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Abstract

Bacterial participation in the formation of ferromanganese (Fe-Mn) mineral deposits is highly
debated, as the precipitation of metals could occur by both chemical and biologically mediated
mechanisms. Besides, the enrichment of trace metals like Co and Ni in Fe-Mn deposits is further
complicated by the aging process of the crust, scavenging by the Fe-Mn oxide surfaces and co-
precipitation by bacterial activity. The concentration of Co in Fe-Mn crusts varies from 0.1 to 1.9%
and Ni from 0.2 to 1.1% in individual bulk crusts implying marked heterogeneity in their
composition. Several reviews address different aspects like the molecular mechanisms of Co and Ni
uptake in bacteria, enzymes containing Ni and Co and their relative toxicity. Nonetheless, only
limited data are available on the interactions of Co and Ni with bacteria and how they contribute to
the enrichment of these metals in the deep-sea mineral deposits. Hence, this review focuses on the
geochemical and microbiological perspective of the interactions of Co and Ni, different modes of
their enrichment and requirement for several physiological and biogeochemical processes in bacteria.
The detailed survey of the studies indicates that both chemical and biological mechanisms promote
the accretion and dissolution of minerals with bacteria accelerating the net oxidation-reduction
reactions in their directions. Combined geochemical and microbiological interactions in conjunction
with detailed molecular analysis would further confine processes affecting Fe-Mn mineral formation.
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1. Introduction

Migration of metal cations like iron and manganese from less oxidizing to more oxidizing
conditions in the marine environment contributes to the formation of Fe, Mn and Fe-Mn mineral
deposits (Glasby, 2006). The hydrogenetic crusts on seamounts are formed by the precipitation of Fe
oxyhydroxide and Mn oxide from cold, ambient ocean water onto rock substrates. Also, the
hydrothermal processes can lead to the accumulation of Fe-Mn oxides, sediment fall-out deposits or
formation of sub-sediments layers, or impregnations. The strong enrichment of one or the other
major element occur near volcanic sites and less commonly at spreading centers as a result of the
very different redox potential stability of Fe and Mn (Hein and Koschinsky, 2014). The deposits
occurring in the form of nodules and crusts in the marine environment (Figure 1 & 2) cover almost
all geomorphologic and tectonic environments of the oceanic basins. However, the process of
oxidation of Fe and Mn and their mechanism of precipitation leading to the formation of
ferromanganese (Fe-Mn) crusts and nodules in different parts of the oceans are yet unknown (Usui et
al., 2020). The physicochemical mechanisms of Fe-Mn deposit formation according to an earlier
model by Koschinsky and Halbach (1995) considered intermediate oxygen minimum zone (OMZ) as
a major reservoir of reduced manganese (Mn?*) for Fe-Mn crust formation. Nonetheless, model
proposed by Usui et al (2017), pointed out that the intermediate OMZ is not a major reservoir of
reduced Mn?* rather it is as a place for continuous oxidation and deposition of Mn. The subsequent
research findings on manganese cycling in Chesapeake Bay indicate that the redox cycling of Mn is
more complex and is intense at the suboxic-anoxic interface with high total Mn and concurrent
occurrence of Mn(Il), Mn(Ill) and MnOx species having different redox stability (Oldham et al.,
2017). The growth of Fe-Mn crusts are also influenced by ocean currents and erosion with optimum
crustal growth occurring at average current magnitude of <0.1 m/s (Yeo et al., 2019). The
hydrogenetic crust deposits are found to grow at different parts of the ocean in the depth range of 400

to 7000 meters below sea level (Lusty et al., 2018).

However, differences in opinion existed among the researchers on the biogenic contribution
for the formation of Fe-Mn mineral deposits. Some of the geochemists agreed that microorganisms
could create suitable niches for mineral formation (Dean and Ghosh, 1981), whereas others proposed
that enzymes produced by bacteria are involved in the oxidation and reduction of metals (Callender
and Bowser, 1976). Yet, the microbial participation in Fe-Mn mineral formation was difficult to
accept among researchers due to the lack of experimental evidences that distinguished the microbial
processes from that of abiotic reactions (Callender and Bowser, 1976; Ghiorse, 1984). Since then

powerful microscopic techniques, specific metabolic inhibitors, radio isotopes and other available



tools were used in conjunction with experiments to probe the microbial presence and activity in
microhabitats (Rosswall, 1973; Emerson et al., 1982). This was followed by several reports that
addressed the intimate associations of microorganisms with the natural samples (Ghiorse, 1984;
Beveridge et al., 1997; Holden and Adams, 2003; Edwards et al., 2005; Haferburg and Kothe, 2007;
Ehrlich and Newman, 2009; Tebo et al., 2010; Dong, 2010). Gradually the bacterial participation in
nodule growth gained scientific acceptance (Ehrlich, 1975; Riemann, 1983; Banerjee and lyer, 1991;
Wang and Muller, 2009; Nayak et al., 2013). Yet the microbial role in Fe-Mn crust formation
continued to be under scrutiny because of the differences in opinion on processes that drive the
accretion process of the hydrogenetic crusts like oxidation, precipitation and growth (Usui et al.,
2020).

Mn as a trace metal is important for a number of biogeochemical functions and most importantly as a
stabilizing agent and co-factor of multicopper oxidase like enzymes that participate in Mn oxidation
(Sujith and Loka Bharathi, 2011 and the references therein). The oxidation of Mn occurs mainly by
biotic and abiotic mechanisms (Figure 3) involving microbes, organic matter, light, reactive oxygen
species, and mineral surfaces (Godwin et al., 2020). During the oxidation of Mn(Il), some microbes
could use the reduced Mn(Il) species as an energy source through chemolithoautotrophic mode of
nutrition (Ehrlich, 1976; Yu and Leadbetter, 2020). Instead, Fe is identified as an integral part of
several metalloproteins and enzymes important in metabolism. In oxidized form, Fe(lll) serve as an
electron acceptor for heterotrophic bacterial growth and in reduced form as Fe(ll), the metal serve as
an electron donor for chemotrophic and phototropic growth of bacteria and Archaea (llbert and
Bonnefoy, 2013). The oxidation of Fe by bacteria occurs under acidic and near neutral pH conditions
with oxygen as an electron acceptor in aerobic respiration and nitrate, perchlorate or chlorate in
anaerobic respiration (llbert and Bonnefoy, 2013). On the other hand, the abiotic oxidation of Fe
occurs as a function of pH, oxygen and Fe concentrations (Morgan and Lahav, 2007).

Although microorganisms are ascertained to carry out Mn and Fe oxidation at rates greater than
abiotic oxidation (Tebo et al., 2007; Melton et al; 2014), the microbial oxidation of these metals
under natural settings could also be triggered at a slow rate. For instance, subtle differences in
environmental conditions like low temperature, pH and oxygen concentrations, metabolic state of
cells, concentration of biomass, absence of an energy source, inhibitors of metabolism, metal
resistance and competition between organisms (Gadd, 1990; Pekkonen et al., 2013) affects the active
participation of microorganisms in metal enrichment and growth of Fe-Mn oxide deposits. Also, the
distribution of microorganisms across the ocean basins shows a widespread occurrence in general

with some microbes adapted only to specific niches (D’Hondt et al. 2002). Whilst, the majority of



the microbial population under ambient conditions of the ocean show reduced metabolic rate as
opposed to metabolically active microbial population in high-energy rich habitats or at geochemical

interfaces (Inagaki and Nakagawa, 2008).

