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ABSTRACT: A historical perspective of the scientific study of ocean iron fertilization (OIF) over the
last 15 yr prefaces a short synthesis of the multi-faceted issues raised by the 11 contributions to this
Theme Section. These issues, which range from ethical to logistical, must be aired in discussions sur-
rounding OIF and its commercial application as a potential climate mitigation tool. Two other issues,
not considered in detail by the contributors, are also addressed: (1) the importance of the rate of
change in atmospheric CO2 following sustained global OIF (other than model simulations, the only
data presently available to assess this comes from the geological record, e.g. Vostok ice core record
of dust supply and atmospheric CO2); and (2) the necessity of making realistic estimates of the cost of
OIF (i.e. carbon sequestered per unit of iron added) to provide comparisons of the ratio of cost:envi-
ronmental risk of OIF with other mitigation strategies.
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HISTORICAL PERSPECTIVE

Ocean fertilization with nutrients is one of 2 potential
methods of using the ocean to mitigate atmospheric
CO2 concentrations that have received both wide
media interest (Young 2007) and considerable scien-
tific scrutiny (Boyd et al. 2007, Glibert et al. 2008). (The
other method is deep ocean CO2 disposal; Parks 1999,
Brewer et al. 1999, Tamburri et al. 2000). Initial discus-
sion of the use of ocean iron fertilization (OIF) as a CO2

mitigation strategy resulted from John Martin’s iron
hypothesis (Martin 1990), in which he linked contem-
porary findings of the limitation of phytoplankton
growth rates by iron supply (in 3 large oceanic regions)
with variations in dust supply, anti-correlated with
changes in atmospheric CO2, in the geological record.
Prior to the publication of Martin’s study, the release of
a report on OIF by the US National Research Council
Board on Biology resulted in a wave of publicity that
included front-page headlines about OIF and climate
mitigation in newspapers including the Washington
Post.

The first comprehensive scientific evaluation of OIF
as a mitigation strategy came at a meeting sponsored
by the American Society of Limnology and Oceanogra-
phy (ASLO) in San Marcos, California, in February
1991. More than 30 papers on aspects of OIF were pub-
lished in a special issue of Limnology and Oceanogra-
phy (Chisholm & Morel 1991). Over 15 yr later, many of
the issues raised and questions they posed remain: the
motivation for OIF (a ‘cheap, fast and easy’ solution),
the ethics of ‘a massive intervention in the earth’s bio-
geochemical cycle,’ and how to devise ‘philosophical
and/or political frameworks for decision making about
conducting OIF globally’ (Chisholm & Morel 1991,
Preface). The outcome of this ASLO meeting was a
consensus resolution of the participants  that high-
lighted the scientific uncertainty of OIF as a mitigation
strategy, which, even if implemented globally would
probably have a short-term (years) and a relatively
small effect that would merely delay the rise of atmos-
pheric CO2 by several years, and thus be ineffectual in
contributing to a long-term reduction on atmospheric
CO2 levels. ASLO also advocated further research into
OIF effects on the regulation of ocean productivity and
its role in the carbon cycle, and advised against using
OIF as a policy option for climate mitigation.

In the ensuing 15 yr there has been a large body of
research conducted, ranging from laboratory culture
experiments (Sunda & Huntsman 1995), to shipboard
studies (Hutchins et al. 2001) and OIF modelling
simulations (Aumont & Bopp 2006). However, the
most thorough investigation has come from eleven
10 km length-scale OIF experiments in subtropical,
subpolar and polar high-nitrate, low-chlorophyll

(HNLC) waters between 1993 and 2005 (de Baar et
al. 2005, Boyd et al. 2007). There have been OIF tests
conducted by commercial companies (Markels & Bar-
ber 2001, Schiermeier 2003). These OIF studies by
commercial stakeholders were viewed as controver-
sial and resulted in widespread debate within the sci-
entific community (Chisholm et al. 2001, Johnson &
Karl 2002) that is still ongoing as evidenced during a
symposium on OIF at Woods Hole Oceanographic
Institution in October 2007 involving scientists, policy
makers and commercial stakeholders (Powell 2008).

AIMS OF THIS THEME SECTION

Within this Theme Section there are commentaries
and research articles by a wide range of academics,
each of whom brings expertise on aspects of the many
scientific, technical, legal, commercial, environmental
and ethical issues that encompass OIF. It is hoped that
their counterpoint and breadth of discussion will pro-
vide a valuable tool for research scientists policy mak-
ers, educators and students to both grasp the complex-
ity of the issues involved, and to assist with attaining a
clearer picture of the key issues and the way forward.

