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Plate Tectonics and Hotspots: The Third Dimension

Don L. Anderson, Toshiro Tanimoto, Yu-shen Zhang*t

High-resolution seismic tomographic models of the upper mantle provide powerful new
constraints on theories of plate tectonics and hotspots. Midocean ridges have extremely
low seismic velocities to a depth of 100 kilometers. These low velocities imply partial
melting. At greater depths, low-velocity and high-velocity anomalies record, respectively,
previous positions of migrating ridges and trenches. Extensional, rifting, and hotspot
regions have deep (>200 kilometers) low-velocity anomalies. The upper mantle is char-
acterized by vast domains of high temperature rather than small regions surrounding
hotspots; the asthenosphere is not homogeneous or isothermal. Extensive magmatism
requires a combination of hot upper mantle and suitable lithospheric conditions. High-
velocity regions of the upper 200 kilometers of the mantle correlate with Archean cratons.

Seismic tomography is a new but rapidly
developing method for imaging Earth’s in-
terior (1—4). Early results had limited reso-
lution, but important problems regarding
the geoid and the large-scale structure of
mantle convection have been solved (5).
Seismic methods image the interior with a
resolution and coverage that are limited
only by wavelength and the distribution of
earthquakes and seismic stations. Major
improvements have recently been made as a
result of great increases in the surface wave
data. It is now possible to use a block
parameterization rather than the less flexi-
ble spherical harmonic representation (4)
and to resolve such features as midocean
ridges, cratons, and dead slabs. With these
high-resolution three-dimensional images
of the mantle, we address some of the
current issues of plate tectonics and hot-
spots.

The directions and speeds of plate mo-
tions are generally attributed to boundary
and plate forces such as slab pull and ridge
push (6). Midocean ridges are passive reac-
tions to plate forces, not the tops of con-
vection cells. On the other hand, hotspots
are viewed as the tops of active upwellings.
Hotspots are long-lived centers of extensive
volcanism, such as Hawaii, Iceland, and
Yellowstone, and they account for between
5 and 10% of the heat and magma expelled
from the mantle (7, 8). They are generally
attributed to deep-mantle plumes and a
scale of convection different from that of
plates. In most models of plate tectonics
and mantle petrology the upper mantle is
viewed as well-mixed, homogeneous, and
isothermal except near hotspots. The style
of sublithospheric mantle convection has
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been uncertain because of the filtering ef-
fect of the plates and the strong contribu-
tion to topography and gravity by crustal
variations. With tomography we can now
see beneath the plates.

Images

The tomographic results are presented as
maps of shear wave velocity at depths from
38.3 to 410 km (Figs. 1 through 5). The
faster regions, generally corresponding to
cold or refractory material, are given in blue
while the slow, generally hot, regions are
dark orange (9). The “plates,” of “plate
tectonics,” average about 100 km in thick-
ness. The oldest continental plates involve
Precambrian cratons and are much thicker.
They show up as dark blue areas (+4%) in
the maps for the shallow layers. Midocean
ridges, tectonically active regions, and vol-
canic regions have low velocity (Figs. 1 to
3). The correlation with present-day tec-
tonics degrades with depth (Figs. 4 and 5).
In principle, the planform of mantle con-
vection should become evident once we get
well below the lithosphere and the plate-
entrained flow at the top of the mantle.
Instead of seeing well-defined convec-
tion cells, including hot upwellings, we see
large domains of low- and high-velocity
mantle (Figs. 1 through 5). Inside the very
large low-velocity anomalies (VLVAs) are
even slower regions that may represent hot,
volatile-rich upwellings or hot cells. There
are high-velocity anomalies (HVAs) at all
depths. The deeper ones (Fig. 5) possibly
represent cold oceanic lithosphere that has
sunk into the mantle. The seismic velocity
variations at depths below about 200 km
seem to have more to do with past, than
with present, plate tectonics. This is ex-
pected because continents and plate bound-
aries are quite mobile compared to convec-
tion cells in the mantle; also, cold-sub-
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ducted lithosphere has a long thermal time
constant.

Figures 1 and 2 show the shear velocities
near the top of the mantle. Note the
spectacular “ring of fire” around the Pacific
and the low velocities associated with ridges
and deep-sea trenches. Old crust and tec-
tonically stable regions are underlain by fast
mantle due to a combination of low tem-
peratures and a refractory mineralogy (10—
13). The extremely low velocities in con-
vergent regions (for example, western Pa-
cific trenches), particularly those with
backarc spreading, 'may be due to dehydra-
tion of subducted crust and volatile-fluxed
melting of the overlying mantle. The low-
est velocity regions are probably partially
molten (11).

Oceanic Mantle

The most impressive features of the tomo-
graphic maps are the broad low-velocity
anomalies (LVAs) in the Pacific and Indian
oceans. Clearly, these oceans are different
from the newly opened oceans, the Atlan-
tic and Arctic. The Pacific is particularly
slow from the East Pacific Rise (EPR) to-
ward the northwest, generally in the
spreading  direction. Hotspots  (black
squares) appear to be randomly distributed
in broad low-velocity regions. Most of the
world’s oceanic crust is formed at the EPR,
and most of the world’s hotspot volcanism
(Hawaii, Polynesia) occurs on the Pacific
plate, downstream (that is, in the spreading
direction) from the EPR. Many spreading-
center LVAs extend only to 100 km, but
some in the Pacific and Indian oceans
extend deeper than 300 km. Most oceanic
hotspots and backarc basins have LVAs
extending to about 200 km. Note the con-
trast between the slow Pacific and the fast
Eurasian and North American hemi-
spheres. There is a broad LVA in the
central Pacific, which may be related to
extensive igneous activity in the Creta-
ceous (12, 13). The large plateaus in the
western Pacific formed during a period of
global plate reorganization, continental
breakup, and rapid spreading. The exten-
sive oceanic ridge and hotspot magmatism
in the Pacific at present is probably a result
of these large areas of hot mantle.
Midoceanic ridges have very low seismic
velocities in the far North and far South
Atlantic, eastern Pacific, southeastern In-
dian Ridge, around triple junctions, and
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near some hotspots. The Mid-Atlantic
Ridge (MAR) has LVAs at 30° and 40°N.
The former may be the source of the New
England Seamount-White Mountain track
(14). The latter is near the Azores triple

