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Abstract 

Benthic biogeochemical processes in ocean margin sediments are of global 

significance, yet they remain poorly defined.  Here, the distribution of major, minor and 

trace elements in porewaters and sediments, together with measurements of microbially-

mediated organic carbon oxidation reactions were determined at sites above, within, and 

below the oxygen minimum zone (OMZ) on the Pakistan margin of the Arabian Sea.  

Sampling was conducted before and during the late-to-post southwest monsoon, with 

the goal of assessing how low bottom-water O2 concentrations and high organic matter 

depositional fluxes affect sediment processes. 

Element analysis revealed that the lithogenic fraction of Pakistan margin sediments 

was largely dominated by fluvial material, which was derived from the nearby River 

Indus.  In comparison, aeolian deposition on the Pakistan margins appeared to be 

negligible.  Element analysis also revealed that Fe and Mn were actively cycled at all of 

the Pakistan margin study sites; however, Mn supply to the OMZ sediments was limited 

by Mn reduction within the OMZ water-column.  In turn, Mn was effectively 

transported out of the OMZ and accumulated in underlying oxic sediments.  In contrast, 

Fe supply to the sediments appeared to be unaffected by the OMZ; however, benthic 

porewater Fe fluxes from the sediments to the water-column were documented at the 

OMZ sites.  A range of other redox sensitive elements (e.g. Ba, Mo, and U) were also 

cycled in the Pakistan margin sediments; however in comparison to sediments deposited 

on other upwelling affected continental margins, the degree of trace element cycling on 

the Pakistan margin is low. 

Sulphur cycling, was also investigated at the Pakistan margin sites.  Here direct 

measurements of sulphate reduction rates (
35

S-SO4
2-

 incubation) revealed an apparent 

inhibition of sulphate reduction in Arabian Sea sediments.  A number of factors were 

investigated as possible inhibiting mechanisms.  The dominance of unreactive marine 
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OM in the Pakistan margin sediments and microbial co-competition between sulphate 

reducing and iron reducing bacteria were suggested as potential limiting factors. 

Finally, the measured rates of Mn, Fe, and S-cycling at the Pakistan margin sites 

were combined with commensurate rates of O2 uptake and denitrification to examine if 

low-O2 concentrations within the OMZ suppressed microbially mediated C-oxidation 

reactions.  Considering both seasons, C-oxidation rates at the Pakistan margin sites were 

found to range from 0.73 to 4.86 mmol C m
-2

 d
-1

.  Generally, sites within the OMZ core 

and those at the lower OMZ transition had lower carbon oxidation rates (0.73-

2.90 mmol C m
-2

 d
-1

) than those located below the OMZ (3.13-4.86 mmol C m
-2

 d
-1

) 

which lie under oxygenated waters.  This suggests that low bottom-water O2 

concentrations may suppress overall rates of OM decomposition. 
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 2 

1.1. Geochemical significance of continental margin sediments 

The ocean margins comprise a comparatively small proportion of world ocean area 

(ca. 15 %), yet the biogeochemical processes occurring within margin sediments are of 

major importance (Berner, 1982; Walsh, 1991; Morford and Emerson, 1999; Zabel and 

Hensen, 2002).  Indeed, the burial of OM in margin sediments represents the largest 

long-term sink in the global C-cycle, supporting 40-90 % of contemporary oceanic C-

burial (Berner, 1982; Walsh, 1991; Hedges and Keil, 1995).  Additionally, ocean 

margins are also sites of intense OM recycling (e.g. Jahnke et al., 1990; Reimers et al., 

1992; Thamdrup and Canfield, 1996; Hartnett and Devol, 2003), and the scale of 

diagenetic reactions that accompany C-cycling in these environments are such that they 

too provide key source or sink terms in global element cycles (e.g. Devol, 1991; Calvert 

and Pedersen, 1993; Follmi, 1996; Morford and Emerson, 1999; Codispoti, 2007).  For 

example, rates of denitrification (the reduction of NO3
-
 to gaseous N2) and 

phosphogenesis (the accumulation of P in sediments) in margin sediments have been 

suggested to regulate oceanic primary productivity on both contemporary and 

geological timescales (e.g. Devol, 1991; Ganeshram et al., 1995; Altabet et al., 1995; 

Föllmi, 1996).  The retention or loss of other elements from margin sediments is also 

important.  For example, the remineralisation of minor and trace elements from margin 

sediments and their subsequent precipitation in abyssal sediments has been linked to the 

growth of economically important metalifferrous deposits (e.g. Koschinsky et al., 2001), 

whilst benthic fluxes of dissolved Fe from margin sediments to coastal waters have been 

suggested to influence rates of primary productivity (Bange et al., 2005; Moffett et al., 

2008; Pollard et al., 2009).  However, despite potential global significance; benthic 

processes in key margin environments (e.g. upwelling regions) have not been studied 

systematically or in sufficient detail to permit their full significance to be quantified. 
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1.2. Motivation and aims 

1.2.1. Research motivation 

It is clear that the biogeochemical processes operating within margin sediments have 

the potential to significantly influence total ocean elemental inventories, and through 

benthic-pelagic coupling, possibly exert positive or negative feedback controls on ocean 

primary productivity (§ 1.1).  Accordingly, the systematic characterisation of margin 

sediments (both solid-phase and porewaters) and their redox status, measurement of 

benthic microbial process rates (aerobic and anaerobic), and determination of benthic 

solute fluxes, represent key areas of study within the wider field of marine 

geochemistry.  These tasks provide the key motivation for this thesis, which seeks to 

examine contemporary element cycling in a poorly characterised region of the world’s 

oceans, namely, the Pakistan margin of the Arabian Sea. 

 

1.2.2. Research aims 

Previous work (see § 1.5) has highlighted that biogeochemical processes occurring 

within the Arabian Sea are exceptional in both magnitude and nature.  However, whilst 

processes operating within the pelagic environment are reasonably well defined (see 

§ 1.5 and reviews by Naqvi et al., 2005; Wiggert et al., 2005; and Bange et al., 2005), 

studies examining benthic processes have been fewer and narrower in scope.  Of these, 

most have focused on the biogeochemistry of abyssal sediments (see review by 

Pfannküche and Löchte, 2000), and only limited information is available for continental 

margin sediments.  Regardless, findings to date from the Oman, Pakistan, and Indian 

margins highlight that these sediments may provide globally significant sinks for C, N, 

P, and a range of trace elements (see review by Cowie, 2005; Morford and Emerson, 

1999).  However, without detailed characterisation of the region’s sediments (both 

solid-phase and porewaters), measurement of microbial process rates (aerobic and 



Introduction, Chapter 1 

 4 

anaerobic), and quantification of benthic fluxes, the mechanisms that control these 

processes, and their relative significance, cannot be quantified.  These matters are 

addressed in this contribution by examining sediment biogeochemistry along a depth 

transect on the Pakistan margin of the Arabian Sea, at a range of sites that exhibit 

markedly different redox conditions, OM availability, and benthic community structure.  

Namely, in Chapter 3, the rates and mechanisms governing sedimentary Mn and Fe 

cycling on the Pakistan margin are assessed.  Thereafter, in Chapter 4, rates of sulphate 

reduction in Pakistan margin sediments are directly measured for the first time and the 

mechanisms that govern S-cycling in the Arabian Sea are evaluated.  Further, in Chapter 

5, C-cycling is investigated in the Pakistan margin sediments.  Here, measured rates of 

Mn, Fe, and SO4
2-

 reduction (Chapters 3 and 4) are combined with commensurate rates 

of O2 consumption and denitrification in a diagenetic model, to quantify if C-oxidation 

is suppressed under OMZ conditions.  Lastly, in Chapter 6, spatial distribution patterns 

for major, minor, and trace elements in sediments from the Pakistan margin are 

determined and these data are used to assess the factors that control sediment 

composition (i.e. lithogenic flux vs. OM flux vs. diagenesis vs. low bottom water O2).  

Furthermore, minor and trace element signatures from the Pakistan margin sediments 

are compared to those from other OMZ affected margins. 

 

1.3. Thesis structure 

In this chapter (Chapter 1), the key biogeochemical processes operating within 

margin sediments are described (§ 1.4) and background information detailing the 

geography, climatology, and oceanography of the wider study area (Arabian Sea) is 

provided (§ 1.5).  Thereafter, the remainder of this thesis is divided as follows: Chapter 

2 describes general sampling and analytical methods.  Subsequently, four research 

chapters (Chapters 3-6) detail the contemporary biogeochemistry of sediments on the 
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Pakistan margin.  Specifically, Chapter 3 examines manganese and iron cycling; 

Chapter 4 examines sediment sulphur cycling; Chapter 5 examines benthic C-oxidation; 

and Chapter 6 examines major, minor, and trace element distribution patterns.  In an 

effort to aid clarity, each research chapter have been written in a stand alone format.  

Finally, a brief synthesis and recommendations section is presented in Chapter 7. 

 

1.4. Sediment geochemistry 

1.4.1. Diagenesis 

The geochemistry of marine sediments reflects both the composition of the material 

initially deposited in the sediments and the physical, chemical, and/or biological 

processes that affect this material after its deposition.  These processes fall within the 

general category of what is commonly referred to as early diagenesis (Berner, 1980).  It 

is now recognised that the majority of diagenetic processes in sediments either directly 

or indirectly result from microbially-mediated metabolic redox reactions, which govern 

OM remineralisation. 

 

1.4.2. Metabolic pathways 

All forms of life have two basic metabolic pathways, anabolism and catabolism.  

Anabolism is an assimilative pathway, whereby cells use energy to synthesise molecules 

from smaller base units.  The energy that is required to fuel this process is provided 

through catabolism, a dissimilative energy yielding processes.  Both processes utilise 

redox reactions, which involve the transfer of electrons from one chemical species to 

another.  Here, the chemical species with the most negative electrode potential (electron 

donor) transfers electrons via an intermediate carrier enzyme to a chemical species that 

has a more positive electrode potential (terminal electron acceptor).  The net free energy 

gain from this electron transfer is known as the standard Gibbs free energy (∆Gº), and 
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microbes seek to maximise the ∆Gº of any given redox reaction.  Oxygen presents the 

highest Gibbs free energy yield per mole of carbon oxidised, and as such is used as the 

primary electron acceptor (Froelich et al., 1979). However, as the concentration of 

accepting species is finite, the terminal electron acceptors (TEAs) alter as oxidants are 

consumed.  A stepwise reaction series follows, whereby bacteria selectively use a 

succession of electron acceptors which yield sequentially lower levels of 

thermodynamic advantage (Figure 1.1).  Using the diagenetic scheme outlined by 

Froelich et al., (1979), the diagenetic sequence proceeds via two end-member states: (1) 

aerobic respiration, which occurs in the presence of O2, and (2) anaerobic respiration, 

which begins when O2 is depleted.  Here, NO3
-
, Mn

4+
/
3+

, Fe
3+

, and SO4
2-

 are 

sequentially used a TEAs. 

 

 

1.4.3. Redox Zonation 

1.4.3.1. The pelagic zone 

Diagenesis begins in the pelagic environment, where heterotrophic organisms 

metabolise sinking organic phases via a series of catabolic reactions (Figure 1.1).  

Labile organic phases are preferentially consumed on transit through the water column 

and it is estimated that only a minor amount of the original primary productivity is 

exported to the benthos.  As a result, the OM that reaches the benthos is usually highly 

altered, with proteins and other nitrogen containing compounds preferentially 

consumed, followed by carbohydrates and lipids.  After deposition, the reduction of 

TEAs results in redox zonation of the sediments. 
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Figure 1.1. Sequence of microbially-mediated redox processes, demonstrating the free energy 

yield associated with each electron acceptor per half reaction, in kcal per mole of carbon 

oxidised at pH 7 (inset table). From Stumm and Morgan, (1996). 

 

1.4.3.2. The oxic zone 

In a situation with oxygenated overlying waters, dissolved O2 will be present in the 

upper layers (0-10 cm) of the sediments.  Studies of O2 distribution in these 

environments generally document the rapid removal of O2 with depth, indicating the 

action of aerobic heterotrophic bacteria (e.g. Reimers et al., 1986).  Decomposition in 

the presence of O2 proceeds rapidly, producing the by-products of CO2 and NH4
+
.  

Assuming the OM undergoing degradation has a chemical composition of (CH2O)106 

(NH3)16 (H3PO4) (Redfield, 1958), aerobic degradation can be summarised as 

Equation 1.1: 
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5(CH2O)106 (NH3)16 (H3PO4) + 690 O2 → 530 CO2 + 80 HNO3 + 5 H3PO4 + 610 H2O 

(Equation 1.1) 

 

Aerobic respiration has typically been considered to be the dominant C-oxidation 

pathway in marine sediments.  Indeed, at a range of abyssal sites, > 90% of sediment C-

oxidation has been attributed to aerobic respiration (e.g. Grundmanis and Murray, 

1982).  In contrast, only 15-20 % (global average) of OM decomposition in coastal 

sediments is coupled to aerobic respiration (Thamdrup, 2000).  Here, O2 is often 

preferentially consumed through re-oxidation of upward diffusing reduced compounds 

(e.g. Mn
2+

, Fe
2+

, NH4
+
, H2S), that are produced during anaerobic respiration (Canfield et 

al., 1993b).  Consequently, the oxic zone of sediments can regulate the fluxes of these 

reduced chemical species across the sediment-water interface. 

 

1.4.3.3. The suboxic zone 

In the suboxic zone, the use of TEAs other than O2 begins (Figure 1.1).  Nitrate 

reduction generally follows rapidly upon the depletion of O2 and yields H2O, CO2 and 

inorganic N species as by-products. Nitrate reducers are commonly facultative 

anaerobes and the overall processes of dissimilatory NO3
-
 reduction actually comprises 

two pathways, namely nitrate-ammonification (end product NH3), and the more 

important denitrification (end product typically gaseous N2).  The first step in either 

pathway is the reduction of NO3
-
 to NO2

-
 (Equation 1.2).  Certain bacteria (e.g. E. coli) 

either excrete the NO2
-
 or reduce it further to NH3 (Neubauer and Götz, 1996).  In 

contrast, other bacteria (e.g. Pseudomonas) reduce NO3
-
 to NO2

-
, then NO2

-
 to N2O, and 

finally N2O to N2 (Equations 1.3 and 1.4), although the final stage of the stepwise 
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reaction series is not always completed.  Overall, OM oxidation coupled to 

denitrification can be summarised in Equation 1.5. 

 

NO3
-
 + 2H

+
 + 2e

-
 → NO2

-
 + H2O (Equation 1.2) 

NO2
-
 + 6H

+
 + 4e

-
 →  N2O + 3H2O (Equation 1.3) 

N2O + 2H
+
 + 2e

-
 → N2 + H2O  (Equation 1.4) 

 

(CH2O)106 (NH3)16 (H3PO4) + 94.4 HNO3 → 106 CO2 + 55.2 N2 + H3PO4 + 177.2 H2O 

(Equation 1.5) 

 

Interestingly, in recent decades, two alternative reaction pathways concerning N have 

been recognised in marine sediments.  Anoxic nitrification coupled to the reduction of 

Mn
4+

/
3+

 has been described by several authors (e.g. Aller and Aller, 1998; Mortimer et 

al., 2004), whilst others have documented the anaerobic oxidation of NH4
+
 coupled to 

the reduction of NO2
-
, forming N2 (The anammox reaction; Thamdrup and Dalsgaard, 

2002; Dalsgaard et al., 2005). 

When NO3
-
 is consumed, the reduction of Mn- and Fe-oxides becomes the main 

processes governing OM oxidation (Figure 1.1 and Equations 1.6 and 1.7), with Mn
2+

 

and Fe
2+

 produced as a by-products.  However, whilst many bacteria are capable of 

facilitating Mn- and Fe-reduction (e.g. bacteria of the genera Geobacter and 

Shewanella; Lovely and Philips, 1987; Lovely and Philips, 1988; Myers and Nealson, 

1988), not all Mn- and Fe-oxides are equal with regard to their propensity to be reduced.  

For instance, amorphous oxides with high surface areas are much more reactive 

compared to more crystalline oxides with low surface areas (Lovely and Philips, 1987; 

Burdige et al., 1993; van der Zee and van Raaphorst, 2004).  Furthermore, recent work 

has shown that Mn
3+

-oxides are more reactive than Mn
4+

-oxides (van der Zee and van 

Raaphorst, 2004; Anschutz et al., 2005).  The reduction of Mn- and Fe-oxides also 
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presents bacteria with a problem.  Whereas aerobes rely on the diffusion of O2 across 

the cell membrane, and NO3
-
 and SO4

2-
 reducers can transport dissolved TEAs into the 

cell cytoplasm, metal reducing bacteria must reside on their (solid) TEAs surface and as 

a consequence, Mn- and Fe-reduction in sediments are considered to be surface limited. 

 

(CH2O)106 (NH3)16 (H3PO4) + 236 MnO2 + 472 H
+
 → 236 Mn2

+
 + 106 CO2 + 8N2 + H3PO4 + 336 

H2 

(Equation 1.6) 

 

(CH2O)106 (NH3)16 (H3PO4) + 212 Fe2O3 + 848H
+
 → 424Fe2

+
 + 106CO2 + 16NH3 + H3PO4 + 530 

H2O 

(Equation 1.7) 

 

In addition to the direct enzymatic reduction of Mn- and Fe-oxides, the metabolic by-

products of microbially-mediated reactions can indirectly facilitate metal reduction.  For 

example, Fe
2+

 can reduce Mn-oxides (Myers and Nealson, 1988), whilst H2S produced 

during SO4
2-

 reduction can reduce both Mn and Fe-oxides (Canfield et al., 1993b). 

 

1.4.3.4. The anoxic zone 

Dissimilatory SO4
2-

 reduction (Equation 1.8) becomes important when NO3
-
, Mn, 

and Fe inventories are largely depleted.  A diverse and heterogeneous range of bacteria 

can use SO4
2-

 as a TEA, and the availability of the SO4
2-

 anion in the marine 

environment (nominal seawater concentrations ca 30 mM L
-1

) means that sulphate 

reduction accounts for approximately 50 % of anaerobic C-oxidation (on average) in 

margin sediments (Thamdrup, 2000).  A range of different electron donors can be used 

by SO4
2-

 reducers, but the inefficient yield of SO4
2-

 reduction (Figure 1.1) brings slow 

growth to sulphate reducing populations. 
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(CH2O)106  (NH3)16  (H3PO4) + 55 SO4
2-

 → 106CO2 + 16NH3 + 55S2
-
 + H3PO4 + 106H2O 

(Equation 1.8) 

 

 

Following SO4
2-

 reduction, the final step in anaerobic OM oxidation is 

methanogenesis (Figure 1.1).  Here, strict anaerobic Archaea (e.g. Mathanococcus) 

synthesise methane from fermentation products via two reaction pathways (Equations 

1.9 and 1.10). 

 

 

CH3COOH → CH4 + CO2  (Equation 1.9) 

CO2 + 8H2 → CH4 + 2H2O  (Equation 1.10) 

 

 

1.5. Study Area – The Arabian Sea 

1.5.1. Geography 

The geographical context of the Arabian Sea can be seen in Figure 1.2.  The basin is 

located in the northwestern Indian Ocean and is bound by the Horn of East Africa and 

the Arabian Peninsula to the west, Pakistan and Iran to the north, and the Indian 

Peninsula to the east.  The extent of the Arabian Sea is arbitrarily defined; stretching 

from Goa along the western side of the Laccadive Islands and the Maldives Islands, 

along the equator and thence to Kenya. The area described occupies approximately 6.2 

x 10
6
 km

2
, not including the Gulf of Oman and the Gulf of Aden. 
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Figure 1.2.  Map of the Arabian Sea (depth contours at 500 m intervals). 

 

1.5.2. Climatology 

1.5.2.1. Monsoon Seasonality 

‘Monsoon’ is derived from the Arabic word ‘������’ (mausem), which means season.  

In English, the term was borrowed more directly from the Portuguese, monção, and 

possibly via  early modern Dutch,  monson.  The term arose in the 16 
th

 century during 

the rise in navigation across the Indian Ocean because the monsoonal winds were so 

critical to sailing (Warren, 1987). 

At present, the term monsoon is most often applied to the seasonal reversals of wind 

direction.  The Arabian monsoon cycle occurs because of pressure differences 

originating between the Asian continent and the Indian Ocean, which result from the 

differing specific heat, and heat capacity, of the land and water.  As water has twice the 
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specific heat of land and a greater heat capacity, the ocean responds to heat input by 

warming or cooling at a rate slower than that of land.  Thus, in summer, land reaches a 

higher temperature than the ocean.  The hot air over the land rises, creating an area of 

low pressure.  This warm air is replaced with inflowing maritime air, creating the 

Southwest Monsoon (SWM).  Conversely, in winter, the land cools quickly while the 

ocean retains heat for longer.  The hot air over the ocean rises, creating an area of low 

pressure that is replaced by inflowing continental air.  This reversal of wind flow is 

known as the Northeast Monsoon (NEM).  This semi-annual reversal of wind direction 

is highly repeatable. 

 

1.5.2.2. The Southwest Monsoon and the Autumn Intermonsoon 

During the SWM (June – September), easterly equatorial trade winds cross the 

equator, are deflected over Eastern Africa, and through Coriolis forcing, form a broad 

south-westerly flow (Figure 1.3).  Surface winds blowing from Eastern Africa across the 

basin remain remarkably unidirectional and maintain a relatively constant magnitude 

(~ 15 m s
-1

), being strongest in a low-level atmospheric jet, the Findlater jet (Findlater, 

1969 and 1974).  Reputedly, the SWM produces the strongest maintained oceanic winds 

outside the Southern Ocean.  After the SWM, a transitional Autumn Intermonsoon 

period (AIM, October – November) is experienced, during which light winds of no 

definite trajectory prevail. 

 

1.5.2.3. The NEM and SIM 

During the NEM (November – March), wind velocities strengthen to ~ 5 m s
-1

 and 

surface directions reverse to form a broad northeasterly flow of cool, dry air across the 

basin (Figure 1.3).  After the cessation of the NEM, the Spring Intermonsoon period 
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(SIM, March – June) is typified by a weak northwesterly flow, which prevails until the 

initiation of the next SWM. 

 

1.5.3. Physical Oceanography 

1.5.3.1. Ocean circulation during the SWM 

Seasonal variations in wind stress imparted by the monsoons create a basin wide 

seasonally reversing, complex surface hydrography.  The area is typified by an interplay 

of mechanical stirring, convective overturning, coastal and open ocean upwelling, and 

downwelling.  During the SWM, a broad north-eastward flow, with an overall 

clockwise motion is suggested by ship drift currents (Schott and McCreary, 2001); 

however, the formation of eddy systems such as the Socotra Eddy (SE), and the Great 

Whirl (GW) add complexity to the current regime (Figure 1.4).  Deep water upwelling 

resulting from the influence of wind stress curl, is readily observed along the Omani and 

Somali coasts.  Lateral advection of the upwelled waters occurs along the trajectory of 

the mean SWM winds, pushing nutrient rich upwelled waters eastwards across the basin 

(Morrison, 1997; Brink et al 1998; Lee et al, 2000).  Other circulation cells exist along 

the Omani coast where upwelled waters are transported hundreds of kilometres offshore 

as filaments or squirts (Flagg and Kim, 1998; Brink et al., 1998).  A strong coastal 

current known as the Ras al Hadd Jet develops along the southeastern coast of Oman, 

transporting upwelled waters northeastwards (Bohm, 1999).  Further offshore, the 

interior of the Arabian Sea is filled with mesoscale eddy systems (Flagg and Kim, 

1998). In addition, the central basin Surface Mixed Layer (SML) shallows to the north 

and deepens to the south.  This is argued to be indicative of open ocean upwelling and 

downwelling, where, lateral variations in windstress curl at either side of the Findlater 

Jet facilitate upwelling to the north of the windstress maximum and downwelling to the 

south (Bauer et al., 1991; Brock et al., 1991).  In contrast, recent research has suggested 
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Figure 1.3. Surface level (1000 mb) mean wind vectors and velocity during the 2003 SWM 

(top) and NEM (bottom).  Data is from the online Ingrid map room 

(http://iridl.ldeo.columbia.edu). 
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that observed SML trends result through combination of wind driven entrainment, 

upwelling, and horizontal advection of coastal waters, rather than solely through open 

ocean upwelling (Lee et al., 2000).  Along the eastern margin of the basin, the West 

Indian Coastal current (WICC) and the Southwest Monsoon Current (SMC) exit the 

basin to the east (Schott and McCreary, 2001). 

