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Abstract

Triplicated body waves sample the mantle transition zone more extensively than any
other wave type, and interact strongly with the discontinuities at 410 km and 660 km.
Since the seismograms bear a strong imprint of these geodynamically interesting fea-
tures, it is highly desirable to invert them for structure of the transition zone. This has
rarely been attemped, due to the mismatch between the complex and bandlimited data
and the (ray-theoretical) modeling methods. Here we present a data processing and
modeling strategy to harness such broadband seismograms for finite-frequency tomog-
raphy. We include triplicated P-waves (epicentral distance range between 14 and 30°)
across their entire broadband frequency range, for both deep and shallow sources. We
show that it is possible to predict the complex sequence of arrivals in these seismo-
grams, but only after a careful effort to estimate source time functions and other source
parameters from data, variables that strongly influence the waveforms. Modeled and
observed waveforms then yield decent cross-correlation fits, from which we measure
finite-frequency traveltime anomalies. We discuss two such data sets, for North Amer-
ica and Europe, and conclude that their signal quality and azimuthal coverage should
be adequate for tomographic inversion. In order to compute sensitivity kernels at the
pertinent high body-wave frequencies, we use fully numerical forward modelling of the
seismic wavefield through a spherically symmetric earth.

1 Introduction

The mantle transition zone (MTZ) is of great interest geodynamically, since its prop-
erties determine the extent to which material and heat gets exchanged between the
upper and lower mantle. In the seismological view, the MTZ extends from the discon-
tinuity at 410 km depth to the at 660 km — both discontinuities are characterized by
marked jumps in seismic velocity. The sharpness and topographic undulations of these
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discontinuities can be linked to mineral physics laboratory experiments in order to infer
material properties and mantle rheology.

The seismic waves that sample the MTZ most extensively are regional body waves,
i.e. refracted waves that turn within the MTZ. Traveling only moderate distances of
A >1500-3000 km, these waves are recorded strong and clear on seismic stations,
delivering by far the highest signal to noise ratio of any wave type that could be
used to study the transition zone. Yet these phases have rarely been used in gen-
eral, and for seismic tomography in particular, in sharp contrast to teleseismic phases
(A >3000 km). The reason is that these regional waves generate much more complex
seismograms than teleseismic ones, for the very reason that they have extensively in-
teracted with the MTZ discontinuities. Conversely we may suspect that if we succeed at
modeling and inverting these waveforms, we will be able to learn a great deal about the
mantle structure that is leaving such a strong imprint on them. Here we demonstrate
that this should be possible.

Regional P and S waves are commonly termed triplicated waves, since every inter-
action with a discontinuity spawns three distinguishable phases. Here we investigate
triplicated P-waves, which occur at epicentral distances of 14 ° to 30°, and sample the
MTZ in some interval halfway between source and receiver. Our aim is to use them in
finite-frequency waveform inversion for transition zone structure.

Finite-frequency modeling, as originally conceived by (Dahlen et al., 2000), is fea-
sible across the entire relevant frequency range of body waves, has been limited to
interpreting direct and reflected teleseismic phases (Montelli et al., 2004; Sigloch et al.,
2008; Zhou et al., 2004, 2006; Tian et al., 2011), due to the applicability limitations of
paraxial ray tracing for computing sensitivity kernels. Here we present kernels that over-
come this limitation. They are obtained from fully numerical forward computations of the
seismic wavefield, using the spectral element code of (Nissen-Meyer et al., 2007b). Ex-
ploitation of the near-spherical symmetry of the 3-D earth uses the currently available
computational ressources very efficiently, allowing to access the full relevant broad-
band range of the wavefield (0.03 to 1 Hz), as in the original Dahlen method.
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Triplicated body waves carry a very strong imprint of their interaction with transition
zone discontinuities, which is both an advantage and a challenge. Not only do the
triplicated arrivals overlap each other in time, due to the finite-frequency nature of real
data. For shallow earthquakes, they additionally overlap the depth phases pP and sP,
which get triplicated themselves. Hence an integral part of modeling the waveforms
is the careful estimation of source parameters (since they determine the shape of the
synthetic Green’s fucntion), and of the source time function.

Modeling of individual triplicated waveforms has been successfully used to sample
localized heterogeneities in the MTZ (Tajima and Grand, 1995; Melbourne and Helm-
berger, 2002). A few studies that included picked arrival times into ray theoretical in-
versions demonstrated the potential of triplicated waves for tomography (Grand, 2002),
but so far they have rarely been used, and never for waveform inversion, to the best of
our knowledge.

Regional body waves are complementary to all phases currently in use for MTZ stud-
ies. Teleseismic body waves also offer good signal-to-noise ratios, but have comparably
low sensitivity in the MTZ, which they traverse at steep angles. Hence they constrain
the MTZ beneath a source and/or station, whereas triplicated waves sample the MTZ
extensively, midway between sources and receivers.

Other methods for sampling transition zone discontinuities have much lower signal-
to-noise ratios. Receiver functions exploit P-to-S or S-to-P converted energy of body
waves, which require the stacking of numerous seismograms. Their migration from the
time domain to depth depends on a velocity structure model, which either must have
been obtained indepedently or is neglected, with according systematic errors in the
result.

PP and SS precursors, i.e. body waves reflected at the undersides of MTZ discon-
tinuities, have also been used in structural studies, e.g. (Shearer and Masters, 1992;
Thomas and Billen, 2009; Deuss et al., 2006; Deuss, 2009). Their SNR is low, so that
only the rare strong earthquakes that are recorded on seismic arrays can be used.
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Distinguishing between the signal of an undulated discontinuity and a volumetric veloc-
ity perturbation is challenging (Chaljub and Tarantola, 1997), as for receiver functions.

Surface waves have a lower image resolution than body waves. Only their higher
modes have significant sensitivity to the MTZ, but higher modes carry little energy,
and are more difficult to process. Hence surface wave tomography is largely limited to
depths above the MTZ.

