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Abstract: 
 
Metal speciation study in combination with major element chemistry of deep sea sediments provided 

possible metal enrichment pathways in sediments collected from environmentally different locations of 

Central Indian Ocean Basin (CIB). Metal speciation study suggests that Fe-Mn oxyhydroxide phase was 

the major binding phase for Ni, Cu and Pb in the sediments. The second highest concentrations of all 

these metals were present within the structure of the sediments. Easily reducible oxide phase (within the 

Fe-Mn oxyhydroxide binding phases) was the major host for all the three metals in the studied sediments. 

Major element chemistry of these sediments revealed that there was an increased tendency of Cu and Ni 

to get incorporated into the deep sea sediment via the non-terrigenous Mn-oxyhydroxide fraction, 

whereas, Pb gets incorporated mostly via amorphous Fe-hydroxides into the sediment from the CIB. This 

is the first attempt to provide an insight into the mechanism of metal enrichment in sediment that host 

vast manganese nodule. 
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1.  Introduction: 

Metal-sediment interactions play an important role in controlling metal distribution and speciation in 

different marine environments. Geochemical behaviors of trace/heavy elements, in marine sediments, 

vary with varying sediment types and their depositional environment. By far, no study has been done to 

understand the possible pathways of metal incorporation into deep sea sediments in the Central Indian 

Ocean Basin (CIB).    

CIB is bounded by ridge systems on its three sides (western, eastern and southern) and receives a heavy 

continental input from the north due to the presence of Ganga-Brahmaputra delta system (Borole 1993; 

Pattan et al, 2005; Valsangkar, 2011 etc.). The sediments of CIB can be broadly classified into three 

major types: (i) terrigenous, (ii) siliceous and (iii) pelagic/red clay. Only on the ridge crests and seamount 

tops, some amount of calcareous sediment can be obtained. Terrigenous sediments are those which are 

formed due to the weathering of continental rocks. This includes river run off, atmospheric dusts and 

glacial deposits, which do not undergo any major changes during its residence in seawater (Chester and 

Jickells, 2003). So, although a wide variety of continental minerals can be found from oceanic sediments, 

mostly quartz and clay minerals reach the open oceans. Siliceous sediments are formed in the regions of 

higher biological productivity and are mainly composed of opal-secreting planktons like diatoms and 

radiolaria. Some amount of biogenic silica is also contributed by silicoflagellates and sponges. The hard 

parts of these microorganisms forms the bulk of the coarse fraction (>63μ) of the siliceous sediment. 

Pelagic clay, on the other hand, is mainly composed of the finest clay particles which reach the open 

oceans from the continents, or are produced in situ due to diagenesis and secondary alterations. They are 

usually formed in the areas where sedimentation rate is very low (a few mm per 1000 years) with 

minimum current activity. As a result, any suspended organic carbon gets enough time to oxidize before 

settling in the sediment. Moreover, the presence of ferric-oxide in this sediment imparts a red colour to 

the sediment, for which it is also known as red clay. 

Study of clay minerals from CIB area by Rao and Nath (1988) has revealed that kaolinite, illite and 

chlorite, found in the CIB sediments are mostly land derived (from Ganga-Brahmaputra delta system), 

whereas smectite is formed mainly as a weathered product of ridge rocks. Another type of Fe-rich 

smectite is found in the finer size fraction of these sediments, especially in the siliceous and red clay area, 

which is mostly produced by the early diagenetic effect on the sediments. Nath et al (1989) has showed 

by R-mode factor analysis that, five major sources of major and trace elements can be identified in these 
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sediments: (1) terrigenous (loaded with Fe, Ti, Al, Mg, Mn, P and K), (2) combined hydrogenetic-

diagenetic (Mn, Ni, Cu, Co and Fe), (3) biogenic (Si), (4) sea-salts (Na and Mg) and (5) dissolution 

residue (Ba). According to Banerjee (1998), the metal enrichment procedure is hydrogenetic in 

terrigenous and red clay areas, diagenetic in siliceous sediment and a combination of hydrogenetic and 

early diagenetic in terrigenous-siliceous transition sediment. He has further reported that bulk of Ni 

resided in the hydrogenous fraction of red clay while, Cu got enriched due to the combined effect of 

hydrogenetic and early diagenetic processes in siliceous sediments. Thus, from the major element 

chemistry, an idea about the part of the element (eg: Fe, Mn, Si etc.) associated with the terrigenous and 

non-terrigenous sources could be obtained which may further provide valuable information on the trace 

metal enrichment processes going on within the sediment. 

This region also experiences the influence of cold, oxygen rich Antarctic Bottom Water (AABW) which 

enters into the basin through the northern saddles of Ninety East Ridge. The absence of an index 

radiolarian species from Neogene and extremely low rate of 230Th accumulation in the sediment, 

compared to the sediment accumulation rate (2mm/ka), suggest intense erosion of bottom sediment by 

AABW (Banakar et al, 1991). Apart from this, the presence of a number of fracture zones and seamounts 

within the basin, make the depositional environment of CIB sediments very diverse. 

Systematic investigations on major and trace element geochemistry in CIB sediment have not been done. 

The processes of trace metals incorporation into deep see sediment of CIB is lacking. Sequential 

extraction (SE) is an effective tool in such case to understand the metal association pattern with the 

different binding phases of the sediments (Chakraborty et al., 2012a; 2014a; 2014b; 2015b). However, it 

should be kept in mind that SE protocols are operationally defined fractionation procedures (Templeton 

et al., 2000) which does not necessarily represent the highly variable natural environment. The SE 

techniques suffer by several drawbacks. There are chances of back extraction and over estimation of the 

elements depending on the Eh, pH, temperature and duration of reaction time. Moreover, SE procedures 

are strongly matrix dependent and so the mineralogy of the different sediment types may also affect the 

procedures (river/lake sediments vs deep-sea sediments). There are very few alternatives of SE protocols 

are available in literature (Chakraborty et al, 2011 2014a; 2014c; Petit et al., 2009)  . Acidimetric titration 

method (a novel approach to study particulate trace metal speciation and mobility in sediment by Petit et 

al (2009)) is one of them. However, operationally defined SE procedures are also increasingly considered 

now for environmental studies, related to the mobility of trace and heavy metals. Several SE protocols 

have been widely used in different sediment types after modifying as per requirement and have been 
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found to provide useful information about the possible physico-chemical processes that might have taken 

place during the precipitation and final incorporation of the metals into the sediment. Two of them are 

European Community Bureau of References (BCR) protocol and the protocol proposed by Poulton and 

Canfield (2005), which have been widely used for metal speciation study in different types of sediments 

(Maher, 1984; Koschinsky et al, 2001; Chakraborty et al, 2012a, Ohta et al, 2014; Chakraborty et al, 

2014a). Thus, these protocols were used in the present study to understand metal speciation in different 

types of marine sediments of CIB. 

