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Abstract		
	

The	 input	 of	 continental	 dust	 plays	 an	 important	 role	 in	 biogeochemical	 cycles	 in	 the	
ocean.	 This	 paper	 brings	 together	 information	 from	 iron	 fertilization	 experiments	 as	
well	as	natural	event	observations	(such	as	the	natural	input	of	continental	dust	into	the	
ocean,	 or	 volcanoes)	 to	 highlight	 how	 understanding	 the	 ramifications	 of	 continental	
dust	 input	 into	 the	ocean	 can	be	 applied	 to	 combat	 climate	 change.	 Scientists	 use	 the	
radioactive	isotope	Thorium-232	as	a	proxy	to	determine	the	input	of	continental	dust	
into	 the	 ocean,	 and	 volcanic	 events	 are	 studied	 to	 observe	 the	 results	 of	 a	 large	 iron	
input.	 	 The	 “Iron	 Fertilization	 Hypothesis”	 is	 proposed	 as	 a	 carbon	 sink	 to	 remove	
excess	CO2	 from	the	atmosphere.	 It	 is	done	by	seeding	 the	ocean	with	 iron,	a	nutrient	
that	limits	phytoplankton	growth	in	high	nutrient	low	chlorophyll	(HNLC)	areas,	such	as	
the	 Southern	 Ocean.	 After	 reviewing	 the	 pros	 and	 cons	 of	 iron	 fertilization,	 it	 was	
determined	that	iron	fertilization	should	be	considered	to	combat	climate	change,	but	it	
needs	 to	 undergo	 more	 testing	 and	 research.	 Areas	 for	 further	 study	 include	 toxic	
blooms,	the	amount	of	biomass	that	is	reaches	the	seafloor	(via	sediment	cores)	and	if	
ocean	iron	fertilization	is	legal	or	considered	ocean	dumping.	

	

1.	Introduction	
	
Global	warming	is	occurring	due	to	increasing	CO2	in	the	atmosphere	from	anthropogenic	
emissions	(Martin,	1990).	Scientists	are	working	to	create	solutions	by	reducing	CO2	
emissions	or	by	removing	CO2	from	the	atmosphere.	One	of	these	solutions	could	be	found	
in	mimicking	the	flux	of	sediment	to	the	ocean.	The	input	of	iron-bearing	continental	dust	
plays	an	important	role	in	biogeochemical	cycles	in	the	ocean,	providing	much	needed	
micronutrients	to	primary	producers	(Kienast	et	al.	2016,	Winckler	et	al.	2008).	Looking	
into	iron	fertilization	as	a	potential	solution	is	important	because	without	some	form	of	
mitigation,	the	ocean	will	experience	sea	level	rise,	increased	temperatures,	acidification	
and	more	extreme	weather	patterns	(NASA,	climate.nasa.gov/evidence/).	Iron	fertilization	
is	an	innovative	method	that	aims	to	sequesters	carbon	(remove	it	from	the	carbon	cycle	
for	a	period	of	time)	by	creating	large	phytoplankton	blooms.	This	process	is	demonstrated	
in	Figure	1.	This	could	be	a	valuable	method	to	combat	climate	change.	However,	before	
using	large	scale	iron	fertilization,	scientists	need	to	review	the	available	information,	and	
conduct	further	research	to	determine	how	effective	this	method	will	be	and	what	
negatives	impacts	could	occur.		
	
This	paper	aims	to	bring	together	information	from	natural	event	observations,	such	as	
volcanoes,	and	previous	experimental	studies	to	highlight	how	understanding	the	
ramifications	of	dust	input	into	the	ocean	can	be	applied	to	combat	climate	change.	This	
paper	will	present	background	knowledge	about	iron	as	a	micronutrient	and	discuss	
natural	occurring	iron	fertilization.	Then,	the	‘Iron	Hypothesis’	will	be	introduced	and	there	
will	be	a	review	of	previous	artificial	iron	fertilization	experiments	(in	the	subarctic	Pacific,	
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and	Southern	Ocean).	Both	the	positive	and	negative	aspects	of	such	experiments	will	be	
highlighted.		
	

	
Figure	1.	Diagram	showing	the	process	of	Ocean	Iron	Fertilization	experiments,	including	
goals	and	risks.		

