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Deep-Sinking Slabs Stir the Mantle 
New images of Earth's interior may end a long-running debate by showing that cast-off slabs of surface 

rock sink to the very outskirts of the core, mixing the mantle from top to bottom 

SAN FRANCISCO-Over the eons. ~ieces 
of Earth's ocean floor have vanist;eh like 
the lost island of Atlantis. slowlv sinking 
below the surface in the statelicycle opf 
plate tectonics. But where do these great 
slabs of oceanic plate go, and what happens 

z to them inside Earth? Geophysicists have 
long pondered the issue, for it bears on the 

'inner workings of the planet and on a great 
gdebate about the mantle, the inacces- 
2 sible realm below the crust. Some 
3 have suggested that the mantle 
:is divided neatly into two lay- 

ers. with the slabs confined 
to ;he shallow top layer. But 
many seismologists, paint- A 
ing increasingly detailed 
mantle images with deep- 
probing seismic waves, - - 

TWO layers or one? ing your head into a three-dimensional im- 
Since the 1960s, geophysicists have known age of your brain. 
that Earth's internal fires-stoked bv heat The earlv mantle scans were mettv blurrv. 
leaking from the core and by radioactive de- but some b h o m a s  ~ordan of t6e ~ & a &  
cay in mantle rock-drive slow convection in setts Institute of Technology (MIT) and Ken- 
the mantle, as a stove burner roils a pot of nethcreager ofthe University of Washington 

zeroed in on small regions and seemed to re- 

d veal wld slabs of oceanic plate diving through 
the upper mantle-and through the puta- 

tive barrier at 660 kilometers (Science, 7 
February 1986, p. 548). But later im- 

aging showed that the barrier does 
in places deflect descending slabs 

, away from the deep mantle. 

The Mg picture. In a seismii im- 7 

age covering Earth from surface 
(top curve) to core, seismologists 

have argued with grow- can see a presumed slab (Mue, 
ing confidence that the 1.1 showing fast seismic waves) sink- 
slabs dive to the very a 9 " " 8 , 0 8 ~  ing beneath the Caribbean Sea 

bottom of the 2900- 8 into the mantle (yellow) and fa!- 

kilometer-deep mantle, 
' ' ' ' ing into other slabs near the me.  

stirring it fro& top to bottom. 
Now, in the view of many seismologists, 

two detailed seismic images of Earth's inte- 
rior clearly show that the burial ground of 
these "lost slabs" is indeed deep within the 
bowels of the Earth. The discovery suggests 
that the lower mantle is an integral part of 
the engine of plate tectonics, which recycles 
old, cold slabs and sends hot rock back to- 
ward the surface. 

The new studies, done by independent 
teams using different kinds of data, have so 
impressed geophysicists that the great mantle 
debate may be over. "There's no doubt-you 
see the slabs clearly penetrating all the way 
from the surface to the core-mantle bound- 
ary," says seismologist Michael Wysession 
of Washington University in St. Louis. "In 
my opinion, this is the final argument. I'm 
convinced it's some form of whole-mantle 
circulation." Although some seismologists 
are less adamant than Wysession, most agree 
that whole-mantle mixing is the most rea- 
sonable interpretation of the new images, 
presented here at the December meeting of 
the American Geophysical Union (AGU). 
"There's now enough evidence to see that, 
indeed, in some areas, the slabs do penetrate 
into the lower mantle," says seismologist Bar- 
bara Romanowicz of the University of Cali- 
fornia (UC), Berkeley. "It's hard to see what 
else it could be." 

water. This heat-driven engine reshapes 
Earth's surface, as tectonic plates move across 
the surface and then plunge into the interim 
at so-called subduction zones. But the nature 
of this convection has long been debated. 
Laboratory experiments on rocks thought to 
match the composition of the mantle, plus 
seismic and other data, suggestedthat, below a 
depth of 660 kilometers, the mantle becomes 
denser and more viscous, like molasses layered 
beneath water. So, some researchers suggested 
that each layer chums separately, with no 
mixing between them. 

