Check for
updates

As alarm about climate change grows, scientists explore a strategy
for drawing excess carbon dioxide into the ocean

tanding on the aft deck of a modi-

fied 13-meter fishing boat in Halifax
Harbour, Dariia Atamanchuk gazes

at both a cause of the climate crisis

and, she hopes, part of the solution.

On the nearby shore, three red-
and-white-striped = smokestacks

rise like enormous barber poles,
funneling carbon dioxide (CO,)

from a natural gas-fueled power plant
into the pale morning sky. At the seawall
in front of the plant, seawater used to cool
its piping flows into the harbor. Normally
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that water runs clear. But today, the out-
flow roils in a pink froth, like a cauldron of
Pepto Bismol. “Ooh, that’s very milky,” says
Atamanchuk, a chemical oceanographer at
Dalhousie University.

The colorful eruption, part of an experi-
ment led by the Halifax, Canada-based
company Planetary Technologies, contains
red rhodamine dye and a slurry of white
magnesium hydroxide, the main ingre-
dient in the drug store antacid Milk of

Magnesia. The alkaline mineral should,
in theory, raise the pH in the surrounding
seawater, triggering a chemical reaction
that will absorb CO, from the atmosphere
and convert it to bicarbonate, an ion that
can float through the ocean undisturbed
for millennia.

In the past few years, this relatively sim-
ple reaction has attracted a swarm of philan-
thropists, government officials, and climate
entrepreneurs. Growing alarm about the
pace of climate warming and the prospect
of a market for carbon-removal credits

science.org SCIENCE

PHOTO: PLANETARY TECHNOLOGIES



http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adn1880&domain=pdf&date_stamp=2023-11-30

NEWS

PHOTO: W. CORNWALL/SCIENCE

A pink alkaline slurry was released into Halifax
Harbour during an experiment in October.

that could reach $1 trillion by the middle
of the next decade are driving much of
the activity. Researchers like Atamanchuk,
who once had little interest in tinkering
with the climate, are joining the throng,
drawn by a flood of research money and a
desire to understand the promise and per-
ils of pouring alkaline substances into the
world’s oceans in quantities that could rise
to billions of tons.

“It’s like being in the Klondike now,” says
Dalhousie ecologist Hugh Maclntyre, refer-
ring to the gold rush that brought prospec-
tors to remote northwestern Canada in the
1890s. “It seems like there’s a new initiative
every 6 months.”

Proponents argue that the approach, if
implemented on a grand scale, could ab-
sorb as much greenhouse gas from the
atmosphere as the Amazon rainforest, help-
ing keep global warming to under 2°C. They
also contend that it involves fewer risks
than other possible methods for pulling CO,
into the oceans, such as fertilizing waters to
spark giant algae blooms.

But questions remain about how much
carbon could really be captured and what en-
vironmental side effects may be in store if hu-
mans start to tinker with the ocean on such
a huge scale. The Halifax experiment, one of
the first of its kind, offers a glimpse of that
potential future and the flood of unanswered
scientific questions swirling around it.

THE OCEAN ALREADY contains roughly
40 trillion tons of carbon, an amount that
dwarfs the roughly 1 trillion tons in the air
and 3.5 trillion tons in land ecosystems.
Some comes from marine plants and ani-
mals whose dead bodies and feces sink to
the ocean floor. But the vast majority—more
than 90%—is in the form of two inorganic
ions, carbonate and bicarbonate.

That trove of stored carbon has been in-
creasing, saving us from the worst effects of
climate change. As humans pump CO, into
the air, some of it is absorbed at the ocean’s
surface, where it goes through a cascade of
reactions that shuttle the carbon from one
molecule to another, eventually lodging
it chiefly in bicarbonate. The process has
soaked up about 30% of all carbon emis-
sions since the mid-1800s.

The reactions depend on the presence
of alkaline minerals found in rocks such as
limestone, which are dissolved by rainwater
and washed into the sea. Once dissolved,
these minerals release hydroxide ions that
can join with CO, to make bicarbonate.

This natural process will eventually con-
sume most of the excess CO, we are pump-
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ing into the atmosphere. But that will take
thousands of years. So some scientists and
entrepreneurs want to speed up the process
with additional hydroxide ions—the alkaline
equivalent of a shot of adrenaline.

Mike Kelland, CEO of Planetary Tech-
nologies, is one. Standing near the power
plant’s smokestacks, he pours the fuel for
his company’s Halifax experiment into his
hand. The flourlike white powder, a mineral
form of magnesium hydroxide called bru-
cite, is combined with seawater in van-size
plastic tanks, creating a mixture resembling
a vanilla milkshake. A dash of nontoxic dye
is added so observers can easily track how it
spreads in the ocean, and the pink cocktail is
gradually poured into a stream of seawater
leaving the power plant.

