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Abstract

Well separated individual PKP precursors observed at the Yellowknife seismic array (YK) for a high quality doublet of
earthquakes provide an opportunity to study the location of the corresponding scatterers and assess the stability of the location
estimation. Based on the comparison of the waveforms of stacked individual precursors and those of PKIKP phases, we are able to
determine that most of these precursors originate from scattering of the PKPbc (rather than the PKPab) branch above the B caustic
on the receiver side. This allows a reliable location of the scatterers in the lower mantle. Their depths range from 2890 km (the
CMB) to 2270 km, scattering angles range from 45.8° to 16.0°, and surface projections range from southern Ontario to northern
Saskatchewan in Canada. These locations are associated with transitions from slow to fast velocities in mantle tomographic models
and follow the expected general dip direction of fossil slabs under north America. This suggests that the subducted slab remnants
under north America have retained their compositional signature. The fact that we can essentially treat these scatterers as reflections
from plane boundaries suggests that the remnant fragments of slab may be spatially extended, which should be confirmed using
broadband data. Average differences in measured slowness and back-azimuth of the doublet precursors are as small as 0.08 s/deg
and 1.4 deg, respectively. Our study indicates that it may be possible to locate such scatterers using single earthquakes and small
aperture seismic arrays.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

PKP precursors were first observed in the 1930’s [1],
but it has taken more than sixty years to establish their
origin. Array analyses of arrival times, slownesses, and
spectra [2—6] have suggested that these precursors are
scattered waves from the lower mantle rather than
diffracted, reflected, or refracted waves from the core
[7,8]. Global simulations under the single and multiple
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scattering hypotheses have determined that small-scale,
weak (<~1%) heterogeneities distributed throughout
the mantle likely contribute to the PKP precursor wave-
trains, with perhaps a concentration in the lowermost
mantle [9-11].

Small-scale heterogeneities have important geody-
namic significance in mantle convection [9,10]. In
particular, subducted slabs can survive for billions of
years in the lower mantle due to incomplete mixing [12—
14], and so regional distributions of small-scale
heterogeneity in subduction or upwelling zones might
help us sketch out local depth ranges of the mantle flow
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field and understand better the distribution and nature of
heterogeneity. Given the fact that current resolution
provided by seismic tomography is not high enough to
image structures at scales of ~1—10 km, locating and
estimating the size and strength of individual scatterers
responsible for PKP precursors provides a potential
complementary approach.

Recent studies have derived general properties of the
PKP precursor field from the analysis of high quality
data from the global seismic network [9,10,15] or from
large aperture seismic arrays [16—18]. The large
aperture of the arrays considered prevented the use of
standard array processing techniques such as the
construction of vespagrams [16]. Even when consider-
ing stacks across small-aperture arrays such as Norsar
[19], these studies have primarily modelled stacks of the
envelopes of the precursor train, and only in a statistical
sense. In most cases, these authors have invoked the
presence of partial melting associated with Ultra Low
Velocity zones to interpret the large velocity contrasts
(~10%) necessary to explain the observed precursor
amplitudes.

However, very few studies have attempted to locate
individual scatterers in the mantle, because PKP
precursors are usually weak and their arrivals overlap.
Doornbos [6] tried to locate the scattering regions
using the NORSAR seismic array, but he pointed out
that the uncertainty in the precursor slowness measure-
ments was unknown. The arrival time of the onset of
the precursor train has also been used to try and locate
the region of observed strong scattering [17,18]. An
added complication comes from the fact that there is
ambiguity between source and receiver side scattering.
In general, this is resolved indirectly, by comparing
paths in different azimuths from the source or receiver
side, and proposing an interpretation most compatible
with all observations. Hedlin and Shearer [20] showed
that the ambiguity can be resolved in many regions of
the lowermost mantle by inverting a global dataset of
precursor average power estimates, in the framework
of Rayleigh—Born scattering theory. Finally, even if the
slowness and back-azimuth of a precursor can be
precisely estimated using a small-aperture seismic
array, it is also necessary to know if the precursor
was scattered from PKPbc or PKPab on the receiver
side or on the source side (Fig. lab), in order to
uniquely estimate the latitude, longitude, and depth of
the corresponding scatterer. Since the amplitude of
PKPbc is generally much larger than that of PKPab, it
is often assumed that most of the scattering originates
on the bc branch. However, until now, it was not
possible to demonstrate that explicitly.
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Fig. 1. (a) Schematic scattering of P to PKPbc and PKPab on the
source side. The black star and square denote the event and the array,
respectively. Direct P wave (the dashed line) is converted into PKP
waves at the mantle scatterer. The solid lines are the PKP phases with
an epicentral distance near the B caustic. (b) Schematic scattering of
PKPbc and PKPab to P on the receiver side. Scattered phases arrive
earlier than PKPdf in the epicentral distance range of 120° to 140°
because of the much lower velocities in the core than in the mantle. (c)
PKP travel time curves for ab, bc, cd, and df branches based on the
ak135 model [26]. PKPab and PKPbc appear simultaneouly in the
epicentral distance range between B and C caustics.

