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EXECUTIVE SUMMARY

The Poalicy Issue

The proliferation of foss| fud-based technologies in the face of adiscernible impact of
anthropogenic “greenhouse gas’ (GHG) emissons on globa climate presents an urgent
challenge to develop other mechanisms for mitigation of the “greenhouse effect”. Much
attention has focussed upon waysto curtail the growing stock of atmospheric carbon dioxide
(CO,), amgor greenhouse gas, by enhancing the naturd “sinks’ or processes that remove CO;
from the atmosphere. Among the various approaches proposed, a set of controversa — and
increesngly prominent — idess involve efforts to “short circuit” or “enhance’ the naturd transfer
of atmospheric carbon dioxide into the degp ocean. One such approach involves the addition of
otherwise scarce (“limiting”) nutrients to surface ocean waters to manipulate marine biologica
production, thus potentialy changing the flux of carbon dioxide between the atmosphere and
ocean.

It has been hypothesized that rdeasing limiting nutrients into the euphoatic (i.e,, sunlit) surface
layer of the ocean on alarge-scae could stimulate the growth of marine phytoplankton, thus
increasng the biologicdly-mediated uptake of atmospheric CO, by the ocean and mitigating the
greenhouse effect. Results from four open ocean experiments have shown that dissolved iron
limits primary production in certain nutrient rich regions of the ocean. Results of these scientific
experiments, which were designed without specific gpplicationsin mind, have catdyzed a
variety of commercid interests in manipulating the biological carbon pump by varying the
avalability of nutrients. While continuing scientific research effort addresses the many

ecologica uncertainties associated with nutrient manipulaion in the marine environment,
entrepreneurs have been busy marketing different methods for large-scale ocean fertilization
(hereafter amply “fertilization™) to remove carbon dioxide from the atmosphere. Seven US
patents for fertilization methods have been issued during the past seven years and an application
for an eighth wasfiled in January 2001. Meanwhile, corporations and governments have shown
agrowing interest in “early action” in order to hedge their bets with respect to the adoption of
some kind of GHG trading system in the future. Patented fertilization methods are actively being
marketed to such corporations and governments, and coagta nations have aso been
propositioned to serve as “hogds’ for the generation of potentially valuable carbon credits by
ocean fertilization in the progpective hosts' territoria waters. Despite these remarkable
developments, the necessary dialogue on scientific evaluation criteria for large-scale ocean
fertilization is serioudly lacking. Asaresult, most corporations, governments and other
stakeholders areill equipped to properly assess the risks, benefits and true costs associated with
proposals for fertilization.

Recommendations

Large-scale field experiments to test specifically for carbon sequestration by fertilization are not
warranted at present. Wefed that concerns regarding the technica efficacy and ecologica
impacts of fertilization should be resolved first by a more thorough synthesis of disciplinary
knowledge in the aguatic sciences, including input from ecologists and limnologigts. Then, if the



arguments are il not compelling enough to support sound policy making limited, scientific
testing of carbon sequestration methods may be judtified.

Policy makers should recognize that carbon sequestration in the ocean is nothing more than a
partial, stopgap measure to combat the accumulation of atmospheric CO,. “Partid”, because the
amounts of CO, captured by fertilization (or other approaches), if the approach were successtul,
would not subgtantialy mitigate the potentia for globa climate change. “ Stopgap”, because any
CO», that istrgpped in the degp ocean will eventudly re-surface, though the timing will depend

upon ocean circulation and the duretion of the fertilization program. Even if the “quick-fixes’

for atmaospheric GHG reduction such as ocean fertilization emerge as technicdly and

economicaly viable options, thereis aneed for renewed politica commitments to promote the
adoption of “cleaner” energy systems, many of which have been sudied intensvely for over a
generaion now. Carbon sequestration may buy human societies alittle more time to make the
desirable technological and culturd trangition to a sustainable system of development, but
Sequedtration is not a sustainable solution to the global warming problem.

State of the Science

At thistimein the Earth’s history, with the supply of CO, from the land exceeding the oceans
ability to asamilate it, the atmosphere acts as a “bottleneck” in the exchange of carbon between
the terrestrid and oceanic reservoirs. The ocean carbon cycleis controlled by two globa
mechaniams, cdled the “solubility pump” and the “biologcd pump. The “biologicd pump” is
driven by photosynthetic productivity of phytoplankton floating in the sunlit surface layer of the
ocean and is characterized as the production and transgport of biogenic organic and inorganic
carbon. The biologica pump plays a very important role in the maintenance of a CO, gradient
between the surface and deep waters. Hence, thereis an interest in exploring methods to
transport of CO, into the deep ocean — rdiably, efficently and expeditioudy — by manipulating
the mechanisms regulating the globa carbon cycle.

Light and nutrients are the main factors regulating the growth of marine dgae. Essentid "macro-
nutrients' such as nitrogen (N), phosphorus (P) and silicon (Si), dong with "micro-nutrients'
such asiron (Fe), are pumped up from the degp ocean by physicd circulation. On average,
phytoplankton are considered to use nutrients in the following retio:

106 C: 16 N: 1 P: 0.001 —0.005 Fe

In other words, under iron limitation, adding one atom of iron can catalyze the biologica uptake
of approximately 100,000 atoms of carbon- an uptake factor of 10°.

Three open ocean regions have been identified, where high dissolved concentrations of most
nutrients occur year-round, and photosynthetic biomassis quite low. These “high-nutrient-1ow-
chlorophyll” (HNLC) zones arefound in:

1. the Eastern Equatorid Pecific,

2. the NE Subarctic Pecific and

3. the Southern Ocean



It is now widdly accepted that phytoplankton growth islimited by the availability of iron in parts

of the Equatorid Pacific and in the Southern Ocean, in effect limiting the biologica assmilation

of other nutrients such as nitrogen and phosphorus. However, the limitation by iron does not
preclude simultaneous limitation by other factors. Other possible limiting/co-limiting factors for
production and growth of phytoplankton: low light conditions, vertical mixing, temperature,

dlicate concentrations and zooplankton grazing.

Diatoms account for upwards of 75% of the primary production occurring in typicaly high
productivity coastd and nutrient-replete waters around the world. When photosynthetic diatom
blooms occur growth rates of these organisms are dependent upon the availability of dissolved
dlicon (S), because slicates are used to form intricate exoskeletons for the diatoms.

Iron fertilization in the ocean typicaly stimulates the growth of distoms. However, the
proliferation of diatoms could also have serious negative consequences for the ecosystem asa
whole, including the inhibition of zooplankton growth and the production of a powerful biotoxin.

“New production” is defined as the steady- state fraction of marine primary production thet is
avallable for export to the deegp ocean. New production, and not tota primary production,
determines the maximum amount of carbon that may be exported from the surface ocean.
Specificdly, only “true’ new production, which is fueled by nutrients (e.g. nitrogen gas from the
atmosphere, or iron dust) derived from outside the ocean system generates a net export of carbon
to the deep ocean.

Four scientific field experiments have been carried so far to test the “iron hypothesis’- IRONEX

| (in 1993) and IRONEX Il (in 1995) in the Equatoria Pacific Ocean, and SOIREE (in 1999) and
EISENEX (in 2000) in the Southern Ocean. There are five key lessons from the fidd
experiments in the HNL C ocean:

1. Itisdclear that iron limits primary production;

2. Phytoplankton biomass can be increased over the short term (weeks) by the addition of
iron,

3. Thereisno evidence of increased carbon “export” following fertilization in the time
frame of these experiments;

4. The compostion of the phytoplankton community changes dramatically upon the
addition of iron, with diatom biomass increasing preferentidly;

5. Dimethyl Sulfide (which nucleates cloud formation) production isincreased by iron
fertilization

There is remarkable agreement among results of computer simulations by different research
groups, all showing that iron-fertilization in HNLC ocean regions would not consistently “ zero
out” global CO, output under any realistic global CO, emissions scenario. The Southern Ocean
isgenerdly held as the most important sink for atmospheric carbon dioxide in the past glacid

period and for the potentia climate regulation in the future. The effect of iron fertilizetion in the
Equatorid Pacific Ocean done on the accumulation of CO; in the atmosphere would be

practicaly irrdevant from the perspective of mitigating globa warming.



Revised modeing estimates span awide range - from 50 to 150 Gt C exported after 100 years of
continuous iron fertilization in the Southern Ocean. However, since the Southern Oceanisa
source for deep waters that re-emerge in the tropics, severe depletion of nutrientsin the Southern
Ocean could decrease equatoria primary production by at least 30% and by as much as 70%.
Thelossintropica productivity may even outstrip the amount of atmospheric carbon that would
be captured — a tradeoff that requires very careful assessment. According to the Redfield ratio,
the capture of 100 Gt C/yr by macro-nutrient fertilization in the oligotrophic subtropica ocean
gyres would require the supply of 15 Gt N/yr (not counting losses), plus other nutrients as they
are consumed. The sheer logistics of undertaking macronutrient fertilization at thet scae present
enormous challenges given the Sze and remoteness of the target aress.

In dl cases, any amospheric carbon uptake due to fertilization would be rapidly returned to the
amosphere unlessfertilization is sustained for extended periods of time. Furthermore,

drawdown of dissolved CO, in surface waters by a phytoplankton bloom may be largely replaced
by the equilibration of dissolved CO, between the fertilized area and adjoining water masses. In
other words, the impact on atmospheric CO, would be small even if fertilization resultsin
substantial export of carbon.

In generd, the chdlenges facing us in evaduaing commercid ocean fertilizetion for carbon
sequedtration fal under three main categories.

1. Extrapolation of Results Commercid fertilization proposals must extrgpolate results from
short-term (days-weeks), small (about 100 kn? or smaller) field experimentsto long-term
(centuries), large (greater than 100,000 kn?) operations.

2. Verification of Carbon Sequestration: Measurement and prediction of the amount of
carbon exported to ocean depths as aresult of fertilization with any degree of certainty is
at present impossible even in fidd experiments, et done over vast expanses of ocean.

3. Ecological Monitoring: Itisnot yet possible to measure subtle but potentidly damaging
changes in ecosystem States in ether a precise manner or in red time. Long-term
manipulation of marine ecosystems may fundamentally and permanently dter the cyding
of nutrients and functioning of food webs.

Conventional scientific wisdom suggests that large-scale commercial fertilization enterprisesin
the open ocean are neither ecologically acceptable, nor likely to be economically rewarding in
the long run. If returns on invesment in large- scale ocean fertilization appear atractive, it is

often only due to the externdized costs borne by the greater environment. It is commonly

observed that heavy subsidy of energy and materias may be required to sustain large, managed
ecosystems such as those proposed by the proponents of ocean fertilization.

Commercial Proposals

Three methods (see Table A) are being promoted actively, aming to ether flip the chemica
“gwitch” that would jump-dart the inefficient biologica machinery (e.g., in the HNLC regions),
or boost exigting high levels of primary production in efficient ecosystems (e.g., in coastd
upwelling zones) further and sustain it a high levels by fueing it with a continuous supply of
fertilizer.



Table A. Fertilization M ethods Proposed by Commercial Interests

Organization

GreenSea Venture, Inc.
(formerly Ocean Farming)

www.greenseaventure.com

Ocean Technology Group
(U. of Sydney, Australia)
www.otg.usyd.edu.au

Ocean Carbon Science, Inc.
(Formerly Carboncorp USA)
www.rsrch.com/carboncorp

Principal Michael Markels, Jr. lan S.F. Jones Russ George/ Robert Falls
- Fe-chelate S Proprietary nutrient

Fertilizer (lignic acid sulphate) NH; solution in seawater supplements, Fe + ?

Approach - Fertilizer released along | - Atmospheric nitrogen - Retrofit commercial ocean

a "spiral fertilization"
path

- Small, floating nutrient
pellets

fixed as ammonia (NHz)
via industrial process
(using fossil fuels)

- Ammonia pumped from a
land- or ocean-based
(i.e., floating) facility for
release into the surface
ocean near the edge of
the continental shelf

- Ammonia discharged via
multiple “diffuser points”

liners for releasing mix into
the propeller wash at an
“appropriate” time(s) during
a voyage

- Algal response monitored by
satellite imaging and
shipboard instrumentation

Ocean Area(s)
Targeted for

Equatorial Pacific Ocean
(for demonstration

- Chilean coastal upwelling
zone

- "Plankton domains" along
major shipping lanes

Fertilization experiment)
- Coastal waters of "Low
income food deficient"
nations
Claimed 0.6-2 Mt CO, sequestered [ 1 Gt N/yr sequesters about Not specified
Efficacy over 5,000 sq. mi. of 5 Gt Clyr

HNLC ocean in 20 days

Claimed Cost

$7to $7.5 /tC
(at “commercial scale”)

Approx. $30 /t C

Not available




Overview of International Treatiesand Laws

In 1990, the Inter-Governmental Panel on Climate Change (IPCC) findings on globa warming

led to the adoption of the United Nations Framework Convention on Climate Change
(UNFCCC). The overall abjective of the UNFCCC was to promote the stabilization of
greenhouse gases (GHGS) by ecologically sound means. Since carbon dioxide (COy) is
considered to be the mgjor GHG of globa concern, much effort has been focussed on developing
ways to ether remove CO, directly from the atmosphere, or capture CO, emissons power plants
for storage in various natura reservoirs (See Sequestration Options Table in Appendix C).
Whereas the current emphasis appears to be on the development of revenue- producing
technologica options such as CO,-enhanced recovery of oil and methane, the ocean remains an
important “naturd Snk” in the DOE’ s carbon sequestration research portfolio.

Whereas the growing problem of coastal eutrophication has prompted various nationa laws and
international agreementsto control the ddliberate efflux of nutrients into coasta sess, there are

no direct lega precedents for ocean fertilization in the open ocean. The UNFCCC urges nations
to seek ways to mitigate the effects of globa climate change expeditioudy and inexpensvely—
without dalying to develop the most scientificaly sound solution - and alows the classification

of the oceans as a potential Snk for CO; to be developed as such. It remains to be established if
and what role the 1972 London (Anti-dumping) Convention and 1996 Protocol to the London
Convention may have in regulaing carbon sequedtration. For example, it is not known if
sequestered carbon dioxide could be classified a“waste’ under international marine law, since it
is derived subgtantialy from ar “polluted” with anthropogenic emissons?

There is some worry that the legal vacuum regarding the rights on the high seas and historically
weak enforcement could lead to a “ carbon-rush” , with various entrepreneurs commandeering

vast patches of ocean water for implementing their patented fertilization methods. The

unregulated proliferation of large-scale fertilization schemes could ultimately lead to a Stuation
andogous to the “Tragedy of the Commons’ scenario, wherein the chemistry and biology of

marine ecoregions are dtered sgnificantly from thelr current Sate, ultimatdly leading to

detrimental consequences for dl stakeholders. It is of the highest importance that a coherent set
of science policy guidelines be established to govern the deployment of the proposed
technologies.

| s Ocean Fertilization a Good Carbon Sequestration Option?

To thetitle' s question, one of usfedsthe answer is“no”, while the other thinks “it depends’.
This dichotomy of like minds speaks to the complexity of theissue. The answer “no” is based
on the Precautionary Principle. Given the known risks of ocean fertilization, and the inherent
uncertainties, it isaclassic precautionary Stuation. The answer “it depends’ is based on amore
objective analyds of the inevitabilities inherent in decigon-making to address complex policy
problems. In particular, it is recognition of the fact that there is no naturd mathemetical scale

Vi



relation between economic cost and ecologica impact that alows them to be compared easily?,
which, incidentaly, may aso be the reason why the Precautionary Principle frequently failsto be
proven persuasve in environmenta policy-making. From that viewpoint, the answer depends
not only on which ather viable aternatives for reducing atmospheric GHG accumulation are
avallable to, and considered by, policy makers, but dso on stakeholders preferences regarding
risks and tradeoffs associated with each of the considered policy options.

Aswe finished this White Paper, a group of experts % including scientists, policy makers, and
entrepreneurs intent upon commercidizing ocean fertilization % convened by the American
Society of Limnology and Oceanography (ASLO) came up with their own answer to this
question. “On the basis of available scientific information”, they argue, “we cannot dismiss
ocean fertilization with iron as a [carbon] mitigation option. However, computer models predict
that it would at the very best reduce the expected increase of atmospheric CO, by asmadll
percentage. Achieving this degree of sequestration would entail mgjor dterations of the
ecosystem ¥ such as changes in food web structure and biogeochemical cycles % as has been
demonstrated in severa research experiments to date. These changes will have unknown
consequences, some of which will be inherently unpredictable.”?

To some, the ASL O statement appears to be an oxymoron: The last two sentences seem
incompatible with the first. But to others, the limitations and risks do not gppear compelling
enough to rule out large-scale commercid ocean fertilization. We must recognize, however, that
to keep the question of large-scale ocean fertilization dive isto keep the research dollars flowing
in this direction, and this may be a confounding factor. There is no doubt that research on this
question will provide some vauable ingghts into how the oceanswork. But is that adequate
judtification for keeping the question alive?

Wethink not.

! Some economists claim that ecological value can be “priced out”, but that is an area of active debate.

