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Abstract:

The current study aims to understand the speciation and fate of Cu complexes in hydrothermally
altered sediments from the Central Indian Ocean Basin and assess the probable impacts of deep-sea
mining on speciation of Cu complexes and assess the Cu flux from this sediment to the water column
in this area. This study suggests that most of the Cu was strongly associated with different binding
sites in Fe-oxide phases of the hydrothermally altered sediments with stabilities higher than that of
Cu-EDTA complexes. The speciation of Cu indicates that hydrothermally influenced deep-sea
sediments from Central Indian Ocean Basin may not significantly contribute to the global Cu flux.
However, increasing lability of Cu-sediment complexes with increasing depth of sediment may

increase bioavailability and Cu flux to the global ocean during deep-sea mining.

KEY WORDS: Metal-sediment interaction, deep-sea sediment, Cu, hydrothermal alteration,

sequential extraction, kinetic extraction method.

CAPSULE: Hydrothermally influenced deep-sea sediments from Central Indian Ocean Basin may
significantly contribute to the global Cu flux during deep-sea mining.



1. Introduction

The growing demand for metals is a global concern which has been accelerated by emerging
economies. Hydrothermal vents have led to the formation of exploitable mineral resources via
deposition of massive sulphide deposits on the seafloor. Mining companies are exploring underwater
volcanic vents, hoping to extract metals such as gold (Au), copper (Cu), zinc (Zn), rare earth element
etc (Birney et al., 2006). The initial stages of exploration are still underway and extraction could start
in near future (Dover, 2014). However, the range and extent of potential impacts of deep-sea mining
on the environment are uncertain. An understanding of the metal fluxes from hydrothermal fluid to
the global ocean, the fate of deposited metal complexes in hydrothermally altered deep-sea sediment
and their bioavailability is crucial to estimate the possible consequences of deep-sea mining. A
recent study by Sander and Koschinsky (2011) suggests that dissolved organic ligands bind and
stabilize metals from hydrothermal fluids and increase trace metal flux significantly to the global
ocean. In anoxic systems such as hydrothermal fluids, dissolved organic carbon (DOC) and sulphide
(HS or S*) are important ligands for metal complexation. Evidence of an extensive spread of
hydrothermal dissolved iron (Fe) in the Indian Ocean has been reported by Nishioka et al.(2013).
The Japanese-GEOTRACES study in the Indian Ocean shows that Fe from hydrothermal fluid can
be distributed over 3000 km distance around a depth of ~ 3000 m, and that a large fraction of the Fe
in truly dissolved form. Dissolved Cu and Fe fluxes from hydrothermal fluid to the global ocean
have been modelled recently by Sander and Koschinsky (2011). Their model and environmental
observations also confirm that the majority of Cu present in high temperature hydrothermal fluid
ends up in the near-field metalliferrous sediments, massive seafloor sulphide deposits and sub

seafloor mineralization and alteration (Hannington, 2013).

The discovery of increasing number of hydrothermally active sites globally make hydrothermal input
one of the main potential, but poorly quantified sources of economically important metals in the
ocean basins. There is also a high potential of using hydrothermally altered deep-sea sediments as a
source of economically important metals in the near future (Keays and Scott, 1976). However, the
consequences of deep-sea mining on metal speciation, bioavailability (in water column and
sediments) and their impacts on living organisms are unknown. The high discharge of Cu from
hydrothermal vents into the deep ocean (Sander and Koschinsky,2011; Klevenz et al., 2012; Rouxel
et al., 2004; Thompson et al., 2013) encouraged us to study Cu speciation and the fate of Cu
complexes in hydrothermally influenced deep-sea sediments and the sediment/water column
interface in the Central Indian Ocean Basin (CIB). Cu has been reported to be distributed in different

geochemical binding phases of sediment. Amorphous hydrous Fe-Mn oxides are one of the most
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important geochemical phases in hydrothermally altered sediment impacting the mobility and
behaviour of trace metals (Petersen et al., 1993; Swallow et al., 1980; Turner 2000). Total organic
carbon (TOC) in sediment and dissolved organic carbon (DOC) in overlying water column also plays
a key role in the mobilization and sorption of metals. Sander et al. (2007) have reported that strong
organic complexation plays an important role in chemical speciation of Cu in hydrothermal vent
systems. In addition, Cu can also reside within the structure of the sediment (residual fraction) and as
Cu-sulphide. The residual fraction of the metal in sediment is considered as inert and not available to
biological system. The aim of this research was to understand speciation and fate of Cu complexes in
hydrothermally altered sediments from CIB and assess the Cu flux from this sediment to the water
column in this area. Three different independent extraction procedures were applied to understand

