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Methane

100-yr time horizon

Why removing other GHGs than CO2?
Figures from: IPCC Fourth Assessment Report:
Climate Change 2007, Working Group I:
The Physical Science Basis , Chapter 2

Consequently our team works
on greenhouse gas removal
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Our publications on greenhouse gas removal
•

Ming, T., de Richter, R., Shen, S., & Caillol, S. (2016).
Fighting global warming by greenhouse gas removal:
destroying atmospheric nitrous oxide thanks to synergies
between two breakthrough technologies.
Environmental Science & Pollution Research, 23(7), 6119-6138.

•

de Richter, R., Ming, T., Caillol, S., & Liu, W. (2016).
Fighting global warming by GHG removal:
destroying CFCs and HCFCs in solar-wind power plant hybrids
producing renewable energy with no-intermittency.
International Journal of Greenhouse Gas Control, 49, 449-472.

•

de Richter, R., Ming, T., Davies, P., Liu, W., & Caillol, S. (2017).
Removal of non-CO2 greenhouse gases by large-scale
atmospheric solar photocatalysis.
Progress in Energy and Combustion Science, 60, 68-96.
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Oeste, F. D., Richter, R. D., Ming, T., & Caillol, S. (2017).
Climate engineering by mimicking natural dust climate control:
the iron salt aerosol method.
ISA
Earth System Dynamics, 8(1), 1-54.
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Why target methane (CH4)?
Currently increasing fugitive emissions from fossil
fuels, livestock, wetlands, rice paddies, …
Accelerating permafrost thawing might release large
amounts of methane and CO2.
Submarine reserves of methane-hydrates could
release large quantities of methane in a short time.
The global warming potential of methane is
86 times greater than CO2 on a 20 year time horizon.
Some scientists talk of a methane time-bomb…
5
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Destabilisation of submarine
Methane-Hydrates time-bomb

oceanic surface currents…
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How can we remove methane?
Answer: by enhancing natural CH4 Sinks
• The biggest natural methane sink in the
troposphere is the hydroxyl radical HO° (~90%)
• The 2nd natural methane sink in the
troposphere is the chlorine atom Cl (3-4%)
• There are other smaller CH4 sinks: the oceans
UV photolysis, minerals, plants, bacteria…
Iron Salt Aerosol can enhance both natural sinks:
the hydroxyl radical sink and the chlorine sink 8

Enhancing the generation of
chlorine atoms
is the most efficient way to
remove tropospheric methane
The speed of reaction of Cl atoms with methane is
16 times faster than with the hydroxyl radical HO°
Atkinson, R., & Arey, J. (2003). Atmospheric degradation of
volatile organic compounds. Chemical reviews, 103(12), 4605-4638.
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How ISA generates Cl atoms?
Key discovery: generation of chlorine atoms is
induced by Iron (III)
Wittmer J, Bleicher S, Ofner J, Zetzsch C, (2015):
Iron (III)-induced activation of chloride from artificial
sea-salt aerosol. Environ Chem, 12(4), 461-475
Wittmer, J., & Zetzsch, C. (2017).
Photochemical activation of chlorine by iron-oxide
aerosol. Journal of Atmospheric Chemistry, 74(2), 187-204.
Zetzsch, C., Bleicher, S., & Wittmer, J. (2013).
Smog Chamber Investigation on the Iron-Catalyzed
Activation of Chloride from Sea-salt for a Depletion of
Tropospheric Methane. In AGU Fall Meeting Abstracts.
The ideas and the funding of this work comes from
our German colleagues Ernst Ries and Franz Oeste.
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How does ISA remove methane?
acidity

NaCl

HCl

Fe

ISA

FeCl3

sunlight

Cl

CH4 oxidation

Sodium Chloride from natural sea salt spray naturally
generates hydrogen chloride (hydrochloric acid)
when it encounters natural or pollution-related acidity
Hydrogen chloride reacts with soluble iron hydroxides
to form the Iron Salt Aerosol: iron chloride (FeCl3)
Under sunlight, iron chloride generates chlorine atoms
(Cl) which oxidize methane (CH4)
Photocatalytic Fe(III)/Fe(II) regenerates the Cl atoms
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very rapidly all day long

ISA also generates bromine atoms
Wittmer, J., Bleicher, S., & Zetzsch, C. (2014). Iron (III)-induced activation of chloride and
bromide from modeled salt pans.The Journal of Physical Chemistry A, 119(19), 4373-4385.