We start with a discussion of the nature of triplicated body waves, and of their ex-
pression in actual seismic broadband data (Sect. 2.1). Section 2.2 and 2.3 demonstrate
how we model these waveforms; this covers the computations of Green’s functions and
the inversion for source time functions and source mechanisms. We then explain the
concept of wavefield kernels in (Sect. 3), and show how passband-filtering to different
frequency bands significantly increases the resolution in the transition zone, by
comprehensively exploiting information across the entire broadband range (Sect. 3.3).
The sizeable and well instrumented continents of Europe and North America currently
offer the most favorable source-receiver combinations of criss-crossing regional body
waves for tomography. Section 4 discusses the two data sets that we have assembled
for these two regions, with a focus on the USArray. We conclude with a discussion of
the results, and the prospects of inverting these data for MTZ structure (Sects. 5 and 6.

2 Regional P-waves
2.1 Triplications

The term triplication refers to three seismic wave phases that have similar ray param-
eters and arrive closely spaced in time. The concept is rooted in ray theory. While our
data processing and kernel computations are targeted at interpreting the full wave-
forms, it is useful to consider their ray theoretical approximation first, in order to ap-
preciate the nature of triplicated waves. It assumes that the wave from one source to
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one receiver travels along an infinitesimally narrow ray path, which is described by the
eikonal equation e.g. (Kennett, 2001). Strictly speaking, the approximation only holds
for the case of a spectrally white minimum phase signal (6-pulse). In a layered veloc-
ity model c(r), the traveltime T and the angular distance A of a direct phase (e.g., a
P-waves) depend only on the ray parameter .

Ap) = / a (1)
rre/(po(r)? - 1
T(p) = / o @

c(r\/1 - (pe(n)?/r?

If the velocity gradient with respect to depth is smooth, T and A increase monotonously
with decreasing g, i.e. stations at a further distance from the earthquake record the P-
phase at later times. If the velocity contains sharp horizontal velocity contrasts, or even
discontinuities with positive velocity jumps, % changes its sign, so that rays of smaller

% arrive closer to the source. Because %;‘f) < 0in any case, two rays arrive at the same

distance at different times. If g—‘r’ > 0, A(p) is still continuous. The turning points of A(g)
mark the transition (with decreasing ) first from a ray traveling above the discontinuity
to one being critically reflected at the discontinuity and then to one traveling below it.
In the traveltime-distance relation 7 (A), which is continuous as well, a pattern called
triplication emerges (Fig. 1).

The discontinuities in seismic velocity in the upper mantle (at 410 and 660 km depth
in the IASP91 (Kennett and Engdahl, 1991) reference model, henceforth termed 410
and 660), produce triplications: Neglecting crustal phases and the weakly developed
210-km discontinuity, we receive one P phase up to a distance of 14°, which has trav-
eled through the upper mantle. At 14 ° another one arrives 8 seconds later (point D in
Fig. 1), being reflected at the 4710. This branch bifurcates into one reflected path (DC),
and one refracted below (DE). The refraction branch continues to 28° distance (E),
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while the uppermost-mantle branch meets with the reflected one at 21.5° (C) and ends
there. From 17.5° (F) on there are also reflection and refraction branches from the 660.
The 660-reflection branch (EF) meets with the 410-refraction branch (DF) at 27.8° (E),
where they both end. Only the 660 refraction branch can be measured at distances
exceeding 27.8°.

With this conceptual knowledge, consider the real data in Fig. 2. It shows broad-
band P-waveforms in a 20 s window, starting 5 s before the first arrival according to
IASP91. The 692 waveforms from stations in the western USA are aligned (VanDe-
car and Crosson, 1990) and clustered by similarity as described by Sigloch and Nolet
(2006). This clustering results purely from the waveform shapes and does not use
meta-information such as the station distance or azimuth from the source. The clusters
show a clear zonation by distance, caused by the triplications from the transition zone
discontinuities. The figure can best be understood by first considering the most distant
group of P-waveforms (pink). The stations are mainly located beyond 28° epicentral
distance, so that the signal contains no triplications. The secondary pulse, arriving 7 s
after the first, can therefore be recognized as a surface reflection (pP or sP).

In the distance bin closest to the source, from ~15° to 18° (red), the triplicated
phases overlap so that just one broadened pulse arrives. In the second group (yellow),
the arrivals are further spread so that a first arriving pulse, a surface reflected phase
(at 5 s) and multiple triplicated phases can be distinguished. Additionally, we see an
arrival ~#10 s after the first one, which is a reflection from the 660 (FE branch in Fig. 1).
In the third group (green), this reflection is already closer to the first arrival, and the
first-arriving pulse is a superposition of the DE branch from the transition zone and the
BC phase from the upper mantle and depth phases. The next group (dark blue) is quite
heterogeneous and marks the transition from 410 triplications to 660 triplications.

In the cyan group, beginning at 22°, the refractions above and below the 660 ar-
rive almost at the same time and collapse into a single pulse. The reflected phase is
usually quite weak and not visible at all here. The two clearly separated arrivals hence
correspond to P (two overlapping refractions) and pP (another two refractions). In the
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next two groups (grass green and purple), the refracted phase from above and below
the 660 begin to separate, so that they spill into pP once more. The most distant group
(pink) shows clearly separated P and pP pulses no longer affected by triplications. The
shape of this teleseismic waveform does not change much out to ~ 85° distance.

Hand-picked arrival times of the different triplication branches have been used in a
few tomographic studies (Grand, 1994, 2002), although this approach fails to take into
account the finite frequencies of seismic waves. As Fig. 2 demonstrates, the triplica-
tions are often not clearly separated, due to several factors. The finite duration of the
source rupture has a lowpassing effect. Earth’s intrinsic attenuation disperses the P-
wave pulse, which does not contain much energy above 1 Hz. Additionally, waves of a
finite wavelength are influenced by scatterers off of the direct path, if the path difference
is less than 1/2. This argument is continued in Sect. 3.