2 Report of a workshop on “The Scientific and Policy Uncertainties Surrounding the Use of Ocean Fertilization to
Transfer Atmospheric Carbon Dioxide to the Oceans” April 25, 2001 Washington D.C. , Sponsored by the
American Society of Limnology and Oceanography (ASLO). Complete summary can be found at www.aslo.org.
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PROLOGUE

The United Nations Framework Convention on Climate Change and the Kyoto Protocol

In 1990, the Inter-Governmenta Pand on Climate Change (IPCC) findings on globd warming
led to the adoption of the United Nations Framework Convention on Climate Change
(UNFCCC). The overdl objective of the UNFCCC was to promote the stabilization of
greenhouse gases (GHGs) by ecologicaly sound means (UN, 1992a). Subsequently, the Kyoto
protocol was crafted during negotiations in the third Conference of Parties (COP-3) in 1997. A
key feature of the now imperiled Kyoto Protocol (Reuters, 2001c) isthat it dlowsthe
achievement of GHG emissionsto occur partly through the trading of GHG emissions permits®
and credit received for emission reduction activities undertaken by countries, jointly or
individualy*. Wheress trading of GHG emissions has not yet been formalized anywherein the
world, thereis growing anticipation of a future GHG market (Ney and Schnoor, 2000). Various
corporations and trading organizations have arranged for the purchase of raively inexpensve
“proto-credits’ and buying options for future credits from farmers, foresters and others (IEA,
1997b; Ney and Schnoor, 2000) °. Since carbon dioxide (CO,) is considered to be the major
GHG of globa concern (IEA, 1997), much effort has been focussed on developing ways to either
remove CO; directly from the atmosphere, or capture CO, emissons power plantsfor soragein
various natural reservoirs (See Sequestration Options Tablein Appendix C).

The Rise of Carbon Sequestration

The US annudly emits GHGs equivaents® to 1.8 to 1.9 Gt C’, and rising, induding 25% of

world's CO, emissions (i.e., approx. 5.5 Gt CO, per year®) (USEPA, 2000). It isnot known what
magnitude of globa emissons reductionsis necessary to “ stabilize” atmospheric GHG
concentrations a “safe”’ levels. Globdly, in order to achieve sabilization of atmospheric CO,

levels at 450ppm by 2100AD, CO- reductions of gpproximately 850 Gt C over 100 years would
be required °. Large reduction in GHG emissions would be required to stabilize atmospheric

CO, concentrations even at double the current levels.

GHG reductions may be achievable by a suitable combination of the following three approaches:

% Credits and permits are distinct instruments and imply different, but not necessarily mutually exclusive, trading
regimes. Permits are allowances that might be used under a “cap and trade” system that limits the total

emissions for a region or country. Credits would be awarded for net reductions that are achieved with respect to

an established baseline for regional or national emissions. Concelvably credits could supplement permits.
* Under “Actions Implemented Jointly” (AlJ) countries with emissions targets may get credit towards their targets
through project-based emission reductions in other such countries. The private sector may participate in these

activities. The “Clean Development Mechanism” (CDM) allows for "joint implementation for credit" in developing

countries.
®> See also http://www.co2e.com and http://www.carbonmarket.com
Carbon equivalents are calculated on the basis of the global warming potential of a GHG relative to CO». For

example, one molecule of methane traps 21 to 25 times more heat in the atmosphere relative to one molecule of

CO2 over 100 years. IPCC (1996)
thC 1 gigaton C = 1 billion metric tons C = 3.67 billion metric tons COs..
US emits 25% of world’s COz emissions (ie 0.25*6 GtC*3.67 tCO/tC = approx. 5.5 Gt CO; per year).
° Based on difference between projected emissions under 1IS92a scenario (1500 Gt C) and Stabilization at 450 ppm
scenario (650GtC). [see www.ieagreen.org.uk/pfghgtdb.htm]



1. Effidency-improvementsin energy production and usage.

2. Subdtitution of fossl energy by nuclear power or renewable energy such aswind, solar,
geothermdl, etc.

3.  Sequedration of GHGs, ether by separation from large point source emissons, or
directly from the atmosphere.

Because of population growth and economic development, CO, emissons worldwide are likely
to maintain an upward trend in the foreseeable future, and efforts to find ways of capturing and
storing CO; (the third option) in naturd reservoirsis gathering momentum. Natura reservoirs
for carbon are the following:

1. Terrestria biomass and surface soils (e.g., forests and agricultura soils)

2. Geologic reservairs (e.g., aguifers, cod mines, oil and gas traps)

3. Deep ocean waters

The current emphasi's gppears to be on the development of revenue- producing technologica
options such as CO,-enhanced recovery of oil and methane. The ocean is avery important
“natura reservoir” for massive amounts of carbon in the globa carbon cycle, however, and the
idea of usng it for additiona storage has attracted some attention in the DOE' s carbon
Sequestration research portfolio (Reichle et a., 1999).

Carbon Sequestration in the Ocean

The two main approaches for CO, capture in oceans, (a) Direct Injection and (b) Ocean
Fertilization, are smilar in their ultimate god, but very different in dl other dimensions (Table

1). Direct Injection involves capturing carbon dioxide from large point sources such as power
plants, and delivering it in concentrated form to the deep sea by some technologicad means. In
contrad, fertilization aims to remove CO; directly from the atmosphere by stimulating the

natura biologica processesin the surface oceans.  This paper isfocused solely on fertilization.
The reader is directed to reviews by the IEA Greenhouse Gas R&D Program (IEA, 1999; IEA,
2000; 1EA, 2000b), the MIT Energy Lab (Herzog et ., 1997; Herzog et a., 2000) and the US
Department of Energy Center for Research on Ocean Carbon Sequestration (http:/mww-
ed.|bl.gov/DOCS) for further information on the Direct Injection approach.

Table 1. A Comparative Overview of Ocean Carbon Sequestration Options.

Approach “Direct Injection” “Ocean Fertilization”

. Separation from flue gas by Nutrient-enhanced phytoplankton
CO, Capture Mechanism Membrane or Amine solvent photosynthesis and cell growth

Large point sources (e.g., Atmospheric CO, (via uptake of

Target Source of CO; coal/gas-fired power plants) dissolved CO, by phytoplankton)
Target Reservoir for Deep ocean, offshore oil/gas Deep ocean (water layer lying
Captured CO, reservoirs and saline aquifers below the thermocline)
Process for Transfer of Compression and pumping of Sinking of dead phytoplankton
Carbon into Storage liquefied CO, cells and their by-products




STATE OF THE SCIENCE

Evduating the promise and risks of ocean fertilization for carbon sequedtration must rely on our
understanding of the natura role of the oceans in regulating the globa carbon cycde and the
factors that limit biologica production in the oceans.

The Ocean Carbon Cycle

The deep ocean represents an enormous naturd reservoir for carbon in the globa carbon cycle
(Figure 1), dwarfing the atmospheric reservoir and thet of the terrestrial biosphere. At this point
in the earth’ s history, with the supply of CO, from the land exceeding the oceans ability to
assmilate it, the atmosphere represents a “ bottleneck” in the exchange of carbon between the
terrestrial and oceanic reservoirs (Post et al., 1998).

Atmospheric Reservoir

750 GtC

Land Biota & Soil 1,800 GtC 2“5’,?:;,,‘;?3;

Intermediate & Deep Ocean

Geological reservoir 38.100 GtC

(fossil fuel reserves) SedimenEr e 000,000 GtC

Figure 1. A schematic of the global carbon cycle showing the major reservoirs of carbon
{Adapted from (Post et al., 1998)}.

The ocean carbon cycleis controlled by two globa mechanisms, cdled the “ solubility pump”

and the “biologica pump’. The fundamenta processes controlling the physical exchange of CO,
between atmosphere and ocean (i.e., the solubility pump) are somewhat better understood than
the more complex biologica pump. The rate a which the ocean physicadly removes CO, and
heet from the atmosphere depends upon the rates of thermohaline circulation. Thermohdine
circulation is driven by the snking of cold and sdty water masses in the Polar regions



particularly in the North Atlantic and the Southern Oceat®. Cold water contains more dissolved
CO2, because the solubility of the gas increases a lower temperatures and at higher pressure.
Sinking water masses trap the dissolved CO; in the deep ocean until the water re-surfaces many
centuries later.

The*biologica pump” is driven by photosynthetic productivity of phytoplankton floating in the
sunlit surface layer of the ocean (Volk and Hoffert, 1985) and is characterized as the production
and transport of biogenic organic and inorganic carbon (Murnane et d., 1999). The microscopic
plants condtitute the base of the marine food chain that aso includes zooplankton (herbivores),
bacteriaand larger marine animals. During intense phytoplankton blooms, the large cells™, often
dominated by diatoms, sink out of the surface layer (Buessdler, 1998; Nelson and Brzezinski,
1997). Microbia degradation remineradizes'? the organic matter descending into the deep ocean
and the “regenerated” nutrients, including inorganic carbon (CO; ), are dowly returned to the
surface waters by the movement of water dong the “globa ocean conveyor belt” (Segenthaer
and Sarmiento, 1993). On average, it takes amolecule of water (or dements dissolved in it)
roughly 1000 years to make the globa excursion from the surface waters to deep, and back

agan.

Marine net primary production' is estimated at 45 to 50 Gt Clyr (Longhurst et a., 1995), which
nearly equas the primary production occurring on land globdly. Annudly, 5-6 % (approx. 2.3
Gt Clyr) of the globd marine primary production is exported to 1000 m depth, the remainder
being regenerated to CO, in the upper ocean (Table 2). Only 1 to 2 % of the globd marine
primary production reaches the ocean floor (Christensen, 2000; Lampitt and Antia, 1997).

Table 2. Approximate Fluxes of Carbon in the Ocean (Christensen, 2000; Lampitt and Antia, 1997,
Longhurst et al., 1995).

Process Amount % of Biogenic
(Gt Clyr) Carbon Uptake
Global Marine Net Primary Production 45 to 50 100 %
Carbon exported below 1000m depth 2.3 5-6 %
Carbon exported to ocean floor 0.74 1-2%

% The area of the world’s oceans that lies south of the 40 S is known as the Southern Ocean (Deacon, G., 1984. The
Antarctic Circumpolar Ocean. Cambridge University Press.)

" Typically cells larger than 5 micrometer in size.

12 Remineralization is the process of dissociating complex organic matter into its component inorganic elements.

3 Net primary production (NPP) is the total amount of carbon converted into organic compounds (sugars) via
photosynthesis, less the amount returned to the atmosphere as carbon dioxide durin% respiration by the plants
themselves. NPP is given as Gt C/yr in Table 1, but may be also measured as g C/m“/yr.



In pre-indugtria time, the globa carbon cyde wasin “equilibrium”, with terrestrid and oceanic
system contributing equaly to both emissons and uptake of CO, from the atmaosphere (Figure
2). The solubility pump and the biologica pump have made roughly equa contributions to the
uptake of CO; by the ocean (Sarmiento and Orr, 1991). Since then, increasing fossl fud
combustion and land use changes have caused the release of relaively smdl, but Sgnificant,
amounts of CO, into the atmosphere. Some of that “extra’ CO, has diffused into the ocean and
the ocean currently absorbs about one-third (approx. 2 Gt Clyr) of annual anthropogenic
emissons (5-6 Gt Clyr and rising). Therefore, the stock of atmospheric CO, isgrowing a an
ever-increadng rate, currently 3-4 Gt Clyr.

Land use Net accumulation in

Combustion  changes Respiration the atmosphere
5.3 GtCiyr ¥ 0.6.2.6 3-4 Gt Clyr
Gt Clyr
Gas exchange
90.120 b-et;reen air
100-120  GtChyr SR
Plant 100-115 100-115
intake Gt ny-r Gt 'l:.f}.l'l'

Met accumulation
in ocean
1.6-2.4 GtClyr

Biological
pump
Geological reservoir - ‘Circulation

Figure 2. A schematic of the major global carbon fluxes {Adapted from (Post et al., 1998)}. The
annual fluxes in and out of the oceans are roughly equivalent to those of the terrestrial biosphere.
The relative sizes of oceanic fluxes due to the biota and physical processes approximately equal.
The net flux from the land to the atmosphere is balanced (within the uncertainties) by a net
accumulation in the atmosphere and ocean. Note that although the anthropogenic fluxes are but
a small fraction of the natural fluxes, they have a striking impact on the atmospheric reservoir.

Modds suggest that up to 95% of the total oceanic uptake of anthropogenic CO, to date was due
to the solubility pump (Murnane et d., 1999). However, the biological pump is considered to be
very important in maintaining a CO-, gradient between the surface and deep waters (Sarmiento

and Toggweller, 1984; Volk and Hoffert, 1985; Watson et d., 2000). Hence, thereis an interest



in exploring methods to trangport of CO, into the deep ocean — rdidbly, efidently and
expeditioudy — by manipulating the mechanisms regulating the global carbon cycle'

The Southern Ocean has for long been proposed as the most important sink for atmospheric
carbon dioxide in the past glacia period and for the potentid climate regulation in the future
(Barth et ., 2000; Raven and Falkowski, 1999; Sarmiento and Orr, 1991). Not only isthe
Southern Ocean an important area of deep water formation, but it is aso hypothesized that a
large aeodlian influx of iron dust (believed to be the limiting nutrient in these waters — see below)
triggered enhanced atmospheric CO; uptake and carbon export to the deep sea during the last ice
age (Martin, 1990a). However, recent modding results suggest that the estimates for role of the
Southern Ocean productivity in controlling past (and future) atmospheric CO, levels may have
been exaggerated (Gnanadesikan et al., 2000; Lefevre and Watson, 1999). One aternative
explanation to theiron hypothesisfor lower glacial atmospheric CO, isthat an expanded area of
seaice blanketed the Southern Ocean, effectively forming abarrier againg the release of CO,
from the ocean to the atmosphere (Elderfidd and Rickaby, 2000). This hypothesisis further
corroborated by the strongly diminished utilization of slicic acid (compared to the present
interglacid) by diatoms in the Southern Ocean during the last glacid period (De LaRochaet d.,
1998). Another hypothess attributes the last glacid CO, minimum primearily to changesin
ocean ventilation and dratification (Toggweller, 1999). Hence, the Southern Ocean-climate
connection is gill amatter of consderable scientific uncertainty.

FactorsLimiting Primary Production

Light and nutrients are the main factors regulating the growth of marine dgae. Essentid “macro-
nutrients’ such as nitrogen (N), phosphorus (P) and silicon (S), dong with “micro-nutrients’
such asiron (Fe), are pumped up from the deep ocean by physica circulation. Thisphyscd
processis caled “upwelling’. Changes in the nutrient composition of surface waters induce
changes in gpecies compadtion (Taylor, 1993; Turner et a., 1998), but the specific responses of
plankton to changing nutrient levels remain difficult to predict. On average, phytoplankton are
consdered to use nutrientsin the following ratio (Martin et a., 1990; Redfield, 1934; Sunda and
Hunstman, 1995):

106 C: 16 N: 1 P: 0.001-0.005 Fe

In other words, under iron limitation, adding one atom of iron can catdyze the biologica uptake

of approximately 100,000 atoms of carbon'® — an uptake factor of 10°. The macronutrients (N, P,
S) are consumed by phytoplankton in much higher amounts relative to micronutrients (Fe, Zn,
etc.). Since the dissolved concentrations of these nutrients in the deep ocean are determined by
marine life processes and originate from the decay of phytoplankton, the nutrients in upwelling
waters tend to vary in these proportions, though exceptions have been observed (Arrigo et d.,
2000; Daly et d., 1999; Rubin et d., 1998).

"t is often pointed out that if it were possible to incorporate all of the atmospheric carbon dioxide (750 Gt C) into the
deep ocean, it would increase its content by about 2 % (for example, see Raven and Falkowski, 1999). Whereas
2% may seem like a small amount, we note that even relatively small increases in the amounts of COzdissolving
in the upper ocean, in the recent past, have impacted corals in many parts of the world.

Bn weight terms, 1 ton of Fe can facilitate the photosynthetic uptake of 23,000 tons of C (for 1 mole Fe: 106,000
moles C).



Diatoms account for roughly 75% of the primary production occurring in typicaly high
productivity coasta and nutrient-replete waters around the world (Nelson and Smith, 1986;
Nelson et d., 1995). When diatom blooms occur, growth rates of these organisms are dependent
upon the availability of dissolved silicon (S), because silicates are used to form intricate
exoskdetons for the diatoms (Dugdde and Wilkerson, 1998; Pondaven et d., 1999; Taylor,
1993). Thelarger Spring bloomsin the temperate or sub-polar |atitudes typicaly result in heavy
sedimentation of diatom cells, but the Summer blooms do not, because while sunlight is

abundant in Summer, slicate becomes scarce (Boyd et ., 1999). Asthe concentration of Silicon
dwindles, diatoms are likely to release increasing amounts of dissolved organic carbon, because
cdl growth decelerates more abruptly than photosynthetic production does (Flynn and Martin-
Jezequel, 2000). Consequently, the “export” potentia for particulate carbon quite literdly
dissolves away as S-limitation sstsin. While diatoms use much less S under iron-replete
conditions than under iron-poor conditions (Hutchins and Bruland, 1998), such efficiency might
aso make the cels lighter and lesslikely to sink rapidly. In terms of carbon “export”, too much
iron can dso be limiting.

In contrast to the highly productive, nutrient-replete coastal upwelling areas, most of the world's
ocean is nutrient-poor. However, three perennidly under- productive open ocean regions have
been identified, where high dissolved concentrations of most nutrients occur year-round. It is
believed that these three * high-nutrient-1ow- chlorophyll” (HNL C) zones, which collectively
cover about 30% of ocean surface, are lacking in one or more essentia ingredients that would
dlow plankton to utilize the remaining, abundant nutrients. HNL C regions are found in the
Eastern Equatorid Pacific, NE Subarctic Pacific and Southern Ocean which surrounds the
Antarctic continent.