Over nearly 2 months, Kelland’s com-
pany plans to send 280 tons of brucite into
the harbor, a prelude to bigger releases in
coming years. He estimates the October

hancement. In the past 4 years, at least four
other North American companies have be-
gun to pursue similar projects. One, Project
Vesta, in 2022 spread an alkaline mineral
called olivine on a Long Island beach to test
whether that would result in more alkaline
waters as waves wash the material out to
sea. Another, Calcarea, is developing a way
to funnel CO,-rich exhaust from oceangoing
ships through an alkaline solution before
pumping it overboard. Several companies
want to build seawater treatment factories
that will use electricity to boost alkalin-
ity and capture waterborne CO,. One, Los
Angeles-based Equatic, has small test plants
running in California and in Singapore.
Equatic is preparing to build a larger
plant in Singapore capable of capturing
5000 tons of CO, per year. “It’s at the level
and scale of what you would do before you
launch full-scale commercial products,” says
Gaurav Sant, an engineer at the University

The alkaline mineral brucite can raise the pH of ocean water and trigger carbon dioxide—capturing reactions.

event will coax the seawater to consume
more than 200 tons of extra CO, from the
atmosphere. After taking into account the
emissions produced from mining and ship-
ping the brucite from China, the final tally,
he says, should come to at least 100 tons
less CO, warming the planet. “It is very
much trial scale,” says Kelland, a software
entrepreneur and electrical engineer who
founded the company in 2019. But if the
process were expanded to larger facilities
and around-the-clock operations, “you sort
of look at that and go, ‘Wow, this is a poten-

9

tial game changer.

KELLAND IS FAR from alone in seeing a busi-
ness opportunity in ocean alkalinity en-

of California, Los Angeles, who co-founded
the company.

If these companies are successful in scal-
ing up their operations, the industry that
emerges will likely be massive. For any
strategy to take a worthwhile bite out of the
problem, carbon capture proponents often
point to a benchmark of capturing 1 billion
tons of CO, per year—approximately 2.5%
of current annual emissions. Reaching that
goal would require mining approximately
1 billion tons of alkaline rock per year or,
in the case of Equatic’s approach, devoting
nearly 8% of world electricity production to
treating seawater.

First, companies need to convince pro-
spective carbon credit buyers in industry
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Dariia Atamanchuk (left) lowers a device that will measure pH and other aspects of ocean chemistry into Halifax Harbour. Mathieu Dever (right)—an oceanographer with

the instrument company RBR—prepares to deploy a remote-controlled underwater glider that will track changes in ocean chemistry.

and government that they can measure
how much extra CO, is actually being
captured. “The biggest question is how
do we confirm that the carbon dioxide re-
moved is additional to what would happen
naturally,” says Sarah Cooley, a chemical
oceanographer and head of the climate sci-
ence program at the environmental group
Ocean Conservancy.

That’s where Atamanchuk comes in.
Spread in front of her on the deck of the
fishing boat in Halifax Harbour is an ar-
ray of sensor-laden tools. As part of an
$11 million research initiative funded by
a consortium of philanthropies called the
Carbon to Sea Initiative, she aims to pin-
point the added brucite and track how the
water chemistry evolves as it spreads.

She starts by easing a 1-meter-tall
metal frame into the water, outfitted with
equipment to track the water’s cloudi-
ness, salinity, temperature, and pH near
the power plant outfall. Nearby, two col-
leagues watch as a gray, torpedolike cyl-
inder descends beneath the waves. It will
retrieve a water sample from 16 meters’
depth, to be screened for alkalinity, pH,
salinity, carbon, and rhodamine. Another
remote-controlled neon pink device mo-
tors away from the boat on a programmed
route through the harbor, sucking up still
more measurements.

“The biggest challenge I see is detecting
a signal,” Atamanchuk says. In coastal Nova
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Scotia, natural pH levels vary wildly as tidal
currents sweep in and out, changing by as
much as 70% in 6 hours. By comparison, the
added brucite might raise the water’s pH by
0.1—roughly 25%.

There is also no guarantee that all the
brucite poured into the harbor will trans-
late into CO, pulled from the atmosphere.
Currents could suck the more alkaline wa-
ter into the depths, below the critical sur-
face zone, where gases are exchanged with
the air. Or some of the mineral might fail to
dissolve and sink to the seabed instead.

If it settles out, the brucite could even
interrupt chemical reactions that dissolve
naturally occurring alkaline materials in the
sediment, which would cancel out some of
the climate benefit. “Is that not a big deal? Is
it a big deal? We don’t know;” says Dalhousie
biogeochemist Chris Algar, who is studying
that question in Halifax Harbour.