During the mineralization of cobalt rich Fe-Mn crusts on seamounts the biological activities
and the organic matter derived as part of their activity could play an important role in diagenesis and
mineralization (Zhao et al., 2014). Here, the diagenetic mineralization infers to the production of
organic matter rich sediments and minerals in concurrence with the alteration of minerals formed on
dead or preserved biological materials. Under suboxic oceanic conditions prevalent in the water
column beneath the mid-water interface (Oldham et al., 2017), upper few centimeters of the
sediment (Jahnke et al., 1983) and during the phosphatisation episodes of crusts (Josso et al., 2021),
bacterial mediation could oxidize metal ions, giving rise to oxides and hydroxides of low
crystallinity. Also, the heterogenous population of microorganisms inhabiting the Fe-Mn crust
surfaces plays a vital role in controlling the oxidation states of Mn and thereby regulates the supply
of biologically mediated metals available for accretion (Kato et al., 2018). However, the oxidation-
reduction of metals by microorganisms could be based on activities of redox species at equilibrium
in which one process dominates the other depending on the key environmental conditions (Sujith et
al., 2014) such as ionic strength, pH, oxygen concentrations, nutrient availability, temperature and
pressure (Kato et al., 2018).

Looking at the microbial population inhabiting the crusts and polymetallic nodules revealed
differences in diversity and community structure between the hydrogenetic, hydrothermal and
diagenetic types of mineral deposits. Studies related to hydrothermal systems reported the dominance
of &- and (-Proteobacteria (Emerson and Moyer, 2010). On the other hand, studies from the
seamounts of the northwest Pacific reported the dominance of ammonia oxizing Thaumarchaeota,
Crenarchaeota, a- and y-Proteobacteria (Nitahara et al., 2011; 2017) and an another study from the
Afanasy-Nikitin Seamount, Equatorial Indian Ocean (Sujith et al., 2017a) reported the dominance of
Marine group 1 Crenarchaeota and Fe-, Mn- and S- oxidizing a- and y-Proteobacterial groups in the
hydrogenetic based crusts. Moreover, the bacterial and archaeal groups related to oxidation of
nitrogen compounds and methane oxidation were predominantly detected on Fe-Mn crust samples
from the Rio Grande Rise, South West Atlantic Ocean (Bergo et al., 2021). Further, observation of
microbial population along the mid-ocean ridges showed the occurrence of different bacterial types
belonging to Firmicutes, Verrucomicrobia, Thermales and the Cytophaga—Flexibacter—Bacteroides
groups (Takai et al., 2006). Moreover, the deep low-temperature influenced oceanic crust basalts and

sediments along the ridge axis are also home for Mn and S oxidizing bacterial communities
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belonging to class a-Proteobacteria, p-Proteobacteria, y-Proteobacteria, Actinobacteria and Bacilli
(Rathsack et al., 2009). Bacterial members with the capability to oxidize and/or reduce Mn belonging
to Alteromonas, Pseudoalteromonas, Shewanella and Colwellia are identified and proposed as key
members in the formation of polymetallic nodules (Wu et al., 2013; Blothe et al., 2015). However,
the above results are not conclusive as the diversity of microbial communities of diagenetic nodules
show pronounced spatial variability as well based on sampling sites (Shiraishi et al., 2016; Wu et al.,
2013; Blothe et al., 2015; Molari et al., 2020). The aforementioned studies show that the diversity of
microorganisms occurs everywhere regardless of the type of samples. Nonetheless, the
environmental settings of a geographical region directly affect the abundance and the taxonomic and
functional composition of a microbial community (Pinheiro et al., 2019) and thereby the whole

ecosystem.

Fe and Mn oxides are amid the strongest oxidants and sorbents in the marine environment. They
control the transport and speciation of metals, geochemical cycling of carbon, and flow of electrons
within different soils and sediments (Learman et al., 2011). However, the factors contributing to the
formation of Fe-Mn oxide deposits has been highly debated. The biotic vs abiotic model or mixed
contribution models have been a source of active discussion in the community with some strong
arguments on both sides. The following sections propose a review of a long-lasting debate on the
participation and impact of biological activity in the formation and metal enrichment of Fe-Mn oxide
deposits. The review compares and contrasts the geochemistry, mineralogy and microbial ecology of
hydrogenetic, hydrothermal and diagenetic types of mineral deposits. The geochemical and
biological control on the oxidation and reduction of Co and Ni on Fe-Mn oxide surfaces are also

discussed with respect to nodules and crusts.
2. Types of bacterial interactions with metals
2.1. Extracellular interactions

Among the different mechanisms that bacteria follow in interacting with metals (Figure 4),
extracellular interactions play a prominent role. The extracellular interactions function through the
elaboration of detoxifying agents which then reacts with the metals outside the cell, rendering them
harmless. Mostly, the extracellular material acts as a resistant barrier for the metal entering into the
cell. Such interactions may be important, especially in slime-producing organisms or those
organisms that grow in an extracellular matrix composed of proteins and polysaccharides (Dugan et
al., 1970; Kurek et al., 1991). It permits the organisms to grow and survive in the presence of high

metal concentrations which gets adsorbed and precipitated within the extracellular matrix (Ford and



Ryan, 1995). Further, they could also help in the binding of metal ions and serve as nucleation sites
(Dong, 2010). Apart from these functions, extracellular polysaccharides (EPS) and other surface
appendages help the bacterial cells in attaching to the surfaces, serve as anchors to solid surfaces and
participate in the dissolution of solid mineral phases (Welch and Vandevivere, 1994; Welch et al.,
1999). The extracellular interactions could vary from the ability to leach metals from rocky substrate
by the production of acidic metabolites to the formation of colloidal-sized EPS metal complexes.
This occurs as a direct consequence of negatively charged functional groups like pyruvyl,
phosphoryl, hydroxyl, succinyl, carbonyl or carboxyl, and uronyl groups on the exopolymer (Ford
and Ryan, 1995).

2.2. Cell-surface interactions

The uptake and accumulation of metal ions by the bacterial cells from any environment are
primarily adsorbed on the cell walls or other components located outside the protoplast. Such an
uptake of the metal may or may not have an essential cell function but it governs the distribution of
metals in natural waters (Schultze-Lam et al., 1996). The different components encountered at the
cell surface which may be involved in such adsorption phenomena consists of slime layers, capsules,
sheaths, stalks, flagella and fimbriae (Kaltwasser and Frings, 1980). For bacteria with negative
reaction for Gram’s stain (Gram negative), it is the phosphoryl group that act as potential sites for
metal binding (Ferris, 1989; Schultze-Lam et al., 1996). On the other hand, in Gram-positive
bacteria, carboxyl and phosphoryl groups serve as electronegative sites for metal binding (Doyle,
1989). The bacterial interactions with metals lead to the nucleation and the formation of fine-grained
minerals with anions from the external milieu acting as counter-ions for additional metal
complexation (Schultze-Lam et al., 1996). Therefore, metal binding to cell-surface functional groups
is considered to be an important step prior to intracellular accumulation and utilization in different
cellular functions. The binding of metal cations to cell-surface functional groups are also affected by
pH. With a decrease in pH, the negative cell surface charge undergo neutralization by the excess of
protons (H*) in the surrounding environment and vice versa occurs with an increase in pH (Ayala-
Torres et al., 2014). The variation in pH affects the solubility of metals and consequently their
binding to the negatively charged cell surfaces.