junction. Regions of extension (Rhinegra-

ben, Kenya Rift, southwestern United

States, Lake Baikal) have shallow LVAs.
Most of the Atlantic and Indian ocean
ridges faithfully follow the lowest velocity
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regions in the shallow mantle (Figs. 1 and
2). The lack of correlation at greater depths
might suggest that ridges are passive, with
hot material upwelling into the space made
available by plate spreading. Melting occurs
during decompression, and this causes very
low shear velocities. It must be recognized,
however, that midocean ridges are mobile
and can drift away from the spreading-
induced upwellings. The Pacific ridge sys-
tems are embedded in very broad low-
velocity areas (VLVAs). Note the discon-
tinuity near the Australian-Antarctic ridge.
This is an anomalous ridge in depth and
geochemistry (15). It appears that the east-
ern part is being fed from the Pacific side,
consistent with the geochemistry.

Backarc basins (western Pacific) and
sites of recent subduction are among the
slowest uppermost mantle regions. The
slowest areas are western North America,
New Zealand, southeastern Asia, the Phil-
ippine Sea, eastern Pacific, and northeast-
ern Australia—Coral Sea. Theories that as-
sociate all hot regions of the shallow mantle
with deep mantle plumes must contend
with these LVAs. The older parts of the
oceans have fast shallow mantle, indicating
cold and thick lithosphere. In most models
of plate tectonics, bathymetry is due to

_ lithospheric thickening over a homoge-

neous, isothermal mantle with perhaps a
few interruptions by hotspot swells, the tops
of deep mantle plumes (16, 17). The to-
mography indicates that this is too simple a
view.

Hotspots

Hotspots are those volcanic regions that are
thought to be distinct from island arc or
midocean ridge magmatism. Some hotspots
are at the end of a trail of islands and have
been attributed to deep mantle plumes’

Fig. 1 (top). Shear velocity at a depth of 38.3
km from the model of Zhang and Tanimoto (4).
Continental and plate boundaries are shown;
hotspots are black dots. Blue regions have high
seismic velocities. Orange regions have low
velocities (hot). Range of velocity is +5%. The
dark blue regions are stable cratons or old
oceanic lithosphere. The slowest regions are
young oceanic lithosphere and tectonically ac-
tive regions. The hottest regions follow the
midoceanic ridges and subduction zones
(backarc basins). Fig. 2 (middle). Shear
velocity at a depth of 110 km. Total range in
velocity is +4.5%. Note the sinuous LVA follow-
ing the Atlantic and Indian ocean ridges. Con-
tinental shields are very fast. Fig. 3 (bot-
tom). Shear velocity at a depth of 210 km. Total
range is +4%. Note the sinuous LVAs in the
Atlantic and Indian oceans, which are offset
from the current ridges. There are VLVAs in the
Pacific and Indian oceans, especially from New
Zealand to California.



(18). Plumes may represent the main man-
tle upwellings (17, 18) or secondary, small-
scale convection (8, 19-21). Although
hotspots originate below the moving plates,
their actual depth of origin is uncon-
strained. Bathymetry, geoid, and heat flow
data across hotspots can be satisfied by
thermal perturbations confined to the upper
200 km of the mantle (22).

Most of the Atlantic and Indian ocean
hotspots are embedded in hot, slow shallow
bands related to spreading ridges, past or
present. Hotspots favor near-ridge loca-
tions. If the migration of ridges is taken into
account, the close association of hotspots
with ridges, present and recent, is even
more impressive. Many hotspots are located
in VLVAs (Iceland, Hawaii, Azores), but
the sizes, shapes, and trends of these VLV As
are not related to plate motions. There are
other similar VLVAs that are devoid of
hotspots. VLVAs may provide massive out-
pourings of basalt, such as continental flood
basalts (CFBs) or oceanic plateau basalts,
when plate reorganization throws the over-
lying lithosphere into relative extension.
Tomography shows that both ridges and
hotspots generally overlie large regions of
hot upper mantle. Few hotspots have the
mushroom-shaped plume-head LVAs pre-
dicted by plume theories. Hotspots are not
centrally located in VLV As, nor is hottest
mantle always associated with hotspots. The
location of hotspots and large igneous prov-
inces near present and past positions of
spreading ridges, cratons, and other litho-
spheric discontinuities suggests a strong con-
trol by the lithosphere.

The most active hotspots and ridges are
associated with broad LVAs, presumably
large hot areas of the upper mantle. Most
hotspots are in LVAs but a map of hotspots
does not provide a particularly good de-
scription of hot regions of the mantle or,
therefore, of mantle convection (Figs. 2
and 3). Most hotspots lie near the edges of
LVA:s or in high-velocity anomalies. Many
VLVAs are not near hotspots. It is likely
that a combination of hot mantle plus
appropriate lithospheric stress conditions is
required in order for the upwellings that we
call hotspots to occur. For example, the
absence of hotspots above VLVAs in the
northern Indian Ocean is likely due to
lithospheric compression. There are LVAs
in the wakes of the Americas, India, Aus-
tralia, and Greenland. These are thick-
lithosphere (Fig. 1), low-geoid regions.
Hotspots may not be narrow pipelike fea-
tures in the mantle but rather the focused
eftect of upwelling triggered from above by
extensional strains or discontinuities in the
lithosphere.

Many hotspots are underlain by colder
than average mantle below depths of 200 to
300 km (Figs. 3 and 4). These include St.

