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Abstract 

We have investigated the sediments from a site where a newly discovered submarine 

hydrothermal alteration of recent origin is located to identify the source components and estimate their 

relative contribution. The site is situated on the flank of a seamount in the Central Indian Basin along the 

76o 30’ E fracture zone which traces the movement of the Rodriguez triple junction. Detailed analyses of 

major, trace and rare earth elements (REE) on the bulk, leach, residue and clay fraction, and infra red 

spectroscopy studies of the clay fraction helped characterize the hydrothermal nature of the sediments. 

Selective dissolution carried out using HCl has allowed the discrimination between a leach phase 

(leachable Fe–Mn oxide) and a residue phase (refractory). The sediments are iron-rich, majority of Fe, 

Mn is in leachable fraction and are compositionally comparable to ridge-crest metalliferous sediments. 

Elemental ratios and geochemical discrimination plots of major element data reveal that the sediments 

are a mixture of Fe-rich mineral phases on one hand apparently from hydrothermal sources and 

aluminosilicates such as illite, zeolites, micaceous clays and smectites contributed from the Bengal fan, 

weathering of basinal basalts and authigenic processes. Ternary mixing calculations of bulk sediment 
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major element data show that 35-45 % metalliferous sediments could reproduce Fe and Mn values of our 

sediments.  

The shale normalized REE patterns of the bulk sediments are remarkably similar to those of the 

HCl soluble leach fraction, implying that the REEs in the HCl soluble leach fraction dominate the bulk 

fraction. HCl leacheates exhibit characteristics of vent fluids as well as seawater with pronounced Eu 

anomaly with HREE enrichment and negative Ce anomaly. The residue on the other hand has a high 

concentration of Fe, V, Zn, and Pb indicating a sulfidic input to the sediments. Ternary mixing 

calculations of REEs carried out on the residual fraction indicate that the sulfide–like material dominates 

(64–72 %) over terrigenous (10–20 %) and MORB derived (16–18 %) components.  

This study helped us identify and quantify two types of hydrothermal material in the sediments, 

dominated by Fe-Mn phases (ferruginous oxides and silicates; Mn-oxides) in leachable fraction and 

sulfide-like material in residual phases. The clay fraction is mainly composed of dioctahedral smectites 

and has a composition similar to Alvin nontronite. The geochemical and mineralogical characteristics 

collectively suggest that these sediment–hosted precipitates formed at relatively low temperatures 

ranging between 50 and 100o C from a mixture of seawater and hydrothermal fluids.  

The presence of hydrothermal sediments in the vicinity of a fracture zone suggests the 

occurrence of localized hydrothermal activity associated with intra plate volcanism. This is probably 

induced by reactivation of tectonic forces along the fracture zones.  

 

1. Introduction 

Submarine hydrothermal activity is a widespread feature occurring in all the oceans along the 

spreading centers at mid oceanic ridges and at subduction areas. Most of the sites discovered in the 

Indian Ocean so far are located along the mid–oceanic ridge system with some at the Andaman back arc 

basin (Banerjee and Ray, 2003; Gallant and Von Damm, 2006; Bach et al., 2002; Kurian et al., 2008). In 

addition to the spreading centers, hydrothermal activity can also occur in oceanic seamount areas. 

Intraplate seamounts are produced from the upwelling of “small plumes’ which transport lower mantle 

material underneath the ridge axis. The leaking of this lower mantle material gives rise to axial and off 

axial volcanism (Hékinian et al., 1999). Hydrothermal deposits at intraplate seamounts are less common, 
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although the seamount morphology associated fracturing and volcanism could favor hydrothermalism 

(Alt, 1988). Such seamounts have been reported from the Pacific viz., Macdonald, Loihi (Karl et al., 

1988), Vailulu’u (Staudigel et al., 2004). Signatures of the hydrothermal nature of the Central Indian 

Basin (CIB) sediments were only reported through microscopic spherules (see Iyer, 2005 and references 

therein). Native aluminum–rich particles of hydrothermal origin (Iyer et al., 2007), volcanic glass 

associated with pumice and palagonites (Mascarenhas–Pereira et al., 2006) was recovered from the 

sediments located on the flank of a seamount along the 76o 30’ E Fracture zone in the CIB and indicated 

the occurrence of intraplate submarine volcanism and hydrothermal activity. Recent isotopic studies 

(210Pb, 10Be and 230Th) on the sediments from the same area have revealed hydrothermal alteration of 

sediments of recent origin through ascending fluid flow (Nath et al., 2008). 

 In this study, we have employed major, trace and rare–earth element (REE) geochemistry (along 

with other elements) to characterize the different source components and to estimate their relative 

contribution to the sediments from the flank of a seamount along the fracture zone. We have extracted 

the hydrothermal component in the sediments by selective leaching using 50% HCl. The chemistry of 

hydrothermal component in these sediments allowed a comparison with previously published 

geochemical data of hydrothermal material from other major spreading centers (Rainbow, TAG, MAR 

and EPR). Bulk and leach data was used for mixing calculation to find the proportion of the different 

source components. Based on these studies, we report the occurrence of sediments of distinctly 

metalliferous nature with ferruginous smectites and nontronite at this intraplate seamount setting. This is 

the first report of hydrothermal signatures being imprinted on the bulk chemistry of the sediments in an 

intraplate region of the CIB. 

2. Regional setting and hydrothermalism 

 The CIB is bounded by the Ninety East ridge, the Central Indian ridge and the Southeast Indian 

ridge, and is between 50–60 Ma in age (Mukhopadhyay and Batiza, 1994). There exists three major 

fracture zones that trend along 73o E (Vishnu or La Boussole), 76o 30’ E and 79o E (Indrani or 

L’Astrolabe) and the Triple Junction Trace on the Indian Plate (TJT–In) between 76–78o E longitude 

(Kamesh Raju and Ramprasad, 1989). The sediment core studied here is recovered from the southern 

end of the 76o 30’ E fracture zone (Fig. 1b) which represents the trace of Indian Ocean Triple Junction 

movement (Kamesh Raju and Ramprasad, 1989; Kamesh Raju, 1993). This is one of the six N–S 
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fracture zones represented in the CIB (Kamesh Raju, 1993, and references therein). Several seamounts 

were delineated along the fracture zones in the CIB, with the majority clustering along 76o 30' E and 79o 

E fracture zones (Fig. 1b). Clustering of seamounts along the fracture zones as seen here, is similar to 

non–hotspot volcanoes in the Pacific (Das et al., 2007), which preferentially occur either on or very near 

to the fracture zone. The fracture zones may provide easy conduits for formation of seamounts (Batiza, 

1982). There may also be local perturbations to the plumbing system or other zones of weakness that 

control the location of seamounts (Epp and Smooth, 1989; Kamesh Raju, 1993). Such local 

perturbations to the plumbing system possibly from tectonic reactivation of the fracture zones may be 

responsible for the intraplate volcanism and the hydrothermal activity metalliferous sediments in this 

area. 

Possibility of intraplate volcanism and the associated hydrothermal activity in CIB has been 

reported in the past. Occurrence of volcanic spherules, glass shards (Gupta, 1988; Iyer et al., 1997; 

Mascarenhas–Pereira et al., 2006; Nath and Rao, 1998; Sukumaran et al., 1999); volcanogenic–

hydrothermal material consisting of Fe–Si oxyhydroxides, volcanic spherules, glass shards, ochrous 

metalliferous sediments and spherules (Iyer et al., 1997), spillites in the vicinity of 79o E fracture zone 

(Karisiddaiah and Iyer, 1992), zeolitites (Iyer and Sudhakar, 1993), fossil free smectite–rich pyroclastic 

layers at different subsurface depths representing episodic volcanic activity (Nath and Rao, 1998) in CIB 

were reported in the past. In a recent study by Iyer et al. (2007), native aluminium of submarine 

hydrothermal origin was reported from the core AAS 61/BC 8. 