NaBr

acidity + Fe + sunlight

Br

Bromine atoms are know to destroy tropospheric ozone

Image from IPCC 3rd
Assessment Report 2001

“The springtime depletion of tropospheric ozone in the Arctic
"Halogen
chemistry
reduces
O3 radiative
is known
to be
caused by
active tropospheric
halogen photo-chemistry”
et al. Atmos
Chemchlorine,
& Physicsand
17.2iodine
(2017):
1557-1569.
forcing."
Thompson,
C.R., et Sherwen
al. (2015)Tomás,
"Interactions
of bromine,
photochemistry
during ozone depletions in Barrow, Alaska." Atmos Chem & Physics 15.16 (2015): 9651-9679.

Consequently, the Iron Salt Aerosol method can also fight 12
global warming by removing (surface) tropospheric ozone O3

Iron Salt Aerosols are Natural
Iron is the 4th most abundant element in the Earth’s crust.
Natural dusts always contain iron.
Desert dust storms
occur frequently and
produce aerosols.

Desert dust storm covering Phoenix
- USA (image from the Internet)
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Iron enables photosynthesis
Over 25% of soils are chalky
(calcareous), causing iron
deficiency (plant chlorosis).
Root and leaf iron fertilization
addresses plant chlorosis
and enhances crops and
orchards yields.
Fernández, V., & Ebert, G. (2005). Foliar iron fertilization: a critical review. Journal of plant
nutrition, 28(12), 2113-2124.
Abadía, J., et al. (2001) "Correction of iron chlorosis by foliar sprays." International
Symposium on Foliar Nutrition of Perennial Fruit Plants 594.

Desert dust Iron fertilizes the Amazon rain forest
Rizzolo, J.A., et al. "Soluble iron nutrients in Saharan dust over the
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central Amazon rainforest." Atmos. Chem. Phy 17.4 (2017): 2673-2687.

Phytoplankton blooms remove CO2
from the atmosphere

15
A phytoplankton bloom in the North Sea off the east coast of Scotland, UK, in 2008. Image from ESA

Iron enables photosynthesis
Iron deficiency limits phytoplankton growth
rates over much of the world ocean, particularly
in the high nutrient, low chlorophyll (HNLC) regions.
Hutchins, D. A., & Boyd, P. W. (2016). Marine phytoplankton and the changing ocean
iron cycle. Nature Climate Change, 6(12), 1072.

Ocean Iron Fertilization (OIF) scientific experiments
have resulted in phytoplankton blooms
Yoon, J. E., Yoo, et al (2018). Reviews and syntheses: Ocean iron fertilization experiments–
past, present, and future looking to a future Korean Iron Fertilization Experiment in the
Southern Ocean (KIFES) project. Biogeosciences, 15(19), 5847-5889.

The iron of desert dust fertilizes the oceans
Bristow, C.S.,et al., "Fertilizing the Amazon and equatorial Atlantic
with West African dust." Geophysical Research Letters (2010),37.14.

Consequently, the Iron Salt Aerosol method can also
16
enhance carbon dioxide uptake by plants and phytoplankton

The iron content of desert dust
fertilizes the oceans and the forests
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Anthropogenic (man-made) ISA emissions
There is extensive scientific evidence that large-scale,
open-field ISA emissions are already occurring,
Model
resultsfrom
suggestthe
that steel
human activities
contribute
about half
the soluble Fe
mainly
industry,
the fossil
fuelof power
supply to a significant portion of the oceans in the Northern Hemisphere.
plants and from other combustion processes.

Ito, A.,& Shi, Z.(2016). Delivery of anthropogenic bioavailable iron from mineral dust and combustion aerosols to the ocean. Atm Chem Physics, 16(1),85-99.

