%
velocity drop across the LAB) are slightly smaller than the observed amplitude ratios. We
conclude that the observed large amplitude of the SpApS waves can be explained by 12.5%
of velocity drop across the LAB.
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Figure 2.7: (a) and (b) are SpapS traveltime measurements plotted in histograms and
mapviews at their bounce points. The measurements are made with respect to Model I

synthetic seismograms. 3-D mantle wavespeed and crustal corrections have been applied.
(c) and (d) are the same as (a) and (b) but for SaS.
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Figure 2.8: (a) and (b) are the depths of the LAB calculated from traveltime measurements,
plotted in histogram and mapview at SpapS bounce points. (c) and (d) are the depths of
the 220-km discontinuity. (e) and (f) are the asthenosphere thicknesses calculated from the
depths of the LAB and the 220.

30



T ; ; ; ; T ; T ; T ;
0 20 40 60 80 100 120 140 160

age (Ma)

Figure 2.9: Age-independent thickness of the oceanic plate. Green circles and red
diamonds are depths of the LAB and the 220-km discontinuity obtained from this study,
plotted as a function of the seafloor age. Isotherms at an interval of 200°C (starting at
300°C) from the half space cooling model (dashed line) and the plate model (solid line) are
plotted for reference. The observed depths of the two discontinuities show significant local
variations. The average depths of the LAB and the 220-km discontinuity are at 120 km and
255 km, independent of seafloor age. The depth uncertainties estimated from frequency-
dependent measurements are plotted as error bars.
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(b) Model IV (Q = 20)
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Figure 2.10: (a) Synthetic seismograms calculate for Model I and Model IV as in Figure 2.3.
(b) @ structure in the 1-D reference models Model I and Model IV. Model 1V is identical to
Model I in velocity and density but has a much smaller Q value (Q=20) in the asthenosphere
than in Model I (©Q=80). The amplitude of the main SS wave becomes smaller in Model
IV synthetics due to the overall stronger attenuation associated with the lower () value
in the asthenosphere but its impact on the amplitude of the SS precursor SpagS is very
limited. This is because anelasticity also reduces the effective wave speed in the low @
region. Therefore, velocity contrast across the LAB increases, resulting a larger reflection
coefficient which increases the amplitude of the SpapS wave. The observed large amplitudes
of the SpapS waves therefore can not be fully explained by a reduction of ) values in the
asthenosphere.
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Chapter 3

SS Precursor Imaging Reveals A
Global Oceanic Asthenosphere

Modulated by Sea-Floor Spreading

3.1 Introduction

A global discontinuity at a depth of about 220 km was first introduced in the Preliminary
Reference Earth Model (PREM) in the 1980s as the base of the asthenosphere. This dis-
continuity has been reported in seismic studies in continental regions and also known as the
Lehmann discontinuity [1, 2, 3, 4, 5, 6]. However, later studies suggested that this interface
may not be a global feature as a reflection from this depth has been missing in long-period
global stacks of seismograms [7, 8, 9, 10, 11]. In oceanic regions, seismic signals from this
interface have only been reported sporadically and the global existence of an oceanic 220-km

discontinuity remains enigmatic [12, 13, 14, 15, 16].

In this study, we investigate the existence of a lower asthenosphere boundary in the global
oceans using seismic SS precursors, which are SS waves reflected off the underside of the

220-km discontinuity (hereinafter referred to as S90S waves). The SS precursors Ssg0S are
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most sensitive to the structure of the interface at the reflection points, which is about half
way between the earthquake and the station. In general, SS precursors provide excellent
data coverage in the global oceanic areas where seismic stations are sparse. Our seismic
dataset include amplitude and arrival time measurements of SS precursors at a period of
25 seconds, measured on long-period transverse component seismograms recorded at GSN

stations for large earthquakes occurred between 2009 and 2020 (Figure B.1).

We observe strong SS precursors reflected off the 220-km discontinuity across the global
oceanic regions, including the Pacific ocean, the Indian Ocean and the Atlantic Oceans,
regardless of the seafloor age (Figure 3.1). This is surprising especially that SS precursors
reflected off mantle discontinuities are secondary waves, and their amplitudes are expected to
be small. In addition, such a discontinuity at the base of the oceanic asthenosphere has been
absent in global stacks. Nevertheless, strong SS precursors from this interface were observed
on about 42% of the SS seismograms. In addition, The average amplitudes of the observed
SS precursors are larger than the predicted amplitudes calculated for model PREM. This
indicates a larger velocity contrast across the 220-km discontinuity in oceanic regions than

that in the model PREM.

We measure the differential arrival times between SS waves and SS precursors 0t|g,,,s — 0t|ss
based on observed and synthetic seismograms. Measurements made with respect to synthet-
ics calculated using PREM as the reference model show that the distribution of traveltime
measurements does not have a zero mean but has an average advance time of about 5 sec-
onds, regardless of 3-D crustal and mantle corrections applied (Figure 3.2). This is not
unexpected because PREM is a global average model, which does not necessary represent

the average seismic structure in the global oceanic regions. In fact, it is known that there are
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large differences between oceans and continents in their crustal and mantle structures. The
overall early arrivals of S990S waves with respect to the PREM synthetics indicate that the
S-wave speed above the discontinuity in oceanic regions is slower than that in model PREM,
or the depth of the 220-km discontinuity is deeper than that in PREM, or a combination of
both. Based on the traveltime measurements, we construct an oceanic 1-D reference model,
model MOCE with the depth of the 220-km discontinuity at 250 km and S-wave speed in
the asthenosphere slower than that in PREM (Figure 3.2 & Figure B.2). The calculated
differential arrival times dt|g,,,5 — 0t|ss is centered at zero, indicating that model MOCE is

a reasonable reference model for the global oceanic regions.

To quantify the velocity contrast across the interface, we calculate amplitude ratios S290.5 /54105
and S2205/Sge0S using observed seismograms when reference phases Sgg0S and 54105 phases
can also be clearly identified. For comparison, the same ratios are also calculated for syn-
thetic seismograms computed for reference models MOCE and PREM. We define the min-
imum amplitude ratios () as v = minimum[log(As, ,p5/A5:105)s 108(As; xns/Ase0s)]- The
mean values of the minimum amplitude ratio v calculated from the observed SS precursors is
close to zero. This indicates that the observed Si90S amplitudes in this dataset are roughly
as large as the amplitudes of the Sy105 (or SgeoS) waves. The calculated mean amplitude ra-
tio 7y for the final model MOCE is also close to zero, while the mean value of v calculated for
model PREM is about —0.2, meaning that on average the Sy90S amplitudes are only about
63% of the amplitudes of the S90S (or SgenS) waves. We conclude that the 7% velocity
reduction across the 220-km discontinuity in model MOCE explain amplitude observations

better than the 5% velocity reduction in model PREM (Figure 3.3).

To obtain the depths of the discontinuity in the global oceans, we use the differential travel-
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times 0t|g,,,5 — 0t|ss of the observed seismograms with respect to the synthetic seismograms
calculated in model MOCE. 3-D crustal and mantle wavespeed corrections are applied using
global crustal models CRUST1.0 [17] and S40RT'S [18]. The mean values of the §t|g,,,5—0t|ss
traveltime delays are roughly the same with or without wavespeed corrections, with both
mean values close to zero (Figures 3.2 and B.3). This implies that the average velocity in

the uppermost mantle in the reference model is close to the global average.

We calculate finite-frequency sensitivities of the arrival times to depth perturbations of the
220-km discontinuity based on travelling-wave mode coupling (Figure B.4), which fully ac-
count for source radiation patterns, interference of seismic waves arriving in the measurement
window as well as seismogram windowing and tapering. We parameterize the global surface
of the discontinuity using a set of spherical triangular grid points with a lateral spacing of
about 4°, and solve the 2-D linear tomographic problem based on singular value decompo-
sition (SVD). The optimal model obtained by tradeoff analysis (Figure B.5) based on data

misfit and model norm is plotted in Figure 3.4.

3.2 Topography of the 220-km Discontinuity

The optimal model obtained from 2-D finite-frequency tomography of the 0t|s,,,s — dt|ss
traveltime measurements shows large depth variations of the 220-km discontinuity in oceanic
regions, with perturbations locally up to ~30 km. The variations are characterized by alter-
nating (shallow and deep) bands of linear anomalies roughly following the longitude direction,
parallel to the seafloor age contours. This suggests a fundamental connection between the
asthenosphere boundary depth and seafloor spreading. However, perturbations in disconti-

nuity depth show no apparent correlation with either seafloor age or spreading rate (Figures
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3.4 and B.6). This indicates that the relation is more complex and a conclusion can not be
drawn without further analysis of the spatial characteristics of the discontinuity, for example,

the roughness of the of the 220-km discontinuity topography.

The average depth of the 220-km discontinuity obtained from this study is about 251.6 km
in the global oceans. Reflectors at those depths have been reported in previous studies
in oceanic regions [7]. The mean depth of the discontinuity is about 250 km for seafloors
younger than 75 million years old, and it is about 252 km for older seafloors. In addition,
there is increased variability in the older seafloors (Figure 3.4). The resolution is not uniform
across the oceans, for example, the resolution of our model is relatively poor in the Southern

Atlantic ocean and the Western Indian ocean (Figure B.7).

3.3 Boundary Roughness and Seafloor Spreading Rate

To quantify the characteristics of lateral variations in the 220-km discontinuity, we compute
the surface Laplacian (roughness) of the discontinuity topography based on finite difference

calculations, with the surface Laplacian operator defined as (D&T A.135),

#r e0or 1
002 sinf 00 sin®6 0¢?’

Vif (3.1)

where f(6, ¢) is the depth of the 220-km discontinuity, with 6 and ¢ being the colatitude and
longitude, respectively. The surface roughness the 220-km discontinuity is plotted in Figure

3.5.

The most striking feature on the roughness of the 220-km discontinuity is the apparent ge-
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ographic correlation between the boundary roughness (Figure 3.5a) and the spreading rates
of the seafloor (Figure 3.4c), both following the seafloor age contours. For example, in the
Pacific, spreading rates are the greatest (over 15 cm/year) at the youngest East Pacific Rise
as well as the 130-million years seafloors in the Western Pacific, and largest asthenosphere
boundary roughness are also observed in those regions. It is worth noting that the model
resolution of the asthenosphere boundary is not uniform across the oceans due to limited
data coverage, and we will focus our analysis on well-resolved regions with the diagonal ele-

ments of the resolution matrix greater than 0.25 (Figure B.7).

