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Abstract 

 

Ferromanganese oxyhydroxides in the oceans occur as nodules, crusts, and massive beds. 

They can be classified as diagenetic, hydrogenetic, hydrothermal, and mixed-type deposits. 

Studies carried out on northeast Atlantic seamounts indicate the prevailing presence of 

ferromanganese deposits of hydrogenetic origin. Hydrogenetic ferromanganese crusts (Fe-

Mn crusts) form by the direct precipitation, on hard-rock substrates, of colloidal hydrated 

metal oxides that are scavenged from the water column. The hydrogenetic precipitation 

promotes the enrichment of Fe-Mn crusts in trace metals, most of which are of economic 

interest, such as Co, Ni, Te, rare earth elements, and platinum-group elements, among 

others. Beyond their economic potential Fe-Mn crusts are considered condensed 

stratigraphic sections and proxy records obtained from crusts can be used as indicators of 

the oceanic and climatic history of the past 75 Ma.  

The present work aims to study ferromanganese deposits from the northeast Atlantic Ocean 

in an integrated way, considering them both as paleoceanographic archives and as 

potentially economic resources. 

Chapter III deals with the reconstruction of the isotopic composition of water masses from 

the northeast Atlantic. In this study three Fe-Mn crusts, distributed over a water depth 

profile comprising the present-day depths of Mediterranean Outflow Water (MOW) and 

North East Atlantic Deep Water (NEADW), were analyzed and new time series of the lead 

(Pb) and neodymium (Nd) isotope evolution of northeast Atlantic water masses over the 

past 15 Ma are presented. The similarity between the Pb and Nd time series patterns of the 

studied crusts of the northeastern with those of the northwestern Atlantic over the past 4 

Ma shows that there has been efficient mixing between the two basins. However, the 

changes occurred 1-3 Ma earlier in the eastern basin indicating that the northeastern 

Atlantic led the major change in Pb and Nd isotope composition, probably due to an efficient 

export of Labrador Sea Water to the eastern Atlantic via a northern route such as across the 

Charlie-Gibbs Fracture Zone rather than through the equatorial fractures zones. The Pb 
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isotope evolution during the Pliocene-Pleistocene can be explained by a mixture between 

two principal end-members corresponding to MOW and NEADW. The invariant Pb isotope 

composition of the shallowest crust, which grew within the present-day MOW, however, 

indicates that external sources such as Saharan dust are likely to have played a role as well.  

In order to obtain information on the external sources and the climatic changes in 

weathering inputs contributing to the study area over the past ~12 Ma, the findings of 

Chapter III are revisited in Chapter IV but considering the radiogenic isotope composition of 

Pb, Nd and Sr in the detrital fraction of 31 crust surfaces scrapings, 15 samples from depth 

profiles of 3 selected crusts for time-series studies, and 6 accompanying sediment samples. 

These data provided information on the detrital inputs showing that the sources of detrital 

material contributing to the northeast Atlantic over the last ~12 Ma comprise essentially 

North African sources. More importantly, the data reveal that the prevailing climatic 

conditions have not changed significantly over the past ~12 Ma. 

The study of the composition and considerations of the resource potential of the deposits 

from the study area is the subject of Chapter V. Eighteen deep-sea Fe-Mn crusts from 10 

seamounts in the northeast Atlantic were studied. Based on the mineralogical and chemical 

compositions, the studied crusts are typical hydrogenetic crusts adjacent to continental 

margins and exhibit a Co+Cu+Ni maximum of 0.96 wt%. Platinum-group element contents 

analyzed for five samples showed Pt contents from 153 to 512 ppb. The study of the 

enrichment of trace metals of economic interest in Fe-Mn crusts is of specific interest for the 

evaluation of the resource potential of these deposits. Tonnages for specific metals in chosen 

areas, in and adjacent to the Portuguese Exclusive Economic Zone, were calculated.  The 

results indicate that the study area is comparable to parts of the central Pacific Ocean 

indicating that these Atlantic deposits may be an important future resource. 

This integrated study demonstrates the potential of Fe-Mn crusts for the study of 

paleoclimatic and paleoceanographic changes in the northeast Atlantic over the last ~15 Ma, 

and the importance that these deposits might represent in the future as potential sources of 

critical metals. 
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Kurzfassung 

 

Eisen-Mangan-Oxyhydroxide kommen im Weltmeer als Knollen, Krusten und massive 

Ablagerungen in Sedimenten vor. Sie werden als diagenetische, hydrogenetische oder 

Mischtyp-Ablagerungen klassifiziert. Studien an Tiefseebergen im Nordostatlantik belegen 

überwiegend Eisenmanganablagerungen hydrogenetischen Ursprungs. Hydrogenetische 

Eisen-Mangan-(Fe-Mn)-Krusten bilden sich auf harten Untergründen als direkte 

Ausfällungen kolloidaler, hydratisierter Metalloxide aus der Wassersäule. Hydrogenetische 

Bildungsmechanismen fördern die Anreicherung von Spurenelementen in den Fe-Mn-

Krusten, von denen Co, Ni, Ti, seltene Erden oder Elemente der Platingruppe, von 

wirtschaftlichem Interesse sind. Zusätzlich zu ihrem wirtschaftlichen Potenzial stellen Fe-

Mn-Krusten kondensierte, stratigraphische Aufzeichnungen dar und Zeitserien von 

Parametern, die in den Krusten archiviert wurden, sind Anzeiger der ozeanischen und 

klimatischen Geschichte der letzten 75 Millionen Jahre. 

Die vorliegende Studie basiert auf Eisen-Manganablagerungen aus dem nordöstlichen 

Atlantik und integriert paläoozeanographische Aufzeichnungen und potentielle 

wirtschaftliche Ressourcen.  

Das dritte Kapitel behandelt die Rekonstruktion der isotopischen Zusammensetzung der 

Wassermassen im Nordostatlantik. In dieser Studie wurden drei Fe-Mn-Krusten, die ein 

Tiefenprofil durch die heutige Ausdehnung des Mittelmeeraustromwasser (MOW) und des 

nordostatlantischen Tiefenwassers (NEADW) bilden, untersucht und neue Zeitserien der 

Blei-(Pb)- und Neodym (Nd)-Isotopie nordostatlantischer Wassermassen während der 

letzten 15 Millionenjahre präsentiert. Die Ähnlichkeiten zwischen den Pb- und Nd-

Zeitserien der untersuchten Krusten aus dem Nordostatlantik und aus dem 

Nordwestatlantik belegen eine effektive Mischung der Wassermassen beider Becken 

während der letzten 4 Millionen Jahre. Allerdings traten signifikante Änderungen im 

östlichen Becken 1-3 Millionen Jahre früher ein, was nahelegt, daß sich die Ursachen 

einschneidender Änderungen der Pb und Nd-Isotopenzusammensetzung im Nordostatlantik 
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unmittelbarer auswirkten, wahrscheinlich aufgrund eines effizienten Exports von 

Labradorseewasser in den Ostatlantik über eine direkte nördliche Route wie die Charlie-

Gibbs Störungszone anstatt über die äquatoriale Bruchzonen. Die Pb-Isotopenentwicklung 

während des Plio-Pleistozäns läßt sich durch die Mischung zweierEndglieder,  dem MOW 

und dem NEADW, erklären. Die  stabile, unveränderte Pb-Isotopenzeitserie der Kruste aus 

der niedrigsten Wassertiefe, die im heutigen Tiefenbereich des MOW wuchs, zeigt 

allerdings, daß externe Quellen wie Saharastaub wahrscheinlich ebenfalls eine Rolle 

spielten.  

Die Ergebnisse des dritten Kapitels werden im vierten wieder aufgegriffen, um 

Informationen über die externen Quellen und klimabedingte Änderungen im 

Erosionseintrag in das Untersuchungsgebiet während der letzten 12 Millionen Jahre zu 

erhalten. Dafür wurden die Verhältnisse der radiogenen Isotope Pb, Nd und Sr in der 

detritischen Fraktion der Oberflächen von 31 Krusten, die durch Abkratzen der 

Krustenoberfläche gewonnen wurden, in 15 Proben aus Tiefenprofilen der drei für 

Zeitserienanalysen ausgewählten Krusten und in 6 benachbarten Sedimentproben 

bestimmt. Die Daten zum Detrituseintrag zeigen, daß die Quellen des detritischen Materials, 

das während der letzten ca. 12 Millionen Jahre in den Nordostatlantik eingetragen wurde, 

überwiegend in Nordafrika lagen. Als wichtiges Ergebnis belegen die Daten, daß sich die 

vorherrschenden Klimabedingungen während der letzten ca. 12 Millionen Jahre nicht 

signifikant geändert haben. 

Kapitel V behandelt die geochemische Zusammensetzung der Ablagerungen im 

Untersuchungsgebiet im Hinblick auf ihr Lagerstättenpotenzial. Achtzehn Tiefsee-Fe-Mn-

Krusten von 10 submarinen Bergen des Nordostatlantiks wurden untersucht. Aufgrund 

ihrer mineralogischen und geochemischen Zusammensetzungen sind die untersuchten 

Krusten typische hydrogenetische Krusten wie sie auf Kontinentalhängen gefunden werden 

und haben Co+Cu+Ni-Maximalkonzentrationen von 0.96 Gewichtsprozent. Elemente der 

Platingruppe, die für fünf Proben bestimmt wurden, zeigen Pt-Gehalte von 153 bis 512 ppb. 

