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Abstract :

Samples dredged from the Cruzeiro do Sul Lineament exhibit ferromanganese crusts precipitated above
phosphate-rich substrates (phosphorites, phosphate-impregnated volcanic rocks and older phosphatized
ferromanganese crusts). Co-chronology of the crusts, paleontological data and 87Sr/86Sr ratios of the
phosphatized substrate indicate that the last phosphatization event in the region happened between 17.6
and 14.6 Ma ago. When the event ceased, oxic conditions were resumed and hydrogenetic crust
precipitation started at a maximum rate of 1.6-3.0 mm/Ma, forming layers of Fe-vernadite above the
phosphorites. These crusts differ in composition from crusts that formed prior to the phosphatization,
which were impregnated by carbonate fluorapatite and recrystallized forming a 10 A Mn-phase, in
expense of a lower crystallinity Mn-phase. Mn/Fe ratios of non-phosphatized crusts vary from 1.05 to
1.41. The Mn/Fe ratios as well as the metal content (Co = 0.65-1.04 wt%, Zn = 0.04—-0.06 wt%, Cu = 0.02—
0.06 wt% and Ni=0.29-0.48 wt%) are similar to hydrogenetic crusts described in other parts of the world.

Highlights

» Non-phosphatized Fe—Mn crusts in the region developed above Miocene phosphorites. »
Phosphatization was probably caused by a Middle Miocene OMZ expansion in depth. » Fe-vernadite is
the mineral constituent of non-phosphatized Fe—Mn crusts. » A stable 10 A-Mn phase is the mineral
constituent of phosphatized crusts. » Estimated age of the crusts is in agreement with data from NE
Atlantic.

Keywords : Rio Grande Rise, Ferromanganese crusts, Atlantic Ocean, Cruzeiro do Sul Lineament,
Phosphatization
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1. Introduction

Ferromanganese crusts and nodules are layered-loyitlexides precipitates from
seawater that occur in all oceans over the worlanivim & Lane-Bostwick, 1989;
Hein et al., 1999). There has been an emergingesitabout their resource potential for
base and strategic metals, such as Co, Rare ElerieBts (REE) and platinum group
elements (PGE), because of their possible usegim technology industries and clean
energy purposes (Hein et al.,, 2013). Ferromangaces&s are also regarded as
condensed stratigraphic sections and have beeredttalinvestigate changes in ocean
chemistry (Christensen et al., 1997; Ling et 897, Hein et al., 1999; Frank, 2011;
Hein & Koshinsky, 2014).

Crusts grow over millions of years in areas of lderrigenous and biogenic
sedimentation, where strong currents keep the mibstfree from accumulating
detrital/biogenic sediments (Hein & Koschinsky, 2D1Crusts concentrate metals from
seawater by sorbing elements through strong coutomkeractions or incorporating
them within the structure of iron and manganesedeiydroxides (Peacock and
Sherman, 2007; Wegorzewski et al., 2020).

Hein et al. (1999) showed that the escarpmenteaisunts are areas that commonly
fulfill the requirements for crust formation. Thee@ogic Survey of Brazil (CPRM)
organized four expeditions to study the geologstdry of the Rio Grande Rise (Fig. 1)
and investigate the occurrence of ferromanganesgstscion the escarpments of the
Cruzeiro do Sul lineament.

In this study, petrographic, mineralogical and dpmmoical data as well as age estimates
are presented to show that the Rio Grande Riseonmepas been favorable for
hydrogenetic ferromanganese precipitation after iddl@ Miocene phosphatization

event. These findings are interesting for reveatimat the formation of phosphorites
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and the ulterior ferromanganese precipitation svebwith the youngest formation of
phosphorites in the Pacific Ocean and in the NAttantic (Hein et al., 1993; Marino et

al., 2017).

2. Regional Setting

The Rio Grande Rise is a major topographic featnréhe western South Atlantic
Ocean and occupies a conjugate position relatiilhéoWalvis Ridge, located on the
African margin. At the summit of the rise, wateiptles are as shallow as 800 m, while
the surroundings are 4000 m deep (Fig. 1). Therbase of the rise consists of a
Coniacian/Santonian tholeiitic basalt overlaid lstel Cretaceous and Paleocene
sediments (Barker et al. 1981, Thompson et al.318bhde et al., 2013). Around 46
Ma ago, an alkaline magmatism uplifted and expdkedise above sea level, resulting
in a hiatus of pelagic sedimentation (Fodor etE80; Gamboa & Rabinowitz, 1984;
Rohde et al., 2013). After the Eocene, the risesisiglol and pelagic sedimentation was
resumed. The rise is divided into an eastern (ER&RI) a western (WRGR) part. In
contrast to the WRGR, there are only limited ddtaua the ERGR, which is a North-
South elongated feature built by an abandoned dmgacenter (Gamboa &
Rabinowitz, 1984). Both WRGR and ERGR are interegpdbty the Cruzeiro do Sul
lineament, which is a 30-40 km wide valley trendiy/-SE formed as an aborted rift
during the rearrangement of tectonic plates closthé Paleogene/Neogene boundary

(Mohriak et al., 2010; Galvao & de Castro, 2017).
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3. Sample collection

Samples were collected during legs 1 to 4 of Geological and Geophysical
Expedition to International Waters of the South Atlantic, carried out by the Geological
Survey of Brazil (CPRM). Legs were held abo&% Marion Dufresne between June
and July of 2011. Hundreds of dredging stationsewevestigated at both WRGR and
ERGR, and ferromanganese crust samples descriltbdsiatudy are from 13 different
sites along the slopes of Cruzeiro do Sul Linean{éable 1, Fig. 2). A total of 14
samples were selected among rocks of the dredgitagiorss for chemical

characterization and two samples were selecte$30f°Sr measurements.

4. Methods

4.1 Petrography, Micropaleontology and Electrorbericro-analyzer (EPMA)

Thin sections of the crusts and their substratese ve¢udied under a petrographic
microscope for microfossil and mineral identificati Foraminifera were identified in

thin sections to the genus level, when possibleomamy of foraminifera specimens
was mainly in reference to Blow (1979), Kennett &n&asan (1983) Loeblich &

Tappan (1987) and BouDagher-Fadel (2008). Quanttapot analyses (Wavelength-
Dispersive X-ray Spectrometry - WDS) of micrometiagers on the ferromanganese
crust of sample ML77A was performed in a JEOL JXZ3@ EPMA. Spot analyses
were also performed on the substrate of samplesMLDC38A, DC25A and DC61B

to investigate the composition of the matrix. A&y were performed using 15 kV
voltage, 10 nA current and a spot size beam pfm5 Counting time for all elements
was 10 seconds in the peak, and 5 seconds in @ppkelower background positions.

