
 

 

 

 

 

 

 

 

CHAPTER 1 
 

Regional Environment and Description of Proxies 
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The Arabian Sea Region 

 
Geographic Setting  

The Arabian Sea is bounded by the Horn of East Africa and the Arabian 

Peninsula to the west, Iran and Pakistan to the North and the Indian Peninsula to the 

East. These areas are dominated by semi-arid and arid conditions and the deserts of 

the Arabian Peninsula, Iran, Pakistan and Northern India are a source of sediments to 

the Arabian Sea (Sirocko, 2000). The Zagros Mountains in Southern Iran influence 

the wind patterns over the Arabian Peninsula (Membery, 1983) and the Western 

Ghats of southwestern India influence the atmospheric circulation and precipitation in 

this region (Figure 1). The distribution and the topography of the land around the 

Arabian Sea and the differential heating of the land and the ocean during seasonal 

cycles results in distinct seasonal wind patterns and ocean circulation. 
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Figure 1. Map of the Arabian Sea Region. The location of core sites 905P and MD76-131 are 
identified by black circles.  

 

The Arabian Sea Monsoon 

The seasonal reversal of winds in the Arabian Sea region affects the lives and 

livelihoods of over 60 % of the world’s population. The summer rains determine the 

annual agricultural yield and therefore the economy of India. A failure or delay of the 

monsoon rains causes devastating drought. Headlines from local newspapers, two 
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days apart, illustrate the balance between the destruction resulting from flash floods 

and intense rainfall and the economic decline caused by a late monsoon: 

“Monsoon rains kill more than 300 in South Asia” Associated Press, 

July 13, 2004.  

“Weak monsoon seen slowing Indian economy this year” Hindustan 

Times, July 15, 2004. 

The name “Monsoon” is derived from the Arabic “mausim” (Webster, 1987), 

meaning “season” and these seasonal changes in wind direction dominate the climate 

in tropical regions. Scientific interest in the monsoon winds began in the 17th century 

when writing by E. Halley described the mechanisms causing the seasonal change in 

tropical weather patterns (Halley, 1686). He determined that the monsoon winds are a 

result of the differential heating (in summer) and cooling (in winter) of the tropical 

landmasses and oceans. In 1735, G. Hadley included the rotation of the earth as a part 

of the mechanism explaining why the trade winds curve when they cross the equator 

(Hadley, 1735). The modern explanation of the monsoon winds has only added detail 

to this original understanding.  

The specific heat of water (the amount of heat required to increase the 

temperature of water by 1°C) is twice that of land. Therefore land responds to the 

annual changes in insolation by warming or cooling twice as much as the nearby 

water mass. As well, the heat capacity of water is much larger than dry soil. Therefore 

once warmed, the ocean waters retain their heat for a longer period of time. These two 

physical properties, specific heat and heat capacity, result in an increased temperature 

gradient between the land and water during peak summer and winter periods. Changes 

in soil moisture as the monsoons rains begin add a level of complexity to the system 

that will not be discussed here. In summer, a low-pressure system is a consequence of 

the rising warm air that occurs over the continent. This warm air is replaced with 

cooler, moist air flowing onshore from the ocean. Therefore, there are two aspects to 

the changing monsoon seasons, the direction of wind and the moisture content of the 

wind.  The Arabian Sea summer monsoon brings rain and to the Indian subcontinent 

while the winter winds are cool and dry.   
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A. Surface (1000mb)

B. High level (700mb)

 
Figure 2. The Summer Monsoon Winds. Data is from the Ingrid map room 
(htto://iri.ledo.columbia.edu). Brighter colours indicate faster wind speeds. Arrows show the direction 
of the wind. A. Surface winds (1000 mb). B. High level winds (700 mb). 
 

Southwesterly Summer Monsoon Winds 

During the summer monsoon season, from June to September, the Easterly 

Equatorial Trade Winds cross the equator and are deflected by the African continent, 

and the Coriolis Force, to form the Southwesterly Arabian Sea Summer Monsoon 

(ASSM) wind.  Surface winds (1000 mb) blow from the coast of Somalia across the 

Arabian Sea to India with an average wind speed of 15 m/s (Figure 1a). This same 

wind pattern is seen up to 850 mb (1500 m). By 700 mb, approximately 3000 m above 

sea level, the westerly winds are more zonal and are a composite of both deflected 
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Southern Hemisphere winds and the northwesterly winds from over the Arabian 

Peninsula (Figure 2b).  

