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[1] We used the Yellowknife seismic array (YKA) to
measure the slowness of 1,371 P and Pgy waves from
earthquakes occurring in the circum-Pacific region. The
corresponding anomalies in P-velocity show a sharp
reduction of up to 6% across a patch of the lowermost
mantle beneath the Northwest Pacific with lateral
dimensions of several hundred kilometers. The location of
this ultra low velocity zone (ULVZ) correlates with a long-
wavelength compositional boundary revealed by
probabilistic mantle tomography. We interpret the ULVZ
as partial melt created by paleo-slab material that is being
swept laterally from northwestern Pacific subduction zones
towards the large, chemically distinct province beneath the
south-central Pacific. Citation: Xu, Y., and K. D. Koper
(2009), Detection of a ULVZ at the base of the mantle beneath
the northwest Pacific, Geophys. Res. Lett., 36, L17301,
doi:10.1029/2009GL039387.

1. Introduction

[2] Over the last three decades seismologists have ob-
served a rich variety of structural features in the lowermost
mantle (D”) (see Garnero and McNamara [2008] for a
recent review). Of particular interest are regions just above
the core-mantle boundary (CMB) that are designated as
Ultra-Low-Velocity Zones (ULVZs) and have reductions in
P and S velocity as large as 10% and 30% respectively [e.g.,
Garnero et al., 1993; Mori and Helmberger, 1995; Garnero
and Helmberger, 1995; Revenaugh and Meyer, 1997].
Because ULVZs are localized and thin they are not apparent
in long-wavelength, tomographic models of the mantle.
Instead, they have been detected and studied mainly with
waveform modeling of seismic phases such as ScP,
SP.iKS, and ScS [Rost and Revenaugh, 2003; Thorne et
al., 2004; Avants et al., 2006]. Owing to the extreme
velocity reductions, ULVZs have been interpreted as partial
melt [Williams and Garnero, 1996; Berryman, 2000; Akins
et al., 2004], and so just like the lithosphere there may be
magmatic systems operating in D”.

[3] One model for the origin of ULVZs suggests that
chemically distinct pieces of subducted mid-ocean ridge
basalt (MORB) sink all the way down to D” where they act
to reduce the melting temperature of the ambient material
and create partial melt [Hirose et al., 1999, 2005]. Geo-
dynamical simulations have shown that MORB material can
maintain its negative buoyancy but still be swept around
laterally by convection currents [e.g., Christensen and
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Hofmann, 1994]. Some geodynamical studies suggest that
MORB might preferentially accumulate along the borders
of the chemically distinct, large low shear velocity prov-
inces (LLSVPs) that have been detected by seismic tomog-
raphy [Tackley, 1998; McNamara and Zhong, 2004;
Nakagawa and Tackley, 2005].

[4] There does appear to be a rough correlation between
the location of ULVZs and the borders of LLSVPs [e.g.,
Thorne and Garnero, 2004], but seismic mapping of D" is
not yet complete enough to be conclusive. In this work we
extend the mapping of ULVZ structure to a previously
unsampled portion of D” beneath the North Pacific. As a
probe we use ray parameters of short-period P waves that
have diffracted around Earth’s core (Pgy). Previous studies
of long period P,y “apparent” ray parameters have been
effective at mapping out large-scale variations in D” veloc-
ities [Wysession et al., 1992; Valenzuela and Wysession,
1998], and the higher frequencies considered in this study
lead to higher spatial resolution. Although our approach is
not as precise as waveform modeling, it is capable of
resolving the sharp reduction in seismic velocity that is
indicative of a ULVZ.

2. Data and Methods

[s] Our data set consists of 1,371 shallow earthquakes
(depth <200 km) that occurred at distances of 50°—120°
from the Yellowknife Seismic Array (YKA) during 1990—
2006 (Figure la). We used only those events that had a
global centroid moment tensor (gCMT) solution, resulting
in a minimum magnitude of 5.7 M,,. The earthquakes
occurred primarily in the subduction zones of the cir-
cum-Pacific region and the corresponding dip-slip focal
mechanisms led to impulsive, coherent P waves for our
distance range. This experimental geometry allows us to
examine the depth variation in P velocity in the lower
mantle along two fixed azimuthal corridors, as well as the
lateral variation in P velocity at the base of the mantle in
the North Pacific (Figure 1b). All the YKA seismograms
were obtained using the autodrm of the Canadian National
Data Center (http://earthquakescanada.nrcan.gc.ca/stndon/
AutoDRM/index-eng.php).

[6] The Yellowknife seismic array has 18 wvertical-
component, short-period seismometers with equal inter-
station distances of 2.5 km. The sensors are arranged in
two orthogonal lines oriented north-south and east-west
(Figure la). This geometry makes YKA very effective at
observing teleseismic P waves at frequencies near | Hz [Rost
et al., 2006]. The array is sited in old, cratonic lithosphere
and has uniform geologic structure and elevation across the
seismometer sites; therefore, slownesses and backazimuths
can be observed at YKA with high accuracy [Bondar et al.,
1999].
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(a) Location of the events (stars) and Yellowknife array (black triangle). Blue stars are the events from Asia;

ginger represent events from South America; green are Tonga-Fiji. Black stars are the events from Sumatra-Andaman. The
insert shows the geometry of the YKA. (b) Backazimuth and depth variation of all the data. Depths are calculated using

AK135.

