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A Plume of Lingering Chemicals

y .

long with the torrent of hot gas and oil

spewing from the seafloor, hot hints
and rumors were also streaming out of the
Gulf of Mexico in the spring of 2010. Some
scientists on the scene of the Deepwater
Horizon oil spill were warning that not all
of the petroleum gushing out of the broken
drill pipe near the seafloor was making it to
the sea surface. Some might be flowing lat-
erally in deep-sea plumes, they said.

“Most people think oil floats,” said Chris
Reddy, an environmental chemist at Woods
Hole Oceanographic Institution (WHOI).
But this oil spill, occurring at an unprece-
dented depth, was different from most

// SEE THE VIDEO @
www.whoi.edu/deepwaterhorizon/chapter4
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“We had the right people,

Some hydrocarbons from the oil spill remained in the depths

spills, which happen at or near the surface.
“Oil is comprised of thousands of individual
petroleum hydrocarbon compounds, and

no one really knew how each would behave
under the high-pressure, cold-temperature
conditions a mile deep,” he said.

The largest previous blowout below the
surface happened at the Petréleos Mexicano
Ixtoc 1 well 165 feet deep in the western
Gulf of Mexico in 1979. WHOI scientists
hastened to reread a seminal report on that
spill compiled by WHOI scientist emeritus
John Farrington, which documented a
subsea plume of methane and benzene
spreading away from the Ixzoc well.

and we had the right
equipment to really do
something important that
no one else could do.”
—Dana Yoerger
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After the Deepwater Horizon blowout,
“there was some evidence that subsurface
plumes were developing,” said WHOI
scientist Rich Camilli. The first question
was, did they exist? If they did, he said,
“what they were made out of? How big were
they, and where were they going? Those
were questions nobody had answers for.”

Neither the oil industry nor government
agencies had expertise in deep-sea plume
hunting. WHOI scientists, however, knew
a thing or two about it. In their decades-
long explorations of natural phenomena in
the deep ocean, they had often targeted the
plumes of buoyant hot fluids from hydro-
thermal vents, which spew like geysers on
the seafloor and trail away into the depths
like smoke out of smokestacks.

“When you're trying to find a hydrother-
mal vent, you're trying to find a wispy clue
in the water column and follow that back
to the vents,” said WHOI scientist Dana
Yoerger. “This was the opposite problem.
We knew right where the oil was coming
out. We wanted to figure out where it was

going. But it turns out a lot of our skills

translated very well.”




In June 2010, WHOI scientists mus-
tered to search for the suspected deep-sea
plumes in the Gulf of Mexico. Combining
their individual fortes with unique deep-sea
technology and decades of experience, they
embarked on a rapid-response expedition
that revealed where oil and gas venting from
the broken riser pipe went and what hap-
pened to it along the way. Their findings
were published in two prestigious scientific
journals: Science on Aug. 19, 2010, and
Proceedings of the National Academy of
Sciences on July 18, 2011.

Basic research, readily adapted

The research team began by going to the
source. The scientists “actually got a sample
of the oil coming straight out of the broken
well, with a piece of equipment that was not
designed for an oil spill,” Yoerger said. This
Isobaric Gas-Tight sampler, developed by
WHOI geochemist Jeff Seewald and col-
leagues, was designed to sample fluids from
hydrothermal vents, but it gave the scientists
the quintessential sample of exactly what
was in the oil and gas that entered the ocean
from Deepwater Horizon (see Page 8).

Based on this “starting oil,” Seewald
said, the scientists could trace how much of
which chemical compounds went where—
what stayed within the ocean; what rose to
the surface and evaporated into the atmo-
sphere; what didn’t evaporate and was either
consumed by microbes or washed ashore;
what sank back to the seafloor and may
be affecting corals that live in the Gulf
(see Page 40).

Within the ocean, the scientists did
not expect to see a plume that looked like a
dark syrupy subsea river of oil. Rather, the
plume was a body of clear, odorless water
with high concentrations of hydrocarbons
moving within it.

It’s not a cakewalk to find such a plume a
mile below the surface. Traditional methods
—lowering sensors on lines dipped into the
sea from ships—had limited effectiveness.