Doublet events, for which hypocenters, moment
tensors, and source time history are basically identical,
provide a powerful means to estimate repeatability of
measurements of precursor slowness and back-azimuth.
Fortunately, a very high quality earthquake doublet was
reported recently [21]. Highly similar waveforms were
recorded at 102 stations with a broad coverage of
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epicentral distances and azimuths, and the hypocenter
separation of the two events was estimated to be less
than 1.0 km. Further evidence of the unique quality of
this doublet was obtained from the analysis of PP
phases, which have identical waveforms in a time
interval of at least 70 s, and well into the PP coda [22].
In this paper, we use this doublet to conduct array
analyses of PKP precursors. Taking advantage of an
effective stacking technique, we obtain clear and
isolated doublet PKP precursors, which, we will argue,
originate from individual scatterers in the mantle. The
stability of the estimated slowness and back-azimuth
enable us to obtain reliable locations of several of these
scatterers in the lower mantle.

2. Data, method, and results

The high quality short-period Yellowknife Seismo-
graph Array (YK) is a long-term primary array in the
International Monitoring System (IMS) seismic net-
work, acting as the backbone facility for nuclear
explosion monitoring. The epicentral distance from
YK to the doublet (1993.12.01.00:59:01.2, m,=5.5,
depth=33 km; 2003.09.06.15:46:59.9, m,=5.6,
depth=33 km in the PDE catalog) at SSI is ~137.8°.
18 of all 19 stations at YK recorded very high signal-to-
noise PKP precursors for both events. In order to
enhance the precursor signals [23], we filtered the
original seismograms in the frequency range of 1 to
2 Hz. Before stacking, we aligned traces with respect to
PKIKP phases by means of cross-correlation and
performed array-sided travel time corrections to remove
the influence of heterogeneities just beneath the seismic
array. We applied two different stacking methods: linear
stacking (Fig. 2a) and Phase-Weighted Stacking (PWS)
[24] (Fig. 2b).
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In the case of linear stacking, which was used in
previous studies [2—5], the stacked waveforms are the
linear average of individual traces. It is apparent that
waveforms of the doublet PKP precursors are very
consistent, but they cannot be separated (Fig. 2a). In the
case of PWS stacking, weights are applied to the linear
stack at every sampling point [24]. The weights reflect
the signal coherency in every trace. The PWS stacking
technique can help us minimize the incoherent noise.
Only the coherent signals of PKP precursors (A, B, C,
D, and E in Fig. 2b) remain after PWS stacking. From
the original design of the method, we expect that the
waveform distortion from the PWS stacking will be
insignificant since signals should be stationary in phase
over the entire waveform, unlike for other non-linear
stacking methods, such as n-root stacking. We had
previously verified this through synthetic experiments
on the weak inner core shear phase PKJKP [25].

