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ABSTRACT

We apply a generalized Radon transform (GRT) to the study of the transition zone
discontinuities. The transition zone discontinuities, e.g. the '410'and '660', result from
mineral phase changes that occur at depths constrained by temperature and chemistry,
and can provide information about the conditions of the mantle within the transition zone.
Previous global studies of topography on the transition zone discontinuities use SS data
and are limited by the low lateral resolution provided by SS waves, on the order of about
1000 kilometers. The GRT employs inverse scattering theory to image perturbations in
mass density and elastic parameters of a medium, and can resolve structure on the order
of 100 kilometers; the limit of this resolution has yet to be tested. This study maps
discontinuity depths in the northwest Pacific Ocean with a lateral spatial sampling of 1o
and a vertical sampling of five kilometers. We observe striking variations in the depth,
strength, and continuity of the '410', '520', and '660' seismic discontinuities, as well as
the presence of structure beyond the bounds of what is traditionally considered to be the
transition zone. Topographies on the '410' and '660' are alternately positively and
negatively correlated, suggesting that both composition and temperature contribute to the
observed depths. Preliminary analysis of '410' depths, which assumes no variations in
chemistry, yields an upper bound for temperature variations of +280K. Future tests and
data preprocessing should further improve the GRT results.
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1. Background and motivation

Two major mantle discontinuities at globally average depths of 410 and 660

kilometers mark the boundary between the upper and lower mantle and delineate the

mantle transition zone. These discontinuities, referred to as the '410' and '660', are

caused by the a- to 3-spinel and the post-spinel (y-spinel to perovskite and

magnesiowuistite) phase changes, respectively. As such, their depths primarily reflect the

pressures needed for the phase changes to occur, which are determined by

thermodynamic parameters. Thus, the depth to the discontinuities is controlled by, and

indicative of, the temperature and composition of the mantle in which it lies. This leads

one to imagine that the seismic observations of the depth and character of the '410' and

'660' could be used to find mantle temperature and composition, provided that the

thermal and compositional conditions that can produce seismic observations are known,

e.g. from mineral physics research. If an accurate inversion is truly possible, depth

estimates of the '410' and '660' could act as a thermal and chemical probe, helping to

further our understanding of mantle convection.

The Clapeyron slope describes the temperature dependence of the transition

pressure of a phase change. The Clapeyron slopes in the pure magnesium system of the

oa- and the post-spinel transformations are under some debate, but most values are

around +3 MPa/K for the former, and -2 MPa/K for the latter (Fei et al., 2004; Irifune et

al., 1998). Strictly speaking, the Clapeyron slope is not defined in a multi-component

system, since changes occur over a pressure range, while the Clapeyron slope defines a

single transition pressure. However, seismic studies commonly assume the same

Clapeyron slope for an iron bearing system, e.g. the mantle, as for the pure magnesium

system. This is not a bad approximation, since seismic waves "see" the region over

which the transformation occurs more or less as a discontinuity. Lebedev et al. (2002a)

performed a study in which the thickness and velocity of the transition zone were

calculated, and from this the seismic Clapeyron slope inferred. About 2 and -3 MPa/K,

their values agree with mineral physics estimates of the xa-f and the post-spinel

Clapeyron slopes, respectively.

Though the transition zone discontinuities are approximated as sharp seismic

discontinuities, consideration of the two-phase region itself can yield valuable

information. Like the depth, the width of this region and the change in the percentage of



each phase are controlled by the temperature of the mantle and the chemistry of the two

phases. The conditions of the mantle are thus best constrained by considering not only

the depth of the phase changes, but also the width and shape of the two-phase region.

Estimations of the thickness of the transition zone (between the '410' and the

'660') are fairly consistent. Deviations from the average value of 250 km range from

+10km to +30km (Bock et al., 1995; Chevrot et al., 1999; Gu et al., 1998; Gu and

Dziewonski, 2002; Lebedev et al., 2002a; Li et al., 2002). Global average depths of 410

and 660 are generally consistent.

The extensive research of the TZ discontinuities over the past few decades has

answered many questions, but several first order issues remain controversial. For

example, why is topography on the '410' and '660' not observed to be anti-correlated,

with larger variations on the '410'than the '660', as expected from the Clapeyron slopes

of the associated phase transformations (Bina and Helffrich, 1994; Bock et al., 1995; Gu

et al., 1998; Flanagan and Shearer, 1998a)? Are thermal anomalies at the '410'

independent of those at the '660', or is the scale of the lateral variations in topography too

small to be detected (for instance, subducting slabs crossing the '410' would affect

topography over a lateral region of only about 100 kilometers, measured parallel to the

slab dip)? A mid-TZ discontinuity resulting from the P3- to y-spinel phase transformation

is predicted by mineral physics. A discontinuity at about 520 km, possibly corresponding

to this phase change, can sometimes be detected, but observations of the '520' are spotty.

