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Abstract

Records from the broad-band NARS-NL array (deployed in the Netherlands, western Germany and Belgium)
have been analyzed for P to S converted phases from the 660 km discontinuity (P660s). No individual seismogram
from this array shows a clear P660s phase. Stacks of (up to 113) crosscorrelograms show P660s energy that is weak in
comparison with similar stacks elsewhere. Very high amplitude observations of P660s in single seismograms from the
same region have been made in a previous study (Paulssen, 1985, Geophys. Res. Lett., 12: 709~712; Paulssen, 1988,
J. Geophys. Res., 93: 10489-10500). Such variations may be due to relief on the 660 km discontinuity. In this paper
we quantify the effects of different topographies on the time delays, amplitudes, and waveforms of the direct P wave
as well as on the P660s converted wave. Synthetic P and P660s waveforms are calculated by applying a Kirchhoff-
Helmbholtz integration over the wave fields at the 660 km discontinuity interface. For topography on scales of a few
hundreds of kilometers, the effects on the P wave are very small compared with those on the P660s phases. Time
delays, focused and defocused amplitudes, and waveform distortion of P660s phases influenced by such topography
diminish the coherence of P660s in (synthetic) stacks. Our results show that topography of the 660 km discontinuity -
with dominant scale lengths of a few hundreds of kilometers and variations in depth of +15 km to +25 km, is
consistent with the pattern of P660s observations in single seismograms and stacks.

1. Introduction studies of seismic phases reflected or converted

at the discontinuity. These phases are only inter-

Earth models exhibit considerable regional dif-
ferences, including differences in earth structure
at depths around 660 km (Nolet and Wortel,
1989; Kennett and Bowman, 1990; Shearer and
Masters, 1992). Additionally, very different esti-
mates for the depth and velocity contrast of the
660 km discontinuity have resulted from detailed

* Corresponding author.

mittently observed in both individual seismo-
grams and stacks of (processed) seismograms, with
considerable variation in both arrival time and
amplitude. For example, Paulssen (1985, 1988)
showed several seismograms from the NARS ar-
ray (Network of Autonomously Recording Seis-
mographs) in western Europe with anomalously
high amplitudes for the P660s phase (Fig. 1).
Faber and Miiller (1984) observed strong energy
for S660p phases at the Grifenberg array (GRF)
from American events. Events from eastern Asia
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produced much less S660p energy at GRF. Lees
et al. (1983) noted that reflection coefficients
obtained from P'660P’ (underside reflections at
the 660 km discontinuity) observations are high
and difficult to satisfy with mineralogical models.
Nakanishi (1986) and Davis et al. (1989) observed
P'660P’ arrivals intermittently, and where these
phases are observed their amplitudes are much
larger than predicted by accepted global models
such as 1066B (Gilbert and Dziewonski, 1975) or
PREM (Preliminary Reference Earth Model;
Dziewonski and Anderson, 1981). In a study of
NARS intermediate-period data no clear P660P
phase could be observed (Wajeman, 1990).
Topography of the 660 km discontinuity has
been suggested to explain the intermittency and
variations in arrival time and amplitude in obser-
vations of the studied seismic phases (e.g.
Paulssen, 1988; Davis et al., 1989). A curved
discontinuity will cause focusing and defocusing
of seismic energy. Shearer and Masters (1992)
have derived a topographic map for the smoothed
660 km discontinuity from precursors to SS
phases. They concluded that the peak-to-peak
variation in the depth of the 660 km discontinuity
is no larger than 30 km for the horizontal scales
in their study (greater than 1000 km). Bock and
Kind (1991) and Richards and Wicks (1990) pro-
vided constraints from P to S and S to P con-
verted wave observations of 50 km and 30 km
maximum topography, respectively. If the 660 km
discontinuity is explained by a phase change (Ito
and Takahashi, 1989; Wood, 1990), then lateral
variations in depth of the discontinuity could be
related to lateral variations in temperature. For
example, a temperature change of 600 K would
correspond to a 60 km change in depth of the
discontinuity. If the chemical composition of the
mantle changes across the discontinuity, larger
variations in depth can occur (Jeanloz, 1991).
From the unambiguous observations by
Paulssen (1985, 1988) of anomalously high-ampli-
tude P660s phases in four seismograms from the
NARS array in western Europe (Fig. 1) we esti-
mate amplitude ratios between P660s and P be-
tween 16% and 33%. These estimates have some
uncertainty owing to receiver effects on the P
waveform and coda. Motivated by these observa-

tions of anomalously high P660s amplitudes, the
portable NARS array was reconfigured, in late
1989, to the situation in Fig. 2 for the NARS-
Netherlands (NARS-NL) project. In this configu-
ration we attempted to study the 660 km disconti-
nuity beneath the array in more detail. Most of
the NARS-NL stations are located in an area
east of NE04/NE15 to minimize microseismic
noise originating from the North Sea. A careful
study of more than 1.5 years of data from the new
configuration (NARS-NL) has been carried out.