3. Sampling and analytical work 

 A short sediment core AAS 61/BC 8 was collected using a large box corer (50 x 50 x 50 cm) at 

16o S and 75o 30’ E from the flanks of a seamount from the CIB along the southern end of the76o 30’ E 

fracture zone from a water depth of 5010 m (Fig. 1) during the 61st cruise of RVAA Sidorenko during 

the year 2003. The core was sampled from pelagic red clay sediment domain (see Nath et al., 1989 for 

sediment types in CIB). The core was sub sectioned into 2 cm intervals. Clays of < 2 µm size were 

separated using standard settling velocity technique.  

Bulk samples along with clay samples were dissolved following acid dissolution procedure of 

Balaram and Rao (2003). The resulting solutions were analyzed for REE along with some trace and 

major elements by Inductively Coupled Plasma Mass Spectrometry (ICP–MS) at the National 



5 
 

Geophysical Research Institute, Hyderabad, India. 10 ml of acid mixture containing HF, HNO3 and 

HClO4 (in the ratio of 6:3:1) was added to ~ 50 mg of sample and USGS Marine mud standard MAG–1 

in teflon beakers. The solutions were then evaporated to dryness in the fume hood. After 30 min, 2 ml of 

conc. HCl was added to remove any black particles, if present. The acid mixture was kept on sand bath 

till it was evaporated to dryness. 5 ml of 1 ppm Rh solution and 20 ml of 1:1 HNO3 were added and 

made up to 250 ml and cooled. The clear solutions were then introduced into ICP–MS for elemental 

analysis. 

Following the bulk analyses, selective chemical leaching was carried out using hot 50 % HCl on 

4 sample intervals and USGS standard MAG–1 (following the technique described in Cronan, 1976). 

Accurately weighed representative subsamples of 1 gm each were leached with hot 50 % HCl and kept 

hot by continuous shaking in a heated water bath for 4 hours prior to filtration. The dissolved material 

was filtered through previously weighed filter papers and the residues were weighed. The leach 

solutions were analyzed by ICP–MS for the same elements as the bulk samples, using standards made 

up in the same solutions as the samples. The same leaching procedure (with hot 50 % HCl) was carried 

out on a different subsample (4 sediment sections) for major element analyses. MAG–1 was included 

during this batch of leaching. Bulk sediments and the residue left after leaching were analyzed for major 

elements using X–ray Flourescence Spectroscopy (XRF) at NIO, Goa. Elemental data of Fe, Al and Mn 

are obtained by both ICP–MS (Table 1) and XRF methods (Table 2) for four subsections, The results of 

Fe and Al by both the methods agree well (< 11% variability), while the variability for Mn is relatively 

large probably due to inhomogeneity between the two subsamples used. It should also be mentioned 

here that the Mn values for MAG–1 obtained by both the methods concur well with the certified value 

(Tables 2 and 3). We prefer to use ICP–MS data for these 3 elements for interpretations as the data for 

entire core is available.  

The leach was expected to contain amorphous Fe–Mn oxides, carbonate minerals and adsorbed 

trace elements, crystalline iron oxides, hydrothermal silicates, weathered detrital/clay phases and 

partially dissolves sulfide component if any (Cronan and Hodkinson, 1997). The residue, on the other 

hand, was expected to contain mainly the resistant silicates and aluminosilicates insoluble in HCl 

(detrital phase) and the sulfides if any. Though a large number of leaching techniques are available in 

the literature, acid based leaching with low pH are found to be suitable for elements like REE 
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(Sholkovitz, 1989; Nath et al., 1994). The leach used here has also been adopted elsewhere for assessing 

the hydrothermal component in sediments (Chavagnac et al., 2005).  

Precision and accuracy of ICP–MS analyses carried out on MAG–1 in duplicate are presented in 

Table 3. Accuracy was better than 5 % for Al, Fe, La, Sm and U, while it was better than 2 % for all 

other elements. Data shows an excellent precision for all the elements studied here (better than 5 %: 

Table 3).  

In order to know the recovery of material in the leaching experiment, we compared our results 

for MAG–1 (bulk and residue) with those of Kryc et al. (2003) (Table 4) who reported sequential 

extraction procedure for Si, Al, Ti, Fe, Ca, Mn P and Ba in five sedimentary reference materials. It 

should however be noted that the extraction procedures were different in both the studies. In general, 

there is a good agreement for all elements (except Fe and Mn) between the results of our study and those 

of Kryc et al. (2003) (Table 4) despite the difference in techniques and analytical methods adopted for 

the residual extraction. Our residues contained lower Fe and Mn than Kyrc et al. (2003) probably in 

view of the stronger leach (hot 50 % HCl vis-à-vis the hydroxylamine hydrochloride used by Kyrc et al., 

2003) used by us. 

Infrared spectroscopic studies were carried out on the <2 µm size clay fraction pellets (pressed 

with KBr powder) using a Shimadzu 8201 PC at the National Institute of Oceanography, Goa. Organic 

carbon measurements were made using wet oxidation method of El Wakeel and Riley (1957). The level 

of precision and accuracy routinely obtained in our laboratory are described in Nath et al. (1997a). 

4. Results and Discussion 

Major and REE data for the bulk sediments is presented in Table 1 and 2 and those of leach and 

residues are shown in Table 5.  

4.1. Lithological variation 

The sediments in the study area show two subsections (units) based on color. While the unit 1 

(0–6 cm bsf) display a light brown color, unit 2 (6–20 cm bsf) exhibits a dark brown to black coloration. 

The coarse fraction (>63 μm) shows an abundance of radiolarians in unit 1, which gradually decreases in 

abundance, leading to complete absence in unit 2. The transition from pelagic to indurated sediment is 
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marked by the absence of radiolarians and the presence of ichthyoliths. Radiolarian dissolution features 

were clearly evident in SEM pictures of unit 2 sediments (Nath et al., 2008). Glass shards are present 

throughout the core, but are abundant in unit 2 (Mascarenhas–Pereira et al., 2006). Aluminium–rich 

grains of hydrothermal origin were recovered mainly from unit 2 (Iyer et al., 2007). Palagonitic grains 

were present throughout the core with colors ranging from white, yellow to brown and with a waxy 

luster. Biostratigraphy and radiometric dating has shown that the unit 1 is younger than 180 kyrs. 

(Mascarenhas–Pereira et al., 2006).  

4.2 Identification of source 

4.2.1 Major element geochemistry and interpretation of mineral associations 

The major element composition of bulk and the residues are presented in Table 2. Two major 

features stand out. In general the sediments have low silica compared to CIB sediments (Nath et al., 

1989) and high Fe content suggesting a ferruginous nature. Si/Al ratio in bulk sediments is ~2.8, which 

is less than that reported for typical quartz mineral/biogenic silica (>5, Ziegler et al., 2007), while the 

residue has a higher ratio of Si/Al (~ 4). This is consistent with the mineralogy of the core which has 

low siliceous skeletal remains with dissolution effects seen on some of the radiolarians (Mascarenhas–

Pereira et al., 2006; Nath et al., 2008). However Fe/Si ratio of the bulk (0.35–0.48) is comparable to 

authigenic Fe rich smectites associated with hydrothermal process in other areas (Central Pacific, 

Ziegler et al., 2007; DOMES area in North Pacific, Hein et al., 1979). The Na/K ratio in leach residues 

range between 0.32 and 0.37 and closer to ~0.35 assigned to phillipsite (Kastner, 1979; Ziegler et al., 

2007) and is consistent with the volcanogenic–hydrothermal content in unit 2 (Mascarenhas–Pereira et 

al., 2006; Iyer et al., 2007). 

