
 

 

 

 

 

 

 

CHAPTER 6 

 

 

Sub-orbital environmental change in Western India over the 

last 70 kyr determined from an Indian margin sediment core 

 

 
Abstract 

Using a reconstruction of the Arabian Sea monsoon intensity over the last 70 
kyr, environmental change in western India has been determined from a marine 
sediment core from the continental slope. Geochemical comparisons with 
additional marine cores from the Eastern and the Northern Arabian Sea allow 
the isolation of the Indus river signature and indicate that Indus discharge is not 
significantly influencing the sediments of the western Indian margin at 1230 m 
depth. The extreme climate of western India, with concentrated seasonal rainfall 
associated with the summer monsoon, produces a unique sedimentary signal that 
is enriched in Fe and Ti and depleted in Si and Ba. Therefore the Fe/Al ratio is a 
robust proxy of both precipitation over western India and geochemical alteration 
of the soils in this area. Millennial- scale variation in precipitation is identified 
where increased rainfall occurs during Dansgaard-Oeschger interstadials and 
decreased rainfall coincides with Heinrich events, periods of minimal monsoon 
intensity. Ba/Al values are below the average crustal value at this site reflecting 
the Ba-depletion of the source sediments and not necessarily the absence of 
biogenic Ba. 
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Background 

The biogeochemistry of the Western Arabian Sea reflects the dominance of 

the Arabian Sea Summer Monsoon (ASSM). The intense ASSM winds, induced by 

the temperature gradient between the differential warming of the Asian continent and 

the Indian Ocean, leave an imprint in the Arabian Sea sediments which reflects 

changes in seasonal sedimentation and primary production. Extensive geochemical 

studies reconstructing ASSM variability from sediments of the Western (Prell et al., 

1986; Shimmield et al., 1991; Shimmield et al., 1990; Sirocko et al., 2000; Sirocko et 

al., 1996; Sirocko et al., 1991; Sirocko et al., 1989; Weedon et al., 1991) and Northern 

(Leuschner et al., 2000; Reichart et al., 1997; Reichart et al., 2002; Schnetger et al., 

2000; Schulz et al., 1998; Sirocko et al., 2000; Sirocko et al., 1991) Arabian Sea have 

developed and calibrated summer monsoon proxies of wind strength, upwelling and 

biological productivity for this region.  Cores recovered from intermediate water 

depths in the North and Western basin, or on topographic highs, show that the ASSM 

eolian (wind driven) signal of continental dust from the Arabian Peninsula and 

Somalia can be readily identified. Despite the large-scale deposition in the deep basin 

from the Indus River, the eolian transport of the ASSM can be used to determine past 

variations in wind strength and continental aridity (Clemens, 1998; Clemens et al., 

1990; Shimmield et al., 1991; Shimmield et al., 1990; Sirocko et al., 2000; Sirocko et 

al., 1991; Sirocko et al., 1989).  

The Indian margin is under-represented in geochemical reconstructions of the 

ASSM, even though the climate of western India is also dominated by the seasonal 

reversal of winds and rainfall patterns. During the summer monsoon season, the 

southwest coast of India receives over 80 % of its annual rainfall. This concentrated 

seasonal rainfall causes the extensive chemical weathering of sediments and exposed 

rock and produces laterite deposits and kaolinitic soils that can be traced in marine 

sediments (Nair et al., 1982; Rao et al., 1995; Sirocko et al., 2000; Sirocko et al., 

1991; Thamban et al., 2002). Mineralogical studies of the Indian shelf and slope 

region have identified distinct provenances from north to south, delineated by specific 

mineralogies (Nair et al., 1982; Rao et al., 1995).  Downcore measurements of clay 

minerals from the Indian margin have identified glacial/ interglacial variations in 

monsoon intensity and transport of these highly leached soils to the continental shelf, 

allowing a history of monsoon induced chemical weathering to be determined 

(Sirocko et al., 2000; Sirocko et al., 1991; Thamban et al., 2002). 
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The winter monsoon winds originate in the Himalayas in December with the 

cooling of the interior Asian Continent. These surface northeasterly winds cross the 

semi-arid inter region of Pakistan and Northwestern India towards the Arabian Sea. 

Today, the winter monsoon averages 2-3 m/s and is a minor contributor of sediment 

to the Arabian Sea (Sirocko et al., 1991).  

 
Figure 1: A map of the clay minerals deposited on the Indian continental shelf. From 
Rao and Rao (1995). The red circle identifies the location of core 131. 
 

The Indian Margin  

The continental shelf near Goa is 94 m wide beneath 120 m of water. In this 

area the continental shelf is covered with carbonate poor terrigenous muds grading to 

relict coarse carbonates on the outer shelf and shelf break (Calvert et al., 1995).The 
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continental slope is covered by brown silty clays, which are a mixture of dominant 

terrigenous and biogenic components (Nair et al., 1982).  

The mineralogy of the shelf and slope sediments changes with latitude and 

reflects the balance between input from the Indus River in the north, the Narmada and 

Tapti rivers in the central area and local runoff from small mountain rivers in the 

south (Figure 1) (Nair et al., 1982; Rao et al., 1995). The Indus River is the largest 

source of sediments to the Arabian Sea originating in the Himalayas and flowing 

through the semi-arid and arid soils of the Thar desert in western Pakistan and 

northwestern India (Rao et al., 1995).  The transport of sediment from the Indus River 

to the northeastern Arabian Sea has resulted in the Indus Fan, the second largest deep-

sea fan in the world, whose deposits cover approximately 1.2 million km2 (Prins et al., 

2000). As bathymetric high points, the Owen and Carlsberg Ridges contain the Indus 

Fan in the eastern basin. Sediments are transported to the deep Indus Fan via turbidity 

flows through canyons on the continental slope (Prins et al., 2000). Changes in sea 

level have affected both the amount of sediment transported to the Indus Fan and the 

location of deposition (Prins et al., 2000). The Indus discharge and therefore 

sediments of the northern continental shelf, are high in the minerals illite (K-

aluminosilicate) and chlorite (Mg, Fe aluminosilicate) reflecting the physical 

weathering of Himalayan Precambrian metamorphic rock (Nair et al., 1982; Rao et 

al., 1995; Sirocko et al., 2000). The presence of chlorite, which is uncommon in 

tropical soils, has been attributed to the cold high-altitude source of the Indus River 

(Nair et al., 1982).  

