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Abstract

In this thesis, we developed a generalized Radon transform of SS precursors for large-scale,
high-resolution seismo-stratigraphy of the upper mantle transition zone. The generalized Radon
transform (GRT) is based on the single scattering approximation and maps singularities (reflections) in
broad-band data into singularities (reflectors/scatters) in the medium. It is able to detect and characterize
mantle discontinuities at a lateral resolution of several hundred kilometers. Synthetic tests with realistic
source—-receiver distributions demonstrate that the GRT is able to detect and image deep mantle
interfaces at correct depths, even in the presence of noise, depth phases, phase conversions, and
multiples generated by reverberation within the transition zone. We apply the GRT to ~1,600,000
broadband seismograms to delineate transition zone interfaces beneath distinct tectonic units, including
a cross-section in the northwest Pacific Ocean that is far away from known down- and up-wellings, the
volcanic islands of Hawaii, and the northwest Pacific subduction system. We account for smooth 3D
mantle heterogeneity using first-order perturbation theory and independently derived global
tomography models. Through integration with mineral physics data, the GRT seismic sections can put
important constraints on the mantle temperature and mineralogy of the transition zone.

Our GRT imaging results beneath the Central Pacific (including the Hawaii hotspot) reveal a more
complicated mantle convection picture than a thin narrow vertical mantle "plume" passing through the
transition zone. We found an 800- to 2000-kilometer-wide thermal anomaly (with a maximum
temperature increase of ~300 to 400 kelvin) deep in the transition zone west of Hawaii, by explaining
the 410 and 660 km discontinuity topographies with olivine and garnet transitions in a pyrolitic mantle.
According to our geodynamical modeling study of mantle upwellings, this might suggest that the hot
materials feeding the Hawaii volcanoes do not rise from the lower mantle directly through a narrow
vertical plume but may accumulate near the base of the transition zone before being entrained in flow
toward Hawaii. In the GRT images of the subduction system, we found a deepened 660 km
discontinuity in the slab that penetrates directly into the lower mantle according to tomography results.
In another cross-section, where tomography results show that the slab is stagnant above the top of the
lower mantle, we found broadening of the 660 km discontinuity signals at both edges of the slab. No
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corresponding uplift of the 410 km discontinuity is found. However, deepening of the 410 km
discontinuity is observed beneath the continental side of the subduction system in both cross-sections,
indicating hot anomalies at 410 km depth at the continental side if only the thermal effect is playing a
role.

Thesis Supervisor: Robert D. van der Hilst
Title: Schlumberger Professor of Earth and Planetary Sciences

Thesis Co-Supervisor: Maarten V. de Hoop
Title: Professor, Purdue University
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depth (periods 20-80 s). Traces are normalized so that signal strength cannot be compared
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Figure 2-12. Left: Stacks of SS precursors for three locations along section shown in Figure 8 (A.
pers. comm. 2007). Data (T=10-50 s) are stacked over spherical caps with radius of 10° and
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Figure 3-2. Seismic section (E-W) across Hawaii (see Figure 3-3 for section location). Left: seismic
image superimposed on tomographically inferred wavespeed variations (/3). Right: blow up
of image between 370 and 760 km depth, along with interpretation of 470 (dashed green
520 (blue), and 660 (red) discontinuities. The depth profiles are corrected for 3D mantle
heterogeneity (from tomography) and for the depth to the ocean floor where SS reflections
occur. Inverse scattering does not assume contiguous reflectors (Appendix 3.2), but
alignment suggests lateral continuity. Interfaces appear as a pulse with sidelobes, the width
which depends on frequency of the data and the angle at which image points are sampled
Horizontal resolution (which depends on illumination) is estimated to be of the order of a
100 km in the center of the study region (degrading to ~500 km towards the southwest owing
to reduced sampling). I, II, and III mark regions discussed in the main text. The image
gathers at 190°E and 200°E (highlighted in section on the right) are discussed in (Appendix
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Figure 3-3. Discontinuity depths, transition zone thickness, and depth correlations in the study region.
(A) Topographic map of 4/0 (regional average 413 km) and (B) 660 (regional average 665
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also Figure 3-S2B. 1, II, and III mark the regions discussed in the main text. (C) The
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Figure 3-4. Cartoon of broad anomaly near base of the transition zone west of Hawaii, superimposed on
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temperatures (AT4;0~>200K) in the upper mantle and transition zone, but with current data
coverage we cannot distinguish between a large single anomaly and multiple smaller ones.
Updoming of the 660 beneath region II is consistent with elevation of post-spinel transition
hot mantle regions (with ATgs=~300 K), whereas deepening to ~700 km beneath III (red

dashed line) may indicate change of dominant transition system to garnet (with ATee0, max™=
450 K). The positive Clapeyron slope of the latter may aid flux of lower mantle material into
the transition zone (thin red arrows). Pathways of flow from the deep anomaly to Earth's
surface are not resolved by the data used, but Hawaii volcanism may result from upwellings
from the (edge of the) broad anomaly (for instance just east of Hawaii, region I, Fig 3-3).. 87

Figure 3-S1(3-5). Tomographically inferred wavespeed variations near 700 km depth beneath Hawaii.
(A) P speed variations from global travel time tomography (Li et al., 2008), (B) S speed
inferred from travel times from an array of land and seafloor seismographs on and around
Hawaii (Wolfe et al., 2009). The range (in % deviation from the reference model used) is
given in lower right corner of each panel.........c..ccccoccevieiieninneniciieiececeeee e 102

Figure 3-S2(3-6). Vertical mantle sections (A) through a global P-wave model (Li et al., 2008)
superimposed on the seismic section of Figure 3-2 and (B) a regional S wave model (Wolfe
al., 2009). Difference in location and orientation of the low wavespeed anomaly are mostly
due to the use of different data sets and illustrate the non-uniqueness of tomographic models
this region. In (A) a plume-like low wavespeed anomaly coincides with region II, where
is shallow and 520 deep. Resolution in down-dip direction is poor, however, and mantle
structure further away from Hawaii (for instance region III, where 660 is anomalously deep)
not well sampled by the P data used by (Li et al, 2008). In (B) the lower mantle slow
occurs near what we refer to as re@ion L..........coccoeiiriiniiniiniiiee e 102

Figure 3-S3(3-7). Comparison of transition zone thickness inferred from regional stacks of SS precursor
data for studies (Lawrence and Shearer, 2008, Deuss, 2009) using different data selection
criteria, processing (e.g., frequency windows, corrections for mantle heterogeneity), bin size,
and sensitivity kernels (e.g, ray theory or finite frequency kernels)..........c..cceeevvvvrnnrennnnee. 103