The correlation between the roughness of the discontinuity and the sea-floor spreading rate
does not appear to be linear across all oceans. In particular, spreading rates in the Atlantic
ocean are overall small but the roughness of the 220-km discontinuity are relatively large
in the mid Atlantic, indicating that the correlation may be different for different oceans.
To further investigate the correlation, we calculate the maximum asthenosphere boundary
roughness for seafloors in every 5° x 5° degree cells over the global oceans (Figure 3.5¢).
The average values in every 10 mm/year spreading rate interval is plotted in Figure 3.5d.
The plots show clearly two distinctly different regimes in the relation between boundary
roughness and sea-floor spreading rates. For slow-spreading seafloors (less than 40 mm/yr),
the roughness increases rapidly with spreading rate (Figures 3.5, 3.6 and B.8), and it reaches
a level similar to the roughness of the fast-spreading seafloors at a rate of about 40 mm/yr.
For fast-spreading seafloors, the roughness in general increases with spreading rates, but the
increase is much more gradual compared to the slow-spreading sea floors and it also shows
considerable fluctuations. For example, the roughness of the seafloors with spreading rates
between 80 and 100 mm/year is overall larger than seafloors with spreading rates between

40 and 70 mm/year, but there is no increase (but slight decrease) in boundary roughness
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from 80 mm/year to 100 mm/year. The two distinctly different regimes in roughness and
spreading-rates relation can be clearly observed at all length scales when seafloor and bound-
ary roughness maps are filtered to different length scales (Figure B.9). There is only a weak
positive correlation between the 220-km roughness and seafloor age (Figure 3.5) and spread-

ing rate generally remains constant at different seafloor ages (Figure B.10).

3.4 Seafloor Spreading and Asthenosphere Convection

It has been long recognized that seafloor spreading plays an important role in plate tecton-
ics, but the time scale and depth extent of its influence on upper-mantle convection remains
poorly understood. In addition to strong SS precursors reflected off the 220-km discontinuity
across the global oceanic regions, we have observed a strong correlation between the rough-
ness of the discontinuity and the spreading rate of the seafloor. In general, the base of the
asthenosphere is smoother under slow-spreading seafloors than fast-spreading seafloors, but
the boundary roughness increases very rapidly with spreading rate until the the spreading
rates reaches about 40 mm/yr. This suggests that convections in the asthenosphere is closely

related to the formation of the oceanic plates at the spreading centers.

If we assume that convection in the asthenosphere is controlled largely by the thermal and
viscosity structure of the lithosphere and the asthenosphere, the differences in the 220-km
discontinuity roughness would indicate variations in the thermal and compositional struc-
ture associated with the formation of the oceanic plates, which often involves magnetism
and mechanical extension at the spreading centers. The relative importance of the two pro-

cesses vary considerably depending on the seafloor spreading rate. At fast-spreading centers,
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the oceanic crust formed by decompression melting of the upwelling mantle has a relatively
homogeneous and layered structure due to continuous magma injection and the existence of
a perennial magma chamber [19, 20, 21]. The fast-spreading ridges are usually character-
ized by smooth topography [22]. It has been suggested that differences in spreading rates
also introduce variations in composition due to distinct processes in chemical differentiation.
The extent of mantle melting increases with increasing spreading rate [23] and magnetism
becomes the dominant process at fast spreading centers. At fast spreading ridges, magma
chambers are typically shallower, and thus subjected to more significant cooling, leading to a
higher degree of differentiation. On the other hand, slow spreading centers are characterized
by hotter and deeper magma, resulting in reduced levels of chemical differentiation in the

newly formed crust [24].

Mechanical deformation is far more important at the slow spreading centers than at fast
spreading centers [25]. In particular, slow spreading ridges are characterized by deep axial
rift valleys and intense normal faulting, with low-angle detachment faults extending to the
upper mantle [26, 27, 28, 29, 30, 31|. This is different from fast-spreading centers where the
development of faults is limited and only extends to a shallower depth in the crust [28]. The
fault zones developed by mechanical extension at slow-spreading centers will influence the
thermal property of the lithosphere, as those faults are major conduits for the penetration
of cooling water into the lithosphere. The broken morphology of the slow spreading centers
allows for circulation of fluids and well-developed serpentinization as peridotite react with
seawater. Serpentinization affect the thermal properties of the lithosphere. This is because
serpentine minerals have lower thermal conductivity than peridotite, which make the litho-
sphere less effective in conducting heat out of the asthenosphere. As the seafloor slowly

moves away from the spreading centers, gradual dehydration of serpentine through hydrogen
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diffusion beneath slow-spreading seafloors may release water which will reduce the viscosity

of the asthenosphere.

3.5 Conclusions

In contrast to previous studies based on SS precursor stacking, we have observed strong SS
precursors reflected off the 220-km discontinuity throughout the global oceanic regions. We
interpret the strong reflector as the base of the oceanic asthenosphere, possibly associated
with partial melting. The large amplitudes of the SS precursors (S55205) can be explained by
~7% velocity change across a first-order discontinuity at a depth of about 250 km, which
indicates about 1% of partial melt in the asthenosphere based on finite element calculations
for shear modulus reduction [32] and recent experimental results [33]. The 220-km disconti-
nuity has a mean depth of ~ 250 km with a lateral perturbation up to ~30 km. The depth
perturbations closely follow the seafloor age contours, indicating a fundamental connection

between seafloor spreading and mantle convection in the asthenosphere.

In addition to the global existence of a lower asthenosphere boundary, the analysis on the
topography of the boundary reveals a smoother asthenosphere base under seafloors formed
at slow-spreading centers. Moreover, the roughness of this boundary increases rapidly with
spreading rate until it reaches about 40 mm/year. In contrast, under seafloors with spread-
ing rates exceeding 40 mm/year, the roughness of the discontinuity increases only gradually
with spreading rates. This difference indicates a connection between asthenosphere boundary
roughness and oceanic plate formation processes. The dominant process at fast spreading
centers is magmatism, while structural extension plays an important role at slow-spreading

centers. This produces oceanic plates with different thermal, compositional, and deforma-
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tion structures. It has been suggested that variations in lithospheric structure may explain
variations in mantle melting [34]. One possible mechanism that may explain the appar-
ent correlation between the roughness of the 220-km discontinuity and the spreading rates
of oceanic plates is that serpentinization in the oceanic lithosphere affect the dynamics of
asthenospheric convections. At slow-spreading centers, the faulted morphology allows for
fluid circulation and serpentinization, which reduces the thermal conductivity of the litho-
sphere. As the lithosphere moves away from the spreading center, gradual dehydration of
serpentine through hydrogen diffusion may release water, further reducing the viscosity of
the asthenosphere beneath the lithosphere. The differences in melting, cooling, mechanical
extension and metamorphism at sea-floor spreading centers leave permanent imprints in the
chemical compositions and physical properties of the lithosphere plate, introducing a long
lasting influence on upper mantle convection, millions of year after the plates have moved

away from the spreading centers.

3.6 Data & Methods

We investigate the 220-km discontinuity in the global oceanic regions using SS precursors
on long-period transverse component seismograms. The horizontal-component seismograms
were recorded at 144 GSN stations for 459 earthquakes that occurred between 2009 and
2020. The moment magnitude of the earthquake varies between 6.0 and 8.0. The seismo-
grams are rotated to radial and transverse directions and then band-pass filtered between
10 and 80 mHz. A total number of 32,369 transverse component seismograms have SS wave
bounce points in oceanic regions are processed (Figure 3.1a). The final dataset include 6,506
seismograms that have strong SS waves with simple source time functions. SS precursors

are secondary waves and therefore their amplitudes are small, which makes it challenging
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to identify them on many seismograms. They are often below the noise level due to weak
source radiation, small reflection coefficient as well as defocusing caused by mantle hetero-
geneities. Nevertheless, strong SS precursors are observed on 2,754 seismograms recorded at
144 stations for 459 earthquakes (Figure B.1). The majority of the SS precursors (1,906 out
of 2,754) have focal depths shallower than 50 km. Their epicentral distances range from 76°

to 177° with the majority (2494 out of 2754) larger than 100°.

The observed S.S precursors Ss00S are often characterized by large amplitudes, which was
unexpected. The amplitudes of the S90S phases are similar in magnitude to the S4105 and
See0S phases, which are SS reflected off the mantle transition zone discontinuities, roughly
at 410 and 660 km depths. The observation of robust SS precursors reflected at the 220-km
discontinuity across the global oceanic regions presents a challenge to earlier observations
because this phase has been reported to be largely absent in earlier oceanic seismic studies, in
which seismograms are stacked to enhance the signal-to-noise ratios. One possible explana-
tion to the absence of a coherent reflection from the 220-km discontinuity in the global stacks
is that local variations in its depth is so large that no coherent reflections could be formed
due to phase equalization [9, 11]. For instance, a strong 220-km discontinuity topography of
tens of kilometers has been observed beneath the northwestern Pacific in a short-period array
study [13]. When stacking is applied to SS precursors with reflection points in regions where
large depth variations occur over very short distances, The amplitude of the SS precursors
could be effectively minimized when stacking is applied to signals with non-coherent arrivals
of the Sg90S waves (Figure B.11). In Figure B.11, we show a simple example to illustrate
the concept of phase cancellation — the presence of significant fluctuations in SS precursor
amplitudes and arrival times can lead to absence or amplitude reduction of the SS precursor

in the stacking results.
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To constrain the velocity reduction across the 220-km discontinuity that can explain the
observed large amplitudes of the SS precursors, we construct a 1-D reference model MOCE,
which is modified from PREM to include a large velocity increase at the depth of 250 km
(Figure 3.2). A large velocity decrease at 130 km is also included in model MOCE. It
has been proposed that this discontinuity represents the lithosphere asthenosphere bound-
ary (LAB) in oceanic regions (Sun & Zhou 2023) and SS precursors SpapS observed in
this study show large amplitudes that can be modeled by reflections off the LAB discon-
tinuity in model MOCE. Synthetic seismograms are calculated for model MOCE based on
traveling-wave mode summation. The global Centroid-Moment-Tensor (CMT) solutions and
the USGS Preliminary Determination of Epicenters (PDE) source locations and origin times
are used in the calculations of the synthetic seismograms. The synthetic seismograms are

filtered using the same bandpass filter as applied to the observed seismograms.