[7] One of the key advantages in using an array is the
ability to measure the vector slowness of an incoming plane
wave [Rost and Thomas, 2002]. For body waves at high
frequency, the magnitude of the slowness vector is inter-
preted as the ray parameter, p, where p = dT/dA = R/V, and
T is the travel time, A is the distance, R is the normalized
radius at the turning or bottoming point of the ray, and V'is
the corresponding velocity at R. Therefore, in the limit of
infinite frequency a ray parameter observation can be
directly mapped to the seismic wavespeed at the ray’s
turning point. At finite frequencies, the sensitivity of p is
broadened both laterally and in depth and it is not simply a
point measurement; however, the peak sensitivity is still at
the ray-theoretical turning point, and for the short periods
considered in this study (around 0.5—1 s), the smearing is
not severe. For P4 observations of p are most sensitive to
the velocity structure near the “exit point” of the CMB.

[8] To infer the slowness of P waves recorded at YKA we
used a time-domain beampacking method appropriate for
transient signals. A 14 s window of data around the P/P;;;
arrival, 4 sec before the theoretical arrival time and 10 sec
after that, was extracted from each element. The waveforms
were detrended, tapered, resampled from 0.05 s to 0.01 s,
and filtered with a 3-pole Butterworth bandpass with corner
frequencies of 0.67 and 1.33 Hz or 1.33 and 2.67 Hz. Phase
stack weighted beams of order 3 were calculated across a
2D Cartesian slowness grid with spacing of 0.05 s/deg in
both directions. Power was calculated as the mean square
value of the beam, and the grid point with the highest power
was selected as the observed slowness vector. An example
calculation is presented in the supplementary material
(Figure S1 of the auxiliary material).!

3. Results

[9] The ray parameters of the P/P,y phases for all 1371
events are presented in Figure 2. The individual values are
binned in terms of bottoming depth (calculated using
AK135 [Kennett et al., 1995]) and so variations in source
depth are naturally accounted for. Each bin is 50 km wide

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GL039387.

and the number of data included in each bin is shown in the
top panel. The ray parameters show the expected decrease
with depth and are well-matched by the AK135 predictions.
Mean ray parameter residuals for the individual bins vary
between —0.54 and 0.19 sec/deg. The magnitude of these
residuals is slightly larger that what is expected for site
effects, indicating some variations from AK135 along these
paths. However, the strongly negative residuals at the
shallowest depths are not robust because of the small
number of observations in those bins.

[10] As shown in Figure 2 the largest concentration of our
observations occur with bottoming depths in the lowermost
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Figure 2. The binned slowness observations (black dots)
against the theoretical values from AK135 (red curve). The
number of observations in each bin is shown in the
histogram on the top.
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Figure 3. 6Vp variations at 2 Hz relative to Ak135. The error bars are 1o and the number of observations in each

backazimuthal bin is shown on the top.

50 km of the mantle. There are enough data in this depth bin
to examine robustly any lateral variations in P velocity. We
present this in Figure 3 in which we average the slowness
observations at 2 Hz, bottoming just 50 km above the CMB
and all the diffracted traces, in 5 deg bins of backazimuth.
This ranges from Tonga-Fiji in the east to Sumatra-Anda-
man in the west, corresponding to backazimuths of 230°—
330°. The number of observations in each bin are shown by
the histogram on the top panel, and slowness anomalies are
converted to velocity anomalies using the relationship, V' =
(Rems * 11119 (P * Reaym)-

[11] For backazimuths of 230°-290°, 6Vp gradually
decreases from 3% to —6%. The mean value is negative
in this region which can be attributed to a relatively high
temperature region. The gradually decreasing trend in §Vp
stops as we continue clockwise to larger backazimuths. As
we approach 295° $Vp rises to a value at or near zero. The
mean 6Vp change is slightly higher than zero 295°-330°
which can be attributed to a relatively low temperature
region. The change in §Vp between the two regimes is
about 6%, from —6% at the edge of the high-temperature
region to 0% at the edge of the low-temperature region. The
magnitude of this change is huge, especially considering it
occurs in a narrow region of about 600 km. This is a
hallmark of ULVZs and is difficult to explain as a purely

thermal heterogeneity because diffusion would tend to
smear the anomaly over a broad area.

[12] Our observations also show a frequency dependence
to the P velocity lateral variation. Figure S2 in the auxiliary
material presents the velocity variation using the same
events and the same processing, but with a filter centered
at 1 Hz instead of 2 Hz (as shown in Figure 3). The two
frequency bands show a similar pattern, the sharp change of
P velocity and the declining trend in the high temperature
region from east to west; however, the P velocity anomalies
for 1 Hz reach only a 3% reduction at the edge of high
temperature region. It is possible this difference is created
by the slightly different sensitivity of Py ray parameters in
the two frequency bands. Since at 2 Hz the data are more
sensitive to the very bottom of the mantle than at 1 Hz, and
the ULVZ is presumably very thin, it follows that a stronger
apparent velocity reduction might be observed.

4. Discussion and Conclusions

[13] The 6% lateral change in P velocity over 600 km that
we observe in the lowermost mantle beneath the North
Pacific is much stronger than what appears in global
tomographic models of the mantle. We illustrate this in
Figure 4a by plotting our results on top of a recent
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