Figure 3-S4(3-8). Phase diagrams for pyrolitic mantle composition. (A) (after 29): Left, P- and
S-wavespeed (and mass density p) as function of depth in Earth’s mantle between 200 and
km depth according to reference Earth model aki35 (Kennett et al., 1995). Right: Volume
fraction of the main mantle constituents. The olivine system comprises ~ 60% of the
fraction, with phase transitions from olivine to wadsleyite near 13.7 GPa (associated with the
410 km discontinuity in ak/35), wadsleyite to ringwoodite near 16-18 GPa (that is, around
km depth), and ringwoodite to perovskite + ferropericlase near 23.5 GPa (near 660 km
The remaining 40% of the volume fraction concerns silicates in the pyroxene and garnet
system, with the post-garnet transition occurring up to ~730 km depth (NB Al enrichment
stabilize garnet; in basalt, for instance, the post-garnet transition could be as deep as 800 km).
(B) (After Deuss et al., 2006, Houser and Williams, 2010): Schematic phase relationships in
olivine and garnet systems near 600 to 700 km depth. Between 1400 and 1700°C
Mg-perovskite forms from the post-spinel transition (negative Clapeyron slope) over a
depth interval. At temperatures in excess of 1800°C Mg-perovskite forms over a wider depth
interval from the breakdown of majorite garnet (positive Clapeyron slope). However, the
thickness of the transition can be significantly decreased by partitioning of Al. Ca-perovskite
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is also present in all phase fields. .........coceeerieiieiiniininenee e 104

Figure 3-S5(3-9). Relationships between trajectories of mantle flow and depths to mineral phase
boundaries. Left: in vertical cold slabs (A) or hot plumes (B) the depths to the 4/0 and 660
km discontinuities are anti-correlated because of opposite Clapeyron slopes (I') of the
olivine-wadsleyite and post-spinel transitions (C). Center: relevant phase transitions in
pyrolite (see also S3). Green line depicts the olivine to wadsleyite transition (I'>0), orange
post-spinel transition (ringwoodite to perovskite and ferropericlase; I',.;<0), and blue the
post-garnet transition (majorite to Mg-perovskite; I'p.c>0). The average geotherm (@) yields
transitions near reference depths of 410 and 660 km; higher temperatures (®) deepen the
and elevate the 660; and at even higher temperatures (@), post-garnet transitions may form
main (seismic) contrast. (See also S3 of the Supplementary Materials.) Right: Deflection of
hot upwellings (D) or subducted lithospheric slabs (E) increases the wavelengths of depth
variations of the 660 compared to the 4/0 and destroys the correlation between them. In (D)
the temperature may locally become high enough (in @) to make post-garnet the dominant
Phase tranSItION.........ciiiiiiiiiii ettt sttt e n e eaas 105

Figure 3-S6(3-10). Illustration of the main differences between traditional stacking over geographical
bins (A-C) and inverse scattering, which involves integration of data windows that sample a
single image point from different directions (D-E). (A) Common midpoint reflections in a
geographical bin (red bar) over which depth and elastic properties of interface are assumed
constant. Any topography (gray dashed line) will be averaged over bin. (B) Stacking or
averaging over midpoints in a bin of displacement records (u;) after move out correction. (C)
Geographical distribution in study region of SS midpoints in study region. The sampling
can be used with this method is very uneven and degrades rapidly in NE and SW directions
away from Hawaii. (D) Depending on offset, waves scattered at image point (I) arrive can
arrive close to the main phase (blue box) or in the coda after the main arrival (red boxes).
versa, data in the blue and red windows contain information about scattering point I. No
assumption is made about the lateral extent of reflectors. Green lines are non-specular paths
from image point II, away from a reflector, and the associated signal (green box) is small. (E)
Signal from image point I is enhanced by stacking (integration) over all data windows that
contain information about that same image point and which sample the image point from
different directions. This can include data associated with specular reflections (blue ray/box)
as well as non-specular scattering (red rays/boxes). (F) Geographical distribution of the
number of data windows du that contribute to image gathers (Figure 3-S5) at the 0.5°x0.5°
lon) grid. The sampling that is exploited by inverse scattering is spatially much more
distributed than the sampling of SS bounce points (panel C). .........cccoeevvieviiiiieiiieeceeneen. 106

Figure 3-S7(3-11). Image gathers for a point in region II (200°E, 20°N), left, and region III (190°E,
21°N), right. Reflectivity profiles for the same image point are calculated for a range of
angles (see 30 for definitions and more detailed descriptions) and the stack of these common
image point gathers produces the GRT image shown on the right. The histograms at the top
of each image gather indicate the number of data samples (u) that are used for the
at each scatter angle. The total number of seismic traces used for the construction of the GRT
image (or radial reflectivity profile) at each (lon, lat) grid point is contoured in Figure 3-S6F.
.............................................................................................................................................. 107
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Figure 3-S8(3-12). Trade-off between volumetric wavespeed and imaged interface depth for the case of
imaging with SS precursors and alignment on SS. (A) Unperturbed reference situation. (B)
Upper mantle wavespeeds that are slower than in the 1- and 3D models used could lead to
overestimation of interface depths after alignment on SS (C). A fast anomaly below the
interface of interest could also lead to overestimation of interface depth (D). These effects
explain some pulse distortion (e.g. minor “splitting”) but not, for realistic wavespeed
perturbations, the large depth variations inferred in our study. .......ccccoceeveeeriivienieceneenene, 108

Figure 3-S9(3-13). GRT image profiles for latitude 20° (red) and the 67 % (1 o) and 95% (2 o)
confidence level (gray shading around the image profiles). The confidence level at each

point is calculated by bootstrap method by sampling with replacement of the original dataset.
.............................................................................................................................................. 109

Figure 3-S10(3-14). Temperature maps at the top of the mantle transition zone (A) and the top of the
lower mantle (B) inferred from the depth variations of the 4/0 and 660 km discontinuities as
imaged with inverse scattering of SS waves (Figure 3-4A, B). For the depth (or pressure) to
temperature variations we use Clapeyron slopes of +2.5MPa/K for the 4/0 and values from
to -3 MPa/K for the 660. In view of uncertainties in phase relations and effects of
(in particular aluminum content) on Clapeyron slope and relative depth of the post-garnet
transition we only show temperature maps for data based on the olivine system. .............. 110

Figure 3-S11(3-15). Snapshot of numerical simulation of convective flow from high to low (Newtonian)
viscosity across an endothermic phase change (dashed line). The viscosity and mass
contrasts at the dashed line are 12/1,=30 and 7.8%, respectively, and the Clapeyron slope is
MPa/K. This modeling was part of collaborative research with B. H. Hager at MIT, and the
numerical code CitcomCU was generously made available by S. Zhong at University of
Colorado, BOUIAET. ...ttt e e st e e e e e e e sttt e e e e saeaeeeeeeeeeaees 111

Figure 4-1. Snapshots for the plume evolution process after amplifying the temperature in a start plume
by a factor of 2.0 (P = 2.0). The temperature field is shown by colors. Arrows show the
velocity field. The time is shown in the title. The initial time starting the plume is set to be 0
and relative time with respect to the initial time is used. A detailed description can be found
10 SECHION 4.4, 1. oottt ettt e bt e s e et e e s e et e e ssessaeesteeneeteeseesssenns 138