Helena, Tristan da Cunha, Iceland, Easter,
Bouvet, and Yellowstone. If we look at fast
velocities in the transition region (Fig. 5),
we can add Azores, Ascension, Galdpagos,
Marquesas, Crozet, and the Carolines. Al-
most all of these hotspots are close to
lithospheric discontinuities such as triple
junctions, fracture zones, or rift zones.
Thus, there is still no geophysical evidence
that demands deep thermal perturbations
beneath hotspots (22). Many hotspots are
hot lines, or erupt for long periods of time
after leaving the “plume,” or do not exhibit
the simple age progressions, or are up to
1000 km away from a conjectured plume, or
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are definitely not fixed (23). If hot mantle
has the dimensions and shapes of the seis-
mic LVAs, then these observations, com-
bined with lithospheric control of exit
points, can be understood. Hotspots should
appear to wander or jump or turn on or off
when plate motions change. If plate reor-
ganization causes ridges or triple junctions
to open up in the Pacific VLVAs there will
probably be massive outpourings of basalt,
as there was in the Cretaceous, without the
importation of a deep mantle plume. Hot
cells may have been mistaken for narrow
plumes.

Some hotspots that are embedded in
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Fig. 4 (top). Shear velocity at a depth of 310 km. Total range is +2.5%. Slab-cooled mantle is
evident in eastern Asia, northeastern Australia, Chile, and probably central North America. Note the
LVA bands in the Atlantic and Indian oceans and their association with hotspots; some of these

represent former positions of migrating ridges.

Fig. 5 (bottom). Shear velocity at a depth of 410

km. The velocity variation is +1%. Note the HVAs under ridges and many hotspots and the LVAs
under many continental cratons. The bluest regions represent mantle cooled by current and past
subduction. The Pacific Ocean mantle has not been cooled by subduction for at least 200 million
years; it has not been traversed by thick cratonic lithosphere for about 500 million years. The central
Pacific may not have participated in the last several cycles of continental assembly and dispersal

and in the closing and opening of ocean basins.
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broad, deep LVAs (Samoa, Mount Erebus,
African rift) are in regions where the litho-
sphere is breaking, as a result of plate
boundary forces, over extended regions of
particularly hot mantle. These hotspots
may be fed from large high-temperature
upper mantle regions through lithospheric
cracks, rather than from narrow, deep feed-
er tubes through the convecting mantle, as
in the plume theories. Other hotspots over
deep LVAs include Hawaii, Réunion, Ca-
naries, Cape Verde, Kerguelen, and Tasma-
nia. These are all nonridge hotspots. None
of the on-ridge or near-ridge hotspots occur
over slow (hot) mantle that extends as deep
as 300 or 400 km (straight down). Hotspots
in the South Pacific appear to be related to
linear, shallow features of the geoid (24).

Continental Flood Basalts

According to recent ideas (8, 19-21), CFBs
originate from spherical plume heads, the
onset of deep mantle plumes. Others suggest
that the continental lithosphere is “remobi-
lized,” “delaminated,” “stretched,” or other-
wise damaged in the processes of CFB mag-
matism (17, 25). If these scenarios are true,
there should be LVAs in the upper 100 to
200 km of the mantle under continents
where CFB provinces occur, such as the
North Atlantic Tertiary Province (Green-
land, Scotland, Norway), Parani-Etendeka
(Brazil, southwestern Africa), Deccan (west-
ern India), Karoo (southeastern Africa), and
Siberia. None of these areas show evidence
for plume heads or damaged lithosphere
when compared with analogous regions that
have not suffered such trauma. CFBs may
rather be due to lithospheric extension, or
pull-apart, associated with a continent mov-
ing over hot areas (LVAs), or hot cells that
may be partially molten before extension.
Note the VLVAs in the North Atlantic and
western Indian and southern Indian oceans
where CFBs are presumed to have formed. If
hotspots are initiated by plume heads, much
of the asthenosphere near ridges will have
enriched or hotspot characteristics rather
than depleted or MORB-like (midocean
ridge basalt) characteristics (26). Most CFB
provinces occur near thick, Archean litho-
sphere. The large volumes of basalts in these
provinces may represent ascent and melting
from great depth (>150 km), triggered by
extension of thick continental lithosphere.
_ Tristan da Cunha, a South Atlantic
hotspot over which the Parand CFB is
presumed to have formed (14, 27), is an
LVA to a depth of 210 km. Below 300 km
it, and the other South Atlantic hotspots,
are embedded in an extensive high-veloci-
ty, presumably cold, region. Either the
associated CFBs were fed from shallow
mantle or Brazil was farther to the south
than current plate reconstructions suggest
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or the region has since been cooled by cold
oceanic lithosphere sliding under South
America. It is generally assumed that CFBs
form over narrow fixed plumes, but there
are difficulties with this interpretation (14,
25, 27, 28). We suggest that the Parana
CFB formed over a large South Atlantic
LVA and the Gondwana flood basalt prov-
ince extending across Africa, Antarctica,
India, and Australia (Karoo, Fararr, Tas-
man) formed when this region was above
the LVA in the southern Indian Ocean.