The Theme Section commences with Denman, who
examines OIF within the context of the ocean carbon
cycle and global climate (Denman 2008, this Theme
Section). He does this by stepping through 4 central is-
sues (from mitigation objectives to side-effects) related
to OIF. This assessment is followed by commentaries
from Freestone & Rayfuse on legal and environmental
considerations of OIF and how these considerations re-
late to existing legislation for the ocean (e.g. the Law of
the Sea [LOSC]) and the environment (Kyoto Protocol)
(Freestone & Rayfuse 2008, this Theme Section), and
from Orbach on the ethics of altering the ocean
commons by using global-scale manipulations such
as OIF (Orbach 2008, this Theme Section). Huesemann
then puts OIF into the context of other mitigation
schemes, such as geological carbon sequestration and
renewable energy generation from biomass (Huese-
mann 2008, this Theme Section). Such schemes were
discussed at a geoengineering symposium at Harvard
University (Kintisch 2007). Huesemann’s article leads
on to a commentary by Leinen (of the company
CLIMOS, www.climos. com), who describes how sci-
entists and business can better align themselves to
carry out OIF studies at scales larger than the 10 km
length scale of the first-generation experiments
(Leinen 2008, this Theme Section). Such studies are re-
quired to better understand the longer term and larger
scale impacts of OIF (Buesseler et al. 2008).

The remainder of the Theme Section focuses on
some key unresolved scientific questions. Karl & Lete-
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lier explore whether fertilization— either via iron
and/or phosphate enrichment or stimulation of the
upwelling of nutrient-rich waters (Lovelock & Rapley
2007) — of the oligotrophic low-latitude ocean will
result in blooms of nitrogen fixers, ultimately resulting
in the net transport of carbon to the deep sea (Karl &
Letelier 2008, this Theme Section). De Baar et al. dis-
cuss the efficiency of OIF at removing CO2 from the
atmosphere and the range of factors that determine
this efficiency (De Baar et al. 2008, this Theme Sec-
tion). Law provides insights into how the concentra-
tions of other biogenic gases in the upper ocean, which
have potentially negative (i.e. nitrous oxide) or positive
(dimethylsulphide) effects on radiative forcing and
hence climate, might be altered during the proposed
larger scale (>10 km) and longer (months) OIF studies
(Law 2008, this Theme Section).

In the only modelling study in this Theme Section,
Gnanadesikan & Marinov present simulations of the
longer-term (years to decades) biogeochemical trajec-
tory (and the interplay with ocean circulation) and fate
of a large-scale (4° × 4°) OIF study (Gnanadesikan &
Marinov 2008, this Theme Section). They conclude
that the veracity of OIF as a mitigation strategy is more
closely aligned to the fate of the nutrients taken up by
the biota than to the export of carbon to depth. The 2
concluding papers deal with logistical and technical
issues. Cullen & Boyd comment on the difficulties
posed by verification of the outcomes from OIF (Cullen
& Boyd 2008, this Theme Section) and Watson et al.
provide an analysis of what will be required (from both
modellers and observationalists) to devise, design and
implement the second generation of OIF (at a 100 km
length scale) (Watson et al. 2008, this Theme Section).

OTHER ISSUES

Despite the breadth of issues tackled and the wider
range of views aired in this Theme Section, 2 important
topics receive less attention than they merit: (1) the
utility of the geological record in assessing the time-
scales of carbon sequestration resulting from global
OIF, and (2) the financial cost of carbon sequestration
during large-scale OIF studies.

Geological records of the temporal relationship
between OIF and climate

In a recent policy statement on OIF, Buesseler et al.
(2008) indicate that if widespread (i.e. global) OIF was
to be viewed as a wedge to help stabilise atmospheric
CO2 concentrations (Pacala & Socolow 2004), the rate
of change in atmospheric CO2 due to global OIF will be

just as critical as its magnitude. Buesseler et al. (2008)
reported an upper bound for sequestration of 0.5 Gt C
yr–1, corresponding to a reduction of 0.24 ppmv atmos-
pheric CO2 yr–1 (Cullen & Boyd 2008). However, this
sequestration estimate was based on a modelling study
of global OIF (Aumont & Bopp 2006). Given the critical
importance of estimating the rate of OIF-mediated C
sequestration in order to assess whether it can be
viewed as a climate stabilisation wedge, there is one
dataset — from the geological past — that can be used
to evaluate the predictions from models of global OIF.

