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A sharp and flat section of the
core-mantle boundary
John E. Vidale & Harley M. Benz

United States Geological Survey, Branch of Seismology,
345 Middlefield Road MS 977, Menio Park, California 94025, USA

THE transition zone between the Earth’s core and mantle plays
an important role as a boundary layer for mantle and core convec-
tion'. This zone conducts a large amount of heat from the core to
the mantle, and contains at least one thermal boundary layer**;
the proximity of reactive silicates and molten iron leads to the
possibility of zones of intermediate composition*. Here we investi-
gate one region of the core-mantle boundary using seismic waves
that are converted from shear to compressional waves by reflection
at the boundary. The use of this phase (known as ScP), the large
number of receiving stations, and the large aperture of our array
all provide higher resolution than has previously been possible™’.
For the 350-km-long section of the core—-mantle boundary under
the northeast Pacific sampled by the reflections, the local boundary
topography has an amplitude of less than 560 m, no sharp radial
gradients exist in the 400 km above the boundary, and the mantle-
to-core transition occurs over less than 1 km. The simplicity of
the structure near and above the core-mantle boundary argues
against chemical heterogeneity at the base of the mantle in this
location.

The regional seismic networks of the United States and
Canada routinely record local and distant earthquakes, mainly
in order to monitor active faults within the networks. Together,
these networks include more than 1,500 stations and span a
wide aperture. This set of receivers is ideal for observing short-
period seismic waves from distant earthquakes across larger
distances than previously possible®.

The phase ScP travels from the earthquake to the core-mantle
boundary (CMB) as an S wave, then converts to a P wave for
the remaining path to the receiver (Fig. 1a). ScP appears in a
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particularly quiet interval on seismograms for an earthquake
that occurred on 13 March 1992, 180 km beneath the Andreanof
Islands (magnitude m, 6.1, 52.8° N, 178.8° W). We analyse seis-
mograms from the University of Washington Seismic Network
(125 stations), the Southern California Seismic Network (216
stations) and the Northern California Seismic Network (405
stations). The high signal-to-noise ratios of these seismograms
will reveal the degree of lateral variation in structure near the
CMB, the presence or absence of structure above the CMB and
the sharpness of the CMB. These data are only sensitive to
lateral variations in the CMB with wavelengths of 50 to 200 km,
these limits arising from the limitations in resolution of 1-Hz
seismic waves and the 15° aperture of the array, respectively.
The data are sensitive to radial variations with wavelengths up
to 10km, beyond which insufficient short-period energy is
reflected.

A smaller (m, 5.3) event on 27 March 1992 (52.8° N, 174.0° W,
190 km depth) produced a particularly sharp set of arrivals, but
was only available on the Northern California Seismic Network.
The simplicity of the earthquake allows a direct measure of the
simplicity of the CMB.

ScP is prominent in the distance range from 30° to 70° because
the conversion coefficient at the CMB is large. The main source
of short-period noise in this time interval is the coda of the P
wave, which attenuates rapidly with time after the P wave passes.
We study the CMB with the ScP phase rather than the more
traditional choice of PcP>’ (Fig. 1) because ScP arrives 4
minutes later with a more favourable signal-to-noise ratio.
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FIG. 1 Schematic ray paths (a) and bounce points at the core-mantle
boundary (b) for the seismic waves analysed here.
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We selected the ScP arrivals at the 362 out of 746 stations
with the highest signal-to-noise ratio. These phases were aligned,
then the seismograms were summed for 1° distance intervals
(Fig. 2a), revealing nearly identical waveforms across the array.
The ScP arrival lasts ~5s, typical of the source duration for
magnitude 6.1 earthquake. The complexity caused by the source
duration is then removed by first estimating the source time
function to be the sum of all the aligned traces, then deconvolv-
ing this sum from each trace. Deconvolved traces summed in
1° bins are shown in Fig. 2b. Again, the waveforms are nearly
identical. The smaller earthquake, 400 km closer to the array
and at a slightly different azimuth, is a more impulsive source
(Fig. 2c¢). It samples a 130-km patch of the CMB adjacent to
the 250-km patch sampled by the first earthquake. The waveform
of the ScP phase does not vary across the array.