One of the most significant features of this basin is the presence of vast polymetallic nodule field which 

are mainly concretionary bodies of manganese (Mn) and iron (Fe) oxides (Nath et al, 1989; Banakar, 

1991). In Indian Ocean, CIB hosts the richest deposits of these nodules which either sits on the sediment 

tops or remain fully or partly buried within the sediments (Banerjee et al, 1991, Banerjee and Iyer, 1991). 

Ni and Cu are the most important trace metals present in these nodules, reaching upto 0.7–0.8% at times. 

Concentration and nature of association of Pb in Fe-Mn nodules, is poorly understood in CIB sediments. 

Thus, an attempt was made to understand the possible pathways of Ni, Cu and Pb incorporation in four 

different sediment substrates from CIB by using major element chemistry of these sediments followed by 

different SE studies. This was the first attempt to provide an insight into the mechanism of metal 

enrichment in sediment that host vast manganese nodule. 

2. Materials and methods: 

2.1. Study area and sampling: 

Sediment samples were collected from 24 stations during various cruises of ORV Sagar Kanya (6th, 7th 

and 8th) and AA Sidorenko (38th) between 4.980 and 17.050S latitude and 73.730E and 78.020E longitude. 

Among them 19 were surface sediments, collected by sediment collection tube attached to the free-fall 

grabs and five were gravity cores, collected from five environmentally different locations of CIB. These 

samples were collected as a part of the "project surveys for polymetallic nodules" in CIB, covering three 

major sediment types, viz. terrigenous, siliceous and red clay. All the sediment samples were dried and 

packed in air tight zip lock bags and stored in screw cap plastic containers at room temperature. The 

topmost sections (0-5cm) of the gravity cores were used only for metal speciation study. Table 1 and SM-

1 summarize the sampling locations and sediment types. The sampling locations of the 5 cores are also 

shown in Fig. 1 with the following abbreviations of sediment types in parenthesis: T: terrigenous 

sediment, T-S: terrigenous-siliceous transition sediment, S1 & S2: siliceous sediment and RC: red clay. 



5 | P a g e  
 

2.2. Textural analysis: 

One gram of each samples (5 core tops) were wet sieved first to remove the >63µ fraction. The finer size 

class was then made carbonate and organic carbon free for further grain size analysis in a ‘Laser Particle 

Analyzer’ (Malvern Mastersizer 2000 microns). The procedure has been vividly described by 

Ramaswamy and Rao (2006). 

2.3. Total carbon (TC), inorganic carbon (TIC) and organic carbon (TOC) analysis: 

The total carbon (TC) content of the studied sediment samples were analyzed in a carbon and nitrogen 

elemental analyzer (Thermo Scientific Flash-EA 1112). Precision of the analysis was within ±5%. Total 

inorganic carbon (TIC) content of the sediments was determined by Coulometer (UIC, Inc-CM5130 

acidification module). Analytical grade calcium carbonate was used as the standard reference material. 

The accuracy and precision were well within ±2% (Chakraborty et al, 2015a). Total organic carbon 

(TOC) concentrations of the sediment samples were computed from the difference of TC and total TIC 

contents.  

2.4. Major and trace element analysis: 

The number of analyzed samples for the major and trace element chemistry were 24 (1 from terrigenous, 

6 from terrigenous-siliceous transition, 10 from siliceous and 7 from red clay sediments). Prior to all 

major and trace element analyses, the sediment samples were hand ground by agate mortar pestle into 

fine powders. Each samples (0.55g) were then fused into borate glass beads at high temperature (11800C) 

using Spectromelt® A12, Merck. The detail description of the procedure has been described elsewhere 

(Ray et al, 2014). These beads were then analyzed for the determination of major element oxide by using 

X-Ray Fluorescence Spectrometer (PANalytical, AXIOS®).  

The bulk concentration of Ni, Cu and Pb were analyzed in X-Series II (Thermo Fisher) quadrupole 

Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) after complete digestion of the samples 

(50mg each) with acid mixture HF:HNO3:HClO4 in the ratio 7:3:1 (Pattan et al, 2013). After complete 

digestion, the samples were dissolved in 4ml of 1:1 HNO3 solution and transferred into 100ml volumetric 

flask. An internal standard of 103Rh solution (1ng/ml) was added to each of them and volume was made 

upto 100ml with Mili-Q water. Marine sediment reference JSd-1 was used as standard for both XRF and 

ICP-MS analyses and all the duplicate analyses were well within ±2% error. 
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The concentrations of Ni, Cu and Pb in each leach of SE study (with the 5 core tops) were directly 

measured by using Graphite Furnace-Atomic Absorption Spectrometer (GFAAS) (Perkin Elmer 

PinAAcle 900T). The leaches were preserved in 2% HNO3 solution prior to analysis. BCR 701 (Sigma 

Aldrich) was used as a certified reference material (CRM) for modified BCR protocol and PACS-1 

(National Research Council of Canada) for SE protocol proposed by Poulton and Canfield (2005). Before 

each step, two procedural blanks were run and the metal concentrations were found below detection limit. 

The optimized condition of the GFAAS is given as supporting material (Table SM-2). 

2.5. Leaching procedure and Reagents 

The number of analyzed samples for both the SE studies was five. These five samples fall on a north-

south transect for which, each of them represents unique sediment characteristic and depositional 

environment. Thus, by performing the two SE protocols on these five samples, a fair picture about the 

broad sediment-metal interaction pattern in different sediment types of CIB could be understood. 

However, better results would have been obtained, if more samples were available from these five 

environmentally different sediment types. Nevertheless, this study was first of its kind in this region and 

further study with larger sample size is planned in future.  

All the reagents used were of analytical grade or better (ultrapure). All the lab wares used were washed 

thrice by 10% HNO3 acid solution followed by 18.2 mΏ water. The recovery rates of all the standards 

used are listed in Table SM-3. A series of batch extractions were performed on sediment samples, 

following a modified BCR protocol (Quevauviller et al, 1993; Rauret et al, 1999; Sahuquillo et al., 2002). 

This protocol effectively separates five major binding phases of sediment, viz. (i) water-soluble or 

exchangeable metals, (ii) carbonate-bound metals, (iii) iron-manganese oxide bound metals; (iv) organic 

carbon bound metals and (v) structurally bound or residual metals.  

The other SE protocol used here (proposed by Poulton and Canfield 2005) identifies the trace metals 

associated with the different Fe-Mn bearing mineral phases viz. (i) exchangeable metals, (ii) Fe/Mn-

carbonate bound metals (eg: siderite, rhodochrosite etc.), (iii) easily reducible Fe/Mn oxides (Ox 1), (iv) 

reducible Fe/Mn oxides (Ox 2) and (v) magnetite bound metals. 

