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Abstract

Ferromanganese crusts collected at selected locations along the ~7000 km long stretch of Carlsberg,
Central Indian and Southwest Indian ridges are studied for bulk geochemical composition and
distribution of rare earths and yttrium in major geochemical phases; exchangeable/carbonate, Mn-
oxide, Fe-oxyhydroxide and residual silicate. The crusts are dominated by vernadite with traces of
quartz and calcite. A high concentrations of major (Fe, Mn), trace (Co, Ni, Cu & Zn) and rare earth
elements indicates that these crusts are hydrogenous in nature. However, the negative or no cerium
anomalies in the shale normalized REE pattern indicates that some of these crusts are of mixed type
(hydrogenous and hydrothermal). Irrespective of their nature (mixed or hydrogenous), the phase
distribution of REE-Y shows 70-83% of total REE-Y are associated with Fe-oxyhydroxide phase,
whereas only about 17-30% are associated with Mn-oxide phase. Such phase-distribution is expected
in mixed type crusts because it is a combination of hydrothermal (where 90% of the total REE-Y is
associated with only Fe-oxyhydroxide phase) and hydrogenous processes (where 50% of the total
REE-Y is associated with only Fe-oxyhydroxide phase). Conversely, the hydrogenous crusts also
shows similar phase-distributions (70-83% association with Fe-oxyhydroxide phase) which is
certainly different from typical hydrogenous crusts where both Fe-oxyhydroxide and Mn-oxide
phases host equal amounts (50% each). The large scale dispersion of hydrothermal particulate iron
along the Indian Ocean ridges is likely to contribute an additional Fe-bound REE-Y pool to these
crusts. The positive yttrium anomaly in Mn-oxide phase of all these crusts substantiates the
hydrothermal contribution.
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1 Introduction

Hydrothermal fluids emitting from active vents carry various chemical components of magmatic
origin to deep ocean and cause significant compositional changes to seawater (Lang, 2018). Iron and
rare earths are abundant in these fluids (Michard, 1989; Klinkhammer et al., 1994; Douville et al.,
1999) (when compared with the background seawater) and co-precipitate during mixing with
seawater (German et al., 1990). In the buoyant stage of hydrothermal fluid, anhydrite scavenges the
rare earths (Chavagnac et al., 2018) and then in the neutrally buoyant stage, iron oxy-hydroxides
scavenge rare earths from the seawater (German et al., 1990). Hence, the rare earth element
concentrations are very low in hydrothermal plume particles (Mitra et al., 1994; Sherrell et al., 1999)
and the hydrothermal ferromanganese crusts ( Mills et al., 2001). On the other hand, hydrogenous
ferromanganese crusts precipitated from seawater are rich in rare earth elements concentrations (
Nath et al., 1997; Surya Prakash et al., 2012; Hein et al., 2016). However concentrations of these
elements are relatively low in mixed type crusts (hydrogenous crusts which were under influence of
hydrothermal activity (Nath et al., 1997; Kuhn et al., 1998; Kalangutkar et al., 2015) and the pure
hydrothermal crusts show a large Fe-Mn fractionation (Hein et al.,, 1997; Nath et al., 1997).
Mineralogically, Mn-oxides in hydrogenetic crusts are essentially Fe-vernadite and birnessite and
hydrothermal crusts show the presence of todorokite, asbolane and buserite (Marino et al., 2019 and
references therein). The sequential leaching of hydrothermal ferromanganese crusts shows that REE
are mainly associated with only Fe-oxyhydroxides (Surya Prakash et al., 2012) and for hydrogenouos
crusts, rare earths are associated with both Fe-oxyhydroxide (~ 50%) and Mn-oxide (~50%) in nearly

same proportion ( Surya Prakash et al., 2012; Ren et al., 2018).

Recent GEOTRACES studies show the mid-oceanic ridges as primary source of hydrothermal iron
(Wu et al., 2011; Klunder et al., 2011, 2012; Noble et al., 2012; Thi Dieu Vu and Sohrin, 2013;
Nishioka et al., 2013; Fitzsimmons et al., 2014, 2015; Resing et al., 2015;German et al., 2016;Chinni
et al., 2019) and about 90% of it precipitates as Fe-oxyhydroxide near the ridges (Fitzsimmons et al.,
2017). Such precipitation of particulate iron in the water column should have important implications
in cycling of particle reactive elements such as rare earths in the seawater (German et al., 1990).
Therefore, the signatures of large scale precipitation of hydrothermal iron and related scavenging
effects are expected to be preserved in chemical precipitates such as oceanic ferromanganese crusts.
Thus, we have carried out geochemical fractionation studies of several ferromanganese crusts
collected at selected locations along the ~7000 km long stretch of Carlsberg, Central Indian and