 

1.5.3.2. Ocean circulation during the NEM 

During the NEM, the reversal of wind direction is matched by oceanic surface 

currents, with mean flow occurring in an anticlockwise direction (Figure 1.5).  An 

absence of upwelling during the NEM is highlighted by a basin wide uniform SML 

depth.  However, the SML has been observed to deepen throughout the NEM (Bauer et 

al., 1991).  It is suggested that NEM winds promote Ekman pumping, convective 

overturning and turbulent mixing, which combine to subduct surface waters (Morrison, 

1997; Schott and Fischer, 2000; Lee et al., 2000).  Additionally, along the rim of the 

northern Arabian Sea, mean flow during the NEM is westward with downwelling and 

an offshore directed pressure jet evident off the Omani coast (Shi et al., 2000).  Along 

the Indian coast, the WICC reverses flowing northwards.  This brings water from the 

Bay of Bengal into the Arabian Sea (Schott and McCreary, 2001). 

 

1.5.3.3. Ocean circulation during the Intermonsoons 

The early AIM is dominated by remnant features of the SWM.  The continued presence 

of the Ras al Hadd jet and the presence of cold upwelled waters have been noted to 

persist for at least one month after the cessation of the SWM (Flagg and Kim, 1998).  

However, by the end of the AIM, characteristic light winds and clear skies promote 

thermal stratification of the surface ocean (Kumar et al., 2001).  During the SIM, clear 
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skies and light winds promote heating and evaporation and thermal stratification of the 

surface ocean results (Kumar et al., 2001). 

 

 

Figure 1.4.  A schematic representation of the identified current branches during the Southwest 

Monsoon, including some choke point numbers (Sv = 10
6
 m

3
s

-1
), from Schott and McCreary 

(2001).  Current branches identified (also see Figure 1.5) are the South Equatorial current 

(SEC), South Equatorial Counter Current (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, 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). 

 

1.5.3.4. Water masses 

A composite temperature salinity (T/S) diagram (Figure 1.6) illustrates the complex 

properties of water mass structure in the Arabian Sea.  Three basic water masses can be 

identified; (i) those generated within the open Indian Ocean due to subduction, (ii) those 

formed through mixing of other water masses, and (iii) those entering the basin from 

outside sources (Schott and McCreary, 2001). 
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Three main water masses form the basic large scale structure of the Arabian Sea 

SML: Arabian Sea Water (ASW), Bay of Bengal Water (BB) and Persian Gulf Water 

(PGW) (Morrison, 1997; Schott and McCreary, 2001).  Arabian Sea Water (ASW) is 

formed via subduction in the northern Arabian Sea during the NEM.  ASW enters along 

the upper thermocline and spreads southwards as a salinity maximum just under the 

SML (Morrison, 1997).  Low salinity BB, which is often identified in the eastern 

Arabian Sea, is generated through the combined effects of river discharge and high 

precipitation (Straamma et al., 1996).  PGW, a salty, near surface water mass enters via 

the Strait of Hormuz.  PGW is highly saline and is moderately oxygenated (Morrison, 

1997; Swallow et al., 1984).  PGW spreads southwards at a water depth of 250-300 m, 

however its influence is not thought to extend far beyond its source region in the 

northern Arabian Sea (Morrison, 1997). 

 

 

 

Figure 1.5.  As per Figure 1.4 but during the NEM. 
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Below the SML, North Indian Surface Water (NICW), an aged component of the 

Indian Central Water (ICW), enters along the lower thermocline.  ICW forms in the 

subtropics of the southern hemisphere.  The ICW spreads westward with the South 

Equatorial Current (see Figures 1.4 & 1.5) and then northward across the equator with 

the Somali Current, where it is then known as the NICW.  Here the NICW oxygenates 

the upwelling waters off Somali and Oman (Schott and McCreary, 2001).  A range of 

other water masses enter below the SML via the Indonesian passages.  These water 

masses are thought to originate from the thermocline of the North Pacific and are 

heavily mixed when crossing sills in the Indonesian passage.  These water masses are 

referred to as either Banda Sea Water (BSW) or as Australian Mediterranean Water 

(AAMW) (Schott and McCreary, 2001). 

Other intermediate waters enter from the south across the equator along the western 

margin of the Arabian Sea.  The upper layers consist of highly oxygenated waters which 

are formed in the southern part of the sub-tropical gyre between 30-40º S.  At greater 

depths we find Antarctic Intermediate Waters (AAIW), which are characterised by low 

salinity and low O2 content (Swallow et al., 1984).  AAIW is generated by subduction in 

the sub-polar frontal zone.  Along the same density gradient, Red Sea Water (RSW), a 

warm, moderately oxygenated water mass enters the basin via Strait of Hormuz.  The 

distribution of RSW in the northwest Indian Ocean is heterogeneous due to lateral 

mixing and incorporation in intense eddies (Wrytki, 1971; Morrison, 1997; Schott and 

McCreary, 2001). 

Water mass input at abyssal depths is largely obstructed by deep ridges.  However, 

O2 poor, highly saline, Indian Deep Water (IDW) is specific to the Arabian Sea.  IDW is 

thought to originate through entrainment of intermediate water masses with deep 

upwelling Lower Circumpolar Deep Water (CDW) (Schott and McCreary, 2001). 
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1.5.4. Pelagic biogeochemistry 

1.5.4.1. Monsoon driven primary productivity 

The Arabian Sea is characterised by monsoonal coupling between the atmosphere and 

ocean (see §1.5.2-1.5.3).  The resultant seasonal upwelling, convective overturning, and 

basin wide advection of nutrient rich waters, is matched by strong seasonal oscillations 

in biological primary productivity.  The monsoonal climatology has established a 

gradient  from eutrophic  conditions in the northwest, to oligotrophic  conditions in the  

 

 

Figure 1.6. Temperature-Salinity diagram of Indian Ocean water masses, from Schott and 

McCreary, (2001).  Climatology for the Bay of Bengal (BB), northern Arabian Sea (AS), 

equatorial region of the western basin (EQ), South Equatorial Current (SEC), western exit of the 

Indonesian Throughflow (ITF), Leeuwin Current (LC), and the Somali current (SC) is given.  

Core water masses indicated are the Circumpolar Deep Water (CDW), Indian Deep Water 

(IDW), Antarctic Intermediate Water (AAIW), Indian central Water (ICW), Red Sea Water 

(RSW), Persian Gulf Water (PGW), and Arabian Sea Water (ASW).  Profiles are from 

respective winter seasons in each hemisphere. 
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southeast (Qasim, 1982, Morrison et al., 1999; Pfannkuche and Löchte, 2000; Wiggert 

et al., 2005).  Primary productivity is seen to follow this trend, with highest rates of 

productivity evident in the northern coastal areas (Qasim, 1982; Wiggert et al., 2005).  

The SWM and NEM dominate the annual productivity cycle (Figure 1.7).  During the 

SWM, a combination of upwelling, wind driven mixing, and lateral advection of 

upwelled waters, supply nutrients to the SML, which in turn supports high rates of 

productivity (McCreary et al., 1996; Kumar et al., 2001).  During the NEM, primary 

productivity is supported by wind driven convective deepening, which brings nutrient 

replenishment to the SML.  Traditionally, productivity during the NEM was thought to 

be lower than during the SWM.  However, recent observations suggest that productivity 

during the NEM is comparable to that of the SWM (Morrison et al., 1999; Wiggert et 

al., 2005). 

During the AIM and SIM, productivity is greatly reduced (Figure 1.7), as high solar 

isolation and quiescent winds promote upper ocean stratification, which in turn 

encourages the development of oligiotrophic conditions.  Regardless, the high 

productivity experienced during the SWM and NEM ensure that the Arabian Sea 

accounts for ~ 5 % of global marine primary productivity (Qasim, 1977 and 1982). 

 

1.5.4.2. OM export flux 

The Arabian Sea is subject to temporally and spatially variable monsoonal inputs of 

autochthonous OM, aeolian material, and fluvial runoff (Rixen et al., 2005).  Regional 

trends in primary productivity, monsoonal wind tracks, and distance from dust source 

regions control the quantity of export flux (Haake et al., 1993).  Particulate Organic 

matter (POM) dominates over lithogenic material in sinking particles and makes up 

more than 80 % of the total fluxes (Haake et al., 1993).  POM export varies as a 

function of depth, season and distance from the coast, with highest fluxes resulting from 
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monsoon driven primary production (Nair et al., 1989; Haake et al., 1993, Honjo et al., 

1999; Rixen et al., 2000).  An annual bi-modal pattern of POM flux is observed in 

sediment traps off Oman (Haake et al., 1993; Honjo et al., 1999; Lee et al., 1998; 

Buesseler et al., 1998), Somali (Broerse et al., 2000), Pakistan (Suthhof et al., 2000), 

and points north of 10ºN (Honjo et al., 1999).  Flux along the western basin is 

dominated by a strong SWM signal and a weaker NEM signal (Honjo et al., 1999).  

Flux in the eastern basin is virtually identical during both monsoons (Suthhof et al., 

1999).  Inter-annual variability in POM export is remarkably small during the SWM.  

Conversely, variability is marked during the NEM, indicating that nutrient supply and 

primary productivity during this season may be more ephemeral (Haake et al., 1993). 

POM export flux shows rapid attenuation with depth, indicating that extensive 

biological remineralisation occurs in the water column (Figure 1.8; Lee et al., 1998).  

The largest rates of POM remineralisation are supported in the upper water column 

(Buesseler et al., 1998; Lee et al., 1998) and within surface sediments (Lee et al., 1998).  

Annual estimates of POM export efficiency to the abyssal seafloor show a marked 

decrease with distance from the coast, ranging from 0.2 % under the Omani coastal 

upwelling regions, to 0.01 % in the central basin (Lee et al., 1998). 

 

1.5.4.3. Lithogenic export flux 

Lithogenic material is a major component of export flux in the Arabian Sea.  The basin 

is surrounded by arid land masses: The Horn of Africa and the Arabian Peninsula to the 

west, the Iran-Makran-Thar desert regions to the north, and the coastal highlands of 

India to the east.  In addition, the Indus, Tapti and Narmada rivers transport significant 

levels of fluvial discharge into the eastern Arabian Sea.  Total fluvial sedimentary 

discharge to the Arabian Sea is thought to be approximately 110 Tg yr
-1

, with the 

greatest discharge occurring during the wet SWM season (Borole, 1988). 
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Figure 1.7. Monthly primary production at Five BIGSET sampling locations during 1996, as 

calculated from satellite image chlorophyll data, demonstrating the general NW – SE gradient in 

primary productivity and bimodal pattern of monsoon forced primary productivity.  From: 

Pfannkuche et al., (2000). 
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Influence of fluvial input decreases in a north-south and east-west direction (Kolla et al., 

1981; Ramaswamy et al., 1991; Rixen et al., 2005).  The Indus River drains the 

Himalayas and arid regions of Pakistan and India.  Prior to the 1980’s, it is estimated 

that the Indus transported 250 x 10
12

 g yr
-1

 of sediment into the Arabian Sea.  However, 

since the construction of the Tabela dam system in the 1980’s, sediment discharge has 

decreased to around 50 x 10
12

 g yr
-1

 (Milliman et al, 1984). 

 

 

Figure 1.8. Semi-log plot showing average organic carbon fluxes in the Arabian Sea water 

column and surface sediments off Oman during 1995-1996; from Lee et al., (1998).  Trap 

locations are: S1 18
o
50N, 57

o
80E; S2 17

o
70N, 59

o
00E; S3 17

o
10N, 59

o
80E; S7 15

o
20N, 61

o
70E; 

S15 10
o
00N, 65

o
00E.  Double bars indicate the depth of the sea floor at each mooring location. 

 

Aeolian inputs to the Arabian Sea, estimated to be in the region of 75–115 Tg yr
-1

, 

are thought to dominate lithogenic input in regions removed from fluvial input (Rixen et 

al., 2005).  Aeolian inputs vary both spatially and temporally, showing strong 

monsoonal coupling (Haake et al., 1993).  Satellite derived estimates of atmospheric 
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dust loading suggest that 80-90 % of annual aeolian input occurs during the SWM 

(Sirocko and Sarnthein, 1989).  Sediment trap observations (Ramaswamy et al., 1991, 

Honjo et al., 1999) and surface ocean dissolved metal concentrations (Measures and 

Vink, 1999; Balakrishnan et al., 1999) confirm this inference.  In contrast, physical 

measurement of aeolian deposition at the ocean surface has shown that dust levels are 

actually lowest during the SWM (mean 0.07 ng m
-3

), highest during the NEM (mean 0.7 

ng m
-3

), and modest during intermonsoon periods (Tindale and Pease, 1999).  Tindale 

and Pease (1999), suggest that remotely sensed data during the SWM actually reflect an 

increase in the occurrence of sea salt aerosols, which are generated by the strong SWM 

winds.  It is suggested that the aerosols may act as an efficient binding agent for aeolian 

materials; thus providing a mechanism for maintaining high aeolian input to the ocean, 

whilst simultaneously permitting direct measurement of low dust in the atmosphere 

(Tindale and Pease, 1999).  Regardless of the mode of deposition, sufficient information 

exists to surmise that the dominant input of aeolian and fluvial material occurs during 

the SWM.  Indeed, > 40 % of the annual lithogenic input to the Arabian Sea is 

calculated to occur during the SWM (Ramaswamy et al., 1991). 

 

1.5.4.4. Oxygen depletion 

In the modern oceans, three major upwelling regions have associated stable OMZs; 

namely, the Arabian Sea, the eastern tropical Pacific, and the western coast of Africa.  

Of these, the Arabian Sea OMZ is reputedly the world’s thickest, spanning the basin at a 

nominal depth range which extends from the base of the euphotic zone (ca. 100 m) to 

approximately 1000 m water depth (Wyrtki, 1971) (Figure 1.9).  This exceptionally 

thick OMZ is a biogeochemical response to seasonal primary productivity (§ 1.5.4.1); 

whereby the O2 demand associated with decomposition of sinking POM (§1.5.4.2) 

outstrips O2 supply (Swallow, 1984; Olson et al., 1993).  In the Arabian Sea, the 
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majority of O2 comes from the south through inputs of poorly oxygenated ICW 

(dissolved O2 ~ 45 µM, Olson et al., 1993).  However, equatorial dynamics act as a 

barrier to inter-hemispheric water exchange and consequently, input of ICW only occurs 

along the western margin during the SWM (Schott and McCreary, 2001).  In addition to 

ICW, minor water inputs from the Red Sea and Persian Gulf bring limited ventilation 

(RSW dissolved O2 110 µM, Grasshoff, 1969; PGW 155 µM, Wyrtki, 1971), however, 

the total amount of O2 transported by these water masses is negligible (< 10 % of water 

column O2 demand; Bange et al., 2005).  Together, the low rates of ventilation, high 

rates of primary productivity, and water currents act to maintain a general southwest - 

northeast gradient in O2, with the OMZ most intense (O2 < 1–5 µM) along the 

northeastern margin of the Arabian Sea (Bange et al., 2005). 

 

1.5.4.5. Denitrification 

As suboxic conditions intensify, facultative heterotrophs couple the oxidation of 

sinking POM to alternative terminal electron acceptors (§1.4).  The co-occurrence of O2 

depletion and a mid-water nitrite maximum within the Arabian Sea (Figure 1.9) 

indicates that bacterial denitrification becomes a dominant respiratory pathway within 

the OMZ water column.  Indeed, the contribution of the Arabian Sea to global nitrogen 

cycling is disproportionately large, with an estimated annual pelagic denitrification rate 

of 10-34 Tg N yr
-1

 (Mantoura et al., 1993; Naqvi et al., 1992; Bange et al., 2005). 

 

1.5.4.6. Manganese reduction 

The intensity of the OMZ is also reflected in the behaviour of the redox sensitive 

metals.  Dissolved Mn (Mn
2+

) displays a concentration maximum within the OMZ 

(Figure1.9).  The in situ microbially-mediated reduction of sinking Mn-oxyhydroxides 

(Mn
3+/4+

) is suggested to control this distribution (Saager et al., 1989); however, the 



Introduction, Chapter 1 

 27 

regional presence of secondary Mn
2+

 maxima suggests that an efflux of Mn
2+

 from 

underlying sediments and/or an injection of Mn-rich water from the Red Sea or Persian 

Gulf, may control the observed trends (Saager et al., 1989; Nair et al., 1999; Lewis and 

Luther, 2000).  To date, the exact mechanism(s) governing the formation the dissolved 

Arabian Sea Mn maxima(s) remain unresolved. 

 

Figure 1.9. Dissolved O2, NO3
-
, NO2

-
, Mn and Fe water column profiles from the Arabian Sea.  

The horizontal dashed lines indicate the relative position of the OMZ.  Oxygen, NO3
-
, and NO2

-
 

profiles are from the US JGOFS data set, station 18, cast 7 and 8 (19º16’N, 66º98’E & 19º00’N, 

66º99’E) (http://www1.whoi.edu).  Manganese and Fe profiles are from Saager et al. (1989), 

station 7 (21º16’N, 63º22’E). 

 

1.5.4.7. Iron reduction 

Limited information is available concerning the behaviour of Fe within the Arabian 

Sea pelagic environment.  Saager et al., (1989) and Moffett et al., (2007) report the 

presence of a dissolved Fe (Fe
2+

) concentration maximum within the OMZ (Figure 1.9), 

which is commensurate with the NO2
-
 maximum (§ 1.5.4.5).  Whether this reflects Fe 

remobilisation from sinking detritus, microbially-mediated reductive dissolution of 

sinking Fe oxyhydroxides (Fe
3+

), or an efflux of Fe
2+

 from OMZ impinged sediments, 

remains open to debate (e.g. Saager et al., 1989; Schenau et al., 2002b; Elrod et al., 

2004; Moffett et al., 2007).  However, resolution of this matter is of general interest as it 
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has been argued that Fe limitation may be important in the Arabian Sea during and after 

the SWM due to the limited input of aeolian Fe to the basin (Wiggert et al., 2006). 

 

1.5.4.8. Sulphate reduction 

An absence of pelagic sulphate reduction within the Arabian Sea has been 

highlighted by the lack of measurable free hydrogen sulphide throughout the water 

column (Therberge et al., 1997).  Whilst conditions within the OMZ are intensely 

suboxic/anoxic, it is argued that the high concentrations of nitrate ensure that pelagic 

denitrification is never completely exhausted, thus preventing the occurrence of 

sulphate reduction (Bange et al., 2005). 

 

1.5.5. Sediment biogeochemistry 

1.5.5.1. Sedimentation processes 

Sedimentation across the entire basin is directly or indirectly linked to the monsoons 

(Schnetger et al., 2000).  Monsoon controlled gradients in nutrient availability, primary 

production, OM export, and lithogenic inputs are all manifest in the region’s sediments.  

This is perhaps best demonstrated by the close correlation between measures of primary 

productivity and indicators of sediment OM quality, which show a general trend of 

increased sediment OM quality under eutrophic coastal waters, with a general offshore 

decline (Pfannküche et al., 2000; Witte, 2000).  Other parameters, such as bulk OM 

distribution (Pfannküche et al., 2000), estimates of benthic ecosystem function (e.g. 

Boetius and Lochte, 2000; Witte, 2000; Witte and Pfannküche, 2000; Sommer and 

Pfannküche, 2000; Luff et al., 2000), and rates of benthic nutrient regeneration (Grandel 

et al., 2000), also display a similar trend. 

The distribution of lithogenic material in Arabian Sea sediments, whilst dominated 

by regional trends in source geology, also reflects monsoonal controls.  A tongue of 
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smectite and palygorskite rich, illite poor sediments extend from the Somalia coast in a 

northwest direction, reflecting dust entrainment in the semi-arid regions of Africa 

during the SWM (Sirocko and Lange, 1991).  A narrow band of chlorite rich sediments 

with marginal quartz concentrations are found within the northern Arabian Sea, 

indicating dust source regions within the Arabian Peninsula and within Iran and 

Pakistan during the NEM (Kolla et al., 1976 and 1981; Sirocko and Lange, 1991; 

Sirocko et al., 2000).  High illite, chlorite, and smectite concentrations along eastern 

margins reflect fluvial inputs from the Indus, Tapti and Narmada rivers (von 

Stackelberg, 1972; Sirocko and Lange, 1991). 

 

1.5.5.2. Benthic communities and biomixing 

Basin-wide studies conducted at abyssal depths highlight that benthic communities 

are distributed according to OM availability.  Consequently, a general west-east, north-

south gradient is observed in faunal biomass and species diversity, which mirrors the 

distribution of primary productivity and sediment OM content (Boetius and Lochte, 

2000; Kurbjeweit et al., 2000; Sommer and Pfannküche, 2000; Witte, 2000).  The 

degree of biomixing at abyssal depths also correlates with sediment OM availability.  At 

organic-rich sites, large benthic communities composed of ophiuroids, holothurians, and 

natant decapods support limited deep sediment mixing.  Conversely, at organic-poor 

sites, smaller benthic communities predominantly composed of echiurans support 

extensive deep sediment mixing (Turnewitsch et al., 2000). 

Oxygen availability also has the potential to influence faunal distribution and 

biomixing in the Arabian Sea at points where the OMZ impinges the sediments.  Indeed, 

early studies on the Arabian margin highlighted an apparent absence of sediment fauna 

at OMZ affected sites (Sewell, 1934 a and b).  Further cross-margin studies conducted 

on the Oman and Somali margins have documented how benthic communities respond 
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to the strong O2 and OM gradients found in these locations.  Interestingly, on both 

margins, macrofauna distribution appears to be correlated to OM availability, indicating 

that O2 depletion in these regions is not severe enough to have a negative impact (Bak 

and Nieuwland, 1997; Duineveld et al., 1997; Cook et al., 2000; Levin et al., 2000).  

Indeed, on the Oman margin, macrofaunal biomass is greatest at OMZ sites (Levin et 

al., 2000), suggesting that food availability, and perhaps better preservation of OM 

under low O2 conditions are the key determinants of faunal population size (Cowie, 

2005).  Conversely, biomixing rates on the Oman margin appear to be affected by O2 

depletion, with mixed layer depths at OMZ sites significantly shallower than those at 

oxygenated sites (Smith et al., 2000).  Furthermore, the modal diameter of burrows and 

diversity of burrow types is also lower within the OMZ (Smith et al., 2000). 

The influence of O2 depletion on faunal communities and biomixing appears to be 

more defined on the Pakistan and Indian margins, where the OMZ is more intense.  

Whilst limited evidence is available detailing the region’s biota, surficial sediments 

within the core of the OMZ on these margins show no-to-limited evidence of 

bioturbation (Cowie et al., 1999), and sediments are often laminated due to the 

undistributed accumulation of seasonal export flux (von Stackelberg, 1972; Staubwasser 

and Sirocko, 2001).  At these locations, it is clear that O2 is persistently low enough to 

negatively influence macrofaunal abundance and bioturbation. 

 

1.5.5.3. Oxygen depletion and organic matter preservation 

Early geochemical characterisation of the Arabian Sea benthic environment 

highlighted the presence of organic rich sediments in areas impinged by the OMZ 

(Figure 1.10) (von Stackelberg, 1972; Kolla et al., 1981).  Further studies have clarified 

a general physical relation of relatively organic-rich sediments within the OMZ, 

surrounded by largely organic-poor, reworked deposits above and below the OMZ 
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(Paropkari, 1979; Pedersen et al., 1992; Paropkari et al., 1992 and 1993; Cowie et al., 

1999).  Similar findings have been documented in a range of other O2 deficient regions, 

and as a result, many authors have suggested that O2 availability is a key determinant 

governing OM preservation in marine sediments (e.g. DeMaison, 1991; Paropkari et al., 

1992 and 1993; Hartnett et al., 1998; van der Weijden et al., 1999).  In contrast, a 

variety of other studies have highlighted that there is no clear relationship between O2 

depletion and OM preservation, fuelling an ongoing debate over the factors controlling 

OM preservation.  Indeed, to date, numerous factors such as variable POM delivery, 

sorptive processes, hydrodynamic sorting, winnowing, and the extent and availability of 

anaerobic TEAPs, have been linked to OM preservation (e.g. Kristensen and Blackburn, 

1987; Pedersen et al, 1992; Canfield, 1993 a and b; Hedges and Keil, 1995; Thamdrup 

and Canfield, 1996; Cowie et al, 1999). 

