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Abstract.. We have examined the amplitude ratio
SKNAKS/SKS from two deep focus events recorded by the
APTS9 portable seismic experiment. For one of the events
(beneath the Solomon Islands). we obtain a profile of 18
stations in the distance range 99-108°. We observe large
systematic variations in this ratio as a function of dis-
tance. From 99¢ to 106° the ratio is fairly constant and
in the range 0.1 to 0.3, but it then rapidly increases to
the range 0.5-3.5 between 106° and 108°. Such variations
are in fact predicted by standard earth models, such as
PREM., although this feature of the wavefield has not pre-
viously been observed. It is due to the momentary drop in
SK S amplitude at the ray parameter where the reflected
phase ScP is critically reflected. Because ray theory is
not valid in this distance range. we use Full Wave theory
to model the amplitudes. We have been able to match
the distance pattern reasonably well if we use a model
with the P-velocity at the base of the mantle reduced by
1.5% compared to PREM. Although fewer stations are
available, the second event shows the same basic distance
pattern. except that the abrupt increase in the ratio oc-
curs at a closer distance. This suggests an even lower P-
velocity for this region (about 3.5% slower than PREM)
and is consistent with lateral heterogeneity at the base of
the mantle of a few percent.

Introduction

A portable teleseismic experiment was conducted over
a four month period (15 June - 15 October 1989) along
a 1500km traverse in North America (see Silver et al,
1993). 22 portable three-component seismic systems were
deployed: 8 instruments in a N-S line in western On-
tario with approximately 30km spacing and the remaining
14 along a NE-SW line from the US-Canadian border to
Wyoming with 100km spacing. The array passed through
the RSON (Red Lake, Ontario) and RSS5D (Black Hills
South Dakota) stations. which were recording continu-
ously (long and intermediate period channels) during the
experiment. 12 of the instruments were equipped with
University of Wisconsin data loggers and 3-component
HS 1Hz seismometers. Theyv triggered on P and then
recorded for 20 minutes (at 23s/s) in order to assure
the recording of the main S phases. 10 instruments had
IRIS/PASSCAL Reftek data loggers with intermediate-
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period seismometers (Kinemetrics 3s and Guralp CNG3)
and recorded continuously at 10s/s. Of the large suite
of teleseismic events recorded. 3 possessed well-recorded
SKS and SK LS phases. One event in particular. 89233
{Table 1). produced excellent recordings of both of these
phases at 18 of the stations. (Seismograms are shown
in Silver et al. 1993.) Tt is this suite of recordings that
constitutes the primary data set for this report. It spans
the distance range 99-103°, over which the amplitude ra-
tio of these two phases exhibits striking variations as a
function of distance. As we will show. this is due to a
previously unobserved phenomenon that may provide im-
portant information about the structure of the earth near
the core-mantle boundary (CMB).

Data and Method

For each record, we have computed the spectral am-
plitude ratio R(w) defined by

R(w) = |SKKSp{w)l/ISK Sp{w)] (1)

where SKLNS(w) and SA S{w) represent the Fourier-
transformed radial component of the wavelet functions for
SKK S and SK S, respectively. Individually. SKRK Sp(w)
and SKSg(«). depend on several functions of frequency
such as the instrument response. attenuation. and the
source time function. In addition, shear wave splitting
which has been observed for the stations used in this study
(Silver and Kaneshima. 1993) will have a frequency depen-
dent effect on the waveform (see Silver and Chan. 1991).
Because SKS and SR LS traverse nearly the same path
through the mantle. each of these frequency dependent ef-
fects should cancel out of a spectral ratio. Figure 1 shows
a plot of the observed ratio Ro(w) at 0.2, 0.4. and 0.6Hz
{where the signal-to-noise ratio is greatest for the largest
number of stations) .

Note that at all three frequencies. Rolw) is fairly con-
stant and generally in the range 0.1 to 0.3 from 100 to
106°. However. it then increases to as high as 3.5 the
range 106° to 108°.

To our knowledge. this feature of wavefield has not
been previously observed. Nevertheless. it is an expected
feature. The rav theoretical values of R{w) for PREM
(Dziewonski and Anderson. 1981) exhibit this same be-
havior. except that the rapid rise occurs hetween 105° and
106°. The cause of this variation can be understood by
considering the scattering matrix for a shear wave imping-
ing upon the CMB from above. One obtains a reflected S
wave (S¢5). a reflected P wave (ScP). and a transmitted
P wave (S S). Atacritical ray pavameter p,.; (251s/rad
in PREM). corresponding to a critical distance A, ;4. the
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Fig. 1. Observed amplitude ratio of the radial compo-

nent SAKS/SKS Ry(w) evaluated at (a) 0.2, (b) 0.4,
and (c¢) 0.6Hz for event 89233 (see Table 1). Also shown
are predicted values Rs(w) for models PREM (dotted) and
A (solid) at these same frequencies. Model 4 is PREM
with a,,; decreased 1.5%. Calculations were made using
Full Wave theory.

reflected P wave attains grazing incidence: no energy is
predicted to radiate into the core. and the amplitude of
SK S goes to zero.