Figure 4-2. The snapshots for the evolution of plumes with different strengths (amplification factors)
from Figure 4-1- Upper row: Three snapshots for P = 1.2; lower row: three snapshots for P =
1.5. Descriptions can be found in section 4.4.2. ........ccccoveviiviriinenieneneeneneee e 139

Figure 4-3. The evolution process for a plume starting in a mantle temperature profile with larger
upper/lower mantle temperature contrast. The plume is started in quasi-steady state. There
are pilings of cold slabs above the transition zone, which lower the average temperature of
the upper mantle. The amplifying factor P is taken to be 2.0. .......cocovvveeeveeiecieieerene 140

Figure 4-4. Plume evolution process when adiabatic cooling effect is taken into account. The
dissipation number is set to be 0.5, while all the other parameters are kept the same. A
quasi-steady state is reached before we amply the temperature of start plume by a factor of P
T 20 et sttt ettt e e bt et e et e e ae e be et baeteeabaeaean 141
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Figure 4-5. The maximum plume head temperature (vertical axis) as the plume head ascended from the
core-mantle boundary (CMB). Horizontal axis is the distance of plume head from the CMB.
We only recorded the temperature until the plume head reached 660 km depth (660 km is
around 0.8 after non-dimensionalization with mantle thickness). Three types of data are for
three different starting temperatures (i.e. different amplifying factors for the start plume)
P=15, 1.8, 2,01 ettt et e s s s e 142

Figure 5-1. (a) the density map of the SS bounce points for each 5°x5° grid on the surface. (b) the GRT
data distribution for each 1°x1° grid. The dark color means dense data coverage, while
white color represents fewer data coverage. The two solid red lines in (a) and (b) represent
the location of the two profiles shown in Figure 2-10a and Figure 3-2 (also in Cao et al.,
2010; Cao et al., 2011). The two dashed red lines are two new images crossections shown
in this Chapter. The coastlines are Shown in Cyan. ...........coeceeeeieeeienrireeieneeeceneeeceeene 154

Figure 5-2. The subduction zone seismicity along the Kuril trench, shown as "*". Earthquake locations
from the IRIS data management center from January of 1990 to June of 2011 are shown,
with red color for events with focal depth between 0 and 100 km, black for events between
100 and 300 km, blue for events between 300 and 600 km, and yellow for events deeper than
600 km. The blue and black lines show the locations of the two new great-circle
cross-sections (Figure 5-3 and Figure 5-4). .....cccocvvioiinie et 155

Figure 5-3. The GRT images for the blue cross-section in Figure 5-2 across the north part of the Kuril
subduction zone. Left: seismic image superimposed on tomographic  P-wavespeed
variation from Li et al. (2008). The red stars in the background color represent seismicity
at this cross-section during January 1990 to June 2011. Red lines denote reference depth of
410 and 660 km. The depth profiles are corrected for 3D mantle heterogeneity (from
tomography) and for the depth to the ocean floor where SS reflections occur. Right: blow
up of image between 350 and 750 km depth, along with interpretation of 410' (dashed green
line) and 660' (lower dashed green line) discontinuities. The top panel shows the numbers of
seismograms contributing to each image depth profiles. ........c.ccccceeoeeiiiiniiiiiiniiniineiien, 156

Figure 5-4. The GRT images for the black cross-section in Figure 5-2 across the south part of the Kuril
subduction zone. Left: seismic image superimposed on tomographic  P-wavespeed
variation from Li et al. (2008). The tomography wavespeed model indicates a stagnant slab
in the transition above around 660 km depth. The red stars in the background color represent
seismicity at this cross-section during January 1990 to June 2011. Red lines denote reference
depth of 410 and 660 km. The depth profiles are corrected for 3D mantle heterogeneity
(from tomography) and for the depth to the ocean floor where SS reflections occur. Right:
blow up of image between 350 and 750 km depth, along with interpretation of 410' (dashed
green line). The 660' topography is not marked, because the broadening of the 660" signal
near the high wavespeed structure makes it hard to determine the topography. The top panel
shows the numbers of seismograms contributing to each image depth profiles. The y-axis is
kept the same as in the upper panel of Figure 5-3a for easy comparison. .........cccccveereenen. 157

Figure 5-5. Comparison between the image profiles using old and latest dataset respectively. The left
two figures (Figure 5-1a,c) show the same image profiles from Figure 2-10a and Figure 3-2
respectively, which are constructed with old dataset as specified in Chapter II and Chapter
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III. The right panels (Figure 5-1b,d) show the image profiles for the same geographic
locations as the left profiles, but they are constructed using a recently updated dataset
(including global seismic records till 2001 June). The location of the upper row profiles
is the red solid vertical line in Figure 5-1. The location for the lower row profiles is the red
solid horizontal line in Figure 5-1.........ccccceeviriririninieereeeeeeeeeee et 158

Figure 6-1. Global TZ thickness maps by different groups. Figure courtesy: Deuss (2009)................ 171

Figure 6-2. Regional maps of TZ thickness in part of the Pacific including the Hawaii islands. On the
right, we show the TZ thickness obtained by the GRT from Chapter I1I. ......................... 172
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- Chapter 1

Introduction

1.1 Background and metivation

The upper mantle transition zone (here defined in a broad sense as the region between 300 and 1000
km depth) is the key to understanding the thermal/chemical state of and dynamic processes in the
Earth's mantle. Seismically, this region is characterized by rapid velocity and density jumps, which are
referred to as upper mantle discontinuities and often attributed to mineral phase transitions (e.g.,
Ringwood, 1975; Bina and Helffrich, 1994). The existence, depth variations (that is, topography), and
geographic variability of these upper mantle discontinuities can be used as a thermal and chemical
probe to study the deep interior of the Earth.

In recent years, significant progress has been made in seismology to constrain first-order properties
of upper mantle discontinuities (see Shearer, 2000; Deuss, 2009 for recent reviews). The most robust
observations concern the prominent seismic discontinuities near 410 and 660 km depth (e.g., Shearer
and Masters, 1992; Shearer, 1993; Gossler and Kind, 1996; Flanagan and Shearer, 1998; Gu et al.,
1998; Flanagan and Shearer, 1999; Gu and Dziewonski, 2002, Lebedev and van der Hilst, 2002, 2003;
Chambers et al., 2005a, b; Deuss et al., 2006, Schmerr and Garnero, 2006; An et al., 2007, Rost and
Thomas, 2009). There are many reports of discontinuities at other depths in the transition zone, most
notably near 520 km depth (e.g., Shearer, 1990; Deuss and Woodhouse, 2001). For convenience, in this
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thesis, we will refer to the 410, 520 and 660 km discontinuities as the 410', 520", and 660", respectively,
although the actual depths to these discontinuities vary geographically.

