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rejection of many sources of noise and error,
should hold promise for ultimately accom-
plishing mass comparisons at 1 � 10�12 or
2 � 10�12. For a molecule with mass 30 u,
such precision would provide an energy res-
olution of 0.03 eV, allowing direct weighing
of chemical binding energies to a few per-
cent. This would be a new tool to investigate
simple ionic species not amenable to conven-
tional spectroscopic and thermochemical
techniques.
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Finite-Frequency Tomography
Reveals a Variety of Plumes in

the Mantle
Raffaella Montelli,1* Guust Nolet,1 F. A. Dahlen,1 Guy Masters,2

E. Robert Engdahl,3 Shu-Huei Hung4

We present tomographic evidence for the existence of deep-mantle thermal
convection plumes. P-wave velocity images show at least six well-resolved
plumes that extend into the lowermost mantle: Ascension, Azores, Canary,
Easter, Samoa, and Tahiti. Other less well-resolved plumes, including Hawaii,
may also reach the lowermost mantle. We also see several plumes that are
mostly confined to the upper mantle, suggesting that convection may be
partially separated into two depth regimes. All of the observed plumes have
diameters of several hundred kilometers, indicating that plumes convey a
substantial fraction of the internal heat escaping from Earth.

Hotspots are characterized by higher tempera-
ture, topographic swells, and recent volcanism
with isotopic signatures distinct from those that
characterize mid-ocean ridge or andesitic basalts
(1–3). The best known example is the Hawaii-
Emperor volcanic chain, which may have
formed as the Pacific plate moved over a deep
magmatic source (3–10). Narrow thermal up-
wellings in the form of plumes are commonly
observed in laboratory experiments (11, 12) and
numerical simulations (13–15), and deep-mantle
plumes have been invoked to explain flood ba-
salts, the isotopic signature of ocean island ba-
salts, and the topography of the swells and pla-
teaus that often accompany volcanic hotspots.

Although this has led to a coherent (albeit in-
complete) theory of much of the geology that
characterizes hotspots, undisputed evidence for
the existence of lower-mantle plumes in tomo-
graphic images of the mantle is lacking. High
temperatures reduce the velocity of seismic
waves, so that plumes should be evinced as
columnar low-velocity anomalies. In the ab-
sence of convincing tomographic evidence, it
has recently been argued that hotspots could
instead be the manifestation of shallow, plate-
related stresses that would fracture the litho-
sphere, causing volcanism to occur along these
cracks (16–18).

The inversion. A unique feature of our
tomographic inversion is the use of finite-fre-
quency sensitivity kernels (19, 20) to account
for effects of wavefront healing on the travel
times of low-frequency P waves; this enables us
to combine long- and short-period data sets. We
use a remeasured, expanded set of long-period
data and very carefully selected short-period
delay times, and we adapt the model parameter-
ization to the lower resolution at depth. Global
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tomographic models of seismic P-wave velocity
have so far relied almost exclusively on classical
ray theory. In this infinite-frequency approxima-
tion, the travel time of a P wave is only influ-
enced by seismic velocity along an infinitesi-
mally narrow path—the seismic ray. This sim-
plifies the mathematics, but it ignores sensitivity
of the travel time to velocity structure off of the
ray, within a volume known as the Fresnel zone
(21). The cross-ray diameter of the Fresnel zone
is on the order of (
L)1/2 for a wave of wave-
length 
 and ray length L, and can be in excess
of 1000 km at the long periods we consider. As
a result of diffractive wavefront healing, objects
much smaller than the width of the Fresnel zone
will not appreciably influence the travel time of
the wave (22, 23). For heterogeneities compara-
ble in size to the Fresnel zone, one may account
for these wavefront healing effects with the use
of a new method of interpretation (19, 20),
which we refer to as finite-frequency tomogra-
phy. A preliminary analysis of low-frequency
P-wave arrival times shows that the amplitudes
of deep, small-scale velocity heterogeneities are
underestimated by 30 to 60% when interpreted
by classical ray theory (24).