Southwest Indian Ridges, Indian Ocean (Figure 1 and Table 1) for assessing the association of REE-
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Y with competing geochemical phases and to understand the role of hydrothermal particulate iron on

the behavior of particle reactive elements in the ocean.
2 Geological setting

The Indian Ocean has four active ridges with slow, intermediate and ultra-slow active spreading
ridges, namely, Carlsberg Ridge (CR), Central Indian Ridge (CIR), Southeast Indian Ridge (SEIR)
and Southwest Indian Ridge (SWIR) which are part of world mid-ocean ridge system (Figure 1). The
MOR section between the Owen fracture zone near 10°N and equator is named as Carlsberg Ridge.
The Central Indian Ridge extends from the equator to Rodriguez Triple Junction (RTJ) at 25°S. The
SWIR extends from the RTJ to the Bouvet Triple Junction (BTJ) at 55° S whereas the SEIR extends
from the same RTJ to Macquarie Triple Junctions (MTJ) at 60° S. Both CR and CIR are defined as
slow-spreading ridges with slightly variable rates of 22-32 mm/yr and 26-36 mm/yr respectively
(Kamesh Raju et al., 2012b, 2008), while SEIR is characterized with intermediate spreading rate of
59-75 mm/yr (Small et al., 1999). However, SWIR is classified as an ultra-slow spreading ridge with
a spreading rate of ~14 mm/yr (Cannat et al., 2008).

Seabed sampling of along these ridges recovered variety of basalts (glass cover, pillow, ropy,
columnar, altered, oxide encrusted), coarse grained gabbros, serpentinized peridotites, gabbros and
volcanic breccias (Cannat et al., 2008; Kamesh Raju et al., 2008, 2012b). Thin coating of
ferromanganese oxides were recovered from majority of these rock samples. The sample locations of
the present study areas (CR, CIR & SWIR) in Indian Ocean along with the active/inactive and

inferred hydrothermal vents (Beaulieu et al., 2013) are shown in Figure 1.
3 Material and methods

For the present study, 24 ferromanganese crust samples were collected from Indian Ocean mid-
oceanic ridge system (Figure 1 and Table 1). Among these only five samples were collected from the
vicinity of reported hydrothermal plumes (Srinivasan et al., 2004; Murton et al., 2006; Ray et al.,
2008, 2012; Thi Dieu Vu and Sohrin, 2013; Nishioka et al., 2013; Ray et al., 2017; Takahata et al.,

2018) while the rest were away from any reported active/extinct sites.

Initially, all samples were thoroughly cleaned, air dried and then finely powdered by using agate
motor and pestle. The fine powdered samples were analyzed for mineralogical composition using
Rigaku X-ray diffractometer with Dmax-1c¢ wide angle goniometer. Each sample was scanned from
05° to 85° 20 by using Cu-Ko radiation. Minerals were identified using Rigaku standard data

processing and peak search- software and the website (www.webmineral.com).
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All the crust samples were investigated for bulk chemical composition and relative distribution of
rare earth elements and yttrium (REE-Y) in major geochemical phases. For bulk analysis, 50 mg of
each powdered crust samples were digested with supra-pure acid mixture (HF:HNO;:HCIO4=7:3:1)
for chemical disintegration described in Balaram and Rao (2003). Four major geochemical phases
viz., 1) easily exchangeable/loosely adsorbed fraction, 2) easily reducible Mn-oxide fraction, 3)
moderately reducible Fe-oxyhydroxide fraction and 4) residual alumina/silicate fraction were
separated by sequential leaching method described in Koschinsky and Halbach (1995); Koschinsky
and Hein (2003); Bau and Koschinsky (2009); Surya Prakash et al. (2012). All the sample

preparations were carried out in class 10000 clean room, and class 1000 laminar flow hoods.

The bulk and leached sample solutions were analyzed for trace and REE-Y with a Quadrupole ICP-
MS (Perkin-Elmer SCIEX ELAN® DRC-II and Agilent® 7700) at CSIR-National Geophysical
Research Institute, Hyderabad and National Centre for Polar and Ocean Research, Goa using '*Rh
solution (20 ng/ml) as the internal standard (Balaram and Rao, 2003). Iron and manganese
concentrations were measured by using Atomic Absorption Spectrometer (Perkin Elmer AAnalyst®
200) at CSIR-National Institute of Oceanography, Goa. Four geochemical standards MAG-1, Nod
Al, Nod P1 (obtained from USGS) and JMn-1 (obtained from GSJ) were analyzed to check the
analytical accuracy, which was 2% and the precision was better than +5%. Recovery of leaching
experiments was calculated as the sum of four leached concentrations divided by bulk
concentrations. Excellent recoveries of 92-109 % for REE-Y were achieved and they are within the

acceptable limits 86-114% (Surya Prakash et al., 2012).
4 Results and Discussion
4.1 Mineralogy and bulk geochemical composition: assessing the nature of the crusts