 

1.5.5.4. Denitrification 

Whilst the dynamics of pelagic denitrification within the Arabian Sea are well 

constrained (see review by Bange et al, 2005), N-cycling within the sedimentary 

environment is hitherto uninvestigated.  No rates of sedimentary denitrification or 

estimates of its importance with regard to C-oxidation have been reported from the 

Oman, Somali, or Pakistan margins; however, Naik and Naqvi (2002) have determined 

denitrification rates on the Indian margin.  When extrapolated across the entire basin 

(0.4-3.5 Tg N yr-1), these rates were of modest significance compared to estimates of 

pelagic denitrification (Bange et al., 2005).  It must be stressed however, that due to the 

limited nature of the available data, firm conclusions as to the significance of 

sedimentary denitrification within the Arabian Sea, with regards to both the global N-

cycle, and sediment C-oxidation, cannot be drawn.  Indeed, in other low-O2 

environments, there is a growing recognition that sedimentary denitrification may 
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provide a key ‘missing link’ in the global N deficit (Hamersley and Howes, 2005), 

whilst also providing an important C-oxidation pathway (Harnett and Devol, 2003). 

  

Figure 1.10. A summary of the relationship between typical water-column dissolved oxygen 

concentrations and the types, colour, and geochemical and biological properties of surface 

sediments from the western continental margins off India and Pakistan (modified from von 

Stackelberg, 1972 and Cowie, 2005).  Schematic abundances of sediment components increase 

from left to right in each panel. 

 

1.5.5.6. Manganese cycling 

Whilst the distribution and cycling of Mn within the Arabian Sea water-column is 

comparatively well understood (§ 1.5.4.6), detailed information concerning Mn-cycling 

within the region’s sediments, and its importance with regard to C-oxidation, is lacking.  

Two studies have described surface-sediment Mn distribution throughout the basin, and 

both highlight an apparent scarcity of Mn at shelf and slope sites (Mn <0.01 wt %), with 

comparative enrichment at abyssal depths (Mn 0.1-0.5 wt %) (Shankar et al., 1987; 

Sirocko et al., 2000).  Schnetger et al., (2000) also found high concentrations of Mn at 

abyssal sites.  Passier and co-workers (1997), working on the Oman margin, found an 
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absence of reactive sedimentary Mn at a site within the OMZ.  In contrast, at a site 

located below the OMZ, Mn was enriched and actively cycled within the surface 

sediments (0-10 cm bsf).  More detailed studies conducted on the Pakistan and Indian 

margins have found a similar distribution patterns, with sediment Mn-cycling absent at 

low-O2 sites and enhanced at oxic sites (van der Weijden et al., 1999; Schenau et al., 

2002a; Laluraj and Nair, 2006).  Together, these studies potentially highlight that Mn 

only acts as an important C-oxidant at non-OMZ sites.  Furthermore, this distribution 

pattern may indicate that OMZ sediments do not provide an active Mn
2+

 source to 

overlying waters (e.g. Saager et al., 1989).  However, if such inferences are to be 

confirmed, detailed examination of Mn-cycling in a range of sediments exhibiting 

markedly different redox conditions, OM availability, and benthic community structure, 

in the Arabian Sea, is required. 

 

1.5.5.7. Iron cycling 

Basin wide studies have highlighted that Fe is enriched on the eastern margins of the 

Arabian Sea (India and Pakistan), and depleted off Yemen and Oman (Shankar, 1987; 

Sirocko et al., 2000).  This distribution pattern is thought to reflect a predominant 

fluvial input of Fe to the basin (Sirocko et al., 2000).  With regard to Fe-cycling within 

the region’s sediments, only limited information is available.  On the Indian margin, 

sediment Fe concentrations were found to be high (4-7 wt %) at oxic sites and low 

(< 3 wt %) at OMZ affected sites (Laluraj and Nair, 2006).  Passier et al., (1997), 

working on the Oman margin, found that bioavailable Fe
3+

 was cycled within the 

surface sediments (0-30 cm bsf) at an OMZ site, possibly indicating that a proportion of 

sediment C-oxidation is coupled to Fe
3+

 reduction under the prevailing suboxic 

conditions.  Bioavailable Fe
3+

 was also found at an oxygenated site on the same margin; 

however, reduction was not significant in the surface sediments (Passier et al., 1997).  
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Sediment Fe-cycling has also been examined at sites on the Pakistan margin (van der 

Weijden et al., 1999).  Here, bioavailable Fe
3+

 was found to be absent within OMZ 

sediments.  In contrast, at non-OMZ sites on the same margin, bioavailable Fe
3+

 was 

actively cycled within the surface sediments (van der Weijden et al., 1999).  This 

distribution pattern possibly indicates that pelagic Fe
3+

 reduction within the Pakistan 

margin OMZ may contribute to the Fe
2+

 maxima observed within the Arabian Sea (e.g. 

Sagger et al., 1989; Moffett et al., 2007).  Furthermore, the absence of bioavailable Fe
3+

 

(and Mn
4+

/
3+

, see § 1.5.5.6) within OMZ sediments on this margin, and hence absence 

of anaerobic TEAPs, has been suggested to contribute to enhanced OM preservation 

(van der Weijden et al., 1999).  These lines of investigation are further explored in 

Chapter 3, where rates and mechanisms of Fe-cycling in sediments from the Pakistan 

margin are examined at a range of OMZ and non-OMZ sites. 

 

1.5.5.8. Sulphate reduction 

Enhanced levels of sulphate reduction commonly characterise sedimentary 

environments underlying upwelling regions (e.g. Fossing, 1990; Thamdrup and 

Canfield, 1996; Ferdelman et al., 1997; Hartnett and Devol, 2003, Böning et al., 2004; 

Böning et al., 2005).  Sulphate reduction has been documented in abyssal sediments 

within the Arabian Sea (Boetius et al, 2000), and in coastal sediments on the 

tectonically active Makran region (Schmaljohann et al., 2001).  However, whilst all of 

the known precursors for sulphate reduction exist within the OMZ (i.e. O2 depletion, 

high sediment OM content, and high porewater sulphate), indirect evidence suggests 

that sulphate reduction does not readily occur in contemporary OMZ sediments (Passier 

et al., 1997; van der Weijden et al., 1999; Schenau et al., 2002b).  Here, absences of 

porewater sulphate depletion, porewater sulphide, and sulphide minerals, typify the 

upper sediments (0-0.5 m bsf).  The causes for this unusual absence remain unclear, but 

have been linked to the sediment OM that is either inherently unreactive or made so via 
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sulphurisation reactions (Lückage et al., 1999; Lückage et al., 2002; Schenau et al., 

2002b), or an enhanced availability of other anaerobic C-oxidation pathways (i.e. 

denitrification or organotrophic metal reduction; van der Weijden et al., 1999). 

 

1.5.5.9. Authigenesis 

Several elements that are often used as palaeo-proxies show authigenic enrichment in 

contemporary Arabian Sea sediments.  On the Indian margin, high uranium (U) (~ 4-

8 µg g
-1

) concentrations typify sediments underlying the OMZ (Nath et al., 1997).  

When normalised to lithogenic values, authigenic U on this margin was found to 

account for 80-90 % of sediment U content, with the degree of enrichment positively 

correlated to sediment OM content.  Similar U distributions have been noted on the 

Oman margin of the Arabian Sea (Morford and Emerson, 1999) and in other OMZ 

environments (e.g. Klinkhammer and Palmer, 1991; Nameroff et al., 2002).  Other 

elements that show enrichment within the Arabian Sea OMZ include rhenium (Re), 

cadmium (Cd), molybdenum (Mo), and phosphorus (P).  Rhenium concentrations as 

high as 42 ng g
-1

 (~1000-fold higher than crustal abundance) have been documented at 

sites on the Pakistan margin (Crusius et al., 1996), whilst high concentrations of Mo and 

Cd have been reported for OMZ sites on the Oman margin (Morford and Emerson, 

1999).  In contrast, Mo was not found to be enriched at sites on the Pakistan margin 

(Crusius et al., 1996).  Phosphorus is also enriched at a variety of OMZ sites (Schenau 

et al, 2001; Babu and Nath, 2005).  Here, falling concentrations of porewater phosphate 

and increasing concentrations of Francolite (a Ca-phosphate mineral) are suggested to 

reflect active phosphogenesis in the region’s sediments (Schenau et al, 2001; Babu and 

Nath, 2005).  Barium (Ba), another important palaeo-proxy, also shows enrichment in 

the Arabian Sea sediments.  However, unlike U, Re, Cd, Mo, and P, Ba concentrations 

are low at suboxic sites, and instead increase in oxygenated sediments located below the 

OMZ (Schenau et al., 2001; Balakrishnan Nair et al, 2005). 
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2.1. Overview 

In order to address the complicated nature of element cycling in marine sediments, a 

novel sampling strategy conducted across a broad spectrum of depositional conditions 

was required.  A wide array of cutting edge technologies, such as in-situ and shipboard 

microcosm experiments; combined with more traditional core sampling approaches, 

were employed on the Pakistan margin of the Arabian Sea.  General sampling methods 

and analytical techniques used throughout this project are described in this chapter.  

Techniques specific to individual research chapters (chapters 3-6) are described in the 

relevant methods sections (see§ 3.3, 4.3, 5.3, and 6.3). 

 

 

 

2.2. Sampling  

2.2.1. Oceanographic research cruises 

This contribution is tied to a larger scientific program, ‘Benthic processes in the 

Arabian Sea: mechanistic relationships between benthos, sediment biogeochemistry and 

organic matter cycling’.  Sampling for this program, and hence all of sampling for this 

contribution, occurred in 2003 during four dedicated research cruises aboard the RSS 

Charles Darwin, in the Arabian Sea.  The remit of the wider research project was to 

conduct sampling before and after the 2003 Southwest monsoon on the Pakistan margin.  

Thus, cruises CD 145 (March-April, 2003; Bett, 2004a) and CD 146 (April-May, 2003; 

Cowie, 2004a) were conducted during the spring-intermonsoon season (hereon referred 

to as ‘intermonsoon’), and cruises CD 150 (August-September, 2003; Bett, 2004b) and 

CD 151 (September-October, 2003; Cowie, 2004b) were conducted during the late-to-

post southwest monsoon (SWM) (hereon referred to as ‘late-to-post SWM’). 
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2.2.2 Site selection 

Initial cruise planning called for the location of a series of sampling localities 

transecting the Arabian Sea OMZ where it impinges on the Pakistan margin.  Site 

selection was conducted during cruise CD 145, via use of a 10 KHz echo sounder, 

3.5 KHz sub bottom profiler, and a Simrad EM12 swath surveyor (Bett, 2004a).  The 

primary criteria for site selection required that sampling locations provide a broad but 

representative transect of the Pakistan margin, thus providing sites of contrasting redox 

properties, sediment type, and faunal abundance.  Sampling areas also had to be suitable 

for benthic lander deployments and thus needed to be removed from canyons, steep 

slopes and other regions of extreme topography.  On this basis, five main sites (150 m, 

300 m, 500 m, 1200 m, and 1850 m) were provisionally selected and sampled during 

cruise CD 145 (Bett, 2004a).  Two of the locations were later discounted during cruise 

CD 146.  The 150 m site was discounted due to its sandy sediment composition, and the 

500 m site was discounted as its topography hampered successful coring (Cowie, 

2004a).  Investigation during cruise CD 146 led to the final selection of five sampling 

sites (140 m, 300 m, 940 m, 1200 m and 1850 m), as shown in Figure 2.1.  These sites 

were then sampled during cruises CD 146, CD 150, and CD 151 (Bett 2004b; Cowie, 

2004 a & b). 

 

2.2.3. Coring 

Coring was conducted on all cruises and allowed collection of reasonably 

undisturbed sediments for vertical sectioning and isolation of porewaters.  Collected 

sediments were also used for shipboard incubation studies.  Coring was conducted with 

a Bowers and Connelly Megacorer, which provided cores of 110 mm in diameter and 

~ 40 cm depth.  Successful core recovery was attained at all sampling locations on all 

cruises (except CD 145, see § 2.2.2).  However, only a subset of cores were actually 
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analysed, and the remaining cores were archived at the Scottish Association for Marine 

Science (SAMS). 

 

 

Figure 2.1.  Map showing sampling site locations and the bathymetry of the Pakistan 

margin study region (contours at 20 m intervals). Courtesy of Gareth Knight, Liz 

Rourke, and Brian Bett (National Oceanography Centre, Southampton, UK). 

 

2.2.4. Core sectioning 

Cores were immediately removed from the coring apparatus and capped to eliminate 

O2 contamination.  Cores were carefully transported to a controlled temperature 

laboratory which was kept at a temperature representative of ambient conditions in the 

area of sample retrieval.  Cores were uncapped and the overlying water was siphoned 

off until approximately 5 cm water depth remained.  Overlying water was then sampled, 

via syringe, filtered, and transferred to an acid washed LDPE vial, and spiked with 0.5 

ml ARISTAR grade Nitric acid (HNO3).  Cores were then transferred into an anaerobic 

glove bag, and sectioning was completed using acid washed equipment under a N2 
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atmosphere.  Sectioning was completed at a resolution of 0.5 cm intervals to 10 cm, 

1 cm intervals to 20 cm, and 2 cm intervals thereafter.  Sectioned samples were split to 

provide separate aliquots for solid phase analysis and porewater extraction.  Solid phase 

sediment samples, collected for geochemical characterisation were transferred to PVC 

bags and stored at 5 ºC until further analysis.  Porewater samples were collected through 

centrifugation, filtered through 0.2 µm Sartorius cellulose acetate filters, and split for 

metal, nutrient and sulphide analysis.  Porewater metal samples were transferred to acid 

washed LDPE vials, fixed with 100 µl concentrated ARISTAR HNO3, and stored at 

5 °C until further analysis.  Porewater nutrient and sulphate samples were transferred to 

LDPE vials and stored at 5 °C until analysis.  Pore-water sulphide samples were fixed 

with 1 ml of 1 M zinc acetate solution and stored at 5 °C until analysis. 

 

2.2.5. Oxygen flux Incubations 

Oxygen fluxes into the sediment were directly measured during shipboard 

incubation of intact sediment cores (Breuer et al., 2009).  Upon collection, precautions 

were taken to prevent contamination of cores with atmospheric O2.  Cores were 

immediately transferred to a controlled-temperature laboratory set to in situ 

temperature, and mounted on a rack.  Bungs from the core tops were quickly replaced 

with top seals manufactured to carry Clark-type O2 microelectrodes (Unisense OX-500) 

and magnetic stir bars (Schwartz et al., 2009).  Cores were incubated in the dark with 

constant stirring of core-top water and monitoring of O2 concentrations for 24-48 hours 

(determined by the length of time required for a significant decline in O2 to be 

observed).  Each measurement was conducted on two cores from the same corer 

deployment.  Oxygen consumption rates were determined by measuring the decrease in 

dissolved O2 levels, as measured by the microelectrodes installed in each incubation.  

Oxygen consumption rates were normalized to incubation volume and corrected for 
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removal of any sample volume.  In some incubations, O2 concentrations initially 

increased over short periods due to minor atmospheric O2 contamination; in these cases, 

the excursions were removed from the assessment, and O2 consumption rates were 

calculated by the net decrease in dissolved O2 concentration.  

 

2.2.6. Nitrate flux incubations 

Nitrate fluxes across the sediment-water interface were measured via shipboard and 

in situ incubation (Schwartz et al., 2009; Woulds et al., 2009).  During shipboard 

incubations, two undisturbed sediment cores were incubated, in tandem, on a shipboard 

incubation rig (see § 2.2.5).  In situ incubations were made with a platform lander, fitted 

with an ELINOR incubation chamber (Glud, 1995; Black et al., 2001).  The NO3
-
 flux 

was calculated from changes in NO3
-
 concentration (i.e. consumption or production) in 

the incubation waters.  In addition, in a subset of incubations, the ingrowth of N2 to 

overlying waters was measured relative to the conservative tracer argon, via application 

of gas chromatography (N2/Ar method; An and Joye, 1997; Schwartz et al., 2009). 

 

2.2.7. Sulphate reduction rates 

Sulphate reduction rates were measured with a 
35

S-SO4
2-

 technique (Jørgensen, 1978; 

S M Harvey, pers. comm.).  Here, cores were immediately transferred to a CT 

laboratory for processing.  Sub-cores were taken using modified 3 ml plastic syringes 

and were sealed and injected with a 
35

S-labelled sulphate solution.  The sub-cores were 

incubated in an anaerobic environment, in the dark, at in situ temperature, for 24 hours.  

After incubation, the sub-cores were vortex-mixed with 10 % zinc acetate solution to fix 

any sulphide present and halt further sulphate reduction.  Samples and blanks then 

underwent a single-step chromium reduction procedure (Fossing and Jørgensen, 1989) 

and the supernatant was fixed in 10 % zinc acetate solution.  Aliquots of the supernatant 
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and sediment samples were β-scintillation counted.  The sulphate reduction rate was 

calculated according to the method outlined by Jørgensen (1978) (see § 4 for further 

detail). 

 

2.2.8. Sediment profiling 

High-resolution in situ porewater O2 profiles were obtained with a microelectrode 

profiler (Profilur; Gundersen and Jørgensen, 1990) (Breuer et al., 2009).  The Profilur 

lander was deployed using a moored mode at the shallowest stations (140-m and 300-m) 

and an autonomous mode at the deeper sites (940 m, 1200 m, and 1850 m).  The 

Profilur module was configured to simultaneously insert five O2 electrodes and one 

resistivity sensor (Unisense®) into the sediment at high resolution increments (25-

100 µm) to a depth of ~ 8 cm.  Dissolved O2 concentrations were measured with 

polarographic O2 micro-electrodes provided with a built-in reference and an internal 

guard cathode (Revsbech, 1989).  Oxygen microelectrode sensitivity is known to 

decrease over time due to irreversible effects associated with pressure and salt; 

therefore, linear two-point calibrations were performed on the ship before and after each 

deployment, and micro-electrode signals were recorded to monitor changes in signal 

strength and sensitivity (Gundersen et al., 1998). 

 

2.3. General laboratory techniques 

2.3.1. Sediment processing 

Sediment samples were frozen, wet weighed, freeze-dried and dry weighed.  

Sediments were then ground to the consistency of fine talc using a Fritsch agate ball 

grinder to provide a representative homogenous sample.  A small aliquot of each freeze-

dried sample was left unground for particle size measurement.  Care was taken at all 

times to limit sample contamination; during weighing, sample bags remained tightly 
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sealed and during grinding the agate containers were thoroughly rinsed with 10 % v/v 

reagent grade HNO3. 

 

2.3.2. Sediment water content and Porosity 

Sediment water content was assumed to be equal to the difference in weight recorded 

upon freeze-drying.  Water content was calculated according to Equation 2.1. 

 

Equation 2.1 

 

 

 

 

Total porosity was calculated according to Equation 2.2 (Berner, 1971).  Here, 

sediment density was assumed to equal 2.65 g cm
-3

, and porewater density was assumed 

to equal 1.02 g cm
-3

.  For porewater modelling (chapters 3, 5, 6), modelled porosity data 

was used.  Here measured porosity profiles were fit with an exponential function to 

smooth down-core variability. 

 

 

Equation 2.2 
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2.3.3. Sediment dissolution 

Marine sediments are composed of a heterogeneous mixture of biogenic, lithogenic 

and authigenic minerals, each of which responds differently to chemical digestion.  

Owing to this differing chemical composition, a reproducible sediment dissolution 
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technique which permits the quantitative recovery of total elemental content is difficult 

to achieve.  If one wishes to achieve ‘total dissolution’, the digestion must encompass 

the complete destruction of the sediment matrix. 

Microwave assisted digestion techniques, first described by Abu Samara et al., 

(1975), are now widely accepted as the procedure of choice for robust and reproducible 

sample dissolution (Sandroni and Smith, 2002).  Several differing acid mixtures are 

commonly used for sediment dissolution (e.g. Nadkarni, 1984; Lamothe et al. 1986; 

Nakashime et al, 1988; Kingston and Jassie, 1988; Millward and Kluckner, 1989; 

Kammin and Brandt, 1989; Paudyn and Smith, 1992; Cook et al., 1997; Sandroni and 

Smith, 2002), however, to achieve total dissolution, a digestion including Hydrofluoric 

acid (HF) is recognised as the ‘standard’ technique (Cook et al., 1997).  In this project, 

total dissolution was accomplished using a nitric-, hydrochloric-, and hydro-fluoric acid 

digest, in a CEM MARS 5 microwave digestion system.  Completely closed type 

vessels (CCT), which compromise a Teflon TFM 100 ml liner, a Teflon PFA cover, a 

Teflon PFA vent fitting, and rupture membrane, were used.  Approximately 0.1 g (+/- 

0.01 g) of homogenised sediment was accurately weighed into the CCT vessels.  

Thereafter, 5 ml of 69.5 % v/v Nitric acid (HNO3), 3 ml of 38 % v/v Hydrochloric acid 

(HCl), and 2 ml of 48 % v/v Hydrofluoric acid (HF) (all ARISTAR grade) were added.  

The CCT vessels were then sealed, loaded into heat sleeves and support modules, and 

placed within a 12-point revolving carousel.  A CCT control vessel with temperature 

and pressure sensors was included in every digestion batch to permit the control of 

temperature and pressure during the digestion procedure.  Vessels were irradiated in the 

microwave according to the programme outlined in Table 2.1.  Samples were processed 

in batches of nine.  In addition, two sediment reference materials were incorporated in 

every digestion run to allow for assessment of the digestion effectiveness.  The Natural 

Sciences and Engineering Council of Canada MESS 3 certified sediment reference 
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material, and the Community Bureau of Reference GBW 07315 certified sediment 

reference material were used as they provided a close matrix match to the actual 

sediment samples.  A procedural blank, incorporating all reagents minus an actual 

sample, was also included in each digestion run. 

 

Table 2.1.  MARS 5 digestion program. 

 

2.3.4. Post dissolution sample concentration 

Arguably, post dissolution sample concentration is the most time consuming and 

contaminating step of a dissolution technique.  To alleviate these problems, a novel 

automated sample concentration method was employed.  After dissolution, the CCT 

liners were transferred to a CEM vacuum concentration apparatus.  Here, CCT liners 

were inserted into a concentration turntable, capped with a perforated Teflon PFA liner 

cover, and attached to a Teflon PFA concentration manifold.  Samples were then 

irradiated in the MARS 5 microwave system and evaporated reagents were removed 

through the manifold under vacuum.  Microvap, a bespoke computer program available 

on the MARS 5 microwave digestion system, permitted automatic detection of the 

reagent mixture boiling point (defined as a temperature plateau with a permitted ∆ 5 ºC 

variance).  Irradiation was then continued at an intensity which maintained boiling until 

a ∆ 10 ºC temperature change was detected.  Samples then went through a brief low 

power irradiation which permitted further evaporation of the samples to incipient 

dryness.  The steps of the program are detailed in Table 2.2.  After concentration, the 

supernatant was diluted to 50 ml with ARISTAR 5 % v/v HNO3 giving a 500-fold dilute 

sample solution.  Samples were then stored in acid washed LDPE vials. 

 

Step Time (mins) Power (W) Temp (ºC) Pressure (PSI) 

1 2 600 n/a n/a 

2 20 600 150 200 

3 40 900 190 250 
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Table 2.2.  MARS 5 Microvap concentration program 

Step Time (mins) Power (W) Temp ∆ ºC Program function 

1 5 600 5 Heat until temperature plateau detected 

2 n/a 600 10 Hold until designated ∆ value met 

3 5 300 n/a n/a 
 

2.3.5. Contamination control 

All methods described in § 2.3.3 - 2.3.4 were conducted in a class 1000 laboratory, 

within a fume cupboard.  All digestion apparatus underwent a four stage inter-run wash 

program (20 % v/v Decon → 20 % v/v Aqua-Regia → 10 % v/v HNO3 → 

deionised water) to alleviate contamination.  Prior to use, all apparatus was stored in 

ARISTAR 5 % v/v HNO3.  Reagents used in digestions were of an ultra-pure grade and 

thus represented a nominal contamination pathway.  A procedural blank was 

incorporated in every digestion run to monitor for contamination. 