Die Studie zur Anreicherung von Spurenelementen in den Fe-Mn-Krusten, die von 

wirtschaftlichem Interesse sind, ist von direkter Bedeutung für die Einschätzung des 

Ressourcenpotenzials dieser Ablagerungen. Förderleistungen für bestimmte Metalle 

wurden für ausgewählte Gebiete innerhalb und in Nachbarschaft zur exklusiven 

portugiesischen Wirtschaftszone berechnet. Die Ergebnisse zeigen, daß das 
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Untersuchungsgebiet vergleichbar zu Bereichen des zentralen Pazifiks ist und daß diese 

atlantischen Ablagerungen wichtige, zukünftige Ressourcen darstellen könnten. 

Diese integrierte Studie veranschaulicht das Potenzial von Fe-Mn-Krusten als Archive von 

paläoklimatischen und paläoozeanographischen Änderungen im Nordostatlantik während 

der letzten ca. 15 Millionen Jahre und die Bedeutung dieser Ablagerungen als zukünftige, 

mögliche Quellen für wirtschaftlich bedeutende Metalle.  
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General Introduction 

 

I.1. Hydrographic and climatic evolution of the Northeast Atlantic Ocean 

over the past ~15 million years 

Integrated knowledge of the factors controlling the oceans represents nowadays one of the 

biggest challenges for reliable and realistic prediction of man-made climate change; the 

oceans play a crucial role for the redistribution of heat around the globe, through ocean 

circulation, and for the regulation of atmospheric CO2 levels, through deep water formation. 

As a result of the surface circulation and the Global Thermohaline Conveyor Belt, the ocean 

contributes to the stabilization of the climatic system (Broecker, 1991). In fact, the strength 

of the present-day Meridional Overturning Circulation (Figure I.1.), which controls deep 

ventilation and meridional heat transport around the globe, has to a large extent been 

controlled by the strength of North Atlantic Deep Water (NADW) production. NADW is 

formed by the contribution of three principal water masses at high northern latitudes: 

Labrador Seawater (LSW), Denmark Strait Overflow Water (DSOW), and Iceland-Scotland 

Overflow Water (ISOW), with variable amounts of Subpolar Mode Water admixed (Schmitz 

and McCartney, 1993). Moreover, it has been suggested that the contribution of highly saline 

and warm Mediterranean Outflow Water (MOW) is important for the thermohaline 

boundary conditions of the North Atlantic, thus preconditioning water masses that 

contribute to the formation of NADW (cf. Reid, 1978; Voelker et al., 2006). The NADW is 

exported from the western north Atlantic flowing south within the Western Boundary 

Undercurrent and reaching the eastern North Atlantic basin through gaps in the Mid-

Atlantic Ridge such as the Romanche or Vema Fracture Zones (cf. Broecker et al., 1985). 

North East Atlantic Deep Water (NEADW) is formed by mixing of a branch of ISOW that does 

not flow into the northwestern basin, with LSW, Lower Deep Water (LDW, modified 

Antarctic Bottom Water (AABW)), and modified NADW (Lacan and Jeandel, 2005a). 
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Figure I.1. Schematic picture of global ocean circulation with illustration of the Meridional Overturning 
Circulation, with the northward movement of warm and salty surface waters in the Atlantic Ocean (in red) and 
the southward return flow of cold, deep waters (in blue). The bottom currents are represented in purple. The 
yellow circles correspond to the locations of deep water formation. The black arrows indicate the direction of the 
currents (from Rahmstorf, 2002). 

 

During the Middle and Late Miocene two major paleoceanographic events, affecting the heat 

and salt budget of the oceans, have caused major changes of climate and of the thermohaline 

circulation: i) the gradual closure of the Isthmus of Panama, culminating in the cut-off of 

water exchange between the Atlantic and the Pacific around 4-3 million years (Ma) and ii) 

the Messinian Salinity Crisis (MSC). During the MSC (5.96-5.33 Ma; Krijgsmann et al., 1999) 

the Mediterranean Sea became, at least periodically, isolated from the world's oceans, which 

resulted in the evaporation of the basin and the deposition of vast evaporite formations. The 

gradual closure of the Panama gateway had major impacts on intermediate and deep water 

circulation leading to increased NADW export at ~4.6 Ma (Driscoll and Haug, 1998; Frank et 

al., 1999a; Reynolds et al., 1999). However the impact these major changes had on the onset 

of Northern Hemisphere Glaciation (NHG) are still under debate (e.g. Schneider and 

Schmittner, 2006). In the case of the Mediterranean Sea, Khélifi et al. (2009) for example 

suggested that a major aridification of the Mediterranean caused an intensification of the 





 
CHAPTER I - GENERAL INTRODUCTION  
                                                                     

 

 
4 

 

behavior during weathering, and different residence times) enables us to identify changes in 

continental weathering flux to the oceans (cf. Burton, 2006). 

 

Table I.1. Radiogenic isotope systems (Frank, 2002) 

Element Radiogenic Isotope Parent Isotope Residence Time Half-Life 

Nd 
143 

Nd
 147

Sm
 

~400*
1 
to ~700*

2
  yrs 106 Gyrs 

Pb 
206

Pb 
238

U 

~50 yrs (Atlantic) / ~200-400 yrs 

(Pacific) 4.47 Gyrs 

 

207
Pb 

235
U

 
 704 Myrs 

 

208
Pb 

232
Th

 
 14 Gyrs 

Sr 
87 

Sr 
87 

Rb
 

several Myrs 48.8 Gyrs 

*1 Arsouze et al., 2009 

*2 Rempfer et al., 2011 

 

One of the major challenges concerning the use of the radiogenic isotopes has been the 

identification of reliable archives and methods to extract the significant isotopic variations 

of past seawater. Changes in radiogenic isotope signatures providing information on past 

circulation and weathering inputs at different time scales have been successfully extracted 

from chemical sediments or seawater-derived chemical components of sediments (e.g. 

Frank, 2002; 2011). Hydrogenetic ferromanganese crusts (Fe-Mn crusts) are seawater 

precipitates which record the chemistry of the seawater at the time of their formation. Due 

to their slow growth rates (<10 mm/Ma) Fe-Mn crusts record changes in the radiogenic 

isotope composition of past seawater on long time scales (Burton et al., 1997; Abouchami et 

al., 1999; Burton et al., 1999; Frank et al., 1999b; Reynolds et al., 1999; Claude-Ivanaj et al., 

2001; Frank et al., 2002; 2003), as far back as 75 Ma (Klemm et al., 2005). In order to 

increase the time resolution of these archives, Laser-Ablation measurements of Pb and Nd 

isotopes in Fe-Mn crusts have been performed (Christensen et al., 1997; Foster et al., 2007). 
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The main source of Sr to the oceans is riverine input but hydrothermal inputs and 

(diagenetic) alteration of (Sr-rich) marine carbonates in the drainage areas and/or in ocean 

basins may also play a role (e.g. Frank, 2002; Banner, 2004). The oceans are the final 

repository of the weathering products of continental material, and thus, the Sr isotopic 

composition of seawater is controlled by mixing of continent-derived fluxes, as well as of 

fluxes derived from the alteration of oceanic basalts and sediments (Banner, 2004). The 

difference between continent- and mantle-derived 87Sr/86Sr ratios, and mixing of multiple 

sources with distinct isotopic composition, has controlled the Sr isotopic evolution of 

seawater. Despite the fact that the various fluxes of Sr to the oceans have distinct isotopic 

signatures, the Sr isotopic composition of seawater is homogenously distributed at any 

moment of geologic time as a consequence of its conservative behavior and very long RT in 

seawater (~2x106 yrs) compared to the global mixing time of the ocean, which promotes its 

effective mixing (e.g. Veizer, 1989; Frank, 2002; Banner, 2004). However, the 87Sr/86Sr ratio 

of the oceans varied in the course of geologic time as a function of changes in the kinds of 

rocks exposed to weathering (Faure, 1986), and is the most commonly used proxy of the 

geologic history of chemical weathering (e.g. Veizer et al., 1999; Ravizza and Zachos, 2003). 

Major changes on the slope of the Sr isotope evolution of seawater, such as periods of 

significantly increased 87Sr/86Sr, are the reflection of intense continental weathering caused 

by major orogenies such as the uplift of the Himalayas (Raymo and Ruddiman, 1992; Richter 

et al., 1992), or by major glaciations such as the first major Oligocene glaciation (Armstrong, 

1971; Capo and DePaolo, 1990). Contrarily, periods of decreasing 87Sr/86Sr in seawater are 

related to increased hydrothermal activity resulting from major continental breakup (e.g. 

Frank, 2002; Ravizza and Zachos, 2003; Burton, 2006). At present the seawater 87Sr/86Sr 

value is 0.70916 (Palmer and Edmond, 1989). 

In what concerns marine sediments, their Sr isotopic composition reflects the contribution 

from both authigenic and allogenic (detrital) components (Faure, 1986). The Sr isotopic 

composition of the authigenic fraction is identical to that of the seawater present at the time 

of its formation while the isotopic composition of the detrital fraction depends on the ages 

and Rb/Sr ratios of the mineral particles that originate from weathering of (old sialic) 

continent-derived rocks and/or (young volcanic) mantle-derived rocks (Faure, 1986). 