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

centrifuged for 15 minutes (at 5000 rpm) and the supernatant solution was collected as the corresponding 

leach. The residue after each extraction was washed with Mili-Q water once or more as per requirement 

and further used for the next extraction step. Both the SE protocols are given in Table SM 4 and 5. 
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2.6. Calculation of “excess” Fe, Mn and silica: 

To determine the relative contributions of the terrigenous and non-terrigenous portions of Fe and Mn, its 

“excess” i.e. non-terrigenous part was calculated from the following relationship (Eq. 1) used by 

Schroeder et al (1997): 

   Elexcess = Elsample– [Tisamplex (ElPAAS/ TiPAAS)] . . . . . . . . . . . . [1] 

Where, El denotes element (Fe and Mn in this case). The PAAS values of the elements (Fe, Mn and Ti) 

were taken from Taylor and McLennan, 1985. This “excess” source of Fe and Mn can be either 

authigenic, biogenic or early diagenetic in nature and have significant role on the trace metal enrichment 

processes in the sediment. The sediments of this region have abundant volcanogenic materials in their 

coarse fraction (glass shards, pumice, plagioclase and palagonite fragments) which are a major source of 

“excess” Al (Sukumaran et al, 1999; Pattan et al, 2005; Pereira et al., 2006; Iyer et al, 2007). Hence, Ti 

was used instead for calculating enrichment factor of the metals in sediments, as it is one of the most 

stable elements under varying physico-chemical conditions.  Since the samples under study were 

primarily of marine origin, PAAS values were taken for normalization. 

"Excess/biogenic" silica, on the other hand, was calculated by using the formula (Eq. 2) adapted by Nath 

et al (1989), which is originally modified from Bostrom, 1976: 

SiO2(ex/bio) = SiO2sample – 3.38 (Al2O3sample) . . . . . . . . . . . . [2] 

Where, 3.38 is the SiO2/Al2O3 ratio of average deep-sea clay (Turekian and Wedephol, 1961). The 

calculation is based on the fact that the SiO2/Al2O3 ratio in terrigenous clay and deep sea clay is more or 

less constant; averaging about 3.38 and the excess part is mainly derived from the radiolarian and 

diatomaceous oozes. 

3. Results: 

3.1. Physical characteristics of the sediments: 

Table 1 summarizes the sampling locations, sediment types, total inorganic carbon (TIC), total organic 

carbon (TOC), textural parameters (i.e. coarse fraction (grain size >63µ) and fine fraction (grain size 

<63µ in volume percentage) of the 5 core tops. All the sediment samples contained very less TIC. The 

lowest concentration was found in the terrigenous-siliceous transition zone (0.018%) (T-S) and the 

highest in the red clay zone (0.062%) (RC). TOC content of the studied sediment were also negligible, 



8 | P a g e  
 

the highest concentration was found in S2 station (1.49%) and the lowest in S1 station (0.14%). Both S1 

and S2 stations fall in the siliceous ooze domain. Textural analysis of the studied samples revealed the 

silty clay nature of the sediment with coarse fraction content ≤10% in volume (Table 1). It was also 

found out that the clay content of the samples gradually increased southwards, away from the continents 

as was expected.  

3.2. Chemical characteristics of the sediments: 

3.2.1. Major and trace element distribution pattern: 

Total metal concentrations of the studied samples (n = 24) are given in Table 2 and Table SM-1, 

comprising six major element oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, CaO and P2O5) and three trace 

metals (Ni, Cu and Pb). All the values are within the range of reported values (Nath et al, 1989; Pattan et 

al, 1994; Banakar et al, 1998) except Pb concentration at one station, AAS 38/4. For convenience of use, 

the oxide data were converted into elemental data for future references. The concentrations of Ti, Fe, Mn, 

P, Ni and Cu in the studied sediments were found to be similar; from north to south their concentrations 

dropped first (from terrigenous to the T-S transition sediments), but then steadily increased southwards 

away from the continent. There was no major variation in Si concentrations of the samples from different 

sediment types. Ca, on the other hand, showed maximum concentrations in siliceous sediment and 

dropped gradually in red clay sediments. Its concentrations in terrigenous and T-S transition sediments 

were lesser than red clay sediments also. Pb showed a sudden rise in concentration from terrigenous to T-

S transition sediment and then gradually decreased in the siliceous sediment. Its concentration increased 

again in the red clay sediments. Only at station AAS 38/4, an unusual high concentration of Pb was seen 

in both bulk concentration and residual fraction of BCR protocol (described later). 

3.2.2. Geochemical analysis of bulk marine sediments: 

“Excess” i.e. non-terrigenous contents of Fe and Mn in the sediments were calculated from the bulk Fe 

and Mn concentrations of the sediments. The vivid description of the calculation has been reported in 

literature (Schroeder et al 1997). Table 3 and Table SM-6 show that the major portion of Mn in the 

sediments was in the “excess” part. However, the major fraction of Fe was found as terrigenous in nature. 

Biogenic silica content of the studied sediments were also calculated as per Bostrom (1976) and 

presented as percentage of total silica content of the samples in Table 3 and SM-6. A considerable 

amount of silica was found to be derived from biogenic source especially in case of the sediment samples 

from T-S transition zone (42% on ave.) and siliceous ooze (34% on ave.). Terrigenous sediment (14%) 
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and red clay sediments (28% on ave.) had very low biogenic silica, as was expected. From Table 4 it can 

be seen that, Ni showed strong positive correlation with excess Mn while Cu showed stronger correlation 

with excess Fe (n = 24). However, Pb showed no significant correlation with any major or trace elements. 

Silica, on the other hand, did not show any significant relation with any of the major or minor elements 

(Table 4). As was mentioned earlier, a significant proportion of the silica was biogenically derived from 

the dissolution of radiolarian and diatom shells. But neither this biogenic part showed positive correlation 

with “excess” Fe or Mn nor the abiogenic part showed any strong positive relation with “terrigenous” Fe 

or Ti. So, it can be concluded that silica (both biogenic and abiogenic) had no part in metal enrichment 

processes in the studied sediments. 

Terrigenous parts of Fe and Mn, on the other hands, showed excellent positive correlation with Ti 

concentrations of the studied samples (~1), suggesting their possible common source. There was a 

possibility that iron and titanium might be derived from the adjoining ridge rocks, apart from the 

continental rocks, which has been reported to be FeO and TiO2 rich (Iyer et al, 1999). Ti also showed 

good correlation with P, suggesting the terrigenous nature of P, at least in some parts. That is why, 

terrigenous Fe and Mn also showed good correlation with P. However, P is better correlated with excess 

Fe, Ca, Ni, Cu and too some extent excess Mn. Ca content of the samples also showed good positive 

correlation with P, Ni, Cu and excess Fe, but not with Ti or terrigenous portion of Fe. It has been reported 

that Ca and P can come from biogenic sources - Ca from the hard parts of invertebrates and P from bones 

and teeth of vertebrates. Thus, there is a possibility that these elements (Ca, P, Ni, Cu, excess Fe and Mn) 

had a biogenic and/or hydrogenetic sources. Again, good correlation of Ni and Cu with total Ca, P, 

excess Fe and Mn concentrations of the samples can also indicate their possible participation in 

biogeochemical cycles via phosphates but not silicates (Table 4 and SM-7). Sclater et al (1976) observed 

similar findings from Pacific and Atlantic sediment samples. Terrigenous part of Fe showed significant 

positive correlation with its excess part (0.66), but Mn did not (0.49). Thus, there is a possibility that the 

“excess” part of Fe was either derived from the alteration of ridge rocks or the product of early diagenetic 

effect within the sediments (Rao and Nath, 1988). However, “excess” Mn showed moderate positive 

regression relation with “excess” Fe. Thus it can be said that, the source of excess Mn varied from that of 

the excess Fe. It should be noted here that Ni also showed good positive correlation with Ti and hence the 

terrigenous parts of Mn and Fe also (Table 4), which indicates dual character of source of Ni. 