The data from Atamanchuk’s fleet of sen-
sors will be fed into a detailed model of the
harbor created by Katja Fennel, a Dalhousie
ocean modeling expert. Fennel has spent
much of her career predicting low-oxygen
zones in places like the Gulf of Mexico. Now,
she wants to predict how the added brucite
will alter the harbor’s water chemistry. Her
model is powered by basic ocean physics
and decades of detailed observations of
water chemistry and currents, as well as
short-term forecasts of weather and tides. If
she’s able to fine-tune the model to perform

well, the approach could be applied far be-
yond Halifax, informing decisions about
what sensors should float near an alkalinity
source to track chemical changes and guid-
ing estimates of how much carbon has been
sucked into the ocean.

So far, Fennel is pleased with the results.
From her desk on Dalhousie’s campus, she
swivels to her computer screen and starts a
short video. A purple blob expands across a
map of the harbor, tracing the spread of rho-
damine from a previous test. Some of the re-
searchers had expected changing tides would
cause the dye to pulse back and forth, but the
model forecasted that the winds would drive
it to the southeast. The model turned out to
be right. “We’ve gained some confidence that
the model has skill,” she says.

ANY MISSTEP could derail plans, as the pro-
ponents of ocean alkalinity enhancement
are keenly aware. Some point to the furor
that erupted 11 years ago when a fishing
boat floating near the Haida Gwaii archi-
pelago, off the west coast of Canada, dumped
120 tons of iron sulphate and iron oxide
into the water. The iron fertilized plankton
growth, igniting a bloom visible from space.
Proponents said the approach would boost
salmon runs and capture CO,.

The private venture sparked a backlash
from environmentalists who feared un-
intended ecological harm. The incident
effectively shut down a whole branch of
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Ocean engineering

In an effort to combat climate change, scientists are exploring ways to coax the ocean to absorb
more carbon dioxide (CO,) from the atmosphere by altering its water chemistry, a strategy known

as ocean alkalinity enhancement.

Delivering alkalinity

A number of delivery methods are currently under
consideration, some ship-based and others coming
from the shore. (The pink color is included
for visualization purposes; dye is only used
in some experiments.)

1 Ship spreading

Alkaline materials such as limestone
or olivine could be ground up or
dissolved in water and then poured
into the ocean from a ship.

Enhancing the carbon cycle

2 Alkalinity factories

Sewage treatment or power plants
could inject alkaline solutions

into pipes leading to the ocean.
Electrochemical treatments could
also raise the pH of seawater.

3 Beach erosion

Ground-up alkaline rocks could
be spread on beaches, where
they would gradually wash into
the ocean and dissolve.

Boosting the alkalinity of ocean water can accelerate a natural process (shown below in order) that sucks airborne CO,

into the ocean and converts it into bicarbonate.
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1 Maintaining equilibrium
CO, is exchanged between the atmosphere and surface
waters. Over time, an equilibrium is reached.
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3 Carbon capture

Hydroxide ions react with aqueous CO,, creating
biocarbonate (HCO;") ions, which can float in the ocean
for millennia.
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2 Adding alkalinity
When scientists dissolve alkaline substances such as

magnesium hydroxide (Mg(OH),) in the ocean, hydroxide
ions (OH") are produced.
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4 Room for more

With fewer CO, molecules in the water, some CO,
moves out of the atmosphere and into the ocean to
restore equilibrium.

research on what happens when iron, a
nutrient whose scarcity limits plankton
growth in much of the ocean, is added to
surface waters. Up to then, 13 large-scale ex-
periments had taken place in various loca-
tions. None has happened since.

“I don’t want to see this carbon dioxide
removal industry get so far ahead of the
science that another [controversial] event
happens,” says Adam Subhas, a chemical
oceanographer at the Woods Hole Oceano-
graphic Institution. He is leading a project
to study the effects of pouring tons of alka-
line sodium hydroxide into the ocean off the
New England coast.

Unlike plankton blooms or massive sea-
weed farms—other proposed approaches for
capturing carbon in the ocean—alkalinity
enhancement doesn’t depend on a cascade
of hard-to-measure biological processes,
Subhas says. It is “just simple acid-base
chemistry” It could even benefit ecosystems.
Alkalinity enhancements have already been
used to help oyster farmers protect their
nurseries from acidic seawater and to repair
rivers and lakes damaged by acid rain.

But there are a lot of unknowns about
how living things would react. That’s why
Dalhousie biogeochemist Tatjana Zivkovic¢
has been studying microbes pulled from
Halifax Harbour. For the past year, the
postdoctoral researcher has poured water
samples into small plastic bottles, some
with an added dose of magnesium hydrox-
ide. After waiting 48 hours—several life
spans for the microscopic organisms in the
water—Zivkovi¢ scans the water with la-
sers and screens the DNA to figure out how
much the plankton has grown and which
species are there.