Some seismologists were slowly putting 
together a different picture, however. By the 
early 1980s, they were seeing a glimmer of 
recognizable slabs in their images of the 
mantle, assembled from data on the speeds 
of seismic waves traveling from earthquakes 
to receivers along many different paths 
through Earth (Science, 17 August 1984, 
p. 702). A wave's speed depends on the rock's 
temrature-the hotter the rock. the slower 
the speed-and composition; as a result, 
cold, dense slabs speed up the waves passing 
through them. To form an image of dabs in 
the mantle, seismologists need the seismic 
velocity at each spot along a wave's path 
and so must mathematically combine tens of 
thousands of paths. A favorite technique is 
akin to the computerized axial tomography, 
or CAT, scan that can tum x-rays crisscross- 

Arguments and counter- 
arguments flew as each side 
continued to amass new evi- 
dence. In recent vears, for 
example, regi& seismic L imaging around the Pa- - cific Ocean at places such 
as the Sea of Okhotsk, 

the Marianas Islands, and central Java "can 
most easily be interpreted as slabs going 
through a& penetrating to depths of aileaG 
100 kilometers," says Thome Lay of UC 
Santa Cm. But iust as the barrier to the lower 
mantle seemed ;o be smashed, mineral physi- 
cists investigating the properties of presumed 
mantle minerals in the lab began suggesting 
that the barrier itself is a wide zone, rather than 
a wall, that stretches down to 1000 kilometers. 

With the presentation of the new global 
imaging studies at the AGU meeting, that 
debate has now swung heavily in favor of 
deep slab penetration and whole-mantle 
mixing. The two groups, led by Stephen 
Grand of the University of Texas, Austin, 
and by Rob van der Hilst of MIT, presented 
the clearest im* yet of the entire mantle. 
Improvements included several kinds of cor- 
rections to the seismic wave paths reported 
by the International Seismological Center, 
such as precisely relocating source earth- 
quakes, and the use of shorter wavelength 
waves that can create sharper pictures. The 
images show slabs extending at least 1 0 0  
kilometers below the 660-kilometer barrier 
at manv ~1ace.s around the Pacific where 
slabs a& iubducting into the mantle today. 
"There is no evidence for a barrier to mantle 
flow at 1000 kilometers," says van der Hilst. 

The slab graveyard 
In regions of past subduction, where thou- 
sands of kilometers of ocean crust vanished 
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"continents" may Eall from above, fiery "bogs 
stew above the molten iron core, and 

, whole chunks of landscape can loft 
- upward like so many hot-air bal- 

loons. Strange as it seems, this 
topsy-turvy world is just what this link between partially 
you would expect to find at molten deepest mantle, hot 

areas a few hundred kilo- 
meters above, and surface 
hot spots suggests that 

tom of the mantle (see main text). plumes of hot rock rise to 
Seismologists owe their new window "? the surface from the deep- 

on this realm to seismic waves that pass through 7 and downs. Se~s- 

the lowermost 20 kilometers of the mantle on their 
way from earthquakes to distant receivers. Last spring, 
seismologists Edward Gamero of the University of California 
(UC), Santa Cruz, and Donald Helmberger of the California 

long ago into the planet's interior, the slabs 
have plunged even farther into the lower 
mantle. Both studies, for example, reveal great 
slablike features 500 kilometers wide and 
many thousands of kilometers long hanging 
in the lower mantle below the now-vanished 
Tethys Ocean from the central Mediterra- 
nean to Indonesia and under the western 
Americas from Siberia to South America. 
And in two other places where the images are 
particularly sharp due to numerous seismic ray 
paths-beneath the Caribbean and Central 
Japan-both studies show slablike features 
that extend from the top to the bottom of the 
mantle, just above the molten iron core. "It 
really looks like slabs slide down to [the 
mantle bottom]," says Grand. 