It is now widely accepted that phytoplankton growth islimited by the availability of ironin the
Equatoria Pacific HNLC region (Code et al., 1996) and in the Southern Ocean (Boyd et d.,
2000; Martin et d., 1990), in effect limiting the biologicd assmilation of other nutrients such as
nitrogen and phosphorus. However, the limitation by iron does not preclude smultaneous
limitation by other factors. In the NE Subarctic Pacific and the Southern Ocean, primary
production is probably co-limited by low levels of light intengty and dissolved iron (Maldonado
et d., 1999; Sunda and Huntsman, 1997). Other possible limiting/co-limiting factors for
production and growth of phytoplankton in the Southern Ocean are: vertical mixing, temperature,
slicate concentrations and zooplankton grazing (Bracher et a., 1999; Sohrin et a., 2000).

“Harmful Algal Blooms’ in Ocean Ecosystems

Theincreasing proliferation of harmful algal'® blooms (HABS) in coastd areas around the world

is suspected to be primarily caused by eutrophication from ever-risng inputs of nitrogen from
atmospheric deposition, anthropogenic nitrogen loading of rivers, urban sewage discharges, and
now groundwater discharge (Paerl, 1997). Intendfication of ship traffic facilitates the

introduction of some harmful algal speciesinto coastdl waters (Mos, 2001), while ocean currents
carry others over long distances (Branca, 1998). Certain dgae may lie dormant as cystsfor years
until brought into more favorable conditions by physical forces (Branca, 1998). Harmful dgd

%8| this context “algae” = phytoplankton



blooms have detrimenta effects on the loca food webs by inducing toxicity to higher trophic
levels, hypoxia or anoxiain the water column, and/or dramatic shiftsin species distribution.

Further complications arise from the responses of different species to both concentration and
chemical form of nitrogen. As nitrogen concentration rises, the S:N atomic ratio - an important
biologica control factor - fals. When the Si:N ratio falls below the threshold “ Redfidd” values
1:1, the potentia for harm (as defined above) increases dramaticaly (Turner et d., 1998).
Dinoflagellates and cyanobacteria are physiologicaly well adgpted to use organic nitrogen
{Hans Paerl ascited in (Pelley, 1998)}, and the cyanobacteria show an especidly high
preference for ammonia (Mulholland and Capone, 1999). Iron fertilization in the ocean typicaly
dimulates the growth of diatoms (de Baar and Boyd, 2000). However, the proliferation of
diatoms my have serious negative consequences for the ecosystem asawhole. For example,
zooplankton reproduction can be inhibited by bloom diatom species (Miralto, 1999). Some
pennate diatom strains belonging to the species Pseudo-nitzschia produce a powerful marine
biotoxin, caled domoic acid. The production of domoic acid appearsto be related to iron
availability (among other nutrients such as N, P, and S), perhaps as a metal-binding ligand
(Mos, 2001). Domoic acid can travel up the food chain, causng mortdity in marine mammals
and possibly even humans (Scholin et d., 2000). The production of Pseudo-nitzschia should be
ared concern for proponents of iron fertilization in the Southern Ocean, because the low light
conditions and low temperatures may promote blooms of this diatom (Mos, 2001) with
potentialy serious consequences for the diverse Antarctic food web.

Export Production and In Situ Iron Fertilization Experiments

“New production” is defined as the steady- Sate fraction of marine primary production that is
available for export to the deep ocean (Eppley and Peterson, 1979). It ismore properly defined
as net community production: That is, the fraction of carbon that is produced in the surface layer
of the ocean through primary production, that is not consumed and respired by higher trophic
levels and bacteria on contemporary time scaes. It isthis production that determines the amount
of carbon that may be exported from the surface ocean to the deep sea below the thermocline,
and which is criticd to the biologica pump (Falkowski et d., 1998; Sakshaug and Slagstad,
1992).

In the context of carbon sequestration, even al types of new production are not created equal.
Nitrate-based new production does not typicaly generate net carbon export, because the export
of carbon from the surface ocean is balanced by an upweling of CO, aong with the new nitrate
from the deep ocean (Hood et a., 1999a). In other words, nutrients and CO, reach the surface
together. Hence, the primary production that is fueled by these nutrients draws on the carbon
that was upwelled with them, and there will be no net draw down of CO, from the atimosphere.
In contrast, new production that is driven by limiting factors supplied from outside the system
(e.g., from the atmosphere) can indeed drive production that results in athe net transfer of CO,
from the atmosphere to the ocean.  Indeed, nitrogen gas that is brought into the ocean system
from the atmosphere via N-fixation by cyanobacteria, can be asignificant source of net carbon
export from the surface waters. This“true’ new production can account for as much as 50% of
the nitrogen that actudly drives new production in some marine ecosystems (Hood et a., 1999a;
Karl et a., 1997; Letelier and Karl, 1996). Likewise, airborne (aeolian) iron-containing dust can



aso drive true new production in iron limited ecosystems such as HNLC regions. And sinceiron
limitation can limit N-fixation in the oligotrophic oceans, and aimospheric N isin great
abundance, iron is very important to the carbon export budget in these areas (Raven and
Falkowski, 1999). Fidd experiments indicate, however, that when N-fixation is the predominant
driver for primary production, an increasing fraction of carbon export occurs as dissolved
organic matter relative to particulate organic metter (Karl et a., 1995).

Because aedlian iron is hypothesized to play such an important role in regulating primary
production in HNLC aress, four scientific field experiments have been carried so far to examine
its effects of iron on primary productivity and other ecosystem properties: IRONEX | (in 1993)
and IRONEX 11 (in 1995) in the Equatoria Pacific Ocean, and SOIREE (in 1999) and EISENEX
(in 2000) in the Southern Ocean (Boyd et al., 2000; Code et d., 1996; Martin et d., 1994;
Smetacek, 2000). There arefive key obsarvations from the field experiments regarding likely
effects of iron fertilization these HNLC ocean regions:

It isclear thet iron limits primary production;

Phytoplankton biomass can be increased over the short term (weeks) by the addition of iron,
Thereisno evidence of increased carbon “export” following fertilization in the time frame of
these experiments;

The compostion of the phytoplankton community changes dramétically upon the addition of
iron, with diatom biomass increasing preferentidly;

Dimethyl Sulfide (which nuclestes cloud formation) production isincreased by iron
fertilization

Mode Analyses of Large Scale Ocean Fertilization Scenarios

The anticipation and results of these mesoscale iron-fertilization experiments stimulated
modeling studies of the capacity of the HNL C areas for increased export production and
amospheric CO, drawdown, assuming iron limitation was relieved. Ocean ecosystem models
were “asked”:
If the phytoplankton had as much iron as they needed, could they convert dl of the
“unused” nitrogen and phosphorus in these regions into organic carbon and if so, how
much atmospheric CO, would be transferred to the deep ocean?

Because of the physics and size of the Southern Ocean, this has aways been thought to be
HNL C region where iron fertilization would have the largest effect for purposes of carbon
sequestration, and models supported this belief (Table 3).

But even here, after 100 years of continuous iron fertilization, the carbon sequestration potentia
corresponds to a 17% reduction in projected CO, emissons’’ compared to the projected CO,
levelsfor the IPCC's “business-as-usud” emissions scenario™® (Sarmiento and Orr, 1991). And
thisis an upper (and unachievable) limit. The amulation assumesthat dl of the unused nutrients

" This is equivalent to a 9% decrease in projected atmospheric CO; levels under a “business-as-usual” scenario.
8 see Houghton, J., Jenkins, G. and Ephraums, J., 1990. Climate change: The IPCC assessment, IPCC,

Cambridge.



are converted to organic carbon, and does not include loss of efficacy due to seasona and
random variations in environmental conditions.

Table 3. Ranked 3D Ocean Model Estimates for Changes in Average Atmospheric CO, Levels and
Total New Production (i.e., Carbon Export) for Different Ocean Regions After 100 Years of
Continuous Nutrient Depletion in that Ocean Region. The Results are Calculated for a “Business
as Usual” Scenario (Sarmiento and Orr, 1991).

Atmospheric pCO;, New Production perturbation

Region perturbation (ppm) (Gt Clyr)
Southern Ocean -71.8 13.2
North Atlantic -12.7 1.4
North Pacific -6.9 0.4
Equatorial Region -2.8 -0.2

There is remarkable agreement among results of Smulations done about a decade ago, describing
the carbon sequestration potential of the Southern Ocean fertilization by different research

groups (Table 4). (Joos et al., 1991; Kurz and Maier-Reimer, 1993; Peng and Broecker, 19914,
Sarmiento and Orr, 1991). According to these smulations, iron-fertilization in HNLC ocean
regions would not “zero out” globa CO, output under any redigtic emissons scenario (Figure

3). Additionaly, any atimospheric carbon uptake due to fertilization would be rgpidly returned to
the atmosphere unlessfertilization is sustained for over 50 years (Joos et al., 1991).

Table 4. A Comparison of Simulation Results br Reduction in Atmospheric CO, Concentrations
due to Sequestration After 100 Years of Complete Nutrient Depletion in the Southern Ocean (Ryan,
1998).

Business As Usual scenario Constant Emissions scenario
Reference - - - -
% reduction ppm reduction % reduction ppm reduction
Joos, Sarmiento &
Siegenthaler (1991) 14 120 18 9%
Peng and Broecker
(1991) 10 +/-5 116 10 +/- 5 90
Sarmiento & Orr
(1991) 9 72 12 61
Kurz &Maier-Reimer
(1991) 7 50 9 44
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Figure 3.

and constant emission scenarios (
Ocean, with continuous nutrient depletion for 100 yr (

Model results for atmospheric CO2 levels (units:ppm) in the IPCC business-as-usual
) as modified by (i) nutrient depletion in the Southern
———————— ), and (ii) 50 yr of nutrient depletion in

the Southern Ocean (- ) followed by 60 yr without depletion. (Sarmiento and Orr, 1991).

Revised modding estimates (see Table 5), which account for restriction of photosynthetic carbon
uptake in the Southern Ocean by phosphorus-limitation, span awide range - from 50 to 150 Gt C
exported after 100 years of continuous iron fertilization (Gnanadesikan et d., 2000;
Gnanadesikan et a., 2001). However, since the Southern Ocean is a source for deep waters that
re-emerge in the tropics, severe depletion of nutrientsin the Southern Ocean could also decrease
equatoria primary production by at least 30% and by as much as 70% (see Figure 4)
(Gnanadesikan et a., 2000; Gnanadesikan et ., 2001). Thelossintropica productivity may
even outstrip the amount of atmospheric carbon that would be captured — a tradeoff that requires
very careful assessment. The large range in both effectiveness and ecologica impacts of ocean
circulation isafunction of ocean circulation and aso the duration of fertilization.

Table 5. Effect of Ocean Circulation in Simulations of Ocean Fertilization Effectiveness. See also
Fig. 4 (Gnanadesikan et al., 2000).

Strong Upwelling in High
Latitudes, Weak Convection in
Southern Ocean

Strong Upwelling in Low
Latitudes, Strong Convection
in Southern Ocean

of tropical fertlization (Gt C/yr)

Uptake of carbon after 100 years 67 %
Southern Ocean fertilization (Gt C)
Change in tropical carbon export 71 -29
due to SO nutrient depletion (%)

Uptake of carbon after 100 years 10.1 8.5
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Figure 4. A simulation of change in global export production following complete nutrient
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(Gnanadesikan et al., 2000).
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COMMERCIAL PROPOSALS

The idea of nutrient manipulation in marine ocean ecosystems has spawned a variety of proposed
goplications, from engineering fisheries (Jones and Y oung, 1997; Markels, 1995) to capturing
atmospheric carbon dioxide (Jones and Y oung, 2000; Markels and Barber, 2000), and it has
triggered a cascade of patent applications. Althoughiit is clear that ocean fertilization is not the
solution to globa warming, it does gppear that it could have an influence on atmospheric CO,
concentrations. The idea has attracted media attention since 1990, |ess than two years after John
Martin firgt sent ripples through the world oceanographic community with his famous remark,
“Give me ahdf atanker of ironand I'll giveyou aniceage’ (Martin, 1990b). Around the same
time, high-profile internationd discussons on the problem of globa warming and climate

change based on the IPCC findings, and the signing of the UNFCCC in 1990, had generated a
worldwide wave of interest and awvareness. The apped of ocean fertilization as a carbon
sequestration option has grown during the past decade as the prospect of an international market
in carbon credits becomes more of aredity (Ney and Schnoor, 2000).

GreenSea VenturelInc.: “Pulsed” reease of iron in HNL C waters

Michadl Markels of GreenSea Venture Inc. (GSV; formerly Ocean Farming Inc., Springfield,
VA. http://ww.greenseaventure.com) owns five patents™ on oceen fertilization. He has, for
example, apatent for areaction mixture comprised of iron-chelate, phosphate, and
microorganiam 2° and inert ddlivery systent for the explicit purpose of increasing sesfood
production in the “barren ocean” (Markels, 1998a). More recently, however, he has shifted his
focus to carbon sequestratior?®. To date, Markels has received five patents on different versions
of the iron fertilization idea (see Appendix A for summary of patents) and has filed anew patent
gpplication with yet another twigt to the same formula

Markels has clamed that it is possble to “ zero out” the equivaent of global annua

anthropogenic CO, emissons by continuous fertilization with 8.1 million tons of iron in HNLC
waters spanning area of 16,000,000 square miles (i.e., about 11% of globa ocean surface) and
capturing 8 Gt CO, per year in the deep ocean profitably for lessthan $2/t CO; (i.e., $7.50/t C)*
(Graeber, 2000). However, smulations of ocean fertilization effectiveness srongly chalenge

the such daims (see Tables 3, 4 and 5). In particular, the effect of fertilization in the Equatorid
Pecific Ocean on the accumulation of CO; in the atmosphere would be practicaly irrdevant

9 A sixth patent was filed in January 2001, but has not yet been issued. See Appendix A for details.

2« wherein at least one microorganism that fixes nitrogen, is applied with at least one of said fertilizers” and “...said
microorganism comprises at least one member selected from the group consisting of blue green algae and
phytoplankton.” (from United States Patent 5,967,087 issued to Markels, Jr. on October 19, 1999. See also
United States Patent 5,433,173 issed to Markles, Jr. on July 18, 1995.)

...in the form of pellets, and said pellets comprise a float material selected from gas bubbles or low density
materials, and said pellets further comprise a binder selected from plastic, wax, high molecular weight starch, or
a combination thereof.” (from United States Patent 5,967,087 issued to Markels, Jr on October 19, 1999.)

 Markels fourth patent (P/N 5,967,087 issued on October 19, 1999) shifted the focus from increasing commercial

fish catch by iron fertilization to increasing phytoplankton production and “limiting zooplankton and seafood
growth...by applying (iron) in pulses”. In the latest patent (P/N 6,200,530 issued on March 13, 2001), the idea is
extended to include the release of iron in a spiral pattern.

% Markels evidently prefers to use British Imperial units. However, this need not cause any confusion for the

purposes of comparing costs of different methods, because the inherent uncertainties in all relevant values are
so high that the conversion of units (1 ton = approx. 0.9 metric tons) is effectively rendered superfluous.

21 «
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from the perspective of mitigating globa warming (Gnanadesikan et d., 2000; Gnanadesikan et
al., 2001; Sarmiento and Orr, 1991).

Table 6. Fertilization Methods Proposed by Commercial Interests.

Organization

GreenSea Venture, Inc.
(formerly OFI)
Www.greenseaventure.com

Ocean Technology Group
(U. of Sydney, Australia)
www.otg.usyd.edu.au

Ocean Carbon Science, Inc.
(Formerly Carboncorp USA)
www.rsrch.com/carboncorp

a "spiral fertilization"
path

- Small, floating nutrient
pellets

fixed as ammonia (NHz)
via industrial process
(using fossil fuels)

- Ammonia pumped from a
land- or ocean-based
(i.e., floating) facility for
release into the surface
ocean near the edge of
the continental shelf

- Ammonia discharged via
multiple “diffuser points”

Principal Michael Markels, Jr. lan S.F. Jones Russ George/ Robert Falls

Fertilizer . _Fe-qhelate NHs solution in seawater Proprietary nutrient
(lignic acid sulphate) supplements, Fe + ?

Approach - Fertilizer released along | - Atmospheric nitrogen - Retrofit commercial ocean

liners for releasing mix into
the propeller wash at an
“appropriate” time(s) during
a voyage

- Algal response monitored by
satellite imaging and
shipboard instrumentation

Ocean Area(s)
Targeted for

Equatorial Pacific Ocean
(for demonstration

- Chilean coastal upwelling
zone (Pearce, 2000)

- "Plankton domains" along
major shipping lanes

HNLC ocean in 20 days

Young, 1997)

Fertilization experiment)
- Coastal waters of "Low
income food deficient"
nations
Claimed 0.6-2 Mt CO, sequestered | 1 Gt N/yr sequesters about Not specified
Efficacy over 5,000 sq. mi. of 5 Gt Clyr (Jones and

Claimed Cost

$7t0$75/tC
(at “commercial scale”)

Approx. $30 /t C

Not available

Source

(Markels and Barber, 2000)

(Jones and Young, 2000),
unless noted otherwise

Text of the now defunct
Carboncorp website
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GSV clamsto have conducted two experiments in the Gulf of Mexico in 1998 and has reported
atemporary quadrupling of the initia diatom population due to fertilization (Markels, 1998b).
The procedures and results of GSV’ s fertilization experiments were never subjected to standard
scientific peer-review, which might have legitimized their daims. GSV has now proposed a
5,000 square mile “technology demonstration” claming that its technology can permanently
sequester 120-400 t CO, / square mile ®* over aduration of 20 daysin the Equatoria Pacific
Ocean (Markels and Barber, 2000). Further more, itisclamed in GSV’ s latest patent
gpplication (see summary in Appendix A) that over one year, each square mile of “deep tropica
ocean” fertilized with about one half ton of iron fertilizer would yield more than 2000 t CO; that
would remain sequestered for well over amillennium.