*‘Ghost’’ Ridges

There is a close association of sinuous sub-
lithospheric LVAs with past positions of
migrating ridges and with hotspots (Fig. 3).
The MAR has migrated to the west since
the breakup of Pangea. It decoupled from
Atlantic hotspots after 70 million years ago,
stranding them on the African plate (14,
29). At 310 km depth, the upper mantle
LVA is offset to the east of the northern
MAR and follows the central Atlantic hot-
spots. Because ridges can move more rapid-
ly than their associated upwellings (30),
this LVA may represent a previous location
of the MAR or even the original line of
continental breakup. Note also the LVA
paralleling the Indian Ocean ridges. One
possible implication is that spreading-in-
duced (passive) upwelling can extend to
great depth and can still feed ridges that
have migrated away. Some current ridge
segments in the Pacific and Indian oceans
have LVAs that extend to 300 km. This
may indicate long-term fixity of these ridges
and a relatively deep MORB reservoir. An
alternative is that continental rifts, and
proto-oceanic ridges, connect active up-
wellings. In either case the distinction be-
tween passive-ridge and active-hotspot up-
welling has become considerably blurred.
Hotspots may be active upwellings that
control the locations of continental break-
up (8, 20, 27). On the other hand, conti-
nents tend to break along lines of weakness
(suture zones and mobile belts). Many hot-
spots appear to originate under thick (cra-
tonic) lithosphere. The associated CFBs
occur near the ends of propagating ridges
and the points of final continental separa-
tion, adjacent to Archean cratons. If hot-
spots and CFBs are due to deep mantle
instabilities (plumes), these associations
must be regarded as accidental. One ex-
pects ridges to propagate away from hot-
spots, if they are caused by active plumes,
but the opposite is often observed.

The VLVAs west of the Azores and
Tristan da Cunha do not contain any hot-
spots, perhaps because of lithospheric com-
pression (the lithosphere is spreading, and
the MAR is migrating, to the west). The
Iceland and Azores LV As are not centered
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under hotspots, but the islands are near the
ridge, the most convenient exit. Note the
sinuous LVA (Fig. 3) extending along the
Atlantic hotspots (Azores—Bermuda—Cape
Verde-Ascension-St. Helena—Tristan da
Cunha) with branches to the Rio Grande
Rise and the Scotia arc (South Atlantic),
and Crozet-Kerguelen-Amsterdam (Indian
Ocean). There are also LVAs paralleling
the Atlantic coasts of the Americas, Green-
land, and Africa. These may be due to the
continental edge effect, an alternative to
deep mantle plumes (31). The Bermuda
swell and its LVA parallel the coast, which
is inconsistent with the plume hypothesis.
The Cameroon “hotline” also violates the
plume hypothesis but is consistent with a
lithospheric “crack” tapping a VLVA.

The Mesosphere

Some interesting features emerge at transi-
tion-zone depths (400 to 650 km). LVAs in
the wakes of drifting continents are partic-
ularly evident for North America, India,
and Antarctica, and also for South Ameri-
ca, Australia, and Greenland (Fig. 5). The
former positions of migrating ridges are also
still evident, particularly the central Atlan-
tic and the Indian ocean ridges. Upwellings
lag behind if ridges migrate faster than
about 1 cm/year (30). If ridges migrate at 10
cm/year, a typical rate, they will move 1000
km in 10 million years. Thus, there will be
little correlation of ridges with deep struc-
ture, after a plate reorganization, even if
ridges induce deep upwellings. Heating
from below and the absence of subductive
cooling are other mechanisms for generat-
ing hot upper mantle. There are LVAs, and
presumably hot upwellings, in the lower
mantle under the central Pacific and Africa
(3, 32). Heat will be transferred from the
lower to the upper mantle even if there is
no transfer of material.

We can speculate that the linear LVA
northwest of Africa may have been respon-
sible for the Jurassic predrift volcanism
along the east coast of North America
(Newark group, White Mountains) and
that the material from this region is now
feeding the MAR and the Azores in prefer-
ence to the overlying hotspots, which are
on old, thick lithosphere. If the linear
LVA, offset from the MAR, is a passive, or
residual, upwelling, then we expect the
overlying hotspots to die out as the ridge
migrates farther west. The LVA under the
Cameroon region (western Africa—Gulf of
Guinea) may be responsible for the uplift
and synchroneity of volcanism along the
Cameroon “hotline.” The lowest velocities
are under the middle of Africa, but, at
depth, the LVA broadens and underlies
much of equatorial and southern Africa
(Figs. 4 and 5). The low velocities may be



due to continental insulation, absence of
subduction, or conduction of heat from the
lower mantle.

The mesosphere under Africa, Antarc-
tica, and the Indian Ocean has low seis-
mic velocities, and these regions are prob-
ably hot. A long-wavelength geoid high is
centered over Africa, and this region may
have been hot for several hundred million
years (12). The antipodal region, the cen-
tral Pacific, is also a long-wavelength
geoid high and has low upper mantle
seismic velocities. It is the most prolific
generator of oceanic crust and oceanic
plateaus on Earth. This region has not
experienced slab cooling for a comparable
period of time. Since the breakup of Pan-
gea, the circum-African continents have
been moving from hot mantle toward cold
mantle, driven both by the upper mantle—
mesospheric lateral temperature gradients
and slab-plate body forces. Most of the
continents have reached the end of their
journey because, to proceed further, they
must intrude into hot Pacific mantle. The
Atlantic Ocean, and its ancestors, may
never get very wide and the superconti-
nent cycle may not have the whole world
as its stage.

The high velocities deep under Eurasia
may have formed in the Triassic when
microcontinents were assembling and
ocean basins were closing. The very low
seismic velocities and presumably low vis-
cosity under the Indian-Australian plates
may explain why this region is moving
rapidly. Superposed on the thermal currents
in the sublithospheric mantle are plate-
induced motions, generally directed from
ridges to trenches. Lateral temperature gra-
dients may have driven continental frag-
ments north from Gondwana to Laurasis,
across the Tethys Sea (33).