(a) ' ! T ' !
Event: South of Honshu (6-3-84)

Origin time: 2:17:21.1 Station: NEQ4
Epicenter: 29.36N, 138.87E Delta: 88.2°
Depth: 457 km B. Azm: 40.3°

—

i 1
2:30:10

Time (GMT)

Fig. 1. Seismograms from NARS Stations NE04, NE06 and
NE15, showing anomalously high-amplitude P660s phases.
Because of the polarization and the arrival time, the identifi-
cation of this phase as P660s is not in doubt. (a) and (b) after
Paulssen (1985, 1988). (c) shows a direct comparison of P
waveforms on the vertical component (solid line) and P660s
waveforms on the radial component, shifted in time (dotted
line). Small differences in the waveforms are to be expected
as crustal reverberative processes are different for the incom-
ing P wave and the converted S wave. Comparison with
expected crustal responses from Mechie et al. (1983), Matte
and Hirn (1988) and Visser and Paulssen (1993) shows agree-
ment between the waveforms before the first reverberatory
energy (arrows in (c)).

2:29:10
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Surprisingly, this study did not produce addi-
tional large-amplitude observations in single seis-
mograms. The source-receiver combinations for
which Paulssen (1985, 1988) observed the anoma-
lous P660s phases have not been closely enough
approximated in these 1.5 years to allow direct
comparisons with single seismograms recorded by
NARS-NL.

In this paper we present the new data recorded
by the NARS-NL array. Current spherically sym-
metric Earth models predict the amplitude of
P660s phases to be of the order of 5% of the
amplitude of the P wave, and generally it is
unlikely that we can detect such a phase in the
P-wave coda in a single seismogram except in a
case of strong focusing of seismic energy. We
discuss the results of crosscorrelating and stack-
ing the single seismograms to enhance the P660s
phase. These stacks show only very weak P660s

Event 1987-01-05, Station NE15

149

energy despite a significant reduction in the noise
level. This is in contrast to results from similar
observations with the Grifenberg array (Stam-
mler et al., 1991). Next we present synthetic P660s
waveforms, calculated using a Kirchhoff-Helm-
holtz integral, for a 660 km discontinuity with
relief and we quantify the expected effects of
topography of the 660 km discontinuity for a
series of topography models. Finally, we discuss
how the NARS observations can be explained
through focusing and defocusing of seismic en-
ergy by local topography on the 660 km disconti-
nuity.

2. Data and data processing

As P660s arrives approximately 66 s after P,
we have analyzed seismograms from the NARS-
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Fig. 1 (continued).
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NL array in which we expect no major seismic
phase in that tim¢ interval. This implies that
interference of P660s with phases such as PP and
PcP is avoided by choosing the epicentral dis-
tance range between 65° and 90°% sP and pP
interference with P660s is avoided by choosing
the source depth to be larger than 400 km or
shallower than 140 km. Any seismogram with a
considerable amplitude on the vertical compo-
nent at the expected P660s arrival time, positively
correlated with the radial component, has been
discarded, because at these epicentral distances
such energy cannot be due to a simple S-wave
arrival. Seismograms are only used if there is a
clear first P-wave arrival relative to the (micro-

(c) NEO4 840306
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seismic) noise level on both vertical and radial
components. Unfortunately, lithospheric struc-
ture under the NARS-NL stations can generate
reverberatory signals following the P arrival,
which are stronger than the actual noise level
(see Fig. 4 below), and this might affect the
observability of the P660s phase. Using all selec-
tion criteria, a total of 113 seismograms have
been selected from 19 events for which the loca-
tions and azimuthal distribution are shown in Fig.
3.