Unpublished X–ray diffraction studies have shown that the sediments contain a mixture of 

quartz, plagioclase feldspars, illite, alteration mineral smectite and authigenic silicate such as zeolites 

(mainly phillipsite). Earlier studies have shown that the CIB sediments contain illite, chlorite and 

kaolinite mainly derived from turbiditic currents from Ganges–Brahmaputra through Bengal fan (Rao 

and Nath, 1988; Debrabant et al., 1993), smectite derived from the weathering of basinal basaltic rocks; 

with presence of both Al– and Fe–rich montmorillonites (Rao and Nath, 1988). Phillipsite and 

clinoptilolite are major zeolitic minerals present in CIB sediments (V. P. Rao and B. N. Nath, 

unpublished data). In the following section on infra–red spectroscopy studies, we have also discussed 



8 
 

the presence of nontronite, ferruginous smectites and beidellites in these sediments. We have plotted two 

x–y scatter diagrams (Al2O3 versus. Fe2O3 and K2O versus Al2O3), and one ternary diagram (K–A–CN) 

to infer the mineralogy (Figs. 2 and 3). Literature values of chemical composition for clay minerals 

(Kaolinite, smectite, illite and chlorite from Grim, 1968 and references therein), plagioclase, zeolites 

(Deer et al., 1967 and references therein).in addition to Al–Bediellite and nontronite (Aoki et al., 1996) 

and authigenic Fe–montmorillonite of hydrothermal origin (McMurtry and Yeh., 1981) are used as 

possible sources. In addition, chemical data on separated clays from the distal Bengal fan (Aoki et al., 

1991) are also included.  

In the Al2O3 vs. Fe2O3 plot (Fig. 2a), the bulk sediments fall in between Fe–rich fields of Fe–

montmorillonites, nontronites and Bengal fan smectites on one side and Al–rich end members of 

smectite, beidellite, micaceous clays from Bengal fan, chlorite, zeolite and plagioclase on other. This 

could be accounted by the presence of a mixture of variable proportions of Al2O3 supplied by illite, 

plagioclase, smectite and zeolites and Fe2O3 contributed by nontronite and Fe–montmorillonite. The 

residue plot closer to the smectites and micaceous clays of Bengal Fan as compared to the bulk 

indicating the removal of Fe from the authigenically formed nontronites and Fe–montmorillonite from 

the bulk sediments. This is also manifested by the Fe/Al ratio of bulk (> 1.02) being more than the 

residue (< 0.61). The Fe/Al ratio of residue in the surface sediments approaches the value of PAAS 

(~0.51). The source composition mainly of aluminosilicate fraction is further constrained from the K2O 

and Al2O3 plot (Fig. 2b), wherein our sediment data plot between two trend lines, first defining illite, 

Bengal Fan micaceous clays and the other with overlapping compositional fields of plagioclase, 

smectite, chlorite, kaolinite, beidellite and zeolites. Thus, the aluminosilicates in these sediments may 

reflect the mixing of these two groups of mineral sources. The residue data fall close to bulk data with 

slight fall in K and Al values. Support also comes from the ternary diagram of K2O–Al2O3 –

(CaO+Na2O) (Fig. 3), where our bulk sediment data is sandwiched between fields defining zeolite, 

plagioclase and Fe–smectites on one side and illite, Al–rich beidellite, micaceous clays from Bengal 

Fan, kaolinite and chlorite on other. The bulk sediments exhibit a loss in CaO+Na2O on leaching with 

hot 50 % HCl and a concomitant gain in Al2O3%. The bulk sediments are apparently stripped off of CaO 

and Na2O from the Fe–montmorillonite, phillipsite and plagioclase with the residue exhibiting 

compositional similarity with Bengal Fan smectites. 
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4.2.1.1 Fe, Mn and minor element geochemical constraints on metalliferous/hydrothermal 

contribution 

The Fe, Mn contents (Table 1) and Fe/Mn ratios (Table 6) correspond with those found in 

Central Indian ridge sediments and Fe oxides of hydrothermal origin from the EPR and north Fiji basin 

(Table 6, Plüger et al., 1986; Walter and Stoffers, 1985; McMurtry et al., 1991) implying the presence of 

a hydrothermal component in our sediments. The Fe/Mn ratios of our sediments are distinctly similar to 

ridge flank metalliferous sediments (Fig. 4). Mn concentrations in residues are < 2% of the bulk 

concentrations indicating that it occurs predominantly in the oxide/oxyhydroxide form. Assuming that 

majority Mn is of non–crustal origin, excess Fe/Mn (over the crustal ratio) is higher in unit 2 compared 

to unit 1, indicating a higher hydrothermal component in unit 2 sediments. Iron is present in a significant 

amount in the fraction soluble in HCl (~86 %). Studies have shown that Fe from minerals like goethite 

and clay minerals of the smectite group can be stripped by HCl attack. Therefore the relatively high iron 

content in the HCl soluble phase indicates the high concentration of non–detrital iron bearing minerals. 

In a ternary plot of Al–Fe–Mn, our bulk data fall in the field of Bauer deep metalliferous sediments (Fig. 

5). 

The “Metalliferous sediment index” 100*Al/(Al+Fe+Mn) values (MSI, based on Boström and 

Peterson, 1969; Table 6) is higher than those found in Kairei (26–32 %; German, 2003) and Rainbow 

hydrothermal fields (23–26 %; Cave et al., 2002) likely due to the presence of “Al–rich” lithic grains of 

hydrothermal origin in the sediments (Iyer et al., 2007). MSI values are lower in unit 2 suggesting that 

the metalliferous sediment component is relatively higher in unit 2 sediments.  

In all the samples, cobalt, nickel and copper are predominantly present in the HCl soluble phase 

(up to 98 %). In addition, elements like Fe, V, Pb are also principally associated with the non detrital 

phase (Table 5). Such a combination of elements has been termed as “hydrothermally associated 

elements” by Cronan and Hodkinson (1997).  

We have used Co/Zn ratios to discriminate the sources of Fe–Mn oxides, similar to that adopted 

for Fe–Mn oxides (e.g., Toth, 1980; Nath et al., 1997b), considering that Co is a typical hydrogenous 

element enriched in hydrogenous precipitates scavenged from seawater while, Zn can be derived from a 

hydrothermal source. Analytical data on bulk sediments (AAS 61/ BC 8 core) studied here shows that 

the Co/Zn ratio (0.70 to 0.83, Table 6) falls close to the value for Fe–Mn oxides of mixed hydrothermal 
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hydrogenous origin from the Rodriguez Triple Junction (RTJ) in the Indian Ocean (Nath et al., 1997a). 

In a scatter plot (Fig. 6) of Co+Ni+Cu versus Co/Zn (following Toth, 1980), Co+Ni+Cu values of bulk 

sediments lie between 500 to 1500 ppm and plot very close to the hydrothermal–hydrogenetic boundary 

line (Fig. 6, modified from Nath et al., 1997a). Although Co/Zn in bulk sediments is almost similar in 

both the units, the HCl soluble leach phase is clearly differentiated with sediment depth. Data for the 

HCl leachates of unit 1 (4–6 cm and 8–10 cm) plot away from the hydrothermal–hydrogenetic fields 

with Co/Zn values between 9 and 12, while those of unit 2 (12–14 cm and 18–20 cm) lie closer to the 

hydrothermal–hydrogenetic boundary. This is consistent with the variable hydrothermal component in 

the two units. 

Zn/Fe ratios (~ 0.0024 obtained here) are comparable to hydrothermal Fe oxides from the north 

Fiji basin (Table 7, McMurtry et al., 1991), Fe–Mn oxides of EPR (Walter and Stoffers, 1985), as well 

as CIR sediments (Plüger et al., 1986). Relative proportion of zinc is higher compared to Cu in residues 

(Table 5). Hydrothermal precipitates are generally characterized by relatively low Cu but high Zn 

concentrations (Kastner 1981). Massive sulfides analyzed from Mt. Jourdanne located on SWIR also 

show such association (Münch et al., 2001). The presence of high Zn (31%–80% of total Zn) in the 

residue may indicate the presence of sphalerite. The low concentration of Fe along with high Zn content 

in residue indicates Fe–poor sphalerite formed at temperature below 200 oC (Münch et al., 2001). 