All ferromanganese crusts from Indian mid-oceanic ridges have poorly crystalline vernadite (d-
MnO,) with traces of quartz, feldspar and calcite and indicate the hydrogenous nature. Diagenesis
would not have influenced these crusts, as they are not in contact with sedimentary pore fluids.
Moreover, absence of manganese minerals such as todorokite, asbolane and buserrite, which have
been considered to be indicative of diagenetic source (Marino et al., 2018, 2019) in these crusts,
further confirms the hydrogenetic nature. In most of the samples the concentrations of Fe (15-26%)
was considerably higher than Mn (6-17%) and that corresponds to low Mn/Fe ratio. The
concentrations of Fe, Mn and other trace/high field strength elements, and the plots of conventional

ternary diagrams (Figure 2, Table 2) clearly show that most of the crusts studied here are of
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hydrogenous in nature. However, few crusts fall on the boundary of line defining hydrothermal-

hydrogenous field indicating the possible influence of hydrothermal activity.

The total rare earths (3 REE) concentrations in these crusts range between 818 and 1925 ppm (Table
2) and are comparable to those found in typical hydrogenous ferromanganese deposits of the global
oceans ( Nath et al., 1992,1997; Hein et al., 1997; Kuhn et al., 1998; Kalangutkar et al., 2015; Hein
et al., 2016; Marino et al., 2017). Such high bulk REE concentrations suggest that these crusts would
have grown slowly and scavenge REE-Y from seawater over long periods of time (Bau et al., 1996).
In the shale (PAAS- Post-Archean Australian Shale; McLennan, 1989) normalized REE-Y patterns
most of the samples show either positive or no cerium anomalies (Figure 3, Table 2). Generally,
removal of cerium from the oceanic water column through oxidative precipitation (Bau and
Koschinsky, 2009) causes the positive Ce anomaly in hydrogenous crusts. However, negative cerium
or no cerium anomalies in the bulk crusts indicates the influence of hydrothermal plumes (Nath et al.,
1997; Kuhn et al., 1998). The observed behavior of redox-sensitive cerium is in conformity with its
genetic origins, as the extent of positive cerium anomaly decreases with increase in growth rates
(Takahashi et al., 2007). Further, crusts of the present study clearly fall in the mixed (hydrogenous-
hydrothermal) and hydrogenous fields (Bau et al., 2014; Hein et al, 2016) in REE based
discrimination plots (Figure 4). The calculated ‘excess’ Ce (Kuhn et al., 1998) allowed us to
distinguish between the Ce(Ill) and Ce(IV) uptake by crusts from the seawater. In hydrothermal
crusts and plume particles, Ce behaves like its trivalent neighbors REEs and exist as Ce(III). Hence
the Ceys/Cepyx wWould be zero and suggests that there was no oxidative Ce uptake. Otherwise, in
hydrogenous crusts, the Ceys/Cepyik 1S equal to unity where Ce is usually present as Ce(IV). However
in mixed origin crusts, the Cex/Cepux ratio would be less than unity with slightly high Ce

concentration (Figure 5) which indicates the influence of hydrothermal activity.

Thus while the mineralogy and bulk geochemical composition of all ferromanganese crusts from
Indian mid-oceanic ridges are indicating their hydrogenous nature; the Ce geochemistry and REE
based discrimination plots provide the evidence of hydrothermal influence on some of these crusts

and thus can be defined as mixed type (hydrogenous/hydrothermal).

4.2 Anomalous phase distribution of REE-Y in crusts: constraints on possible role of

hydrothermal iron

Irrespective of their origin (hydrogenous or mixed type), the relative abundances of REE-Y in four
geochemical fractions of all ferromanganese crusts (Figure 6) show that about 95% of total REE-Y is

associated with Fe-oxyhydroxides (here after named as Fe-fraction) and Mn-oxide (here after named
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as Mn-fraction). Among these two oxide fractions, Fe-fraction hosts about 70-83% of total REE-Y
(Figure 6a, 6b & 6¢) while Mn-fraction hosts only 17-30% of total REE-Y. Such REE-Y
distributions in these crusts from the mid-oceanic ridges is quite contrasting to typical hydrogenous
crusts of Indian Ocean (Surya Prakash et al., 2012), where both Fe-oxyhydroxide and Mn-oxide
phases share almost equal amounts (45-50%) of total REE-Y (Figure 6d & 6¢). In seawater, the Mn-
oxide and Fe-oxyhydroxide particles develop negative and positive surface charges (Koschinsky and
Halbach, 1995; Koschinsky and Hein, 2003) and thus preferentially adsorb dissolved mono- and di-
carbonate complexes of REE-Y respectively (Byme, 2002). The same mechanism based on
electrostatic attraction is responsible for equal distribution of REE in hydrogenous crusts (Surya
Prakash et al., 2012). However, the observed REE-Y enrichment in Fe-fraction of crusts from mid-
oceanic ridges resembles typical hydrothermal crusts from Andaman Sea (Figure 6f) and could not
be explained with similar scavenging mechanism as described for hydrogenous crusts. In
hydrothermal crusts, the uptake of dissolved REE by hydrothermal particles has been explained in
terms of co-precipitation with iron in addition to adsorption mediated by columbic attraction.
Further, the dominant negatively charged or neutral halide/sulphate species of dissolved REE in
hydrothermal fluids preferentially adsorbed on Fe-oxyhydroxides and leave the Mn-oxide phase poor
in REE (Surya Prakash et al., 2012). Therefore, the REE-Y distributions of mixed origin crusts with
70% REE in Fe-fractions (Figure 6a, 6b, 6¢) appear to be the intermediate member of pure
hydrothermal (90% of the total REE are associated with Fe-fraction) and hydrogenous (~50% of the
total REE are associated with Fe-fraction) origin. Therefore, even if the high concentrations of REE
in the crusts from mid-oceanic ridges are comparable to other hydrogenous crusts; relative
enrichment of REE-Y in Fe-fraction suggest that a substantial fraction of the total REE is probably

