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resolution than has been attempted to date.

Our new findings still leave unexplained the Dansgaard-
Oeschger oscillations in air temperature over Greenland that
punctuate the intervals between the Heinrich events. Perhaps, as
we suggested earlier’, these reflect the salt-induced ocean circula-
tion oscillations caused by an interaction between the ocean
heat-pump and the Scandinavian ice sheets. Although many
questions remain unanswered, our correlation of the Heinrich
events so prominent in the ice cores with the more frequent
Dansgaard-Oeschger events in the ice cores brings us signifi-
cantly closer to understanding the complex link between ice-
sheet dynamics and ocean operation, O
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discontinuities determined
from high-frequency
reflections
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AN understanding of the nature of seismic discontinuities in the
Earth’s upper mantle is important for understanding mantle pro-
cesses: in particular, the amplitude and sharpness of these discon-
tinuities are critical for assessing models of upper-mantle phase
changes and chemical layering. So far, seismic studies aimed at
determining the thickness and lateral variability of upper-mantle
discontinuities have yielded equivocal results, particularly for the
discontinuity at 410 km depth'”>. Here we present short-period
(0.8-2.0 s) recordings of upper-mantle precursors to the seismic
phase P'P’ (PKPPKP) from two South American earthquakes
recorded by the ~700-station short-period array in California. Our
results show that the 410- and 660-km discontinuities beneath the
Indian Ocean are locally simple and sharp, corresponding to transi-
tion zones of 4 km or less. These observations pose problems for
mineral physics models*™, which predict a transitional thickness
greater than 6 km for the peridotite to f-spinel phase tramsition.
In contrast to the results of long-period studies®’, we observe no
short-period arrivals from near 520 km depth.

Experimental and thermodynamic studies” >* suggest that a
peridotite to B-spinel phase transition near 410 km depth occurs
over a range of 6--19 km, whereas a d-spinel to perovskite and
magnesiowl(istite phase transition near 660 km depth occurs over
a smaller range of 1-10 km. Some argue’, on the basis of seismic
observations of sharp discontinuities, that the upper mantie is
chemically stratified, while others'® propose a non-equilibrium
phase transformation as a possible explanation for the observa-
tion of sharp boundaries. Topographic variations of +20 km on
the 660-km discontinuity'' favour phase transitions. A recent
seismic investigation'” of near-receiver converted phases argues
for a transitional 660-km discontinuity (20-30 km in thickness)
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and a sharp 410-km discontinuity. These results contradict previ-
ous studies of P'P" precursors'’ ' that observed a simple and
sharp 660-km discontinuity. A paucity of high-frequency PP’
precursors from near 410 km depth'*"* has made it difficult to
determine the sharpness of this discontinuity. This leads some”
to suspect defocusing effects due to topography or lateral varia-
tions in transitional thickness. Previous studies"”'* have been
limited in their ability to characterize the lateral variability in
the sharpness of the 410-km discontinuity, primarily owing to
small array apertures and sparseness of observations.

From our survey of large-magnitude South American
earthquakes (M > 6.2), all clear P'P’ arrivals were accompanied
by short-period (0.8-2.0 s) PgeoP’ precursors, implying that the
660-km discontinuity beneath the Indian Ocean is simple and
sharp, consistent with previous P'P’ observations"'> '*. The
dense sampling and large aperture of our array (Fig. 1a), com-
bined with the two closely spaced South American earthquakes
leads to unprecedented sampling of the upper mantle, enabling
us to show the best evidence to date that the 410-km discontinu-
ity is locally as sharp as 4 km thick, but varies laterally over
distances of 250-500 km. This lateral variation may explain the
paucity of observations and difficulty in measuring the imped-
ance contrast and sharpness of this discontinuity'>".

Numerous investigations of the transitional upper mantle
from 200 to 700 km depth have been made over the past fifty
years. The thickness and relative velocity contrast of upper
mantle discontinuities are best determined from wide-angle P
and S waves'® '® recorded in the distance range 15° to 30°, near-
source'™? and near-receiver'>2'*? reflections and conversions,
or from PP, 8S and P'P’ precursors'>'? %23 2,

PP’ (PKPPKP), which is best observed in the distance range
65° to 75° with a caustic occurring near 71°, has been widely
studied because its precursors (typically under-side reflections
from mantle discontinuities) are ideal for identifying and meas-
uring the transitional thickness of such discontinuities. P'P’ pre-
cursors are commonly labelled as PP’ where d denotes the depth
of the reflector. We will use this convention, and will refer to the
three main upper-mantle discontinuities by their average glob-
ally observed depths, that is, the 410-, 520- and 660-km
discontinuities”™"".