Mineral physics experiments data have shown that the 410", 520", and 660' are generally consistent
with isochemical phase transitions in the (Mg,Fe),SiOy olivine syétem: olivine to wadsleyite (~14 GPa;
~410 km depth), wadsleyite to ringwoodite (~520 km), and ringwoodite to perovskite and
ferropericlase (~23 GPa; ~660 km depth) (Ringwood, 1975; Ita and Stixrude, 1992; Weidner and Wang,
2000; Li and Liebermann, 2007). The latter is also referred to as the post-spinel transition. The
measurements of the depth to a discontinuity, which can be converted to the pressure at which the
associated phase transition occurs, can be used to infer local temperature and chemical composition
based on the thermodynamics of and effects of chemistry on the transition. The relationship between
variations in discontinuity depth and variations in local temperature is given by the Clapeyon slope of
the corresponding phase transition, that is, the slope of the transition curve in a pressure (P) versus
temperature (T) phase diagram (dP/dT). The Clapeyron slope of the olivine to wadsleyite transition is
positive, which implies that the presence of a hot (cold) anomaly will lead to a deeper (shallower) 410
By contrast, the Clapeyron slope of the post-spinel transition is negative, which means that the
presence of a hot (cold) anomaly will result in a shallower (deeper) 660'. The exact values of the
Clapeyron slopes are debated, but reasonable estimates are 4 MPa/K (Katsura et al., 2004) for olivine
to wadsleyite and -2.7 MPa/K for the post-spinel transition (Irifune and Isshiki, 1998). Additional
phase transitions, for instance in garnet, have also been reported to occur in the depth range of the
transition zone (e.g. Vacher et al., 1998; Weidner and Wang, 2000).

The global existence of 410" and 660 is no longer disputed. But owing to the limited data coverage
and resolution of commonly used imaging methods, the level of (anti)correlation between the 410° and
660’ is still debated (Shearer, 2000) and the mapping of fine scale regional topographies of 410" and

660' is still beyond reach for many geographic regions. For example, there are regional seismic studies
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of the transition zone discontinuities around the Hawaii hotspot (Deuss, 2007; Li et al., 2000), which is
regarded as the archetype of plume-related hotspot activity. But the results from these studies are
inconclusive regarding the location and size of the mantle thermal anomaly responsible for the hotspot.
SS precursor stacks near the locations of hotspots identified in the catalog of Courtillot et al. (2003)
suggests larger-than-average depths for the 410-km discontinuity in about two-thirds of the cases
(Deuss, 2007). Because the lateral resolution of SS precursor stacks is of the order of several thousand
kilometers (as explained in the next section), which is likely to be larger than the plume diameter
(probably of the order of a few hundred kilometers, see Nataf, 2000), traditional SS studies may fail to
detect the plume, even in the places with good SS bounce point coverage. Receiver function methods
have also been applied to measure the transition zone thickness underneath seismic stations deployed
on the Hawaii islands (Li et al., 2000). The lateral resolution of the receiver function method is several
hundred kilometers. However, because of the lack of ocean-bottom seismometers, high-resolution
imaging of the 410" and 660" is limited to relatively small oceanic regions. The lateral extent of the 520"
is still debated, and it is uncertain if other (seismologically detectable) interfaces exist in or near the
transition zone.

High resolution, large scale imaging of transition zone structure over diverse geotectonic settings
will help determine the existence, regional fine-scale topographies, and the lateral extent of mantle
transition zone discontinuities across different geotectonic domains. Collectively, such information
would help constrain in situ mantle thermal, chemical and dynamic conditions of the Earth's interior

(including the existence, depth of origin, and morphology of plumes).

1.2 Why do we need inverse scattering?

In view of the important implications for our understanding of the thermochemical state of and
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dynamic processes in Earth’s mantle, many seismological investigations have been devoted to the
detection and characterization of mantle discontinuities. The receiver function method uses converted
waves and has been widely employed for high-resolution imaging of transition zone structures (Vidale
and Benz, 1992; Petersen et al., 1993; Niu and Kawakatsu, 1995; Bostock, 1996; Vinnik et al., 1996;
Shen et al., 1996, 1998, Dueker and Sheehan, 1997; Li et al., 1998; Gurrola and Minster, 1998; Castle
and Creager, 1998). However, because of the near-vertical raypaths of the converted waves beneath
the seismograph stations, the applicability of this method is limited to the regional studies of transition
zone discontinuities beneath continents and island arcs. By implication, receiver function analysis
cannot be used to constrain transition zone structure beneath regions without seismographic stations,
which includes most continental and almost all oceanic regions.

Another approach concerns common mid-point (CMP) stacking, which involves the stacking of
waveforms associated with reflections from discontinuities within a predefined geégraphical bin.
However, the assumption that the properties (including depth) of the discontinuities are invariant across
the geographical bins over which data are stacked limits lateral resolution and may bias depth estimates
if the undulating interfaces are unevenly sampled. The size of the bin is usually several thousand
kilometers in radius (of the scale of the Fresnel zone of the waves used). SS precursors scattered from
the transition zone (i.e. S4S waves, with subscript d denoting the depth of the discontinuity where the
underside reflection occurs) are the most widely used phase groups in the CMP stacking approach
(Shearer and Masters, 1992; Shearer, 1993; Gossler and Kind, 1996, Lee and Grand, 1996; Gu et al.,
1998, Flanagan and Shearer, 1998, Deuss, 2009). The travel time difference between SS reflection and
SS precursors, which mainly results from the two-way S wave travel time within the transition zone,
provides valuable information about the velocity structure and interface depth at the reflection point,
and the overlap of raypaths near the Earth’s surface essentially removes any effect associated with the

velocity structure near the earthquake source and receiver. To enhance the signal-to-noise ratio of the
-20-



weak signal of SS precursors, waveforms with midpoints falling in a common geographic bin (e.g. 10
degrees in radius) are stacked after normal movement out correction. Then the travel time differences
between SS and SS precursors (e.g. Sss0S, S10S) are converted to depths to determine at which depth the
reﬂectors (discontinuties) occur.

The bounce points of SS on the Earth's surface are more evenly distributed over the globe than the
earthquake sources and seismic stations that provide the seismic data, and CMP stacking has been
successfully applied to make global maps of 410" and 660' topographies (Shearer and Masters, 1992;
Shearer, 1993; Gossler and Kind, 1996, Lee and Grand, 1996; Gu et al., 1998; F. lanagan and Shearer,
1998; Deuss, 2009). However, because of the assumption of flat reflectors (discontinuities) within each
geographic bin underlying the CMP stacking method, only the average topography in the bin can be
obtained, which not only limits the lateral resolution but also produces substantial differences between
results based on different subsets of the available data.