Analyses were performed at the Electron Microprioble at the University of Brasilia.
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4.2 Inductively Coupled Plasma Optical Emission ¢dpenetry (ICP-OES) and

Inductively Coupled Plasma Mass Spectrometry (ICB-M

Major and trace elements of the ferromanganesetscrwgre analyzed at Jacobs
University Bremen (JUB), Germany, by ICP-OES andPI@S. All samples were
carefully separated from their substrate, powdenedn agate pan mill and dried at
105°C for 24 h. Immediately after drying, 0.05 nfgeach sample was digested with
HCI, HNO; and HF in a ratio of 3:1:1 ml. Samples in the auidture were heated to
225°C for 12 hours in closed vessels that were [@ened and kept at 180°C for acid
evaporation. Digested samples were stored in 0 BND3; and 0.05 M HCI. Samples
were diluted 3.000 times for Mn, Fe, Cu, Al, K, G4g, Na, P, V and Zn measurement
using Spectro Ciros Vision (ICP-OES). Determinatodrii, Sc, Ti, Co, Ni, Rb, Sr, Y,
Zr, Nb, Mo, Te, Cs, Ba, REE, Hf, Ta, W, Pt, Pb,and U was performed in NEX ION
350X (ICP-MS), in samples 100.000 times dilutedrtiied standard material JMn-1
(Ferromanganese nodule from the Geological Sur¥elapan) was used for precision
and accuracy determination. Detailed description tled methodology, accuracy,

precision and interference are in Alexander (2008).

4.3 X-ray diffractometry (XRD)

Mineralogy of the bulk samples was determined u$tAdNalytical X’Pert PRO MPD
0-0 diffractometer (Cu-i& radiation), with 40 kV and 40 mA at the German éradl
Institute for Geosciences and Natural Resources RBGin Hannover. The
diffractometer is equipped with a variable divergeslit (20 mm irradiated length) and

a Scientific X'Celerator detector (active lengti22°; phd 60). Samples were scanned
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over 5° to 85° @ with a step size of 0.0334°@and a measuring time of 200 sec/step.
Afterwards, data were processed using the softWagie Score Plus.

Samples in which a 10 A manganese phase was i@ehiif a first analysis underwent a
heating treatment (105°C for 48 hours) in ordedistinguish 10 A todorokite from 10
A phyllomanganate. Heating promotes changes in 8tacking order of
phyllomanganates, but does not affect todorokitesp@tskaya et al., 1987,
Wegorzewski et al., 2015). This happens becausen ugnying at 105 °C,
phyllomanganates lose interlayered water, leading tollapse of the interlayer and,
consequently, to a decrease of the layer-to-laigtance from 10 A to 7 A (Uspenskaya

et al., 1987).

4.4%°SrfeSr ratio measurement

87Srfosr ratios of the substrate on ferromanganese sar®l&45a and on a carbonate
vein in sample ML11D were determined through TIMEhgrmal lonization Mass
Spectrometry), in a Finningan MAT 262 at the Unsigr of Brasilia. Samples were
digested in HPO, and the residue kept in a HN@2.9 N) solution for column
chromatography. The solution containing Sr waseotdld, dried and then dissolved in 1
ml HNOs; (50%) for analysis. Procedures followed steps usgdAlvarenga et al.
(2007). NBS-987 was used as reference material, yéelded a®'Srf°Sr ratio of

0.71028 + 1 ().
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5. Results

5.1 Morphology of the samples

Through visual description we identified pristinerrbmanganese crusts layers (not
impregnated with light colored minerals such as spihates and carbonates), and
phosphatized ferromanganese crusts. Pristine sampéelaminated or botryoidal and
occur in sharp contact above phosphorites (Fig. 33, 3D, 3E), volcanic rocks (Fig.
3B) or above an older phosphatized crust (Fig. FJBpsphatized samples tend to be
massive and dense, without clear visible laminaig. (BF, 3G). In phosphatized
samples, it is not possible to identify a sharptacnbetween the dark ferromanganese
layers and the substrate because orange and yslophosphate aggregates occur
within the ferromanganese crust. A summary of calsiracteristics is presented in
Table 2 and Fig. 3. In Fig. 3A, sample ML77A extsbia 16 mm-thick non-
phosphatized crust developed around an orangdéiddhphosphorite. Sample DC61B
exhibits a thin crust (6 mm) precipitated aboveeaisular volcanic rock (Fig. 3B). In
Fig. 3C, sample DC38A shows a 25 mm-thick non-phasiped crust with botryoidal
texture developed above a white/yellowish lithifigidosphorite. Figure 3D shows a 20
mm-thick laminated ferromanganese crust above avrbsh lithified phosphorite
(sample DC25C). Figure 3E shows a 20 mm-thick lamteid crust above a phosphorite.
Figure 3F shows sample DC25A, which is a mixturdeofomanganese minerals and
phosphate. The surface of sample DC25A exhibitsybmial texture, and only the
outermost layer (1 mm) lacks phosphate stains.réi@®& shows a 6 mm-thick crust,
with laminated texture, developed above an older @msphatized crust that contains
orange phosphate stains (ML67B). This sample hadnibn-phosphatized part (the

upper 6 mm, ML67B-2) and the phosphatized partyaeal (ML67B-1).
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5.2 Petrography and EPMA results of the crusts

Ferromanganese crusts are opaque to transmittéd digd therefore were better
observed through electron imaging (Fig. 4). Therameetric layers of the crusts present
concave structures (Fig. 4A) of slightly differenefflectance (backscattered-electrons
image). The sum (wt.%) of iron, manganese, cobalt;, copper and nickel is lower in
darker layers than in lighter layers (Table 3).Ufe@y4B shows the contact between the

crust and its underlying phosphorite (substrate).

5.3 Micropaleontology and EPMA results of the stdist

The identification of foraminifera genus was pemfied in thin sections and focused on
providing age constraints for the samples (Tabldmjhe substrate of sample ML77A
it was possible to identiffpiscocyclina sp., Nummulites sp. (Fig. 5B) and calcareous
structures produced by coralline algae within thegphatized part, anQrbulina sp.
was observed in the non-phosphatized part of thstsate. In sample DC38A (Fig.
6A), Orbulina sp. occurs within the phosphorite substrate (Fig. 6Bbhe crust, and in
the substrate of sample DC25A, we recognidiedozovella sp. (Fig. 6D),

Yellow dots shown in Fig. 5 and Fig. 6 are EPMA tsapnalyses reported in Table 5.
EPMA results reveal high phosphorus contents institestrate of all samples (>4 %),
except in the white fragment of the substrate imga ML77A, that is composed of
calcium carbonate. Among the samples studied sygaper, sample DC61B is the only
one that has a volcanic substrate. EPMA analysithernvesicular glassy matrix also

shows a high phosphorus content.
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5.4 Mineralogy of bulk samples

XRD data revealed that non-phosphatized layerh@fsamples are composed of Fe-
vernadite §-MnO,; Fig. 7), which is characterized by two hkO refieas (2.45 (01) A
and 1.45 A (11)) and no stacking of layers in thestallographic c* direction. Calcite
and quartz may be present to a lesser extent.