In the central region, the Western Ghat Mountains span from Mumbai to 

Cochin along the western coast of India. The composition of the mountains changes 

from basaltic between Mumbai and Goa reflecting the Deccan Trap Basalts to 

gneissic between Goa and Cochin (Figure 1). In addition to the Narmada and Tapti 

rivers draining into the Gulf of Cambay, sixteen small rivers drain the Western Ghats 

depositing sediments on to the continental shelf during the summer monsoon season. 

The climate of the West Coast of India is dominated by the intense seasonal contrast 

between the summer monsoon season (June-September) when rainfall can exceed 250 

cm and the dry winter monsoon season (January-March) when no precipitation 

occurs. Consequently, runoff from both the local mountain rivers and the Indus River 

has a seasonal cycle of sedimentary deposition along the continental shelf and slope.  
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This seasonal contrast in rainfall causes rapid and large changes in soil 

moisture and facilitates the formation of lateritic deposits, precipitates that are 

enriched in Fe, Al and Ti and depleted in Si (McFarlane, 1976; Nair et al., 1979; 

Sahasrabudhe et al., 1979). Laterites are common on the entire west coast of India, 

although the magnitude of Fe and Ti enrichments in basaltic areas north of Goa is 

higher (Sahasrabudhe et al., 1979) than in gneissic areas south of Goa (Nair et al., 

1979) (Figure 2). The laterites of the central west coast are extremely Fe-rich, having 

Fe concentrations that average 70 times higher (Sahasrabudhe et al., 1979) then the 

concentration in average shales (Turekian et al., 1961; Wedepohl, 1971). On the 

central Indian margin, Ti enrichments are highest in slightly elevated areas (11-16 m) 

reaching 2.4 and on average are 1.5 times higher than the concentration in average 

shales (Sahasrabudhe et al., 1979). Silica is depleted to approximately 0.3 of the 

average shale value (Sahasrabudhe et al., 1979). In the southern province of Kerala, 

where the bed rock is predominantly gneissic, Fe enrichments only reach 3.7, Ti 

enrichments vary between 0.6 and 3.6 and Si is extremely depleted in comparison 

with average shale values (Nair et al., 1979). Barium is also found to be depleted, 

down to as little as 1.5 % of crustal barium values in the southern laterites (there is no 

data from the central region) and Zr is possibly slightly enriched (Nair et al., 1979) 

(Figure 2). If the sediments of the nearby continental shelf and slope are fed by runoff 

through these local laterites, the elemental concentrations in the marine sediments will 

reflect the lateritic enrichment of Fe and Ti and the depletion of Si and possibly Ba.  

Mineralogical studies have identified montmorillonite/smectite clays, which 

are rich in Fe and Mg and a dominant weathering product of basalts, as common on 

the central Indian shelf (Nair et al., 1982). Kaolinite (Al2Si2O5(OH)4) is the product of 

extreme chemical weathering that occurs in tropical regions where intense seasonal 

rainfall is followed by dry periods. The mineral composition of the continental shelf 

progresses from montmorillonite-rich near Goa to kaolinite-rich in the south (Nair et 

al., 1982; Rao et al., 1995; Sirocko et al., 2000). Detrital quartz is formed by the 

weathering of non-alkaline rocks such as granite. Therefore, riverine runoff from the 

alkaline Deccan Trap Basalts is expected to carry low concentrations of quartz 

(Sirocko et al., 1991). 
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Figure 2. Composition of western Indian laterites. A. The enrichments over crustal 
values of Si, Ba, Ti, Fe, Zr and Mn found in laterites from the southwestern coast of 
India. The sites a-f are located south of core 131 and are described by Nair et al.,1979. 
The dashed line indicates no enrichment. B. The enrichments over crustal values of Fe 
(right axis), Ti and Si (left axis) from laterites on central west coast of India. Site 1-22 
are located nearby the location of core 131 and are described by Sahasrabudhe et al., 
1979. The dashed line relates to the right axis and indicates no enrichment.  
 

Core MD76-131 (hereafter 131), was collected in 1976 by the Marion 

Dufresne from a location on the Indian continental slope near Goa (15°31.8’N; 

72°34.1’E) that corresponds to the boundary between gneissic and basaltic terrain 

inland. At a water depth of 1230 m this site is near the base of the modern oxygen 

minimum zone and the aragonite lysocline (Reichart et al., 2002; Singh, 2002).  
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Comparative Sites 

In order to relate the elemental composition of the core 131 sediments to 

potential sediment source areas, compositional information of additional sediments 

cores from marginal areas of the Arabian Sea is used for comparison. Atmospheric 

dust from the Red Sea and the Thar desert are included in the comparisons. 

Productivity and denitrification records from Somali margin core 905 are used as a 

reconstruction of the intensity of the summer monsoon (see Chapter 4). The lithogenic 

records of core 905 are dominated by wind blown dust from the Arabian Peninsula 

and Somalia (see Chapter 4, 6). 

Core 74 KL, which was collected from the East Sheba Ridge near the Oman 

margin, is used as a further indication of eolian transport from the Arabian Peninsula. 

This core was recovered from 3212 m water depth, approximately 1000 m above the 

Indus Fan (Sirocko et al., 2000). Geochemical data for core 74 KL was provided by F. 

Sirocko who has made the data available from the Paleoclimate Data Center 

(http://www.ncdc.noaa.gov). 