 

Shamal winds 

The  “Shamal” winds flow from Iraq and Kuwait down the axis of the Persian 

Gulf to the Arabian Sea (Figure 2a). These northwesterly winds are strongest from 

late May to early July and are a result of the semi-permanent high pressure zone over 

Saudi Arabia and the same continental low pressure centre that initiates the SW 

summer monsoon winds (Membery, 1983). The topography of Saudi Arabia (see 

Figure 10, Chapter 5), with higher elevations to the west, and a wind trough formed 

by the Zagros Mountains in southern Iran (Figure 1) accentuate the Shamal winds 

(Membery, 1983) that commonly reach wind speeds of 15-20 m/s (30-40 knots) 

between surface and 300 m (Sirocko et al., 1989). Today the Shamal winds veer to the 

south before reaching the sea and flow parallel to the Arabian coastline where they 

merge with northwesterly winds that flow though the Red Sea region (Figure 2a) 

(Glennie et al., 2002).  

The extension of these dry winds rises above the SW monsoon winds and 

transports large amounts of sediment from the semi-arid regions of the Arabian 

Peninsula to the Arabian Sea (Figure 2b). Though dust storms on the Arabian 

Peninsula and in the Middle East begin in the spring, satellite imagery indicates this 

dust is spread to the Arabian Sea during the summer monsoon season (Sirocko et al., 

1989). Between June and August,1979, 105 x 106 metric tons of sediment was 

transported as dust by the Shamal winds (Sirocko et al., 1989).  

 

Autumn Inter-Monsoon Winds  

In late September the southwesterly summer monsoon winds subside. The 

following inter-monsoon period between October and December is a transition period 

without a definitive wind pattern. The beginnings of a northerly flow can be identified 

in the 1000 mb winds vectors and the Easterly Equatorial Winds blow onshore over 

Somalia (Figure 3a). Stronger northeasterly flow can be detected in the higher 

elevation winds of 850 and 700 mb (Figure 3b). During this inter-monsoon season 

precipitation over the southern India remains relatively high accumulating 

approximately 50 cm of rainfall in these three months. Rainfall accumulation over this 

period drops to between 10-20 cm on the central West Coast of India. 
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A. Surface (1000mb)

A. High Level (700mb)

 
Figure 3. The Autumn Inter-monsoon Winds. For details see Figure 1. 
 

 Northeasterly Winter Monsoon Winds 

The Northeasterly Monsoon comes to full force between January and March 

when surface winds speed reaches 5 -10 m/s (Figure 3a,b). The cooling of the Tibetan 

plateau and the breakdown of the low-pressure cell over Asia causes this wind 

reversal. The winter monsoon winds are not associated with large dust fluxes: aerosol 

loads of up to 200 µg /m3 of sediment have been measured during the winter season 

(Sirocko et al., 1991). The Thar desert, which straddles the border of India and 

Pakistan is a large potential source of sediments to both the Northern Arabian Sea and 

to the Bay of Bengal. However, Sirocko and Lange (1991) found that the high 
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chlorite/smectite ratio of the Thar desert region was not reflected in sediments of the 

northern Arabian Sea and concluded that the winter monsoon winds do not leave a 

significant signal in the marine sediments. 

A. Surface (1000mb)

A. High Level (700mb)

 
Figure 4. The Winter Monsoon Winds. For details see Figure 1. 

 

Spring Inter-Monsoon Winds 

The transition from the winter to the summer monsoon season is accompanied 

by northwesterly winds, which are evident in the wind vectors at 850 and 700 mb 

(Figure 4a). These Spring northwesterlies are responsible for large dust storms in Iran, 

Pakistan and Northern India and transport sediment from these regions to the Bay of 
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Bengal (Sirocko et al., 1991). These winds are thought to mainly impact the Northern-

most Arabian Sea (Clemens, 1998; Clemens et al., 1990). 

 

A. Surface (1000mb)

A. High Level (700mb)

 
Figure 5. The Spring Inter-monsoon winds. For Details see Figure 1. 
 