Does the '520' result from the 0- to 7-spinel transformation, or could transitions in the

pyroxene (MgSiO 3) system contribute to the signal? Does the varying strength and

visibility of the '520' result from changes in composition and temperature (e.g. Gu et al.,

1998; Deuss and Woodhouse, 2001), or is the '520' simply a very weak arrival that is

easily masked by noise (e.g. Flanagan and Shearer, 1998)? Are there other interfaces

that can be detected by seismic methods, and if so, what do they represent? Some studies

show seismic evidence of phase changes in the MgSiO 3 system (Simmons and Gurrola,

2000; Castillo et al., 2001), but this interpretation is widely contested. Lastly, what is the

shape of the velocity or density profile across the transition zone discontinuities, and do

they agree with mineral physics predictions? Melbourne and Helmberger (1998) and Xu

et al. (2003) suggest that the '410' km velocity profile is non-linear, with a sharp

discontinuity toward the bottom, which agrees roughly with mineral physics (e.g.



Stixrude, 1997; Irijrne and Isshiki, 1998), but this may change with varying mantle

chemistry. The '660' seems sharp enough that the change in velocity with increasing

depth across the interface is regarded seismically as a discontinuous step (e.g. Castle and

Creager, 2000; Xu et al., 2003). Further characterization of the observed and predicted

elastic properties across the seismic discontinuities (the two phase region), as well as

reliable, high-resolution imaging, should help to clear up these questions.

Figure 1. S66oS ray paths. Paths on
the right illustrate ray paths for
waves emanating from a single
source. SS and S41OS travel similar
paths but reflect from the surface
and 410 km depth, respectively.
Because S66WS and S410S reflect
from deeper interfaces than SS,
they travel less distance and arrive
before the SS phase.

Various methods have been used to study the mid-mantle discontinuities. SS

precursors (SS waves that reflect from the underside of the mantle discontinuities; see

figure 1) are commonly used because of the global data coverage they afford. However,

imaging the topography of mantle discontinuities with these kind of data may introduce

gross errors into the interpretation (Neele et al., 1997; Chaljub and Tarantola, 1997; Zhao

and Chevrot, 2003). SS (or PP) precursors can resolve the depth and shape of deflections

for very large lateral variations only, on the order of 1000 km, due to the size of their

sensitivity kernels. These kernels describe an area from which reflected energy arrives at

a given receiver within a small enough time window to constructively interfere. Since

this window is defined by the wavelength of the waves, the wavelength determines the

size of the sensitivity kernel. Studies that use ray theory effectively average the

topography within the region sampled by the kernel. The resulting depth estimate can be

used to describe topography with lateral variations on the order of the size of the kernel,

but detection of smaller lateral variations requires the use of 3D scattering theory.

Alternatively, Pdv waves (upgoing P waves that convert to S waves at the

interface) can be used. These are able to resolve variations on length scales of an order of



magnitude smaller than SS waves (Chevrot et al., 1999); however, since the conversion

takes place almost directly beneath the receiver, data coverage is limited to areas where

stations are located.

Owing to its use of scattering theory, the generalized Radon transform is able to

image fine-scale structure using SS precursors, without introducing gross errors in

topography. Ideally, the GRT does not rely on the accuracy of the background model,

because it is able to estimate the error in the background model assumed and to apply

corrections accordingly. Practically, however, it may not be possible to determine the

error without more vigorous statistical estimation (e.g. Ma et al., in preparation). The

GRT is then equally reliant on the accuracy of the velocity model as are Pds and SS

studies; in its most basic form, the advantage of the GRT then rests on its ability to image

structure on the scale found in Pds studies, but with the global coverage provided by SS

data.

The GRT is currently being used to study the core-mantle boundary using ScS and

SKKS ray paths (Wang et aL., under review). The present study builds on the work of

Wang et al. by developing the generalized Radon transform for use with SS data. We test

the robustness of the GRT on synthetic seismograms that include SS, S41/S, and S660oS

waveforms. We then apply the GRT to real SS data that sample a small region in the

northwest Pacific Ocean, with the objective of detecting and characterizing interfaces at

depth. The work presented here focuses on detecting discontinuities; future work will

address the shape of the discontinuities. Ultimately, our goal is to map variations in the

temperature and composition of the mantle, information that will further our

understanding of mantle convection and evolution.

2. Methodology

The GRT is a method of map migration that uses the scattered wavefield to image

a single scattering point. The development of the GRT inversion is presented below,

following that of Wang, et al. (under review), after which we discuss the specific form of

the GRT used for this research.

2.1 Notation and scattering geometry

The geometry for the GRT is shown in figure 2. The GRT uses hundreds to



thousands of waveform data from sources and receivers around the globe. In the notation

of the GRT, s signifies a relation to the source, and r a relation to the receiver. Thus, xP is

the location of the source, xr the location of the receiver. The receivers record the three

components of the data, the vertical, radial, and transverse displacement, denoted by up ,

with p=1,2,3. Each data point can be uniquely defined by the source, receiver, and the

time since the earthquake, i.e. up =, up(x,, xr, t).

Figure 2. Geometry of the GRT.
(A) Illustration of an isochron,
from which all reflections arrive
at the same time. (B) Specular
(red) and non-specular (blue) ray
paths for a single scattering point.
Because SS is a mini-max time

h 1- l1

or aiter mhe specular ray. in mis
figure the specular wave arrives
first. Ray theory uses only
specular data (red circle on
waveform at right); the GRT
utilizes scattered energy as well
(blue circle). (C) GRT geometry
for both specular (red) and non-
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arrows represent slowness vectors
p' and p' at y. 9 denotes the angle
between pr(y) and p1(y). The
migration dip, v, is the normalized
sum of p'(y) and p(y), and
describes the isochron normal at y.
yr, the scattering azimuth,
describes the angle between a
geographic reference and the
projection of v onto the surface.