contributed by Fe-particles from hydrothermal sources(s).
4.3 Yttrium anomaly in REE-Y pattern: evidence for hydrothermal contribution

Like phase distribution of REE-Y; certain features in PAAS-normalized REE-Y patterns of
sequentially leached fractions (Figure 7A-7E) of crusts from mid-oceanic ridges also differ from
hydrogenous crusts. In bulk REE patterns, the crusts are characterized with distinct positive Ce-
anomalies; very similar to those found in hydrogenous deposits from Indian Ocean (Figure 7F &
7G). However, the positive cerium anomalies in both Mn-oxide (Ce/Ce* =1.32-1.88) and Fe-
oxyhydroxide phases (Ce/Ce* =1.84-2.47, Supplementary Material) of the crusts from mid-oceanic
ridges are comparable to hydrogenous crusts from Indian Ocean. These cerium anomalies result from
oxidation of dissolved Ce(IIl) after its sorption on surface of metal-oxide (Bau and Koschinsky,

2009). On the other hand, the mixed type crusts, unlike hydrogenous crusts, show slightly negative
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or no Ce-anomalies in both Mn-oxide and Fe-oxyhydroxide fractions. Such relative depletion of Ce
is in agreement with that of hydrothermal crusts from Andaman Sea (Surya Prakash et al., 2012)

which further substantiates the contribution from hydrothermal sources to these crusts.

The PAAS normalized bulk REE patterns of crusts from mid-oceanic ridges show depletion of Y
when compared to adjacent elements (Dy and Ho); very similar to those found in hydrogenous crusts
from Indian Ocean. However, the relative enrichment of Y in Mn-oxide phase of crusts in the present
study (both hydrogenous and mixed type) is in contrast to other hydrogenous crusts (Figure 7F-7G).
In hydrogenous crusts, Y exhibit negative anomalies because of weak surface complexation of Y;
that does not favor its adsorption on particles (Bau and Koschinsky, 2009). Thus the positive yttrium
anomalies (Figure 7A-7E) in the Mn-oxide phase of crusts from CR, CIR and SWIR manifest the
possible contribution from hydrothermal source ; which usually contain free Y-ion and/or its halide
complexes (Bau and Dulski, 1999) and are adsorbed on Mn-oxide phase in hydrothermal crusts (
Surya Prakash et al., 2012; Mikhailik et al., 2017;). Therefore, these positively charged Y-
ion/complexes would preferentially adsorb onto Mn-oxide and might be responsible for positive
anomalies (Figure 7). The shale normalized Y/Ho ratios in the Mn-oxide phase of the crusts (average
of all samples) from mid-oceanic ridges is 1.2 (Supplementary Information); which further
substantiate the hydrothermal origin of Y. This ratio (above 1.0) is quite close to those (Y/Ho)sn of
hydrothermal crusts (2.14- average ) but distinctly different from the hydrogenous crusts (0.85-
average and less than 1) from the Indian Ocean (Surya Prakash et al., 2012).

Moreover, irrespective of sampling locations along the mid-oceanic ridge, the similar features of
REE-distribution in geochemical phases of all the crusts suggest a pervasive supply of hydrothermal-
Fe all along these mid-oceanic ridges. Although the present day hydrothermal activity is not evident
all along the Indian Ocean mid-oceanic ridges, the observed hydrothermal signature in these
ferromanganese crusts clearly suggest the contribution of hydrothermal iron. Earlier it was assumed
that the dissolved Fe from hydrothermal vents precipitate as oxide or oxy-hydroxide with-in few
kilometers of any active vent (Field and Sherrell, 2000). However, several recent studies showed that
hydrothermal-Fe travels further away from its source as organic complexes ( Toner et al., 2009;
Sander and Koschinsky, 2011) and/or pyrite nano-particles (Yiicel et al., 2011). Further,
Fitzsimmons et al. (2017) have traced the hydrothermal particulate-Fe as far as 4300 km away from
the active source. Thus, it is evident from these recent studies, that the hydrothermal-Fe is
transported thousands of kilometers in the deep oceans. Therefore, even if ~90% of the

hydrothermal-Fe precipitates very close to their sources, a considerable amount of Fe and associated
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REE seems to move further and precipitate away from the source and these signatures are retained in

hydrogenous crusts collected all along the mid-oceanic ridges.
4.4 Proposed mechanism for formation of crusts at mid-oceanic ridges