Older phosphatized samples are composed of a stbfe Mn-phase instead of a Fe-
vernadite. Being stable means that the mineral irgnanaffected after a heating
treatment at 105°C for 48 hours (Fig.8). The heagmnocedure was carried out to
evaluate whether the mineral loses the 10 A peath ss phyllomanganates, or not,
such as todorokite (Uspenskaya et al., 1987). After heating procedure, the 10 A
reflex remains stable, which indicates it is todie However, the todorokite
reflection at 2.39 A is missing. In addition, the@ A peak does not have the sharpness
nor the intensity expected for todorokite under shene analytical conditions. For this
reason, we opted for calling this mineral a stdlfleéd Mn phase, instead of todorokite.

Carbonate fluorapatite (CFA) and calcite are preseall phosphatized samples.

5.5 Bulk geochemistry

Bulk chemical composition of the 14 analyzed sampéepresented in Table 6. Non-
phosphatized samples are mainly composed of FI1%#.%) and Mn (20-25%),

while phosphatized samples have lower Fe (10-1%Wand Mn (6-12 wt.%) contents.
Phosphatized samples are enriched in P (>1.5 wafdd) Ca (>11.54% wt.%), when
compared to non-phosphatized samples (Fig. 9),whave low Ca (<3.4 wt.%) and P
(<0.56 wt.%). Sample DC25C is not phosphatized, itsuhigher Ca content can be
explained by the presence of calcite, not visibldhand sample, but evident in XRD

results.
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Differences in the composition of the substrate amatphology of the crusts do not
affect the chemical composition. Figure 9 compatke Mn/Fe ratio and the

concentration of selected elements for both phdsggth and non-phosphatized
samples. In non-phosphatized samples the Co cantamge from 0.65 to 1.04 wt.%. In
phosphatized samples the Co contents are much [®:2%-0.52 wt.%). Zn (0.04-0.06

wt.%), Cu (0.02-0.05 wt.%) and Ni (0.26-0.62 wt.ée) not have a significant variation

between phosphatized and non-phosphatized samples.

In the REE spidergram, Y is inserted between Dy ldodFig. 10), based on its ionic

radius (Bau & Dulski, 1995), to allow better compan with its geochemical twin Ho.

Post-Archean Australian Shale (McLennan, 1989) adirad REY patterns show a flat
pattern for the samples, with pronounced positiegeaBomaly and negative Y anomaly.
Phosphatized crusts have an overall lower contefREE than phosphatized crusts,
lower Ce anomaly and a positive Y anomaly. REE eatst range between 2167 and
2841 ppm in non-phosphatized crusts, and betwebra6@ 1576 ppm in phosphatized

crusts.

5.6 Cobalt chronology and growth rates

Growth rate and age estimates were calculated b@sétb concentration of the non-
phosphatized samples, following the equation pregdy/ Puteanus & Halbach (1988):
G.R.=1,28/[C0(%)-0,24]. The Co flux into ferromangae crusts is considered to be
constant over the entire growth period of the sasgPuteanus & Halbach, 1988).
Thus, the growth rate is correlated to the Co &mment in each layer. Thus, the higher
the growth rate the lower the Co concentrationc@nometry is an empirical method
that matches isotopic determinations, but is unabimeasure possible hiatuses during
accretion. Hence, growth rates represent maximutoesaand ages correspond to

minimum values. This equation has been used fop#st thirty years and has been

10
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proven to provide consistent age estimates byreéifteauthors (Josso et al., 2019; Yi et
al., 2020).

Non-phosphatized samples from the Rio Grande Relded ages between 5 and 16
Ma (Table 6), with growth rates ranging from 1.6 3® mm/Ma. Co chronometry
measurements were performed using the whole théskmé the crusts in all non-

phosphatized samples.
5.78'SrfeSr indirect dating

87Srf°sSr analyses on a carbonate vein from sample MLIR® on the phosphatized
substrate of sample HS145a yielded ratios of 0.0688 and 0.70880+/-2 (Fig. 11;
Table 7). Comparing th&Srf°Sr ratio of the samples to the curve of the Srojset
composition of the oceans through the Cenozoic (Muk et al.,, 2012), we suggest
that analyzed materials crystalized at 17.6 an®d Ma ago, respectively (Fig. 12).
These Sr isotope ratios represent isotope ratitisowt an age correction to subtract
radiogenic ®’Sr produced by internal decay 8fRb after the time of deposition.
Phosphate minerals and calcite have a fBRbF°Sr ratio (<0.01) with a high
concentration of unradiogenic Sr (Faure & PowdQ72; Faure, 2001). Thus, the age
correction is almost negligible for the Sr isotoptmwever, data must be interpreted
with care because Sr ages of carbonate and caebfloatapatite are susceptible to
diagenetic effects: incorporation of Sr during timgstallization of authigenic minerals
might drive ages to younger values, but since Goradlogy and paleontological data
corroborate®’SrP®Sr dating, we suggest that diagenetic effects agdigible in our

samples.
6. Discussion

6.1 Mineralogy of the crusts

11
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The mineralogy of non-phosphatized samples is datathby Fe-bearing vernadit& (
MnQO,), possibly intergrown with amorphous iron oxyhydide ©-FeOOH)
nanoparticles (Koschinsky et al., 2010). This @idsl of seawater-sourced precipitates
that formed under oxic conditions. In phosphatizathples the Mn-phase is the initial
transformation from a layered manganate into aglstructure, but without a perfect
3x3 octahedra tunnel structure. It probably comesis to a distorted structure of
todorokite, transitioning from very low crystallipiFe-vernadite. This phase has both
10 A and 4.8 A reflections, but lacks the charastier 2.39 A reflex of todorokite.
Instead, it has the typical peaks of phyllomangesdvernadite, 2.44 A and 1.42 A).
The Mg contents in these samples (1.85 — 1.97 wis¥dpwer than expected for
minerals diagenetically transitioning to todorokjidanceau et al., 2014), which have
around 4 wt.% of Mg. Therefore, the manganate adsphatized samples will be
reported as stable 10 A Mn-phase, and not as tymdarokite. This 10 A-Mn phase
shows high amounts of incorporated Zn, Cu and Nt, lbw Co contents, which is
characteristic for suboxic enrichment (Manceaulet2814) and was also reported by
Koshinsky et al. (1997) in phosphatized samplesieimadite, Mn occurs in oxidation
state +4, while 10A-Mn oxides contain Mn of lessidated states, which also
demonstrates the suboxic character of the envirahrimewhich the 10A-Mn phase

crystallized.

6.2 Classification and age of crusts

Ferromanganese crusts precipitated above phospharlbt within the hydrogenetic
field of the ternary diagram Fe-Mn-10*(Ni+Cu+Co)dRA.3; Bonatti et al., 1972). They
also plot within the hydrogenetic fields ofsyyHosy vs Cen/Cesy® and Nd vs

Cesn/Cesn* diagrams (Fig. 14) proposed by Bau et al. (20T4ese diagrams are not

12
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appropriate to classify phosphatized samples becthesr chemical composition was
altered during phosphatization.