Moreover, and based in recent studies (Jung et al., 2004; Colin et al., 2006) it has ben 

suggested that the variations in the Sr isotopic composition of marine sediments reflect 
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changes in the degree of physical versus chemical weathering of the continental rocks. In this 

way, the variation in the 87Sr/86Sr ratios of the silicate fraction of marine sediments can be 

used as a recorder of sediment provenance, as well as of the relative importance of physical 

versus chemical weathering regimes of the continental terrains surrounding the different 

ocean basins (Faure, 1986 and references therein; Jung et al., 2004; Colin et al., 2006). 

 

 

I.3. Ferromanganese crusts as recorders of past ocean circulation and 

weathering inputs 

Hydrogenetic Fe-Mn crusts are considered condensed stratigraphic sections recording the 

oceanic and climatic history of the past 75 Ma (Klemm et al., 2005). Due to their slow 

growth, they have the capacity to record the chemical conditions of the seawater from which 

they formed and are considered reliable archives for past ocean circulation and weathering 

on long time scales (cf. Frank, 2002). 

The area of study, in the NE Atlantic, is influenced by the MOW, which is characterized by 

high salinity and temperature and low oxygen content. As manganese is soluble in low-

oxygen conditions, this water mass is enriched in dissolved Mn2+ between 800 to 1,200 m 

water depth (the core of MOW) (e.g. Ambar et al., 1999). 

Given the sampling location, influenced by the connection of the Atlantic and the 

Mediterranean Sea, these deposits may have experienced environmental fluctuations as 

Koschinsky et al. (1996) pointed out for the Lion Seamount. Fluctuations in the intensity of 

the Oxygen Minimum Zone (OMZ) may have interrupted crust growth at certain times and 

the strong influence of the MOW in this area has influenced the composition of these crusts. 

Based on the study of the records of the radiogenic isotope composition of Nd, Pb and Sr 

obtained from dated Fe-Mn crusts, from their detrital fraction, and from accompanying 

sediments we are able to identify the origin and mixing of water masses, and the sources 

and evolution of weathering inputs into the northeast Atlantic over the past 15 Ma. In fact, 

Pb and Nd isotopic changes can be attributed to changes in deep-water circulation patterns 

and weathering inputs (e.g. Abouchami et al., 1999; Frank et al., 1999; 2002).  
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leading to increased primary productivity and maintenance of the OMZ above the 

seamounts (Hein, 2000).  

Hydrogenetic metal precipitation is characterized by very slow growth rates, on the order of 

1 to 7 mm/Ma, which together with their extremely high specific-surface area for adsorption 

(average 325 m2/g of crusts) and high porosity (average 60%) (Hein et al., 1997; Hein, 

2000) promotes the enrichment of Fe-Mn crusts in many trace metals. Most of these metals 

are of economic interest and essential for green- and high-tech applications (Hein et al., 

2013), such as Co, Ni, Te, rare earth elements (REEs), and platinum-group elements (PGEs) 

and thus Fe-Mn crusts are considered an important metal resource.  

With the fast growing markets for metals, such as in Asia, the demand for rare metals will 

continue to increase drastically in the future (Hein et al., 2010); this and the continuous 

increase in metal prices will increase the potential for marine mining in the near future.  

The areas which have the greatest economic potential for nodules and crusts are the 

Clarion-Cliperton Fe-Mn Nodule Zone (CCZ) and the prime Fe-Mn crust zone (PCZ), both in 

the central Pacific Ocean (e.g. Hein et al., 2013). These zones and their Fe-Mn nodule and 

crust occurrences are located in the international seabed Area (the Area), which represents 

the areas of the ocean floor and subsoil beyond national jurisdictions and that are instead 

regulated by the International Seabed Authority (ISA). The Regulations on Prospecting and 

Exploration for Polymetallic Nodules in the Area were already adopted in 2000 and as 

interest in crusts is accelerating, the ISA has prepared draft regulations for exploration for 

Fe-Mn crusts, which have been discussed and approved during its 18th session in July 2012. 

To date, ISA has entered twelve contracts for exploration of polymetallic nodules in the CCZ 

and two contracts for exploration of cobalt-rich ferromanganese crusts in the western 

Pacific Ocean.  

The required parameters for hydrogenetic Fe-Mn crust formation, such as the existence of 

isolated seamounts with steep slopes, which are free of sediment, strong currents, and the 

existence of an OMZ are also found in the Atlantic (Koschinsky et al., 1995). Indeed, studies 

already done in the NE Atlantic seamounts (e.g. Koschinsky et al., 1995, 1996; Gaspar, 2001; 

Muiños et al., 2002; Muiños, 2005) indicate the general presence of Fe-Mn deposits of 

hydrogenetic origin. Despite that, studies on the occurrences of Fe-Mn nodules and crusts in 
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the Atlantic Ocean are still in their infancy and there is a clear need for investigation 

concerning the origin, distribution, and resource potential assessment of these deposits. 

 

 

I.5. Objectives and thesis outline 

The objective of this study is to better understand and determine the paleoceanographic, 

geological and chemical conditions responsible for the formation of hydrogenetic 

ferromanganese deposits in northeast Atlantic seamounts (in particular those within the 

Portuguese Exclusive Economic Zone), their concentration in trace metals of economic 

interest and in which way the chemical and isotopic composition of the crusts reflects the 

paleoclimatic and paleoceanographic conditions of the northeast Atlantic Ocean. To 

accomplish this objective, it was considered: i) to characterize the distribution of crust 

deposits in the study area; ii) determining changes in composition of crusts taking into 

account their mineralogical composition, major and minor elements distribution, REE 

patterns, ages and growth rates, spatial and temporal variations in isotopic composition and 

their association with crust thickness, water depth, and geographic location; iii) to 

determine their origin, taking into account the oceanographic conditions, such as water 

mass characteristics and their effect on crust chemistry and isotopic composition, and the 

geological conditions controlling the formation of the deposits.  

In Chapter II the material and methods used in the thesis work are described.   

Chapters III, IV and V represent the manuscripts produced during thesis work and that have 

either already been published in scientific journals or that are to be submitted soon. These 

articles/chapters cover the objectives of the thesis: 

The subject of Chapter III is the reconstruction of the Pb and Nd isotopic composition 

of water masses from the NE Atlantic, as extracted from dated Fe-Mn crusts. In this 

study three Fe-Mn crusts, distributed over a water depth profile comprising the 

present-day depths of MOW and NEADW, were analyzed. The time series of Pb and Nd 

have recorded the evolution of changes in the mixing of NE Atlantic water masses and 

of the weathering inputs into the NE Atlantic over the past 15 Ma.  
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Federal Institute of Technology, Zurich and Paul Scherrer Institute, Villigen, Switzerland) by 

C. Maden (ETH-Zurich). I interpreted the data and wrote the manuscript. All co-authors 

contributed to the discussion and helped improving and revising the manuscript. 

 

Chapter IV: Radiogenic Pb, Nd, and Sr isotope composition of the detrital fraction of Fe-

Mn crusts from NE Atlantic seamounts: Tracers of detrital inputs over the past 12 

million years  

Statement: 

The samples were collected during the Trident 86, TTR-11, M51/1, and Tore-Madeira 

cruises, of which I participated in TTR-11 and M51/1. Samples from the Tore-Madeira 

cruise were kindly provided for this work by J. Girardeau (CNRS, France) through L.M. 

Pinheiro (Univ. Aveiro, Portugal). J.H. Monteiro was the PI of the project, through which part 

of the work was financially supported. The re-sampling was performed by me at LNEG, 

Portugal. I also performed the oxide leaching and freeze drying of the samples at LNEG, 

Portugal and at GEOMAR, Kiel. The total dissolutions and chromatographic separation and 

purification of Pb, Nd and Sr were performed by me at Geomar, Kiel. The Pb, Nd, and Sr 

isotope compositions were measured by me together with B. Haley, C. Ehlert, and R. Stumpf 

at GEOMAR, Kiel. I also performed the sub-sampling and chemical preparation of the 

samples for dating by radioactive cosmogenic 10Be and stable 9Be at GEOMAR, Kiel. I 

discussed and interpreted the data with the help of Martin Frank, James R. Hein, Antje 

Voelker and Fátima Abrantes and wrote the chapter. 

 

Chapter V: Deep-Sea Fe-Mn crusts from the Northeast Atlantic Ocean: Composition and 

resource considerations 

Statement: 

The samples were collected during the Trident 86, TTR-11, M51/1, and Tore-Madeira 

cruises, of which I participated in TTR-11 and M51/1. Samples from Tore-Madeira cruise 

were kindly made available for this work by J. Girardeau (CNRS, France) through L.M. 

Pinheiro (Univ. Aveiro, Portugal). J.H. Monteiro was the PI of the project, through which part 

of the work was financially supported. I prepared the samples at LNEG, Portugal. The 
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New constraints on the Pb and Nd isotopic evolution of 

NE Atlantic water masses 

 

Abstract 
 

Time series of lead (Pb) and neodymium (Nd) isotope compositions were measured on three 

ferromanganese crusts recording the evolution of NE Atlantic water masses over the past 15 Ma.  The 

crusts are distributed along a depth profile (~700-4600 m) comprising the present-day depths of 

Mediterranean Outflow Water and North East Atlantic Deep Water. A pronounced increase of the 

206Pb/204Pb in the two deeper crusts starting at ~4 Ma and a decrease in 143Nd/144Nd in all three 

crusts took place between ~6-4 Ma and the present. These patterns are similar to isotope time series 

in the western North Atlantic basin and are consistent with efficient mixing between the two basins. 

