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Fulfilling the Paris Climate Agreement requires reducing rapidly the new emissions of greenhouse gases (GHGs)
to reach net zero by 2050. As some anthropogenic emissions cannot be zero, to compensate them it will be
necessary to remove GHGs from the atmosphere. Among possible methods, the Iron Salt Aerosol (ISA) offers new
possibilities, including removal of methane and several other GHGs, as well as carbon dioxide. Several studies
suggest that anthropogenic emissions of iron participate in the current primary productivity. As plans to
decarbonize the world economy might also have inadvertent warming effects due to the reduction of iron
emissions from fossil fuels burning, iron additions might help address this issue. ISA is different from the method
known as Ocean Iron Fertilization and the differences are explained. ISA mimic natural processes and the dust
which probably participated in the cooling during the ice-ages over the past million years. Still larger laboratory
trials, safety and environmental impact studies and global chemical computer modeling are necessary before ISA
would be ready to be trialed. Desk and laboratory studies indicate low cost, easy deployment and efficacy, all of
which can be validated by future small scale field trials, a step needed before, if successful, a possible imple-
mentation at a climate-relevant scale.

Black carbon

1. Introduction more than CO3 on 100 year and 20 year timescales respectively (Myhre

et al., 2013), therefore making CH4 removal important for overall work

The Paris climate agreement called to limit global warming to less
than 2 °C above pre-industrial levels, and is the biggest challenge hu-
manity must meet (Anderson 2016). IPCC Integrated Assessment Models
and scenarios show that limiting warming must combine reduction of
GHG emissions with removal of GHGs from the atmosphere (Anderson
2016) through deployment of Negative Emissions Technologies (NETS).

Numerous NETs have been proposed, with the majority focusing on
carbon dioxide removal (de Richter et al., 2018; McLaren 2012). But
non-COy GHGs, predominantly methane, provide nearly 35% of the
climate forcing (Blasing 2016) by well-mixed GHGs. The global warm-
ing potential of CH4 ranges from about twenty eight to eighty four times

to address climate change. The Iron Salt Aerosol (ISA) technology
described in this article can oxidize CHy4 into CO9, while also causing
other cooling effects (Oeste et al., 2017).

Anthropogenic sources now add about forty billion tons of carbon
dioxide and CO5 equivalent (COy-eq) to the atmosphere every year
(CA&NCI 2019). More than a trillion tons of COz-eq would need to be
removed (Allen et al., 2009) to restore the CO4 level of the early Holo-
cene (280 ppm) (Harvey et al., 2013; Indermiihle et al., 1999). To
remove billions of tons of CO, per year (Herzog 2011), other proposed
NETs generally require huge new infrastructures. The next section ex-
plains how the Iron Salt Aerosol (ISA) nature-based method for
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Greenhouse Gases Removal (GGR), if its safety is proved, could be a
simple, safe and quite cheap way to remove some warming compounds
including CHy4, CO,, some tropospheric O3, some black carbon (BC)
(Raju et al., 2020), by replicating the iron-rich dust production that
might have helped to cool the planet in Ice Ages (Abadi et al., 2020; Sur
et al., 2015).

Reducing emissions to net zero by mid-century, while maintaining
energy use, would require zero-carbon energy sources, with remaining
emissions balanced by NETs. But even ending all CO, emissions would
not be nearly enough to prevent dangerous warming (EASAC 2018), due
to the committed warming effects of COy from previous emissions.
Feedback amplification of warming from past emissions is already un-
derway, leading to possible tipping points (Lenton et al., 2019). As well,
ending CO; emissions would not reduce all the emissions of other GHGs
in particular from the agricultural sector, nor the GHGs already in the
atmosphere. Significant reductions of the emissions of anthropogenic
GHGs, as well as large scale removal of the existing atmospheric stock of
GHGs are the principal options to prevent and reverse dangerous global
warming (Pires 2019; Realmonte et al., 2019).

Extensive scientific and policy-oriented discussion of ISA has
occurred since 2017 (Oeste et al., 2017), notably the recognition that the
atmospheric methane removal potential of ISA may justify the interest of
the scientific community and more deep research in this field, before
testing in field conditions. This new review completes the previous one
(Oeste et al.,, 2017), by clarifying many aspects, simplifying and
explaining the difference between Ocean Iron Fertilization (OIF) and
ISA, as well as by providing new information on recently elucidated
possible carbon storage mechanisms in the ocean.

A short overview of some of the fertilizing effects of iron compounds
over the continents and the oceans is given in the next section as well as
an explanation of the differences between OIF and ISA. Section 3 de-
scribes the expected tropospheric effects of ISA on several GHGs such as
CH4 and Os, section 4 explains more deeply the possible global
deployment of ISA, the discussion in section 5 addresses safety and
health aspects, as well as the research still needed before field trails,
followed by concluding remarks on section 6.

2. Cooling and fertilizing effects of existing iron emissions

Iron is a decisive factor in natural processes that regulate primary
productivity, and several atmospheric GHGs. This section outlines some
primary effects of iron on atmospheric, marine and land chemistry.

2.1. Biological need for iron

Iron is an essential micronutrient for many physiological processes
and bio-functions. Plants need iron, for chlorophyll production, photo-
synthesis, nitrogen fixation and nitrate reduction, while animals need
iron for oxygen transport and many enzyme functions. Human iron
deficiency can cause anemia, heart failure, ulceration, skeletal weakness
and cognitive disorders (Abbaspour et al., 2014; Aspuru et al., 2011).

2.2. Over the oceans

Ocean regions termed High-Nutrient-Low-Chlorophyll (HNLC), have
low iron levels resulting in low plankton productivity. Phosphorus and
nitrogen-rich but iron-poor, HNLC regions cover an estimated sixty
million square kilometers, 20% of the ocean surface area, including
parts of the equatorial and Northern Pacific and most of the Southern
Ocean (Pitchford and Brindley 1999).

Iron is the 4th most abundant element in the earth’s crust, but its
solubility and bioavailability are low depending of its oxidation state
and chemical form or environment. Consequently, large areas of the
world’s ocean are iron-deficient, as are calcareous alkaline soils where
plants suffer from chlorosis as explained in the next subsection.

Primary productivity in HNLC oceanic regions is limited by the
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availability of iron (Martin et al., 1994). Among other nutrients, desert
and volcanic dust deposit iron in HNLC regions inducing algal blooms
that can be detected by satellites. These blooms consume locally and
momentously large quantities of atmospheric CO,, which might be
released back in the atmosphere after microbial remineralization
(Robinson et al., 2014), while some might be stored at the bottom of the
ocean (Smetacek et al., 2012).

Mimicking natural iron deposition to HNLC regions by Ocean Iron
Fertilization (OIF) or by ISA could increase productivity and might help
decreasing the atmospheric CO, with a global cooling effect (Martin
1990).

2.3. Methods to increase iron level over the oceans: differences between
OIF and ISA

Extensive research has been conducted into Ocean Iron Fertilization
by ship-based addition of iron sulfate slurry (Giissow et al., 2010) but it
has several limitations as a climate engineering scheme (Boyd and
Bressac 2016; Chisholm et al., 2002; Johnson and Karl 2002). Envi-
ronmental risks potentially associated with OIF include depletion of
deep-water oxygen, increasing production of N2O and CHj, alteration of
the food chain, promotion of toxic algae species, disruption of marine
ecosystems and rapid organic carbon re-mineralization that causes CO5
to resurface (Denman 2008). Therefore some researchers fear that the
carbon consumed by phytoplankton blooms may return quickly to the
atmosphere (Martin et al., 2013). Other experiments show that diatom
blooms cause deep carbon export and storage (Smetacek et al., 2012) as
explained in section 3.