Cu speciation and the fate of Cu complexes in these sediments from CIB.
2.Materials and method
2.1. Study area and sampling

A sediment core (AAS61/BC#8) collected from the flank of a seamount (near Triple Junction Trace)
at 16°S and 75°30°E in the CIB during the 61st cruise of RVAA Sidorenko in the year 2003 has
yielded hydrothermally influenced sediment. This site is located at the southern end of 76 °30°E
fracture zone (Figure 1). The sediments were collected from an area that is dominated by pelagic
clay (Nath, 2001; Nath et al., 1989). The core was collected from a water depth of 5010 m, using a
box corer (Kastengreifer type) of dimension 50 cm x50 cm x50 c¢cm. The core did not show any
apparent layering. It has been reported (Mascarenhas-Pereira et al., 2006) to contain volcanic glass,
palagonite, pumice, micronodules and other lithic grains in the sand-sized fraction. The core also
contained aluminium (Al)-rich spherules, Al particles and microscopic concretions of hydrothermal
origin (Iyer et al., 2007) The sediment also has shown features such as intense silicate dissolution,
depleted organic carbon and significant Fe-enrichment which are indicative of hydrothermal
alteration (Nath et al., 2008). Further, these sediments were found to have nontronite, ferruginous
smectite of hydrothermal origin (Mascarenhas-Pereira and Nath, 2010). A negative Ce anomaly and
positive Eu anomaly has been reported in these sediments (Mascarenhas-Pereira and Nath, 2010),
both being indicative of presence of metalliferous component. The sediment core was collected,
immediately sub sectioned, dried and packed in air tight zip lock bag and stored in screw cap plastic
containers at room temperature. The initial colour of the sediments (at the three different depths) has

been reported (Mascarenhas-Pereira et al., 2006; Iyer et al., 2007; Nath et al., 2008; Mascarenhas-



Pereira and Nath, 2010) to be dark brown and no change in the colour was observed during this

study.
2.2 Reagents:

Ultrapure water of resistivity 18.2 MQ cm™ was obtained direct from a Milli-Q-Plus water
purification system (Millipore Corporation, USA), fitted with an organic purification column to

remove organic matter. All the reagents used in this study were of suprapur grade.

Suprapur glacial acetic acid (100%) from Merck Millipore, Germany was used to prepare acetic acid
solution of 0.11 M. Hydroxylamine hydrochloride (NH,OH.HCI) (99.999%) from Merck Millipore,
Germany was used to prepare a solution of hydroxylamine hydrochloride (NH,OH.HCI) of 0.5 M.
Pro analysis Hydrogen peroxide (H,0;) 30% GR and ammonium acetate (CH;COONH4)(99.99%)
was used to prepare 1M solution. Ethylenediaminetetraacetic acid disodium salt (EDTA) solution of
0.05 M concentration was prepared from 99.995% pure EDTA purchased from Sigma-Aldrich, USA.
Hydrofluoric acid (suprapur, Merck Millipore, Germany) and nitric acid (HNOs) (ultrapur, Merck
millipore, Germany) were used throughout the experiments. Perchloric acid (HCIO,) (ExcelaR) and
sodium acetate (CH;COONa)(ExcelaR) were purchased from Fisher Scientific. A 0.1 M solution of
sodium nitrate (NaNQs) solution was prepared from extra pure grade NaNO; from Sigma-Aldrich,

USA.
2.3 Sequential Extraction methods:

Modified forms of the sequential extraction protocols by BCR (Quevauviller et al.,1993) and
Poulton and Canfield (2007) were used to study Cu speciation and its distribution in different
binding phases of the sediments, latter method adopted for chemically separating iron-bearing
mineral phases. It has been reported in literature (Canfield et al.,2007; Peltier et al.,2005; Poulton et
al.,, 2010; Tan et al., 2013; Vink, 2002) that both the methods have been extensively used and
verified. Briefly, in both protocols the chemistry of the solvents is increasingly aggressive and
mobilise the most labile and weakest bound Cu species (first) followed by increasingly strongly
bound Cu-complexes with different solid sediment phases. A detailed description of the two
modified sequential extraction protocols are presented in the supplementary material Table SM1 and

SM2.

All extractions were carried out under oxic condition. After each extraction, the solution was

centrifuged for 15 minutes. The supernatant solution was collected as the corresponding leach. The



residue after each extraction was washed with ultrapure water and further used for the next extraction

step.