However. geometrical optics is no longer valid if the
turning point of one of the phases is near a discontinuity,
and a higher order theory is needed for proper interpreta-
tion. The most convenient formulation for studying this
effect is Full-Wave theory (Richards. 1973. 1976). based
on the Langer Approximation, which is uniformly asymp-
totic in approximating the radial wave functions. in par-
ticular. near a boundary. Using this formulation. Choy
(1977) has shown that for finite frequencies energy does
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in fact radiate into the core. even at p == p..;;. in the form
of the phase 5PN S. For distances near N this
phase has nearly the same path as SRS, except that it
is diffracted as a P wave for a short distance (amounting
in total to A - A\,..;;) along the mantle side of the CMB.
at either the source or the receiver side of the emergence
point from the core or both. Thus. the profile of R(w).
particularly the location and amplitude of the peak. he-
comes {requency dependent as a result of the interference
between SK'S and SPye NS5

Since the location of the minimum in SA'S amplitude
and hence the maximum of R(w) is controlled by p.., in
principle a profile of R(w) = R{w.p) = R(w.A(p)) can be
used to constrain the value of p..;;. Because

Perit = Temb/ @emb
this can be accomplished by varying either v, or a
Since r,,,; is known to much greater precision than a ;.
this ultimately becomes a constraint on a,,,. However,
we really only know R(w) as a function of distance A. so
that another way of fitting the data is to change the func-
tional relationship p = p() for SA'S while keeping p.,.;;
fixed. For example. p(2) could be altered by increasing
the P-velocity aor in the top several hundred km of the
outer core (down to the bottoming depth of SKS) which
would decrease the distance of a rav with ray parameter
Perit- Similarly. a shift in the integrated S-velocity of the
lower mantle would also vield a change in the A corre-
sponding to p

cmb-

cerit-
(Comparison of the Data with Synthetics

In order to compare data with synthetics. we have
calculated R{w) for the model PRENM as well as for other
models with reduced a,,;. In particular. we have con-
structed a model 4 simply by adopting PREM but de-
creasing ¢, bv L.3%. The perturbation to PREM lin-
early changes from 0% at 150km above the CMB to -1.5%
at the C'MB [the properties of SPy;pp A S are apparently
insensitive to the tvpe of gradient. negative or positive
{Choy. 1977)]. Synthetic amplitude ratios Rs(w) were
calculated at 0.2. 0.4 and 0.6Hz for the geometry of event
39233 (Table 1) using a Full Wave code {(P. Richards. pers.
comm.). Figure 1 illustrates the expected behavior both
as a function of distance and of frequency. Note that the
region of increase in Rs(w) becomes more pronounced and
moves to a shorter distance with increasing frequency. We
note that the data share this same character. The com-
parison between Rg(w) and the observed ratio Rp(w) il-
lustrates that PREM does not fit the data very well and
that model 4 appears to provide a better fit.

Another way of examining the data is to compare
Ro(w) and Rg(w) at a particular station. For this pur-
pose. we consider station DLOR. which has exceptionally
high signal-to-noise and which shows the largest ampli-
tude anomaly. As is shown in Figure 2. the data in the
0.0-1.0Hz band show a peak value of 3.5 that is reached at
about 0.3Hz. The synthetic for PREM. however. predicts
that R(w) should be a monotonically increasing function
of frequency at this distance. while model A displays a
function that is peaked near 0.5Hz much like the data.
As with the distance dependence. this suggests a model
with lower a ;.

We have examined a second event. 89215 (Table 1).
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Fig. 2. For event 89233 and station DLOR. Ry{w) (solid
line) is compared to Rs{w) for models PREM (dash) and
A (dotted). Note that PREM does not fit the data very
well. predicting a monotonically increasing Rs(w) with
frequency, while A predicts an R¢(w) peak at about 0.5Hz
of 3.0-4.0 as in the data.
TABLE 1.

Events used
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Fig. 3. Ratio Ro{w) as a function of distance for event
89215 (solid triangles. Table 1) and 89233 (open triangles)
at a frequency of 0.2Hz. Note the apparent 2° shift in the
profile for 89215 relative to 89233. Also shown ave pre-
dicted values Rs(w) for models PREM (dotted). A (solid).
C' (short-dash). and E (long-dash) at the same frequency.
Models ¢’ and E are PREM with a,,,, decreased 3.3%
and 4.0%. respectively. Calculations were made using Full
Wave theory.

