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Fe-Mn	crusts	grow	on	hard	surfaces,	usually	on	seamounts,	plateaus	and	ridges	of	all	
the	oceans	worldwide.	They	are	formed	by	the	precipitation	of	nanometric	floccules	
formed	by	Mn	oxides	and	Fe	oxyhydroxides.	The	accumulation	and	growth	of	Fe-Mn	
crusts	 	 take	 	 place	 	 according	 	 to	 	 three	 	 main	 	 genetic	 	 processes:	 	 diagenetic,	
hydrothermal	and	hydrogenetic.	Hydrogenetic	crusts	are	formed	by	the	precipitation	
of	 Fe	 and	 Mn	 oxyhydroxides	 from	 the	 cold	 seawater	 in	 presence	 of	 currents	
sufficiently	 strong	 to	 keep	 the	 substrate	 rock	 clean	of	 sediments.	Due	 to	 their	 slow	
growth	 (0.5-5	 mm/Myr)	 hydrogenetic	 Fe-Mn	 crusts	 concentrate	 high	 contents	 of	
several	 valuable	metals	 in	 their	 structure,	 between	 them	 there	 are	 Co,	 Ni,	 Cu,	Mo,	
Te,	Platinum	Group	Elements	(PGE)	and	also	Sc	and	Rare	Earth	Elements	plus	yttrium	
(REY)1.	
Fe-Mn	 crusts	 from	 the	 Canary	 Island	 Seamount	 Province	 (CISP)	 have	 been	 recently	
studied	 and	 the	 results	 obtained	 demonstrate	 a	 predominantly	 hydrogenetic	
origin2,3,4.	The	main	minerals	are	Mn-oxides	(essentially	vernadite	with	small	amount	
of	birnessite,	asbolane	and	todorokite)	and	Fe	oxyhydroxides	(goethite	group	metals	
with	 metastable	 phases	 as	 feroxyhyte	 and	 ferrihydrite).	 Chemically	 they	 are	
characterized	by	high	bulk	 contents	 (based	on	 ICP-MS	analysis)	 of	 Co,	Ni,	Mo	 (0.5,	
0.3,	0.03	wt.	%	respectively).	Sc	and	REY	are	highly	concentrated	in	CISP	Fe-Mn	crusts	
(35	µg/g	and	0.30	wt.	%	respectively)	and	between	them	the	most	enriched	are	the	
LREE	(La,	Ce,	Pr	and	Nd)	ranging	from	400	to	2000	µg/g.	REY	elements	can	be	found	
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dissolved	in	seawater	as	mono-	and	di-	carbonate	complexes	and	are	concentrated	in	
Fe-Mn	 crusts	 with	 a	 preferential	 scavenging	 (especially	 for	 LREE)	 on	 the	 freshly	
precipitated	 surface	 of	 the	 Mn	 oxides	 and	 Fe	 oxyhydroxides	 due	 to	 their	 surface	
charge5,6,7.	
High	 resolution	 analysis	 performed	 on	 selected	 CISP	 samples	 show	 that	 REY	 are	
differently	distributed	 in	 the	Fe	and	Mn	 oxy-hydroxides	 that	 form	the	crusts.	EPMA	
analysis	show	that	diagenetic	Mn	minerals	(asbolane/buserite)	have	high	Mn	(up	to	
45	wt.%)	with	less	Fe	(max	10	wt.%)	and	low	contents	of	Ce	(200-600	µg/g).	On	the	
other	 hand,	 hydrogenetic	 vernadite,	 which	 represents	more	 than	 85%	 of	 the	 total	
oxy-hydroxides	content	in	CISP	crusts,	have	similar	contents	of	Mn	(22-25	wt.%)	and	
Fe	(18-22	wt.%)	with	high	contents	of	Ce	(2200-3000	µg/g).	
	

