Thus, a rapid rate of change alone does not
explain why change at the set of positively
selected codons appears to be adaptive.

Conclusion

We have identified a small set of rapidly evolv-
ing codons in the HA1 domain of the hemag-
glutinin gene of human influenza A subtype H3
in which replacement substitutions in the past
appear to have been selectively advantageous.
Strains with more mutations in these codons
were more likely to be the progenitors of suc-
cessful new lineages in 9 of 11 influenza sea-
sons. The probability of obtaining a successful
test by chance varied across years. However,
our method produced successful tests in many
years, such as 1993—-1994, when it was highly
unlikely to do so. A causal explanation for our
results is suggested by the significant overlap
between the positively selected codons and the
codons in or near antibody combining sites A or
B and, to a lesser extent, codons associated with
the sialic acid receptor binding site. However,
codons associated with these sites of known
function that are not under positive selection
perform poorly in the prediction tests. The pos-
itively selected codons are among the most
quickly evolving in the HA1 domain of hem-
agglutinin, but this characteristic also is not a
sufficient explanation for our results. It appears
that we have identified a subset of rapidly
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evolving codons in known functional sites for
which change in the past has been associated
with a clear selective advantage. Whether addi-
tional changes in these codons will confer a
selective advantage in the future remains to be
seen. Our retrospective tests indicate that, had
these data been available in the past, monitoring
change in the positively selected codons might
have provided potentially useful information
about the course of influenza evolution. These
methods can be used to examine the evolution
of the hemagglutinins of influenza B and influ-
enza A HI viruses circulating in humans to
identify sets of positively selected codons that
may have predictive value for these important
pathogens.
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Complex Shear Wave Velocity
Structure Imaged Beneath
Africa and Iceland

Jeroen Ritsema,’* Hendrik Jan van Heijst," John H. Woodhouse?

A model of three-dimensional shear wave velocity variations in the mantle reveals
a tilted low velocity anomaly extending from the core-mantle boundary (CMB)
region beneath the southeastern Atlantic Ocean into the upper mantle beneath
eastern Africa. This anomaly suggests that Cenozoic flood basalt volcanism in the
Afar region and active rifting beneath the East African Rift is linked to an extensive
thermal anomaly at the CMB more than 45 degrees away. In contrast, a low velocity
anomaly beneath Iceland is confined to the upper mantle.

Tomographic models of three-dimensional seis-
mic velocity variations continue to improve our
understanding of the structure of flow in Earth’s
mantle (/—6). It has long been recognized that
higher than average seismic velocities are
present in regions of the mantle with long-term
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subduction (such as the circum-Pacific region
and Asia) and that lower than average velocity
structures are present in the deep mantle be-
neath Africa and the Pacific Ocean where sub-
duction has not occurred since the Jurassic. The
interpretation of high velocity anomalies as
subducting slabs of relatively cold oceanic
lithosphere has gained support from recent to-
mographic models, which show tabular struc-
tures of faster than average velocity beneath
several subduction zones (7, 8) (Web figure 1).
The complex shape and broadening of these
slab-like structures may be a manifestation of

the complex subduction zone process, large-
scale plate motions, and the resistance to flow
caused by the spinel-to-perovskite phase transi-
tion at 670 km depth (9). Although laboratory
experiments (10, /1) and computer models (12,
13) demonstrate that hot upwellings may as-
cend into the mantle in a similarly complex
manner, it is difficult to image narrow conduits
of rapidly rising mantle plumes (/4) in the deep
mantle. In addition, tomographic models have
not fully constrained the dimensions and shape
of the large-scale upwellings beneath Africa
and the Pacific Ocean (Fig. 1).

We studied the structure of upwellings in
the mantle using seismic tomographic model
S20RTS (15). We focused on the large-scale
low velocity anomaly in the deep mantle
beneath Africa, which was imaged in earlier
tomographic models (/, 2) (Fig. 1) and has
been linked to surface manifestations of hot
spots around Africa (/6), the high elevation
of southern Africa (/7), and the ultra-low
velocity anomalies at the base of the mantle
beneath Africa (/8). We compared this anom-
aly with the low velocity structure beneath
Iceland. S20RTS is a degree-20 shear wave
velocity model that incorporates surface
wave phase velocities, body wave travel
times, and free-oscillation splitting measure-
ments (Table 1). These data cover the entire
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spectrum of seismic frequencies and, hence,
constrain the long-wavelength and the short-
wavelength seismic velocity variations.