2.3. Intracellular interactions

The uptake of metal ions in excess exerts toxic effect on bacterial cells (Nies, 1999). The
toxicity is overcome through trafficking systems that comprise uptake systems, efflux systems,

metallochaperones and metal-storage proteins (Komeda et al., 1997; Eitinger et al., 2005). Also,



bacteria counterbalance the intracellular concentration of toxic metals by a concerted increase in
inorganic sulfide and phosphate contents (Aiking et al., 1984). Nevertheless, in some instances
bacteria concentrate metals intracellularly in substantial amounts (Sar et al., 2001; Glasauer et al.,
2004). This occurs as an adaptive strategy wherein bacterial cells avoid metal toxicity through
vacuolar compartmentalization, sequestration in polyphosphate bodies and polyhydroxybutyrate
production (Keasling, 1997; Sujith et al., 2010) (Figure 5 & 6). This helps the bacterial cells in
regulating the cytosolic metal ion concentration (Keasling, 1997; Gonzalez and Jensen, 1998). The
metal ions which get bound to polyphosphates undergo hydrolysis at the expense of adenosine
triphosphate (ATP). The inorganic metal phosphates so released are transported outside the bacterial

cell through inorganic phosphate transport system.
3. Major forms of marine mineral deposits

The formation of mineral deposits could occur by biogenic or abiogenic processes. These
deposits of minerals in the form of nodules and crusts (Figure 2) are formed biologically by the
precipitation of inorganic substances surrounding an organic matrix (Verlaan, 1992; Wang et al.,
2009) or abiologically by the hydrothermal deposition of economically important metals in region
with active volcanic/heat anomalies such as on mid-oceanic ridges, hotspots, back-arc and fore-arc
basins, etc (Josso et al., 2017; Lusty et al., 2018). The common mineral deposits on seamounts
comprise of the 1) hydrogenetic Fe-Mn crusts, 2) hydrogenetic Fe-Mn nodules on sediment-covered
seamount surfaces and 3) phosphorite deposits (Hein et al., 2010). Apart from the aforementioned
seamount deposits, the other major Mn deposits found widely distributed on abyssal plains are the
polymetallic nodules. The nodules are formed either by direct precipitation from ambient bottom
seawater (hydrogenetic) and pore water (diagenesis) or a mix of both the processes in various
quantities with changing contributions through time (Klinkhammer et al., 1982). Here we focus on
more abundant and potentially economic types of mineral deposits such as the hydrogenetic,
hydrothermal and diagenetic types of deposits of Fe and Mn.

3.1. Hydrogenetic crusts

Mineral deposits formed on the summit and flanks of seamounts by hydrogenetic processes
have Fe and Mn as the major oxide sink with relatively high concentrations of Co (Hein et al., 1992).
The hydrogenetic precipitation involves an inorganic colloidal-chemical and surface-chemical
process (Usui et al., 1989; Halbach et al., 2008; Glasby et al., 2010). The colloidal precipitation
entails the inorganic speciation and the partitioning of hydrated dissolved elements from seawater

between Mn oxide and Fe oxyhydroxide phases based on their surface charge. The cations with



positive charge bind strongly to negatively charged MnO; surfaces by coulombic electrostatic
interactions (Koschinsky and Hein, 2003). On the other hand, negatively charged ions and those ions
with neutral and low charge density interact with FeOOH phase by forming specific covalent bonds
(Koschinsky and Hein, 2003). The resulting hydrogenetic crusts formed from such an interaction
have chemical composition resembling a hydrogenetic group (Mn, Co, Ni), a hydrogenetic/detrital
group (Al, Si), and a hydrogenetic/biogenic/detrital group (Ba, Zn, Cu, Ca, P) (Wen et al., 1997,
Koschinsky and Hein, 2003). The hydrogenetic crusts occur in topographic heights of open-ocean
seamount where the supply of terrigenous, volcanogenic and biogenic components is very low (Usui
and Someya, 1997) and also in high bioproductivity or detrital areas along the continental margins
(Conrad et al., 2017). Irrespective of the samples tested, the hydrogenetic Fe-Mn crust composition
of samples from different geographical locations were found to reflect the ambient seawater
composition (Mizell et al., 2020).

The hydrogenetic crusts are characterized by very high porosity (60%), high specific surface
area (300 m? g') and extremely slow growth rate (1-6 mm/Ma) (Cowen et al., 1993; Koschinsky and
Hein, 2003). They occur on any exposed indurated surfaces kept clean of sediments (ridges, hills,
plateaus, boulders and seamounts) and have a mean Fe/Mn ratio of 0.7 for open-ocean seamount
crusts and 1.2 for continental margin seamount crusts (Hein et al., 1997). The concentration of
elements in the Fe-Mn crusts are governed by the metal concentration in seawater, colloid surface
charge, degree of oxidation, types of complexing agents, physical properties and growth rates (Li,
1981). The more recent investigations demonstrate that the age of deposits and growth rate are the
more fundamental variables that govern the thickness of the crust (Josso et al., 2020). Also, the
recent investigations using remotely operated vehicles at tropic seamount demonstrate that thicker
crusts are not restricted to a particular depth of the ocean rather occur at almost all depths (Josso et
al., 2017; Lusty et al., 2018).

Fe-Mn crusts (and nodules) are dominantly X-ray amorphous. The crystalline phase weight
percentage of these minerals accounts for 5-20%. The dominant crystalline mineralogy of
hydrogenetic crusts contain the minerals vernadite (6MnQO2), birnessite (NasMni14027.9H20),
ferroxyhyte (6-FeOOH) and todorokite [(Na,Ca,Mn)2Mns012.3H.0] wherein ferroxyhyte and
todorokite are considered as a marker of suboxic alteration/diagenesis associated with
phosphatisation (Cronan, 1975; Nath, 2007). Concentrations of Ni and Cu increases with depth in
seawater and are more enriched in diagenetically influenced crusts with todorokite as the dominant
mineral phase. The mineralogical structure of todorokite favours the incorporation of Ni and Cu

when released from partial dissolution of preexisting oxides under suboxic conditions. On the other



hand, Co is more enriched in encrustations on exposed rock surfaces from a shallower depth with
dMnO> as the dominant mineral phase (Cronan, 1975; Glasby et al., 2010 and and the references
therein). The higher concentration of Co in shallow seawater, as is Mn which is its main scavenger
allows the precipitation of Co in elevated regions. Therefore the shallow crusts are richer in Mn and
Co and the deeper ones are richer in Ni and Cu (Mizell et al., 2020). The Co enriched crusts are also
found where water masses are most isolated from continental-coastal and where hydrothermal
sources of metals are poor (Manheim and Lane-Bostwick, 1988). The hydrothermal vent waters are
enriched in Fe and Mn but the ratio of Co: Mn and Co: Mn+Fe in vent fluids and marine
hydrothermal oxides are lesser than that of normal ocean waters by a magnitude of two (Manheim
and Lane-Bostwick, 1988). Whilst, the hydrothermal fluids are Co-poor as dilution of vent fluid in
seawater is extremely rapid and crusts forming close to continental margins have lower Co because
of its larger component of detrital material compared to open ocean deposits. The hydrogenetic
crusts are therefore found to have higher enrichment of Co and slower growth rate in contrast to

hydrothermal crusts having faster growth rate and lesser enrichment of Co.
3.2. Hydrothermal crusts

The seafloor hydothermal activities along the mid-ocean ridges produce plumes with
turbidity anomalies for excess suspended particles and high concentrations of dissolved metals (Ray
et al., 2020). The massive release of hydrothermal fluid associated with venting may have major
implications for chemical flux into the ocean and serve as nutrients for enhanced biological activity
(Dick et al., 2013; Dick, 2019; Baumberger et al., 2020). The metal ions derived from active
submarine volcanoes precipitate chemically to form metalliferous sediments (Koschinsky and Hein,
2003). Likewise, the hydrothermal deposits formed by the precipitation of elements from
hydrothermal fluids are mineral precipitates of Mn-Fe-Si with varying compositions containing pure
Mn oxides to almost pure Fe oxides with highly variable concentrations of amorphous silica and/or
nontronite (Pelleter et al., 2017). These hydrothermal oxide deposits of Fe or Mn are depleted in
REE (Rare Earth Elements), Yttrium and HFSE (High Field Strength Elements) owing to the faster
growth rate and higher content of either Fe or Mn oxides (Josso et al., 2017). Besides, the enrichment
of transition metals like Ni, Co and Cu could also occur on hydrothermal deposits due to the lack of
precipitation of high-temperature metal sulfides, isolation of the hydrothermal system and
scavenging ability of birnessite and buserite/todorokite from the aqueous phase (Pelleter et al., 2017).
The hydrothermal crustal deposits are formed under conditions of high temperature, depleted
salinity, reducing conditions at low pH and elevated Mn and Fe concentrations (Juniper and Tebo,

1995; Murton et al., 2006). They occur in areas with high heat flow such as mid-ocean ridges, mid-



plate submarine rift zones, back-arc basins, hotspot volcanoes, island arcs, inactive ridges and
spreading centers (Shterenberg et al., 1990; Hein et al., 1996; Eckhardt et al., 1997; Glasby, 2006).
The growth rate of hydrothermal manganese deposits are characterized by high to extremely high
growth rates (>1000 mm Ma™) and very high Mn/Fe ratio of 10 to 4670 (Usui et al., 1989; Glasby,
2006). The mineral phases are composed of pyrolusite, braunite, bementite, hematite, chlorite,
smectite, quartz, anhydrite and todorokite minerals (Mottl, 1983; Jones, 1985). The dominant
minerals observed near hydrothermal vents are Fe-oxides (rich in Si and Mn) and Fe-sulfides,
together with some sulfates, silicates, and carbonates (Juniper and Tebo, 1995; Glasby, 2006).

