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Abstract
The 660-km seismic discontinuity (660) in Earth’s mantle is generally attributed to the breakdown of the
ringwoodite phase of olivine, but other mineral reactions are also thought to occur near 660-km depth. Recently,
complex arrivals of P660s waves (converted from P to s at the 660) in active and recently active subduction zones
have been interpreted as evidence for additional seismic discontinuities caused by the garnet^perovskite and garnet^
ilmenite^perovskite phase transformations (gtCpv, gtCilCpv) at relatively low temperatures. Here we show that the
P660s phases converting at the 660 within the subducting NW-Pacific slab beneath the station MDJ in Northeast
China are clear and coherent, with no additional arrivals in the vicinity. P660s waves that convert near the boundaries
of the area where the 660 occurs within the slab produce distinctly more complex, multiple arrivals, but they are more
likely to be caused by small-scale topography rather than ‘multiplicity’ of the 660. Our observations suggest that the
gtCpv transformation and the gtCilCpv, if it occurs in the mantle, are spread over tens of kilometers and do not
have sharp onsets visible to short-period seismic waves.
8 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The seismic discontinuity at a global average
depth of 660 km in the Earth’s mantle (the 660)
has been attributed to the transformation of ringwoodite (Q-phase of olivine) into perovskite and
magnesiowu«stite (QCpv+mw) [1^5]. Other mineral
reactions may also occur close to 660-km depth,
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some of them only at certain ambient temperature
and composition [6]. Near 750-km depth, garnet
(gt) is thought to transform into perovskite (pv)
[7]. At anomalously low temperatures (such as in
subduction zones) garnet may transform into ilmenite (il) and ilmenite into perovskite in the 600^
750-km depth range [8]. The transformations
could give rise to two additional seismic discontinuities in the vicinity of the 660. An observation
of seismic waves converted at interfaces near the
660 would be indicative of the occurrence of
gtCilCpv and could provide constraints on the
e¡ective sharpness [7] of the transformations. An
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discontinuity exhibit complex waveform patterns
that vary consistently with location of the conversion points relative to the slab. These observations
strongly suggest that the waveform complexity is
a result of wave-propagation e¡ects rather than
conversion at multiple discontinuities. The absence of multiple arrivals from within the slab
indicates that the gtCilCpv transformations ^
if present ^ are wide and smooth.

Fig. 1. Schematic ray diagram of the P, P410s, and P660s
waves in a laterally homogeneous mantle. Triangle denotes
the seismic station on the Earth’s surface. The axes P and
SV (top right) are in the direction of the P and SV waves’
particle motion.

absence of pertinent seismic phases would suggest
that the transformations ^ if at all present ^ are
spread over large depth intervals and do not have
sharp onsets.
Pds arrivals are produced by deep-turning compressional waves P converted to upgoing shear
waves s at a depth d (Fig. 1) and are extensively
used in studies of upper mantle discontinuities [9^
12]. In active or recently active subduction zones,
however, P660s waveforms can be di⁄cult to interpret because of their complexity, caused by the
e¡ects of small-scale topography on the 660 and
strong seismic-velocity heterogeneity in the upper
mantle above it (e.g. [12,13]). Assuming that the
lateral heterogeneity is absent or insigni¢cant, one
could then erroneously attribute the P660s-waveform complexity to structure of the 660 itself. Recently, multiple peaks near P660s arrivals on seismic records have been interpreted as Pds waves
converted from multiple interfaces near 660-km
depth, which in turn was interpreted as evidence
for the occurrence of sharp gtCil, ilCpv, and
gtCpv [14^16].
Here we analyze P660s waves recorded at the
station MDJ, Mudanjiang, of the Chinese Digital
Seismic Network, a top-quality station situated
above the region where the shallow-angle NWPaci¢c slab reaches the 660. We observe that the
waves converting at the 660 well within the slab
form clear single arrivals. In contrast, P660s converting where the boundaries of the slab cross the

2. Data
Station MDJ (Fig. 2) has produced high-quality
recordings since 1986. Below the station, the subducting NW-Paci¢c lithospheric slab reaches the
660 and, according to high-resolution tomography [17^19], penetrates into the lower mantle
(Fig. 3). Because the subduction angle is shallow,
the slab arrives at the 660 at a lateral distance of
more than 1000 km away from the trench. Consequently, P660s waves on their way to the station
travel little through the slab and not at all
through the highly heterogeneous volcanic-arc

