
process is irreversible. Sonication of any of the
bundle, tubular, and even sheet-like assemblies
results in irreversible dispersion of the rods un-
der all conditions studied thus far, including
elevated temperature (80°C, followed by slow
cooling). The rate of sedimentation under these
conditions effectively competes with the assem-
bly process.

This study has introduced the concept of
using polymer segments in nanorod structures
to control their assembly into flat two-dimen-
sional and curved three-dimensional structures.
One can systematically make different architec-
tures by controlling the composition of the rod
structures and the ratio of the blocks of different
materials that compose them. Insight into such
assembly processes not only complements the
work of others with mesoscopic and macro-
scopic assembly schemes (26, 27) but also is
critical to understanding self-organization pro-
cesses in unnatural systems and the exploitation
of these versatile rod-like synthons in the fab-
rication of a new category of metal-polymer
hybrid materials and, perhaps, devices.
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Inferences on Flow at the
Base of Earth’s Mantle

Based on Seismic Anisotropy
Mark Panning* and Barbara Romanowicz

We applied global waveform tomography to model radial anisotropy in the
whole mantle. We found that in the last few hundred kilometers near the
core-mantle boundary, horizontally polarized S-wave velocities (VSH) are, on
average, faster (by �1%) than vertically polarized S-wave velocities (VSV),
suggesting a large-scale predominance of horizontal shear. This confirms
that the D�� region at the base of the mantle is also a mechanical boundary
layer for mantle convection. A notable exception to this average signature
can be found at the base of the two broad low-velocity regions under the
Pacific Ocean and under Africa, often referred to as “superplumes,” where
the anisotropic pattern indicates the onset of vertical flow.

The core-mantle boundary (CMB) repre-
sents a thermal and a chemical boundary
between Earth’s solid silicate mantle and
its liquid iron outer core. The correspond-
ing boundary layer on the mantle side, of-
ten referred to as D��, is thus the site of
complex dynamic processes that may in-
volve thermal and chemical heterogeneity
at various scales [e.g., (1)]. Additionally, it
has been suggested that this layer functions
as a mechanical boundary layer for the
convection of the overlying mantle, leading
to intense deformation. Such deformation
processes can lead to detectable seismic
anisotropy, either through the alignment of
anisotropic crystals in the strain field or
through the fine layering of materials with
contrasting elastic properties (2, 3).

The presence of anisotropy in D�� has
been established in several regions, includ-
ing under the central Pacific Ocean, north-
eastern Asia, Alaska, and Central America,
from the observation of seismic waves dif-
fracting (Sdiff) or reflecting (ScS ) at the
CMB (3–8). The limited areas of sampling,
however, have made interpretation of these
observations difficult. A more global pic-
ture of long-wavelength anisotropic D��
structure would clearly aid interpretation in
terms of dynamic flow modeling as well as
mineral physics.

With this in mind, we have adapted a
global waveform tomography approach (9,
10) to develop a three-dimensional model
of radial anisotropy in the whole mantle,
using a large data set of three-component
time-domain waveforms of surface and
body waves (11). The model is parameter-
ized in terms of isotropic VS and the aniso-
tropic � parameter (� � V 2

SH /V 2
SV), which

is directly related to radial anisotropy in
S-wave velocity (12). With our data set and
our broadband sensitivity kernels (9),
which allow us to use both reflected and
diffracted waves in D�� (fig. S1), we have
enough coverage to invert for radially
anisotropic structure in the whole mantle,
as shown by resolution tests (13).