3.3. Polymetallic nodules of hydrogenetic and diagenetic origin

The Fe-Mn nodules of hydrogenetic type are formed by the precipitation of elements from
near-bottom seawater. They are predominantly found in areas with oxygen-rich waters and low
sedimentation. On the other hand, nodules of diagenetic type are formed by oxic and -suboxic
diagenesis with elements supplied from sediment pore water (Verlaan and Cronan, 2021 and the
references therein). The nodule type formed by oxic process occur in sediments with oxygen > 5
umol It (Hein and Koschinsky, 2014) and sufficient concentrations of labile organic matter
(Takematsu et al., 1989). Whereas, the latter type of nodule formed by suboxic diagenesis have
Mn/Fe ratio > 30 and occurs in regions with high bioproductivity in surface waters and poor
ventilation (ie.) during glacial period in deep waters (Wegorzewski and Kuhn, 2014). Yet the most
common type of nodules is the mixed type with hydrogenetic layer exposed to the water column and
diagenetic layer buried in the sediments (Halbach and Puteanus, 1988; Verlaan and Cronan, 2021).
The nodules of hydrogenetic and diagenetic types differ in their chemical composition and
mineralogy (Baturin, 1988; Kuhn et al., 2017). The nodules formed via diagenetic route have
relatively higher concentrations of Mn and Cu. On the other hand, nodules of “high grade” from
fields between the Clarion and Clipperton fracture zones with an average Fe and Mn content have
relatively higher concentrations of Ni (up to 2%) compared to Co (0.5%) (McMurtry, 2001). For a
more detailed review on the mean composition of polymetallic nodules from different nodule fields
the readers are referred to Hein et al., (2020). Co is known to positively correlate with Fe in
diagenetic nodules and with Mn in hydrogenetic nodules (Halbach et al., 1982). The enrichment of
Co in nodules inversely relates to the growth rate (Halbach et al., 1983). The diagenetic nodules at
times grow at an extreme rate of 168mm Myr! (Reyss et al., 1982) in comparison to its usual growth
rate of 10-100mm Myr?! frequently reported from the deep-sea (Glasby, 2006). While the
hydrogenetic nodules grow at a very slow rate of 1-5mm Myr™ with bottom seawater as the source of

metals (Krishnaswami et al., 1982). Diagenetic nodules are porous, light and have an average
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specific gravity of about 2.4. Their colour varies from earthy black to brown depending upon the
relative Mn and Fe content. On an average, nodules contain 32% Mn-dioxide, 22% Fe-oxides, 19%
silicon dioxide and 14% water by weight while other elements like aluminum oxides, calcium and
magnesium carbonates, metals like Ni, Co, Cu, Zn and Mo are present in smaller quantities (Mero,
1960). The concentrations of Co of 1.5, 0.91 and 0.56% occur in nodules from the Pacific, Indian
and Atlantic Oceans respectively (Hamilton, 1994). The dominant mineral phases of Mn and Fe in
nodules are todorokite, vernadite and hydrous iron (Thijssen et al., 1985). Depending on the modes
of formation, the diagenetic nodules have high enrichment of Ni in contrast to the higher enrichment
of Co in hydrogenetic crust and Mn in hydrothermal crust (Table 1).

4. Formation of metal rich mineral deposits
4.1. Abiogenic mineralization

Abiogenic mineralization involves only inorganic reactions. The chemical and physical
forces drive the accumulation of new inorganic ions required for abiogenic mineralization (Wang
and Muller, 2010). The circulation pattern of different water masses in regions of influence affect the
composition of nutrients and metals required for the formation of crusts on seamount (Schott and
McCreary Jr, 2001). Moreover, the continental run-off and aeolian input function as the major
contributor of metals to the ocean. This is followed by utilization of metals in different
biogeochemical processes. The use of nutrients and its regeneration from localized biological
production in the water column supply metals to crusts (Benites et al., 2020). In addition, the
elements derived from volcanic activity guide the formation of fall-out deposits proximal to the fluid
source. On the other hand, seawater being the sole source of metals for the formation of hydrogenetic
crusts precipitates chemically to form oxides of Fe and Mn (Mizell et al., 2020). The mineralization
of Fe-Mn crusts could occur depending on the initiation of growth, the magnitude of availability of
the inorganic elements and temperature (Persson et al., 1995).

The diagenetic mineralization which represents the abiogenic form of metal precipitation
from pore-water occurs by the relatively sudden change in oxidizing conditions in the sedimentary
environments (Wilson et al., 1986). This could occur by the progressive burial of newly oxidized
deposits of metals formed at the sediment-seawater interface. The continuous biological activity
within the sediment consumes oxygen which would lead to suboxic pore-water conditions
(Thamdrup, 2000). The suboxic conditions of the pore water then destabilize/reduce the metal oxides
leading to the partial or total dissolution and release of reduced metals in pore waters (Tostevin and

Poulton, 2019). The upward migration of the pore water by progressive compaction and fluid escape
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mechanism on meeting the shallower redox barrier (either as a front, or at surface of pre-existing
mineral, e.g. nodules) reprecipitate the reduced cations in the form of oxides (Benites et al., 2020;
Versteegh et al., 2021). The regeneration of metals in pore water by the aforementioned mechanisms
plays a key role in regulating the chemical composition of the diagenetic crusts and nodules. The
oxidation of metals like Fe(ll) and Mn(ll) at the redox fronts could be affected by pH, redox

potential, molecular oxygen and the availability of nitrate (Zhang et al., 2014).
4.2. Biogenic mineralization

Deep sea minerals like Fe-Mn crusts and polymetallic nodules are not only formed by
abiogenic (mineralization) routes but also by biogenic mineralization (biomineralization) involving
microorganisms (Tebo et al., 1997; Wang and Muller, 2009). Biogenic mineralization develops and
proceeds in close association with organic molecules and matrices (Lowenstam and Weiner, 1989).
The biogenic mineralization process occur widely and involves the participation of both prokaryotic
(bacteria) and eukaryotic (plants, protozoa and metazoa) organisms (Verlaan, 1992; Gilbert et al.,
2005). Among the eukaryotes, certain yeasts and yeast-like fungi are found associated with the cold
hydrothermal samples and basalt surfaces. Of the different fungal isolates studied by Connell et al.,
2009, few isolates were found to produce siderophores and one of the isolates could oxidize
manganese. Study of the manganese oxide with fossilized fungal communities on sub-seafloor
basalts by electron paramagnetic resonance spectroscopic analyses suggests the biological origin of
the botryoidal Mn oxides (lvarsson et al., 2015). Within the nodules, bacteria with surface S-layers
arranged on biofilm like structures initiates Mn deposition (Wang and Muller, 2010). The microbial
interactions that aids the formation of mineral aggregates/deposits occurs as an induced (Frankel and
Bazylinski, 2003) or a controlled (Bazylinski and Frankel, 2003) process. In the induced mechanism,
reactions occur at the interface between organic membranes and their inorganic environment (eg.
nodules and crusts). The organic matrix functions as the nucleation platform for the deposition of the
mineral followed by physical or chemical forces (Wang and Muller, 2009; Chu et al., 2012). In the
controlled mechanism, the biomolecules such as proteins, polysaccharides or glycoproteins control
the initiation and growth of the mineral (Konhauser, 2007; Wang and Muller, 2009).