A volume of 5.0 mL of the extracted liquid samples from each fraction were acid digested with a
mixture of 1.5 mL H,0,, 1.5 mL HNOj and 1.5 mL HCIO4 and reduced to dryness in Teflon vessels
on a hot plate. The residues were redissolved in 2% ultrapure HNO3 and analysed by DP-ASV to
obtain the concentrations of Cu in different phases of the sediments. Three replicates of each sample
were analysed. The residual fractions of the sediments were digested with 10 mL of acid mixture
(containing HF, HNO; and HCIO4 (in the ratio of 7:3:1) in Teflon vessels) on a hot plate. The
procedure was repeated (several times) for complete digestion of the sediments. The residues were
redissolved in 2% ultrapure HNO; for analysis by differential pulse anodic stripping voltammetry

(DP-ASV).
2.4 Determination of total Cu concentrations:

Total dissolved Cu concentrations in all digests were analysed by DP-ASV. Three replicates of each

sample were analyzed.

Voltammetric measurements were made with a computer controlled Autolab PGSTAT30
potentiostat/galvanostat (Eco Chemie BV, Utrecht, The Netherlands), equipped with a Metrohm 663
VA stand (Metrohm, Herisau, Switzerland). The working electrode was a hanging mercury drop
electrode (Metrohm). The reference electrode was a Ag|AgCl|3M KClI electrode in a glass tube and
fitted with a porous Vycor tip (Bioanalytical Systems, Inc., West Lafayette, IN, USA). The counter

electrode was made from platinum (Metrohm).
2.5 Kinetic extraction experiment:

For kinetic extraction experiments, three grams of sediment were added to 300 mL of 0.05 M EDTA
solution (at pH 6.0) in a 500 mL Teflon bottle, and the mixture was continually stirred with a Teflon-
coated magnetic stirring bar throughout the experiment. The ratio of the mass of sediment to the
volume of EDTA solution (mass/volume) was set at 0.01, as this ratio provided sufficiently high
metal concentrations in the extract to be accurately quantified, while requiring a minimum amount of
sediment. A special effort was made to maintain a homogeneous suspension in order to avoid
changing the mass/volume ratio during sampling. Larger mass/volume ratios would be undesirable,
as they could cause problems with filtration. At set time intervals, 2 mL of the suspension were
filtered through a 0.2 um syringe filter (Millex syringe filter with mixed cellulose ester membrane).

Sample aliquots were collected over a period of 72 hours. The initial time for the kinetic



measurement (i.e. t = 0) was taken as the time just before the sediment was added to the EDTA
solution. 1.5 mL of the EDTA containing liquid samples taken at different time intervals were acid
digested with 3 mL of a mixture of H,O,: HNO; : HCIOy (ratio of 1:1:1) in Teflon vessels on a hot
plate (at ~2OOOC). The residues were re-dissolved in 2% ultrapure HNO; and analysed by DP-ASV.

The kinetic experiments were performed in triplicate for all the samples to ensure repeatability of
results. To account for instrument drift, the sensitivity of the instrument was monitored throughout
each experiment by analysing a standard solution followed by a reagent blank between every 5

samples.
3. Theory:
3.1 The Kinetic Model

The kinetic model proposed by Olson and Shuman (Olson and Shuman, 1985) was adapted
(Chakraborty and Chakrabarti, 2006; Chakraborty et al.,2006; Chakraborty et al., 2009; Chakraborty
et al., 2011; Chakraborty et al., 2012) to investigate the kinetically labile forms of Cu. It is based on
the assumption that each sediment sample consists of n different components, in which each
component, Cu-sediment;, exists in equilibrium with its dissociation products: the Cu?" or extractable
Cu complexes, a naturally occurring heterogeneous complexant, sedimenti The subscript, I,

represents different binding sites of the naturally-occurring heterogeneous complexant.

The extraction of metals from the sediment using EDTA is represented by the following

reactions (charges are omitted for simplicity):
Cu-sediment, + EDTA—“->Cu-EDTA +sediment, , (1)

where Cu-sediment;, and Cu-EDTA represent the metal ion Cu, bound to a sediment binding site,

sediment;, and EDTA, respectively. If EDTA is added in large excess, the Cu is extracted from the

original sediment binding site with a rate constantk; . The change in concentration of Cu-sediment,

with time is given by the following pseudo first-order rate law.

dc

Cu-sediment; k
dt - iCCu-sedimenti ()

The integrated rate law derived from equation 2, expressed in terms of the concentration of Cu-

EDTA, shows that the concentration of metal extracted, Ccy.epra, rises exponentially over time to a



limiting value, as shown in Eq. 3. Unfortunately, it is impossible to study the individual binding sites
separately, or to a priori know the number of discrete binding sites, and there may be a nearly
continuous distribution of sediment binding sites. Hence, Eq. 3 is written as a summation of

exponentials.