We thus extract three well-isolated PKP precursors
from the PWS stacks (A, B, and C) for both events in the
doublet. Two additional, longer precursor trains, D and
E, will also be discussed. The arrival times of all five
precursors are very similar for both events, as are the
waveforms for precursors A, B, C and for the first part of
precursors D and E. An important feature of stacked
waveforms of the reference PKIKP phase is that its
amplitude for the 2003 event are slightly larger than for
the 1993 event, reflecting the slightly larger magnitude
of the 2003. The stacked waveforms of precursor B
match those of PKIKP not only in amplitude relation
and shape but also in time duration. This implies that the
energy of precursor B is most likely scattered once from
an individual scatterer in the mantle and it is not
significantly contaminated by background noise or other
weaker precursors. The stacked waveforms of precursor
C are compatible with PKIKP in shape and time
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Fig. 2. Stacked waveforms of 1993 (blue) and 2003 (red) doublet events filtered between 1 and 2 Hz. (a) Linear stacking. Waveforms before the
dashed line are amplified 10 times. PKP precursor train is apparent, but all precursors are mixed together. (b) Phase Weighted Stacking (PWS).
Waveforms before the dashed line are amplified 15 times. Individual precursors A, B, and C stand out. Precursors D and E are likely a mixture of
scattered energy arriving sequentially from multiple scatterers. The PKIKP phase arrives after the dashed line.
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duration, too, but their amplitudes are anomalous: the
amplitude of the PWS stacked waveform for the 2003
event is significantly smaller than that for the 1993
event. Some additional perturbation affects precursor C,
and, as we will see later, this prevents us from measuring
its slowness as precisely as for the other precursors.
Waveforms of precursor A have a phase shift with
respect to PKIKP and precursors B and C, and the likely
cause will also be discussed later.

The most serious uncertainty in the measurements
of slowness and back-azimuth based on a seismic array
arises from signal interference. If two or more signals,
which have distinct slownesses and back-azimuths,
arrive at the same time, it is impossible to obtain
correct estimates. This has been the case in previous
precursor studies, where individual precursors were not
isolated. The isolated doublet precursors in Fig. 2b not
only give us more confidence in measuring their
slownesses and back-azimuths but also enable us to
estimate the repeatability of our measurements. In
addition, encouraged by the high similarity of the first
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B -

cycles in the waveforms of precursor D and E to the
one of PKIKP, we also try to measure the slownesses
and back-azimuths of the first arriving phases in
precursor D and E.

We calculate vespagrams (Fig. 3) for PKIKP and
each PKP precursor. Slownesses and back-azimuths are
measured from the energy maxima for each precursor
and each of the two events in the doublet. Using this
method, we can obtain precise measurements of
slownesses 1.85 s/deg (reading error is ~0.05 s/deg)
and back-azimuths 126.5° (reading error is ~0.1°) of the
PKIKP phase in the doublet, and we verify that they are
very consistent with the theoretical slowness (1.84 s/
deg) and back-azimuth (126.4°) computed using the
ak135 seismic reference model [26]. The measured
slownesses and back-azimuths are very consistent for
the doublet precursors (Fig. 4). The differences between
the two events range from 0.03 s/deg to 0.12 s/deg for
the slowness and from 0.3° to 2.7° for the back-azimuth,
respectively. It is striking that the energy of the strongest
precursors D and E does not come from the great circle
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Fig. 3. Vespagrams of PKIKP (right panel) and PKP precursor A (left panel) for the 2003 (top) and 1993 (bottom) events, in the slowness and back-
azimuth domain. Solid white lines denote the event back-azimuth (126.4°). Grey circles denote the scale of slowness with an interval of 1.0 s/deg. In
yellow brackets are estimates of slowness (s/deg) and back-azimuth (degree), respectively. The theoretical slowness of PKIKP is 1.84 s/deg.
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Fig. 4. Measured slownesses (a) and back-azimuths (b) from vespagrams for precursor A, B, C, D, and E as a function of the arrival time with respect
to PKIKP. Solid dots and open circle correspond to the 2003 and 1993 events, respectively. The measured of slownesses (s/deg) and back-azimuths
(deg) are A (3.10, 3.25; 120.8, 120.0), B (2.94, 3.00; 129.0, 129.6), C (3.35, 3.11; 130.5, 128.5), D (2.15, 2.05; 139.0, 134.0), and E (1.40, 1.64;
140.0, 145.4). The average differences in estimated slowness and back-azimuth are 0.08 s/deg and 1.4 deg, respectively. The dashed line in (b) is the
theoretical back-azimuth of the doublet. Differential arrival times are measured from precursor and PKIKP envelope peaks, with an uncertainty of less
than 0.1 s.
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Fig. 5. Differential arrival times of PKP precursors with respect to PKIKP as a function of the scatterer depth in the great circle plane. Here negative
arrival times mean that precursors arrive earlier than PKIKP. Solid lines correspond to the receiver-side scattering (PKP-to-P) of PKPbc (red) and
PKPab (black) for different P wave slownesses; Dashed lines correspond to the source-side scattered (P-to-PKP) PKPbc (red) and PKPab (black) for
different PKP wave slownesses.
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plane. The corresponding back-azimuth deviation is as
large as ~ 16 (precursor E).