CIB sediments in pelagic red clay domain contain 2000–3000 ppm of Ba (Nath et al., 1989) 

compared to 463 to 732 ppm found in the core under consideration, which is almost 5 times lower than 

the surrounding sediments. This is consistent with depletion in biologically derived material viz., low 

organic matter and intense radiolarian dissolution in our core (Nath et al., 2008). Biologically derived 

barite grains were retrieved and studied earlier from CIB (Fagel et al., 1997). Considering a low 

biogenic contribution to the core studied here, barium could be from volcanogenic or hydrothermal 

sources. The values are closer to those found in hydrothermal sediments. For example, similar Ba 

concentration (550–571 ppm) were also observed in bulk hydrothermal sediments collected from the 

ODP site 834 and 835 in the Lau basin, SW Pacific (Cronan and Hodkinson 1997). Ba in the form of 

barite is a common precipitate from hydrothermal solutions (Dymond, 1981). We have analyzed Ba only 

in the bulk and thus unable to estimate the presence of barite in the residual phase.  
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4.2.2. Mixing calculations using major element data of bulk sediments 

Based on the possible source components interpreted from above discussion, relative proportion 

of each end member contributing to the bulk is assessed using ternary mixing equation with mass 

balance equation (Albarède, 1995; Chavagnac et al., 2005) shown below.  

∫terrigenous   + ∫metalliferous  +  ∫MORB  = 1 

 Ci
mix  = ( ∫terrigenous  x  Ci

terrigenous) + ( ∫metalliferous  x  Ci
metalliferous) + ( ∫MORB  x  Ci

MORB) 

where f represents the proportion of each end–member contributing to the bulk sediments and 
i
mixC  is the concentration of element i in the mixture of 3 end members. The end members used are 

metalliferous sediments from Bauer depression (Sayles and Bischoff., 1973), Indian MORB (Sun et al., 

1979) and terrigenous sediments (Nath et al., 1989) from northern Indian Ocean (i.e. terrigenous 

material, metalliferous sediments and, MORB). The mixing calculations show that 35–45 % 

metalliferous sediments could reproduce Fe and Mn values of our sediments. Mixing calculations for 

other major elements such as Na and Mg also show affinity towards composition of metalliferous 

sediments, while the MORB contribution is apparently higher to Ti and Al. 

4.2.3. REE geochemistry  

 The behavior of the REE in high temperature seafloor hydrothermal fluids is well characterized 

(Michard and Albarède, 1986; Mitra et al., 1994). The REE concentrations are enhanced 10–10,000 

times over sea water, due to extensive scavenging results in the net removal of these elements from the 

sea water (German et al., 1990). Based on REE studies on plume particles from EPR (comparing to that 

of TAG data of German et al., 1990), Sherrell et al. (1999) have shown that (i) the REE fractionation in 

hydrothermal systems varies over small ranges in each plume, (ii) the middle REE increase linearly with 

decreasing particulate Fe, (iii) the REE component reflect the mixing of primary hydrothermal 

precipitates with that of local resuspended material, (iv) the dissolved REE draw down occurs when the 

particulate Fe content is high (v) continued uptake of REEs by resuspended sediments takes place on at 

the surface and (vi) the Mn–oxides are not important carrier phases of REE (vis–à–vis Fe which is the 

prime carrier phase). The distinctive hydrothermal REE pattern of the near field sulfides and oxides is 
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therefore overprinted in metalliferous sediments, which have REE patterns characteristic of seawater 

(Barrett and Jarvis, 1988). 

 In this section, we discuss the REE geochemistry of bulk sediments as well as leach and residues 

of our samples in the light of published literature on plume particles and metalliferous sediments.  

4.2.3.1 REE content in bulk sediments 

 REE content range between 526–607 ppm with relatively higher concentration in unit 1 

compared to unit 2 (Table 6). The concentrations reported here are higher than those reported for the 

ridge–flank metalliferous sediments from the EPR (upto 300 ppm, Owen and Olivarez, 1988) and fall in 

the range of Leg 92 metalliferous sediments concentration (Barrett and Jarvis, 1988).  

Post Archaen Australian Shale (PAAS; Taylor and McLennan, 1985) normalized patterns of bulk 

sediments studied here deviate markedly from a flat pattern (Fig. 7g), with the REE patterns of all the 

samples showing light REE (LREE) depletion. Uniformity in the REE patterns suggests either that the 

sediments are derived from a fairly homogeneous source (or sources) with respect to the REE, or may 

indicate mixing within the sediments (McLennan, 1989).  

(La/Yb)n = (La/Yb)sample /(La/Yb)PAAS, which is an indicator of light to heavy REE fractionation, 

varies from ~0.46 for unit 1 to as much as 0.55 for unit 2 sediments (Table 6), indicating significant 

downcore HREE enrichment. HREE enrichment (e.g. low Ndn/Ybn: 0.56 and 0.59 and Lan/Ybn:0.46 to 

0.55) together with low trace element concentration are indicative of low temperature fluids (Hodkinson 

et al., 1994; Mills et al., 2001). In contrast high temperature hydrothermal deposits have Ndn/Ybn values 

significantly above 1 (Mills and Elderfield, 1995; Frank et al., 2006). 

 Further corroboration of a metalliferous nature of the sediments comes from a binary plot of 

Cu+Ni+Co concentrations v/s ΣREE (Clauer et al., 1984), with the bulk and the HCl leach, representing 

the non–lithogenic component falling in the same field defined as metalliferous sediments (Fig. 8). 

4.2.3.1.1 Ce anomaly 

 A significant feature of the REE patterns is the presence of negative Ce anomalies, with Ce/Ce* 

(Ce* obtained by linear interpolation between shale normalized La and Pr) values ranging from 0.66 to 
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0.79 with an average of 0.73 (Table 6), in contrast to the sediments overlain by nodules (Nath et al., 

1992a) and typical hydrogenetic Fe–Mn oxides from the basinal parts of the Indian Ocean which all 

have positive Ce anomalies (Nath et al., 1992a, 1994; Nath, 1993). A negative Ce anomaly suggests a 

seawater source for the REEs, scavenged by Fe–oxyhydroxides (German et al., 1990; Sherrell et al., 

1999). Previous work on metalliferous sediments has revealed shale–normalized patterns similar to our 

sediments with negative Ce anomaly and HREE enrichment (Fig. 7f, Marchig et al., 1982; German et 

al., 1993; 1999; Mills et al., 1993; Chavagnac et al., 2005). The metalliferous sediments are unlikely to 

have positive Ce anomalies, as long as they have a substantial hydrothermal component in them. 

4.2.3.1.2 Eu anomaly 

 PAAS normalized REE patterns of the bulk sediments reveal another significant feature (Fig. 

7g), viz., a positive Eu anomaly compared to its neighboring lanthanides. Positive Eu anomalies reflect a 

large hydrothermal component in the sediments which is also exhibited by hydrothermal fluids, as well 

as other hydrothermal phases (German et al., 1993; Mills et al., 1993; Klinkhammer et al., 1994; Mills 

and Elderfield, 1995; Hrischeva and Scott, 2007). Fractionation of Eu from other REEs and reduction of 

Eu+3 to Eu+2 can occur at temperatures above 200–250 oC (e.g., Bau, 1991). REE fractionation 

controlled by redox equilibrium at high temperatures can lead to LREE enrichment and positive Eu 

anomalies in reduced metalliferous fluids at active spreading centers (e.g., Bau, 1991). Metalliferous 

sediments from TAG (German et al., 1993) also have similar REE patterns with respect to LREE 

depletion and positive Eu anomaly. The degree of Eu anomaly is the result of mixing which indicates a 

small component of REE sourced from the hydrothermal fluids mixed into the major source of REE 

from ambient seawater (Chavagnac et al., 2005).  

 In order to determine whether the degree of Eu anomaly indicates the proximity to hydrothermal 

source, we plotted Eu/Sm ratios of our sediments along with other ridge flank sediments (Bender et al., 

1971), near vent sediments (German et al., 1995, 1997, 1999) along with plume particulates (German et 

al., 1990, 2002; Sherrell et al., 1999) and vent fluids (Klinkhammer et al., 1994; Michard and Albarède, 

1986) (Fig. 7). Eu/Sm ratios of our sediments are more similar to those of ridge flank metalliferous 

sediments, average plume particulates and far field plume particulates ratios (Fig. 9, and references 

therein).  
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4.2.3.2 Leaching Studies 

4.2.3.2.1 Characterizing the leach fraction 

 Shale normalized REE patterns of bulk, HCl leachates and residue are plotted along with data 

from the literature for various possible sources such as i) seawater, ii) plume particulates iii) vent fluids, 

iv) MORB, v) sulfides and vi) metalliferous sediments in Fig. 7. The REE concentrations and the shale 

normalized patterns of HCl leachates are remarkably similar to that of bulk sediments (Fig. 7g) 

indicating that most of the REEs in the bulk sediment are dominated by REEs in the leach fraction. 