The slowness of the path from the source or receiver to the image point y,

evaluated at y, is pr(y) or p'(y), while pr(xr) or p'(x) is the slowness evaluated at the

receiver or source. The projection of p(x) onto the horizontal plane gives f(x), the

horizontal slowness, which is constant over the ray path from the surface to the image

point, and can be determined by the geometry of the source-receiver pairs. The

remaining variables used in the GRT are derived from the slowness vector, p. The

pat , waves t at trave non-

ps ecular paths may e
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migration dip VP is given by pro/ pml where p m  p,(y) + pr(y). The migration dip

describes the asymmetry of the path, as well as the resolution of the image gather; this is

discussed below.

The scattering vector Vis related to the slowness through the wavenumber k: y~=

(k" x kr) x zr. From yV, two essential parameters are derived: 0 and Y/. 0 is the scattering

angle, the angle between pr(y) and p'(y), where sin(9) = It4. The scattering azimuth yV

describes the angle between yV(the projection of p' onto the surface) and a geographic

reference, e.g. north.

The geometry at the scattering pointy gives rise to the weight LO 3. To see this,

consider a geometry in which p' is large compared to other possibilities for p m at the

given scattering point. For p'" large, 0 must be small. Likewise, for small pm, 0 must be

large. Thus for large pm the reflection is near vertical, while for small pm the ray becomes

parallel to the interface. This gives rise to a dependence of the vertical resolution on pm,

since the depth of a reflector can be most precisely determined for vertical reflections.

The difference in the distance traveled for reflections from adjacent image points in a

vertical profile is approximately twice the vertical separation between the two points,

yielding a travel time difference dt=2xpxdz. Simple geometry shows that the difference

in the distance traveled for small p'm is given by ds=2xdzxcos(9/2); thus, ds and dt are a

factor of cos(9/2) smaller than for large pm. Because of the resolution dependence on pm

larger values of pm are weighted more heavily. Poor spatial resolution also causes a

vertical dilation of the GRT image with decreasing pm (i.e. increasing 6).

2.2 Isochrons and map de-migration

For a given source and receiver, the location of the point that causes scattered

energy in the waveform data is not uniquely resolved by the travel time. The locations of

the possible scattering points that could cause an arrival at a given time lie along a

hyperbolic curve, called an isochron (figure 2-A). Translating the arrival time to

scattering location results in smearing the energy over the surface of the isochron. For

this reason, it is necessary to "migrate" the resulting hyperbolic image to the correct

scattering point location.

In order to resolve the location of a scattering point, the GRT images a point at the



intersection of several isochrons. More precisely, the GRT integrates the data over all

isochrons at a specific point. In the notation given above, for a point y, u(,x'Y,y) is

calculated for all x' and x, and is integrated over v", the unit vector ofpm. pm is normal to

the isochron; integration over vm at y denotes integration over all isochrons represented in

the data coverage that pass through y.

2.3 The GRT inversion

The forward problem can be described simply in the following way:

u=F*&e (1)

where u is the recorded wavefield, the data, F is an integral operator, and & is the

perturbation in the density and/or elastic properties of the medium. In equation (1), u is

corrected for the source and represents only the perturbed wavefield (e.g. underside

reflections from the transition zone discontinuities), which is a function of the medium

perturbation &. These perturbations are measured relative to a given background model,

e.g. akl135 or a regional tomographic model. The actual medium properties can be

expressed as the combination of a background value (denoted by superscript 0) and a

deviation from the background (superscript 1):

p(x) = p0(x) + p' (x) Cikl(X) = Cijk 0(X) + Cijkl (x) (2)

where p is density, cqki is the elasticity tensor, and & = cik'I (X)+p I (X).

The inverse problem estimates & from the scattered wavefield u:

& = (F * F)- F * u (3)

The inversion takes as its input the preprocessed data U(X%,xrY), corrected for amplitude,

phase, polarization, and travel time, including a source-term correction. Weights are

applied according to geometry, and the expression is integrated over V", i.e. over all

isochrons. Bringing the source correction out of the term for u and writing & as a



function ofy, 9, and V, gives the expression for the GRT image point gather:

u(y,,y)x (4)
I ( y, , ) = d(Y v, V"' P 1 (4)

E W(y,9,Vf)x2jw(y,9,V)

Here W is the source term correction, and w weights u according to the ray path: it

accounts for changes in the stiffness tensor cikt that describes the elastic parameters of the

medium. Integration over Oand V

1(y) = J1(y, 9, V)dOd (5)

yields the common image point gather at y. This last integration gathers all of the

information into a single image of the medium perturbation.

2.4 Application of the GRT to SdS data

The form of the GRT used in this study is somewhat simplified from the theory. We

find that some of the subtleties of the GRT may be omitted with little effect, while others

are beyond the scope of this study and are regarded as future work. For example,

corrections for source, geometrical spreading, and ray path have not yet been applied.

The weight we apply is a term to address the varying vertical resolution due to changes in

scattering angle. Data corresponding to raypaths with large 9 are reduced by cos(9/2)

because of the cos(9/2) error in the travel time predictions for a given scattering point.