Since the early 1970s, the United States Geological Survey
(USGS) and the California Institute of Technology have been
operating regional seismic arrays in California (Fig. 1a). These
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consist of 700 high-gain, short-period (1 Hz), vertical-compo-
nent seismic stations that are ideal for recording low-amplitude,
high-frequency P'P’ precursors. The two South American events
discussed here represent the best examples of P'P’ and its upper
mantle precursors recorded by this array since we began looking
for P'P’ phases in June 1990. The region of the mantle sam-
pled by these earthquakes spans approximately 600-1,000 km
beneath the Indian Ocean (Fig. 1), with each event sampling a
portion of the mantle 250 km apart.

Shown in Fig. 2 are the record sections of the P'P’ window for
two South American earthquakes recorded in California. The
Peru-Brazil event was well-recorded at 140 stations (Fig. 2a),
whereas the southern Peru earthquake was well-recorded on 231
stations (Fig. 2b). P'P’ is observed in the period range 0.7-4.0's,
whereas the precursors are clearly observed between 1.0-2.0s
and weakly observable between 0.8-1.0 s. A dominant period of
1.5 s for the precursor is comparable to a dominant period of
1.2-3.0s in previous studies''*. Both profiles (Fig. 2) show
clearly a PgoP' phase, while P 0P’ is observed from only one
event. From the Peru-Brazil earthquake (Fig. 2a), PP
(2,275-2,290 s), PéeoP’ (2,140-2,160 s) and P4,0P’ (2,190-2,210 5)
are observed from 64° to 71°. The southern Peru earthquake
(Fig. 2b) produced PP (2,320-2,345s) and PgeoP”
(2,180-2,210 s) from 68° to 75°. The P4,oP’ phase is most likely
to be observed near its caustic, which is at about 72°, but the
record section (Fig. 2b) shows no evidence for such a phase.

Estimates of the sharpness of the 410 and 660-km discontinui-
ties can be determined from P'P’ observations'>®, but depths to

a California short-period seismic array

70°E 80°E
Earthquake location

Date  Lat. (N) Lon. (E) Depth (km) Mag]
1701990 -1097 -7078 599 67
24May 1991 -1651 -7070 128

v 24 May 1991
o 17 October 1990
63 . L

FiIG. 1 a, Location of the approximately 700 short-period, vertical-com-
ponent seismic stations (triangles) operated in California by the US
Geological Survey and the California Institute of Technology. b, Location
of the mid-point reflections of the P'P’ phase from two South American
earthquakes recorded by the California short-period seismic array.
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the reflectors are difficult to ascertain. This is due to imprecise
measurement of the arrival time and poorly known upper-mantle
and crustal-velocity structure. A change of 10 km in the depth
of the 660-km discontinuity produces a travel-time difference of
~2 s for the precursor, which is small given the uncertainties in
the velocity structure. Comparing the observed data with theor-
etical arrival times using the TASP91 reference model®’, estima-
ted reflector depths of the precursors are measurable to £10 km.
We find a depth of 650 km beneath the Indian Ocean, which is
consistent with longer period estimates of <650 km for the same
region®®,

Waveform similarity and a dominant period of 1.5s for the
Pa10P" and PgeoP’ precursors (Fig. 3a) suggest that the 410- and
660-km discontinuities sampled by the Peru-Brazil earthquake
are simple and sharp. One would expect to observe relative fre-
quency and waveform differences for either a transitional disce 2-
tinuity or topography on the discontinuity, neither of which are
observed.