Thus from the bulk major and trace metal analysis, it was found out that Ni and Cu were mainly 

associated with Fe/Mn bearing minerals, especially their excess or non-terrigenous portions, but Pb 
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showed no such association. To check the validity of this result, detailed SE study was performed on five 

selected samples from each sediment types. This will provide a better way to understand the relative 

contributions of the different binding phases in the sediments in metal enrichment procedures. There are 

several methods/protocols has been suggested for different types of soils/sediments based on their major 

metal binding phases. These protocols are substrate specific and are not completely applicable to 

dissimilar sediment types. Nevertheless, geochemists have been using different SE protocols to identify 

the quantity of total metal associated with the different fractions of the sediment and their remobilization 

during the early diagenesis or resuspension (Tessier et al, 1985; Cuong and Obbard, 2006; Chakraborty et 

al, 2012b, Ohta et al, 2014; Chakraborty et al, 2014b). Sequential partitioning of transition elements in 

Pacific pelagic sediments has also been reported to predict the source rock of the sediments by estimating 

the residual metal percentages in the sediments (Forstner and Stoffers, 1981). Thus, after thorough 

investigation of all the physico-chemical parameters of the studied sediment samples [total, organic and 

inorganic carbon, texture, mineralogy (from published data) and geochemistry] these two SE protocols 

were chosen to be applicable for the present objective of the study. Infact to ensure proper results, the 

deep-sea sediments of this study were initially washed with MiliQ water to remove the extra salt and 

water soluble metal complexes (in case of modified BCR protocol).The water soluble metal complexes 

were also quantified. 

3.3. Sequential extraction of Ni, Cu and Pb in sediments by following Modified BCR protocol: 

Fig. 2 shows the distribution pattern of the metals (Ni, Cu and Pb) in the different binding phases of the 

sediments (n = 5). The different phases or fractions considered here were: (i) water soluble metals (F1), 

(ii) carbonate bound metals (F2), (iii) Fe/Mn-oxide bound metals (F3), (iv) organic carbon bound metals 

(F4) and (v) structurally bound or residual metals (F5). 

3.3.1. Distribution of nickel in different binding phases of the sediments 

Fig. 2a shows that, F1 and F2 which are water soluble and carbonate bound metals comprised a very 

negligible amount of total Ni concentrations in all the sediment types (ranging from 4.7 to 7.7% of the 

total Ni concentrations). This indicates that the mobility and bioavailability of Ni in the sediment systems 

was negligible. A major fraction of the total Ni concentration was found to associate with Fe/Mn 

oxyhydroxide phase (F3) (ranging from 29.2 to 87.2% of the total Ni concentrations), followed by 

residual phase (F5) (ranging from 6.4 to 58.6% of the total Ni concentrations). The concentrations of Ni 
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associated with the organic carbon phase (F4) were also negligible (1.5 to 8.1% of total Ni 

concentrations) in all the studied sediments.  

3.3.2. Distribution of copper in different binding phases of the sediments  

Fig. 2b shows the distribution of Cu in the different binding phases of the studied sediments. Like Ni, the 

concentrations of Cu in F1, F2 and F4 phases (water soluble, carbonate bound and organic carbon bound 

phases respectively) contained very negligible amount of Cu in all types of sediment (the ranges are 1.1 

to 6.1% and 0.7 to 5.6% of the total Cu concentrations for F1+F2 and F4 respectively). The major 

fraction of Cu was associated with the Fe/Mn oxyhydroxide phase (F3), accounting for 47.8 to 66.5% of 

the total Cu concentration in all the sediment types. The second highest concentration of Cu was found in 

the residual phase of the sediment (F5) comprising about 26.8 to 45% of the total Cu.  

3.3.3. Distribution of lead in different binding phases of the sediments  

Fig. 2c shows the distribution of Pb in the different binding phases of the studied sediment. The highest 

concentration of Pb was found in the Fe/Mn oxyhydroxide phase (F3) in all the studied samples (Fig. 2c) 

(ranging from 44.1 to 87.5% of the total Pb concentrations). However, in the first three samples (from 

north to south), i.e. T, T-S and S1, the second major binding phase was the organic carbon fraction (F4) 

(ranging from 7 to 8.2% of the total Pb concentrations) whereas, in the rest two (S2 and RC) the residual 

fraction (F5) was the second major binding phase (50.6 and 24% of the total Pb concentrations 

respectively). Only in one sample (S2) Pb concentration in F5 (50.6 %) was higher than F3 (44.1%). The 

water soluble (F1) and carbonate bound (F2) fractions together comprised very negligible amount of Pb 

in all the studied sediment samples (0.2 to 5.5% of total Pb concentrations). 

As maximum concentration of Ni, Cu and Pb were associated in the Fe/Mn oxyhydroxide phase of the 

studied sediment; further speciation study was performed to understand the distribution of these metals in 

different Fe/Mn bearing mineral phases.  

3.4. Sequential extraction of Ni, Cu and Pb in Fe/Mn bearing minerals: 

The SE protocol proposed by Poulton and Canfield (2005) was used to separate these metals associated 

in different Fe/Mn bearing mineral phases. The fractions considered here are: (i) exchangeable metals, 

(ii) Fe/Mn-carbonate bound metals (eg: siderite, rhodochrosite etc.), (iii) easily reducible Fe/Mn oxides 

(Ox 1), (iv) reducible Fe/Mn oxides (Ox 2) and (v) magnetite bound metals. 
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Since the concentrations of metals in the first two fractions (F1 and F2) were negligible and the 

maximum concentrations of these metals were associated with the Fe/Mn oxyhydroxide phase of the 

sediment, thus, the distribution pattern of Ni, Cu and Pb in the last three fractions (Ox 1, Ox 2 and 

Magnetite) are only presented in Fig. 3. It should be mentioned here that, the Ox 1 or “easily reducible” 

oxide phase are commonly biogenically originated Mn-hydroxides and amorphous Fe oxyhydroxides. 

They have been reported to be freshly precipitated in the system (Young et al, 1992). Ox 2 fraction, on 

the other hand, can be either derived from the continent or altered products from ridge rocks and 

continental rocks (or early diagenetic in origin), whereas magnetite might come from either terrestrial 

rocks or surrounding ridge rocks. 