We form image gathers for points in a vertical profile with a five-kilometer spacing,

from zero to 1000 kilometers depth. Integration over 9 is carried out as the last step,

because the vertical dilation with increasing 0 is useful information for characterizing the

interface. The inversion result for each source-receiver pair is binned according to .

The size of the bins affects the final summed (integrated) image gather: large bins make

the pulses in the final image gathers appear choppy and may lower the amplitude of the

signal. The background velocity model from which the perturbations are measured

smoothes the discontinuities over one hundred kilometers.



In summary, we implement the GRT by calculating the expected arrival time of

scattered energy for a given path (i.e. source-receiver (s-r) pair and image point), finding

the amplitude of the data, u, at this arrival time, and repeating for all the s-r pairs. We

apply weights according to 9, integrate over V and 9, and repeat for all image points

along a vertical profile.

3. Data Selection and Preprocessing

The data used for this study are provided through IRIS, recorded at global

networks through January 2005. We use SS waves and their precursors on the transverse

component; the records are 2200 seconds long and begin 400 seconds before the

predicted PP arrival. In order to avoid complications from the source, magnitudes are

restricted to 5.5 - 6.8. Source depths are less than 50 km, in order to avoid the depth

phase sSS, which bounces off the surface near the source before traveling downward.

However, for shallow depths the depth phase is not simply absent; it arrives close in time

to the SS phase and may complicate the signal. Tests are needed in order to determine if

the GRT would erroneously map the depth phase to structure in the transition zone. If

not, deep events may be more advantageous than shallow ones.

Epicentral distances from source to receiver range from 900 to 1700. For

epicentral distances greater than 1700, non-specular ray paths may pass through the outer

core, imposing an upper bound on epicentral distance, while the lower bound results from

the polarity reversal of S6 6oS at 90'. The highest density of SS bounce points for data

conforming to these parameters is in the Pacific ocean, due to the abundance of sources

and receivers along the western part of the Pacific Rim and in North America (figure 3).

We collected SS data with bounce points that fall within a 20°x20° bin, centered at 350

latitude, 170' longitude. Figure 3B shows the density of midpoints in this region,

grouped in 0.5ox0.50 bins.

Owing to the large number of data that the GRT uses, the minimum signal-to-

noise ratio can theoretically be quite low. Nonetheless, we visually examine the data, and

eliminate data with a signal-to-noise ratio of less than 2, as given by the ratio between the

SS amplitude and the noise level in the first few hundred seconds of the record, where no

phases arrive. This improves the GRT results slightly. After weeding out data with low

signal-to-noise ratios, we are left with slightly over 8000 data. Figure 3-B shows the



distribution of midpoints for data that meet all the abovementioned requirements.
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Figure 3. (A) Global distribution of SS bounce points for data with source-
receiver distances of 80-180', magnitude 5.5--6.8, and source depth 0-50 km.
The blue rectangle outlines the 200x200 area in which data are collected, shown
in (B). (B) Distribution of SS bounce points of data used for the GRT, binned by
half-degrees. (C) Distribution of sources and receivers. The pink square
highlights the region in which data are collected. The size of the blue (green)
circle indicates the number of sources (receivers).

The instrument response is deconvolved from the data, which are then bandpass

filtered between 20 and 80 seconds. Filters with bandwidths of 10 - 50 and 15 - 50

seconds are also tested, in an attempt to utilize higher frequency data that could help to

characterize the interface. These frequencies, however, produce GRT images with many

oscillations of nearly constant amplitude that overwhelm the image gather, concealing

everything but a weak signal from the '660'. The high frequency data may be used in

future work to characterize the '660' interface, but the data used for the results presented

below are filtered between 20-80 seconds. Lastly, the SS signal is shifted to the predicted

arrival time, and the entire record normalized with respect to the SS amplitude.

A record section of the transverse component, made using only the data within the

200 x20' bin studied here, shows the SS, S41oS, and S660oS arrivals (figure 4). The SS phase
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is strongest because the stack was made by shifting the SS arrivals to the predicted SS

travel time. The black dotted lines show the predicted arrival times of S410S and S660S;

faint stripes of red and blue can be seen beneath these lines, showing the arrival of energy

of the SS precursors. Both phases are visible at distances less than 1300, though S660oS

shows more strongly than S410S. Data are most abundant for distances between 900 and

1400, giving the edges of the plot a grainy appearance. Unexpectedly, the PS and PPS

phases appear in the plot. Since no P-SH conversion is expected for horizontal

interfaces, this may indicate topography on the interface from which they reflect, or

anisotropy along the raypath, or problems with the orientation of the sensors. The effect

of the presence of these phases on the GRT will be explored before publication of the

results.

70 80 90 100 110 120 130 140 150
Distance (degrees)

Figure 4. Stack of data from the study area. The stack is relative to the SS phase.
The predicted arrival time of the SS precursors is shown by the dotted black lines.



4. Synthetic tests

Before applying the GRT to the observed data, we first test it on synthetic

waveforms. Our goal in doing so is to ensure that the GRT maps the discontinuities to

the appropriate depths and that the results display the expected dilation with increasing

scattering angle. Synthetic testing also allows us to investigate the expected amplitudes

of the signals, the vertical resolution, the extent of sidelobes and whether they resemble

structure at depth, and the effect of multiple reflections.

Synthetics of SS, S4,oS, and S66oS data are made using the WKBJ method, with the

same source function for all waveforms, and filtered using a bandwidth of 20-80 seconds.