Anthropogenic aerosol associated with coal burning would be the major
bioavailable iron source in the surface water of the oceanic regions.
Lin, Y.C., et al. (2015). Atmospheric iron deposition in the north-western Pacific Ocean and its adjacent marginal seas: the importance of coal burning.
Global Biogeochemical Cycles, 29(2), 138-159..

Anthropogenic iron emissions mainly from coal power plants and from steel
making plants are responsible for a very significant part of the oceans
productivity because the form of iron released is soluble and bio-available.
Sedwick, P. N., et al. (2007). Impact of anthropogenic combustion emissions on the fractional solubility of aerosol iron: Evidence from the Sargasso Sea.
Geochemistry, Geophysics, Geosystems, 8(10).

…higher than previously estimated Fe emission from coal combustion implies a
larger atmospheric anthropogenic input of soluble Fe to the northern Atlantic and
Pacific Oceans, which is expected to enhance the biological carbon pump …
Wang, R. et al. (2015). Sources, transport and deposition of iron in the global atmosphere. Atmospheric Chemistry and Physics, 15(11), 6247-6270.

ISA could expand this “inadvertent fertilization”
into deliberate climate remediation
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Human made ISA emissions already occur
“Acid dissolution of Fe in particles from the steel industry
and deserts due to anthropogenic acidic gas emissions
will certainly add more soluble Fe to the oceans.”
Li, W., et al. (2017). Air pollution–aerosol interactions produce more bioavailable iron for ocean ecosystems. Science advances, 3(3), e1601749.

“Combustion processes currently contribute from 20 to 100%
of the soluble iron deposition over many ocean regions..”
Luo, C. et al. (2008). Combustion iron distribution and deposition. Global Biogeochemical Cycles, 22(1).

In contrast to natural desert dust deposition that occurs
infrequently, the iron emissions from fossil fuel power plants
and steel industry are continuous throughout the year.

Soluble bioavailable iron from industrial pollution
and fossil fuels enhances biological productivity

They can be replaced with ISA.
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Global shipping also generates ISA
Cargo vessels burn bunker fuel which contains iron

“…model results suggest that deposition of soluble
ironsea
from
ships in 2100 will contribute 30–60% of
Natural
salt spray
the soluble iron deposition over the high latitude
ISA
North Atlantic and North Pacific.”
Ito A. et al. (2013). Global modeling study of potentially bioavailable iron input from
Fe in combustion
gases
shipboard aerosol sources to the ocean.
Global Biogeochem
Cycles, 27(1),1-10.
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A 1st possible ISA dispersion method is by
enhancing iron emissions by global shipping
in order to reduce pollution
It is known since the 1970’s that adding metals like
iron to fuel additives improves motor performance and
reduces BC emissions, CO & VOCs emissions…

sea salt

ISA

Fe in combustion gases
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A 2nd possible ISA dispersion method

FeCl3 + NaCl + HCl

Image from the SPICE project

This ISA dispersion method allows targeting of localized CH4
22
emission sources before its dilution into the atmosphere.

One possible localized ISA application
Fine spray of ISA + Cl atoms
to destroy methane

For ex. “Walter Energy Inc”, ALABAMA 35244; USA

this open pit coal mine
releases 166 000 tons CH4/yr

With ISA we can also target “CH4 leaks”
For ex. in 2015-2016, in 4 months near
Los Angeles, a leak in the reservoir of Aliso
Canyon has released 100 000 tons CH4
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Image from Internet

Several other possible
localized ISA applications
•
•
•
•
•
•
•

Underground coal mine aeration-ventilation systems
Tropical hydroelectric dams
Greenhouses dedicated to sludge drying
Livestock farms venting systems
Leakage at hydraulic fracturing sites to extract shale gas
Destabilization of oceanic methane-hydrates
Siberia and Northern Canada, if permafrost melts and
massive CH4 releases occur
• Leakage of gas reservoirs
• Open pit coal mines
• Etc.