Fig. 2. The location of station MDJ (triangle) and the study
region (bold lines). Arrow shows the motion of the Paci¢c
plate relative to Eurasia. Contours of the depth (km) to the
top of the seismogenic zone in the subducting slab are from
[20] (based on hypocenters from [25]).
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Fig. 3. Cross-sections through the tomographic model of [19] centered at our study region. Tick spacing is 5‡. Earthquakes within
30 km of the cross-section planes are plotted as circles; hypocenters are from [25]. The reference model is ak135 [26].

shallow mantle. In comparison to island-arc stations, MDJ registers P660s phases that are weakly
distorted by shallow structure and preserve information on the 660 itself. Other broadband stations above currently subducting, shallow-angle
slabs within the transition zone have been temporary (short deployment time, lower signal to noise
ratios) stations (e.g., in western South America),
which makes MDJ uniquely suited for this study.
Following [9,12], we transform three-component broadband seismograms from MDJ into se-

ries of ‘bumps’ by means of rotation and deconvolution by the principal component of the
recorded P wave train, with a move-out correction applied according to the slowness of the P
wave. We discard traces with strong background
noise before the P onset, with a prominent phase
(PcP, PP) in the coda of the P wave, and with the
SV-component (Fig. 1) amplitude exceeding 15%
of that of the P wave after rotation and deconvolution. With a 2-s low-pass (fourth-order Butterworth) ¢lter, 134 traces pass our selection criteria.
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These traces also pass the criteria with 4- and 6-s
¢lters that we shall also use in the analysis.
Fig. 4 shows the records low-passed at 4 s and
ordered by back azimuth (the angle between the
directions from the station to the North and to
the event). Comparing the Pds waveforms at
neighboring azimuths we ¢nd that the records
split in a few groups (sectors). In each of the six
sectors in Fig. 4 the P660s arrivals are either coherent for most traces (Sectors II and IV) or scattered over a time interval with a distinct pattern
of the scatter (upper and lower portions of Sector
III exhibit di¡erent patterns of P660s-arrival scatter but for the purposes of our discussion can be
grouped together).
In Fig. 5 we map the ray-theoretical conversion
points of Pds at the 660 and the 410-km discontinuity (410). We also plot the estimated extent of
the area where the slab penetrates through the
660. For this estimate we extrapolated the contours of the top of the slab’s seismogenic zone
[20], assuming that they map the top of the slab
itself (this assumption is supported by the slab
image in Fig. 3). We de¢ned the upper and lower
boundaries of the slab as the surfaces with a 200
K temperature anomaly and, adopting the thermal slab model from [21], estimated that the slab
thickness (distance between the two surfaces) in
the lower transition zone is 100 km. With the
Clapeyron slope of the QCpv+mw transformation
equal to 32.0 MPa/K [22], this implied a depression of the 660 by 10 km where thus de¢ned slab’s
boundaries intersect it. These assumptions gave us
the thin-striped area on Fig. 5. If the slab did not
deform near the 660, this area would approximate
the region of the slab penetration into the lower
mantle. Fig. 6 shows a schematic cross-section
through the slab, with idealized rays of P660s
waves coming from Sectors II^V superimposed.
The actual con¢guration of the slab may be
more complex, with possible deformation near
the 660. The model of [19] suggests that the slab
thickens laterally atop the discontinuity so that
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the western boundary of the region where the
660 occurs within the slab material is 100^200
km west of the station’s longitude. Other tomographic models con¢rm the occurrence of such
deformation (cross-sections through the MDJ region can be found in [17,18]). We account for this
by expanding the slab-penetration region to include the thick-striped region, west of the thinstriped one. Regardless of the method used to
map the slab, all or almost all conversion points
in Sector IV are within the central and western ^
presumably, coldest ^ portions of the slab.
Clear, coherent P660s arrivals are observed in
Sectors II and IV, near 69.0 and 71.4 s, respectively (Fig. 4). In Sector IV, the conversion points
are within the central and western parts of the
slab (Figs. 5 and 6). In Sector II, ray-theoretical
conversion points at the 660 are just outside or at
the boundary of the slab ; the P660s arrivals in
this sector are followed by two or three other
coherent arrivals (Fig. 4). Sector III includes the
eastern boundary of the slab, and the P660s
waves converted in it form incoherent multiple
peaks scattered over a wide interval between 66
and 78 s. In Sector V on the other side (to the
west) of the slab, P660s waveforms are also distinctly di¡erent from and less coherent than those
in Sector IV.
Examination of individual traces in Fig. 4 and
the location of corresponding conversion points in
Fig. 5 suggests that P660s waves that convert at
the 660 near the boundaries of the slab have complex waveforms with multiple peaks, whereas the
P660s with conversion points well within the slab
form simple single peaks. The pattern remains the
same on the stacks of the traces within each sector
(Fig. 7) and is especially clear on shorter-period
stacks (2- and 4-s low-pass ¢lters). If the multiple
peaks observed in Sectors III and V near the expected P660s arrival time were due to P-to-s conversions at di¡erent discontinuities (associated
with both the QCpv+mw and gtCilCpv transformations), then they would be observed in Sec-

