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EARTH IS AN ENGINE FUELED BY ITS OWN

heat. Now, after sharpening their view of the 

planet’s rocky inner workings for almost a 

century, scientists are fi nally glimpsing how 

the Earth engine as a whole is working.

Since the plate tectonics revolution, 

researchers have recognized surface geology 

for what it is: a cold, rocky scum of continent-

carrying, ocean-crust-covered tectonic plates. 

And the coldest, densest pieces of those ocean 

plates were clearly plunging into the barely 

yielding rocky interior, or mantle, toward 

the even hotter, molten core.

But the nature of what-

ever might be carrying 

heat and material back 

toward the surface 

has been hotly 

debated for 40 

years. Could tow-

ering plumes of 

h o t t e r - t h a n -

normal rock be 

rising like lava lamp 

blobs from near the 

core? That could explain 

a range of geologic oddi-

ties, including the construction of 

monstrous piles of lava like  Hawaii and 

mass extinctions seemingly linked to massive 

volcanic eruptions. Decades of study—imag-

ing the mantle with seismic waves, divining 

the nature of the depths through geochemis-

try, and modeling the workings of the mantle 

the way meteorologists forecast the weather—

now appear to be paying off.

“I’m fi nally off the fence,” says seismolo-

gist Eugene Humphreys of the University of 

Oregon in Eugene. Humphreys thinks he can 

“see,” through seismic eyes, a plume that’s 

been delivering the heat that drives eruptions 

around Wyoming’s Yellowstone National 

Park. It is the fi rst such feature—fed from 

the deepest reaches of the mantle—that looks 

like it will receive wide acceptance.

Along with recent work connecting 

plate tectonics to the deep interior, the rec-

ognition of such plumes is fi nally forging 

a strong link that spans the mantle from 

bottom to top. Plumes of all sizes seem to 

rise from two huge piles of who-knows-what 

sitting 2900 kilometers down at the bottom 

of Earth’s mantle embedded in a mystery 

layer hundreds of kilometers thick. The out-

line of an operating manual is coming into 

view, but some pieces of the Earth engine 

are yet to be labeled.

Through a glass, darkly

Earth’s interior didn’t always seem so messy, 

or so interesting. By the middle of the last 

century, seismologists had divided the plan-

et’s 2900-kilometer-thick mantle into a half 

dozen layers on the basis of how seismic 

waves passed through the rock. Each layer, 

as far as could be told, 

kept to itself. But then in 

the 1960s, plate tecton-

ics came along. Central 

to the revelation of drift-

ing continents was 

the realization that 

the planet’s upper-

most layer—the 

hundred kilome-

ters or so of cold, 

rigid, crust-topped 

mantle constituting 

plates—was diving 

into deep-sea trenches 

and thus into the next layer 

down, the upper mantle.

Seismologists’ next impenetrable 

boundary took longer to puncture. With more 

and better seismic records, researchers could 

trace descending plates, called slabs, much 

deeper using a technique called tomogra-

phy. Because seismic waves speed up in cold 

rock, scientists can use them to form tomo-

graphic images of the descending slabs, much 

as they use x-rays in CT scans of the body. 

By the 1990s, seismologists could see some 

slabs struggling to pierce the supposed bar-

rier between the upper mantle and the lower 
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The Deep Earth 
Machine Is Coming 

Together
Researchers studying how Earth’s deep interior works 

are recognizing a new part connecting the depths to the surface, 

though the depths remain mysterious

Birds of a feather. Rising plumes likely connect 
huge volcanic eruptions (LIPs), diamond-pipe erup-
tions (kimberlites), and hot spots to two piles (pink, 
LLSVPs) on the bottom of the mantle.
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mantle 660 kilometers down—and then, once 

through, heading for the bottom (Science, 

31 January 1997, p. 613).

But what about plumes? Deep think-

ers of the 1970s had invoked them as a way 

of explaining the Hawaiian volcanoes and 

a host of other volcanic hot spots from Ice-

land to Soma. Were seismologists of the 2000s 

catching plumes in their tomographic images 

of the mantle? “I would say no,” Humphreys 

says. A few seismologists would disagree, 

arguing that by dint of extra observations or 

special tomographic techniques they could 

image plumes stretching from the core-mantle 

boundary up to dozens of hot spots (Science, 

22 September 2006, p. 1726).

Seismologist Jeroen Ritsema of the Uni-

versity of Michigan, Ann Arbor, sides with 

the doubters. That’s because he and col-

leagues have quantitatively considered just 

how hard it is to image plumes. “I hate to 

say this about my own work,” he says, “but 

tomography is not simple. You get very eas-

ily fooled.” Yong Keun Hwang of Michigan, 

Ritsema, and colleagues reported in Geo-

physical Journal International in August 

2011 how a long list of factors works against 

seeing plumes: their expected narrowness; 

their relative warmth, which disperses seis-

mic waves; the confounding effect of wave-

bending variations in rock of the uppermost 

mantle; and on and on.