Iron Salt Aerosol emissions will be localized
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ISA is very different to OIF
OIF experiment

ISA

Photo from Russ George

ISA also has atmospheric co-benefits such as
methane, tropospheric ozone and BC removal
ISA provides iron that is 100 to 1000 times more diluted than OIF
Analogy to irrigation of crops fields and orchards
• OIF is like a flood followed by four months of drought
• ISA is like daily drip irrigation…
ISA is economical, safer, better distributed & far easier for plankton uptake
Estimated ISA cost is well below 10 dollars per ton of CO2-eq removed.
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There are many criticisms of OIF
•
•
•
•
•
•
•

disturbing marine ecosystems;
favoring toxic algae or micro-organisms;
producing toxic levels of domoic acid;
lowering O2 levels in the deep ocean;
lowering bioavailable nutrients (P, N,...);
increasing oceanic CH4 or N2O emissions
etc.
There is no evidence that currently existing
inadvertent anthropogenic ISA emissions
might have similar deleterious effects
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The main criticism of OIF (and ISA?)
No proof of C storage, CO2 probably goes back to the atmosphere...
No proof yet because the marine food web & the oceanic C cycle are quite complex…

Let us test first the
methane removal effect
and discuss ocean
carbon storage later.
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Image from http://www.whaleresearch.org/

Is the Iron Salt Aerosol method safe?
Assessment of risks and benefits of the ISA method
requires scientific evaluation of safety and efficiency.
Field trial and computer modelling research are
needed to evaluate the effects of iron aerosols on:
• all parts of the biosphere
• atmospheric chemistry
• and living organisms.
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Iron Salt Aerosol field trial proposal
After all legal authorizations are granted, and
funding found, we plan ISA field trial research.
Field trials will be:
- done with marine biologists and climate modelers
- evaluated by satellite measurements as well as
ground and ocean-based analytical instrumentation.
ISA field trials are under discussion in
Australia and the Arctic Ocean.
Scientific cooperation proposals are welcomed...
… as well as funding suggestions £ $ € ¥
http://www.ironsaltaerosol.com
renaud.derichter@gmail.com

John Macdonald john@ironsaltaerosol.com
29
Robert Tulip robert@rtulip.net

CONCLUSIONS
• ISA is already occurring by inadvertent man made Iron
emissions from combustion sources (coal, fuel) & steel
industry, as well as by desert dust acidic-processing
• Iron in natural desert dust and in ISA fertilizes both the
oceans and the continents enhancing primary productivity
• Currently occurring inadvertent anthropogenic ISA
emissions have only shown “cooling” effects
• ISA can reduce atmospheric levels of CH4, tropospheric O3,
some halocarbons, black carbon, VOCs, … and CO2
• ISA can help address the “methane time bomb” risks
(methane-hydrates destabilization, melting permafrost)

ISA is the cheapest method proposed to fight
ISA
is
the
cheapest
method
global warming but we need funding for research
proposed
to
fight
global
warming
30
and to assess its safety and efficiency

The Iron Salt Aerosol Method
Based on: Earth System Dynamics, 2017, 8(1),1-54. Climate engineering by mimicking natural dust
climate control: the iron salt aerosol method, by Oeste F. D., de Richter R., Ming T., & Caillol S.

http://www.ironsaltaerosol.com

Thank
You!

Additional ISA Technical
Slides and bibliography
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Additional ISA
Bibliography and
Technical Slides
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Conclusion for Iron Salt Aerosol
Please read our peer-reviewed journal article in: Earth System Dynamics
(2017). Climate engineering by mimicking natural dust climate control: the
iron salt aerosol method. Oeste F.D., de Richter R., Ming T. & Caillol S. 8(1), 1-54.

• It shows that ISA could be the best value and most
effective global method for climate restoration.
• No need to build new infrastructure or develop new
technologies: ISA uses existing ones
• ISA is not a panacea or a silver bullet likely to provide
the whole answer to GW, but deserves to be part of the
portfolio of technologies studied and fully evaluated
• The next steps from this technical analysis are computer
modeling and field trials.
• We warmly welcome further discussion and interest.
We seek scientific, political and industrial partners.
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Please contact me to discuss at renaud.derichter@gmail.com

Conclusion: Iron Salt Aerosol (ISA)
New GHG removal technology:
 science-based, innovative, quick,
effective, economic, scalable, safe
Remove carbon dioxide CO2, as well as other
GHGs and climate forcers
 methane CH4;
 Halo-methanes,
 tropospheric ozone O3;
 black carbon…
Reduces CH4 emissions from wetlands and rice paddies

Cools the ocean surface by enhancing DMS
34

Can Iron Salt Aerosols be toxic or harmful?
The toxic forms of iron, if they are inhaled
and reach the lungs are insoluble Fe(III)
oxides like Fe2O3.
A sensibility analysis has shown that even
if all ISA (as it is planned) falls down as
Fe2O3 (which is very improbable), the
amount that can be breathed will be 1,000
to 10,000 times smaller than natural and
anthropogenic sources of iron in dusts.

