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	 This	thesis	investigates	the	effects	of	Saharan	dust	deposition	in	the	equatorial	
North	Atlantic	Ocean	underneath	the	most	prominent	dust	plume	at	12°N.	For	 the	
first	time,	Saharan	dust	transport	and	deposition	was	monitored	from	source	to	sink	
along	a	transect	of	five	stations	across	the	equatorial	North	Atlantic	from	23°W	in	
the	 east	 to	57°W	 in	 the	west.	Sediment	 traps	 at	1200	m	and	3500	m	water	depth	
collected	marine	particle	fluxes	simultaneously	and	synchronously	between	October	
2012	and	October	2014.	The	traps	were	deployed	and	recovered	during	three	research	
cruises	(Stuut	et	al.,	2012;	2013;	2015).	In	addition,	bottle	incubation	experiments	
were	carried	out	and	drifting	traps	were	deployed	during	two	cruises	(Stuut	et	al.,	
2015;	2016),	while	Saharan	dust	from	the	atmosphere	was	sampled	shipboard	on	all	
cruises.	All	 these	observations	and	measurements	are	essential	parts	of	 this	 thesis,	
addressing:

				1)	 the	spatial	and	temporal	variability	in	marine	particle	fluxes	along	the		
	 transect,
				2)	 the	potential	of	Saharan	dust	to	act	as	fertilizer	for	primary	production,
				3)		 the	interplay	between	Amazon	River	freshwater	input,	Saharan	dust			
	 deposition,	nitrogen	fixation	by	cyanobacterial	plankton,	and	ocean	 	
	 mixed-layer	deepening	in	the	western	Atlantic	Ocean,
				4)		 the	ballasting	effect	of	Saharan	dust	accelerating	the	settling	of	organic		
	 matter	aggregates. 

The	 results	 of	 this	 study	 provide	 an	 understanding	 of	 Saharan	 dust	 deposition	 in	
the	equatorial	North	Atlantic	Ocean	and	give	new	insights	into	open-ocean	particle	
fluxes	that	hitherto	were	poorly	known.	Consequently,	the	study	contributes	to	our	
knowledge	of	 the	dust’s	 role	 in	 the	global	 carbon	 cycle,	 and	 subsequently,	 global	
climate.	 Since	 dust	measurements	 are	 of	 interest	 to	many	 disciplines	working	 on	
climate	change	in	the	past	and	future,	the	field	data	obtained	during	this	study	will	
help	to	refine	global	particle	fluxes	and	predictions	of	future	climate	scenarios.

The	main	findings	from	the	first-year	particle-sampling	campaign	in	2013	show	that	
(1)	lithogenic	particles	collected	in	the	sediment	traps	are	similar	to	the	Saharan	dust	
collected	 from	 the	 atmosphere	 on	 the	African	 coast,	 and	 (2)	 that	with	 increasing	
distance	from	the	source,	lithogenic	elements	associated	with	clay	minerals	become	
more	important	relative	to	quartz,	which	settles	out	closer	to	the	dust	sources	(Korte	
et	 al.,	 2017).	 Such	 preferential	 particle	 settling	 is	 considered	 to	 affect	 the	 dust’s	
radiative	properties,	 influencing	 the	Earth’s	atmosphere’s	 incoming	solar	 radiation	
(Li	et	al.,	1996;	Sokolik	and	Toon,	1999),	which	also	depends	on	the	dust	abundance	
and	particle	size	(Mahowald	et	al.,	2014;	Kok	et	al.,	2017).
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This	study	shows	that	closest	to	the	source	at	12°N	and	23°W,	the	lithogenic	particle	
flux	 is	higher	during	summer	and	fall	and	 lower	during	winter	and	spring.	This	 is	
attributed	to	precipitation	pattern	and	the	different	active	wind	systems	in	summer	
and	winter	(Moulin	et	al.,	1997;	Adams	et	al.,	2012;	Yu	et	al.,	2015a).	In	summer	
and	fall	dust	is	transported	within	the	Saharan	air	layer	at	high	altitudes	and	mainly	
deposited	by	rain	under	 the	 influence	of	 the	 Intertropical	Convergence	Zone.	This	
is	 also	 the	 time	 when	 dust	 outbreaks	 to	 the	 arrival	 in	 the	 sediment	 traps	 can	 be	
traced	back	best	using	satellite	images.	In	winter,	when	dust	is	transported	at	lower	
altitudes,	dust	observation	on	satellite	images	might	be	obscured	by	cloud	coverage.	
In	addition,	tracing	back	individual	dust	outbreaks	from	satellite	images	until	arrival	
in	the	sediment	traps	is	hampered	by	the	lower	sampling	resolution	of	the	traps,	the	
time	lags	involved	for	particle	settling	and	lateral	dust	transport	in	between.