“You're literally poking holes in the
ocean,” said Yoerger—hitting and missing,
and trying to assemble individual hits into
a three-dimensional picture of the plume.
Imagine trying to map a smoke trail in
a vast sky somewhere below the clouds
by dangling lines with smoke detectors

Not all of the petroleum gushing from
the broken pipe at the Macondo well
made it to the surface. WHOI scientists
located and mapped a plume of hydro-
carbons flowing 3,600 feet deep in the
Gulf of Mexico and discovered what
chemical compounds were in it.

from a helicopter far above the clouds.

But Yoerger and other WHOI scientists
had developed unique technology to search
for deep-sea plumes. One of these was Sen-
try, an untethered vehicle designed to swim
on its own in the depths, avoiding obstacles
and always keeping track of its location in a
region where GPS doesn’t work.

“Sentry can cover lots of ground, fast,”
said WHOI scientist James Kinsey.
Equipped with sonar, cameras, or other
sensors, it can reconnoiter the deep.

One of those sensors is a portable un-
derwater mass spectrometer developed by
Camilli, which can measure minute quanti-
ties of chemicals in the ocean. Mass spec-
trometers are complex, delicate instruments
sometimes as big as a room, but Camilli’s
device, called TETHYS, is “about the size
of a watermelon and requires the power of
about the equivalent of a laptop computer,”
he said. It was built tough to withstand the
less-than-ideal conditions of the deep sea.

After Hurricanes Katrina and Rita in
2005, Camilli had used TETHYS to detect
telltale chemicals leaking from damaged
oil production platforms and broken oil
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pipelines in the Gulf. “People are familiar
with the tragedy of New Orleans,” he said,
“but more than 100 oil platforms also were
destroyed and a tremendous amount of off-
shore infrastructure was damaged.”

Camilli had designed TETHYS to work
with autonomous underwater vehicles such
as Sentry. The combination of Sentry’s mo-
bility and TETHYS’s sensitive nose made

for a powerful oceanographic bloodhound.

Top: Courtesy of Rich Camilli, WHOI; Bottom and Right: Cameron Mclntyre, WHOI

By sheer coincidence, just seven months
before, the team of Reddy, Yoerger, and
Camilli had used Sensry and TETHYS off
the coast of Santa Barbara, Calif., to inves-
tigate so-called “cold seeps,” areas where oil
and gas naturally leak into the ocean from
cracks in the seafloor (see Page 36).

“Then the oil spill happened,” Yoerger
said.

“If you had told me Sentry was going to
respond to an oil spill, I would have looked
at you like you were crazy,” Kinsey said.
“But everything we had developed to fulfill
those other oceanographic missions could
be applied to this new crucial problem.

We were ready when the time came.”

Rapid response

In early June 2010, scattered in various
places, the scientists hustled to write a
funding proposal to the National Science
Foundation (NSF) to use their technology
and experience to search for the suspected
hydrocarbon plumes deep in the Gulf
of Mexico. Yoerger was in Woods Hole.

Reddy wrote his proposal on a plane, shut-
tling between Woods Hole and Louisiana.
Camilli was on a ship directly above Deep-
water Horizon’s failed blowout preventer,
using acoustic instruments to measure how
much oil and gas was flowing out of the
broken riser pipe (see Page 20).

“I remember I was writing the proposal
wearing a gas mask while sitting on the
ship,” Camilli said.

“There was a lot of ‘can-do’ at many
levels in the institution to make a project
like this happen,” Yoerger said. “People in
the Applied Ocean Physics and Engineer-
ing Department, the people in the WHOI
Grants and Contracts office, they were
making all kinds of things happen to get
our funding proposal in. I remember that
Judy Fenwick, one of our department ad-
ministrators, was working on the proposal,
and it was quarter after four on a Friday.
She sticks her head in and says, “T'his is
ready to go, but we've got to stop at four
places, and we've got to get it done by five.
So you drive.” She’d jump out of the car,

Scientists used the free-swimming underwater robot Sentry (below right) to locate and map a
plume of hydrocarbons flowing from Deepwater Horizon's broken riser pipe near the seafloor.
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Sentry was equipped with TETHYS, a
portable underwater mass spectrometer
developed by WHOI scientist Rich Camilli
(above left). TETHYS automatically took mea-
surements every few seconds, detecting and
identifying minute quantities of hydrocarbon
compounds that are in petroleum.