No evidence of a sharp seismic discontinuity (thickness
<4 km) near 520 km depth is found in the stacked traces (Fig.
3b). The stacked record, aligned on P'ycP’, displays uniform
coda levels in the time window appropriate for a precursor from
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FIG. 2 PP’ record sections for two South American earthquakes
recorded by the California seismic array. Each trace is normalized to a
constant width, and only traces with a signal-to-noise ratio greater than
5 are shown.
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FIG. 3 a, Comparison of the precursor waveforms from stacking the 70
seismograms that recorded both Pj;,P’ and PgeoP’ phases. Each seismic
record was aligned on the appropriate precursor before summing. The
similar frequency content and waveform shape for the two precursors
argue for simple and sharp velocity discontinuities. The y axes in this
figure represent normalized amplitude. b, Stack of upper-mantle precur-
sors showing no high-frequency evidence for a precursor near 520 km
depth. The stack was produced by aligning records on the P,,,P’ phase
before summing. ¢, Low-frequency stack of upper-mantie precursors,
demonstrating that the transitional thickness of a 520-km discontinuity
must be greater than 10 km.
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1st-order
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near 520 km depth. A low-frequency stack (Fig. 3¢) also shows
no evidence for a 520-km discontinuity, which implies that the
transitional thickness of this discontinuity must be greater than
10 km. Lack of support for a sharp discontinuity near 520 km
depth is consistent with wide-angle, short-period observations in
Australia® and southern California™.

Several studies of P'P’ precursors'>'® have noted the paucity
of observations from near 410 km depth, which suggests that
this boundary may be more complex and difficult to quantify in
terms of its impedance contrast and transitional thickness. Fac-
tors that may explain these observations are lateral variations in
the transitional thickness and impedance contrast of the discon-
tinuity, or topographic relief along the boundary”. Synthetic seis-
mogram simulations® show that topographical changes (with
wavelengths and amplitudes of the order of 300 km and 10 km
respectively) can decrease the amplitude of P'P’ precursors by a
factor of 2-4. Variations in the impedance contrast and transi-
tional thickness of the discontinuity can decrease the amplitude
of a precursor by similar or greater amounts'>*. Each is
adequate to explain the lack of the Pj;,P’ precursor for the
southern Peru earthquake. Alternatively, focusing effects can
increase the observed amplitude by a factor of 2-4, making it
difficult to estimate the reflection coefficient at the boundary’.
But the observed frequency content of the precursor provides
excellent constraints on the maximum transitional thickness of
the discontinuity.

We use reflectivity synthetic seismograms to determine the
maximum transitional thickness consistent with the P4,0,P" pre-
cursor observed in the frequency range 0.5-1.0 Hz. Because it is
difficult to determine an appropriate attenuation model beneath
the Indian Ocean, relative amplitudes between P'P’ and its pre-
cursors are difficult to compare. But the synthetic seismograms
can be used to explain relative differences between Pj 0P’ and
PésoP’, as attenuation between the two discontinuities is not
appreciable.

Reflectivity synthetic seismograms for three velocity models
(Fig. 4) were computed at frequencies of 0.5-1.0 Hz and a dis-
tance (&) of 70.5°, where the amplitudes of the P4P’" and
PP’ are comparable and P’y,oP’ is most likely to be observed.
Synthetic seismograms show a 75% decrease in the P'4;0P” ampli-
tude for a 4-km-thick transition zone and no observable P'4;oP’
for a 6-km-thick transition zone, relative to a first-order