 

Ocean Circulation 

In response to the Monsoon winds, the surface water circulation in the Arabian 

Sea is complex and changes seasonally. During the summer monsoon, the surface 

water flow in the western Arabian Sea is to the north, however, the formation of large 

eddies, such as the Southern Gyre (SG), the Great Whirl (GW), and the Socotra Eddy,  
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Figure 6. Surface circulation during the Summer Monsoon, from Schott and McCreary, 2001. A 
schematic representation of identified current branches during the Southwest Monsoon, including some 
choke point transport numbers (Sv=106m3s−1). Current branches indicated (see also Fig. 7) are the 
South Equatorial Current (SEC), South Equatorial Countercurrent (SECC), Northeast and Southeast 
Madagascar Current (NEMC and SEMC), East African Coast Current (EACC), Somali Current (SC), 
Southern Gyre (SG) and Great Whirl (GW) and associated upwelling wedges (in light blue), Socotra 
Eddy (SE), Ras al Hadd Jet (RHJ) and upwelling wedges off Oman, West Indian Coast Current 
(WICC), Laccadive High and Low (LH and LL), East Indian Coast Current (EICC), Southwest and 
Northeast Monsoon Current (SMC and NMC), South Java Current (JC) and Leeuwin Current (LC).  
 
complicate the circulation in this area (Figure 6). These eddies are accompanied by 

upwelling wedges that bring nutrient-rich intermediate waters to the surface. During 

the summer monsoon season, the upwelling along the coasts of Somalia and Oman 

generates a summer primary productivity bloom that produces approximately 200 g 

Carbon/m2/y (Nair et al., 1989), rivalling the most productive areas in the world’s 

ocean. The summer monsoon season also accounts for 70-80 % of the flux of organic 

matter to the sediments (Nair et al., 1989) and supports an intense basin-wide oxygen 

minimum zone between 150-1200 m. 

 On the eastern margin of the Arabian Sea, the West Indian Coastal Current 

(WICC) flows to the south during the summer monsoon season and joins the 

Southwest Monsoon Current (SMC), which exits the Arabian Sea to the east. The 

WICC is also associated with upwelling during the summer season. 
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Figure 7. The surface circulation of the Indian Ocean during the Winter Monsoon. From Schott and 
McCreary, 2001. For details see Figure 6. 
 

 The reversal of the wind direction during the winter monsoon is reflected by 

the reversal of the surface water currents, which flow anti-clockwise in January and 

February (Figure 7). The northeasterly direction of the winter monsoon winds and the 

resultant south flowing surface waters near Somalia cause onshore Ekmann transport 

and therefore suppresses coastal upwelling in the western Arabian Sea. However, the 

continuity of the winter winds increases the depth of the surface mixed layer down to 

125m in the northern Arabian Sea (Banse, 1987). As a consequence of the deepened 

mixed layer, a secondary productivity bloom in the northeastern Arabian Sea is 

associated with the winter monsoon (Madhupratap et al., 1996). Along the Indian 

margin, the WICC also reverses during the winter monsoon season and the Northeast 

Monsoon Current (NMC) imports water from the Bay of Bengal into the Arabian Sea. 

 

Water Masses 

The modern day waters of the Arabian Sea are a combination of locally 

generated water masses, externally generated water masses that enter the basin from 

outside and mixing products of these the local and external water masses (Wyrtki, 

1968; You, 1998; Schott and McCreary, 2001). Circulation models using temperature 

and salinity data from the Indian Ocean have been used to discern and trace the 
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influences of various water masses at the surface, the thermocline, at intermediate 

depths and at the seafloor (You, 1998; Schott and McCreary, 2001).  

The surface waters of the Arabian Sea have three major components. Arabian 

Sea Water (ASW) is generated in the northern Arabian Sea during the winter 

monsoon season (Schott and McCreary, 2001). This water is formed through the 

intensified evaporation that is associated with the cool dry winter winds that blow 

from the Northeast (Madhupratap et al., 1996). Arabian Sea Water spreads as a 

salinity maximum just beneath the surface mixed layer (Schott and McCreary, 2001). 

The second surface water mass also enters the Arabian Sea during the winter months. 

High levels of precipitation and large river discharges during the summer monsoon 

season generate low salinity surface waters in the Bay of Bengal. This relatively fresh 

water travels around the southern tip of Indian and is evident in the eastern Arabian 

Sea as a salinity minimum (Schott and McCreary, 2001). Finally, the northwestern 

Arabian Sea is influenced by the outflow of saline waters from the Persian Gulf, 

which spreads at a depth of approximately 250-300 m (You, 1998; Schott and 

McCreary, 2001). 