However, the changes occurred 1-3 Ma earlier in the eastern basin indicating that the northeastern 

Atlantic led the major change in Pb and Nd isotope composition, probably due to a direct supply of 

Labrador Sea Water via a northern route. The Pb isotope evolution during the Pliocene-Pleistocene 

can generally be explained by mixing between two end-members corresponding to Mediterranean 

Outflow Water and North East Atlantic Deep Water but external sources such as Saharan dust are 

likely to have played a role as well. The Pb isotope composition of the shallowest crust that grew 

within the present-day Mediterranean Outflow Water does not show significant Pb isotope changes 

indicating that it was controlled by the same Pb sources throughout the past 15 Ma.   

 

 

This Chapter has been published as:  

Muiños, S. B., M. Frank, C. Maden, J. R. Hein, T. van de Flierdt, S. M. Lebreiro, L. Gaspar, J. H. 

Monteiro and A. N. Halliday (2008), New constraints on the Pb and Nd isotopic evolution of 

NE Atlantic water masses, Geochem. Geophys. Geosyst., 9, Q02007, doi: 

10.1029/2007GC001766. 
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III.1. Introduction 

The strength of the present-day Meridional Overturning Circulation, which controls deep 

ventilation and meridional heat transport around the globe, has to a large extent been 

controlled by the strength of North Atlantic Deep Water (NADW) production. Three 

principal water masses contribute to the formation of NADW at high northern latitudes: 

Labrador Seawater (LSW), Denmark Strait Overflow Water (DSOW), and Iceland-Scotland 

Overflow Water (ISOW), to which variable amounts of Subpolar Mode Water are admixed 

(Schmitz and McCartney, 1993). In addition, it has been suggested that contributions of 

highly saline and warm Mediterranean Outflow Water (MOW) are important for the salt and 

temperature budget of the North Atlantic, thereby preconditioning water masses that form 

NADW (cf. Reid, 1978; Voelker et al., 2006). In the western north Atlantic, NADW flows 

south within the Western Boundary Undercurrent and reaches the eastern North Atlantic 

basin through gaps in the Mid-Atlantic Ridge such as the Romanche or Vema Fracture zones 

(cf. Broecker et al., 1985). North East Atlantic Deep Water (NEADW) is formed by mixing of 

a branch of ISOW, which did not flow into the North-western basin, with LSW, Lower Deep 

Water (LDW, which is essentially modified Antarctic Bottom Water (AABW)) and modified 

NADW (Lacan and Jeandel, 2005a). 

NADW production and export to the Southern Ocean have been subject to temporal changes 

but the magnitude and timing of those changes has been a matter of debate. It has been 

argued that NADW export was not fully established until the closure of the Isthmus of 

Panama (beginning at around 12.5 Ma and final closure at ~3 Ma (Murdock et al., 1997 and 

references therein)). According to this hypothesis the closure caused an enhanced advection 

of warm and saline waters to the northern high-latitudes which then increased the 

production of NADW (Bartoli et al., 2005). In contrast, there are clear indications from 

carbon and neodymium isotope studies that the NADW export was stronger during the 

warm early Pliocene than it is today (Ravelo and Andreasen, 2000) and decreased after the 

major intensification of Northern Hemisphere Glaciation (NHG) at 2.7 Ma (Raymo et al., 

1992; Frank et al., 2002). Moreover, based on Nd isotope records from the Walvis Ridge, Via 

and Thomas (2006) postulated an onset of NADW production in the early Oligocene, in 

agreement with sedimentological evidence (Davies et al., 2001). 
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ferromanganese crusts (e.g., Hein et al., 2000; Frank, 2002). Intermediate depth crust 3511-

1 has an extrapolated surface 10Be/9Be ratio of ~5x10-8, which corresponds to values 

expected for modern seawater precipitates in the eastern North Atlantic Ocean (von 

Blanckenburg et al., 1996b). The shallowest crust 3514-6 has a lower surface 10Be/9Be ratio 

of 2.7 x 10-8 and also deepest crust 3513-14 has a lower extrapolated surface 10Be/9Be ratio 

of 2.3 x 10-8. The lower 10Be/9Be value in the shallowest crust is consistent with water 

column data from similar water depths in the northwestern Atlantic (Ku et al., 1990) and 

with admixture of waters from the Mediterranean (the location of the crust is presently 

bathed by MOW), which have very low 10Be/9Be ratios of ~1 x 10-8 (Brown et al., 1992).  

Alternatively, if the true actual surface 10Be/9Be ratio of all crusts were 5 x 10-8, this would 

imply that a layer representing ~1.5 Ma of crust growth (~2 mm) is missing from the 

surface of shallowest crust 3514-6. Given that there are no macroscopically visible hints for 

erosion or dissolution at the surface of this crust, we consider this highly unlikely. For 

following interpretations we will therefore consider the 10Be/9Be ratio of 2.7x 10-8 as the 

correct surface value, but will briefly discuss the implications of a possibly missing surface 

layer in section 4.5. For deepest crust 3513-14 the low 10Be/9Be ratio may either imply that 

there is a thick layer representing 1.5 Ma of crust growth missing (~6.6 mm) or that the 

crust grew much more slowly at about 1.7 mm/Ma in the uppermost 5 mm, where we have 

no 10Be/9Be data. Such a lower growth rate is fully consistent with the growth rate 

variability derived from the Co constant flux method (Manheim, 1986; Frank et al., 1999a) 

which was consequently adopted for the applied age model in the upper 5 mm (Figure 

III.2.). The oldest part of the crusts 3514-6 and 3511-1 was not dated by 10Be/9Be but 

growth rates were determined by matching the Co constant flux method in each crust to 

10Be/9Be in their respective younger part (Manheim, 1986; Frank et al., 1999a). The results 

of the Co method indicate that the average growth rates obtained from 10Be/9Be in the 

younger parts of crusts 3514-6 and 3511-1 were not significantly different from their older 

parts. The dating resulted in ages of 15.2 Ma, and 12.0 Ma for the bases of the crusts at 23.5 

mm and 18 mm depth of crusts 3514-6 and 3511-1, respectively. For deep crust 3513-14, 

the Co-derived growth rate did not match the well-constrained 10Be/9Be growth rate, but 

indicates relatively constant growth below 5 mm, which is why the age model for this crust 

is only based on the extrapolated 10Be/9Be ratios below 5 mm depth. 
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Table III.3. Pb and Nd isotopic compositions of the crusts 

 

 

 

 

Mean Age,

Depth, mm Ma

3514-6

0 - 0,5 0,25 0,18 18,811 15,679 38,880 0,512077
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Figure III.4. Comparison of (a) Nd and (b) 206Pb/204Pb time series for our three crusts with other crusts from the 
northeastern and northwestern Atlantic: The data for 65GTV (Abouchami et al., 1999) are plotted as solid stars 
with dashed line. The data for 121DK (Abouchami et al., 1999) and Madeira (Reynolds et al., 1999) are plotted as 
a light green field. The data from the northwestern Atlantic, crusts BM1969.05 (39°N; 61°W) and ALV 539 (35°N; 
59°W) (Burton et al., 1997, 1999; Reynolds et al., 1999) are plotted as a dark green field. Dashed vertical lines 
mark the major changes in patterns for the northeastern Atlantic (red) and northwestern Atlantic (blue). 

 

Preanthropogenic Pb isotopic data cannot be extracted from modern seawater. We 

therefore compare our 206Pb/204Pb surface values with surface data of other northeastern 

Atlantic crusts. Our shallowest crust (upper MOW core) shows a 206Pb/204Pb value of 18.81, 

comparable with the 18.78 value of crust 65GTV (lower MOW core), which are the least 

radiogenic crusts (Abouchami et al., 1999). The intermediate and deepest crusts show more 

radiogenic 206Pb/204Pb isotopic values of 18.96 and 18.98, respectively, which are 

comparable with values for crusts 121DK and Madeira (18.95 and 18.99, respectively) from 

similar water depths (Abouchami et al., 1999; Reynolds et al., 1999; Claude-Ivanaj et al., 

2001).  
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uncertainties. This difference in timing can not be explained by changes in weathering in 

northern Canada and Greenland associated with the onset of NHG but must rather have 

been associated with paleoceanographic changes that occurred prior to and during the early 

phase of the onset of NHG. These changes may for example have been related to the closure 

of the Isthmus of Panama. It has been reported that the gradual closure of the Isthmus of 

Panama had a major impact on intermediate and deep water circulation and an 

intensification of NADW export at ~4.6 Ma (Driscoll and Haug, 1998; Frank et al., 1999b; 

Reynolds et al., 1999). The early change in the eastern North Atlantic may thus have been 

caused by a diminished influence of LDW as suggested by Abouchami et al. (1999). There is, 

however, no clearly detectable shift towards less radiogenic Nd isotope and more radiogenic 

Pb isotope composition at 4 Ma in the records from the Romanche and Vema Fracture zones, 

the ultimate pathway of southern sourced water masses in the eastern North Atlantic Basin 

(Frank et al., 2003). More likely, therefore, the similarity of the overall patterns and the 

differences in amplitudes observed for Pb and Nd isotopes between the western and eastern 

basins over the past 4 Ma indicate an influence from efficient deep water-mass exchange 

between the two basins via a northern route, such as the Charlie-Gibbs Fracture Zone 

(CGFZ) (Sy et al., 1997; Paillet et al., 1998; Bower et al., 2002). In the more distant past 

(prior to ~2 Ma), the CGFZ could have dominated the exchange between the two basins. This 

may have enabled a pronounced early and direct transfer of the extremely unradiogenic Nd 

and radiogenic Pb isotope signature of LSW into the northeastern Atlantic basin prior to the 

change in the isotopic composition of NADW. This is supported by model calculations (Sy et 

al., 1997) which show that spreading of LSW under winter forcing conditions can occur at a 

more southerly location, leading to a more efficient export of this water mass to the eastern 

basin via northern fracture zones such as the CGFZ. Schott et al. (1999) reported the 

existence of phases of strong deep eastward flow through the CGFZ under present-day 

conditions. These authors conclude that the North Atlantic Current (NAC, which is a warm 

surface current transporting Gulf Stream waters to the eastern North Atlantic), also plays a 

crucial role for the pathways of deep water supply out of the eastern North Atlantic. 