In normal oceanic water column, below the oxygen minimum zone (OMZ), dissolved iron and
manganese get oxidized and forms colloids (Koschinsky and Halbach, 1995). These colloidal
particles of Mn and Fe oxides develop surface charge and adsorb charged species of other elements
available in seawater. Since the zero point charge for Mn-oxide (pHzpc) is 2.8 and 8.5 for Fe(OH);
(Stumm and Morgan, 1981); in seawater (pH is 7.8) the surface of Mn-oxides develop negative
charge in seawater and attracts the positively charged mono-carbonate complexes of rare earths i.e.,
REE(COs)" (Byrne, 2002). On the other hand, the surface of Fe(OH); would develop positive charge
and attracts the negatively charged di-carbonate complexes of rare earth elements (REE(COs3);-.
Thus, the charge-based scavenging mechanism (electrostatic attraction of these particles
(Koeppenkastrop and De Carlo, 1992) promotes nearly equal share (~50%) of REEs among Mn-
oxide and Fe-oxyhydroxide colloids in pure hydrogenous crusts (Surya Prakash et al., 2012; Ren et
al., 2018). In contrast, during hydrothermal precipitation, both REE and Fe are (co)precipitated from
the hydrothermal fluid and almost 90% REE are associated with Fe-oxyhydroxides (Surya Prakash et
al., 2012). However, the present study has shown that in the crusts collected from mid-ocean ridges,
such distribution of REE-Y in two oxide fractions are intermediate of pure
hydrogenous/hydrothermal crusts. To explain such anomalous REE distributions, here we propose a
mechanism of formation of ferromanganese crusts at the mid-oceanic ridges (Figure 8). After the
redox-driven precipitation from the subsurface reactions at the base of OMZ (around 1500m),
hydrothermal input in the mid- to deep- water column (2000-4000m approximately) is possible.
When the Mn and Fe oxides are formed at the OMZ boundary, they possibly adsorb near equal
amounts of carbonate complexes of REE-Y from the seawater (as evidenced by 50% REE-Y each in
Mn and Fe-oxides in hydrogenous crusts). When these particles sink through the hydrothermal plume
layers, they acquire the hydrothermal iron-oxyhydroxide which hosts 90% REE by co-precipitation
and also decoupled (Fitzsimmons et al., 2017) with Mn-oxide in the plume layer. Therefore, the
resultant Fe-Mn oxide precipitate (crusts here) will have maximum REE associated with Fe-
oxyhyroxide (70-80%) with relatively less REE association with Mn-oxide (20-30%). Therefore, at
mid-oceanic ridges, high abundance of hydrothermal particulate iron oxyhydroxides serves as “an
additional scavenger” for dissolved REE in seawater, similar to that of other particles reactive
elements such as thorium ( Valk et al., 2018; Pavia et al., 2019) and can become a part of authigenic

sinks such as crusts.
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5 Implication of the present study

The results of sequential leaching experiment on ferromanganese crusts from the Indian mid-oceanic
ridges indicate that hydrothermal Fe-oxyhydroxides transporting over a large distance can contribute
to the chemistry of ferromanganese crusts all along the ridges. Like previous results of international
GEOTRACES program; showing extensive spreading of hydrothermal-Fe in Indian Ocean (Nishioka
et al., 2013), here our observations also confirm widespread chemical precipitation of hydrothermal
iron along the ridges. The ferromanganese crusts from other oceanic ridges may have similar pattern
as large scale dispersion of hydrothermal-Fe plumes have been reported in the global oceans too.
Therefore, while discussing the geochemistry of authigenic fractions of crusts/sediments from mid-
oceanic ridges, one may consider possible hydrothermal contribution. Although numerous studies
have shown wide spread hydrothermal iron along the Indian ridges, the dynamical mechanism for its
transportation is not clearly defined. But when we consider the cross-ridge similarities of SWIR and
CIR hydrothermal vent biodiversity (Sun et al., 2020), there is possible extension of intra-ridge deep
water connectivity from south to north along the Indian ridge system. This is in agreement with our
understanding that the general flow of bottom waters (such as Antarctica Bottom Water and North
Atlantic Deep Water) in the western Indian Ocean is from south to north (Kumar and Li, 1996;
Wilson et al., 2012) which is obstructed by ridges and plateaus, but passing through openings and