Below the surface waters, North Indian Central Water (NICW), an aged 

component of Indian Central Water (You, 1997) ventilates the thermocline of the 

Arabian Sea. Indian Central Water is formed in the subtropics of the Southern 

Hemisphere and spreads westward with the South Equatorial Current (Figure 6). 

When this intermediate water mass moves northward across the equator it is referred 

to as NICW (Schott and McCreary, 2001). The Somali Current transports the NICW 

water into the Arabian Sea where it supplies the upwelling waters off Somalia and 

Oman (You, 1998; You, 1997; Schott and McCreary, 2001). Waters of the North 

Pacific thermocline also enter the Indian Ocean through the Indonesian passages and 

this Indonesian Intermediate Water can be identified at approximately up to 15 °N in 

the Arabian Sea (You, 1998). 

At intermediate depths, Antarctic Intermediate Water (AIW) and Red Sea 

Water share the same density surface (Schott and McCreary, 2001). Antarctic 

Intermediate water is evident as a low salinity water mass and is associated with an 

oxygen maximum. It is formed through subduction in the Southern subpolar front and 

enters the Indian Ocean in the southeastern region (You, 1998). The influence of AIW  
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Figure 8. A model of the intermediate water masses that contribute to the composition of the Indian 
Ocean and the Arabian Sea waters. From You, 1998. a) Antarctic Intermediate Waters (AIW). The 
contours indicate the proportion of the water mass that is contributing to the total. The southern source 
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of the AIW is evident by the 1.0 contour line at 45 °S. This water mass has no significant influence 
north of 5 °N. b) Indonesian Intermediate Water (IIW). The contribution of IIW is confined to the 
equatorial region from 15 °N to 15°S. IIW enters the Arabian Sea from the southeast. c) Red Sea/ 
Persian Gulf Water. This highly saline water mass is most influential in the Northern Arabian Sea. 
 
is concentrated in the southern Indian Ocean and does not extend significantly further 

than 5°N (You, 1998) (Figure 8). Red Sea Water is warm and saline and enters the 

Arabian Sea through the Gulf of Aden (Figures 1,8). Intense eddy activity near the 

mouth of the Gulf of Aden makes the distribution of this water inhomogeneous in the 

Northern Arabian Sea (Schott and McCreary, 2001) (Figure 2). However, the model 

of You (1998) suggests that a combination of Red and Persian Gulf waters is the 

dominant water mass contributing to the intermediate waters of the Northern Arabian 

Sea (Figure 8).   

Circumpolar Deep Water (CDW) is obstructed from entering the Indian Ocean 

by oceanic ridges, therefore the deep waters of the Arabian Sea, named Indian Deep 

Water (IDW), is a mixture of the CDW and the overlying intermediate waters (Schott 

and McCreary, 2001).  

Core Locations 

Core 905, collected in 1993 during the Netherlands Indian Ocean Project 

(NIOP), is located on the Somali margin (10˚.46’N; 51˚.57’E) (Figure 1) beneath the 

formation of the Great Whirl eddy (Figure 6). Therefore, this location is directly 

impacted by summer monsoon induced upwelling and productivity. The continental 

shelf off Somalia is narrow, approximately 50 m wide, and the slope reaches 1000 m 

water depth approximately 70 km offshore. Core 905 was recovered from a water 

depth of 1586 m, which is just below the modern oxygen minimum zone. Today, this 

coastal southwestern site is minimally impacted by winter monsoon and inter-

monsoon winds. Therefore, it is ideally located to study past changes in the intensity 

of the ASSM winds, and the response of both the marine and terrestrial environment.  

Core MD76-131 (hereafter 131) was collected from the central western Indian 

Margin (15º31.8’N; 72º34.1’E), near Goa (Figure 1). This core is at the northern 

extent of the summer monsoon productive region (Divakar Naidu et al., 1992) and is 

expected to register changes in the summer monsoon related productivity. The central 

Indian continental shelf is approximately 94 m wide. The Laccadive Ridge extends 

south from Goa and provides a bathymetric high above the sediments of the Indus fan 

(Figure 1). Core 131 was collected from 1230 m at the base of the modern OMZ and 

the aragonite lysocline.  
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As the low level summer monsoon winds blow across the Arabian Sea they 

become moisture-laden. This moisture is released as torrential rainfall when the 

topography of the Indian subcontinent forces the air to rise. The release of latent heat 

as water vapour condenses and rains further warms the area and reinforces the low-

pressure cell forming over Asia. During the summer monsoon season, the west coast 

of India receives approximately 250 cm of rain, over 80% of its annual precipitation. 