According to their observations, if the NAC follows a more northerly route for an extended 

period of time, then the flow through the CGFZ can be pushed backwards, thus changing the 

composition of the northern deep circulation system. Moreover, Boessenkool et al. (2007) 

pointed out that convective change in the Labrador Sea may be more important in the 
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III.4.3 Influence of MOW and the Messinian Salinity Crisis  

The Pb isotope time series of the shallowest crust 3514-6 is markedly different from all 

other time series in the North Atlantic and thus requires additional discussion. The 

relatively unradiogenic Pb isotope composition of this crust and crust 65GTV from 1500 m 

water depth is in agreement with the expected signal of MOW based on the geology of the 

continental landmasses surrounding the Mediterranean (Abouchami et al., 1999). The 

shallowest crust is located within the upper core of the MOW around 800 m depth (Ambar 

et al., 1999, 2002) and the long-term stability of the signal indicates a continuous presence 

of MOW at this location and water depth, integrated over glacial/interglacial time scales, 

over the past 15 Ma. There is no indication of any significant growth hiatus during the MSC 

(Figure III.2.), which would, however, also be difficult to detect in view of the coarse 

resolution of the 10Be/9Be data. This apparently contrasts the missing record of the MSC 

between 6 and 5.3 Ma (Krijsgsman et al., 1999), when the Atlantic-Mediterranean exchange 

was reduced in comparison to the present day (Flecker and Ellam, 2006). The continuous 

and invariable Pb isotope record may indicate that the Pb isotopes were controlled by 

advection of MOW combined with local external inputs, such as partial dissolution of detrital 

particles from the nearby continents (e.g., Saharan dust) (Abouchami et al., 1999; Tachikawa 

et al., 1999). In addition, there may be no indication of the MSC because MOW formed at 

least episodically and the corresponding isotopic signal reached the depth and location of 

crust 3514-6 during these short episodes. In fact, Flecker et al. (2002) and Flecker and Ellam 

(2006) argued that even during the deposition of the Upper Evaporite sequence in the 

Mediterranean, the outflow into the Atlantic was reduced but was not completely or 

continuously stopped. In support of this, Flecker et al. (2002) suggested that a complete 

isolation over the MSC is inconsistent with observed Sr isotopic offsets from coeval open-

marine values and the high salinities required for evaporite precipitation. In order to 

explain the evaporite deposition during the MSC, Flecker and Ellam (2006) proposed an 

alternative hypothesis to the desiccation or connected-basin hypothesis which states that 

evaporite deposition was triggered by one, or potentially several, Atlantic transgressions 

that increased the mass of salt in the Mediterranean. In view of these results, it appears 

most likely that MOW formed episodically and that therefore the Pb and Nd isotope 

signatures, which integrate over several 100 kyr, did not record short term changes caused 

by the MSC. It is stressed here that the Pb isotopes recorded the continuous MOW signature 
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(combined with some external contributions most likely from dust) due to the short 

residence time of Pb at this location proximal to the Strait of Gibraltar, whereas the Nd 

isotope record was overprinted by mixing with other North Atlantic water masses due its 

longer residence time. 

 

III.4.4. Pliocene-Pleistocene evolution of water masses from Pb isotopes 

In order to identify the changes in the sources of Pb contributing to seawater Pb isotope 

compositions over the past 5 Ma, time slice reconstructions of the four crusts in the eastern 

North Atlantic, which essentially only differ in water depth, were carried out (Figure III.6.).  

The time slice plots show that the Pb isotope ratios of all crusts can essentially be explained 

by a mixture between two water masses, the proportions of which changed over time (circa 

5 Ma, circa 4 Ma, circa 3 Ma, circa 1.5 Ma, and present). The unradiogenic end-member has 

been MOW for the two shallow locations, whereas the radiogenic end-member most likely 

has been NEADW (including LDW and a LSW component). In addition, an external source, 

most likely dust, must have contributed to the Pb isotope signatures. For the present-day 

situation, the Pb in crust 65GTV is the least radiogenic. It is emphasized here that the MOW 

field represents an already modified isotope composition which is based only on the data for 

crust 65GTV from 1500 m water depth (Abouchami et al., 1999). It is most likely that 

unmodified MOW is even less radiogenic (Figure III.6.).  

Data for the interval 5 to 3 Ma indicate a dominance of the unradiogenic end-member, which 

then shift towards the radiogenic end-member, most pronouncedly for the present day. At 

around 1.5 Ma, a composition intermediate between the two end-members was reached, but 

was accompanied by a change in slope (see particularly Figure III.6b.). Despite the overall 

similarity of the data, this indicates a change in the contributing end-members. Aridity 

increased in the Saharan region since ~4 Ma (Rea, 1994) caused by repeated cooling during 

the Pliocene-Pleistocene. A change in the source area of the Sahara from which dust was 

derived may have changed the mixing proportions of Pb at 1.5 Ma. Partial dissolution of dust 

may also have contributed to the markedly constant Pb isotope composition of the 

shallowest crust. In support of this, the data for the shallowest crust plot on the 1.5 Ma time-

slice line for the entire period between 5 Ma and the present. As the Pb residence time in the 

surface waters is very short, and because adsorption of Pb onto particles is in general not 
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reversible (Henderson and Maier-Reimer, 2002), the Pb isotope signature of the upper part 

of MOW, as recorded by the shallowest crust, must have been strongly influenced by dust 

inputs. In contrast the deep water Pb isotope composition was mainly controlled by ocean 

circulation and water mass mixing.  

 

 

 

Figure III.6. Time slice connections (surface, 1.5, 3, 4, and 5 Ma) from the northeastern Atlantic crusts (65GTV, 
3514-6, 3511-1, and 3513-14) in (a) 208Pb/204Pb versus 206Pb/204Pb and (b) 207Pb/204Pb versus 206Pb/204Pb 
space. The lines mark connections between the data of particular time slices (the legend in the graphics displays 
each time slice color). The green ellipse displays the field of crust 3514-6; it shows a nearly constant Pb isotope 
signature. The symbols and fields for the potential sources influencing the study area are: i) NW Atlantic crusts 
data (dark green field) defined by data from BM1969.05 and ALV539 (Burton et al., 1997, 1999; Reynolds et al., 
1999) for the time range 0-5 Ma; ii) data from Atlantic sediments, interpreted as Saharan dust (orange field) is 
given by Sun (1980); iii) Saharan dust data (open grey diamond) is given by B. Hamelin (personal 
communication, 2003); The dashed dark grey lines indicate the possible endmember compositions of 
unmodified MOW (unradiogenic) and LSW (radiogenic) end-members. 
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III.5. Conclusions 

We present new time series of the Pb and Nd isotope evolution of water masses at different 

depths from the eastern North Atlantic of the past 15 Ma. The similarity between the Pb and 

Nd time series patterns from the northeastern and northwestern Atlantic over the past 4 Ma 

shows that there has been efficient mixing between the two basins. This and the fact that the 

northeastern Atlantic shows a major change in the trends 1-3 Ma earlier, reinforces the idea 

of an efficient export of LSW to the eastern Atlantic via a northern route such as across the 

CGFZ rather than through the equatorial fractures zones (Abouchami et al., 1999; Frank et 

al., 2003). A continuous decreasing trend in the Nd isotope composition at shallow and 

intermediate depths may indicate that waters from the Labrador Sea started to influence the 

eastern North Atlantic basin as early as at 12 Ma. 

The evolution of water-mass mixing, from ~5 Ma to the present, as reconstructed from Pb 

isotopes, can be explained by a mixture between two principal end-members: an 

unradiogenic MOW end-member and a radiogenic NEADW end-member. It is likely that a 

local external input has influenced the Pb isotope evolution of the MOW. This is indicated by 

the invariant Pb isotope composition of the shallowest crust, located within the modern 

MOW, which is intermediate between the inferred undiluted MOW and NEADW end-

members. This is probably due to the release of Pb from Saharan dust resulting from higher 

dust fluxes as a consequence of enhanced aridity. This crust has recorded an essentially 

constant MOW signal, despite the fact that the MSC occurred. This indicates that MOW was 

at least released episodically during that time and that the cessations of MOW were too 

short to be resolved in the ferromanganese crust record.  