 

2.3.6. Major element analysis 

A Perkin Elmer 4300 Optima Dual View Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES) was used to determine sediment major element 

concentrations (Al, Ba, Ca, Fe, K, Mg, Mn, Na, Sr, and Ti), according to the 

specifications and analyte wavelengths summarised in Tables 2.3 and 2.4.  The response 

of the ICP-OES was calibrated with single element five-point matrix matched external 

calibration lines, created using a representative sample and a selection of certified 

standard solutions.  Samples were analysed at a 5000-fold dilution factor.  Additionally, 

the Si content of sediments collected on cruises CD 146 and CD 151 were determined 

by X-ray fluorescence spectrometry (XRF) following the method described by Calvert, 

(1990).  Accuracy and precision for both techniques is discussed in § 2.4.2 - 2.4.3. 

 

2.3.7. Minor element analysis 

Sediment minor elements were determined by ICP-OES (see § 2.3.6) and measured 

according to the specifications and analyte wavelengths summarised in Tables 2.3 and 
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2.4.  Initial method validation conducted with certified reference materials highlighted 

the presence of a significant negative bias for many of the analytes of interest.  Dilution 

testing and application of a standard addition calibration failed to address the bias.  

Overlapping spectral interference and shifting background interference are commonly 

responsible for negative bias in ICP-OES analysis (Nolte, 2003).  Multi-component 

spectral fitting (MSF) was investigated as a method to address any possible interference 

problems.  MSF uses multivariate regression techniques, and is based on the fact that 

light emitted in the plasma is made up by the addition of single components to form the 

final measured spectrum (Nolte, 2003).  Based on the analysis of pure analyte solutions, 

the matrix, and a blank, MSF creates an interference corrected mathematical model that 

permits the determination of the given analyte emission in a complex matrix (Boss and 

Fredeen, 1999).  The technique rescales all net spectra plus the interfering spectra until a 

good match to the measured spectrum of the single analyte solution is attained.  The 

mathematical concept describes the spectra of solutions as vectors and the model spectra 

as rows of a matrix.  By matrix transformation, the scaling factors are calculated using 

Equation 2.3 (Nolte, 2003).  A MSF model algorithm was generated for all analytes of 

interest through collection of spectra from representative individual solutions (blank, 

analyte(s), and interferent(s)).  Theoretically it was ‘unnecessary’ to prepare wholly 

representative solutions for the model, since the underlying assumption of MSF is that 

the spectral profile is independent of concentration (Perkin Elmer, 2000).  However, to 

ensure model optimization for actual samples, representative single element solutions 

containing analyte concentrations representative of the real sample matrix, were utilised.  

The ICP-OES software (WinLab-32) was used to assign each component to a MSF 

model algorithm.  The generated MSF model could then be applied to real samples 

whereby the software would input both modelled spectra and spectra collected during 

subsequent analysis into Equation 2.3. 
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Equation 2.3 

Y = X β + ε 

 

Where: 

Y = the vector of the known spectrum (n X 1) 

X = the vector of the model spectra (n X ρ) 

Β = the vector of the scaling factor (ρ X 1) 

ε = the vector of the residuals (n X 1) 

n = the number of points per spectrum 

ρ = the number of components 

 

Validation of the MSF model was assessed through the analysis of the digested 

certified reference materials.  Analysis was conducted with and without application of 

the MSF algorithm.  The results indicated that the MSF derived analyte concentrations 

were significantly more accurate and precise.  Consequently all sediment minor element 

concentrations were generated through application of the MSF model.  The response of 

the ICP-OES was calibrated against five-point matrix matched multi element standards, 

created using a representative sample and a selection of certified standard solutions, and 

samples were analysed at a 2000-fold dilution factor.  The accuracy and precision of 

minor element analysis was quantified through measurement of the sediment certified 

reference materials.  Accuracy and precision is discussed in § 2.4.2 - 2.4.3. 

 

2.3.8. Porewater Fe and Mn 

The Fe and Mn content of porewaters were measured according to the machine 

specifications summarised in Table 2.3 and analyte wavelengths given in Table 2.4.  
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Samples were analysed at a 20-fold dilution factor.  The response of the ICP-OES was 

calibrated against a multi element six-point matrix matched external calibration line, 

created using the Natural Sciences and Engineering Council of Canada CASS 4 certified 

sea water reference material, and single element certified standard solutions.  The 

accuracy and precision of porewater analysis was monitored via measurement of an in-

house seawater standard.  Accuracy and precision is discussed in § 2.4.2 - 2.4.3. 

 

2.3.9. Sediment trace element analysis 

The trace element composition of sediments and porewaters (Mo, Pb, and U) were 

measured by inductively coupled plasma mass spectrometry (ICP-MS) on a VG 

Elemental Plasma-Quad 3 ICP-MS.  Machine parameters and analyte masses are listed 

in Tables 2.5 and 2.6, respectively.  Sediment samples were analysed at a 1000-fold 

dilution factor relative to a multi element five-point external calibration line, created 

using multi-element certified standard solutions.  Non-spectroscopic interferences were 

accounted for through internal standardisation.  Here, the constant addition of small 

volumes of indium and bismuth (elements not present within the matrix) to samples, 

standards, and blanks, permitted back-correction of all analyte signals by directly 

relating analyte responses to the intensity of the internal standards.  The accuracy and 

precision of trace element analysis was quantified through measurement of the sediment 

certified reference materials (see § 2.3.3).  Accuracy and precision is discussed in 

§ 2.4.2 - 2.4.3. 
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Table 2.3.  Instrumental operating parameters for the Perkin – Elmer 4300 DV ICP-

OES 

Parameter  Value  

 Major elements Minor elements 

Rf power (W) 1500  1500 

Gas type Argon  Argon 

Nebuliser flow (l min
-1

) 0.7  0.7 

Plasma flow (l min
-1

) 15  15 

Sample flow (ml min
-1

) 

Wash flow (ml min
-1

) 

1.0 

1 

 1.0 

1 

Viewing height (mm) 

Plasma view 

15 

Radial 

 15 

Axial 

Measurement processing mode 

Points per peak 

Background correction 

Peak area 

3 

2 point 

 MSF 

5 

MSF 

Number of replicates 3  3 

Read delay (s
-1

) 60  60 

Rinse delay (s
-1

) 

Equilibration delay (s
-1

) 

Spray Chamber 

Nebuliser  

30 

15 

Scott double pass 

Cross flow gem tip 

 30 

15 

Scott double pass 

Cross flow gem tip 

 

Table 2.4.  Analyte wavelengths used during analysis by ICP-OES 

Element Wavelength (nm) 

Al 309.271 

Ba 233.527 

Ca 317.933 

Co 228.616 

Cr 267.716 

Cu 327.393 

Fe 234.349 

K 766.490 

Li 670.784 

Mg 279.533 

Mn 257.610 

Na 589.592 

Ni 231.604 

P 214.914 

Sr 407.771 

Ti 336.121 

V 291.106 

Y 371.029 

Yb 328.937 

Zn 213.857 

Zr 339.197 
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2.3.10. Porewater trace-element analysis 

Porewater samples were measured for Mo, and U content relative to a multi element 

six-point matrix matched external calibration line, created using the Natural Sciences 

and Engineering Council of Canada CASS 4 certified seawater reference material, and a 

selection of multi-element certified standard solutions.  Samples were analysed at a 20-

fold dilution factor.  The accuracy and precision of pore-water and flux sample analysis 

was quantified through measurement of in-house seawater standard created using the 

CASS 4 CRM.  Accuracy and precision is discussed in § 2.4.2 - 2.4.3. 

 

2.3.11. Particle size analysis 

Freeze dried sediment (0.4 g) was accurately weighed into LDPE centrifuge tubes 

and digested with hydrogen peroxide (H2O2) for four hours.  Samples were then 

centrifuged and carefully washed with deionised water before being digested overnight 

with 10 % v/v HNO3.  The resultant supernatant was centrifuged and washed three 

times with deionised water before the addition of 2 ml of sodium hexametaphosphate 

and 20 ml of deionised water to resuspend the resultant organic free particles.  Sediment 

solutions were then measured on a Beckman LS230 Coulter Counter.  The precision of 

particle size analysis, which was quantified through repeated measurement of a sample, 

was ≤ 2 %. 

 

2.3.12. Organic carbon and nitrogen analysis 

Sediment organic carbon and nitrogen content was analysed by flash combustion gas 

chromatography, using a LECO 900 CHN analyser.  Approximately 10-20 mg of 

freeze-dried, homogenised sediment was accurately weighed into a glass digestion vial 

using a metal spatula.  Inorganic carbon was partitioned form organic carbon, whilst 

conserving nitrogen, through treatment with 1 ml of concentrated sulphurous acid 

(H2SO3), according to the method outlined by Verardo et al., (1990).  After 24 hours, 
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the samples were placed in a vacuum desiccator for two hours.  Samples were then 

frozen, freeze dried, and encapsulated in aluminium foil.  The response of the LECO 

900 CHN analyser was calibrated for each set of samples (n = 50) with five standards 

(acetanilide) and three blank aluminium cups.  The accuracy and precision of organic 

carbon and nitrogen analysis was quantified through repeated measurement of the GBW 

07315 sediment reference material.  Method accuracy and precision is discussed in 

§ 2.3.2 - 2.3.3. 

 

Table 2.5.  Instrumental operating parameters for the VG Elemental PQ3 ICP-MS 

Parameter Major elements 

Rf power (W) 1350 

Gas type Argon 

Acquisition mode Scan 

Scan mass range (AMU) 7-240 

Nebuliser flow (l min 
-1

) 0.89 

Auxiliary flow (l min 
-1

) 0.91 

Coolant gas flow (l min 
-1

) 0.85 

Sample flow (l min 
-1

) 1 

Measurement processing mode Peak height 

Number of replicates 3 

Read delay (s) 45 

Rinse delay (s) 60 

 

 

Table 2.6.  Analyte masses used for quantification during ICP-MS analysis 

Analyte Mass (AMU) 

Mo 95 

Pb 208 

U 238 
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2.4. Data quality 

2.4.1. Limit of Detection 

Method limits of detection (LOD) were routinely calculated for all analytes of 

interest.  The LOD was defined as a concentration, C, derived from the smallest 

measurement that could be detected with reasonable certainty for any given analytical 

procedure.  The value of C was taken as the standard deviation of n blank 

measurements, multiplied by k, a numerical factor chosen according to the confidence 

level desired.  As recommended by the International Union of Pure and Applied 

Chemistry (IUPAC), a value of k = 3 (i.e. 3σ) was used (McNaught and Wilkinson, 

1997).  All data reported in this thesis were ≥  the varying method LOD. 

 

2.4.2. Accuracy 

The accuracy of analytical procedures were evaluated by comparing the results 

obtained from the CRM’s to that of given certified/reference values.  The results for 

each CRM were compiled and blank corrected.  Mean elemental concentrations were 

calculated along with the standard variance of the mean.  Variance is expressed in a 

manner that is directly comparable to the information provided by the manufacturer of 

each certified reference material.  Accuracy data is listed, per analyte, in Table 2.7 for 

GBW 07315, Table 2.8 for MESS 3, and Table 2.9 for the in-house seawater standard.  

Analytical accuracy for elements determined from digested sediment samples was 

generally excellent.  Measurements of Al, Ba, Ca, Co, Cr, Cu, Fe, K, Li, Mn, Mo, Ni, 

Pb, Sr, Ti, Y, Yb and Zr,  fell within ≤ 5 % of their respective certified or reference 

values.  Measurements of Na, V and Zn fell within ≤ 8 % of their respective certified or 

reference values.  Magnesium and Phosphorus measurements fell within 3 % of the 

GBW 07315 certified values, while measurements for MESS 3 were ~ 10 % lower than 

the reference values.  As MESS 3 only lists reference values for Mg and P, overall 
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measurement of these analytes were considered accurate.  Mean U measurement for 

MESS 3 fell within 4 % of the quoted reference value, while measurement for GBW 

07315 fell within 12 % of the certified value.  High quoted uncertainties for the GBW 

07315 certified value (1.9 ± 0.5 µg g
-1

) possibly contribute to the difference between 

measured and certified concentrations.  The low uncertainty associated with this studies 

U measurements (1.7 ± 0.1 µg g
-1

) indicate that the analysis was accurate.  Likewise, 

mean W concentrations for GBW 07315 were 11 % lower than the certified value.  High 

uncertainty associated with the certified value (5.4 ± 0.9 µg g
-1

) and a comparatively 

low uncertainty in this study (5.9 ± 0.4 µg g
-1

) suggest that the analysis was accurate. 

Analytical accuracy for measurement of porewater was also generally good, with Fe 

and Mn measurements having an accuracy of 2 %, U and Mo measurements having a 

accuracy of ≤ 5 %, and Cd measurements having an accuracy of ≤ 10 %, relative to an 

in-house sea water standard. 

 

2.4.3. Precision 

The long-term precision (reproducibility) for each analyte was evaluated by pooling 

like reference materials and calculating the relative standard deviation for ‘n’ 

measurements (equation 2.4).  Relative standard deviations are listed per analyte in 

Table 2.7 for GBW 07315, Table 2.8 for MESS 3, and Table 2.9 for the in-house 

seawater standard. 

 

Equation 2.4 
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Precision for measurements of dissolved sediment samples were generally good, with 

Al, Ba, Ca, Cr, Fe, K, Li, Mg, Mn, Na, Ni, P, Pb, Sr, Ti, V, Y and Zr having a long term 

precision ≤ 5 % of the mean certified values for each reference material.  Long term 

precision for Cu, U, and Zn was ≤ 7 % of the mean certified values for each reference 

material, and ≤ 8 % for Co.  Long term precision for Mo analysis was ≤ 6 % of the 

mean certified value for MESS 3,  however, precision for GBW 07315 was poor 

(~ 20%).  The good repeatability for Mo in MESS 3 and the generally excellent 

precision for all other measurements suggest that this difference was specific to 

GBW 07315.  Mo distribution within GBW 07315 may be heterogeneous or chemically 

unstable. 

Precision for measurements of porewater was also generally good, with Fe, Mn, U, 

and Mo having a long term precision of ≤ 5 % for the mean values of the in-house sea 

water standard. 

 

2.4.4. Results 

Results of analysis are listed in the Appendix section. 
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Table 2.9. Accuracy and precision data for in-house sea water standard.  Uncertainty is 

expressed concentration around the arithmetic mean for n measurements.  Concentration units = 

ng g
-1

. 

Analyte Fe Mn Mo U 

Number (n) 20 20 20 20 

Known value 10 10 10 10 

Uncertainty  - - - - 

Mean 9.7 9.8 9.4 9.4 

Uncertainty  0.3 0.3 0.4 0.6 

Recovery (%) 96 98 94 94 

Precision (%) 2 2 4 5 
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Abstract 

Benthic biogeochemical processes in ocean margin sediments are of global 

significance, yet they remain poorly defined.  Here, sedimentary manganese (Mn) and 

iron (Fe) cycling was studied at sites above, within and below the OMZ on the Pakistan 

margin of the Arabian Sea, before and during the late-to-post 2003 Southwest Monsoon 

(SWM).  Mechanisms and rates of sedimentary Mn and Fe cycling demonstrated down-

slope variation according to the position of the OMZ.  No significant seasonal changes 

were evident, except at one station (140 m), where bottom-waters became hypoxic 

during the SWM.  Rates of Mn
 
reduction (all sites, both seasons) ranged from 1-

31 µmol m
-2

 d
-1

, with the highest rates supported at oxic sites.  At OMZ sites, the supply 

of reactive Mn (Mn-oxyhydroxides) to sediments was limited by Mn
 
reduction within 

the OMZ water-column.  Consequently, Mn does not provide an important TEAP 

within the OMZ; indeed, abiotic Mn reduction likely dominates under OMZ conditions.  

Porewater modelling also indicated that Mn
2+

 was not re-oxidised within OMZ 

sediments, instead Mn
2+

 diffused into the water-column.  Outside the OMZ, Mn
2+

 was 

re-oxidised within the water-column and deposited on the underlying sediments.  

Thereafter, Mn was microbially-reduced, and modelling suggested that Mn
2+

 was re-

cycled in the surface sediments.  Overall, results suggest that there was a net export of 

Mn from the OMZ to the underlying oxygenated environment.  Reactive Fe (Fe-

oxyhydroxides) was supplied to all sediments, indicating that Fe
3+

 was not readily 

reduced within the OMZ water-column.  In contrast, Fe was actively reduced within the 

sediments.  Iron reduction rates (all sites, both seasons) ranged from 4-98 µmol m
-2

 d
-1

, 

with the highest rates supported at OMZ sites.  Iron reduction at all sites was likely to 

be microbially-mediated.  Porewater modelling indicated that Fe
2+

 was not reoxidised at 

OMZ sites and was thus lost to the water-column.  Outside the OMZ, greater oxidant 

availability ensured that Fe was retained within the surface sediments. 
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3.1. Introduction 

Organic matter (OM) reaching the sea floor is oxidised by a complex series of 

microbially-mediated reactions involving a sequence of electron acceptors.  It is now 

well established that OM oxidation progresses through the sequential reduction of O2, 

NO3
-
, Mn-oxides, Fe-oxides, and SO4

2-
 (terminal electron accepting processes, TEAPs), 

with each reductant giving a progressively lower free energy yield (Froelich et al., 1979; 

Berner, 1980; also see Chapter 1).  Traditionally, aerobic respiration and SO4
2- 

reduction 

have been considered as the principal TEAPs in sediments (e.g. Grundmanis and 

Murray. 1982; Jørgensen, 1982; Bender and Heggie, 1984; Heinrichs and Reeburgh, 

1987), but recently there has been a growing interest in the distribution and cycling of 

Mn and Fe in sediments, following the realisation that Mn and Fe provide quantitatively 

important TEAPs in a range of marine sediments (e.g. Aller, 1990; Canfield et al., 1993 

a & b; Thamdrup and Canfield, 1996; Thamdrup, 2000; Hines et al., 1997; Jensen et al., 

2003).  Additionally, Mn and Fe cycling in sediments plays an important role in the 

biogeochemical cycling of many other elements (e.g. oxygen, sulphur, nitrogen, 

phosphorus, and trace elements; Krom and Berner, 1981; Shimmield and Pedersen, 

1990; Calvert and Pedersen, 1993; Canfield et al., 1993 a and b; Luther et al., 1997; 

Morford and Emerson, 1999; Schenau et al., 2001; Bartlett et al., 2008), whilst the 

export of Fe (and Mn) from sediments to the pelagic environment has been suggested to 

be a key factor governing primary productivity and denitrification (e.g. Brand et al., 

1983; Sunda et al., 2001; Chase et al., 2005). 

Despite the potential importance of Mn and Fe cycling in ocean margin sediments, 

there is a general lack of detailed information concerning the distribution and behaviour 

of Mn and Fe in sediments from the Arabian Sea.  This is surprising given that 

numerous authors have reported upon basin-wide, potentially biogeochemically 

important, dissolved Mn and Fe maxima within the region’s OMZ (Saager et al., 1989; 
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Lewis and Luther, 2000; Nair et al., 2000; Moffett et al., 2007), and prescribed either (i) 

pelagic reduction of sinking Fe/Mn oxy(hy)droxides, and/or (ii) an efflux of porewater 

Fe/Mn from OMZ affected sites, as causative mechanisms (Saager et al., 1989; Passier 

et al., 1997; van der Weijden et al., 1999; Lewis and Luther, 2000; Nair et al., 2000).  

Given that Fe is often a limiting micronutrient in eutrophic marine environments (e.g. 

Bruland et al., 2001; Wiggert et al., 2006), it is important to resolve whether margin 

sediments in the Arabian Sea act as source of Fe to the water column. 

Another factor that warrants the greater investigation of Mn and Fe cycling within 

Arabian Sea margin sediments is the evaluation of suboxic C-oxidation reactions.  

Microbially mediated Mn and Fe reduction have been identified as important TEAPs in 

OMZ affected sediments off Chile (Thamdrup and Canfield, 1996).  The presence or 

absence of these TEAPs in Arabian Sea sediments could serve to increase or decrease 

OM preservation within the region’s sediments (van der Weijden et al., 1999).  

However, the general paucity of information regarding sedimentary Fe and Mn cycling 

within the Arabian Sea precludes the full evaluation of this inference.  Better 

characterisation of the mechanisms controlling Mn and Fe redox cycling in Arabian Sea 

sediments, together with estimates of Mn and Fe reduction rates and quantification of 

benthic fluxes, could offer potential insight. 

 

3.2. Objectives 

The objectives of this chapter are (a) to examine sedimentary Mn and Fe cycling and 

quantify rates of Mn and Fe reduction/oxidation at a range of sites on the Pakistan 

margin of the Arabian Sea that exhibit markedly different redox conditions, OM 

availability, and benthic community structure, before and during the late-to-post SWM; 

(b) to determine the extent to which Mn and Fe cycling in Pakistan margin sediments 

are coupled to biotic and abiotic reaction pathways; and (c) to estimate how these 
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pathways help govern the previously observed Mn and Fe behaviour within the Arabian 

Sea pelagic and benthic environments.  Additionally, in Chapter 5, calculated rates of 

Mn and Fe cycling, together with measurements of O2 consumption, NO3
-
 reduction, 

and SO4
2-

 reduction, are combined to evaluate how differing microbial TEAPs control 

rates of sedimentary C-oxidation on the Pakistan margin. 

 

 

3.3. Methods 

3.3.1. Sample collection 

Cores discussed in this chapter were collected on the Pakistan margin of the Arabian 

Sea during two research cruises aboard the RRS Charles Darwin (§ 2.2.1).  Cruise 

CD 146 (April-May, 2003; Cowie, 2004a) was conducted during the spring-

intermonsoon season (hereon referred to as ‘intermonsoon’) and cruise CD 151 

(September-October, 2003; Cowie, 2004b) was conducted during the late-to-post SWM 

(hereon referred to as ‘late-to-post SWM’).  During each cruise, a five-site offshore 

depth transect to the northwest of the Indus Canyon was sampled.  Sampling site depths 

were: 140 m, 300 m, 940 m, 1200 m, and 1850 m (§ 2.2.2, Figure 2.1). 

 

 

3.3.2. Coring 

Cores were recovered with a Bowers and Connelly corer (megacorer) (see § 2.2.3).  

Only cores with an undisturbed sediment-water interface were taken for sectioning.  

Cores penetrated to a variable depth (35-45 cm).  For consistency and comparability, all 

cores discussed in this chapter were sampled and analysed to a uniform depth of 30 cm, 

unless otherwise stated. 
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3.3.3. Core processing 

Sediment cores were immediately removed from the coring apparatus, capped, and 

transported to a controlled-temperature (CT) laboratory, which was kept at site-specific 

bottom-water temperatures.  Cores were then transferred to a glove bag and vertically 

sectioned under a nitrogen atmosphere (§ 2.2.4).  Samples were split to provide separate 

aliquots for solid-phase analysis and porewater extraction.  Solid-phase samples, 

collected for multi-element analysis, were transferred to PVC bags.  Porewater samples 

were collected by centrifugation and acidified for storage (§ 2.2.4). 

 

 

3.3.4. Sediment dissolution and analysis of total aluminium, manganese, and iron 

Sediment samples were analysed for total Al, Mn, and Fe.  Approximately 0.1 g of 

homogenised, freeze-dried sediment underwent dissolution in a CEM MARS 5 

microwave digestion system (§ 2.3.1, 2.3.3).  Total digestion was carried out in a 10 ml 

mixture of HNO3 (48 %), HCl (48 %) and HF (36 %) (ratio 5 : 3 : 2).  After digestion, 

the supernatant was evaporated to incipient dryness in a CEM MARS 5 MICROVAP 

(§ 2.3.4) and the residue was dissolved in 50 ml of 5 % HNO3.  The supernatant was 

then analysed for Al, Mn, and Fe on a Perkin Elmer 4300 Optima Dual View ICP-OES 

(§ 2.3.6).  Relative precision for Al, Mn, and Fe analysis on the ICP-OES was ≤ 2 %.  

Additionally, the Natural Sciences and Engineering Council of Canada ‘MESS 3’ and 

the Community Bureau of Reference ‘GBW 07315’ certified reference materials were 

used to assess the accuracy and precision of the method.  All digested reference 

materials returned Al, Mn, and Fe values within the quoted uncertainties; quantitative 

analysis was thus achieved (§ 2.4.3).  Long-term precision calculated from repeated 

reference material digests (n = 48) was ≤ 5 % for all analytes of interest (§ 2.4.4). 
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3.3.5. Determination of sedimentary reactive manganese and iron 

The content of reactive Mn and Fe (Mn and Fe oxyhydroxides) was determined 

indirectly through normalisation with total Al.  Here, Al was assumed to be solely 

contributed by and located entirely in the terrestrial derived alumnosilicate phase. 