Leachates seem to account for >90 % of total REEs in the sediments (Table 5) suggesting that they are 

oxide–bound. The REE patterns of the leachates show a positive Eu anomaly, a negative Ce anomaly 

and LREE depletion compared to MREE. 

 The negative Ce anomaly and the HREE enrichment in the sediments (both bulk and leach) are 

similar to seawater data, and plume particles from the EPR, TAG and Rainbow hydrothermal sites as 

plume particles essentially scavenge REE from ambient seawater. Negative Ce anomaly, HREE 

enrichment along with positive Eu anomaly is also similar to the metalliferous sediments of TAG and 

OBS vent field (Fig. 7). Higher REE concentration in our sediments however are probably due to the 

extensive scavenging of dissolved REE from seawater onto hydrothermally derived Fe–Mn 

oxyhydroxide colloidal particles (Barrett and Jarvis, 1988; Olivarez and Owen, 1989; German et al., 

1990; Edmonds and German, 2004).  

We have normalized REE to Fe in leach in our sediments and compared with that of plume 

particles as Fe oxides/hydroxides are the host phase in both situations. The REE/Fe(leach) have been 

calculated and presented in Table 6. The average REE/Fe(leach) in our sediments is 0.96 x 10-2 which is an 

order higher than the Fe oxy–hydroxides (2x10-3) found in the Rainbow hydrothermal field, which are in 

turn an order higher (1.6x10-4) than the ratios of plume particulates in that area (Chavagnac et al., 2005). 

Similarly, particulate REE/Fe ratios in neutrally buoyant plumes of TAG (German et al., 1990) are 10 

fold greater than end member vent fluids. This is consistent with what is already known from the study 

of both plumes and ridge flank hydrothermal sediments that uptake of dissolved REE from seawater 

causes the REE content of Fe–oxyhydroxides material to evolve continuously with in a dispersing 

hydrothermal plume, leading to progressive higher REE/Fe ratios with increasing distance from the 

initial vent source (Mitra et al., 1994; German et al., 2002; Edmonds and German, 2004). Sherrell et al. 
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(1999) contend that in a time scale of plume advection, adsorption reflects near–instanteous equilibrium 

of hydrothermal precipitates with ambient seawater. Earlier studies on metalliferous sediments from 

EPR (Ruhlin and Owen, 1986; Olivarez and Owen, 1988) and also the ancient sedimentary sequences in 

America (Murray et al., 1991) have suggested that the REE uptake will continue until the time of burial 

and the signatures acquired before burial are retained in the geological record.  

 It has been suggested that REE content and REE/Fe in metalliferous sediments is a function of 

by distance from the hydrothermal source (Ruhlin and Owen 1986; German et al., 1990). Studies 

showed that ridge proximal sediments have maximum values of total REE compared to sediments 

further from the ridge axis due to abundance of metalliferous component present in proximal sediments 

(Ruhlin and Owen, 1986; Olivarez and Owen, 1988; Murray et al., 1991). However, we are not able to 

ascertain if the variations in Fe/Mn and REE/Fe with depth in our sediments are related to the distance 

from the hydrothermal source or to the variation in intensity of hydrothermal activity with time. With an 

average spreading rate of 18 to 35 mm/yr of adjacent ridges (CIR and SEIR – Royer et al., 1989), the 

site would have moved a small distance of 5 to 11 km during the age span of the core (~300 kyr; see 

Mascarenhas–Pereira et al., 2006 and Nath et al., 2008 for age details). 

4.2.3.2.2 Provenance of the detrital component 

 The shale normalized REE patterns for the residues shows LREE depletion, HREE enrichment 

and a pronounced Eu anomaly (Fig. 7g). The residue left after HCl leach would contain detrital phases 

like silicates, sulfides and resistant minerals (Cronan and Hodkinson, 1997). The possible 

aluminosilicate contribution to the CIB can come from i) terrestrial sources through turbiditic 

sedimentation (Kolla et al., 1976; Rao and Nath, 1988; Nath et al., 1989, 1992b; Fagel et al., 1994) ii) 

dust from the distal sources such as Australia or African or Indian subcontinent (e.g., Kolla and Biscaye, 

1977) and iii) local mid oceanic ridge basalts (Rao and Nath, 1988; Nath et al., 1989, 1992a). 

Terrigenous sediments from the northern part of the CIB are characterized by flat REE patterns, without 

Ce fractionation (Nath et al., 1992a). The terrigenous input to the core location at 16o S in CIB would be 

minimal, as it was found that the influx of terrigenous sedimentation is limited to 8–10o S (Nath et al., 

1989, 1992b; Fagel et al., 1994; Nath, 2001). There must therefore be an additional source contributing 

to the HCl–insoluble fraction.  
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 La enrichment in combination with positive Eu anomaly (Fig. 7g) is distinctly similar to the REE 

patterns of vent fluids from Rainbow hydrothermal site (Fig. 7c) as well as sulfides from OBS vent field 

on EPR (German et al., 1999), sulfides from white and black smokers recovered from TAG (Mills and 

Elderfield., 1995) and west Tasmania, Australia (Fig. 7e) (Whitford et al., 1988). Similar REE patterns 

are a common feature in many massive sulfides associated with oceanic hydrothermal systems such as 

Southern Explorer Ridge (Barrett et al., 1990) and Juan de Fuca Ridge (Krasnov et al., 1994). Further, 

proportion of sulfides forming elements such as Fe, V, Zn and Pb (10 to 80 %) are relatively high in the 

HCl insoluble fraction compared to other elements such as lanthanides, Co and Ni (<9%) and suggests 

that a sulfidic contribution to residue is possible. 

 HREE fractionation over MREE in the HCl–insoluble residue suggests a contribution of MORB 

like source (Fig. 7d, Nath et al., 1992b). Thus, we consider that the residue contains a mixture of three 

components namely i) sulfide type hydrothermal material, ii) MORB derived weathered detritus and iii) 

clastic silicates from distal sources.  

 The importance of the relative proportion these potential sources contributing to the residue (i.e. 

terrigenous material, sulfides and MORB) is assessed by modeling the REE data using ternary mixing 

equations as done for major elements (Section 4.2.1.1). 

∫terrigenous   + ∫sulfides  +  ∫MORB  = 1 

Ci
mix  = ( ∫terrigenous  x  Ci

terrigeonus) + ( ∫sulfides  x  Ci
sulfides) + ( ∫MORB  x  Ci

MORB) 

 Three end–member used here are terrigenous sediments from northern Indian Ocean, published 

literature on sulfides (Mills and Elderfield, 1995; German et al., 1999; Whitford et al., 1988) and 

MORB. The results of these calculations are presented on a shale normalized REE pattern in Fig. 10. To 

avoid a bias, the mixing calculations were repeated using composition of sulfides from different 

locations viz., TAG, EPR, and west Tasmania, Australia (Fig. 10). The results of sulfidic contribution 

has varied only marginally (between 64 and 72%) when any of the sulfidic end member from different 

areas was used. Relative proportions of terrigenous component (10–20 %), sulfides (64–72 %) and 

MORB (16–18 %) reproduce the REE patterns shown for the acid–insoluble residue suggesting that the 

terrigenous and MORB source contribution to the REEs in the residue is lower than that of sulfidic–type 
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material. However, these calculations should be considered as indicative and may not represent the 

proportion in which they are incorporated during the sediment formation (see Chavagnac et al., 2005 for 

discussion). 

4.2.4. Evidence for hydrothermal component from the presence of nontronite 

 SEM–EDAX studies of some of the lithic grains recovered from the core were dense, massive 

and highly porous, and were similar to some of the lithic grains found in the hydrothermal system on the 

Juan de Fuca Ridge (Murnane and Clague, 1983). The grains contained Fe and Al (averaging 24 % 

Fe2O3 and 14 % Al2O3) and the calculated formula (based on 24 O atoms) and the composition is close 

to those of ferruginous smectites (Newman, 1987; Schöps et al., 1993). The Fe2O3/SiO2 ratios are close 

to 0.51 and fall within the previously reported values for nontronites (McMurtry et al., 1983; Murnane 

and Clague, 1983; Alt, 1988; Severmann et al., 2004). To identify if any ferruginous smectites of 

hydrothermal origin are present in the sediments studied here, infrared spectroscopy and ICP–MS 

analyses were carried out on the clay–sized sediment fraction (<2 µm).  