Cratons

Most continents have Precambrian nuclei
that have been stable for more than 2
billion years. The continental lithosphere
under this ancient crust is cold and thick
(Figs. 1 through 3). The largest or most
pronounced seismically defined cratons
are the Canadian, Baltic-Ukranian, and
Western Australian shields. Others are
evident in Africa, Brazil, India, Green-
land, and Antarctica. Some of the fastest
areas are under ice caps or sediments,
suggesting that the oldest crust may yet to
be found. Figure 2 shows velocities at 110
km, which is below the base of the elastic
lithosphere in all parts of the world except
cratons. The fastest regions, without ex-
ception, are associated with Archean
shields. The Indosinia Block (Cambodia)
and Arabia are the only shields that are
not HVAs. Even the small Tarim shield

(north of India) shows up as an HVA.
This appears to be a strong, rigid block. It
appears that ancient continental litho-
sphere may extend to about 200 km. The
seismic high-velocity layer and the flexural
elastic thickness of the lithosphere may
approximate the thickness of the plate
(13, 34). Many noncratonic areas (eastern
and southeastern Asia, northern Austra-
lia, Arctic Ocean, South Atlantic) have
fast velocities and some cratons (South
America, India, Arabia, central Africa)
have relatively low velocities below about
220 km. Some cratons have overridden
cold oceanic lithosphere, and this can be
confused with a continental root.

Eurasia is a landmass created by the
closure of small oceans and the amalgama-
tion of about eight minicontinents, some
with cratons. It has not moved far since its
assembly as the northern part of the super-
continent of Pangea, and it is therefore still
underlain by foundered oceanic litho-
sphere. The high seismic velocities found
throughout the upper mantle under Eurasia
(Fig. 5) suggest that the mantle here has
been cooled by subducted slabs. These slabs

may still reside in the mesosphere.

Tectonically Active Areas:
Lithospheric Extension Versus
Deep Plumes

Earthquake-prone and volcano-prone con-
tinental areas are embedded in vast low-
velocity, high-temperature domains (Figs. 1
and 2). Western North America is on the
edge of a VLVA that extends across the
Pacific Ocean. Other boundaries of this
system include eastern and southeastern
Asia, eastern Australia, and New Zealand,
all tectonically unstable regions. Other ac-
tive regions (southern Europe, northeastern
Africa, western Antarctica) also occur at
the edges of VLVAs. The high inferred
temperatures under southwestern United
States may have caused tectonic and mag-
matic activity as North America drifted
over this region. Uplift and volcanism are
sometimes attributed to the arrival of a
giant plume head from the core-mantle
boundary (8, 19, 20) but could be the result
of drift and extension over preexisting hot
mantle.

The Rhinegraben and Lake Baikal rifts
exhibit only moderate volcanism. They
have low seismic velocities above 200 km.
Below 300 km, both regions appear to be
cold. The same is true, to a lesser extent,
for most of the Red Sea. These may or may
not be hotspots (27, 35, 36). It is likely that
the Rhinegraben and Lake Baikal are in
regions of externally induced tension, pos-
sibly due to collision of Africa and India,
respectively, and that volcanism is entirely
passive rather than related to plumes or
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sublithospheric LVAs. The Rhinegraben
Eiffel “hotspot” does not have a time-pro-
gressive track (37). Other rifts (eastern
Africa, Gulf of California, Gulf of Aden,
Ross Sea) are over deep hot mantle. These
are in diverging regions rather than in
regions of collision-induced rifting. The
question then is, does rifting cause the
upwellings and massive volcanism we call
“hotspots,” or do deep mantle plumes cause
rifting and hotspots? The association of
hotspots with shallow LVAs, Pangea,
spreading centers (past and present), con-
tinental wakes, lithospheric extension, and
absence of slabs is fairly impressive. Not all
rifts or hotspots have deep LVAs. These
observations are all consistent with litho-
spheric control on the locations of some, if
not most, hotspots and a general control by
post-Pangeatic subduction on high veloci-
ties and the absence of hotspots. “Hot”
mantle may be “normal” mantle, uncooled
by subduction.

Many deep LVAs are unrelated to hot-
spots. The lowest velocity regions are be-
neath southwestern North America, south-
ern Marianna Arc, New Zealand, south-
eastern Asia, Indochina, northern Indian
Ocean, and Gulf of Aden. The lithosphere
in many of the above areas is in tension.
The Afar appears to lie at the edge of an
enormous hot area. The Saudi shield is the
northern boundary of this VLVA, which
underlies much of Africa and the Indian
Ocean. Generally, regions of subduction
have fast seismic velocities below about 300
km (2, 38, 39) (Fig. 5). The low velocities
under New Zealand-Tonga-Fiji and Mari-
annas are therefore surprising. The LVAs
could have resulted from recent arc-rise
collision, backarc spreading, or slab dehy-
dration. There is also no depression of the
650-km discontinuity here, as one might
expect under a cold slab (40).

Convergence and Subduction:
Past and Present

Oceanic plates cool at the surface of Earth
before plunging back into the interior.
Because they are cold and have a long
thermal time constant, they should show
up as HVAs even after residing in the
mantle for hundreds of millions of years.
HVAs are prominent (Figs. 3 to 5) where
subduction has been long-lived (Kam-
chatka, Japan, Borneo, Sumatra, northern
Australia, New Hebrides). Also note the
Alpine belt, the Andes, the Bering Sea,
and Asia north of India. A belt of HVAs
extends from Canada through North
America to South America (Figs. 4 and
5), where the active margins of the Amer-
icas were some 60 to 80 million years ago.
Before this time, North America was over-
riding thick oceanic lithosphere. Subse-
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quently, flat subduction of hotter litho-
sphere was responsible for the Laramide
orogeny. The HVA from Italy to Arabia
(Fig. 5) is possibly due to closure of the
Tethys Ocean.

The mesosphere may be the region
where slabs accumulate (13, 41-43). The
boundaries of the mesosphere (400 and
650 km) represent changes in mineralogy,
but they need not be equilibrium phase
changes in a homogeneous mantle. There
is little correlation of seismic velocities
(Fig. 5) with present surface tectonics but
good correlation with post-Pangeatic sub-
duction (12, 13). Subduction zones gen-
erally mark the lateral boundaries between
slow and fast mantle, for example, Tonga-
Fiji, Mariannas, Peru, Cascadia, and the
Aleutians (Fig. 5). Below a depth of 300
km, the fast regions generally correlate
with expected locations of oceanic litho-
sphere overridden by continents since the
breakup of Pangea (12, 13). The HVA in
northeastern Australia is probably due to
subduction of the northern New Guinea
plate. The high velocities in eastern,
southeastern, and southern Asia are the
result of subduction over the past 230
million years. The high velocities under
Eurasia may be due to even more ancient
subduction.