We first use synthetics to which we have applied a Hilbert transform (figure 5), which

gives a representation of the total energy of the arrival. However, the GRT images

produced from the observed data are found to be clearest with data that have not

undergone the Hilbert transform. In order to compare the observed and synthetic data

results, we also test synthetics without the Hilbert transform (figure 6). The GRT using

the Hilbert-transformed synthetics is included here in order to demonstrate the dilation of

the signal, showing only the signal at 660 km depth, since the dilation is most visible in

this case. However, we direct most of the attention to the features of the GRT that uses

non-Hilbert-transformed synthetics.

The GRT, integrated over scattering angle and azimuth, yields a vertical profile of

oscillations that represent variations of elastic parameters and/or density from the

background model; plotting the GRT before integration over scattering angle, 0,

demonstrates the dilation of the signal with increasing 0. Synthetic results show signals

that peak at depths of 0, 410, and 660 km (figures 5 and 6). The peaks at 410 and 660 km

are comparable in amplitude. The expected dilation is clearly present in both GRT tests,

with the width of the peak increasing by a factor of 1/cos(9/2).



Figure 5. GRT results using
synthetic data to which a Hilbert
transform has been applied,
showing only the signal from
the '660'. Dilation of the signal
is noticeable but subtle. This is
because the range of scattering
angles for the geometry of SS
and its precursors is small, and
excludes angles for which the
dilation is most obvious.

80 90 100
Scattering angle

110 120 130

I I I I I I I I I I I I I I I I I I I I I I I I I

39 48 57 66 75 834 93 102 111 Total
Scattering angle (degrees)

Figure 6. Synthetic test of the GRT using data that have not been through the
Hilbert transform. Sidelobes of the 410 and 660 signals are comparable in width
to the main peaks but are much smaller in amplitude, and have the opposite
polarity. Sidelobes of the surface signal are more extensive and similar in
amplitude to the 410 and 660 signals. Dilation of the signal with increasing 0
(scattering angle), marked by the green lines, is present but subtle. The
amplitude of the common image gather below the dotted line is increased in
order to show the signal at depth more clearly.
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The peak in figure 5, which is made with synthetics that undergo the Hilbert

transform, is about 100 km wide at its base. Figure 6, which is more relevant to the

results we obtain with the observed data, shows widths of the 410 and 660 peaks,

excluding the sidelobes, of about 50 km. The widths of the peaks for both sets of

synthetic data are independent of the depth range over which the discontinuities are

smoothed.

Sidelobes are present in the GRT results for the non-Hilbert-transformed data

(figure 6). The 410 and 660 signals have sidelobes that extend 40 to 50 km in each

direction and are 1/3 to 1/2 the amplitude of the main peak. There are no secondary

sidelobes. The surface signal, because of its greater amplitude, has multiple sidelobes,

including a positive lobe that peaks at about 125 kilometers depth. This lobe has the

same, or greater, amplitude as the 410 and 660 signals; care should be taken not to

confuse this sidelobe with a reflector at depth.

The GRT is not designed to use multiply scattered waves, and it is possible that

multiple reflections would map to non-existent structure. Therefore, we examine the

effect on the GRT of multiples from the surface or the transition zone discontinuities.

Adding a multiple phase to the synthetics of the SS, S410S, and S660oS synthetics that

reflects once between the '410' and '660' discontinuities does not affect the GRT image

gather. Other multiples from the surface, '410', or '660' would not show in the GRT

image, as these reflect from the surface, arrive later than the SS phase, and would

therefore map to a scattering point above the surface. Other phases that may affect the

GRT images include PS, PPS, and depth phases such as sS. PS and PPS arrivals, which

show strongly in the record section of figure 4, may be erroneously mapped to structure

deeper than 660 km, while depth phases could interfere with shallower structure; these

effects will be investigated in future work.

The synthetic tests provide a reference against which we can compare the GRT

results that use recorded data. We may expect to see signals at or near 410 and 660

kilometers depth that are about 50 km wide, comparable in amplitude, and have small

sidelobes that are unlikely to be mistaken for additional reflectors. Signals that peak at

depths less than -150 km depth should be interpreted conservatively, since sidelobes of

the surface signal extend to this depth.



5. Results

Application of the GRT to our data produces results that show strong structure at

depths near 410 and 660 kilometers. The GRT also images structure at several other

depths, including 520 km. In this section we discuss the main features of the GRT

results: the plots of scattering angle vs. depth, the topography on the '410', '520', and

'660' and the thickness of the transition zone, the relative amplitudes of the observed

signals, and other structure whose origins are uncertain.

Excluding data whose SS bounce points are farther than 30 from the image point

gives the most stable results, while the amount of data in each bin affects the image

gather very little (figure 7). The width of the peaks is about 50 - 90 km, large compared

to the width of the synthetic peaks. This may be because the synthetics were made using

a step discontinuity while the actual transition zone discontinuities occur over a depth

range. The '660'peak in particular has a greater width than the synthetic '660'; this may

also be due to interference with adjacent peaks.
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The image gathers before integration over 9 are too messy to be useful (figure 8).