2.2 Waveform modeling

We download broadband seismograms from the IRIS and ORFEUS data manage-
ment centers. The waveforms are corrected are bandpassed between 0.01 Hz and
3.5 Hz, detrended, and transfered to ground displacement by deconvolving the instru-
ment responses. A time window is cropped from 10 s before to 25 s after the theoretical
P arrival. Noisy seismograms are singled out by a clustering algorithm and removed
manually.

In order to do cross-correlation measurements for waveform tomography, it is nec-
essary to compare a synthetic waveform to the observed seismogram. Synthetic seis-
mograms are calculated using the reflectivity method of (Fuchs and Muller, 1971). As
reference model we use IASP91 (Kennett and Engdahl, 1991), together with the den-
sity and intrinsic attenuation of PREM (Dziewoski, 1981).

Fig. 3 demonstrates the challenge of modeling regional P-waveforms. Within a short
time window, three to five triplicated phases arrive (Fig. 3a). If the earthquake is shal-
low, as most earthquakes are, the surface-reflected phases pP and sP arrive withing
a few seconds of P, and are themselves triplicated (Fig. 3b). For an earthquake at 20°
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epicentral distance, ten phases arrive within less than 9 s, triplicated by both the 4710
and the 660 discontinuitues. The polarity of the reflected phases is negative compared
to the refracted phases, and the depth phases may have reversed polarity depending
on the source plane orientation. Hence the overall waveform is highly sensitive to the
exact depth, mechanism, and distance of the earthquake.

Additionally, the finite duration of the source process is imprinted on the seismogram,
which is the convolution of the moment rate function m, termed source time function,
STF with the Green’s function G(rg, r,, 7). Since duration of the STF is usually of several
seconds, it can change the waveform completely.

If the maximum frequency in the seismograms is f «< 1/T, where T is the duration of
the earthquake rupture, then the source time function is sometimes approximated by
a Dirac delta, a triangular function or a Gaussian. This is usually done in surface wave
tomography and long-period waveform inversion.

Since we use earthquakes of moment magnitudes between 5.5 and 7.0, where T
is between one and several tens of seconds, and we want to invert up to dominant
periods of up to 1 s, this approximation is too rough for our purposes, and we need
explicit estimates of each STF in order to construct the matched filter.

2.3 Source Inversion

As seen in the previous section, waveform tomography requires an inversion for the
temporal and spatial parameters of the earthquake sources prior to the actual tomo-
graphic inversion. For the deconvolution of the STF, we use teleseismic P-waves rather
than the complex, triplicated regional waves. We briefly describe the procedure here,
for details see Sigloch and Nolet (2006). First we invert for the moment tensor assum-
ing a dirac pulse as STF. Then a joint deconvolution of the Green’s functions from the
measured seismograms is done, resulting in an STF estimate m (7). (Source orientation
is assumed to be constant during the rupture, so that m(7) is identical for all compo-
nents of the moment tensor). With this STF, the moment tensor is inverted again. This is
done alternating, until the RMS misfit between synthetics and broadband seismograms
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has converged. The teleseismic Green’s functions are calculated by the WKBJ code of
(Chapman, 1978), using IASP91 as reference model. We use waveforms from glob-
ally distributed, reliable broadband stations (GSN and Geoscope networks). For typ-
ical earthquakes, around 40 of these stations are located within teleseismic range.
Since the STF deconvolution is a numerically sensitive operation, we deliberately use
only this small, high-quality ensemble, rather than all available broadband stations.
The spatial distribution of these permanent, international network stations is relatively
even, whereas a deconvolution from all IRIS stations would always be dominated by
the 1000+ receivers located in North America. Their waveforms and misfits are highly
correlated, so that the additional information content with regard to the source is low.
However, all available stations will later be used for the tomography.

3 Sensitivities
3.1 Waveform tomography — direct phases

The concept of the arrival time of a phase, which may be picked manually by an analyst,
assumes a broadband minimum-phased signal. In a heterogeneous earth, scattering
off the “direct” path adds a small, frequency-dependent component to the direct wave-
form. Hence scattering introduces a nonlinear dispersion even if the medium is per-
fectly viscoelastic (Dahlen et al., 2000; Nolet, 2008). This dispersion reflects the scale-
dependent interaction of different finite wavelengths with the mantle heterogeneities
that we want to image. Hence it embodies the information that waveform inversion cap-
tures above and beyond the ray theoretical approximation. We measure this dispersion
by the method of matched filtering (Sigloch and Nolet (2006)).

A predicted waveform v is synthesized from six partial Green’s functions
Gjj(rs,r.,t), weighted by the six independent components of the moment tensor M,
and convolved by the source time function m(t). The broadband u(t) is immediately
bandpass filtered to u,(t), through convolution with a filter response f,(t) (k is the
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frequency band index). Hence the finite-frequency synthetic is
6
Up(t) = D Gi(r, 1y t)xm(t)- M, «f(t) (3)
j=1

which must be compared to an accordingly filtered observed waveform ui(t). For this
we parameterize u,(t) by the two observables (misfit measures) that we want to esti-
mate, i.e. the traveltime anomaly 6T, and the amplitude anomaly 6A,,

0y (t) = Agu(t - 6T)) (4)

U,(t) is the matched filter, and the optimal 6T7,,6A, are obtained by minimizing the
L2 misfit between J,(t) and ui(t). This is equivalent to finding the time shift 6T that
maximizes the cross correlation between v, (f) and uZ(t).

With this method, we derive several frequency-dependent misfit observables
6T,,6A, from one broadband P-wave seismogram. The derivative of these misfits with
respect to the earth model can be expressed in so-called sensitivity kernels K;(r,).
These contain for example the sensitivity of the traveltime misfit or the amplitude misfit
with respect to changes in the P-wave velocity Al} at a given point r,. The measured
traveltime anomaly 67, is then

o7, = | Kk(rx)AT'va)der. (5)
(5]

Obviously, this kernel depends on the velocity structure of the earth, since it is influ-
enced by the path the wave takes. The computationally demanding part is the calcula-
tion of the wave fields. Dahlen et al. (2000) proposed to calculate these kernels under
the Born approximation (single scattering assumption) in a layered velocity model. This
is justified by the observation that the magnitude of lateral mantle heterogeneities AVp
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is small, typically on the order of a few percent, so that multiple scattering can be
neglected.