Discussion

Tomography allows us to look beneath the
lithosphere and back in time. The mantle
has a long memory because of the long
conductive time constant of subducted
lithosphere and the persistence of convec-
tive upwellings and cell boundaries. Sub-
duction, an instability in the surface
boundary layer, induces downwellings in
the underlying mantle. Old subducted
plate cools off the surrounding mantle,
generating high-velocity anomalies, slug-
gish convection, and cold cells. Mantle
flows toward regions where plates spread
apart; upwelling and melting at these plac-
es are caused by plate processes, not ther-
mal instabilities. Directions of plate mo-
tions change as a -result of changes in
boundary conditions (collisions of conti-
nents, ridges, arcs, and oceanic plateaus),
and this causes new rifts to open and
others to close. Midocean ridges respond
by migrating. Previous locations of passive
upwellings are evident in the tomography,
as are old positions of convergence and
subduction. The plates appear to control
the long-wavelength tomography and the
planform of mantle convection. Many
hotspots are related to spreading ridges,
both present and past, raising the question
of whether they are caused by passive
(rifting) or active (thermal instability)
processes. There are many hot regions in
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the mantle that are unrelated to hotspots.
Some hot regions appear to be hotter than
average convection cells, because of their
prior history, rather than deep mantle
plumes.

It is generally assumed, perhaps errone-
ously, that geochemically depleted (26)
basalts come from the shallowest mantle
even though enriched basalts erupt at
most times and places where one expects
this mantle to be sampled; the most de-
pleted basalts are associated with long-
lived and rapid-spreading conditions that
favor a broader, deeper source volume.
Enriched basalts dominate at the initial
stages of lithospheric disruption and are a
common component in most basalts.
These are usually attributed to deep man-
tle plumes that pierce the depleted asthe-
nosphere. We favor an inhomogeneous
upper mantle that is contaminated by
subduction and trapped melts and flushed
out by volcanism. The main basaltic res-
ervoir is probably below this contaminated
layer, but material becomes contaminated
upon ascent, particularly away from ma-
ture ridges. Sustained upwellings can push
the enriched layer aside. It will be of
interest to compare the geochemical char-
acteristics of ocean ridge and hotspot mag-
mas with the tomographic patterns dis-
cussed here.

Stable Archean plates appear to be
about 200 km thick. Some have overridden
cold oceanic lithosphere or coalesced with
others by the elimination of intervening
oceanic plates. These regions are cold
throughout the upper mantle. Cold and hot
convection cells are alternatives to deep
continental roots and deep mantle plumes
as explanations for lateral temperature vari-
ations. Individual convection cells may be
well mixed, but it is unlikely that all con-
vection cells in the mantle have the same
history, composition, and temperature.
Plume theories focus on a more-or-less iso-
thermal homogeneous mantle. The tomog-
raphy exposes pronounced intrinsic lateral
variations.

REFERENCES AND NOTES

1. 1. Nakanishi and D. L. Anderson, Bull. Seismol.
Soc. Am. 72, 1185 (1982); A. M. Dziewonski, J.
Geophys. Res. 89, 5929 (1984); and J. H.
Woodhouse, Science 236, 37 (1987).

2. H.-C. Nataf, |. Nakanishi, D. L. Anderson, Geo-
phys. Res. Lett. 11, 109 (1984).

3. T. Tanimoto, Geophys. J. Int. 100, 327 (1990).

4. Y.-S. Zhang and T. Tanimoto, Phys. Earth Planet.
Inter. 66, 160 (1991); Nature 355, 45 (1992);
Y.-S. Zhang, thesis, California Institute of Tech-
nology (1991). The figures in the present paper
represent the shear velocities derived in the
above studies from surface wave tomography.
The maps are derived from about 10,000 mea-
surements of surface wave velocities at various
periods. These data are inverted for estimates of
elastic wave velocities in 5° by 5° cells as a
function of depth. Details are in the above refer-

SCIENCE ¢ VOL. 256 ¢ 19 JUNE 1992

© o~

10.

12.

13.

14.

16.

19.

20.

21,
. C. Moriceau, U. Christensen, L. Fleitout, ibid. 103,

23.

ences. The words “slow" or "low-velocity” and
“fast” or "high-velocity" in this paper refer to the
velocities of seismic waves. Sometimes “hot” or
“cold” are used instead of “slow” or “fast.”
Other factors (for example, composition, phase
changes, melting, and anisotropy) also affect the
velocity, but generally the fast regions are cold
and the slow regions are hot.

. B. H. Hager, R. W. Clayton, M. A. Richards, R. P.

Comer, A. M. Dziewonski, Nature 313, 541
(1985); B. H. Hager and R. W. Clayton, in Mantle
Convection, W. R. Peltier, Ed. (Gordon and
Breach, New York, 1989), pp. 657-765; T. Tan-
imoto and D. L. Anderson, Geophys. Res. Lett.
11, 287 (1984).

. D. Forsyth and S. Uyeda, Geophys. J. R. Astron.

Soc. 43, 163 (1975).

. G. F. Davies, J. Geophys. Res. 93, 10467 (1988).
. N. H. Sleep, ibid. 95, 6715 (1990).
. Pale blue and yellow are close to average values.

The velocity scale varies from 5% at 38.3 km to
+1% at 410 km, shown by the color bar below
each image.

