
The third instrument collected whole air samples in evacuated 2-l electropolished
stainless-steel canisters. The canisters were pressurized to 40 p.s.i., and then shortly after
each ¯ight were transported to a central laboratory. A 1,520-ml air sample was
cryogenically trapped on a loop ®lled with glass beads maintained at liquid nitrogen
temperature. Multi-column gas chromatography coupled with ¯ame ionization detection
and mass spectrometry was used to quantify C2±C8 NMHCs (alkanes, alkynes, alkenes and
aromatics). Sample analysis usually occurred within one week of collection and never
more than two weeks. The overall accuracy of these NMHC measurements is estimated to
be 5±10%. The limit of detection was 3 p.p.t. for all NMHCs27. Additional details may be
obtained from the authors.
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Knowledge of the seismic velocity structure at the top of the
Earth's inner core is important for deciphering the physical
processes responsible for inner-core growth1±3. Previous global
seismic studies4±9 have focused on structures found 100 km or
deeper within the inner core, with results for the uppermost
100 km available for only isolated regions10±12. Here we present
constraints on seismic velocity variations just beneath the inner-
core boundary, determined from the difference in travel time
between waves re¯ected at the inner-core boundary and those
transmitted through the inner core. We found that these travel-
time residualsÐobserved on both global seismograph stations
and several regional seismic networksÐare systematically larger,
by about 0.8 s, for waves that sample the `eastern hemisphere' of
the inner core (408 E to 1808 E) compared to those that sample the
`western hemisphere' (1808 W to 408 E). These residuals show no
correlation with the angle at which the waves traverse the inner
core; this indicates that seismic anisotropy is not strong in this
region and that the isotropic seismic velocity of the eastern
hemisphere is about 0.8% higher than that of the western
hemisphere.

PKiKP is the P wave that re¯ects off the inner-core boundary
(ICB) and PKIKP is the P wave that propagates through the inner
core. The differential travel time between these two phases is most
sensitive to the seismic structure in the inner core, as these two
phases have almost identical ray paths in the mantle at the distance
range of 1308±1428 (Fig. 1 inset). At this distance range, PKIKP
samples the top 100 km of the inner core, and both PKIKP and
PKiKP are identi®able in short-period seismograms. We select a
total of 203 high-quality PKiKP and PKIKP waveforms from
recordings in the IRIS global seismic network (GSN) and many
regional seismic arrays. We choose recordings for events from 1990
to 1999 with simple source±time functions, so only those of
intermediate and deep earthquakes are used. Broadband seismo-
grams are ®ltered using the WWSSN short-period instrument
response.

Differential travel-time residuals of PKiKP - PKIKP show a clear
difference between the `eastern hemisphere' and the `western hemi-
sphere' of the inner core (Fig. 1). A positive (negative) travel-time
residual indicates a relatively higher (lower) seismic velocity in the
top of the inner core compared to the PREM model13. The travel-
time residuals are systematically larger in the eastern hemisphere
(solid symbols) than those in the western hemisphere (open
symbols), regardless of the turning depths of the PKIKP phases
(Fig. 2a). These travel-time residuals, on the other hand, show no
correlation with the PKIKP ray angles from the equatorial plane
(Fig. 2b), indicating that anisotropy is non-existent or very weak in
the outermost 100 km of the inner core. This is consistent with the
travel-time and waveform studies using regional data10±12. On
average, the residuals in the eastern hemisphere are approximately
0.8 s larger than those of the western hemisphere. The travel-time
residuals observed in the eastern hemisphere can be ®tted by a
model with P velocities that are roughly 0.5% faster than the PREM
in the top 100 km of the inner core, whereas those observed in the

© 2001 Macmillan Magazines Ltd



letters to nature

1082 NATURE | VOL 410 | 26 APRIL 2001 | www.nature.com

western hemisphere can be explained by a model with P velocities
that are 0.3% slower than the PREM (Fig. 2a). Further precise
models using waveform data are presented in elsewhere14.