Things looking up anyway
Plumes have long eluded seismologists, but 

after 40 years, solid-Earth scientists are com-

ing to agree that they exist. “My take is not 

driven by observations but by fundamen-

tal theory,” says planetary physicist David 

Stevenson of the California Institute of Tech-

nology (Caltech) in Pasadena. “There’s heat 

coming from the bottom [of the mantle]; the 

natural way to take care of that is to have mate-

rial peel away as plumes. I do believe this the-

oretical argument is quite a strong one.” 

Mantle geochemists have their own line 

of argument supporting plumes. They have 

measured the trace elements, noble gases, 

and isotopes of rock brought to the surface 

in eruptions at hot spot volcanoes that have 

become ocean islands. They fi nd that what 

goes down into the mantle—the ocean crust 

on slabs and sediments, mostly—can come 

back up eons later in the magma that builds 

ocean islands. And then there are the hot 

spot ocean islands that pop up one after the 

other in a line as an ocean plate passes over, 

like a smokestack blowing smoke into the 

passing breeze. “None of that is easy to do 

unless you accept plumes,” says geochem-

ist Stanley Hart, a scientist emeritus from 

Woods Hole Oceanographic Institution in 

Massachusetts. “I’m getting pretty close” to 

seeing plumes as unavoidable, he says.

In the past decade, even some geoscien-

tists concerned mostly with the jostling of 

plate tectonics on the surface have embraced 

deep plumes. In a 2010 Nature paper, paleo-

magnetician Trond Torsvik and tectonophysi-

cists Bernhard Steinberger of the University 

of Oslo and Kevin Burke of the Univer-

sity of Houston and colleagues summarized 

10 years of work connecting some of Earth’s 

surface scum to those two piles of geocrud 

at the bottom of the mantle, one pile lying 

beneath Africa and the other under the South 

Pacifi c. Paleomagneticians measure the faint 

magnetic fi eld locked into rocks when they 

form at the surface. They can then infer where 

a rock formed before plate motions carried it 

away to its present location.

In effect, Torsvik and his colleagues 

ran the plate tectonics part of the Earth 

machine backward (mathematically) for 

more than 200 million years. They wanted 

to see where, in relation to the interior, geo-

logic features possibly related to plumes 

originally formed. Geochemistry and chain 

formation hint that 11 currently active hot 

spots may be deeply rooted in the mantle. 

Torsvik and his colleagues found that 10 of 

the 11 formed over or around the edge of 

a pile. Twenty-three of 25 so-called Large 

Igneous Provinces (LIPs)—huge piles of 

a few million cubic kilometers of lava like 

the Siberian Traps—erupted over the edges 

of piles. And 80% of kimberlite “pipes” 

through which diamond-bearing minerals 

were blasted to the surface from 100 kilo-

meters down also erupted over a pile.

“That’s a very strong geographical 

association,” says geochemist Albrecht 

Hofmann, who is a geochemist emeri-

tus at the Max Planck Institute for 

Chemistry in Mainz, Ger-

many. “The associa-

tion with the edges 

of  two huge 

blobs strongly 

says there’s a 

causal connec-

tion.” The geo-

dynamicists who 

run computer 

models simulat-

ing Earth’s inner churnings approve of that 

idea. “We can get plumes off the edges” 

of the piles, says geodynamicist Michael 

Gurnis of Caltech. “That seems reasonable.”

These three lines of evidence—geo-

dynamical, geochemical, and geological—

have moved the community toward the reality 

of plumes, seismological smoking gun or no. 

“There’s a comfort level with there being 

some material [at the surface] from the very 

deep Earth,” says Thorne Lay, a seismologist 

at the University of California (UC), Santa 

Cruz. And deep plumes are the only way any-

one can imagine that happening.

There have been dissenters, of course. 

A small cadre of researchers has advo-

cated, often energetically, nonplume expla-

nations for supposed plume phenomena 

(see www.mantleplumes.org). But “the 

All churned up. In this 
computer simulation, cold 
slabs (yellow cored with 
light blue) of tectonic plate 
(dark blue when covering globe) 
descend into the mantle while hot 
plumes (red) rise from near the hot core.
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plume deniers are fading,” says retired geo-

chemist Hart. “The major forces are getting 

older, and none of the young guys are pick-

ing it up.” Plume critics aren’t writing peer-

reviewed papers, he says, so “I don’t argue 

with them anymore; it’s a distraction.”

One relatively new and still emerg-

ing piece of evidence supporting plumes—

published on 15 May 2012 in Earth and 

Planetary Science Letters—comes from seis-

mologists, as a group the most cautious about 

accepting them. Brandon Schmandt of the 

University of New Mexico and his colleagues, 

including Humphreys, drew on observations 

from a unique source, the Transportable Array 

(Science, 25 September 2009, p. 1620)—an 

800-kilometer-wide array of 400 seismom-

eters stretched between the Canadian and 

Mexican borders—supplemented by other 

seismometers near Yellowstone. The com-

bined observations provided the sharpest and 

deepest view by far of what lies beneath the 

Yellowstone hot spot.