Considering (i) the presence @irbulina sp. (Kennett & Srinivasan, 1983) on the
phosphorites, which first occurrence was 15.1 Ma; i) the indirect dating of the
substrate throug¥/SrP®Sr ratios (14.6-17.6 Ma); and (iii) the age of taBeomanganese
crusts calculated with Co chronology (5-16 Ma), sugigest that the phosphatization
event occurred between 14.6 and 17.6 Ma ago and ibroeeased, crust precipitation
was resumed. These ages are in agreement withrgqgased by Gonzélez et al. (2016)
for the last phosphatization event in the GaliceamB NE Atlantic (18.5 — 17.7 Ma).

The presence of the 10A Mn-phase in older crusts bea explained by the
recrystallization of a less ordered manganate pldasig the phosphatization. The
event of phosphatization also caused the impregmaif preexisting sediments with
carbonate fluorapatite and possibly was a periodatrust precipitation, due to the
suboxic condition of phosphate-rich waters.

The estimated ages of the crusts are in agreeméntages reported by Benites et al.
(2020), who studied ferromanganese crusts fronsdainemit of the Rio Grande Rise. In
a sample from the S&o Paulo Plateau (Fig. 1), é0c&00 km eastwards from the Rio
Grande Rise and at a 2781 m water depth, Goto.g2@l7) suggested favorable
environmental conditions for crust precipitationridg the last 30 Ma. However,
different from the Rio Grande Rise, there is nadewce of phosphatization during the
growth interval of the studied sample. In anotremngle from the Sdo Paulo Plateau,

Nozaki et al. (2017) dated the base of a ferroma@ggcrust at ca. 5 Ma.

6.3 The REY composition of the crusts

13
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The positive Ce anomaly is common in hydrogenigiictomanganese crusts, because
Ce is redox-sensitive and oxidizes after sorptibrthe oxyhydroxide surface from
dissolved Ce(lll) to insoluble Ce(IV) (Bau et d996; Bau & Koschinsky, 2009).

The phosphatization process occurs under sub-oxmlitons, Ce is reduced and
remobilized. Thus, phosphatized samples do not pasgive Ce anomalies of the same
extent as non-phosphatized samples. In non-phagptlasamples, the calculated Ce
anomaly Cey/Cesn*=Cesy/(0.5Lasnt0.5PgyN) varies from 2.3 to 3.4, while in non-
phosphatized crusts values drop to 1.7-3.0.

The negative Y anomaly of non-phosphatized crisst®t controlled by the redox state,
but by the strength of surface complexes (Bau &skiul1994). Ho and Dy form
stronger surface-complexes than Y on ferromangamesgpitates. Thus, as the surface
complex of Y is less stable, there is a decoupthd’ and Ho that drives negative Y
anomalies in the REY pattern (Bau & Dulski, 1994uBet al, 1996). In contrast,
phosphatized samples have a positive Y anomaly usecahe impregnation of
phosphate in the pores of ferromanganese crustiita seawater-like composition to
the samples. The positive Y anomaly in phosphatizeasts is caused by the
introduction of Y during the crystallization of bta phosphate phases (Koschinsky et
al., 1997). The calculated negative Y anomal/Y sn*=Y si/(0.5Dysn+0.5Has\) is
0.5-0.9 in non-phosphatized and 0.9-1.4 in phospddisamples.

Figure 15 exhibits Gg/Cesn* vs Lasy/Lusy graphic, where the difference in REE
behavior between phosphatized crusts and non-phosel crusts is shown. Carbonate
fluorapatite is more enriched in MREE and HREE th&Mn oxides, as a result
Lasn/Lusy ratio of phosphatized samples is lower than th® rat non-phosphatized

samples.

14
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6.4 Aspects of subsidence and ocean circulation

The presence of photosynthetic algae structuresa(l@®e algae) and large benthic
foraminifera specimensD{scocyclina sp. and Nummulites sp.) in the phosphatized
substrate of sample ML77A indicates an Eocene agethle assemblage and it is
characteristic of shallow waters. These data evéeime Eocene uplift of the rise
(Gamboa & Rabinowitz, 1984). Younger assemblageghich Orbulina sp. occurs are
dominated by planktic foraminifera and lack photdbgtic specimens, indicating
greater water depths since the Miocene.

The Zr/Hf ratio (Schmidt et al., 2014) as well a#1¥ ratio (Bau et al., 1995; Censi et
al., 2007) are interesting tracers of water masSessts from the Pacific Ocean were
expected to have higher Zr/Hf and Y/Ho ratios tharsts from the Atlantic, because Hf
and Ho have a patrticle reactive behavior and astepntially removed from the water
through the ocean conveyor belt, with respect &ir teochemical twin. However, only
Zr/Hf ratios behave as expected (Fig. 16), whileH&/values are very similar in
Atlantic and Pacific samples. Thus, we suggest tiathigher Zr/Hf ratios of Pacific
crusts are a consequence of Hf removal through diameng ocean circulation. Rickli et
al. (2009) suggest Hf is preferentially removediireeawater by adsoption on biogenic
opal. The interaction with opal rich waters (e.qqutBiern Ocean) on the Strait of
Magellan could be one possible explanation fordifference in Zr/Hf ratios of samples
from the two oceans. Y/Ho ratios are very similaPacific and Atlantic crust samples
possibly because the weak complexation of Y isiguitous feature in ferromanganese

crusts that overprints a possible effect of diffén@ater masses.

6.4 Comparison with ferromanganese crusts fromhatt Atlantic
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Ferromanganese crusts from the Canary Islands, hen Bast Atlantic, present
anomalous contents of Fe and Al, due to their pnityito the continental crust, eolian
input and authigenic formation of phyllosilicatedefn et al., 2000; Marino et al.,
2017). This is not observed in crusts from the Rdcande Rise, because they
precipitated far enough from the continent. Howevkee formation of crusts in both
areas of the Atlantic is coeval and a phosphatmagvent is also recorded by samples
from the Canary Islands (Marino et al., 2017). Koscky et al. (1996) investigated
ferromanganese samples from other two seamourlte iNortheast Atlantic (Lion and
Tropical seamounts), and show that the age of thstg in these seamounts is very
similar to ages estimated in this paper (ca. 12, Ma) the phosphatization event dated

by Koschinsky et al. (1996) might be as old as G0v4.

6.5 Causes of phosphatization

The phosphatization of ferromanganese crusts aadatmation of phosphorites on
seamounts is generally associated with changedinratec conditions and with the
spreading of phosphate-rich sub-oxic waters througthe ocean (Halbach et al., 1982,
1989; Hein et al., 1993; Hyeong et al., 2013). ldalbet al. (1982, 1989) proposed that
the phosphatization on seamounts is caused byffansion of oxygen minimum zones
(OMZ) as a result of increased productivity in sgd waters. This process would have
expanded the limits of OMZ at depth, making it fedabe top of seamounts and
impregnating sediments with phosphorous. Kraal.g812) show that in the Arabian
Sea, authigenic formation of calcium-phosphate maiseoccurs where the OMZ
intersects the seafloor topography. However, theg ahow that a large fraction of

phosphates is not authigenic and was depositedtfierwater column.
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Other authors suggest that phosphorus-rich wategshave accumulated in deep areas
of the ocean during periods of sluggish circulatiand later, during normal circulation
conditions, upwelled on the edge of seamounts (deal., 1993).