Mantle plumes are probably narrow, and
their images are potentially degraded if we
ignore the effects of wavefront healing (25).
We present the result of a finite-frequency
tomographic inversion based on the travel
times of 66,210 P-waves and the differential
travel times of 20,147 PP-P and 2382 pP-P
waves, with a dominant period of 20 s, com-
bined with 1,427,114 short-period P and
68,911 short-period pP travel times extracted
from bulletins (26). The travel times of the
long-period phases were measured by cross-
correlation with a synthetic pulse (27) and
were inverted using three-dimensional finite-
frequency sensitivity kernels (19); the short-
period travel times were inverted using ray
theory. Although part of the long-period data
set also served to construct model P16B30
(28), the original seismograms were reana-
lyzed, and previously undetected clock errors
have been corrected (29). The standard devi-
ations of the long-period times were assigned
to three accuracy classes and range from 0.5
to 1.15 s (24). The short-period travel times
were picked onset times reported to the In-
ternational Seismological Centre (ISC) and

later reinterpreted with smaller uncertainties
(30). Of a total of 9.2 million P measure-
ments, we selected only the �16% listed with
two-decimal precision. The standard devia-
tions of the short-period times are 0.9 s for P
and 1.1 s for pP (31); about 45,000 outliers
with deviations larger than 3� were rejected
after a first iteration.

We simultaneously inverted for the frac-
tional perturbation in the compressional ve-
locity, vP /vP, and the perturbations in the
earthquake hypocentral parameters (origin
time, longitude, latitude, and depth). For
technical aspects of the inversion, see (29).

Subducted lithospheric slabs are large fea-
tures that cause little or no wavefront healing.
Our slab images are in good agreement with
earlier studies; therefore, we restrict our anal-
ysis to the newly imaged plumes.

As in every high-resolution tomographic
study, the fact that we have far more data than
unknowns does not guarantee that every model
parameter is well resolved. Much of our effort
has been spent on determining which of the
imaged plume features are reliable. Lack of
resolution may take different forms: (i) An ex-

Table 1. Summary of the results for the 32 hotspots present in our tomo-
graphic images. Depth limits and minimum radius (in lower mantle unless the
plume is confined to the upper mantle) have been determined from the

resolution analysis (29). Code for plate names: af, African plate; an, Antarctic
plate; au, Australian plate; eu, Eurasian plate; nz, Nazca plate; pa, Pacific plate;
sa, South American plate.

Label Name
Latitude and
longitude

Plate
Depth
(km)*

Radius
(km)†

Remarks

AF Afar 7°N 39°E af �1450 200 Could be a deep plume
AR Atlantic Ridge 15° & 45°W na �1900 200 Lack of resolution at the base of the mantle gives rise to horizontal smearing

25°N
AS Ascension 8°S 14°W sa �2800 100 Robust
AZ Azores 38°N 26°W eu �2800 300 Lack of mid-mantle resolution may be responsible for merging with Canary
BV Bouvet 54°S 3°E af �1450 400 Connection to African superplume is not well resolved
BW Bowie 53°N 136°W pa �650 100 Plume wider than 100 km would be visible beneath 300 km depth
CN Canary 28°N 18°W af �2800 400 Robust
CV Cape Verde 15°N 24°W af �1900 300 Lack of resolution in the deep mantle
CR Caroline 3°N 167°E pa �1000 300 Lack of resolution at the bottom of the mantle
CC Cocos/Keeling 17°S 95°E au �1000 200 Nearby plumes strong only in the upper mantle
CK Cook Island 22°S 158°W pa �1450 200 Lack of resolution in the lower mantle beneath nearby plumes
CS Coral Sea 15°S 155°E au �2800 300 Robust, does not reach the surface, stops at 1450 km depth
CZ Crozet 46°S 50°E an �2350 400 Vertical leakage present, but confined above 1450 km depth; same origin

as Kerguelen at 2350 km depth; synthetic plumes are separated down to
1000 km depth