No unambiguous P660s phase can be identi-
fied in the single seismograms selected in this
study, indicating that Paulssen’s (1985, 1988) ob-
servations have a small chance of occurrence.
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This might indicate a mechanism of focusing in
relatively narrow bundles of energy. To investi-
gate the average energy of P660s in the seismo-
grams we have produced slant stacks of crosscor-
relograms, following~ Vinnik (1977), Paulssen
(1988) and others. The vertical, radial and trans-
verse components have been crosscorrelated with
the P phase from the vertical component. This
should enhance P660s, which is expected to be
similar to the P waveform for the first several
seconds, relative to the noise and reverberative
P-coda. The method of crosscorrelation gives very
stable results for a fair range of frequencies. The
resulting crosscorrelograms for each station are
aligned at the P-wave arrival time and have been
stacked, using the P-wave slowness. A number of
stacks have been produced for slownesses slightly

151

different from the P-wave slowness. Per station
stacking over all sources which cover a wide range
of azimuths enhances the influence from near-
station structure and diminishes the influence of
source-side heterogeneities.

3. Data analysis

For an epicentral distance of 79° (which is the
average epicentral distance from the data used in
this study) we expect the P660s wave to arrive
with a differential slowness P, — P, of —0.0017
s km ™!, an amplitude relative to the P-wave am-
plitude of 6.8% and a differential arrival time
Tpg1s — Tp of 69 s for Earth model 1066B. Such
predictions should not be taken at face value, as
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Fig. 2. Configuration of the NARS-NL array.
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considerable uncertainty remains about the seis-
mic characteristics of the discontinuity. For exam-
ple, the IASP91 model for P and S velocities
(Kennett and Engdahl, 1991) combined with den-
sities above and below 660 km of 4.08 g cm ™ and
436 g cm™> (from 1066B values) gives —0.0011 s
km ™!, 3.7% and 66.3 s, respectively. As the P660s
wave arrives almost vertically, it is expected to
show the largest energy on the radial component
and only very little energy of opposite sign on the
vertical component. As a typical example we shall
discuss the data processing for the records of
Station NE31. Fig. 4 shows 17 original seismo-
grams, aligned on the P-wave arrival time. Fig. 5
shows the corresponding slant stacks of correlo-
grams. The black areas above and below the
actual stack in Fig. 5 are proportional to twice
the standard deviation of the stacked correlogram
values.

Figs. 4 and 5 are typical for all NARS-NL
stations in the sense that no unambiguous P660s
arrival can be observed where it is expected (arrow
in Fig. 5(b)) in individual seismograms and in the
stacks. On the radial component we do observe
peaks at 62 and 66 s for differential slownesses
dp of —0.00100 to —0.00125 s km™" which are
larger than zero at the 95% confidence level and
might be related to the P660s phase. However,
the peaks are not significantly larger than other
peaks in the stacks where no coherent seismic
phase is predicted. Also, there is a peak on the
vertical component which is not far out of phase
with the peak at 67 s on the radial component,
which indicates that the energy arriving near this
time is not an S wave coming in at steep angle of
incidence. The transverse component shows peaks
around the theoretical P660s time and slowness
of almost the same order of magnitude as those

Fig. 3. Distribution of selected events (circles) and four events previously studied by Paulssen (1988) (squares).
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in the relevant time-slowness interval on the
radial component. This indicates that if the en-
ergy observed in this interval corresponds to a
P660s phase, the 660 km discontinuity must have
an extreme topography. Another explanation is
that P660s is simply not observed above the re-
verberatory background noise in the seismogram.
As it is higher than the noise level before the first
P-wave arrival, the seismic energy in this time
window is largely signal or signal-related. This
requires further investigation of the NARS-NL
records and of possible effects of lateral hetero-
geneity on the observation of P660s (see Section
4).

In the next step, all seismograms of all NARS-
NL stations have been combined into a single
stack. Fig. 6 shows stacks of the 113 crosscorrelo-
grams in this data set. The NARS-NL array is
roughly 300 km wide and for an array of this size
the differential slowness of P660s is for practical
purposes the same for all event—station pairs. If
the 660 km discontinuity is assumed to be flat we
expect features that are consistent over the size
of the array to be enhanced, whereas near-source
and lower-mantle effects, as well as station site
effects, are assumed to average out. However, the
stacks of all 113 seismograms do not show an
unambiguous P660s arrival either. The small pos-
sible converted phase at the arrow in Fig. 6(b) has
an amplitude of only 2.3% of the P-wave ampli-
tude, which is matched by many other phases in
this plot, is only half of the value predicted with
the IASP91 Earth model and does not exceed a
95% confidence level. In stacks of a comparable
number of seismograms (170) from the 100 km
wide Grifenberg array, Stammler et al. (1991)
observed a more pronounced P660s phase with
an amplitude that is more than 20% higher and a
lower level of signal-generated noise. Attempts to
obtain a pulse with a significant signal-to-noise
ratio by stacking subsets over nearby stations
were also unsuccessful. This indicates that there
is a difference in the characteristics of the 660 km
discontinuity for the regions sampled by the
NARS-NL array and the Grifenberg array and in
the lithospheric structure beneath the arrays,
which generates the reverberatory signals.