Dahlen also proposed a fast algorithm to derive these kernels for teleseismic body
waves by paraxial ray tracing. In effect, this is using ray theory to go beyond the limits of
ray theory, since it synthesizes sensitivity kernels of finite volume from the interaction
of an infinity of rays. This method has been applied to teleseismic body waves with
great success (Montelli et al., 2004; Sigloch et al., 2008) and was extended to surface
waves (Zhou et al., 2004, 2006; Tian et al., 2011) but its scope is limited to phases
without caustics, diffractions or other wave effects (Dahlen et al., 2000; Nissen-Meyer
et al., 2007a).

3.2 Waveform tomography — arbitrary phases

Triplicated waveforms, with their interactions of refracted and reflected phases around
the discontinuity, are not adequately modeled by the ray theoretical formalism. Hence
we need to calculate the kernels from the full wavefield instead. Computing the per-
turbation Su(f) of a seismic waveform u(t) involves the wave field from source to ev-
ery possible scattering location u(t, r), and of the scattered wave field to the receiver.
Thanks to source-receiver reciprocity, this second wave field may instead be replaced
by the back-propagating wave field u(t, r) from receiver to scatterers, which is generally
much cheaper computationally (Nissen-Meyer et al., 2007a, egn. 10). This is concep-
tually similar to the adjoint method (Tromp et al., 2005).

ou = —/ [5PV/*V/+EU*E/(/5C///</] d°r. (6)
@

1o, %

2o, Yo

the strain tensor. Note that this is index notation, so summation over repeat indices

is implied. The arrows serve as a reminder of the forward and backward nature of
794
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the wavefields and strains. For an isotropic medium, the dependence on the Lamé
parameters is

su=- / |80VisV+EisE ;62 + 2 vE;6u] & (7)
=

If the inversion is for 6V and 6Vg rather than for the Lamé parameters 61, u, we
replace them:

Su=VZ6p+2Vsp6Vs (8)
51 = <sz - zvsz) 80 +2Vpp8Vp — AVs0 6V 9)

Replacing 6u and 61 in Eq. 7, we have

bu = —/ [59 (V/*V/ + (VF? ‘2V32) 'EII*E// + Vs?'Eij*E//)
@

+6Vp <2pr 'E,‘,'*Ej/)
+6VS (—4,0VS-EI.I-*EU+2,OVS'E,'/'*EU>:|d3f. (10)

Equation 10 shows that Vo-kernels are straightforward to calculate because they only
involve the diagonal elements of the strain tensor, which is equivalent to the divergence

of the displacements:E,-,- = % = Vu. Hence for P-wave tomography, we need to store

only the displacement field l}(r), rather than the full strain tensor £;;(r). The exact
expression of the kernel now depends on the chosen misfit criterion. We prefer the
cross-correlation traveltime misfit, defined as

Ry @iu(@)bu(w)dw

s @2u(@)u(@)dw

6T = - (11)
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With u(®) = G(rg, r,, ®)m(®), we can calculate the sensitivity of 67 w.r.t. 6l/p. Using
the definition of the kernel in Eq. 5, we arrive at

2Vpp

i /(C;O @2|Gsr(@)m(@)|2d@

K(ry) (12)

. R / i® Gg (@)|M(®@)RVG(ry,, ®)VG(r,, ®)do.
0

The term |m(w)|, which Dahlen et al. (2000) originally denoted as the source term,
contains the source spectrum, but also the bandpass filters. G4 (@), the Green’s func-
tion from source to receiver, introduces any intrinsic attenuation of the reference earth
model into the kernel.

3.3 Spherical earth kernels

The calculation of a global wavefields at a dominant period of 5 s requires around
10* CPUh when a full 3-D forward solver like SPECFEM (Komatitsch and Tromp,
2002) is used. For a realistic global tomography using > 10° waveforms, the calcu-
lation cost would be > 10° CPUh, which is completely prohibitive. In a spherically
symmetric background model, this cost can be reduced dramatically: 3-D wavefields
in a layered earth can be computed at the cost of the equivalent 2-D wavefields, since
the symmetry implies that one dimension may be calculated analytically (Nissen-Meyer
et al., 2007a). Forward wavefields are pre-computed for reasonable depth increments
(e.g. increments of 1km for depths from 0 to 100 km, and increments of 10 km from
100 to 700 km, requiring in 160 simulations). The backward wavefield needs to be cal-
culated just once, assuming that all receivers are located at the surface or within one
P-wavelength of it. The 160 forward calculations need to be done four times (Nissen-
Meyer et al., 2007a, p. 1057) for

1. a M,, monopole source
796
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]
2. a 3 (M, + M,,) monopole source
3. a M,, dipole source

4. a M,, quadrupole source.

Since the response of a station at azimuth ¢ to a M, ,-source equals that of a station
at ¢ -m/2 to a M,,-source, and response of a (MXX - Myy)-source at ¢ equals that
of a M,,-source at ¢ —m/4, we can reconstruct the response of a spherically sym-
metric earth to an arbitrary moment tensor from these four calculations. The backward
propagation needs to be done twice:

1. p, monopole source for the Z-component of the seismogram
2. py or p, dipole source for the E- or N-component of the seismogram

Again, p, or p, are equivalent, if the receiver location is rotated by m/2. Using the 3-D to
2-D reduction strategy applied in the SEM-code Axisem (Nissen-Meyer et al. (2007b)
and Nissen-Meyer et al. (2008)), the computation cost for a 3-D global wavefield of
dominant period 7 =5 s is around 16 CPUh on an i7 machine, or = 10* CPUh for the
entire wavefield library. Since the calculation grows at O(1/T3), a library of dominant
period 1.25 s would still require less than 10° CPUh, which is easily feasible nowadays.
From these 642 pre-computed wavefields, kernels for any arbitrary time window in the
seismogram can be calculated on the fly in the frequency domain, which is memory
intensive but computationally cheap.