ES Easter 27°S 108°W nz �2800 400 Robust
EA East Australian 41°S 146°E au �650 100 Robust
EF Eifel 50°N 4°E eu �650 100 Robust
ET Etna 38°N 15°E eu �1000 200 Strong only in the upper mantle
SL East of Solomon 5°S 165°E pa �1000 — Nearby plumes robustly resolved
GL Galapagos 0° 92°W nz �1000 300 Strong only in the upper mantle
HN Hainan 20°N 110°E eu �1000 200 Robust
HW Hawaii 19°N 155°W pa �2350 300 Not enough constraint on depth
IC Iceland 64°N 17°W na �1000 100 Strong only in the upper mantle (see discussion in text)
IO Indian Ocean 35°S 100°E au �1900 400 Not well resolved
JF Juan de Fuca/Cobb 46°N 130°W pa �1000 100 Strong only in the upper mantle
JZ Juan Fernandez 34°S 81°W nz �1450 300 Lack of resolution below 2350 km depth in the nearby plumes
KG Kerguelen 50°S 69°E an �2350 400 Robust
LS Louisville 54°S 141°W pa �1000 300 Very weak, newly discovered anomalies located at 55°S, 150°W, and 60°S, 120°W
RN Reunion 21°S 56°E af �1900 200 Could be a D� plume
SM Samoa 15°S 168°W pa �2800 200 Robust, except between 1000 and 1450 km depth
SJ South of Java 12°S 112°E au �2800 300 Does not reach the surface, stops at 1450 km depth
SY Seychelles 5°S 56°W af �650 — Nearby plumes robustly resolved
TH Tahiti 18°S 148°W pa �2800 300 Robust, except between 1000 and 1450 km depth

*See text for explanation, including meaning of symbols. †Minimum radius of the plume constrained from the resolution tests.
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isting plume may not be imaged with sufficient
contrast over its full length, or to its source at
large depth, where resolution often decreases;
(ii) the regularization may spread a shallow
anomaly to larger depth in the image (“leak-
age”); and (iii) the regularization leads to hori-
zontal “smearing” of an anomaly, resulting in a
larger anomaly image with a smaller amplitude
than present in Earth.

The resolution tests we have undertaken
enable us to determine the minimum radius
that a real plume must have for it to be visible
in our tomographic images. This minimum
plume radius is listed in Table 1. The imaged
plume radii should be seen as generous upper
limits; because of the limitations to the re-
solving power combined with the effects of
smoothing, the actual plume radii may be
much smaller. The depth listed in Table 1 is
the deepest level at which the absolute con-
trast �vP/vP� exceeds 0.3%. We code these
maximum depths in Table 1 with “�” when-
ever we conclude from the resolution tests
that the absence of a plume at greater depth
may be due to a lack of resolution, or with
“�” whenever there is a possibility that the
image is generated by leakage to this depth.
In cases where we determined that the resolv-
ing power is sufficient, we added “�” to
emphasize that the depths in Table 1 are only
estimates. Even in the case of well-resolved
plumes, the depths are uncertain to several
hundred km, particularly in the deepest man-
tle. This codification of depth values in Table
1 is somewhat incomplete in the sense that
resolution may depend on the unknown width
of the plume. See (29) for more extensive
resolution information.

Deep plumes. To emphasize features, in-
cluding deep plumes that are vertically contin-
uous over all or much of the lower mantle, we
compute a vertical average of the P velocity
anomaly vP/vP in the lowest part of the mantle
(1800 to 2800 km depth) (Fig. 1). The African
superplume extends high enough to survive this
averaging over 1000 km, and is visible as the
large low-velocity anomaly beneath southern
Africa. Inspection of the unaveraged tomo-
graphic model shows that the superplume ex-
tends locally upward to depths of 1500 km, in
accordance with previous observations (32, 33).
This anomaly is part of a broad low-velocity
region that underlies the Atlantic, the African
continent, and much of Europe. The broad
anomaly in the lower mantle beneath the Pacific
Ocean, south of the equator, is different in char-
acter. Here there are several large velocity
anomalies enhanced by the averaging, which
can be identified as individual plumes rising
from the “superplume”: beneath the Coral Sea
(15°S, 155°E), east of the Solomon Islands (5°S,
165°E), beneath Samoa (15°S, 168°W), and a
broad anomaly centered beneath Tahiti (18°S,
148°W).