We measure the differential delay times between the SS waves and their precursors Sgg0S
in the frequency domain at a period of 25 seconds (Figure B.4). The use of differential
traveltimes minimizes measurement uncertainties associated with source parameters such as
the earthquake origin times. The length of the measurement windows for SS wave varies
from 47 to 157 seconds, while the length of the measurement windows for Ss0S waves
ranges from 34 to 78 seconds. We apply 3-D crust and mantle wave speed corrections to the
traveltime measurements using a global crustal model CRUST1.0 [17] and a global mantle
model S40RT'S [18]. The mean 6t|g,,,s-0t|ss traveltime delay before and after the corrections
remains approximately the same (Figure 3.2 and Figure B.3). This indicates that the average
velocity in the uppermost 250 km in the reference model MOCE is close to the global average
(Figure 3.2).
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3.6.1 2-D Finite-Frequency Tomography

To image the depth perturbations of the 220-km discontinuity, we calculate the finite-
frequency sensitivities of SS precursor traveltime measurements to boundary depth pertur-
bations based on Born (single-scattering) approximation. The synthetic seismograms in 1-D
reference earth models and the Born sensitivity kernels are computed in the frame work of
travelling-wave mode coupling [35, 36]. The finite-frequency sensitivity kernels accounts for
first-order wave diffraction effects and therefore allow us to image small scale features (in the
order of a couple hundred kilometers) that are not resolvable in traditional ray-theory based
methods. Based upon Born scattering approximation, travel time measurements can be

expressed as a two-dimensional integration over depth perturbations over the global surface,

St(w) = / /2 Ks(x, w) 6d(x) dX, (3.2)

where Ky (x,w) is the sensitivity of a traveltime measurement at angular frequency w to
depth perturbations dd(x) of the corresponding seismic discontinuity. The boundary sensi-
tivity kernels fully account for source radiation patterns, interference of seismic waves arriving
in the measurement window as well as seismogram windowing and tapering. It is important
to emphasize that the sensitivity kernels are associated with measurement windows which
automatically account for all possible phases arriving within a measurement time window.
They are applied to identify potential phase interferences in the measurement windows, for
example, the topside reflections SggosS (Figure B.12). Those sensitivity kernels under phase
interferences present abnormally large or small values (e.g., Figure B.12) which are excluded

from the dataset.

We parameterize the surface of the Earth using a set of spherical triangular grid points.
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The spherical triangles are 16-fold, with 2562 vertices and a lateral spacing of about 4.3°.
The depth perturbations within any spherical triangle can be determined by linear interpo-
lation of perturbations at the three vertices of the associated spherical triangle. This model

parametrization allows us to write the linear tomographic problem in eq. (4.1) as

Ax=Db (3.3)

where A is the kernel matrix, x denotes the unknown depth perturbations of the 220-km

discontinuity and b is the differential traveltime 0t|s,,,s — dt|ss.

The tomographic inverse problem is ill-posed and we solve a least square inverse problem

ATAx -~ A"b =0 (3.4)

to find a model that minimizes the sum of the squared differences between the observed
traveltimes and model predictions based on single-value decomposition (SVD) [37, 38]. In

SVD, the symmetric matrix AT A can be decomposed as
ATA =UxUT (3.5)
and the solution to the least-square inverse problem can be written as

M w," (AT
X = Z%i)ui (3.6)

where o; is the ith largest singular value, and u; is the associated singular vector. Because

the inverse problem is ill posed, the solution is regularized by leaving out insignificant sin-
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gular vectors whose associated singular values are small, and the summation is over the first
N largest singular vectors. The optimal value of /N is determined by analyzing the tradeoff
between data misfit and model norm (Figure B.5). The depth and roughness maps of the
220-km discontinuity calculated before and after the 3-D crust and mantle corrections are
shown in Figures 3.4, 3.5 and B.3. Overall, they show very similar structures. This is not
unexpected as double differential traveltimes are used in this study, which minimizes the

effects of wavespeed perturbations in the bulk mantle.

The associated resolution matrix of the optimal model can be calculated from the singular
vectors,

R =U,U} (3.7)

where the columns of matrix Uy are the singular vectors summed in eq. (3.6). The resolution

of the model (diagonal elements of the matrix R) are plotted in Figure B.7.

3.6.2 Amplitudes of SS Precursors

To quantify the velocity contrast across the 220-km discontinuity, we measure the ampli-
tudes of the S90S waves as well as the reference waves 54105 and SggoS, all at a period of
25 seconds. The measurements are made in the frequency domain using a 40-second window
centered at the arrival of the S\S precursors. Amplitude ratios Ssp0S/Ss105 and Sa90.S/Seg0S
are calculated for the observed datasets as well as synthetic seismograms calculated in 1-D
reference Earth models, MOCE and PREM. For each observed and synthetic seismogram, we
calculate the minimum amplitude ratio 7y = minimum[log(S220S/54105),10g(S2205/S605)]-
The mean value of the minimum amplitude ratio v is close to zero for both the observed

SS precursors and synthetic S.S precursors calculated for model MOCE (Figure 3.3). A ~
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value of zero indicates that the amplitudes of the S90S waves are roughly as large as the
amplitudes of the Sy410S (or SeenS) waves. The mean value of the minimum amplitude ratio
~ calculated for PREM is about about —0.2, indicating that the average Ss90S amplitude
is much smaller in model PREM, the average amplitudes of the S90S is about 63% of the

amplitudes of the Sy10S (or SgeoS) waves.

In addition to the SS precursors reflected off the 220-km discontinuity, we also observe strong
SS precursors reflected at the lithosphere-asthenosphere boundary (LAB), SpapS. The am-
plitudes of the SpapS waves are comparable to the amplitudes of the S410S and SggoS waves
(Figure B.13). This observation is consistent with the recent study of Sun & Zhou (2023)
in which they observe strong LAB reflections across the global oceans. The 12% velocity
reduction across the LAB in model MOCE can explain the observed amplitudes of the SpapS

phases reasonably well.
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(a) bounce points with clear SS precursors (b) example ray paths
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Figure 3.1: (a) geographic ray paths (gray lines) and bounce points (orange dots) of the
SS precursors (Sag05) used in this study. (b) bounce points and ray paths for example
seismograms plotted in (c). (c) example transverse-component seismograms with S90S
phases. The epicentral distance ranges from 80° to 180°. The black seismograms are data,
the red seismograms are synthetics calculated in a reference 1-D model MOCE with 7% of
the velocity jump across the 220-km discontinuity, and the blue synthetics are calculated
in PREM in which the velocity increases is 5% across the discontinuity. Model MOCE and
PREM are plotted in Figure 3.2. The seismograms have been band-pass filtered between
10 and 80 mHz and aligned using their SS arrivals for better illustration. The arrivals of
the S4105 and SggoS waves are also labeled for reference. Station name, earthquake event
date/time, depth and epicentral distance are denoted. Seafloor age contours (10, 50, 90, 130
and 170 Ma) in dashed black lines.
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(a) S wave speed (b) Traveltime (MOCE) (c) Histogram (MOCE)
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Figure 3.2: (a) S-wave speed profiles in model MOCE (solid black line) and model PREM
(dotted black line). There is ~ 5% velocity increase across the 220-km discontinuity in mode
PREM. Model MOCE is revised from PREM model and it incorporates two discontinuities
at 250 km and 130 km with velocity contrasts of 7% and 12%, respectively, to represent the
220-km discontinuity and the lithosphere asthenosphere boundary (LAB), respectively. (b)
and (c) are 0t|g,,,s — 0t|ss traveltimes of the 2754 data calculated for model MOCE after
crustal and mantle corrections plotted in mapview and histogram. Seafloor age contours are
plotted in dash, black lines at 10, 50, 90, 130 and 170 Ma. (d) and (e) are the same with
(b) and (c), respectively, but for model PREM. The average of 6t|s,,,s — 0t|ss traveltimes
in model MOCE is close to 0, while that in model PREM is ~ -5 seconds.
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(a) Amplitudes (Data) (b) Amplitudes (MOCE) (c) Amplitudes (PREM)
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Figure 3.3: Amplitude measurements of 55505 waves. (a), amplitude measurements of
2754 sets of observed SagS waves in data calculated as y= minimum [log (As, ,ss /AS4105)s
log(As; ans /Aseos)] pPlotted in mapview (top) and histogram (bottom), respectively. (b)
and (c), the same with (a) but for model MOCE and model PREM, respectively. The mean
amplitudes of observed Ss50S waves are roughly consistent with that of the synthetic Ss505
waves in model MOCE, both of which are larger than that in model PREM.
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(a) 220 depth (b) 220 depth (resolution>0.25)
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Figure 3.4: (No) correlation between the 220-km discontinuity depth and seafloor
spreading rate or seafloor age. (a), depth of the 220-km discontinuity in oceanic regions
(b), depth of the 220-km discontinuity in oceanic regions with large resolution (> 0.25). (c)
and (d), seafloor spreading rate and seafloor age, respectively, in oceanic regions with large
resolution (> 0.25). (e), scatter plot of maximum depth of the 220-km discontinuity with
respect to the seafloor spreading rate in 5° x 5° degree cells in global oceans (Pacific Ocean
in orange, Atlantic Ocean in red and Indian Ocean in purple). The earth surface is divided
into certain 5° (longitude) x 5° (latitude) areas in (b) and then the maximum 220-km depth
in each area are extracted, which are then plotted against the spreading rate at the center
of the 5° x 5° areas. Mean (maximum) depth of the 220-km discontinuity is plotted on the
top in gray dots with one standard deviation. The mean (maximum) depth is obtained by
averaging the maximum depth at seafloor spreading rate ranges of every 10 mm/year. The
220-km depth remains roughly constant at different seafloor spreading rates. (f), same with
(e) but for the scatterplots of the depth of the 220-km discontinuity against seafloor age.
The 220-km depth remains roughly constant at different seafloor ages.
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(a) 220 roughness (b) 220 roughness (resolution>0.25)
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Figure 3.5: Correlation between the 220-km discontinuity roughness and seafloor
spreading rate. (a), roughness of the 220-km discontinuity in oceanic regions (b), rough-
ness of the 220-km discontinuity in oceanic regions with large resolution (> 0.25). (c),
scatter plot of maximum roughness of the 220-km discontinuity with respect to the seafloor
spreading rate in 5° x 5° degree cells in global oceans (Pacific Ocean in orange, Atlantic
Ocean in red and Indian Ocean in purple). (d), scatter plot of mean (maximum) roughness
of the 220-km discontinuity against the seafloor spreading rate. The 220-km roughness gen-
erally increases with seafloor spreading rate in the global oceans. In addition, the roughness
increases rapidly with spreading rate at slow-spreading seafloors while it increases slowly
with spreading rate at fast-spreading seafloors. (e) and (f), same with (c) and (d), respec-
tively, but for the scatterplots of the roughness of the 220-km discontinuity against seafloor
age. There exists a weak positive correlation between the 220 roughness and seafloor age in
global oceans.
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Figure 3.6: (a) and (b), roughness of the 220-km discontinuity in oceanic regions with
spreading rate <= 40 mm/year and spreading rate > 40 mm/year, respectively. (c) and
(d) are same with (a) and (b), respectively, but only for oceanic regions with large resolution
(> 0.25). (e), roughness of the 220-km discontinuity in Atlantic Ocean with spreading rate