When they get there, he says, they ap- 
pear to spread out. On the basis of earlier, 
fuzzier images, some researchers had sug- 
gested that the last 300 kilometers of mantle 
above the core, dubbed the D" layer, is a 
graveyard of old slabs that have come to rest 
on the bottom. Data from core-skimming 
seismic waves, compiled last year by Wash- 
ington University's Wysession, supported 
that view. And now the broad pattern of 
fast and slow seismic velocities in the D 
layer of both new images confirms the pat- 
tern, says Grand. As glimpsed before, the 
seismically fast zones of possible sunken slabs 
appear beneath zones of subduction over 
the past 150 million years, while the seis- 
mically slow, presumably hotter parts of D 

fall beneath the southwest Pacific and Af- 
rica, where no subduction has occurred in 
the past 200 million years. 

These deep-diving slabs imply a simple 
mixing pattern for the mantle, says mantle 
modeler Michael Gurnis of the California 
Institute of Technology (Caltech). Both 
studies suggest that mantle downwelling oc- 
curs alone onlv a few lines where cold slabs 

u 

descend, and hot, buoyant mantle-some- 
thing seismic imaging has trouble rendering 
in any detail-rises between these descend- 
ing arms of mantle circulation (see diagram 
and sidebar). It seems no more complicated 
than the broad pattern of plate tectonics 
seen at the surface. Says Gurnis: "It really 
solves, I think for good, this issue of whole- 
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mantle versus uDDer mantle convection. . . 
There is whole-mantle convection, and [its 
form] seems to be rather simple." 

Don L. Anderson of Caltech, a longtime 
proponent of a layered mantle, admits that the 
images are impressive. "The amazing thing to 
me," he says, "is that their models agree so 
well even though they use completely differ- 
ent data and [analysis] techniques." Van der 
Hilst and colleagues used only P waves- 
pressure waves akin to sound waves in the 
air-that pass directly through the mantle or 
the mantle and the core. Grand, on the other 
hand, used only shear waves-undulations 
that resemble ocean waves and that can fol- 
low many different contorted paths through 
the mantle, such as repeatedly bouncing off 
Earth's surface into deeper rock, then bend- 
ing to the surface again. 

Still, Anderson and other researchers who 
have advocated a layered mantle are holding 
out for more evidence. "I guess I'm not con- 
vinced," says mineral physicist Raymond 
Jeanloz of U C  Berkeley. "To what degree is 
what is inferred from the patterns in the eye 
of the beholder? I appreciate that the guys 
who are doing the hands-on data analysis feel 
the results just leap out at them, that they 
really see evidence for slab penetration . . . 
but how you link up these blobs of high ve- 
locity and whether you infer they represent 
slabs going straight through [the 660-kilome- 
ter barrier] is not quite so obvious to me as it 
is to them." 

Jeanloz and Anderson would both like to 
know more about the chemistry and physics 
of the features behind the seismic images. 
The images could be compared more closely 
with computer models that simulate how past 
subduction should have shaped the mantle, 
Jeanloz suggests. And Anderson would like 
more comparisons of the seismic data with 
experimentally determined mineral proper- 
ties, to  prove that the seismically fast features 
are actually slabs: "Just because you found 
some [fast] regions, it doesn't mean anything 
until you know what that means in terms of 
temperature and chemistry." 

T o  many seismologists, as Gurnis puts it, 
these are "details" that "remain to be worked 
out," not fatal flaws. And before such studies 
are finished, even more persuasive images 
may appear. Grand notes that there are plenty 
of seismic data in hand that can be analvzed 
to sharpen the still-fuzzy spots in the im- 
ages, which reflect gaps in the distribution 
ofearthquakes and seismic stations. Of course, 
many mysteries remain, such as whether slabs 
now imaged only into the midmantle can be 
seen to extend to the bottom and the ulti- 
mate fate of slabs that have come to rest at 
the core-mantle boundary. Slabs may be bur- 
ied deem but that doesn't mean that their 

