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Abstract 
 Rock magnetic concentration, grain size and mineralogy parameters together with organic 

carbon, calcium carbonate, redox-sensitive elements, δ18O of ‘Globigerinoides ruber’ and radiocarbon 

dating were carried out on a 445 cm long sediment core collected at 1380 m depth off Mangalore, 

southwestern margin of India. The top 290 cm sediments of the core correspond to the last 18 kaBP. The 

δ18O and magnetic records exhibit major events at ∼16 kaBP, 14.5 kaBP, 11.5 kaBP and 9.8/8.6 kaBP 

related to start and intensity of the summer monsoon and climate change, and are synchronous with that 

of the western Arabian Sea and North Atlantic. The sediments with high magnetic susceptibility correlate 

with high sedimentation rates. The sediments are dominated by fine-grained magnetite, but those at 

intervals of 1.2 - 3.8 kaBP and 10 - 13.5 kaBP were subjected to diagenetic changes and resulted in the 

dissolution of fine-grained magnetites and enrichment of redox-sensitive trace elements (Cu, Ni, Zn, V, 

Mo and U). The sediments between 290 cm and 445 cm correspond to 18-27 kaBP and are characterized 

by distinct decrease in magnetic concentration, grain size and mineralogy parameters, high organic 

carbon, low concentrations of redox-sensitive trace elements and abundant pyritized tubules. In other 

words, the greater reductive diagenetic conditions indicated by rock-magnetic properties are in contrast 

with the weak sub-oxic conditions revealed by low concentrations of trace elements in the sediments. The 

seasonal organic matter flux produced during the winter monsoon and moderate sedimentation rates 

favoured reductive diagenesis in the late glacial sediments. Intermittent bioturbation, however, allowed 

oxidants to penetrate into the sediments, remobilized redox-sensitive trace elements to the water column 

and modified the primary geochemical signal of the sedimentary environment.  
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1. Introduction 

A high resolution magnetic study of the sediments offers valuable information in three 

different domains: (a) Magnetic properties of the sediments respond to paleoclimatic influences 

which cause changes in sediment source and in the ratio of biogenic to terrigenous sedimentary 

components (Robinson, 1986; Bloemendal et al., 1993). (b) Magnetic properties are sensitive to 

detect authigenic magnetite and ultra-fine magnetite formed by bacteria (Kirschvink and Chang, 

1984; Karlin et al., 1987; Stolz et al., 1990). (c) Rock-magnetic measurements can also be used 

to understand the sedimentary environment as magnetic minerals are diagenetically altered in 

the presence of sub-oxic to anoxic bottom / pore water conditions and/or organic matter (Karlin 

and Levi, 1983; Leslie et al., 1990; Robinson, 1990). The intensity of diagenesis or post-

depositional evolution of sediments depends upon their organic matter content, sedimentation 

rate, bottom water oxygenation and degree of mixing in the upper sediment layer (Canfield and 

Berner, 1987; Robinson and Sahota, 2000; Rey et al., 2005). These sediment features will 

ultimately determine whether or not suboxic/anoxic conditions become established in the 

sediment. Therefore, understanding the impact of early diagenesis on magnetic minerals has 

been important for interpreting the sedimentary environment (Snowball and Thompson, 1990; 

Verosub and Roberts, 1995).  

On the other hand, sediments beneath the coastal upwelling areas are known to 

accumulate considerable amounts of bio/redox-sensitive trace elements which tend to be more 

soluble under oxidizing conditions and less soluble under reducing conditions. Trace elements 

such as Cu, Ni and Zn are usually associated with organic matter and may be retained with 

pyrite even after organic matter is decayed in reducing sediments (Calvert and Pederson, 

1993). The elements U, V and Mo originate from an early diagenetic source and enter the 

sediment via diffusion from the water column. They enrich in sub-oxic environments and 

strongly enrich in anoxic-euxinic conditions (Brumsack, 2006). The concentrations of Mn 

strongly deplete in reducing conditions and enrich in oxidizing conditions (Boning et al., 2004). 