 
Figure	1.	A)	LA-ICP-MS	average	contents	(in	µg/g)	of	the	mineral	 laminae	formed	by	
different	genetic	processes.	B)	PAAS	normalization	of	the	different	genetic	processes	
based	on	laminae	(colored	areas)	and	bulk	sample	(solid	lines)	analysis.	

	

	
	
The	 use	 of	 LA-ICP-MS	 analysis	 performed	 on	 selected	 crust	 laminae	 with	 different	
genetic	 origin	 allows	 to	 obtain	 their	 REY	 contents.	 Diagenetic	 minerals	 show	 the	
lowest	 REY	 contents	 (60	 to	 600	 µg/g)	 that	 is	 also	 evident	 in	 their	 normalization	 to	
PAAS	 (Fig.	1),	 in	which	 the	highest	 contents	are	represented	by	La	 (10-60	µg/g),	Nd	
(13-60	µg/g)	and	Ce	(10-270	µg/g),	with	very	low	contents	of	HREEs	(0.1-10	µg/g	for	
each	 element).	 The	 low	 REY	 contents	 in	 diagenetic	 minerals	 can	 be	 explained	
essentially	 by	 two	 causes:	 i)	 the	 high	 growth	 rate	 (up	 to	 100	 mm/Myr);	 ii)	 their	
precipitation	 from	 pore	 water	 within	 the	 sediments	 that	 isolate	 them	 from	 open	
seawater.	Mixed	hydrothermal/hydrogenetic	minerals	found	in	CISP	Fe-Mn	show	REY	
contents	 between	 300	 and	 800	 µg/g,	 the	 lower	 enrichment	 of	 diagenetic	minerals	
compared		to		hydrothermal		ones		may		be		caused		by		the				 incorporation		of		REY	
elements	 from	 seawater	 after	 their	 hydrothermal	 precipitation.	 In	 hydrothermal	
minerals	the	highest	REY	contents	are	represented	essentially	by	Ce	(up	to	500	µg/g).	
Finally,	hydrogenetic	minerals	show	the	highest	REY	contents	in	CISP	crusts	between	
2200	and	4900	µg/g.	These	minerals	incorporate	the	highest	Ce	contents	(up	to	3500	
µg/g),	but	also	high	contents	of	other	REYs	like	Nd	and	La	(up	to	500	µg/g	each),	Dy	
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(up	 to	 80	µg/g),	 Eu	 (up	 to	 25	 µg/g)	and	 Y	 (up	 to	 250	 µg/g).	 Furthermore	 the	U+Th	
contents	of	 these	minerals	 represent	only	 the	2.5%	of	 the	 total	REY	 (respectively	 in	
average	12	 and	 67	 µg/g),	 that	 is	 good	 to	 decrease	 the	 radiogenic	 problems	usually	
associated	with	onshore	mineable	ore	deposits.	
One	metal	extraction	experiment	has	been	probed	on	studied	samples	to	verify	the	
REY	 recovery	rates	obtained	 in	 selected	samples	 from	CISP	 crusts.	The	 results	 show	
that	 the	 highest	 recovery	 rates	 can	 be	 found	 in	 purely	 hydrogenetic	 Fe-Mn	 crusts	
(62-85	 %),	 on	 the	 other	 hand	 mixed	 diagenetic/hydrogenetic	 crusts	 show	 less	
recovery	rates	(58-67	%).	These	differences	can	be	due	to	the	high	crystallinity	of	the	
diagenetic	 minerals	 that	 show	 the	 worst	 acid	 digestion	 and	 confirming	 the	
hydrogenetic	minerals	 as	 the	best	 REY	 carriers	and	with	 the	highest	 recovery	rates.	
These	findings	can	be	useful	on	choosing	the	best	routes	for	processing	of	submarine	
Fe-Mn	 crusts	 in	 the	 future,	 considering	 REE	 a	 by-product	 from	 extraction	 of	 other	
commodities,	such	as	Mn,	Co	or	Ni.	
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