C —k;.t
CCu-EDTA (t) = ZCCu-sedimenti (1_ e ) 3)

i=1

This system described by equation 3 can be approximated by a two or three-component first-order

reaction model.
—ky. —k,.
CCu—EDTA(t)ch(l_e lt)"'cz(l_e ? t) €))

Where, €. gpra(t)is the concentration of Cu extracted by EDTA at time t, c.c, are the

concentrations of EDTA-extractable Cu initially bound to labile (quickly extracted), or inert (with

respect to the time scale of measurement) sediment binding sites, respectively, and k;k, are the

corresponding dissociation rate constants. The use of two kinetic components (labile and slowly-
labile and inert) to describe similar systems is well reported in the literature (Gutzman and Langford,

1993; Jardine and Sparks, 1984; Sparks, 1987; Sparks, et al., 1998)
4. Results and Discussion
4.1 Mineralogy and major elemental composition of sediment core

Mineralogy determined by X-ray Diffractometry (XRD) is nearly similar in all the three sediment
samples and they typically contained quartz, plagioclase, biotite, authigenic minerals phillipsite,
analcime and birnessite (dehydration product of Mn-oxide minerals) (Supporting Material Fig SM1).
Major element composition of the three sediment samples from the core is presented in Table SM3
and the values of major rock-forming elements have varied within a narrow range. They were
characterized by low SiO; (40-42%), Al,O3 (13.4 to 13.7%), TiO, (0.7 to 0.93%), MgO (2.8 to 2.9%)
and CaO (2 to 2.2%) compared to Mid-Ocean Ridge Basalt (MORB), but were enriched in Fe;O;
(11.8 to 13%), K,O (2.7-2.8%) and P,Os (1 to 1.1%) compared to MORB. The iron-bearing
minerals may either be amorphous or below the detection limit of XRD. Both mineralogy and major

element chemistry data, however, suggest a near uniform lithology within these sediments.

The total Cu concentrations at different depth of the core were determined by differential pulse

anodic stripping voltammeter (DP-ASV), see Table 1. They were in good agreement with the Cu
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concentrations reported by Mascarenhas-Pereira and Nath (2010), determined by ICPMS (see
Supplementary Material Table SM4). The total concentration of Cu was ~354 mg.kg™" or 356 mg.kg”
" in the surface sediment and gradually decreased with the increasing depth to ~253 or 283 mg kg™ at

10-15 cm and ~227 or 261 rng.kg'1 at 15-18 cm measured by DP-ASV or ICP-MS, respectively.
4.2 Cu speciation in the hydrothermally influenced deep-sea sediment core

Speciation and distribution of Cu in the hydrothermally influenced sediment at three different depths
was studied by using two different equilibrium based sequential extraction protocols (as shown in the
Supplementary Material Table SM1 and SM2). The distribution of Cu associated with different

binding phases in the sediments is presented in Table 1 and Figure 2.

The BCR sequential extraction protocol was applied to understand the distribution of Cu in the
different phases in the hydrothermally altered sediments. The concentrations of the Fraction 1
(Cuexch), consisting of water soluble, exchangeable and carbonate and bicarbonate complexes of Cu
were found to be in the range of 0.0 - 0.36 % of the total Cu in the sediments. As expected, the
concentrations of these weak Cu complexes were low due to their exchangeable nature with the
different ligand in the liquid phase and the availability of more binding sites on other stronger
binding phases within the sediments. Sander and Koschinsky (2011) have reported that dissolved
organic Cu-binding ligands found in hydrothermal fluid and the background deep ocean water form
soluble complexes with Cu that probably decreased the concentration of Cu in the Fraction 1 of the
studied sediments. This stabilization of Cu is also thought to be a mechanism to transport Cu from

hydrothermal fluids into the deep ocean.

Concentrations of Cu associated with Fe/Mn oxides (Fraction 2, Cug.) were high, between ~18% and
41% of the total Cu in the sediments. Association of Cu with Fe/Mn oxide phases was maximum in
the sediment collected at a depth of 4-10 cm (40.72%) followed by 10-15 cm (20.72%) and 15-
18cms (18.93%). The relative distribution of Cu in the studied sediments is shown in Fig. 2. The
high concentration of Fe in the studied sediment probably indicates that different binding or

adsorbing sites were available for Cu in the Fe/Mn oxide phases within the studied sediments.