We only used those seismograms that have unambiguous PKiKP
and PKIKP phases and clear move-outs (arrival times as a function
of epicentral distance) of these two phases. The move-outs of these
two phases are clear from the compilations of all observed wave-
forms in both hemispheres. We show an example of these move-
outs of the PKiKP and PKIKP phases from record sections observed
in two regional seismic arrays (Fig. 3a and b). In practice, because
the onsets in the worldwide standardized seismograph network

(WWSSN) responses are sometimes dif®cult to identify, we deter-
mine the differential travel time between PKiKP and PKIKP phases
by measuring the relative timing between their maximal ampli-
tudes. The above picking method has been shown to be very
accurate in synthetic seismograms at the distance range between
1308 and 1418 (Fig. 3c). These synthetics are calculated by the
generalized ray theory15 using the PREM model and a source depth
of 600 km. With respect to the maximal amplitudes of the PKiKP
phases, the hand-picked PKIKP times based on their maximal
amplitudes (vertical lines) and those calculated (dots) are in good
agreement. The difference is less than 0.06 s. This difference is
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Figure 1 Map view of PKiKP minus PKIKP travel-time residuals displayed as lines along

ray segments through the inner core and symbols at the turning points. The residuals are

calculated with respect to the PREM. Circles and triangles represent negative and positive

residuals, respectively. The size of the symbols is proportional to the absolute value of

residuals. The data set was collected from the global seismic network (GSN) and many

regional seismic networks: (1) the J-array17; (2) the Canadian national seismograph

network (CNSN); (3) the Tanzania broadband seismic experiment; (4) The broadband

Andean joint experiment (BANJO); (5) the BLSP 94; (6) the Tibetan Plateau passive-source

seismic experiment (TIPLT). Ray paths of PKiKP and PKIKP at distances 1308 and 1408 are

shown in the inset.
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Figure 2 PKiKP - PKIKP travel-time residuals as a function of turning depth and angle.

Residuals as function of (a) PKIKP turning depth below the ICB and (b) PKIKP ray angle

from the equatorial plane. Solid and open symbols represent the eastern and western

hemispheres, respectively. The predicted PKiKP - PKIKP travel-time residuals for two

models with a top 100-km layer 0.5% faster (solid line) and 0.5% slower (dotted line) than

the PREM in the inner core are shown.
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almost the same as the data-sampling rate and is much less than the
observed time difference between the two hemispheres. The uncer-
tainty in picking the maximal amplitudes is 60.10 s. We have
excluded the data in the distances that are less than 1308, because
PKiKP and PKIKP waveforms interfere with each other in this
distance range.

The observed hemispherical distribution of PKiKP - PKIKP

travel-time residual cannot be explained by variation of the inner-
core radius. An increase or decrease of the inner-core radius at the
piercing points of PKIKP rays and the re¯ection points of PKiKP
rays (Fig. 1 inset) would have almost no effect on PKiKP - PKIKP
time. Small-scale topography, which may affect these two phases
differently, is also an unlikely explanation for our observation,
because the piercing points of PKIKP rays and the re¯ection
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Tanzania array (a) and the J-array (b), and synthetic seismograms were calculated by the

generalized ray theory (c). All the seismograms are aligned according to the PKiKP

arrivals. Observed and PREM13 travel times of PKIKP are indicated by dots and straight

line, respectively. a, 18 December 1994 at a source depth of 551.0 km and with

Mw � 5:7. b, 26 April 1999 at a source depth of 174.0 km with M w � 5:9. c, PKIKP

resulted from waveform handpicking and ray tracing are indicated by vertical lines and

dots, respectively.
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Figure 4 Distribution of hit points of PKIKP and PKiKP rays at the CMB. Black and red

circles represent those of PKIKP and PKiKP bouncing at the western hemisphere of the top

of the inner core; blue and green circles are those bounding at the eastern hemisphere.

The size of the circles is roughly equal to the Fresnel zone of PKIKP and PKiKP at the CMB

for a 1-Hz wave. The hit points within the yellow rectangle region, which are core exits of

PKIKP and PKiKP observed by the J-array for the event 04/26/99, are shown in the inset.

They are indicated by squares for PKIKP and triangles for PKiKP. A circle with a radius of

150 km is shown to indicate roughly the size of the Fresnel zone.
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points of PKiKP rays at the ICB overlap in some regions (such as the
western Paci®c Ocean).