For the smaller earthquake, we aligned and summed the P
waves, aligned and summed the ScP waves, and summed the
PcP waves aligned according to ScP with the expected decrease
in apparent velocity across the array (Fig. 3a). The ability to
stack more than 100 seismograms eliminates the near-receiver
crustal reverberations that have complicated previous com-
parisons of P with PcP*S. Only the P and ScP arrivals contained
enough energy in the interval 0.5 to 10s to allow removal of
the instrument response (Fig. 3b). The similarity of the P, PcP
and ScP frequency content requires that the shear wave attenu-
ation is low along the path from the earthquake to the CMB,
which has also been observed for other paths®.

Overall, the ScP, Pand PcP waveforms are similar, particularly
in the first second, indicating that the CMB is primarily a sharp
transition. Our observations do not show differences as large as
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FIG. 2 Seismograms summed over 1° distance intervals are shown after
alignment of the ScP phases for a, the 13 March 1992 Andreanof earthquake;
b. deconvolved records of the 13 March 1992 Andreanof earthquake; and
¢, the 27 March Andreanof earthquake. These traces are from short-period,
vertical-component seismograms that have usable signal from 0.5 to 10s
period for these earthquakes. The traces show the similarity of the ScP
phases.
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FIG. 3 a Waveforms of the P, PcP and ScP waves of the 27 March 1992
earthquake (m,=5.3) estimated by the summation of 110-120 clean
records from the Northern California Seismic Network. b, P and ScP displace-
ment time histories. A 12-s period sine wave was added to cancel the
long-period motions not resolved by our limited passband (see Fig. 2 legend).

those that have been interpreted in noisier data as evidence for
a laminated CMB®.

The similarity of the waveforms in Figs 2 and 3 places tight
limits on possible CMB topography. Calculations for a CMB
with 500 m of relief'™'! show resolvable waveform complexity
that varies with epicentral distance and azimuth. Our observa-
tions therefore require less than 500 m topography with 50 to
200 km wavelength, although we can not preclude topography
with larger or smaller scale. The small variations that are visible
in the later half of the ScP waveform in Fig. 2a and b may arise
from a few hundred metres of CMB topography or velocity
variations above the CMB. Source directivity is a less likely
explanation as the entire P-wave arrival is similar across the
array, and a greater range of take-off angles is spanned by P
than by ScP.

The P wave in Fig. 3b is very simple, showing that the
earthquake lasted only 1 to 2s. The ScP wave has one more
half cycle than P and PcP in Fig. 34, and this translates into
the small secondary peak on the displacement record. The extra
half cycle is visible for all bins in Fig. 2¢. This complexity is
difficult to attribute to extra attenuation of the S wave, because
attenuation would cause the higher frequencies to arrive earlier,
not later as observed. It is also difficult to attribute the complexity
to lateral heterogeneity near the CMB, as a reflection from a
point scatterer at or above the CMB should shift noticeably in
time across the array. The difference may be due to a difference
between the P- and S-wave radiation from the source.

Structures above the CMB would generate precursors to ScP.
We expect structure, if present, to be above the CMB, as little
heterogeneity is expected in the liquid core'?. The bounce points
of the ScP arrivals shown here are interesting for two reasons.
First, this region beneath southern Alaska shows clear evidence
for an anomalously fast D" layer from long-period shear waves'®.
The top of the D" layer is ~250 km above the CMB. We see no
evidence of reflections from this height, which may indicate that
the transition at the top of D" is rather gradual. Second, arrivals
between P and PcP that are identifiable on individual traces
have been interpreted' as arising from intermittent layering
above the CMB just a few hundred kilometres away from our
bounce points, yet we do not see these arrivals on our traces.

The interval before the arrival of ScP from the larger, 13
March earthquake is clean. No coherent energy is visible in the
complete seismic section, nor in the numerous sections from
subsets of the data that we examined. The noise levels are 5-20%
of the ScP amplitude, and in our experience, arrivals as small
as one-half of the noise level are visible in such dense record
sections. As a more sensitive test for layered reflectors, we
aligned the ScP arrivals, then summed the traces. The noise level
is near 0.5%. There are no clear short-period reflections from
the top nor from within D".