So far, nothing has raised alarms. “When
you look at the phytoplankton, we don’t see
much community change,” she says.

It’s a similar message from Maclntyre,
the Dalhousie ecologist. His team has been
rearing phytoplankton in the lab, exposing
them to higher levels of alkalinity, then zap-
ping them with light to see whether their
photosynthetic powers are affected. “We
have been consistently turning up little to
no difference,” he says.

But short-term laboratory experiments
aren’t the same thing as sustained expo-
sures in the wild. Some of the most ambi-
tious research is being led by Ulf Riebesell,
a marine biologist at GEOMAR Helmholtz
Centre for Ocean Research Kiel. At three
locations in the Atlantic Ocean and North
Sea, his team has lowered rows of 20-meter-
long plastic cylinders into the water, creat-
ing giant oceanborne test tubes to which
alkalinity can be added.

Although the results are unpublished,
Riebesell says they suggest the method
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Planetary Technologies plans to conduct more ocean alkalinity enhancement experiments in Halifax Harbour.

of alkalinity enhancement could matter
a lot. His team observed little change in
the plankton community when it added
seawater that was “pretreated” with al-
kalinity and allowed to equilibrate with
atmospheric CO,, a method some scien-
tists see as a potentially gentler way to
add alkalinity because the CO,-capturing
reactions take place before the alkaline
solution reaches the ocean. But two other
tests involving the direct addition of alka-
line substances found effects. A mixture
simulating olivine, which released large
amounts of silicate, spurred the growth
of diatoms, which build their skeletons
from silica; and a test using calcium hy-
droxide changed the timing of phyto-
plankton blooms and lowered the overall
zooplankton biomass at the highest doses
of alkalinity.

Research by Riebesell’s lab also suggests
metals such as nickel, which can be pres-
ent in alkaline rocks, could have harmful
effects. In a recent experiment, two species
of phytoplankton were insensitive to the
metal, but one species grew more slowly
even when exposed to relatively small
amounts. The results raise the possibility
that nickel-infused minerals could alter the
balance of plankton in an ecosystem.

Still, Riebesell is bullish about this ap-
proach to capturing carbon, assuming big-
ger, longer lasting experiments support its
promise. “I suspect that at the end of the
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day we will conclude that if done with cau-
tion and avoiding ecological thresholds, the
benefits of [ocean alkalinity enhancement]
will outweigh potential risks.”

RESEARCH on ocean alkalinity enhancement
is in its infancy, but there are signs it will
grow up fast. “If you had predicted 3 years
ago I would be almost exclusively focused on
this now, I would have laughed,” Fennel says.

The burst of scientific activity has been
fueled by a growing stream of research
dollars from companies, universities, phi-
lanthropists, and governments. The fund-
ing for Fennel and Atamanchuk’s work
is part of a $50 million investment from
the Carbon to Sea nonprofit. Dalhousie
recently unveiled a CA$400 million ini-
tiative to study the ocean’s role in climate
change, including a focus on carbon cap-
ture methods. In the United States, the
National Oceanic and Atmospheric Ad-
ministration in September announced
$24 million in research grants for ocean car-
bon removal, with 65% of the money going
to alkalinity-related work. And in Europe,
the German government recently commit-
ted €11.6 million to alkalinity research.

The surging interest has policymak-
ers hurrying to keep pace with an indus-
try for which few regulations have been
developed. In October, the White House’s
Office of Science and Technology Policy an-
nounced it was forming a “fast-track” com-

mittee to craft a cohesive policy for marine
CO, removal. “If this is going to develop
into a new industry, we want to do it in a
way that is based in good science from the
very beginning,” says oceanographer Scott
Doney, the office’s assistant director for
ocean climate science and policy.

Two years ago, Doney, then at the Uni-
versity of Virginia, chaired a National
Academies of Sciences, Engineering, and
Medicine panel that issued a report call-
ing for $1.3 billion in funding to study
ocean carbon removal. Today he sees the
beginnings of that investment, and the po-
tentially thorny challenges it raises. They
include the need for regulations governing
experimental and industrial-scale alkalin-
ity additions, protocols for monitoring any
environmental damage, and research into
the potential repercussions of mining huge
quantities of alkaline minerals or lavishing
electricity on increasing the pH of seawater.

Many industry players are keen to scale
up and get approval for large projects.
But they are reluctant to get too far out in
front, the Ocean Conservancy’s Cooley says.
Early movers will be the first to navigate
untested regulatory waters, confront tech-
nical conundrums, and woo a public wary
of schemes to rewire the planet to tackle
climate change. “Everybody’s rushing to be
second,” she says. “Nobody wants to be first.
Because they just want whoever’s first to
break the path.” m
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