6
Fig. 4. Processed traces at station MDJ, ordered by azimuth and separated into six groups with similar Pds-arrival appearance in
each. The traces are normalized by the P-wave amplitude. Time is measured from the P-wave arrival. Global-average arrival
times of P410s and P660s are marked at 44 and 68 s.
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Fig. 5. The location of the station MDJ and ray-theoretical P-to-s conversion points at 410 (inverted triangles) and 660 (squares)
computed in iasp91 [27]. The six sectors correspond to the six groups of traces in Fig. 4. Slab contours are from [20]. Within the
striped area, the estimated depression of the 660 exceeds 10 km (see text). The location of the map area relative to the NW-Pacific trenches is shown in Fig. 2 (bold lines).
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Fig. 6. Idealized rays of the P660s waves that sample the
660 within and near the subducting slab. P waves (dashed
lines) convert to s waves (solid lines) at di¡erent points (diamonds) on the 660. Roman numerals in the diamonds identify the sectors (as de¢ned in Figs. 4 and 5) within which the
conversions occur. Within the slab body, darker shade indicates lower temperature; the magnitude of the 660 depression
is proportional to the thermal anomaly.

tor IV also, because the gtCilCpv transformations are thought to occur at low temperatures
and Sector IV covers the coldest part of the
slab. This is not what we observe, and the data
suggest a di¡erent explanation for the waveform
complexity, namely, complexity of wave propagation caused by the topography on the 660.