At left, WHOI engineers Rod Catanach
(right) and Andy Billings install TETHYS
inside Sentry.
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and I'd keep the engine running, and she’d
jump back in the car about five minutes
later. We’d drive to the next place, and
she’d get another signature or whatever,
and we got it up to the office where it
needed to be at quarter of five, and boom,
they pushed the button, and off it went.”

“NSF got back to us almost immediately
and said, ‘It’s a go,” Camilli said. “Typically
with an oceanographic expedition,
you'll spend a week or two writing a
funding proposal, and you might hear
back three months later, and then you’ll
have six months to a year to prepare. All
of that was compressed down to a period
of days and weeks.”

“We had to undergo a whole bunch of
specialized safety training before we left,”
Yoerger said. “The WHOI Safety Office
arranged to bring in outside people for the
necessary training and to fit us for respi-
rators. They got us legally and properly
trained in record time. It was never, ‘Well,
you can’t go because we can’t get you trained
in that period of time.” No, it was going to
happen in the available time somehow.

“On and on and on through the institu-
tion, people contributed—I probably don’t
even know who they were,” Yoerger said.
“Management backed us 100 percent, right
down to the security guard that you can
always count on to help you late at night.”

“By the second week of June,” Camilli
said, “we had trucks bringing the equipment
down. We met the ship in St. Petersburg,
loaded in a period of about 24 hours, and
we left the dock on June 17.”

Yo-ho-ho, and a tow-yo

Aboard the research vessel Endeavor in
June, the research team had found evidence
for one plume flowing southwest of Deep-
water Horizon. They searched for additional
plumes in other directions and at other
depths using a technique oceanographers
had perfected to search for plumes from
hydrothermal vents. It’s called a “tow-yo,”
and it involves dangling a package of sensors
including TETHYS into the ocean from

a line connected to a ship. The ship tows the
line horizontally while a winch alternately
hoists the package up and lowers it down
again like a yo-yo. It’s a little like casting
out a fishing line to plop into a river you
can’t see, but the idea is to cover as much
breadth and depth as possible in an effort to
land the package in a plume.

The crew of Endeavor circled in a
3.1-mile radius nearly completely around
the broken well, skillfully tow-yo-ing
instruments between 2,600 and 4,600
feet deep on a mile-long cable in the sea.

“One of the most difficult and probably
scariest things was that we were operating
with just an unbelievable amount of ship
traffic around us,” Camilli said. Perhaps
100 vessels crowded the area, some skim-
ming and burning oil at the surface, others
working on operations to stop the leaking
oil and gas below.

“It took sheer guts to tow-yo,” Reddy
said. “The captain and crew of Endeavor
had this huge tail behind the ship with
several hundred thousand dollars worth
of gear, with little maneuverability and
the risk of mucking up another boat.”

The sensors on the tow-yo confirmed the
strongest petroleum hydrocarbon readings
west-southwest of the well site at a depth
of about 3,600 feet. That’s where scientists
dispatched Senzry.

This time traffic of the acoustic variety
presented the team with more challenges.
Sound waves are the means to transmit
data under water. Senzry navigates, and the
scientists communicate with the robot, via
sound signals.

“There were so many other undersea
vehicles and robots in the area using various
acoustic frequencies that we had to be very
concerned about cross-talk and interference
between these various underwater assets,”

Camilli said.

Data pointillism

In the old days several years ago, before
Sentry and TETHYS came online, mapping
an underwater plume was “slow and labor

Cameron MclIntyre, WHOI

The skill of the crew aboard the research
vessel Endeavor helped WHOI scientists
map and sample the deep-sea hydrocarbon
plume from the Macondo well.

intensive,” Camilli said. “You’d take a water
sample, bring it back up on deck, prepare it
for analysis, analyze it, plot the location of
the measurement on a map, and then do it
again for the next sample, and the next.”