Time window choices for these kernels are not limited to any specific phase arrivals
or wave types, although it is certainly judicious to chose parts of the seismogram that
contain significant seismic energy rather than noise. The window length should be
chosen with care. A window that is too long will contain more noise than necessary,
and the diameter of the kernel will grow, since longer detours from the direct path
are allowed. The outer parts of the kernel will contain the higher-order Fresnel zones,
which oscillate rapidly and are unlikely to meaningfully contribute in the inversion. Too
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short time windows will contain too little signal and be more prone to cycle skips. The
window length should probably be no shorter than twice the dominant period of the
bandpass filter. It will not be possible to calculate the separate kernels for each of the
triplicated phases, since for real data they overlap in time (cf. Fig. 3). However, it is
neither necessary or even desirable to revert to this dirac-type, ray-theoretical way of
processing. The kernel formalism ensures the proper interpretation of the waveforms,
as long as the actual measurements use the same window lengths and filters as the
wavefield computations.

3.4 Kernel gallery

A selection of 10 s and 20 s V-kernels at dominant periods of 10 s and 20 s are plotted
in Fig. 5, for an explosive source at the surface and the z-component of the seismo-
gram. Especially at 24 ° epicentral distance, the two frequency bands differ significantly
in their sampling of the MTZ. While the 20 s kernel samples the regions directly below
the 410 and the 660, the 10 s kernel samples mainly the region above the 660. This is
particularly striking when compared to the sensitivity of the first arriving rays (Fig. 6),
which is completely confined to the region directly below the discontinuities. The 22°
and 26 ° kernels in the 10 s band have almost complementary sampling characteristics
in the transition zone. The 22 ° kernel is negative where the 26 ° one has its largest posi-
tive values. With dense arrays like the USArray, we obtain many 22 ° and 26 ° recordings
for the same earthquake, which thus should yield good constraints on the MTZ. The
30° to 40° kernels in the second and forth row look more similar to teleseismic kernels,
even though clear imprints of the MTZ remain even for a 40° kernel, resulting in an
appearance quite different from the 40° kernel of the original Dahlen method (Dahlen
et al., 2000). Geodynamically interesting regions just above the discontinuities, where
effects of fluid release might be present (Ohtani, 2005), can classically be sampled
only by teleseismic waves. Since they traverse the MTZ at a steep incidence angle,
their vertical resolution is quite limited, in contrast to triplicated phases. Topography on
the discontinuities may also influence the waveforms, an effect for which sensitivities
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may be computed from from the same wavefields (Eq. 11) (Nissen-Meyer et al., 20073a;
Colombi et al., 2012). Ultimately it will be desirable to separate topography effects from
those of the volumetric velocity structure, by integrating both kinds of kernels into a
joint inversion.

4 The data sets

We identifed two regions that appear particularly suited to tomography of the transition
zone using triplicated body-waves: North America and Europe. They are densely in-
strumented, decently surrounded by earthquake sources, and large enough for wave
paths to penetrate the MTZ on their way from source regions to receivers.

4.1 North America

Since the advent of USArray, North America is clearly the best-instrumented large
landmass on earth. USArray stations are spaced by ~70km on a regular grid and
deliver superb broadband waveforms.

The data from the first year of installment already brought new insights into the sub-
duction history of the Farallon plate and the formation of the Rocky mountains (Sigloch,
2011) or to fluid transport in the Gorda subduction system (Cao and Levander, 2010).
The recent move of the deployment into the Great Plains has brought the seismicities
of the Guerrero subduction and along the western Canadian margin into distances of
15° to 30°, creating a large number of crossing paths in triplication range. USArray
recordings are supplemented by permanent networks in the US, Canada, and Mexico,
and by data from temporary experiments. All North American data was downloaded
from the IRIS DMC. Currently IRIS delivers about 2000 global stations per event, of
which ~1400 are located larger North America, i.e. between 180° W and 45° W in the
northern hemisphere.
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We found that between 01/01/2001 and 31/12/2011, 92 regional earthquakes gen-
erated triplicated P-wave recordings of acceptable signal-to-noise ratio. This yielded
26016 unique, acceptable wave paths in total. We applied Gabor bandpass filters
(bandwidth one octave) at center periods of 20 s, 10 s, 5 s, 2.5 s, 1.25 s. Since we
make cross-correlation measurement, the correlation coefficient between observed (fil-
tered) waveforms and their synthetics serves as the primary measure of goodness of
fit. We denote by 6T the time shift that maximizes the cross-correlation between ob-
served seismogram and matched filter, and by CC,,,, the correlation coefficient at this
optimum time shift. Hence CC,,,, acts as a quality measure, and 6T is the actual finite-
frequency observable to be interpreted by tomography. Previous experience (Sigloch
and Nolet, 2006; Sigloch, 2008) lets us assume that CCj;,, = 0.8 is a good threshold
for acceptance. If we accept only waveforms of CC,,,, > 0.8, 42949 out of 130080
waveforms remain (Table 1). Fitting waveforms in the five separate frequency bands
increases the number of usable data by more than fourfold, compared to fitting only
the broadband seismograms. In particular, we can often accept at least one passband
measurement even when the CC,,,, of the broadband measurement is clearly too low
— this salvages many important wave paths. For teleseismic waves, another frequency
band below 20 s might reasonably be added, but for regional P-waves this is less in-
teresting, since the 20 s kernels already fill up the entire depth range of the transition
zone.

Figure 8 shows that the average absolute traveltime anomaly 6T is similar in all
bands, with a standard deviation of ~ 2.4 s. From our experience with teleseismic P-
waves, we know that a large part of this 67 signal is due to mislocated sources rather
than to mantle heterogeneity; both contributions are jointly inverted for by our tomog-
raphy software.

For the tomography, these 6T measurements on triplicated data will be embedded
into a larger data set of teleseismic P-wave data (Sigloch, 2011). The latter have better
azimuthal coverage, since they include earthquakes from the east (mid-Atlantic ridge
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and southern Europe). Unfortunately, very few seismic sources to the east of North
America are located at regional distances.