Based on ray tracing and the single-scattering
assumption [9,23,27], we are able to locate the
scattering regions responsible for the individual PKP
precursors, using our precise measurements of slow-
nesses, back-azimuths, and differential arrival times. In
the great circle plane from the sources to the receivers,
only slownesses and differential arrival times of the
precursors are required to locate the mantle scatterer
depths (Fig. 5). First of all, we need to determine
whether the precursors are from the receiver side or from
the source side according to the measured slowness. On
the receiver side, the measured slowness should be less
than ~3.2 s/deg. On the source side, the measured
slowness should be larger than ~3.0 s/deg if the
corresponding precursor arrives over 3.5 s earlier than
PKIKP, and the measured slowness should be larger
than ~3.7 s/deg if the corresponding precursor arrives
over 11.0 s earlier than PKIKP.

The arrival time of precursor A is 13.48 s earlier than
PKIKP and its measured slownesses are 3.10 s/deg
(2003) and 3.25 s/deg (1993), so precursor A must be
scattered on the receiver side. The arrival time of

precursor B is 11.81 s and its measured slowness are
2.94 s/deg (2003) and 3.00 s/deg (1993), so precursor B
must also be scattered on the receiver side. Similarly,
precursor D (7.89 s, 2.15 s/deg (2003) and 2.05 s/deg
(1993)) and E (4.95 s, 1.40 s/deg (2003) and 1.64 s/deg
(1993)) are also scattered on the receiver side.

For precursor C (9.95 s, 3.35 s/deg (2003) and 3.11 s/
deg (1993)), we cannot make an unambiguous judg-
ment: taking into account the relatively larger uncer-
tainty of its measured slowness, if it is on the receiver
side, its arrival time should be over 12.5 s earlier than
PKIKP; if it is on the source side, its arrival time cannot
be 8.0 s earlier than PKIKP. Because we are using
differential travel times of the precursors with respect to
the PKIKP phases and their ray paths are arguably close,
the uncertainty caused by heterogeneities in the crust
and mantle cannot be as large as 2.0 s. A likely scenario
is that precursor C corresponds to a more complex
scattering surface, but we cannot rule out the possibility
that precursor C may originate on the source side.

After confirming that precursors A, B, D, and E are
scattered on the receiver side, we have to determine
whether they are scattered from PKPbc or PKPab
phases. Indeed, even if the slowness and the arrival time
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Fig. 6. Influence of back-azimuth deviations on arrival times of precursors. The horizontal axis is the back-azimuth deviation with respect to the great
circle from the source (at SSI) to receiver (YK), and the vertical axis is the resulting delay time. Solid lines correspond to the receiver-side scattering
of PKPbc (red) and PKPab (black) with various values of slownesses; the dashed line corresponds to a source-side scattering of PKPbc.
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are the same, the scatterer depth may be different
depending on whether it originates from PKPbc or
PKPab. For the smaller slowness (e.g., precursor E), the
depth difference can be more than 100 km. By
comparison of stacked waveforms between PKP
precursors and PKIKP, the similarity of precursor B,
D, E and PKIKP suggests that these precursors should
be scattered from PKPbc phases rather than PKPab
phases. Otherwise, their waveforms would most likely
have significant (~90°) phase shifts with respect to the
PKIKP phases. Precursor A is special. Scattered energy
from PKPbc and PKPab arrives at the nearly same time
(Fig. 5), and so it is not surprising that its doublet
waveforms are phase shifted from that of PKIKP.
Before we can determine coordinates and depths of
the individual scatterers for the PKP precursors, we have
to do corrections for the back-azimuth deviations, too
(Fig. 6). The back-azimuth deviation can delay the
arrival of the PKP precursor. If the deviation with respect
to the great circle plane is less than 4°, the resulting time