Our data do not allow constraining further detalt®ut the source of the phosphorous-
rich waters that caused the phosphogenesis in tBR.RHowever, comparing our
samples to the sample from the S&o Paulo Plateaio @ al., 2017), we observed that
all our crusts are either phosphatized or predgutabove a phosphorite and are from
shallower sites (688-1798 m) than the sample ftoenSdo Paulo Plateau (2871 m), that
is not phosphatized. Thus, we suggest that thenelggaOMZ is most likely the source
of phosphorous. We do not discard the hypothesisttiis event overprinted multiple

phosphatization events that happened prior to tioedhe.
7. Summary and conclusions

Ferromanganese crusts that precipitated above patespch substrates (phosphorites,
phosphate-impregnated volcanic rocks and older gitaiszed ferromanganese crusts)
on the Rio Grande Rise grew after a middle Miocghesphatization event that was
responsible for recrystallizing older crusts angbliegnating sediments with carbonate
fluorapatite.

Crusts that formed after the phosphatization amepused of Fe-vernadite, which is a
phyllomanganate, typical of hydrogenetic precigsatinder oxic conditions. Instead of
vernadite, older crusts affected by the phosphiatizehave a stable 10 A Mn-phase,
which is a product of recrystallization of a lesslaved Mn-phase under sub-oxic
conditions during the phosphatization event.

All non-phosphatized crusts yielded Co chronometricimum ages between 5 and 16
Ma, with maximum growth rates ranging from 1.6 t6 &tm/Ma. Marino et al. (2017)

showed that ferromanganese crusts from the Notthatantic Ocean were also
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affected by phosphatization in the Miocene. Applymore precise dating methods in
the crusts and their substrates will allow bettetenpretations regarding the
paleoceanography through the Neogene-Quaternathernregion, and may provide

insightful data on Miocene ocean chemistry andesponse to climate changes.
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TABLES

Table 1: Coordinates and water depth from dredgiations.

Dredging initial and final coordinates

Dredging Leg Sam_ple Initial Final I_nitial Ir_1itia| Final Einal
Station prefix depth (m) depth (m) Latitude (S) Longitude (W) Latitude (S) Longitude (W)
ERG 064 1 ML64 1105 995 30.811120 35.172832 30.820700 78700
ERG 039 1 ML39 830 800 31.148266 35.223911  31.159890  35.214233
ERG 011 1 ML11 990 950 30.495476 36.302307 30.486013 38602
ERG 067 1 ML67 1000 950 31.045689  35.711288  31.048300 35.710900
ERG 075 1 ML75 1440 1376 30.318943 36.479797 30.332474 85846
ERG 077 1 ML77 1542 1200 30.096700 36.827300 30.104900 36.827600
ERG 025 2 DC25 702 1088 30.419412 36.456264 30.700154 8e™
ERG 005 2 DCO05 1225 1345 30.558989 36.116371  30.335410 36.073223
ERG 010 2 DC10 1740 1640 30.955885 35.020271 30.946175  3864Y
ERG 038 2 DC38 1798 1700 32.099903  32.641815 32.099880 32.662918
ERG 039 2 DC39 1240 1150 32.099991 32.662758 32.099967 63Z1®
ERG 061 2 DC61 1245 1165 33.524723 31.096963  33.536652  31.096920
ERG145 4 HS145 688 850 29.800217 36.404784 29.785855 38330

Table 2: Sample characteristics and mineralogicaiposition.

Macroscopic Total thickness

Powdered

Samples SubsampleSubstrate morphology (mm) thickness (mm)? Mineralogy
DCO5A - Phosphorite Nodule, Masswe’ 30 0-30 10A stable Mn-phase, CFA
phosphatized
DC10C = Phosphorite  Laminated/botryoidal 40 0-40 Vernadite §-MnO,)
DC10D - Phosphorite Laminated/botryoidal 50 0-40  Vernadite §-MnO,)
DC25A - Phosphorite Massive, phosphatized 25 0-25 10A stable Mn-phase, CFA
DC25C - Phosphorite Laminated 20 0-20 Vernadite §-MnOy)
DC38A = Phosphorite  Laminated/botryoidal 25 0-25 Vernadite §-MnO,)
DC38B - Phosphorite Botryoidal 25 0-25 Vernadite §-MnO,)
DC39B = Phosphorite Botryoidal 10 0-10 Vernadite §-MnO,)
DC61B - Volcanic Laminated 12 0-12 Vernadite §-MnOy)
ML39B - Phosphorite Layered, phosphatized 18 0-18 10A stable Mn-phase, CFA
ML64B - Phosphorite Layered 20 0-20 Vernadite §-MnOy)
VG Older crust Layered e 0-6 n.d.
- Massive 6-36 10A stable Mn-phase, CFA
ML75A - Phosphorite Laminated/botryoidal 25 0-25  Vernadite §-MnO,)
ML77A = Phosphorite Laminated 16 0-16 Vernadite §-MnO,)
HS1458 - Phosphorite Botryoidal 30 - n.d.
ML11AP - Older crust Layered 35 - n.d.

apowdered thickness is measured from the top cfah®le to the bottoriSamples analyzed f8fSrf°Sr ratio; n.d.:

not determined;

Table 3: WDS (Wavelength-Dispersive X-Ray Spectopsg results of EPMA of layered growth

structures of different reflectivity (low reflectty = dark) and (higher reflectivity = light) withisample

ML77A.