Although clear and undisputable high-ampli-
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tude P to S conversions from the 660 km disconti-
nuity have been observed for the region, the data
from the NARS-NL array fail to show consistent
arrivals of P to S converted waves. Our hypothe-
sis is that lateral heterogeneity in the form of
relief on the 660 km discontinuity can reduce the
coherence of P660s energy in the stacked seismo-
grams. Focusing and defocusing of P660s energy
by such topography of the 660 km discontinuity
would explain the few high-amplitude observa-
tions by Paulssen (1985, 1988) as well as the weak
observations in this study. We shall test this hy-
pothesis in the next sections.

4. Synthetic P660s waveforms

To study the effect of the topography of the
660 km discontinuity on the P660s phase in a
seismogram we compare calculated waveforms
for the P660s phase which have been converted at
a (locally) flat 660 km discontinuity with those
converted at a 660 km discontinuity with relief.
The waveforms are computed using a Kirchhoff-
Helmholtz approach. We apply the Multifold Path
Integral of Frazer (1987) to the problem of P to S
conversion at the 660 km discontinuity. For refer-
ence, the regular P wave is computed in the same
way as a P660p conversion. For a P to S conver-
sion the (relative) wave field «™ at the station is
expressed, in the frequency domain, as the sum
over the contributions to the wavefield u®® from
each point (x,y) (i.e. secondary source) at the
surface 3, of the discontinuity:

C(x, Ps
2 anlioTy e )] ()

Fig. 5. Stacks of 17 correlograms for seven differential slow-
nesses dp (difference with P-wave slowness in s km~1) for
Station NE31. The black areas around the curves show the
interval between —2 and +2 times the standard deviation in
the stacks. The P660s phase is expected around the arrow. (2)
Z (vertical) component; (b) R (radial) component; (c) T
(transverse) component.
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and likewise for the P wave:

uf?(w) =ia)f M exp[iw(T + T )] (2)
3G(x,y )Pp P

The most important factor in these expressions is
the relatively fast varying phase factor expliw(Tp
+ T)] or explio(Tp + T,)], where T}, is the P-wave
travel time from the source to a point (x,y) at the
660 km discontinuity, 7, is the S-wave travel time
from that point to the station, and T, is the
P-wave travel time from (x,y) to the station. The
travel times are based on values for the IASP91
model and corrected for topography of the 660
km discontinuity, with the assumption of straight
rays and constant velocities just below and just
above the interface. The contribution from each
point on the discontinuity is weighted by one over
the geometrical spreading factor G(x,y) and by
C(x,y), which is the generalized conversion coef-
ficient projected on the direction of motion. For
the geometrical spreading factor we use (Frazer,
1987) (leaving out a censtant factor of 47)

1/2 1/2
PoCo , dS
G(x,y) = (—~——-——) c (—ﬁ-tsm)
(%) Pe60C 660 oo dQ

where p, and ¢, are the density and velocity at
the surface and pgq, and cqq, are the density and
velocity just above the 660 km' discontinuity. The
dependence of G on the position (x,y) is through
dS/dQ, which is the ratio of the intersection of
the discontinuity and a ray tube which has solid
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angle dQ at the receiver site (see Fig. 7). The
inner product — .7, projects the surface area dS
to become perpendicular to the rays in the tube.
For the gener’alized conversion coefficient we use,
(Frazer, 1987)

CPS(x,y)

C*(x,y) =A%(#)|(Fn, ) + ()]
)\(fsnp ' ?S) + ZM 2
A+20 fso,

where AP%(#) and AFP(A) are the P to s and the
P to p conversion coefficient according to Aki
and Richards (1980). Fig. 7 shows the geometrical
situation at the 660 km discontinuity for a P to S
conversion for an arbitrary incoming P ray. The
unit vector f, is tangent to the S ray leaving a
point (x,y) at the 660 km discontinuity towards
tAhe receiver and it has a normal and binormal in
b, and ¢,. Similarly, 7, is the unit vector tangent
to the incoming P ray and 7, is the unit vector
tangent to the S ray coming in to the station at
the surface. The unit vector f, is tangent to the S
ray which would be excited by the incoming P
wave according to Snell’s law. The unit vector 7
is the normal of the interface of the 660 km
discontinuity. With