	
2.	Iron	as	a	micronutrient	
	
Iron	is	one	of	the	most	abundant	elements	in	the	Earth’s	crust	(5.6%),	yet	most	of	the	
world’s	oceans	are	extremely	iron-limited	(Martin,	1990).	The	ocean	is	supplied	bio-
available	iron	through	multiple	processes:	atmospheric	dust	deposition,	upwelling,	and	
volcanic	ash	(Winckler	et	al.	2008,	Meskhidze	et	al.	2007).	According	to	Liebig’s	law	of	the	
minimum,	biological	growth	cannot	continue	when	the	minimum	requirements	for	a	
required	element	is	not	met	(Martin,	1990).	Iron	is	required	by	all	life	on	Earth	and	is	
needed	(albeit	in	small	amounts)	for	biological	activities	such	as	production	of	chlorophyll,	
nitrate	reduction	and	nitrogen	fixation.	Areas	called	High	Nutrient,	Low	Chlorophyll	
(HNLC)	zones	have	abundant	major	nutrients	but	limited	phytoplankton	growth	(Edwards	
et	al.	2003).	The	largest	HNLC	zones	are	found	in	the	eastern	equatorial	Pacific,	the	



	

B.	Rowe	\	Oceans	First,	Issue	4,	2017,	pgs.	35-42.	 37	

Southern	Ocean,	and	the	subarctic	north	Pacific,	making	these	oceans	ideal	for	iron	
fertilization	experiments	(Edwards	et	al.	2003).	An	experiment	done	by	Meskhidze	et	al.	
(2007)	aimed	to	determine	the	main	source	of	iron	coinciding	with	phytoplankton	blooms	
in	the	South	Atlantic	Ocean.	It	was	determined	that	in	this	location,	the	main	source	of	iron	
was	from	the	upwelling	of	nutrient	rich	waters	(Meskhidze	et	al.	2007).	However,	most	
research	being	done	into	fertilizing	the	surface	waters	is	done	in	a	way	that	mimics	iron-
rich	dust	deposition	(seeding	the	surface	waters	from	above).	Comparing	HNLC	zones	to	
biologically	active	areas	like	the	North	Atlantic	via	modelling	is	another	way	for	scientists	
to	study	iron	fertilization	without	impacting	the	natural	environment	(Edwards	et	al.	
2003).	
	
3.	Continental	Dust	
	
Continental	dust	is	brought	to	the	surface	ocean	constantly	via	erosion	of	the	surface	and	
transported	by	wind	(Kienast	et	al.	2016,	Albani	et	al.	2016).	The	Intergovernmental	Panel	
on	Climate	Change	(IPCC)	has	identified	mineral	dust	in	the	atmosphere	and	its	impact	on	
global	climate	as	an	important	area	needing	research.	Although	the	importance	has	been	
recognized,	a	large	database	of	fluxes	is	lacking.	This	is	due	to	the	fact	that	direct	
measurements	of	dust	deposition	are	scarce	because	models	of	dust	input	are	difficult	to	
create.	These	models	require	observations	from	current	and	past	times	and	because	
deposition	varies	greatly	by	area	(Kienast	et	al.	2016).		Since	most	iron	fertilization	
experiments	mimic	atmospheric	dust	deposition,	knowing	where	to	study	continental	dust	
deposition	over	the	ocean	is	needed	in	order	to	understand	this	type	of	iron	fertilized	
productivity.	Kienast	et	al	(2016)	acknowledge	that	iron	rich	dust	is	important	for	
biological	uptake	of	CO2,	and	used	isotope	in	sediment	cores	to	trace	continental	dust	input	
into	the	ocean.	
	
Thorium-232	is	a	relatively	stable	isotope,	with	a	long	half-life.	It	is	an	ideal	element	to	
trace	because	it	can	be	found	in	the	sediment	record	with	very	little	radioactive	decay.	
Thorium-232	is	found	in	continental	crust	in	concentrations	much	higher	than	that	found	
in	oceanic	crust	(about	50	times	greater)	(Kienast	et	al.	2016).	This	allows	scientists	to	
assume	that	any	Thorium-232	is	of	a	continental	origin	(Kienast	et	al.	2016).	Thorium	data	
has	been	compiled	into	a	single	map	in	conjunction	with	atmosphere,	land,	ocean	and	sea-
ice	models.		
	