North of the equator, the lower mantle be-
neath the Pacific plate exhibits several high-
velocity anomalies forming a ring that extends
beneath East Asia and the eastern part of the
Indian Ocean. In the unaveraged model, fast
anomalies with perturbations greater than 1%
are observed beneath Tonga and Asia, the latter
presumably caused by the subduction of the
Tethys slab (34–39). Together, these form a ring
of high-velocity anomalies around the Pacific,
which reaches down to the D� region. Finally,
the polar regions are characterized by lower

mantle of opposite velocity anomaly at all lon-
gitudes; if we assume that these anomalies
mainly reflect temperatures, then the deep man-
tle is hot beneath the North Pole but cold be-
neath Antarctica. This suggests that the large J3

coefficient in the geoid [the “pear” shape of
Earth (40)] may be caused by this deep-seated
bipolar anomaly.

The Ascension, Azores, Canary, Easter, Sa-
moa, and Tahiti hotspots all have well-resolved
deep-rooted origins near the bottom of the man-
tle (Fig. 2) (figs. S2 to S9). Ascension and St.
Helena (fig. S2) merge at about 1000 km depth,
a well-resolved confluence that is observed for
several other deep plumes. For example, Azores
and Canary (fig. S3) are distinct plumes down to
1450 km depth, where they merge together and
begin to bend eastward to reach the bottom of
the mantle at about 30°N, 10°W. Farther south,
but less well resolved, the Cape Verde (fig. S3)
plume joins this complex at 1900 km depth.
Kerguelen (fig. S7) and Crozet (fig. S4) are seen
to originate from a common broad anomaly
located north of Crozet at 2350 km depth; the
width of this anomaly is affected by horizontal
smearing. Beneath the Pacific superswell, the
Tahiti, Cook Island, and Samoa plumes (figs. S8
and S9) are closely spaced. The images for the
Tahiti and Samoa plumes are robust and show
independent features to large depth in the man-
tle. Cook Island merges with Tahiti at about
1450 km depth, although we cannot rule out that
this is an artifact caused by lack of resolution.

Hawaii (fig. S6) is one of the longest lived
plumes and is by far the strongest in flux, as
measured by the topographic swell it creates
(1, 2); the associated fast anomaly in our
model falls somewhat short of expectations.

Fig. 1. Vertical average over the lowermost 1000 km of the mantle of the relative velocity perturbation vP/vP. The averaging emphasizes features that
are continuous with depth. Map has been wrapped around to have complete views of both the Atlantic and the Pacific oceans.
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This is most likely due to the dearth of seis-
mic ray paths sampling this structure at mid-
mantle depth, due to the distance of Hawaii
from the circum-Pacific seismicity. Seismic
rays from the Tonga subduction zone to
North American stations are abundant, but
these pass southeast of the suspected plume
location near the core-mantle boundary. Res-
olution analysis indicates that only a very
wide plume of radius �300 km would be
clearly resolved. In a separate inversion using
only low-frequency data (which sense a wid-
er region around the ray), the Hawaii plume
anomaly extends to 2800 km depth (24).

Afar, Juan Fernandez (fig. S5), Cook Island
(figs. S8 and S9), Caroline, Reunion, and two
newly discovered anomalies near Louisville

could also be deep plumes (fig. S1). Our reso-
lution analysis shows that narrow plumes be-
neath these hotspots suffer a loss of resolution
at increasing depth, making any deep plumes
invisible.

Shallow plumes. A relatively large num-
ber of plumes are clearly imaged only in the
upper mantle: Bowie, Eastern Australia, Eifel,
Etna, Iceland, Cocos-Keeling, Galapagos, and
Juan de Fuca/Cobb (Fig. 3) (figs. S10 to S16).
Eastern Australia (fig. S12) and Eifel (fig. S13)
show robust velocity anomalies clearly con-
strained down to 650 km depth. Bowie and Juan
de Fuca/Cobb (fig. S10) are connected to form a
broad low-velocity anomaly at 300 km. Bowie,
which is visible only down to 300 km depth, is
not really identifiable as an isolated plume. Juan

de Fuca/Cobb reaches 1000 km depth; however,
the velocity perturbation at this depth is much
weaker than in the upper mantle, and it is un-
likely that the source region of the Juan de
Fuca/Cobb hotspot is at a depth of 1000 km or
greater. An origin shallower than 1000 km is
also suggested for Cocos/Keeling (fig. S16),
Etna (fig. S13), Galapagos (fig. S14), and Ice-
land (fig. S15). At about 650 km, Etna shows a
connection to a plume-like low-velocity anom-
aly beneath the Gulf of Suez.