3. Discussion
Quantitative interpretation of Pds data have so
far largely relied on the assumption of lateral
homogeneity of the mantle beneath the station
and, consequently, the assumption that a P-to-s
conversion at a discontinuity (e.g., 660 or 410)
produces a single seismic arrival (P660s or
P410s) (Fig. 1). If the actual seismic-velocity heterogeneity is weak and topography on discontinuities is small, the assumptions are still appropriate
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(generally more so for stacks of many traces than
for individual records).
If small-scale topography on discontinuities is
substantial, the assumptions are no longer valid,
and a single interface may give rise to multiple
peaks in both individual and stacked waveforms.
Numerical experiments with realistic ¢nite-frequency waves [13] have shown that a 660 topography with a 30-km peak-to-peak amplitude and a
100^400-km wavelength can produce splitting of
the P660s peak into two, three, or more peaks, as
well as a disappearance of the P660s arrival altogether. Because the amplitude of the 660 topography in the areas around subducted slabs is
likely to reach 30 km (e.g., [3,23,24]), multiplicity
of the P660s arrivals is an expected result of multipathing.
The ray-theoretical conversion points of P660s
in our Sector IV are only 200^250 km away from
those in Sector II (Fig. 5), but the P660s arrivals
are 2^3 s later in IV compared to II (Fig. 4),
which is consistent with the presence of strong
660 topography. On the stacks of all traces in
Fig. 7 (2- and 4-s ¢lters), the coherent arrivals
from these two sectors are still visible and produce two distinct peaks. In this case, the reason
for the apparent splitting of the P660s peak is
obvious: azimuthal variation in the arrival time
of a simple single peak.
The ¢rst report of the 660 ‘multiplicity’ [14]
originated from the study of P660s at MDJ, the
same station as we use here, with seismograms
selected to be from Tonga earthquakes only.
For all these seismograms, P660s conversion
points fall into our Sector II. In agreement with
the earlier study, we observe that P660s arrivals in
this sector are followed by two or three coherent
arrivals of smaller amplitude, clearly visible on
both the individual traces and stacks. In contrast
to that study, however, we compare the location
of the P660s conversion points with the inferred
location of the subducting slab at the 660 and
observe that the two do not coincide. We also
use a broader range of azimuths and show that
the arrivals of the P660s waves that do convert
within the cold slab (Sector IV) are not followed
by coherent peaks similar to those in Sector II, as
would be expected if the peaks were the signal
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Fig. 7. The stacks of the traces in the six sectors de¢ned in Figs. 4 and 5 (I^VI) and of all 134 traces (All). The stacked traces in
the three frames are low-pass ¢ltered at Tmin of 2, 4, and 6 s. The stack value at each point is a sum of individual-trace values
divided by the number of traces in the group. Global-average arrival times of P410s and P660s are marked with lines at 44 and
68 s. Star denotes the arrival of the P660s wave converted within the coldest part of the slab (Sector IV).
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from additional discontinuities. Because the hypothetical discontinuities associated with the
gtCilCpv transformations are thought to exist
at relatively low temperatures, they can be expected to be as prominent in the (coldest) Sector
IV as in Sector II. The absence of any signal from
them in Sector IV suggests that the multiple arrivals in Sector II are likely to be due either to a
particular pattern of multipathing in this narrow
range of azimuths, or to conversions from smallscale heterogeneity in the uppermost lower mantle
in this particular location (possibly, the high-velocity features seen in Fig. 3 to the east of the
slab, or the yet unexplained low-velocity feature
immediately below the slab).
Although the accuracy of the P660s arrivaltime measurements at MDJ is uncertain (because
of the e¡ect of the small-scale 660 topography on
the waveforms), the general pattern of arrivals in
di¡erent sectors is consistent with our estimate of
the slab’s location and with the thermal origin of
the variations in the depth to the 660. In particular, P660s from Sector IV (the coldest part of the
slab) arrive more than 2 s later than those from
Sector II (the warmer region outside or at the
boundary of the slab), consistent with the expected deepening of the 660 at lower temperatures
[22]. Perhaps the most surprising pattern in our
data is the sharp contrast in the appearance of
P660s waveforms in adjacent sectors (II and III;
III and IV). Ray-theoretical conversion points
within the sectors are only a few tens of kilometers away from the ones in the neighboring
sectors. Fresnel zones of P660s are a few hundred
kilometers wide (see [12] for a discussion on different estimates), and if they approximated the
sensitivity volumes of the waves, then the waveforms corresponding to neighboring conversion
points would be very similar. Clearly, this is not
the case and there is no waveform similarity
across sector boundaries (Figs. 4 and 5). Because
of the presence of strong lateral heterogeneity, in
particular small-scale topography on the 660 beneath MDJ, Fresnel zones do not describe the
sensitivity of the waveforms to the Earth’s structure. The Pds arrivals recorded at MDJ would
make up a good dataset for future studies employing three-dimensional modeling of Pds prop-
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agation. Here, we use the ray-theoretical piercing
points of P660s and P410s to approximately map
the conversion locations and concentrate on our
main argument: the P660s complexity results
from lateral heterogeneity, in particular topography on the 660, rather than from the presence of
multiple discontinuities.
In agreement with our interpretation, extensive
studies of the subduction-zone 660 with S660P
waves (converted near the earthquake source)
have also produced no evidence for multiple discontinuities near the 660, showing, in contrast,
that the discontinuity is sharp and simple [24].
Although the focus of this paper is on the 660,
we note that the appearance of the P410s phases
also changes from sector to sector. In Sector II,
there is no clear arrival, only a series of low-amplitude peaks near the expected P410s arrival time
(Figs. 4 and 7). The subducting slab crosses the
410 more than 500 km east from MDJ, so if the
waveform complexity is caused by variations in
the depth to the 410, these variations are not related to the probable uplift of the 410 within the
slab. Alternatively, the signal can be explained by
the distortion of the P wave¢eld below the 410. If
this is the case, then the origin of the multiple
peaks in place of the P410s may be related to
the origin of the multiple peaks following the
P660s on the same traces. In Sectors II and III,
we also observe coherent arrivals near 55 s, approximately where the signal from a (sharp) 520km discontinuity would be. These arrivals, absent
in Sector IV, could be conversions from a discontinuity at the top of the subducting slab. To arrive
as early as 55 s, these conversions would have to
occur east of the source^receiver great circle
planes, where the slab is shallower (Fig. 5).

4. Conclusions
The P660s phases that convert from P to s at
the 660 within the subducting NW-Paci¢c slab are
remarkably clear and coherent, with no additional
arrivals in the vicinity (Figs. 4 and 7). Conversions at the 660 near the boundaries of the slab
produce distinctly more complex, multiple arrivals, with wave-propagation complexity (due to lo-
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cal 660 topography) being the most plausible explanation. From within the coldest parts of the
slab, we detect no signal that could be attributed
to the hypothetical seismic discontinuities caused
by the low-temperature gtCilCpv phase transformations. These observations suggest that the
phase transformations either do not occur in the
mantle or are spread over tens of kilometers,
without seismically visible sharp onsets. We also
observe no clear short-period signal from the
gtCpv transformation, consistent with its large
e¡ective width as estimated from mineral physics
[7].
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