Event Time. UT Latitude Longitude h m,

(vr,day) (deg) (deg) (km) Reflectivity
89233  1825:40.7 -4.09 154.45  487.1 6.0
S9215  2225:57.7  -22.48 178.96 6222 5.5

that is roughly in the same distance range. Although we
have fewer data and can only reliably evaluate Ry(w) at
0.2Hz. there is enough information to suggest the same
kind of pattern as seen for 89233. In this case. however.
the increase in Ry(w) is seen at a shorter distance by about
29 (Figure 3). Only about 0.39 can be explained by the
different depths of the events (622km vs. 18Tkm). Again.
we were able to improve the fit between synthetics and
data by decreasing the P-velocity of D” {bottom 130km
of the mantle). In particular. we constructed models ('
and F (same manner as model 4) by adopting PREM but
decreasing o, by 3.3% and 4.0%. respectively.

The above analvses assume that PREM velocities are
grossly correct. and the data are fit by perturbing only
Q. 10 the model. However. as discussed above. it is also
possible to fit the data by changing the functional rela-
tionship p = p(A) for SK'S at fixed p,.;;. For example.
increasing aoe by 1.7% relative to PREM vields results
identical to those for model A. A uniform perturbation to
the outer core velocity of this magnitude. however. would
lead to large anomalies (several seconds) in the differential
times PRiN P ~ PcP which would be inconsistent with
the times measured by Engdahl et al. (1974) and used
to constrain the PREM outer core velocities. Thus. this
sort of perturbation in the top several kilometers of the
outer core would require consequent changes throughout
the outer core. Alternativelv. one can introduce a shift in
the integrated S-velocity of the lower mantle. TFor exam-
ple, while model PEMC (Dziewonski et al.. 1975) exhibits
S-velocities which average about 1.3% slower than PREN
throughout the lower mantle. it yields amplitude vs. dis-
tance curves nearly identical to those obtained by adopt-
ing PREM but decreasing o, by 1.8%. However. such
large departures from PREM would be expected to result
in observable travel time anomalies of several seconds.

In order to check the svstematic properties of the Full
Wave synthetics. we have also generated Reflectivity seis-
mograms {Kennett. 1933). using a code provided by T.
Clarke (pers. comm.). The seismograms have been pro-
cessed in the same wayv as the data. While thus far we
have restricted our Reflectivity comparison to a frequency
of 0.2Hz. we find that the general features of the distance
profile. namely the location and magnitude of the peak
in R(w), are close to those obtained by the Full Wave
method. We were unable to make suitable comparisons
at higher frequency because the reflectivity seismograms
became too noisy. presumably due to artifacts introduced
by lavering as noted by Choy et al. (1980). We never-
theless conclude that the two methods illustrate the same
properties.

Discussion

What can we conclude about the properties near the
CAB? Assuming that these observations are due to struc-
ture at the base of the mantle. they suggest that at this
depth the Earth is slower than PREM in the regions sam-
pled. More such measurements are required to determine
if this is a systematic feature of the base of the man-
tle. Furthermore. the differences between the profiles for
the two events suggest that there is lateral heterogene-
itv. Assuming. again. that it is on the mantle side. lateral
variations of 2.0-2.3% in a,,,, are suggested. In princi-
ple there are two regions along the path. the source and
receiver interaction points. that could give rise to the ob-
served lateral heterogeneity. as these regions are where
the phase 5Fy; ;'S exists. As shown in Figure 4. how-
ever, the receiver interaction points for the two events are
about 250km apart at the CMB while the source points
are nearly 2000km apart. Taken at face value. these data
would suggest that a,,, at the source interaction point
for 89213 is 2.0-2.5% slower than for 89233. Also shown
mn Figure 4 is the lower mantle 3-dimensional P-velocity



Fig. 4, World map showing event locations. event-
station paths. the center of the array (station FVNR), and
interaction points of SN S phases at the C'AIB. Also shown
is the laterally varving P-velocity model L0256 {Dziewon-
ski. 1984) evaluated at the CMB for angular orders 2 and
3 (units: m/s). Note that the interaction point for 89215
(just north of Tonga) is centered on the velocity minimum
for this map. while the point for 39233 (Solomon Is.) is off
to the side of this minimum. The difference in P-velocity
at the base of the mantle between these two points is esti-
mated to be 2.0-2.5% (89215 has slower velocity) based on
the value of R(w). This is in the same sense as indicated
bv L0256, although much greater in magnitude.

model L0256 (Dziewonski. 1984). It is evaluated at the
CMB for angular orders 2-3. the part of the model for
which there is agreement with other methods (Hager et
al., 1985). We note that the interaction point for 89215
plots within the slowest zone in the entire map. the well-
confirmed region of low velocities in the south-central Pa-
cific. The interaction point for 89233 skirts around the
side of this minimum. Thus. the difference in velocities
between these two points for our data and for L0256 have
the same sign. although the predicted difference for L0256,
0.25%, is an order of magnitude smaller. The variations
we see. however, are consistent in magnitude with those
obtained from diffraction studies in nearby areas (Wyses-
sion et al.. 1992).
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