Core 111KL was recovered from a water depth of 775 m on the continental 

slope of the Northeastern Basin  (23°06’N, 66°29’E), just north of the Indus canyon 

(Schulz et al., 1998; von Rad et al., 1999). This site is dominated by the Indus River 

discharge.  S.E. Calvert and R.S. Ganeshram supplied the data from core 111KL. In 

this contribution, “Core 111KL” and “Indus River discharge” are applied 

synonymously. 

Box cores were collected from the continental shelf of India by the R.V 

Meteor in 1965 and by the R.V Gaveshani in 1988 (Calvert et al., 1995). Previously 

unpublished geochemical measurements made on these samples were provided by 

S.E. Calvert and R.S. Ganeshram .  

A study by Tomadin et al (1989) provided aerosol data that was collected 

during a Red Sea cruise in March 1979. The winds during this cruise were 

predominantly Northwesterly and reached speeds over 20 knots (10.3 m/s) (Tomadin 

et al., 1989). This data is used to determine the geochemistry of the particles carried 

by the Northwesterly winds.  

Dust from the Thar Desert region of India was geochemically analysed by 

Yadav and Rajamani (2004). Data from Yadav and Rajamani (2004) is used in this 

study to evaluate changes in the eolian transport to the Indian margin sediments 

associated with the winter monsoon.   



Chapter 6. Environmental change in India…. 

 122

 

So
m

al
ia

Om
an

India

Goa

Indus 
River

Persian Gulf

905

74KL

111KL

131

SW Monsoon winds

Red Sea Thar desert

 
Figure 3. A map of the Arabian Sea. Red stars indicate the comparative sites used in 
this study. The dashed arrow indicates the direction of the summer monsoon winds. 
Precipitation during the summer monsoon is colour coded with red and yellow 
indicating the highest rainfall. Data is from the Lamont Doherty data centre “Ingrid” 
(http://iri.ldeo.columbia.edu).  
 
River Runoff and the ASSM 

The ASSM feeds the major river systems influencing the Indian margin: the 

Indus, the Narmada, the Tapti and the smaller rivers that drain the Western Ghats. 

Therefore, it is expected that the fluvially transported sediment in this region is 

largely controlled by changes in the intensity of ASSM and derived from Northern 

India and the Himalayas (Indus discharge) or locally from the Western Ghats. 

Reconstruction of the intensity of the ASSM was generated from a Somali margin 

sediment core using proxies of productivity changes, Ba/Al and % organic carbon, as 

well as changes in water column denitrification, δ15N (see Chapter 4). The intensity of 

the ASSM is shown to have varied on a millennial-scale and in apparent synchrony 

with Dansgaard-Oeschger (D-O) temperature variations in the Northern Hemisphere 

as determined by the δ18O record of the Greenland Ice Sheet Project (GIPS2) (see 

Chapter 4). Increased monsoon intensity occurs during warm, D-O interstadial 

periods and Marine Isotope Stage 3 (MIS 3) from 30-58 kyr is characterized by a 
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general increase in monsoon intensity (Figure 4). Decreased monsoon intensity occurs 

during cold, D-O stadial periods as well as during Heinrich Events (HE), periods that 

coincide with episodes of iceberg rafting in the North Atlantic Ocean. Generally, the 

last glacial period, known as Marine Isotope Stage 2 (MIS 2) was a time of decreased 

monsoon activity. 
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Figure 4. Changes in the intensity of the Arabian Sea Monsoon over the last 70 kyrs. 
A. The record of northern polar temperature determined by the δ18O record of the 
Greenland ice core GISP2. B. The core 905 record of denitrification. larger δ15N 
values indicate increased denitrification. C. A productivity proxy from core 905. 
Ba/Al accumulates with increased flux of organic matter. D. The similarity between 
the core 131 δ15N record and the 905 record above indicates that denitrification is a 
basin-wide signal. E. The Fe/Al record of core 131 is a proxy of monsoon rainfall and 
increased terrestrial input of Fe-enriched lateritic sediment. The timing and duration 
of Heinrich Events (HE1-6) is indicated by the shaded bands. 
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Interpreting Eolian Signals in Marine Sediments 

Marine sediments can provide records of wind and dust, both important 

elements in understanding past climates. Changes in the flux of sediment to a site, 

changes in the sediment grain size and changes in the composition of sediments have 

all been used to reconstruct the environment of the dust source area. Two main 

assumptions, which are best applied to open ocean sites at some distance from the 

source area, are made in order to interpret the eolian signal in marine sediments. First, 

if the dust source has not varied, changes in the flux of dust to a site reflect changes in 

the aridity of the source area (Rea, 1994). Arid regions, where rainfall is between 100-

200 mm/y are the largest producers of atmospheric dust (Pye, 1989). Soil moisture is 

a significant adhesive that binds particles together and limits soil deflation (Cornelis 

et al., 2003) therefore, a decrease in soil moisture will result in an increase in 

deflation.  

Second, changes in grain size reflect changes in wind speed. Larger size grains 

can be transported by stronger winds; therefore, an increase in grain size at a 

particular site suggests an increase in wind speed (Rea, 1994). Sediment records from 

coastal sites are complicated by possible changes in bottom water currents, 

winnowing, sea level changes and multiple source areas. Interpreting changes in grain 

size from a coastal site is difficult and additional proxies of environmental change are 

required to compliment and confirm the interpretation of the eolian signal in coastal 

regions.  

In paleoceanographic studies, developing records of dust flux (or mass 

accumulation rates) requires very good age control. The number of age control points 

will invariably influence the records creating stepwise transitions at each applied date. 

As well, dilution by other sedimentary constituents can obscure the eolian signal.  

Therefore geochemical proxies have been developed that provide compositional and 

grain size information using elemental ratios.  

The concentration of Al is similar in both igneous and metamorphic rocks and 

Al is relatively immobile during weathering processes (Calvert et al., 2001b). 

Consequently, Al is commonly used as conservative tracer of terrigenous detrital 

material in composition studies of marine sediments (Calvert et al., 2001b). 