OIF is different from Iron Salt Aerosol in many respects.

Iron Salt Aerosol would apply a concentration of iron to the ocean
2-3 orders of magnitude smaller than OIF, aiming to enhance marine
phytoplankton growth, and induce other cooling effects in the atmo-
sphere and over the continents (Oeste et al., 2017). The variety, scope
and magnitude of the combined cooling benefits of ISA, notably its
methane removal effect which is described in section 3, mean that most
if not all criticisms of OIF do not apply to ISA. Testing ISA at small scale
and extremely dilute levels might be a safe and effective way to inform
the likely effects in field conditions.

Carbon export processes in the deep ocean are complex, time-varying
and often decoupled from biological production (Boyd and Trull 2007),
making the efficiency of carbon sequestration by OIF difficult to assess.
Alongside the small size and number of OIF field tests, the difficulties of
measurement explain why OIF experiments have shown widely varying
export efficiency. Calculated C:Fe molar ratios (amount of carbon in
biomass created to the amount of iron provided) in natural fertilization
vary from about 2,400 to 800,000, with severe under-sampling allowing
this wide range (de Baar et al., 2008). Studies of naturally iron-fertilized
waters found carbon export efficiencies up to ten times (Blain et al.,
2007) greater than short-term blooms induced by experimental
ship-based addition of iron sulfate (De Baar et al., 2005). New OIF open
field trials have been projected (Yoon et al., 2018), as well as new iron
dust generation methods (Emerson 2019).

Past variability in the CH4 and CO, atmospheric concentrations was
synchronous with air temperature variations and dust deposition over
Antarctica the last million years (Lamy et al., 2014; Martinez-Garcia
etal., 2011), leading to the theory that the iron content of dust fertilized
the oceans and increased oceanic primary productivity, cooling the
planet (Martin 1990). This hypothesis seems more and more consistent
with new evidences while additional ones might help explaining the
C-storage. Such as the hypothesis that the aluminum content of the dust
might preserve biogenic matter from decomposition and decay, poten-
tially enhancing the biological pump and allowing more carbon
sequestration in the ocean depths (Zhou et al., 2018), or by an effect of
particle ballasting (Heinemann et al., 2019), or by an amplification of
the CO, downdrawn induced by iron fertilization and cooler tempera-
tures due to air-sea disequilibrium (Khatiwala et al., 2019).
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Iron also has other effects: in the oceans, nearly 90% of the CHy4
produced within the subsea floor is consumed by anaerobic oxidation by
iron oxides and sulfate reduction (Sivan et al., 2016; Sivan et al., 2014).
That means iron compounds in the oceans help to reduce the emissions
of CHy4. This is also true in freshwater lake sediments (He et al., 2018;
Thamdrup and Schubert 2013).

Among the anthropogenic sources of iron, a large fraction of pyro-
genic iron emissions from biomass fires and fossil fuels burning is
already in a soluble form, for instance as iron (II) sulfate (Ito et al., 2019;
Rathod et al., 2020). Desert dust particles often contain poorly soluble
iron oxides such as FeO, hematite Fe;O3 and magnetite Fe3O4 within
aluminosilicates clays. Atmospheric aging in the troposphere, and in
particular chemical and physical processing, by acidic processing,
freezing and melting, plus hydration-dehydration cycles modify the
hygroscopicity, together with light induced oxido-reduction processes
(Struve et al., 2020), plus possible reaction with naturally occurring
organic acids, result in formation of organic salts or complexes that in-
crease the iron solubility by transforming iron oxides into iron oxy-
hydroxide FeO(OH) (ferrihydrite) (Shi et al., 2015).

As well as natural dust, iron is also present in the atmosphere due to
industrial processes, mainly from coal and other fossil fuel combustion
(Ito and Shi 2016) but also from the iron and steel industry (Guo et al.,
2017; Jia et al., 2018). The steel industry is among the highest energy
consumers (about 20% of total, mainly provided by coal) and polluters,
being an important source (25-41 mg/m?> in some plants in China) of
particulate matter emissions (Jia et al., 2018). In particular the sinter-
ing, the puddling and the steelmaking processes, emit the higher PM
mass concentration, and then the rolling process, with iron (1-6 mg
Fe/m®) and sulphates being the most important constituents, together
with chlorine, titanium, calcium, aluminum and sodium (Guo et al.,
2017; Jia et al., 2018).

The iron and steel industries were also among the highest industrial
emitters of HCl, but nowadays with the flue gas desulfurization systems
installed, the quantities have been significantly reduced (45-83%) in
China (Ding et al., 2020). But, as the flue gas desulfurization systems
don’t remove them efficiently, it was found that high amounts (3.6
mg/m3) of short-lived chlorinated substances (CH,Cl,, CH3Cl, CoHsCl,
and CyH4Cly) are emitted by the sintering processes, and those com-
pounds are tropospheric sources of HCI (Ding et al., 2020).

These anthropogenic iron sources are much more soluble and
bioavailable than natural ones (Ito and Shi 2016; Li et al., 2017; Rathod
et al., 2020) because a large fraction of pyrogenic iron emissions from
biomass fires and fossil fuels burning is already in a soluble form for
instance as iron (II) sulfate (Hamilton et al., 2020; Ito et al., 2019;
Rathod et al., 2020), while desert dust particles often contain poorly
soluble iron oxides hematite Fe;O3 and magnetite Fe304 within alumi-
nosilicates clays.

Over many oceanic regions, combustion processes are estimated to
provide 20-100% of the soluble bio-available iron (Luo et al., 2008).
According to Ito et al., (Ito et al., 2019; Ito and Shi 2016), this probably
means that anthropogenic iron emissions from fossil fuel and other
combustions processes or industries such as the iron and steel industries
(Guo et al., 2017; Jia et al., 2018) might already play a major role in
providing bio-available iron to some regions of the surface ocean (Sed-
wick et al., 2007), in particular in a significant portion of the Northern
Hemisphere oceans (Ito et al., 2019; Ito and Shi 2016; Luo et al., 2008),
and up to 68% over the Industrial Era (Hamilton et al., 2020). Some
studies suggest that anthropogenic iron emissions could play a globally
important role in marine productivity and carbon cycling (Pine-
do-Gonzalez et al., 2020) and might increase regionally the oceanic
primary productivity (Ito et al., 2020; Liu et al., 2021). It has been
suggested that this soluble iron might also deplete some other GHGs
(Oeste et al., 2017), delivering several cooling effects (Oeste et al.,
2017). If fossil fuel emissions are cut, these existing iron aerosols might
need to be replaced to maintain the marine food web with the level of
existing oceanic productivity, even if there is little C-storage, as
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discussed in section 5.
2.4. Over the continents

The Amazon rainforest is fertilized by African dust, with iron and
phosphorus carried across the Atlantic on the winds (Rizzolo et al.,
2017; Yu et al., 2015).