In no uncertain terms, Schmandt and 

colleagues’ paper announced a hot mantle 

upwelling beneath Yellowstone. Their tomo-

graphic imaging used two different kinds of 

seismic waves to show extra-hot mantle rock 

extending down through the 660-kilometer-

deep boundary between the upper and lower 

mantle to a depth of 900 kilometers, below 

which even their dense data set would not 

show a plume even if it were there. And 

using another seismic technique to 

gauge the depth to the upper-

lower mantle boundary, the 

group found the boundary—

a temperature-sensitive 

change of mineral crys-

tal structure or phase 

change—to be raised 

by 12 to 18 kilometers 

from its normal level 

across the same area 

that tomography shows 

to be extra hot.

Taken together, the 

results require a hot 

plume rising beneath 

Yellowstone, Humphreys 

says. And thermodynam-

ics requires an origin near 

the core. “It’s all coming from 

a source associated with cool-

ing of the core,” he says, adding, 

“it’s kind of sad that what it took was 

more measurements and not more clev-

erness, but that’s the case.”

Seismologist Barbara Romanowicz of 

UC Berkeley is impressed. She had never 

been convinced that any plume, includ-

ing the iconic Hawaiian plume (Science, 

4 December 2009, p. 1330), had been shown 

to rise from the deep mantle. In a 19 Febru-

ary interview with Science, she said she was, 

as Humphreys had been, still “sitting on the 

fence.” But after hearing Schmandt pres-

ent the Yellowstone work at a seminar later 

that week, she came down off the fence. She 

found the two types of seismic data “quite 

convincing” that at least one deep plume 

rises into the upper mantle.

About that crud on the bottom

If slabs are falling through the full depth of 

the mantle and plumes are rising from the 

bottom, then what, exactly, is going on down 

there at the deep end of the Earth engine? 

Seismologists have identif ied several 

different-looking sorts of geocrud sitting on 

the bottom. There are the two piles (techni-

cally called Large Low-Shear Velocity Prov-

inces or LLSVPs, but who can pronounce 

that?). Seismology sizes up the piles as thou-

sands of kilometers across and perhaps a few 

hundred kilometers high, made of somewhat 

different stuff from their surroundings.

Far smaller Ultra-Low Velocity Zones 

(ULVZs) tend to crowd around the piles 

but rise only 10 or 20 kilometers above 

the core-mantle boundary. And then there’s 

the core-enveloping D″ (pronounced 

“D double prime”) layer topping out a few 

hundred kilometers above the core. 

Just what these seismic features might 

be hasn’t gotten much clearer since their 

discovery up to half a century ago. Mineral 

physicists squeezing and heating rock in 

the laboratory have lately found that iron-

rich minerals—presumably enriched by 

iron from the core—might explain ULVZs, 

although some still favor partial melting of 

the rock. The mineral physicists also found 

a phase change that may explain the seismic 

upper boundary of D″, but what lies below it 

remains mysterious. And the composition of 

the piles is still anyone’s guess. 

Stuck for the moment, researchers can 

turn to geodynamics. In the past few years, 

mantle modelers—including Paul Tackley 

of ETH Zurich in Switzerland; Shijie Zhong 

of the University of Colorado, Boulder; 

Allen McNamara of Arizona State Univer-

sity, Tempe; and Caltech’s Gurnis—have run 

simulations to see what would be the fate of 

anything dense enough to settle to the bottom 

of the mantle. In models of the mantle, slabs 

that are now descending in a ragged cur-

tain from pole to pole provide the dominant 

driving force. Slabs churn the mantle from 

top to bottom, shearing any hapless slabs, 

sediments, or other tectonic detritus caught 

in midmantle into a 2900-kilometer-thick 

marble cake of rock.

In the models, the curtain of descending 

slabs tends to herd those slabs dense enough 

to reach the bottom intact and anything else 

already there into two antipodal structures 

near the equator. These structures bear a 

strong resemblance in shape and location to 

the current piles.

But what besides old slabs (it takes 

100 million years or so to make the trip) 

might be down there? The leading candidate 

comes from the geochemists, who see it as a 

storage locker for rock left from the fi rst 1% 

of the planet’s history. They fi nd the barest of 

hints of such primitive stuff in the isotopes 

of noble gases from ocean islands and in the 

isotopes  of the lanthanide element neodym-

ium from ancient continental rocks (Science, 

6 October 2006, p. 36).

Prospects for consensus on the bottom-

most mantle are guarded. Seismologists will 

be markedly sharpening their tomographic 

imaging in the next 5 years, Romanowicz 

says, but sniffi ng out composition will remain 

a challenge. Mineral physicists are already 

pushing the envelope in the lab, although cal-

culations of mineral properties from fi rst prin-

ciples may one day surpass lab work. And 

geochemists would like to fi nd some more 

elements carrying clues to the nature of the 

deep mantle. –RICHARD A. KERR

Mantle shepherding. In this computer simulation, 
cold descending slabs (blues) have herded dense 
mantle-bottom detritus into a pile or LLSVP (brown) 
from which hot plumes are rising.
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