The	result	is	the	ThoroMap	(seen	in	map	A	presented	in	Figure	2),	from	which	is	can	be	
concluded	areas	close	to	continents	have	the	highest	input	(Kienast	et	al.	2016).	With	
naturally	occurring	sources	of	iron	to	the	ocean,	scientists	are	able	to	observe	the	effects	of	
iron	addition	into	marine	environments.			
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Figure	2.	Map	A	is	the	ThoroMap	created	by	Kienast	et	al.	(2016).	All	three	maps	show	the	

areas	of	the	ocean	with	highest	continental	dust	input	
	
	
4.	Naturally	Occurring	Iron	Fertilization	
	
All	methods	of	iron	fertilization,	not	just	atmospheric	deposition,	are	important	for	
reducing	ocean	iron	limitation.	Rather	than	focusing	solely	on	deposition	from	the	
atmosphere,	this	paper	is	interested	in	all	inputs	of	continental	dust.	This	is	because	all	
inputs	of	sediment	(river	outputs,	atmospheric	dust,	volcanic	ash)	can	act	as	a	natural	
source	of	iron	fertilization	and	can	cause	phytoplankton	blooms	in	high	nutrient,	low	
chlorophyll	(HNLC)	areas,	which	are	rich	in	macronutrients	(Nitrogen	and	Phosphorus)	but	
low	in	primary	productivity	(Kienast	et	al.	2016,	Kearney	et	al.	2015).	Studying	these	other	
sources	of	iron	into	the	ocean	could	lead	to	a	new	method	of	iron	fertilization,	rather	than	
just	seeding	the	surface	ocean.	
	
Volcanic	eruptions	provide	one	natural	source	of	iron	fertilization.	The	ocean	and	the	
atmosphere	both	receive	large	quantities	of	iron-rich	dust	and	ash	though	volcanic	
eruptions,	which	can	create	large	phytoplankton	blooms	that	will	then	sink	and	sequester	
carbon	(Abrajevitch	et	al.	2014).	However,	volcanoes	also	emit	a	large	amount	of	CO2	
during	eruptions,	so	carbon	sequestered	by	blooms	from	the	iron	fertilization	may	be	
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neutralized	by	emissions.	An	example	of	a	natural	iron	fertilization	event	is	the	volcanic	
eruption	of	Kasatochi	in	the	Aleutian	Island	chain	in	2008	(Kearney	et	al.	2015).	This	
eruption	prompted	a	large	phytoplankton	bloom	in	an	otherwise	unproductive	area	
(Batten	and	Gower,	2014).	Though	this	study	did	not	have	any	measurements	for	carbon	
sequestration,	the	effects	seen	after	this	natural	iron	fertilization	are	a	promising	sign	that	
artificial	iron	fertilization	would	work.		
	
5.	Artificial	Iron	Fertilization	Experiments	
	
The	Iron	Fertilization	Hypothesis	was	proposed	as	a	carbon	sink	to	remove	excess	CO2	
from	the	atmosphere	by	taking	advantage	of	iron-limitation	in	much	of	the	ocean	
(Smetacek	et	al.	2012).	It	mimics	the	above	listed	events	of	natural	sediment/iron	
deposition	by	dumping	iron	into	iron-limited,	but	nutrient-rich	zones	to	create	
phytoplankton	blooms	(Smetacek	et	al.	2012).	When	the	phytoplankton	die	and	sink,	they	
export	carbon	to	the	seafloor.	The	time	scale	of	how	long	they	remove	carbon	from	the	
atmospheric	system	depends	on	the	depth	to	which	they	sink.	If	the	cell	sinks	below	200	
meters,	the	carbon	will	be	sequestered	for	months,	and	if	incorporated	into	the	sediment,	
the	carbon	will	be	sequestered	for	decades	to	centuries	(Smetacek	et	al.	2012).	If	the	
Southern	Ocean,	a	HNLC	area,	was	not	limited	by	iron,	there	would	be	potential	for	primary	
production	of	up	to	2-3	gigaton	of	carbon	each	year	(Smetacek	et	al.	2012).	That	is	what	
makes	this	location	ideal	for	iron	fertilization	experiments.	There	have	been	12	small-scale	
ocean	iron	fertilization	experiments	of	which	approximately	half	have	seen	notable	results.	
One	5-week	experiment	by	Smetacek	et	al.	(2012)	in	the	Southern	Ocean	successfully	
created	a	diatom	bloom.	Scientists	fertilized	a	patch	of	ocean	(in	an	eddy)	with	seven	tons	
of	dissolved	Iron	(II)	Sulphate,	in	two	installments,	13	days	apart.	Other	studies	reviewed	
by	this	paper	also	used	this	method.	A	bloom	occurred	within	a	week	resulting	in	an	
increase	in	chlorophyll	(Chl)	and	particulate	organic	carbon	(POC)	until	24	days	after	the	
initial	fertilization.	This	experiment	saw	the	highest	concentration	of	Chlorophyll	in	any	
Ocean	Iron	Fertilization	(OIF)	experiment	thus	far	(Smetacek	et	al.	2012).	The	sinking	of	
organic	material	was	also	measured	and	it	was	determined	that	at	least	half	of	the	bloom’s	
biomass	sunk	to	depths	greater	than	one	kilometer.	It	was	predicted	that	a	majority	would	
reach	the	seafloor	and	would	be	sequestered	for	decades	or	centuries	(Smetacek	et	al.	
2012).	This	paper’s	results	support	the	hypothesis	that	iron	seeding	could	be	used	as	a	
carbon	sink	to	reduce	atmospheric	CO2	but	the	authors	also	acknowledge	that	more	long-
term	experiments	are	required	prior	to	utilizing	this	technique	on	a	large	scale.		
	