The enhanced 206Pb/204Pb gradient with water depth over the past ~4 Ma (Table III.4.) that 

we observe in our time series can best be explained by a stronger influence of LSW-derived 

Pb in the deeper crusts indicating that the Pb isotope composition of LSW must have been 

extremely radiogenic. Thus, the Pb isotope compositions of the shallower water masses 

have been controlled by a combination of local water mass mixing and external sources, 

such as dust, whereas those of the deeper water masses were mainly controlled by ocean 

circulation and water mass mixing. 
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Deep-Sea Fe-Mn crusts from the Northeast Atlantic 

Ocean: Composition and resource considerations 

 

Abstract 
 

Eighteen deep-sea ferromanganese crusts (Fe-Mn crusts) from 10 seamounts in the northeast 

Atlantic were studied. Samples were recovered from water depths of ~1,200 to ~4,600 m from 

seamounts near Madeira, the Canary and Azores islands, and one sample from the western 

Mediterranean Sea.  

The mineralogical and chemical compositions of the samples indicate that the crusts are typical 

continental margin, hydrogenetic Fe-Mn crusts. The Fe-Mn crusts exhibit a Co+Cu+Ni maximum of 

0.96 wt%. Platinum-group element contents analyzed for five samples showed Pt contents from 153 

to 512 ppb. 

The resource potential of Fe-Mn crusts within and adjacent to the Portuguese Exclusive Economic 

Zone (EEZ) is evaluated to be comparable to that of crusts in the central Pacific, indicating that these 

Atlantic deposits may be an important future resource. 
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V.1. Introduction 

Manganese and ferromanganese oxide deposits in the oceans occur as nodules, crusts, and 

massive beds. These deposits have been classified as diagenetic, hydrogenetic, 

hydrothermal, and mixed-type deposits (Halbach 1986; Hein et al. 1997; Wen et al. 1997). 

Hydrogenetic crusts (Fe-Mn crusts) form by direct precipitation of colloidal hydrated metal 

oxides from the water column onto hard-rock substrates.  

The first investigations of hydrogenetic Fe-Mn crusts on seamounts were carried out in the 

Pacific Ocean (Craig et al. 1982; Halbach et al. 1982, 1989b; Hein et al. 1988). The 

preconditions required for Fe-Mn crust formation, such as the occurrence of isolated 

volcanic edifices, strong currents that keep the edifices free of sediment, and an oxygen-

minimum zone (OMZ) are also found in the Atlantic Ocean (Koschinsky et al. 1995). Indeed, 

previous results from NE Atlantic seamounts indicate widespread presence of Fe-Mn crusts 

of hydrogenetic origin (Koschinsky et al. 1995, 1996; Gaspar 2001; Muiños et al. 2002; 

Muiños 2005). Hydrogenetic precipitation is dependent on water-mass properties and is 

characterized by slow growth rates (<10 mm/Ma) and generation of an extremely high 

specific-surface area, which promotes the enrichment of trace elements through scavenging 

by the major oxides (e.g. Hein et al. 1997). Seamounts act as obstructions to oceanic water-

mass flow thereby creating seamount-generated currents of enhanced energy relative to 

flows away from the seamounts. These currents, which are strongest along the outer rim of 

the summit region of seamounts, promote the formation of thick crusts, enhanced turbulent 

mixing, and produce upwelling, leading to increased primary productivity and thus 

maintenance of the OMZ (summarized in Hein et al. 2000). Manganese oxides and associated 

trace metals are concentrated in the OMZ, which are then scavenged onto crusts under oxic 

conditions resulting from the turbulent mixing around seamounts.   

Our study area in the northeast Atlantic (Figure V.1.) is influenced by the Mediterranean 

Outflow Water (MOW), which is characterized by relatively high salinity and temperature 

and low oxygen content compared to surrounding water masses. Because manganese is 

soluble under low-oxygen conditions, this water mass is a reservoir for Mn2+ in solution 

between 800 and 1,200 m water depth, which corresponds to the upper and lower cores of 

the MOW (Madelain 1970; Zenk 1970; Ambar and Howe 1979; Ambar et al. 1999, 2002).  
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Fluctuations in the intensity of the OMZ and MOW may have influenced the composition of 

the Fe-Mn crusts (Koschinsky et al. 1996). 

 

 

Figure V.1. Map showing bathymetry, the location of the sample sites, and the limits of the Portuguese EEZ. 

 

Hydrogenetic precipitation promotes the enrichment of crusts in potentially economically 

important trace metals such as Co, Ni, Te, rare earth elements (REEs), and platinum-group 

elements (PGEs), and thus there is a growing recognition of Fe-Mn crusts as potential metal 

resources. With growing markets for metals in Asia, as well as the rapid development of 

high-tech and green-tech applications, the demand for rare metals will increase dramatically 

in the near future (Hein et al. 2010). 

Significantly, to our knowledge, there is a lack of technology needed for detailed exploration 

and extraction of Fe-Mn crusts, which may be slowing development. However, much 

proprietary engineering research has been undertaken in a number of countries.  

Environmental studies are also in their infancy and should be addressed as stipulated in the 

United Nations Convention on the Law of the Sea and International Seabed Authority 

regulations. Accompanying the accelerating economic interest in Fe-Mn crusts, the 
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(AAS), Hg by cold vapor AAS, and Cl- was analyzed by the specific-ion electrode method.  

Based on duplicate analyses of 10% of the samples, precision was better than 5% for S, As, 

Ba, Be, Bi, Cd, Co, Cr, Cu, Ga, Ge, In, Li, Mo, Ni, Pb, Rb, Sc, Se, Sr, Te, Th, Tl, U, V, Zn, REEs, Cl-, 

and Cs and better than 10% for Sb, Sn, W, and Hg. For a few elements, precision varies 

widely and data should be used with that in mind: Ag (10-33%), Hf (11-28%), Nb (15-24%), 

Ta (13-24%), and Zr (5-16%). Five samples were also analyzed for PGE and Au contents by 

fire assay and ICP-MS. Analytical accuracy was calculated using international standards 

AMIS0056 and HGMNEW and is better than 5% for Os and Ru, better than 10% for Ir, Pd, 

and Pt, 13% for Au, and varies from 5-17% for Rh. 

 

Table V.1. Location of samples 

 

*1 except for samples from the TTR-11 cruise that were collected by TV-Grab, all the other coordinates and water depths 
(M51/1- Meteor 51/1, TM-Tore-Madeira and TR-Trident 86) correspond to intermediate values from on- and off-bottom 
dredge locations. MTR means Madeira-Tore Rise. 

 
Sample ID 

 
Field ID 

 
Latitude (N)*

1
 

 
Longitude (W)*

1
 

 

 
Water Depth (m)*

1
 

 
Seamount 

 
Geographic Area 

 

3477-B.3.4 TTR11-353GR 35.3117 -14.8300 1853 Nameless Madeira 

3478-B.3.5 TTR11-354GR 35.3167 -14.8350 1839 Nameless Madeira 

3717-12 TM-D19 35.2767 -14.8500 2198 Nameless Madeira 

3521-6 M51/1-426DR 33.8683 -14.3680 1362 Seine Madeira 

3522-4 M51/1-428DR 34.4567 -15.5387 2946 Godzilla Madeira 

3718-1 TM-D20 34.4258 -14.4173 3756 Unicorn Madeira 

3513-13 M51/1-414DR 36.9700 -14.7475 4594 MTR-Josephine Madeira 

3513-14 M51/1-414DR 36.9700 -14.7475 4594 MTR-Josephine Madeira 

3513-16 M51/1-414DR 36.9700 -14.7475 4594 MTR-Josephine Madeira 

3708-1 TM-D3B 39.7217 -13.7152 4140 Tore Madeira 

3709-1 TM-D5 38.8442 -13.0147 2803 Tore Madeira 

3710-1 TM-D6B 39.2158 -12.8464 4245 Tore Madeira 

3711-2 TM-D9 39.2775 -12.1486 3110 Tore Madeira 

3525-9 M51/1-448DR 31.3216 -13.8009 3043 Dacia Canaries 

3533-7 M51/1-457DR 31.6267 -12.9382 1602 Annika Canaries 

3534-14.1 M51/1-458DR 31.7083 -12.8156 2128 Annika Canaries 

3536-3 M51/1-462DR 35.8450 -4.2125 1221 Ibn Batouta Mediterranean 

3862 TR86-8D 36.5667 -26.4833 2575 Azores Azores 
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than those of many crusts without goethite, so that explanations (1) and (4) may be most 

likely for the occurrence of goethite in the Atlantic samples.   

 

Table V.2. X-ray Diffraction Mineralogy of Fe-Mn samples 

 

*2 in approximate decreasing abundance; CFA means carbonate fluorapatite. 

 

The Fe-Mn crust samples have Fe contents from 12.5 to 23.2 wt % with an average of 17.9 

wt % and Mn contents from 9.3 to 17.0 wt% with a mean of 13.7 wt % (Table V.3.). These 

concentrations result in Fe/Mn ratios of 0.88 to 1.96 with a mean of 1.33, which is in the 

Sample 
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range typical of continental margin hydrogenetic Fe-Mn crusts (Hein et al. 2000). Silicon and 

Al concentrations range from 1.21 to 13.0 wt % and 0.73 to 4.66 wt % with average values 

of 4.45 and 2.04 wt %, respectively; Si/Al ratios vary between 0.83 and 5.32, with an 

average value of 2.05. The Si/Al ratios of the volcanic rocks in the area (Geldmacher et al. 