Normalising the elemental concentrations to Al allows dilution-free changes with 

respect to Al to be determined. Changes in the Element/Al ratio may reflect changes 
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in the sediment grain size, sediment composition or source area and can help further 

our understanding of environmental changes.  

 

Results and Discussion 

The Mineralogy of the central Indian Continental Slope 

 Qualitative measurements of the mineralogy of the Indian margin core 131 

indicate that the carbonaceous components calcite and aragonite are the dominant 

constituents and that high Mg-carbonate and dolomite, CaMg(CO3)2, are also present. 

In addition to carbonates, quartz, Na-feldspar and kaolinite are identifiable in the core 

131 sediments.  Large variability in the aragonite record, resulting in discrete 

aragonite peaks, appears to dilute the more minor mineralogical components (Figure 

5). Aragonite-rich deposits on the Indian margin have been attributed to variable 

pteropods preservation resulting from changes in the aragonite lysocline (Reichart et 

al., 2002; Singh, 2002) Therefore, assuming that the calcite component is relatively 

constant and is being diluted by changes in aragonite preservation, calcite is used to 

normalize the mineralogical records and remove the variability relating to dilution. 

The ratios of quartz/calcite, Na-feldspar/calcite and kaolinite/calcite closely resemble 

the straight percentages indicating that the downcore variability in the non-carbonate 

components of core 131 reflects mineralogical changes, not dilution. 

The presence of quartz indicates coarse-grained aluminosilicate detrital 

material and downcore changes in the quartz profile reflect variable contents of coarse 

silt and fine sand. Though XRD measurements are not quantitative, it is possible to 

discern relative changes in the mineralogical concentrations. The concentration of 

quartz decreases during periods of elevated aragonite preservation and on average is 

more abundant prior to 40 kyrs. Feldspars are ubiquitous in igneous rocks as well 

being the most abundant constituent of gneisses, therefore determining a distinct 

source provenance of the core 131 feldspar is difficult. The occurrence of Na-feldspar 

and not K-feldspar in the core 131 sediment is helpful in the interpretation of the K 

records discussed below. The presence of kaolinite indicates an influence from the 

extremely weathered soils of the southern Indian Peninsula. Kaolinite is 

proportionally more abundant in the sediments of the early interglacial period prior to 

40 kyr suggesting an increased proportional deposition of local terrigenous material at 

this time. Millennial-scale changes in kaolinite are also evident where lower 

concentrations coincide with HE 1-6. 
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Figure 5. Mineralogy of the Indian continental slope sediments: Core 131. A. The 
concentration of Aragonite. B. Calcite shows the dilution effect of changing 
Aragonite preservation. C. % Quartz and Quartz/Calcite, the ratio to calcite indicates 
that the variations seen in the %quartz record are not solely dilution effects. D. % Na-
feldspar and Na-feldspar/calcite. E. % Kaolinite and kaolinite/calcite. Kaolinite is a 
product of extreme soil weathering from seasonal rainfall. F. % High Mg-Calcite 
(HMC) and HMC/calcite. Shaded bands represent Heinrich events and Marine Isotope 
Stages 2 (glacial) and 3 (interglacial) are indicated by the arrows. G. % Dolomite and 
dolomite/calcite. Dolomite is produced in the Persian Gulf suggesting that dust from 
the northwestern Arabian Sea is reaching site 131. 
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Dolomite is precipitated from the shallow Mg-rich brines that form in the 

Persian Gulf region (see Chapter 6), which is the dominant source of dolomite to the 

Arabian Sea (Reichart et al., 1997; Sirocko et al., 2000; Sirocko et al., 1993). The 

exposure of the Persian Gulf dolomite-rich tidal flats during periods of low sea level 

increases is reflected by increased dolomite concentrations in the Arabian Sea (see 

chapter 6). In the Indian margin sediments, dolomite shows an increase during MIS 2 

relative to the Holocene and MIS 3. High Mg-calcite (HMC) also precipitates from 

highly saline brines in the marginal seas of the northwestern Arabian Sea (Milliman et 

al, 1969). Therefore the dolomite and HMC concentrations in core 131 identify the 

eolian transport of sediments from the Persian Gulf area to the Indian margin. 

 

Provenance of sediments in the Arabian Sea  

Quantitative determinations of the elemental concentrations present in core 

131 allow for a more in-depth analysis of the sediment composition and the sources 

influencing the site.  A comparison of the elemental concentrations Mg, Si, Ba, K, Rb, 

Fe, Ti and Zr with Al from cores 131, 905, 111KL (S.E Calvert unpublished) and 

74KL (Sirocko et al., 2000) places the geochemical records from site 131 in context 

and highlights environmental factors that influence the Indian margin.  

The Mg vs Al plot (Figure 6A) indicates that the western Arabian Sea cores 

905, 74 KL and Red Sea dust are elevated above the average crustal values (which are 

identified on Figure 6 by the dashed black line) and show a limited relationship to Al, 

which reflects the input of dolomite in the western basin. The Mg concentrations of 

core 111KL and the Indian continental shelf sediments are also elevated above crustal 

values, but the linear relationship of Mg to Al (Figure 6A) suggests that Mg-rich clay 

minerals such as chlorite and montmorillonite are dominating these records. The core 

131 Mg values, relative to Al, are distinctly low and some samples plot well below 

the crustal average.  As dolomite, which mainly originates from the Persian Gulf 

region, is present in the 131 sediments (See mineralogy), the low Mg to Al values in 

core 131 probably reflect the mixing between Mg-depleted lateritic sediments from 

India and dolomitic dust from the Northwest Arabian Sea. The samples with the 

lowest Mg values relative to Al correspond to the Holocene and other dolomite 

depleted intervals indicating the reduction of the dolomite dust source during these 

periods. The low Mg values in the dust from the Thar desert reflects the low clay 

concentrations in coarse grained desert sediments. The large scatter in the Indian shelf 
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sediments is attributed to spatial variability induced by elevated Mg values in sites 

proximal to the to Indus River, Mg depleted source sediments from the Indian margin, 

dolomite input from the western Arabian Sea and variations in clay contents induced 

by differential winnowing. 
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Figure 6. Comparative Geochemistry of the Arabian Sea. Red = core 131, grey = core 
905, yellow = core 74KL, blue = core 111KL (Indus), green = Indian continental shelf 
sediments, Black triangles = Red Sea dust, Black crosses = Thar desert dust. The 
dashed line represents the average crustal value. A. Mg vs. Al. B. Ba vs Al. C. Si vs. 
Al. 
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The Ba vs. Al (Figure 6B) and Si vs. Al (Figure 6C) plots indicate that Ba and 

Si concentrations in core 905 and Ba levels in 74 KL are elevated and unrelated to Al. 