It is well known that the geochemistry of Cu can be strongly controlled by sorption onto iron (hydr-)
oxides and clay minerals. Adsorption of Cu to FeEOOH phases controls the release of Cu during
sulphide oxidation (Bonnissel-Gissinger et al., 1998; Juang and Wu, 2002; Ohlander et al.,2003). In
the deep oceans, the Cu-FeOOH association is less clear. In the lower water column, Cu is scavenged

by the particulate fraction (Boyle et al., 1977) but released during early diagenesis at the ocean floor.



The resulting benthic source enriches bottom waters in Cu (Boyle et al., 1977). However, if Fe-Mn
oxide hydroxide phases are forming at the sediment-water interface, the flux of Cu into bottom water
is diminished (Callender and Bowser, 1980; Fernex et al., 1992). Adsorption of Cu(II) onto colloidal
iron oxides produced at hydrothermal vents at mid ocean ridges does occur (Feely et al.,1992;
Savenko, 2001) but is not a major control on the concentration of Cu in seawater (Elderfield and
Schultz, 1996). The incorporation of Cu in metal-rich ridge-crest sediments is a minor component of

the overall cycle of the element in the deep water column (Boyle et al., 1977).

The concentrations of Cu associated with organics (Fraction 3, Cucoy) present in the studied
sediments were found to be negligible, i.e., within a range of 0-0.27%. It has been reported that the
concentrations of total organic carbon (TOC) in the studied sediments were low and not detectable
below the depth of 4-6cm (Mascarenhas-Pereira and Nath, 2010). This depletion in organic carbon
content in the studied sediment accompanied with intense radiolarian dissolution gives a clear
indication of the hydrothermal alteration of the sediment. Dissolution of amorphous silica and
organic matter degradation were found to be wide spread in ridge-flank hydrothermal systems
compared to non-hydrothermal settings suggesting an intense hydrothermal effect (Elderfield and
Schultz, 1996). The low concentrations of TOC in the studied sediments reduced the concentrations

of Cu associated with organic matter in all the studied sediments.

Cu present as residual fraction (Fraction 4, Cu,s) were within the range of (~ 58-82%) and possibly
bound to sulphides. In anoxic systems such as hydrothermal fluids, sulphide (HS or S) is one of the
most important ligands for metal complexation. When hot hydrothermal fluids discharge at the sea
floor, a large portion of the sulphide-forming metals-such as Cu and iron precipitate as sulphides in
the direct vicinity of the vents. Chalcopyrite (CuFeS,) has been found as the primary Cu containing
ores in the vicinity of hydrothermal vents. Most of the Cu minerals occur either as primary or
alteration products. It has been reported that sea floor hydrothermal fields on the mid-Atlantic ridge
contain mainly chalcopyrite (CuFeS,), and isocubanite (CuFe;Ss), bornite (CuFeS.), covellite (CuS),
and digenite (CuySs) with varying degrees. Chalcopyrite (CuFeS,) has also been reported in the
hydrothermal vent areas of East Pacific Rise and has been reported to be replaced by covellite (CuS)
and rare digenite (CuySs). Covellite has also been reported (Wheat and MeDuff, 1994) to occur as
massive material and as networks of interlocking plates. The major fractions of Cu which were
present as residual part in the studied sediments (Faction 4) were probably different Cu-sulphides
(Keays and Scott, 1976; Feely et al., 1994; McKay et al., 1974). The certified sediment reference
material BCR-701 was also analysed following the same extraction protocols. A good recovery of

Cu was found from the different phases of the reference sediment (see Table 1).
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A major fraction of the extractable Cu was found (by following BCR extraction protocol) to
associate with Fe-oxide phases (i.e. Cug.) in these hydrothermally altered sediments. Thus, further
sequential extraction study, as proposed by Poulton and Canfield (2005), was performed to
understand the distribution of Cu within the Fe-mineral phases. The analysis of the extracts revealed
that Cu was associated with three operationally derived Fe-oxide pools viz.,1) easily reducible
oxides, including ferrihydrite and lepidocrocite (Cu-Feu); 2) other reducible oxides, including

goethite, hematite and akaganerite (Cu-Fe,x»); and 3) magnetite (Cu-Fenma,).