We obtained phase velocity and travel
time data high from digital global and region-
al network recordings (IRIS, GEOSCOPE,
MedNet, CNSN, and PASSCAL) of moder-
ate-size (magnitude, M, > 5) earthquakes
that occurred between 1980 and 1998. The
surface wave data set contains over a million
phase velocity measurements (on average 10
measurements per seismogram) of fundamen-
tal and higher mode Rayleigh waves with
seismic periods ranging from 40 s to 250 s.
Higher mode (up to the fourth overtone)
phase velocity measurements, which con-
strain seismic structures in and below the
upper mantle transition zone (400 to 1000 km
depth), constitute a unique subset of these
data (19). The body wave data set includes

S20ATS
E

Fig. 1 (left). Comparison of tomographic models along a cross section
from the southwest to the northeast (left to right) of models: (A)
s16u6l8 (6), (B) s12wm13 (3), (C) s16b30 (4), (D) SG (7), and (E)
Fig. 2 (right). (A) Horizontal cross sections through

S20RTS (75).
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about 50,000 hand-picked absolute travel
time measurements for a large variety of
seismic phases that propagate through the
lower mantle, including S, S, multiple sur-
face reflections (SS and SSS), core reflections
(ScS, ScS,, and ScS,), and core-phases (SKS
and SKKS) (20). These phases provide a uni-
form sampling of the mid and lower mantle in
the Northern and Southermn hemispheres. The
third type of data used were normal mode
structure coefficients for multiplets below 3
mHz. These data are particularly useful to
constrain the very long-wavelength (>2000
km) pattern of seismic velocity variation. It
has been demonstrated that these data are a
valuable addition to body wave and surface
wave data to constrain velocity structures in
the mid-mantle (27). We invert the entire data
set for a model of shear velocity perturbation
with respect to the Preliminary Reference

1600 km
AR

S20RTS at the CMB (2890 km depth), and at depths of 2600, 2350,
2100, 1850, 1600, 1350, and 1100 km. Relatively high velocity and

low velocity regions are indicated by blue and red colors, respectively,
with an intensity that is proportional to the percentage amplitude of the
velocity perturbations compared with shear wave velocities from the
PREM at these depths. Green lines represent plate boundaries and black
lines outline land masses. (B to E) Cross sections along 140° wide great
circle arcs. The dashed line represents the 670-km seismic discontinuity.
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Earth Model (PREM) (22) using an exact
least-squares inversion technique (23).
Horizontal cross sections through model
S20RTS illustrate that the low shear wave ve-
locity anomaly beneath Africa has a complex
three-dimensional shape (Fig. 2A). The African
anomaly covers an extensive region in the low-
ermost mantle (4000 X 2000 km? at the CMB)
beneath the southeastern Atlantic Ocean and it
is connected to patches of relatively low veloc-
ity beneath central Africa, northwestern Africa,
and the southern Indian Ocean. Structures with
relatively high velocity anomalies beneath
North and South America, the polar regions,
eastern Asia and the Indian Ocean surround the
African anomaly. The African anomaly is nar-
rower at mid-mantle depths (2350 to 1100 km)
and it is centered progressively further to the
east and northeast with increasing height above
the CMB. Vertical cross sections further illus-

2100 km

Shear velocity perturbation (%)

Superposed are maps showing corresponding great circle arcs along
which the cross sections are made. White circles on the great circle arc
are plotted at 20° intervals and correspond to the bold tick marks shown
in the cross sections. The color scale bar indicates the percent that the
shear wave velocities are higher (positive percentages) or lower (negative
percentages) than the PREM.
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trate the continuity of the African anomaly at
least 2000 km into the mantle (Fig. 2, B through
D). Figure 2B shows that the African anomaly
extends from the CMB beneath southern Africa
into the upper mantle beneath the East African
rift, while the tilt of the African anomaly toward
the east and northeast is also obvious in the
cross section of Fig. 2, C and D. This tilt may be
enhanced by a lateral offset at a depth of about
2000 km in our model.

Model S20RTS indicates that the low ve-
locity anomaly beneath Iceland is smaller in
volume than the African anomaly (Fig. 3). The
660-km phase transition marks a lower bound-
ary of the low velocity anomaly beneath Ice-
land (with up to 2.5% lower shear wave veloc-
ities compared to PREM velocities at this
depth). The low velocity anomaly in the transi-
tion zone beneath Iceland may explain the
change in the depth of the 410-km and 660-km
phase transitions versus the predicted transition
depths from PREM and mineral physics studies

Fig. 3 (left). (A to D) Vertical cross sections through Iceland plotted with
the same color scale and labeling as used in Fig. 2.
Backus-Gilbert resolution kernels for locations X, Y, and Z at 2500,
1500, and 700 km depth, respectively, in the mantle beneath Africa.
Horizontal cross sections through the Backus-Gilbert kernels are

www.sciencemag.org SCIENCE
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(24). However, a connection to the CMB by a
narrow plume conduit, as recently suggested
using P wave travel time tomography (25), is
not modeled in S20RTS.