 

3.3.6. Porewater manganese and iron analysis 

Porewater Mn and Fe were determined on a Perkin Elmer 4300 Optima Dual View 

ICP-OES (§ 2.3.8).  All measurements were made relative to matrix-matched standards.  

Relative precision for ICP-OES measurements was ≤ 2 % (§ 2.4.3).  Accuracy, 

determined by measurement of an in-house matrix-matched standard, was ≤ 3 % of the 

known analyte concentration (§ 2.4.2). 

 

3.3.7. Rates of Mn
2+

 and Fe
2+

 production and consumption 

Production and consumption rates of Mn
2+

 and Fe
2+

 were not measured directly.  

Instead, the PROFILE code (Berg et al., 1998) was used to calculate the rates of net 

production or consumption with depth from porewater concentration profiles.  

PROFILE assumes that the system to be modelled is at steady state.  The model 

estimates the net rate of solute production/consumption through an optimisation 

procedure where a series of possible fits are compared through statistical F testing.  The 

simplest production/consumption profile that reproduces the porewater concentration 

profile is given as the output.  The model input parameters used were: porewater solute 

concentration, porosity (§ 2.3.2), and the solute molecular diffusion coefficient.  The 

molecular diffusion coefficient was adjusted for the local bottom-water temperature (Li 

and Gregory, 1974), and a tortuosity correction was applied (Equation 3.1, Berner, 

1980).  Optional input parameters for biodiffusion and irrigation were not measured at 

the study sites and were thus left out of the modelling procedure.  To test for possible 
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biological impact on total flux rates, representative biodiffusion and irrigation 

parameters were supplied to the model.  Generally, for poorly bioturbated environments 

(e.g. 140 m late-to-post SWM, 300 m, and 940 m), the combined (modelled) effects of 

biodiffusion and irrigation were negligible.  In contrast, under more bioturbated settings 

(e.g. 140 m intermonsoon, 1200 m, and 1850 m), the combined influence of 

biodiffusion and irrigation was found to be potentially significant, enhancing overall 

fluxes by up to 10-20 %. 

 

(Equation 3.1)    Ds = Φ
2
 Dsw 

 

Where: 

Ds  Sediment diffusivity 

Φ Porosity 

Dsw  Diffusivity in seawater 

 

3.3.8. Mn
2+

 and Fe
2+

 flux across the sediment-water interface 

The flux of Mn
2+

 and Fe
2+

 across the sediment-water interface (if occurring) was 

estimated with the PROFILE code and additionally calculated through application of 

Ficks first law of diffusion (Equation 3.2, Berner, 1980).  The diffusion coefficients for 

all solutes were corrected for inter-site differences in bottom-water temperature (Li and 

Gregory, 1974) and tortuosity (Equations 3.3 and 3.4; Boudreau, 1997).  The steepest 

portion of the porewater gradient in the near-surface sediments was used to calculate the 

flux. 

 

(Equation 3.2)    J = -Φ Ds (∆C / ∆Z) 

 

Where: 

J Flux 

Φ Porosity 

∆C Solute concentration change 
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∆Z Depth range 

 

(Equation 3.3)    Ds = Dsw / θ
2
 

 

Where: 

Ds Sediment diffusivity 

Dsw Diffusivity in seawater 

θ Tortuosity 

 

(Equation 3.4)    θ = 1 – ln (Φ
2
)  

 

3.4. Results 

3.4.1. Environmental setting 

Plots of water-column dissolved O2 and salinity, during the intermonsoon and late-

to-post SWM are shown in Figure 3.1.  The OMZ, designated by a dissolved O2 

concentration of < 22 µM (0.5 ml L
-1

) (Cowie and Levin, 2009), extended from 160-

1300 m during the intermonsoon, and from 115-1300 m during the late-to-post SWM.  

The upper OMZ boundary shallowed by approximately 45 m over the course of the 

SWM while the depth of the lower boundary remained unchanged.  Salinity profiles 

(Figure 3.1) show a distinct upward movement of the surface waters masses.  The 

shallowest subsurface salinity minimum (salinity ~ 36), centred at 180 m during 

intermonsoon sampling, rose by approximately 30 m during the late-to-post SWM.  The 

upward movement of the water body is broadly commensurate with the shallowing of 

the upper OMZ boundary.  Monsoon induced currents may have advected poorly 

oxygenated water from within the OMZ upwards onto the shelf.  Alternatively, open-

ocean upwelling along the northern limb of the Findlater Jet (Bauer et al., 1991), wind 

driven entrainment (Lee et al., 2000), or the northward movement of the Western Indian 

Coastal Current (Brand and Griffiths. 2009), may have induced the upper boundary 

shallowing. 
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3.4.2. General site characteristics 

3.4.2.1. Bottom-water O2 

An overview of basic site characteristics is provided in Table 3.1.  Sampling site 

bottom-water O2 concentrations (Table 3.1) were quantified by two methods: CTD 

sensor measurement and Lander electrode measurement (Breuer et al., 2009).  It is 

notable that the O2 values measured just above the sediment-water interface by the 

Lander method were invariably lower than O2 values obtained as close to seafloor as 

possible with the CTD.  Differences in bottom-water O2 concentration indicate that 

steep O2 concentration gradients are found close to the sediment-water interface.  This 

feature is not represented in bottom-water O2 concentrations derived from open-water 

CTD profiling, because the deepest CTD deployments were a minimum of 5 m above 

the sea floor.  Using the Lander-derived estimates to characterise the benthic 

environment, the sampling sites included one locality within the OMZ core (300 m, O2 

undetectable), two within the lower OMZ transition (940 m and 1200 m sites, O2 

~ 2 µM and ~ 12 µM respectively) and one oustdie the OMZ (1850 m; bottom-water O2 

~ 81 µM) (Table 3.1, Figure 3.1).  There was no clear or consistent seasonal trend in 

bottom-water O2 concentration at these depths outside of analytical uncertainty (Breuer 

et al., 2009).  In contrast, at the shallowest sampling site (140 m), there was an almost 

complete removal of O2 between the intermonsoon (O2 ~ 45 µM) and the late-to-post 

SWM period (O2 ~ 1 µM), commensurate with the shallowing of the OMZ boundary 

(Figure 3.1). 
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Figure 3.1.  Representative water-column O2 and salinity profiles (Methods described in Bett, 

2004a) during the intermonsoon (solid line) and late-to-post SWM (dashed), and surface 

sediment (0-2 cm) Corg concentrations (grey circles) on the Pakistan margin.  Horizontal dashed 

lines mark the depth of the sediment sampling sites.  OMZ defined as O2 < 22 µM (0.5 ml l
-1

).  

Shaded regions delineate benthic zones distinguished by O2 concentration, macrofauna 

abundance, and sediment properties (Cowie and Levin, 2009).  Definitions: seasonally hypoxic 

zone, depth range over which OMZ shoaled during the SWM; OMZ core, O2 < 5µM (0.1 ml l
-1

), 

laminated sediments; OMZ transition, O2 5 > 22 µM (0.1-0.5 ml l
-1

), bioturbated sediments, and 

presence of macrofauna.  Additional Corg data from Cowie et al. (2009). 

 

3.4.2.2. Sediment O2  penetration 

Averaged in situ sediment porewater O2 profiles obtained during the intermonsoon 

and the late-to-post SWM are shown in Figure 3.2.  At the 140 m site, O2 penetrated to a 

depth of 2.5 mm during the intermonsoon, while O2 concentrations had fallen below the 

detection limit during the late-to-post SWM sampling (Table 3.1).  At the other sites, O2 

penetration depths did not vary consistently between the two sampling seasons.  At the 

300 m site, O2 concentrations in the sediments were undetectable during both seasons.  
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At the deeper stations, porewater O2 profiles acquired during both seasons showed a 

decrease in concentration with depth, indicating active O2 consumption in the sediment 

subsurface.  Penetration depths of O2 ranged from ca. 1 mm (940 m site) to 16 mm 

(1850 m site) during the intermonsoon season, and from ca. 1 mm (940 m site) to 

12 mm (1850 m site) during the late-to-post SWM (it should be noted that at the 940 m 

site, the electrodes were operating very close to their detection limit). 

 

3.4.2.3. Porewater nitrate, ammonia, and phosphate 

Porewater NO3
-
 distribution was quantified, however, due to sample contamination 

and analytical difficulties, data quality was poor.  A limited number of unaffected 

profiles allowed an estimate of down-core distribution, however, seasonal differences 

could not be discerned.  Generally, NO3
-
 concentrations decreased from 5-20 µM in the 

surface sediments to zero by 2-5 cm depth (Figure 3.3), indicating active denitrification 

in the surface sediments.  A subsurface porewater NO3
-
 maxima was evident at 1850 m. 

Porewater NO2
-
 distribution was also determined, but again, analytical difficulties 

limited available data (Figure 3.3).  Generally, NO2
-
 concentrations were low (<1 µM), 

except for subsurface peaks at the 300 m and 940 m sites, and at the very surface of the 

1200 m site and 1850 m sites, where concentrations were as high as 4 µM and 37 µM, 

respectively. 

Sediment NH4
+
 profiles are shown in Figure 3.4.  At the 140 m, 300 m, 940 m, and 

1200 m sites, NH4
+
 concentrations were low in the surface sediments (0-30 µM), and 

increased with sediment depth.  Maximal down-core concentrations (250-270 µM) were 

found at the 140 m and 300 m sites.  At the 1850 m site, high NH4
+
 concentrations (20-

70 µM) in the surface sediments decreased to ~ 10 µM at ~ 3 cm.  Thereafter, NH4
+
 

concentrations  increased to ~ 50 µM at 30 cm.  There was little seasonal variation in
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Figure 3.2.  Averaged porewater O2 profiles from the 140 m site during the intermonsoon 

(cruise CD 146), and from the 940 m, 1200 m, and 1850 m Pakistan margin study sites during 

the intermonsoon (cruise CD 146) and late-to-post SWM (cruise CD 151).  Note: porewater O2 

was undetectable at the 140 m site during the late-to-post SWM, and undetectable at the 300 m 

site during both seasons. 

 

 

Figure 3.3.  Representative porewater NO3
-
 and NO2

-
 profiles from the 140 m, 300 m, 940 m, 

1200 m, and 1850 m Pakistan margin study sites during the late-to-post SWM (cruises CD 150 

and CD 151). 
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porewater NH4
+
 distribution.  Increasing NH4

+
 concentrations at all sites indicate active 

C-oxidation in the sediment subsurface. 

Phosphate concentrations (Figure 3.4) showed a range of ~1-70 µM, with marked 

variation both down-core and between sites.  At the more suboxic 300 m and 940 m 

sites, PO4
3-

 concentrations increased from low values (< 10 µM) at the sediment-water 

interface to sub-surface peaks of 50-70 µM at ~ 8 cm depth. Below this, they declined.  

Concentrations at the more oxygenated sites (140 m intermonsoon, 1200 m and 1850 m) 

were lower (< 10 µM) and roughly constant with depth.  Notably, during the late-to-post 

SWM, the 140 m site showed a profile similar to the hypoxic sites.  Increasing PO4
3-

 

concentrations at the 140 m (late-to-post SWM), 300 m, and 940 m sites may reflect 

PO4
3-

 release from Fe-oxides during microbial Fe
3+

 reduction under strongly suboxic 

conditions. 

 

3.4.2.4. Sediment organic carbon 

Surface sediment (0-5 cm) Corg concentrations (herein referred to as OM) 

(Figure 3.1) displayed an approximate inverse spatial relationship with bottom water O2 

concentrations, with the highest OM concentrations found on the lower OMZ transition 

( 3-4 wt % at the 940 m and 1200 m sites), intermediate concentrations found within the 

OMZ core (~ 2-3 wt % at the 300 m site), and lowest concentrations found outside the 

OMZ (~ 1-1.5 wt % at the 140 m and 1850 m sites) (Figure 3.1; Cowie et al., 2009).  

Comparable OM distributions have been described for this and other margins in the 

Arabian Sea where the OMZ impacts the seafloor (e.g. von Stackelberg, 1972; Pedersen 

et al., 1992; Paropkari et al., 1992 and 1993; Calvert et al., 1995; Cowie et al., 1999).  

The presence of an OM maximum along the lower transitional margin (Figure 3.1), in 

bioturbated sediments, is unusual, however, a similar feature has been documented 

elsewhere on the Pakistan and Indian margins (Cowie et al., 1999; Calvert et al., 1995). 
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Figure 3.4.  Representative porewater NH4
+
 and PO4

3-
 profiles from the 140 m, 300 m, 940 m, 

1200 m, and 1850 m Pakistan margin study sites during the intermonsoon (cruise CD 146) and  

late-to-post SWM (cruise CD 151). 
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Downcore OM profiles are shown in Figure 3.5.  Generally, down core trends match 

cross-margin surface sediment data.  Interestingly, at all sites, there was little obvious 

downcore decrease in OM concentration, suggesting a paucity in post-depositional C-

oxidation.  Exceptions were found at the 1850 m site, here OM concentrations 

decreased between 0-5 cm, and at the 940 m site, an organic poor turbidite layer was 

found between 5-8 cm (Figure 3.6). 

 

3.4.2.5. Faunal distribution 

Biological surveys were carried out at the five study sites.  The composition of the 

benthic communities varied as a function of bottom-water O2 concentration.  Burrowing 

metazoan macrofauna were present at the 140 m, 940 m, 1200 m, and 1850 m sites, 

with the maximum biomass found along the lower OMZ transition (Levin et al., 2009; 

Gooday et al., 2009).  Burrowing macrofauna where essentially absent at the 300-m 

site; here, foraminifera dominated the benthic community (Hughes et al., 2009; Gooday 

et al., 2009). 

 

3.4.2.6. Sediment structure and particle size 

X-radiographs showed that sediments at the 140 m, 1200 m, and 1850 m sites were 

fully bioturbated, partially bioturbated at the 940 m site, and unevenly laminated at the 

300 m site (Hughes et al., 2009; Levin et al., 2009).  Sediment grain-size distribution 

was remarkably uniform across the margin, with sediments predominantly composed of 

silt and clay sized particles (Figure 3.6). 

 

3.4.3. Manganese distribution 

Porewater manganese (Mn
2+

) was found at all sites.  The results of porewater 

modelling,  highlighting the zones of  Mn
2+

 production and consumption, are shown  in 
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Figure 3.5.  Sediment organic carbon (Corg) concentrations at the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m study sites during the intermonsoon (cruise CD 146) and late-to-post SWM (cruise 

CD 151). 

 

Figures 3.7a and b.  Modelled profiles were good matches to the real data (r
2
 > 0.80, 

except at the 300-m site: r
2
 0.60).  Depth-integrated rates (0-30 cm sediment depth) of 

Mn
2+

 production (both seasons) ranged from 1-31 µmol m
-2

 d
-1

 (Table 3.2) and there 

was little seasonal variation.  An exception to this was found at the 140 m site.  

Consequently, only profiles from cruise CD 151 (late-to-post SWM) and the 140 m site 

(both seasons) will be discussed hereon.  Maximal Mn
2+

 concentrations were observed 

at the 1850 m site, and decreased in the order 1200 m > 940 m > 140 m (intermonsoon) 

> 300 m > 140 m (late-to-post SWM). At the 140 m site, during the intermonsoon, Mn
2+

 

production was evident from 0.25 cm and a Mn
2+

 concentration maximum of 8.5 µM 

was found at 2.25 cm.  A zone of Mn
2+

 consumption was evident between 4 and 7.5 cm, 

here Mn
2+

 concentrations decreased to ~ 4 µM and remained at this concentration to 

30 cm.  During the late-to-post SWM, Mn
2+ 

distribution at the 140 m site was noticeably  
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Figure 3.6.  Ternary diagram showing sediment particle size distribution at the 140 m, 300 m, 

940 m, 1200 m, and 1850 m Pakistan margin study sites during the intermonsoon (cruise 

CD 146) and late-to-post SWM (cruise CD 151).  Highlighted data points denote the presence 

of a turbidite layer at the 940 m site. 

 

different.  The Mn
2+

 concentration maximum (20 µM) was found at the sediment 

surface.  Porewater modelling indicates that consumption of Mn
2+

 occurred in the 

surface sediments.  While the PROFILE code accurately modelled the input data, 

comparison of intermonsoon and late-to-post SWM Mn
2+

 distribution would suggest 

that the intermonsoon subsurface Mn
2+

 maximum has migrated upwards to the 

sediment-water interface, as a response to the shallowing of the OMZ.  Although low 

rates of Mn
2+

 consumption were likely to have occurred at depth, a non-steady-state 

production of Mn
2+

 is more likely to have occurred in the surface sediments at the 

140 m site (late-to-post SWM). 

At the 300 m site, low rates of
 
Mn

2+ 
production were found in the surface sediments.  

Porewater Mn
2+

 concentrations increased from 0.25 µM to 1.5 µM by 2.25 cm.  Very 

low rates of Mn
2+

 consumption were evident below 5 cm.  At the 940 m site, Mn
2+ 
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production was evident in the surface sediments.  A Mn
2+

 concentration maximum of 

7 µM was found at 2.25 cm.  Porewater Mn
2+

 consumption was evident between 5.5 and 

11.5 cm.  By 11.5 cm, Mn
2+

 had decreased to 4 µM and remained at this concentration 

to 30 cm.  At the 1200 m site, Mn
2+

 production began at 1.25 cm, and a concentration 

maximum of ~ 10 µM was found at 3.25 cm.  Mn
2+

 consumption occurred below 

5.5 cm, where concentrations decreased to 4 µM by 21 cm and remained at this 

concentration to 30 cm.  The shape of the porewater Mn concentration profiles at the 

1200 m site (Figure 3.7a), and the absence of Mn
2+

 in the surface-most sediments (0-

1 cm), also suggests that Mn
2+

 consumption occurs in the surface sediments, but this 

was not reflected in modelled data (Figure 3.7a and b).  At the 1850 m site, Mn
2+

 

production was centred at 6-7 cm and a Mn
2+

 concentration maximum of 47 µM was 

found at 7.25 cm.  Zones of Mn
2+

 consumption were evident in the surface sediments 

and at depths below 8 cm. 

Solid-phase reactive Mn (Figure 3.8), as denoted by higher Mn/Al ratios, was found 

in the surface sediments of all sites (with the exception of the 140 m site during the late-

to-post SWM).  Ratios of Mn to Al decreased in site order 1850 m > 1200 m > 940 m > 

140 m (intermonsoon) > 300 m ≡ 140 m (late-to-post SWM).  During the intermonsoon 

sampling, reactive Mn was found in the surface sediments at the 140 m site, with 

lithogenic levels found below 1.5 cm.  In contrast, during the late-to-post SWM 

sampling at this site, lithogenic Mn spanned the entire length of the core.  The seasonal 

porewater Mn
2+

 concentration increase between sampling periods is likely to reflect the 

dissolution of reactive Mn in the more hypoxic late-to-post SWM environment.  At the 

300 m site, a small Mn enrichment decreased to lithogenic levels by 5 cm.  Across the 

lower OMZ transition and outside the OMZ, concentrations of reactive Mn in surface 

sediments increased with site depth.  At the 940 m and 1200 m sites, high sedimentary 

Mn concentrations in the surface sediments decreased to lithogenic levels by 5 cm.  At 
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the 1850 m site, reactive Mn concentrations increased from the sediment surface to 

1.5 cm.  Manganese then decreased to lithogenic levels by 6 cm. 

 

Table 3.2.  Depth integrated rates of porewater Mn
2+

 and Fe
2+

production and rates of Mn
2+

 and 

Fe
2+

 sediment-water exchange at the 140 m, 300 m, 940 m, 1200 m, and 1850 m study sites.  

Rates of sediment-water exchange of Mn
2+

 and Fe
2+

 are an average of the rates calculated with 

the PROFILE code and Ficks law (variance between the two estimates is given in brackets). 

 Production rate (µmol m
-2

 d
-1

) Flux across SWI (µmol m
-2

 d
-1

) 

Site  Season Mn
2+

 Fe
2+

 Mn
2+

 Fe
2+

 

140 m Intermonsoon 18 72 ~ 0 ~ 0 

300 m Intermonsoon 1 43 2 (1) 55 (18) 

940 m Intermonsoon 22 77 16 (2) ~ 0 

1200 m Intermonsoon 27 5 ~ 0 ~ 0 

1850 m Intermonsoon 31 5 ~ 0 ~ 0 

140 m Late-to-post SWM 8 26 11 (3) 32 (6) 

300 m Late-to-post SWM 1 98 2 (1) 63 (24) 

940 m Late-to-post SWM 10 89 7 (1) ~ 0 

1200 m Late-to-post SWM 18 8 ~ 0 ~ 0 

1850 m Late-to-post SWM 28 4 ~ 0 ~ 0 

 

3.4.4. Iron distribution 

Iron distribution in the porewaters and sediments was remarkably similar during both 

seasons.  An exception to this was found at the 140 m site.  Consequently, only profiles 

from cruise CD 151 (late-to-post SWM) and the 140 m site (both seasons) will be 

discussed hereon. 

Porewater Fe (Fe
2+

) (Figure 3.9a) was present at all study sites.  Results of porewater 

modelling, designating the zones of Fe
2+

 production and consumption, are displayed in 

Figures 3.9a and 3.9b.  Modelled profiles were good matches to the real data (r
2
 > 0.89).  

The zones of Fe
2+

 production were generally found below the depths of the Mn
2+

 

concentration maxima.  Integrated rates of Fe
2+

 production (0-30 cm sediment depth) 

(both seasons) ranged from 4-98 µmol m
-2

 d
-1

, with the highest production rates and 

maximum Fe
2+

 concentrations found at low-O2 sites (140 m late-to-post SWM, 300 m, 
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and 940 m), and the lowest rates of Fe
2+

 production found at the more oxygenated sites 

(1200 m and 1850 m) (Table 3.2).  As with Mn, there was little seasonal variation in 

Fe
2+

 production rates, or down-core zones of Fe
2+

 production or consumption 

(Table 3.2, Figure 3.9b). 

At the 140 m site, during the intermonsoon, Fe
2+

 production occurred from 1.25 cm.  

A concentration maximum of 100 µM was found at 4.25 cm.  Low rates of Fe
2+

 

consumption occurred below 8 cm and concentrations decreased to 35 µM by 30 cm.  

During the late-to-post SWM, Fe
2+

 distribution was radically changed.  Modelled 

porewater profiles indicate an occurrence of Fe
2+

 consumption in the surface sediments.  

As discussed for porewater Mn
2+

, modelled results for Fe
2+

 at this site are unlikely to 

represent the true ‘steady-state’ geochemical conditions.  Instead, the intermonsoon Fe
2+

 

maximum appears to have shoaled in response to the onset of hypoxic conditions in the 

overlying water.  At the 300 m site, Fe
2+

 production began in the surface sediments and 

a maximum Fe
2+

 concentration of 110 µM was reached by 4.25 cm.  Iron (Fe
2+

) 

consumption was evident below 7 cm, and the Fe
2+

 concentration decreased to 40 µM 

by 30 cm.  There was no evidence of Fe
2+

 consumption in the surface (0-5 cm) 

sediments.  At the 940 m site, Fe
2+ 

production was centred at 7.5 cm and a maximum 

Fe
2+

 concentration of ~ 100 µM was found at 8.25 cm.  Iron (Fe
2+

) consumption 

occurred in the surface sediments and below 9 cm; Fe
2+

 concentrations fell to ~ zero in 

the surface sediments and to 30 µM by 30 cm.  At the 1200 m site, Fe
2+

 production 

occurred between 7.25-14 cm and a porewater Fe
2+

 maximum of 17 µM was found at 

9.25 cm.  Iron (Fe
2+

) consumption was evident in the surface sediments and below 

14 cm; Fe
2+

 concentrations again fell to ~ zero in the surface sediments and to 15 µM by 

30 cm.  At the 1850 m site, Fe
2+

 production occurred from 12 cm and a Fe
2+

 

concentration maximum of 22 µM was found at 17.5 cm.  High rates of Fe
2+

 

consumption were evident in the surface sediments and low rates of Fe
2+

 consumption 
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were evident below 21 cm.  By 5 cm, Fe
2+

 had decreased to ~ zero and by 30 cm, Fe
2+

 

concentrations had decreased to ~ 20 µM. 