The authigenic enrichment / depletion of redox-sensitive trace metals are thus useful in 

distinguishing the depositional environment, though caution needs to be exercised in areas of 

low sedimentation rates and bio-turbation (Calvert and Pederson, 1993; Boning et al., 2004; 

Brumsack, 2006; Tribovillard et al., 2006; McKay et al., 2007). The objective of this paper is to 

document variations of rock-magnetic properties and redox-sensitive trace elements in a gravity 

core obtained off Mangalore, southwestern margin of India (Eastern Arabian Sea) and report 

changes in diagenesis and sedimentary environment during the late Quaternary.  



 

 

2. Oceanographic setting 

The Arabian Sea experiences seasonal reversal of monsoonal winds that are 

responsible for changes in hydrography and upwelling-induced biological productivity in the 

region. The SW (summer) monsoon is more intense in the Arabian Sea and causes high 

biological productivity, which in turn is responsible for the formation of mid-water oxygen 

minimum zone (OMZ). The present day OMZ impinges the continental margins at depths 

between 150 and 1200 m (Qasim, 1982) and also in open northern Arabian Sea (Rostek et al., 

1997). The sedimentary records of the western, northern and eastern Arabian Sea exhibit 

significant variations in productivity and temporal variability of the OMZ, including weakened or 

non-existent OMZ or intense OMZ conditions during both the glacial and interglacial timescale 

intervals (Rostek et al., 1993, Cayre and Bard, 1999; Schulte et al., 1999; Reichart et al., 2002; 

Pattan et al., 2003). The depth (1380 m) at which the core was collected lies within an 

oxygenated zone below the present-day depth of the OMZ. During the Last Glacial Maximum 

(LGM) SW monsoon was weaker and NE (winter) monsoon was stronger both in the northern 

and southeastern Arabian Sea (Rostek et al., 1997; Reichart et al., 2002). Stronger winter 

monsoon winds induce deepening of surface mixed layer and injection of nutrients to the 

euphotic zone leading to enhanced productivity in surface water and high organic matter to the 

bottom sediments.  

3. Materials and Methods   

During the 63rd cruise of A A Sidorenko a 4.45 m long sediment gravity core was 

recovered at 1380 m depth off Mangalore, southwestern margin of India (Fig. 1). The sediments 

throughout the core are olive grey, silty clay / clayey silts. The core was sectioned onboard at 2 

cm interval for the top 1 m and 5 cm for the rest of the core. Subsamples were oven dried at 

<40° C. Magnetic measurements on the samples were made using a Barrington MS-2 magnetic 

susceptibility meter (with an AC magnetic field amplitude of 80 A/m) linked to a MS2B dual 

frequency sensor (470 and 4700 Hz) at the Indian Institute of Geomagnetism (IIG), Alibagh, 

India. Representative samples were packed into 8 cm3 styren cubic pots. Low-frequency (0.47 

kHz) magnetic susceptibility (χlf ) was measured three times on each sample and presented as 

mass specific values in 10-8 m3/kg SI units. The χlf mainly reflects changes in the concentration 

of magnetic minerals (Thompson and Oldfield, 1986).  Anhysteretic Remnant magnetization 

(ARM) was imparted to the samples by superposing a DC biasing field of 0.05 mT on a 

smoothly decreasing alternating field with a peak of 100 mT. It is customary to express ARM as 



 

 

an anhysteretic susceptibility χARM (mass specific ARM/strength of the biasing field). χARM is 

sensitive to the concentration of stable single domain (SSD) and pseudo-single domain (PSD) 

ferrimagnetic grains (Oldfield, 1991). Isothermal Remnant Magnetization (IRM) acquisition was 

carried out using a Molspin Pulse Magnetizer and remanences were measured by Molspin 

spinner magnetometer. Saturation Isothermal Remanent Magnetization (SIRM) was imparted 

using a maximum field of 1 T. After acquisition of SIRM, the samples were subjected to reverse 

DC fields of 0.3 T and the remanence was measured by using the Molspin magnetometer. 