In order to garner support for its proposal for a’5,000 square milesin the tropical Pacific Ocean,
GSV has huilt dliances with prestigious research centers and universities, including the

Monterey Bay Aquarium Research Indtitute (MBARI), Moss Landing Marine Lab, Universty of
Hawali and Duke Universty (GreenSea Venture, 2001). GSV has proposed the creation of a
foundation in the name of the late John Martin® (GreenSea Venture, 2001). GSV would manage
public relaions, governmenta |obbying and fund-raising on behdf of the Dr. John Martin
Foundation in order to generate support for alarge-scale (5,000 square miles) iron fertilization
experiment proposed for 2002. In return, GSV would claim exclusive rights to commercia
goplications of any scientific findings that might emerge from the experiments (GreenSea

Venture, 2001).

“Ocean Nourishment”: Supplementing Nutrient Upwelling with Ammonia

The Ocean Technology Group (OTG, http://www.otg.usyd.edu.au) is located in the Univeraty of
Sydney, Audrdiaand isinvolved in sudying and promoting its “ Photosynthetic Greenhouse

Gas Mitigation” approach, aso referred to as “ ocean nourishment”, under the leedership of lan
S.F. Jones. Thegroup isinterested in the prospects of fertilization to induce a phytoplankton
blooms that could be manipulated for engineering alarge-scale fishery or for carbon
sequestration (Jones and Otaegui, 1997; Jones and Y oung, 1997). OTG isaso involved with the
Earth Ocean & Space Pty Ltd, acompany that develops greenhouse gas mitigation technology.
OTG has recently approached offshore oil and gas companies, proposing the use “ stranded”
natural gas reserves and a possibly floating indudtria facility to manufacture and pump ammonia
fertilizer for carbon sequedtration via* ocean nourishment” (Jones and Y oung, 2000). The cost
estimate for sequestration, including capital expenses, was $7/t CO, avoided?® (i.e., $30/t C).

Building on the hypothesis thet nitrogen is usudly the most important limiting factor in most
Southern hemisphere marine ecosystems, Jones group has designed a system to deliver “reective
nitrogen” (ammonia) to surface ocean zones to boost biologica productivity (Jones and Otaegui,
1997). The patented (see Appendix A for patent number) technologica set up (see Figure 5)
proposed by OTG includes aterrestria facility that pumps an agqueous solution containing

 This corresponds to 600, 000 — 2,000,000 t CO.

% John Martin is the father of the Iron Hypothesis that was tested by the IRONEX, SOIREE and EISENEX
experiments in the years after his death.

% Given the large uncertainties, we do not distinguish between CO- (or carbon) “avoided” and CO. sequestered. In
general, the quantity of carbon emissions “avoided” is typically less than the amount of carbon “captured”,
because the quantity of CO, avoided accounts for additional emissions during capture.
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dissolved ammonia through a pipdine extending out to the edge of the continental shelf (Jones
and Otaegui, 1997). Satellite monitoring of productivity in fertilized aress is an important
component of OTG’s* ocean nourishment” system, using color imaging to detect chlorophyll-a,
presumably as an indicator of carbon “export”. OTG has claimed that the nitrogen can be
supplied with a 70% uptake efficiency and - using the Redfield ratio - that 1t N, supplied as
ammoniafertilizer could increase *“new production” by 5t C with potentid benefits for fisheries

and carbon sequestration (Jones and Y oung, 1997).
Monitoring by @-,
satellite g ,

Approx. bu i

CARBON

Figure 5. Schematic of the OTG “ocean nourishment” system {modified from (Heddle, 1999)}.
Atmospheric nitrogen gas is converted to ammonia through an energy intensive industrial
process, and pumped into coastal waters for the purpose of increasing productivity.

In 2000, a report describing plans of “nourishing” upwelling waters*’ off the coast of Chile drew
media atention, and sharp criticism, to the activities of the OTG (Pearce, 2000). Jones dtated
objective was to earn saleable carbon credits for the Chilean government under some emissions
trading regime by removing carbon from the surface waters as the sinking wastes and remains of
fish and plankton. However, continuous fertilization with ammonia does not mimic upwelling
sysemswdll, despite the clam of OTG to the contrary (Jones and Y oung, 2000). As discussed
ealier, upweling sysemstypicaly receive “pulsed’ nutrient inputs from the degp ocean in
Redfield ratios that match the proportion in which phytoplankton blooms use nutrients on
average (Chisholm, 1995). Thisexplainswhy primary production per unit areaiis up to 6 times
higher in upwdlling regions than that in the open sea (Table 7) and about 3 times higher than in
typica coastd water (Ryther, 1969), which aso tend to be nitrogen rich due to inputs from

Z Upwelling zones that receive nutrient-rich, deep-ocean waters occur off the coasts of 1) California 2) Peru and
Chile 3) NW Africa 4) SW Africa and 5) land masses in the Arabian Sea.
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runoff, precipitation and anthropogenic effluents. Even if coasta upwdling regions are limited
by nitrogen, if N is supplied they will soon be limited by phosphorus. Hence, it islikely thet
further nitrogen enrichment, as proposed by OTG for the nutrient-rich Chilean upwelling zone
(Pearce, 2000), would modtly likely yidd only margind increase in new production Similarly,
in the sub-tropical gyres, where primary production is usually nitrogenlimited?®, fertilization
with only nitrogen addition is unlikely to be effective, because the stocks of phosphorusand iron
would be quickly consumed following fertilization Moreover, anmonia can increase the
akdinity of seawater, thus shifting the carbonate equilibrium against CO, dissolution further
reducing the carbon uptake efficiency”® of such fertilization (Matear, 1999).

Table 7. Average Values of Gross Primary Productivity for Different Parts of the World Ocean
{Data from Smith and Hollibaugh (1993) as cited in Duxbury et al (2000)}.

Area Average Productivity World Ocean Area
(gC/mPHyr) (% of total area)

Upwedling Zones 640 +/- 150 0.1

Coastal Ocean 160 +/- 40 15

Open Oceans 130 +/- 35 85

All Ocean Areas 135 100

The continuous supply of nitrogen proposed in Jones method more closely resembles nitrogen
inputs into coasta waters from ground water or atmospheric deposition, which bypass the
eduarinefilters (Paerl, 1997), than it does coastd upwelling. Increasing productivity, driven by
externd nitrogen inputs and nitrogen recycling in shalow waters, and high organic matter
sedimentation rates in shelf seas (Smilar to the North Seg) or over continental dopes (Smilar to
that off the North Carolina coast) will likely be accompanied by correspondingly high levels of
denitrification (Hydes et ., 1999). The processes of nitrification, denitrification and nitrate
uptake, al produce nitrous oxide (N20) as a by-product. Not only isan N2O molecule 250 times
more potent a greenhouse gas than a CO, molecule, but it aso attacks the stratospheric ozone
layer (IPCC, 1994). In the event of hypoxia, Smilar to the infamous, annud “dead zone’ in the
Gulf of Mexico and dsewhere around the world®°, denitrification would intensify and possibly
be exacerbated by the production of methane (CH,), 20 times more potent a greenhouse than
CO, (IPCC, 1994), from the anaerobic microbia degradation of organic matter (Fuhrman and
Capone, 1991). Denitrification islikely to increase even if the bottom waters have near-
saturation levels of dissolved oxygen (Jahnke and Jahnke, 2000). Nutrient discharges and other
pollution continue to draméticdly dter coastd microbia communities around the world (Paerl,
1998). Smilaly, itislikely that populations of marine denitrifying bacteriawould respond to a
sugtained increase in the supply of nitrogen, to eventudly diminish any benefits of fertilization

that could be observed. Mode predictions suggest that the marine fluxes of key dements such

% Although nitrogen-fixation can be a large source of N in the North Pacific (Karl, et al., 1997).

® pefined as the change in carbon uptake per unit change in macronutrient concentration.

% Similar problems of low dissolved oxygen and harmful algal blooms have occurred in Chesapeake Bay, the Baltic
and Black Seas, and coastal oceans off Japan, Australia and New Zealand (Duxbury, 2000).
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as nitrogen and carbon would not revert to their “pre-fertilization” dates for severd centuries
following the termination of a century-long macronutrient fertilization program (Matear, 1999).

Jones would like to promote the “ nourishment” approach for use by “Low Income Food
Deficient” countries with a*“suitable coastling’ as ameansto dleviate food deficiency (Jones

and Y oung, 2000). However, excessve nutrient inputs into the upwelling ecosystemmay
change it fundamentally, potentialy destroying the economic value derived by loca populations.
For example, Chile s economy is highly dependent upon coastd fisheries (CIA, 1999) and it
would be especidly unfortunate if Jones proposed “nourishment” activities (Pearce, 2000) were
to induce blooms of toxic agae or hypoxiain that productive ecosystem.

Ocean Carbon Science: Distributed Fertilization

Ocean Carbon Science, Inc. (OCS; formerly Carboncorp; http://www.rsrch.com/carboncorp/) isa
company led by Russ George and Robert Falls®! promoting the concept of releasing small
amounts of limiting nutrients, such asiron and/or a combined fertilizer, from commercia ocean
liners that routinely traverse shipping lanes on the high sess®. The main sdlling point isthe
prospect of canceling out most or dl of aship’s emissons producing a “bankable carbon offset
credit”, while achieving economies of scope and scale by diminating the high cost of centralized
digribution of nutrients. The grand vision of an OCS s&t-up includes centralized, automated,
satdllite-linked operation of the numerous ship-mounted sensors and nutrient-discharge modules.
The release of nutrients would be activated from OCS headquarters when aship’ s position
intersected with a“plankton domain”, simulating an “immediate plankton bloom” in the ships
wakes. Following the discussion of this climate- change mitigation gpproach at a scientific
meeting in March 1999 (Cullen and Chisholm, 2000), the company’s web site was closed to dl
but approved users. From areading of the genera introduction text, the fertilizer would most
likely be amicronutrient mixture containing irort>. Whereas OCS claims that “scientific
oceanographic teams’ would “document and certify” the carbon credits, it would be virtudly
impossible to assign verifiable OCS “credit” for carbon sequestration to any singleiron
discharge, especidly aong busy shipping lanes, because fidd experiments have shown thet the
rate and intensity of marine phytoplankton response to nutrient addition in the open ocean is
dependent upon highly variable environmenta conditions.

TheduPont Method: Gradual Release of Nutrients from Synthetic Substrates

In 1999, scientists at E. 1. du Pont de Nemours and Co. (Edward Howard Jr. and colleagues)
were awarded a patent for a delivery mechanism, primarily for iron as anutrient, to simulate
marine phytoplankton growth (See Appendix A for patent number). Specifically, the patent is
for encasing trangtion metas such asiron, cobalt, manganese and zinc into afloating matrix
made up on polymeric foam, hollow glass or cdllulose. The nutrient mixture would be attached
to the “float” with awater-soluble adhesive to affect agradud release of the nutrients for the
explicit purpose of “increasing oceanic plankton biomass and / or decreasing amospheric carbon

31 \We were unable to elicit a response from either R. George or R. Falls regarding the status of Carboncorp and their
exact roles with respect to that company.

¥ The high seas are comprised of ocean areas that lie outside any national territorial jurisdiction (UNCLOS 1994).

*n its now defunct website, Carboncorp had claimed a patented nutrient supplement to stimulate plankton blooms.
As of May 2001, no such patent information was found in the US Patent and Trademark Office database.
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dioxide’. The du Pont process entails the application of a“very large” amount of materid by
blowing it off abarge or dropping it from a cargo plane.

Thereisno discussion of potentia ecologica effects, which could be subgtantid, of the tiny

irregularly shaped resdud “subgtrate’. Additionaly, locd, nationd or internationd anti-
dumping laws may preclude the large-scde use of such floating materids
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UNRESOLVED SCIENTIFIC ISSUES

The chdlenges facing us in evauaing commercia ocean fertilization for carbon sequedtration
fal under three main categories:

1. Extrapolation of Results Commercid fertilization proposals must extrapolate results
from short-term (days-weeks), small (about 100 kn or sméller) fidd experiments to
long-term (centuries), large (greater than 100,000 kn) operations. Or they must try
to evduate the cumulative effects of many smdl fertilization implementations.

2. Verification of Carbon Sequestration: Measurement and prediction of the amount of
carbon exported to ocean depths as a result of fertilization with any degree of
certainty isa present impossible even in fidd experiments, let done over vast
expanses of ocean.

3. Ecological Monitoring: Itisnot yet possible to measure subtle but potentialy
damaging changes in ecosystem dtates in elther a precise manner or in red time.
Long-term manipulation of marine ecosystems may fundamentaly and permanently
dter the cydling of nutrients and functioning of food webs.

Extrapolation of Results

The dramatic results from the IRONEX- 11 experiment in 1995 established the power of iron
addition to stimulate phytoplankton blooms (Coale et a., 1996). Furthermore, it was found that
—at least in the short term - iron addition aso atered the planktonic pecies compostion
preferentidly, simulating growth of large-celled phytoplankton (> 10 micrometer), which are
more likely to sink to the ocean bottom (Cavender-Bares et a., 1999). Increased photosynthetic
activity (due to higher chlorophyll content overadl) increased the fixation of carbon by the
phytoplankton. Phytoplankton responded very quickly to iron addition, with increases in growth
rate and chlorophyll concentration occurring within 24 to 48 hours (Cavender-Bares et al., 1999;
Codeet d., 1996; Flynn and Hipkin, 1999). The effects of fertilization were undetectable
severa weeks after the conclusion of the IRONEX experiments, but it cannot be guaranteed that
conditions would smply and quickly revert to their origind states immediady following the
termination of alarge-scale, long-term fertilization progrant™*. For example, alingering dedine
in production may (or may not) perdst severd months following the end of fertilization
(Gnanadesikan et al., 2001).

Moreover, field experiment results cannot be extrapolated to predict the ecosystem responses,
including carbon export, for large-scde implementations, or for the cumulative impact of many
gmd|-scde implementations. The fidld experiments done to date were designed to examine a
Specific process, i.e,, effect of iron on phytoplankton in asmall patch of nutrient rich water. The
duration of the experiment was very short and it is not possible to make reliable predictions on
the long-term effects of iron fertilization. As proponents of large-scale demongtration

¥ Markels quoted in the article by Graeber (2000): ‘...(if) anything goes wrong, he’ll simply pull the plug. Without his
iron pills, the phytoplankton bloom would “shut down in 20 days.™
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experiments correctly point out, these experiments provide no ingghtsinto carbon export
following the fertilization of avast area wherein multiple key variables are acting upon the
system smultaneoudy. However, even if the desired response, i.e., carbon export were to be
fully quantified in alarge- scae experiment (e.g., thousands of sg. km), the results still would not
be scdable. They would be specific to the prevailing conditions during that experiment and
could not be generalized for carbon export under al conditions (Huston, 1999). When oneis
dedling with acomplex sdf-organizing system such as the ocean ecosystem, there are dways
certain things that are unpredictable, no matter how much one knows about how the system
works a any point in time on aloca scale.

An additiond layer of complexity is added by the fact that the Greenhouse Effect is warming the
ocean (Barnett et d., 2001; Levitus et al., 2001), which will change patterns of precipitation.
Gregter precipitation in the high latitudes will make the polar waters less sdty and, hence, less
likely to snk (Manabe and Stouffer, 1994; Sarmiento et a., 1998). If dratification between the
upper ocean and deep water intengfies, the vertical exchange of CO, and other nutrients would
decrease. Thus, ocean dratification would not only strand more CO, emissonsin the
amosphere, reinforcing the Greenhouse Effect, but also change nutrient cycling with

unpredi ctable consegquences to the biologica pump, and the ecology of the surface oceans.

The Problem of Verification

It is extremey important to note that carbon uptake is not same as carbon export. The amount of
carbon “exported” (or sequestered) per ton of added fertilizer would be much lower than that
estimated from C:fertilizer ratios because:

1. Lossesof ironfertilizer occur due to subduction by water masses and the sinking of
aggregated colloidd particles (Martin et ., 1994).

2. Vaiablelight conditions are common on the high seas and Fe requirement for
phytoplankton increases under low light conditions (Madonado et d., 1999; Sunda and
Huntsman, 1997).

3. Bacterid populationsin HNLC waters dso suffer from irondeficiency and could
consume a significant fraction of the fertilizer (Madonado and Price, 1999; Schmidt and
Hutchins, 1999).

4. Grazing pressure from predatory heterotrophs will increase rapidly in response to the
increased prey dengity (Cavender-Bares et ., 1999; Denman and Pena, 1999; Lancelot et
al., 2000; Leonard et d., 1999). Therefore, most of the carbon taken up by phytoplankton
is releasad back into the surface waters as zooplankton feed on the phytoplankton.