4.2 Europe

Compared to Northern America, the European seismic networks are less homoge-
neous, even though the NERIES initiative brought a great step forward. We down-
loaded our waveforms from the ORFEUS DMC. This archive currently contains around
400 seismic stations, mainly in Europe, but also several temporary installations by Eu-
ropean agencies, e.g. in Indonesia. The data coverage is quite uneven. Several large
countries like France and Poland are sparsely instrumented, other networks do not
share their data yet. There have been several large temporary installations in Central
Europe and Scandinavia, data which would be very interesting but are being released
only slowly. The IRIS DMC holds hardly any broadband stations above and beyond
the ORFEUS DMC. On the other hand, the geometry and seismicity of Europe is more
favorable than for North America. Hellenic seismicity is recorded over a large azimuthal
range from Spain to Russia and produces many crossing paths, together with Western
Mediterranean seismicity recorded in Central Europe, and seismicity on the North At-
lantic ridge between Iceland and Svalbard. One of the most interesting features in the
transition zone are the slab remnants below the Northern Balkan and the Carpathians,
which cannot be easily connected to the established subduction regimes. The coverage
of the MTZ by triplicated waves is very good in this region, and should help in further
illuminating its mantle processes. A clear difference to the North American data set is
that few earthquakes above magnitude 6 are recorded in Europe. Since we obtain best
correlations between data and synthetics at around magnitude 6.5, the data quality
is generally lower than in North America. In total, the number of available stations in
larger Europe (defined as the region between 45° W and 75° E in the northern hemi-
sphere) is 390. Our dataset contains 66 earthquakes, which recorded 4916 broadband
seismograms (unique wave paths). 7042 out of 24 580 passband measurements have
a data-synthetic fit that exceeds CC,,, > 0.8. Compared to the North America, we
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obtain about five times fewer waveforms, and seven times fewer acceptable 6T mea-
surements. This lower average signal quality seems to be mainly due to the weaker
seismicity around Europe.

4.3 Information content of triplicated P-waveforms

Before embarking on tomographic inversions, we want to convince ourselves that trip-
licated waveforms do indeed contain coherent and usable structural information. The
broad footprint of USArray may be sliced up into dense seismic profiles at various back-
azimuths, each featuring dozens of stations. Here we consider one such quasi linear
section, generated by an earthquake from Guerrero, Mexico. Figure 9 shows the P-
waveforms of 84 displacement seismograms in a range between 22 and 35° distance.
The traces are color coded, where green means zero displacement, blue is negative
displacement, and red is positive. Traces are time-aligned on the IASP91-predicted
arrivals of the first P-phase.

The first arrival in the real seismograms occurs around +2 s for all traces, a system-
atic bias w.r.t. to IASP91 that is most likely due to source mislocation. The blue triangu-
lar move-outs (e.g. to +7 s at 21° distance) are the triplicated phases of P. Starting at
+10 s, the whole P-arrival sequence is “echoed” (also in blue) — this is the depth phase
pP, in itself triplicated, for this shallow event (12 km deep).

If the earth were truly spherically symmetric, the P-arrivals should be aligned
smoothly — if not along a vertical line of £ = 0, then along some other smooth line of
steep move-out. This is clearly not the case, signaling the kind of lateral mantle hetero-
geneity that seismic tomography targets. Strong uneveness is for example observed
between 25 and 31° distance, where the P-onset varies between 0 s and +3 s.

The largest delays are present between 29 and 31° distance. This might be ex-
plained by a low-velocity anomaly directly below the 660, since only waves of this
distance range bottom there (see Fig. 6). Recordings at more distant stations would be
less influenced by this hypothetical anomaly, since they traverse it at a steeper angle,
with correspondigly lower sensitivity. However, a second observation leads to another
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explanation: The second triplication (here arriving at ~5 s at 28 °), represents the phase
bottoming directly above the 660. According to /ASP91, it should be recorded only to
a distance of 27.8°, but here we observe it to distances exceeding 29°. This could
be explained by a depression of the 660-km discontinuity to a depth of 680 km, which
would also explain the delay of the first phase at this distance. A depressed 660 in this
region of subduction is plausible, since the lower temperatures of the slab would shift
the phase transition to higher pressures and deeper depths.

The second subplot of Fig. 9 shows several stations at 28 to 29° distance, where
the second triplication should not be recorded. We do observe the phase, but only at
some of the stations (at +4 to +5 s), which suggests that the depression of the 660
is quite localized. From the azimuthal spread of the stations, we can estimate their
bottoming points to be spaced only by tens of kilometers, and yet the imprint of the
660 in the seismograms is quite variable. Since the maximum frequencies in these
waveforms are less than 1 Hz, the scale of the undulations on the 660 must be close
to the resolution limit of these waves.

5 Discussion

Using triplicated P-waves fills an important gap in waveform tomography. Teleseismic
waves have relatively poor depth resolution in the MTZ, and little sensitvity to the dis-
continuities themselves. Since regional waves have this resolution, we hope to greatly
increase the resolution of future P-wave models in the transition zone. So far, tripli-
cated body waves have hardly ever been used for tomography, since they are not well
modeled by classical ray theory, and the appearance of the actually measured wave-
form has a clear finite-frequency character rather than resembling a sequence of dirac
pulses.