fracture zones.
6 Conclusions

The ferromanganese crusts at several locations all along the ~7000 km long transect of Indian mid-
ocean ridges have vernadite as major mineral along with minor quartz and calcite and high
concentrations of Fe, Mn and total REE, similar to hydrogenous crusts. However the shale
normalized REE pattern of some of these crusts shows the negative or no cerium anomalies which
indicates the influence of hydrothermal activity. Irrespective of their origin, the significant percent of
total REE-Y were found to preferentially associate with Fe-oxyhydroxide phase in contrast to typical
hydrogenous crusts. The high abundance of REE-Y in Fe-oxyhydroxide phase reflects the
hydrothermal iron contribution to the total REE in all these samples irrespective of their locations
along the mid-oceanic ridge system. The positive Y anomaly in the Mn-oxide phase further
substantiates the evidence of hydrothermal inputs in these crusts. However, due to masking effects of
major hydrogenous components, the evidences of hydrothermal contributions are not prominent in
bulk geochemistry. Therefore, beside the adsorption mechanism which usually concentrates REE-Y
in hydrogenous crust from seawater, possibly, hydrothermal Fe particulates and associated REE also

partially contribute to the total REE of the crusts from the mid-oceanic ridges. Thus, the results of
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this study provide additional evidence for widespread distribution of hydrothermal iron in deep

waters along the Indian mid-oceanic ridges.
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Figure Legends

Figure 1: Study area showing the Indian mid-ocean ridges (Carlsberg, Central Indian, Southwest and
Southeast Indian Ridges), Central Indian Ocean Basin and Andaman Sea. White squares represent
sample locations, yellow circles indicate unidentified/inferred active hydrothermal venting, red and
green circles are known active and inactive hydrothermal fields (Beaulieu et al., 2013).

Figure 2: Ternary diagrams of (A) Fe-Mn-(Co+Ni+Zn)x10, (B) Fe-Mn-(Co+Ni+Cu)x10, (C) Fe-
Mn-(Cox10) and (D) (Zr+Y+Ce)x100- (CutNi)x10-(Fe+Mn)/4 (Toth, 1980; Usui and Nishimura,
1992; Frank et al., 2006; Josso et al., 2017) to classify the genetic origin of ferromanganese crusts
from Indian mid-oceanic ridges.

Figure 3: PAAS normalized rare earth element pattern of ferromanganese crusts from Carlsberg
Ridge (A & B), Central Indian Ridge (C & D) and South West Indian Ridge (E & F).

Figure 4: Modified REE discrimination plots (A) Cesn/Cesn® vs Nd and (B) Cegn/Cesn™ vs
Ysn/Hogn of ferromanganese crusts from Indian mid-oceanic ridges to effectively discriminate
between different genetic types.

Figure 5: Ceyy/Cepuk versus Cepyi plot (Kuhn et al., 1998) of ferromanganese crusts from Indian
mid-oceanic ridges to understand the influence of hydrothermal activity/plume. Several different
sample sets from previous studies including crusts of hydrogenous origin (Andaman Sea and CIOB
from Surya Prakash et al., 2012; Central Indian Ocean Basin Kalangutkar et al., 2015; Pacific Ocean-
Bau et al., 1996) and hydrothermal origin (Lau Basin from Paropkari et al., 2010, Andaman Sea from
Surya Prakash et al., 2012, hydrothermal plume particles and crusts from TAG from German et al.,
1990; R. A. Mills et al., 2001; (Bau et al., 2014) and mixed hydrogenous and hydrothermal crusts
(CIR from Kuhn et al., 1998; Nath et al., 1997 ; CIOB fromKalangutkar et al., 2015 and Northwest
Pacific from Mills et al., 2001) have been plotted for Cexs/Cepyix versus Cepyik.

Figure 6: Rare Earth Elements and Yttrium (REE-Y) abundances in major geochemical phases of
Fe-Mn crusts collected from (A) CR, (B) CIR, (C) SWIR. For comparison, hydrogenous crusts (D &
E) from seamount (SM2), Andaman Sea, Central Indian Ocean Basin and hydrothermal crusts (F)
from submarine volcano (CSM), Andaman Sea (Kamesh Raju et al., 2012a; Surya Prakash et al.,
2012) are shown.

Figure 7: PAAS normalized rare earth element pattern of bulk and major geochemical fractions of
Fe-Mn-crusts from Carlsberg Ridge (CR-A & B), Central Indian Ridge (CIR-C) and Southwest
Indian Ridge (SWIR-D & E). For comparison, hydrogenous crusts (F & G) from seamount (SM2),
Andaman Sea, Central Indian Ocean Basin and hydrothermal crusts (H) from submarine volcano
(CSM), Andaman Sea (Kamesh Raju et al., 2012a; Surya Prakash et al., 2012) are shown.