SIRM responds primarily to the concentration of ferrimagnetic material, but unlike χlf it is not 

affected by diamagnetic and paramagnetic minerals. The interparametric ratios of χARM/χlf, 

χARM/SIRM vary inversely with magnetic grain size and are used to asses the relative change in 

the concentrations of fine magnetic grain sizes (Maher, 1988). S-ratios (S-0.3T) are calculated 

using the definition of Robinson (1986) and Bloemendal et al. (1988). The S-ratio reflects 

variations in the coercivity spectrum of magnetic mineral assemblage and therefore mineralogy.  

The organic carbon content of the sediments was determined using CNS analyser (NCS 

2500). The reproducibility values of organic carbon are better than ±1%. The CaCO3 content 

was measured using a coulometer. Reproducibility of the measurements was found to be better 

than ±5%. Planktonic foraminifer ‘Globigerinoides ruber’ was picked up from the sediments and 

δ18O analyses of the foraminifer were carried out using GV Isoprime Mass Spectrometer facility 

at the National Institute of Oceanography (NIO), Goa. The analytical standard deviation based 

on replicates of laboratory standards was better than ±0.07‰. Accelerator Mass Spectrometer 

(AMS) ages were measured on the same foraminifer picked up from five sediment intervals, 

using NOSAMS facility at Woods Hole, USA. The radiocarbon ages were calibrated to calendar 

ages using calib 5.0.2 (Stuiver et al., 2005) and CalPal online software (http://www.calpal-

online.de) and calendar ages are discussed through out the study (Table 1). Major elements 

such as Fe, Mn, Al and several others (not discussed here) were analyzed for the sediment 

samples of different intervals by ICP-AES at NIO, Goa. Trace element concentrations were 

determined on different samples using ICP-MS at the National Geophysical Research Institute, 

Hyderabad, following the method described by Govindaraju (1994). The Al-normalized 

enrichment factors (ANEFs) of trace elements with respect to the composition of PAAS (Taylor 

and McLannan, 1985) are calculated (see Table 2). 



 

 

4.  Results 

4.1. Chronology and sedimentation rates 

The core represents a period for the last 27.1 kaBP. The sediments at the core top are 

not dated as the top few centimeters of sediments in the gravity core are slided. It is unknown 

the core top represents 0 kyrs. The age of the sediments between 18 and 22 cm is 1.2 kaBP. 

The depth vs. age plot of the sediments, shown in Fig. 2, indicates that the rates of 

sedimentation vary between 8 cm/kyr and 29 cm/kyr. The age model seems to suggest higher 

rates of sedimentation for the sediments older than 11.5 kaBP and lower rates for those 

younger than 11.5 kaBP.  

4.2. Variations in δ18O, χlf , Fe, organic carbon and CaCO3 (Fig. 3) 

The δ18O record of ‘G. ruber’ indicates that the heavier δ18O values, characteristic of the 

late glacial sediments are continued until 16 kaBP. The δ18O excursion to lighter values is a two 

step event, between 16 kaBP and 13 kaBP and between ∼11.8 kaBP and until late Holocene, 

interrupted by heavier δ18O values between 13 kaBP and 11.8 kaBP that correspond to Younger 

Dryas (YD; see Fig. 3). The glacial and interglacial amplitude in Δδ18O values is ∼2.1‰. The χlf  

values range from 10 SI units to 50 SI units  for the last 17 ka sediments, decrease dramatically 

to low values (up to 8 SI units) for the sediments between 17 kaBP and 18 kaBP and continued 

to be low until 27 kaBP. The total iron content varies from 2.8 to 5.4%. Down core distribution of 

total Fe is parallel to that of χlf for the last 17 ka sediments but differs distinctly with χlf below 18 

ka (Fig. 3). The distribution of Mn is similar to that of Fe. Organic carbon (OC) is in general 

roughly reverse to that of χlf for the last 17 ka sediments. The OC is ∼4.5% close to the core top, 

decreases down core gradually to a minimum of ∼1.1% between 11.5 kaBP and 9 kaBP and 

then increases gradually to 2.8% towards the late glacial sediments. It is ∼2.5% between 18 and 

27 kaBP. The down core distribution of CaCO3 mimics that of OC (Fig. 3).  

