
Fire and Ice Under the 
Deep-Sea Floor 
Vast undersea deposits ofgas hydrates may play a major role 
in climate change and the future energy economy 

FORTHE DEPARTMENT OF EN- I : States-hold about 1100 cu- 
ergy, they represent a poten- 
tial fuel reserve that may dwarf 
all the fossil fuel deposits on 
land combined. For oil and 
gas companies they're a nui- 
sance and worse, threatening 
pipelines and offshore drilling 
platforms. For ocean sedi- 
mentologists, they may be a 
glue that binds together deep- 
sea sediments or a lubricant 
that permits the sediments to 
slump periodically in huge un- 
derwater landslides-events 
that could have a surprising 
effect on global climate. In- 
deed, there are climatologists 
to whom they may provide a 
missing link in the mecha- 
nisms of  global climate 
change-a factor that might 
have limited the severity of 
past ice ages and today might 
be contributing to green- 
house warming. And finally 
there are even researchers- 
not many, fortunately-who 

bic kilometers of hydrates. To  
$ absorb the scale of this esti- 
m g mate, consider that each vol- 

ume of hydrate locks up 
about 160 volumes of gas. 
This would mean that if the 
number Dillon presented at a 
meeting of the Acoustical So- 
ciety of America in April is 
correct. the ~ermontlsized 
undersea ridge holds about 
350 times the amount of 
natural gas consumed by the 
United States in 1989. Geo- 
chemist Keith Kvenvolden of 
the USGS in Menlo Park, 
California, took an earlier, 
more tentative crack at the 
total gas content of hydrate 
deposits worldwide. His con- 
clusion: They hold the equiva- 
lent of some 10,000 billion 
metric tons of carbon-twice 
the carbon in all the coal, oil, 
and gas reserves on land. 

Such figures are getting the 
attention of all sorts of scien- 

have proposed half seriously tists. For those concerned 
that they may explain why about climate change, the 
ships and planes vanish in the numbers suggest that gas hy- 
Bermuda Triangle. drates might be a major 

The ubiquitous actors that Hot stuff. A lump of source of methane, a green- 
seem to be something to ev- methaneh~drategoesu~ house gas. Over at the De- 
eryone are gas hydrates: curi- in flames. partment of Energy, there are 
ous, ice-like solids made up of scientists dreaming of efficient 
gas molecules-mostly methane-caged in extraction processes, even though methane 
a crystal lattice of water. Until recently, gas from hydrates may not be flowing through 
hydrates were known mostly for the trouble 
they can cause the gas industry. They readily 
form in, and clog, the high-pressure pipe- 
lines used to transport gas unless the gas is 

municipal gas lines any time soon. And 
among geochemists, sedimentologists, and 
marine seismologists, a small community 
has grown up around a rather new resettrch 

first carefully dehydrated. But gas hydrates 
also occur naturally in deep-sea sediments 
and under the Arctic permafrost, and recent 

topic: the nature and role ofnaturally occur- 
ring gas hydrates. 

"Until recently," recalls Charles Paull, a 
research suggests that the amounts are stag- 
gering and the diversity of roles intriguing. 

From seismic studies, oceanographer Wil- 

Vermont off the southeastern United I drates' extent and potential importance, 

geologist at the University of North Caro- 
lina at Chapel Hill, "nobody set out to study 
gas hydrates" in their natural setting. Typi- 

liam Dillon of the U.S. ~ e o l o ~ i c k  Survey 
(USGS) in Woods Hole, Massachusetts, es- 
timates that the sediments of the Blake Outer 
Ridge-a patch of ocean floor the size of 

that's starting to change. 
The change had been slow in coming. 

The pipeline problems were originally dis- 
covered back in the 1930s, and although 
geophysicists suspected that hydrates might 
also form naturally, in undersea layers of 
gas-rich sediments where conditions would 
not be so different from those in high- 
pressure pipelines, they didn't get proof 
until the early 1970s. First, core samples 
extracted from seafloor sediments during 
the Deep Sea Drilling Project (DSDP) came 
up charged with gas-enough, in some 
cases, to blow the sediment out of the core 
barrels. Then, over the next decade, Soviet 
and U.S. drillers began glimpsing the hy- 
drates that were responsible. 

The material looked pretty ordinary, 
something like a grayish ice cube, says geo- 
chemist Kvenvolden, who saw some of those 
first natural samples. But its ordinary ap- 
pearance doesn't last long. It foams at the 
edges, he recalls, "and after 30 minutes you 
have nothing but a puddle." 