For plants grown on alkaline soils (mainly calcareous) chlorosis
induced by lack of iron is the main nutrient deficiency (Abadia et al.,
2011; Basar et al.,, 2014; El-Jendoubi et al., 2014; Rombola and
Tagliavini 2006) potentially affecting some plants over more than 25%
of the earth’s land surface (Rombola and Tagliavini 2006; Taalab et al.,
2019). Consequently several methods of chlorosis correction are widely
practiced in agriculture, such as iron foliar fertilization with iron sulfate
and treatment of the soils with synthetic chelates of iron (Fernandez
et al., 2013). Oeste et al. (Oeste et al., 2017), reported that the deposi-
tion of desert dust containing iron, as well as the deposition of anthro-
pogenic iron salt aerosols released by the steel industry and by burning
coal might enable increased CO uptake from terrestrial plants including
trees and crops, as well as from phytoplankton and other marine plants.

This natural and anthropogenic iron deposition also appears to pre-
vent to some extent some methane emissions. Experimental addition of
humic acids and iron in wet sedge tundra landscapes significantly sup-
pressed net methane fluxes (Miller et al., 2015), in Arctic peat ecosys-
tems (Lipson et al., 2010) and in rice paddies (Ali et al., 2008; Liu et al.,
2016; Liu et al., 2012; Wang et al., 2014). Addition of iron salts either
inhibits methane emissions or enhances its oxidation rate (Roden and
Wetzel 1996). The anaerobic oxidation of CHy is important to limit its
release into the atmosphere, with iron compounds playing a key role (He
et al., 2018). Iron compounds also influence biomass humification rates
(Zhang et al., 2017) and organic carbon preservation in soils (Lalonde
et al., 2012).

3. Tropospheric impacts of iron

Atmospheric dust supplied high quantities of soluble iron to the
ocean during glacial periods (Shoenfelt et al., 2018). This stimulated
phytoplankton productivity (Shaffer and Lambert 2018) and might have
contributed to drawdown of atmospheric CO5 to levels of less than 200
ppm resulting in glaciations (Martin 1990; Martin et al., 1994; Marti-
nez-Garcia et al.,, 2009). Anthropogenic pollution emissions now
contribute to enhance the natural bioavailability of iron in dust (Ito and
Shi 2016; Li et al., 2017; Shi et al., 2009; Srinivas et al., 2014). The
current iron level in the atmosphere is only about one third the esti-
mated level at glacial maxima (Masson-Delmotte et al., 2010). 800,000
years of climate data from deep Antarctic ice cores reveal that during
glacial and inter-glacial periods, the atmospheric concentration of CHy
and CO, correlated with each other and also with dust levels (Kohler
et al., 2010; Masson-Delmotte et al., 2010). The “iron hypothesis”
(Martin 1990) was formulated in 1990, since then, 30 years later, the
evidence accumulated convincingly shows that the Southern Ocean
fertilization was indeed a leading actor in past glaciations (Stoll 2020).
The suggestion that natural COy atmospheric removal and cooling
therefore appears to having possibly been caused by iron-rich dust
increasing plankton productivity is supported by a range of theoretical
connections between iron and carbon removal plus storage (Stoll 2020).

Why then did the CH,4 atmospheric concentration also decrease? In
the troposphere, methane is currently mainly destroyed by the hydroxyl
radical °OH, but atomic chlorine Cl°® oxidizes about 1% (Wang et al.,
2019) of the CH4 (5.3 Tg/yr), or 3-4% according to older estimates
(Allan et al., 2007). Atmospheric chlorine radicals are produced by
several natural processes and also possibly by ISA (Thomas et al., 2006;
Thornton et al., 2010). The CI* creates a CHy sink that might have
increased during glaciations (Levine et al., 2011), together with some
other processes that reduced CHy4 production (Valdes et al., 2005).

There is no-known physical limitation to the FeCls concentration in
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the troposphere, specially under the marine boundary layer where sea-
salt from sea-spray is abundant, as far as the acidity can be increased.
After volcanic eruptions large emissions of mineral acids occur, among
them hydrochloric acid, and molysite (FeCl3) mineral deposits can be
found in Italy, for instance near Naples from the Vesuvian, or near Pisa,
close to the Amiata volcano in Tuscany. The chlorine chemistry has been
proved in volcanic plumes (Baker et al., 2011). Some models estimate
that over polluted coastal regions the methane removal might be up to
11.6% (Sommariva and von Glasow 2012), and no-known upper limit of
methane removal by using Cl atoms has yet been determined.

The current status of atmospheric effects of ISA are mainly based on
smog-chamber tests conducted at the University of Bayreuth, Germany
in 2015-2017 which proved that ISA efficiently generates Cl atoms, and
reacts with methane (Zetzsch et al., 2013) and other volatile organic
compounds (VOCs). Tests now underway (2021) at the University of
Copenhagen, Denmark aim to quantify these effects in a range of con-
ditions and to determine the speciation of iron within the aerosols, and
the number of CH4 removed per atom of iron. In some smog-chamber
tests, the efficiency of the chlorine catalysis was proven, with the gen-
eration of up to 78 chlorine atoms generated per hour per atom of iron
(Wittmer and Zetzsch 2017). More research is needed regarding the
atmospheric impacts, and the lifetime of the aerosols could only be
determined during field tests which are still to be performed. Never-
theless, a global tropospheric chlorine chemistry model (Hossaini et al.,
2016) evaluated the total amount of tropospheric Cl atoms and the
amount of CH4 eliminated by this sink: nearly 3.5 Cl atoms are needed
for the removal of one CH4 molecule as the Cl atoms (as well as the
hydroxyl radicals °OH) react faster with the other VOCs present than
with methane. Wang et al. (Wang et al., 2019), estimated that globally in
the troposphere the Cl atoms contribute to the oxidation of 20% of
ethane, 14% of propane, but only to 1.0% of the oxidation of methane.

The CI* are generated during the day by iron(Ill)/iron(II) photo-
catalysis (Wittmer et al., 2015a; Wittmer and Zetzsch 2017), according

to the following reactions (list non-exhaustive):
FeCl3 + hv — FeCl, + CI° (eq. 1)

Sunlight generates a free chlorine atom from iron trichloride

CI®* + CH4 — HCI + CH3 (eq. 2)
The chlorine radical breaks down methane
FeCl, + NO; + H,O — FeCl,0OH + HNO;, (eq. 3)

An atmospheric oxidant like NO5 oxidizes iron(II) into iron(III)

FeCl,0H + HCl — FeCl; + H,O (eq. 4

Available acidity and chlorides from abundant sea-salt spray restores
the iron trichloride.

The photolytic reaction of iron(III) chloride produces atomic chlo-
rine and iron(II) chloride. The reaction of atomic chlorine by methane
oxidation to hydrochloric acid and methyl radical is a first step of the
total methane oxidation to CO5, The re-oxidation of iron(II) to iron(III)
with an atmospheric oxidant such as NO; is a complicated chemical
process, presented in a simplified way in equations (3) and (4) above
(Finlayson-Pitts 1993, 2003).

These natural chemical reactions involve iron catalyzing the break-
down of methane by chlorine atoms, and show that artificially
increasing the amount of iron salt aerosols in the troposphere might
mitigate global warming in several ways (Oeste et al., 2017). The
principal effects are by reducing the CH4 concentration in the atmo-
sphere, reducing plant chlorosis by deposition of iron on the continents,
and inducing phytoplankton growth that enhances the oceanic food web
(Oeste et al., 2017) and ocean productivity, after deposition of iron on
the oceans. Together these and other ISA processes remove COz and CH4
from the atmosphere over both long term and short term.