Figure 2 and Table 1 show the distribution of Cu associated with these different Fe-mineral phases.
The highest concentration of Cu was found to be associated with easily reducible Fe-oxide phases,
(possibly lepidocrocite and ferrihydrite) (Cu-Feox;) followed by the reducible Fe-oxides phases
(indicative of goethite, hematite and akaganerite), (Cu-Fe,y,) in the studied sediments. The lowest

concentration of Cu was found to be associated with leach representing magnetite (Cu-Femag).

It is interesting to note that the association of Cu with Fe.y;, (ferrihydrite, lepidocrocite) in the
studied sediments gradually decreased, whereas, the association of Cu with Fe., (goethite
/akaganerite) gradually increased down the sediment core. . This finding indicates that a major
fraction of Cu associated with different Fe minerals phases (ferrihydrite, lepidocrocite, goethite

/akaganerite) were mainly originated from hydrothermal activity in the studied sediments.

However, equilibrium based sequential extraction protocols for Cu speciation may not represent a
dynamic natural system, such as deep-sea sediment around hydrothermal systems, correctly
(Templeton et al., 2000). The competing ligand exchange method (CLEM) was applied using EDTA
as the competing ligand to understand kinetic speciation of Cu complexes in the sediment.
Concentrations of dynamic Cu complexes and their dissociation rate coefficients were determined in

suspensions of the sediments.
4.3 Kinetic speciation of Cu in the sediments

Kinetic speciation of Cu in the hydrothermally influenced sediments at three different depths was
studied by using EDTA as a competing ligand. Figure 3 shows the changes in concentrations of
extracted Cu in EDTA solution from the studied sediments as a function of time. Each curve displays
an exponential increase in Cu concentration (in EDTA solution) relative to the total Cu concentration
(in sediment) with time. Figure 3 shows that the rates of extraction of Cu from the Cu-sediment
complexes (from the different depth) by EDTA were different. However, equilibrium was reached

for all the sediments (three depths) only after 48 hrs.
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The experimental data from the kinetic extraction curves were fitted to two-component first-order
reaction model. Each curve in Fig. 3 show two different features, a fast rising section that represents
the rapid dissociation rate (kq;) of labile Cu-sediment complexes (¢1%), and a slowly rising section
which corresponds to relatively more strong Cu-sediment complexes (c,%) with slower dissociation

rate constants (kq») (see Table 2).

The kinetic study showed that the top layer (4-10 cm) had the smallest percentage of labile Cu-
complexes (only 6.1%) with the fastest dissociation rate constant (kq;= 9.0 %107 s']); the sediment
below this (collected at 10-15 cm) had only marginally more labile Cu-complexes (8.4%) with
dissociation rate constant of 2.7x107 s . About 1/3 of total Cu (29.5%) in the sediment collected at
15-18 cm depth were found to be labile with a kq; value of 0.5 x 10371,

The second part of all the curves, those recline almost parallel to X-axis, can be attributed to slow
dissociation (kq;) of strong, more inert Cu-sediment complexes (¢;%). Slow dissociating Cu
complexes (c,%) were found to be predominant in the upper layer of the sediment depth 4-10cm.
The concentrations of Cu-sediment complexes with slow dissociation rates (kq2) (within the time
scale of measurements) were found to decrease with depths from 10-15cm to 15-18 cm (91.6% and
70.47% of total Cu present in the sediments). The Pearson correlation analysis suggests that the inert
Cu-complexes (c,) (obtained from kinetic speciation study) had positive correlation (R*= 0.63) with
the Cu associated with Fe-oxide phases (Fraction 2) (obtained by BCR sequential extraction
protocol). A very strong positive correlation (R*= 0.93) was found between the inert Cu-complexes
(cz) with easily reducible oxides (Feox;). This indicates that Cu may associate very strongly with Fe-

oxide phases in hydrothermally altered sediment and may not be bioavailable.

This is the first time we report that non-residual forms of Cu (associated with Fe-oxide phases) may
form quite stable (unable to extract by EDTA solution) complexes in the deep-sea sediments altered
by hydrothermal activity. This study suggests that Cu strongly associate with ferrihydrite and
lepidocrocite goethite, hematite, akaganerite and magnetite type minerals in hydrothermally altered
sediments. However, the nature of interactions between Cu and these minerals are not known. The
sources of these Fe phases in the sediments are probably hydrothermal fluids. Inert Cu complexes are
mainly present as sulphides in hydrothermally altered deep-sea sediments. The high stability of Cu-
complexes in hydrothermally altered sediments from CIB may contribute little to the Cu flux to the
overlying water column. Kinetic speciation study of Cu showed that lability of Cu complexes
gradually increased with the increasing depth of the hydrothermally influenced deep-sea sediments