In this thesis, we developed and applied the generalized Radon transform (GRT), an inverse
scattering technique, of the global broadband wavefield comprising SS reflections and their precursors
to detect and characterize transition zone interfaces. The GRT is based on the single scattering
approximation, and unlike conventional CMP stacking, it does not assume planar interfaces but
reconstructs laterally contiguous (and possibly undulating) discontinuities from the alignment of
singularities (point scatters) in the medium. The GRT maps singularities in broad-band data (that is,
scattered waves) into singularities (reflectors) in the medium (Beylkin, 1985, De Hoop and
Brandsberg-Dahl, 2000). It can yield seismic images at a lateral resolution of a few 100 km, well
within the Fresnel zones of SS waves. So-called common image point gathers are produced from the
broadband SS wavefield. These image gathers represent radial profiles of changes in elastic parameters
beneath each image point on the surface. The juxtaposition of such profiles creates 3-D laterally

continuous images, which will enable us to detect and measure the depth to the discontinuities,
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characterize the properties of these interfaces, and determine the lateral variation (e.g., intermittency,
topography, correlation) of the interface properties at unprecedented scale.

The applicability of the GRT is not limited to places with seismic stations. We can apply this
method to any place where the SS bounce points sampling is dense enough. The Hawaii islands are
almost at the center of the Pacific Ocean and hence in the middle of the dense seismic networks on the
North American continent and active seismic zones of the west Pacific rim, which (along with its
central role in discussions about mantle upwellings) makes the Hawaii islands attractive study targets
for GRT imaging. Also, the GRT does not rely on any prior assumptions about the presence, lateral
continuity and depth of the discontinuities; the existence and the locations of the scatters will be
inferred directly from data. By making use of the scattered waves, we are able to extract more
information from currently available data compared to using CMP stacking, and we will be able to
carry out 3-D exploration-type high-resolution seismic imaging over large geographical regions.

The GRT developed in this thesis is an adaptation of a successful pilot study of D" imaging with

broadband ScS and SKKS waves (Wang et al., 2006, 2008).

1.3 Outline of thesis

In Chapter II (published in Physics of Earth and Planetary Interiors — vol. 180, p. 80-91, 2010) we
outline the essential elements of the theory behind generalized Radon transform and the data processing
steps used in the GRT of SS precursors to image the transition zone interfaces. Synthetics tests are
carried out to demonstrate the feasibility and robustness of this method. Then, as a proof-of-concept,
we apply the GRT method to obtain images for a cross-section in the northwest Pacific. In Chapter III
(published in Science — vol. 33 2, p.1068-1071, 2011) we apply the GRT method to the Central Pacific,
including the Hawaii hotspot. The seismic images are interpreted in terms of mineral physics and
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geodynamics. In Chapter IV, we study the dynamics of the plume evolution in the presence of the
ambient mantle flow and mineral phase transitions, using finite element modeling. In Chapter V we
show preliminary images for cross-sections across northwest Pacific subduction systems. We also show
the latest images for the same locations as in Chapter II and Chapter III, with a recently updated
dataset. In Chapter VI we summarize the key results obtained in the course of this study and discuss

possible avenues for future work.
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Chapter 2

Imaging the upper mantle transition zome with a

generalized Radon transform of SS precursors’

Abstract

We demonstrate the feasibility of using inverse scattering for high-resolution imaging of discontinuities in the
upper mantle beneath oceanic regions (far from sources and receivers) using broadband wavefield observations
consisting of SS and its precursors. The generalized Radon transform (GRT) that we developed for this purpose
detects (in the broadband data) signals due to scattering from elasticity contrasts in Earth’s mantle. Synthetic tests
with realistic source-receiver distributions demonstrate that the GRT is able to detect and image deep mantle
interfaces, even in the presence of noise, depth phases (‘ghosts’), phase conversions, and multiples generated by
reverberation within the transition zone. As a proof of concept, we apply the GRT to ~50,000 broadband
seismograms to delineate interfaces in the depth range from 300 to 1000 km beneath the northwest Pacific. We
account for smooth 3-D mantle heterogeneity using first-order perturbation theory and independently derived
global tomography models. The preliminary results reveal laterally continuous (but undulating) scatter zones near
410 and 660 km depth and a weaker, broader, and more complex structure near 520 km depth. The images also
suggest the presence of multiple, laterally intermittent interfaces near 350 km and between 800-1000 km depth,
that is, above and below the transition zone sensu stricto. Filtering of the data (we consider four pass bands: 20-50s,
10-50s, 5-50s, and 2-50s) reveals a prominent frequency dependence of the magnitude, width, and complexity of
the interfaces, in particular of the scatter zone near 520 km depth; such dependencies may put important
constraints on the mineralogy and phase chemistry of the transition zone.

Key words: transition zone, upper mantle discontinuities, inverse scattering, generalized Radon transform, SS
precursors

2.1 Introduction

The upper mantle transition zone, here taken broadly as the depth interval between 300 and 1000 km

depth, is marked by rapid radial changes in elasticity and mass density associated with phase

"Published as: Q. Cao, P. Wang, R. D. van der Hilst, M. de Hoop, and S.-H. Shim. Imaging the upper mantle transition
zone with a generalized Radon transform of SS precursors, Physics of Earth and Planetary Interiors, 180, 80-91, 2010.



transformations in mantle silicates (Figure 2-1) (e.g., Ringwood, 1975; Weidner and Wang, 2000, Li
and Liebermann, 2007). With seismic imaging one can estimate the depth to and the change in
elasticity and mass density across such phase boundaries. Combined with mineral physics data this
information puts constraints on local temperature, composi;ion, and mineral phase, and the geographic
variation of these parameters provides insight into large scale geodynamical processes (Jeanloz and
Thompson, 1983; Helffrich, 2000; Shearer, 2000; Weiner and Wang, 2000; Schmerr and Garnero,
2006; Li and Liebermann, 2007).

Using a variety of top- and underside reflections and phase-converted waves, a number of seismic
investigations have observed the global existence of what are usually referred to as ‘410’ and ‘660’
discontinuities (e.g., Shearer and Masters, 1992; Shearer, 1993; Gossler and Kind, 1996; Flanagan
and Shearer, 1998, Gu et al., 1998; Flanagan and Shearer, 1999; Gu and Dziewonski, 2002; Lebedev
and van der Hilst, 2002, 2003; Chambers et al., 2005a, b, Deuss et al., 2006; Schmerr and Garnero,
2006, An et al., 2007; Rost and Thomas, 2009), and a ‘520’ discontinuity has been reported in some
regions (e.g., Shearer, 1990; Deuss and Woodhouse, 2001). Many aspects of these discontinuities can
be explained by phase transitions in the olivine system (olivine to wadsleyite, wadsleyite to
ringwoodite, and ringwoodite to perovskite and ferro-periclase, respectively) (Ringwood, 1969, 1975,
1991; Katsura and Ito, 1989; Bina and Helffrich, 1994, Weidner and Wang, 2000; Shim et al., 2001;
Lebedev et al., 2002, 2003; Fei et al., 2004; Weidner et al., 2005; Li and Liebermann, 2007), but not
all seismic observations are consistent with transformations in a simple, isolated MgO-FeO-SiO,
system. For example, despite the opposite signs of their Clapeyron slopes, on a global scale the ‘410
and ‘660’ topographies are not convincingly anti-correlated (Gu et al., 1998, 2003; Flanagan and
Shearer, 1998, Helffrich, 2000; Shearer, 2000; Gu and Dziewonski, 2002). Furthermore, the inferred
global depth variations in ‘410” are generally smaller than in ‘660° (Shearer and Masters, 1992:

Flanagan and Shearer, 1998; Gu et al., 2002, 2003), even thdugh its Clapeyron slope is steeper.
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Such inconsistencies suggest that published topography estimates or laboratory measurements are
inaccurate or that more complex compositions and mineralogy must be considered. Laboratory
experiments show that the depth to, the magnitude and transition profile of radial changes across
discontinuities depend not only on temperature andhpressure but also on, for instance, major element
composition and partitioning, and the presence of water or (silicate) melt (e.g, Weidner et al., 2005; Li
and Liebermann, 2007). Seismological evidence for such complexity has begun to emerge (Deuss ef al.,
2006), and manifestation of these effects on different length scales may degrade global-scale
correlation between the depth variations of the discontinuities.

To enable better estimation of in situ mantle temperature, mineralogy, and composition from
seismic data we must improve our capability to detect, image, and characterize seismic discontinuities.
Receiver functions and near-source reflections have been used for regional-scale imaging of mantle
discontinuities beneath dense receiver arrays or near (deep) seismic sources (Collier and Helffrich,
1997; Castle and Creager, 2000, Rondenay et al., 2005; Zheng, 2007; to name a few). Here we
develop a method that can improve detection and imaging of transition zone over large geographical
regions (including those far away from sources and receivers) with broadband SS data (Figure 2-2).

Since the pioneering studies by Shearer (1991), most attempts to determine lateral variations in the
depth to the main upper mantle discontinuities with SS and PP and their precursors have employed
form of common-midpoint (CMP) stacking (e.g., Shearer and Master, 1992; Shearer, 1993: Gossler
and Kind, 1996; Gu et al., 1998; Flanagan and Shearer, 1998; Gu and Dziewonski, 2002: Chambers et
al., 2005a, b; Schmerr and Garnero, 2006; Houser et al., 2008; Lawrence et al., 2008), with the
mid-point corresponding to the bounce-point of the SS or PP waves. This method — see Deuss (2009)
and Rost and Thomas (2009) for recent reviews — involves the stacking of (move-out corrected)
waveforms over spatial bins followed by a time-to-depth conversion using a standard 1D reference

model (and corrections for 3D heterogeneity inferred from tomography). The size of the geographical
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bins used is often chosen to correspond loosely to the scale of the Fresnel zone of the associated SS or
data, and stacking over bins with a radius of 10° is common (Deuss, 2009), but the complex shape of
Fresnel zone (e.g., Neele et al., 1997; Chaljub and Tarantola, 1997; Zhao and Chevrot, 2003; Dahlen,
2005) can be accounted for to increase spa;ial resolution (Lawrence et al., 2008). Fundamentally,
however, stacking over geographical regions implies substantial spatial averaging and thus the full
resolving power of migration has been lost.

In contrast to stacking over bins followed by migration, methods based on inverse scattering
directly localize and characterize point scatterers, and the spatial alignment of these scatterers then
outlines a scatter interface or “reflector”. This localization is based on the intersection of isochron
surfaces and can be done with a spatial resolution much better than the Fresnel zones of the associated
waves. With synthetic data, Shearer et al. (1999) demonstrated the potential of least-squares Kirchoff
migration (inversion) of SS precursors for high resolution imaging of upper mantle discontinuities.
Application to the then available data yielded noisy images, however, with few, if any, laterally
coherent structures. To suppress effects of ‘noise’ (in the presence of uneven data coverage) Shearer et
al. (1999) ‘damped’ the inversion, but the implied spatial smoothing rendered images at a spatial
resolution similar to that obtained from the above-mentioned time migration followed by time-to-depth
conversim.the spectacular increase in data quality and quantity — nicely illustrated in Figure 2 of
et al. (2008) — it is likely that application of the Kirchoff migration introduced by Shearer and
a decade ago would now give more satisfactory results. But it is also possible to improve the inverse
scattering method itself. We present here a generalized Radon transform (GRT), which has better
noise-suppression capabilities than Kirchoff migration (because of the different use of data redundancy)
and it accounts differently for complex wave phenomena such as caustics. The GRT was first used for
seismic imaging in the 1980s (Beylkin et al., 1985; Miller et al., 1987), see reviews by Rondenay (2005)

and Gu (2009), but in recent years it has been used for large-scale imaging of deep mantle structure
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ScS (Chambers et al., 2006; Wang et al., 2006; Ma et al., 2007; Van der Hilst et al., 2007) or SKKS
(Wang et al., 2008).

The main objective of this paper is to present a 3-D GRT of the SS wavefield (including precursors)
and to demonstrate the feasibility and “promise of using this GRT for high-resolution transition zone
imaging even far away from sources and receivers. We focus this feasibility study on the transition
zone beneath the northern part of the Pacific Ocean (Figure 2-2) because the density of SS bounce
points is high and because it is far away from known subduction (along NW Pacific island arcs) and
presumed upwelling (beneath Hawaii) so that not much structural complexity is expected. In the
sections below, we present the method, describe the selection and processing of data, illustrate the
performance of the 3-D GRT on synthetic data, and — as a proof of concept — present (for different

frequencies) a 2-D, a 20°-long seismic section of the transition zone.

2.2 Methodology

2.2.1 Concept of Inverse Scattering

Inverse scattering uses signal from a large number of seismic data to localize elasticity contrasts in the
sub-surface by determining how much scattering (reflection) at a specific point y=(x,y.z) contributes to
observed signal in recorded seismograms. Data in a narrow time window of a record associated with a
fixed source-receiver pair can be due to scattering anywhere along a surface of constant travel time
from source to scatter point to receiver. This isochron, in its finite-frequency form, is, in fact, the
sensitivity kernel for inverse scattering. [We note that in analogy of raypaths versus finite frequency
kernels for transmission and reflection tomography (e.g., Dahlen et al., 2000; De Hoop and Van der
Hilst, 2005; Tromp et al., 2005; De Hoop et al., 2006), in the context of ray theory the isochron would

have an infinitesimally narrow width, but in finite frequency theory the isochron would have
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multi-scale properties.] The distribution of sensitivity along each isochron is generally non-uniform and
is determined by the intersection of the isochron with the Fresnel volume of the scattered phases. The
total data sensitivity to structure at a certain sub-surface location is then the cumulative contribution
from all isochrons through that point. While fully accounting for Fresnel zones, this allows the
resolution of structure at the Rayleigh diffraction limit, at scales smaller than the Fresnel zones of the
associated phases (Spetzler and Snieder, 2004), provided that data from a sufficiently broad distance

and azimuth range is available in order to suppress imaging artifacts (Stolk and De Hoop, 2002).