5. Cobalt an essential nutrient and a trace metal
5.1. Sources of cobalt

The sources of Co for human use are primarily obtained from mining and processing of
cobalt-bearing ores and secondarily from the recycling of Co-containing materials (Smith and

Carson, 1981; Barceloux, 1999). The natural contributor of Co in geologic environment are from
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erosion (wind-blown continental dusts), weathering of rocks and soil, seawater spray, volcanoes,
forest fires and continental and marine biogenic emissions. Presently, the Co exploited for
commercial use is obtained from terrestrial deposits formed primarily by direct crystallization in vein
deposits by hydrothermal processes. The important ores of cobalt are cobaltite (CoAsS), linnaeite
(Co3Ss), safflorite (CoAsz), and skutterudite (CoAsz x) (Hazen et al., 2017). Significant resources of
cobalt that needs further investigation for exploitation and use include the nodules and crusts. Certain
encrustation deposits (“cobalt-rich crusts”) in shallow waters contain Co concentrations up to 2.5%
(Kim et al., 2006).

5.2. Bacterial requirement of cobalt

Co is typically found in association with Ni in nature and is present in low abundance with
respect to Fe. It is required as an essential element in prokaryotes with requirement at higher levels in
anaerobes than in aerobes (Santander et al., 1997). The largest groups of enzymes that require Co are
the B12 enzymes (Kobayashi and Shimizu, 1999). Besides, eight non-corrin Co containing enzymes
have been isolated and characterized. They include methionine aminopeptidase, prolidase, nitrile
hydratase, glucose isomerase, methylmalonyl-CoA carboxytransferase, aldehyde decarbonlyase,
lysine-2,3-aminomutase and bromoperoxidase (Kobayashi and Shimizu, 1999). It is required as an
essential part of vitamin B12 or cobalamin synthesis in ruminal microorganisms (McDowell, 2000;
Blust, 2012; Eitinger, 2013a) and is also required as an essential element for phytoplankton
productivity. Co could substitute for zinc in enzymes required for phytoplankton productivity and
forms an essential part of primary production (Maret and Vallee, 1993; Price and Morel, 1990;
Intwala et al., 2008). The metal acts as an inducer of nitrate reductase enzyme in organisms growing
with nitrate as the sole source of nitrogen (Nicholas et al., 1962). Besides, it plays an important role
in the metabolism of Rhizobia and its symbiotic relationship with leguminous host (Lowe and Evans,
1962). Thus, the limitation of Co in the natural environment affects not only the biological function

of organisms but also the associated processes that drive the key biogeochemical cycles.
5.3. Bacterial oxidation and reduction of cobalt

The geochemical cycling of Co is in part mediated by microbial action (Tebo et al., 1984; Lee
and Fischer, 1993; Moffett and Ho, 1996; Taillefert et al., 2002). The direct oxidation of Co(ll) to
Co(lll) by Mn oxidizing microorganisms occur owing to the similarity in redox potential between
Co and Mn (Tebo and Lee, 1993; Lee and Tebo, 1994). On the other hand, the indirect oxidation of
Co(Il) occurs by Mn oxidizing microorganisms through biogenic Mn oxide formation (Murray et al.,

2007). The enrichment of Co gets strengthened by adsorption of Co(ll) to the vacant sites of the
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biogenic Mn oxides (Murray and Dillard, 1979; Hem et al., 1985). Subsequent to adsorption, the
fixation of Co takes place through oxidation of Co(ll) by Mn(IV). The Co(lll) replaces the displaced
Mn in the surface of marine manganates (Burns, 1976). On the other hand, several prokaryotes have
been shown to couple the oxidation of organic and inorganic molecules to the reduction of Co(lll) to
Co(Il) (Witschel et al., 1999; Blessing et al., 2001; Liu et al., 2002; Roh et al., 2002). The bacterial
reduction of Co""EDTA" has been proposed to couple with the chemical oxidation of Co"EDTA? by
the Mn(1V) oxide mineral pyrolusite resulting in biotic-abiotic cycling between Co"EDTA?Z and
Co'"EDTA" (Gorby et al., 1998). Studies by Caccavo et al. (1994) and Gorby et al. (1998) state that
Co"'EDTA" could serve as terminal electron acceptor for anaerobic respiration in Shewanella alga
strain BrY and in dissimilatory Fe(lll)-reducing bacterium Geobacter sulfurreducens. The
Shewanella alga strain BrY could reduce Co'"EDTA" to Co"EDTA? enzymatically with a 1:1
stoichiometry (Gorby et al., 1998). The redox potential for Co''"EDTA /Co"EDTAZ (E® = 129mV)
is estimated to be great enough to provide energy to support microbial growth with acetate, lactate or
H> as an electron donor. It is also suggested that soluble COEDTA complexes could serve as electron
shuttles between metal reducing bacteria and Mn(1V) minerals (Gorby et al., 1998). This would
diminish the requirement of direct cell contact with the mineral surface in dissimilatory metal

reducing bacteria that grows with Mn(IV) oxide as a terminal electron acceptor.
6. Nickel an essential element for few important reactions
6.1. Sources of nickel

Natural weathering of rocks, volcanic activity, forest fires, vegetation and wind-blown dust
contributes to Ni distribution in geologic environment which includes rocks, sediment, water, air,
soil and life (lyaka, 2011; Schaumloffel, 2012). Ni is concentrated in the ultramafic and mafic rocks
in concentrations of 2000 and 200 mg kg™ respectively (Krauskopf, 1967; Savage, 1995). In igneous
rocks, Ni is partitioned into Mg and Fe rich minerals such as olivine, pyroxene, amphibole and
spinel. At low temperatures, Ni gets incorporated into a variety of silicates and hydroxides such as
smectite clay, sepiolite, talc and brucite (Decarreau, 1985; Savage, 1995). Economically exploitable
ore deposits of Ni are the laterites and sulfides containing 1-3% Ni (Mukherjee, 1998). Elevated
concentrations of Ni in surface waters may also result from a variety of anthropogenic sources. They
include mining, smelting and refining, metal plating and manufacturing, Ni-cadmium battery
disposal, and fossil fuel refining and combustion (Stokes, 1981; Nriagu and Pacyna, 1988; Doig and
Liber, 2007).
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6.2. Bacterial requirement of nickel

Ni is an important trace element required for many prokaryotic microorganisms, certain
fungi, algae and plants (Sawers, 2013; Eitinger, 2013b). It is an essential co-factor for a group of
metalloenzymes that are primarily involved in energy and nitrogen metabolism, detoxification
processes, hydrolysis of urea, uptake and production of hydrogen, methanogenesis, and acetogenesis
(Hausinger, 1987; Macomber and Hausinger, 2011; Eitinger, 2013b). The different enzymes that
contain Ni are urease, [NiFe] hydrogenase, Ni-superoxide dismutase, carbon monoxide
dehydrogenase, acetyl CoA synthase/decarbonylase, acireductone dioxygenase and methyl coenzyme
M reductase (Macomber and Hausinger, 2011). The other proteins specifically involved in Ni
metabolism are either required for transport of Ni or for its insertion into the prosthetic groups of Ni

containing enzymes (Sawers, 2013).
6.3. Bacterial oxidation and reduction of nickel