The	lithogenic	particle	flux	from	sediment	traps	is	usually	calculated	from	the	total	
mass	flux	by	using	conventional	conversion	factors	(Wefer	and	Fischer,	1993;	Fischer	
et	al.,	2007;	Fischer	and	Karakas,	2009)	 for	biogenic	calcium	carbonate	 (CaCO3),	
organic	matter	(OM)	and	biogenic	silica	(BSiO2).	Biogenic	bulk	fluxes	are	subtracted	
from	the	total	mass,	which	then	yields	the	lithogenic	(dust)	fraction.	However,	in	this	
study	application	of	these	conversion	factors	appears	to	overestimate	this	lithogenic	
fraction,	 especially	 in	 the	 conversion	 of	 organic	 carbon	 to	 organic	 matter,	 and	
ignoring	 the	water	 content	 of	 the	 biogenic	 silica	 fraction	 (Mortlock	 and	Froelich,	
1989).	Indeed,	the	measured	dust	fraction	was	2	to	18	times	lower	than	the	calculated	
fraction	using	the	conventional	conversion	factors	(Chapter	3).	Still,	the	patterns	are	
similar	showing	seasonality	with	high	fluxes	in	summer	and	fall	and	low	fluxes	in	
winter	and	spring.	However,	when	working	with	the	lithogenic	fraction	derived	from	
marine	particle	fluxes,	one	should	be	aware	of	how	the	mass	fractions	were	analyzed	
and	interpreted.

The	dust	amount	deposited	 into	 the	surface	waters	 is	also	 important	 regarding	 the	
potential	nutrient	input	for	primary	productivity.	To	what	extent	Saharan	dust	would	
stimulate	marine	productivity	was	tested	empirically	in	bottle	incubation	experiments	
for	both	dry	and	wet	Saharan	dust	deposition.	Two	types	of	Saharan	dust	with	grain-
size	distributions	similar	to	those	observed	along	the	transect	(Van	der	Does	et	al.,	
2016)	were	 used	 in	 low	 (0.25	mg	L-1)	 and	 high	 (1.5	mg	L-1)	 concentrations.	 For	
wet	dust	 deposition	 the	 added	dust	was	 exposed	 to	 artificial	 low	pH	 rain	 (H2SO4,	
pH	=	2)	to	mimic	cloud	processing	in	the	atmosphere	before	amending	the	oceanic	
surface	waters	in	the	incubation	bottles,	while	the	dust	for	dry	deposition	was	added	
to	 the	ocean	surface	waters	untreated.	Results	show	large	differences	between	dry	
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and	 wet	 Saharan	 dust	 deposition.	While	 dry	 deposition	 did	 not	 increase	 nutrient	
concentrations,	wet	deposition	resulted	 in	elevated	phosphate	(P),	silicate	(Si)	and	
dissolved	iron	(DFe)	concentrations	in	the	surface	waters	when	dust	deposition	was	
high	 (≥	 1.5 mg L-1).	Although	 the	 experiment	 showed	 that	 Saharan	 dust	 has	 the	
potential	 to	 deliver	macro-	 and	micronutrients	 (P,	 Si,	DFe)	 to	 the	 ocean,	 a	major	
fertilization	impact	from	these	nutrients	in	terms	of	picophytoplankton	and	organic-
carbon	production	was	not	observed.	This	is	most	likely	due	to	a	missing	nitrogen	
source	in	the	nitrogen	limited	Atlantic	Ocean.	However,	even	without	a	fertilization	
effect,	 Saharan	 dust	might	 have	 an	 impact	 on	marine	 particles	 in	 as	much	 as	 the	
dust	 is	 incorporated	 into	 organic	matter	 aggregates,	 the	 so-called	 ‘marine	 snow’.	
Marine	 snow	 becomes	 denser	 and	 is	 therefore	 ballasted,	 accelerating	 aggregate	
settling	through	the	water	column	after	dust	deposition.	Both	wet	and	dry	deposition	
resulted	in	equally	high	organic	carbon	concentrations	at	the	end	of	the	experiment	
suggesting	 that	marine	snow	formation	 is	more	effective	with	Saharan	dust	 in	 the	
incubation	bottles.	However,	such	ballasting	effects	could	not	be	determined	in	the	
bottle	experiments.