The first fizzy crystals of hydrate came 
from the floor of the Black Sea in 1974, and 
over the next few years drillers found nod- 
ules, veins, and even layers of the material 
several feet thick in the ocean floor off 
Mexico, Guatemala, and the southeastern 
United States. About the same time, oil and 
gas wells in the high Arctic started yielding 
hints that the gas-water hybrids lurked there, 
too, under hundreds of meters of permafrost. 

Geologists had good reason to think these 
were not isolated deposits. "Essentially the 
entire ocean bottom provides thermody- 
namic stability for hydrates," says Jerry 
Holder, a chemical engineer at the Univer- 
sity of Pittsburgh. Below a water depth of 
about 500 meters the temperatures are low 
enough and the pressures high enough to 
foster hydrate formation; beyond that, 
Holder continues, all you need is gas. And 
the activity of microbes in the organic-rich 
sediments edging the continents provides 
methane in abundance. 

What's more, there's at least indirect evi- 
dence that the ocean does harbor extensive 
hydrate deposits. Before geologists began 
finding the natural hydrates, they had de- 
tected a puzzling boundary, located several 
hundred meters below the seafloor, that 
vividly reflects seismic waves. Hydrates, they 
soon realized, were a ready explanation. 
Because the sediments seemed to get softer 
at the boundary, the researchers speculated 
that the boundary marks the lower limit of 
the solid hydrate layer. Below the boundary, 
which is called the bottom-simulating re- 
flector (BSR) because it follows the ups and 
downs of the seafloor, the heat from the 
deep earth would prevent hydrates from 
forming, giving rise to a pool of trapped gas. 

cally, he says, people stumbled across thkm 
in the course of other studies; work on 
hydrates in nature was "absolutely unfund- 
able." With the growing recognition of hy- 

SCIENCE, VOL. 252 



hydrates take-whether they tend to occur as 
veins, nodules o r  grains-how concentrated 
they are in the sediment they occupy, and 
how the temperature and chemistry of the 
sediments affect them. 

The unknowns haven't deterred the De- 
partment of  Energy (DOE) from getting 
interested in hydrates as a future energy 
resource. "It's got fantastic potential," says 
Rodney Malone, manager of  DOE'S gas 
hydrate project at the Morgantown Energy 
Technology Center in West Virginia, "but 
we still don't know enough t o  say yea or  
nay." In  addition t o  funding work such as 
Dillon's, D O E  has been looking into pro- 
duction technologies-ways t o  get the hy- 

Even where hydrates have not been sampled 
directly, BSRs are generally taken as a sign 
of their presence-and BSRs can be traced 
under much of  the continental slope and 
rise, the region where the shallow continen- 
tal shelf plunges into the abyss. 

Still, knowing how to identify the bottom 
of the hydrate-ridden sediments is not the 
same as knowing just how rich the ocean- 
floor deposits really are-to say nothing of 
those in the permafrost. "What we're trying 
t o  d o  now is work o n  new techniques t o  get 
a t  the amount of  hydrates," says Dillon, who 
plans t o  continue his studies on  the Blake 
Outer Ridge. By probing the sediments with 
seismic waves and sampling them directly, he 
and his group hope t o  learn what form the 

protected from temperature change by hun- 
dreds of  meters of water o r  a blanket of 
permafrost. "You're not going t o  change 
the temperature of the deep ocean very 
quickly," says Dillon. 

But processes taking place over thousands 
of  years might d o  the trick. Kvenvolden 
points out  that as the ice sheets melted and 
the sea level rose at the end of the last ice age 
about 10,000 years ago, vast areas of Arctic 
permafrost were flooded. Chilly as the Arc- 
tic ocean is, it is warmer, on average, than 
the polar air. Kvenvolden thinks that as a 
result, hydrates in the flooded permafrost 
may have been decomposing slowly for 
thousands of  years, their methane seeping 
out  of the sediments. 

Colorado School of  Mines. 
O f  more immediate concern to  oil com- 

panies is the hydrates' instability. Any major 
change in temperature o r  pressure is capable 
of  breaking down the material, releasing the 
methane gas, Kvenvolden says. And if that 
were t o  happen as a result of  deepwater 
drilling operations, the roughnecks on  the 
platform might find themselves on  shaky 
ground indeed as the firm sediments under 
the supports turned t o  mush. "If you disso- 
ciate the hydrates," says Holder, "you've 
got  nothing but a pile of mud." 