Dark Layers

Light Layers

Mn Fe Ni Zn Co Cu Total
wt.% wt% wt% wt% wt% wt% wt.%

Mn Fe
wt.% wt.%

Ni Zn Co Cu Total

wt.% wt% wt% wt.% wt.%

1879 1160 035 0.14 0.20 0.00 31.08

14.40 19.07 0.23 0.11 0.18 0.07 34.06
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1797 1181 0.32 0.05 0.18 0.00 30.33|] 15.38 18.64 0.23 0.08 0.17 0.00 34.50
17.24 1244 024 022 0.04 0.08 30.25| 16.26 14.87 0.31 0.16 0.48 0.09 32.16
16,59 13.20 0.37 0.20 0.14 0.06 30.57| 16.16 14.78 0.19 0.22 0.40 0.00 31.75
1752 1329 0.22 0.14 0.13 0.08 31.38| 16.00 16.42 0.23 0.27 0.38 0.00 33.29
1598 1430 0.27 0.10 0.09 0.08 30.83] 1297 17.56 0.15 0.21 0.35 0.04 31.28
1552 1462 0.26 031 0.14 0.03 30.89| 1510 17.34 0.26 0.01 0.37 0.01 33.09
16.38 13.78 0.30 0.07 0.19 0.00 30.71] 12.26 17.65 0.18 0.96 0.36 0.00 31.40
1563 13.74 028 0.05 0.24 0.11 30.06/ 19.30 11.90 0.35 0.13 0.37 0.03 32.09
17.03 1255 0.26 0.00 0.27 0.06 30.18| 16.47 13.73 025 0.15 0.41 0.00 31.01
1746 11.16 0.30 0.15 0.20 0.00 29.27| 16.77 1436 0.26 0.17 0.23 0.00 31.77
1691 1139 0.26 0.08 0.25 0.00 28.89| 16.15 16.79 0.23 0.26 0.31 0.00 33.74
18,58 11.81 0.28 0.08 0.20 0.00 30.95| 15.36 17.93 0.17 0.16 0.14 0.00 33.75
18.73 11,71 035 0.06 0.29 0.00 31.15| 1824 1298 0.25 0.16 0.42 0.00 32.05
1933 1151 032 0.11 0.33 0.02 3162 17.46 1254 0.24 0.17 036 0.01 30.78
18.66 10.85 0.27 0.14 0.26 0.00 30.17| 17.86 12.15 0.23 0.00 0.51 0.04 30.78
18.18 11.23 0.27 0.12 0.27 0.10 30.16| 14.35 17.22 0.14 0.21 0.30 0.09 3231
1822 1050 0.38 0.15 050 0.00 29.76/ 17.74 1276 0.24 0.22 0.51 0.08 31.56
17.72 1048 032 0.02 039 0.03 28.97| 1833 1224 027 0.11 0.29 0.01 31.24
17.67 1056 0.28 0.07 0.34 0.00 28.92| 16.71 1241 035 0.32 041 0.08 30.27
1826 1166 033 0.15 045 0.05 30.89 17.72 1274 032 0.33 053 0.06 31.71
1843 1141 0.28 0.15 039 0.05 30.70| 1796 12.20 0.34 0.26 0.33 0.03 31.12
17.01 10.73 0.28 0.08 0.54 0.00 28.64| 17.25 12.64 032 0.61 0.41 0.00 31.22
1858 1101 036 0.22 048 0.07 30.72] 1498 16.85 0.21 0.36 0.31 0.05 32.77
17.79 10.27 0.33 0.17 046 0.00 29.01] 1799 11.39 0.26 0.25 0.40 0.00 30.28
17.84 1094 0.26 0.13 040 0.10 29.67| 18.60 13.11 0.26 0.27 0.43 0.04 3271
16.98 10.02 0.29 0.16 0.30 0.08 27.83] 17.45 1439 0.27 0.33 0.30 0.03 32.78
18.47 1090 0.29 0.27 049 0.04 3047| 16.31 14.69 0.20 0.19 0.27 0.10 31.76
16.58 1226 0.29 0.39 049 0.14 30.14| 19.09 12.24 0.30 0.19 0.53 0.00 32.34
1505 1418 0.22 030 0.24 0.00 29.99 1545 17.61 0.21 0.14 036 0.00 33.77
16.48 1491 0.22 030 0.29 0.08 32.28| 1580 15.54 0.25 0.06 0.42 0.00 32.08
16.41 1249 0.23 0.34 033 0.00 29.80| 1859 13.24 029 0.27 052 0.03 3294
15.02 12.02 024 049 044 0.05 28.27| 1540 17.94 024 0.19 0.16 0.07 34.00

Average 1736 1198 0.29 0.16 0.30 0.04 30.14] 1654 14.78 0.25 0.23 0.36 0.03 32.19
609
610
611 Table 4: Foraminifera used for biostratigraphy bégphorite samples.
Foraminifera First Last
Reference
Occurence Occurence
Nummulites sp. Middle Oligocene Loeblich & Tappan (1987), BouDagher-
Paleocene Fadel (2008)
Discocyclina sp. Middle Upper Loeblich & Tappan (1987), BouDagher-
Paleocene Eocene Fadel (2008)
Morozovella sp. Paleocene Middle Blow (1979)
Eocene
Orbulina sp. Middle Miocene living Kennett & Srinivasan (1983)
(15.1 Ma) species

612
613 Table 5: Electron probe microanalyses (WDS) in dempiL77A, DC38A, DC25A and DC61B. Points

614  of analyses are shown in figures 4 and 5.

Sample ML77A ML77A DC38A DC25A DC61B
Spot EPMA1 EPMA2 EPMA3 EPMA4 EPMAS
Fe (%) 10.63 0.03 1.34 5.39 12.83
Mn 0.12 0.02 0.06 4.07 0.23
P 11.43 0.06 8.51 8.03 2.05
Ca 25.74 36.37 29.95 28.17 6.05
Na 0.87 0.04 0.71 0.67 0.19
Mg 0.55 0.58 0.56 0.66 1.79
F 4.84 0.00 4.82 4.75 0.41
Al 0.44 0.10 1.71 0.53 5.97
Si 0.29 0.18 3.92 0.26 12.13
K 0.02 0.05 0.71 0.07 2.47
Si 1.07 1.07 0.00 0.03 0.01
Ti 0.00 0.00 0.17 0.00 2.37
Cr 0.00 0.00 0.00 0.03 0.06
Co 0.00 0.02 0.02 0.03 0.00
Cu 0.00 0.01 0.06 0.00 0.00
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615

616
617

618
619
620

Ni
Ba

0.02
0.05

0.00
0.01

0.02
0.04

0.04
0.00

0.02
0.24

Table 6: Bulk compaosition of ferromanganese crirsis the Rio Grande Rise.