3.4.1. Distribution of nickel in different Fe/Mn bearing minerals phases of the sediments 

Distribution of Ni in different Fe/Mn oxide bearing mineral phases is presented in Fig. 3a. It shows that 

the major fraction of the total Ni was associated with the “easily reducible” oxide phase (Ox 1), in all the 

studied sediment (ranging from 61.5 to 97.7% of the total Ni concentrations). In case of the first two 

stations (T and T-S), Ox 2 and magnetite fractions contained a considerable amount of Ni concentration 

(6.86 & 24.22% and 25.85 & 12.60% of total Ni content in T and T-S resp.) which became almost non-

existent in the last three (S1, S2 and RC).  

3.4.2. Distribution of copper in different Fe/Mn bearing minerals phases of the sediments 

Distribution and geochemical fractionation of Cu in different Fe/Mn oxide bearing mineral phases is 

presented in Fig. 3b and found to be quite consistent in all the sediment types. The major fraction of Cu 

was associated with the “easily reducible” oxide phase (Ox 1) (ranging from 58.7 to 74.2% of the total 

Cu concentrations), followed by magnetite fraction (ranging from 12.1 to 31.2% of the total Cu 

concentrations) and then “reducible” oxides (Ox 2) (ranging from 8.4 to 19% of the total Cu 

concentrations).  

3.4.3. Distribution of lead in different Fe/Mn bearing minerals phases of the sediments 

The distribution pattern of Pb in the different Fe/Mn oxide bearing mineral phases is presented in Fig. 3c. 

Like Ni and Cu, highest concentration of Pb was also associated with the easily reducible oxide phase 

(Ox 1) (ranging from 63.7 to 84% of the total Pb concentrations). However, the second highest 

concentration of Pb was found in the Ox 2 phase (ranging from 10.5 to 24.8% of the total Pb 
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concentrations), unlike Cu. Magnetite fraction has the least concentration of Pb in all the sediment types 

(ranging from 5.5 to 14.6% of the total Pb concentrations).  

3.5 Discussions:  

The absolute concentrations of Ni in the residual fractions of the sediments in the first two stations were 

47.6 and 27.6 mg/kg respectively. The average concentration of Ni in upper continental rock has been 

reported to contain a very similar concentration (20mg/kg, Taylor and McLennan, 1985). Thus, this could 

be explained by the fact that, the source rocks of the sediments in the first two stations (T and T-S) were 

probably the continental rock. In fact a moderate positive regression relation exists between total Ti and 

Ni concentrations of the samples (0.56). The source of Ni in the sediments from these two sediments 

came mainly from the weathered continental rocks. A major fraction of non-residual Ni was found to 

associate with Fe-Mn oxyhydroxide phase in all the sediments. The sediment from T-S zone receives a 

heavy siliceous ooze input, all of which inhibits the growth of polymetallic nodules, which are the main 

binding phase of these trace metals in deep sea sediments. That is why, in the last three samples (S1, S2 

and RC, all falling within nodule zone), F3 hosted the major proportion of total Ni concentrations. 

The considerably high concentrations of Cu in the residual fractions of each sediment types (varying 

from 26-45% of the total Cu in the sediments) indicates that a good proportion of Cu was present within 

the structure of the minerals, most probably in the clay fraction, indicated by good correlation, 0.61 (n 

=5), of finer fraction with total Cu content. Total Ni concentrations of the studied sediment samples also 

exhibited good correlation with the finer fraction of the samples (0.64 for n = 5). This might be justified 

by the fact that clay minerals have the property of attracting ions to the surface of a clay particle or taken 

up within the structure of these minerals. And as the major part of these sediments were composed of 

clay, this could be a possible explanation for both the trace metals (Ni and Cu) showing an affinity 

towards the finer fraction of the sediment. However, no such relation was found with the bulk Pb 

concentrations of the sediment samples. 

On the other hand, excellent positive correlation was found between the total organic carbon 

concentrations of the samples and Pb concentration in the BCR fractions F3, F4 and F5, following the 

order: F4>F5>F3. This indicates that, although the concentration of organic carbon was very less in the 

studied samples (ranging from 0.14 to 0.48%), nevertheless it controlled the Pb enrichment processes in 

the sediment from the first three stations (T, T-S and S1). 
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Again, from the iron speciation study it was found out that, the first two stations (T & T-S), which were 

nearer the continent, had more Ni concentrations in the Ox 2 and magnetite fractions than the other three 

sediments samples. This was probably due to the fact that T and T-S stations were nearer to the continent, 

receiving more terrigenous input than the rest three stations, which fall in the nodule field. So, Ni is also 

derived from the continental rocks (crystalline minerals of Fe/Mn) in the sediments of T and T-S, 

whereas in siliceous and red clay sediments, nodules are the main binding phase of Ni. Similar 

observation was also found in the previous section. Comparing the Cu speciation data obtained from both 

the techniques it was found out that Cu was either attached to the easily reducible Fe/Mn hydroxides 

phases of the sediments or present within the structure of the minerals.  

The association of Pb with the Ox 2 fraction of iron speciation protocol was either from the continentally 

derived rocks (Pb concentration is higher in granitic rocks than basaltic) or the secondary minerals, 

produced from the alteration of continental and ridge rocks. Diagenetic enrichment was also possible, in 

case of the metals associated with the Ox 2 fraction (Williams, 1992; Nolting et al, 1999 etc.). Thus, it 

can be said that Pb was either attached to the easily reducible Fe/Mn hydroxides, result of early 

diagenetic effect in the sediment column or associated with the secondary altered minerals. 

Table 5 shows that terrigenous Fe and BCR residual fraction (F5) of Ni showed good positive correlation. 

Organic carbon bound Ni (BCR F4) showed more or less similar correlation with both the excess and 

terrigenous parts of Fe. However, no significant correlation was observed between BCR fractions 1, 2 or 

3 and Ni concentrations in iron speciation protocols with terrigenous or excess Fe contents of the 

samples. Whereas, Ox 1 fraction (easily reducible oxides) of Ni (obtained by SE protocol proposed by 

Poulton and Canfield) and BCR fractions 1, 2 and 3 (water soluble, carbonate bound and Fe-Mn 

oxyhydroxide bound) showed good correlation with excess Mn contents of the samples. This suggests 

that, major proportion of Ni was associated with the “excess” Mn oxide and hydroxide phases in the 

studied sediment samples.  

Table 6 shows strong positive correlation between “excess” Mn and Cu concentrations in BCR fractions 

F3 and F5 and Ox 1 fraction of iron speciation protocol. Thus it can be said that, the maximum amount of 

Cu gets incorporated into the sediments of CIB via biogenic Fe-Mn oxyhydroxide phase and/or the clay 

fraction which can have both terrigenous and non-terrigenous source. 

From Table 7 it is observed that only Ox 1 fraction of Pb had a stronger positive relation with the 

“excess” Fe than with the terrigenous Fe content of the samples, but none with excess Mn. Thus, it can be 
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said that, at least in this region (CIB), Pb precipitated with amorphous Fe-oxyhydroxides than with Mn-

oxides. This finding differed from many earlier works where Pb was reported to be associated with the 

biogenically precipitated Mn-oxides than with amorphous Fe-oxyhydroxides (Moalla et al, 1998; Nelson 

et al, 1999; Dong et al, 2003 etc). Despite the very low organic carbon concentration in these samples, it 

played a significant role in Pb enrichment in the sediments from T, T-S and S1 stations. 