This reflects the dominance of biogenic Si (opal) and biogenic Ba (Bio-Ba) in these 

records (see Chapter 8). In contrast, the linear relationship of Ba with Al, and Si with 

Al in cores 111KL and 131 indicates that lithogenic Ba and Si sources dominate these 

sedimentary records. The slight depletion of Si in the core 131 sediments and the 

enrichment in core 111KL sediments relative to the crustal abundance, reflects the 

degree to which the source materials deposited in these two sites are weathered 

(Figure 6C). In core 131, the presence of kaolinite and laterite-derived lithogenous 

material from central India is expected to produce lower Si/Al ratios than would illite 

and chlorite, which dominate the discharge of the Indus River, and therefore site 

111KL. Although both 111KL and 131 exhibit Ba-depletion relative to average shale 

values, core 131 shows more variability relative to Al than does core 111KL (Figure 

6B). The very depleted Ba values of core 131 probably reflect the lateritic sediments 

from western India (Figure 2). The slightly higher values possibly indicate the mixing 

of this lateritic source material with Bio-Ba (see Chapter 9). Barium in the 111KL 

sediments does not appear to be significantly enriched in Bio-Ba given the linear 

relationship between Ba and Al and values that are below the crustal abundance. The 

higher Si values in the Thar desert dust and on the Indian continental shelf are most 

likely related to the concentration of coarse grained sediments in the desert and shelf 

sands. 

Potassium and Rb are chemically similar and Rb commonly replaces K in 

mineral lattices. Illite, a K-rich clay, is prevalent in the northern Arabian Sea (Nair et 

al., 1982; Rao et al., 1995; Sirocko et al., 2000; Sirocko et al., 1991) and is reflected 

in the K to Al values of the 111KL sediments. The slightly increased K concentrations 

in the 74 KL record (Figure 6D) may reflect K input from salts originating in the 

Persian Gulf or may reflect an analytical difference between sediment digestions 

(111KL) and glass disc preparations (see methods-Appendix A). The K 

concentrations compared to Al in core 905, 131 and the Indian shelf sediments, as 

well as the dust from the Red Sea all fall below the average shale values but are not 

differentiated from one another (Figure 6D). Similarly Rb is enriched in the 

northeastern sediments but all other sites are comparable (Figure 6E). The isolation of 

the 111KL sediments from the other sites is a reflection of the K-rich (and therefore 

Rb-rich) clays that are transported by the Indus River and deposited in the vicinity of 
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core 111KL. The Indus source appears not to have influenced the Indian margin 

where the sediments are distinctly depleted in K and Rb.  
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Figure 6 con’t. Comparative Geochemistry of the Arabian Sea. Red = core 131, grey 
= core 905, yellow = core 74KL, blue = core 111KL (Indus), green = Indian 
continental shelf sediments, Black triangles = Red Sea dust, Black crosses = Thar 
desert dust. The dashed line represents the average crustal value. D. K vs. Al. E. Rb 
vs Al.  
 

Iron and Ti concentrations in the core 111KL sediments are also differentiated 

from the 131, 905 and 74KL sediments in the Fe vs Al (Figure 6F) and Ti vs Al  

(Figure 6G) plots, indicating a source that is independent from the other Arabian Sea 

sites, but common with the Thar desert dust. The moderate Fe-enrichment in the 

111KL sediments suggests chlorite is the likely vector of Fe in the northeastern basin. 

In contrast, the Fe and Ti enrichments seen in the southern sediments signify the input 

of lateritic sediments and Ti-rich minerals such as ilmenite. The sediments of the 

western Arabian Sea sites and the Red Sea dust are also highly enriched in Fe and Ti 

and are largely indistinguishable from core 131. Although most Fe values in core 131 

fall on the linear relationship formed by the western Basin sediments, much higher Fe 
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concentrations are evident in sediments related to the last interglacial period (MIS 3), 

between 38-55 kyr. In figures 6 F-G, a dashed line encircles these samples. Similarly, 

high Ti values, which approach the Ti concentrations of the Red Sea dust, are evident 

in the Indian margin sediments during MIS 3. However, not all core 131 samples with 

elevated Ti are also enriched in Fe. These high Ti, low Fe samples from MIS 3 likely 

reflect additional sources of Ti to the Indian margin sediments that are not related to 

the local lateritic source. This will be discussed in detail below. Thus, site 131 appears 

to be influenced by at least two sources: a local lateritic source enriched in Ti and Fe 

that dominates during MIS-3 and a distant source that is enriched only in Ti.  

The Fe concentrations on the Indian shelf appear to be similar to those on the 

slope yet the Ti values differ slightly, being more enriched in the deeper sediments. In 

addition, the shelf sediments show large scatter with some highly elevated Ti and Fe 

values. Interpretation of these signals is complicated by highly Ti and Fe-enriched 

point source inputs of lateritic sediments along the Indian margin, the dispersal 

patterns of these inputs by longshore transport, and possible winnowing and grain size 

changes along the shelf. 