<= 40 mm/year and large resolution (> 0.25). (f), spreading rate (<= 40 mm/year) in
the Atlantic Ocean with large resolution (> 0.25).
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Chapter 4

Finite-Frequency Imaging of the
220-km Discontinuity beneath the

Global Continents

4.1 Introduction

A global low-velocity zone in the upper mantle was first proposed by Gutenberg based on an
exponentially decrease in P wave amplitudes observed at a certain epicentral distance range
also called shadow zone [1]. The existence of such a low-velocity layer at depths between 100
and 250 km was later confirmed by global surface wave studies. Seismic velocity decrease of
~ 2%-10% in this layer has been reported in global oceans and continents including cratons
and tectonically active regions [2, 3]. This low-velocity zone is also characterized by high
electrical conductivities and strong attenuation. It is generally understood that this weak
layer plays a key role in decoupling tectonic plates from the convecting mantle [1, 4, 5, 6, 7, 8].
The base of the weak layer (asthenosphere) was first observed in Europe and North America,
with a sudden velocity increase at a depth of about 220 km [9, 10]. This discontinuity is often
referred as the Lehmann discontinuity. A discontinuity at this depth with 5% of velocity
increase was incorporated in the spherically averaged Preliminary Reference Earth Model

(PREM) [11].
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The 220-km discontinuity has been observed in continental regions in seismic studies using
nuclear explosion data [12], refraction [13, 14, 15], underside reflections of depth phases [16],
surface waves [17, 18], receiver functions [19, 20, 21], joint inversion of surface waves, body
waves and ScS reverberation [22, 23, 24, 25]. The oceanic observations are generally more
difficult to make because of limited deployment of seismic stations in the global oceans and
this discontinuity has only been detected sporadically in different local oceanic areas using

surface waves [26], receiver functions [27], PP and P’P’ precursors [28, 29].

SS precursors are shear waves reflected off an internal discontinuity about half way between
the source and receiver. They arrive at the receivers tens to hundreds of seconds prior
to the main SS waves. SS precursors have become a popular seismic phase in imaging
internal mantle discontinuities because they are sensitive to the structure in the vicinity
of the SS bounce points and therefore they provide excellent global data coverage. SS
precursors are secondary waves with small amplitudes and they are easily subjected to noise
contamination. SS precursor stacking, which stacks a large amount of seismograms, has
been used to enhance the signal levels of the data. In PREM, the magnitude of the velocity
change across the 220-km discontinuity is comparable to that across the 410-km and 660-km
discontinuities. Given that reflections from the 410-km and 660-km discontinuities are visible
in global stacks, signals from 220-km discontinuity are also expected. However, reflections
from this discontinuity have been missing or weak on global stacks of long-period seismograms
[30, 31]. Geographic stacking is an approach by which seismic records in geographic caps
within a certain radius (e.g., 10°) are stacked. Based on geographic stacking, Gu et al.
(2001) suggested that Sag0S waves are observed mostly in the continental areas [32] while
other studies reported observations in both continental and oceanic regions [31, 33]. A
recent study by Sun and Zhou (2023) [8] observed the 220-km discontinuity across the global

oceanic regions and proposed that the absence of the S90S wave on many global stacks may
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be caused by large depth perturbations of this discontinuity. The absence of the S90S wave
on global stacks and its presence on some geographic stacks indicate stacking result may

depend on variations of the S90S arrivals across seismograms.

This paper represents a follow-up study of Sun and Zhou (2023) [8, 34] with a focus on
the 220-km discontinuity beneath the continental regions. The observations of the 220-km
discontinuity in the global oceans has been documented in Sun and Zhou (2023) [34]. In this
paper, we will focus on the dataset of the Sy90S waves with reflection points in continental
regions and we will discuss the structure of the 220-km discontinuity at a global scale. Lateral
depth perturbations of the discontinuity will be obtained using finite-frequency tomography;,
and we will discuss the absence of the S550S wave in global stacks based on analysis of

discontinuity topography.

4.2 Data and Methods

We download a total of 54,675 seismograms from the Data Management Center at the In-
corporated Research Institutions for Seismology (IRIS) for earthquakes with magnitudes
between 6.0 and 8.0 that occurred between 2009 and 2020. In this dataset, 32,369 seis-
mograms (59.2%) have S'S wave bounce points in oceanic regions (hereinafter referred as
oceanic data) and 22,306 seismograms (40.8%) have SS reflection points in continental re-
gions (hereinafter referred as continental data). We deconvolve the instrument response
from each seismogram and then rotate the horizontal component seismograms to obtain the
radial and transverse components. The seismograms are bandpass filtered between 10 and
80 mHz. We only analyze transverse (SH) component displacement seismograms in this
study to avoid the contamination of P and SV waves. We first examine the dataset and keep

only seismograms with simple SS waves while excluding those with complicated source time
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functions. SS waves that are significantly different (e.g., in polarity) from the synthetic SS
waves are discarded. We also exclude seismograms with epicentral distances smaller than 80
degrees because SS precursors from different mantle discontinuities are not well separated.
These selection criteria leaves 14,592 out of 54,675 seismograms (~ 26.7%) including 6,506

oceanic data and 8,086 continental data, respectively.

The SS waves with bouncepoints in oceanic regions has been discussed in Sun and Zhou
(2023) [8, 34]. In this followup study, we include data with bouncepoints in the continental
regions and will focus on observations of the 220-km discontinuity at a global scale. A
total of 8,086 high-quality SS waves from 524 earthquake events are recorded on 145 Global
Seismographic Network (GSN) stations (Figure 4.1). The majority of the earthquake events
(396 out of the 524) have focal depths shallower than 75 km. This limits the interference
between sS.S waves and SS precursors. The Sy90S waves are the first precursors following
the S4105 waves. We inspect the SS precursors visually and identify 3,669 clear S90S on the
8,086 seismograms (~ 45.3%). S90S waves are not observed on many seismograms due to
weak source radiation and those heavily contaminated by other seismic phases are also not
used in this study. The dataset shows a fairly uniform distribution of epicentral distances

ranging from 80 to 178 degrees (Figure 4.1).

4.2.1 Identification of Phase Interference Using Finite-Frequency

Sensitivities

So00S precursors are characterized by small amplitudes and may not be the dominant phase
in a measurement window. For shallow earthquakes, the possible interfering phases include
topside reflections (e.g., SgeosS and SgeosSairs) at epicentral distance range ~ 80° - ~ 95°,

Se705¢Sg70S at ~ 120° - ~ 130° and S4105¢S410S at ~ 140° - ~ 160°. At distances greater than
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~ 160°, S90S waves interfere with S¢S reverberations reflected at the 220-km discontinuity.
At distance between 95° and 120° as well as 130° and 140°, S90S waves are separated
well with the above interferences. Depth phases (e.g., 9605 and sS4105) may interfere
with S90S for earthquakes with deep focal depths. To better isolate Sy50S waves from
interference phases, we examine the moveout of each by inspecting both the synthetic and

observed seismograms across a wide epicentral distance range.

The classic stacking approach used in S'S precursor studies works well when observations are
made in a narrower epicentral distance range and earthquakes are shallow such that the SS
precursors are well separated from interfering phases, which would exclude a large amount
of data. In this study, we calculate the finite-frequency traveltime sensitivities to bound-
ary depth perturbations, which take into account complete phase interactions regardless of
earthquake depth and station distance. We examine the finite-frequency sensitivities of Sg90S5
waves to identify phase interference and measurements associated with abnormal sensitivi-
ties are excluded. Due to phase interactions, the abnormal kernels are often extremely small
or large in amplitudes with structures different from what is expected for reflected waves [8].
To reduce the uncertainty of the model, measurements outside two standard deviations are
not used in tomographic inversion. Synthetic seismograms are calculated for 1-D reference
models MREF and PREM based on traveling-wave mode summation [35]. The reference
model MREF is modified from PREM and it includes a sharp discontinuity at 250 km depth

with a 7% velocity increase to represent the base of the asthenosphere.