In	 the	western	Atlantic	Ocean,	a	combination	of	different	processes	was	observed	
influencing	the	marine	particle	fluxes.	It	was	found	that	the	Amazon	River	disperses	
far	 into	the	open	ocean	and	affects	surface	waters	seasonally	to	at	 least	49°W	and	
12°N	 when	 the	 freshwater	 is	 carried	 by	 the	 retroflecting	 North	 Brazil	 Current	
(Muller-Karger	et	al.,	1988).	The	Amazon	impacted	the	oceanic	surface	waters	by	
stimulating	cyanobacterial	nitrogen	fixation	and	diatom	diazotrophic	productivity	in	
fall.	XRF-measurements	show	that	virtually	all	silica	in	the	west	consists	of	biogenic	
silica	produced	by	marine	biota	which	may	have	been	fertilized	by	iron	input	caused	
by	wet	deposition	of	Saharan	dust.	While	during	fall,	nutrients	in	the	surface	waters	
were	introduced	from	the	top,	mixed-layer	deepening	brought	nutrients	up	into	the	
(sub-)	surface	in	spring	triggering	a	peak	in	calcium	carbonate	export.	During	winter	
and	spring,	dry	Saharan	dust	deposition	predominates,	while	increased	precipitation	
from	summer	onwards,	favors	wet	deposition	during	late	summer	and	fall.	Saharan	
dust	deposition	and	organic	carbon	fluxes	appear	highly	correlated	during	times	of	
wet	deposition.	This	suggests	that	Saharan	dust	both	stimulates	primary	productivity	
and	ballasts	 aggregated	organic	 carbon	 through	 the	water	 column,	 relevant	 for	 an	
effective	CO2	burial.

The	ballast	 theory	was	tested	under	natural	conditions	with	freely	drifting	traps	in	
ten	experiments	at	five	sites	during	two	research	cruises	(Stuut	et	al.,	2015;	2016).	
These	drifting	traps	collected	marine	particles	at	three	different	depths	(100,	200	and	
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400	m)	for	24	hours.	Molar	C/N	ratios	of	the	particle	fluxes	were	used	as	a	proxy	for	
the	degradation	state	of	the	organic	carbon	and	nitrogen.	Since	nitrogen	compounds	
in	organic	matter	degrade	faster	(Gordon,	1971;	Schneider	et	al.,	2003),	stable	molar	
C/N	ratios	at	different	water	depths	would	indicate	fast	particle	settling	through	the	
water	column	with	little	degradation	because	of	ballasting	by	Saharan	dust.	In	our	
experiments,	we	were	fortunate	to	experience	a	dust	outbreak	at	one	site	during	each	
cruise.	For	the	stronger	event	in	January	2015,	molar	C/N	ratios	did	remain	stable	
implying	accelerated	particle	 transport	 through	 the	water	 column	by	Saharan	dust	
ballasting,	while	without	dust	in	the	atmosphere,	molar	C/N	ratios	varied	with	depth.