The winter monsoon winds blowing over India originate over the Himalayas and are 

cool and dry. During this season no precipitation occurs over a large section of 

western India. 

Torrential rainfall in the summer months and no precipitation in the winter 

have resulted in extensive coastal laterites in western India (Nair et al., 1979; 

Sahasrabudhe et al., 1979). These extremely Fe and Ti- rich precipitate deposits are 

depleted in Si, Ba and Mn. Multiple small rivers drain the coastal mountain range of 

western India. Therefore, the location of core 131 should allow a reconstruction of the 

West Indian climate, changes in precipitation and changes in soil weathering. 

 

Productivity proxies 

 
The reconstruction of changes in monsoon intensity over the last 90 kyr relies 

on a combination of productivity proxies and analysis of the lithogenic input to sites 

905 and MD76-131. The proxies used in this study are described below. 

The % Al in the marine sediment record generally reflects the concentration of 

terrigenous aluminosilicate detritus (Calvert et al., 1993; Reichart et al., 1997; 

Shimmield et al., 1991). Normalizing elemental data to Al is a helpful tool for 

assessing compositional variation in the lithogenic record as well as identifying 

changes in the biogenic and authigenic sources of certain elements. Therefore, the 

major element records from core 905 are all presented as ratios to % Al.  

 
Ba/Al 

Barium is present in lithogenic material and the average shale value of Ba/Al 

is 60 x 10-4 (Wedepohl, 1971). In addition to its occurrence in the lithogenic fraction 

of sediments, barium is associated with organic carbon fluxes in the ocean and can be 

used as a paleoproductivity proxy (Brumsack et al., 1983; Dean et al., 1997; Dymond 

et al., 1996; Dymond et al., 1992; Ganeshram et al., 2003). Barium is thought to 
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precipitate as barite (BaSO4) within the microenvironment of decaying biological 

debris (McManus et al., 1994). Within these confined spaces Ba2+ and SO4
2- may 

reach high enough concentrations for barite precipitation even when the surrounding 

water column is undersaturated in BaSO4 (Dymond et al., 1996). Once at the seafloor 

sulfate reduction can cause the dissolution of BaSO4 therefore attenuating the organic 

signal, diminishing the value of Ba as a productivity proxy in reducing sediments 

(Dymond et al., 1992). Core 905 was collected from waters below the present day 

permanent Oxygen Minimum Zone (OMZ) where the sediments are not laminated 

indicating that anoxia has not restricted benthic activity. 

The ratio of Ba to Al is used to normalize for the lithogenic input and allows 

the biogenic Ba to be assessed. The 90 kyr Ba/Al record from site 905 (see Chapter 3) 

correlates with millennial-scale variations in both % organic carbon and δ15N: high 

Ba/Al values are associated with high concentrations of organic carbon and high δ15N 

values and low Ba/Al are associated with low % organic carbon and low δ15N values. 

Therefore increases in Ba/Al are interpreted as an increase in productivity rather than 

changes in sedimentary redox conditions. 

 

Si/Al 

The 905 Si/Al record reflects the presence of both detrital terrigenous clays, 

which have an average Si/Al value of 3.1(Wedepohl, 1971), and quartz, as well as by 

the flux of biogenic silica (opal) from diatom production in the overlying waters 

(Kamatani et al., 2000). Therefore, it is possible to assess the influence of these three 

components on the Si/Al record and in conjunction with additional productivity 

proxies, Si/Al may be used as a record of diatom productivity. 

Opal is undersaturated in seawater throughout the water column and therefore 

has the thermodynamic tendency to dissolve in the ocean (Archer et al., 1993). 

Nevertheless, in high productivity areas opal can be a major constituent of marine 

sediments. The balance between the diatom flux and the rate of burial at the seafloor 

primarily controls the preservation of sedimentary biogenic opal in any specific 

setting. Having reached the sediments, opal dissolution will occur until pore waters 

become supersaturated or chemical inhibition occurs. The relationship between opal 

flux to the sea floor and preservation within the sediments is often compromised by 

the dissolution of opal (Archer et al., 1993; McManus et al., 1995), both in the water 
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column and at the sediment-water interface (Pilskaln et al., 2001; Ragueneau et al., 

2000). Koning et al (2001) compared measurements of sedimentary opal from site 

905 surface sediments to diatom assemblages collected in sediment traps and found 

that at this site variations in sedimentary % opal were a useful indicator of the 

biogenic silica flux (Koning et al., 2001). 