Ozone (O3) in the stratosphere forms the ozone layer that protects

Atmospheric Pollution Research 12 (2021) 101035

the Earth from dangerous UV radiation. But Og in the troposphere is a
major GHG and air pollutant, harmful to human and ecosystem health.
Tropospheric O3 destruction by reactive halogen species such as chlo-
rine, bromine and iodine is well documented (Sherwen et al., 2016).
During events of tropospheric O3 depletion, over areas of several million
km?, the surface ozone is completely destroyed in the lowest km of the
atmosphere, producing a measurable cooling effect (Roscoe et al., 2001)
and improved air quality (Muniz-Unamunzaga et al., 2018). The
photochemical activation of chlorine and bromine by iron salt aerosols
(Wittmer et al., 2016; Wittmer et al., 2015b) is likely to enhance only
marginally this process of surface O3 removal, as ISA will not be
deployed over urban areas, where pollution and combustions processes
(transportation and domestic heating) are among the principal sources
of tropospheric O3. No negative effect on stratospheric O3 is anticipated,
neither for the hydroxyl radical production, as the smog chamber tests
proved that not only the generation of Cl atoms is enhanced, but also the
hydroxyl radicals (Wittmer et al., 2015a; Wittmer and Zetzsch 2017),
probably through Fenton and photo-Fenton reactions (Deguillaume
et al., 2005; Nakatani et al., 2007).

The IPCC estimated in AR5 that tropospheric O3 has provided 0.4 W
per square meter of the increase in radiative forcing since 1750, nearly
as much as methane. The ozone forcing is about 22% of the forcing from
anthropogenic CO, (Myhre et al., 2013). But as stated above, mainly
because of its targeted deployment zones far from urban polluted areas
(see discussion on section 5), the effects of ISA are not expected to
significantly affect global tropospheric ozone, neither the global oxida-
tive capacity of the troposphere through the °OH radical generation, as
the smog chamber tests proved an enhancement of the °OH generation
(Wittmer et al., 2015a; Wittmer et al., 2015b; Wittmer and Zetzsch
2017), and as methane is the principal tropospheric sink of °OH, and ISA
might remove both methane and VOCs. Additional laboratory and field
trials, as well as chemical modeling are still needed to measure the
balance between the ISA effects on methane and VOCs removal, and the
ozone and the °OH radical.

In the tropics, halogen chemistry is responsible for a large fraction
(nearly 30%) of tropospheric O3 destruction, but mainly due to bromine
and iodine atoms (Read et al., 2008; Sommariva and von Glasow 2012).
Globally, between 1 and up to 3-4% of CH4 tropospheric destruction is
due to chlorine (Lawler et al., 2009; Wang et al., 2019). In some coastal
regions that experience polluted conditions the Cl° sink can account for
>20% of boundary layer CHy4 oxidation (Hossaini et al., 2016), other
models estimating the CHy4 destruction only up to 11.6% (Sommariva
and von Glasow 2012).

The local albedo is increased by some types of aerosols which reflect
sunlight radiation back to space, producing a cooling effect. Marine
cloud brightening (MCB), produced by sea salt aerosol injection over the
seas, has been suggested to enhance the cooling potential of low altitude
clouds (Latham et al., 2012). A further climate outcome of iron addition
to the oceans, possibly the greatest (Wingenter et al., 2007), is
enhancing dimethyl sulfide (DMS) production by plankton causing
regional cooling by increased albedo (Grandey and Wang 2015).

In summary, tropospheric iron aerosols (Ito and Shi 2016; Li et al.,
2017) enable:

(i) iron(Il)/iron(II) photocatalysis under sunlight, generating chlo-
rine atoms (Wittmer et al., 2016; Wittmer and Zetzsch 2016)
which destroy CH4 and some local surface Os,

(ii) deposition of soluble iron over iron-deficient oceanic regions
enhances marine primary productivity (Maher et al., 2010; Okin
et al., 2011),

(iii) deposition of soluble iron over calcareous or alkaline soils en-
hances plant primary productivity (Abadia et al., 2011; Fernan-
dez et al., 2013; Rizzolo et al., 2017),

(iv) cloud formation by DMS enhances the albedo (Wingenter et al.,
2007).
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All this indicates that current natural and anthropogenic emissions of
iron salt aerosols might probably already cool the Earth by removing
some CHy, some O3, and possibly CO, and other GHGs from the atmo-
sphere, by enhancing albedo and by increasing oceanic and continental
primary productivity (Ito and Shi 2015; Myriokefalitakis et al., 2015),
and possibly also by inhibiting CH4 emissions from soils (Hu et al., 2020;
Jackel and Schnell 2000).

4. The iron salt aerosol (ISA) method

The observations described in section 3 indicate that by increasing
ISA production, several natural GHG removal mechanisms can be effi-
ciently enhanced (Oeste et al., 2017). ISA differs from ship-based OIF
methods in that its atmospheric cooling effects are likely to be more
immediate and greater than its ocean fertilization cooling effect,
enabling effective implementation with much lower concentrations of
iron. However, as a nascent technology, modeling the chemistry of an
ISA plume, as well as small scale scientific laboratory and field tests are
needed to further quantify expected effects and demonstrate its safety
and efficacy.

Oeste et al. (Oeste et al., 2017) found up to 12 cooling effects of iron
derivatives in the oceans, in the troposphere and on land. For instance,
iron derivatives might help reduce some amounts of airborne soot
emitted by combustion processes (Rojas-Valencia et al., 2017) in case
more iron fuel additives are used. Iron fuel additives containing poten-
tial ISA precursors such as iron picrate complex (Zhang et al., 2009) and
ferrocene (Kasper et al., 1999) are commercially available to enhance
combustion efficiency, reducing fuel consumption and soot emissions
(Elwardany et al., 2020). Black Carbon (BC) or soot is not a GHG but it
causes radiative forcing at a similar level to ozone and methane
(Jacobson 2001; Myhre et al., 2013), consequently BC depletion or
removal is useful. By darkening snow and ice surfaces, BC increases the
melting of snow packs, sea ice and glaciers, and by forming heat

(2) ALBEDO
ENHANCEMENT

(3) DECREASE OF CHs, SOOT, TROPOSPHERIC s
FURTHER GREENHOUSE FACTORS*
REDUCTION AT
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absorbing atmospheric brown clouds (Liu et al., 2019) it has a warming
effect (Ramanathan and Carmichael 2008). The severe health effects of
pollution are well known, with BC, Particulate Matter (PM) (Gustafsson
and Ramanathan 2016) and surface O3 (Anenberg et al., 2010) causing
several million premature deaths annually worldwide, making reducing
their levels highly beneficial for human health (Shindell et al., 2012).
But ISA emissions and deployment as it is planed (see section 5) will
have modest effects on surface O3, BC and PM removal.

Rough estimation of the additional ISA quantities needed to slow-
down global warming has been estimated (Oeste et al., 2017) at the
equivalent of current anthropogenic ISA emissions by fossil fuel in-
dustries: 100,000 to 200,000 tons per year. Several ways to add the
proposed quantity of iron in the lower troposphere are presented in
Fig. 1 (Oeste et al., 2017), without the associated pollution of the current
anthropogenic iron emissions.