NATURE - VOL 359 - 15 OCTOBER 1992

© 1992 Nature Publishing Group



LETTERS TO NATURE

The sharpness of the CMB may be estimated from the reflec-
tion coefficient of ScP as a function of frequency. It is apparent
from high-pass filtered traces that 2-Hz energy is reflected from
the CMB along our entire profile. And the duration of the 2-Hz
arrivals is ~5's, close to the duration of the earthquake. The
presence of 2-Hz reflections shows that the CMB has a significant
vertical velocity gradient spanning less than 1km across the
entire profile.

We conclude that within our resolution, the CMB is flat,
sharp, lacks lateral variation and is not overlain by structures
that would reflect 0.5- to 2-Hz energy, at least for a 350-km span
beneath the northeast Pacific Ocean.

The lack of topography greater than 500 m with a scale length
of 50-200 km directly confirms inferences drawn from PcP
amplitudes'®'!, PKP precursors'® and length of day fluctu-
ations'®. The boundary sharpness required along this section of
the CMB, with the change from mantle to core occurring across
less than 1 km, is more stringent than previous measurements
from individual records of P and PcP*°.

The lack of overlying structure is in contrast to the results of
long-period studies. Long-period shear wave studies worldwide
indicate an intermittent 2-5% increase in impedance with depth
roughly 250 km above the CMB!"'%, Near Alaska, at the location
of our bounce points, the 2-3% increase in the shear wave
velocity has been proposed'® to occur in a depth range of less
than 25 km. The long-period measurements show that the D”
layer is faster than normal mantle!”*°. This argues against its
being interpreted solely as a thermal boundary layer, as a hot
D” would be slow?. Our lack of observed short-period reflections

requires that such a boundary be broader than 5 km. The absence
of critical reflections from the top of D" also argues for a gradual
boundary®!, as mentioned above. A remote possibility is that
the boundary is so irregular that short-period energy refiects
incoherently, whereas long-period reflections can be observed.
Thus, either D” is absent in the region that we sample, or its
upper boundary is unexpectedly diffuse. O
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Blade-shaped conodont elements
functioned as cutting teeth
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CONODONTS were small eel-shaped animals with vertebrate
affinities’™. Known almost exclusively from the small, tooth-like,
phosphatic elements of their feeding apparatus, they have one of
the finest fossil records of any group of organisms. Until recently
the identity of the animal to which conodont elements belonged
was one of palaeontology’s great mysteries; the function of the
elements themselves, particularly blade-shaped elements, remains
uncertain (compare refs 3 and 4). But recent insights into the
conodont skeletal Bauplan® allow the debate over function to be
taken beyond arguments of analogy. Here we present a functional
analysis of opposed blade-shaped-element pairs as components of
an integrated apparatus. From this we conclude that such elements
operated as cutting teeth within a grasping and food-processing
apparatus.

Much of the debate over the function of conodont elements
took place before the anatomy of the animal'-* and the architec-
ture of the skeletal apparatus® were known. Consequently, these
analyses were limited by the lack of developmental and struc-
tural context for the conodont elements and “‘the entire field of
functional morphology [was] essentially closed to conodont
workers”'?. More recent studies have considered the elements
as components of an integrated feeding structure within an
eel-shaped animal and two functional models have been pro-
posed. The anterior elements of the conodont apparatus, the S
and M elements (Fig. 1), may have functioned together as a
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ciliated sieve structure that sorted small food particles to be
bruised or crushed gently by the posterior Pa and Pb
elements'>'* (Fig. 1). Alternatively, it has been suggested'- that
the anterior elements grasped the food, which was then cut and
ground by the Pb and Pa elements (Fig. 1).

Some of the most convincing evidence for Pa element function

FIG. 1 Feeding apparatus architecture of Vogelgnathus campbelli showing
the location of the apparatus in the animal. Elements are shown x45.
Relative size is based on bedding plane assemblage specimen 62P-701
(ref. 16). Apparatus architecture is based on ref. 5; S elements are shown
more widely spaced than in nature. Animal is shown ~ 1.7, morphology is
diagrammatic, based on refs 1, 2 and 22.
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