 

P/Al 

 The vertical water column profile of dissolved P in the oceans reflects the 

surface uptake and intermediate water release of P as it is cycled with organic matter 

(Delaney, 1998). Phosphorus is present in average shales, which have a P/Al value of 

0.008, therefore P/Al ratios are used to determine biogenic P versus lithogenic P in 

sediments. In marine sediments P/Al records commonly reflect records of biological 

productivity and are used alongside Ba/Al to determine dilution free records of 

changing productivity (Reichart et al., 2002; Shimmield et al., 1991).   

 

% Organic carbon  

The interpretation of bulk organic carbon (% Corg) measurements as a 

downcore record of primary productivity is complicated by variations in past rates of 

the production and of the degradation of organic matter in the water column and in the 

sediments (Hartnett et al., 1998). Additionally, fluctuations in the sedimentary 

constituents can cause dilution artifacts in the % Corg record and bottom water 

currents can concentrate or remove organic material from a particular site. Therefore, 

alone, measurements of % Corg can be difficult to interpret. However, information 

about the depositional setting and the use of multiple productivity proxies allows 

downcore changes in % Corg to be placed in context and variations in the production of 

organic matter to be assessed.  

In settings where the sedimentation rate is high, such as on continental 

margins, the sedimentary % Corg is less affected by redox conditions than in areas 

with low sedimentation rates (Calvert et al., 1992; Calvert et al., 1995; Hartnett et al., 

1998). Therefore, on continental margins, changes in productivity are more likely to 

determine variations in the sedimentary % Corg record than changes in preservation 

(Calvert et al., 1992; Calvert et al., 1995). Dilution artifacts can be determined by 

comparison of the % Corg record with productivity proxies that are independent of 

dilution signals such as Ba/Al (Dymond, 1992) and the effects of winnowing may be 
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determined by evaluation of grain size proxies. Therefore when used in conjunction 

with a suite of paleo-proxies, the % Corg record can be a strong indicator of past 

changes in primary productivity. 

 

δ15N 

During the uptake of nutrients, phytoplankton fractionate the 14N and 15N 

nitrogen isotopes preferentially assimilating the light isotope, 14N (Altabet, 2001). 

This fractionation is measured as δ15N (‰) = [(Rsample/Rstandard)-1] x 1000 where 

R=15N/14N and the standard is air. When total nutrient utilization occurs the δ15N of 

bulk organic material reflects the δ15N of the nutrient pool. In open ocean waters, the 

δ15N of dissolved NO3
- is 4-6 ‰, but in waters through which the flux of organic rich 

material is high and/or the oxygen content is very low, NO3
- is consumed as the 

oxidant during the bio-degradation of organic matter. Bacterially mediated 

denitrification, the conversion of NO3
- to N2O and N2, results in the loss of the 14N 

and the creation of a residual nitrate pool that is enriched in 15N. Fractionation of the 

nitrogen isotopes also occurs during the uptake of NO3
- by phytoplankton (Altabet et 

al., 1994). Therefore, the degree of nutrient utilization can alter the sedimentary δ15N 

values. When complete nutrient utilization takes place in the oxygenated waters of the 

open ocean, where denitrification is not occurring, the under-lying sediments register 

a δ15N ratio of 4-6 ‰ (Sigman et al., 1999). In upwelling areas where denitrification 

has occurred in the water column and the 15N-rich residual NO3
- is brought to the 

surface, a “heavy” denitrification signal is evident in the sedimentary signal of bulk 

organic matter (Altabet et al., 1995; Altabet et al., 2002; Ganeshram, 1996; 

Ganeshram et al., 2000). 

The relationship between the δ15NO3
- of the water column and the sedimentary 

record has been established in a number of studies (Altabet et al., 1999; Ganeshram et 

al., 1998; Pride et al., 1999). Sediments below the depleted waters of the Eastern 

Tropical North Pacific (ENTP) have δ15N values of 9-10 ‰, reflecting the water 

column denitrification occurring in this area (Ganeshram et al., 1995) and in the Santa 

Barbara Basin, California the δ15N values reach 12 ‰ reflecting intense 

denitrification within the regional OMZ (Ivanochko et al., 2004). A seasonal study of 

δ15N on the Somali margin indicates that heavy sedimentary δ15N values are related to 

the nutrient depletion that occurs when summer monsoon induced upwelling 
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diminishes and total nutrient utilization occurs (Brummer et al., 2002). The annual 

δ15N average value in the Somali coast today is approximately 6 ‰ (Brummer et al., 

2002). 