The Vostok ice core record of dust and atmospheric
CO2 concentrations across 4 glacial–interglacial cycles
was the centrepiece of the iron hypothesis (Martin
1990) and led to OIF being considered as a potential
climate mitigation tool (Keith & Dowlatabadi 1992).
Much of the subsequent debate on the Vostok record
has focussed on (1) what mechanism(s) caused the
80 ppmv change in atmospheric CO2 concentrations
and their relative contribution to this change (Watson
et al. 2000, Toggweiler et al. 2006), and (2) the timing
of changes in the dust flux relative to those in atmos-
pheric CO2 (Watson et al. 2000). It has been suggested
that up to 30% of the 80 ppmv atmospheric CO2 draw-
down could be attributed to OIF (Sigman & Boyle 2000)
and modelling studies indicate that increased dust
supply probably caused the initial decrease (i.e. up to
25 ppmv) in atmospheric CO2, and was then super-
seded by other causative mechanisms that drew down
a further 55 ppmv (Watson et al. 2000). Thus, the mag-
nitude of atmospheric CO2 drawdown due to global
OIF has an upper bound of ca. 25 ppmv.

The temperature–CO2 relationship from Vostok has
been interpreted as a marked alteration of global cli-
mate to which OIF made a significant contribution;
therefore the magnitude of this signal has been cited
widely by observationalists (Martin 1990, de Baar et al.
2005), modellers (Aumont & Bopp 2006) and commer-
cial ventures (e.g. www.climos.com) interested in the
OIF debate. However, there has been little emphasis to
date on the equal importance of the rate of change in
atmospheric CO2 due to global OIF (Boyd et al. 2007).

Given the difficulties in planning and conducting an
OIF event at the 100 km length scale (Watson et al.
2008), the Vostok record is a valuable resource that
provides the most robust data available for the likely
outcome from a sustained (i.e. millennia) global OIF
event (termed here Vostok OIF), and thus gives a low-
cost snapshot (relative to the outlay of doing a large
scale OIF event, Watson et al. 2008) of the biogeo-
chemical and climatic signature of such a global OIF
event. Examination of the highest resolution (<500 yr)
data of the Vostok record (Petit et al. 1999) reveals a ca.
20 ppmv drawdown in atmospheric CO2 concentra-
tions over roughly 5000 to 10 000 yr (Fig. 1). This yields
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a C sequestration rate of 0.01 to 0.005 Gt C yr–1, which
is significantly less than that estimated from modelling
studies of global OIF (Aumont & Bopp 2006) and would
therefore not represent a ‘Pacala & Socolow’ climate
stabilization wedge (Pacala & Socolow 2004). Hence, a
better understanding of the underlying reasons for the
disparity between the modelling study (Aumont &
Bopp 2006) and the Vostok record (Fig. 1) is urgently
required.

The outcome of the Vostok OIF is the integral of a
wide range of oceanic processes over millennia that
may be altered directly (primary and export produc-

tion) or indirectly (biogenic gas production, foodweb
structure) due to OIF and about which little is known
on scales >1000 km2 and >1 mo (Boyd et al. 2007). The
impact of the Vostok OIF is reported to be greater in
the Southern Ocean than in low latitude regions
(Winckler et al. 2008); nonetheless, it does represent a
global OIF event where dust supply increased world-
wide — albeit by different magnitudes in each HNLC
region (Winckler et al. 2008).

In models such as that of Aumont & Bopp (2006) (see
also Table 1 in Denman 2008), there are marked differ-
ences in how OIF is parameterized relative to what is
evident from the Vostok record, such as dissolved iron
being maintained at 2 nM following an instantaneous
increase at onset of the model run (cf. our Fig. 1). This
and other factors prescribed in the model, such as the
relatively high efficiency of carbon sequestration may
in part explain the up to 100-fold difference in the C
sequestration rate between the simulations and Vos-
tok. An additional distinction between Vostok and the
Aumont & Bopp (2006) model is that the latter is run
under elevated atmospheric CO2 concentrations (due
to climate change). A global OIF simulation by Aumont
& Bopp (2006) with no increase in atmospheric CO2

(i.e. comparable to the geological past) resulted in a
<10 ppmv CO2 drawdown, but note this occurs within
100 yr and so is still much more rapid than reported for
Vostok. To determine whether global OIF could be a
stabilization wedge, the reasons for the 100-fold differ-
ence in the rates of iron-mediated C sequestration
between models and geological records require better
resolution of the timescales and modes of control of
global OIF.

