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Scattered waves that precede the seismic phase PKP (which
traverses the Earth’s core) have been used to identify and locate
small-scale heterogeneity in the Earth’s mantle1–6. A recent study
has demonstrated that the global data set of these precursors is
consistent with weak heterogeneity (about 1 per cent r.m.s.
velocity variation) distributed throughout the mantle7. Here we
show, however, that anomalously large PKP precursors from
earthquakes in northern Tonga require much stronger hetero-
geneity (10–15 per cent r.m.s. velocity variation) in a layer about

60 km thick near the core–mantle boundary below Tonga. This
region of the core–mantle boundary is also marked by low shear-
wave velocities in the lower mantle8 and is near an area of very low
compressional-wave velocity in the lowermost tens of kilometres
of the mantle9, which has been interpreted as evidence for the
presence of partial melt10. The strength of the scattering that we
observe provides strong support for the presence of partial melt in
this area, and also suggests that vigorous small-scale convection is
taking place at the core–mantle boundary.

The nature of the lowermost mantle remains elusive. As the core–
mantle boundary (CMB) is the lower bound on mantle convection,
it must underlie at least a thermal boundary layer11. However, just
above the CMB may also be home to chemical heterogeneity12. The
lowermost mantle shows two kinds of seismic structure. First,
layering in P- and S-wave velocities and anisotropy is seen in the
few hundred kilometres above the CMB13. Second, weak fine-scale
heterogeneity is inferred from scattered waves that precede the
seismic phase PKP1–6. Until recently, the few per cent amplitudes
inferred for these two types of structures were small enough that
variations in mineralogy and reasonable temperature differences
without melt could provide an explanation7,11,14. One or more
patches of the CMB, which correlate with large-scale slower than
average lower mantle, seem to have greater perturbations. Recent
work9,15 suggests P-wave velocity reductions of ,10% in the lowest
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Figure 1 Ray-paths and travel times of PKP phases. A receiver located 1408 from

an earthquake can detect seismic energy that has passed through the inner core

(PKPdf) as well as energy deflected from P to the outer core branches PKPab and

PKPbc by a scatterer located at the CMB. Owing to the unusual ray geometries

caused by the sharp drop inP-wavevelocity at the CMB, this scattered energy can

precede PKPdf. Although we have depicted near-source scattering at the CMB,

scattering at any depth in the mantle at either end of the path can give rise to

precursors. The lower panel shows the four branches of PKP from a surface

event. In addition to the inner and outer core refracted phases just discussed is

PKPcd, the phase that reflects off the inner core. Possible arrival times for the

precursors are indicated by the shaded region. In the top panel, the eight-pointed

star marks the earthquake, the five-pointed star marks a possible scattering

region, and the triangle marks the receiver.
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tens of kilometres of the mantle. Such dramatic reductions may
indicate the presence of partial melt in the mantle next to the core10.
Here we present observations of scattered PKP waves requiring large
velocity perturbations near the CMB, and note their position
beneath low-velocity lower mantle and near a patch exhibiting
very slow basal P velocities.

The path that PKP precursors travel through the Earth, by
scattering of P waves in the mantle, has been recognized for many
years (refs 1–6; Fig. 1). Global surveys of PKP precursors reveal
generally weak scattering. For example, near a distance of 1368 from
earthquakes, within the distance range we analyse, the scattered
precursor phases tend to range from 0 to 20% of the amplitude of
PKP on short-period recordings7,16. The data we present below,
however, show much stronger precursors.

In Fig. 2 we show the locations of 22 earthquakes from Tonga
and New Hebrides that were recorded on the NORSAR array in
Norway. All events were deeper than 100 km and had a moment
greater than 1026 dyne-cm. The duration of faulting for all events
has been measured to range from 4 to 10 s in a study of the rupture
properties of deep earthquakes17. Three eligible events were dis-
carded; one recording was too noisy, and the other two earthquakes
had gradual beginnings that were comparable to the interval
between PKP and its precursors.