T. H. Jordan, Geophys. Space Phys. 13, 1 (1975);
Nature 257, 745 (1975).

. D. L. Anderson, in Magmatic Processes: Physio-

chemical Principles (Geochemical Society, Uni-
versity Park, PA, 1987), pp. 3-12; and J.
D. Bass, Geophys. Res. Lett. 11, 637 (1984).

D. L. Anderson, Nature 297, 391 (1982); C. Scriv-
ner and D. L. Anderson, Geophys. Res. Lett. 19,
1053 (1992).

D. L. Anderson, Theory of the Earth (Blackwell,
Boston, 1989).

J. M. O'Connor and R. A. Duncan, J. Geophys.
Res. 95, 17475 (1990).

. E. M. Klein, C. H. Langmuir, A. Zindler, H. Stau-

digel, B. Hamelin, Nature 333, 623 (1988).

R. S. White, in Oceanic and Continental Litho-
sphere: Similarities and Differences, J. Petrol.,
special volume 1988, 1 (1988). The lithosphere is
generally assumed to be the cold, strong outer
shell of Earth but White and McKenzie (17) use
this term for the thermal boundary layer (or con-
ductive layer), which is about twice the thickness
of the strong layer. They adopt “the depth to the
horizontal isotherm" as the lithospheric thickness.
The lower part of their “lithosphere™ is not strong
and it periodically delaminates to join the “con-
vecting mantle.”

. R. White and D. McKenzie, J. Geophys. Res. 94,

7685 (1989).

. W. J. Morgan, Nature 230, 42 (1971). Although

there is no observational or theoretical requirement
for plumes to originate at the core-mantle bound-
ary (CMB), itis commonly assumed that they do. In
a homogeneous mantle, with no phase changes,
heated primarily from below, with constant proper-
ties and uniform boundary conditions and no
plates, plumes may originate from a thermal
boundary layer near the CMB for certain Rayleigh
numbers. Plumes may also originate from a base-
heated system under other circumstances, but the
above complications have not been treated fully.

R. W. Griffiths and I. H. Campbell, Earth Planet.
Sci. Lett. 99, 66 (1990); R. I. Hill, ibid. 104, 398
(1991); R. W. Giriffiths, ibid. 78, 435 (1986); I. H.
Campbell and R. W. Griffiths, ibid. 99, 79 (1990).
This is called the “starting plume” hypothesis and
can be contrasted with steady-state plume hy-
potheses (17, 18).

I. H. Campbell, R. W. Giriffiths, R. . Hill, Nature
339, 697 (1989); M. A. Richards, R. A. Duncan, V.
E. Courtillot, Science 246, 103 (1989).

G. F. Davies, Earth Planet. Sci. Lett. 99, 94 (1990).

395 (1991). That portion of the plume below 250
km has little effect on surface-observed parame-
ters. This makes it difficult to infer plume depths
from topography or gravity.

S. P. Phipps, Nature 334, 27 (1988); J. J. Veevers,
Phanerozoic Earth History of Australia (Claren-
don, Oxford, 1984); E. Okal and R. Batiza, in
Seamounts, Islands, and Atolls, B. H. Keating, P.
Fryer, R. Batiza, G. W. Boehlert, Eds. (American
Geophysical Union, Washington, DC, 1987), p.



24,

25.
26.

27.
28.
29.
30.
31.
. T. Tanimoto, J. Phys. Earth 38, 493 (1990).
33.

34.

35.

36.
37.

38.

39.

40.
41.

42

43.

44,

45.

405; J. W. Morgan, Tectonophysics 94, 123
(1983); J. B. Meyers and B. R. Rosendahl, Geol-
ogy 19, 1072 (1991).

M. Maia and M. Diament, Tectonophysics 190,
133 (1991); N. Baudry and L. Kroenke, Earth
Planet. Sci. Lett. 102, 430 (1991).

D. S. Peate, C. J. Hawkesworth, M. Mantovani, W.
Shokowsky, Geology 18, 1223 (1990).

A basalt is "depleted” if it has had large-ion
lithophile elements (LILs) removed, possibly by a
prior stage of melt removal from its source, and if
it has low isotopic ratios such as 87Sr/86Sr.
MORBs are depleted. Hotspot magmas are gen-
erally less depleted than MORBs. “Enriched” ba-
salts have high concentrations of LILs, high 87Sr/
865r ratios, and so forth. Plumes are thought to
come from enriched mantle or to interact, at some
level, with enriched mantle. In terms of trace
elements and isotopes, MORBs represent an ex-
treme of a continuum that encompasses so-called
“less depleted” or “enriched” basalts that contain
higher abundances of the LILs and decay prod-
ucts of radiogenic isotopes (high 87Sr/86Sr ratios).
CFBs, ocean-island basalts, and basalts from
island arcs and oceanic plateaus are enriched,
relative to MORBs. Enriched material is found at
new ridges and rifts, fracture zones, rapidly mi-
grating ridges, island arcs, and backarc basins.
The most depleted MORBs are found at rapidly
spreading, mature ridges. This suggests that the
shallowest mantle is not the MORB source. Rap-
idly spreading, or mature and slowly migrating,
ridges can “suck up" deeper mantle.

W. J. Morgan, in The Sea, C. Emiliani, Ed. (Wiley,
New York, 1981), pp. 443-487.

P. Molnar and J. Stock, Nature 327, 587 (1987).
J. T. Wilson, J. Geophys. Res. 95, 6611 (1990).
G. A. Houseman, Earth Planet. Sci. Lett. 64, 283
(1983).

P. R. Vogt, Geology 19, 41 (1991).

V. G. Kazmin, Tectonophysics 196, 371 (1991),
ibid. 143, 85 (1987).

D. L. Anderson, in Glacial Isostacy, Sea-Level and
Mantle Rheology, R. Sabadini and K. Lambeck,
Eds. (Kluwer Academic, Dordrecht, 1991), p. 379;
in Continental Mantle, M. A. Menzies, Ed. (Oxford
Univ. Press, Oxford, 1990), pp. 1-30.