4.3. Rock magnetic properties (Fig. 4)  

For convenience of description of magnetic parameters the core is divided into section A 

(0 - 290 cm) and section B (290 - 445 cm). Section A is further subdivided into five intervals, as 

shown in Fig. 4. S-ratios (0.9 - 0.98) do not show much variations within section A. The χlf, χARM 

and SIRM values in intervals 1, 3 and 5 are higher and are accompanied by high χARM/χlf and 



 

 

χARM/SIRM ratios. In the interval 5, the increase in χARM/χlf  and χARM/SIRM ratios is marked with 

the decrease in OC values. In the interval 3 the χlf values are peaked at 9.8 and 8.6 kaBP and 

then decrease gradually upward with a proportional increase in χARM/χlf, χARM/SIRM ratios and 

OC. SIRM/χlf fluctuates between 6 and 14 kA/m. The sediments in interval 2 exhibit a distinct 

trough of low magnetic concentration (χlf, χARM, SIRM) and grain size (χARM/χlf, χARM/SIRM and 

SIRM/χlf) parameters and high OC. In the interval 4 OC values are the least. The χlf and SIRM 

values continued to be high, but χARM and ARM numerator based ratios (χARM/χlf, χARM/SIRM) 

show a minor trough of low values in this interval (see arrows in Fig. 4). In contrast to section A, 

all rock magnetic parameters (concentration, grain size and mineralogy) decrease sharply to low 

values in section B. The OC values are relatively high in this section. S-ratios increase 

marginally near to the end of section B (Fig. 4).   

4.4. Coarse fraction constituents 

The >125 µm fraction of the sediments is dominated by planktonic foraminifers through 

out the core. Keels (dissoluted fragments of planktonic foraminifers) constitute up to 40% in the 

upper 46 cm of the core. Pyrite occurs as traces to <5% in the sediments of section A, but 

becomes an important constituent (24 to 35%) in section B. Pyritized grains occur largely as 

elongated  tubules (Fig. 5), platy particles and molds of echinoid spines.     

4.5. Trace elements (Fig. 6)  

The concentrations of Mn and V are lower and U and Mo higher than that of shale 

through out the core. The concentrations of Cu, Ni and Zn however fluctuate slightly above and 

below that of shale. The Al-normalized profiles of Cu, Ni,  Zn, Mo and U exhibit relatively low 

values of the metals in section B and  gradually enhanced values towards the core top in 

section A (Fig. 6). Within section A, distinct increase in the concentrations of trace metals 

coincides with high OC and low rates of sedimentation in interval 2 and, low OC and high rates 

of sedimentation in interval 4. The Al-normalized enrichment factors (ANEFs) of Mn and V are 

marginally high in section B than in section A. The ANEFs of Cu, Ni, Zn, U and Mo are low in 

section B but increase gradually towards the core top in section A (Table 2).  



 

 

5. Discussion 

5.1 Sediments of section A 

 5.1.1 Monsoonal and climatic events from δ18O and rock-magnetic records  

 The glacial-interglacial Δδ18O amplitude of ∼2.1‰ is larger than that of the combined 

global ice volume effect (1.2‰) and regional deglacial warming (0.5‰) (Rostek et al., 1997; 

Sonzogni et al., 1998). The Δδ18O of ~2‰ was reported by Thamban et al. (2001) and Prabhu et 

al. (2004) on the eastern Arabian Sea and interpreted that the δ18O values are influenced by 

changes in local hydrography such as precipitation caused by the summer monsoon. Sirocko et 

al. (1996) described four major δ18O events, started at ∼16 kaBP, 14.5 kaBP, 11.6 kaBP and 9.7 

kaBP over the North Atlantic, Greenland and western Arabian Sea cores and suggested a close 

connection between high latitude climate and tropical monsoons. Of these, the 16 kaBP and 