delay is not significant (less than 0.1 s). Otherwise, the
resulting time delay can become important.

Comprehensive consideration of the high quality
differential arrival times, slowness, and back-azimuth
deviations enables us to locate the mantle scatterers for
precursors A, B, D, and E (Fig. 7). Precursors A and B
are scattered at the CMB, while precursors D and E are
scattered at ~420 km and ~620 km above the CMB,
respectively.

3. Discussion

The high quality doublet events give us a unique
opportunity to estimate the stability of our methodology
for locating small-scale heterogeneities in the mantle.
The average difference in back-azimuths (£1.4°) can
affect our estimates of scatterer coordinates at a level of
~0.6°, but it does not affect our estimates of scatterer
depths. The average difference in slowness (£0.08 s/
deg) can affect our estimates both of coordinates and of
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Fig. 7. Distribution of seismic scatterers in the lower mantle. (a) Map view indicating the location of two vertical profiles in the region of our study. (b)
and (c) Vertical cross-sections of the SAW24B16 shear wave tomographic model [30]. Profile XX’ is along the great circle containing source and
receivers, and profile YY” is perpendicular to it. Red dots show the projected locations of our constrained mantle scatterers into the cross-sections. In
the region of higher than average velocity in the lower mantle to the west of the scatterers corresponds to a feature in the model by Ren et al. [29]
which these authors associated with the fossil Farallon slab. (d) Map view of the distribution of seismic scatterers in the lower mantle. Black square
denotes the Yellowknife seismic arry (YK). Red dots indicate our located scatterers. Solid white lines are the horizontal projections of the ray paths of
precursors, and the corresponding scattering angles are 45.8°, 42.1°, 24.4°, and 16.0° for scatterer A, B, D, and E, respectively. The dashed white line
is part of the great circle from the sources in South Sandwich Islands (SSI) to YK. The background tomographic model shows the distribution of

shear-wave velocity at a depth of 2800 km [30].
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depths. The resulting influence on the coordinates is
~+0.5°, and the resulting influence on the depth is
~=70 km, respectively.

In addition to uncertainties in slowness and back-
azimuths, there may be a systematic error related to the
selected seismic reference model. All of our theoretical
calculations (Figs. 5-7) are based on model ak135 [26].
Any significant perturbation of P-wave velocity in the
region of our study with respect to this model would
result in systematic errors between the theoretical and
the measured (Fig. 4) differential arrival times of the
PKP precursors. And this would deteriorate the preci-
sion of the located mantle scatterers. Here we estimate
this systematic error by comparison of the predicted and
observed arrival times of PKIKP phases. We calculate
the theoretical arrival times of PKIKP phases for each
trace based on model ak135. The differences between
the predicted arrival times and the measured arrival
times are small (<0.2 s). On the other hand, we are
working with differential arrival times between PKIKP
and the precursors. In the mantle and crust, their ray
paths are arguably close. Therefore, the systematic error
associated with our selected seismic reference model
should be less than 0.2 s. And the resulting error in the
scatterer depths is less than 40 km.

Except for the distorted PKP precursor C, the
measured slownesses steadily decrease when the pre-
cursors approach the PKIKP phases (Fig. 4a). At the
same time, the constrained heights (above the CMB) of
the corresponding scatterers increase significantly (Fig.
7). This is consistent with previous studies [6,23].
Scattered energy at a higher level above the CMB arrives
later in the precursor train. When the scatterer arises
along the PKPbc (or PKPab) ray path on the receiver side
(Fig. 1b), the incident angle of the scattered P wave
beneath the array decreases and so its slowness
decreases. Therefore, in order to detect the highest
scatterers above the CMB, one should search for isolated
PKP precursors arriving close to PKIKP phases in a
broad epicentral distance range from 120° to 140°.