A A 0.
o=1,—(f,-)h G=—-
PP ’ lell

the unit vector ¥ is defined as

D= (ly A)G~ (I G)A

It is the component of the incoming P motion
that excites the S wave at the 660 km discontinu-
ity (Frazer and Sen, 1985). For the upper-mantle
P segments (in the case of a P to P conversion)
the vectors 7 , f, and f, are the analogs to the
i, i, and f, vectors for upper-mantle S seg-
ments (in the case of a P to S conversion).

Synthetic waveforms are obtained by perform-
ing the integrations (1) and (2) over the interface
between lower and upper mantle (i.e. the 660 km
discontinuity). For each 8 km X 8 km surface seg-
ment the integrals are computed analytically, af-
ter approximating G(x,y)C(x,y) and Tp + T, and
Tp+T, by first-order Taylor expansions. The
contributions from all surface segments are
summed, for 64 frequencies up to 2 Hz. Then the
spectrum is inverse fast Fourier transformed and
convolved with a reference waveform with a dom-
inant period of 10 s, which is close to the average
of the dominant periods of the P waveforms in
the data (ranging from 2 to 17 s with an average
of 7 s).

For a flat 660 km discontinuity the interfer-
ence of the contributions from all parts of the
discontinuity surface is such that it is destructive
everywhere except for the contribution from the
zone around the point where Snell’s ray has its
conversion point, which is the point of stationary
phase. For a curved discontinuity surface, the
interference pattern changes and the form of the
P660s phase can change considerably; several
points of stationary phase can coexist, which re-
sults in several distinct and/or interfering ar-
rivals. By using (1) we can compare synthetic
P660s waveforms for various topographies of the
660 km discontinuity with a reference P660s
waveform for a flat 660 km discontinuity. By
using (2) we can relate the P660s phases to corre-
sponding P phases and hence produce synthetic
crosscorrelations and their stacks.

At this point, we would like to know which
type of topography with what size can possibly
explain the main characteristics of the pattern of
observations of P660s phases, i.e. both a few
exceptionally large P660s amplitudes and an over-
all underestimation of the P660s amplitude as
observed in the NARS-NL project. The curvature
of the topography determines how the waves are
focused and defocused. The curvature could be
modeled for instance by a cosine with half-wave-
length W and amplitude A. A focusing topogra-
phy is to first order parabolic, indicating that the
focusing factor does not change if 4/ W? is kept
the same. The relationship between W and the
period of P660s is somewhat more complicated.
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For example, a 3 s P660s has a Fresnel zone of
approximately 150 km; this is only half the size of
the Fresnel zone for a 10 s P660s. Generally,
because our model of topography will not be
perfectly parabolic, the area of curvature respon-
sible for focusing is much smaller than the Fres-
nel zone and the focusing effect is thus similar for
both periods. However, for defocusing, the struc-
ture over the full Fresnel zone determines if a
P660s arrives as one phase or several smaller
phases.

We have studied the effects of two different
types of models for the topography of the 660 km
discontinuity: a single smooth ramp in the depth
of the 660 km discontinuity and an egg-box-like
660 km discontinuity.

5. Synthetic results

Figs. 8 and 9 show examples of the two types
of topography, i.e. a ramp and an egg-box. For
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both topography models we used maximum varia-
tions in depth of + 15 km, consistent with results
of Davis et al. (1989), Richards and Wicks (1990),
Bock and Kind (1991) and Shearer and Masters
(1992). The dominant width W of the topography
is varied to study the dependence of the wave-
forms on the wavelength (scale) of the topogra-
phy. When the topography of the 660 km discon-
tinuity is flat, Eqgs. (1) and (2) both give a delta
pulse. After convolution we obtain a reference P
waveform and a reference P660s waveform. These
are calculated for each of the 113 event—station
configurations from the data-set. For each topog-
raphy model for the 660 km discontinuity another
set of 113 synthetic P and P660s waveforms is
obtained. These are compared with the reference
waveforms and combined into a stack of crosscor-
relograms, in the same way as the data have been
stacked. Reference stacks are constructed from
the reference waveforms. The stacks are made
for differential slowness dp = —0.0010 s km™1.
This value is slightly less than the value predicted

Fig. 8 Ramp model for topography of the 660 km discontinuity. The depth level of the discontinuity smoothly increases 30 km

going from north to south, W =200 km.
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for the average epicentral distance, because the
median epicentral distance for the 113 NARS-NL
event—station configurations is slightly higher than
the average epicentral distance. The conversion
coefficient obtained for this stack is consequently
also slightly less than the predicted 3.7% for the
average epicentral distance, and has a value of
3.5%. As the stacks are constructed from syn-
thetic seismograms without noise or other seismic
phases than P660s and P, a qualitative compari-
son with the data stacks (Figs. 5 and 6) is not very
informative. Of interest here is the quantitative
comparison of the amplitude of P660s in the
synthetic stacks and the data stacks.