Image from Internet

A lack of Iron is detrimental
According to WHO, nearly 2 billion humans (out of 7,4
billion) suffer iron deficiency anaemia, specially among
women and women who already had a child.
=> Iron food fortification or enrichment is recommended by
WHO & FAO as a public health strategy to improve the iron
status of populations.
Viteri, F. E. (1998). A new concept in the control of iron deficiency: community-based preventive supplementation of at-risk groups by the
weekly intake of iron supplements. Biomedical and environmental sciences: BES, 11(1), 46-60.
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Serendipity, or too good to be true?
Iron addition to rice paddies, crops cultures or wetlands
reduces CH4 emissions by enhancing anaerobic CH4 oxidation
and inhibiting CH4 production by methanotrophs

Egger, Matthias, et al. "Iron-mediated anaerobic oxidation of methane in brackish coastal sediments." Environmental Science & Technology 49.1 (2014): 277-283.
Jäckel, U., & Schnell, S. Suppression of methane emission from rice paddies by ferric iron fertilization. Soil Biology and Biochem., (2000),32, 1811-1814.

Iron compounds deposition enhance abiotic humification of
organic matter and promotes its preservation
Zhang, Y. et al. "Role of ferric oxide in abiotic humification enhancement of organic matter." J. of Material Cycles and Waste Management 19.1 (2017): 585-591.
Lalonde, Karine, et al. "Preservation of organic matter in sediments promoted by iron." Nature 483.7388 (2012): 198..

Cooling effects of ISA by DMS emissions
“The greatest climate effect of ocean iron fertilization may be in
enhancing dimethyl sulfide (DMS) production…” // “… By fertilizing just
a small portion (about 2%) of the Southern Ocean (SO) with iron, the
natural sulfur cycle could be stimulated enough to produce extra (about
20%) dimethyl sulfide which could lead to an increase in cloud reflectivity
36
that could cool the SO region”
* Wingenter O.W., Moore J., Elliot S.M., Blake D.R., Reversing sea level rise by enhancing the natural sulfur cycle, EGU Conf., Austria, April 2008.
* Wingenter O.W., Elliot S.M., Blake D.R., Lowering global temperature by enhancing the natural sulfur cycle, AGU, San Francisco Fall 2007.
* Grandey B.S.,Wang, C. (2015). Enhanced marine sulphur emissions offset global warming and impact rainfall. Scientific reports, 5, 13055.

The Paris Accord commitment to hold global
warming below 2°C can only be met by
reaching net zero GHGs emissions but
also requires negative emission technologies
(greenhouse gas removal GGR).
We need to stop Earth’s current thermal
disequilibrium that would cause dangerous
sea level rise, among other risks.
Our climate repair goal is to stop sea-level
rise and restore a safe and healthy climate.
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An ISA analog

Figure from Thornton J.A., et al. "A large atomic chlorine source inferred from midcontinental reactive nitrogen chemistry." Nature 464.7286 (2010): 271.
Thomas J.L. et al. Gas-phase molecular halogen formation from NaCl and NaBr aerosols: When are interface reactions important?. J Phy Chem A 110.5 (2006): 1859-1867

Lim, Chiang & Amal (2006) Photochemical synthesis of chlorine gas from iron(III) and chloride solution. Photo chem biol A: Chem 183(1-2), 126-132
Baker, A.K., et al. "Evidence for strong, widespread chlorine radical chemistry associated with pollution outflow from continental Asia." Scientific reports 6 (2016): 36821.
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Reducing BC emissions by fuel additives containing Iron
Black Carbon is
a climate forcer
Image from IPCC 3rd
Assessment Report 2001

Organometallic compounds create hydroxyl radicals in flame gases, which
react with soot precursors at high temperature & reduce black carbon.
Fuel Iron additives reduce combustion temperature (-2.4%); NOx (-18%);
BC (-40%); fuel consumption (-1.2%)
Ryu Y., Lee Y. & Nam J. (2016). Performance and emission characteristics of additives-enhanced heavy
fuel oil in large two-stroke marine diesel engine. Fuel, 182, 850-856.