6.	Side	Effects	of	Iron	Fertilization	
	
Before	more	large-scale	experiments	are	carried	out,	further	investigation	should	be	done	
into	possible	negative	effects	of	iron	fertilization.	After	fertilization,	the	resulting	plankton	
blooms	could	be	dominated	by	toxic	species.	Large	toxic	blooms	could	have	impacts	on	
whole	marine	food	webs,	as	well	as	the	humans	who	depend	on	them	(Trick	et	al.	2010).	
More	research	needs	to	be	done	into	the	possible	harmful	effects	of	toxic	blooms.	
Supporters	of	iron	fertilization	may	be	unaware	that	it	can	encourage	the	growth	of	a	
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species	of	diatom	called	Pseudonitzchia	that	can	produce	domoic	acid,	a	neurotoxin	(Trick	
et	al.	2010).		
	
This	species	is	considered	toxic	if	found	in	a	coastal	area	and	has	many	negative	impacts	on	
coastal	ecosystems	(Trick	et	al.	2010).	However,	the	species	is	currently	considered	non-
toxic	if	it	is	found	in	the	open	ocean	(Trick	et	al.	2010).	If	large-scale	iron	fertilization	
projects	are	put	into	place,	it	could	become	a	more	serious	problem	in	the	open	ocean	as	
well.		
	
Trick	et	al.	(2010)	exposed	Pseudonitzchia	to	a	sudden	change	in	iron	(limited	to	abundant)	
to	determine	if	the	plankton	would	alter	their	toxicity.	When	iron	was	added,	there	was	a	
160%	increase	in	production	of	domoic	acid,	compared	to	the	control	groups	(Trick	et	al.	
2010).		
	
The	findings	of	this	study	proved	that	not	only	can	open	ocean	Pseudonitzchia	produce	
domoic	acid,	but	the	organisms	increased	cellular	concentrations	of	the	toxin	when	no	
longer	iron	limited	(Trick	et	al.	2010).	
	
Iron	fertilization	may	also	have	addition	benefits	to	the	environment,	such	as	increasing	
fish	stocks.	Following	the	eruption	of	the	Kasatochi	volcano	in	2008,	it	was	thought	that	the	
input	of	iron	and	subsequent	phytoplankton	bloom	caused	an	increase	in	Salmon	stocks	
(Batten	and	Gower,	2014).	This	natural	event	was	followed	by	an	iron	fertilization	
experiment	in	the	Subarctic	Pacific	that	tried	to	mimic	the	natural	increase	in	the	Salmon	
population	(Batten	and	Gower,	2014).	Even	if	this	experiment	was	not	done	in	regards	to	
climate	change,	the	outcomes	are	still	valuable	for	our	argument.	The	historic	high	of	
plankton	values	and	resulting	increase	in	crustacean	populations	had	the	potential	to	
increase	fish	populations.	However,	the	paper	by	Batten	and	Gower	(2014)	indicated	that	
the	cause	of	increased	fish	populations	could	not	be	directly	linked	to	the	iron	fertilization.	
This	is	a	topic	that	requires	further	investigation,	as	this	could	mean	iron	fertilization	could	
also	be	used	to	combat	a	second	threat	to	global	oceans	–	overfishing	and	declining	fish	
stocks.	Though	this	sounds	like	a	promising	avenue	to	further	study,	this	experiment	was	
highly	controversial	and	leads	into	one	of	the	largest	issues	with	iron	fertilization	–	legality.		
	