The image gather for each scattering angle is quite different in appearance from the final

image gather. This may be due to the variability in data quality, and the large range of

velocities from the top to the bottom of the vertical profile. Because velocity varies

hugely with depth, mapping data to different depths also maps them to different scattering



angles. So long as the data quality is consistent, this does not matter. If, however, the

data at certain epicentral distances are significantly better than others, or of a much larger

amplitude, peaks corresponding to these data may show at different depths for each

scattering angle and, because of their large amplitude, overwhelm the image gathers for

each scattering angle. When summed, however, they produce an intelligible profile that

incorporates the contributions from all the data. This is what is seen with our data. The

scattering angle plots are unusable, but the common image gather is clear and reliable.
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Figure 8. GRT image gathers at 350 latitude and 1750 longitude before and after
integration over scattering angle. Only after the final integration does the image
gather yield intelligible results. The surface signal is clean because the SS phase
is shifted to the predicted SS arrival time before running the GRT. Peaks at 410,
520, and 660 appear, as well as shallower and deeper signals. Without
comparing it to adjacent profiles, it is difficult to distinguish what is meaningful
signal.
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Creating several adjacent common image gathers allows one to see the

consistency and the variations of the structure, as well as to distinguish between signal

and noise. We present three fine-scale cross-sections of the mantle, shown in figure 10,

which extend from the surface to 1000 kilometers depth. The locations of these cross-

sections are shown in figure 9. Tables A, B, and C list the depths of the '410', '520', and

'660' at each location shown in the cross-sections of figure 10.

In figure 10OA, of the expected signals arising from the transition zone

discontinuities, the '660' is the strongest, followed by the '520'; the '410' is the weakest

of the three. This is a surprising result, since previous studies have found that the '520' is

generally the weakest (e.g. Flanagan and Shearer, 1998a; Gu and Dziewonski, 2002;

Chambers et al., 2005a; Deuss et al., 2006). In addition to these three, the cross-section

shows strong, laterally continuous peaks at about 175, 300, 800, 950, and 870 - 900 km,

though none of these extend throughout the entire cross-section, suggesting that they are

laterally intermittent features. A marked change occurs at 1750 longitude. Image gathers

both to the east and west of this point show continuous, but different, structure. At 176',

the '660' seems to split into two peaks: a main one and a small side peak. With

increasing distance eastward, this secondary peak becomes deeper, while the main peak

moves shallower. Westward of 1760, only one strong peak is observed around 660 km

depth. Concurrent with, and perhaps because of, the appearance of the secondary peak,

the strong signal around 800 km depth shifts downward, and a peak around 950 km depth

appears while the peak at 880 km disappears. In addition, the '410' and '520' deflect

upward by 15-25 kilometers over several degrees, and new, strong peaks around 300 and

175 km appear.
Or,

Figure 9. Locations of the cross-sections in figure 10.
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At 655 kilometers, the '660' is deepest at 1700 longitude, and shallows

progressively eastward until, at 1810, it peaks at 640 km. The '520' and '410' also

become shallower from west to east, with comparable magnitudes of variation.

Comparing this cross-section to a cross-section made with synthetic data (figure 11),

using the same geometry of sources and receivers, shows that the depths are not affected

by the geometry, or are affected very little.
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Figure 11. Comparison between data (A) and synthetic (B) results from the
GRT, for the same source-receiver geometry. The location is the same as that of
figure 10-A, shown in figure 9 by the A-a line. The synthetic results show that
variation in the geometry of each profile causes very little vertical offset, if any.

The cross-section shown in figure 10-C intersects the cross-section of figure 10-A

at (35, 175). This figure shares some of the same features as those of figure 10-A. The

relative amplitudes of the '660', '520' and '410' are similar, with the '660' being the

strongest and the '410' the weakest, except for latitudes 28-32 where the '520' is of

approximately the same amplitude as the '410'. The '660' seems to split into two peaks

for part of the cross-section (latitudes 36-38, possibly 39 and 40), though it is less clear



than in 10-A. The topography, however, is quite different. The depth of the '660'

remains at 640-645 km depth, which, given the 5 km spacing between image points along

the vertical profiles, can be considered constant. The '520' is also nearly constant; it stays

at 500 km depth from 28'-35' latitude, and then deepens to 540 km for the more northern

latitudes. The '410' depth jumps around more than the '520' and the '660', but the

general trend is a shallowing from south to north by about 35 kilometers, with huge

jumps in depth over the northern few degrees.

The cross-section of figure 10-B samples structure along the 39-degree latitude

line, from 1680-1810. The '660' is still the strongest and most consistent signal, and the

'410' is weaker but continuous. The '520', however, is absent or extremely weak

throughout the western part of the cross-section; at 1750 it appears and is westward

continuous, where its amplitude is comparable to the '410'. The '660' here shows a

similar trend as in the parallel cross-section 40 to the south; it is deepest in the west, at

670 km, and shallows to 635 km in the east. The '520' is absent for the western half of

the profile, appearing at an average depth of 490 km from 1760 to 1810. The '410' lies at

410 km in the west, deepening to 420 km in the east. Signals in the upper mantle and

around 750 and 1000 km are also are observed, though the upper mantle signals are

messy and it is difficult to discern if they represent real structure. The topographies of

the'410' and '660' appear to be anti-correlated; this is not the case in figure 10-A, where

the depths seem to display a positive correlation, nor in figure 10-C, where there seems to

be no correlation, positive or negative (see figure 12).