… metal based additive FeCl3 (20 µmol/L) is efficient in improving the
properties of waste cooking palm oil-based biodiesel:
+6.3% thermal efficiency; -8.6% fuel consumption; - 52.6% CO;
- 6.9% BC (smoke emissions), - 26.6% total hydrocarbon emissions;
compared to bio-diesel with no added Iron.
Kannan, G. R., Karvembu, R., & Anand, R. (2011). Effect of metal based additive on performance emission
39
and combustion characteristics of diesel engine fuelled with biodiesel. Applied Energy, 88(11), 3694-3703.

Krill as an example of the Marine Food Web complexity
Krill eats phytoplankton on the ocean surface, but then the krill swarms deep dive,
up to 1000 m where they defecate and their feces pellets constitute an important part of
the carbon bottom sediment.
Tarling, G.A. and S.E. Thorpe, Oceanic swarms of Antarctic krill perform satiation sinking. Proc. R. Soc. B, 2017. 284(1869): p. 20172015.

Ocean de-stratification by the up- & down-movement of krill or their faeces is possible.
Houghton I.A., et al., Vertically migrating swimmers generate aggregation-scale eddies in a stratified column. Nature, 2018, 1.

The iron content in krill muscle rises with the amount of ingested lithogenic particles
and continue participating to the marine food web.
Schmidt, K., et al., Zooplankton gut passage mobilizes lithogenic iron for ocean productivity. Current Biology, 2016. 26(19): p. 2667-2673.

Integration of organic & inorganic carbon on the ocean crust
Some estimate the annual global volume of seafloor generation to 18.7±2.9 km3 yr−1
while for others the production of new oceanic crust at mid-ocean ridges is 20 km3 yr−1.
Cogné J.P. and E. Humler, Trends and rhythms in global seafloor generation rate. Geochemistry, Geophysics, Geosystems, 2006. 7(3).
Li M., et al., Quantifying melt production and degassing rate at mid‐ocean ridges from global mantle convection models with plate motion history.
Geochemistry, Geophysics, Geosystems, 2016. 17(7): p. 2884-2904

Big parts of the oceanic crust consist of pure mantle rock peridotite (mainly olivine, an
alkaline rock) that will be transformed to serpentinite. Up to 100 billion m3 day-1 of
ocean water are driven through the porous ocean crust by thermal upwelling where the
inorganic carbon and salt content are reduced by high temperatures…
Jørgensen S.L. and Zhao R., Microbial inventory of deeply buried oceanic crust from a young ridge flank. Frontiers in microbiology, 2016. 7:820. doi:
10.3389/fmicb.2016.00820.
Manuella F.C., Scribano V. and Carbone S., Abyssal serpentinites as gigantic factories of marine salts and oil. Marine and Petroleum Geology. In press
40
https://doi.org/10.1016/j.marpetgeo.2018.03.026, 2018.

Cost estimation for ISA use for GGR/CDR (1)
Redfield ratio or stoichiometry is the consistent atomic ratio of carbon,
nitrogen and phosphorus found in marine phytoplankton and throughout the
deep oceans.
When nutrients are not limiting, the molar elemental ratio C:N:P:Fe in most
phytoplankton is 106:16:1:0.001. Which means that with 1 mole of iron
(55,85g) up to 106,000 x 12 = 1,272,000 g of carbon (1.27 tons C) can be
fixed by phytoplankton, which represents a potential withdrawal of
106,000 x 44g = 4.67 tons of CO2.
Our proposal consists in doubling the amount of current anthropogenic iron
emissions from combustion sources and steel industry, which means the
emission of 150,000 tons of iron (2.69 1012 moles) per year, that will in
theory remove 12.54 Gtons of CO2 per year by enhancing phytoplankton
production.
A great part of the organic carbon can be safely stored in the oceans: as
organic sediment + organic recalcitrant soluble carbon + soluble inorganic
carbon (HCO3-) + inorganic carbon precipitate as carbonates and silicates +
soluble CO2 gas in deep cold oceanic water currents that puts at least
1,000 years to be released back to the atmosphere by upwelling.
41