5. Conclusions: 

Sediments of CIB are mostly fine in nature, with clay proportion increasing southward with very little 

organic carbon contents (<1% on average). Metal concentrations (Ni, Cu and Pb) in the individual 

sediment types (terrigenous, terrigenous-siliceous transition, siliceous and red clay) were in the range of 

reported values with only one exception (S2 station) of very high Pb concentration in the residual or 

structurally bound phase. Otherwise, major fraction of Ni, Cu and Pb were associated with the Fe/Mn 

oxides and hydroxide phases. 

Major element analysis revealed that the maximum portion of Mn was concentrated in the non-

terrigenous portion, which was either biogenic or hydrogenetic in nature and were the major binding 

phase for Ni and to some extent Cu. On the other hand, major portion of Fe was concentrated in the 

terrigenous part whereas the non-terrigenous part was either derived from the alteration of ridge rocks or 

early diagenetic effect in the sediment. This non-terrigenous or “excess” part of Fe was the major binding 

phase for Pb as well as Cu in some extent. These results indicate that there was an increased tendency of 

Ni to get incorporated into the deep sea sediment via the “non-terrigenous” Mn-oxyhydroxide fraction, 

Cu via both Fe and Mn oxyhydroxides and Pb via amorphous Fe-hydroxides into the sediments of CIB. 
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Fig. 1: Study area in Indian Ocean with sample locations: T – Terrigenous sediment; T-S – Terrigenous-
siliceous transition zone; S1 & S2 – Siliceous sediment and RC – Red clay sediment. 
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Fig. 2: Distribution of Ni (a), Cu (b) and Pb (c) concentrations obtained from BCR protocol in five different 
sediment samples; T – Terrigenous, T-S – Terrigenous-Siliceous transition, S1 & S2 – Siliceous and RC – Red 
clay. 
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Fig. 3: Distribution of Ni (a), Cu (b) & Pb (c) concentrations obtained in the oxide phases of Fe & Mn (Iron 
speciation protocol); T – Terrigenous, T-S – Terrigenous-Siliceous transition, S1 & S2 – Siliceous and RC – Red 
clay. 
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Table 1: Sample locations, sediment types, total inorganic carbon (TIC), total organic carbon (TOC), coarse (>63µ) 
and fine (<63µ) fractions (all values are in %). 
 

Stn No. Lat⁰S Long⁰E Depth (m) Sedi type TIC TOC Coarse fr Fine fr 

AAS 38/1 04°58.56' 78°01.20' 4560 Terrigenous (T) 0.032 0.18 1.42 98.58 

AAS 38/2 08°29.87' 77°59.76' 5438 Terri-Sili (T-S) 0.018 0.48 10.93 89.05 

AAS 38/3 12°34.83' 75°15.35' 5320 Siliceous (S1) 0.022 0.14 5.45 94.56 

AAS 38/4 13°59.76' 74°59.74' 4935 Siliceous (S2) 0.050 1.49 4.97 95.03 

AAS 38/5 17°03.19' 74°02.67' 4850 Red Clay (RC) 0.062 0.55 0.82 99.18 

 

Table 2: Major element oxide (in wt%) and trace element content (in mg/kg) of the studied sediment samples. 

Stn No. SiO2 Al2O3 TiO2 Fe2O3 MnO CaO P2O5 Ni Cu Pb 

AAS 38/1 46.18 11.73 0.57 6.32 0.30 0.65 0.15 107.9 233.6 30.60 

AAS 38/2 61.99 9.81 0.32 3.88 0.07 0.64 0.08 47.20 175.3 112.7 

AAS 38/3 46.55 7.54 0.29 3.86 0.62 0.72 0.12 185.5 348.1 30.90 

AAS 38/4 42.72 7.11 0.26 3.37 0.61 0.98 0.19 253.5 362.9 289.9 

AAS 38/5 38.91 9.96 0.42 5.58 1.24 1.32 0.35 431.6 437.8 106.5 

 

Table 3: “Excess” and terrigenous parts of Fe and Mn in wt % alongwith biogenic silica percentage of the studied 
samples. 

Stn No. Mn (ex) Mn (terri) Fe (ex) Fe (terri) bio SiO₂ % 

AAS 38/1 0.17 0.06 1.57 2.85 14.2 

AAS 38/2 0.02 0.04 1.11 1.60 46.5 

AAS 38/3 0.44 0.04 1.25 1.45 45.2 

AAS 38/4 0.44 0.03 1.05 1.30 43.8 

AAS 38/5 0.92 0.05 1.79 2.10 13.5 
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Table 4: Correlation coefficient matrix of major and minor elements, excess and detrital parts of Fe, Mn and 
biogenic silica concentrations of the studied sediment samples (n = 24)*. 

  Si Ti Ca P Ni Cu Pb Mn ex Mn terri Fe ex Fe terri Bio SiO₂ 

Si 1            

Ti 0.30 1           

Ca 0.19 0.38 1          

P 0.14 0.65 0.73 1         

Ni 0.26 0.56 0.65 0.87 1        

Cu 0.05 0.43 0.71 0.86 0.93 1       

Pb -0.56 -0.45 -0.01 0.00 -0.02 0.11 1      

Mn ex 0.21 0.49 0.31 0.61 0.84 0.69 -0.04 1     

Mn terri 0.30 1.00 0.38 0.65 0.56 0.43 -0.45 0.49 1    

Fe ex -0.02 0.67 0.68 0.88 0.80 0.84 -0.05 0.61 0.67 1   

Fe terri 0.30 1.00 0.38 0.65 0.56 0.43 -0.45 0.49 1.00 0.67 1  

Bio SiO₂ 0.70 -0.35 -0.29 -0.52 -0.34 -0.49 -0.35 -0.26 -0.35 -0.69 -0.35 1 

* Level of confidence is 99.9%. 
 

Table 5: Correlation coefficient matrix of Ni concentrations of BCR (F1-F5) & iron-speciation (Ox 1-
Mag) fractions with “excess” Fe & Mn, terrigenous Fe, organic carbon (TOC), inorganic carbon (TIC) & 
finer fraction of the samples (n = 5)*. 

 F1+F2 F3 F4 F5 Ox 1 Ox 2 Mag Fe terri Fe ex Mn ex TOC TIC Fine fr 

F1+F2 1             

F3 0.93 1            

F4 0.25 0.25 1           

F5 -0.40 -0.44 0.71 1          

Ox 1 0.80 0.89 0.04 -0.68 1         

Ox 2 -0.09 0.27 -0.19 -0.35 0.35 1        

Mag -0.92 -0.82 -0.53 0.13 -0.71 0.26 1       

Fe terri -0.11 -0.13 0.83 0.94 -0.47 -0.26 -0.11 1      

Fe ex 0.36 0.50 0.84 0.50 0.18 0.22 -0.46 0.74 1     

Mn ex 0.88 0.98 0.36 -0.36 0.89 0.33 -0.82 -0.06 0.58 1    

TOC 0.58 0.33 -0.45 -0.59 0.32 -0.45 -0.39 -0.51 -0.44 0.18 1   

TIC 0.96 0.88 0.35 -0.20 0.62 -0.13 -0.87 0.11 0.51 0.82 0.53 1  

Fine fr  0.63 0.58 0.91 0.41 0.36 -0.25 -0.83 0.62 0.80 0.64 -0.09 0.68 1 

*Level of confidence is 98%. 
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Table 6: Correlation coefficient matrix of Cu concentrations of BCR (F1-F5) & iron-speciation (Ox 1-
Mag) fractions with “excess” Fe & Mn, terrigenous Fe, organic carbon (TOC), inorganic carbon (TIC) & 
finer fraction of the samples (n = 5) *. 