Studies on the interactions between bacteria and Ni have mostly dealt with the inhibition of
microbial activities by divalent nickel ions and the nickel-dependent stimulation of growth and
metabolism in microbes (Kaltwasser and Frings, 1980). Biological oxidation of Ni(ll) to Ni(lll) has
not yet been documented. This has been mainly because of the unstable nature of Ni(lll) in aqueous
medium (Nies, 1999). However, bacteria are found to immobilize soluble Ni [Ni(11)] by intracellular
accumulation and precipitation (Hitchcock et al., 2009; Sujith et al., 2010). Intracellular
sequestration of Ni into polyphosphate bodies and its compartmentalization at high concentration has
also been reported to occur with selected bacterial strains (Sar et al., 2001; Tripathi and Srivastava,
2007). Subsequent to uptake and accumulation of Ni in the cell envelope by bacteria, Ni(ll) was
precipitated as nickel phosphide and nickel carbide crystals in Pseudomonas aeruginosa (Sar et al.,
2001). A bacterial isolate oxidizing Mn belonging to Halomonas sp also immobilized Ni as nickel
phosphide and nickel sulphide (Sujith et al., 2010). Further, studies carried out with Escherichia coli
expressing an alkaline phosphatase enzyme revealed that nickel is immobilized as a complex with
hydrogen uranyl phosphate (Basnakova et al., 1998). Nevertheless, it has been shown recently that
bacterial genera belonging to Pseudomonas are capable of reducing Ni(ll) to elemental Ni under
aerobic conditions (Zhan et al., 2012). The bacterium utilized several substrates as electron donors
during the bioreduction of divalent Ni. In this organism, Ni(Il) has been proposed to serve as an
electron acceptor (Zhan et al., 2012). In general the heterotrophic bacteria and others belonging to
Thiobacillus group of organisms are also known to participate in the reductive leaching of Ni from
nickeliferous lateritic ore, natural pentlandite and nickel bearing-pyrrhotite (Sukla and
Panchanadikar, 1993; Cwalina et al., 2000; Ke and Li, 2006).
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7. Participation of microbes to the generation of Fe-Mn crusts

The microbial interactions could be considered vital for the formation of Fe-Mn crusts as microbes
are known to interact with the metals by both active and passive mechanisms (Ehrlich and
Newmann, 2009). The microbial interactions with metals occur in different metabolic types of
bacteria. Among them, the chemolithoautotrophs represent organisms that use CO; as the source of
carbon and reduced inorganic compounds (Hz, S%, Fe?*, NO*, NH*" etc.) as the source of energy.
The chemolithotrophy can be both aerobic and anaerobic depending on the electron acceptor (Gomez
and Amils, 2002). The aerobic chemolithoautotrophs function as primary producers in hydrothermal
vent ecosystems and are found either as symbionts or free-living species (Nakamura and Takali,
2014). The chemoautotrophic oxidation of Fe and Mn though not an abundant process compared to
sulfur oxidation, occurs widely under aerobic conditions in deep-sea hydrothermal systems. The
microbes in that process of metal oxidation use Fe and Mn for the production of biomass (Nakamura
and Takai, 2014). Also, the potential energy yield for aerobic oxidation of Fe dictates a direct
relationship with Fe(ll) concentrations in the hydrothermal fluid. On the other hand,
chemoautotrophic bacteria belonging to sulfur-oxidizers use nitrate instead of oxygen as an electron
acceptor under anaerobic conditions (Gottschal and Kuenen, 1981) which help different microbes

thrive under conditions of alternating supply of substrates.

In addition, a study from the Black Sea reports autotrophic H2S oxidation coupled to the
reduction of MnOz by Sulfurimonas. The Mn(Il) formed from the reduction of MnO. were found to
precipitate as Ca-rich Mn(Il) carbonate [Mn(Ca)CO3] (Henkel et al., 2019). Despite several studies
(Ehrlich, 1976; 1987; Thauer et al.,1977; Myers and Nealson, 1988; Ehrlich and Salerno, 1990)
addressed that Mn(l1) oxidation could be coupled to energy conservation, more recent experimental
investigation with a bacterial isolate Candidatus Manganitrophus noduliformans demonstrate that
bacteria derive energy from extracellular Mn(I1) oxidation and fix CO: into cellular biomass (Yu and
Leadbetter, 2020). Also, evidences from fossil records identified certain Fe-oxidizing
chemoautotrophs with the potential to accumulate intracellular polyphosphate in the process of
conserving energy under aerobic conditions and form phosphatic mineral deposits (Crosby et al.,
2014). This would help the bacteria adapt to the varying redox conditions in their distinct habitats.
Whereas, the chemolithoautotrophic members of ammonia-oxidizing archaea and nitrite-oxidizing
bacteria has been found to inhabit the Fe-Mn crust substrates of Rio Grande Rise, south-west
Atlantic Ocean (Bergo et al., 2021). Based on the availability of reduced substrates, the microbes
associated with the crustal deposits are stated to function as primary producers. In an another study

on the weathering of Fe(ll) silicate minerals by chemolithotrophic Fe(ll) oxidizing bacteria,
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Napieralski et al., (2019) pointed out that mineral-derived Fe(ll) serve as the primary energy source
for microbial growth. Also, an interesting observation on the occurrence of novel chemoautotrophic
Fe(Il) oxidizing bacterium Mariprofundus ferooxydans on metalliferous deposits at Loihi Seamount
(Emerson et al., 2007) evoke the importance of chemoautotrophy in the cycling of iron and carbon in
the seamount crusts (Bach and Edwards, 2003). Further, it was observed from our study that the
immobilization of metals (Sujith et al., 2011) and autotrophic fixation of carbon could occur at the
expense of metals in deep-sea sediments from Central Indian Ocean Basin (Das et al., 2011). The
results indicate that chemosynthetic activity could be more widespread in microbial communities and
that bacteria could act as bio-seeds in the initiation and growth of polymetallic nodules (Wang and
Muller, 2009).

Recent studies also show that distinct microbial communities inhabit different rock coatings
with varied composition and mineralogy (Marnocha and Dixon 2014). Geochemical analysis of the
crustal composition revealed the occurrence of carbon, nitrogen, sulfur and phosphorous that is
microbially derived (Dilek et al., 2008). In concurrence with the geochemical results, culture-
independent studies of the cobalt-rich crusts indicated the occurrence of a- and y-Proteobacteria
which are ecologically important in Fe and Mn oxidation, sulfur oxidation, marine methane
oxidation and utilization of buried organic matter or dissolved inorganic carbon (Nitahara et al. 2011,
Sujith et al., 2017a). Besides, ammonia oxidizing archaeal group were also found to dominate the

microbial population on crusts (Nitahara et al. 2011).

Cross section of manganese crusts and nodules showed internal microstructures and features
resembling microbial entities and coccolithophores (lyer, 1991; Banakar and Tarkian, 1991; Wang
and Muller 2009). The latter has been found to act as bio-seeds for the growth of hydrogenetic crusts
and bacteria as bio-seeds for the growth of polymetallic nodules (Wang et al., 2009). Further,
evidences based on biomarkers like n-alkanes (n-Cig) and nitrogen compounds by GC-MS analysis
could relate the occurrence of bacterial mineralization on crusts (Gonzalez et al., 2011). Recent
studies by Zhao et al. (2014) also provide supportive evidence for microbial participation wherein
the activities of organisms and their derivative organic matter were found to influence the
mineralization of cobalt-rich Fe-Mn crusts on seamounts. Intimate association of microbial biofilms
with freshly formed Fe(lll) and Mn(1V) oxides on basalt surfaces in a hydrothermally influenced
setting also provide evidence for microbial initiation of Fe-Mn crust formation (Templeton et al.,
2009). The mineralogical characterization of the crusts indicated poorly crystalline and amorphous
oxides of Mn with resemblance to oxides produced typically by bacteria (Lowenstam, 1981; Hein et

al., 2000). EDS in conjunction with SEM analysis of laboratory incubated Fe-Mn crust samples
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showed the exchange of ions, numerous bacterial cells, exopolysaccharides and structures
resembling secondary minerals formed by bacteria (Sujith et al., 2014; 2017b). The volcanic hosted
hybrid Mn—oxide deposits and Fe-Mn deposits in Lechuguilla and Spider caves also show evidences
to support biogenic process in the formation of crusts (Northup et al., 2003; Kilias et al., 2007). In
the process of interactions the epilithic, endolithic and chemosynthetic members of the crusts benefit
from minerals with oxides serving as electron source and reduced metals as energy source (Shock,
2009).