The global jet fuel consumption is too low (about 240,000 t/yr) to
help ISA deployment. Assuming a very high emission rate of 1 kg ISA
iron precursor per ton of jet fuel, only 24 t/yr might be emitted. The
global marine fuel consumption is estimated to about 450 million t/yr
per year. If 300 ppm of iron could be added in the form of iron fuel
additives to the fuel consumed by the shipping industry, then 135,000
tons of ISA could be produced. Meanwhile, for instance the German
3600 MW power station Niederaussem; which consumes 25 million t/yr
of lignite (brown coal), can possibly emit 2831 t/yr of iron by burning
9438 t/yr of ferrocene. One hundred similar power plants can double the
current anthropogenic emissions of iron (Oeste et al., 2017).

Those combustion processes don’t directly emit FeCls, but FeO(OH)
or FeyOs, which, upon reaction with HCl in the marine boundary layer
will produce FeCls. The HCl comes from exchange reaction of sea-salt
NaCl with HNO3 or HySO4 (from NOx and SO, emissions from the
combustion processes), producing NaNOs or NapSO4 (Finlayson-Pitts
2003).

Key features of the ISA nature-based solution include:

(1) POTENTIAL
ISA-EMITTERS

o :
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o X
x X
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FOODWEB STAGES

@ INCREASE IN CO2 TRANSFORMATION RATE
INTO SEDIMENT AND BEDROCK-
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BEDROCK: OCEANIC CRUST

SEDIMENT AND BEDROCK
CARBON COMPONENTS
LIME

DOLOMITE

HUMIC SUBSTANCE
METHANE HYDRATE
KEROGEN

LIVING MICROBES

SEDIMENT

@ INCREASE IN BIOTIC AND ABIOTIC O: AND CO: SORPTION
AND FERTILIZER EXTRACTION FROM SEDIMENT AND
BEDROCK BY VERTICAL MIXING ACTIVATION

Fig. 1. Suggested methods to enhance Iron Salt Aerosols and principal effects acting on climate change.

Reproduced from (Oeste et al., 2017).
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e ISA copies the possible natural global cooling process of the ice ages,
where iron-rich dust blowing from continents might have been an
important cooling amplifier (Fischer et al., 2007; Khatiwala et al.,
2019);

the atmospheric input in ocean surface of soluble ISA from the fossil
fuels industry which might already play a significant role in ocean
productivity (Rathod et al., 2020);

iron released in the troposphere, preferably above the boundary
layer, will disperse locally but regionally, achieving greater dilution
by dispersion over a larger surface area (Ito 2013), probably result-
ing in better plankton uptake than from surface-based larger OIF;
iron contained in coal is already released in the hot gas plumes from
the stacks of fossil fuel power plants, masking to some level the
climate impacts of the carbon emissions in these flue gases (Rathod
et al., 2020);

e as chlorine atom generation catalyzed by iron is most effective in the
lower troposphere, a range of ISA deployment methods using surface
level chimneys or tethered balloons 200 m above the 1 km average
tropospheric boundary layer are being considered (Oeste et al.,
2017);

iron can be released by a balloon in a similar way as planned in the
"SPICE project" (Kuo et al., 2012), directly sprayed (nebulized) from a
solution, or after combustion of an oil in which an iron organic
complex is dissolved.

As stated by Williamson et al. (Williamson et al., 2012): “Twenty
years ago, iron-based ocean fertilization looked like a highly efficient process.
Based on the C:Fe ratio in phytoplankton (Sunda et al. 1991), it was
calculated in the best case scenario that each atom of added iron might enable
plankton growth using more than 100,000 atoms of carbon. Current esti-
mates are that even the natural (re-)supply of dissolved iron to iron-depleted
waters is at least an order of magnitude less efficient (Blain et al. 2007;
Pollard et al. 2009), whilst experimental treatments — and natural atmo-
spheric inputs, via dust — seem to be several orders of magnitude less efficient
(Boyd et al. 2004; Buesseler et al. 2004; Gabric et al. 2010)”. Even at these
lower levels of efficacy; iron fertilization by ISA, together with other
cooling effects, might be an efficient, rapid and scalable contribution to
efforts to slow global warming, provided its safety is proven.

Cost estimates of CDR by ISA are given in Table 1 according to
several experimental determinations of the Fe:C molar ratio in plankton
communities before or after OIF.

Even recognizing that the C sequestration is only partial, the cost
values obtained in table 1 (as low as $0.10/tCO2) suggest the ISA
method (estimated at ~$1/tCO5), if field trials demonstrate its safety,
could be the cheapest available Negative Emissions Technology (NET)
(McLaren 2012). Its dilute dispersion means ISA has high plankton up-
take potential, despite the uncertain amount of carbon that will sink to
the bottom of the ocean for long term or permanent removal from the
atmosphere. These cost estimates are partial, as they only take into
consideration the possible OIF effect of ISA. So overall unit cost per ton
of COz-eq removed could be lower than these estimates if its additional
effects in the troposphere could significantly enhance this cooling effect.
In addition, ISA effects should be much more rapid, and the growth of
phytoplankton in the upper ocean has the added benefit of increasing
ocean biomass and the marine food web, even while it returns some
carbon to the air.

Expected ISA cooling effects not taken into consideration for the cost
estimations made in Table 1 include tropospheric CH4 and surface-ozone
removal, CH4 emissions reduction, tropospheric Marine Cloud Bright-
ening by enhanced DMS emissions (Wingenter 2007) and some others
(Oeste et al., 2017). Also, as will be seen in the next section, the calcu-
lations in the table above only take into account the iron content of
phytoplanktonic cells, and not the iron recycling, nor the benefits to the
oceanic food-web.
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Table 1

ISA Costs. Selected literature indicates C:Fe ratios in plankton during iron
fertilization experiments, illustrating the possible extremely low costs of Carbon
Dioxide Removal (CDR) by ISA employing an iron organic complex as precursor.
These figures assume material and delivery costs of US$ 35,000/ton of iron as
ferrocene. They are for short term CO, drawdown, not long-term storage, and do
not include the other effects of ISA such as removal of some non-CO, GHGs, nor
albedo enhancement which could enhance ISA cooling potential (Oeste et al.,
2017). The molar ratio of Fe and C is given by Fe/C = 56/12 = 4.65, while the
CO,/C ratio is 44/12 = 3.67, giving a Fe/CO, molar ratio of 56/44 = 1.27.

(Author and reference) moles C:Fe tons CO,/1 cost in US$/ton
Text from article ratio ton Fe CO; removal by
the ISA method
(Morel and Hudson 1985), ( 10,000:1 to 1,706,000 to $5/tCO; to
Anderson and Morel 100,000:1 75,871 $0.5/tCO4
1982), (Martin 1990)
extended Redfield ratio (Liu 1,060:1 to 833 to $42/tCO, to
et al., 2010) 106,000:1 83,280 $0.42/tCO,
106 Carbon: 16 Nitrogen:
1 Phosphorus: 0.1-0.001
Iron
Ho et al. (2003) 124,000:7.5 or 12,990 $2.65/tCO,
16,533:1
Boyd et al. (2004) 26,000:1 20,428 $1.70/tCO2
(Maldonado et al., 2001) 151,515:1 119,047 $0.3/tCO,
intracellular Iron:C ratios
of 6.6 pmol iron/mol C
(Twining et al., 2004) 166,666:1 130,951 $0.265/tCO,

Iron:C ratios of 6.0-14.1 then then then

pmol:mol before iron 25,000:1 19,643 $1.80/tCO,
addition and 40 pmol:mol
after iron addition

(Sarthou et al., 2008) 233,713:1 175,774 $0.2/tCO,
Fe:C ratio mean value of
4.47 pmol:mol

(Abraham et al., 2000) 333,333:1 261,902 $0.13/tCO,
3 pmol Fe per mol C

(Buitenhuis et al., 2016) 500,000:1 392,854 $0.09/tCO4

zooplankton and marine
bacteria have a Fe:C ratio
of 2.10°°

5. Discussion

One of the principal criticisms made of OIF is that only limited
amounts of the organic carbon obtained during phytoplankton blooms
may reach and stay stored in the deep ocean, because respiration and
bacterial degradation of the dead organic matter will rapidly return
much of the CO; to the atmosphere (Martin et al., 2013; Williamson
et al., 2012). In the two next subsections we show new evidence that
several mechanisms allow prediction of higher levels of mineral and
organic carbon storage, in solid and dissolved forms. In the following
subsections we address the potential side-effects of reductions of
anthropogenic iron emissions and describe the potential human health
risks of ISA emissions.