 IR studies show an intense SiO2 stretching absorption at ~ 1020 cm-1 for all the four samples 

studied (Fig. 11), which corresponds to a very low tetrahedral Fe3+ content in the sample (e.g., Goodman 

et al., 1976; Cole, 1985; Schöps et al., 1993). OH bending vibration between 920 and 820 cm-1 results 

from a variable substitution of Al by Fe. Smaller absorption bands occur at 820, ~887 and 935 cm-1, the 

first two bands suggesting Al–OH deformation in nontronite (Farmer and Russel, 1967), and the third 

band may suggest the presence of beidellite (White, 1971). The absorption band at ~880 cm-1 is 

attributed to the substitution of octahedral Fe by Al in the smectites (Cole, 1985), or to the Fe–Al–OH 

substitution in ferruginous smectites (Russel, 1979) and also to the Al–OH deformation in nontronites 

(Frost et al., 2002, and references therein). The OH–bending vibration at 920 cm-1 in this study is similar 

to that seen in nontronites studied by Farmer and Russell (1967).  

 Absorption bands are seen at 3625, 3592 and 3563 cm-1 in the OH–stretching region which can 

represent Al–Fe–OH stretching either in ferruginous smectites (Russell, 1979) or in nontronites (Frost et 

al., 2002, and references therein). This equivalent band at 3564 cm-1 is indicative of Fe–FeOH stretching 

vibration in nontronites (Van der Marcel and Beutel Spacher, 1976). IR studies, therefore, suggest that 

the clay sized sediments studied here contain smectites of dioctahedral series of monmorillonite–

beidellite–nontronite with a dominance of nontronites and ferruginous smectites.  
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 Occurrence of both the ferruginous smectites and the nontronitic clays in these sediments would 

probably suggest hydrothermal origin (e.g., McMurtry and Yeh, 1981). Iyer et al. (1997) have recovered 

volcanogenic–hydrothermal material (vhm), and sediments with a composition close to nontronite at 14o 

S and 75o 56.1’ E which is ~45 km from the 76o 30’ E fracture zone in the CIB and suggested that they 

form through submarine exhalations and deposition in the surrounding siliceous sediments. 

Hydrothermal nontronites commonly have very low Al content (Singer et al., 1984), while our 

sediments contain higher Al (Al203 ~14 wt %). Nontronites characterized by distinctly elevated Al and 

Ti content have been described to be formed at low temperatures (32–48o C) in the Central Pacific 

seamounts (Schöps et al., 1993). Compositionally, bulk sediments as well as the < 2 µm sized clay 

fraction studied here; fall in the field of Alvin nontronites (Fig. 12), which were calculated to form at 

59+/-5o C (Severmann et al., 2004). Lack of a well crystallized iron mineral such as hematite in our 

samples indicates the dominance of amorphous Fe–oxides/oxyhydroxides which may form at 

temperatures of ~ 100o C (McMurtry and Yeh, 1981).  

In summary, the leaching experiment on sediments has shown that they contain a mixture of Fe 

and Mn–oxides of metalliferous nature in acid–leachable fraction and sulfides in a fraction of residue in 

addition to the aluminosilicates from lithogenic sources. A series of deposits ranging from sulfides 

through iron oxides to Mn oxides with different proportions of these phases have been found in the Red 

Sea deposited from the same hydrothermal source (Cronan, 1976). Precipitation of sulfides during the 

cooling of ascending magmatic fluids on contact with seawater and fractionation of Mn and Fe on 

increase of pH and Eh (Krauskopf, 1957) could be a possible mechanism for the co–occurrence of Fe, 

Mn oxides and sulfides.  

5. Summary 

 Geochemical studies of the bulk as well as the HCl soluble fraction of sediments 

collected from the flanks of a seamount near the 76o 30’ E fracture zone complex in the CIB indicate 

that the major elements have contribution from detrital sources of Bengal Fan and weathering of basinal 

and mid–oceanic ridge basalts on one hand and hydrothermal (mainly for Fe and Mn) and authigenic 

sources on the other. Shale–normalized REE patterns are indistinguishable from metalliferous sediments 

and plume particulates from the EPR, TAG and Rainbow hydrothermal sites. The sediments studied here 

are estimated to contain ~50–80 % and 90–95 % hydrothermal component in the bulk and leach fraction, 
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respectively. While the ternary mixing calculations on bulk sediments indicate 35–45 % metalliferous 

sediments could reproduce Fe and Mn values of our sediments, the HCl insoluble fraction indicate that 

the sulfide–like material dominates (64–72 %) over terrigenous (10–20 %) and MORB derived (16–18 

%) components the residue. Occurrence of both Fe–Mn oxides and sulfides is similar to those occurring 

in Red Sea.  

 Infrared spectroscopic studies indicate the presence of a dioctahedral smectites of 

monmorillonite–beidellite–nontronite series, with dominance of nontronite and ferruginous smectite 

suggesting a hydrothermal nature. Moreover, the composition of clay sized fraction is similar to known 

hydrothermal nontronitic clays from the Alvin site. The temperature of formation for these smectites is 

estimated to range from 50 to 100o C. The presence of metalliferous sediments near the fracture zone 

suggests that the fracture zones may provide an easy conduit for in–situ volcanic activity in the area. 

While the earlier reports have shown spherules and lithic grains of metalliferous nature, this is the first 

study to report hydrothermal features in the bulk sediments of the CIB. The intraplate volcanoes located 

along the fracture zones, have therefore not only induced hydrothermal activity but also contributed 

nuclei and metals for the formation of the manganese nodules which are widespread in the CIB. 
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Figure captions 
Fig. 1. Sampling location of sediment core AAS 61/BC 8 (shown as a star). a) Sampled area in the 
Central Indian Basin (CIB) with reference to India and shows the sediment distribution (numbers 
correspond to sediment types shown in the legend) (adopted from Nath et al., 1992b); b) detailed 
tectonic map showing the fracture zones, ridge axis and location of seamounts (shown as dots). Sampled 
location falls close to the cluster of seamounts in the vicinity of fracture zone (base map from Kamesh 
Raju, 1993) and c) 3–dimensional topographic map (bathymetry data set ETOPO 5 (National 
Geophysical Data Centre (NGDC) 1988). As seen in figures b) and c), the sample location falls on the 
flank of a seamount. 
Fig. 2. Discriminating source using composition of sediments. a) Fe2O3 versus Al2O3 plot and b) Al2O3 
% versus K2O. The plots illustrate that the bulk sediments are a mixture of variable proportions of Fe–
rich and Al–rich end members. References of literature data are given in the text.  
 
Fig. 3. K2O–Al2O3– (CaO+Na2O) diagram shows mixing between zeolite, plagioclase and Fe–smectites 
on one side and illite, Al–rich beidellite, micaceous clays from Bengal Fan, kaolinite and chlorite on 
other. Residue exhibits reduction of Ca and Na and compositional similarity with micaceous clays and 
smectites of Bengal Fan and illites. 
 
Fig. 4. Fe/Mn ratio of AAS 61/BC 8 is compared with metalliferous sediments form ridge flank as well 
as near field sediments along with plume particulates. (The literature data for Fe/Mn ratios is taken from 
Gurvich et al., 1995; Donnelly, 1980; Jarvis 1985; Lisitzin et al., 1992; Cherkashev, 1992; Li, 2000; 
Cronan, 1976; German et al., 1993, 1995, 1997, 1999; Barrett et al., 1987; Hodkinson and Cronan, 1991; 
James et al., 1995; Boström and Peterson, 1969; Sherrell et al., 1999; Ludford et al., 1996 and Mitra et 
al., 1994). Fe/Mn ratios in our sediments are similar to those of ridge flank metalliferous sediments. 
Conversely, the near field metalliferous sediments and plume particulates have higher Fe/Mn ratios 
compared to the ridge flank metalliferous sediments. 
 