Non-phosphatized samples

ML64B  ML67B-2 ML75A ML77A DC10C DC10D DC25C DC38A
Fe % 18.35 17.32 19.03 18.73 21.28 21.32 15.76 19.16
Mn 25.87 24.11 24.30 25.04 23.49 23.05 21.04 23.74
Mn/Fe 1.41 1.39 1.28 1.34 1.10 1.08 1.34 1.24
Ca 3.46 2.66 2.76 2.74 2.57 2.54 8.43 2.62
Na 1.53 1.32 1.56 1.53 1.52 1.46 1.15 1.55
Mg 1.37 1.27 1.25 1.22 1.27 1.30 1.60 121
Al 0.54 0.60 0.51 0.46 0.88 1.15 0.41 0.84
K 0.36 0.30 0.33 0.33 0.35 0.46 0.23 0.38
P 0.48 0.49 0.51 0.46 0.50 0.47 0.40 0.49
Co mg/kg 9208 7615 9795 10484 7734 7502 6554 8439
Ni 4740 4848 3715 3823 3416 3607 4216 3734
Cu 387 467 323 366 398 549 323 378
Zn 566 559 535 571 602 652 439 573
\Y 1093 1020 1057 1038 1069 1110 960 1003
Mo 716 649 633 658 641 642 514 655
Li 6.12 3.06 3.33 2.43 3.38 7.97 2.29 5.01
Sc 4.42 4.68 5.46 5.63 9.74 8.27 4.49 6.42
Ti 9884 10495 11251 11564 10599 10789 8758 10578
Rb 3.20 1.97 2.76 2.85 3.67 7.49 3.06 4.59
Sr 2039 1907 1967 1971 1881 1849 2162 1829
Y 150 179 191 162 206 146 166 154
Zr 367 418 407 450 494 530 271 460
Nb 75 72 85 88 73 89 81 73
Mo 653 631 624 651 578 541 511 629
Te 86.69 90.72 88.93 95.63 60.50 69.13 91.82 72.25
Ba 1324 1359 1311 1447 1338 1575 1258 1394
La 253.92 254.13 301.60 298.90 313.42 288.44 249.38 275.26
Ce 1560.27 1663.15 1629.58 1929.88 1586.37 1928.73 1425.92 1864.80
Pr 51.37 51.22 60.15 59.36 63.29 59.88 54.56 55.50
Nd 205.40 208.61 246.14 236.89 261.90 241.79 223.46 223.85
Sm 42.56 42.39 49.78 47.99 53.06 49.00 46.27 45.57
Eu 9.85 9.94 11.61 10.99 12.78 11.52 10.65 10.53
Gd 43.02 43.63 51.56 47.58 58.24 48.89 46.59 46.19
Tb 6.57 6.74 7.79 7.36 8.81 7.62 7.12 7.14
Dy 39.80 41.26 47.53 45.05 54.70 45.15 42.53 42.43
Ho 8.09 8.73 9.78 9.17 11.13 9.01 8.55 8.63
Er 23.58 25.42 28.72 26.46 32.01 24.94 24.44 24.35
Tm 3.40 3.72 4.08 3.82 4.45 3.56 3.42 3.54
Yb 20.97 23.56 25.25 23.61 28.67 22.30 20.73 22.30
Lu 3.09 3.63 3.79 3.44 4.27 3.27 3.08 3.32
Hf 6.68 6.99 6.85 8.28 9.46 12.26 4.82 8.51
Ta 1.19 1.40 1.38 151 1.33 1.70 1.28 1.34
W 145 128 143 156 130 123 122 136
Pb 2202 2363 2407 2411 2110 1981 1945 2204
Th 29.73 26.42 31.73 39.53 26.25 40.57 25.20 37.54
U 12.52 13.21 13.67 12.97 12.91 11.86 11.98 12.24
Y/Ho 18.48 20.51 19.53 17.68 18.52 16.23 19.37 17.80
Zr/Hf 54.87 59.76 59.38 54.31 52.27 43.20 56.33 53.98
Nb/Ta 63.05 51.67 61.69 57.99 54.50 52.61 62.75 54.62
Cesn/Cesyt! 3.14 3.35 2.78 3.33 2.59 3.38 2.81 3.47
Y/ sit? 0.66 0.75 0.71 0.64 0.67 0.58 0.69 0.64
2REE 2272 2386 2477 2751 2493 2744 2167 2633
G.R. (mm/Ma] 1.88 2.45 1.73 1.58 2.40 251 3.08 2.12
Thickness (mm) 20 6 25 16 40 40 20 25
Age (Ma) 10.6 2.4 14.4 10.1 16.7 15.9 6.5 11.8

1 . B

SN: Shale normalized. G¢Cesy =Cesn/(0.5Lasn+0.5 PEgy)
2 .

SN: Shale normalized.s{/Y sn =Y sy/(0.5Dysn+0.5Hasy)

3G.R. is the growth rate calculated as G.R.=1,2848)eD,24] (Puteanus & Halbach, 1988)
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621

622
623
624
625 Table 6: continued.
Non-phosphatized samples | Phosphatized samples
DC38B DC39B DC61B ML39B ML67B-1 DCO5A DC25A
Fe % 19.91 20.18 17.88 12.71 6.61 9.14 7.96
Mn 20.87 22.97 25.12 19.00 16.09 15.62 10.06
Mn/Fe 1.05 1.14 1.41 1.49 2.43 1.71 1.26
Ca 2.78 2.77 2.83 11.93 18.08 11.54 20.67
Na 1.66 1.63 2.08 1.01 0.93 0.94 0.81
Mg 131 1.20 141 1.85 197 1.94 194
Al 1.11 0.59 0.71 1.06 1.24 1.70 1.57
K 0.36 0.34 0.34 0.26 0.27 0.39 0.23
P 0.49 0.56 0.45 1.50 4.70 2.70 521
Co mg/kg 9718 9383 10101 4234 2864 5224 2069
Ni 2999 3501 3916 5825 6878 5391 4341
Cu 441 421 286 375 306 716 395
Zn 540 562 546 508 859 596 534
\Y 877 1055 900 914 502 574 467
Mo 517 601 670 455 314 391 247
Li 3.62 2.12 2.50 37.45 93.73 78.01 66.42
Sc 17.23 6.11 8.74 4.35 6.20 6.23 7.41
Ti 11591 12382 10328 7464 3815 5664 4083
Rb 5.26 3.90 2.43 3.20 511 9.95 6.14
Sr 1722 1966 1860 1554 1727 1127 1332
Y 210 201 197 164 234 201 195
Zr 526 483 466 264 172 242 191
Nb 86 108 66 58 29 44 33
Mo 487 598 638 423 290 384 217
Te 76.26 92.10 72.30 65.52 30.45 42.03 24.42
Ba 1145 1338 1061 1200 901 782 571
La 346.17 292.91 321.14 178.55 165.53 137.24 107.72
Ce 1837.02 1904.66 1465.55 1058.96 525.95 641.25 349.56
Pr 73.69 56.80 64.43 36.20 29.47 24.73 20.39
Nd 298.30 232.72 260.41 147.73 126.07 104.02 87.59
Sm 60.78 47.26 52.00 31.01 25.53 21.14 18.16
Eu 14.51 11.05 12.34 7.35 6.21 5.13 4.46
Gd 62.69 49.46 54.79 33.22 30.77 25.22 21.97
Tb 9.74 7.65 8.35 5.00 4.44 3.82 3.28
Dy 57.53 47.12 51.56 30.55 29.60 25.09 21.87
Ho 11.56 9.83 10.62 6.61 6.54 5.64 5.09
Er 32.02 28.87 30.50 18.86 19.48 17.76 15.59
™™ 455 4.12 431 2.69 2.63 2.55 2.29
Yb 28.47 26.64 27.73 16.46 16.36 16.12 14.40
Lu 4.24 4.02 4.17 2.49 2.49 2.52 2.31
Hf 10.85 9.57 6.87 4.87 3.13 4.47 3.56
Ta 1.89 1.56 113 1.09 0.50 0.75 0.53
w 115 134 130 110 63 96 46
Pb 1782 2512 2221 1612 844 1067 547
Th 47.61 37.10 28.69 17.85 9.19 13.75 8.95
u 11.31 14.20 12.32 10.59 9.22 10.03 9.89
Y/Ho 18.12 20.43 18.58 24.84 35.76 35.55 38.38
Zr/Hf 48.51 50.44 67.91 54.15 55.05 54.11 53.62
Nb/Ta 45.40 68.85 58.47 53.21 58.05 58.91 63.36
Cesn/Cesyt! 2.65 3.39 2.34 3.03 172 2.52 171
Yo Yon*? 0.65 0.74 0.67 0.92 1.34 1.34 1.48
2REE 2841 2723 2368 1576 991 1032 675
G.R. (mm/Ma] 1.75 1.83 1.66 - - - -
Thickness (mm) 25 10 12 - - - -
Age (Ma) 14.3 5.5 7.2 - - - -

626 lSN: Shale normalized (Post-Archean Australian SHAS, of McLennan, 1989). G¢Cesy =Cas/(0.5Lasnt+0.5 Pky)
627 2SN: Shale normalized (Post-Archean Australian SHAS, of McLennan, 1989). /Y sy =Y sy/(0.5Dysn+0.5Hasw)
628 3G.R. is the growth rate calculated as G.R.=1,2848)eD,24] (Puteanus & Halbach, 1988)
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630
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633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

Table 7:8'SrF8Sr results.