The transition zone thicknesses in figure 10 vary by ±10-30 km from the average

thickness (257, 238, and 243 km in figures 10-A, B, and C, respectively). Figure 12

shows that the thickness is strongly anti-correlated with the depth of the '410' reflector,

while there is little correlation with the depth of the '660'. The depths of the'410' and

'660' do not seem to be correlated; however, looking at the correlations within each

individual cross-section leads one to believe that, rather than no correlation, there may be

both a positive and a negative correlation.
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6. Discussion

The GRT successfully images the '410', '510', and '660' discontinuities in cross-

sections that extend to 1000 kilometers depth. The success of the GRT in imaging mantle

structure and the diversity within the cross-sections is striking. The depth of the signals,

as well as their shape and amplitude, varies widely over only 130 of longitude (or, for the

longitudinal profile, 150 of latitude). At 350 latitude, at a depth of 660 km, this translates

to 1,061 km; at 390, 1,007 km.

As previously mentioned, reflections from the '520' are generally weaker than

reflections from the '410' and '660', and are often not observed at all (Flanagan and

Shearer, 1998a; Helffrich, 2000; Gu and Dziewonski, 2002; Chambers et al., 2005a;

Deuss et al., 2006). This may seem to contradict the results presented here of a strong,

continuous '520'. In two of the cross-sections, it is a pervasive feature over the entire

image; the third cross-section shows the '520' strong and continuous in the eastern part,

and absent in the west. In the north/northwest Pacific, however, reflections from the '520'

do appear in waveform data. Flanagan and Shearer (1998a) and Gu et al. (2003) find

that, in this area, the '520' is shallow by about 10 km, and the amplitude of the '520'

signal is comparable to those of the '410' and '660'. There is thus little or no discrepancy

for this region of the Pacific. The difference in the strength of the '520' signal reported

here and elsewhere may arise from the resolution of the respective studies. Previous

studies average the reflections from the '520' over a very large area; perhaps if the GRT

profiles for every point in the 200 x200 bin were arbitrarily summed, averaging over areas

where the '520' is strong and areas where it is absent would result in an image where the

'520' is weaker than both the '410' and '660'. This was done for the profiles in the

cross-section, but since the '520' is a strong feature within each of the sections, the

summed image also showed a strong '520'. In order to see if summing the image gathers

results in similar profiles as seen in other studies, we would need to sum over the entire

geographic region.

The '520' is generally elusive, but whether this is because it sometimes does not

produce reflections at all or because the reflections are of such small amplitude that they

can not be detected in noisy data is controversial. Our results suggest that the former is

more applicable, since the GRT images structure even with noisy data, and yet we

observe huge variations in the strength of the '520' in the image gathers of figure 10. If



the '520' arises from the f6-y phase change, it is unlikely to be a globally detectable

discontinuity. Waves would be only weakly reflected by the small velocity contrast

created by these two phases, and the wide region of coexistence would make the

transformation invisible to all but low frequency waves (Fei and Bertka, 1999). The

large Clapeyron slope, as well as the strong dependence of transition pressure on the

concentration of iron, could cause the depth at which the phase change occurs to vary

widely on scales that are small relative to the size of the area usually averaged by studies

of the transition zone. Phase changes around 520 km also occur in the MgSiO 3 system,

which could contribute to the '520' signal. The fact that we detect such a strong signal

from the '520' suggests that the change in the pyroxene system may be at least partly

responsible for the signal.

The sharp change in features that occurs near the center of figures 10-A and 10-C

may be an artifact. It does not seem to coincide with areas of more or fewer data. It is

possible that it results from complications from the source mechanism. Since each profile

utilizes the scattered energy from data whose specular reflections lie within 30 of the

image point, one anomalous record could affect 7 adjacent depth profiles, though each

profile would sample a different part of the waveform. This "sharing" of the records

between image points does not mean the energy is smeared over 60; it results from the

consideration of both specular and non-specular energy arrivals. Deconvolving the data

from the source function and extending the cross-sections over greater distances should

help to determine what is a continuous signal and what is intermittent.

The large amplitude signals that occur below 660 km may be caused by incorrect

mapping of PS or PPS phases. The effect of these phases on the GRT will be

investigated in future work, by running the GRT on synthetics of PS and PPS. If,

however, these features are real, they are unlikely to be continuous over long distances.

If they were global features, surely they would have been observed before. It is possible

that the current standard view of the mantle as largely featureless is greatly

oversimplified, and that chemical heterogeneities are more common than we think. Phase

changes outside of the olivine system also may affect the image, as they are likely to

cause reflections with large fluctuations in strength and depth (Fei and Bertka, 1999).

The depths of the '410', '520', and '660' generally agree with observations from

other studies (Flanagan and Shearer, I 998a; Rost and Weber, 2002; Gu et al., 2003;



Chambers et al., 2005a; Chambers et al., 2005b), which resolve structure on the order of

1000 km. All three are shallower than or at the same depth as the averages for which

they are named. Our results also show shallow depths for the '410', '520', and '660'

discontinuities. Transition zone thicknesses vary from 215 to 270 kilometers, with an

average thickness of 246 kilometers. This average and the magnitude of the variations

from the average agree nicely with the global average of -250 kilometers and deviations

of ±10-25 kilometers found in the literature (Bock et al., 1995; Chevrot et al., 1999; Gu et

al., 1998; Gu and Dziewonski, 2002; Lebedev et al., 2002a; Li et al., 2002).