Anomalous PKP precursors are shown in Fig. 3a and b. The
precursors are nearly as large as the PKP waves, and lack long-period
energy. The precursors and PKP waves arrive with differing appar-
ent velocities, and the precursors are not as coherent as the PKP
waves. The time function of rupture in the earthquake, which may
be seen in Fig. 3c, does not explain the complexity of the observed
stack. Stacks from the 22 events are shown in Fig. 4. It is clear that
the precursor becomes so large beyond 1388 that the PKP phase
becomes difficult to identify. Precursors as close as 1368 have
amplitudes comparable to PKP.

PKP precursors in a single seismogram may arise from scattering
in the mantle either below the source or the receiver16: for example,
an event from Tonga recorded at NORSAR (event 7 in ref. 6) showed
receiver-side precursors. In our case, the region of the mantle that
contributes to source-side scattering for Tonga and New Hebrides
has some overlap, while the region contributing to receiver-side
scattering is nearly identical. Earthquakes in the New Hebrides
subduction zone have smaller scattered PKP precursors than earth-
quakes from Tonga. The largest precursors clearly have greater

slowness than PKP. These observations indicate predominantly
source-side scattering for the Tonga earthquakes, as had been
previously inferred from similar data18.

There is a remote possibility that structure in the inner core is
removing the high-frequency component of PKP (see Fig. 1 for
nomenclature) and misleading us into overestimating the strength
of the precursors. If so, the inner-core structure would have to be
highly anomalous, as comparable precursors are not observed for
other paths.

The anomalous scattering zone seen in the records of the Tonga
events is geographically limited. PKP precursors sampling neigh-
bouring areas do not show nearly such large precursor amplitudes.
The recordings of the events in New Hebrides show smaller
precursors than Tongan events, although still bigger precursors
than the global average. French nuclear tests in the Tuamotu
archipelago 3,000 km to the east show PKP precursors with
normal amplitudes. In addition, the strongest precursors arrive as
a distinct pulse in time, whereas scattering from a broader zone
would produce a more prolonged precursor wavetrain that would
not have a minimum between the precursors and PKP.

A possible complication is that the presence of a zone of strong
scattering near the CMB could attenuate the PKP phase as well as
amplify the precursors in our seismograms. However, we doubt that
PKP is greatly attenuated for the following reasons. First, the
amplitudes of the PKP phases from Tonga are similar to those of
the PKP arrivals from New Hebrides. Second, attenuation of PKP
should vary more with earthquake location than generation of
precursors, which is not observed.

We model these arrivals as caused by scattering from a random
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Figure 2 Map of anomalous region of the CMB and the 22 earthquakes used in

this study. Dark grey stars indicate Tonga earthquakes, the white triangles

represent New Hebrides events. Arcuate regions (shaded to match the event

symbols) are the zones on the CMB that contribute to PKP precursors. Parts of

Australia areshown to the southwest. The blackbox is the region inferred to show

very strong scattering.

-20 -10 0 10

PKP and precursors from 11 June 1982 event

Time relative to PKP (s)

NC35

NC32

NC43

NB05

NC65

Stack of 37 envelopes

Source time function

Expected PKP time

a

b

c
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medium using Chernov’s theory19 adapted to elastic media4,7. An
alternative possibility is that these precursors to PKP arise from
coherent reflections from a dipping planar interface. However,
below 0.5 Hz, the precursors in the distance range up to 1408 are a
factor of ten smaller than PKP. This frequency dependence verifies
that the large arrivals we examine are indeed scattered waves.

Our preferred model for the origin of the scattered waves has 13%
r.m.s. velocity variations with 10 km scale length in the lowermost
60 km of the mantle across a region at least spanning the box in
Fig. 2. Models that extend further up into the mantle or further into
the sampled regions do not reproduce the time dependence and
thus give poorer data fits. Marginally better fits can be obtained by a
model that allows heterogeneous structure only at the CMB. We do
not favour this model as it requires still greater velocity variations.
The required velocity perturbations scale inversely with the square
root of the thickness: for example, the required perturbations scale
from 23% for a 20-km-thick patch down to 6% for a patch spanning
250 km. Without lateral variation in the strength of scattering, the
observed variations in the precursors that are not simply a function
of range cannot be explained. The western edge of the patch limits

the predicted amplitudes in the New Hebrides trace. Figure 4 shows
the predictions of the preferred model compared to scattering
predicted from a model with 1% velocity variations across the
entire mantle7. The global model predicts far less scattering than is
observed. Strong scattering uniformly distributed near the CMB
also does not fit the data well.