 F1+F2 F3 F4 F5 Ox 1 Ox 2 Mag Fe terri Fe ex Mn ex TOC TIC Fine fr 
F1+F2 1             

F3 0.27 1            
F4 0.24 -0.57 1           
F5 -0.49 0.55 -0.95 1          

Ox 1 0.03 0.85 -0.85 0.80 1         
Ox 2 0.34 0.78 -0.10 0.13 0.35 1        
Mag 0.13 0.67 -0.92 0.77 0.91 0.15 1       

Fe terri -0.24 -0.42 -0.38 0.26 -0.13 -0.50 0.24 1      
Fe ex -0.45 0.10 -0.87 0.82 0.50 -0.30 0.70 0.74 1     
Mn ex -0.21 0.83 -0.89 0.92 0.94 0.44 0.82 -0.06 0.58 1    
TOC 0.02 0.45 0.19 -0.04 -0.02 0.87 -0.27 -0.51 -0.44 0.18 1   
TIC -0.33 0.67 -0.71 0.79 0.59 0.61 0.51 0.11 0.51 0.82 0.53 1  

Fine fr  0.04 0.45 -0.85 0.70 0.59 0.21 0.80 0.62 0.80 0.64 -0.09 0.68 1 
*Level of confidence is 98%. 

 

Table 7: Correlation coefficient matrix of Pb concentrations of BCR (F1-F5) & iron-speciation (Ox 1-
Mag) fractions with “excess” Fe & Mn, terrigenous Fe, organic carbon (TOC), inorganic carbon (TIC) & 
finer fraction of the samples (n = 5) *. 

 F1+F2 F3 F4 F5 Ox 1 Ox 2 Mag Fe terri Fe ex Mn ex TOC TIC Fine fr  
F1+F2 1             

F3 0.43 1            
F4 0.23 0.97 1           
F5 -0.18 0.75 0.89 1          

Ox 1 -0.12 -0.29 -0.41 -0.43 1         
Ox 2 0.45 0.22 0.03 -0.21 0.79 1        
Mag 0.23 0.39 0.23 -0.03 0.69 0.82 1       

Fe terri -0.55 -0.57 -0.59 -0.47 0.81 0.30 0.44 1      
Fe ex -0.26 -0.49 -0.55 -0.42 0.92 0.62 0.38 0.74 1     
Mn ex -0.01 0.02 0.05 0.21 0.35 0.43 -0.02 -0.06 0.58 1    
TOC 0.03 0.89 0.97 0.97 -0.37 -0.04 0.15 -0.51 -0.44 0.18 1   
TIC -0.19 0.35 0.39 0.53 0.44 0.51 0.35 0.11 0.51 0.82 0.53 1  

Fine fr  -0.70 -0.40 -0.30 0.05 0.61 0.19 0.06 0.62 0.80 0.64 -0.09 0.68 1 
*Level of confidence is 98%. 

 

 



27 | P a g e  
 

Supplementary  Tables 

Table SM-1: Sampling locations, sediment types, major element oxide (in wt %) and trace element (in 
mg/kg) concentrations of the 19 surface samples, other than the 5 core tops from the study area. 

 

Stn No. Lat⁰S Long⁰E Sedi type SiO2 TiO2 Al2O3 Fe2O3 MnO CaO P2O5 Ni Cu Pb 

AAS38/189 11.51 75.94 Terri-Sili 70.11 0.41 7.60 3.36 0.23 0.30 0.06 48.4 63.5 20.8 

AAS38/188 11.56 75.88 " 67.43 0.38 7.90 3.86 0.29 0.34 0.07 116.4 205.5 40.2 

AAS38/185 11.63 75.81 " 69.57 0.38 7.52 3.67 0.29 0.30 0.05 156.2 267.3 28.1 

AAS38/187 11.67 75.87 " 69.70 0.37 7.49 3.78 0.57 0.30 0.06 132.9 217.9 38.3 

AAS38/186 11.74 75.81 " 69.99 0.38 8.08 4.25 0.55 0.32 0.05 128.2 224.5 35.2 

SK6/2F 13.73 74.26 Siliceous 71.63 0.48 12.35 5.87 1.08 0.97 0.30 433.8 438.7 40.6 

SK6/7A 14.00 74.25 " 74.71 0.41 11.72 4.99 0.86 1.02 0.32 343.1 361.5 36.8 

SK6/8C 14.00 73.75 " 69.22 0.47 13.07 6.03 1.10 1.25 0.43 452.1 463.8 43.2 

SK6/3D 14.25 74.74 " 72.31 0.46 12.71 5.60 1.13 1.07 0.34 452.2 429.6 45.3 

SK6/6B 14.26 74.24 " 67.78 0.53 14.60 6.56 1.07 1.23 0.43 407.6 402.8 43.9 

SK6/4G 14.49 74.72 " 74.49 0.44 11.84 5.18 0.97 1.03 0.24 466.0 432.6 42.5 

SK8/10E 14.49 76.95 " 74.94 0.41 11.03 4.82 0.71 0.75 0.17 274.7 292.1 34.7 

SK6/5A 14.50 74.24 " 72.05 0.47 12.76 5.66 1.10 1.21 0.37 440.8 437.4 47.8 

SK8/12G 15.00 77.21 Red clay 70.58 0.47 12.83 5.70 1.07 1.00 0.31 419.3 387.4 47.2 

SK7/42E 15.50 76.00 " 67.87 0.55 14.03 6.64 1.29 1.22 0.42 457.0 443.2 52.5 

SK7/45F 15.50 76.75 " 70.69 0.47 12.72 5.71 1.23 1.05 0.33 478.7 390.9 51.0 

SK8/44E 15.51 76.48 " 69.52 0.47 12.61 5.72 1.07 0.93 0.25 463.0 390.0 39.0 

SK7/38B 15.75 77.00 " 73.08 0.44 11.82 5.14 0.90 0.79 0.23 524.6 410.5 59.9 

SK7/39A 15.75 76.75 " 67.70 0.55 13.80 6.57 1.25 1.16 0.38 547.9 448.2 59.4 
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Table SM-2: Optimized condition of the Graphite Furnace Atomic Absorption Spectrometer (GFAAS) 

Model no Perkin Elmer, PinAAcle 900T 

Autosampler AS 900 

Heat source Pyrolytically coated graphite tubes equipped with integrated 
L’vov platforms  

Gas flow through furnace At 300 cm3 min-1 during drying, ashing and clean up cycles, not 
during atomization 

Signal measured At peak area mode 

Concentration determined By external calibration 

No. of measurements Each three 

Variation between each replicate Less than 2% 

Standard used BCR-701, a collection of sediment samples from Lake Maggiore 
(Italy) 

Additional information Every fifth sample analysed was a blank 
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Table SM-3: Certified and analyzed values of the standards used here (concentrations are in mg/kg stated 
otherwise). 