In our images, the very strong upper-man-
tle plume beneath Iceland has almost disap-
peared at 1000 km depth. Vertical leakage
down and below this depth could easily ex-
plain the weak lower-mantle anomaly of
�0.3%. We suspect that such leakage has led
an earlier study to suggest a deep plume (41).
It is clear from our image that the strong
velocity anomaly observed in the upper man-
tle beneath Iceland is not generated by a large
upwelling from the lower mantle.

A large drop in the temperature depen-
dence of vP in the transition zone (42) could
make plumes a much weaker velocity anom-
aly in the lower mantle and therefore more
difficult to image, leading to apparent source
regions near 670 km. However, the fact that
we do observe numerous plumes extending to
the deep mantle weakens this argument, at
least as a phenomenon affecting the stronger
upper-mantle plumes.

Newly discovered plumes. Several new
velocity anomalies that we associate with
plumes are visible in our model and are not
related to well-known hotspots. A Mid-Atlantic
ridge plume is identifiable with anomalies at
12°N and 25°N (fig. S1); an axial hotspot at this
location has recently been hypothesized (43). A
deep plume stops at about 1450 km depth south
of Java (Fig. 3) (fig. S16). An anomaly feeding
the Southeast Indian ridge (fig. S1) is defined
down to 2350 km depth, where it merges with
the anomaly located south of Java. The resolu-
tion tests indicate that all of these structures are
robust. The deep plume beneath the Coral Sea
(Fig. 3) (fig. S11) extends upward to 2350 km,
with a weak connection to a newly discovered
plume beneath East Solomon (5°S, 165°E) (Fig.
3) (fig. S11). The East Solomon plume extends
upward to 1000 km, where a weak connection is
visible with a plume beneath the Caroline Is-
lands (Fig. 3). The Louisville hotspot, charac-
terized by a well-delineated narrow island chain,
has waned in recent geological times. We do not
observe a plume beneath either of the disputed
present-day locations (1, 44). Instead, we recov-
er two weak low-velocity anomalies situated to
the northwest and southeast of the Louisville
hotspot (fig. S1), which we list as “Louisville”
in Table 1. Finally, we image a hitherto unre-
ported plume north of Reunion, approximately
beneath the Seychelles (5°S, 56°E) (fig. S1).
This plume extends down to 650 km and is well
resolved. We note that Seychelles is a continen-

Fig. 2. Three-dimensional view of deep plumes present in our tomographic model. Maps are 40° by
40°, appropriately scaled with depth. Note the vertical exaggeration. The depth spacing changes at
1000 km. The color scale is the same as in Fig. 3. Two-letter identifiers show hotspot locations.
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tal fragment left behind from the breakup of
Gondwana, and not a conventional oceanic is-
land (45).

Absent plumes. A number of proposed
plumes (1, 2, 9) do not exhibit associated
velocity anomalies in our images. Our reso-
lution tests show that even a 0.3% anomaly of
only 100 km radius would be visible beneath
Yellowstone, indicating that there is not a
substantial plume. Guadalupe is not an iso-
lated low-velocity anomaly in our tomo-
graphic image, but is rather part of a broad
low-velocity region connecting Bowie, Juan
de Fuca/Cobb, and what seems to be a sig-
nature of the East Pacific Rise (15°N,
115°W), that is, south of Guadalupe. Perhaps

because of the absence of a co-sited station,
we do not resolve a plume in the upper
mantle beneath Macdonald Island.

Implication for mantle dynamics. Our
P-wave velocity images show unambiguous ev-
idence that at least nine hotspots cap a plume
originating near the core-mantle boundary.
However, at least another eight are associated
with plumes whose imaged base lies near the
670-km discontinuity. Although the phase tran-
sition at 670 km has been a candidate for a
second thermal boundary layer, recent tomo-
graphic evidence (34, 35) for whole-mantle con-
vection had made this less likely. Yet if the
670-km discontinuity can temporarily delay
penetration, upwelling material may accumulate

and give rise to an apparent source region at or
just below 670 km (15). The coexistence of at
least two preferred depths where our plumes
images stop is suggestive of the existence of at
least two convecting regions, symbiotically
linked in a regime that is more complex than
either the whole-mantle or layered convection
models. It is, however, also possible that the
variety of plume styles we image is simply a
manifestation of the expected intermittency and
ephemerality of high–Rayleigh number, whole-
mantle convection.