Our final model includes anisotropic S-
wave velocity structure throughout the
mantle. Two regions of strong “degree 0”
radial anisotropy stand out in our model:
the uppermost mantle and D�� (Fig. 1). In
both regions, on average, VSH is faster than
VSV. This can be interpreted, at least for the
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Fig. 1. Degree 0 model for � as a function of
depth (solid line). The values for PREM (17) are
shown by the dashed line. For reference, the
660-km discontinuity in the transition zone
between the upper and lower mantle is shown
(dotted line). Note the strong increase at the
base of the mantle, similar but smaller in am-
plitude to that seen in the uppermost mantle.
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upper mantle, as indicating the presence of
strong horizontal shear, consistent with
previous work (14–17 ). The isotropic part
of the model (Fig. 2, A and B) is consistent
with earlier tomographic models of shear
velocity in this depth range (10, 18, 19) and
is characterized by a strong degree 2 com-
ponent representing a fast ring surrounding
two low-velocity features (often called su-
perplumes) centered beneath the central Pa-
cific Ocean and Africa. The strong degree 0
component in � [� ln(�) � 0] dominates the
map in D�� (Fig. 2, C and D). The regions
that differ most strongly from this average
structure correlate well with the locations
of the two superplumes, with reduced val-
ues of � ln(�) under the central Pacific
Ocean, Africa, and the south Atlantic
Ocean, including patches with negative val-
ues (VSV � VSH). Another two large patches
of reduced � ln(�) are seen just west of
North America and under central Eurasia.
These patches also are related to slow iso-
tropic velocities, although these regions of
depressed velocities are much smaller than
the two superplumes.

Although the finer scale features of our
model may not be resolvable, and although
observations in regions with high gradients
will display some differences due to the
long-wavelength parameterization of our
model (20), the long-wavelength anisotro-
pic features imaged in our model generally
agree with more localized studies of D��

anisotropy (Fig. 2C). Specifically, earlier
studies imaged areas with positive � ln(�)
beneath Central America and Alaska (5, 8)
as well as northeastern Asia (7 ). The cen-
tral Pacific regional results are more vari-
able, with some areas showing negative �
ln(�) (3, 5, 8).

The dominant VSH � VSV found as one
approaches the CMB suggests that the
anisotropy observed in D�� is related to the
dominant horizontal flow in a mechanical
boundary layer, analogous to the larger sig-
nal observed in the uppermost 200 km of
the mantle and factored into the construc-
tion of the Preliminary Reference Earth
Model (PREM) (17 ). As one approaches
regions of upwelling, the direction of flow
changes and results in a different signature
of anisotropy, as manifested in our study
under the central Pacific and Africa. An-
isotropy in these regions bordering the
large-scale upwellings may be much more
complex and include tilting of the axis of
symmetry, which we assume to be vertical in
our modeling. This would result in azimuthal
anisotropy, which we do not attempt to model
here.

Whether the globally observed aniso-
tropy is due to lattice-preferred orienta-
tion (LPO) (2, 21) or the alignment of
materials with differing elastic properties
through shape-preferred orientation (SPO)
(3) must await direct measurements of how
lowermost mantle materials will develop

LPO anisotropy at the corresponding tem-
perature and pressure conditions. Argu-
ments for weak anisotropy in perovskite
[(Mg,Fe)SiO3] and strong positive � in
periclase (MgO) (2) as well as for negative �
in both perovskite and periclase (22) have
been advanced with the use of theoretical
methods. Some studies have shown that high
strain in subducting slabs approaching the
CMB might be able to sustain conditions
necessary for producing LPO structure across
broad regions of D�� (21). This model also
shows that although the major axes of the
strain ellipses are horizontal under the down-
going slabs, the material can be rotated to
vertical as it approaches upwellings, possi-
bly explaining the observed change in an-
isotropy below the superplumes in our model.
Different SPO hypotheses have been ad-
vanced as well, mostly relating to horizontal
layering or inclusion of variously shaped
pockets of contrasting material. Candidates
for the differing elastic properties include
reaction products from core-mantle interac-
tion (23) and melted former basalt in a slab
graveyard (3, 5). In general, these SPO mod-
els lead to positive �, although if there is
tilting of the pockets of differing material
under deformation, considerable azimuthal
variation in velocities could be observed
(2).