5. Whereas blooms of large diatoms (>10 micrometers) are not usualy controlled by
zooplankton grazing (Arrigo et al., 2000; Cavender-Bares et d., 1999; de Baar and Boyd,
2000; Hutchins et d., 1999), the sinking of large diatom aggregetes from the surface
shrinks the phytoplankton population. Hence, absolute rates of nutrient uptake will be
limited by first order phytoplankton growth rates (Martin et a., 1994), while thefraction
of dissolved iron lost to colloidal aggregation (see above) would increase with time.

Thereis no direct evidence indicating increased carbon export occurs following the simulation

of primary production by iron fertilization (Charette and Buesseler, 2000; Ridgwell, 2000).
Quite to the contrary, during the SOIREE experiment, the rate of carbon export within the iron-
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fertilized area was lower than that outside (Boyd et d., 2000). The extent of CO, uptake from
the atmosphere would depend upon vertica mixing ratesin the ocean, which can be sgnificant
in the HNL C Southern Ocean. The rates of decomposition, transformation and recycling of
particulate and dissolved organic matter in the approx. 100- 1000 meter depth zone are other
critical unknowns regarding the biologica pump (Karl et a., 2000).

Drawdown of dissolved CO, in surface waters by a phytoplankton bloom may be largely
replaced by the equilibration of dissolved CO, between the fertilized area and adjoining water
masses (Orr and Sarmiento, 1992; Peng and Broecker, 19914). In other words, the impact on
atmospheric CO, could be smdl even if fertilization results in substantid export of carbon.
Another factor that might reduce the sequestration benefits of fertilization is the simulation of
certain phytoplankton that produce cacium carbonate (Matear, 1999). Greater export of
carbonate would shift the equilibrium of CO, in water againgt the dissolution of atmaospheric
CO..

For al these reasons, it isimperative that life cycle GHG assessments are conducted to establish
the net GHG benefits (or losses) that might result from the implementation of commercid
proposds. There are other arguments for consdering a*“ systemsview” of ocean fertilization:

The dissolved oxygen in ocean weter is, on average, just sufficient for the decomposition of the
resulting organic matter (Lenton and Watson, 2000). Hence, intense plankton blooms due to
sugtained, large- scae ocean fertilization could induce hypoxialarge regions of the ocean as
aerobic bacteriain the underlying water column continuoudly decompose the sinking dissolved
and particulate organic compounds (Sarmiento and Orr, 1991). Anoxic conditions may suffocate
or digplace other marine life, dtering large ecosystems profoundly. Moreover, as discussed
ealier, low oxygen conditions in nitrogen rich areas would facilitate the evolution of potent
greenhouse gases such as methane and nitrous oxide® that would counteract the carbon
sequedtration benefits of fertilization (AFP, 2001; Fuhrman and Capone, 1991).

In contrast, as primary production increases, the evolution of dimethyl sulfide (DMS) by
phytoplankton may be promoted (Turner et d., 1996; Yang et d., 2000). Itisargued that DMS
may serve to mitigate the greenhouse effect by promoting the production of cloud-forming
aerosols (Lovelock, 1990), thus representing a potentid bonus of fertilization.

Ecological Monitoring

In the Southern Ocean, diatoms may contribute more than 90% of primary production during ice-
edge blooms (Nelson and Smith, 1986). New evidence from the Ross Seain the Southern Ocean
shows efficient and significant carbon export aso by other kinds of phytoplankton in the event of
gructurd shifts in the phytoplankton community away from diatom dominance (DiTullioet d.,
2000). Phytoplankton communities exhibit arange of regular and irregular variagbility in bloom
dynamics and species digtributions at various times scales. 1t has been hypothesized that it is not
only the multiplicity of smultaneoudy active factors in the pelagic zone, but aso Ste-specific,

* Global warming potentials of CHs and N2O are about 25 and 250 times greater than that of CO, respectively (IPCC
1994). In other words, one kilogram of these CHsand N20 causes 25 and 250 times more global warming than a
kilogram of COz over a period of 100 years.



annud shifts in dominance among those factors that renders the quantification of variability a
truly daunting task (Smayda, 1998). Therefore, it isdifficult to distinguish specific effects of
anthropogenic influences in the pelagic zone from the erratic “basding’ to assign causdity.

Trangtions between ecosystem states occur naturally and reversibly. For example, theinflux of
nutrients in coastal upwelling regions can catgpult stable, “recycling” plankton communities
dominated by smdler phytoplankton into a*bloom and export” date that is dominated by larger
cdls (de Baar and Boyd, 2000). However, once their inherent resilience is overwhel med,
ecosystems tend to shift to anew “stable sate’, with fundamentally different distribution of
species, processes and responses relaive to the original ecosystem state®® (Gunderson, 2000).
Precise knowledge of ecologica thresholdsis currently scarce, making it impossible to exert
robust control over even smdl ecosystems.

Although gpplications of new techniquesin molecular biology are dlowing us to describe the
diversty of plankton communitiesin away that was never possible before, we still cannot

culture 99% of the species that comprise the plankton in the ocean, and we do not know what
regulates their relative abundances. More importantly, we do not understand the relationship
between the structure of the community -- that is the Species compostion -- and its function in
the biogeochemica cycles of the oceans. We do know that when we change the structure, as we
do when we fertilize, we will change the function in unknown ways. We have to accept that asa
given if we embark on large-scale ocean fertilization. We can’'t change the carbon cycle without
changing dl of the cyclesthat are coupled to it, and some of these changes could be very
undesrable in terms of dimate mitigation.

Key Topicsfor Future Research

Current chalengesin marine biogeochemica modeing, which are critical to understanding the

ocean carbon cyde, include continuing improvements in the understanding of multi-dement

cyding and community structure, large-scale physica circulation, mesoscale space and time

variability, and mass exchange between marine, terrestrial and atmaospheric reservoirs (Doney,

1999). In satting research priorities for future fertilization research it is useful to fird identify the

key scientific issues that would influence policy decisons on thistopic. Table 8 summarizes

some of the policy-relevant uncertainties that were discussed in preceding chapters and are
categorized here according to relative degrees of confidence. It isimportant to note, however,

that the uncertainties identified here for assessing the impacts of ocean fertilization represent
fundamental uncertainties in our understanding of ecosystem dynamics, and the role of the
oceansin the global carbon cycle. Advancesin both of these basic research areas are critical to
under standing past, present, and future climate regulation, and should be fostered regardless of
whether or not we think we should try to mitigate climate change through ocean fertilization.

% Gunderson writes: “In 1973, C. S. Holling (defined ecological resilience) as the amount of disturbance that an
ecosystem could withstand without changing self-organized processes and structures (defined as alternative
stable states). Other authors consider resilience as a return time to a stable state following a perturbation. ...
Two definitions recognize the presence of multiple stable states (or stability domains), and hence resilience is the
property that mediates transition among these states.”
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Table 8. Qualitative ranking of some policy-relevant uncertainties regarding ocean fertilization.
NOTE: Where the fertilizing nutrient-- iron or nitrogen-- is specified, the scientific results or
uncertainties are applicable only for iron fertilization or ammonia fertilization, respectively.

ALMOST CERTAIN

MORE LIKELY THAN NOT

HIGHLY UNCERTAIN

Higher rate of overall primary
production --i.e., the rate at
which CO, is converted into
biomass -- following iron
fertilization in HNLC areas °.
Accompanied by increased
abundance of large-celled
phytoplankton sEecies, most
probably diatoms -, leading to...

Iron fertilization in the Equatorial
Pacific would not yield
substantial net “export” of
organic carbon. '

Claim that iron fertilization in
Southern Ocean could sequester
50 to 150 Gt C over 100 years
(i.e., less than 17% of emissions
under an IPCC "business as
usual" scenario).®"

Changes in phytoplankton
species composition, which
would change the food-web
structure (i.e., fish, birds and
whale species) °, leading to...

Iron fertilization in Southern Ocean
might cause a 30to 70%
reduction in tropical marine
primary production. h

Fate of atmospheric CO;
uptake by the ocean.

(Note: “carbon uptake” by
phytoplankton is not the same as
"carbon export". All CO; that is
taken up could be returned to the
atmosphere in a short time.)

Decreased biodiversity
compared to the “natural” state,
with rare species becoming
dominant. °

Hypoxia/anoxia in the mid- to
deep ocean as DOC/POC is .
decomposed downstream. "'

Changes in the transformation of
POM/DOM in the mid- to deep
ocean and its effect on residence
time of sinking carbon. !

Dependence of diatom growth
rate not only upon availability
of Si and other nutrients (e.g.,
N and P) at certain minimum
concentrations and in specific,
"Redfield" ratios, but also a
favorable light/mixing regime. ©

A change in net flux of
greenhouse gases (i.e., COy,
DMS, CH,4 and N,O) between
ocean and atmosphere due to
fertilization. ' Increased inventory
of organic carbon and/or nitrogen
would change the structure of the
microbial communities that
produce these gases. '’

Trophic cascades and
ecosystem resilience: the
magnitude and permanency of
impact upon the “food web” and
other ecosystem processes.

Changes in the nitrogen cycle
and increased evolution of N,O
(a byproduct of denitrification),
following the discharge of
industrially fixed NH3 into the
ocean.

Ammonia toxicity may occur if
nitrogen fertilizer is discharged into
coastal upwelling zones (according
to the OTG proposal).

The timing and effect of global
warming on ocean circulation
and nature of marine ecosystem
response(s) to ocean fertilization.

References for Table 8:

aMartinet al., 1994; Codeet a, 1996; Boyd, et a., 2000; Smetacek 2000. b de Baar, 2000. ¢ Cavender-Bares et
a., 1999. d Dodson et a., 2000. e Redfield, 1934; Dugdale & Wilkerson, 1998; Turner et a., 1998; Pondaven et
al., 1999; Lanceot et a., 2000. f Hydeset al., 1999; Jahnke & Jahnke, 2000. g Sarmiento & Orr, 1991. h
Gnanadesikan et al., 2000; Gnanadesikan et al., 2001. i Fuhrman & Capone, 1991. j Pagrl, 1998. k Charette &
Buessdller, 2000; Ridgwell, 2000. | Karl et al., 2000.
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The OCTET®’ (Ocean Carbon Transport, Exchanges and Transformations) report summarizes
the proceedings of the OCTET Workshop held at Airlie House, Warrenton, VA, in March, 2000.
The workshop groups identified key areas for research and recommended approaches to improve
scientific understanding of the ocean carbon cycle — past, present and future. From that report,
we have excerpted research questions that are especialy important to policy-making on the issue
of ocean fertilization as a carbon sequestration option.

Some specific areas for improvement with respect to carbon cycling indude (Emerson et d.,
2000):

1. the rates and mechanisms of particulate and dissolved organic matter degradation, including the
differing rates of remineralization of micronutrients (e.g., Fe) and macronutrients (e.g., P, N, and
C);

2. the rates and mechanisms of particulate inorganic carbon (PIC) production and dissolution;

3. rates of mixing and subduction in the upper ocean

Unanswered questions regarding the biologica pump include, (Ducklow et d., 2000, Karl et d.,
2000):

1. What is the strength of the biological pump and how does it differ between biogeographical
provinces? How do we most accurately measure its strength?

2. How does the structure and composition of the biological pump change in space and time? How
might community structure affect it, and what is the importance of selected functional groups
(e.q., nitrifiers, calcifiers, large grazers)? What are the relative roles of the microbial and
zooplankton communities?

3. What is the sensitivity of the biological pump to perturbations in forcing (upwelling, dust and Fe
deposition, North Atlantic Oscillation, El Nifio)? How do we quantify this variability (e.g., time
series).

4. How will the biota respond to warming, chemical changes (DIC, pH), and physical changes to the
habitat such as enhanced stratification?

5. What are the important processes (N fixation, Fe limitation, etc.) that prevent a simple
relationship between net or total production of ecosystems and the nutrient concentrations of the
ambient waters?

6. What are the time and space varying processes in the mesopelagic zone (100 to 1000 meters)
that control the recycling and gravitational flux of carbon?

7. Would changes in vertical mixing result in changes in primary and export production via changes
in N and P delivery or in light supply? What fraction of the total export is delivered from the spring
bloom and will it change?

8. How will changes in total and export production be reflected in partitioning among DOC, DON,
DOP and their particulate counterparts?

¥ OCTETisa planning initiative to promote research on the global carbon cycle, with a focus on ocean carbon
dynamics. For more information see http://alphal.msrc.sunysb.edu/octet.
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9. How is export production related to the balance of various biological processes (nitrogen fixation,
denitrification, and calcification), and how will the relationship change?

10. How do changes in mixing and stratification result in changes in plankton community structure
during and following the spring bloom (e.g., dominance shift from diatoms to picoplankton and
from large crustacean grazers to microzooplankton)?

Some key modeling issues include (Doney and a., 2000):

1. What are the tradeoffs between measurements of extensive (e.g., satellite chlorophyll) and
intensive (e.g., size class structure; grazing rates) properties?

2. How best can one define the dynamic relationships among the ecosystem variables such that
assimilation of one observable quantity (e.g., chlorophyll) projects onto other, unobserved
ecosystem compartments (e.g., bacterial and zooplankton biomass)?

3. How can results of small process-oriented studies be extrapolated to larger scales?

These basic questions regarding the role of the oceansin the globa carbon cycle should give us
pause as we consider large-scde fetilization. It is clear that we have just begun to scratch the
surface in undergtanding this system. If we go forward with large-scae manipulaion of the
system, we will have to do so blindly.
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THE POLICY CHALLENGE

Decisgon-makersinvolved in formulating an gppropriate policy response to the emergence of
fertilization as a carbon sequestration option should consider not only the scientific uncertainties,
but also matters of nationa and internationa law. Given the economic and cultura importance
of hedthy marine ecosystems and the long-term nature of potential consequences of large-scale
fertilization it is essentid that policy andysts weave the overarching principles of sustainable
development into their policy recommendations. Here we discuss some pertinent legd and
ethical consderations.

Inter national Agreementson Marine Conservation and Protection

Whereas the growing problem of coastal eutrophication has prompted various nationd laws and
international agreements to control the ddliberate efflux of nutrients into coastal sess, there are
no direct legd precedents for ocean fertilization in the open ocean. It is possible to divide the
relevant tregties into two generd categories. those that generally promote further research and
development into the exploitation the ocean through the use of fertilization, and those that may
serve to regul ate the deployment of these technologies. The various Fisheries Conventions,
overseen by different UN agencies, and the UNFCCC belong generaly to the former category;
while UNCLOS, the London Convention (especialy the 1996 protocol amendment) (UN, 1972),
the Multilatera Environmenta Agreements for the Antarctic (UN, 1980; UN, 1991), the
Convention on Biologica Diversity (UN, 1992b) and the Kyoto Protocol fal generdly into the
latter category.

At the internationd leve, the United Nations Organization (UNO) has served as an important
forum for addressing environmenta problems of globa scope. The United Nations Division for
Ocean Affairs and the Law of the Sea (DOALCQS) isafocd point for internationa dialogue
relating to sewardship of the oceans. The Internationd Marine Organization (IMO) administers
the London Convention on illegd dumping at sea and dedls with globd problems of vessd-
source pollution. Therefore, it gppears that the IMO would be aso a suitable candidate for an
organization that would ssfeguard the integrity of commonly held property rights over the high
sess.

The UNFCCC urges nations to seek ways to mitigate the effects of globa climate change
expeditioudy and inexpensvey— without dallying to develop the mogt scientificaly sound
solution -- and dlows the classification of the oceans as a potentia sink for CO, to be devel oped
as such. The now imperiled Kyoto Protocol to the UNFCCC, however, does not include the
oceansinitslist of permitted carbon sinks. It isnot clear if the exclusion of the ocean asasnk
would make it more expensive for some countries to reduce future GHG emissons. It aso
remains to be established if and what role the 1972 London (Anti-dumping) Convention and
1996 Protocol to the London Convention may have in regulating carbon sequesiration.
Specificdly, two open questions regarding the lega definition of “wadtes’ are:

1. Would fertilizer packaging substrates (such as that being developed by GSV and duPont)
be classified as a pollutant under the London Convention?
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2. Would anthropogenic carbon dioxide be classfied a“waste’, anceit is derived
ubgtantidly from an aimosphere “polluted” with anthropogenic emissons? And if o
would the process of fertilization to sequester CO-, be consdered “dumping”?

It is of the highest importance that a coherent set of science policy guidelines be established to
govern the deployment of the proposed technologies. An analysis of the effectiveness of prior
treaties yields some important principles that may reinforce the likelihood of success of future
treaties aimed at the protection of marine ecosystem integrity { based upon arguments presented
in (Birnie, 1996; Lyster, 1996)} :

1. Therights of governance should be vested in an internationa body over (1) dl living
resources in the high seas (e.g., building on the precedent of the Internationa Whaling
Commission) and over pollution from operations on the high seas (e.g., by expanding the
scope of the Internationa Seabed Authority under UNCLOS).

2. Issuesof jurisdiction and sovereignty are often hurdles to enforcement of internationa
agreements on the high seas®®. One approach to improve enforcement is the adoption of
“private law” provigons dlowing private organizations of Sgnatory states to be held
financialy liable for ecological damage. Alternatively, “public lan” provisions 3 may be
adopted to dlow individua statesto act directly againgt ships registered under foreign flags.