Cost estimation for ISA use for GGR/CDR (2)
The phytoplankton generated will enter the marine full web and be eaten by
zooplankton and krill, themselves by small fishes, etc. (Cf. food web slide).
We will make the very conservative assumption that only 1/10 of the
12 Gtons (i.e. 1.2 Gtons) of eq-CO2 captured by the phytoplankton will be
stored, even if we are convinced that ½ is possible (i.e. 6 Gtons of eq-CO2).
If ISA generation is made by combustion of ferrocene (or other organic iron
complexes) by ships or by existing coastal thermal power plants it would cost
nearly $20,000 by ton of Iron => $20,000 x 150,000 tons/yr = $3 billion/yr.
$3 billion / 1.2 Gtons eq-CO2 = $2.5 per ton eq-CO2.
If ISA generation is made by spraying an acidic aqueous solution of diluted
FeCl3, the estimated costs will be reduced by a factor of 5, as the iron
compound is much cheaper, as well as the solvent (diluted aqueous HCl), but
the nebulization and the infrastructure costs are higher: the estimated cost is
then $0.5/ton eq-CO2.
But this estimation only accounts for the ocean iron fertilization effect, while
ISA will also remove from the tropospheric atmosphere surface Ozone, CH4
and some other GHGs. We have estimated to 6 Gtons eq-CO2 the yearly ISA
removal of the other GHGs, taking into account the global warming potential
42
on a 100-years basis. There is no need of storage for these GHGs.

There is a link between the
glacial cycles and the
Milankovitch cycles due to
the eccentricity, obliquity and
precession of the Earth.

Several scientific articles evaluate to 60% their43
effects on glacials, 40% being due to Iron in dust

Ice Age data show that dust cools the
planet and removes carbon dioxide
Temperature

CO2

DUST

Measured from the Vostok, Antarctica ice core
glacial periods

Low Temperature
+
Low CO2
High Dust Level
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Petit, JR, et al. "Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica." Nature 399.6735 (1999): 429.
Martin, J. H. (1990). Glacial‐interglacial CO2 change: The iron hypothesis. Paleoceanography, 5(1), 1-13.

Ice cores teach us that past temperatures and CO2
concentrations are very well correlated
The more dust
(thus Fe) the
lower the
atmospheric
[CO2] & [CH4]

The correlation
between past
temperatures and
CH4 concentrations
are also very good
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In volcanic plumes O3, CH4 and VOCs depletions occur.
When the ash falls in the ocean plankton booms occur.
• Baker, A. K., et al. (2011). Investigation of chlorine radical chemistry in the
Eyjafjallajökull volcanic plume using observed depletions in non methane
hydrocarbons. Geophysical Research Letters, 38(13).
• Based on these Cl abundances, a potential –chlorine-induced – depletion of
tropospheric methane (CH4) in the plume was investigated. CH4 lifetimes
between 14 h (at 1 ppb O3) and 47 days (at 80 ppb O3) were derived.

Gliss, Jonas, et al. "OClO and BrO observations in the volcanic plume of Mt. Etna–implications on the chemistry
of chlorine and bromine species in volcanic plumes." Atmospheric Chemistry and Physics 15.10 (2015): 5659-5681.

• Depletions of ozone were seen at all in-plume measurement locations, with
average O3 depletions ranging from 11–35 nmol mol−1(15–45 %). Atmospheric
processing times of the plume were estimated to be between 1 and 4 min.
Surl, L., Donohoue, D., Aiuppa, A., Bobrowski, N., & von Glasow, R. (2015). Quantification of the
depletion of ozone in the plume of Mount Etna. Atmospheric Chem & Phys 15(5), 2613-2628.