2.2.2 The generalized Radon transform (GRT)

Because the development of the GRT used in our study follows closely the formulation for lowermost
mantle imaging with ScS and SKKS reflections (Wang et al., 2006, 2008) we only mention the most
relevant aspects. In essence, the GRT estimates the locations of local contrasts in elasticity (scatter
points) in Earth’s interior from their contribution to the scattered wave field. With the single scattering
(Born) approximation, these contrasts dc are considered local perturbations in density and elasticity
relative to a smooth background c. For our application, the smooth background model is derived from
the aki35 reference Earth model (Kennett et al, 1995) by replacing the first-order transition zone
discontinuities by gradual transitions in wavespeed (Figure 2-5), and the interfaces that we aim to
image are thus represented as perturbations relative to this smooth background.
The data used by GRT, that is the wavefield du due to scattering at Sc, is modeled as
ou = Foc , ' (H)
with F"a single scattering operator. To estimate dc from the data one can set up the normal equations,
F'Féc=F'éu, )
where F", the adjoint of F, is the imaging operator. Using ray theory, F~ yields a GRT while
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with the “inverse” of the normal operator F'F adapts the weighting of the GRT to form an inverse
scattering transform:
dc =(F'F)' F'éu. (3)

The geometry of the problem is illustrated in Figure 2-3. For each source-receiver pair, most of the
energy in the recorded wavefield arrives at a time corresponding to a minimum or maximum two-way
(reflection) travel time (7)) path, which is commonly referred to as the specular reflection. For mini-max
travel time phases (such as SS, S410S, and Ses0S), propagation along non-specular propagation paths can
produce weak arrivals before or after the main phases. Conversely, for a given source-receiver
geometry, arrivals in narrow time interval around a time # can be produced by scatterering anywhere
along an isochron defined by 7(x%, x, y) = ¢, with x* and x" the position of the source and receiver,
respectively (Figure 2-3a). In essence, the GRT uses data du in narrow time windows around 7 to
characterize the strength of scattering at y: for a given sub-surface point y the time ¢ (and the data
window uséd) depends on the source-receiver combination, and for a given (x°, x") record ¢ depends on
the position of y (Figure 2-3b).

The total data sensitivity at a particular point p is the accumulation of sensitivities from isochrons ¢
T(x', x’, y) for all source-receiver pairs, weighted by the data in a narrow window around the
corresponding time. To describe this process we introduce the migration dip v™, which is the normal to
the isochron at the sub-surface point y for which the contribution to observed data is to be computed
(Figure 2-3c¢). For a (broken) raypath connecting a source at x* with a receiver at x” via y, we define p°
the slowness vector (at y) for the ray from x° to y, and p' is defined similarly for the ray from x” to y.
slownesses define the migration dip v = p™/|p™|, with p™ = p* + p', and the scattering angle # and
azimuth y (Figure 2-4¢). Conversely, v and (6, y) determine p', p* at y, and hence the corresponding x°,

x"and 1 = 7(x’, x", y). We can thus view the data Jdu associated with image point y as a function of v", 4,
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and y — see Wang et al. (2006).
For each sub-surface point y an image gather /(y;0,y) is obtained by integrating over all isochrons
(with migration dip v") that pass through y, with each contribution weighted with the corresponding

data sample du and weights  and w that control the sensitivity along the isochrons surfaces:

Su(y;v" . Q y |)D)”|3 o
. )

Iyi0y ¥ |

4
£V, 0y dw it 0 @

Here, w accounts for ray geometry and places more weight on the specular reflection; W can be
used to account for radiation patterns but is not implemented here. A structural image at y can be

obtained through statistical inference (Ma et al, 2007) or, as is done here, through integration
over G and y: 1(y) = [[ 1(y; 0,9)d0dy 5)

For constant (x,y), (5) yields a radial reflectivity profile at a particular geographic location, and
lateral juxtaposition of such 1-D profiles would give a 2-D seismic section.

We note that for underside reflections the range of scattering angles that can be used depends on
the depth to the image point y (or interface depth d): the scattering angle generally  increases (and the
radial resolution decreases) with increasing depth of the imaging points and decreasing epicentral
(source-receiver) distance (Figure 2-2). Conversely, shallower signal is expected to appear in gathers
for smaller 6 and structure at greater depth appears at larger 6. This phenomenon, which we refer to as

“spatial resolution drift”, requires binning in 6.

2.3 Data

For this pilot study we consider the northern Pacific, where the density of SS bounce points is high

owing to the abundance of sources and receivers along the plate margins and continents surrounding
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Pacific basin (Figure 2-2). For SS waves with bounce points in a 20°x20° area from 25° — 45° N and
160° — 180°E we retrieve broad-band waveforms from the Data Management Center (DMC) of the
Incorporated Research Institutions for Seismology (IRIS). We use hypocenter parameters from the
catalog due to Engdahl et al. (1998).

The data selection criteria are rather similar to those used in other SS studies (Deuss, 2009). For
data at epicentral distances from 90° to 170° we extract time windows containing SS proper and
precursors due to scattering in the transition zone. We note — and demonstrate — that interference with
phases other than SS precursors does not visibly degrade the GRT images. The minimum source
magnitude is my=5.5 and focal depths are less than 75 km (to reduce contamination by depth phases).
Figure 2-4 displays a (transverse component) record section of the data used here, aligned on SS, along
with predicted travel times according to ak/35. This record sections reveals S410S and Sg0S phases at
distances less than 130°, with SesS appearing stronger than Ss10S, and arrivals between S410S and SeeoS.

For the data that pass the initial selection criteria we add event parameters from the EHB catalog to
the file headers, check (and, if needed, correct) polarization, deconvolve the instrument response, rotate
the data to radial and transverse direction, and then use a 4-pole Butterworth filter to band-pass the data
between 20-50 s, 10-50 s, 5-50 s, and 2-50 s, respectively, in order to study the frequency dependence
of the images. Subsequently, the traces are Hilbert transformed and normalized with respect to SS. For
the shorter period data (that is, for the T=2-50 s and T=5-50 s bands considered below) we apply a
signal-to-noise criterion (with the signal-to-noise ratio defined as the ratio of peak amplitude of SS
proper signal to the maximum amplitude of the whole window containing SS proper and precursors)
and discard data with signal-to-noise ratio smaller than 1/5.

All available data can be used for the calculation of total data sensitivity to structure at a given

y, but to reduce the computational burden and interference with other phases we restrict the
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to records associated with rays with a specular reflection within a certain distance (here 6°) from y. We
stress that waveforms are not stacked over these bins and recall that for each image point y a different
time window is extracted from a seismogram, so that the total data sensitivity to structure at y is
independent from that at adjacent sub-surface image points. Upon imaging, travel times are determined

through table interpolation with time corrections for 3D structure from tomography (Grand, 2002).