5.1. The oceanic food web, carbon storage and recycling of iron and other
nutrients

The world ocean is more than double the total size of the continents.
If on its abundant surface area, natural energy and nutrients can be
harnessed, the ocean could become the primary location for efficient
carbon removal and cooling methods. ISA could prove a useful and
effective ocean cooling method replicating the natural levels of iron that
prevailed in the ice ages. However, the complexity of the oceanic food-
web scatters and dilutes the organic carbon produced by addition of
iron, making it difficult to measure the particle flux and carbon export to
the deep ocean. Despite new evidence that of iron-rich dust caused
significant reduction in CO5 and CHy levels with effective carbon storage
during the glacial periods (Masson-Delmotte et al., 2010; Sigman et al.,
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20105 Stoll 2020), some scientists fear that a large part of the organic
carbon of OIF phytoplankton blooms will decompose back into CO5 and
return to the atmosphere (Martin et al., 2013). Consequently, part of the
scientific community think that carbon sequestration after OIF might be
poor or limited to about 1 GtC yr—1 and fear OIF might also release CH4
and N»O which are powerful GHGs, offsetting the desired effects of CO5
sequestration (Bowie et al., 2016).

More than half of all anthropogenic emissions of CO5 are now stored
in ocean and land sinks. The 2006-2015 average emissions from fuels
and industry are evaluated at 9.3 &+ 0.5 Gt C yr—1 and land emissions
(from agriculture, wetlands, etc.) at 1.0 + 0.5 GtC yr—1. From this total,
less than half of the CO5 emissions accumulate in the atmosphere (at-
mospheric CO5 growth of 4.5 + 0.1 GtC yr—1) (Le Quéré et al., 2016).
Land and oceanic primary productivity mean about one quarter of
emitted CO, is stored in land (land sink of 3.1 + 0.9 GtC yr—1) and
another quarter in the oceans (ocean sink of 2.6 + 0.5 GtC yr—1) due
also to the gas < liquid CO2 equilibrium between the atmosphere and
the ocean. Some computer modeling suggests that to restore
pre-industrial levels of atmospheric CO, concentrations it will be
necessary to remove double the excess CO; in the atmosphere, because
the oceanic CO5 will outgas to the atmosphere (Cao and Caldeira 2010).
But, most of the oceans’ assimilation of carbon is stored in stable com-
pounds (Jiao et al., 2010), preventing faster ocean acidification by dis-
solved CO3 and carbonic acid. In the past, massive amounts of organic
carbon burial and storage occurred in marine sediments (Raven et al.,
2018), and in oxic sub-seafloor sediment as persistent organic matter
(Estes et al., 2019).

Marine carbon storage may prove to be well above levels suggested
by critics of OIF (Smetacek 2018), due to the complexity of the marine
biogeochemical cycle (Chen et al., 2018; Zhang et al., 2018) and the
oceanic food web structure, as well as, on a very different scale, the
oceanic crustal formation discussed below (subsection 5.2), which is a
major permanent active alkalinity source and long-term carbon storage
locality.

A great advantage of ISA is that once its safety and efficacy proved,
its deployment might become justified by the methane removal effect
alone, meaning the range of suggested complex ocean iron effects
described below can be examined as expected beneficial side-effects, not
as the primary initial project objective.

In open ocean trials in silica-rich regions, OIF expands plankton
communities dominated by diatoms, allowing efficient deep carbon
export and storage (Smetacek et al., 2012). In silica-depleted regions of
the Southern Ocean (SO), OIF experiments found that the plankton
community was dominated by flagellates, releasing slow-sinking
short-lived fecal pellets. But efficient conversion from lithogenic min-
eral to biologically available iron by copepods allows efficient iron
recycling and results in a large spatial spread and longevity of blooms, as
a major driver for recycling of iron in the SO is copepod grazing (Laglera
et al., 2017).

Krill eat phytoplankton on the ocean surface, but then the krill
swarms dive deep, down to 1000 m, where they defecate and their feces
pellets become an important part of the carbon bottom sediment
(Tarling and Thorpe 2017). The iron content in krill rises with the
amount of ingested lithogenic particles (Schmidt et al., 2016) and this
iron remains in the marine food web as krill are eaten. In some labo-
ratory experiments, surprisingly, it is when zooplankton (copepods or
rotifers) are added to the cultures that phytoplankton biomass is the
highest (Trommer et al., 2012) and on average, the presence of copepods
increased the iron regeneration rates by 48% (Sarthou et al., 2008).

Similar mechanisms to the iron recycling processes exist for other
important macronutrients (N, P) or micronutrients (Zn). As all species do
not have the same overall chemical composition and metabolic needs as
their prey, different proportions of the nutrients ingested by
zooplankton will be rejected, modifying the composition of the envi-
ronment by selective recycling of some elements. For instance, copepods
are usually less rich in phosphorus and richer in nitrogen than the
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phytoplankton they feed on: the P diet excess will be excreted, thereby
modifying the N:P ratio in the environment, altering the dynamics of the
plankton communities (Trommer et al., 2012). As copepod and rotifer
zooplankton groups recycle the nutrients differently, further fertiliza-
tions will be more efficient in conditions enriched in N or in P, and after
proliferation some species will decline, while others feeding from
excreta or from dead bodies of the previous ones will prosper.

Phytoplankton, zooplankton, bacteria, viruses, seaweed, krill, fish,
sea-mammals and birds participate in the marine food web, which in
turn not only supports human consumption of fish, but also maintains
the overall homeostatic stability of the world climate (Watson and
Lovelock 1983). The iron in phytoplankton cells is transferred through
grazing into the body organs, tissues and muscle of herbivores, to be
later consumed and transferred several more times to higher trophic
levels (Ratnarajah et al., 2018). Excess iron intake beyond the metabolic
demand of pelagic vertebrates is defecated or excreted at large distances
from the initial plankton bloom, by fish, whales (Ratnarajah et al., 2017;
Ratnarajah et al., 2016), marine mammals (Wing et al., 2014) and
seabirds (Wing et al., 2017). Some of their waste products spread at
distances far away from the initial plankton bloom containing high
concentrations of recycled bioavailable iron which can be used for new
phytoplankton fertilization. Improving marine biosystems through
effective addition of iron could strengthen their resilience and biodi-
versity through both cooling and nutrient processes, and in turn also
support global food security.