 

Lithogenic proxies 

Zr/Al 

Zirconium predominately occurs as the mineral zircon, which is confined to 

the fine-sand / coarse-silt fraction of marine sediments (Calvert et al., 2001). 

Therefore Zr/Al can be used as a proxy of sediment grain size (Reichart et al., 1997; 

Shimmield et al., 1991). Eolian transport of sediments is a function of both wind 

speed and soil moisture (Rea, 1994). Stronger winds are capable of carrying particles 

with a larger grain size, therefore a change in the grain size of marine sediments may 

reflect a change in the wind speed and the particles transported to the site (Clemens, 

1998; Clemens et al., 1990; Reichart et al., 1997; Shimmield et al., 1991; Shimmield 

et al., 1990). Conversely, soil moisture acts as an adhesive and restricts the deflation 

of soil particles (Pye, 1989; Rea, 1994). In the tropics, increased winds speed and 

enhanced soil moisture are both associated with more intense monsoon winds. 

Therefore, changes in Zr/Al values reflect changes in the wind strength, where 

increased strength is associated with coarser grained material and/or changes in 

continental aridity, where increased aridity facilitates the deflation of coarse-grained 

particles.  

 

Ti/Al 

 Titanium is also incorporated into heavy minerals, such as ilmenite, rutile, 

titanomagnitite and augite and is therefore commonly associated with the coarse 

sediment fraction (Calvert et al., 2001; Shimmield et al., 1990). However, Ti can also 

form oxides that are associated with the clay fraction (McFarlane, 1976). In the 

tropics where rainfall is concentrated in the monsoon season, the formation of Ti-rich 

lateritic soils occurs through extreme chemical weathering, which removes the soluble 

constituents and concentrates the residuals such as Ti (McFarlane, 1976). Both Ti-

oxides and Ti-rich heavy minerals can accumulate in lateritic soils (McFarlane, 1976). 

Therefore in the Arabian Sea sediments, the interpretation of the Ti/Al record as a 

grain size indicator must be supported by an additional grain size proxy such as Zr/Al. 
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However, discrepancies between the Zr/Al grain size record and the Ti/Al record 

allow additional information regarding the formation of Ti-rich lateritic soils and 

continental aridity to be discerned. 

 

Mg/Al 

 In the Arabian Sea region, the Mg-bearing silicates such as chlorite and 

palygorskite have been identified in the marine sediments and are thought to be 

concentrated in the Northwestern and Northeastern areas (Sirocko, 2000, Rao and 

Rao, 1985; Nair et al., 1982). As well, Dolomite [CaMg(CO3)2] and High Mg-Calcite 

are present in outcroppings on the Arabian Peninsula and are formed in the tidal salt 

flats surrounding the Persian Gulf (Reichart et al., 1997; Sirocko et al., 1989; Purser et 

al., 1973). Therefore, a suite of sources likely influence the Mg/Al records of the 

Arabian Sea.  

 

K/Al and Rb/Al 

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) but has been 

identified as a constituent in sediments collected from around the entire area (Sirocko, 

2000). 

 

Mn/Al 

Variations in sedimentary oxygenation can be identified by the concentration 

of Mn in the sediments (Calvert et al., 1996) In suboxic sediments, Mn (IV) is 

reduced to Mn (II) and is lost from the sediments (Calvert et al., 1996). Therefore, Mn 

concentrations in reducing sediments are negligible and Mg/Al values in these areas 

fall below the average crustal values of 0.008 determined by Wedephol, 1971.  

  

% Dolomite          

In Arabian Sea sediments, dolomite indicates a lithogenic source in northern 

Arabia, which has prominent strata of Mesozoic dolomite, as well as a modern source 

of dolomite from the tidal salt flats (sabkhas) of the Persian Gulf (Reichart et al., 

1997; Sirocko et al., 1993). A 225 kyr record from the north central Arabian Sea 

indicates that % dolomite, which has influenced the Mg/Al record, was seen to vary 
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with sea level (Reichart et al., 1997). Reichart et al. (1997) suggest that the flooding 

and exposure of the sabkhas during sea level excursions is controlling the deflation of 

dolomite and therefore the dolomite record in the Arabian Sea sediments (see Chapter 

6).  
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