FIG. 4 Reflectivity synthetic seismograms of P'P’ and its
precursors for different thickness of the 410-km discon-
tinuity and a constant distance (A) of 70.5°. For all three
cases, a discontinuity at 660 km is modelled as a first-
order discontinuity, while the 410-km discontinuity is
modelled as 0, 4 and 6&-km-thick transition zones.
Seismograms were computed using the IASP91 velocity
model*” and the PREM density model®. Upper mantle
low velocity zone densities were modified to be consist-
ent with higher IASP91 velocities. Synthetic seismo-
grams were computed in the frequency band 0.2-1.0 Hz
with constant P- and S-wave quality factors of 5,000
and 2,000, respectively.
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discontinuity. Synthetic seismograms demonstrate that a maxi-
mum transitional thickness of 4 km is necessary to generatc the
observed precursor. Since the amplitude of the reflection is
falling off rapidly in the period range 1-2s for a 4-km-thick
transition, a maximum thickness of 2 km is likely. The results
are consistent with theoretical reflection coefficient calculations™
that estimate a 4-km-thick transition for 2s periods and a
thinner transition for shorter periods. Our data are not sufficient
to rule out either topographic or transitional variations as the
cause of the variability of Pj,oP’ observations. But high-fre-
quency observations and synthetic seismograms clearly show
that the 410-km discontinuity is, at least locally, too sharp for
its current phase boundary explanation. O
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THE human brain has anatomically distinct areas in which process-
ing is laid out in space at the millimetre level with substantial
variation across individuals. Activity occurs along a cortical ribbon
1.5-3 mm thick’ in response to specific stimuli*>. Here we report
the first use of cortical ribbon analysis on humans using non-invas-
ive functional magnetic resonance imaging techniques performed
with a conventional 1.5 T MRI scanner. Changes in activation
were detected using T2*-weighted, gradient echo imaging
sequences. Subjects observed partial field, flashing checkerboard
patterns (left—right, top—bottom, half rings, and wedges). Stimuli
produced magnetic resonance signal changes in the 1-8 % range,
varying at the millimetre scale, which showed contralateral vert-
ically reflected patterns of activation in the visual cortex. To com-
pare the spatial topographies across subjects, computer algorithms
were used to control for the subject-unique folding of cortex, pro-
viding a flattened cortical ribbon identifying four topographically
distinct areas.

Changes in cortical metabolism and cerebral perfusion have
been recorded non-invasively in humans with positron emission
tomography (PET)", and functional magnetic resonance imag-
ing (FMRI)’ 7, typically with special purpose high-speed imag-
ing devices and/or on high-field MR devices. We used conven-
tional MRI scanners (1.5 T Signa, 4.7 software release; GE
Medical Systems, Milwaukee) with standard scanning software
and a surface coil centred over the occipital pole. Six normal
subjects underwent FMRI imaging. Functional imaging scans
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used T2*-weighted, gradient echo sequences with late echo times
(TE, 40 ms) based on previous FMRI studies’. A multiple slice
scanning sequence (flip angle, 30 degrees; repetition time, TR,
100-150 ms; in-plane resolution 1.88 x 0.94 mm) was used to
produce 2-6 slices (each 6-10 mm in thickness) per trial. There
were 10 trials per condition. Each trial included 10 s of stimula-
tion, 28-60 s of stimulation plus scanning (depending on the
number of slices recorded), and a 5-s inter-trial interval. The
magnetic resonance parameters used for functional scans are
thought to be sensitive to levels of blood oxygenation®. Signal
dephasing occurs at a microscopic (subvoxel) level in tissues
surrounding the vessels when haemoglobin becomes
deoxygenated® .

The statistical significance of differences was evaluated using
a group t-test'? for each voxel (0.93 X 0.93 mm volume element)
of the image. Owing to the use of a surface coil, the signal
magnitude decreased with distance from the pole (reaching 50%
at 5cm). Voxels with less than 50% signal were excluded from
the analysis. We used several criteria: to identify the extent (in
voxels and mm®) of activated regions, an a-level of P<0.05
(one-tailed #(d.f.=18)>1.73) was used, and to show the reli-
ability of the effect, criteria at the P <0.005 and P <0.0005 levels
are provided. In addition, we statistically defined regions of
interest through particle analysis, rejecting voxels that were not
part of a contiguous set of at least 16 voxels on sagittals, and 8
on coronals (with either sides or corners touching).

On each trial, the subject was presented with a partial field
reversing checkerboard pattern, reversing at a rate of 8 Hz™'".
The subject’s task was to monitor for rare targets (average 1 per
10 s) of either a brief (50 ms) flash of a white square, or move-
ment of a fixation cross. Stimuli were presented by rear-project-
ing computer-generated images produced on an active matrix
liquid crystal display projection panel. The subject viewed the
stimuli through prism glasses on a screen at the subject’s feet.
The visual angles of the stimulus were 18 deg horizontal and
11 deg vertical.

Figure I shows sagittal activation images, with the locations
of significant differences between the two conditions illustrated
in warm (violet, red, yellow) and cool (dark blue, blue, cyan)
colours relating to the display. Large areas of significant activa-
tion occurred along the lingual and cuneate gyri and in the super-
ior occipital cortex. The activation pattern maps illustrate
contralateral (Fig. 1a, b) vertically reflected (Fig. 1¢) activation
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