The correlation plots shown in figure 12 show that topography on the '410'

controls transition zone thickness. This precludes the possibility that the topography on

the three transition zone discontinuities can be explained by a temperature anomaly that

extends through the entire transition zone, over the entire region encompassing all three

cross-sections. We must therefore turn to the many other factors that affect topography in

order to explain our observations. Shallow '410' depths could imply a colder mantle, or a

higher concentration of iron, water, aluminum, or other trace elements, or any

combination of these (Wood, 1995; Irifune and Isshiki, 1998). A shallow '660' can result

from a hotter mantle; the depth is, to first order, independent of iron and water content,

though aluminum may influence the depth (Wood and Rubie, 1996; Fei and Bertka, 1999;

Higo et aL, 2001).

Assuming for now that the topography on the '410' is caused solely by

temperature anomalies, we can estimate the temperature of the mantle from the '410'

depths at each image point. Given the Clapeyron slope of the a-fl phase change of 3

MPa/K, and using the approximation I GPa = 30 km, the variations of up to ±25 km from

the median '410' depth translate to temperature anomalies of ±280 K. This must be an

upper bound to the thermal variations, since varying composition can also affect

topography. However, it is premature to infer either temperature or composition from the

topography seen in the cross-sections of this study. The absolute depths may be affected

by the source mechanism, and it is unclear how variations in the background velocity

model affect the discontinuity depths.

Despite the uncertainties, the results are promising. We are able to map structure

on a finer scale than previously possible. We observe topographies that vary widely over

only a few hundreds of kilometers. Though the error in the absolute depths of the



discontinuities due to variations in the background velocity model is undetermined, the

topography is robust, since any error in the model is applied equally to all image points,

provided they sample similar enough ray paths. We are able to show a correlation

between topography on the '410' and transition zone thickness. Finally, though the

analysis may be premature, we give an upper bound to the thermal variations that may

cause the observed topography on the '410'of ±280 K.

7. Conclusion

Application of the GRT to the transition zone discontinuities produces images

unprecedented in their resolution and clarity. Imaging deep mantle structure on such a

small scale not only gives detailed information about the topography of the

discontinuities, it also provides redundancy that lends credence to the depth

determinations. Where previous studies find one depth for an area on the order of 1000

kilometers, the GRT yields depths every l o about 111 kilometers. Results show very

clear signals for the '410', '520', and '660' phases, as well as several interesting and

surprising features that require further investigation. Topographies vary by 50, 70, and

40 km, peak-to-peak, on the '410', '520', and '660', respectively; average depths are

shallower than the global averages for all three reflectors, at 400, 500, and 650 kilometers

depth. The thickness of the transition zone averages 245 km, with variations of ±25 km,

which correlate strongly with the depth of the '410'. The correlation between the depths

of the '410' and '660' is different in each cross-section; in 10-A, the depths display a

slight positive correlation; in 10-B, a negative correlation; and in 10-C, no correlation.

The interpretation of these features must include variations of both temperature and

composition on small enough scales to account for these features.

Work to be completed in the immediate future includes deconvolving the source

from the data and increasing the bin size within which data are collected in order to make

longer profiles. This will illuminate the nature of the structure outside of the transition

zone and determine whether it is continuous over large distances or not. Synthetics of

PPS and PS phases will be created and used to test the effect these phases have on the

GRT, to see if they can account for the strong signals at depth. We will also test the

effects of phases from deep events, such as sS, and if they do not adversely affect the

GRT, we will extend the data set to include deep events. Long term goals involve



characterizing the discontinuities and ascertaining the relationship between GRT results

and mantle chemistry and temperature. Even at this early stage, the GRT has shown to be

an extremely powerful tool for imaging the deep earth, but the capacity of the GRT to

provide high-quality, high-resolution information on earth's structure and thermal and

chemical makeup has yet to be fully realized.



Tables

A: 350 latitude line

longitude 168 169 170 171 172 173 174 175 176 177 178 179 180 181

'410' 385 385 400 410 390 395 400 395 390 380 375 380 380 385

'520' 470 520 500 505 490 505 500 505 495 495 495 490 490 485

'660' 640 650 660 655 655 645 650 650 640 640 640 645 640 640

Thickness 255 265 260 245 265 250 250 255 250 260 265 265 260 255

B: 390 latitude line

longitude 168 169 170 171 172 173 174 175 176 177 178 179 180 181

'410' 405 410 405 405 405 415 415 425 420 420 415 425 420 425

'520' 515 525 520 485 470 485 480 480 500 490 485 490 490 495

'660' 675 670 670 655 655 645 650 640 635 645 645 650 650 650

Thickness 270 260 265 250 250 230 235 215 215 225 230 225 230 225

C: 1750 longitude line

latitude 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

'410' 410 415 415 415 415 410 400 395 380 390 380 425 425 385 395

'520' 505 500 500 505 500 500 505 505 495 490 495 480 520 540 540

'660' 650 650 650 650 645 645 650 650 640 645 640 640 640 655 655

Thickness 240 235 235 235 230 235 250 255 260 255 260 215 215 270 260

Tables A, B, and C: Depth of the transition zone discontinuities and the thickness of the transition
zone (the difference between the depths of the'660' and '410') in kilometers. Values are shown
for each location in the cross-sections of figure 10.
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