11.6 kaBP events (the δ18O excursion to low values) are distinct in our record (Fig. 3). The event 

at 14.5 kaBP is considered as the first abrupt deglacial warming event over the North Atlantic 

and Greenland. In the western Arabian Sea this event was not visible in the δ18O record, but 

was reflected in Ba and dust flux records (Sirocko et al., 1996). In Fig. 3, this event is merged 

with a broad peak of low δ18O values. The χlf record, however, exhibits distinct high values at 

∼14.5 kaBP. Upwelling indicator for monsoon intensity in the western Arabian Sea showed SW 

monsoon of maximum intensity at ∼9.7 kaBP during the Holocene (Sirocko et al., 1996) and 

between 9 kaBP and 8.5 kaBP in the eastern Arabian Sea (Thamban et al., 2001, 2007). The 

event at 9.7 kaBP is not well pronounced in δ18O record but distinct peaks at ∼9.8 kaBP and 8.6 

kaBP are present in χlf record (see Fig. 3). Since χlf reflects the concentration of magnetic 

material largely associated with terrigenous supply, it can be used as proxy indicator of 

southwest monsoon strength. Therefore, the events related to summer monsoon and climate 

change in our δ18O and magnetic records (eastern Arabian Sea) are synchronous with that of 

western Arabian Sea and North Atlantic. Gupta et al. (2003) also showed the links between 

monsoonal variability in the western Arabian Sea and abrupt changes in the North Atlantic 

climate during the Holocene.   

      The Younger Dryas (YD) cold event in our records is associated with heavier δ18O values, 

peak of high χlf and high values of total Fe and Mn (Fig. 3). Tang et al. (2003) also reported the 



 

 

enrichment of Fe2O3, Mn and χlf at YD for the sediments of the Western Pacific and suggested 

that during cold periods the Fe of magnetite is admixed with Mn and forms MnFe2O4.  

5.1.2 Magnetic materials in intervals 5, 3 and 1 

      High χARM/χlf, χARM/SIRM ratios and high S-ratios indicate fine-grained, low-coercivity 

minerals (magnetite or titano-magnetite) are dominant at these intervals. The SIRM/χlf ratios of 

6 and 14 kA/m support ferrimagnetic (titano-) magnetite (see Peters and Dekkers, 2003). The 

high χlf values in interval 5 are associated with high sedimentation rates. Moreover, the sharp 

increase in χlf which began at ∼18 kaBP (Fig. 3) predates the change in δ18O values at ∼16 kaBP 

which is related to the onset of summer monsoon. The high χlf values are therefore interpreted 

to be due to high sedimentation rates resulting from winnowing of sediments from the upper 

slope and, subsequent addition of monsoon-derived detrital flux.   

The gradual decrease in χlf correlates with increase in OC and carbonate (productivity 

indicators) in interval 3 could imply that the magnetic material is diluted by diamagnetic and 

biogenic material. The increase in fine-grained magnetite (increase in χARM/χlf, χARM/SIRM) is 

marked with increase in OC (Fig. 4) and decrease in terrigenous material (indicated by 

decrease in acid-insoluble residue - not shown here); this may indicates that some of the 

magnetite may have formed in situ and thus could be authigenic or biogenic origin. Ultra fine-

grained magnetites (<1 µm) are usually contributed by authigenic and biogenic magnetites, 

formed by magnetotactic bacteria (Ozdemir and Banerjee, 1982; Maher, 1988; Hounslow and 

Maher, 1999). They suggested that these magnetites are present only in minor quantities and 

do not make a major contribution to the bulk magnetic properties of the sediments. However, 

they contribute preferentially to ARM because of their sub-micron size.  

5.1.3. Early diagenesis in intervals 4 and 2 

      High S-ratios at these intervals indicate ferrimagnetic material is the dominant component. 