Based on the model with small-scale (~ 8 km), weak
velocity perturbations (1%), and uniformly distributed
random heterogeneities through the mantle, Hedlin et al.
[9] and Cormier [10] successfully modeled the average
amplitudes of the PKP precursors at the global scale.
Their model implies a basically continuous PKP
precursor energy train, and most of the energy most
likely comes from the vicinity of the great circle plane
containing the source and the receiver. However, in the
more local region of our study, we can observe well-
isolated PKP precursors (Fig. 2b) and some of the
corresponding energy arrives significantly outside of the

great circle plane (Figs. 4b and 7d). Therefore, the local
small-scale heterogeneity structure beneath western
North America is likely different from the suggested
global model. There may be some stronger mantle
scatterers in this region, as Hedlin and Shearer pointed
out on basis of the inversion of PKP precursors [20].
Scattered PKP precursors from the stronger scatterers
should be able to keep the coherency of their signals
better than those from the weaker scatterers which are
more affected by background noise when they arrive at
the seismic array. Thus, there may be other scatterers
hidden in the wavetrains, but only the strongest stand
out after the PWS stacking. On the other hand, the fact
that we can identify isolated scatterers with waveforms
generally so similar to the reference PKIKP phase
suggests that the scatterers are spatially extended at a
scale length longer than the incident wavelength. To
confirm this would require a broadband analysis of
frequency dependence.

Most previous attempts at locating scatterers in the
lower mantle have associated those with ultra-low
velocity zones [15—19]. However, the site of our
scatterers, western North America, has been associated
with subduction zones for at least the past ~ 100 millions
of'years [28]. Ren et al. [29] have recently proposed how
the history of subduction under north America can be
followed in their regional high resolution tomographic
model. While the locations of our scatterers fall at the
edge of the region where they have good resolution, we
can compare them with global tomography models.
First, we note that the depths of our mantle scatterers
increase from 2270 km (precursor E) to 2890 km
(precursor A and B at the CMB), and the corresponding
dipping angle is ~20° (Fig. 7), consistent with the dip
direction expected for subduction and fossil subduction
in this region. Scatterers A and B are located in a high
velocity region near the CMB (Fig. 7b—d). Scatterers D
and E are located at a transition region from high to low
velocities (Fig. 7b,c), which is consistently mapped in
mantle tomography models [30—32]. This suggests that
the scatterers may be related to the sharp and irregular
boundary of the slab remnants beneath north America
[9,10] and implies that subducted slabs that have
penetrated deep into the lower mantle may have retained
their distinct compositional signature all the way to the
CMB, in support of recent geodynamical modeling [33].

Given that we now have an idea of the accuracy of
our method to locate mantle scatterers using doublet
PKP precursors, we can apply the method to single
events in the future. The number of quality doublets is
very limited [21], but high quality single events are well
distributed. In a broad coverage of epicentral distance
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range (120° to 140°) and back-azimuth, we should have
better conditions to constrain the horizontal and vertical
distribution of mantle scatterers and to provide more
detailed information on tectonic processes in the deep
mantle at the regional scale.

4. Conclusions

Array analysis of PKP precursors from a high quality
doublet event, recorded at Yellowknife, allows us to
locate individual scatterers in the lower mantle beneath
western Canada. These scatterers are likely of signifi-
cant spatial extent (several tens of kilometers at least) to
produce coherent arrivals and stable waveforms as
observed here. We suggest that they are associated with
the remnants of subducting slabs beneath northwestern
North America, in which case these slabs would have
retained their compositional signature for many millions
of years, as predicted by geodynamical modelling. We
have shown that the locations of the scatterers are
sufficiently accurate to warrant future application of this
methodology to precursors from single earthquakes.
This will result in a much larger dataset, which will help
delineate structures with sharp irregular boundaries in
the lower mantle, contributing to our understanding of
global mantle dynamics.
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