As early as 1971, Smayda (1971) suggested that phytoplankton
sinking rates can be accelerated by a range of physical and biological
mechanisms in situ (aggregation, packaging of cells in fecal pellets,
down-welling and density inversion currents) and this view has since
been confirmed (Bach et al., 2016). Typical in-situ carbon export mea-
surements in the oceanic surface layers that detect solid matter (particles
and aggregates) sinking by gravity, cannot easily detect dissolved
organic matter downward to the mesopelagic level, 200-1000 m below
the surface (Stukel et al., 2018).

The role of the ocean as a sink for anthropogenic CO5 (Sabine et al.,
2004) depends not only on the biological pump (Turner 2015), but also
on the microbial pump (Jiao and Azam 2011). The biological pump
begins with primary producers fixing CO in the upper ocean. The car-
bon (dissolved organic matter or biogenic particles) then sinks to the
deep ocean. Some of it is re-mineralized to CO,, and stored in deep
waters until it is ventilated at the ocean surface over centennial to
millennial timescales (England 1995).

Contrary to suggestions of rapid out-gassing, the microbial pump
transforms organic matter into refractory dissolved organic C, able to
stay thousands of years in seawater. The global ocean’s recalcitrant
dissolved organic carbon pool is estimated at more than 600 Gt C (Jiao
et al., 2018; Jiao et al., 2010).

5.2. The oceanic crust and the bottom sediment

Recent analysis suggests the carbon sequestration resulting from OIF
may be much more than critics have argued, with much less deep-sea
carbon returning to the atmosphere than previously estimated. In the
depths of the oceans, organic carbon, dissolved organic carbon and
carbonates are stored in the sediment by several processes (KeLLey et al.,
2007; Lartaud et al., 2011).

The scale of ocean crust aquifers is immense. Up to 100 billion m® of
ocean water are driven through the porous ocean crust by thermal up-
welling every day (Jgrgensen and Zhao 2016). These waters become
chemically reduced in their inorganic carbon and salt content by tem-
peratures above 500 °C, alkaline silicates, and sulfate and nitrate
reducing conditions. The abundant rock olivine induces carbon precip-
itation at large scale, generating serpentine, magnetite, hydrogen, heat
and a volume expansion (Manuella et al., 2018). The serpentinite re-
action can reach depths up to 35 km.

According to Shilobreeva et al. (Shilobreeva et al., 2011) samples



T. Ming et al.

from ocean bottom drilling have shown that within the young oceanic
crust, most of the total carbon content can be organic (Proskurowski
et al., 2008), transforming HCO3 and CO; into stable minerals (Man-
uella et al., 2018).

By these and other processes, organic carbon is fixed in the sediments
at the ocean bottom (Observatory, 2018) and within the underlying
ocean crust, sequestered by physical and chemical conditions and
processes.

One of the most important potential cooling effects of the ISA method
is that by cooling the surface of the ocean it activates the vertical cycling
of ocean currents as well as the increased physical absorption of Oy and
COg (Oeste et al., 2017), with potential for the additional O5 to restore
suboxic and even some anoxic oceanic regions. This activated transport
also moves the dissolved inorganic carbon from the atmosphere to the
carbon sinks in the ocean crust and overlying bottom sediment. It also
enhances the transport into the deep carbon sinks the carbon generated
by the food chain, and dissolved inorganic carbon originating from
continental surface run-off.

According to Liu et al. (Liu et al., 2015): "Carbon in rocks and its rate of
exchange with the exosphere is the least understood part of the carbon cycle.
The amount of carbonate subducted as sediments and ocean crust is poorly
known, but essential to mass balance the cycle'". This means current
accepted estimations of carbon burial within the oceanic crust may be
too low, making the potential permanent storage resulting from ISA
more significant.

5.3. Side effects of reducing anthropogenic iron emissions

Numerous studies suggest that iron dust fertilization in the Southern
Ocean (SO) during the last million years caused up to half of each cyclic
80-100 ppm decrease of tropospheric CO, during glacial cycles (Mar-
tinez-Garcia et al., 2011). During glacial periods, dust deposition in the
SO was 3-5 times greater than during the warmer periods (the in-
terglacials) (Lamy et al., 2014) mainly because the continents were
drier. As well, due to glacial physical weathering the flux of soluble iron
was enhanced by ~15-20 times in the coldest periods compared with
interglacials (Shoenfelt et al., 2018). As noted above, a side effect of
cutting emissions from combustion processes might be to reduce ocean
iron levels even further from their current low level. An effective
approach for cooling must probably put back more iron than is removed.
An important factor in calculating the climate impact of fossil fuel
emission reduction is that anthropogenic Fe aerosols is today a major
source of bioavailable Fe to the oceans (Lin et al., 2015).

Artificial OIF experiments in HNLC regions provided evidence that
phytoplankton blooms are generated by iron addition and can produce
efficient C-export and storage in the deep ocean (Smetacek et al., 2012).
The observation of natural iron phytoplankton blooms induced by
continental dust fertilization (Martinez-Garcia and Winckler 2015),
volcanic ash (Duggen et al., 2007), melting icebergs (Duprat et al.,
2016), krill seabed foraging (Schmidt et al., 2011) and the upwelling of
iron-rich deep waters (Blain et al., 2008), as well as short-term in situ
experiments of artificial iron enrichment, conducted in different HNLC
regions of the oceans up to 2009 (Yoon et al., 2018) allowed researchers
to study the effects of iron on marine productivity and ecosystem
structure.

For a significant portion of Northern Hemisphere oceans, about 50%
of the soluble iron supply is due to human activities, according to model
results (Ito and Shi 2016).

In the northern Pacific and northern Atlantic Oceans, the high iron
emissions from combustion processes suggests larger inputs of soluble Fe
of anthropogenic origin, than in the southern hemisphere which is likely
to enhance the net primary productivity in those regions (Wang et al.,
2015a; Wang et al., 2015b).

Some models estimate the current anthropogenic iron emissions to
be about 3 times higher than for 1850, but project by year 2100 a 5-fold
decrease (Myriokefalitakis et al., 2015) based on transition away from
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fossil fuels and clean air standards.

In order to better predict the anthropogenic perturbations to oceanic
nutrient biogeochemistry, the tropospheric fluxes of labile iron to the
open oceans should consider iron-containing aerosols from both natural
lithogenic and pyrogenic sources (Ito et al., 2019).

Climate change could reduce desert dust sources of iron, while new
regulations aimed to improve health and air quality could reduce the
soluble fraction of iron transported to the oceans by reducing acid and
mineral emissions from the chimneys of fossil fuel power plants (Li et al.,
2017).

Let us imagine what could possibly happen if all the coal emissions
ended, stopping its iron, nitrogen oxides, sulfate as well as COy emis-
sions. Although not all NOx, sulphates and iron emissions will be
stopped, possible consequences of their reduction could be that:

o lower levels of aerosols with cooling effects would be produced: this
will be very good for the health of living organisms but might have
some bad effects for climate: inducing global warming (Samset et al.,
2018; Six et al., 2013), with estimated surface heating global mean of
0.5-1.1 °C if all those pollutants were removed;

e global primary productivity could decrease (Li et al., 2017) over the
continents, which would probably receive less phosphorus (Wang
et al,, 2015c¢), iron and nitrogen oxides, although perhaps not
immediately in the oceans, because the iron dust accumulated on the
glaciers and polar ice caps is now progressively reaching the oceans
because of ice melting.

soils and microorganisms would possibly release more CHy4 into the

atmosphere that would stay there longer, because the reduced iron

amounts in the atmosphere destroy less CH4 and because lower sulfur

deposition will also enhance CH4 emissions (Gauci et al., 2008;

Jackel et al., 2005).