4.2.2 Finite Frequency Tomography

We measure differential traveltimes between Sg00S waves and SS waves 0t|g,,,s — 0t|ss-

The application of differential traveltime minimizes the uncertainties associated with source

73



origin times and 3-D mantle structure. The traveltime measurements are made for observed
seismograms with respect to the synthetic seismograms calculated in the frequency domain
at 25-second period. The length of the measurement windows for SS and Sy0S waves
ranges from 39 to 128 seconds and from 38 to 90 seconds, respectively. The measurements
0t|sy005 — Ot|ss can be expressed as a two-dimensional integration over the entire global

surface of the 220-km discontinuity, X

| 5p05 (W) — Ot|s5(w) = / /E [K222% (x,w) — K&5(x,w)] dd(x) dZ, (4.1)

where w is the angular frequency and x is the position vector. K52 (x, w) and K5°%(x, w) are
the finite-frequency sensitivities of the S90S and the S.S waves to the depth perturbations
dd(x) of the discontinuity. We parameterize the surface of the discontinuity using a set of
spherical triangular gridpoints. The spherical triangles are 16-fold, with 2562 vertexes and
an average lateral spacing of about 4.3°. The discontinuity depth perturbations within any
spherical triangle can be approximated by linear spatial interpolations through the depth

perturbations at the three vertexes [36].

This discrete inverse problem can be written as

Gm=d (4.2)

where m is the vector of the unknown depth perturbations of the discontinuity. d is the data
vector of differential traveltime delay dt|g,,,5 — 0t|ss. G is the finite-frequency sensitivity

matrix.

This inverse problem is ill-posed because of the insufficient data coverage as well as noise in

the data [37, 38]. We seek an optimal solution that minimizes data misfit:
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|Gm — d|* = minimum (4.3)

The minimization problem leads to:

G'Gm -G'd=0 (4.4)

The above inverse problem is solved based on the singular value decomposition of the matrix

G'G

G'G=UxVv" (4.5)

where, U and V' contain data and model singular vectors u; and wv;, respectively. 3 is a
rectangular diagonal matrix with an upper 2562 x 2562 diagonal matrix (o7 >= 09 >= 03 ...
>= 09562) and a lower zero matrix [39, 40]. Truncated singular value decomposition (TSVD)
is applied to regularize the ill-posed linear least squares problem. In the case of TSVD, we
approximate the matrix with a lower rank matrix G Gy, and the solution could be rewritten

as,

k T~T
m = E T'vi (4.6)

The TSVD solution is not sensitive to the noise in d when the number £ is chosen properly
[41]. The truncation parameter k is determined by studying the trade-offs between the model

norm and data misfit (Figure C.1). The corresponding resolution matrix of the model is:

R=V, V[ (4.7)
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4.3 Results

Strong Sa20.S waves are observed on 3,422 individual transverse-component (SH) seismograms
across the global continental regions, including cratons and tectonically active regions (Figure
4.2). At epicentral distance range between 96° and 119°, Sy90.S waves are separated well from
topside reflections or ScS reverberations. Example traces with clear S90S waves with SS
bounce points in different tectonic settings are plotted in Figure 4.2. The focal depths of
these example data are all less than 35 km so S90S waves are also not interfered by depth

phases.

4.3.1 Finite-frequency Tomography of the Continental 220

SS precursors with bounce points in continental regions are used in finite-frequency to-
mography to map depth perturbations of the 220-km discontinuity. We measure traveltime
delays of the SS waves and S.S precursors with respect to synthetic seismograms computed
for model MREF. The differential traveltimes 0t|s,,,5 — dt|ss are plotted in Figure 4.3. We
apply crustal and mantle corrections to the measurements using global wavespeed models
S40RTS [42] and CRUST 1.0 [43]. The mean travel time measurement after corrections is
~ -5.2 seconds, close to the value ~ -5.1 seconds without corrections (Figure 4.3). Nega-
tive mean traveltime delays indicate that the observed Ss90S waves arrive earlier than the

synthetic S90S waves when SS waves are aligned.

The optimal model for the depth perturbations of the 220-km discontinuity is plotted in
Figure 4.4a and Figure 4.5a, which is determined based on trade-off between model norm
and data misfit (Figure C.1). The resolution of the model is plotted in Figure 4.4b and Figure
4.5c. Large lateral depth perturbations of the 220-km discontinuity can be observed over the

global continents. The average 220-km depth is at ~ 251.7 km while it varies from ~ 235
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km to ~ 267 km (Figure 4.6a). A linear anomaly with shallower 220-km discontinuity can
be found in the interior of the Eurasian plate, roughly in directions following the foothills
of high topography. At the southern border of Eurasian plate where it collides with the
Nubian, Arabian and Indian plates, a shallower 220-km discontinuity is observed stretching
from the Mediterranean regions to southeastern Asia. The discontinuity is shallowest in the
southern Mediterranean sea where subduction is complex. Shallower 220-km anomalies are
also observed along the pacific subduction zones including the Cascadia Subduction Zone,
Peru-Chile Trench and Japan-Kuril Kamchatka Trench. Discontinuity structures in high-
latitude continental areas are best resolved, for example, in eastern Asia and northwest
North America (Figure 4.4b and Figure 4.5¢). Structures in Africa, Australia and South
America are less well resolved because of uneven distribution of seismic events and stations.
Regions close to the south pole in the Antarctic present minimal model resolution due to

limited data coverage.

4.3.2 Global Tomography (Oceans and Continents)

In this section, we present depth perturbations of the 220-km discontinuity from joint inver-
sion of both the continental and oceanic dt|g,,,s — dt|ss measurements. The global dataset
comprises 6,176 measurements, with 3,422 measurements from continental regions and 2,754
measurements from oceanic areas (Figure 4.3). Crustal and mantle corrections have been ap-
plied to both dataset. Trade-off curves (Figure C.1) are used to determine the optimal model
(Figure 4.5b). The resolution of the global inversion is plotted in Figure 4.5d, which is over-
all similar to model resolution from the independent inversion (Figures 4.4b and 4.5¢). The
optimal model from joint inversion using global measurements is also similar to the model
obtained from independent inversion of only using the continental measurements (Figures

4.4a and 4.5a). The structures in independent inversion are overall stronger because more
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"damping” is required to regularize the inversion of the global dataset. The depth of the
220-km discontinuity beneath continental regions ranges from ~ 237 km to ~ 265 km with
average at ~ 251.6 km (Figure 4.6b), similar to the model from independent inversion. Figure
4.7 shows the depth perturbations of the 220-km discontinuity in both oceanic and continen-
tal regions obtained by joint inversion using global S90S traveltime delays. The depth of the
220-km discontinuity beneath global oceans varies between ~ 236 km and ~ 266 km, with
an average depth of 251.0 km, which is about the same as the average depth of continental
220-km discontinuity (251.6 km). The depth models obtained using data without crustal and
mantle corrections shows similar depth structure (Figure 4.8). We calculate depth-averaged
shear wavespeed perturbations in upper mantle using model S40RTS and find there is no
clear correlation between wavespeed anomalies and the 220-km depth perturbations (Figure

4.9).

4.3.3 59905 Amplitude Measurements

To constrain the velocity contrast across the discontinuity, we measure the amplitudes of the
S920.S waves following the same measurement approach as in by Sun and Zhou (2023) [8]. The
amplitudes of SS precursors, including S90S, S4105 and SggoS are all measured in frequency
domain. We calculate the minimum amplitude ratio v = minimum|log(Asg; ,ps/A84105)s
log(As,aps/Asess)] to model the velocity contrast across the 220. There is no obvious dif-
ference between the amplitudes of S90S waves beneath the continental and oceanic regions,
which both show average values close to 0 (Figure 4.10a), indicating that the amplitude of
the S5905' is about the same as the amplitude of the S4105 and SggoS. The mean amplitudes
of the synthetic S90S waves calculated for model MREF are also close to 0 for both continen-
tal and oceanic data (Figure 4.10b), indicating the observed Ss20.S waves could be explained

by a ~7% velocity increase in model MREF. PREM synthetics underestimates the velocity
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increase across the 220-km discontinuity because the mean amplitudes of PREM synthetics

in oceans and continents are both at ~ -0.2 (Figure 4.10c).

4.4 Discussions

4.4.1 Global Presence of the 220-km Discontinuity

SS precursors from the 220-km discontinuity is observed across the globe in both continental
and oceanic regions. This interface has a large lateral depth variations with a range from
235 km to 267 km. The average depth of the 220-km discontinuity is about 250 km beneath
both continents and oceans. This is roughly consistent with a recent global receiver function
study which proposed that a discontinuity with a positive velocity gradient exist in broad

regions with a center depth of ~ 260 km globally [44].

Large depth perturbations of the 220-km interface have been observed in many global and
regional studies, including SS precursors studies in both continents and oceans [23, 28, 45].
Regional SS precursor stacks in eastern Asia reveal a 220-km interface at depths 250-260 km
in eastern Asia [46]. Analysis of regional receiver functions have also suggested the presence
of the 220-km boundary at a depth of 240 km in central Fennoscandia [19] and a depth range
of 200 ~ 300 km in Europe, North America and Australia [23, 47, 48, 49, 50].

Deeper reflectors at depth between 250 and 350 km are sometimes referred as the X disconti-
nuity and they have been observed in different tectonic settings [23, 45, 51, 52, 53, 54, 55, 56],
though we do not observe reflectors deeper than 270 km in this study. Seismic reflec-
tors at this depth range are often associated with a wide range 2%-8% of velocity increase
(33, 45, 53, 54, 55], and with a larger velocity change in continental regions than the oceanic

regions [33, 45]. The large variations in velocity increase may reflect a strong topography of
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this discontinuity, which reduces the amplitudes of the waves in stacking.

The 220-km discontinuity is shallower in the western US and becomes deeper in the central
US. This is consistent with the study of Calo et al. (2016) [25] in which an increase in the
220-km depth was observed from the western side of the Rocky mountain towards the more
stable cratons to the east [25]. The 220-km depth is proposed to reside deepest beneath
the western Australian craton and turn shallower beneath Phanerozoic orogenic zones [23].
However, in Australia, the 220 is deeper in the eastern tectonically active regions in this
study. There is no clear correlation between the average wavespeed in the mantle and the
depth of the 220 (Figure 4.9). This observation indicates mantle temperature at the depth
of 250 km is about the same regardless of tectonic settings and secular cooling has minimum

impact on the base of the asthenosphere in continental regions.