A	major	barrier	for	large	scale	iron	fertilization	experiments	and	the	issue	stopping	iron	
fertilization	as	being	seen	as	prospect	for	carbon	sequestration	is	legality.	There	are	two	
United	Nations	(UN)	conventions	that	make	iron	fertilization	questionably	legal:	the	
“convention	on	biodiversity”	and	the	London	“convention	on	the	dumping	of	wastes	at	sea”.	
However,	iron	fertilization	is	a	naturally	occurring	phenomenon	and	as	a	potential	solution	
to	climate	change	the	scientific	evidence	that	back	it	up	should	not	be	discounted.	Any,	and	
all,	experiments	should	be	carefully	thought	out	and	have	the	necessary	approval.	Research	
done	by	Abrajevitch	et	al.	(2014)	explained	that	in	the	Kerguelen	Plateau,	there	have	been	
both	artificial	and	natural	iron	fertilization	events	which	resulted	in	phytoplankton	blooms,	
that	had	similar	outcomes.	Though	iron	fertilization	may	be	illegal	now,	in	the	coming	
years,	with	a	changing	climate	and	changing	policies,	it	may	be	a	viable	option.		



	

B.	Rowe	\	Oceans	First,	Issue	4,	2017,	pgs.	35-42.	 41	

7.	Conclusions	
	
As	climate	change	progresses,	it	will	become	more	important	to	explore	ways	to	mitigate	
global	warming,	including	the	prospect	of	iron	fertilization	to	increase	primary	production	
and	sequester	carbon.	Iron	fertilization	is	an	innovative	idea	in	the	fight	against	climate	
change	as	it	in	an	attempt	to	remove	carbon,	rather	than	reducing	the	source	which	
requires	a	major	change	in	lifestyle.	Iron	fertilization	has	proven	successful	in	multiple	
experiments,	however,	it	remains	a	controversial	topic.	
	
The	pros	of	iron	fertilization	include	the	ability	to	sequester	carbon	into	the	deep	ocean	for	
decade	to	century	time	scales,	it	can	take	place	in	the	open	ocean	so	there	are	limited	
impacts	on	humans,	and	it	has	successfully	been	carried	out	in	small-scale	experiments.	
Additionally,	iron	fertilization	is	artificial	and	ocean	manipulating,	but	mimics	what	already	
is	occurring	naturally,	through	wind-blown	continental	dust	and	volcanic	ash.		
The	cons	of	iron	fertilization	include	that	it	could	encourage	the	growth	of	toxic	
phytoplankton	species	such	as	Pseudonitzchia	(Trick	et	al.	2010).	It	also	could	be	regarded	
as	ocean-dumping,	which	is	illegal.	Though	it	has	been	carried	out	successfully	in	
experiment,	it	has	not	been	tried	on	a	larger	scale,	and	the	exact	amount	of	carbon	that	will	
reach	the	seafloor	is	unknown.		
Much	is	still	uncertain,	and	there	are	many	areas	for	further	research	including	ocean	
anoxia	and	impacts	on	food	webs,	which	were	not	touched	on	in	this	paper,	as	well	as	more	
in	depth	research	into	the	topics	discussed	in	this	paper	such	as	time	period	of	
sequestration,	toxic	blooms	and	legal	issues.	More	small-scale	experiments	should	be	
carried	out,	and	if	there	are	limited	negative	impacts,	large-scale	experiments	need	to	be	
carried	out	before	iron	fertilization	can	be	thought	of	as	a	part	of	the	solution	to	climate	
change.	
	
In	conclusion,	iron	fertilization	should	be	considered	to	combat	climate	change,	but	it	needs	
to	undergo	more	testing	and	research	to	ensure	the	benefits	outweigh	the	costs.		
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