Fig. 5. Ternary plot of Al–Fe–Mn illustrating the compositional similarity of bulk sediments to Bauer 
deep metalliferous sediments. Compositional fields of CIB (Borole, 1993), Pacific and EPR sediments 
(Plüger et al., 1985 and references therein) along with mean composition of 3 major sediment types in 
CIB (Nath et al., 1989) are shown. 
 
Fig. 6. Co/Zn versus Cu+Ni+Co content (Toth, 1980, modified by Nath et al., 1997a). While the data for 
all bulk sediments fall in the hydrothermal field, leach data for only unit 2 sediments show hydrothermal 
signatures. Consistent with their pelagic nature, unit 1 sediments fall away from hydrothermal field. 
 
Fig. 7. Shale normalized REE distribution patterns for bulk, HCl leachates and residue of AAS 61/ BC 8 
are shown along with a) seawater (Eastern Indian Ocean–Amakawa et al., 2000); b) plume particulates 
(Rainbow–Edmonds and German, 2004; TAG–German et al., 1990 and EPR–Sherrell et al., 1999), c) 
vent fluid (EPR–Klinkhammer et al., 1994; MAR–German et al., 1990; Rainbow hydrothermal site–
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Douville et al., 2002); d) Indian Ocean MORB–Nath et al., 1992b; e) sulfides (TAG–Mills and 
Elderfield, 1995; OBS vent site at 21o N on EPR–German et al., 1999; West Tasmania, Australia–
Whitford et al., 1988) and f) metalliferous sediments–German et al., 1993; 1999; Chavagnac et al., 2005 
and Mills et al., 1993. While the patterns for bulk as well as leach closely resemble the plume particulate 
data, those for residue seem to be a contribution from OBS type sulfides and MORB. 
 
Fig. 8. A plot of ΣREE versus Cu+Ni+Co content (both for bulk and leach) in comparison with literature 
data for hydrothermal deposits and metalliferous deposits (Clauer et al., 1984, modified by Nath et al., 
1997a). 
Fig. 9. PAAS normalized Eu/Sm ratios of our sediments are compared with metalliferous sediments 
from ridge flank as well as near field sediments along with plume particulates and vent fluids. The data 
is from Jarvis et al. (1985); Bender et al. (1971); German et al. (1990, 1995, 1997, 1999, 2002); 
Klinkhammer et al. (1994) and Sherrell et al. (1999). 
 
Fig. 10. Ternary REE mixing calculation using 3 end members (Terrigenous sediments in the CIB; 
sulfides and Indian Ocean MORB) (References for these values are given in text) are presented in PAAS 
normalized REE patterns for the residue fractions. Relative contribution to the sulfides in the residue 
was estimated using sulfides from 3 different areas a) EPR (OBS); b-e) TAG (white smoker, black 
smoker, talus and mound); f) massive sulfides from west Tasmania, Australia. Calculations with varying 
sulfides have yielded nearly similar contribution (64–72%) of sulfides to residues. 
 
Fig. 11. Infrared spectra of 4 sediment sections (untreated, 2 µm size fractions). Left: OH–stretching 
region at 3700–3000 cm-1 with absorption bands representing ferruginous smectite and nontronite. 
Right: Si–O stretching region with absorption band at 1020 cm-1 corresponding to low Fe content in 
tetrahedral position of smectite. Absorption bands between 920–820 cm-1 represent increasing Fe 
content in octahedral sites and the presence of nontronite, ferruginous smectite and beidellite. 
 
Fig. 12. Chondrite normalized Yb/Gd vs. Eu/Eu* in the bulk and <2 µm sized sediments compared to 
the composition of nontronites and other hydrothermal precipitates from various areas (modified from 
Severmann et al. 2004). Samples from this study plot in the Alvin nontronite field. 
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Table 1. Major and rare earth element concentrations in bulk sediments of AAS 61/8. 
(All values in ppm) 

 

  -----------------------------------------       Depth  (cm)       -----------------------------------------------------------  

Element   0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 

Al (%) 6.43 6.75 6.74 6.82 6.74 6.65 6.61 6.74 6.55 6.63 

Mn %) 1.47 1.47 1.32 1.39 1.45 1.46 1.33 1.31 1.32 1.39 

Fe (%) 6.58 7.13 6.20 7.36 8.46 8.26 8.22 8.16 8.14 8.32 

V 152 164 125 163 221 221 222 234 231 230 

Cr 26 28 29 27 26 25 25 25 25 27 

Co 138 147 140 146 149 148 139 137 139 146 

Ni 782 761 562 562 490 428 333 300 294 336 

Cu 473 452 378 359 332 307 279 264 258 260 

Zn 177 178 171 175 184 180 176 185 197 194 

Sr 187 195 179 200 224 228 231 233 234 233 

Y 257 241 198 221 218 201 191 184 182 192 

Zr 281 307 265 322 377 370 384 388 408 399 

Ba 732 693 712 598 507 470 480 463 469 525 

La 113 121 100 117 123 117 113 110 110 115 

Ce 158 169 163 170 177 178 171 168 172 172 

Pr 27.15 28.43 24.75 27.26 26.41 25.46 24.29 23.21 22.97 24.18 

Nd 121 128 112 123 119 114 108 104 101 107 

Sm 29.84 31.22 28.28 29.73 26.88 25.87 24.46 23.17 22.63 24.24 

Eu 7.16 7.33 6.71 7.19 6.27 5.84 5.81 5.46 5.42 5.73 

Gd 25.70 27.25 23.87 25.69 23.80 22.58 21.92 20.77 20.44 21.80 

Tb 5.25 5.50 4.86 5.23 4.75 4.44 4.35 4.11 4.01 4.34 

Dy 32.62 33.97 29.54 32.18 29.56 28.20 26.79 25.62 25.35 27.11 

Ho 7.03 7.62 6.33 7.00 6.59 6.25 5.93 5.78 5.75 6.17 

Er 20.23 22.00 18.02 20.29 19.33 18.41 17.38 16.79 16.87 17.69 

Tm 3.06 3.27 2.68 3.02 2.91 2.71 2.64 2.51 2.55 2.64 

Yb 17.99 19.24 16.09 17.89 17.41 16.18 15.57 14.83 14.83 15.69

Lu 2.87 3.10 2.58 2.78 2.75 2.58 2.45 2.40 2.33 2.49

Hf 6.65 7.08 6.30 7.71 8.60 8.63 8.79 8.67 8.85 8.37

Pb 19.22 19.82 19.27 19.22 19.05 18.39 18.11 17.78 17.59 17.69

Th 15.79 15.89 18.14 15.95 13.55 13.49 13.28 12.52 12.76 12.79

U 2.27 2.52 2.28 2.67 3.21 3.35 3.34 3.16 3.11 3.27
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Table 2: Major element content in (wt %) bulk and leach residues 
Sample (sediment depth)  Residue1 %   SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 

AAS 61/8 
  4-6 cm Bulk  42.26 12.87 0.61 9.97 5.905 3.07 1.98 1.63 2.54 0.91 

74 Residue2 59.83 12.46 0.75 5.78 0.046 1.44 0.42 0.68 2.09 0.12 

  8-10 cm Bulk  43.86 13.96 0.73 11.95 2.345 2.81 2.22 1.37 2.85 1.16 
69 Residue2 57.84 12.48 0.87 6.37 0.035 1.45 0.49 0.78 2.22 0.14 

  12-14 cm Bulk  46.55 14.13 0.77 11.06 2.168 2.73 2.16 1.32 2.87 1.02 
70 Residue2 57.97 12.05 0.95 6.63 0.041 1.47 0.54 0.76 2.03 0.15 

  18-20 cm Bulk  42.14 13.84 1.05 13.57 2.316 2.64 2.43 1.75 2.86 1.24 
58 Residue2 55.83 12.81 1.05 6.88 0.025 1.57 0.59 0.78 2.16 0.12 