The decrease in χARM and, χARM/χlf and χARM/SIRM (Fig. 4) indicates that the fine-grained 

ferrimagnetic components are selectively dissolved during early diagenesis at both the intervals 

(see Karlin et al., 1990). The sediments at interval 2 also exhibit a trough of low values in SIRM 

and SIRM/χlf . SIRM is not affected by diamagnetic and paramagnetic minerals but decreases in 

value with an increase in the concentration of coarse magnetic grains. Therefore, the trough of 

low values in magnetic concentration and grain size parameters in interval 2 (Fig. 4) indicates 



 

 

dissolution of both bacterial and lithogenic fine-grained magnetites during early diagenesis, 

leaving a residue of coarse-grained lithogenic magnetites. Abundant keels in interval 2 support 

dissolution of carbonates in sub-oxic conditions. The post-depositional evolution (degree of 

diagenetic changes) of sediments in interval 2 is greater than in interval 4; this could be due to 

the fact that the former are associated with high OC and low sedimentation rates and the latter 

with low OC and high sedimentation rates.  

5.2 Sediments of section B: Abrupt magnetic changes  

       A sharp decrease in all magnetic parameters in section B indicates that the magnetic 

mineral assemblages in the sediments were affected greatly by reductive diagenesis. The 24 to 

35% of pyritized grains support the arguments that reductive diagenesis strongly affected the 

magnetic components in such a way that all detrital PSD magnetite dissolved and transformed 

to pyrite. The depth at which reductive diagenesis begins in the sediments depends on the 

availability of oxidants, sediment accumulation rates and organic matter. Reductive diagenesis 

was reported in different environments, i.e., the continental margins with high rates of 

sedimentation and organic productivity (Bloemendal et al., 1992; Robinson, 1990; Kumar et al., 

2005), partially restricted sedimentary basins such as Sea of Japan (Vigliotti, 1997), anoxic 

sediments from the California continental borderland (Leslie et al., 1990) and abyssal plains with 

organic-rich turbidite sediments (Sahota et al., 1995). Similarly, reductive diagenesis occurs at 

different depths in sediment cores from the World Ocean. For example, it was reported at 0.5 m 

and 0.8 m in two cores from the continental shelf of Korea (Liu et al., 2004), 1.2 to 1.6 m in a 

core from Japan Sea (Hayashida et al., 2007), 2.35 m from the Yellow Sea (Liu et al., 2005), 7 

m in a core from the Northwestern Arabian Sea (Bloemendal et al., 1992), 9.8 m in a core from 

the Bay of Bengal (Haiyan et al., 2006) and >20 m in a core from the Mascarene plateau 

(Robinson, 1990). In the core investigated here reductive diagenesis occurs at >2.9 m in the 

sediments (Fig. 4) which deposited at 16 mm/kyr (Fig. 2). Early diagenesis of varied intensity 

also occurs in this core at 0.2 -0.42 m and 1.0-1.8 m sediments deposited at 8 cm/kyr and 29 

cm/kyr, respectively (Fig. 4). Therefore, sedimentation rate alone is not a determinant factor for 

the post-depositional diagenetic changes.  

The OC content is relatively high in section B. High OC in the late glacial sediments of 

the eastern Arabian Sea was interpreted to be due to enhanced productivity caused by the 

stronger winter (NE) monsoon winds and associated convective mixing and mixed layer 

deepening (Rostek et al., 1993; Singh et al., 2006; Kessarkar and Rao, 2007) or, preservation 



 

 

under reducing conditions (Agnihotri et al., 2003). Pyritized tubules (Fig. 5), however, indicate 

burrowing activity and prevalence of bioturbated, oxic conditions in these sediments. As high 

organic flux to the sea floor influences the oxygen content of the bottom water, it appears that 

the development of sub-oxic to anoxic or reductive diagenetic conditions in the eastern Arabian 

Sea is largely influenced seasonal influx of organic matter induced by productivity and 

sedimentation rates.   