Evaluating the cost of sequestering carbon via OIF

The principal attraction of using OIF as a mitigation
strategy is the notion that it is a ‘cheap, fast and easy’
solution to climate change. This notion has been prop-
agated through the popular press since the early 1990s
and was discussed in Chisholm & Morel (1991). It has
been proposed that OIF could be carried out at low cost
relative to other mitigation strategies (Keith et al. 2005,
Huesemann 2008); this was based on $US 2 US ton–1 C
(1 US ton = 0.9072 t) sequestered (Markels & Barber
2001). Other estimates of $US 5 US ton–1 C sequestered
are reported online (www.en.wikipedia.org/wiki/Iron_
fertilization). The calculations of Markels (see http://
www.patentstorm.us/patents/6440367.html) appear to
be based on several assumptions: (1) that ‘each US ton
of iron dumped could pull 30 000 US tons of carbon
from the atmosphere’ (i.e. an Fe:C molar ratio of
7.27 × 10–6) (http://www.wired.com/wired/archive/8.11/
ecohacking_pr.html); and (2) that 53% of the iron-
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Fig. 1. High-resolution plots of the (a) dust flux and (b) atmos-
pheric CO2 concentrations from the Vostok ice core record for
the most recent glacial termination (i.e. the highest resolution
data in the record were available for this period; Petit et al.
1999). The plots clearly indicate the 5000–10 000 yr timescale
for decreases in atmospheric CO2 due to significant increases
in the dust flux. The asymmetry in the atmospheric CO2

record, relative to that for dust, is due to ocean iron fertiliza-
tion (OIF) being only one of the mechanisms responsible for
the observed changes in atmospheric CO2; see modelling
simulations by Watson et al. (2000), their Fig. 2b. Note, alter-
native hypotheses for the changes in the atmospheric
CO2 records have been proposed (e.g. intensity of upwelling, 

Toggweiler et al. 2006)
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mediated increases in algal carbon are sequestered,
based on the study of Hansell et al. (1997) in the equa-
torial Pacific (P. Lam & S. W. Chisholm unpubl. data)1.
Taken together, this information suggests that each US
ton of iron dumped could sequester 15 900 US tons of
carbon (i.e. an Fe:C molar ratio of 1.37 × 10–5). Evi-
dence from a mesoscale OIF event where the fate of
the iron-mediated increase in algal carbon was mea-
sured directly (Boyd et al. 2004) and from natural open
ocean blooms (Martin et al. 1993, de Baar et al. 2008)
reveal that the C sequestration efficiency assumed by
Markels is a significant overestimate; therefore the
cost of sequestering carbon using OIF has so far been
underestimated (Fig. 2).

Furthermore, the revised cost of C sequestration
must also take into account other factors not included
in the original estimate by Markels, including any
deleterious downstream effects of OIF on the produc-

tivity of commercial fisheries, where a fisheries loss
levy could be up to $US 150 US ton–1 C sequestered
(Gnanadesikan et al. 2003). From discussion of how
100 km length scale second generation OIF studies will
be conducted (Watson et al. 2008) it is clear that the
requisite OIF delivery systems (multiple vessels or air-
craft), monitoring (remote-sensing), research and
development (modelling), and verification (employ-
ment of independent evaluators) will also have to be
included in such a cost estimate. These costs, when
applied to a 100 km length-scale OIF event will proba-
bly not scale linearly but increase as a step function
(Watson et al. 2008). There are also potentially hidden
costs depending on the eventual outcome of OIF,
including deduction of C offsets due to unanticipated
side effects, such as greenhouse gas production (Law
2008). Although uncertainties remain, revised esti-
mates — based simply on scaling Markel’s original cost
estimate to the C sequestration or export measured
during first-generation OIF studies, such as SERIES
(NE Pacific), indicate that the cost of C sequestered
using OIF is between $US 30 and $US 300 t–1 (Fig. 2).

This more realistic evaluation of the cost of the car-
bon sequestered using OIF suggests that the initial
attraction — the estimated low cost of this approach —
is not valid. The revised estimate of the cost of OIF
requires a reappraisal of the ratio of cost:environmen-
tal risk relative to other mitigation strategies. For OIF
the degree of risk is reported as medium (Keith et al.
2005, Huesemann 2008), due to issues such as the pos-
sibility of unintended environmental side effects and
difficulties in verification. Thus, OIF can be classified
as a medium-risk, medium-cost mitigation strategy
that may have similar costs to other, lower-risk mitiga-
tion strategies (for example, biomass with carbon cap-
ture, which Keith et al. 2005 estimated as costing
$US 300 t–1 C).
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