Global surveys of PKP precursors have failed to identify regions
that scatter as strongly as the region we discuss here. A survey of the
data set from a recent publication7 showed no other paths with PKP
precursors larger than 20% of the amplitude of PKP for distances
less than 1378. A previous study16 made the same observation. In
contrast, our paths from northern Tonga to NORSAR shows
precursors with comparable amplitude to PKP in the range from
1368 to 1388, as shown in Fig. 4.

Our initial survey indicates that recordings of PKP precursors
that sample low-velocity lower mantle other than the southwest
Pacific do not show nearly such large precursor amplitudes. To
investigate the CMB under Iceland, we have examined records from
NORSAR of French nuclear tests in the Tuamotu archipelago. Their
receiver-side scattering zone includes the region below Iceland.
These data, mentioned above in reference to their source-side
scattering patch, have noticable but minor precursors. Beneath
Africa, the most prominent low-velocity feature in the lower
mantle8,20, a spot-check of recordings in Tanzania of Tongan and
Mexican earthquakes showed only normal PKP precursors
(J. Ritsema, personal communication).

The region that scatters PKP waves lies in the ‘equatorial Pacific
plume group’ (ref. 8) structure which is distinguished by low S-wave
velocities in the lowermost several hundred kilometres of the
mantle. P-wave tomography of this region21 also shows lower than
average velocities. The low velocities imply hotter than average
mantle. In fact, the ‘equatorial Pacific plume group’ structure that we
sample and the ‘great African plume’ (ref. 8) structure under Africa
are probably the two hottest spots at the base of the mantle.
However, the S- and P-wave speed anomalies are only 3% and 1%,
respectively.

The region about 1,000 km to the southeast of our study area has
been inferred to have layering at the base of the mantle with 10–
20% reduction in the lowermost tens of kilometres (refs 9, 15),
which has been interpreted as partially molten mantle10, although
some argue that it may be difficult to melt the lowermost mantle22.
The CMB in some other regions, in contrast, appears free of strong
scattering23.

The 13% r.m.s. amplitude of the P-wave velocity variations in our
scattering region require the presence of partial melt10, as other
possibilities that could explain weaker velocity heterogeneity at the
base of the mantle do not work12. In addition, the large lateral
gradients in velocity are likely to be accompanied by significant
lateral gradients in density. The simplest way to maintain such
structure is vigorous convection within the thermal boundary layer
at the base of the mantle. M
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Despite the recognized importance of maintaining viable popula-
tions of keystone plant resources in tropical wildlife parks and
forested preserves, the critical question of what constitutes effec-
tive breeding units of these species has not been directly
addressed. Here we use paternity analysis techniques to recon-
struct the genotypes of pollen donor trees and to estimate pollen
dispersal distances and breeding population size parameters for
Panamanian populations of seven species of monoecious strangler
figs (Ficus, Moraceae), a particularly widespread and influential
group of keystone producers1–3. Despite the minute size (1–2 mm)
and short lifespan (2–3 d) of the species-specific wasp pollinators
(Agaonidae, Chalcidoidea), pollen dispersal was estimated to
occur routinely over distances of 5.8–14.2 km between widely
spaced host trees. As a result of such extensive pollen movement,
breeding units of figs comprise hundreds of intermating indivi-
duals distributed over areas of 106–632 km2, an order of magni-
tude larger than has been documented for any other plant species.
Moreover, these results should be generalizable to the 350 or so
monoecious fig species that share this pollination system4. The
large areal extent of breeding units of these keystone plant
resources has important implications for our understanding of
both the evolution of tropical biodiversity and its maintenance by
applied conservation efforts.

Like a keystone supporting an archway, keystone tropical plant
resources fruit all year round and so support a broad spectrum of
vertebrate frugivores during times of food scarcity. Figs are con-
sidered to be the pre-eminent group of keystone plant resources in

southeast Asia and in the Neotropics owing to their heavy fruit
production and generally aseasonal patterns of reproduction1–3.
Given their disproportionately strong influence on species assem-
blages at many trophic levels, a failure to maintain viable fig
populations in forest preserves is expected to result in a cascade
of subsequent extinction events2. Information guiding the establish-
ment of reserve areas sufficient for the long-term preservation of fig
populations is therefore of vital importance to the management of
tropical biodiversity, particularly as large areas of continuous
tropical forest become increasingly fragmented by human activity.