To	conclude,	this	thesis	shows	that	Saharan	dust	deposition	impacts	marine	particles	
fluxes	in	the	equatorial	North	Atlantic	Ocean	in	several	ways.	Saharan	dust	sources	
emit	 particles	 of	 different	mineralogy	 and	 grain	 size	 that	 are	 carried	 by	 different	
wind	systems,	changing	 in	altitude	depending	on	 the	season.	While	mainly	coarse	
and	heavy	quartz	particles	are	deposited	closest	 to	 the	sources,	 the	finer	and	platy	
clay	particles	are	 transported	much	 further	west.	Due	 to	 this	 sorting	gradient,	wet	
deposition	 becomes	 more	 important	 with	 increasing	 distance	 from	 the	 sources,	
washing	out	the	finer	particles	that	do	not	settle	out	by	gravitation	alone.
During	 transport	 through	 the	 atmosphere	 the	 dust	 is	 exposed	 to	 acid	 conditions	
that	process	the	particles	by	leaching	their	nutrients	and	metals. After	atmospheric	
processing	the	nutrients	are	more	readily	released	in	ocean	surface	waters	particularly	
when	 introduced	by	wet	deposition.	 Indeed,	while	wet	deposition	of	Saharan	dust	
enhances	the	release	of	bio-available	macro-	and	micronutrients	(phosphate,	silicate	
and	dissolved	iron),	a	nitrogen-nutrient	source	is	vital	for	phytoplankton	growth	in	the	
oligotrophic	equatorial	North	Atlantic.	Such	a	nitrogen-nutrient	might	be	introduced	
into	 the	ocean	after	dust	processing	by	HNO3	as	atmospheric	acid	component,	by	
mixed-layer	deepening	re-introducing	nutrients	from	the	subsurface,	or	by	breakdown	
of	organic	matter	produced	by	diazotrophic	nitrogen	fixers.
Especially	in	the	oligotrophic	warm	waters	of	the	western	equatorial	North	Atlantic	
Ocean,	 the	 interplay	 of	 these	 processes	may	 generate	 large	 particle	 export	 fluxes	
relevant	to	the	global	organic	carbon	cycle.	In	addition,	the	Amazon	River	contributes	
nutrients	(e.g.	silicate	and	iron)	when	retroflected	eastward	into	the	North	Atlantic	
Counter	 Current,	 thus	 promoting	 diatom	 diazotrophic	 associations	 and	 nitrogen	
fixation.	 When	 Saharan	 dust	 is	 introduced	 by	 wet	 deposition,	 it	 will	 (1)	 bring	
additional	nutrients	and	(2)	act	as	ballast	material	by	incorporation	into	marine	snow,	
enhancing	 particle	 export	 to	 the	 deep	 ocean	 deep.	Export	 fluxes	 are	 also	 affected	
by	dry	dust	deposition.	Although	this	type	of	deposition	does	not	enhance	nutrient	
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concentrations	in	surface	waters,	the	dust	particles	will	still	act	as	ballasters.
Along	 the	 transect,	 particle	 export	 fluxes	 decreased	 downwind	 from	 east	 to	west	
with	low	and	dry	deposition	dominating	during	winter	and	high	and	wet	deposition	
dominating	 in	 summer.	 This	 gradient	 implies	 different	 predominating	 processes	
depending	on	the	state	of	atmospheric	processing,	the	season	and	the	geographical	
location,	through	dry	and/or	wet	deposition,	ballasting	and/or	fertilization,	which	all	
impact	the	magnitude	of	particle	export	fluxes	and	thus	the	global	carbon	cycle.