3. A ful-time wdl-funded secretariat is essentid to the successful implementation of any
treaty, because it provides a“neutral” forum for coordinating stakeholder interactions, and
overseeing the collection and evauation of revant scientific data critica to decison-meking
and enforcement (e.g., the services provided by IMO to States, NGOs and international
shipping companies.)

4. Sdection of an gppropriate voting procedure isthe key to efficiency in formulating effective
multilatera agreements within internationa organizations. Consensus building as ameans
for decison-making in many large internationd bodies often resultsin the dilution of the
effectiveness of proposed measures “°. In contrast the use of “tacit amendment procedures’,
which have been standard procedure for IMO conventions since 1972, require explicit dissent
to stop automatic gpprova. Thus, the procedure penalizes diplomatic foot-dragging and
provides clear incentives for timely and meaningful participation by stakeholders.

5. Treatiesfor the conservation of marine resources and coastal habitat should emphasize
preservation of ecologica integrity of marine habitat, rather than on banning al human
exploitation of living resources*!. The wise use of ecological goods and services can keep
stakehol ders connected to shared resources.

% E.g., the failure of 1980 UN Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR) to
curb over exploitation of fisheries.

¥ such as those in certain International Marine Organization (IMO) agreements.

40E.g., the failure of the Convention on Conservation of Antarctic Marine Living Resources (UN, 1980) to regulate
excessive fishing in the Antarctic.

“LE g., the 1971 Ramsar Convention on “wise use” of wetlands.
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An Intergenerational View of the Oceans

Thereis someworry that the legal vacuum regarding the rights on the high seas and higoricaly
weak enforcement could lead to a* carbon-rush”, with various entrepreneurs commandeering
vadt patches of ocean water for implementing their patented fertilization methods. The
unregulated proliferation of large-scae fertilization schemes could ultimetely leed to aStuation
andogous to the “ Tragedy of the Commons’ scenario (Hardin, 1968), wherein the chemistry and
biology of marine ecoregions are dtered sgnificantly from their current sate, ultimatdy leading

to detrimental consequences for al stakeholders.

Mog scientists believe that large-scae fertilization projects in the open ocean are neither
ecologicaly acceptable, nor likdly to be economicaly rewarding in the long run (Chisholm,

2000; Sarmiento, 1996). If returns on investment in large- scale ocean fertilization appear
attractive, it is often only due to the externaized costs borne by the greater environment -- the
ocean Commons. It is commonly observed that heavy subsdy of energy and materids may be
required to sustain large, managed ecosystems (Christensen et al., 1996) such as those proposed
by the proponents of ocean fertilization.

Inits report on ecosystem management, the Ecological Society of America (Christensen et dl.,
1996) provides aframework for the following consideration of ethical issueswith respect to
intergenerationd sustainability and the future use of oceans (See Box 1 below).

Box 1. Guidelines for Decisions Regarding Ocean Ecosystem Management
{Modified from Ecological Society of America Report (Christensen et al., 1996)}:

Long-term sustainability as a fundamental value.

Clear, operational goals stated in terms of desirable “states” of ecosystem
components.

Sound ecological models and understanding of relevant processes and functions.
Appreciation of essential complexity and interconnectedness.

Recognition of the dynamic character of ecosystems.

Attention to context, scale and stakeholders.

Acknowledgment of humans as ecosystem components.

Commitment to adaptability and accountability informed by effective monitoring
programs.

N

O No O ~w

True sugtainable development is not achievable without the harmonization of human activity

with the assmilative and regenerative cycles of the ecosystems upon which the sustainable
development of human existence depends. By nature of their processes, goods and services (Box
2), marine ecosystems represent a true economic vaue greater than the sum of their structurd
components done (Constanza et al., 1997). Biologicd diversity and structurd complexity of
ecosystemns are critical to such processes as primary production and nutrient cycling and the
natura dynamics of ecosystems play out at rates that preserve complexity and diversity.
Complexity and diversity also impart resistance to and resilience from disturbance, and provide
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the genetic resources necessary to adapt to long-term environmenta change (Christensen et dl.,
1996).

Box 2. Marine Ecosystem Goods and Services™. {Adapted from (Christensen et al., 1996)}

Ecosystem processes include:
Hydrologic flux and storage
Biological productivity
Biogeochemical cycling and storage
Decomposition
Maintenance of biological diversity

Ecosystem "goods" include:
Food
Medicinal plants
Wild genes for domestic plants and animals
Tourism and recreation

Ecosystem "services" include:
Maintaining hydrological cycles
Regulating climate
Cleansing water and air
Maintaining the gaseous composition of the atmosphere
Pollinating crops and other important plants
Generating and maintaining soils
Storing and cycling essential nutrients
Absorbing and detoxifying pollutants
Providing beauty, inspiration, and research

Since uncertainty is inherent to complex naturd systems, manipulaions amed at fundamentally
dtering the structure and function of biogeochemica cycling in marine ecosystems should be
undertaken only with the greatest precaution (Huisman and Weissing, 1999). Indeed, the
uncertainty with respect to the outcomes of ocean fertilization may actually increase asthe scae
and extent of fertilization isincreased. For example, there is evidence that sustained fertilization
increases ecosystem variability, and decreases predictability, in experimentaly fertilized lakes
(Cottingham et d., 2000). Thisimpliesthat fertilization could not only destabilize ocean
ecosystemns, but also impair our ability to predict the consequences of globa change.

“Here, goods refer to items given monetary value in the market place, whereas the services from ecosystems are
valued, but rarely bought or sold.



CONCLUDING REMARKS

Thereisno doubt thet the problems of globa warming must be addressed promptly and
effectively, because to do nothing may be no more prudent than “legping without looking” by
choosing geoengineering solutions such as ocean fertilization. Policy makers should congder dl
options available for achieving the internationa goas embodied in the UNFCCC. There are
legitimate concerns regarding likely effectiveness of the proposed fertilization approaches for
capturing sgnificant amounts of carbon dioxide from the atmosphere. More importantly, there
are vaid concerns regarding the unintended side effects of this procedure. Carbon sequestration
in the ocean will involve large- scale and long-term manipulation of marine ecosystems.

Whereas environmenta change and successond changes within ecosystems are inevitable, these
cannot be used as arguments for arbitrary and capricious manipulation of the marine
environment. Indeed, many of the formidable environmenta problems confronting humanity are
the result of moving substances between the geologic, atmospheric and hydrospheric reservoirs
at ever-increasing rates over the past century. In thislight, decision-makers should carefully
consider the wisdom of the supporting the proposed geoengineering approaches discussed in this
paper. Many leading marine scientists support the position that, given the current lack of

detailed mechanitic understanding of the biological pump, it is not appropriate to use empirical
models, no matter how satistically sound it may appear, to make future predictions for large-
scale manipulations of marine ecosystems (Karl et al., 2000).

Although one can easily make a compdling argument that ocean fertilization has no place in any
responsible carbon mitigation strategy, it appears that the idea has enough momentum that
arguments based on the precautionary principle may not prevall if globa warming reaches levels
sufficient to sound stronger darms. Thus an argument can be made that pardlesthat of the US
Department of Energy’ s commitment to “ science-based sequestration approaches’ and to
rigoroudy assessing ther “environmental acceptability”. Concerns regarding the technical
efficacy and ecologica impacts of fertilization should be resolved first by a more thorough
gynthesis of disciplinary knowledge in the aquatic sciences, including input from ecologists and
limnologigts. Then, if the arguments are till not persuasive enough for sound decision-making
limited, scientific testing of carbon sequestration methods may be judtified. It should be noted
that while issues of “science-based” policy making regarding fertilization may be pursued with
greater success in developed countries, such arguments are harder to sustain for poorer nations.
Lesser-developed coastal countries may be much more susceptible to experimenting with ocean
fertilization methods in the hopes of boosting fish catches or acquiring a means to reduce the
globa warming impact of “dirty”, domestic industrid growth. Examples of such behavior are
seen in the ocean fertilization agreement entered into by the government of the Marshal Idands
(Markels, 1998a), and the proposd to “nourish” Chilean territorial waters (Pearce, 2000). Itis
important for scientists at leading research inditutions in developed countries to initigte or
intengfy didogue with their peersin the devel oping world regarding the ecologica and
economic implications of fertilization.

Carbon sequestration by any means should be recognized for what it is: nothing more than a
partia, stopgap measure. “Partid”, because the amounts of CO, captured by fertilization (or
other gpproaches) will not be sufficient to mitigate the potentia for climate change. “ Stopgap”,
because the CO, that goes down into the ocean will eventudly re-surface, though the timing will
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depend upon ocean circulation and the duration of the fertilization program. Even if the “quick-
fixes” for amospheric GHG reduction such as ocean fertilization emerge as technicdly and
economically viable options, thereis aneed for renewed politica commitments to promote the
adoption of “cleaner” energy systems, many of which have been studied intensively for over a
generation now. |If used appropriately, carbon sequestration may buy human societies alittle
time to help them make the necessary technological and culturd trangtion to a sustainable
system of development, but sequestration is not a sustainable solution to the globa warming
problem.
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APPENDIX A: USPATENTSISSUED FOR METHODS OF OCEAN FERTILIZATION

(Based on information fredy available from www.uspto.gov)

PATENT INVENTOR TITLE YEAR
NUMBER NAME | SSUED
- Method of sequestering carbon dioxide with afertilizer

Application # - : Not yet

0010002983 Markes comprising chelated iron issued
Method of sequestering carbon dioxide with spird

6,200,530 Markels fertilization 2001

6,056,919 Markels Method of sequestering carbon dioxide 2000
Process for sequestering into the ocean the atmospheric

5,992,089 Jones, etd.  greenhouse gas carbon dioxide by means of 1999
upplementing the ocean with ammonia or sats thereof
Method of increasing seafood production in the barren

5,967,087 Markels ocean 1999
Water-bouyant particulate materials containing

5,965,117 Howard, et d.  micronutrients for phytoplankton 1999

5,535,701 Markels Method for increasing seafood production in the ocean 1996

5,433,173 Markels Method of increasing production of seafood 1995




Title: Method of sequestering carbon dioxide with afertilizer comprising chelated iron.
Assignee: Markels, Michad JR. Year: Application filed in 2001
US Patent Application Number: 20010002983

Abstract: A method of sequestering carbon dioxide (CO») in an ocean comprises testing an
area of the surface of adeep open ocean in order to determine both the nutrients thet are
missing and the diffusion coefficient, goplying to the areain apird pattern afird fertilizer

that comprises amissing nutrient, and measuring the amount of carbon dioxide that has been
sequestered. The fertilizer preferably comprises an iron chelate that prevents the iron from
precipitating to any significant extent. The preferred cheatesinclude lignin, and particularly
lignin acid sulfonate. The method may further comprise gpplying additiond fertilizers, and
reporting the amount of carbon dioxide sequestered. The method preferably includes applying
afertilizer in pulses. Each fertilizer releases each nutrient over time in the photic zone and in
aform that does not precipitate.

Title: Method of sequestering carbon dioxide with spiral fertilization.
Assignee: Markels, Jr. Year: 2001
US Patent Number: 6,200,530

Abstract: A method of sequestering carbon dioxide (COz) in an ocean comprises testing an
area of the surface of a deep open ocean in order to determine both the nutrients that are
missing and the diffusion coefficient, gpplying to the arealin aspird pattern afirdt fertilizer
that comprises a missing nutrient, and measuring the amount of carbon dioxide that has been
sequestered. The application of the firgt fertilizer in aspird pattern results in a patch of
fertilizer where the concentration of the fertilizer does not vary by more than about 50%
within two days of the local application. The concentration of the fertilizer at the center of the
patch does not decrease through diffusion by more than about 5% during atime period of
about 20 days after the gpplication of the patch of fertilizer. The method may further
comprise gpplying additiond fertilizers, and reporting the amount of carbon dioxide
sequestered. The method preferably includes gpplying afertilizer in pulses. Each fertilizer
releases each nutrient over time in the photic zone and in aform that does not precipitate.

Title: Method of sequestering carbon dioxide.
Assignee: Markds, J. Year: 2000
US Patent Number: 6,056,919

Abstract: A method of sequestering carbon dioxide (CO.sub.2) in an ocean comprises
testing an area of the surface of a degp open ocean in order to determine the nutrients that are
missing, applying to the area afirg fertilizer thet comprises an iron chelate, and measuring

the amount of carbon dioxide that has been sequestered. The method may further comprise
applying additiona fertilizers, and reporting the amount of carbon dioxide sequestered. The
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method preferably includes applying afertilizer in pulses. Each fertilizer releases each
nutrient over time in the photic zone and in aform that does not precipitate.

Title: Processfor sequestering into the ocean the atmospheric greenhouse gas carbon dioxide
by means of supplementing the ocean with ammonia or sdts thereof.

Assignee: Jones, et d. Year: 1999

US Patent Number: 5,992,089

Abstract: The present invention provides a method for removing CO, from the atimosphere.
The method comprises the step of delivering a source of nitrogen to the mixed layer of the
0cean to cause an increase in the number of phytoplankton in the mixed layer and thereby
increase the amount of photosynthesis carried out by the phytoplankton. The source of
nitrogen is delivered to the mixed layer at alocation where an ocean current will carry the
source of nitrogen and phytoplankton over aregion of the ocean having a depth sufficient to
alow dead phytoplankton and organic materia derived from the phytoplankton to fal from
the mixed layer and enable carbon originating from the CO, to be sequestered from the
atmosphere.

Title: Method of increasing seafood production in the barren ocean.
Assignee: Markds, J. Year: 1999
US Patent Number: 5,967,087

Abstract: A method of increasing seafood production in the oceans comprises testing the
water at the surface of the ocean in order to determine the nutrients that are missing, applying
to the surface of the ocean afirg fertilizer that comprises an iron chelate, and harvesting the
increased production of seafood that results. The method may further comprise gpplying a
microorganiam that fixes nitrogen such as phytoplankton, goplying additiond fertilizers, and
seeding the ocean with fish. Each fertilizer releases the nutrient(s) over timein the photic
zone and in aform that does not precipitate before use by the phytoplankton.

Title: Water-bouyant particulate materids containing micronutrients for phytoplankton.
Assignee: Howard, J.etd. Year: 1999
US Patent Number: 5,965,117

Abgtract: Water-buoyant compositions comprising a source of micronutrients for
photosynthetic phytoplankton growth are useful for stimulating photosynthetic phytoplankton
growth in ocean areas devoid of such growth when deployed on ocean surfaces asfloating
particles. Iron isthe preferred micronutrient.



Title: Method of increasing seafood production in the ocean.
Assignee: Markels, Jr. Year: 1996
US Patent Number: 5,535,701

Abstract: A method of increasing seafood production in the oceans comprises (1) testing the
water at the surface of the ocean in order to determine the nutrients that are missing, (2)
applying to the ocean water afertilizer that comprises a microorganism that fixes nitrogen

and sufficient nutrients to cause the microorganism to fix nitrogen (if the ocean water is
missing nitrates), and the other missing nutrients, and (3) harvesting the increased production
of seafood thet results from the fertilization.

Title: Method of increasing seafood production.
Assignee: Markels, Jr. Year: 1995
US Patent Number: 5,433,173

Abstract: A method of improved production of seafood comprises (1) testing the water at
the surface of the ocean in order to determine the nutrients that are missing, (2) applying a
fertilizer that contains the missing nutrients, to fertilize the surface of the ocean, and (3)
harvesting the increased production of seafood that results from the fertilization.




APPENDIX B: ANNOTATED BIBLIOGRAPHY

The following is a comprenensive- though, not exhaustive- compilation of annotated references
on ocean fertilization covering topics that may be useful for readers unfamiliar with the
underlying historical context and the relevant science.

Thelron Theory

Martin, JH. and S.E. Fitzwater (1988) Iron deficiency limits phytoplankton growth in north-
east Pacific subarctic. Nature, 331: 342-243. [Addition of iron to incubated dga
suspensions from the northeast Pacific subarctic yields drametic increasesin chlorophyll
concentrations and decreased nitrate and phosphate relative to control bottles)

Martin, J. H. (1990) Glacial-interglacial change: Theiron hypothesis. Paleooceanography, 5:
1-13. [Enter: theiron hypothesis. Martin suggests that increased supplies of iron to the
HNLC Southern Ocean during the last glacid maximum stimulated the biologicd pump and
contributed to atmospheric CO, drawdown, reducing concentrations to 200pmm. See aso
Martin, JH. et al. (1990) Iron in Antarctic waters. Nature, 345: 156-158.]

Chisholm, SW. and F.M.M. Morel (1991) What controls phytoplankton production in
nutrient-rich areas of the open sea? Limnology and Oceanography, 36 (8): Preface.
[Recounts the birth and rise of John Martin’s ‘iron hypothes's . The discusson highlights
important uncertainties and reflects on the philosophical dilemmas posed by the issue of
ocean fertilization.]

Chisholm, SW. (1995) Theiron hypothess. Basic resear ch meets environmental policy.
Reviews of Geophysics, Supplement 1277-1286. [The story and the science behind the first
IRONEX experiment. Also online a
http://earth.agu.org/revaeophys/chisho00/chisho00.html]

Iron Fertilization Fied Experiments

Martin, JH. et al. (1994) Testing theiron hypothesisin ecosystems of the equatorial Pacific.
Nature, 371:156-158. [The first IRONEX experiment showed that iron limits phytoplankton
growth in the tropical HNLC ocean, but left questions of other controls on primary
production unclear. For example the role of grazing and the fate of iron remained unclear.]