We have examined spatial patterns of effective fig wasp and pollen
dispersal by using paternity analysis techniques to reconstruct
precisely the isozyme genotypes of pollen donors fertilizing the
fruit of individual fig trees. The research was conducted on
populations of seven monoecious fig species (subgenus Urostigma
sect. Americana) and their wasps (genus Pegoscapus) occurring in
central Panamá. Adults of the fig species studied, F. citrifolia,
F. dugandii, F. nymphiifolia, F. obtusifolia, F. perforata, F. pertusa
and F. popenoei, occur at average population densities of less than
ten individuals per square kilometre on Barro Colorado Island
(BCI; C. Handley and E. Kalko, unpublished census data)5,6, a large,
15-km2 nature preserve located within the study area. Typical of
monoecious figs, these species are obligately outcrossing and
produce large fruit crops with reproduction synchronous within
individual trees but asynchronous between trees6,7, so that co-
flowering individuals are often located substantial distances apart.

The power to reconstruct pollen donor genotypes was facilitated
by high levels of assayable genetic variation and access to full-sibling

Table 1 Genetic diversity and probabilities of paternity exclusion

Paternity exclusion probability

Ficus sp. Genetic
diversity*

Possible
isozyme

genotypes

Single offspring Full-sib
progeny array†

F. citrifolia 0.258 15,360 0.769 0.997
F. dugandii 0.235 73,728 0.830 .0.999
F. nymphiifolia 0.169 15,360 0.720 0.995
F. obtusifolia 0.231 13,271,040 0.887 .0.999
F. perforata 0.227 331,776 0.912 .0.999
F. pertusa 0.258 31,104 0.869 .0.999
F. popenoei 0.223 20,736 0.821 .0.999
.............................................................................................................................................................................
The precision with which pollen donor genotypes was reconstructed was facilitated by
highly variable genetic marker loci and access to single foundress, singly sired fruit. Based
on observed genetic diversity and allelic variation, thousands of multilocus allozyme
genotypes are possible for each species. As a result, the probability of paternity exclusion,
a measure of the power with which the genotype of the actual paternal parent can be
distinguished from other putative fathers, is very high (.0.995). This probability is greatly
enhanced in the fig species studied because full-sib progeny arrays, as opposed to single
offspring, can be used to infer the father’s multilocus genotype.
* Calculated as average expected heterozygosity over polymorphic and monomorphic loci.
† Calculated as one minus the probability of genotypic identity.

Table 2 Pollen donor diversity and breeding population size

Pollen parents Breeding unit size

Ficus species Trees
sampled

No. of fruit
per tree

dmin d̂* N̂dmin
N̂d̂*

F. citrifolia 2 35.0 13.0 20.5 (2.7) 182.5 287.8 (38.3)
F. dugandii 1 15.0 11.0 18.0 (3.7) 154.4 252.7 (51.9)
F. nymphiifolia 2 28.5 10.0 23.0 (5.5) 140.4 322.9 (77.0)
F. obtusifolia 7 26.2 17.3 54.3 (5.6) 242.7 762.1 (79.0)
F. perforata 2 20.5 6.0 11.0 (2.7) 84.2 154.2 (37.2)
F. pertusa 2 16.0 10.0 16.0 (2.5) 140.9 224.6 (34.3)
F. popenoei 3 14.0 10.7 28.0 (5.3) 147.7 393.1 (74.0)
..............................................................................................................................................................................
The number of functionally male, staminate phase trees in the breeding population
surrounding a given maternal tree is indicated by the total number of different pollen
parent genotypes represented in its fruit crop (d) and was estimated in two ways, from the
observed numberof distinguishablepaternal genotypes in a sample of singly sired fruit (dmin,
a lower bound), and, more accurately, from the frequency distribution of different paternal
genotypes revealed in such a sample (d̂, estimated according to ref. 22). Given the repro-
ductive phenologies of the fig populations studied, the observed patterns of paternity
indicate that, despite low population densities, breeding units centred about maternal fig
trees consist of hundreds of intermating individuals.
* Standard error in parentheses.