Our tomographic images also show plume
images that fade at mid-mantle depths. From a
geodynamical point of view, steady, noninter-
mittent plumes that do not originate near 670 km
or near the D� layer are problematic, because no
thermal boundary layer has so far been observed
in the mid-mantle. The presence of a change in
mantle chemistry has been postulated to explain
changes in the pattern of subduction (34, 35, 46)
and the presence of an anticorrelation between
P-wave and S-wave velocity in the lower mantle
(47). Anderson (48) advocates a transition at a
depth near 1000 km. So far, the presence of such
a mid-mantle transition has not been confirmed
(49, 50). A geochemical model has been pro-
posed with a thermal boundary layer in the
mid-mantle, which is strongly varying in depth
and seismically invisible (because composition-
al changes compensate for the higher tempera-
ture, keeping velocities approximately the same)
(51). Laboratory experiments show that thin
plumes can arise from such a deep layer (11);
however, we observe thicker plumes (Table 1).
Tackley’s model (52) identifies the deep layer
with the location of the superplumes, which is
not where we observe the fading of the plume
images. The simplest explanation for the plume
images extending only to mid-mantle depths is
that they are really deep-mantle plumes, which
are not resolved at deeper levels. Alternatively,
we could be observing a large number of hia-
tuses in plume flux; however, the fact that we
see many more plume tails than plume heads
around these depths makes this less probable on
statistical grounds.

The plumes must have diameters of several
hundred km, or they would not have been re-
solved even with our improved imaging tech-
niques. Because of the very low efficiency of
heat diffusion, the thermal “halo” around the
plume is only a fraction of the width (typically
50 km for a plume that has been active for 100
million years). Thus, plumes must be wider
than is commonly assumed, and this provides
qualitative information about the rheology in
the lower mantle. Although a Newtonian vis-
cosity for the upper mantle seems to be required
by the modeling of glacial rebound observa-
tions, the rheology of the lower mantle is not
well constrained by surface observations (53).
However, the wide plumes we observe would
clearly be favored by a lower mantle with a
sluggish convective regime such as would be

Fig. 3. Three-dimensional views of the shallow plumes and the newly discovered plumes present
in our velocity model. Plotting format, including change in depth spacing at 1000 km, is identical
to that of Fig. 2.
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expected for a high, Newtonian viscosity (54).
Of course, our images only provide a

snapshot of the current mantle, and we are
unable to infer the rise velocity of the plumes.
Because of this, we are unable to place a firm
constraint on the heat flux carried by the
plumes; however, an order-of-magnitude cal-
culation indicates that the observed heat flux
of about 44 TW at Earth’s surface imposes a
limit on the rise velocity of the plumes, which
is probably below 10 cm/year (55). This loose
constraint reinforces our conclusion that con-
vection in the lower mantle is slow, and indi-
cates that the role of plumes in transporting heat
from the core to the surface of the Earth is
larger than previously suggested (1).

Another surprising observation is the lack of
correlation between the maximum depth of a
plume image and the associated 3He/4He anom-
aly. Of the ocean islands with high values of
3He/4He (3), Easter, Hawaii, Kerguelen, Sa-
moa, and Tahiti are well-resolved deep plumes
(Table 1). Afar, Cape Verde, Caroline, Re-
union, and Jean Fernandez are potential D�
plumes and also have correspondingly high
3He/4He. But other plumes for which a deep
origin can be decisively ruled out (Galapagos,
Iceland) have high 3He/4He. Conversely, St.
Helena and Canary Islands have a low 3He/4He
ratio but have anomalous velocities that extend
deeply into the mantle.

The maximum velocity anomaly of the
observed plumes in the lower mantle is re-
duced by a factor of about 3 with respect to
the value found in the upper mantle (which is
often in excess of �1.5%). Even though the
magnitude of each plume anomaly is affected
by the resolution, this diminution of vP/vP

with depth is in accordance with predictions
of dvP/dT (42).