The systematic variation of these differential travel times is also
unlikely to be explained by the heterogeneities near the core±
mantle boundary (CMB). In Fig. 4, we plot the hit points of
PKIKP and PKiKP at the CMB using different colours, with black
(PKIKP) and red (PKiKP) circles centring their bounding points
in the western hemisphere and blue (PKIKP) and green (PKiKP)
circles in the eastern hemisphere. The size of the circle is the same
as the Fresnel zone of PKIKP and PKiKP at the CMB. The Fresnel
zone is approximately 150 km at the CMB for a vertically
propagating, short-period (about 1 Hz) P-wave. The separation
between the PKiKP and PKIKP paths is, however, only about
50 km at the CMB. Because their Fresnel zones overlap (black and
red circles; blue and green circles), the heterogeneities near the
CMB would affect both phases in the same way. Thus the
heterogeneities at the CMB would have little effect on the differ-
ential travel time of these two phases. Furthermore, some regions
of the CMB (for example, Tonga, Europe; Fig. 4) are sampled by
both rays bottoming in different hemispheres. In regions covered
by dense seismic arrays, the PKiKP and PKIKP hit points overlap
even for different observations. Detailed distribution of the hit
points of PKIKP (red squares) and PKiKP (black triangles)
observed by the dense J-array for the event on 26 April 1999 is
shown in the inset of Fig. 4. The PKiKP - PKIKP travel-time
residuals thus can only be attributed to the heterogeneity within
the inner core.

In general, global PKiKP - PKIKP residual times are less scattered
than PKP - PKIKP data, indicating that they are less biased by the
seismic structures near the CMB and that our argument is reason-
able. Our results are in good agreement with a PKP - PKIKP travel-
time residual study8, which ®rst suggested a degree-one longitudinal
distribution of heterogeneity in the top 100±500 km of the inner
core. The PKP - PKIKP travel-time residuals are also affected by the
structure of the uppermost 100 km of the inner core. Preliminary
calculations suggest that our models can explain most of the PKP -
PKIKP travel-time residuals.

The hemispherical distribution of heterogeneity in the top
100 km of the inner core may re¯ect some features of the inner-
core growth. It may be caused either by an intrinsic difference
during inner-core formation, or an external temperature difference
at the base of the outer core. However, the former mechanism seems
unlikely when we consider that the top 100 km of the inner core, as
observed here, is clearly different from the rest of the inner core; the
core structure is characterized by an axisymmetric anisotropic
structure with a north±south fast axis4±7. Seismic velocity in the
outermost inner core may be related to the temperature at the
bottom of the liquid outer core, because the temperature will
control the freezing rate of the liquid iron and therefore affects
the seismic velocity of the solid iron. A recent experimental study16

suggests that a cold downwelling at the CMB may generate a
hemispherical variation of temperature above the ICB. The prob-
lems are whether and for how long the heterogeneity at the CMB can
simply be represented by a higher-velocity region in the western
Paci®c. Therefore, the implication of the presence of a different layer
in the outermost region of the inner core is very important to our
understanding of the physical process of inner-core growth, and also
of mantle dynamics. M
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Non-avian theropod dinosaurs with preserved integumentary
coverings are becoming more common1±6; but apart from the
multiple specimens of Caudipteryx, which have true feathers2,7,
animals that are reasonably complete and entirely articulated that
show these structures in relation to the body have not been
reported. Here we report on an enigmatic small theropod dino-
saur that is covered with ®lamentous feather-like structures over
its entire body.

The new specimen was collected from the extensive deposits of
the Yixian Formation at Lingyuan, Liaoning, China. These fossil
beds have produced many fossil specimens with preserved soft body
structures8±12. Notable among these are fossil bird specimens9,10.
Although some specimens from western Liaoning have been shown
to be composites13 or forgeries14, the integrity of the specimen
described here is assured because both slabs match up exactly and
the integumentary covering lies below ¯akes of rock in several
places: it is therefore not painted, scratched into the matrix or
otherwise enhanced.

Theropoda Marsh 1881
Coelurosauria Huene 1914
Maniraptora Gauthier 1986

Dromaeosauridae Matthew & Brown 1922
Gen. et sp. indet.
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