5.3. Sedimentary environment through redox-sensitive trace elements  

5.3.1. Sediments of Section B: The Al-normalized enrichment factors (ANEFs) of U, Mo, Cu, Ni 

and Zn in section B vary only between 1.25 and 2.99 and are significantly lower than in section 

A (Table 2; Fig. 6).  A value of ANEF ≤ 2 can be considered to be of natural origin and a value 

>2 is suggestive of enrichment either diagenetic changes or anthropogenic involvement. The 

low enrichments of metals are in contrast with the results obtained by rock magnetic properties 

and pyrite content (24-35%) in the coarse fraction, which suggest strong reductive diagenesis in 

the sediments. The low enrichments of the metals are interpreted to be due to either or a 

combination of two factors: either fully anoxic bottom water conditions have not been 

established during the late glaciation, or, after developing sedimentary reducing conditions 

oxidants were replenished from the overlying water column that resulted in remobilization of 

some of the redox-sensitive trace metals to the water column (see Zheng et al., 2002; McManus 

et al., 2005). Oxygenated bottom water conditions were reported during the LGM in the eastern 

Arabian Sea (Kessarkar et al., 2002; Banakar et al., 2005). The late glacial sediments of the 

core are organic-rich, deposited at 16 mm/kyr and show evidence of bioturbation. Since winter 

monsoon is stronger during the LGM, productivity and in turn organic matter flux to the seafloor 

is seasonal. As a consequence sedimentary redox conditions fluctuate periodically and trace 

elements get accumulated during reducing conditions. Bioturbation allows penetration of 

oxidants into the sediments and as a result some of the redox-sensitive trace elements will 

remobilize into water column. McKay et al. (2007) showed that low sedimentation rates and 

bioturbation / bioirregation allow a small flux of oxidants from the overlying water column and 

remobilization of some redox-sensitive elements to the water column. Dean et al. (1997) and 

Zheng et al. (2002) showed that glacial-interglacial changes in productivity and bioturbation can 

cause abrupt changes in redox-sensitive elements. We therefore suggest that low 

concentrations of trace elements were due to their remobilization upon subsequent oxidation 

during bioturbation. 



 

 

 

5.3.2. Sediments of section A: The core was recovered from oxygenated waters below OMZ. 

The Al-normalized trace elements (Mo, U, Cu, Ni and Zn) and their enrichment factors (Table 2), 

however, increase gradually towards the core top in section A. The increasing trend of these 

elements is marked with decreasing OC in intervals 4 and 5 and increasing OC in intervals 1-3 

(Fig. 6) suggesting that OC alone is not the sole factor for their distribution. Distinct high values 

of trace elements in intervals 2 and 4 (Fig. 6) indicate development of diagenetic fronts.  In 

interval 2 high values of trace elements correspond with high OC, low sedimentation rates and 

intense reducing conditions (indicated by magnetic parameters), whereas in interval 4 with low 

OC, high sedimentation rates and sub-oxic diagenetic conditions. Therefore, the authigenic 

enrichment of redox-sensitive trace elements and/or development of post-depositional 

diagenetic changes in the sediments are governed by the delicate balance between periodic 

organic supply and sedimentation rates.  

6.  Conclusions 

The sediments of the top 290 cm of the gravity core correspond to the last 18 ka. The δ18O and 

χlf records exhibit major events related to the start and intensity of the summer monsoon and 

climate change. Fine-grained magnetite is the dominant mineral. However, the early diagenetic 

changes at 20-42 cm and 102 - 180 cm of the core were resulted in the loss of fine-grained 

magnetites and enrichment of trace metals. The sediments between 290 and 445 cm 

correspond to 18-27 kaBP and exhibit strong reductive diagenesis indicated by rock magnetic 

properties and weak sub-oxic conditions revealed by the low concentrations of redox-sensitive 

trace elements. The contrasting magnetic and geochemical signatures in this portion of the core 

are attributed to the influence of seasonal organic flux, moderate sedimentation rates and 

intermittent bioturbation. Apparently after development of reducing conditions oxidants were 

introduced into the sediments by bioturbation which resulted in remobilization of trace elements 

to the water column and modified the geochemical signature of the sedimentary environment.  
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Figure captions 
 
Fig. 1. Location of the gravity core on the western margin of India. 