The finite extent of Backus-Gilbert resolu-
tion kernels (26) (Fig. 4 and Web figure 2) for
three locations in the mantle beneath Africa
indicates that small-scale volumetric heteroge-
neity (<500 km) is not resolved and that ve-
locity contrasts are underestimated in S20RTS.
However, shear wave velocity anomalies at
points X, Y, and Z were independently derived
because Backus-Gilbert kernels, determined for
these points, do not overlap. Hence, the conti-
nuity of the low velocity anomaly and its tilt
beneath Africa are not caused by preferential
southwest to northeast body wave sampling.

A large-scale thermal upwelling (or an as-
semblage of several boundary layer instabilities)
from the CMB is a consistent interpretation of
the African anomaly. Although the images of
the African anomaly cannot completely con-

strain the significance of compositional hetero-
geneity in the mantle (27) or the evolution of
such an upwelling (28), they do indicate that the
shape of the upwelling at its base is complex and
that the upwelling does not ascend vertically

Table 1. Seismic data used in S20RTS.

Mode or phase Number

Rayleigh wave phase velocities (T=40 to 275 s)

Fundamental mode 1,367,712
First higher mode 169,600
Second higher mode 140,945
Third higher mode 125,341
Fourth higher mode 168,524
Body wave travel times
SIS g 18,202
§S + SSS + 558§ 17,139
S¢S + S¢S, + Scs, 5,172
SKS + SKKS 7214

Normal mode splitting measurements

oS through S 2,036

1500
2000

2500
CMB

500
1000
1500
2000

2500
CMB

700 km

500
1000
1500
2000

2500
CMB

Fig. 4 (right).

shown on the left. The relative amplitude of the kernels (from 0.1 to
1.0) is represented by nine colors, which range from yellow to red to
pink. Regions where the Backus-Gilbert kernels have a relative am-
plitude lower than 0.1 are not shaded. The radial dependence of the
kernels is shown on the right.
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into the mantle. The shear of the upwelling
may be a consequence of the migration of the
African plate to the northeast since the break-
up of Gondwanaland, interaction with mid-
mantle heterogeneity, the 670-km phase tran-
sition or a putative: physical boundary near
2000 km depth (3, 29).

The weakening of the low velocity anomaly
between 670 and 1000 km depth indicates that
the upwelling is obstructed. Eventually, howev-
er, an upwelling may form in the transition zone
beneath eastern Africa, which propagates along
the base of the lithosphere into the East African
rift region. The central location of the upwelling
in the deep mantle beneath southern Africa can
explain the anomalously high elevation of
southern Africa and of its contiguous ocean
basins and the high long-wavelength geoid over
Africa and the Atlantic Ocean (/7). The conti-
nuity of this upwelling into the upper mantle
region beneath East Africa compels a link be-
tween a relatively hot CMB region and flood
basalt volcanism that formed the Ethiopian
traps and contributed to the rifting in the Red
Sea, the Gulf of Aden, and along the East
African Rift (30). :
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A Lower Mantle Source for
Central European Volcanism

Saskia Goes,*t Wim Spakman, Harmen Bijwaard

Cenozoic rifting and volcanism in Europe have been associated with either
passive or active mantle upwellings. Tomographic images show a low velocity
structure between 660- and 2000-kilometer depth, which we propose to rep-
resent a lower mantle upwelling under central Europe that may feed smaller
upper-mantle plumes. The position of the rift zones in the foreland of the Alpine
belts and the relatively weak volcanism compared to other regions with plume-
associated volcanism are probably the result of the past and present subduction

under southern Europe.

The processes responsible for the formation of
the Cenozoic system of rifts in central and
western Europe are enigmatic. The rifts form an
almost continuous system of extensional struc-
tures (Fig. 1) starting in the Valencia Trough
[and possibly even further south in north Africa
(1)}, continuing through the Gulf of Lion and
the Sadne, Limagne, and Bresse grabens in
France and the Rhine and Leine grabens in
Germany and then bifurcating west into the
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Lower Rhine Embayment in the Netherlands
and east into the Eger graben in the Bohemian
Massif and into Poland.

Extensional activity along the European rift
system started in the Eocene more or less con-
temporaneous with the main and late orogenic
phases in the Alps in a belt around the Alpine
collision front (7). Rifting was accompanied by
localized volcanism and uplift possibly due to
thermal doming. In several regions of the rift
system, minor phases of older, pre-rifting vol-
canism have been dated (2). Seismicity defines
zones of active extension in the Rhenish Mas-
sif, the lower Rhine Embayment, and the Mas-
sif Central (3). Active uplift (/, 4) and volca-
nism only a few thousands years old (2) are
documented in the Rhenish Massif, Massif
Central, and parts of the Bohemian Massif. In
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