Zirconium is a proxy of grain size in marine sediments (Calvert et al., 2001a; 

Calvert et al., 2001b; Shimmield et al., 1991) being present as the heavy mineral 

zircon. The Zr enrichment in the 111KL sediments and the Indian shelf sediments 

indicates the deposition of coarse-grained material near the Indus canyon and on the 

continental shelf (Figure 6H). The 74KL sediments show a consistent linear 

relationship of Zr with Al that falls directly on the line of average shales. The Zr vs Al 

plot of the 905 sediments indicates some variability in the grain size of the sediments 

being deposited at this site and values that drop below the average crustal value. The 

Zr concentrations are also depleted in the core 131 sediments, which have a Zr vs Al 

relationship that is indistinguishable from the core 905 sediments, possibly indicating 

an association between the Eastern and Western Arabian Sea (Figure 6H).  

The comparison of Mg, Si, Ba, K, Rb, Fe, Ti and Zr with Al from the four 

Arabian Sea sites supports the following broad conclusions. First, the geochemical 

signature of the Indus River discharge sediments, which has elevated concentrations 

of K, Rb, Zr and Mg compared to the background Al input, is distinct and 

distinguishable from the other Arabian Sea sediments (Figure 6A-H). This agrees 

with the northern  
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Figure 6 con’t. Comparative Geochemistry of the Arabian Sea. Red = core 131, grey 
= core 905, yellow = core 74KL, blue = core 111KL (Indus), green = Indian 
continental shelf sediments, Black triangles = Red Sea dust, Black crosses = Thar 
desert dust. The dashed line represents the average crustal value. The dashed circles 
identify samples associated with the last interglacial periods (MIS 3) F. Fe vs. Al. G. 
Ti vs Al. H. Zr vs Al. 
 

provenance, rich in K, Ti, Mg and Rb identified by Sirocko (2000), the mineralogy of 

the Indus region described by Rao and Rao (1995) and the samples of Thar desert 

dust, compiled from Yadav et al (2004). The sediments from the central Indian 

margin, represented by core 131, are not significantly influenced by the outflow of the 
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Indus River. Second, the highly elevated Ti and Fe values of core 131 are consistent 

with the lateritic sediments that dominate the central coast of India (Sahasrabudhe et 

al., 1979).  River run-off from the local area is likely to transport these lateritic 

sediments to the sea, where deposition on the continental shelf and slope follows. The 

dominance of laterite-laden fluvial discharge is supported by the modern 

mineralogical studies of the Indian margin sediments (Nair et al., 1982; Rao et al., 

1995; Sirocko et al., 2000) and the chemical composition of laterites from central 

(Sahasrabudhe et al., 1979) and southern (Nair et al., 1979) India (Figure 2). Third, 

the Indian margin sediments may also contain admixtures of dust from the western 

areas of the Arabian Sea. This is evident from the association of Fe, Zr and Ti 

signatures between the western margin sediment cores and of core 131 during specific 

periods of time. This conclusion is also supported by the ubiquitous but variable 

presence of dolomite dust in the core 131 sediments.   

 

Monsoon Driven changes in Local Rainfall 

Site 131 is located in an area influenced by runoff from the Tapti and 

Narmada Rivers that drain the Deccan Traps of central India (Nair et al., 1982; Rao et 

al., 1995; Sirocko et al., 2000) as well as numerous small local mountain rivers. 

Therefore, intense seasonal rainfall in this area deposits the Fe-rich weathering 

products of this basaltic region onto the continental shelf and slope (Sirocko et al., 

2000). Iron concentrations in the core 131 sediments range from 2-6 % and the Fe/Al 

record, which reaches values of approximately 0.9, is highly elevated above the 

average crustal value of 0.22 (Figure 4). Though the Fe:Al relationship is common 

between the eastern (site 131) and western (sites 905, 74KL) Arabian Sea sites, some 

of the highest Fe enrichments are evident in the 131 sediments during early MIS 3 

interstadials, where Fe/Al ratios are in excess of 0.8 (dashed circle in Figure 6F). 

Thus, down core variations in Fe/Al can primarily be interpreted as reflecting changes 

in the input of laterite-derived material via run-off from the numerous small rivers 

draining the Western Ghats. This interpretation is supported by the fact that variations 

in the core 131 Fe/Al record are closely correlated with changes in monsoon strength 

(Figure 4) as indicated by the upwelling records from core 905, both on glacial-

interglacial and millennial timescales. The Fe/Al values are higher during the 

Holocene and MIS 3 as well as during all D-O interstadials. Therefore the high Fe/Al 

values in core 131 are related to periods of increased monsoon intensity (see Chapter 
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4). Low Fe/Al values occur during the last glacial period and D-O stadials: periods of 

diminished monsoon intensity. Consequently, the core 131 Fe/Al record is a proxy of 

precipitation and local riverine runoff, which is governed by changes in the strength 

of the ASSM.  

The Fe/Al record indicates that changes in monsoon intensity have a dramatic 

impact on both the climate of the Indian subcontinent but also on the climate related 

geochemical processes. The concentrated seasonal rainfall associated with the 

summer monsoon is responsible for the extensive soil leaching and laterite formation 

of this region. Changes in the Fe/Al profile capture both changes in rainfall and 

changes in the lateritic enrichment of Fe in the sediments of the Indian subcontinent. 

 

Wind driven transport  

Titanium is also enriched in lateritic material and, as a result, is broadly 

expected to follow Fe/Al tracking the lateritic source (Figure 2). The Ti/Al record 

from core 131 largely follows the Fe/Al record with a broad maximum during the last 

interglacial period when monsoon intensity was at a peak and a broad minimum 

during the glacial period when monsoon intensity diminished. The similarity between 

the Ti/Al and Fe/Al profiles of core 131 indicates that lateritic source materials are 

influencing both of these records (Figure 7). During the Holocene and MIS 3, the 

Ti/Al values reach as high as 0.0875, an enrichment of 1.65 times crustal values of 

0.053 (Wedepohl, 1971). The lowest Ti/Al values are found during the Last Glacial 

Period and particularly during stadials. However, it should be noted that these low 

values, approximately 0.065, are still 1.23 times higher than average crustal Ti/Al 

values. Although the Ti/Al and Fe/Al records in core 131 are broadly similar, subtle 

differences do exist. Importantly, both the Ti/Al and Fe/Al values decrease during HE 

1-3. However, during HE 4-6 the Ti/Al values increase in contrast to the Fe/Al record. 