4.4.2 Correlation between the 220-km Discontinuity and Surface

Tectonics

The Pacific subduction zone and the southern boundary of the Eurasian plate present the
most prominent structures of gravity, topography and wavespeed anomalies on the earth
(Figure 4.4). Strong, continuous shallow 220-km discontinuity anomalies aligned approxi-
mately in a West-East direction are observed along the southern edge of the Eurasian plate,
extending from the Mediterranean regions to southeastern Asia, indicating a connection be-
tween the asthenospheric dynamics and the collision of Nubian, Arabian and Indian plates to
Eurasian plate. Linear structures of the 220-km depth perturbations roughly following the
circum-Pacific subduction zone can also be observed in the western North America, South
America. This observation indicates subduction at the convergent boundaries may have a

major impact on the asthenospheric dynamics. Shallower 220-km discontinuity anomalies
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are observed along the foothills of high topography and strong gravity anomalies in the in-
terior of the Eurasian plate might result from the far-field effect of the continent-continent
collision at the southern border of the Eurasian plate because the India-Asia collision has
been suggested to deform the regions over large distances, from the Himalayan Orogen to

Baikal rift zone in southeast Siberia [57, 58, 59, 60].

4.4.3 The Absence of S5(S on Global Stacks

Many previous studies have reported that Sss0S waves are absent on global S'S wave stacks
(e.g., [30, 31]). To investigate limitations in stacking, we stack 6,176 seismograms in our
global dataset in every 10° epicentral distance intervals. To reduce interference with depth
phases, we restrict our dataset to shallow earthquake events with focal depths less than 75
km. The first step is to align the SS waves using a cross-correlation method for both observed
and synthetic seismograms. The polarities are reversed whenever necessary. Seismograms
with S.S bounce points in oceanic and continental regions are stacked separately. The stack-
ing result is plotted in Figure 4.11. Strong precursors SgeoS, S4109, S2205 are observed on
both the oceanic and continental stacks of synthetic seismograms. However, unlike the tran-
sition zone S4105 and SgepS phases, we do not observe strong S00S waves on most of the
stacks of observed seismograms. This suggests that lateral depth variations of the 220-km
discontinuity are much larger which leads to destructive interference of the Ss50S waves in

stacking [8, 28, 32].

However, S90S waves have been reported on some geographic stacks in previous studies
which are obtained by stacking seismograms with SS bounce points in small geographic
regions (e.g., [33, 45]). If lateral depth variations of the 220-km discontinuity is small, it is

possible to produce coherent S50S waves on the geographic stacks. We stack seismograms
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in 10° radius in different geographic locations. The observed arrivals of S90S, S4105 and
See0S are individually corrected to a reference epicentral distance of 120° using travel time
tables calculated for model MREF. Seismograms with S.S bounce points within a 10° circle
distance around each of 2562 grid points are included to build the stacks. A minimum
of 30 seismograms is required to build a stack at a particular grid point. Due to limited
seismograms in this dataset, the geographic stacking does not have a good global coverage.
Example stacking in Figures 4.12 and 4.13 show that S90S waves could be observed on
stacks in regions where the standard deviations of the 220-km discontinuity depth are small
(Figure 4.12). On the other hand, Sy90S waves are weak to absent on the stacks in regions in
the northwestern Pacific where large 220-km depth variations are observed (Figure 4.13). We
should point out that the correlation between the standard deviation of the 220-km depth
perturbations and clear Sy90S waves on stacked seismograms is not expected to be perfect
because we have limited resolution. In addition, factors other than depth perturbations, for
example, data quality, number of data points, will also affect the Sy505 stacks. However, we
observe a general correlation that can explain the absence of the S90S in some regions, for

example, the Northwestern pacific.

4.5 Conclusions

In this study, we observe clear SS precursors reflected off the 220-km discontinuity across
the continents around the globe, including tectonically active regions, stable cratons and
subduction zones. Finite-frequency tomography of SS precursors shows that the 220-km
discontinuity varies between 235 km and 267 km with an average depth of about 250 km.
The amplitudes can be explained by a velocity increase of ~ 7% across the interface. The

continental 220-km discontinuity is comparable to the oceanic 220-km discontinuity interface
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in their average depth, lateral variation and velocity change across the boundary, and this
observation indicates a common mechanism of asthenosphere beneath the continents and
oceans. In continental regions, the 220-km depth anomalies are observed along convergent
plate boundaries as well as within the plate interior. For instance, West-East striking 220-km
depth anomalies are observed along the convergent plate boundaries between the Eurasian
and Indian-Arabian-Nubian plates. Depth anomalies are also observed in the Western North
America, Eastern Asia and South America, parallel to the Pacific subduction zone. The
formation of these anomalies might be closely related to the mantle processes associated
with the continent-continent collision and subduction. Depth anomalies are also observed in
the interior of Eurasian plate, roughly following the foothills of high topography and strong
gravity anomaly, which might be a result of far-field dynamics associated with continent-
continent collision at the southern border of the Eurasian plate. We show that reflections
from the 220-km discontinuity are absent on the global stacks, which can be explained by
large variations of the 220-km discontinuity depth. For example, S90S waves are absent
on geographical stacks in regions with large variations in discontinuity depth while they
become clear signals on the stacks in areas with small lateral depth perturbations. There is
no apparent connection between mantle wavespeed perturbations and the depth of the 220,

indicating that secular cooling has a minimum impact on the base of the asthenosphere.

83



(a) earthquakes (b) stations
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Figure 4.1: (a) distribution of 524 earthquakes used in the global dataset, with strong SS
waves observed on 8,087 seismograms. The bouncepoints of the SS waves are all located
in continental regions. The 487 red stars are events from which clear S90S waves are
observed and the 37 blue stars are events from which no clear S90S waves are observed. (b)
distribution of 145 GSN stations where clear S.S waves are observed, with S90S waves also
observed on 142 of the stations (red triangles). (c) gray histograms are the focal depths of
all 524 earthquake events. Black histograms are focal depths of the 487 events with clear
S920.S waves. (d) epicentral distances of the corresponding earthquakes in (c).
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(a) bounce points (SS precursors) (b) example ray paths
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Figure 4.2: (a) bouncepoints of the S90S waves in the global continental dataset, plotted
on top of their ray paths (grey lines). The dataset provides a good coverage across all
continental regions. (b) bounce points and geographic ray paths of 16 example seismograms
plotted in (c). (c) example transverse-component seismograms with clear SsS phases
including data (black) and synthetics calculated in reference 1-D models MREF (red) and
PREM (blue). The velocity jumps across the 220-km discontinuity in MREF and PREM are
7% and 5%, respectively. SS waves have been aligned and some of the polarities are reversed
for illustration only. The Sy10S5 and SggoS waves arrivals are also labeled. The seismograms
have been band-pass filtered between 10 and 80 mHz. The earthquake event date, station
name, focal depth and epicentral distance are denoted on each set of seismograms. The
epicentral distances of these example seismograms range between 96° and 119° and the focal
depths are all shallower than 35 km. Theoretically, Sy50S waves are not interfered by other
phases including topside reflections (e.g., See05S and SgeosSaiff), ScS reverberations (e.g.,
Se705¢S6705 and Sy105¢S4105) as well as depth phases (s5S5 waves).
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(b) Traveltime measurements
(a) S wave speed
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Figure 4.3: (a) S-wave speed in model MREF (solid black line) and model PREM (dashed
black line). The velocity increase across the 220-km discontinuity in model PREM is 5%.
Model MREF is revised from model PREM and it incorporates two discontinuities at 130
km and 250 km depths, to represent the lithosphere asthenosphere boundary (LAB) and
the 220-km discontinuity, respectively, with the velocity contrasts of 12% and 7%. (b)
0t|5y005 — Ot|ss traveltime measurements after crustal and mantle corrections. The global
dataset includes 3,422 measurements with S.S wave bouncepoints located in the global conti-
nental regions (black outlines) as well as 2,754 measurements with bouncepoints in the global
oceanic regions from the study of Sun & Zhou (in submission). (c) histograms of traveltime
measurements including the 3,422 continental measurements (red filling) and 2,754 oceanic
data (black, dashed outlines). (d) same as (c) but for traveltimes without crustal and man-
tle corrections. The mean traveltime of the continental 6t|s,,,s — 0t|ss measurements after
and before corrections are -5.2 seconds and -5.1 seconds, respectively. The mean oceanic
measurements after and before corrections are -4.5 seconds and -5.3 seconds.
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(a) depth perturbation (b) model resolution
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Figure 4.4: (a) depth perturbations of the 220-km discontinuity obtained from finite-
frequency inversion of the continental data (Fig. 3). The resolution of the model is plotted
in (b). (c) and (d) are shear wavespeed perturbations from model S40RTS at 200 km and
250 km depths, respectively. (e) and (f) are gravity anomalies [61] and topography [62] in
continental regions, respectively.
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(a) depth perturbation (continental) (b) depth perturbation (global)
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Figure 4.5: Depth perturbations of the 220-km discontinuity in continental regions obtained
from finite-frequency inversion using only the continental data in (a) and joint inversion of
both oceanic and continental data in (b). Only structures in the continental regions are
plotted for comparison. (c¢) and (d) are the model resolutions of (a) and (b), respectively.
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(a) independent inversion (b) global inversion
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Figure 4.6: (a) histograms of the 220-km discontinuity depth in continental (red filling) and
oceanic regions (dashed, black outlines). The 220-km discontinuity depth in continental
and oceanic regions are inverted independently. (b) same as (a) but for depths from joint
global inversion of both the oceanic and continental data. The average continental 220-km
discontinuity depth is about 251 km, which is close to the average depth of the oceanic
220-km discontinuity in both independent and joint inversions.
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(a) oceanic 220-km discontinuity (b) continental 220-km discontinuity
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Figure 4.7: (a) and (b) are the 220-km discontinuity depth perturbations in oceanic and
continental regions, respectively, obtained from joint inversion of both the continental and
the oceanic data.
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(a) Traveltime (no corrections)
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Figure 4.8: (a) is same as Fig. 3b but for dt|g,,,s — 0t|ss traveltimes without crustal
and mantle corrections. (b) same as Fig. 7, but for depth perturbation of the 220-km

discontinuity without corrections.
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(a) Vs - depth (after corrections) (b) Vs - mean depth (after corrections)
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Figure 4.9: (No) correlation between S wavespeed perturbations and the 220-
km discontinuity depth perturbations. (a) (weak) correlation between S wavespeed
perturbations and the 220-km depth perturbations. The average S-wave speed perturbations
are calculated from model S40RTS, averaged between perturbations in the upper mantle from
100 to 300 km depth. (b) same as (a) but for the mean discontinuity depth perturbations
averaged over regions with the same S-wave speed perturbations. (c) and (d) are same as
(a) and (b) but for the 220-km discontinuity depth perturbations obtained without crustal
and mantle wavespeed corrections. There is no apparent correlations between S wavespeed
perturbations in the upper mantle and the depths of the 220-km discontinuity.
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(a) Amplitudes (Data)