2.4 Tests with synthetic data

We tested the performance ofv the generalized Radon transform of SS precursor with inversions of
synthetic data. In all tests, we compute the synthetic wavefields using the actual earthquake-station
distribution so that influence on the image of uneven data coverage, including the effects of a realistic
focal depth distribution, is the same as for the inversion of the recorded wavefields.

In a first series of tests we use WKBJ (Chapman, 1978) synthetics to show that the generalized
Radon transform of SS precursor data can detect and locate elasticity contrasts in the presence of noise,
P-to-S phase conversions, depth phases, and multiple reflections. For this purpose synthetics for the SS
wavefield (including S410S and Ses0S) are computed for akl35; we use the same source function for all
waveforms and the data are filtered using a pass-band of 20-80 s. These synthetics represent the total
wavefield u=up+du. Upon inversion, we seek to infer from Ju the elasticity perturbations dc relative to
a smooth reference model ¢ (associated with z) which, as mentioned above, is obtained from akl35
by smoothing the step-wise velocity increases over a broad depth range.

With another type of test we demonstrate that the GRT can resolve structure at scales smaller than
the Fresnel zones of the associated scattered waves. For this purpose we follow Shearer et al. (1999)

and invert data generated (using the Born approximation) for interfaces with topography and gaps.



2.4.1 Image gathers

We first use WKBJ synthetics to see how interfaces at 410 and 660 km appear in the image gathers.
Synthetics are computed for akl35 (that is, with step increases in shear wavespeed at 410 and 660 km
depth, but no contrast near 520 km). The GRT seeks to locate perturbations with respect to the smooth
back ground. This test would be considered successful if the GRT yields contrasts near 410 km and 660
km (and nowhere else).

Using (4) we form image gathers I(y;0,y) for image points y at 5 km depth intervals along 1-D
(radial) profiles from Earth’s surface to 1000 km depth — note the amplification (by factor of 4) for
depths larger than 100 km. Integration over scattering azimuth y and combining the results in bins of
scattering angle 6 yields a series of common image point gathers spanning the whole range of 8 but
with varying sensitivity to structure at different depths (Figure 2-5). The latter is a manifestation of
“spatial resolution drift” (see note at the end of section 2.2): shallow interfaces appear for scatter angles
39°<6<60°, the ‘410’ discontinuity appears at 60°<6<90°, and scatter angles between 70-105° reveal the
‘660’. Integration over all 6 reveals structure along the entire vertical profile (Figure 2-5, trace on the
right). This GRT image shows peaks at the correct depths of 0, 410 and 660 km, and we note the
absence of reflectivity contrast at depths other than 410 and 660 km. The amplitude of the peaks at 410
and 660 are comparable, and the widths are about 50 km (slightly more for 660 than the 410 because of
the scatter angles generally being larger) which is consistent with the frequencies used. We have

verified that peak location and width are insensitive to the (smooth) background velocity model.

2.4.2 Effects of noise, phase conversions, depth phases, or multiple scattering

With similar experiments we examined the effects on the image gathers of noise or the presence of

P-to-S conversions, depth phases, or multiple reverberations. We first ran the GRT on WKBJ synthetics
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that include white stationary noise, with signal-to-noise ratios between 1/20 and 1/100 for both Sy;0S
Se60S and 1/5 for SS proper. Even though the precursors cannot be identified in the raw data, the GRT
image gathers reveal the contrasts at 410 and 660 km well above the noise level (Figure 2-6a). Figure
suggests that PS waves can arrive close to the SS precursors. Likewise, depth phases from deep
earthquakes and multiple reflections of and reverberations between transition zone discontinuities can
interfere with the SS precursors (e.g., Schmerr and Garnero, 2006). Applying the GRT to synthetic
wavefields containing such signals demonstrates that such interfering waves do not, in general,
contaminate the images of the ‘410” and ‘660” (Figures 2.6b-d). Converted phases such as PS and
multiple reverberations can form prominent arrivals but the difference in slowness is sufficient to
suppress them upon transformation (Figures 2.6b, d). Depth phases could contaminate the image
if events occurred in a small depth range, but for the (realistic) depth distributions considered here the
depth phases do not produce spurious ‘events’ in the image gathers. However, they can produce small
phase shifts (pulse distortions) (Figure 2-6¢). From these and other tests we conclude that seism.ic
phases other than SS and its precursors do not produce major artifacts. [Caveat: since WKBJ
only contain user-specified dynamic wave groups we cannot rule out the possibility that there are
interfering phases that could produce imaging artifacts — more comprehensive tests require full wave

synthetics, for instance from mode summation or reflectivity method.]

2.4.3 Lateral resolution

To test lateral resolution, and demonstrate that inverse scattering can resolve structure at length scales
smaller than the Fresnel zone of the scattered waves, we use the GRT in a synthetic example similar to
the one used in Shearer et al. (1999). The model (lower right corner of Figure 2-7) consists of a
reflector east of 196°E, a flat 410-km discontinuity with a 4° wide gap near 192°E, and an undulating
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660-km discontinuity with a strong topographic gradient around 195°E and a smooth change in depth
of 210°E. The 2-D interfaces vary with longitude and are invariant in latitude. Using the Born
approximation, and with fixed source-time function, synthetic data is generated with the real source and
receiver distribution. The effective band-width of the scattered data is ~20 s, and the lateral extent of
associated Fresnel zone would be of the order of 1000 km. The result of inverse scatiering with our
is shown in the main panel of Figure 2-7. Despite some smearing effects, the major features

of the ‘220°, the gap in the ‘410°, and the topography of of the ‘660”) are well resolved.

2.5. Preliminary images of the transition zone beneath the Northwest Pacific

The ~50,000 records displayed in Figure 2-4 are used for 3-D GRT imaging of the transition zone
beneath the Northwest Pacific (Figure 2-2a). First, we examine the GRT image at (35°N, 175 °E).
Subsequently, 21 such radial reflectivity profiles are juxtaposed to form a 2-D, north-south seismic
section from (25°N, 175 °E) to (45°N, 175 °E) (Figure 2-8). We recall that for the inversion of real data
we correct the travel times for 3-D mantle heterogeneity using the tomographic model due to Grand
(2002). The effect on the images is small, and the results do not depend strongly on the choice of model,
but we note that subtle pulse complexities may be introduced (or removed) when using (different) 3-D
manfegmed219. displays the angle gather and resulting GRT image for a location with coordinates (35°N,
175 °E). The radial images as a function of scattering angle 6 (traces on the left) are produced by
integration (for fixed 6) over scattering azimuth y. The number of data samples used to calculate the
traces at specific 6, plotted above the angle gather, is fairly constant over the range of scatter angle used.
For narrow ranges of 6 the angle gathers reveal structure in a limited depth range, as discussed above,
but integration over 6 yields a GRT image that reveals multiple peaks, including contrasts near 410, 520,
and 660 km depth (Figure 2-9, trace on the right). There is also signal above 410 km and below 660 km
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de