That very instability is a big part of the 
fascination of hydrates for researchers outside 
the energy business, particularly because hy- 
drate breakdown might have a role in climate 

- 

drate deposits t o  release their gas. Heating e 
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And according t o  a scenario devel- 
oped by Chapel Hill's Paull, together 
with Dillon and William Ussler, a fel- 
low geologist at UNC, hydrate decom- 

9 i? position may even have helped to end 
the last ice age. In a paper in the March 
Geophysical Research Letters, the re- 
searchers point out that by the time the 
ice age peaked about 17,000 years ago, 
the growth of the ice sheets had sucked 
so much water from the oceans that 

% global sea level was some 125 meters 
lower than today. The resulting pres- 

,-,, sure drop in the deep sediments, they 
argue, would have lowered the maxi- 

/. mum temperature at which gas hydrates 
could remain stable. The base of the 
stability zone-which is set by the heat 

lowing out  of the deep earth-would have 
isen by about 20 meters, he calculates, un- 

locking a huge volume of gas. 
"Simple calculations suggest it's a big num- 

- -- -+-- ber," Paul1 says-several hundreds of  times 

- A  - - -3 -- -.--rz _ _  _ more methane than the atmosphere currently 
- =- - - - - -&a. - contains. Paul1 acknowledges that much of 

TWO kinds of evidence. A "bottom-simu1ating"seismic reflector at the 1 

layer hundreds of meters bel 1 ' .  .. . n. ... .L?? " 7  ... L" ". ... ".. . 

sample from the the Deep Sea Dril, 

that gas would not have escaped to the 
sphere. But even a fraction of the gas 

atmo- 
might - - -  *p-.-' ' , - - - - ---- - ,, , "-- . * -- - - -  . have been enough to d o  the "ck. 

< --* - ---:*s . -  - And researchers analyzing bubbles of  ice- 
age air trapped in the Antarctic ice 
have found that methane did begin 

sheet 
rising 

the deposits with injections of steam o r  hot 
brine is one possibility-Malone calls it the 
"huff and puff" approach. Drawing away 
the free gas thought t o  be trapped beneath 
them is another. Still, recovery costs are 
expected t o  be high, and prospects for a 
hydrate-fueled economy any time soon seem 
dim t o  many in the field. "Economic recov- 
ery of that gas probably won't be viable until 
sometime in the next century," says E. 
Dendy Sloan, a chemical engineer at  the 

change. Methane, which is released by the 
breakdown, is a greenhouse gas. I t  contrib- 
utes to  the atmosphere's ability to  trap solar 
heat and thereby has the potential t o  raise 
global temperatures. Could hvdrate break- 
down contribute t o  the greenhouse warming 
most climatologists think is imminent? 

Perhaps not, at least in the next few de- 
cades, most experts agree. The greenhouse 
warming, if it is occurring, wouldn't d o  
much t o  the hydrate deposits, which are 

"We don't know what actually happens at 
the bottom of the [hydrate layer]" as the sea 
level falls, Paull says. But one possibility, he 
thinks, is that gas building up under the 
hydrate layer as it decomposes acts like a layer 
of grease, lubricating the overlying sediment. 
Where the seafloor slopes, the sediment lay- 
ers will be prone t o  slip, producing submarine 
landslides that release the trapped gas in 
great, greenhouse-enhancing burps. And 
Paull notes that the methane increase re- 
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corded in ice cores is not steady; instead it 
comes in a series of pulses-just what you 
would expect, he says, if gas trapped under 
the hydrate layer were suddenly being re- 
leased by submarine landslides. 

Moreover, James Booth of the USGS in 
Woods Hole, collaborating with Dillon, 
noticed that scars left on the ridge by sub- 
marine landslides were common all along 
the eastern United States at water depths of 
between 500 and 700 meters-just where 
the ice-age drop in sea level might have 
decomposed the hydrates gluing the top- 
most sediment layers together. According 
to Robert Kayen of the USGS in Menlo 
Park, "a pervasive belt of landslides" has 
also been spotted along the continental 
slope in the Arctic Ocean. The slip sur- 
face-the bottom of the sliding sediment 
mass-tends to match the base of the hy- 
drate layer, Kayen says, although he's skep- 
tical that hydrate-triggered landslides would 
release sufficient methane to  the atmo- 
sphere to trigger climate changes. 

Indeed, there's much that needs to be 
resolved about the world's hydrate depos- 
its-a situation that may have led at least 
one researcher to go offthe deep end. A few 
years back, a petroleum geologist proposed 
that pulses of gas released from hydrate 
layers might explain the loss of ships and 
planes in the Bermuda Triangle. An ocean 
roiling with gas bubbles, he said, might 
swallow up a ship so quickly it would have 
no time to send a distress signal-and the 
cloud of methane rising from the sea sur- 
face might choke the engines of planes. 