The microbial ability to interact with charged surfaces, ability to carry out reactions at
cellular, sub-cellular and molecular levels, participate in oxidation-reduction reactions, potential to
facilitate the exchange of ions and their capacity to modify the pH and Eh conditions mediate
changes in available reactive chemical species (Silverman and Ehrlich, 1964; Gadd 2009). Also, the
larger surface area-volume ratio, potential to tolerate higher concentrations of metals and metabolic
flexibility give microbes the ability to survive under wide nutrient regimes (Douglas and Beveridge,
1998). One such example could be the facultative chemolitho(auto)trophs or mixotrophs. They
usually grow aerobically, use both organic and inorganic substrates for growth and fix CO». They
coexist in nature with obligate chemolithoautotrophic bacteria and occasionally oxidize reduced
inorganic compounds without conserving energy (Gottschal and Kuenen, 1981). However, the
facultative members may have competitive advantage over obligate chemolithoautotrophs in utilizing
alternate substrates under nutrient limited growth conditions unlike obligate chemoautotrophic
bacteria that grow only on specific substrate.

Metagenomic studies on north-west Pacific seamount Fe-Mn crusts identified the putative
genes involved in dissolution and precipitation of Mn besides other genes that are important in C, N
and S cycling which implies the role of microbes in the growth of Fe-Mn custs (Kato et al., 2019).
Another studies based on 16S rRNA gene sequencing showed significant difference in microbial
community structure between Fe-Mn crusts and seawater (Nitahara et al. 2017) which suggests
spatial variability in environmental parameters and difference in sample properties shape the
microbial community population structure of different environmental samples. Culturing of bacteria
from Fe-Mn crusts in Co amended seawater media showed high tolerance to Co and the capacity to
immobilize the metal (Krishnan et al., 2006; Antony et al., 2011). Also, experiments conducted
under laboratory conditions with whole crust fragments harboring microbial communities and metals
solubilized from crusts in seawater, incubated at ambient temperature and pressure conditions
showed that microbes associated with the Fe-Mn crust promote the immobilization of metals

compared to that by abiotic processes (Sujith et al., 2017b). In addition, our studies with pure
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cultures of Mn oxidizing bacteria from the Carlsberg Ridge in Co (Antony et al., 2011) and Ni
(Sujith et al., 2010) amended seawater media showed that immobilization of Co and Ni could be
achieved even in the absence of Mn. The results thus re-examines the accepted paradigm that Mn
oxidation govern the fate of other elements on Fe-Mn crust surfaces.

Besides, ongoing research evidences indicate that mineral deposits other than Fe-Mn crusts
with an abiogenic history also involve the participation of microorganisms. The periodic massive
encrustation of microbial biofilms in banded iron formation is evident from the data on well-
preserved microbial fossils and chemical analysis (Chi Fru et al., 2013; 2015). Also, experimental
approaches to understand the microbial role in Fe-Mn mineral formation could be deduced when
evidences similar to Mn precipitation by Candidatus Manganitrophus noduliformans (Yu and
Leadbetter, 2020), silicate precipitation by Bacillus subtilis and calcium phosphate precipitation by
Ramlibacter tataouinensis are carried out (Urrutia and Beveridge, 1994; Benzerara et al., 2004).
Thus the understanding of microbial activity contributing to crust formation could be evident under
circumstances when predominant microbial activities are assessed by experiments, tools and

techniques that differentiate the chemical from the biological processes (Table 2).
8. Geochemical characteristics of cobalt and nickel
8.1. Cobalt

The name cobalt refers to the German word kobold, meaning ‘goblin’ or ‘evil sprite’
(Lindsay and Kerr, 2011). It is the 30" most abundant element (Kim et al., 2006; Lindsay and Kerr,
2011) and exists in the oxidation states of +1 to +4. The Co?* has an ionic radius of 0.72A and an
atomic radius of 1.32A (Young, 1957; Hamilton, 1994). The concentrations of Co have been found
to vary with different samples of nodules and crusts (Table 1). Co is precipitated in association with
the oxide phases of Fe and Mn and crystalline sediments such as aluminosilicates (Blust, 2012). In
most of the sulfide rich marine systems the formation of FeS is kinetically favored since the
solubility of FeS is greater than that of CoS (Saito et al., 2003) with hydrothermal fluid
concentrations of 14 - 2272 pumol Fe and 0.03 - 0.18 pmol Co (Seyfried Jr et al., 2003). The Co thus
incorporates partly within other sulfide phases such as FeS rather than precipitating as CoS (Morse
and Arakaki, 1993). In shallow waters, up to 98% of Co are bound to the sediments and suspended
particulate matter (Robertson et al., 1973). The Co in its reduced form as Co(ll) occurs in different
solid phases such as chloro-, sulfato- and carbonato-complexes, whereas Co(ll1) occurs as hydroxide
or oxyhydroxide mineral phases (Ahrland, 1975; Manheim, 1986). The oxidized form of Co includes
asbolite (C00.2Mn02.4H;0), heterogenite (C00.2C0,03.6H20), sphaerocobaltite (CoCOs3) and
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erythrite (3C00. As205.8H20) (Young, 1957). Being a less siderophilic element the metal shows
high affinity for sulfur (Zajic, 1969). Also, because of its strong oxidizing properties, [Co(H20)s]**
decomposes rapidly in aqueous solution to yield oxygen from the oxidation of water by Colll
(Greenwood and Earnshaw, 1997; Kim et al., 2006).

8.2. Nickel

Ni represents the 7" most abundant transition metal in the Earth’s crust (Adriano, 2001). It is
closely related to Co in its chemical and biochemical properties and is depleted in surface ocean
waters and enriched at depth (Twining et al., 2012). Both Ni and Co show nutrient-like depth profile
with minimum concentration at the surface and enriched concentrations at deeper depths due to the
biological uptake of metals as micronutrients by phytoplankton at the surface (Saito et al., 2010;
Twining et al., 2012). The transition metal Ni typically exists in the Ni(0) and Ni(ll) oxidation states
although the +1 and +111 oxidation states could exist under certain conditions. The ionic radius of
Ni(I1) is 0.69A and atomic radius is 1.39A. Ni occurs in its reduced form as Ni?* all through the pH
and Eh ranges in most natural waters. Under low pH conditions, more of H* ions compete with Ni?*
species for adsorption sites on hydrous iron oxides which then leads to the decreased adsorption of
Ni. At the same time, with higher pH values between 5 and 6, less number of H* ions competes with
Ni2* species for adsorption sites on hydrous iron oxides which then leads to the increased adsorption
of Ni (Green-Pedersen et al., 1997). Nonetheless, Ni prefers Mn over Fe in adsorption due to the
favourable electrochemical interactions and balance (Richter and Theis, 1980; Green-Pedersen et al.,
1997). Ni is capable of forming strong complexes with organic ligands and Fe (oxy)hydroxides
(Nimmo et al., 1989; Donat et al., 1994; Nieminen et al., 2007; Doig and Liber, 2007) and therefore
the bioavailability of Ni may be limited in the natural environment. Depending on oxygen
concentrations, Ni exist either as free aqueous species under oxic conditions or as insoluble NiS
under anoxic conditions. The metal also exist as stable NiHCOs*, NiCO3® and Ni(OH).° in
alkaline/calcareous waters. In most soils Ni is bound to ion exchange sites or is coprecipitated with

aluminium and Fe (oxy)hydroxides (Nieminen et al., 2007).
9. Industrial uses of cobalt and nickel

Co is an economically and environmentally important metal as it forms dense and strong
alloys with certain metals and metalloids (Tebo and Lee, 1993). In industries, Co-60 is used as
source of gamma radiation for the sterilization of foods and medical materials (Blust, 2012). In
chemical form, Co is used as pigments in glass, ceramics and paint industries. It is also used as a

catalyst in petroleum refinery and as trace metal additives for agricultural use (Habashi, 2013).
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Nickel’s economic importance lies in its unique physicochemical characteristics, the most important
of which include its strength, high temperature stability, corrosion resistance, malleability, ductility,
heat and electrical conductive properties and aesthetic properties (Mukherjee, 1998; Reck et al.,
2008; Pyle and Couture, 2012). Metallic nickel and nickel compounds are used in industrial and
different commercial applications (Nieminen et al., 2007; Reck et al., 2008; Schaumloffel, 2012;
Pyle and Couture, 2012). Besides, they are also used in the preparation of chemicals and several
allied products, petroleum refining, metal products, aerospace applications, machinery and many
others (Mukherjee, 1998).