References and Notes
1. N. H. Sleep, J. Geophys. Res. 95, 6715 (1990).
2. G. F. Davies, J. Geophys. Res. 93, 10467 (1988).
3. V. Courtillot, A. Davaille, J. Besse, J. Stock, Earth

Planet. Sci. Lett. 205, 295 (2003).
4. J. T. Wilson, Can. J. Phys. 41, 863 (1963).
5. J. T. Wilson, Philos. Trans. R. Soc. London 258A

(1965).
6. W. J. Morgan, Nature 230, 42 (1971).
7. W. J. Morgan, Geol. Soc. Am. Mem. 132, 7 (1972).
8. M. A. Richards, R. A. Duncan, V. E. Courtillot, Science

246, 103 (1989).
9. V. Courtillot, C. Jaupart, I. Manighetti, P. Tapponier, J.

Besse, Earth Planet. Sci. Lett. 166, 177 (1999).
10. I. O. Norton, The History and Dynamics of Global

Plate Motions (Geophysical Monograph 121, Ameri-
can Geophysical Union, Washington, DC, 2000), pp.
339–357.

11. A. Davaille, Nature 402, 756 (1999).
12. A. Davaille, F. Girard, M. L. Bars, Earth Planet. Sci. Lett.

203, 621 (2002).
13. H.-P. Bunge, M. A. Richards, J. R. Baumgardner, J.

Geophys. Res. 102, 11991 (1997).
14. S. Zhong, M. T. Zuber, L. Moresi, M. Gurnis, J. Geo-

phys. Res. 105, 11063 (2000).
15. L. Cserepes, D. A. Yuen, Earth Planet. Sci. Lett. 183, 61

(2000).
16. D. L. Anderson, The Core-Mantle Boundary Region

(American Geophysical Union, Washington DC,
1998), pp. 255–271.

17. D. L. Anderson, Geophys. Res. Lett. 27, 3623 (2000).

18. G. R. Foulger, J. H. Natland, Science 300, 921 (2003).
19. F. A. Dahlen, S.-H. Hung, G. Nolet, Geophys. J. Int.

141, 157 (2000).
20. S.-H. Hung, F. A. Dahlen, G. Nolet, Geophys. J. Int.

141, 175 (2000).
21. Y. A. Kravtsov, Y. I. Orlov, Geometrical Optics of

Inhomogeneous Media (Springer-Verlag, New York,
1990).

22. G. Nolet, F. A. Dahlen, J. Geophys. Res. 105, 19043
(2000).

23. S.-H. Hung, F. A. Dahlen, G. Nolet, Geophys. J. Int.
146, 289 (2001).

24. R. Montelli, G. Nolet, G. Masters, F. A. Dahlen, S.-H.
Hung, Geophys. J. Int., in press.

25. H.-C. Nataf, J. VanDecar, Nature 364, 115 (1993).
26. The dominant periods of travel times in the bulletins

are poorly documented and vary among stations, but
are commonly obtained from instruments that are
sensitive to a narrow band of frequencies around 1
Hz.

27. H. Bolton, G. Masters, J. Geophys. Res. 106, 13527
(2001).

28. H. Bolton, thesis, University of California, San Diego
(1996).

29. See supporting data on Science Online.
30. E. R. Engdahl, R. D. van der Hilst, R. Buland, Bull.

Seismol. Soc. Am. 88, 722 (1998).
31. A. Morelli, A. M. Dziewonski, in Seismic Tomography,

G. Nolet, Ed. (Reidel, Dordrecht, Netherlands, 1987),
pp. 251–274.

32. J. Ritsema, S. Ni, D. V. Helmberger, H. P. Crotwell,
Geophys. Res. Lett. 25, 4245 (1998).

33. S. Ni, E. Tan, M. Gurnis, D. Helmberger, Science 296,
1850 (2002).

34. R. D. van der Hilst, S. Widiyantoro, E. R. Engdahl,
Nature 386, 578 (1997).

35. S. P. Grand, R. D. van der Hilst, S. Widiyantoro, GSA
Today 7, 1 (1997).

36. S. P. Grand, J. Geophys. Res. 99, 11591 (1994).
37. H. Bijwaard, W. Spakman, E. R. Engdahl, J. Geophys.

Res. 103, 30055 (1998).
38. R. Van der Voo, W. Spakman, H. Bijwaard, Nature

397, 246 (1999).
39. Y. J. Gu, A. M. Dziewonski, W. Su, G. Ekström, J.