Whatever the cause, our results clearly
show that the dynamics of D�� correspond
with what would be expected in a boundary

Fig. 2. Distribution of � ln(VS) (A and B) and � ln(�) (C and D) at a depth
of 2800 km. Maps are shown centered under the Pacific (A and C) and
Africa (B and D). Also shown in C are the regions of D�� sampled by
previous regional studies. Dotted areas indicate observations of VSH �
VSV; the box in the central Pacific denotes a region with highly variable

observations including VSV � VSH [adapted from (5)]. The shift of the
zone of � ln(�) � 0 to the east of Central America in our model may be
a result of the long-wavelength parameterization in our model. However,
recent studies have documented that D�� in Central America is the site of
strong lateral gradients of structure (26), so this transition may be real.
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layer dominated by horizontal flow and
emphasize the unique character of the two
superplume regions, for which we bring
additional evidence of large-scale up-
welling. Although measurements of defor-
mation at the pressures and temperatures
corresponding to the CMB region are not
yet available, our results suggest that sim-
ilar relationships between anisotropic sig-
nature and flow prevail in the uppermost
and lowermost mantle.
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Siberian Peatlands a Net Carbon
Sink and Global Methane Source

Since the Early Holocene
L. C. Smith,1,2* G. M. MacDonald,1,3* A. A. Velichko,4

D. W. Beilman,1 O. K. Borisova,4 K. E. Frey,1 K. V. Kremenetski,1,4

Y. Sheng1

Interpolar methane gradient (IPG) data from ice cores suggest the “switching
on” of a major Northern Hemisphere methane source in the early Holocene.
Extensive data from Russia’s West Siberian Lowland show (i) explosive,
widespread peatland establishment between 11.5 and 9 thousand years ago,
predating comparable development in North America and synchronous with
increased atmospheric methane concentrations and IPGs, (ii) larger carbon
stocks than previously thought (70.2 Petagrams, up to �26% of all ter-
restrial carbon accumulated since the Last Glacial Maximum), and (iii) little
evidence for catastrophic oxidation, suggesting the region represents a
long-term carbon dioxide sink and global methane source since the early
Holocene.

Ice-core records of atmospheric methane
concentration show dramatic peaks in the
early Holocene, drawing considerable de-
bate as to their source (1). Expansion of
tropical wetlands has emerged as a popular
hypothesis (2–5), in part because high-lat-
itude peatlands were not well developed in
North America by �11,000 calendar years
ago (11 ka), a period of peak methane
concentration. However, the timing and
volume of peatland growth in Russia,
which contains perhaps half of the world’s
peat, is virtually unknown. Published esti-

mates of carbon storage in high-latitude
peatlands are poorly constrained but large
(180 to 455 Pg C) (6), representing up to
�1/3 of the global soil carbon pool (1395
Pg C) (7 ). Most are known to have formed
since the Last Glacial Maximum and thus
represent a major terrestrial carbon sink
during the Holocene (8). However, the true
magnitude and timing of this sink is poorly
known because of insufficient data on peat-
land distribution through time (9), depth,
area, age, and carbon content (6, 10). These
uncertainties make it difficult to infer the
influence of northern peatlands on Holocene
greenhouse gas concentrations and to predict
the amount of sequestered carbon that could
potentially be mobilized under a warmer Arc-
tic climate through water table lowering, peat
oxidation, and CO2 outgassing (6, 11, 12);
biosphere uptake (11, 12); or increased dis-
solved organic carbon efflux to rivers (13).

1Department of Geography, 2Department of Earth
and Space Sciences, 3Department of Organismic Biol-
ogy, Ecology and Evolution, University of California,
Los Angeles, CA 90095–1524, USA. 4Russian Academy
of Sciences, Moscow 109017, Russia.

*To whom correspondence should be addressed. E-
mail: lsmith@geog.ucla.edu (L.C.S.); macdonal@geog.
ucla.edu (G.M.M.)

R E P O R T S

www.sciencemag.org SCIENCE VOL 303 16 JANUARY 2004 353