L ,  

rest is undisturbed. 
-Richard A. Kerr 

AIDS 

Advances Painted in Shades 
Of Gray at a D.C. Conference 
Success often comes at a price. Researchers protease enzyme, which the virus uses to as- 
who gathered here last week for the most semble new copies of itself, is the arsenal's 
influential AIDS meeting in the United mainstay. When combined with older drugs 
States heard one speaker after another like AZT and 3TC that disable the enzyme 
praise the dramatic advances in drug treat- that copies the virus into the host cell, the 
ments that recentlv have ca~ tu r ed  the me- Drotease inhibitors can ~ o u n d  the virus so 
dia spotlight. But ;he 2300Lattendees also Lard that, in many patients, even the most 
heard scores of reports about the less glam- sensitive tests cannot find it in the blood cells. 
orous task of filling out and qualifying last Several studies presented at the meet- 
year's bold claims. "We're not hearing the ing attempted to assess the impact of the 
headline stuff we heard last year. The data new drug regimens on  patients by looking 
at this meeting were much broader and at how frequently they were becoming ill. 
deeper," said the con- As AIDS researchers 
ference's chair, virol- constantly point out 
ogist Douglas Rich- these days, reducing 
man of the University 
of California, San Di- 'We must dutifully avoid ~ ~ a l ~ ~ ~ u ~ ~ $ ~  
ego (UCSD). Orga- unwarranted trium~ha- in a patient's blood 
nizers of the 4th c o n -  lism [as well as] the does not  necessarily 
ference on  Retrovi- mean he or she will 
ruses and Opportu- undue pessimism that suffer fewer AIDS- 
nistic Infections* also prevails in some ardes." related diseases. The 
had to contend with h o ~ e ,  of course, is that 
their own success: The 
gathering has become 
so popular that they 

-David Ho the drugs will help 
HIV-infected people 
to live longer. But at 

had to set strict attendance limits, angering present, most drugs win regulatory approval 
manv AIDS activists and scientists who based ~rimarilv on viral-load data. and few of 
were'locked out. 

David Ho, head of the Aaron Diamond 
AIDS Research Center in New York City, 
set the tone for the meeting in the opening 
session, when he cautioned his colleagues to 
put the recent progress in AIDS treatment in 
its proper perspective. "We must dutifully 
avoid unwarranted triumphalism [as well as] 
the undue pessimism that prevails in some 
circles," he said. "The state of HIV treatment 
is neither black nor white. We  must ~ a i n t  the 
situation in the proper shade of gray." In- 
deed, many fundamental questions about the 
new anti-HIV drugs are still unresolved, in- 
cluding how best to  use them and how to 
assess their limitations. And the treatment 
picture will take on even subtler shading as 
drug companies attempt to bring a flood of 
new drugs to market. 

One aspect of AIDS research in 1997 can 
be rendered in black and white: For the first 
time since the start of the e~idemic. HIV- 

the trials measure clinical outcomes. 
The largest analysis of links between new 

drugs and illness was presented by Yves Mou- 
ton of Dron Hospital in Tourcoing, France. 
Mouton and colleagues looked at 7757 pa- 
tients from 10 AIDS centers in France. In 
the study period, between the fall of 1995 
and 1996, the use of anti-HIV drugs in these 
patients jumped by 49%. A t  the same time, 
AIDS-defining diseases dropped 36%, said 
Mouton. The  number of davs ~ a t i e n t s  were , . 
hospitalized also plummeted by more than 
one-third. Mouton attributed these im~rove- 
ments largely to the drugs. 

Mary Ann Chiasson, assistant commis- 
sioner of the New York City Department of 
Health, reported similarly upbeat statistics. 
In New York City, which accounts for 16% 
of U.S. AIDS cases, AIDS deaths last year 
dropped by 30%. But health officials did not 
attribute the drop to increased use of pro- 
tease inhibitors. Accordine to Chiasson. the 

infected patients and clinicians have at their AIDS death rate began to Fa11 before the'two 
disposal an arsenal of potent, virus-crippling most powerful drugs reached the market last 
drugs. A new class of drugs that inhibit HIV's spring. She suggested that the decline in deaths 

may instead be linked more closely to an  

4th conference on ,qetroviruses and oppor- increase in federal funding in 1994 for AIDS 
tunistic Infections, 22-26 January, Washing- patients, which led to better prevention and 
ton, D.C. treatment of opportunistic infections. 

SCIENCE VOL. 275 31 JANUARY 1997 61 5 