(b) Amplitudes (MREF)

(c) Amplitudes (PREM)
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Figure 4.10: Amplitude measurements of SyS waves. Panel (a), amplitude mea-
surements vy = minimum [log(As, ,5/A45405), 108(As; x5/ Asess)] Plotted in mapview (top)
and histogram (bottom), respectively. In the top mapview, amplitude measurements of the
continental data are plotted with black outlines while the oceanic measurements are plotted
with gray outlines. In the bottom histograms, amplitude measurements of the continental
data are plotted in red while the oceanic data are plotted as back, dashed lines. (b) and (c)
are same as (a) but for synthetic SS precursors in model MREF and PREM, respectively.
The mean amplitudes of the observed S520S waves in (a) are close to the MREF synthetics
in (b) while PREM synthetics underpredict the amplitudes of the observed Say0S waves.
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(a) Continental stacks
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Figure 4.11: (a) stacks of observed (left) and synthetic (right) seismograms with SS bounce
points in continental regions. The synthetic seismograms are calculated in model MREF.
Seismograms in every 10-degree epicentral distance intervals in the global dataset are in-
cluded to build the stacks. The bottom panel is the same but for the stacks using oceanic
data. Unlike the S4105 and the SggoS waves, the S90S phase is weak or absent on the
majority of the global stacks.
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(a) Geographical stacks
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Figure 4.12: Example regional stacks in which strong Sa90S waves are observed on the stacked
seismograms. Panel (a) shows example geographic stacks at grid points shown in (b) where
standard deviations of the 220-km discontinuity depth are small. Observed and synthetic
seismograms within a 10° circle distance around each grid points have been used to calculate
the observed (left) and synthetic (right) stacks, respectively. (b) shows the location of the
grid points plotted on top of the standard deviations of the 220-km discontinuity depths
obtained from finite frequency tomography.
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Figure 4.13: Similar to Figure 10, but for weak stacks in regions where large 220-km depth
variations are observed. Panel (a) shows example stacks of observed and synthetic seismo-
grams, respectively. (b) locations of the grid points where stacks are calculated. These grid
points are located in regions with large lateral depth variations in the 220-km discontinuity.
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Supplementary Figures Used in
Chapter 2

This chapter contains 15 supplementary figures used in Chapter 2.
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Figure A.1: (a) and (b) are distributions of the 543 earthquakes and 151 GSN stations used
in this study. (c) and (d) are distributions of the 395 earthquakes and 144 GSN stations in
the subset in which large SpapS waves were observed. (e) and (f) are histograms of the focal
depths and epicentral distances of the same subset.
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Figure A.2: Example SS seismograms with simple source time functions recorded at a GSN
station DWPF' (https://doi.org/10.7914/SN/IU) for earthquakes with different magnitudes
ranging from 6.5 to 7.9. The event magnitude, date/time, depth and epicentral distance are
denoted. The SS waves have been aligned with polarities corrected for better illustration.
The dataset used in this study includes 6,143 high-quality SS seismograms with bounce
points in oceanic regions.
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Figure A.3: (a) and (b) are example seismograms with SS waves significantly different from
the synthetics. S\S precursors on those seismograms are not used in this study. (c¢) example
seismograms with noisy S.S waves and precursors, S\S precursors on those seismograms are
not used in this study. (d) example seismograms with clear SS precursors but weak (or
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absent) SpapS waves, their bounce points are plotted in Figure 2.2.
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Figure A.4: 1-D reference earth models used in this study: PREM, Models I, II, III and IV.
(a) S-wave speed profiles. The velocity contrast across the LAB is 12.5% in Model I, 6%
in Model IT and 11% in Model III. (b) density profiles of the models. The density is scaled
with velocity in the uppermost 250 km in Models I-IV | with a scaling parameter of ~0.77,
similar to that in PREM, which varies between 0.75 and 0.78. (c¢) Seismic Q profiles of the
models. () = 80 in Model I at depths between 130 and 250 km and ) = 20 in Model IV at
those depths. PREM (@ values are plotted as the dashed line for reference.
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Figure A.5: (a) example seismograms with (top) and without (bottom) an interfering depth
phase. The measurement windows (shaded) are centered at the expected arrival of the Sgs0S
waves. The epicentral distance is 96° and the depths of the earthquakes are denoted on each
seismogram. The SS waves have been aligned and a strong depth phase sSS arrives after
the main SS wave for the deep earthquake (depth=160 km). The precursor of the depth
phase 554105 arrives about the same time as the the SS precursor Si90S. The calculated
sensitivity kernel is abnormal when there is s5,05 interference — the sensitivity is about
10 times smaller than values expected for an S90S wave. This is because the $54105 wave
is not reflected at the 220-km discontinuity and therefore it has no sensitivity to depth
perturbations of the 220-km discontinuity at the bounce point.
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Figure A.6: Example traveltime sensitivity kernels with (top) and without (bottom) phase
interference. (a) and (c) are synthetic seismograms with measurement windows (shaded)
centered at the expected arrival of the SpapS waves, and (b) and (d) are the corresponding
traveltime sensitivity kernels. (c¢) and (d) are the same as in Figure 2.4 (a) and (b). The in-
terferences between the SpapS and sScS coda waves (shallow multiples) in the measurement
window in (a) result in a polarity change in the traveltime sensitivity in (b). The sensitivity

kernels are always associated with measurement time windows not any particular seismic

phases, and the kernels are used to identify possible phase interferences in measurement

windows.
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Figure A.7: (a) histogram of amplitude ratios between the observed and the synthetic SS
waves for the entire dataset (6143 seismograms). (b) the same as (a) but for the subset
(1380 seismograms) in which anomalously large SpapS were observed. The distribution of
the SS amplitude measurements is very similar in (a) and (b), indicating that the observed
large amplitudes of the SpapS waves in the subset are not a result of focusing caused by
mantle heterogeneities because the focusing effects (anomalously large amplitudes) are not
observed on the SS waves which travel through the same regions in the mantle sampled by
the SpapS waves.
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time—domain log(amplitude)

Figure A.8: Scatter plots of the LAB amplitude measurements made in the frequency do-
main versus those obtained in the time domain using envelope functions of the observed
seismograms. (b) is the same as (a) but for measurements made on synthetic seismograms
calculated for Model I. It is worth noting that the frequency-domain measurements are made
at a period of 25 seconds while the envelope functions include much broader frequency con-
tent. In this paper, we focus on measurements at a period of 25 seconds, and the envelope
function results are plotted for reference only. The 45° line with a slope of 1.0 is also plotted
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for reference only, it is not expected to be the best fitting line for the scatter plots.
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Figure A.9: The same as Figure

crustal and mantle corrections.

(b) LAB traveltime (no correction)
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2.7 but for traveltime measurements made without 3-D
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Figure A.10: The same as Figure 2.8 but for depths of the LAB and the 220-km discontinuity
obtained using traveltime measurements without 3-D crust and mantle corrections.
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Figure A.11: The same as Figure 2.9 but for depths of the LAB and the 220-km discontinuity
obtained using traveltime measurements without 3-D crust and mantle corrections.
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Figure A.12: (a), example radial-component seismograms with large-amplitude SS precur-
sors. The corresponding geographic ray paths are plotted in (b).
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(b) Model 1 (c) 5-km gradient zone
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Figure A.13: (a) velocity models with a 12.5% of velocity change across the LAB at a
depth of 130 km over a first-order discontinuity (Model I) as well as a gradient zone of
5 km, 10 km and 20 km. (b), (c¢), (d) and (e) are the corresponding histograms of the
amplitude measurements y= minimum [log (As, 55 /Asues); 108(As ans /Ases)] made
on the synthetic seismograms calculated for the four reference models as in Figure 2.6. The
SpapS amplitudes become smaller when the velocity change occurs over a gradient zone.
The average amplitude difference between a first-order discontinuity and a 5-km gradient
zone for this dataset is about 2%, and it is about 6% if the velocity change occurs over a
10-km gradient zone. For a gradient zone over a depth range of 20 km, the mean SpapS
amplitude is about 17% smaller than that for a first-order discontinuity, and the overall
amplitude distribution also becomes significantly different. The calculations suggest that a
12.5% velocity change over a gradient zone of 5 km or less can explain the observed amplitude
data in Figure 2.6.
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Figure A.14: (a) standard deviation at different length scales calculated for the LAB depths
obtained in this study. The LAB depths are plotted in histogram and mapview in Figure 2.8
(a) and (b). The average standard deviations of the LAB depth are calculated for moving
square cells over the global surface, plotted as a function of the length of the cell. The center
of the cell moves at a one degree interval in latitude and longitude directions. Only cells that
contain more than 30 data points are used in the calculation. (b) same as (a) but calculated

for moving cells that are not overlapping.

120

standard deviation (km)

20

3
L

>
L

=
!