Solid-phase reactive sedimentary Fe (Figure 3.10), as denoted by higher Fe/Al ratios, 

was found in the sediments at all sampling locations, except at the 140 m site during the 

late-to-post SWM.  Here, lithogenic Fe levels were found over the entire length of the 

core.  Higher concentrations of porewater Fe
2+

 observed at the 140 m site during the 

late-to-post SWM is likely to reflect more vigorous Fe
3+

 dissolution due to the shoaling 

of the upper OMZ boundary.  During intermonsoon sampling at the 140 m site, a small 

Fe enrichment in the surface sediments decreased to a constant lithogenic abundance by 

4 cm.  At the 300 m site, reactive Fe in the surface sediments fell to lithogenic levels by 

4 cm.  At the 940 m, 1200 m, and 1850 m sites, reactive Fe increased in the sediment 

sub-surface to create a maximum centred at ~ 5 cm.  Below 5 cm, Fe rapidly decreased 

to lithogenic levels, which persisted to 30 cm. 

 

3.4.5. Mn
2+

 and Fe
2+

 exchange across the sediment-water interface 

Flux estimates derived from both methods (Table 3.2) are in broad agreement.  

Diffusive fluxes of Mn
2+

 to the overlying water-column were identified at the 140 m 

(late-to-post SWM), 300 m, and 940 m sites; fluxes ranged from 2 to 16 µmol m
-2

 d
-1

, 

and decreased between sites in the order: 940 m > 140 m (late-to-post SWM) > 300 m.  

Due to the problems associated with modelling porewater profiles at the 140 m site 

(late-to-post SWM) (see § 3.4.3), we instead interpret the exchange rate of Mn
2+

 across 

the sediment-water interface as a non-steady-state efflux of Mn
2+

 to the
 
overlying water-

column.  Porewater Mn
2+

 was effectively recycled within the sediments at the 140 m  
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(intermonsoon) 1200 m, and 1850 m sites; thus, no measurable diffusive loss to the 

overlying water-column was found. 

A diffusive flux of Fe
2+

 to the overlying water-column was evident at the 140 m 

(late-to-post SWM) and at 300 m sites.  Efflux of Fe
2+

 to the overlying water-column 

was greatest (63 µmol m
-2

 d
-1

) at the 300 m site.  At all other sites, Fe
2+

 was retained 

within the sediments.  As discussed for Mn
2+

, we interpret the exchange of Fe
2+

 across 

the sediment-water interface at the 140 m site (late-to-post SWM) as a non-steady-state 

efflux of Fe
2+

 to the
 
water-column. 

 

3.5. Discussion 

3.5.1. Manganese supply to the sedimentary environment 

Cross-margin trends in sedimentary Mn distribution are similar to those previously 

described for sediments collected in the Arabian Sea (Passier et al., 1997; van der 

Weijden et al., 1999).  The consistent lithogenic Mn/Al ratio (0.0068 ± 0.0013) found at 

all of our study sites indicates a uniform terrestrial source of Mn to the Pakistan margin.  

Lithogenic Mn/Al ratios determined in this study are similar to previously published 

values from the Pakistan margin (van der Weijden et al., 1999). 

At the 140 m and 300 m sites, surface-sediment Mn enrichments (Figure 3.8) 

indicate that a proportion of the solid-phase reactive Mn (Mn oxyhydroxides), derived 

from aeolian input or formed within the upper (oxic) water-column, escaped total 

microbial reduction prior to deposition.  Export of reactive Mn from the water-column 

to the sediments is limited by the degree to which Mn
4+

 reduction occurs in the OMZ 

pelagic environment, which depends both on the intensity of O2 depletion and on the 

transit time of particulate Mn through the water-column.  By 700 m on the Pakistan 

margin, an absence of reactive Mn in the surface sediments, and a lack of Mn
2+

 in the 
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pore-waters, indicates that the supply of reactive Mn has become exhausted through 

microbial action (Shimmield, unpublished data). 

Surface sediment Mn enrichment was also found at the 940 m site (Figure 3.8).  

However, the mechanism that governs Mn deposition at this depth is different to that 

described for the 140 m and 300 m sites.  The 940 m site lies on the upper edge of the 

lower OMZ transition, where dissolved O2 concentrations increase with depth relative 

to minimal values found within the OMZ core.  It is likely that the surface-sediment Mn 

enrichment at the 940 m site mainly originates through the oxidation of OMZ-derived 

Mn
2+

, which has been admixed into the more oxygenated waters found along the OMZ 

transition (Figure 3.1; Table 3.1).  A proportion of the sedimentary Mn enrichment is 

also likely to reflect sedimentary Mn
2+

 re-oxidation.  Re-oxidation, whether in the 

water-column or sediments, is likely to be bacterially-mediated (Cowen and Bruland, 

1985). 

At the 1200 m and 1850 m sites (outside the OMZ), sediments were increasingly 

rich in reactive Mn (Figure 3.8).  This depth trend of increasing sediment Mn content is 

likely to reflect further oxidative scavenging of Mn
2+

 in the water-column (Nair et al., 

1999) and the more efficient cycling of Mn within sediments under increasingly 

oxygenated conditions (Figure 3.1; Table 3.1). 

 

3.5.2. Manganese cycling within the sedimentary environment 

3.5.2.1. Mn reduction 

The distribution of porewater and sedimentary Mn at all study sites demonstrates the 

effects of Mn redox cycling (Figures 3.7-3.8).  Porewater Mn production was found to 

occur under the zone of O2 penetration at the 140 m (intermonsoon), 940 m, 1200 m, 

and 1850 m sites.  In sediments were O2 penetration was undetectable (140 m late-to-
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post SWM, and 300 m; Figure 3.2), Mn
2+

 production was found to occur at the 

sediment-water interface. 

The mechanisms governing Mn reduction varied between sites.  The presence of a 

molar excess of Fe
2+

 in the zone of Mn
2+

 production (Figure 3.7b and 3.9b) at the 140 m 

(late-to-post SWM), 300 m, and 940 m sites, indicates that Mn reduction at these sites 

may be coupled to the oxidation of Fe
2+

 instead of microbially-mediated C-oxidation.  

Indeed, several other studies have reported upon the significance of abiotic Mn 

reduction with Fe
2+

 (e.g. Postma, 1985; Myers and Nealson, 1988; Burdige, 1993; 

Canfield et al., 1993a).  In contrast, at the more oxygenated 1200 m and 1850 m sites, 

higher concentrations of reactive Mn in the surface sediments and greater separation 

between the zones of Mn
2+

 and Fe
2+

 production (Figures 3.7b and 3.9b) indicates that 

microbial Mn reduction is likely to have dominated Mn
2+

 production.  Mn reduction can 

also be coupled to the biotic or abiotic reoxidation of reduced nitrogen and sulphur 

species (e.g. Burdige and Nealson, 1986; Aller and Rude, 1988; Burdige et al., 1992; 

Canfield et al., 1993a; Luther et al., 1997).  As suggested by porewater profiles (Figure 

3.5 and 3.7), the oxidation of NH4
+
 and organic-N with MnO2 (anoxic nitrification; 

Luther et al., 1997) may occur at the 1850 m site and other oxic sites at or near the base 

of the OMZ, however, the limited N-speciation data limit proper quantification.  

Reactions between Mn and sulphur species commonly occur in marine environments 

(e.g. Canfield et al., 1993a; Thamdrup and Canfield, 1996), however, low rates of 

sulphate reduction on the Pakistan margin (Chapter 4) and separation of the zones of 

Mn
4+

 and SO4
2-

 reduction, suggests that this is not a significant reaction pathway on the 

Pakistan margin.  Together, this data suggests that Mn is an unimportant TEAP at OMZ 

sites, however Mn may be an important TEAP at non-OMZ sites (see Chapter 5). 
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3.5.2.2. Mn
2+

 oxidation 

In all cases, with the exception of the 140 m (late-to-post SWM) site, upward-

diffusing Mn
2+

 was either partially or wholly re-oxidised in the surface sediments 

(Figure 3.7  a and b).  Upward-diffusing Mn
2+

 can be oxidised with O2 or with NO3
-
 

(Burdige, 1993; Luther et al., 1997).  Observed O2 penetration depths on the Pakistan 

margin (Figure 3.2) may therefore reflect abiotic O2 consumption as well as aerobic 

respiration.  Co-existing Mn/Fe-oxides and sediment particles have a strong sorptive 

affinity for dissolved Mn
2+

, which may also aid Mn retention within the sediments 

(Morgan and Stumm, 1964; Canfield et al., 1993a; van Cappellen and Wang, 1996).  

Regardless, at the 140 m (late-to-post SWM), 300 m, and 940 m sites, a net Mn
2+

 efflux 

was evident from the sediments to the overlying waters (Figure 3.7, Table 3.2).  The 

intensity of O2 depletion and lack of other potential oxidants at these sites acted to 

lessen Mn retention within the sedimentary environment.  At the 940 m site, however, it 

is likely that most of the upward diffusing Mn
2+

 was re-oxidised at the sediment-water 

interface or within the immediate overlying waters.  Whether sediments at this site act 

as a net Mn
2+

 source to the overlying waters will depend upon the efficiency of Mn
2+

 re-

oxidation, and possibly on the action of macrofuana.  At the 1200 m and 1850 m sites, 

the increased availability of O2 (and possibly NO3
-
) within the surface sediments 

ensured that Mn
2+

 was efficiently re-oxidised and retained within the sediments. 

 

3.5.3. Mn
2+

 in the OMZ water-column: benthic-pelagic coupling? 

A number of previous studies have detailed Mn behaviour in the water-column of 

the Arabian Sea (Saager et al., 1989; Nair et al., 1999; Lewis and Luther, 2000).  

Generally, dissolved Mn (dMn) concentrations remain at a relatively constant level in 

the upper 130 m of the water-column, below which they increase sharply within the 

OMZ.  Outside the OMZ, dMn concentrations decrease to relatively constant levels by 
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1200 m to 1850 m (Saager et al., 1989; Lewis and Luther, 2000).  Particulate Mn (pMn) 

concentrations decrease within the OMZ, and increase outside the OMZ (Lewis and 

Luther, 2000; Nair et al., 1999).  Similar Mn distributions have been described for other 

OMZ environments (e.g. Landing and Bruland, 1980; Klinkhammer and Bender, 1980; 

Martin and Knauer, 1984; Landing and Bruland, 1987; Bruland et al., 1994; Johnson et 

al., 1996; Nameroff et al., 2002).  Within the Arabian Sea OMZ water mass, two 

distinct dMn maxima are found (Saager et al., 1989; Lewis and Luther, 2000).  A 

shallow, poorly defined dMn maximum (dMn ~ 3 nM) is found between 200-300 m, 

and a deeper dMn maximum (dMn ~ 6 nM) is found north of 19°N between 400-

1000 m (Saager et al., 1989; Lewis and Luther, 2000) (Figure 3.11). 

Our results indicate that a net, albeit small Mn
2+

 efflux from the sediments at the 300 m 

and 940 m sites, and a transient, non-steady-state efflux of Mn
2+

 at the 140 m site during 

the late-to-post SWM.  In contrast, no Mn
2+

 efflux was apparent at the more oxygenated 

140 m (intermonsoon), 1200 m, and 1850 m sites.  

Our observation of a Mn
2+

 efflux from the 140 m (late-to-post SWM) and 300 m 

sites indicates that sediments on the upper Pakistan margin that are impacted by the 

OMZ may contribute Mn
2+

 to the shallow dMn maximum.  However, the shallow dMn 

maximum is also broadly coincident with the OMZ’s main denitrification zone (Naqvi, 

1991), a bacterial nepheloid layer (Morrison et al., 1999), and a concentration minimum 

for pMn (Lewis and Luther, 2000).  These correlations, together with the fact that the 

magnitude of sedimentary Mn cycling is likely to decrease with depth through the 

OMZ, supports in situ microbially mediated reduction of sinking Mn oxyhydroxides as 

the dominant factor governing the formation of the shallow dMn maximum within the 

Arabian Sea (Saager et al., 1989; Lewis and Luther, 2000). 
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Figure 3.11. Representative dissolved O2, Mn
2+

, and Fe
2+

 water-column profiles in the Arabian 

Sea (data from Saager et al., 1989). 

 

An efflux of Mn
2+

 from the reducing sediments on the Oman margin, followed by 

advection of these Mn
2+

 rich waters with inflowing Red Sea Water (RSW) has been 

suggested to maintain the deep dMn maximum (Saager et al., 1989).  However, 

negligible measured Mn
2+ 

release from sediments on the Oman margin (Passier et al., 

1997), and better characterisation of RSW distribution in the northern Arabian Sea, did 

not support the likelihood of a significant dMn source from the Oman Margin (Lewis 

and Luther, 2000).  Instead, Lewis and Luther (2000) proposed that the deep dMn 

maximum is maintained through an advection of Mn
2+

 from the more reducing 

sediments found on the Pakistan margin.  Although our results do indicate a clear efflux 

of Mn
2+

 from Pakistan margin sediments, this appears to be confined to OMZ sites 

shallower than 700 m.  In addition, the supply of pMn to sediments is dependent on 

particle transit time through the OMZ; consequently, the magnitude of any Mn
2+

 efflux 

back to the overlying water will diminish with increasing depth within the OMZ.  It is 

likely that the efflux of Mn
2+

 from the sediments partially maintains the deep dMn 

maximum, but the reduction of sinking pMn would seem to be the key factor controlling 

its existence.  In addition, the release of Mn
2+

 from the in situ decay of sinking 
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biodetritus, and suppressed rates of Mn
2+

 oxidation under suboxic conditions, may help 

maintain the dMn maxima in the Arabian Sea.  The dominance of water-column Mn
2+

 

production over sedimentary Mn
2+

 sources has also been suggested to control the dMn 

maximum observed within the California margin OMZ (Johnson et al., 1992 and 1996). 

In summary, the Mn geochemistry detailed in this study reflects the operation of an 

‘oxygen minimum zone redirection’ mechanism (Klinkhammer and Bender, 1980; 

Schenau et al., 2002a).  Here, dissolved Mn is directed out of the OMZ water-column 

and deposited in the sediments along the OMZ transition, and outside of the OMZ.  

Moreover, sedimentary Mn enrichment observed at the 1200 m and 1850 m sites 

supports the findings of Schenau et al., (2002a) and Schnetger et al., (2000), who 

postulated that Mn variability in the Arabian Sea sedimentary record reflected past 

variations in the intensity of the OMZ. 

 

 

3.5.5. Iron supply to the sedimentary environment 

Sedimentary iron distribution among our study sites is similar to that previously 

described for sediments collected on this and other margins of the Arabian Sea (Passier 

et al., 1997; van der Weijden et al., 1999).  The consistent cross-margin Fe/Al ratio 

(0.70 ± 0.01) found in the Pakistan margin surface sediments indicates that reactive Fe 

supply to sediments is constant, regardless of whether deposition occurs within or 

outside the OMZ.  In addition, the uniform background lithogenic Fe/Al ratio 

(0.60 ± 0.03; below 20 cm) across the margin suggests the presence of a relatively 

uniform supply of terrestrially-derived Fe.  Lithogenic Fe/Al ratios determined in this 

study are similar to previously published values from the Pakistan margin (van der 

Weijden et al., 1999). 
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3.5.6. Iron cycling within the sedimentary environment 

3.5.6.1. Fe
3+

 reduction 

Maximal concentrations of porewater Fe
2+

 were generally found at greater depths 

than the Mn
2+

 concentration maxima (Figures 3.7a and 3.9a), reflecting the later 

reduction of Fe
3+

 in the microbial redox sequence (Froelich et al., 1979; Chapter 1).  

Considering the general lack of sulphate reduction and low concentrations of inorganic 

sulphur compounds at all study sites (Chapter 4), it is apparent that the microbial 

reduction of Fe
3+

 is the dominant process governing Fe
2+

 production (Lynn and Bonnati, 

1965; Lovely and Philips, 1986).  The highest concentrations of porewater Fe
2+

 are 

found within the OMZ, reflecting the increased significance of microbial Fe
3+

 reduction 

under strongly suboxic conditions. 

 

3.5.6.2. Fe
2+

 oxidation 

Porewater Fe
2+

 oxidation only occurs at some of the study sites.  Upward-diffusing 

Fe
2+

 can be re-oxidised with a number of oxidants: O2 (Burdige, 1993), Mn
4+ 

(Postma, 

1985), NO3
-
, and NO2

-
 (Lovely, 1991; DiChristina, 1992; Straub et al., 1996).  At the 

shallower, up slope sites (140 m late-to-post SWM and 300 m), the limited availability 

of potential oxidants (Figure 3.2-3.3) results in the loss of Fe
2+

 to the overlying water-

column.  This process is likely to persist at greater depth within the OMZ core, as 

indicated by an efflux of Fe
2+

 at 700 m on the Pakistan margin (Shimmield, unpublished 

data).  On the lower OMZ transition (940 m and 1200 m) and outside the OMZ (1850 

m), the increasing availability of potential oxidants (primarily O2 and Mn-oxides, but 

also potentially NO3
-
 and NO2

-
) ensures that upward-diffusing Fe

2+
 is rapidly 

precipitated as Fe-oxides.  Consequently, Fe is retained within the sediments.  Sorption 

of Fe
2+

 onto sediment particles or existing Fe minerals may also act to retain Fe within 

the sediments (Canfield et al., 1993a).  Finally, reaction between Fe
2+

 and dissolved O2 
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may also contribute to O2 consumption, and help determine the depth of O2 penetration 

in the sediments (Figure 3.2). 

 

3.5.7. Sources of Fe
2+

 to the water-column OMZ 

Whilst the behaviour of Fe in the surface waters of the Arabian Sea is well-

constrained (Measures and Vink, 1999), the behaviour and distribution of Fe within the 

OMZ is poorly understood.  Saager et al. (1989) reported a single profile detailing 

dissolved Fe
2+

 (dFe) distribution in the central Arabian Sea.  In short, low 

concentrations of dissolved Fe
2+

 (0.3 nM) in the surface waters increased within the 

OMZ, creating a dFe maximum of ~ 5 nM at 600 m.  Outside the OMZ, Fe
2+

 

concentrations decreased to 1-2 nM (Saager et al., 1989).  Moffett et al., (2007) reported 

three similar profiles from the central Arabian Sea; here a broad dFe maximum (ca. 1-2 

nM) was evident between 200-800 m. 

Clarification of the mechanisms controlling the dFe maximum in the Arabian Sea is 

important.  Iron is an essential (often limiting) micronutrient in eutrophic conditions and 

Fe
2+

 is more-readily assimilated by microorganisms (Sunda, 2001).  Furthermore, 

denitrification in the Arabian Sea accounts for one-third of contemporary pelagic N2 

production (Codispoti et al., 2001; Bange et al., 2005) and denitrifying bacteria have a 

high requirement for Fe (Milligan and Harrison, 2000).  As a consequence, variation in 

dFe distribution may affect pelagic denitrification rates (Bange et al., 2005; Wiggert et 

al., 2006; Moffett et al., 2007).  Saager et al. (1989) suggested that the dFe maximum 

within the OMZ was maintained by an input of Fe
2+

 from the underlying sediments.  

Moffett et al., (2007) suggested that reduction of Fe-oxides in the water-column or 

lateral advection of Fe
2+

 from reducing sediments controlled the dFe maxima.  Other 

authors (Schenau et al., 2001 and 2002b), having found low concentrations of reactive 

Fe in Arabian Sea OMZ sediments, have also suggested that the dFe maximum is 
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maintained through pelagic Fe
3+

 reduction.  However, similar dFe maxima have been 

observed in other OMZ type environments in the Pacific Ocean (e.g. Landing and 

Bruland, 1987; Bruland et al., 1994) and Fe-oxides are not reduced within the water-

column in these regions (Landing and Bruland, 1987; Rue et al., 1997).  On the Pakistan 

margin, the presence of a constant non-lithogenic Fe/Al ratio in the surface sediments 

(Figure 3.10) also suggests that wide-spread Fe-oxide reduction does not occur within 

the pelagic OMZ environment, which is not reducing enough.  Instead, the results 

indicate that the dFe maximum is sourced through an input of Fe
2+

 from sediments that 

are in the OMZ core or engulfed by the upward shoaling of the OMZ boundary during 

the SWM (exemplified by the 300 m site and the 140 m site during the late-to-post 

SWM; Table 3.2).  The scarcity of potential oxidants for Fe
2+

 within the sediments at 

sites within the OMZ ensures that upward-diffusing Fe
2+

 is readily lost to the overlying 

waters.  Sediments located at more oxygenated sites (e.g. 1200 m and 1850 m) do not 

appear to act as a source of Fe
2+

. 

 

3.5.8. Mn/Fe authigenesis 

Upon reduction, Mn
2+

 and Fe
2+

 may diffuse downward through the sediments and be 

removed from solution via precipitation, forming authigenic mineral phases (Shimmield 

and Pedersen, 1990; Calvert and Pedersen, 1993). 

The downward diffusion of Mn
2+

 often results in the precipitation of pure or mixed-

phase Mn-carbonates, such as rhodochrosite (MnCO3) (Suess, 1979; Shimmield and 

Pedersen, 1990).  On the Pakistan margin, low rates of Mn
2+

 consumption in the deeper 

sedimentary horizons suggest possible Mn
2+

 authigenesis (Figure 3.7a and b; Table 3.2).  

However, the uniform cross-margin lithogenic Mn/Al ratio found below the zone of Mn 

reduction, rules out the occurrence of significant Mn
2+

 authigenesis (Figure 3.8).  The 

consumption of Mn
2+

 may therefore simply reflect Mn sorption onto sedimentary 
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particles.  Dissolved Mn
2+

 has a high affinity for particle surfaces; indeed, the pool of 

adsorbed Mn
2+

 in the sediments can exceed porewater Mn
2+

 by a factor of 10 or more 

(Canfield et al., 1993a). 

Ferrous Fe may form a large number of precipitates, including mixed valance Fe-

oxides (e.g. magnetite), Fe-carbonates (e.g. siderite), Fe-phosphates (e.g. vivianite), and 

Fe-sulphides depending on the prevailing geochemical conditions (Berner, 1981; 

Lovely and Philips, 1986; Karlin et al., 1987).  The precipitation of Fe-sulphides 

represents the most common removal mechanism for downward diffusing Fe
2+

 in 

marine sediments (Berner, 1981; Shimmield and Pedersen, 1990).  On the Pakistan 

margin, persistent lithogenic Fe/Al ratios (Figure 3.10), and low rates of SO4
2-

 reduction 

in the deeper sedimentary horizons (Chapter 4) indicate a dearth of Fe-sulphide 

formation.  The only sites that may support Fe-sulphide formation are the 140 m and 

300 m sites.  Here, minor down core enrichments in inorganic sulphur compounds 

(Chapter 4) may reflect Fe
2+

 reaction with sulphide.  Low concentrations of Fe-

sulphides have previously been found in historical and contemporary sediments on the 

Oman and Pakistan margins (Emeis et al., 1991; Passier et al., 1997; Schenau et al., 

2002b).  A lack of available reactive Fe has previously been suggested to limit Fe-

sulphide creation on the Oman margin (Schenau et al., 2002b).  On the Pakistan margin, 

it appears that low rates of sulphate reduction serve to limit Fe-sulphide formation 

(Chapter 4; van der Weijden et al., 1999).  The low rates of down-core Fe
2+

 

consumption that are evident across the margin (Figure 3.9 a and b; Table 3.2) may 

instead reflect the sorption of Fe
2+

 onto sediment particles.  Model calculations estimate 

that the pool of adsorbed Fe
2+

 may exceed the porewater Fe
2+

 pool by a factor of more 

than 30 in marine sediments (van Cappellen and Wang, 1996). 
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3.6. Summary 

Several key features emerge from this study:  

• Water-column dissolved O2 concentrations were found to exert a strong influence on 

Mn cycling.  At the strongly hypoxic OMZ sites (140 m late-to-post SWM, 300 m), Mn 

supply to the sediments was severely limited by Mn reduction within the water-column.  