Samol ¥Srfesr  Age
ample +2SE  (Ma)
ML11D 0.70860+2  17.6
HS145A  0.70880+2 14.6
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655

FIGURES
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26°S
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Depth (m)
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34°S

36°S

42°W 40°W 38°W 36°W 34°W 32°W 30°W 28°W
O DSDP Sites

Fig. 1. Bathymetry from ETOPO1 showing West andtBRis Grande Rises (WRGR and ERGR), the
Vema channel and the Sao Paulo Plateau (SPP). \ittutes are DSDP (Deep Sea Drilling Project) Sites
(Constantino et al., 2017). In the globe figures fosition of Walvis Ridge (WR) and Rio Grande Rise
(RGR) are shown.
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656 O DsDPSites

657  Fig. 2: Sample locations in the Rio Grande Risee8ea Drilling Project sites 357 and 516 are shown
658 in the map.
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659
660

661
662
663
664
665
666
667

non-phosphatized crust 110_1 Ma

16'4 Ma non-phosphatized crust

non-phosphatized crust

DC38A

Fig. 3: Ferromanganese crust samples from the @oude Sul Lineament. Ages shown are minimum
estimates based on Co chronology calculations. @@meter = 2 cm. A. Sample ML77A. Laminated
Fe-Mn crust developed above phosphorite; B. Sanip®1B. Thin Fe-Mn crust above volcanic
substrate; C. Sample DC38A. Botryoidal Fe-Mn cudesteloped above phosphorite. White dashed line
indicates the boundary between the pristine crust the phosphorite substrate impregnated with
oxyhydroxides; D. Sample DC25C. Laminated Fe-Mnstreveloped above phosphorite; E. Sample
ML64B. Laminated crust above phosphorite; F. SanipRP5A. Irregular shaped sample composed of
Fe-Mn precipitates in between phosphorites; G. $arvlL.67B. 6 mm-thick pristine crust developed
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668 above older phosphatized crust. White dashed tidecates the boundary between the old and the new
669  crust generations.

670

substrate

671 <
672  Fig. 4: Backscattered electrons images of sampl@ML. Layers of higher reflectance present a higher

673  concentration of metals. A. Concave growth strieguare shown; B. Contact between the crust and its
674  substrate.

675
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676
677
678
679
680
681
682
683
684

685
686
687

non-phosp. crust

Fig. 5: A. Sample ML77A. Ferromanganese crust dged above sedimentary rock composed of an
Eocene phosphatized packstone (B and C) attachedliocene wackestone (D) fragment; B.
Photomicrography of Eocene fragment showirgcocyclina sp. (1) andNummulites sp. (2) in a
carbonate fluorapatite matrix; C. Photomicrographgalcareous structure of Eocene coralline al@e (
D. Photomicrography of Miocene fragment composeplaktic foraminifera in a micritic matrix.
Orbulina sp. (4) andGloborotalia sp. (5) are shown; E. Backscattered electron imagheof
ferromanganese crust showing layers of differefiéctance and concave growth structures (6). Yellow

dots are EPMA spot analyses shown in table 4. @iaimeter = 2 cm.
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688
689
690
691
692
693
694

695
696

nor-phiosp. trust

P ey o8

volcanic su_bsi:"ate & y

Fig. 6: A. Sample DC38A,; B. Photomicrography ofstrsubstrate in sample DC38A showiddulina
universa (1) in a carbonate fluorapatite matrix; C. Sanip&25A; D. Photomicrography of the substrate
in sample DC25A showinlylorozovella sp. in a carbonate fluorapatite matrix; E. Sample DEBG-.
Photomicrography of sample DC61B showing the cdrdatwveen the volcanic substrate and the
overlying ferromanganese crust. Yellow dots are BPdot analyses shown in table 4. Coin diameter =

2cm.
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698 Fig. 7: XRD patterns of non-phosphatized crust demp2.45 and 1.42 A peaks characterize the Fe-
699 vernadite §-MnO,). Calcite is present in samples DC25C, ML64B ar@3BB; quartz is present in
700 samples DC25C, DC10C, DC10D and DC38A.

—— Before heating R

— Affer heating at 105°C for 48 hours ® 10 A Mn phase 7
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701
702  Fig. 8: XRD patterns of phosphatized crust samplée. 10 A peak remains present in all samples after
703  heating at 105°C for 48 hours.
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708 Fig. 9: Mn/Fe vs elements of crusts from the esoams of the Rio Grande Rise. Phosphatized crust

709 samples present higher contents of P and Ca.
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Fig. 10: REY pattern normalized to Post-Archeantfalan Shale (PAAS, of McLennan, 1989) of Fe-
Mn crusts from the escarpments of the Rio Grande.Ri

-~

non-phosphatized Crust .

Fig. 11: Sample HS145A (A) and sample MLD11 (B)idading wheré’Sr£®Sr analyses were
performed.
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McArthur et al. (2012)
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719  Fig. 12: Samples HS145a and ML11D plotted’8r°Sr curve from McArthur et al. (2012) for indirect
720 dating.
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Hydrogenetic_ __
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Fe Mn
722

723  Fig. 13: Ternary diagram of Mn, Fe and (Ni+Cu+Cd)*hodified from Bonatti et al. (1972). All
724  analyzed samples plot in the hydrogenetic field.
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Fig. 14: Ys/Hosy ratio vs Cey/Cesy*, and Nd (ppm) vs Gg/Cesn*. SN: shale normalized (PAAS) and
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Mineralogy and chemical composition of ferromanganese crusts from the Cruzeiro
do Sul Lineament - Rio Grande Rise, South Atlantic

Sousa, I.M.C., Santos, R.V., Koschinsky, A., Bau, Wlegorzewski, A.V., Cavalcanti, J.A.D.,

Dantas, E.L.
Highlights:
* Non-phosphatized Fe-Mn crusts in the region dewslombove Miocene
phosphorites.
« Phosphatization was probably caused by a Middleckhe OMZ expansion in
depth.

* Fe-vernadite is the mineral constituent of non-pheasized Fe-Mn crusts.
« A stable 10 A-Mn phase is the mineral constituémtmsphatized crusts.
* Estimated age of the crusts is in agreement with lam NE Atlantic.
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