Geophys. Res. 106, 11169 (2001).
40. J. O’Keefe, A. Eckels, R. Squires, Science 129, 565

(1959).

41. H. Bijwaard, W. Spakman, Earth Planet. Sci. Lett. 166,
121 (1999).

42. S.-I. Karato, Geophys. Res. Lett. 20, 1623 (1993).
43. N. H. Sleep, Geochem. Geophys. Geosyst. 3, 10.1029/

2001GC00290 (2002).
44. W. J. Morgan, personal communication.
45. A. Wegener, The Origin of Continents and Oceans

(Methuen, London, 1924).
46. R. D. van der Hilst, H. Kárason, Science 283, 1885

(1999).
47. W.-J. Su, A. M. Dziewonski, Phys. Earth Planet. Inter.

100, 135 (1997).
48. D. L. Anderson, Science 293, 2016 (2001).
49. J. E. Vidale, G. Schubert, Geophys. Res. Lett. 28, 859

(2001).
50. D. W. Vasco, L. R. Johnson, O. Marques, J. Geophys.

Res. 108, 2022 (2003).
51. L. H. Kellogg, B. H. Hager, R. D. van der Hilst, Science

283, 1881 (1999).
52. P. J. Tackley, Science 288, 2002 (2000).
53. P. Wu, Geophys. J. Int. 139, 691 (1999).
54. P. van Keken, Earth Planet. Sci. Lett. 148, 1 (1997).
55. For example, if we integrate �T at 800 km depth over

the total area for which vP/vP � �0.5% (�T � 100
K) using d ln VP/dT � �0.51 � 10�4 K�1, a heat
capacity cP � 1270 J kg�1 K�1, a density � � 4450
kg m�3, and a rise velocity of 1 cm/year, we obtain
an advective heat flux of 9.8 TW. The estimate scales
linearly with the assumed rise velocity. Smoothing
does not influence the flux itself, but may underes-
timate the area confined by the �0.5% isosurface, so
this is a conservative estimate that could easily be
larger. Imposing a different limit (e.g., 0.7% or 140 K)
brings the flux down to 3.1 TW for 1 cm/year.

56. We thank J. Morgan for numerous discussions and
helpful suggestions. Supported by NSF grants EAR-
9814570 and EAR-0105387.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1092485/DC1
SOM Text
Figs. S1 to S21
References

10 October 2003; accepted 18 November 2003
Published online 4 December 2003;
10.1126/science.1092485
Include this information when citing this paper.

ATP-Driven Exchange of Histone
H2AZ Variant Catalyzed by SWR1
Chromatin Remodeling Complex

Gaku Mizuguchi,* Xuetong Shen,*† Joe Landry,* Wei-Hua Wu,‡
Subhojit Sen,‡ Carl Wu§

The conserved histone variantH2AZhas an important role in the regulation of gene
expression and the establishment of a buffer to the spread of silent heterochro-
matin. How histone variants such as H2AZ are incorporated into nucleosomes has
been obscure. We have found that Swr1, a Swi2/Snf2-related adenosine triphos-
phatase, is the catalytic core of a multisubunit, histone-variant exchanger that
efficiently replaces conventional histoneH2Awith histoneH2AZ in nucleosome
arrays. Swr1 is required for the deposition of histone H2AZ at specific chro-
mosome locations in vivo, and Swr1 and H2AZ commonly regulate a subset of
yeast genes. These findings define a previously unknown role for the adenosine
triphosphate–dependent chromatin remodeling machinery.

The condensation of eukaryotic DNA in ar-
rays of nucleosomes has a profound effect on
gene function. To counteract constraints im-
posed by nucleosome structure, cells deploy
two major classes of multiprotein enzymes,

which covalently modify the nucleosome
core histones or catalyze nucleosome mobil-
ity in an adenosine triphosphate (ATP)–de-
pendent fashion (1–5). Much of our current
understanding of these processes is derived
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