from CIB. The sediment from the upper layer did not significantly contribute to the Cu flux to the
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overlying water column. However, increasing lability of Cu-complexes with the increasing depth of
sediment (as reflected from the increasing dissociation rate constant of Cu-complexes) suggests that
any disturbances (such as mining) of hydrothermally altered deep-sea sediment may bring up labile
Cu-complexes from the bottom of the sediments to the water column and may increase
bioavailability and Cu flux to the ocean. A very strong positive correlation (R*= 0.92 and 0.99) was
found between the dynamic Cu-complexes (c;) with reducible oxides (Feox,) and magnetite (Fenag)
phases. The labile Cu complexes were probably associated with reducible Fe-oxide (Feox,) and
magnetite (Fena) phases in the studied sediments. The data (presented as supporting material Table
SM3) suggest that the relative percentage of easily reducible Fe-oxide (Feox) gradually decreased
and reducible Fe-oxide (Feox»), and magnetite (Fen,,) phases gradually increased with increasing
depth of the sediment core. It could therefore be expected that with the increasing depth, the lability
of Cu complexes increases due to an increased association of Cu with reducible Fe-oxide (Feox2), and

magnetite (Fenag) phases in the sediment.

This study suggests that Cu can be strongly associated with different binding sites in Fe-oxide phases
of hydrothermally altered sediments with stabilities higher than that of Cu-EDTA complexes. Cu, in
the form of sulphides can also be one of the most important Cu fractions in hydrothermally
influenced deep-sea sediments from Central Indian Ocean Basin. Increase in lability of Cu-
complexes with increasing depth suggests that deep-sea mining of hydrothermally altered sediments
may bring up labile Cu-complexes to the top and alter the delicate balance between the role of Cu as
micronutrient and toxicant in maintaining life at the deep sea. However, further extensive study
(using multiple sediment cores from different locations) is required to conclude that the lability of
Cu-sediment complexes increase with increasing depth of sediment, and Cu flux to the overlying

water column would increase during any disturbance of the sea-floor.
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Table 1: Copper (Cu) speciation in hydrothermally influenced deep-sea sediment and the sediment
standard reference material (BCR-701) by following the modified BCR protocol. The association of
Cu with different phases of Fe-oxides in the studied sediments by following a sequential extraction

protocols proposed by Poulton and Cranfield to know. . Details of both extraction protocols are given
in the Supplementary Material Tables SM1 and SM2.

BCR extraction (in % of total Cu)

mod. Poulton and Cranfield

extraction (in% of Cug.)

Sample ID Total Cu Fraction 1 Fraction 2 Fraction 3 Fraction 4 Cu- Cu- Cu-
(ppm) ClUexeh Cug. Cucorg Clyes Feoxi Feoxa  Femag
AAS-61 BC 8
4-10cm 35446 0.3+1 40.7£3.1  0.3£0.1  58.5+3.2 69.3+4.6 29.7+1.2 1.0+0.2
10-15cm 25347 0.1+0.1  20.7£2.5 0.0 79.245.8  63.0+3.2 33.9+2.2 3.1+0.3
15-18cm 22745 0.0 18.9+3.1  0.240.1  80.9+6.9 51.4+2.3 38.8+3.8 9.9+0.9
BCR-701
Reported by
EU 275£13 49.3+1.7 12443 55.2+4  38.5+12.0
commission
In this study 266+8 52.6+2.1 106£7  56.0+1.0 36.7+6.2
Recovery 97.0% 103% 88.3% 100% 95.3%

Table 2: Kinetically distinguishable relative Cu species and their corresponding dissociation rate
constants at different depths of sediment core AAS-61 BC 8.

depth C, (%) knx10 ) G (%) ko (s)

4-10cm 6.1+023 9.0+0.8 93.946.1 <1x10°
10-15cm 8.4+0.5 2.7+£0.2 91.6+2.4 <1x10°
15-18cm 29.542.5 0.5:0.1 70.541.8 <1x10°
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Figure captions
Figure 1. Map of the sampling site in the Central Indian Ocean Basin.

Figure 2. Relative fractions of Cu associated with different phases of sediment at three integrated
depths. Left bars for each depth represent fractions 1-4 from BCR extractions and right bars are the
relative distributions of Cu associated with iron oxides (Cuge) separated into the reducible Fe-oxides
ferrihydrite and lepidocrotite (Cu-Fe.y;), geotite, akakganeite and hematite (Cu-Feo,) and magnetite

(Cu-Fey).