2006; Merle et al. 2006) cluster around 2.8. Sample 3708-1 from Unicorn Seamount has a 

Si/Al ratio of 5.32 indicating the presence of biogenic silica or eolian quartz. An explanation 

for the low Si/Al ratios is more difficult but preferential incorporation of feldspar over 

quartz or sorption of Al hydroxide as suggested by Koschinsky and Halbach (1995) could 

explain those ratios. Calcium concentrations range from 0.99 to 12.7 wt % with a mean 

value of 3.23 wt %, and P varies from 0.21 to 4.28 wt %, averaging 0.65 wt %. Cobalt, Cu, 

and Ni show minimum concentrations of 931, 315, and 1,240 ppm and maximum 

concentrations of 5,440, 2,050, and 3,980 ppm, respectively. Cobalt has a mean 

concentration of 3,408 ppm, copper averages 872 ppm, and nickel 2,197 ppm. The 

Co+Cu+Ni maximum is 0.96 wt %, with a mean of 0.64 wt %. These values and the Fe/Mn 

ratios are consistent with a predominantly hydrogenetic origin of continental margin Fe-Mn 

crusts. Some compositional data points fall outside the typical open-ocean hydrogenetic 

field (Figure V.2.), but do fall within the field typical for Pacific continental margin and small 

ocean basin Fe-Mn crusts. These continental-margin-type crusts show lower total Co+Cu+Ni 

and higher Fe, Si, Al, and Cr contents than open-ocean crusts, reflecting the higher 

terrigenous input per unit area for the Atlantic (Koschinsky et al. 1995; Hein et al. 2000). 

Tellurium is also an important element because of its potential economic value in the solar 

cell industry (Hein et al. 2010). In our samples, Te ranges from 11 to 71 ppm with an 

average value of 43 ppm. Hein et al. (2003) reported mean concentrations of Te for Pacific 

and Atlantic hydrogenetic Fe-Mn crusts of 50 ppm, which is consistent with our data. 

Vanadium, W, Zr, and Th also have notably high concentrations in our samples (Table V.3.).   

Differences in crust composition based on subregions of our study area (Mediterranean, 

Canaries, Tore, Madeira-Tore Rise (MTR), and Azores) are presented in Figure V.3. using 

data averaged from Table V.3. for each subregion (see Table V.1.).  It should be stressed that 

for Mediterranean and Azores subregions, only one sample is available, which should be 

taken in to consideration when comparing to the average values from the remaining  
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Table V.3. Chemical composition 
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Table V.3. (Continued) 
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Table V.3. (Continued) 
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Table V.3. (Continued) 

 

All Cs concentrations < 5ppm 
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Figure V.2. Ternary diagram. All data plotted as wt %. The fields are: (A) diagenetic, (B) hydrogenetic, and (C) 
hydrothermal. Ternary plot software from (www.crog.org/cedric/dplot). 

 

subregions. We also distinguish between the different MTR seamounts: MTR-Josephine and 

South MTR seamounts (which includes Nameless, Unicorn, Seine and Godzilla seamounts). 

South MTR seamounts is the subregion with the highest average values of Co+Ni+Cu, Co, Ni, 

Zn, Mo, Tl, W, Te, and Bi. The Mediterranean subregion is systematically lower for all 

elements, with the exceptions of Ni and Zn. The Canaries subregion shows the highest P 

contents, which will be discussed in the section on phosphatization, and the Azores 

subregion shows the higher concentrations of Ti (2.37 wt%), which may include a 

significant detrital source as well as the typical adsorption of Ti from seawater.  

Changes in the geochemical composition of Fe-Mn crusts with water depth, such as 

increased Cu, Ni, Si, and Al concentrations with increasing water depth have been identified 

previously (e.g. Cronan 1977, 1997; Mangini et al. 1987; Hein et al. 1997). Increased Ni 

contents with water depth are not found in our sample set (Figure V.4.). There is an 

apparent increase of Cu content with water depth, which might be caused by the release of 

Cu during dissolution of carbonate material close to the CCD (Halbach et al. 1979 and 

references therein; Cronan 1997; Verlaan et al. 2004). Planktonic organisms extract metals 

from surface waters for metabolic processes and through scavenging. Dissolution of the 

carbonate tests and oxidation of the organic matter then release these metals at depth. The  

http://www.crog.org/cedric/dplot
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Figure V.3. Trace-metal concentrations in different subregions of the study area. Data correspond to averages of 
analyses in Table V.3. (See also Table V.1.). 

 

CCD in the North Atlantic lies at about 4,700-4,800 m (van Andel 1975; Broecker and Peng 

1982). Our most Cu-enriched samples are from ~4,600 m water depth. Cronan (1997) found 

that for Pacific manganese nodules, the highest Cu contents are not present in the deepest 

water nodules below the CCD, but in those located slightly above the CCD at around 5,000 m 

water depth. The increased deep-water Cu concentrations may thus be the result of a 

reduction in sedimentation rate associated with the loss of carbonate tests by dissolution 

near the CCD. That loss would lead to an increase in the concentration of organic phases in 

the sediments, whose decay would promote diagenetic reactions that enrich Cu and increase 

Al and Si contents (Cronan 1997). Our dataset supports this and shows similar increases 

with water depth for Cu, Al, and Si, and an opposite trend for Ca (Figure V.4.). Dissolution of 

carbonate tests may influence geochemistry within the calcite lysocline at depths from 
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Figure V.4. Distribution of selected elements with water depth. Dashed lines correspond to hand-drawn trends, 
others are regression lines; dashed box in Co illustrates the group of samples not considered for regression lines. 
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and then oxidized on the surface of the FeO(OH) (Hodge et al. 1985; Hein et al. 1997; Hein et 

al. 2003; Banakar et al. 2007). 

 

Table V.4. PGE concentrations and ratios in five Fe-Mn crusts 

 

 

 

 

V.4. Interelement relationships and mineral phases 

A correlation coefficient matrix for selected elements (Table V.5.) shows that Fe is positively 

correlated (99% Confidence Interval-CI) with Ti, Mo, and REEs (the correlation is better 

with LREEs and MREEs) and to a lesser extent (95% CI) with Y and Co. Manganese is 

positively correlated with W, Tl, and Pb at the 99% CI, and also with Zn, Mo, Ni, and Bi at 

95% CI, and shows negative correlations with the REEs (except La, Pr, and Nd). Cobalt 

shows strong positive correlations (99% CI) with Te, Pb, Nb, Bi, and some REEs (La, Pr, Nd, 

Tb, Dy, Ho, Er, Yb), and the correlations are better with the MREEs and HREEs. Tellurium 

also shows positive correlations with the same elements as Co, but Te shows lower 

correlation coefficients with Bi and the REEs. Both Co and Te show higher coefficients with 

Fe than with Mn and both show negative correlations with elements characteristic of the 

detrital-aluminosilicate fraction, which was also found for Te in open-ocean crusts (Hein et 

al. 2003).  

Q-Mode factor analysis produces five factors that explain 97.3% of total variance of the data. 

Considering the mineralogical composition of the samples, we conclude that the five factors 

represent the Fe oxyhydroxide, aluminosilicate, biogenic (which may also include  
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Table V.5. Correlation Coefficient Matrix for selected elements 
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hydrothermal Mn), hydrogenetic Mn, and CFA phases (Figure V.6.), which is in agreement 

with previous work (Muiños 2005) that used a slightly different dataset and statistical tool 

(Pereira et al. 2003) and with investigations of globally distributed crusts (Frank et al. 

1999). It is also worth noting that the number of samples being smaller than the number of 

variables does not affect the results, as discussed in Muiños (2005). The identified phases 

are comparable to the phases commonly found for Pacific and Indian Ocean Fe-Mn crusts. 

 

 

V.5. Phosphatization 

Phosphorus contents of our data set vary from 0.21 to 0.51 wt% (a factor of two) 

throughout the entire region and water depths (Figure V.4.). However, two samples, 3521-6 

(Seine seamount) and 3533-7 (Annika seamount) are exceptions in that they show high P 

contents of 1.46 and 4.28 wt%, respectively, consistent with the CFA mineral component 

(Table V.2.). Regardless of these two samples, P seems to increase to the North and South of 

the Gibraltar: Samples from the MTR area (MTR-Josephine, Nameless, Unicorn, and Godzilla 

seamounts) show average P contents of 0.34 wt% while samples to the North (Tore) and 

South (Canaries) show higher average P values of 0.40 and 0.49 wt%, respectively.  

Based on our limited dataset, phosphatization took place within the water-depth range of 

1,200 to 1,500 m, but may also have occurred at shallower depths. That water-depth range 

corresponds to the lower core of MOW characterized by low dissolved oxygen contents and 

therefore low oxidation potential. This relationship was also pointed out by Koschinsky et 

al. (1996) and provides an indication of the influence of the prevailing oceanographic 

conditions in the area on the compositions of the crusts. Hein et al. (1993) suggested that 

during stable, warm climatic conditions dissolved phosphorous derived from intense 

chemical weathering on continents accumulated in the deep sea in large quantities. With the 

expansion of Antarctic glaciation and intensification of ocean circulation, the phosphorous-

rich deep waters were redistributed by upwelling and turbulent mixing at the seamounts to 

intermediate water depths and may have been temporarily stored in the OMZ. Koschinsky 

and Halbach (1995) proposed a model for precipitation of hydrogenetic Fe-Mn crusts, with 

crusts being formed below the OMZ, as the result of the mixture of Mn2+-rich and O2-poor 
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waters with Mn2+-poor and O2-rich deep waters. Halbach et al. (1982, 1989b) and 

Koschinsky et al. (1997) linked the phosphatization with the expansion of the OMZ as the 

result of increased surface-water productivity. The expansion of the OMZ led to the 

impregnation with CFA of the extant crusts. Despite the fact that a phosphatized old crust 

generation is missing in Atlantic crusts, Koschinsky et al. (1996) noted phosphatization 

episodes within a 8.5 Ma record from a crust collected from Lion Seamount in the NE 

 

 

Figure V.6. Graphic display of Q-Mode rotated factor scores for five factors; CFA means carbonate fluorapatite. 
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Atlantic Ocean, which may at least in part correspond to the 6 Ma event of phosphatization 

of limestone that occurred on Lighthill seamount off Morocco (Jones et al. 2002).  The 

phosphatization was most likely a consequence of episodes of increased productivity and 

biogenic particle flux and is much younger than the phosphatization episodes in the Pacific 

(Hein et al. 1993). 