Carried within Sentry, TETHYS
automatically took measurements every
few seconds of specific compounds such as
methane, benzene, and naphthalene. Sensry
tagged each data point with a location in the
ocean, and transmitted it acoustically back
to the ship in real time. The system collect-
ed “thousands of data points on each dive
that conventional methods would have taken
months to process,” Camilli said. Each data
point was like a bread crumb, accumulating
to delineate a plume of hydrocarbons.

“We had Sentry zigzagging back and
forth; every time it crossed [the plume], the
methane numbers went up,” Yoerger said.

“One of our former students, Mike Jaku-
ba, who [was] a postdoc at the University
of Sydney in Australia, joined us. We had
called him up: ‘Hey Mike, can you be in
the Gulfin a week?” and, of course, he was
thrilled to be there, and he came up with

Continued on Page 34

WO00DS HOLE OCEANOGRAPHIC INSTITUTION 31



(3
% DWH SITE Y
7

From Pipe to Plume

2%

- — -~
SeEEGT

TOW-YO

In the technique called a
“tow-yo,” scientists and crews
dangle a package of sensors
into the ocean from a cable
connected to a ship. The ship
tows the cable horizontally,
while a winch alternately hoists
the package up and lowers it
down again like a yo-yo. The
goal is to traverse and detect a
plume. Amid lots of ship traffic,
the crew of the research vessel
Endeawor circled in a 3.1-mile
radius around the Deepwater
Horizon site, skillfully tow-yo-
ing instruments between 2,600
and 4,600 feet deep on a mile-
long cable in the sea.

SENTRY

lllustrations by Jack Cook, WHOI

Sensors on the tow-yo confirmed the
strongest petroleum hydrocarbon readings

west-southwest of the well site at a depth of
about 3,600 feet. Scientists then dispatched

the autonomous deep-sea vehicle Senzry.

In June 2010, scientists at Woods Hole Oceanographic Institution searched
for suspected deep-sea plumes of petroleum compounds from the Deepwater
Horizon oil rig in the Gulf of Mexico. They employed a three-step strategy,
using techniques and technology that they had perfected to look for plumes
/ of fluids from hydrothermal vents on the seafloor.

SENTRY

Sentry was equipped with
TETHYS, a portable underwater
mass spectrometer that can detect tiny
quantities of chemicals in seawater.
Sentry zigzagged across the area, with
TETHYS detecting where chemicals
were present and not present. In this
way, Sentry and TETHYS revealed
the shape and breadth of a plume
containing hydrocarbon compounds
from Deepwater Horizon. It was more
than a mile wide and 600 feet high and
flowed for at least 22 miles.



SAMPLING

The next step was to get samples of seawater
directly from the plume to see what chemicals
were in it. To do that, scientists lowered an
instrument called a rosette (above right) on a
cable to collect seawater. Sensry had outlined
the location of the plume, and in successive
casts, they lowered the rosette above, below,

i

to the sides, and precisely within the
plume. The researchers found that the
plume contained only six of the thousands
of possible hydrocarbon compounds in oil:
benzene, toluene, ethylbenzene, and three
types of xylenes.

APHIC INSTITUTION 33

]
e
)
=]
=
S
]
s
8
b4
5
e




Cameron Mclntyre, WHOI

this real-time visualization system that
allowed us to plot the vehicle’s track and the
different lines from the mass spectrometer

in real time on Google Earth. So we were
[on the ship] watching this image of the

“BS

plume appear via the vehicle’s acoustic link.”
“We’d pick up the plume and follow it
for a while,” Yoerger said. “Then we’d lose
it. So we sent instructions down to repro-
gram Sentry so we could stay on the plume.”