Figure 8: Illustration of formation mechanism for hydrogenous and mixed origin
(hydrothermal/hydrogenous) ferromanganese crusts from mid-oceanic ridges of Indian Ocean.
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Table 1: Concentrations (in wt%) of Fe, Mn, Co, Ni, Cu and Znin ferromanganese crusts from Carlsberg Ridge (CR), Central Indian Ridge
(CIR) and Southwest Indian Ridge (SWIR) along with sampling locations and water depths (m).

Ridge | Sample Id Latitude Longitude Depth (m) Fe Mn Co Ni Cu Zn Origin
Carls | DR-04 13°16.67°’N 59° 16.25°E 3565 16.7 15.8 0.139 0.277 0.040 0.072 HG
DR-06 08°15.66’N 58°3091’E 2519 17.4 14.2 0.302 0.285 0.020 0.060 HG
DR-6G -do- -do- -do- 16.7 13.3 0.208 0.218 0.018 0.045 HG
DR-07 08°03.82’N 58° 50.94°E 3382 15.3 12.6 0.190 0.241 0.023 0.051 HG
DR-16 06°19.08°’N 60° 30.51’E 3096 18.1 12.4 0.035 0.148 0.026 0.050 HG+HT
DR-17 06°07.33’N 60°45.27°E 2853 16.2 12.5 0.038 0.180 0.024 0.050 HG+HT
DR-17S -do- -do- -do- 17.3 12.5 0.044 0.197 0.022 0.055 HG+HT
DR-21 03°39.94°N 63°45.62’E 3244 21.6 7.96 0.082 0.046 0.023 0.050 HG
DR-23 03°39.71°’N 63°49.92’E 2312 21.8 10.7 0.090 0.106 0.0195 0.052 HG+HT
Centr | DR-10 06°03.04°S 68°29.86’E 2362 15.7 15.2 0.576 0.305 0.019 0.048 HG
Indi DR-6/3 09° 27.40’S 66° 58.24°E 1735 14.9 16.5 0.535 0.294 0.026 0.052 HG
ndia DR-04 10°47.62°S 66° 30.27’E 2741 22.1 10.8 0.101 0.082 0.037 0.045 HG+HT
South CD-5 26°36.22'S 67°19.38'E 2829 19.1 12.9 0.137 0.145 0.061 0.130 HG+HT
CD6-19 27°05.01'S 66° 53.15'E 3040 26.2 7.19 0.095 0.056 0.062 0.087 HG
India CD7-22 26°23.45'S 67°43.12'E 3039 20.8 9.89 0.108 0.092 0.071 0.144 HG+HT
CD8-31 26°21.88'S 68°18.16'E 3426 21.8 8.83 0.076 0.093 0.049 0.110 HG+HT
CD10-28 27°03.60'S 67°13.76'E 3708 25.8 5.92 0.083 0.048 0.066 0.094 HG
CD11-34 26°44.98'S 66°31.40'E 2482 24.6 11.03 0.259 0.138 0.060 0.103 HG+HT
CD11-37 27°00.52'S 66°30.01'E 3020 19.4 9.02 0.117 0.090 0.064 0.099 HG
E-1-3 27°33.77'S 63°56.56'E 2670 17.5 10.81 0.211 0.127 0.062 0.119 HG
E-3-15 28°02.98'S 63°42.64'E 2965 20.2 11.83 0.191 0.117 0.037 0.155 HG
E-4-5 27°42.96'S 64°19.30'E 2968 21.0 10.99 0.247 0.099 0.051 0.093 HG
E-6-25 28°23.03'S 63°30.16'E 3100 18.7 11.01 0.211 0.137 0.069 0.123 HG
E-8-32 27°36.32'S 63°15.71'E 2659 18.0 14.47 0.294 0.193 0.059 0.107 HG+HT

HG-hydrogenous; HT-hydrothermal
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Table 2: Rare earth elements and Yttrium concentrations (in ppm) of ferromanganese crusts from

Carlsberg Ridge (CR), Central Indian Ridge (CIR) and Southwest Indian Ridge (SWIR)

Sarlr(;p'e La| Ce | Pr [Nd| Sm | Eu | Gd | To | Dy | Y | Ho | Er | Tm| Yb | Lu |TREECe/Ce*
Carlsberg