The deviation between the Ti/Al and Fe/Al records suggests that Ti is being 

influenced by a secondary source. The Ti/Fe ratio could be influenced by changes in 

the coastal currents that deliver sediments to site 131. Sediments primarily derived 

from the lateritric soils of Southern Indian have a higher Ti/Fe ratio than sediments 

derived from the laterites near Goa (Figure 2). Therefore, if the coastal currents 

flowing from the south to the north (such as occurs during the winter monsoon) 

transported more sediment from the south to site 131, then the Ti/Fe ratio might me 

affected. However the proximity of site 131 to the Goan coast and the isolation of the 
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high Ti/Fe laterites to the gneissic province in the south, suggests that the southern 

source could not dominate the geochemical signal at site 131. 
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Figure 7. Variations in grain size and precipitation. A. The core 905 record of 
monsoon intensity. B. The core Fe/Al record which is a proxy of monsoon 
precipitation in Western India. The average crustal values of Fe/Al is 0.22. the highly 
enriched Fe/Al values in core 131 are a result of the deposition of Fe-rich lateritic 
sediments on the continental slope C. The Ti/Al record of core 131. These values are 
also enriched in laterites. The average crustal value of Ti/Al is 0.053. D. The Zr/Al 
record of core 131 is a proxy of coarse-grained material. Crustal values of Zr/Al are 
18.1 indicating the 131 sediments are depleted in Zr. E. Ti/Fe is used to determine the 
variations in Ti not associated with lateritic Ti enrichments due to monsoon rainfall. 
F. Zr/Fe suggests that Zr is not significantly related to changes in rainfall on the 
Indian Coast. Shaded bands represent Heinrich Events and the time periods related to 
MIS2 (glacial) and MIS 3 (interglacial) are indicated by the arrows. 



Chapter 6. Environmental change in India…. 

 136

 Dust from the Arabian Peninsula is transported across the Arabian Sea during 

the summer monsoon season (Clemens, 1998; Clemens et al., 1990; Shimmield et al., 

1991; Shimmield et al., 1990; Sirocko et al., 2000; Sirocko et al., 1991; Sirocko et al., 

1989). The presence of dolomite, which has a primary source in the Persian Gulf 

region, confirms that eolian transport is impacting the Indian Margin sediments 

(Figure 5). Ti-rich dust has been identified in the Red Sea region (Tomadin et al 

1989) and marine records from the western Basin contain Ti-rich sediments (Sirocko, 

2001; Shimmield et al., 1991). Indeed, Shimmield et al. (1991) report high Ti/Al 

values on the Oman margin (0.077-0.09), which dropped offshore to 0.064 to 0.08 on 

the Owen ridge. Shimmield et al (1991) postulated that Ti/Al record is a proxy of 

wind speeds in the western Arabian Sea, where sediments are dominated by inputs of 

wind borne dust.  

Although Ti/Al on the Indian margin is primarily associated with fluvial run-

off, a secondary input of Ti, possibly from dust becomes apparent when Ti is 

presented as a ratio of Fe, which normalises for Ti that is associated with Fe from 

fluvial input. The Ti/Fe profile therefore highlights the non-fluvial Ti-enrichment and 

indicates that the secondary input of Ti is correlated with stadial events when 

diminished monsoon intensity is evident in western margin records (905) and Fe/Al 

ratios are low in core 131. Therefore, the Ti/Al records appears to be controlled by 

two mechanisms: 1) local precipitation that is determined by changes in monsoon 

rainfall and laterite production and 2) eolian transportation, which supplies Ti-rich 

dust from the Arabian Peninsula during dry periods.   

The ratio of Zr/Al is a standard proxy of coarse-grained sediment, which has 

been used to determine changes in the strength of ASSM wind (Reichart et al, 1997; 

Shimmield et al, 1991). In core 131 the highest Zr/Al values, which reach 16 (x10-4), 

occur during the last glacial period (30-15 kyr BP). However, rapid transitions to 

values as low as 11.5 (x10-4) coincide with HE 1-3 (Figure 7). In contrast, HE 4-6 are 

associated with high Zr/Al values. Thus, there are similarities between the behaviour 

of Ti/Al and Zr/Al during stadial events suggesting that in core 131 Zr/Al is 

registering dust input from the western Arabian Sea. The relationship between the Zr 

vs Al signature in the sediments from core 905 in the western basin and core 131 

(Figure 6H) and the similarities between Ti/Fe and Zr/Fe profiles of core 131 further 

indicate that Zr is associated with dust input. The marked difference between the 

Ti/Al and Zr/Al profiles is the lack of elevated Zr/Al values during the Holocene and 
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MIS3, periods of intense monsoon activity indicated by the upwelling records from 

core 905 and the rainfall records (Fe/Al) of core 131 (Figure 4). This indicates that Zr 

is not associated with lateritic input. Therefore, the core 131 Zr/Al records can be 

used as a proxy for coarse-grained dust inputs from the western Arabian Sea.  

 There are two factors that affect soil deflation, the strength of the wind and 

the moisture content of the soil (Cornelis et al., 2003; Pye, 1989; Rea, 1994). The 

summer monsoon affects both of these factors in conflicting ways. The onset of the 

ASSM is concurrent with a northward migration of the Intertropical Convergence 

zone (ITCZ), the zone of near equatorial rainfall (Joseph et al., 1994; Ju et al., 1995; 

Krishnamurthy et al., 2003) (see Chapter 4). During periods of increased monsoon 

intensity the ITCZ shifts to a northerly position.  Therefore over the Arabian 

Peninsula, when the ASSM winds increase so does the soil moisture (Burns et al., 

2003; Fleitmann et al., 2003; Neff et al., 2001). Consequently, strong winds are 

required to transport coarse-grained Zr-rich sediments, and the deflation of Zr-rich 

sediment will increase as the soil moisture decreases.   