Thus, the most probable explanation for shallow-water phosphatization is an interaction of 

the OMZ and MOW to produce an extended depth range for O2-poor and Mn2+-and dissolved 

P-rich waters, which reached down the slopes of some seamounts covered with Fe-Mn 

crusts. As a consequence, crust accretion may have been prohibited and precipitation of CFA 

promoted at these relatively shallow depths in the Atlantic Ocean (Hein et al. 2000 and 

references therein). 

 

 

V.6. Resource considerations 

Fe-Mn deposits in the Portuguese EEZ may become an important future resource but there 

is a clear need for studies to better understand their origin and distribution. During the 

oceanographic cruises mentioned above, as well as during the SO 83 cruise (Halbach and 

Scientific Crew 1993), samples of Fe-Mn nodules and crusts were collected on various 

seamounts from the northeast Atlantic. Despite the fact that the sampling was not 

systematic, and knowledge of the area needs to be augmented, we present a first-order 

evaluation of the possible resource potential of Fe-Mn crusts within and adjacent to the 

Portuguese EEZ, based on criteria developed by Hein et al. (2009).  

 

V.6.1. Grade  

According to Hein et al. (2009), large seamount summit areas with high grades of Co, Ti, 

REEs, Te, Ni, Th, Mn, Pt, etc, will be preferentially chosen for mining the crusts. It is also 

stressed that the grade will depend on the ability to collect Fe-Mn crusts without their 

substrate rocks, which would of course result in a decrease in the metal grade. Figure V.7. 

shows the concentrations of selected trace metals that offer an economic potential for the 

future for the crusts analyzed here compared to data for crusts from different ocean basins 
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(from Hein 2004). Average metal concentrations in our dataset are comparable to average 

concentrations for Indian Ocean Fe-Mn crusts except for Zr, which is significantly higher in 

Indian Ocean crusts. For most of the metals, average concentrations for our dataset are in 

the range of the average Atlantic concentrations given by Hein (2004), except also for Zr and 

Pt. In comparison to central Pacific crusts, the average compositions of the crusts analyzed 

here are systematically lower, with the exceptions of Th, which is enriched in Atlantic and 

Indian crusts, and Te and Ce, which show similar concentrations. Nevertheless, if we 

consider the maximum values for our samples, the concentrations are similar to average 

central Pacific concentrations, except once again for Zr. The highest Co concentrations in our 

crusts of up to 0.54% Co are found in the shallower-water samples (on Seine and Nameless 

Seamounts; Figure V.4.). Further exploration is warranted within those areas and also 

regionally to possibly locate larger areas with mean crust grades similar to the maximum 

concentrations found for individual crusts analyzed here.  

 

V.6.2. Tonnage (thickness)  

Tonnages were calculated based on average thicknesses of crusts in our dataset for 

Nameless, Unicorn, and MTR seamounts (Table V.6.). Considering data in Table V.6., the 

surface area above 2,500 m water depth, and a mean wet-bulk density of crusts of 1.95 

g/cm3, we calculate the crust tonnage for Nameless, Unicorn, and MTR to be 7.1x107, 

1.3x108, and 1.1x109 metric tons of wet crust respectively.   

Considering the average concentrations for Co, Ni, Ce, Te, and Pt of 0.34%, 0.22%, 0.13%, 

0.0043% and 3x10-8%, respectively, we calculate maximum tonnages of these metals 

(Figure V.8. and Table V.6.) with consideration for dilution resulting from recovery of 

substrate rock and unavailability of crusts for recovery due to other factors (see Hein et al. 

2009 for discussion). 
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Figure V.7. Trace-metal concentrations in different ocean basins and in crusts analyzed here. Mean 
concentrations for Atlantic, Indian, and central Pacific crusts from Hein (2004). 
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Figure V.8. Histogram of metric tons for different metals on the basis of average crust thicknesses for Nameless, 
Unicorn, and MTR seamounts. 

 

We consider the following: (i) a large area represented by MTR (total surface area of 41,872 

km2); (ii) a medium-sized area, represented by the combined areas of Lion, Nameless, 

Dragon, and Unicorn Seamounts (total surface area of 7,824 km2); and (iii) a small area 

represented by the combined areas of Lion and Nameless seamounts (total surface area of 

3,676 km2) (Figure V.9.). The choice of Nameless, Lion, Dragon, and Unicorn seamounts was 

made because we expect that these seamounts located to the south of MTR may represent a 

suitable exploration area based on their depths, specific oceanic currents, and metal 

concentrations. Area calculations and reductions for the three scenarios are illustrated in 

Figure V.10.  
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Figure V.9. Madeira -Tore Rise; Lion and Dragon, and Nameless and Unicorn; and Lion and Nameless contour 
polygons used for surface area calculations. 
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Figure V.10. Histogram of total surface area and surface area above 2,500 m water depth for the three scenarios 
that consider different sizes of seamount areas. Other bars represent reductions in size of areas where crusts 
might be available because of sediment cover and other considerations (see Hein et al. 2009). 

 

Hein et al. (2009) calculated surface areas for two case studies: (i) a large guyot (total 

surface area of 11,761 km2) and (ii) an average-size guyot (total surface area of 3,495 km2). 

Considering the worst-case scenario (50% reduction of crust-covered surface above 2,500 

m water depth due to topographic and biological limitations for initial 60% sediment cover 

reduction), Hein et al. (2009) obtained, respectively, 615 km2 and 231 km2 of permissible 

area. A worst-case scenario for our dataset would yield surface areas of 3,102, 1,116, and 

540 km2, for the three groups described above, respectively (Figure V.10.). Considering 

these surface areas, a wet bulk density of 1.95 g/cm3, an annual production of 1 million tons, 

and assuming a general mean crust thickness of 3 cm rather than using the limited dataset 

that we have for crust thicknesses from each seamount, the area needed to maintain a 20-

year mine site is 342 km2, which can be potentially accommodated by all three groups. 

These results are comparable to the results obtained by Hein et al. (2009) for central 

equatorial Pacific seamounts. 
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Figure V.11. Histogram of calculated tonnages (wet weight) for different metals considering the worst-case 
scenario of surface area reductions. Insets plots show areas corresponding to calculated tonnages based on dry 
weight. 
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We also calculated metal tonnages considering the above conditions (worst-case scenario 

and 3 cm mean crust thickness). The metal concentrations used for these calculations are 

the ones given previously. We also calculated the dry-tonnages using a mean dry-bulk 

density of crusts of 1.3 g/cm3 (Hein et al. 2000). In Figure V.11. we present a histogram of 

calculated tonnages (wet- and dry-weight) for the metals considered. Maximum tonnages 

(resulting from large area calculations) for Co, Ni, Ce, Te and Pt are 6.2x105, 4.0x105, 

2.3x105, 7.8x103 and 5.4x10-2 tons, respectively. Considering the small area, our calculations 

result in 1.1x105, 6.9x104, 4.0x104, 1.4x103 and 9.5x10-3 tons for the same metals, 

respectively. Our results show that the study area within the Portuguese EEZ (and adjacent 

areas in International Waters, for MTR; Figure V.11.) is comparable to that of areas in the 

central Pacific Ocean presented in Hein et al. (2009). Exploration beyond reconnaissance 

may now be warranted and should include detailed sampling, backscatter side-scan sonar, 

bathymetric mapping, and detailed mapping of crust thicknesses, etc., in order to better 

constrain the assumptions made here and to allow for a quantitative resource evaluation.  

 

 

V.7. Conclusions 

The objective of this study was to determine the composition of Fe-Mn crusts from the 

northeast Atlantic and to consider gaps in our knowledge needed for a quantitative resource 

potential of these deposits. The compositions of the studied crusts are typical for 

hydrogenetic crusts adjacent to continental margins. Specific compositional differences are 

found that likely indicate specific local conditions during crust accretion, for example higher 

Co, Ni, and Zr in Pacific crusts and higher Th in Atlantic crusts.  

The enrichment of trace metals of economic interest in Fe-Mn crusts is of particular 

importance for their potential as a resource (i.e. Te and REEs), and is of specific interest for 

the resource potential of these deposits within the Portuguese EEZ. Based on the criteria of 

Hein et al. (2009), we calculated tonnages for specific metals in chosen areas in and adjacent 

to the Portuguese EEZ. Our results indicate that the study area is comparable to parts of the 

central Pacific Ocean and may represent an important metal resource for the future. Further 

studies are warranted in order to better constrain and quantify the results presented here. 
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