10. Summary

The study highlights that microorganisms intrinsic to the Fe-Mn oxide surfaces partake in the
accretion process of crusts and nodules not only by serving as catalysts but also by directly
participating in the processes of metal enrichment. However, the number of studies in the field that
support the claim is very limited and more detailed studies is required to establish the active
participation of microbes in the biogenic accretion process. Use of advanced molecular methods,
sophisticated analytical tools and interdisciplinary studies would improve our understanding of the

geomicrobial processes governing Fe-Mn mineral formation.
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Figure 1. Map show different sampling locations, sediment types of Central Indian Ocean Basin
(CIOB) and 3D inset of bathymetry data of the Afanasy Nikitin Seamount (ANS). The symbol star
represents the stations from where the box core and crust samples were collected. The inset map of
ANS has been sourced from Banakar et al., (2007) and sediment types of CIOB after Mascarenhas-
Pereira et al., (2006).

38



Figure 2. Photographs of Fe-Mn crusts and manganese nodules collected from different
geographical locations of the Indian Ocean region. A) Chain bag dredge on-board with samples of
Fe-Mn crust from the Afanasy Nikitin Seamount (ANS), B) sample of Fe-Mn crust from the ANS,
C) sample of basalt dredged from the Carlsberg Ridge, D) box core (BC) sampler on-board with
deep-sea sediment and manganese nodule from the Central Indian Ocean Basin (CIOB), E) sample
of manganese nodule from CIOB (1cm slip and voyage number is shown) and F) internal structure of

a manganese nodule (Mn nodule images- photo courtesy of Vineesh T.C, CSIR-NIO, Goa).
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Figure 5. Horizontal and vertical cross sections of bacteria show electron dense precipitates of
metals. TEM of A) Controls lacking metals, B) extracellular cobalt (pink arrow), C) periplasmic

nickel and D) cytoplasmic nickel (green arrows).
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Lenticular
cells

Figure 6. Adaptive strategies and mechanisms in bacteria to counteract metal toxicity on exposure to
nickel and cobalt. A) Bacterial cells unexposed to metals, B) bacterial cell aggregation, C) cell
encrustation (Sujith et al., 2010), D) reduction in cell surface to volume ratio, E) intracellular storage

of Ni as granules and F) change in cell morphology (Antony et al., 2011).
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Table 1. Summary of details on ferromanganese crusts and manganese nodules from the world ocean.

Characteristics  Parameters Fe-Mn Crust Manganese Nodules Reference
Authigenic Types Hydrogenetic, Diagenetic, hydrogenetic, mixed Bostrom and Kunzendorf (1986)
deposits hydrothermal, mixed type. type. McMurtry (2001)
Occurrence Seamounts, oceanic islands,  Near-shore, lacustrine, marginal seas,
terraces and submerged lake environments and deep ocean.
platforms.
Substrate or nucleus Limestone, basalt, breccia, Clay, pumice, red clay, rock Mero (1960)
phosphorite, iron stone. fragments, nodule fragments, shark Bostrom and Kunzendorf (1986)
tooth or ear bone of a whale. Hein et al (2000)
Water depth (m) ~ 400 to 4000 ~ 3000 to 6000
Physical Mean bulk density (g cm) 13 1.35 Jauhari and Pattan (2000)
properties Koschinsky and Hein (2014)
Mean porosity (%) 60 60
Specific surface area (m? g%) 325 ~ 150
Growth rate (mm My™?)
e Hydrogenetic type 1to5 1to5 Krishnaswami et al (1982)
e Diagenetic type - Up to 168 Reyss et al (1982)
Thickness and size 510 136 mm 2.5t010cm Hein et al (2012)
Mineralogy Manganese minerals Vernadite, Todorokite Vernadite, Birnessite, Buserite, Koschinsky et al (1997)

Iron minerals

Detrital minerals

Feroxyhyte, Goethite

Quartz, Feldspar, Carbonate
Fluorapatite

Todorokite, Asbolan

Feroxyhyte, Ferrihydrite, Goethite

Aluminosilicate
Phillipsite, Quartz, Feldspar,

Usui and Someya (1997)
Hein et al (2000)

Baturin (1988)

Koschinsky and Hein (2014)
Piper (1974)

Hein et al (2000)
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Table 1. Summary of details on ferromanganese crusts and manganese nodules from the world ocean (Continued).

Characteristics ~ Parameters Fe-Mn Crust Manganese Nodules Reference
Chemical Water content Up to 35 % Up to 20% Koschinsky and Hein (2014)
composition
Iron (%) 17.8t018.1 6.96 t0 9.5 Baturin (1988)
Jauhari and Pattan (2000)
Manganese (%) 14510 17.0 22.41025.6 Clark et al (2013)
Cobalt (%) 0.1to1.9 0.12t00.15 Koschinsky and Hein (2014)
Nickel (%) 0.2tol1.1 0.66t0 1.14 Kodagali and Sudhakar (1993)
Novikov et al (2013)
Fe/Mn ratio:
e Hydrogenetic type 0.4t0 1.2 (0.7£0.2) - Koschinsky and Hein (2014)

e Mixed type, hydrothermal ~ 1.0t0 3.0 -
& continental margin
hydrogenetic crusts

Mn/Fe ratio:
e Hydrogenetic type - Upto25 Jauhari and Pattan (2000)
e Diagenetic type - >5.0
e Mixed type - 0.96 t0 8.76
Biomineralization Bio-seeds Coccolithophores Bacteria Wang et al (2009)
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Table 2. Methods to determine the microbial diversity and activity, elemental composition
and analyses of chemical and biological properties of Fe-Mn minerals.

Sl.no | Techniques Uses

1 High-throughput 454 sequencing and metagenomics | Molecular genetic methods for analyzing
Microaaray —based genomic technology (GeoChip) | microbial community composition,
Fluorescence in situ hybridization (FISH) structure and function of culturable and
16S rDNA analysis non-culturable microbes inhabiting Fe-

Mn mineral surfaces.

2 Isotope labeling and microautoradiography Tracers for the study of metabolic activity
and elemental distribution in different
environmental samples.

3 X-ray fluorescence spectroscopy (XRF) Elemental composition and surface

X-ray photoelectron spectroscopy (XPS) analysis

Inductively coupled plasma mass of natural and synthetic oxides of iron,
spectrometry (ICP-MS) manganese etc.

Atomic absorption spectroscopy (AAS)

Atomic emission spectroscopy (AES)

Energy dispersive X-ray (EDX)

4 Fourier transform infrared spectroscopy (FTIR) Determination of functional groups and
Nuclear magnetic resonance spectroscopy (NMR) properties of organic molecules for the
Electron paramagnetic resonance (EPR) identification of organic materials.

5 Extended X-ray absorption fine structure (EXAFS) | Determination of elemental
X-ray absorption near edge structure (XANES) oxidation states or metal species.
Maossbauer spectroscopy
Voltammetry /Polarography

6 X-ray diffraction (XRD) Structural characterization and
Selected area electron diffraction (SAED) identification of Fe-Mn minerals.

Raman spectroscopy

7 Atomic force microscopy (AFM) High resolution and sub-micron scale
Scanning transmission electron microscope (STEM) | imaging for understanding the finer
Scanning electron microscope (SEM) details of microbial cells and their role in
Transmission electron microscope (TEM) metal sequestration and precipitation.
Confocal laser scanning microscopy (CLSM)

8 Metabolic poisons Experimental differentiation of biological

from abiological processes to deduce the
role of microorganisms in the formation
of Fe-Mn minerals.
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