WHOI scientist Mike Jakuba (right) devised a real-time visualization system that allowed

the scientists to simultaneously see the track of the deep-sea vehicle Sentry and the chemi-
cals detected by the underwater mass spectrometer inside it. As a result, scientists, including
James Kinsey (center) and Dana Yoerger, could watch images of the subsea plume appear

as their “bloodhound” tracked petrochemicals in the deep sea.
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“It was mesmerizing,” said Reddy, a
chemist among engineers. “These guys are
putting a robot with four propellers at 1,100
meters with no cable connected to us and
with another piece of equipment that can
sniff for oil. Sentry and TETHYS are work-
ing as a team, and they’re text-messaging up
to us and telling us what’s there, and we’re
seeing the data, and then we're telling
Sentry to go back down and take a left.

It’s spectacular.”

In 64 hours between June 23 and 27,
in three dives covering 146 miles, Sentry
revealed the shape of the plume. It was
more than a mile wide and 600 feet high,
and it flowed continuously southwest from
Deepwater Horizon at a speed of about
4 miles per day. It was directed by prevail-
ing currents and steered in some places by
the contours of the seafloor. The scientists
tracked it out to at least 22 miles, when the
approach of Hurricane Alex forced them
to break off operations.

The scientists worked night and day to
analyze their data. Their paper was written
and submitted for peer review just 17 days
after they disembarked from Endeavor.
Their eagerly awaited research was pub-
lished online Aug. 19, 2010, in the journal
Science. They took part in a press conference
in Washington, D.C., and their findings

became widespread front-page news.



Rich Camilli, WHOI

Next stop, 3,600 feet deep

The next step was to get samples from
the plume to see what was in it.

“We weren't stabbing arbitrarily, hoping
to find something,” Reddy said. “We used a
hunter-gatherer strategy. Sensry had hunted
for the plume, told us exactly where to look,
and we gathered right there within it.”

Samuel Arey, head of the Environmental
Chemistry Modeling Laboratory at the
Swiss Federal Institute of Technology,
played a key role in developing a strategy
for sampling. He was a co-author on the pa-
per in Proceedings of the National Academy of
Sciences. In collaboration with the National
Oceanic and Atmospheric Administration’s
ongoing damage assessment, the samples
were sent within seven days to a laboratory
and analyzed for the presence of more than
100 different compounds. The research
team’s findings published in PNAS showed
that the plume contained a preponderance
of only six petroleum hydrocarbon com-
pounds: benzene, toluene, ethylbenzene,
and three types of xylenes—a group com-
monly known as BTEX.

“Why were these compounds in the
plume, and others weren’t?” Reddy asked.
Thousands of compounds in Deepwater
Horizon petroleum rose toward the surface
like passengers on an elevator, he said; the
BTEX compounds, however, seemed to get

The sheer volume of ship traffic in the vicinity of the Deepwater Horizon site
complicated research operations. Perhaps 100 vessels crowded the area,
some skimming and burning oil at the surface, others working on operations

to stop the gushing oil and gas below.

off at a lower floor 3,600 feet deep and
proceed laterally as a plume.

Why? The answer lies in the BTEX
compounds’ chemical structure, which gives
them their characteristic properties. They
all have one benzene ring (six carbons in a
hexagon, with three double bonds). That
made them more likely to dissolve in water
than straight-chained hydrocarbons.

In oil spills at the sea surface, BTEXs
can quickly evaporate into the air. But
released deep down and far from the
atmosphere, BTEXs have time to dissolve
into the ocean water before having a chance
to evaporate. The compounds, which are
known to be toxic to living things, were not
degraded by bacteria but rather remained
in the deep. That raises new questions
about the potential for harmful ecological
impacts from the spill.

“We tracked these chemicals from pipe
to plume in June 2010,” Reddy said, “but we
can’t say what happened to them after that.”

The initial research by WHOI scientists
has made it abundantly clear: Deep-water
and shallow-water oil spills are not the same
beasts. The interwoven chemical, physical,
and biological processes that happen to oil

in the deep ocean are
different from what
had ever been seen
before.

“We’re starting
to build a picture of
what happens when
you release massive
amounts of oil and
gas at great depth,”
Yoerger said. “I was
sort of inspired—not
‘sort of —I was in-
spired by the fact that
we had the right peo-
ple, we had the right
ship, and we had the
right equipment to
really do something
important that, quite
frankly, no one else
could do.”

—Lonny Lippsett
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