5}
L

© L Po0000E000PPOC000EE000600000C0000

‘ ‘ ‘ ‘ ‘
1000 2000 3000 4000 5000
length scale (km)




2012-11-11-01-12, DWPF, 14 km, 129.1°
660 410 220

2013-07-21-05-09, FURI, 18 km, 129.1°
660 410 220

2013-08-16-02-31, ASCN, 9 km, 130.0°
660 410 220

2015-11-04-03-44, KOWA, 20 km, 129.6°
660 410 220

2016-04-15-16-25, BCIP, 10 km, 129.1°
660 410 220

2017-07-11-07-00, BRVK, 10 km, 129.1°
660 410 220

2019-01-22-19-01, TIXI, 14 km, 129.2°
410 220

2019-08-27-23-55, JOHN, 16 km, 129.0°

2020-03-31-23-52, MBWA, 13 km, 129.4°
660 410 220

Stack (Top 7)
660

Stack (All 10)
660

0 50 100 150 200 250
seconds

Figure A.15: A simple example illustrating the concept the large amplitudes of SS precursors
may not be picked up in stacking results when large variations in SS precursor amplitudes
and arrival times are present. The black seismograms are observed data with close epicentral
distances between 129° and 130°. In a 1-D earth model, the SS precursors arrive at about
the same time when the SS waves are aligned (with arrival time differences less than 0.2
seconds). We align the SS waves and produce a stack using only the top seven seismograms
(blue) and a second stack using all ten seismograms (red). The SS precursors on the two

stacked seismograms are significantly different.
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Appendix B

Supplementary Figures Used in
Chapter 3

This chapter contains 13 supplementary figures used in Chapter 3.
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(a) All data (b) Data with good SS
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Figure B.1: (a) distribution of the bouncepoints of all 32,369 sets of S.S data (orange dots)
in the global oceans. Seafloor age countours are plotted in dash, black lines at 10, 50, 90,
130 and 170 Ma. (b) distribution of 6506 sets of data (orange dots) with good S.S waves. (c)
distribution of 2754 sets of data (orange dots) with good Sae0S waves plotted on top of the
traveling paths (grey lines), same with Figure 3.1(a). The data set has a good coverage on
all oceanic regions. (d) distribution of 459 earthquakes (gray stars) and 144 stations (orange
triangles) for the 2754 sets of good Si90S data used in this study.
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(a) S wave speed (b) density (c) attenuation
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Figure B.2: 1-D reference earth model MOCE used in this study. (a), S-wave
speed profiles in model MOCE (solid black line) and model PREM (dotted black line). The
velocity contrasts across the 220-km discontinuity and the LAB are 7% and 12%, respectively,
in model MOCE. (b), density profiles of model MOCE and model PREM. (c), seismic Q
profiles of model MOCE and model PREM.
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(a) Traveltime (MOCE) (b) Histogram (MOCE)
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Figure B.3: (a) and (b), similar to Figure 3.2b and 3.2c, respectively, but are dt|g,,,s — dt|ss
traveltimes of the 2754 data calculated for model MOCE before crustal and mantle wavespeed
corrections plotted in mapview and histogram. (c) and (d), similar to Figure 3.2d and 3.2e,
respectively, but are 0t|g,,,s — 0t|ss traveltimes of the 2754 data calculated for model PREM
before crustal and mantle corrections. (e), similar to Figure 3.4a, but is 220-km depth before
crustal and mantle corrections. (f), similar to Figure 3.5a, but is 220-km roughness before
crustal and mantle wavespeed corrections.
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(a) Example measurement of 220-km wave

(b) FF kernel
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Figure B.4: a, example traveltime measurement of t|g,,,s—0t|ss and the S.S waves have been
aligned. The shaded area indicates the measurement window of dt|g,,,5 —dt|ss. The observed
seismogram was recorded at a GSN station CPUP (https://doi.org/10.7914/SN/GT) for a
magnitude 6.8 earthquake in Japan in October 2009. The seismograms have been band-pass
filtered between 10 and 80 mHz. The seismic event data/time, station, depth and epicentral
distance is denoted above. b, finite-frequency traveltime boundary sensitivity kernel for the
shaded measurement window in a.
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(a) trade-off curve
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Figure B.5: (a), trade-off curve of TSVD solution to the inverse problem Ax = b truncated

to varying parameters k. The horizontal axis is
The optimal Model A plotted in (b) is obtained

||| and the vertical axis is || AT Az — ATb||.
by using truncation parameter of 500, which

is indicated by the star. TSVD solutions truncated to 100, 300, 700 and 900 are denoted by
the black dots from left to right on the curve. Models truncated to 300 and 700 are labelled
as Models B (c) and C (d), respectively. Insufficient eigenvectors are used in Model B which
could not fully recover the 220-km depth structure, while excess eigenvectors are used in
Model C which contains additional noise. Model A calculated using 500 eigenvectors best
represents the depth structure of the 220-km discontinuity in the global oceans.
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Figure B.6: Correlation of 220-km depth filtered at different length scales with
respect to seafloor spreading rate and seafloor age. In top row, the left figure shows
the 220-km depth filtered at degrees of 0-5. The middle figure, similar to Figure 4.4e, is the
scatter plot of 220-km depth with respect to the seafloor spreading rate in all oceans (Pacific
Ocean in orange, Atlantic Ocean in red and Indian Ocean in purple). Mean 220-km depth
is plotted on the top in gray dots with one standard deviation. The right figure, similar to
Figure 4.4f, is the scatter plot of 220-km depth and mean 220-km depth against the seafloor
age in all oceans. The second, third and fourth rows are the same but for 220-km depth
filtered at degrees of 0-15, 0-30 and 0-40, respectively. The 220-km depth at all length scales

5‘0 160 1%0
seafloor age (Ma)

remains roughly constant at different seafloor spreading rates and seafloor ages.
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(a) 220-km depth
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Figure B.7: (a), 220-km depth model in global oceans. (b), resolution of the 220-km depth
model (a). The 220-km depth is well recovered in regions where the resolution is large. (c),
220-km depth model with resolution > 0.1. (c), 220-km depth model with resolution > 0.25.
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(a) Atlantic roughness (b) Atlantic spreading rates
(rate <= 40 mm/year & resolution > 0.1) (rate <= 40 mm/year & resolution > 0.1)
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Figure B.8: (a), 220-km roughness in the Atlantic Ocean with spreading rate <= 40 mm/year
and resolution > 0.1. (b) spreading rate <= 40 mm/year in the Atlantic Ocean with res-
olution > 0.1. There is a strong correlation between the 220-km roughness and spreading
rate in the Atlantic Ocean. Specifically, roughness is generally small in North Atlantic where
spreading rate is slow in general. In the middle Atlantic, roughness becomes large and the
spreading rate turns fast.
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Figure B.9: Correlation between 220-km roughness

0
0 50 100 150 200

spreading rate (mm/year)

filtered at different length

scales and seafloor spreading rate. In top row, the left figure shows the 220-km roughness
filtered at degrees of 0-5. The middle figure is the scatter plot of maximum 220-km roughness
with respect to the seafloor spreading rate in 5° x 5° degree cells in all oceans (Pacific Ocean
in orange, Atlantic Ocean in red and Indian Ocean in purple), similar to Figure 5.5c. The
right figure presents the scatter plot of mean (maximum) 220-km roughness against the
seafloor spreading rate, similar to Figure 5.5d. The second, third, and fourth rows are the
same but for 220-km roughness filtered at degrees of 0-15, 0-30 and 0-40, respectively. The
positive correlation between 220-km roughness and seafloor spreading rate holds at different

length scales. 131



(a) spreading rate
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Figure B.10: Correlation between seafloor spreading rate and seafloor age. (a),
seafloor spreading rate in oceanic regions with large resolution (> 0.25). (b), seafloor age
in oceanic regions with large resolution (> 0.25). (c) and (d), scatter plot of maximum and
mean (maximum) seafloor spreading rate with respect to the seafloor age in 5° x 5° degree
cells in global oceans. The mean (maximum) seafloor spreading rate is obtained by averaging
the maximum seafloor spreading rate at seafloor age ranges of every 10 Ma. The seafloor
spreading rate generally remains constant at different seafloor ages except at 120 - 150 Ma
at which there are abnormally fast rates. This sharp increase in rate may reflect potential

timescale miscalibration.
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(a) Observed (b) Synthetic
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Figure B.11: Stacking of observed seismograms shows weak 220-km signal. a
and b, example observed and synthetic seismograms with epicentral distance of 124-125
degrees. The synthetic seismograms are calculated in the reference model MOCE. The event
date/time, station and depth are denoted above. 10 observed seismograms where clear
220-km waves can be observed in a. But they present large variations in arrival time and
polarities. The corresponding synthetic seismograms calculated using Model MOCE are
in b. ¢, stacking result of the observed seismograms in a (top, red seismogram) and the
synthetic seismograms in b (bottom, black seismogram). The main SS waves are aligned
and the polarities are corrected to be the same.The arrivals of SS precursors are labeled.
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(a) Seismograms (80-120°) (b) Seismogram (115°)
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Figure B.12: Example traveltime sensitivity kernels of S90S with and without phase inter-
ference of SggosS. (a) SS wavefield at epicentral distance 80° - 120° for a earthquake event
source of 0 km. The SS waves are aligned. The arrivals of the SS precursors SggoS, Ss105
and Sg90S as well as two large-amplitude phases S410sS and S660sS are labeled. S660sS
wave strongly interfere with Sag0S when epicentral distance is smaller than ~ 90°. (b) and
(c) are the zoom in views of the seismogram at 115° and 82°, respectively , from (a). The
kernel measurement windows (shaded) are centered at the expected arrival of the SgpS
waves. There is no phase interference for S90S wave at epicentral distance of 115° while a
strong S660sS wave arrives about the same time as the S90S wave at 82°. As a result, the
calculated sensitivity kernel values under the impact of S660sS wave for 82° (e) are abnormal
which are an order of magnitude smaller than that for 115° (d). The strong S660sS wave
is dominating in the expected arrival time window of S390S. This phase is not reflected at
the 220-km discontinuity and therefore it has no sensitivity to depth perturbations of the
220-km discontinuity at the reflection point.
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(a) Amplitudes (Data)
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Figure B.13: Amplitude measurements of Sy 455 waves. Similar to Figure 3.3, but for
the amplitude measurements of 1021 sets of Sy 4S5 waves in data, model MOCE and model
PREM calculated as y= minimum [log (Ag, x5 /Asi0s), 108(As ans /Aseos)] plotted in
mapviews and histograms.
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Appendix C

Supplementary Figures Used in
Chapter 4

This chapter contains 1 supplementary figures used in Chapter 4.
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(a) trade-off (continental) (b) trade-off (global)
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Figure C.1: (a) trade-off curve of finite-frequency tomography using continental SsyS mea-
surements only. The horizontal axis is model norm ||m|| and the vertical axis is data misfit
|IGTGm — G*d||. Dots are models obtained using different regularization parameter N
and the red star denotes the optimal solution. (b) trade-off curve of finite-frequency global
tomography using both the continental and oceanic S90S measurements.
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