Analysis type Standard used Certified 
value 

Analyzed 
value 

BCR sequential extraction 
in GFAAS 

BCR 701   

 Fraction 1+2   
 Ni 15.4±0.9 13.8±0.74 
 Cu 49.3±1.7 43.5±1.7 
 Pb 3.18±0.21 3.3±0.2 
 Fraction 3   
 Ni 26.6±1.3 22.8±0.8 
 Cu 124±3 112±1.8 
 Pb 126±3 116±0.5 
 Fraction 4   
 Ni 15.3±0.9 13.7±2.2 
 Cu 55.2±4 49.64±0.2 
 Pb 9.3±2 7.87±0.35 
 Fraction 5   
 Ni 41.4±4 44.77±0.6 
 Cu 39±12 40.92±1.8 
 Pb 11±6 12.2±0.25 

Total metal in GFAAS BCR 701   
 Ni 103±4 112±1.6 
 Cu 275±13 230.75±2 
 Pb 143±6 149.4±0.08 

Total metal in GFAAS PACS-1   
 Ni 44.1±2 38.5±1.6 
 Cu 452±16 498.2±3 
 Pb 404±20 420.5±2.7 

Element oxide in XRF JSd-1 (%) (%) 
 SiO2 66.55 67.54 
 TiO2 0.643 0.647 
 Al2O3 14.65 15.17 
 Fe2O3 5.059 5.033 
 MnO 0.0924 0.095 
 CaO 3.034 3.027 
 P2O5 0.122 0.125 

Total metal in ICP-MS JSd-1   
 Ni 7.04 7.04±2.5 
 Cu 22.0 21.8±0.15 
 Pb 12.9 12.9±0.26 
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Table SM-4: Modified SE protocol as developed by the Community Bureau of Reference (BCR) 
(Quevauviller et al., 1993) to differentiate Ni, Cu & Pb-species associated with different sediment phases. 
Sample size used 1 g. 

 

Extraction  Ni, Cu & Pb Target phases: Terminology 

18.2 mΏ water, m/v = 40  
8 h end-over-end shaker 

Water soluble exchangeable 
metals 

Fraction 1 

0.11 M CH3COOH, m/v = 4016 h end-over-
end shaker 

Carbonate bound metals Fraction 2 

0.5 M hydroxylamine-HCl, pH 1.5, (HNO3 2 
M, fixed volume), m/v = 40 
16h end-over-end shaker 

Fe/Mn oxide bound metals Fraction 3 

Digestion: H2O2 30%, (850 C) 
Extracting agent: CH3COONH4, pH 2 

(HNO3), m/v = 50, 16 h end-over-end shaker 

Organic carbon bound metals Fraction 4 

Open digestion with acid mixture 
HF:HNO3:HClO4 = 7:3:1 

Metals bound within the mineral 
structures 

Fraction 5 

 
 
Table SM-5: SE protocol adapted from by Poulton and Canfield (2005) to differentiate Ni, Cu & Pb -
species associated with Fe/Mn oxide phases (Fraction 3 of BCR protocol) Sample size used 0.1g. 

 

Extraction  Ni, Cu & Pb Target phases: Terminology 

1M MgCl2, pH 7, 10ml, 2h Exchangeable metals Exch 

1 M CH3COONa, pH 4.5 
10ml, 24 h 

Fe/Mn-carbonate bound metals Carb 

1 M hydroxylamine-HCl (in 25% v/v 
 acetic acid) 10ml, 48h 

Easily reducible Fe/Mn oxides Ox 1 

Na dithionite (50 g/l), 
pH 4.8, 10ml, 2h 

Reducible Fe/Mn oxides Ox 2 

0.2 M ammonium-oxalate, 
pH 3.2, 10ml, 6h 

Magnetite bound metals Mag 
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Table SM-6: “Excess” and terrigenous parts of Fe and Mn in wt % alongwith biogenic silica percentage 
of the 19 surface samples. 
 

Sr. No. Stn No. Sedi type Mn (ex) Mn (detri) Fe (ex) Fe (detri) bio SiO₂ % 
1 AAS38/189 Terri-Sili 0.14 0.03 0.32 2.02 44.42 
2 AAS38/188 " 0.19 0.03 0.80 1.90 40.72 
3 AAS38/185 " 0.19 0.03 0.67 1.89 44.17 
4 AAS38/187 " 0.41 0.03 0.81 1.83 44.40 
5 AAS38/186 " 0.39 0.03 1.06 1.91 42.69 
6 SK6/2F Siliceous 0.80 0.04 1.71 2.40 29.89 
7 SK6/7A " 0.63 0.03 1.44 2.05 35.10 
8 SK6/8C " 0.81 0.04 1.87 2.35 25.04 
9 SK6/3D " 0.84 0.04 1.62 2.30 29.35 

10 SK6/6B " 0.78 0.04 1.94 2.65 18.43 
11 SK6/4G " 0.71 0.04 1.43 2.20 34.47 
12 SK8/10E " 0.52 0.03 1.32 2.05 37.66 
13 SK6/5A " 0.81 0.04 1.61 2.35 28.92 
14 SK8/12G Red clay 0.79 0.04 1.64 2.35 27.21 
15 SK7/42E " 0.95 0.05 1.90 2.75 20.45 
16 SK7/45F " 0.91 0.04 1.65 2.35 27.70 
17 SK8/44E " 1.76 0.04 1.65 2.35 26.90 
18 SK7/38B " 1.77 0.04 1.40 2.20 33.13 
19 SK7/39A " 1.97 0.05 1.85 2.75 21.06 

 
Table SM-7:  Correlation coefficient matrix of (a) Ni and (b) Cu concentrations of various fractions from 
both the speciation methods with Ca, biogenic silica and P (n =5; α = 0.01). 

  Ox 1 Fe-Sp total BCR F1+F2 BCR F3 BCR Total 

Ca 0.7734 0.7830 0.9221 0.9723 0.9713 

bio SiO2 -0.2061 -0.2621 -0.5516 -0.5206 -0.5887 

P 0.6568 0.6881 0.8766 0.9292 0.9499 
 
            (a) 

 

  Ox 1 Fe-Sp total BCR F3 BCR F5 BCR Total 

Ca 0.7455 0.7281 0.7182 0.8937 0.8590 

bio SiO2 -0.4627 -0.5521 -0.2710 -0.7206 -0.4831 

P 0.7305 0.7367 0.6136 0.9579 0.8103 
             (b) 

 