 

Fig. 2. A plot showing the Depth vs. Age of the sediments in the core. Sedimentation rates for 
different intervals are also shown.   

 

Fig. 3. Down-core variations of δ18O, χlf, total Fe (Fe%), Mn, organic carbon (OC), CaCO3  and 
linear sedimentation rates (LSR). Horizontal lines are events related to the start and 
intensity of summer monsoon and climate change and, younger dryas (YD).   

 

Fig. 4. Down-core variations of OC and, rock magnetic concentration, grain size and mineralogy 
parameters. No’s. 1, 2, 3, 4 and 5 are intervals in section A. The actual depth at which 
the intervals occur in the core and their calibrated ages (in brackets) are also shown.   

 

Fig. 5. Photomicrograph of pyritized tubules in the sediments of section B in the core.  

 

Fig. 6. Down-core variations of Al-normalized ratios of OC, Mn, V, Mo, U, Cu, Ni and Zn.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



Table 1. Accelerator Mass Spectrometer (AMS) ages of sediment intervals dated in the  
               core AAS-62/2 
 

Depth interval in 
the  core (cm) 

Lab 
code at 
WHOI 

Radiocarbon 
Age (years) 

Error 
(± years) 
2SD 

Calibrated  
Age 
(Years ) 

18-22 

56-58 

120-125 

275-280 

440-445 

50069 

50070 

50071 

50072 

54962 
 

1800 

5580 

10550 

14700 

22600 
  

100 

55 

60 

70 

120 

1205 

5798 

11542 

16894 

27093 

WHOI‐ Woods Hole Oceanographic Institution, USA  



Table 2: Al-normalized enrichment factors (ANEFs) of trace elements (average) for different intervals in section A and B 
for the core AAS-62/2 (see Fig. 6 for intervals and sections of the core) 

     
Section 

Intervals Mn V Cu Ni Zn U Mo 

Section A 
 
 
(0 - 290 
cm) 

1 0.41* 
(0.40-0.42)# 

 

0.92 
(0.78-0.99) 

2.15 
(2.00-2.35) 

3.17 
(3.10-3.23) 

2.54 
(2.42-2.94) 

5.00 
(4.57-5.43) 

7.00 
(6.92-7.07) 

2 0.44 
(0.42-0.47) 

 

0.99 
(0.92-1.04) 

2.06 
(2.00-2.19) 

3.22 
(3.13-3.30) 

2.67 
(2.27-3.30) 

5.86 
(5.74-5.97) 

10.99 
(7.86-14.12)

3 0.50 
(0.47-0.53) 

1.51 
(1.08-1.21) 

1.71 
(1.30-2.00) 

2.79 
(2.55-3.20) 

2.19 
(1.76-3.11) 

5.85 
(5.24-6.40) 

7.20 
(6.27-7.87) 

 
4 0.61 

(0.55-0.66) 
1.22 

(1.04-1.31) 
1.31 

(1.24-1.50) 
2.35 

(2.32-2.46) 
1.57 

(1.47-1.78) 
3.41 

(3.08-3.63) 
7.48 

(4.99-10.61)
 

5 0.51 
(0.48-0.54) 

1.12 
(1.05-1.17) 

1.18 
(1.09-1.35) 

2.29 
(2.19-2.45) 

1.43 
(1.29-1.58) 

2.00 
(--) 

2.05 
(--) 

 
 

Section B 
(290 - 
445 cm) 

 0.56 
(0.51-0.69) 

1.16 
(1.12-1.18) 

1.25 
(1.15-1.50) 

2.27 
(2.12-2.36) 

1.56 
(1.38-1.85) 

2.07 
(1.79-2.27) 

2.99 
(2.53-3.98) 

 

ANEF= (Element/Al)sediment sample / (element/Al)PAAS ; PAAS – Values reported by Taylor and McLennan (1985). 

*Average value; # range of value  