DR-04 | 223 ] 951 | 45.5 |208 | 45.0 |10.46 | 48.6 8.20 | 48.0 | 191 [9.75 | 27.8 [4.19 | 23.6 [3.90 | 1657 | 2.17
DR-06 | 272 | 829 | 52.1 |235 | 49.6 |11.73 | 51.2 8.66 | 51.4 | 216 [10.59 | 29.3 |4.33 | 25.0 |4.07 | 1634 | 1.60
DR-6G | 282 | 851 | 53.0 |240 | 50.7 |11.76 | 52.4 9.00 | 53.0 | 218 |10.84 | 30.0 |4.51 | 25.4 |4.13 | 1677 | 1.60
DR-07 | 223 | 713 | 44.6 |205 | 42.8 |9.86 | 42.9 [7.55 | 44.4 | 182 |8.91 | 24.8 |3.67 | 20.6 |3.44 | 1394 | 1.64
DR-16 | 243 | 387 | 46.9 |214 | 44.8 [10.73 | 42.0 [7.97 | 48.8 | 212 |9.90 | 28.1 |4.18 | 23.4 [3.71 | 1114 | 0.84
DR-17 | 238 | 382 | 45.2 |207 | 43.2 |10.30 | 40.9 [7.82 | 46.6 | 203 |9.55 | 26.7 |3.98 | 22.6 [3.62 | 1088 | 0.84
DR-17S | 248 | 432 | 47.8 |218 | 46.5 |11.03 | 43.7 833 | 50.3 | 215 [10.39 | 29.2 |4.31 | 24.7 |4.05 | 1179 | 0.91
DR-21 | 179 | 542 | 36.3 |163 | 34.0 |8.54 | 35.8 6.26 | 39.0 | 177 |8.04 | 23.3 |3.48 | 19.6 [3.26 | 1102 | 1.55
DR-23 | 236 | 431 | 45.7 |211 | 43.7 |10.33 | 40.7 [7.64 | 46.2 | 202 |9.33 | 25.8 |3.84 | 22.0 [3.50 | 1137 | 0.95
Central Indian

DR-10 [249 [1179 [45.30 |209 |44.04 ]10.65 |52.57 8.35 |49.80 [222 [10.47 |29.62 |4.58 | 26.00[4.38 | 1923 | 2.54
DR-6/3 |261 |1061 |47.05 |220 |46.73 |11.43 |53.36 8.96 |54.59 |258 [12.03 |34.76 |5.50 | 31.19]5.30 | 1853 | 2.19
DR-04 281 | 411 [57.34 |263 |55.55 [13.09 |50.14 9.79 |57.59 |235 [11.49 |31.48 |4.63 | 26.254.28 | 1277 | 0.75
Southwest Indian

CD-5 | 281 | 448 [57.65 | 244 |46.60 | 11.25 [49.65 | 8.10 | 43.50] 162 | 8.80 22.30 | 3.20 | 21.353.30 | 1249 | 0.81
CD6-19 | 199 | 484 |45.15 | 193 |39.35 | 9.15 |40.25 | 6.40 | 36.85] 139 | 7.45 |18.25 | 2.60 | 18.703.00 | 1104 | 1.18
CD7-22 | 245 | 405 |51.95 | 226 |43.90 | 10.65 |45.25 | 7.00 | 42.00] 162 | 8.50 |21.75 | 3.00 | 20.40(3.15 | 1134 | 0.83
CD831 | 162 | 272 (39.55 | 167 |36.40 | 9.15 | 37.1 |6.15 | 36.20| 131 | 7.55 [19.65 | 2.80 | 19.452.85 | 818 | 0.78
CDI10-28 | 177 | 572 |41.95 | 183 [39.20 | 9.40 | 39.9 | 5.90 | 34.15| 126 | 7.00 |17.55 | 2.45 | 16.10 2.55 | 1147 | 1.53
CDI11-34 | 269 | 552 |56.85 | 252 |48.55 |10.95 |46.55 | 7.75 | 48.20] 163 | 9.30 |22.50 | 3.20 | 23.45 3.70 | 1354 | 1.03
CDI11-37 | 153 | 431 |30.60 | 134 [26.90 | 6.50 |28.35 | 4.35 | 25.95| 104 | 5.40 |13.60 | 1.90 | 13.50 2.25 | 878 | 1.45
E-13 | 202 | 626 |37.90 | 162 |33.15 | 7.90 |34.45 | 5.35 | 30.85| 129 | 6.65 |17.60 | 2.40 | 16.652.70 | 1185 | 1.64
E3-15 | 297 | 881 |63.10 | 270 |55.70 | 13.10 |56.55 | 8.60 | 49.10] 177 |10.05 |24.35 | 3.50 | 21.953.40 | 1757 | 1.48
E45 | 295 | 965 |63.70 | 272 |55.00 | 13.35 |54.85 | 8.65 | 46.85| 168 | 9.45 |24.00 | 3.35 | 21.753.30 | 1836 | 1.63
E-625 | 206 | 776 |38.75 | 168 |33.20 | 8.55 |38.45 | 5.40 | 31.90] 134 | 7.00 |18.25 | 2.55 | 18.752.90 | 1356 | 2.00
E-832 | 332 | 688 65.10 | 286 |57.10 | 14.00 |58.75 | 8.60 | 50.00] 189 [10.70 |27.10 | 3.75 | 23.803.65 | 1628 | 1.08
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