For both topography models the P waves are
less affected by the topography than the con-
verted phases. This is not unexpected, as the
velocity contrast between the P-wave velocities
across the discontinuity is much smaller than the
contrast between the P velocity just below and
the S velocity just above the discontinuity and

400

500

deptn (k)

600

‘t‘\\\l\Y\\\wat\x\\\\\\l\\\\x\\

1
s
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therefore the P rays are much less refracted.
Also, the Fresnel zone of the P wave at the
discontinuity is much larger than the Fresnel
zone for P660s so that the P waveform is much
less affected by variations in depth of the discon-
tinuity. However, slight deviations in the P wave-
form can make a small contribution to the ampli-
tude in the stack of crosscorrelograms of P and
P660s. First we will discuss the effects of the
ramp model. We are interested in such a discon-
tinuity because it might serve as a model for a
transition from the mantle beneath an old craton
(such as Scandinavia) towards the mantle beneath
younger lithosphere. Or, for example, it might
also represent a boundary between a subducted
slab and surrounding mantle.

The ramp topography model (Fig. 8) is defined
by depth z =660+ (Q2A4/m) arctanQx/W + 1).
Where A =15 km and x is in kilometers from
the center of the NARS-NL array, the positive
direction is defined as the south direction. Fig.

Fig. 9. Egg-box model for topography of the 660 km discontinuity. Topography is centered at the midpoint of the NARS-NL array,

W =300 km, 4 =15 km.
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Fig. 10. Examples of waveforms affected by topography of the 660 km discontinuity. Solid and dashed lines are identified by
component (Z, vertical; R, radial; T, transverse) and a flat 660 km discontinuity (flat) vs. a 660 km discontinuity with topography
(topo). The topography type is given in the title, with values of amplitude A and half-wavelength W. The examples are computed
for different event-station pairs taken from the real data. Listed below are station name, epicentral distance (A) and back-azimuth
(a) for which the shown examples are computed. (a) The ramp topography as shown in Fig. 8. Station NE31, A = 72°, a = 350% (b)
Station NE32, A = 91°, a = 253°; (c) Station NE15, A = 87°, a = 49°; (d) Station NE15, A = 74°, & = 28°; (e) Station NE34, A = 92°,
o = 254°; (f) imaginary station in center of array and egg-box centered at conversion point; (g) Station NE31, A =282°, o = 276°;
Station NE33, A = 83°, a = 277°.
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we choose A =15 km. Fig. 9 shows this model
for W= 300 km. In general, for this type of model
the P waveforms are barely affected by the topog-
raphy. P waveform distortion is only visible for
small values of W. An example of a small effect
on the P waveform is given in Fig. 10(b). The
shape and amplitude of the basic P waveform has
not changed but there is a small tail after the first
arrival. When W increases the coda vanishes. The
effect of this topography type is much stronger
for the P660s waveform (Fig. 10b). The P660s
amplitude has clearly decreased owing to defo-
cusing and interference with arrivals from sec-
ondary points of stationary phase. Fig. 10(c) shows
waveforms for a value of W of 50 km. It is
obvious that effect of defocusing with waveform
distortion and secondary arrivals is strong for
small values of W; going to larger values this
effect vanishes. For W =400 km, for example,
there is little difference between the waveforms
and the reference waveforms for a flat disconti-
nuity (Fig. 10(d)). However, for W =400 km, we
have observed some variations in the P660s am-
plitude in the range from 0.7 to 1.3 times the

reference amplitude. Higher increases of the
P660s amplitude, up to a factor 1.7 higher, are
found for some configurations around W = 200
km (Fig. 10(e)). If we increase 4 to 25 km, and
change W accordingly to 260 km, we find a focus-
ing factor of 2.2 (Fig. 10(f)). For the 1066B model
this factor is 2.3; multiplied by the P660s conver-
sion coefficient of 7%, it predicts a P660s to P
amplitude ratio of 16%, which is significantly
higher than the expected ratio. Such focusing
factors, together with an amplification effect for
horizontal motion in the top sedimentary layer,
allow us to explain the high-amplitude observa-
tions by Paulssen (1985, 1988). Likewise, the to-
pography model seems to explain the energy we
observe on the transverse components (see Figs. 1
and 4). Synthetic P660s waveforms for the trans-
verse component show a considerable energy con-
tent, up to 60% of the energy of the radial
component for W= 100 km and up to 20% of the
radial component energy for W = 300 km. Exam-
ples are shown in Fig. 10(g).