• Achterberg, Eric P., et al. "Natural iron fertilization by the Eyjafjallajökull
volcanic eruption." Geophysical Research Letters 40.5 (2013): 921-926.
• Langmann, Bärbel, et al. "Volcanic ash as fertiliser for the surface ocean."
Atmospheric Chemistry and Physics 10.8 (2010): 3891-3899.
• Hamme, Roberta C., et al. "Volcanic ash fuels anomalous plankton bloom
46
in subarctic northeast Pacific." Geophysical Research Letters 37.19 (2010).

How Iron Salt Aerosol Works
• Burning iron organic complexes,
makes oxidic Iron aerosol in the flue
gases, which reacts in the air with
hydrogen chloride to make ISA.
• ISA makes low altitude clouds that
cool both the sea and the land.
• ISA breaks down greenhouse gases
in the troposphere such as
methane, ozone, Halo-methanes.
• ISA falls in rain as a safe and widely
dispersed fertilizer, adding iron as
the vital missing trace element for
both oceanic plankton and
continental plant growth.
• The resulting photosynthesis sucks
CO2 out of the air and the sea.
• ISA is a quick, safe, scalable, low
cost way to slow and reverse global
warming, by mimicking the natural Diagram Source: Earth System Dynamics, Climate engineering by
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cooling process seen in ice ages. mimicking natural dust climate control: the iron salt aerosol

method, Oeste F.D., de Richter R., Ming T. & Caillol S., 2017, 8, 1-54.

Can ISA generate tropospheric ozone inside cities?
Cl might increase morning O3 in coastal polluted regions

Knipping E.M. & Dabdub D. (2003). Impact of chlorine emissions from sea-salt aerosol on coastal urban
ozone. Environmental science & technology, 37(2), 275-284.

(except if Br and I are present)

Previous studies suggested that the inclusion of chlorine in air quality
models leads to the generation of ozone in urban areas through photolysis
of nitryl chloride (ClNO2). However, we find that when considering the
chemistry of Cl, Br and I together the net effect is a reduction of
surface ozone concentrations.
Muñiz-Unamunzaga, Maria, et al. "The influence of ocean halogen and sulfur emissions in the air quality of
a coastal megacity: The case of Los Angeles." Science of The Total Environment 610 (2018): 1536-1545.

GGR effects (tropospheric O3 depletion, accelerated VOCs oxidation)
“… source for reactive iodine in the marine boundary layer is the photodegradation of
iodinated organic compounds (such as CH3I, CH2I2, CH2IBr and CH2ICl) produced by
macroalgae and phytoplankton in the ocean…”
* Lim, Y. K., et al. "Halocarbon emissions from marine phytoplankton and climate change." Int J Environ Sci & Tech 14.6 (2017): 1355-1370.

Halogenated methanes “production was also greatly enhanced during the Southern
Ocean Iron Enrichment Experiments (SOFeX), producing new aerosol particles…” 48
Wingenter, O.W., et al. "Changing concentrations of CO, CH4, C5H8, CH3Br, CH3I, and dimethyl sulfide during the Southern Ocean Iron Enrichment
Experiments." PNAS, 101.23 (2004): 8537-8541.

Why targeting methane in particular?(2)
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Why targeting methane in particular? (3)
Because emissions are still growing fast
Miller, Scot M., et al. "China’s coal mine methane regulations have not curbed growing
emissions." Nature communications 10.1 (2019): 303.

On a 20 years basis => 0.0615 x 86 = 5.3 Gt eq-CO2
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The Iron Salt Aerosol method
=> MCB + OIF + CDR + GGR + direct & indirect SRM + …
Marine Cloud Brightening

Greenhouse Gas Removal
1 to 2 km

ISA already occurs by anthropogenic
emissions from power stations, steel
industry, commercial shipping

Ocean Iron Fertilization

Long Term Carbon Removal
& sequestration
Diagram Source: Earth System Dynamics, Climate
engineering by mimicking natural dust climate 51
control: the iron salt aerosol method, by Oeste F. D.,
de Richter R., Ming T., & Caillol S. (2017).

Principal NETs (negative emissions technologies)
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