Consequently, Mn reduction within OMZ sediments and supply of Mn
2+

 to the water-

column is low.  Previously described dMn concentration maxima within the Arabian 

Sea (Saager et al., 1989; Lewis and Landing, 2000) are therefore unlikely to originate 

through the sole supply of Mn
2+

 from OMZ sediments.  Instead, Mn
2+

 supply from the 

reduction of sinking pMn phases are likely to maintain the dMn maxima. 

• Across the lower OMZ transition (940 m and 1200 m sites) and at the deeper 1850 m 

site, dissolved Mn
2+

 exported out of the OMZ is reoxidised upon contact with O2.  This 

leads to an increased supply of reactive Mn to underlying sediments.  In turn, sediments 

at the 1200 m and 1850 m sites support higher rates of Mn
4+

 reduction within the 

sediment subsurface, which is likely to be coupled to C-oxidation. 

• The supply of reactive Fe
3+

 to Pakistan margin sediments appears to be constant 

whether deposition occurs within or outside the OMZ.  Due to the distinct lack of 

sulphate reduction within the sediments, Fe
3+

 reduction at all sites is likely to be 

coupled to microbially-mediated C-oxidation. 

• Production of Fe
2+

 was evident at all study sites.  At the deeper, more oxygenated 

sites (940 m, 1200 m, and 1850 m) Fe
2+

 was effectively recycled within the sediments.  

In contrast, at strongly hypoxic OMZ sites (140 m late-to-post SWM, 300 m) the 

paucity of potential oxidant species (O2, NO3
-
, NO2

-
, and Mn

2+
) results in a loss of Fe

2+
 

to the overlying water-column.  The dFe maximum previously described by Saager et 

al., (1989) within the Arabian Sea OMZ may therefore reflect a sedimentary source of 

dissolved Fe
2+

. 
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Abstract 

Sulphur cycling, whilst of importance to the global C-cycle, has not been adequately 

studied in sediments associated with Arabian Sea OMZ.  In this Chapter, direct 

measurements of sulphate reduction rates (35S-SO4
2- incubation), sediment TRIS 

distributions, porewater sulphate concentrations, and porewater sulphide concentrations 

are presented for a range of oxic (1200 m, 1850 m) and low-O2 (140 m, 300 m, 940 m) 

sites on the Pakistan margin.  This data was collected during the 2003 spring 

intermonsoon and late-to-post 2003 Southwest-monsoon (SWM).  Sulphate reduction 

rates (SRRs) ranged from 0-45 mmol m-2 d-1 (all sites, both seasons), with the highest 

rates found at the shallow margin sites (140 m, 300 m).  In comparison, sulphate 

reduction was either absent or occurred at lower rates at the deeper sites (940 m-

1850 m).  Together, these rates (all sites) are 1-2 orders of magnitude lower than those 

measured in sediments on other major OMZ affected margins.  Sediment TRIS and 

porewater sulphide concentrations at the Pakistan margin study sites were also low 

(ca. < 5 mM kg-1 and < 8µM, respectively), whilst porewater sulphate was not depleted 

from bottom-water concentrations (ca. 28 mM).  These data indicate that sulphate 

reduction is inhibited in Arabian Sea sediments.  A number of factors were investigated 

as possible inhibiting mechanisms.  Previous workers have suggested that the 

sulphuration of OM limits sulphate reduction in the Arabian Sea.  The presence of 

reactive Fe in Pakistan margin sediments negates this possibility.  Low concentrations 

of (unreactive) terrestrial OM in the Pakistan margin sediments are also unlikely to 

impede sulphate reduction.  Instead, a dominance of unreactive marine OM and 

microbial co-competition between sulphate reducing and iron reducing bacteria may 

serve to limit sulphate reduction. 
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4.1. Introduction 

Understanding the processes that govern organic matter (OM) accumulation within 

sedimentary environments that underlie OMZ regions is of key importance if we are to 

accurately understand the global C-cycle.  In coastal upwelling areas, nutrient rich 

waters stimulate high rates of primary productivity.  Indeed, in the Arabian Sea, rates of 

primary productivity (PP) are amongst the highest yet reported in the marine 

environment (PP 125-142 mmol C m-2 d-1; Nair et al., 1989; Brock et al., 1994; Antoine 

et al., 1996). 

The high rates of productivity enhance OM export to depth and the degradation of 

this sinking organic detritus causes O2 depletion within the water column, creating an 

OMZ.  As highlighted in Chapter 3, high concentrations of bulk OM are found within 

OMZ sedimentary environments where aerobic mineralisation processes (if occurring) 

cease within the surface-most sediments (< 25 mm).  Thereafter, suboxic respiratory 

processes (denitrification, Mn reduction, and Fe3+ reduction) are suggested to dominate 

microbial C-oxidation (Chapter 3).  However, these processes cease at depths that range 

from 6-7 cm at the shallow sites (140 m and 300 m) to > 20 cm at the deepest site 

(1850 m).  In similar upwelling environments, these environmental conditions facilitate 

high levels of microbially-mediated sulphate reduction, were sulphate reducing bacteria 

(SRB) couple the oxidation of OM to the reduction of sulphate (SO4
2-) during 

heterotrophic respiration (equation 4.1). 

2 CH2O + SO4
2- → 2 HCO3

- + H2S (equation 4.1) 

Numerous studies have reported upon the relative importance of sulphate reduction 

in the marine environment.  These studies have highlighted that the anaerobic 

mineralisation of OM is strongly focussed towards the ocean margins where the greatest 

rates of sulphate reduction are found in sediments that underlie highly productive, O2 

depleted waters (e.g. the Peruvian margin, Chilean margin, or the West African margin; 
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Fossing, 1990; Thamdrup and Canfield, 1996; Brüchert, et al., 2003).  In these 

environments, sulphate reduction has been found to dominate terminal electron 

accepting processes (TEAPs); indeed, in some localities all OM degradation within the 

contemporary sediment proceeds via sulphate reduction (e.g. Thamdrup and Canfield, 

1996). 

Despite the clear importance of sulphate reduction within upwelling regions, 

surprisingly few studies have examined sulphur cycling within the Arabian Sea 

sedimentary environment.  To date, only two studies have reported directly measured 

rates of sulphate reduction (Schmaljohann et al., 1999; Boetius et al., 2000).  In both 

cases, limited sampling coverage (seven sites in total across two studies) has given little 

quantitative information as to the importance of sulphate reduction within the region.  

However, several other studies have reported upon varying aspects of sulphur 

geochemistry within Arabian Sea sediments.  Grouped together with the work of 

Schmaljohann et al., (1999) and Boetius et al., (2000), this work falls into two broad 

groups, were authors have either reported high rates of S-cycling in margin sediments 

(Schmaljohann et al., 1999; Lückge et al., 1999; Boetius et al., 2000; Böttcher et al., 

2000) or an enigmatic lack of S-cycling (Pedersen and Shimmield, 1991; Emeis et al., 

1991; Passier et al., 1997; van der Weijden et al., 1999; Schenau et al., 2000).  Clearly, 

the biogeochemistry of sulphate reduction within Arabian Sea margin sediments 

warrants further investigation. 

 

4.2. Objectives 

This chapter reports on the sedimentary sulphur cycle in sediments from the 

Pakistan margin of the Arabian Sea.  Sampling was conducted during the spring 

intermonsoon (hereon intermonsoon) and during/immediately after the Southwest 

monsoon (hereon late-to-post SWM) along a depth transect (140-1850 m) through the 
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Arabian Sea OMZ.  Rate measurements of sulphate reduction, obtained through use of a 

35SO4
2- incubation technique, are reported (data obtained by S Martyn Harvey, The 

Scottish Association for Marine Science).  In addition, depth profiles of sedimentary 

total reduced inorganic sulphur (TRIS), porewater sulphate, and porewater sulphide, are 

presented.  The central objectives of this chapter are: (a) To explore, quantitatively, the 

extent and spatial variability of sulphate reduction in surface sediments along a depth 

transect through the Arabian Sea OMZ; (b) To compare rates of sulphate reduction 

measured on the Pakistan margin to those measured elsewhere in the Arabian Sea and 

on other upwelling margins; (c) To evaluate whether rates of sulphate reduction on the 

Pakistan margin respond to monsoon seasonality; and (d)  To examine how rates of 

sulphate reduction on the Pakistan margin respond to: (i) variations in OM supply, and 

(ii) differences in OM quality. 

Additionally, data from this chapter are given further consideration in Chapter 5.  

Here, rates of sulphate reduction are compared to commensurate rates of O2 

consumption, NO3
- reduction, Mn reduction, and Fe3+ reduction.  In doing so, the 

importance of aerobic, suboxic, and anoxic C-oxidation pathways are evaluated for sites 

in the Arabian Sea OMZ the first time.  The varying rates are also combined in a 

diagenetic model to estimate total C-oxidation rates on the Pakistan margin. 

 

 

4.3. Methods 

4.3.1. Safety 

35S is a radioactive beta emitter (Emax = 0.167 MeV) and should be handled in a 

properly equipped laboratory.  The possession and use of radioactive materials is 

subject to statutory controls. 
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4.3.2. Measurement of sediment sulphate reduction rates 

Sulphate reduction rates (SRR) were measured in sediments collected during cruises 

CD 145 (intermonsoon; Bett et al., 2004a) and CD 150 (late-post SWM; Bett et al., 

2004b) (see § 2.2) using a laboratory radiotracer procedure (Jørgensen, 1978; S M 

Harvey pers .comm.; Appendix 1).  Sample details are provided in Table 4.1.  Megacore 

tubes were predrilled with a series of holes at 1 cm intervals (Figure 4.1).  The holes 

were sealed with tape prior to sample collection (coring).  One core from each of a 

duplicate or triplicate megacorer deployment was collected from each site, providing 

sampling (whole-core) replication of the benthic environment at a decimetre scale.  

Upon retrieval, the cores were transferred to a controlled temperature (CT) laboratory 

for processing.  Sub-cores were taken using modified 3 ml plastic syringes (Figure 4.1).  

The sub-cores were immediately capped with rubber subaseals and injected with a 35S-

SO4
2- solution (Amersham Life Science, UK) (35S activity 25 kBq ml-1).  The sub-cores 

were incubated in an anaerobic environment in the dark, at in situ temperature but not 

pressure, for 24 hours.  After incubation, the subcores were vortex mixed with a 10% 

zinc acetate solution.  The added zinc acetate acts to fix any sulphide present (as Zn35S) 

and prevent its oxidation, whilst also halting further sulphate reduction by killing 

sediment bacteria.  Vials were then stored at 4 °C until analysis. 

On return to the home laboratory, the samples underwent a single-step Cr(II) 

distillation procedure.  Here, reduced 35S from the sediment was evolved as H2
35S and 

transferred in a stream of N2 to 10 % zinc acetate solution.  Here, Zn35S was 

precipitated.  An aliquot of this material and S35-SO4
2- containing sediment were then 

seperately β-scintillation counted on a LKB-Wallac 1219 rack-beta scintillation counter.  

The sulphate reduction rate was calculated according to the method described by 

Jørgensen (1978) (Equation 4.1).  Sulphate reduction rate blank measurements were 

determined by slicing a selection of core samples into zinc acetate, immediately after 
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the addition of the 35S-SO4
2-.  After the addition of the radiotracer, sampling proceeded 

as normal.  The mean value from all prepared blanks could not be differentiated from 

the laboratory background count rate. 

 

Equation 4.1. 

 

Where: 

Ø = porosity 

SO4
2- = the concentration of sulphate in the porewater. 

H2
35S = the activity of total reduced sulphur. 

35SO4
2- = the activity of the added tracer. 

t = the incubation duration (hours). 

1.06 = a correction factor for the small isotopic discrimination by bacteria against the heavier sulphur 

isotope. 

 

 

4.3.3. Sediment reduced inorganic sulphur 

The concentration of sediment total reduced inorganic sulphur (TRIS) was 

determined from an aliquot of the SRR incubation supernatant, using the Cline method 

(Cline, 1969).  Here, samples were reacted with dimethyl-p-phenylenediamine and 

FeCl3.6H2O at pH 0.4 – 0.7 (pH adjustment via HCl addition) for 10 minutes; the 

resultant colour of the solution was then measured spectrophotometrically at 670 nm.  

Calibration was completed with sodium-sulphate standards. 
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Table 4.1.  Station locations, water depth, and sulphate reduction rates for study sites on the 

Pakistan margin of the Arabian Sea.  The peak rate depth is the depth interval where the 

maximum rate of sulphate reduction that was observed.  Integrated rates are over the upper 30 

cm of the sedimentary record. 

Cruise 
Water depth and 

core number 
Latitude 

(N) 
Longitude 

(E) 
Peak SRR 

(nmol cm-3 d-1) 
Peak SRR 
depth (cm) 

Integrated SRR 
(mmol m-2 d-1) 

CD 145 300-m (1) 23o12' 74 66o34' 07 4.9 16-17 0.430 

CD 145 300-m (2) 23o12' 74 66o34' 07 34.6 3-4 0.820 

CD 145 1200-m (1) 22o59' 97 66o24' 47 3 11-12 0.220 

CD 145 1200-m (2) 22o59' 97 66o24' 47 1 24-25 0.030 

CD 145 1850-m (1) 22o51' 35 66o00' 09 0.8 29-30 0.030 

CD 145 1850-m (2) 22o51' 35 66o00' 09 6.9 18-19 0.080 

CD 150 140-m (1) 23o16' 78 66o42' 62 18.3 4-5 0.761 

CD 150 140-m (2) 23o16' 76 66o42' 64 11.9 6-7 0.439 

CD 150 140-m (3) 23o16' 71 66o42' 59 7.5 16-17 0.414 

CD 150 300-m (1) 23o12' 44 66o33' 90 2.1 15-16 0.035 

CD 150 300-m (2) 23o12' 48 66o34' 02 2.9 22-23 0.059 

CD 150 300-m (3) 23o12' 54 66o34' 10 3.1 20-21 0.117 

CD 150 300-m (4) 23o12' 52 66o34' 07 5.6 15-16 0.148 

CD 150 940-m (1) 22o55' 90 66o36' 12 nd - nd 

CD 150 940-m (2) 22o55' 88 66o36' 09 0.1 15-16 * 

CD 150 940-m (3) 22o55' 62 66o36' 05 2.6 13-14 * 

CD 150 1200-m (1) 22o59' 76 66o24' 24 nd - nd 

CD 150 1200-m (2) 22o59' 76 66o24' 24 nd - nd 

CD 150 1200-m (3) 23o00' 02 66o24' 44 nd - nd 

CD 150 1850-m (1) 22o52' 38 65o59' 99 0.5 1-2 0.009 

CD 150 1850-m (2) 22o52' 55 65o59' 93 12.2 14-15 * 

CD 150 1850-m (3) 22o52' 41 65o59' 74 3.5 5-6 0.045 

(nd) not detected, * Sulphate reduction rates zero due to exclusion of microenvironments in calculation 

(see § 4.4.2). 
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Figure 4.1. Photograph of core being sub-sampled for measurement of sulphate reduction 

(photo: S.M. Harvey). 

 

4.3.4. Porewater sulphate and sulphide 

Porewaters for aqueous phase sulphate and sulphide measurements were collected 

according to the protocol outlined in § 2.2.4.  Samples were collected on cruises CD 146 

(intermonsoon) and CD 151 (late-to-post SWM).  Porewater sulphate and sulphide 

concentrations were similar during both cruises.  Porewater sulphate concentrations 

were determined by ion chromatography with suppressed conductivity detection (Cragg 
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et al., 1992).  Porewater sulphide samples were fixed with 1 ml of 10 % zinc acetate 

solution.  At the home laboratory the total volume of each sample was measured.  The 

sulphide concentration was determined colourimetrically using the Cline method (Cline, 

1969).  The limit of detection for porewater sulphide measurement was 8 µM L-1. 

 

4.4. Results 

4.4.1. Depth distribution of sulphate reduction 

Sulphate reduction rate profiles for all of the sampling stations are shown in Figures 

4.2 a and b.  At all sites, replicate cores showed significant heterogeneity in the down 

core distribution of sulphate reduction.  Notably, the presence of micro-environments of 

more intense sulphate reduction occurred across the margin.  The shape of the sulphate 

reduction profiles and the intensity of sulphate reduction also varied between sites.  

Peaks rates of sulphate reduction were generally higher, and occurred closer to the 

sediment water interface, at the shallower sites (140 m and 300 m) (Table 4.1, Figure 

4.2 a and b).  At the 140 m site (only sampled during the late-to-post SWM) sulphate 

reduction commenced after 3 cm.  Sulphate reduction rates, discounting those in 

microenvironments of more intense activity, reached a maximum of ~ 5 nmol cm-3 d-1 

between 4-7 cm.  Thereafter rates averaged ~ 4 nmol cm-3 d-1 until 25 cm, and then 

tapered off to ~ 1 nmol cm-3 d-1 by 30 cm.  At the 300 m site, during the intermonsoon 

period, sulphate reduction commenced after 3 cm and maintained rates ranging between 

0-5 nmol cm-3 d-1 to depth, however, a microenvironment at 3-4 cm supported an 

exceptionally high SRR of 34.6 nmol cm-3 d-1.  During the late-to-post SWM, sulphate 

reduction commenced after 4cm, and isolated microenvironments of sulphate reduction 

dominated the profile until ~ 15 cm.  Thereafter, SRRs ranged between 0-5 nmol cm-3 d-

1.  At the 940 m site (only sampled during the late-to-post SWM), sulphate reduction 

was largely absent; however, two cores (from three) had occasional microenvironments 
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which supported low rates of sulphate reduction (maximum rate 2.6 nmol cm-3 d-1).  At 

the 1200 m site, during the intermonsoon, both cores had measurable rates of sulphate 

reduction, however, SRRs were much higher in core 1200 m (1).  Here, sulphate 

reduction commenced after 5 cm and rates reached a maximum of ~ 3 nmol cm-3 d-1 

between 10-15 cm; thereafter, rates fell to ~ 1 nmol cm-3 d-1.  In core 1200 m (2), SRRs 

were much lower with zones of sulphate reduction randomly distributed with increasing 

sediment depth (SRR ≤ 1 nmol cm-3 d-1).  During the late-to-post monsoon sampling 

period, sulphate reduction was absent at this site.  At the 1850 m site, during the 

intermonsoon and late-to-post SWM periods, occasional peaks (microenvironments) of 

sulphate reduction were evident.  Here, isolated layers of intense activity (up to 12 nmol 

cm-3 d-1) were inter-dispersed with layers that supported much lower rates of sulphate 

reduction (< 1 nmol cm-3 d-1). 

 

4.4.2. Depth integrated sulphate reduction rates 

Depth integrated rates of sulphate reduction (0-30 cm sediment depth) were 

calculated for each core (Table 4.1).  Isolated microenvironments that supported much 

higher rates of sulphate reduction (> 100% of the mean core rate) were excluded from 

this calculation.  Average depth integrated rates for each site, on a seasonal basis (i.e. 

intermonsoon vs. late-to-post SWM) are presented in Figure 4.3.  Considering all sites 

(intermonsoon and late-to-post SWM), average integrated rates ranged from 0-

0.45 mmol m-2 d-1.  During the intermonsoon period, the highest rate (0.45 ± 0.03 

mmol m-2 d-1) was found at the 300 m site, and the lowest rate was found at 1850 m site 

(0.05 ± 0.04 mmol m-2 d-1).  During the late-to-post SWM, the highest rate was found at 

the 140 m site (0.38 ± 0.06 mmol m-2 d-1), whilst sulphate reduction was completely 

absent at the 1200 m site.  Within site heterogeneity was marked at all stations.  
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Variability (expressed as a percentage of 1σ / mean seasonal rate) ranged from ± 8 % at 

station the 140 m site, to ± 104 % at the 1200 m site. 

 

Figure 4.2a. Down core sediment sulphate reduction rates at the 300 m, 1200 m, and 1850 m 

Pakistan margin study sites during the intermonsoon (cruise CD145). 
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Figure 4.2b. Down core sediment sulphate reduction rates at the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m Pakistan margin sites during the late-to-post SWM (cruise CD 150). 
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Figure 4.3. Average depth integrated sulphate reduction rates (0-30 cm) during the 

intermonsoon and late-to-post SWM sampling periods (cruises CD 145 and CD 150).  Error 

bars 1 σ from replicate whole core incubations.  Note: samples were not collected at 140 m and 

940 m during the intermonsoon (cruise CD 145). 

 

4.4.3. Porewater sulphate and sulphide 

During the summer intermonsoon and late-to-post SWM, porewater sulphate 

remained at a reasonably constant concentration with depth, showing no down-core 

trend in depletion (Figure 4.4; late-to-post SWM data only).  Concentrations reflected 

the nominal bottom water sulphate concentration of ~ 28 mM.  Porewater sulphide (data 

not shown) was not detected at any of the study sites; however, due to analytical 

limitations, the detection limit was ~ 8µM. 

 

4.4.4. Total reduced inorganic sulphur (TRIS) 

Sedimentary TRIS, operationally defined as comprising pyrite (FeS2), minor 

elemental sulphur, and acid volatile sulphides, was present in extremely small 

concentrations at all sampling locations (Figures 4.5 a and b).  At the 300 m, 940 m, 

1200 m, and 1850 m sites, TRIS distributions were broadly similar during both 

sampling periods, and concentrations usually remained < 0.2 mmol kg-1.  A small 

number of isolated sediment horizons had enriched TRIS concentrations (~ 1 mmol kg-



Chapter 4, Sulphur cycling 

 130 

Figure 4.4. Down core porewater sulphate 

concentrations during the late-to-post SWM (cruise 

CD 151). 

1) but these sporadic layers were not usually repeated in replicate cores or correlated 

with zones of sulphate reduction.  At the 140 m site during the late-to-post SWM, TRIS 

concentrations were low (< 0.5 mmol kg-1) in the upper 10 cm.  After 10 cm, TRIS 

concentrations increased with depth, reaching concentrations ≥ 2 mmol kg-1 by 30 cm.  

Replicate cores from 140 m site revealed significant heterogeneity in TRIS 

concentration and distribution, however, the general trend of increasing concentration 

with depth was broadly repeated.  Marginally increasing TRIS concentrations were also 

apparent > 25 cm at the 300 m and 

940 m sites.  While the higher 

TRIS concentrations at the 300 m 

site may be due to increased SRRs, 

the origin of the TRIS enrichment 

at the 940 m site are unknown.  The 

higher concentrations of TRIS may 

reflect a zone of past sulphate 

reduction or an input of sediment 

from another more reducing 

locality (e.g. 140 m and 300 m 

sites).  Indeed, a TRIS enrichment 

horizon centred at 5.25 cm at the 

940 m site, which was found in all 

replicate cores (n = 3), is 

commensurate with a known turbidite layer (see Chapters 3 and 6). 
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Figure 4.5a. Down core sediment TRIS concentrations at the 300 m, 1200 m, and 1850 m 

Pakistan margin study sites during the intermonsoon (cruise CD 145). 
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Figure 4.5b.  Down-core sediment TRIS concentrations at the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m Pakistan margin study sites during the late-to-post SWM (cruise CD 150). 
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4.5. Discussion 

4.5.1. Artifacts associated with the shipboard measurement of sulphate reduction 

4.5.1.1. Temperature artifacts 

The transient increase in sample temperature experienced during the recovery of 

sediment cores can affect microbial respiration.  Sulphate reducing bacteria have been 

shown to respond without lag to temperature changes experienced during sample 

recovery (e.g. Greeff et al., 1998; Weber et al., 2001).  Respiration rates, expressed as a 

Q10 value, increase by a factor of 1.5-4 for every 10 °C rise in temperature (Jørgensen, 

1977; Westrich and Berner, 1988; Isaksen and Jørgensen, 1996). 

Sulphate reduction rate incubations commenced within 30 minutes due to worries 

regarding oxidation.  However, transient warming may have affected the initial period 

of the incubation.  Bottom water temperatures at our study sites ranged from 4 °C - 18 

°C (deepest - shallowest sites) and surface mixed layer temperatures were ~ 28 °C.  

Overlying water temperatures were measured immediately upon core retrieval and all 

samples were found to have undergone heating.  The extent of this heating was directly 

related to the duration of sample retrieval time (up to 1.5 hrs at the 1850 m site). 

By estimating the duration of core warming and by assuming a nominal Q10 value of 

3 (Greeff et al., 1998), it is possible to estimate any potential increase in SRRs (Table 

4.2).  Potential SRR increase was greatest (> 4 %) at the deeper sites (940 m, 1200 m, 

and 1850 m); thus rate measurements at these sites represent a maximum estimate of 

actual in situ rates.  The lesser degree of warming experienced at the shallower sites 

(140 m and 300 m) resulted in a much lower degree of potential SRR increase (< 1 %).  