Reducing anthropogenic iron aerosol emissions (Li et al., 2017) and
sulfuric acidic pollution (Samset et al., 2018) could provide very
important health benefits through elimination of co-emitted pollution,
but with serious climate counter-effects (Sofiev et al., 2018).

Deliberate addition of soluble iron to the atmosphere might be a
remedy for this unwanted effect that should be tested, and if its safety is
proved, should be deployed in order to counteract or outweigh the ex-
pected negative climate effects of the removal of iron involved in
decarbonizing the economy.

5.4. Possible human health impact effects of iron salts

While iron particles can be toxic in some chemical forms, oxidation
states and depend on the mode of exposure (Baek et al., 2020; Pease
et al.,, 2016), there are many biomedical applications of iron oxide
nanoparticles (Wu et al., 2015) and iron is an essential element for
human health, with iron deficiency causing anemia and several disor-
ders (Abbaspour et al., 2014; Aspuru et al., 2011).

a) To minimize health risks, initial ISA release should be over oceans
and remote areas. Human inhalation would be a tiny fraction of
existing levels from iron dust and iron pollution (Seaton et al., 2005;
Smith et al., 2020). Even for workers on ships or platforms that
generate the ISA, the height of release and the wind direction and
intensity should be sufficient to prevent inhalation, and emissions
need to be rapidly diluted by wind or ship movement. ISA from ships
or platforms should only occur during suitable weather conditions.

b) Natural desert dust emissions contain iron and quartz and during
storms can distribute thousands of times more iron than the envis-
aged amount of ISA. These natural iron emissions are localized and
occur in short episodes and periods, in contrast to ISA planned reg-
ular release in very dilute form, over numerous well distributed lo-
cations, mainly over remote regions of Southern Ocean, and if proven
efficient potentially to remove methane buildup in the Arctic.
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Potential dust inhalation (containing iron and quartz) is orders of
magnitude higher for desert dust than for ISA as it is planned. Of
course, more complete safety and environmental impact assessments
are necessary before any deployment.

¢) We propose that ISA should provide the same mass of iron emissions
as current anthropogenic iron emissions from combustion processes
(Chaulya et al., 2019). But whereas these existing emissions cause
pollution in populated areas, ISA emissions would be offshore over
regions without inhabitants, with negligible human effects. Farmers
use large quantities of iron sulfate and other iron chelates in order to
fight iron deficiency induced plant chlorosis and increase crops and
fruits production yields. Those iron compounds are authorized for
organic farming and are often sprayed over the crops or the orchards
(Abadia et al., 2001). Iron emissions are not listed as a significant
health problem. A 2017 review of the “Human health and environ-
mental impacts of coal combustion and post-combustion wastes” makes
no mention of negative impacts of iron (Munawer 2018). For the
world oceanic HNLC, to obtain its iron from controlled ISA release
would be far better than from fossil fuel burning and industrial
processes that also release toxic compounds and heavy metals such as
arsenic, lead, mercury, cadmium, etc. ISA generation, is proved safe,
would deploy iron with highly regulated purity.

d) Atmospheric metal levels are already high in cities as a byproduct of

vehicular transport, such as from brake abrasion and trains and

tramways friction on the rails (Aksu 2015; Seaton et al., 2005; Smith

et al., 2020).

Fuel additives containing iron (ferrocene, iron picrate ...) are

commercially available, registered and authorized (EPA 2019;

Wikipedia 2018) and can “legally” release iron oxides in urban areas

upon combustion. These additives are intended to improve health by

reducing pollution from soot and BC emissions (Kim et al., 2008).

Also bunker fuel for ships contains some iron which generates iron

aerosols over the ocean (Ito 2013).

f) As the iron salt aerosol will be released over the oceans below or just
above the marine boundary layer, it will act as cloud condensing
nuclei and with humidity the atmospheric life time will be short.
Rained-out ISA will mainly be in soluble form (chlorine salt, oxalate
complex (Paris and Desboeufs 2013), etc.) with very low risk of
inhalation and storage in the lungs in an insoluble form.

€

~

We estimate that full deployment of ISA would increase iron oxide
particles ‘available’ for inhalation close to urban areas by less than one
part per million, overwhelmed by desert dust and transport and energy
sector emissions (Mahowald et al., 2009). Against this, the potential
cooling impact of a scaled ISA program could deliver major health
benefits, reducing the likelihood of further climate tipping points being
reached.

6. Conclusions

The natural elimination of GHGs other than CO2 in the atmosphere
mainly results from reaction with the °OH radical and sunlight photol-
ysis. Evidence that photocatalysis can enhance the speed of destruction
of GHGs is well known (de Richter and Caillol 2011). More and more
evidence is accumulating that diverse reactions occur on mineral dust
aerosols in the atmosphere (Chen et al., 2011; Cwiertny et al., 2008;
George et al., 2015). Iron(Ill)/iron(II) photocatalytic inducement of
halogen atoms in the troposphere has been experimentally verified
(Wittmer et al., 2016).

A nature-based method has been described in this article: proposing
the use of ISA to enhance the amount of tropospheric Cl°* in order to
destroy CH4, some surface tropospheric O3 and some soot-BC, and then
remove some CO2 by diluted OIF; and cool the Earth by several other
mechanisms such as producing DMS which will in turn act by MCB effect
(Wingenter 2007).

In view of the risks of climate tipping points such as further melting
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of polar and subpolar glaciers, and potential massive release of methane
by destabilization of oceanic methane hydrates or melting permafrost
(Lenton et al., 2019; O’Connor et al., 2010), to our knowledge the ISA
nature-based solution and photocatalytic processes (de Richter et al.,
2017; Tang et al.,, 2019) are the only proposed methods that may
enhance the speed of atmospheric CH4 removal. ISA might also reduce
or inhibit CH4 emissions (Hu et al., 2020; Jackel and Schnell 2000),
while also mitigating other factors that increase the danger of tipping
points (Lenton et al., 2019). In case the safety of the ISA “nature-based”
method has successfully been proved, iron compounds in the atmo-
sphere may help remove methane in an efficient way.

In the near future, cuts to fossil fuel emissions and higher air quality
standards, aimed to improve air quality and human health and slow-
down climate change, are expected to reduce aerosol emissions and thus
atmospheric deposition of nutrients, among them iron, with strong po-
tential to inadvertently accelerate the decline of oceanic productivity
and increase the global warming factor caused by absence of iron
aerosols.

Although some oceanic compensation will occur by release of dust
containing iron from melting glaciers and icebergs (Raiswell et al.,
2016), reduction in anthropogenic emissions from combustion processes
will increase atmospheric GHGs levels through reduction of:

e terrestrial iron fertilization (Li et al., 2017);

e the tropospheric methane sink provided by the chlorine radical,
which is part of an iron(III)/iron(II) photo-catalyzed cycle (Wittmer
et al., 2016);

e iron deposition and sulfate deposition over wetlands and humid
landscapes (Gauci et al., 2004; Jackel and Schnell 2000).

Fortunately, rapid progress in the fight to mitigate global warming
can be expected thanks to the development of a portfolio of NETs, which
all deserve to be fully evaluated and assessed.
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