Our choice of misfit criterion is the cross-correlation traveltime — effectively a phase
shift measurement, given our relatively narrow passbands. Cross-correlation is the opti-
mal strategy for the detection and estimation of a known signal (the synthetic waveform
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or “matched filter”) in a noisy version of the same signal (the measured waveform),
where the noise is assumed to be white additive Gaussian noise in each passband.
Intuitively it might seem that cross-correlation may not be suitable misfit for triplicated
waves, since for all but the highest frequencies, the time window will necessarily en-
compass all three triplicated phases, each of which has different spatial sensitivity.
Hence calculating one traveltime delay on all three overlapping phases may seem
unphysical. We believe that this understanding of the cross-correlation misfit is mis-
guided by (ray-theoretical) intuition. While it is true that one cross-correlation applied
to a broadband signal only calculates one delay time for the whole broadband time
series, this is actually not what we propose to do. When splitting the signal in multiple
frequency bands and calculating separate 6T, several, ideally independent measure-
ments are done on the waveform. The corresponding sensitivity kernels describes the
sensitivity of the model towards each of these measurements. It does not describe
the sensitivity towards the traveltime of one particualar (ray-theoretical) phase. The
kernel computation formalism ensures that the proper sensitivity for each window and
filter is computed, whatever they may be, meaning a time window containing triplicated
waves can be used just as any other time windown. One should just not expect a ray-
theoretically intuitive meaning corresponding to each measurement.

The calculation of full wave fields in a laterally heterogeneous 3-D earth model is still
prohibitively expensive for frequencies above 0.05 Hz. Hence waveform tomography
must currently choose between one of two compromises:

1. In a laterally heterogeneous earth model, calculate low frequency wave fields
(< 0.05 Hz), since high frequencies are not affordable. This means focusing on
surface waves and the low-frequency part of body waves. Due to the large wave-
lengths of body waves, their low-frequency part offers little resolution in the man-
tle transition zone (already at a dominant period of 20 s, the kernel fills the entire
transition zone). The high cost of wavefield calculations mandates that they need
not be done too often. The adjoint method proposed by Tarantola (1984), and
applied in global seismology by Tromp et al. (2005) and Fichtner et al. (2009),
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offers an efficient solution by calculating wavefields only once per source, result-
ing in composite, so-called event kernels, which indicate the descent direction for
the (linearized) gradient search. Several iterations are possible and customary,
since wavefields can be computed in arbitrary earth models, in particular also the
updated ones.

2. In a spherically symmetric earth model, calculate kernels that span any or all
parts of the seismically relevant frequency spectrum. This has defined “finite-
frequency tomography” since Dahlen et al. (2000). Nissen-Meyer et al. (2007b)
showed that full wavefield kernel computations are feasible for frequencies up to
1 Hz, due to the extreme computational savings that result from smart exploitation
of the spherical symmetry. The use of high-frequency waves promises accordingly
higher image resolution. The method is so efficient that all source-to-receiver ker-
nels are explicitely calculated, turning the problem into one of matrix inversion, for
which powerful concepts and computational tools are well known. The disadvan-
tage is that several iterations are not possible, since the earth model would lose
its spherical symmetry after the first update. This might be a serious drawback in
media with heterogeneity of strong magnitude, where the single-scattering (Born)
approximation starts breaking down, but where several linearized iterations might
still lead significantly closer to the global misfit minimum than a single one.

We believe that the finite-frequency approach is currently better suited to tomography
of the upper mantle and the transition zone, since (a) being able to use the highly
resolving body waves across their entire frequency range should be a big advantage,
and (b) all previous studies let us expect only relatively weak perturbations from a
layered background model like /IASP91, on the order of a few percent, so that the
single-scattering approximation should be a good one.

Analysis of triplicated waveforms has so far been mostly limited to deep events
(Tajima et al., 2009), in order to separate the influence of the discontinuities from
the depth phases. We have shown that shallow events can be modeled when a good
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source model is available. Routine catalogue estimates (Global CMT (Dziewoski et al.,
1981) or NEIC) do not deliver all the parameter we need (source time function), or not
to the required accuracy (e.g., source depth).

However, using our own source inversion results from teleseismic P-waves, we can
model the sources sufficiently well for our purposes. The ability to use shallow earth-
quakes enlarges the data base by a lot, since most earthquakes occur shallower than
30 km depth. In particular, good tomographic resolution requires good azimuthal cov-
erage by sources, but few regions on earth are surrounded by subduction zones to
generate deep earthquakes from all directions.

The regional data sets are promising, both for North America and for Europe.

In practice, they will be seamlessly embedded into a global inversion that also con-
tains teleseismic P-wave measurements Sigloch (2011). A regional tomography of Eu-
rope can thus still benefit from events in eastern Asia, i.e. beyond the triplicated range.

So even though the seismicity in Europe is a lot weaker than around Northern Amer-
ica, we still have a lot of information from global seismicity recorded here. Neverthe-
less, the European network is nowhere as dense as the USArray, which will make any
American tomography in the foreseeable future far better resolved.

The average waveform cross-correlation is poorer in the European data set than in
the North American one. Three possible explanations come into mind:

1. The station quality could be worse. We do not believe this is a general issue, even
though the average distance to the nearest coast is smaller in Europe than in
North America.

2. European mantle structure could be more complicated than the American one,
generating more mismatch between observed and modeled waveforms. The tec-
tonic history of Europe might have been more complex, but numerous tomo-
graphic studies since the advent of USArray have also revealed a very hetero-
geneous mantle structure under North America (Pavlis et al., 2012; Becker, 2012)

806

SED
4,783-821, 2012

Finite Frequency
Measurements of
triplicated waveforms

S. C. Stahler et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/783/2012/sed-4-783-2012-print.pdf
http://www.solid-earth-discuss.net/4/783/2012/sed-4-783-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

So it is unlikely that the true seismic velocity structure in the mantle under Europe
deviates significantly more from a layered model than under North America.

3. The earthquake sources around Europe are less suited. We think this is the main
issue. In North America, we can use rather strong strike-slip events along the west
coast, and numerous deep events along the Guerrero subduction, many of them
above magnitude 6. European seismicity is weaker in magnitude and tends to
consist of complicated events in the Aegean subduction and along the Anatolian
fault; strike-slip events along the Atlantic ridge are quite small. Since some of
these events are not contained in the IRIS archive and thus only the ORFEUS
stations were available for us, our source inversion for them is might be worse as
well.

While the signal quality is lower overall, the geometry of European seismicity geometry
is more favorable in terms of azimuthal coverage than for North America.