                        
  Bulk  50.78 16.07 0.72 7.29 0.1 3.09 1.42 3.81 3.70 0.16 

 MAG - 1 Certified value 50.40 16.40 0.75 6.80 0.098 3.00 1.37 3.83 3.55 0.16 
80 Residue2 62.34 16.07 0.78 2.74 0.012 1.11 0.44 1.25 3.52 0.07 

                          
1 Residue left on leaching with hot 50% HCl 
2 The elemental concentrations are not weight corrected 
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Table. 3. Analytical results (in duplicate) of USGS geochemical standard MAG_1. (All 

values in ppm) 

Element Certified values 

This work Accuracy (%) Precision % 

mean of 2 analysis (±) (±) 
Al (%) 8.66 ± 0.16 8.29 ± 0.15 4.28 3.7 
Mn (%) 0.076 ± 0.005 0.076 ± 0.0004 0.51 1.03 
Fe (%) 4.58 ± 0.42 4.81 ± 0.01 4.89 0.29 

V 140 ± 6 136 ± 0.37 2.68 0.54 
Cr 97 ± 8 94.56 ± 0.14 2.52 0.31 
Co 20 ± 1.6 20.18 ± 0.03 1.06 0.29 
Ni 53 ± 8 52.63 ± 0.06 0.71 0.23 
Cu 30 ± 3 29.95 ± 0.001 0.17 0.01 
Zn 130 ± 6 130 ± 1.3 0.36 2.01 
Sr 150 ± 15 145 ± 0.8 3.61 1.11 
Y 28 ± 3 27.81 ± 0.21 0.67 1.52 
Zr 130 ± 6 125 ± 0.17 3.96 0.27 
Ba 480 ± 41 473 ± 2.88 1.43 1.22 
La 43 ± 41.14 ± 0.33 4.33 1.62 
Ce 88 ± 9 84.81 ± 0.31 3.62 0.74 
Pr 9.3 ± 9.02 ± 0.03 3.04 0.71 
Nd 38 ± 5 37.1 ± 0.2 2.36 1.09 
Sm 7.5 ± 0.6 7.81 ± 0.09 4.13 2.43 
Eu 1.5 ± 0.14 1.52 ± 0.02 1.37 2.17 
Gd 5.8 ± 0.7 5.68 ± 0.06 2.1 2.01 
Tb 0.96 ± 0.09 0.97 ± 0.002 1.2 0.31 
Dy 5.2 ± 0.3 5.19 ± 0.11 0.19 4.39 
Ho 1.02 ± 0.1 1.03 ± 0.02 0.78 4.67 
Er 3 ± 2.94 ± 0.01 2.08 0.58 
Tm 0.43 ± 0.43 ± 0.01 0.35 4.9 
Yb 2.6 ± 0.3 2.61 ± 0.01 0.31 0.69 
Lu 0.4 ± 0.04 0.39 ± 0.01 1.5 4.06 
Hf 3.7 ± 0.5 3.81 ± 0.06 2.91 3.13 
Pb 24 ± 3 24.05 ± 0.17 0.21 1.44 
Th 11.9 ± 1 12.25 ± 0.28 2.98 4.51 
U 2.7 ± 0.3 2.83 ± 0.07 4.78 4.81 
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Table 4: Comparative data results from leaching experiment of MAG–1 (μmol/gm) 

  Si Al Ti Fe Mn Ca 
This study 
residue 8330 2521 78 274 1.35 65.6 
Bulk 8477 3149 89.4 910 14.08 263 
Certifieda  8414 3215 94 849 14 254 
% element in residue 99 78 83 32 10 26 

Kryc et al. (2003) 
residue NM 2311 70.9 443 4.3 49.7 
Bulk 138 2893 78.7 849 11.8 252 
Certifiedb  8381 3212 94 852 13.8 244 
% element in residue 72 75 52 31 20 
              

a source USGS website (http://minerals.cr.usgs.gov/geo_chem_stand/marine.html) 
b As mentioned in Kryc et al. (2003). 
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Table 5: Relative proportion in HCl leachates and residue fraction in AAS 61/BC 8. (All 

values in %) 

Sample ID: 4-6 cm 8-10 cm 12-14 cm 18-20 cm 

Analyte (%) residue leach residue leach residue leach residue leach 

Al 66 34 59 41 59 41 57 43 

Fe 15 85 13 87 13 87 14 86 

V 19 81 14 86 15 85 10 90 

Cr 55 45 58 42 45 55 43 57 

Co 3 97 3 97 2 98 3 97 

Ni 7 93 7 93 8 92 9 91 

Cu 8 92 7 93 7 93 6 94 

Zn 71 29 80 20 31 69 56 44 

Sr 27 73 27 73 24 77 39 61 

Y 4 96 4 96 5 95 3 97 

La 8 92 8 92 9 91 6 94 

Ce 9 91 8 92 7 93 7 93 

Pr 6 94 7 93 8 92 5 95 

Nd 5 95 6 94 7 93 5 95 

Sm 4 96 5 95 7 93 4 96 

Eu 5 95 7 93 7 93 6 94 

Gd 4 96 4 96 5 95 4 96 

Tb 4 96 4 96 6 94 3 97 

Dy 4 96 5 96 6 94 4 96 

Ho 4 96 4 96 6 94 4 96 

Er 4 96 5 95 6 94 4 96 

Tm 5 95 5 95 7 93 5 95 

Yb 6 94 6 94 8 92 5 95 

Lu 6 94 6 94 8 92 5 95 

Pb 23 77 25 75 15 85 22 78 

Th 34 66 25 75 30 70 19 81 

U 38 62 28 72 24 76 26 74 
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Table. 6. Important elemental ratios of the sediments of AAS 61/ BC 8 
 
 

Depth 
(cms) 

0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 

Ratios  
Co+Ni+Cu (ppm) 1393 1360 1080 1068 971 882 751 701 690 743 

Co/Zn 0.78 0.83 0.82 0.83 0.81 0.82 0.79 0.74 0.7 0.76 
∑REE (ppm) 572 607 539 588 585 567 543 526 527 546 

Eu/Eu* 1.22 1.18 1.22 1.22 1.17 1.14 1.18 1.17 1.19 1.17 
Ce/Ce* 0.66 0.66 0.75 0.7 0.71 0.75 0.76 0.77 0.79 0.75 

(La/Yb)PAAS 0.46 0.47 0.46 0.48 0.52 0.53 0.53 0.55 0.55 0.54 
Fe/Mn 4.47 4.85 4.71 5.31 5.84 5.67 6.17 6.23 6.18 6 

Fe2O3/Al2O3 0.78 0.8 0.7 0.82 0.95 0.94 0.94 0.92 0.94 0.95 
∑REE/Fe 0.0087 0.0085 0.0087 0.008 0.0069 0.0069 0.0065 0.0061 0.0056 0.0052 

MSI* 44.38 43.97 47.25 43.81 40.5 40.64 40.9 41.58 40.92 40.58 
∑REE/Fe(leach) na 129.5 na 86 na 86 na na na 93 
Na: not analyzed 

* Metalliferous sediment index 
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Table. 7. Fe normalized element concentrations of the bulk sediments of this 

study compared with literature data. 

 

Element 
This 

study 

CIR 

basaltsa 

RTJ sediments 

(cfb)b 

CIR 

sediments c 

EPR 10o S  

Fe-Mn oxidesd 

Fe 

oxidese

TAG 

nontronitef 

Mn/Fe 0.1829 0.04 0.077 0.107 0.22 0.15 no data 

Zn/Fe 0.0024 0.001 0.001 0.002 0.003 0.002 0.004 

 

 a Halbach, 1994 

 b RTJ sediments (Kuhn et al., 2000). 

 c CIR sediments containing 48.5 % hydrothermal Fe–Mn oxides from 21o 34’ S (Plüger et 

al., 1986) 

 d East Pacific Rise (10o S) sediments mainly consisting of Fe–Mn oxides (Walter and 

Stoffers, 1985) 

 e Hydrothermal Fe oxides from the North Fiji basin (McMurtry et al.,1991) 

 f Hydrothermal clays from TAG zone associated with sulphide debris and Fe oxides 

(Severmann et al., 2004) 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 

 

 