While few researchers are buying that idea, 
most would agree that given all the mysteries 
about hydrates, there's a need for what Steve 
Lewis of the USGS in Menlo Park calls "a 
little bit of ground truthing." That won't be 
long in coming, Lewis hopes. He will be one 
of two chief scientists on leg 141 of the 
Ocean Drilling Project, the successor to the 
DSDP. On the 2-month leg, scheduled to 
run from mid-November of this year through 
mid- January of 1992 off the coast of south- 
ern Chile, researchers will for the first time 
drill all the way through a hydrate layer, 
studying its makeup and probing the amount 
and pressure of the gas trapped below the 
BSR What they find is likely to affect think- 
ing about hydrates as a force in climate 
change, an underpinning of the seafloor, and 
a future energy resource. 

Until recently, Lewis remarks, "the official 
policy of the ODP was to forbid drilling to 
the depths of the BSR," into what some 
workers saw as a potentially dangerous pool 
of free gas. Now the ODP researchers are 
laying cautious plans to do just that. They 
and their landlocked colleagues can't wait to 
see what's there. . TIM APPENZELLER 

How Many Genes Had to 
Change to Produce Corn 
Recent molecular data suggest that mutations in as few as 
five key genes may have done the evolutionary trick 

CORN IS CREDITED AS THE GRAIN THAT CNI- 

lized the New World, its history entangled 
with that of humans since it first appeared in 
the archeological record roughly 7000 years 
ago. Today, farmers harvest more than $40 
billion worth of corn each year. But as 
familiar as this American icon is, biologists 
still can't agree on how it evolved--even 
though they need look no further than 
modern Mexican roadsides to study corn's 
presumed ancestor, a wild and weedy plant 
called teosinte. Now, molecular data* from 
evolutionary biologist John Doebley of the 
University of Minnesota and his colleagues 
may help resolve the controversy and per- 
haps even shed some light on a broader 
debate about the rate of evolution generally. 

The corn controversy reflects a split that 
has had evolutionary biologists at logger- 
heads for a decade or more. The problem? 
Corn -o r  maize, as botanists and Britons 
prefer to  call it-looks as different from its 
putative parent teosinte as any changeling 
ever left on a doorstep. "I can't think of 
another major crop that has such a gap 
between the cultivated form and the puta- 
tive wild ancestor," says Major Goodman, a 
crop geneticist at North Carolina State 
University in Raleigh. "It's a grand canyon 
that separates the two, and that's what 
caused so much controversy over the years." 

One glance at the ears of the two plants 
illustrates what Goodman is talking about. 
Teosinte sports a meager ear, with only two 
interwoven rows of well-armored kernels, 
each tightly enclosed in a nut-hard fruit 
case. The ear itself shatters when ripe, scat- 
tering kernels far and wide. In contrast, the 
corn ear brims with hundreds of kernels 
arranged in at least eight rows. The kernels 
are protected only by easily stripped husks, 
and the cob conveniently hangs together 
until long after the ear is mature. 

How did this dramatic change come 
about? Evolutionary traditionalists say 
slowly, the result of the accumulation of 
small changes in many genes. But if that 
were the case, why would paleontologists 
not have fossils galore of interim stages? 
From its first appearance in the archeologi- 

'Some of  the data has been published in Proc. Natl. Acad. 
Sci. USA 87,9888 (December 1990). 

Maize mapper. John Doebley traces the 
mutations in corn evolution. 

cal record, corn looks like corn, with no 
intermediates. So members of the opposing 
school hold that corn evolution was rapid, 
propelled by a change in one or a few key 
genes. To support this view, they can point 
to the fact that although teosinte and corn 
look different, they are so closely related 
genetically that they can be crossed easily, 
producing fertile offspring. Indeed, bota- 
nists consider all the races of corn and some 
types of teosinte to belong to  a single spe- 
cies, Zea mays. 

The notion of rapid evolution is hotly 
debated on many fronts. In the case of corn 
it has an outspoken advocate in botanist 
Hugh Iltis at the University of Wisconsin, 
Madison. Back in 1983, Iltis argued in Sci- 
ence (23 November, p. 886) that corn made 
its great leap when the teosinte tassel (the 
male flower) was suddenly feminized, con- 
verting it into the female flower, which 
bears the ear. That "catastrophic" transfor- 
mation is consistent with the architecture of 
the plants, Iltis maintains, and isn't as trau- 
matic as it sounds. Switching sex isn't too 
tough for a corn flower: Parasites like corn 
smut can do  the trick today. 

Proponents of rapid evolution such as 
Stephen Jay Gould of Harvard University 
picked up on corn as a rare example of a 
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