The seismic section from the Mexican earthquake demonstrates the high signal qual-
ity of USArray recordings 9. The discussed strong imprint of a depressed 660 in this sig-
nal shows that we may need to be careful to properly parameterize the inversion such
that depressed or elevated discontinuitues are detected and become part of the tomog-
raphy result, rather than smearing into bulk velocity structure. In order to separate the
two effects, we are considering the use of boundary topography kernels(Colombi et al.,
2012), in addition to the volumetric velocity kernels shown in Fig. 5.

6 Conclusions

We conclude that regional body waves should be usable and useful for waveform to-
mography. We plan to invert these data using finite-frequency tomography and kernels
from full numerical wavefield computations (Nissen-Meyer et al., 2007b), but our con-
clusions about the nature of the data have broader validity.
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After careful deconvolution of the source time function and other source parameters
from teleseismic waveforms, we obtain good cross-correlation between observed and
modeled triplicated seismograms, across the broadband range and even for shallow
sources. Due to the much more complex nature of the waveforms, these fits are lower
than what we obtain for teleseismic P-waves, but are still sufficient to assemble two
decently sized tomography data sets for North America and Europe. The inclusion of
these data greatly increase and complement the sensitivity to transition zone structure,
and in particular to the discontinuities at 410-km and 660-km, which so far must be
invested using waves of far lower signal-to-noise ratio. The abundance and high quality
of data from USArray make the transition zone under North America the natural target
for a first waveform inversion using triplicated P-waves.
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Table 1. Number of acceptable traveltime measurements in the various frequency bands, as T, 202

a function of the chosen rejection threshold CC,,. In total 26016 (NA) and 4916 (Europe)
broadband seismograms were available.
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Fig. 1. Observed waveforms and nominal ray paths of regional P-waves, for a magnitude 6.4
earthquake off the coast of Mexico (2008/09/24 02:33:05, Lat: 17.61 Lon: —105.50, Depth:
6 km). The ray coloring in left figure corresponds to the coloring of the waveform clusters in
right figure. Our automated clustering algorithm sorts the different kinds of triplicated phases
into different groups, based on the dissimilarity of the broadband waveforms. The waveform
below each seismogram group is the waveform stack. The groups coincide with the epicentral
distance bins predicted by theory (see text for details). This demonstrates that we are dealing
with a robust signal that waveform tomography should be able to interpret.
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Fig. 2. Triplication of P-wave traveltimes in JASP91. The ftriplication C to D is produced by the
discontinuity at 410 km depth, the one from E to F by the one at 660 km. The AB triplication orig-
inates from the 210 km discontinuity, which is only of second order in JASP91. This triplication
can hardly be observed, especially since it overlaps with the one from 410 km.
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Fig. 3. Schematic composition of a triplicated broadband P-wave signal: (A) Arrival times (top
row) and nominal ray paths (bottom row) of the direct P-waves. Three pulses arrive, two of which
are refracted above and below the discontinuity (here 470), and the third reflected by it. (B) If
the earthquake is shallow, additional depth phases arrive (pP and sP), which get triplicated
themselves. (C) Real-world seismograms do not resemble sequences of dirac pulses. Rather,
the pulses of the Green’s functions are dispersed and the source time function (bottom row)
convolves into all of them. (D) The sum of all contributions is the predicted seismogram (top),
which may be compared to the observed seismogram (bottom row), in order to extract mea-
surements for waveform tomography. Even though the waveform is complex, it can be modeled
sufficiently well using a layered background model.
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Fig. 4. The fit between a triplicated P-wave and its synthetic, filtered into frequency passbands.
The epicentral distance is 18.6°, so that the waveform contains triplications from both the 410
and 660 discontinuities. This example uses the same broadband waveforms as seen in Fig. 3;

the seismic station is VALT.
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10 second dominant period
;‘ \

Fig. 5. Traveltime sensitivity kernels for vp, calculated by the Axisem spectral element code.
Sensitivities are for a cross-correlation traveltime misfit, in the time window of 5 s before to
15 s after the estimated arrival. Dominant period T is 10 s for the upper two rows, and 20 s
for the lower two rows. Distances (from top left): 22°, 24°, 26°, 30°, 35°, 40°. Background
model: IASP91; source: explosion; receiver: z-component. The 410-discontinuity is marked by
the dashed line, the 660 by the dashed-dotted line. Note that most kernels do not feature the
famous doughnut hole, which is filled by the sensitivities to the two discontinuities.
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Fig. 6. Nominal ray paths of regional P-waves in JASP91. None of the rays bottom in the lower
part of the transition zone. Contrast this to the realistic (finite-frequency) sensitivities of Fig. 5,
which extend broadly across the entire MTZ.
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Fig. 7. Source and stations in two regional data sets for North America and Europe.The rays
connect source-receiver combinations at distances between 15 and 35 degrees. Earthquake
locations are shown as beachballs. Station colour codes for the goodness of fit between to
observed and modeled waveforms at each station. Red denotes median cross-correlation co-
efficent of CC,,,, >0.8, which we consider a reasonable threshold for accepting any individual
measurement, orange and yellow colors indicate a lower median fit, which means only some
waveforms at this station may be used. Marker size is proportional to the number of events
recorded by the station.
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Fig. 9. Evidence of 3-D structural information contained in triplicated P-waves. Top: we extract a
quasi 1-D profile of 84 USArray stations, recording an earthquake in Mexico (Event: 2009/04/27
16:46:28, Mag: 5.8, Lat: 17.03, Lon: —99.45, Depth: 35 km). Middle: Section of broadband seis-
mograms at triplication distances (between 22 and 35° green in the map plot). Z-component,
color coded, green is zero displacement, blue negative, red positive. The traces are normalized
separately, and aligned to the first arriving P-wave as predicted by IASP91. See text for dis-
cussion. Bottom: Seismograms from the enseble of stations at quasi-constant distance of 28 to
29° (red triangles in map plot). The second P-triplication is observed on some of the traces (at
t =4 -5 s) but not on others, pointing to variations on the 660-km discontinuity.
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