Figure 3. Kinetically labile Cu in the sediment at three integrated depth after leaching with 0.05 M

EDTA. Values are presented as percentage of the total Cu concentration (as given in Table 1).
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Figure 2. Relative fractions of Cu associated with different phases of sediment at three integrated
depths. Left bars for each depth represent fractions 1-4 from BCR extractions and right bars are the
relative distributions of Cu associated with iron oxides (Cug.) separated into the reducible Fe-oxides
ferrihydrite and lepidocrotite (Cu-Fey)), geotite, akakganeite and hematite (Cu-Feox,) and magnetite
(Cu-Femag).
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Figure 3. Kinetically labile Cu in the sediment at three integrated depth after leaching with 0.05 M
EDTA. Values are presented as percentage of the total Cu concentration (as given in Table 1)
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Table SM1: Modified sequential extraction protocol as developed by the Community Bureau of
Reference (BCR) (Quevauviller et al., 1993) to differentiate Cu-species associated with different
sediment phases. Sample size used 1 g.

Extraction Cu-target phases: Terminology
0.11 M CH;COOH, m/v = 40 Exchangeable, water Fraction 1
16 h end-over-end shaker soluble & carbonate
0.5 M hydroxylamine-HCI, pH 1.5,
B Cu associates with .
(HNOj; 2 M, fixed volume), m/v =40 Fe/Mn oxide phases Fraction 2

16h end-over-end shaker

Digestion: H,O, 30%, (85° C) , ,
Cu-associated with

Extracting agent: CH;COONH,, pH 2 organic carbon Fraction 3
(HNOs3), m/v =50, 16 h end-over-end shaker

. . Cu within the mineral )
Open digestion . Fraction 4
structure of sediments

Table SM2: Sequential extraction protocol adapted from by Poulton and Canefield (2005) to
differentiate Cu-species associated with Fe/Mn oxide phases (Fraction 2 of BCR protocol) Sample
size used 0.2g.

Target phases:

Extraction ) i Terminology
Cu associated with
1 M CH3COONa, pH4.5 exchangeable &
Cu-Feexchacarb
10ml, 24 h carbonate Fe
1 M hydroxylamine-HCI reducible oxides of Fe
(in 25% v/v acetic acid) (ferrihydrite, Cu-Feox
10ml, 48h lepidocrocite)
o reducible oxides
Na dithionite (50 g/l), (goethite, akaganeite, Cu-Feo
pH 4.8, 10ml, 2h hematite)
0.2 M ammonium-oxalate, )
magnetite Cu-Fenag

pH 3.2, 10ml, 6h
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Table SM3: Major element content of sediment core AAS61/8 at different depth and MAG-1 standard reference material in (wt %) bulk and

leach residues.

MnO MgO CaO Na,0 K,0 P,0,

Sample(sediment depth) Residue’% Si0, ALO, TiO, Fe,0,
AASG61/8

4-10cm 84.1 Bulk 423

10-15cm 85.1 Bulk 41.6

15-18cm 84.3 Bulk 46.5

MAG-1 ¢ Bulk 50.8

Certified value 50.4

13.6

13.7

14.1
16.1
16.4

0.7

0.8

0.77
0.72
0.75

11.9

13.2

11.06
7.29
6.80

2.1 29 20 48 28 1.1

1.9 2.8 22 48 28 1.1

217 273 216 132 287 1.02
0.10 3.09 1.42 381 3.70 0.16
0.10 3.00 137 383 355 0.16

? Residue left on leaching with hot 50% HCI.
® The elemental concentrations are not weight corrected.

“MAG-1 is a certified reference material. It is a fine grained gray-brown clayey mud with low carbonate content, from the Wilkinson Basin of the Gulf of

Maine.
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Table SM4: Total metal concentrations of reported elemental analysis by ICP-MS and total Cu analysed
by DPASV

Data Reported average value of elements - [CP-MS data
from
DPASV *
Depth  Cu Cu Pb Fe Mn Al Cr Co Ni Zn

cm  ppm  ppm ppm (%) (%) (%) ppm ppm ppm  ppm
4-10 354 356 192 734 139 677 27 145 538 192
10-15 253 283 182 824 139 663 25 143 353 182
15-18 227 261 177 815 131 665 25 138 297 177

? this work
® Mascarenhas-Pereira and Nath, 2010)
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Figure SM1: X-Ray diffractogram of the studied sediment at three different depths