Code, K.H. et al. (1996) A massive phytoplankton bloom induced by an ecosystem-scale
iron fertilization experiment in the equatorial Pacific ocean. Nature, 383: 495-501.
[Results from IRONEX-1: (i) Phytoplankton response to iron-fertilization was immediate
and sustained, (i) phytoplankton abundance increased 20-fold, (iii) Diatoms showed the
largest increase in abundance- 85-fold- and were not controlled by zooplankton grazing.]

Behrenfeld, M.J. et al. (1996) Confirmation of iron limitation of phytoplankton
photosynthesisin the equatorial Pacific ocean. Nature, 383: 508-510. [Iron enrichment



during IRONEX-11 triggered biophysica dterations of the phytoplankton's photosynthetic
gpparatus, resulting in increased photosynthetic capacities throughout the experiment and,
hence, the observed bloom.]

Cooper, D.J. et al. (1996) L ar ge decrease in ocean-surface CO, fugacity in responsetoin situ
iron fertilization. Nature, 383: 511-513. [During IRONEX-11, the induced phytoplankton
bloom caused a 60% decrease in the "natura™ ocean-to-atmaosphere CO2 flux in the
upwelling zone of the HNL C Equatorid Pacific Ocean]

Turner, SM. et al. (1996) I ncreased dimethyl sulphide concentrationsin seawater from in
situ iron enrichment. Nature, 383:513-517. [During IRONEX- |1, iron addition increased the
amount of DM S evolution by afactor of 3.5]

Boyd P.W., et al. (2000) A mesoscale phytoplankton bloom in the polar Southern Ocean
simulated by iron fertilization. Nature, 407, 695-702. [Results from the Southern Ocean
Iron Release Experiment (SOIREE) iron fertilization experiment in the Southern Ocean.
Almost 5 days eapsed before any observable biogeochemica change. Primary production
increased gradually (four fold increase in Chl a, corresponding to 50% increase in POC) over
two weeks following iron fertilization, but no evidence of sgnificant carbon export was
obtained. See dso the officid SOIREE website at
(http://tracer.env.uea.ac.uk/soiregfindex.html)]

Watson, A.J. et al. (2000) Implications of a Southern Ocean iron fertilization experiment for
past and future atmospheric CO,. Nature, 407, 730-733. [SOIREE results were fed into a
modd. Conclusion: "modest sequestration of atmaospheric CO2 by artificia additions of iron
to the Southern Ocean isin principle possble, athough the period and geographical extent
over which the sequestration would be effective remain poorly known."]

Chisholm, SW. (2000) Stirring timesin the Southern Ocean. Nature, 407: 685-687. [Thisis
the News and Views article prefacing the SOIREE papers, voicing the * Commons concern’
and questioning the sudtainability of ocean fertilization.]

Charette, M.A. and K.O. Buesseler (2000) Doesiron fertilization lead to rapid carbon export
in the Southern Ocean?, Geochemistry Geophysics Geosystems 1 (Research Letter),
[During SOIREE, the biological response was delayed and negligible particulate carbon
export occurred over 14 days. This result may be attributed to colder water temperatures that
promote dower cell metabolism in phytoplankton and hence dower secondary responses of
herbivores and particle aggregation.

(http://146.201.254.53/publi cationsfinal /researchl etters’2000GC000069/f s2000GC000069.ht

m)]

Ridgwell, A.J. (2000) Climatic effect of Southern Ocean Fefertilization: Isthejury still out?
Geochemistry, Geophysics, Geosystems (an online journd), [Thereisagep in scientific
understanding of the fate of carbon taken up by photosynthetic organisms following iron
fertilization. Persstent ambiguity regarding the transport of organic matter to the deep ocean
might wesaken John Martin’s iron hypothesis for glacid times. Anticipated results from new




Southern Ocean experiments, one in 2000 (EISENEX) and another planned for 2002
(SOFEX), might serve to reduce the uncertainty.
(http://146.201.254.53/publi cati onsfinal /forum/2000GC000120/f s2000GC0001.20.html)

M odeling the Potential Effectiveness of Ocean Fertilization

[ The following four modeling papers assumed continuous ocean fertilization from 50 to 100
years and al agreed on two main points.

1. Ironfertilization is— at best — apartid solution to globa warming (10 +/- 5 % reduction in
atmospheric CO,, depending on model and emissions scenario).

2. The Southern Ocean is the only suitable target area for Sgnificant climate mitigation by iron
fertilization]

Sarmiento, J.L. and J.C. Orr (1991) 3-dimesional smulations of theimpact of the southern
ocean nutrient depletion on atmospheric CO, and ocean chemistry. Limnology and
Oceanography, 36:1928-1950.

Peng T.-H. and Broecker, W.S. (1991) Dynamic limitations on the Antarctic iron fertilization
strategy. Nature, 349: 227-229.

Joos F. et al. (1991) Estimates of the effect of Southern-Ocean iron fertilization on
atmospheric CO- concentrations. Nature, 349: 772-775.

Kurz, K.D. and E. Maier-Reimer (1993) Iron fertilization of the Austral Ocean — the
Hamburg model assessment. Global Biogeochemical Cycles, 7:229-244.

Gnanadesikan, A. et al. (2000) Potential Limitson the Efficiency of Ocean Fertilization asa
Sequestration Strategy: The Importance of Circulation. Invited talk, Session: Science of
Carbon Sequestration-I, American Geophysical Union 2000 Fall Meeting. San Francisco,
December 15-19, 2000. [Modeling results reiterate the much larger carbon sequestration
capacity of the Southern Ocean (65 to 100 GtC over 100 years) relative to the Equatoria
Pacific HNLC waters for iron fertilization (~ 10 GtC over 100 years). Ocean circulation is
critical in modding the amount of carbon sequestered and the negative impact of Southern
Ocean fertilization on "downstream", tropical new productivity (30 to 70% decrease).]

Gnanadesikan, A. et al. (2001) Ocean Fertilization and Biological Productivity. 1% National
Conference on Carbon Sequestration, National Energy Technology Lab, USDOE.
Washington, DC. May 14 — 17, 2001. [Emphasizes earlier findings by same authors that
micronutrient (iron) fertilization in HNLC waters could diminish biologica production in
surrounding areas and remote locations. On a century scale, the reduction in globd carbon
export may far exceed the amount of atmaospheric CO, that could be captured by fertilization.
Moreover, after-effects of fertilization, such as lowered biologica production in the fertilized
areamay linger for some time after termination of fertilization. Full text online a
http://www.netl.doe.gov/publications/proceedings/01/carbon seq/6b3.pdf]
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On Ecosystem Response to Ocean Fertilization

Fuhrman JA. and D.G. Capone (1991) Possible biogeochemical consequences of ocean
fertilization. Limnology and Oceanography, 36 1951-1959. [Impacts may extend beyond
mere increase in primary production. Other possible outcomes include anoxia and, hence,
production of GHGs such as CH4 and N20. Production of such powerful GHGs might
negate the benefits from fertilization. Anoxiamay aso result in Fe mobilization resulting in
"Hf-fertilizetion”, prolonging the effects of fertilization]

Downing, JA. et al. (1999) M eta-analysis of marine nutrient-enrichment experiments:
Variation in the magnitude of nutrient limitation. Ecology, 80: (4) 1157-1167. [Nutrient
bioassay experimentsin many marine and estuarine environments around the world have
yielded mixed results, despite relatively uniform protocols, implicating N, P, S, Fe and other
elements as factors limiting phytoplankton growth, depending upon the nutrient fluxesin the
ocean region. Experiments lagting aday or less suffer from time lags in the numericd
response of phytoplankton to nutrient addition, while experiments lasting >7 days
confounded nutrient limitation with processes such as increased grazing or depletion of other
nutrients)

Cavender-Bares, K.K. et al. (1999) Differential response of equatorial Pacific phytoplankton
toiron fertiization. Limnology and Oceanography, 44: 237-246. [Andyses of biologica
response from the IRONEX- 1 experiment showed that overdl increase of chlorophyll ain
the patch was due in part to increases in chlorophyll content per cell and in part to increases
in cdl numbers of specific groups. In terms of net cell growth, however, the phytoplankton
groups responded very differently. Within 1 week, this differentid response led to a dramatic
changeinthelocd phytoplankton community structure, from one dominated by picoplankton
to one dominated by large diatoms. It is not known whether this shift would be sustained
over extended periods of fertilization, a response that would ultimately change the structure
of the food web.]

Micheli, F. (1999) Eutrophication, fisheries, and consumer-resour ce dynamicsin marine
global fisheries. Science, 285: 1396-1398. [Nutrients generaly enhance phytoplankton
biomass. However, weak coupling between primary producers and herbivores prevents the
propagation of "cascades’ up or down through marine pelagic food webs. In coastal waters
anthropogenic N loading (e.g., as proposed by lan Jones and OTG for the Chilean upwelling
zone, see Pearce (2000) below) is unlikely to increase fish biomass. Moreover, the fate of
"new" carbon is difficult to predict.]

Barber, R.T. Usng modeling to design and evaluate transient open ocean iron enrichment
for carbon sequestration. 1% National Conference on Carbon Sequestration, National
Energy Technology Laboratory, USDOE. May 14-17, Washington DC. [Announces an
exigting, vaidated ecosystem modd (in press) that may serve as an dternative meansto test
many of the engineering aspects of ocean fertilization in the Equatoria Pacific Ocean. Thus,



fewer in situ experiments would be required to demongtrate efficacy and environmental
safety. See http://www.netl.doe.gov/publications/proceedings/01/carbon seg/6b4.pdf]

Reviaews of Carbon Sequestration Technoloqy

DeBaar, HJW. et d. (1992) Confining and abating CO- from fossil fuel burning — a feasible
option? Report prepared for the TNO Institute of Environmental and Energy Technology,
The Netherlands. [Although it predetes the IRONEX experiments, thisis still auseful
scientific review of the oceanic carbon cycle and the two main carbon sequestration
gpproaches. The author questions the scientific basis for, and ethics of , large-scale ocean
fertilization. Concluson: carbon sequestration will not by itsdf solve the GHG emissions
problem and capturing carbon, in any case, amounts to "only buying time'.]

Ormerod, W and M. Angel (1998) Ocean fertilisation asa CO» sequestration option.
International Energy Agency Greenhouse Gas R& D Programme Report, United Kingdom.
[Includes discussions on Japanese, Norwegian, American and Australian micro-, macro-
nutrient ocean fertilization proposals. Andyses the practica requirement for Southern Ocean
fertilization. Agrees with modding results from Sarmiento & Orr (1991) and others.

Concludes that while carbon sequestration and fish production are not compatible objectives
for ocean fertilization, the concept of ocean fertilization becomes more attractive if uptake of
CO, from the aamosphere is presented as a benefit supplementary to other goas]

Johnston, P., et a (1999) Ocean Disposal/Sequestration of Carbon Dioxide from Fossil Fuel
Production and Use: An Overview of Rationale, Techniques and Implications. Technica
Note 01/99, Greenpeace Research Laboratories, UK. (Full text at
http://Awww.greenpeace.org/palitics/co2/co2dump.pdf) [A good technica review of the
different ocean fertilization and direct injection gpproaches. Also reviewsinternationd
tregties, specificaly the London Convention and the Kyoto Protocol ]

Brewer, P.G. (1999) Contemplating action: Storing carbon dioxide in the ocean. National
Academy of Sciences, The First Roger Revelle Commemorative Lecture, Washington, D.C.
November 9, 1999. (Full text at http://mwww.mbari.org/ghgases/revel leftext.htm) [Discusses
the underlying science and the feasihility of both direct injection and ocean fertilization
against the backdrop of the 1996 IPCC report and Kyoto Protocol. Advises a cautious, but
committed gpproach toward developing carbon sequestration options|

US Department of Energy’ s Carbon Sequestration Website
(http://www.fe.doe.gov/cod _power/sequediration) [Predicting that foss| fudswill remain
the mainstay of energy production in the 21%* century, DOE concludes thet it will be
necessary to deploy carbon sequestration in some form in order to reduce greenhouse gas
emissons. This page linksto various research program aress (e.g., 0cean sequestration,
geologic sequestration, etc.), to the comprehensive R& D roadmap report and arecent PNNL
report on "advanced" technologica options]
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"Annex B: Sequedtration of carbon dioxide by ocean fertilisation.”" From the February 2000
report of the British Government Pandl on Sustainable Devel opment on " Sequestration of
Carbon Dioxide." (http://www.sd-commiss on.gov.uk/pand-sd/position/co2/annb.htm). [A
thorough review of the state of science and modding discussing sequestration potential and
environmenta impacts of micro- and macro-nutrient fertilization. Concludes that too little is
known to implement large-scae ocean fertilization and specifies research needs. See dso The
Government Response to the Sixth Annual Report of the Government Panel on Sustainable
Devel opment. Government officids comment that "in terms of environmenta sustainability,
(thereis) a strong presumption against attempting to solve an imba ance due to human
intervention in one part of the globa carbon cycle by manipulating another part”. Concerns
are expressed regarding uncertainties and whether this gpproach would be legd. The
government supports further research into efficacy and costs and "urges immense caution
meanwhil€’. See full text of the U.K. government’ s ddliberations on carbon sequestration at
(http:/Amwww.defra.gov. uk/environment/sustai nabl e/sdpanel/response6/02.htm)|

Climate Engineering: A critica review of proposals, their scientific and politica context, and
possible impacts by Ben Matthews, PhD (formerly of the School of Environmental Sciences,
Univ. of East Anglia, UK). [This source is presented without review, for now, regarding the
accurecy of the facts and qudity of analysis. The Ste contains a comprehengve ligting of
various carbon sequestration approaches. (http://chooseclimate.org/cleng)]

Ocean Fertilization — Policy Analysis

Ryan, A.C. (1998) Should we fertilize the ocean? MS Thesis, Dept. of Civil & Env. Engg. and
Technology & Policy Program, MIT. [The author concludes: No and makes strong cases
againgt some commercia ocean fertilization proposals. The document provides aplain-
language review of important scientific concepts followed by an in-depth scientific and
economic andyss of commercia ocean fertilization proposas. Also contains an informative
review and analysis of rlevant internationa environmenta and marine laws)]

Adhiya, J. (2001) I's Ocean fertilization a good car bon sequestration option? MSThesis,
Technology & Policy Program, MIT. [The author emphasizes the need for full consderation
of scientific uncertainties and issues of internationd law in the evaluation of ocean
fertilization proposals by policy makers. A comprehensive review of scientific uncertainties
is presented. A preliminary decision-andytic framework for evauating poss ble outcomes of
fertilization policy decisonsis aso developed.]

Some Paper s from Limnology

Dodson, S.I. et al. (2000) Therdationship in lake communities between primary
productivity and species richness. Ecology, 81: (10) 2662-2679. [For average lake Sze, the
highest biodiversity ended to occur in lakes with relatively low primary productivity. In
whole lake experiments, nutrient enhancement produced unpredictable and varied responses



in species richness, probably due to trandent dynamics and time lags, but species richness of
most taxawould likely decline as lakes become eutrophic

Cottingham K.L. et al. (2000) Increased ecosystem variability and reduced predictability
following fertilisation: Evidence from paasolimnology. Ecology Letters, 3: (4) 340-348.
[Inter-annud variability in lgd communitiesincreases, wheress predictability of changein
ecosystem state decreases, in nutrient enriched lakes. Anthropogenic eutrophication of
ecosystems may destabilize lakes, and obscure impacts of globa change]

Paper s Presentations by Proponents of Commer cial Ocean Fertilization

Jones, lan S.F. and D. Otaegui (1997) Photosynthetic Greenhouse Gas Mitigation by Ocean
Nourishment. Energy Conversion & Management, 38, S367-S372. [ Describes the process
and plant design for *ocean nourishment’ with ammonia dong with other technica and cost
specifications. Claims cogts of gpprox.$7.5/ton of CO, captured. Also available online a
http://mwww.otg.usyd.edu.au/papers/j096a.htm. See also other online papers onthe OTG
website]

Markels Jr, M. (1998) Ocean Farming: An Update. Regulation, 21(2): 9-10. [Refers to the
purchase from Marshdl Idands government of an option to fertilize 800,000 sg. miles of
open (coastal) ocean. Focus was sl on enhancing fish production by iron fertilization, at
this point. Also available online at http://mww.cato.org/pubs/regulation/regv21n2/pers2-
98.pd

Jones, |1.S. and Y oung, H.E. (2000) Reducing greenhouse gas by ocean nourishment. Offshore
Technology Conference, Houston, Texas (May 1-4, 2000). [ Discusses the use of floating
plaformsto utilize "stranded" natura gas for fertilizer production Estimates a cost of $7/ t
CO, avoided Includes reference to "low income food deficient (coastal) countries’ as
potentia clients]

Markels Jr. M and Barber R.T. (2000) The sequestration of carbon to the deegp ocean by
fertilization. ACS Symposium on CO2 Capture, Utilization, and Sequestration. August 20-
24, 2000. [Proposes a demondtration experiment over 13000 sg. km in the Equatoria Pecific,
and contains adiscusson of never-published results of privatdy funded fidd tests in the Gulf
of Mexico. Claims cogts of $1-2/ton of CO, captured. References are included for patents and
the pending "spird fertilization™ patent application. See dso, the company’ s upcoming
website: GreenSea Venture, Inc. (http://Amww. greenseaventure.com)]

Markels . M and Barber R.T. (2001) Sequestration of CO; by fertilization. Poster
Presentation, 1% National Conference on Carbon Sequestration, National Energy
Technology Laboratory, USDOE. May 14-17, Washington DC. [An updated verson of the
paper presented at ACS in 2000, in which Markels and Barber rachet up the sales pitch a
notch for ocean fertilization. This draft incorporates results from Hansdll et d. (Nature,
v386, p240-243, 1997), projecting a carbon sequestration fraction of 53% of primary
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production, comparable to that in the upwelling zone off Peru. Full text online at
http://Mmww.netl.doe.gov/publications/proceedings/01/carbon  seq/p25.pdf]

Jones, |.S.F. (2001) The Global Impact of Ocean Nourishment. 1% National Conference on
Carbon Sequestration, National Energy Technology Laboratory, USDOE. May 14-17,
Washington DC. [Jones reverts to food production as his primary rationale for “ocean
nourishment” with liquid anmonia. Argues for adoubling in nitrogen fertilizer production
over the next 50 years. Claimsthe potentid for “permanent sequestration” of gigaton scale
carbon sequestration at a cost of $5 to 15 per ton of carbon avoided minus vaue of fish
produced. See http://www.netl.doe.gov/publications/proceedings/01/carbon seq/6b2.pdf]

Jones, |.S.F. and Young, H. E. (2001) The Short and Long Term Role of the Ocean in
Greenhouse Gas Mitigation. Poster Presentation, 1% National Conference on Carbon
Sequestration, National Energy Technology Laboratory, USDOE,. May 14-17, Washington
DC. [The authors once again take the grow-more-food-for-the- poor angle to promote
fertilization, while dso maintaining the need to use the ocean as a carbon snk. Vehement
arguments are presented that the potential benefits judtify taking the risks. Authors claim that
while * (e)xtengve ocean nourishment will change both the physical and biological nature of
the ocean”, thus enhancing depleted commercia fish stocks, “the strategy does not encourage
amonoculture’ and “ams not to disrupt the biodiversity of the ocean.” Arguesthat
“nourishment” is not “dumping” under the 1972 London Convention. Memorable sentence:
“At present the amount of upwelled water is not under human control.” Full text online at
http://www.netl.doe.gov/publi cations/proceedings/01/carbon seq/p44.pdf]

Recent Ocean Fertilization Patents (From www.uspto.gov)

Markels, Jr., M., 1995, P/N 5433173, Method of improving production of seafood.
Markels, Jr., M., 1996, P/N 5535701, Method of increasing seafood production in the ocean.