K. C. Burke and J. T. Wilson, Sci. Am. 235, 46
(August 1976); P. R. Vogt, J. Geophys. Res. 86,
950 (1981).

S. T. Crough, Geophys. J. R. Astron. Soc. 55, 441
(1978).

P. Cantarel and H. J. Lippolt, N. Jahrb. Geol.
Palaeontol. Monatsh. 1977, 600 (1977).

H.-C. Nataf, |. Nakanishi, D. L. Anderson, J.
Geophys. Res. 91, 7261 (1986); J. Woodhouse
and A. M. Dziewonski, ibid. 89, 5953 (1984); A. M.
Dziewonski and D. L. Anderson, Am. Sci. 72, 483
(1984). Using surface-wave tomography, a 100-
km-thick flat-lying slab should be resolvable. A
vertical slab would probably not be evident. Body
wave techniques also support a flat slab interpre-
tation in many subduction zones (39).

H.-w. Zhou and D. L. Anderson, Proc. Natl. Acad.
Sci. U.S.A. 86, 8602 (1989). See also figures 5
and 6.

M. A. Richards, J. Charles, W. Wicks, Geophys. J.
Int. 101, 1 (1990).

D. L. Anderson, Earth Planet. Sci. Lett. 57, 1
(1982).

, ibid., p. 13; M. Gurnis, Nature 332, 695
(1988); H. Schmeling and G. Marquart, Tectono-
physics 189, 281 (1991).

D. L. Anderson, Geophys. Res. Lett. 6, 433
(1979); J. Geophys. Res. 84, 6297 (1979); Sci-
ence 213, 82 (1981); and J. D. Bass,
Nature 320, 321 (1986).

G. Vink, W. J. Morgan, P. R. Vogt, Sci. Am. 252, 50
(April 1985).

We thank P. Molnar and W. Hamilton for useful
reviews. This work was supported by the Nation-
al Science Foundation. Contribution 5080, Divi-
sion of Geological and Planetary Sciences, Cal-
ifornia Institute of Technology, Pasadena, CA
91125.

ARTICLES

The Tropical Timber Trade and
Sustainable Development

Jeffrey R. Vincent

The tropical timber trade appears to have promoted neither sustained forest management
nor sustained forest-based industrialization. The boom-and-bust export pattern is often
blamed on demand by developed countries, high import barriers, and low international
wood prices. In fact, it is rooted in tropical countries’ own policies related to timber
concessions and wood-processing industries. These policies suppress timber scarcity
signals and must be revised if the trade is to promote sustained economic growth. Even
if this is done, the trade may not promote sustained-yield forestry in individual countries.

The history of the tropical timber trade is
discouraging both to foresters and environ-
mentalists interested in sustained manage-
ment of tropical forests and to policy-mak-
ers interested in sustained industrialization
in the forest sector. Since the end of World
War II, one tropical country after another
has followed a boom-and-bust export pat-
tern (1-3): High initial export earnings are
followed by depletion of old-growth forests,
a lack of management of second-growth
forests (4), and a collapse of domestic pro-
cessing industries. Logging and processing
industries enjoy profits during the boom,
but the economic activity is not sustained.

This pattern emerged in West Africa in
the 1950s and 1960s. It became even more
apparent in the 1970s and 1980s as the
trade shifted toward Southeast Asia and
expanded in volume. In Southeast Asia
today, several countries have already gone
bust (for example, Thailand and the Phil-
ippines), others will shortly (for example,
the state of Sabah in Malaysia), and in most
remaining countries the boom is either
cresting or waning (I, 5).

Is the boom-and-bust pattern inevitable?
If so, is the tropical timber trade inherently
incompatible with sustainable develop-
ment? International timber prices reflect
the commercial value of tropical wood—
not the diverse values of tropical forests as
sources of biological diversity, clean water,
and nontimber forest produce. Neverthe-
less, can the trade indirectly protect these
nonmarket values by generating incentives
to maintain permanent forest areas?

This article provides an economic per-
spective on these issues (6). Although the
timber trade provides opportunities for a
tropical country to enhance its overall eco-
nomic performance, the trade does not
necessarily create incentives for sustained
forest management or for sustained indus-
trialization within the forest sector. Policies
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in tropical countries have generally reduced
the economic benefits that those countries
can reap from the trade and have reduced
the likelihood that-the trade can promote
sustainable development of the forest sector.

Misconceptions About the Trade

The inability of tropical timber-exporting
countries to break out of the boom-and-bust
pattern is often attributed to three factors:
developed countries’ exploitation of tropi-
cal countries’ timber resources (7, 8), high
import barriers by developed countries
against processed tropical timber products
(9), and low prices for tropical timber in
international markets (7, 8). Consumption
in developed countries allegedly drives the
boom. Import barriers allegedly inhibit the
development of processing industries in
tropical countries, reducing those countries’
export earnings and the value of their for-
ests as a source of raw materials. Low prices
allegedly reflect market manipulation by
developed countries and reduce the finan-
cial viability of forest management.

None of these three factors holds up well
when trade statistics are examined (Table
1). In 1989, developing countries (exclud-
ing China), which are mainly tropical,
exported 11% of their harvest of industrial
roundwood. They exported 23% of their
output of solid-wood processed products,
and smaller percentages of their output of
fiber products. Taken together, these figures
indicate that only about a third of the
industrial roundwood harvested in develop-
ing countries entered international trade in
any form. Moreover, many of the exports
were to other developing countries (10).

In 1989, developing countries (exclud-
ing China) imported only a slightly smaller
value of wood products than they exported,
$11.5 billion versus $12.7 billion (10).
There is a significant international flow of
tropical solid-wood products, which are
mainly hardwood (nonconiferous), from
developing to developed countries, but
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