The 131 Zr/Al record indicates that during the last glacial period, when the 

ASSM was weak, the concurrent decrease in soil moisture allowed elevated 

concentrations of coarse-grained sediments to be transported across the Arabian Sea. 

The Zr/Al minima during HE 1-3 correspond to relative collapses in the ASSM 

indicated by low productivity and lighter δ15N values (Figure 7), during which time 

the ASSM winds were too weak to transport coarse-grained sediments to the eastern 

basin despite the arid environment. The high Zr/Al values during the MIS 3 indicate 

that the ASSM wind speed increased enough to overcome the counter-effect of 

increased soil moisture therefore allowing the trans-oceanic transport of Zr-rich 

sediments during this period. Brief increases in the core 131 Zr/Al and Ti/Al records 

during HE 4-6 suggest that during the “wet” MIS 3, the decreases in soil moisture 

corresponding to decreases in ASSM activity allowed increased deflation of dust, 

which was then transported from the Northwestern basin to the Indian margin.  

  

Changes in Clay Composition 

K, Si, Rb,  

In marine sediments, K reflects the presence of K-feldspars and clay minerals 

such as illite. However, XRD measurements of core 131 reveal that the feldspars of 

the Indian margin sediments are sodic, not potassic. Consequently K-feldspars cannot 
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be the vector of K-enrichment in the 131 sediments. However, illite is ubiquitous at 

some concentration in the entire Arabian basin. Near the mouth of the Indus, 

approximately 74 % of the clay content is illite (Rao et al., 1995). On the Indian 

margin however, illite is only a minor constituent of the clays (Nair et al., 1982; Rao 

et al., 1995; Sirocko et al., 2000). The K/Al profile of core 131 varies around a 

background level of approximately 0.28 which, when compared to crustal values of 

0.33 (Wedepohl, 1971), reflects the loss of K from the highly weathered soils of 

western India. The highest K/Al values coincide with periods of decreased monsoon 

intensity: HE 1-6 and stadials.  
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Figure 8. Clay composition of the Indian margin sediments. A. The core 905 
reconstruction of monsoon intensity. B. the K/Al profile of core 131. The average 
crustal value of K/Al is 0.34. C. R/Al of core 131. D. The Si/Al profile of core 131. 
The average crustal Si/Al value of 3.12 is indicated by the small arrow. Heinrich 
Events are represented by the shaded bands and MIS 2 (glacial) and MIS 3 
(interglacial) are indicated by the large arrows. 
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Both Rb/Al and Si/Al replicate the K/Al profile and increase during periods of 

minimal ASSM intensity. Rubidium, an alkali metal, has a slightly smaller atomic 

radius and similar chemical propensity to K and therefore can replace K in mineral 

lattices. Rubidium is enriched in the sedimentary record in areas that also have high K 

concentrations (Sirocko et al., 2000), therefore in the 131 sediments Rb is likely 

associated with K-rich clays.  

Quartz, biogenic silica and aluminosilicate detritus all contribute to the 

concentration of Si in marine sediments. In core 131, the Si/Al profile does not 

resemble that of % quartz (Figure 5), there is no evidence of biogenic opal (see 

discussion above) and the Si/Al values are below crustal concentrations of 3.11 

(Wedepohl, 1971) (Figure 8). The presence of Si-poor laterites along the coast of 

India (Nair et al., 1979; Sahasrabudhe et al., 1979) suggests that the local terrestrial 

input to site 131 is depleted in Si. Therefore like the K/Al and Rb/Al records, the core 

131 Si/Al record is registering changes in the clay composition on the Indian margin.     

In summary, 1) the Fe/Al profile suggests that rainfall on the west coast of 

India has varied over the past 70 kyr, in phase with the intensity of the ASSM. 2) The 

Ti/Fe record reflects increased aridity conditions in land-masses bordering the 

western Arabian Sea during stadial declines in Monsoon intensity. 3) The Zr/Al 

record in core 131 suggests that the dustiness of the Arabian Sea region is a function 

of the strength of ASSM wind, which is the vector transporting dust from the Arabian 

Peninsula, and the associated increase in precipitation over the Arabian Peninsula, 

which inhibits the deflation of coarse-grained material. 4) K/Al, Rb/Al and Si/Al 

provide evidence for major changes in soil formation in the Indian continent in the 

absence of ASSM rainfall reflected by changes in the composition of clay delivered to 

the Indian margin.  

 

Conclusions 

The sediments from the western continental slope of India are a rich source of 

information providing evidence of millennial-scale monsoonal variations in local 

precipitation, soil weathering and wind strength. A multi-proxy approach allows the 

details of the complex environment to be teased apart and a high-resolution history of 

climate change in southwestern India to be discerned.  

The Zr/Al values provides a record of millennial-scale changes in the summer 

monsoon wind strength and in conjunction with the Ti/Al values indicate that during 
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the last glacial period dust from the Arabian peninsula significantly impacted the 

Indian margin sediments.  

The core 131 Fe/Al record is a distinct record of precipitation in western India 

and indicates that interstadial, warm events are accompanied by increases in rainfall 

and stadial, cold events are accompanied by decreases in rainfall. On average the last 

glacial period was dry and the period between 40-58 kyr BP was wet. The K/Al, Si/Al 

and Rb/Al records from core 131 suggest that variations in chemical weathering 

associated with the monsoon rainfall may cause changes in the clay mineralogy of 

western India. In addition to registering millennial scale changes in the monsoon 

rainfall, the Fe/Al record indicates that soil development and geochemical processes 

in the Indian subcontinent are intrinsically linked to changes in the intensity of the 

ASSM. The development of the Fe-enriched laterites that are ubiquitous on the west 

coast of India is mediated by changes in seasonal precipitation.  

.  
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