Markels, Jr., M., 1999, P/N 5967087, Method of increasing seafood production in the barren
ocean.

Jones, lan S. F. et al., 1999, P/N 5992089, Process for sequestering into the ocean the
atmospheric greenhouse gas carbon dioxide by means of supplementing the ocean with
ammonia or salts thereof. [Patent for the Ocean Technology Group at the University of
Sydney, Audrdia. Includes a schematic for the ‘nourishment’ process]

Howard Jr., E.G. and O'Brien, T.C. (assignee: E.l. du Pont de Nemours and Company), 1999,
P/N 5965117, Water buoyant particulate materials containing micronutrients for
phytoplankton. [Du Pont’ s variant on Markels patented idea of floating pellets with
embedded iron fertilizer. Specifies awide range of compounds for making pellets with.]

Markels, Jr., M., 2000, P/N 6056919, Method of sequestering carbon dioxide. [Markels first
patent emphasizing carbon sequestration. Markels previous patents were focused upon fish
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production by fertilization, athough the potentia for carbon dioxide capture was dso
mentioned in the patents (see below).]

Markels, Jr., M., 2001, P/N 6200530, Method of sequestering carbon dioxide with spiral
fertilization. [Note the incrementa, dmost annud "improvements' being made to the
patented technology. Thisis the fifth patent gpplication for Markels, see four patents below.]
Markels, Jr., M., Filed in 2001, A/N 20010002983, Method of sequestering carbon dioxide with
a fertilizer comprising chelated iron.

Some | mportant Resear ch Programs

DOE Center for Research on Ocean Carbon Sequestration ) [DOCS was established by DOE to
"conduct, focus, and advance the research necessary to evauate and improve the feasibility,
effectiveness and environmenta acceptability of ocean carbon sequestration.” The Ste offers
concise overviews of the ocean fertilization and direct injection options for carbon
sequestration and outlines important research and modeling issues. (http:/Aww-
esd.Ibl.gov/DOCY]

Ecologicd Determinants of Ocean Carbon Cycling
(http://picasso.oce.orst.edu/ORSOO/EDOCC). [ The webgite is an initiative supported by the
Nationa Science Foundation and focuses on improving comprehension of the role that
marine ecosystems play in atmaospheric carbon sequestration and burid. Thereisa
downloadable report on state of science and research priorities. Also contains useful links to
other research program sites.]

Woods Hole Oceanographic Ingtitution 1999 Annua Report [Comments from Ken Buesder,
Associate Scientist at WHOI, on the contrasting results obtained from IRONEX-11 and
SOIREE iron fertilization experiments. Biologica productivity increase dramaticaly during
IRONEX, but not during SOIREE. Additionally, carbon uptake: export retios were higher
during IRONEX. Plansfor future experimentsin the Southern Ocean in 2002 are briefly
outlined. Dr. Buesder dso fed s that pressure to try something on an indudtrid scale will
soon culminate in alarge- scae experiment with or without scientific input as entrepreneurs
gather the necessary permits, patents and funding (http://cafethorium.whoi.edu/Fe/1999-
Annuareport.html).]

OCTET-0Ocean Carbon Transport, Exchanges and Trandformations [Thisis anew research
planning initidive involving top-tier scientists focussed on addressing key uncertaintiesin
ocean carbon cycling that are relevant to understanding anthropogenic globa change. The
March 2000 workshop report outlines these uncertainties in detail
(http://d phal.msrc.sunysh.edu/octet).]

The IEA Greenhouse Gas R&D Programme [An introduction to climate change problem as well
as evauations of possible technicd solutions. Of specid interest are the technica reports and
online conference proceedings that collectively provide status updates, useful numbers for



the potentials and costs for a range of carbon sequestration options. The focus of "practical
research” is primarily on carbon capture from point sources (power plants) for injection into
geologic or marine reservairs. (http://www.ieagreen.org.uk)]

Nationa Energy Technology Laboratory’s Carbon Sequestration Website [ Contains awedth of
information on various types of carbon sequestration approaches. Also agood source of up-
to-date information on governmental policy on sequestration and for news regarding
sequestration research. (http://www.netl.doe.gov/products/sequestrati on/index- b.html)]

Some Education-Focussed W ebsites

"Is Iron Fertilization Good for the Sea?' Case teaching notes prepared by Leleng To Department
of Biologica Sciences, Goucher College. [The commercid iron fertilization controversy is
presented a case study for sudents. This website gives a generd summary of the results of
IRONEX | and Il and some useful background information on global warming aswell. The
impressive hibliography is divided into categories for easy navigation.
(http://ublib.buffalo.edwlibraries/projects/cases/iron case/geritol notes.html)]

Perturbation to the Carbon Cycle by Enhancing Plankton Growth, Final Report - Glen Romine,
University of Oklahoma s Earth System Science Education Web Site. [ The report includes a
modeling exercise to caculate how much carbon fertilizing 20% of the world's ocean (i.e.
the HNL C regions) with iron would capture. The author concludes that atmospheric CO»
would be lowered by 38ppm (76.4 GtC). The paper concludes with a balanced discussion of
uncertainties and implications. (http:// www.esse.ou.edu/~gromine/iron.ntml)]

The Effect of Iron on Plankton Use of CO, - Dept. of Chemigtry, Michigan State Universty.
[Another course website, providing auseful summary of the IRONEX reaults.
(http:/Aww.cem.msu.edu/~cem181h/projects/96/iron/cem.html)]

EPA's Globd Warming Site (http://mww.epa.gov/globawarming) [A very good overview of the
scientific evidence for globd warming and its potentia impacts. The materidsinclude
numerica estimates for domestic and globa greenhouse gas emissons.
(http://mww.epa.gov/globawarming)]

Ocean Fertilization Articlesin News M edia and M agazines

Nadis, S. (1998) Fertilizing the Sea. Scientific American, (Apr. 1998). [Markels versus
Chisholm and others. Online a http://ww.sciam.com/1998/0498i ssue/0498scicits.html |

Schudler, G. (1999) Testing the Waters. New Scientist (Oct. 2). [One of severd print-duds
pitching Professor Chisholm’s ecological insghts againgt Michae Markels' dreams of green
seas.|

Graeber, C. (2000) Dumping Iron. Wired Magazne (November). [A light-hearted and
somewhat lop-sided account of the ocean fertilization controversy. Obvioudy fascinated



with Markels, the author dedicates alion’s share of ink to Markels world view and the pitch
for a“technology demondtration experiment” of his patented ocean fertilization method in a
marine “Desolate Zone'. The article touches on Markdls' claim of capturing carbon for $2
per ton and a so the association with Dick Barber. “Eco-experts’ Chisholm, Cullen, Bishop
and Carter are alowed rebuttals. Memorable sentence: “Markelsiswell outside the
atmospheric science maingtream, but he' s no crackpot.” Full text online at
http:/Aww.wired.com/wired/archive/8.11/ecohacking.html]

Pearce, F. (2000) A cool trick: how Chile could help save theworld and get creditsfor it.
New Scientist (April 8), pp. 18. [This article broke the story on the proposa by the Audtrdian
OTG stientists (dong with their Japanese collaborators) to “nourish” the dready nutrient-
rich, upwelled waters off the Chilean coast in order to capture atmospheric carbon for $5-
$15.]

New Scientist Editorial (2000), Keep it smple, stupid. New Scientist (April 8). [Appearingin
the same issue as the above story about pumping ammoniainto Chilean coastd waters, this
editoria categorizes the idea as "madcap scheme.”]

[The following are some of the articles that gppeared in the mainstream newsmedia during
October 2000, following the publication of the SOIREE papers in the October12th issue of
thejourna Nature.]

Bal, P. (2000) Blooming marvelous. Nature Science Update (online, October 12). [Nature's
plain language summary of the SOIREE articles, with higtorica overview. Conclusion: plant
growth in the Southern Ocean can be fertilized with iron, soaking up carbon dioxide. But this
is no panacea for the problems of globa warming See
http:/helix.nature.com/nsu/001012/001012- 10.html . ]

Onion, A. (2000) Just Add Iron - Some Suggest Dumping Iron in Oceans M ay Be Global
Warming Fix. ABC News.com. [Has quotes from SOIREE scientists expressing their
surprise at the duration of the lingering phytoplankton bloom following iron addition. Also
has comments regarding implications of the uncertain results from Prof. Chisholm.
Interestingly, this article broke the story of the failure of the bid by Markels to secure ocean
fertilization rights in the Marshdl Idands territoria waters and aso records his intention to
pursue private funding for 25,000 sg. mi. experiment off the Gaapagos Idands. See full
story at http:/Awww.abcnews.go.comv/sections/science/Dail yNews/ironoceans001012.html |

The Washington Post Online (2000) Iron in the ocean’ s diet. (October 16). [A short news piece
emphasizing that the fate of the stimulated carbon uptake by phytoplankton was unknown.
See also http://wvww.washingtonpost.com/wp-dyn/articles/A 13842-20000ct15.html]

On Carbon Emissions Trading

Edmonds, J. et a. (1999) International Emissions Trading & Global Climate Change:
Impacts on the Cost of Greenhouse Gas Mitigation. [This report prepared for the Pew
Center on Global Climate Change proposes the ideathat “international trade holds the



potentia of reducing cogts of controlling world emissions of greenhouse gases (GHGS),
because the nations of the world experience very different cogts for achieving emissons
reductions on their own. However, the potentid gains from trade, like the costs of
compliance themsdlves, may be very unevenly distributed across the world' s participants.
Avallable online a http://Amww.pewclimate.org/projectsecon emissons.cfim|

Ney, RA and Schoor, JL. (2000) What coursefor carbon trading?, Environmental Science &
Technology: News and Research Notes, 2000, 34 (7), p177A- 182A [Reports the emergence
of acarbon and GHG trading market in the United States, despite the Senate's failure to ratify
the Kyoto Climate Convention and without forma legidation to mandate its enforcement.

Lists some key related legidation before Congress and some internationd developments to
encourage GHG trading |

Haites, E. and Adam, M.A. (2000) The Kyoto M echanisms and Global Climate: Change
Coordination Issues and Domestic Palicies. [Thisreport prepared for the Pew Center on
Global Climate Change explore the potentia benefits and pitfals of the three Kyoto
Mechanisms. internationdl emissons trading, joint implementation (JI) and the clean
development mechanism. Emphasizes the need for domestic cap-and-trade systems and
strong enforcement as keys to the successful gpplication of the Mechanisms. Avallable
online a http://mwww.pewclimate.org/projectskyoto _mechanisms.cfm|

International L aws on Climate Change and Use of the Ocean

UNFCCC Climate Change Information Kit: The Kyoto Protocol [An excellent resource with
easy to read summaries of the climate change problem and the United Nations' policy
response. (http://mwww.unfccc.int/text/resource/iuckit/index.html)]

United Nations webste on the L aw of the Sea[The UN Convention on the Law of the Seas
(UNCLOS) cameinto force in 1994 and “lays down a comprehensve regime of law and
order in theworld's oceans ... establishing rules governing al uses of the oceans and their
resources. ... The Convention aso provides the framework for further development of
gpecific aress of the law of the sea.” Moreinformationisonline &
http:/Aww.un.org/Depts/log/losconvl.htm |

Text and discussion of the London Convention [In force since 1975, the London Convention is
apowerful treaty regulating the disposa (or dumping) of terrestrid materias or wastes a
sea. The 1996 protocol to the Convention strongly applies the * precautionary principle” and
would be a stringent replacement for the London Concention if and when it entersinto force.
More information at http://www.londonconvention.org ]
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APPENDIX C: TABLE OF CARBON SEQUESTRATION OPTIONS'
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" All industrial CO, capture options suffer from the following: mass CO, escape following fracture of
transmission pipeline, pipeaying disruptions (e.g. to ecosystems) and worker exposure to CO,
capture solvents. These and most other scenarios listed above discussedin H. Audus, P. Freund and
A. Smith (1995). Global Warming Damage and the Benefits of Mitigation. |EA Greenhouse Gas
~ R&D Programme. [www.ieagreen.org.uk/sr5p.htm]
" Cost figures in brackets are estimated “injection” costs only.
"' Gnanadesikan, A., Sarmiento, J. and Slater, R., 2000. Potential limits on the efficiency of ocean
fertilization as a carbon sequestration strategy: The importance of circulation., American
~ Geophysical Union 2000 Fall Meeting, San Francisco.
" Sarmiento JL, Orr JC (1991) Three dimensional simulations of theimpact of Southern Ocean nutrient
depletion on atmospheric CO2 and ocean chemistry. Limnology and Oceanography, 36, 1928-1950.
Y NAS (1992) “Policy implications of greenhous warming”, National Academy Press.
" Ryan AC (1998) “Should we fertilizer the ocean?’, Master's degree thesis, Civil& Env. Engg., MIT
"' Fuhrman J.A. & Capone D.G. (1991) Possible biogeochemical consequences of ocean fertilization.
~ Limnology & Oceanography, 36, 1951-1959.
""" Herzog, H., K. Caldeira, and E. Adams (2000) Carbon Sequestration via Direct Injection. Preprint for
the Encyclopedia of Ocean Sciences.
[ http://web.mit.edu/energyl ao/www/hjherzog/publications.htmi#co2]
XW. Ormerod, P. Freund and A. Smith (1999), Ocean Storage of CO,. IEA Greenhouse Gas R& D
Programme. [www.ieagreen.org.uk/ocean.htm]
*Riemer, P. (1995) Greenhouse Gas Mitigation Technologies, an Overview of the CO2 Capture, Sorage
and Future Activities of the IEA Greenhouse Gas R& D Programme. IEA Greenhouse Gas R&D
~ Programme. [www.ieagreen.org.uk/paper2.htm]
“Orr, J. C. et d. (2001) Ocean CO2 Sequestration Efficiency from 3-D Ocean Model Comparison.
presented at the 5th International Conference on Greenhouse Gas Control Technologies (GHGT-5)
~ held in August 2000 a Cairns, Queendand, Australia. [www.ieagreen.org.uk/ghgts-15.pdf]
“" Torp, TA (1998) Capture and reinjection of CO2 in a saline aquifer at Seipner Field and the future
potential of this technology. [http://www.ieagreen.org.uk/reinject.pdf]
Xt D, Adams, W. Ormerod, P. Riemer and A. Smith (1994). Carbon dioxide disposal from power
stations. IEA Greenhouse Gas R&D Programme. [www.ieagreen.org.uk/sr3p.htm]
XV'\W. Ormerod, P. Riemer and A. Smith (1995), Carbon Dioxide Utilisation. |EA Greenhouse GasR& D
Programme. [www.ieagreen.org.uk/sr4p.htm)]
* Technologies for Activities Implemented Jointly - Highlights of the Vancouver Conference, 1997.
 [www.ieagreen.org.uk/aijsumm.htm]
! Stevens, S.H.; Kuuskrag, V.A.; Spector, D.; Riemer, P. (1998), CO2 Sequestration in Deep Coal
Seams: Pilot Results and Worldwide Potential, IEA Greenhouse Gas R&D Programme.
[www..ieagreen.org.uk/pwrghgt4.htm]