It is clear that the calculated behaviour of
P660s waveforms as a consequence of topography
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Fig. 11. Amplitude of P660s in a stack of synthetic crosscorrelograms as a function of the scale of topography (/) of the 660 km
discontinuity. The topography is an egg-box with 4 = 15 km. The solid line is the reference P660s amplitude (percentage of the
P-wave amplitude) for IASP91; the dashed line is a spline interpolation through the P660s amplitudes of synthetic stacks
(triangles). Also indicated are the value levels found from stacks of data from the GRF (Stammler et al., 1991) and NARS-NL
array, respectively. Their difference is of the order of the standard deviation for the NARS-NL value (Fig. 6(b)).
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of the 660 km discontinuity will have considerable
effect on the amplitudes of P660s in stacks such
as those constructed for the data in this study.
For several values of W we applied the same
processing as done for the data to the synthetic
waveforms, for the same station—event pairs. The
amplitudes of the P660s in the stacks, relative to
the amplitude of the autocorrelation of the P
waveform with itself (scaled to unity), is shown in
Fig. 11 as a function of W. As expected, the curve
asymptotically meets the stack amplitude value
for a flat topography for large values of W. This
shows that when W becomes much larger than
the Fresnel zone, topography has little effect on
the P660s stack amplitude. We expect more scat-
tering, defocusing and destructive interference,
and hence a decreasing stack amplitude, as W
decreases. Overall, this is clearly the case (Fig.
11), although not for the bulge at W= 150 km.
We see that the decreasing amplitude trend is
partly restored for W= 150 km, by means of
focusing of P660s energy. If W =150 km then
the wavelength of the topography is 300 km,
which is just the value of the P660s Fresnel zone
at 660 km. For topography of this scale we ob-
serve the strongest focusing of P660s energy (Fig.
10), which explains the bulge in Fig. 11. However,
the stack amplitude of the P660s in the focusing
scale range does not exceed the stack amplitude
that would occur for a flat discontinuity. This is
mainly because if there is focusing of energy to
one point, the surrounding (larger) area must
contain defocused energy. Fig. 11 allows us to
explain some of the apparent absence of a P660s
phase in stacks.

Smooth topography such as the egg-box model
allows us to explain extraordinary amplitudes of
P660s phases as observed by Paulssen (1985, 1988)
by focusing of P660s energy. Consequently, in
other areas P660s energy is defocused. This could
explain the small possible P660s phase as ob-
served in the stacked data. If our topography
model were less smooth in certain areas the over-
all effect from defocusing would become more
important relative to focusing; this would result
in an even smaller stack amplitude. Therefore a
combination topography of a ramp and egg-box
with W = 250 km and “noisier”’ egg-boxes of both

larger and smaller scales will provide a joint
explanation of the observations collected in this
study. The parameters of such a combination
cannot yet be uniquely determined from the
NARS-NL data, which have a station separation
of the order of 50 km.

6. Discussion and conclusion

In this paper we have shown stacks of cross-
correlograms from the NARS-NL array which
exemplify the erratic character of converted
phases at the 660 km discontinuity by showing an
absence of unambiguous P660s phases, even
though a few stations from the previous configu-
ration of the NARS array have shown anoma-
lously high amplitudes for the P660s phase in
unstacked seismograms (Paulssen, 1985, 1988).
We have modeled the effect of topography on the
660 km discontinuity on signal amplitude and
coherence, and conclude that lateral variation in
the depth of the 660 km discontinuity beneath
the NARS-NL array can explain the character of
all of these observations. We note that lateral
heterogeneity in the upper mantle fails to do so
because the effects of such heterogeneities on the
waveform of P660s is at least an order of magni-
tude smaller than the effect of a curved 660 km
discontinuity, where the effective velocity con-
trast between P and S velocity is 52%. Neither
can we explain the P660s observations discussed
in this paper by variations in velocity contrast
across the 660 km discontinuity, because such
variations are again an order of magnitude
smaller. Another factor that could affect the
P660s amplitudes is lateral heterogeneity in
anelasticity. However, there are no indications of
highly attenuative (and hence of low seismic ve-
locity) structure in the upper mantle beneath
western Europe (Paulssen, 1987; Stammler et al.,
1991; Spakman et al., 1993) except for the low
velocity zone (ILVZ) around a depth of 200 km.
Attenuative effects on the amplitudes of P660s
from the LVZ or from, for example, a sedimen-
tary layer in the crust beneath NARS-NL can be
estimated (with Q estimates of 80 and 20, respec-
tively) to be of the order of only 10% of the
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elastic P660s amplitude. This is again much
smaller than the effects of topography of the 660
km discontinuity. Also, the intermittent nature of
P660s observations (Paulssen, 1988) rules out that
attenuation is an important factor. Another ex-
planation for the observations in this study could
be that the noise level in the seismograms is too
high to distinguish weak seismic phases from
noise. Signal-generated noise can interfere with
seismic phases so that crosscorrelation will not
enhance these weak phases. However, records
showing an excessive (microseismic) noise level,
as well as records showing an obvious (scattered)
phase other than P660s at the expected arrival
time of P660s, have been excluded from the stacks.
As a result, the 95% confidence level in the
stacks is in general less than the expected ampli-
tude for the P660s phase. We therefore conclude
that the noise level is sufficiently low and cannot
fully explain the absence of clear P660s.

Therefore we conclude from the synthetic
P660s waveforms calculated in this study that
topography of the 660 km discontinuity with
half-wavelengths W roughly larger than 50 km
and not much larger than 500 km, and variations
in depths of roughly +15 km and occasionally
+25 km (for values of W roughly over 150 km)
may very well explain the large variance in the
observations of P660s phases in seismograms.
Such topography can focus, defocus and deform
the waveform considerably, and can cause arrival
time variations of +2 s, which also decreases the
coherence of the stack. Topography on these
scales may be superimposed on larger-scale depth
variations such as found by Shearer and Masters
(1992). Our results indicate that topography at
the large wavelengths as found by Shearer and
Masters (1992) does not lead to any noticeable
effect (see Fig. 11). For the NARS-NL area they
found an almost constant (long-wavelength) depth
deviation of less than 4 km. For other 660 km
discontinuity converted / reflected phase observa-
tions the topography may also play an important
role in explaining large variations.

Observations from this study and previous seis-
mological studies (Vinnik, 1977; Faber and
Miiller, 1984; Paulssen, 1988; Wajeman, 1988;
Davis et al., 1989) which are consistent with relief

on the 660 km discontinuity are as follows: the
intermittency of the observations; the amplitude
fluctuations of the observed phases; considerable
energy on the transverse component; small arrival
time delays and multiple arrivals. A combination
of egg-box types of topography, possibly but not
necessarily combined with a ramp, having maxi-
mum depth variations of +25 km over dominant
scale lengths of a few hundreds of kilometers,
located beneath the surroundings of the NARS-
NL array, is a good and plausible explanation of
the wide range of characteristics of the P660s
phase observed in this region. The scales of to-
pography of the 660 km discontinuity inferred
from our analysis are of the order of the Fresnel
zone of P660s (300 km) for an incident P wave
with a dominant period of 10 s.

If the 660 km discontinuity represents a phase
change from spinel to perovskite and magnesio-
wiistite (Ito and Takahashi, 1989), lateral varia-
tions in depth of the 660 km discontinuity may
then be related to corresponding variations in
temperature and/or pressure. With a pressure—
temperature slope of —4 MPa K~! (Ito et al.,
1990) and a hydrostatic pressure—depth slope of
40 MPa km™! a lateral variation in depth of 30
km could be caused by a lateral variation in
temperature of some 300 K. A lateral difference
in Mg/ Fe ratio can also cause a lateral differ-
ence in the depth of the phase change, but this
effect is expected to be very small as the dissocia-
tion pressure is almost independent of iron con-
tent in the range Fe/(Mg+ Fe) <0.22, where
spinel dissociates into perovskite and magnesio-
wiistite in an extremely narrow pressure interval
(Ito and Takahashi, 1989). For the topography
constraints for the 660 km discontinuity from this
study, it follows that temperature changes less
than 300 K could occur over horizontal distances
of few hundreds of kilometers.
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