As such, rate estimates at these sites are assumed to be relatively free from temperature 

artefacts. 
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Table 4.2. Estimated rates of SRR increase due to sample warming. 

Depth (m) 
Average in situ OLW 
temperature a (°C) 

Deck side OLW 
temperature b (°C) 

Time (hr)c Rate increase (%)

140 18 21 0.20 0.7 
300 15 19 0.30 1.3 
940 9 13 0.75 4.0 
1200 7 15 1.00 10.0 
1850 3 10 1.50 11.3 

 OLW – overlying waters. 
 a measured in situ during cruise CD 151 with the SAMS KC ELINOR and PROFILUR 
Landers. 
 b measured during cruise CD 151 on cores retrieved for porewater sampling. 
 c estimated time at warmer temperature. 

 

4.5.1.2. Pressure artifacts 

Another factor that may affect the laboratory measurement of SRRs is the release of 

hydrostatic pressure during sample retrieval.  A number of studies have examined the 

effect of pressure on marine bacterial communities (e.g. Zobell and Johnson, 1949; 

Zobell and Oppenheimer, 1950; Parkes et al., 1995).  Vast arrays of piezophilic, 

piezophobic, and piezotolerant bacteria have been isolated from marine sediments (see 

review by Yayanos, 1995 and references therein).  However, to date, a general 

consensus regarding the affect of pressure on microbial respiration has not been 

reached. 

A limited number of studies have directly examined the influence of 

depressurisation on marine SRB.  Parkes et al., (1995) working with sediments from the 

Japanese Sea (samples from ~ 500 m water depth), demonstrated a negligible influence 

of pressure on SRB.  Here, sediments underwent simultaneous laboratory 35SO4
2- 

incubations at both atmospheric and representative in situ pressures.  In both instances, 

comparable SRRs and MPN (most probable number) results indicated that the majority 

of SRB were piezotolerant.  Boetius et al., (2000) conducted similar studies on deep-sea 

sediments (> 2000 m water depth) from the Arabian Sea, and once more the effect of 

pressure was determined to be negligible. 



Chapter 4, Sulphur cycling 

 135 

Recently, an in situ sampler has been adapted to allow the direct measurement of 

SRRs (Greeff et al., 1999).  Field trials of this equipment in the Gotland basin (water 

depth 155 m) were conducted in tandem with ship-board 35SO4
2- incubations.  Results 

suggested that depressurisation effects on SRB activity were largely negligible (Greeff 

et al., 1999).  Further use of this in situ sampler in the Black Sea, across a wider range 

of sampling depths (52-2045 m), commensurate with shipboard incubations, has 

provided more variable results (Weber et al., 2001).  In situ rates were generally found 

to be significantly lower than laboratory derived analogues.  However, the disturbance 

of the sediment water interface during in situ sampling, and sediment warming during 

sample retrieval, precluded the authors from making a proper evaluation as to the net 

effect of depressurisation in this study. 

In conclusion, it is impossible to say with absolute certainty that the results 

presented herein are free of depressurisation artifacts.  Nonetheless, given the weight of 

evidence arguing against the significance of pressure effects (Parkes et al., 1995; Greeff 

et al., 1999; Boetius et al., 2000), it is hypothesised that the methods employed in this 

study provide a reasonable approximation of actual SRRs.  Until better methods of in 

situ measurement become available, ship-board incubations will remain the technique of 

choice for the measurement of sedimentary SRRs. 

 

4.5.2. Monsoon seasonality 

Sampling at the 140 m and 940 m sites was not conducted in the intermonsoon 

period, thus seasonal comparison of SRRs (i.e. intermonsoon vs. late-to-post SWM) 

must be based upon data collected at the remaining sites (300 m, 1200 m, and 1850 m).  

Seasonal rates of sulphate reduction were higher (out with error) at the 300 m and 

1200 m sites during the intermonsoon period (Table 4.1, Figure 4.3).  Rates of sulphate 

reduction at the 1850 m site were slightly higher during the late-to-post SWM period 
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but were within error of the intermonsoon values.  To further elucidate seasonal trends, 

a Mann-Whitney rank sum test was performed on the averaged down-core data.  Results 

of this analysis confirm that the rates of sulphate reduction measured at the 300 m and 

1200 m sites were statistically different between seasons (p = 0.001).  In contrast, 

seasonal rates of sulphate reduction at the 1850 m site were not statistically different (p 

= 0.05). 

Several authors have documented an increase in benthic faunal activity at times 

when particulate organic carbon (POC) inputs increase due to the monsoons (e.g. 

Boetius et al., 2000; Witte and Pfannkuche, 2000).  At first glance, our observation of 

higher SRRs during the less productive intermonsoon period seems counter intuitive.  

However, the measurement of higher SRRs during this period may not be unusual.  Due 

to the timing of the first intermonsoon cruise (CD 145: April – May, 2003), the benthic 

environment may have been sampled at a time when the effects of the NEM-stimulated 

POC input were still ongoing.  Whilst the SWM monsoon is traditionally considered as 

the dominant period of primary production, a number of recent studies have reported 

comparable rates of production and particulate export during the NEM (e.g. Schulte et 

al., 1999; Wiggert et al., 2005).  Indeed, carbohydrate concentrations at the Pakistan 

margin study sites described here were higher during the intermonsoon period (Woulds, 

2006).  As such, the higher sulphate reduction rates measured during the intermonsoon 

period may reflect the SRB community response to NEM-controlled OM inputs which 

have been admixed into the deeper sediments by benthic fauna. 

The lower rates of sulphate reduction measured during the late-to-post SWM (cruise 

CD 150; August – September, 2003) suggest that the SRB community was not directly 

stimulated by a SWM-controlled OM input.  OM indicators (pigments and 

carbohydrates) on the Pakistan margin did not show significant concentration increases 

during late-to-post monsoon sampling, reflecting the complexity of this environment 
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(Woulds, 2006).  The timing of the CD 150 cruise may thus have been too early to 

detect any meaningful SWM benthic impact. 

 

4.5.3. Sulphate reduction in major upwelling zones 

The presence of available OM, porewater sulphate, and an absence of O2 are 

prerequisites for sulphate reduction.  On major upwelling margins, high rates of primary 

productivity and mid-water OMZ’s provide such conditions.  It is therefore unsurprising 

that rates of sulphate reduction in these environments are similar to those recorded in 

coastal environments (e.g. Canfield et al., 1993; Thamdrup et al., 1994; Overnell et al., 

1996) and eutrophic land-locked seas (e.g. Thamdrup et al., 2000; Jørgensen et al., 

2001). 

In upwelling environments a cogent relationship between primary productivity, 

sedimentary OM availability, and rates of sulphate reduction exists.  Table 4.3 provides 

a comparison of depth integrated sulphate reduction rates and prevailing environmental 

factors for a number of continental margin sites.  Along the Peruvian and Chilean 

margins, rates of upwelling (as reflected by primary productivity) and OM availability 

are highest.  Likewise, depth integrated rates of sulphate reduction are highest at margin 

and abyssal depths (max 74.5 mmol m-2 d-1; Ferdelman et al., 1997).  In comparison, on 

less productive margins (e.g. the Washington margin), OM concentrations and sulphate 

reduction rates tend to be proportionately lower (e.g. 0.001 - 7.5 mmol m-2 d-1; Hartnett 

and Devol, 2003). 

The depth distribution of sulphate reduction at upwelling affected continental margin 

sites generally reaches a maximum at the sediment water interface, and rates decrease 

exponentially thereafter (e.g. Fossing et al., 1990).  Under the same upwelling 

conditions, but at abyssal depths, the SRR maximum is found just below the sediment 
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water interface, and rates are found to decrease exponentially thereafter (e.g. Ferdelman 

et al., 1999). 

 

4.5.4. Sulphate reduction in the Arabian Sea 

At the Pakistan margin study sites, sediments, whether impinged by or underlying 

the OMZ, were not black and did not smell of sulphide, suggesting an absence of 

sulphate reduction.  These observations were further substantiated through the 

measurement of sulphate reduction rates that were several orders of magnitude lower 

than those reported for similar upwelling margins e.g. the Chilean margin, Peruvian 

margin, or West African margin (see Table 4.3).  Instead, rates of sulphate reduction on 

the Pakistan margin are comparable to those measured at abyssal depths on less 

productive margins e.g. the Washington margin (Harnett and Devol, 2003; Table 4.3).  

The shapes of SRR profiles on the Pakistan margin (Figure 4.2 a and b) are also far 

removed from those reported elsewhere in the literature.  Furthermore, the low 

concentrations of TRIS (Figures 4.5 a and b), uniform porewater sulphate profiles 

(Figure 4.4), and absence of measurable porewater sulphide at the Pakistan margin 

study sites, all point towards an apparent suppression of sulphate reduction in this 

environment. 

In contrast to these findings, a number of authors (Lückge et al., 1999; Boetius et al., 

2000; Böttcher et al., 2000; Schmaljohann et al., 2001) have reported rates of sulphate 

reduction from continental margin and abyssal depths in the Arabian Sea that are 

comparable to those found in other upwelling regions.  Schmaljohann et al., (2001) 

working in the Makran region of the northern Arabian Sea, found that porewater 

sulphate was depleted from bottom-water concentrations at four sampling stations (580 

m, 608 m, 613 m, and 849 m).  Rates of sulphate reduction were measured at two of 

these sites (580 m and 608 m) and integrated rates (0-20 cm) were found to range 
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between 5.5-5.8 mmol m-2 d-1.  These rates are approximately one to two orders of 

magnitude higher that those reported in this study, while porewater sulphate was not 

depleted at any of our study sites (Figure 4.4). 

 

 

The Makran region, which lies close to the coast of Pakistan, was briefly sampled 

during the Charles Darwin cruise CD 151 (see Cowie et al., 2004b for further details).  

Sediments retrieved in this region were black and smelled of sulphide suggesting the 

occurrence of significant rates of sulphate reduction.  Radiolabelled sulphate 

incubations were not completed at this site (SRR measurements were not made during 

cruise CD 151); however, aqueous sulphide (> 0.5 mM) was found in the sediment 

subsurface (> 7 cm) confirming the incidence of net sulphate reduction. 

The occurrence of sulphate reduction on the Makran margin indicates that the 

biogeochemical conditions found in this region are different to those found on the 

Pakistan margin in this study.  Visually, surface waters in Makran were turbid, whilst 

those on the Pakistan margin were comparatively clear.  The proximity of the Makran 
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study region to land is likely to result in more eutrophic conditions.  In turn this would 

support higher rates of primary productivity and enhance OM supply to the sedimentary 

environment.  Indeed, the concentration of OM in the Makran sediments was reported to 

be ~ 15 wt % (Schmaljohann et al., 2001).  Normally, lower OM concentrations (~ 5 wt 

%) are found at similar depths elsewhere in the Arabian Sea (e.g. Chapter 3; Pedersen et 

al., 1992; Cowie et al., 1999; van der Weijden et al., 1999).  Consequently, the 

environment sampled by Schmaljohann et al., (2001), may not be truly representative of 

the dominant biogeochemical conditions found elsewhere in the Arabian Sea. 

Another study that has reported upon high rates of sulphate reduction in the Arabian 

Sea is that of Lückge et al. (1999).  Working on the Pakistan margin, they suggested 

that up to 70 % of sedimentary OM was mineralised via sulphate reduction.  However, 

this study highlighted that sulphate reduction occurred at sediment depths > 0.4-3.0 m.  

It may be that deeper sedimentary horizons on the Pakistan margin could support 

sulphate reduction; however, infrequently our coring sampler penetrated to depths > 45 

cm and on these occasions, visual or olfactory evidence that would suggest the 

occurrence of sulphate reduction was not witnessed. 

Two studies have examined sulphur cycling at abyssal depths in the Arabian Sea.  

During the German led BIGSET programme, a combination of 35SO4
2- incubations 

(Boetius et al., 2000) and porewater δ34S sulphate measurements (Böttcher et al. 2000) 

were made at six sampling sites (WAST, WAST-TOP, NAST, EAST, CAST, and 

SAST; see Pfannkuche and Lochte, (2000) for site terminologies and descriptions). 

At station SAST, SRR incubations were not completed, however, δ34S 

measurements did not indicate an occurrence of sulphate reduction in the surface 30 cm 

of the sedimentary record.  At stations EAST and CAST, nitrate in porewaters 

penetrated beyond the maximum sampling depth (30 cm) and sulphate reduction was 

not observed with either technique.  At station NAST (closet to the Pakistan margin 
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study sites), nitrate reduction was complete by 16-27 cm.  Radiotracer sulphate 

incubations did not indicate sulphate reduction thereafter; however, offsets in porewater 

δ
34S below the zone of nitrate depletion were assumed to reflect minor rates of sulphate 

reduction (Böttcher et al., 2000). 

At stations WAST (4050 m, western basin) and WAST-TOP (1920 m, western 

basin), both authors reported sulphate reduction.  At both sites, sulphate reduction 

occurred at low rates (< 0.60 nmol cm-3 d-1) below the zone of nitrate depletion (~ 7 cm 

at WAST, 10 cm at WAST-TOP).  Areal SRRs (integrated over 30 cm) were 0.1 mmol 

m-2 d-1 at WAST, and 0.04 mmol m-2 d-1 at WAST-TOP.  These rates are broadly 

comparable to those determined in this study at the deeper Pakistan margin sites (1200 

m and 1850 m).  However, whilst the areal rates measured by Boetius et al., (2001) 

reflect well defined subsurface enrichments in sulphate reduction, integrated rates at the 

deep Pakistan margin result from microenvironments of enhanced sulphate reduction 

sites (with the exception of those from the intermonsoon core 1200 m (1)). 

The disparity between the distribution of sulphate reduction at the BIGSET sites and 

that at the Pakistan margin study sites may reflect differing inputs of OM to these 

environments.  Several authors working at the BIGSET sites have documented the 

presence of reactive OM at stations WAST and WAST-TOP (Pfannkuche et al, 2000; 

Luff et al., 2000) and an organic rich turbidite is present in the surface sediments of the 

WAST site (Pfannkuche et al., 2000).  The OM available to the sulphate reducing 

community at the WAST and WAST-TOP sites may therefore be of a higher average 

quality than that available on the Pakistan margin over commensurate sediment depths. 

Whilst Boetius et al., (2000); Böttcher et al., (2000); Schmaljohann et al., (2001) and 

Lückge et al., (1999) have reported upon reasonably high rates of sulphate reduction in 

Arabian Sea sediments, the vast majority of studies that have examined sulphur 

geochemistry in this region have reported upon the somewhat enigmatic lack of sulphate 
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reduction.  Theberge et al., (1997) and Böttcher et al., (2000) examined sulphur 

biogeochemistry within the Arabian Sea water column.  In both cases, sulphate 

reduction was absent within the pelagic environment, even within the intensely suboxic 

OMZ waters. 

In the sedimentary environment, numerous studies have reported lower that expected 

rates of sulphate reduction.  On the Oman margin, Pedersen and Shimmield (1991) 

observed low rates of porewater sulphate depletion in a variety of long cores 

(> 50 m bsf).  Emeis et al., (1991) also working on the Oman margin, examined the 

sulphur biogeochemistry of Neogene and Quaternary aged sediments.  Here, unusually 

low concentrations of pyrite, high concentrations of organic matter, and high 

concentrations of porewater sulphate persisted to great depth.  The authors concluded 

that the C/S system on the Oman margin did not conform to the ‘normal’ behaviour 

encountered elsewhere in the marine system.  In addition, Passier et al., (1997) working 

on the Oman margin, Schenau et al., (2000), working on both the Oman and Pakistan 

margins, and van der Weijden et al., (1999), working on the Pakistan margin, have 

reported upon lower that expected rates of sulphate reduction. 

This reported absence of sulphate reduction in the Arabian Sea sedimentary 

environments is unique to the geochemical literature and to my knowledge, the sulphate 

reduction rates presented herein are the lowest ever reported for sediments from a major 

upwelling region.  Whilst all of the known precursors for sulphate reduction exist in the 

Arabian Sea (i.e. high concentrations of sedimentary OM, oxygen depletion, and high 

concentrations of porewater sulphate), correspondingly high rates of sulphate reduction 

are apparently absent.  The following section explores a number of factors which may 

serve to limit the onset and extent of bacterial sulphate reduction in the Pakistan margin 

sedimentary environment. 
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4.5.5. Mechanisms facilitating the suppression of sulphate reduction in the Arabian 

Sea 

4.5.5.1. Sulphur incorporation in organic matter 

Sulphide produced during early diagenesis may become incorporated into 

sedimentary OM through reaction with functionalised organic molecules (Francois, 

1987).  This process, known as sulphuration, requires the presence of an excess pool of 

porewater sulphide, and reactions nominally proceed after the depletion of reactive 

sedimentary Fe (Francois, 1987; Suits and Arthur, 2000; Lückge et al., 2002).  Several 

studies report upon the existence of sulphurised-organic compounds in the marine 

sedimentary environment (Sinninghe Damsté and de Leeuw, 1990; Passier et al., 1997; 

Schenau et al., 2002; Lückge et al., 2002). 

Sulphuration decreases the reactivity of OM (Littke et al., 1997), rendering it less 

susceptible to microbial attack (Sinninghe Damsté et al., 1989; Sinninghe Damsté and 

de Leeuw, 1990).  The occurrence of sulphuration can therefore suppress rates of 

microbial activity.  Sulphuration reactions are known to occur within the Arabian Sea 

sedimentary environment (Passier et al., 1997; Schenau et al., 2002; Lückge et al., 

2002) and several authors have suggested that this process may contribute to the low 

rates of sulphate reduction measured in Arabian Sea sediments (Passier et al., 1997; 

Schenau et al., 2002). 

Passier et al., (1997) working on the Oman margin, measured high concentrations of 

sulphide within the humic fraction of OM, commensurate with low concentrations of 

reactive Fe.  Lückge et al., (2002) examined OM sulphur uptake in kerogens that were 

isolated from organic rich sediments retrieved from the Pakistan margin.  The 

concentration of sulphurised compounds increased with sediment depth (0.13-4 m bsf) 

at the expense of pyrite formation.  Lückge et al. (2002) argued that the rapid depletion 

of reactive Fe within the OMZ pelagic environment and at the sediment water interface, 



Chapter 4, Sulphur cycling 

 144 

served to promote sulphuration.  Schenau et al., (2002), also found sulphurised organic 

compounds in sediments from the Pakistan margin and Oman margin.  Once more, a 

lack of reactive Fe within the sediment was argued to promote sulphuration. 

Whilst the concentration and distribution of organic-sulphide phases were not 

measured at the Pakistan margin study sites described here, sulphuration reactions are 

unlikely to occur in this environment.  The low rates of sulphate reduction and absence 

of porewater sulphide negate an occurrence of sulphuration within the surface sediments 

(0-30 cm).  Furthermore, sulphuration resulting from the diffusive supply of sulphide 

from deeper, more reducing, sedimentary horizons (e.g. Lückge et al., 1999), should be 

unimportant, as the presence of reactive Fe at all study sites (Chapter 3) and the absence 

of pyrite (indicated by low concentrations of TRIS, Figure 4.5 a and b), suggests that 

surface sediments have an inherent, and largely unused buffering capacity against the 

sulphuration process. 

In summation, whilst sulphuration may be an important process at depth, or 

elsewhere in the Arabian Sea, sulphur incorporation, and any resultant suppression of 

microbial activity should be of negligible importance in sedimentary environments 

sampled in this study.  Consequently, the low rates of sulphate reduction observed here 

are unlikely to reflect a sulphuration control.  However, it is worth noting that if 

sulphuration reactions do occur in deeper, more reducing sedimentary layers (e.g. 

Lückge et al., 2002), such a process, may influence the ultimate rate of C-burial on the 

Pakistan margin. 

 

4.5.5.2. Organic matter sources – marine vs. terrestrial 

Differing organic compounds have different susceptibilities to mineralisation by 

microbial attack.  Terrestrial organic matter (TOM), mainly sourced from vascular land 

plants, contains high concentrations of recalcitrant, nitrogen free organic 
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biomacromolecules, such as lignin, tannin, suberin, and cutin (de Leeuw and Largeau, 

1993).  As such, TOM is considered to be more refractory towards degradation when 

compared to relatively nitrogen rich, marine organic matter (MOM) (Hedges et al., 

1988; Burdige, 1991; Cowie et al., 1992). 

Sediments in the Arabian Sea contain a large component of terrestrial material.  This 

material, composed of both lithogenic minerals and biotic remnants, is sourced from the 

Arabian Peninsula, Mesopotamia, eastern Africa, and Asia, during the monsoon seasons 

(Tindale and Pease, 1999; Sirocko et al., 2000).  In addition, the Indus river system, 

which drains the Himalayas, contributes large volumes of terrigenous material to the 

basin (e.g. Schnetger et al., 2000). 

Given this high terrestrial loading, it is possible that differing proportions of 

terrestrial (unreactive) vs. marine (reactive) OM in the Pakistan margin sedimentary 

environment may govern the rate and distribution of sulphate reduction.  Indeed, the 

presence of TOM in other sedimentary environments has been shown to suppress the 

activity of SRB (e.g. Marvin-DiPasquale and Capone, 1997; Schubert et al., 2000). 

The C/N ratio of sediment OM is diagnostic of the source region of organic 

compounds.  The dominance of nitrogen free macrobiomolecules in vascular plants over 

proteins, makes land plants considerably more carbon rich (C/N ~ 20-500) than marine 

planktonic material (C/N ~ 7-10) and marine bacteria (C/N ~ 4) (Hedges et al., 1986).  

On the Pakistan margin, C/N ratios in surficial sediments (0-5 cm) range from 7.3 - 10.5 

(Figure 4.6).  These values are similar to those reported by Cowie et al., (1999) and van 

der Weijden et al., (1999) and indicate a predominantly marine source for depositing 

OM.  However, C/N values reported in this study vary between sites, and increase with 

sediment depth (Cowie et al., 2009).  Taken at face value, the lower C/N ratios found at 

the deeper sites would indicate an increased predominance of MOM.  In turn, the 

increasing C/N values in the deeper sediment horizons would indicate a decreasing 
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predominance of MOM towards recent times.  However, it is well known that MOM 

preferentially looses nitrogen during microbial decay (Emery and Uchupy, 1984; 

Hedges et al., 1997); thus, the variable C/N values presented in this study are more 

likely to reflect the effects of post-depositional reworking. 

 

Figure 4.6. The C/N ratio and σ13C composition of surface sediment (average 0-5 cm) OM at 

the 140 m, 300 m, 940 m, 1200 m, and 1850 m Pakistan margin study sites.  Intermonsoon and 

late-to-post SWM monsoon data are included.  σ13C data is from Cowie et al., (2009). 

 

The carbon isotopic (δ13C) composition of organic matter provides a second means 

of distinguishing marine and terrestrial organic components.  Terrestrial plants and 

phytoplankton predominantly fix carbon through the C3 pathway.  However, due to the 

lighter isotopic composition of atmospheric CO2, TOM typically has a lighter δ13C 

composition (δ13C -28 to -25 ‰; Hedges and Mann, 1979 and references therein) 

compared to temperate marine phytoplankton (δ13C -22 to- 19 ‰; Fry and Sherr, 1984). 

On the Pakistan margin, δ13C ratios range from -20 to -18 ‰ (Figure 4.6; Cowie et 

al., 2009).  These values, which are similar to those reported by Cowie et al., (1999) and 

van der Weijden et al., (1999), indicate a predominant marine source for depositing 

δ
13C 
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OM.  However, δ13C values do vary across the margin.  Stations within the OMZ 

(300 m) and along the OMZ transitional margin (940 m) have lighter δ13C signatures 

than other sites, similar to the observations of Cowie et al., (1999).  The most 

straightforward explanation for the lighter δ13C values within the OMZ would be an 

increased importance of isotopically lighter TOM; however, a source of TOM from 

aeolian deposition is unlikely to control the δ13C variance.  At sampling sites far 

removed from fluvial influences (Oman margin and the central Arabian Sea), lipid 

biomarkers (Smallwood and Wolff, 2000), sedimentary δ13C, C/N values (Pedersen et 

al., 1992), I:C ratios (Pedersen et al., 1992), and the structure of kerogens (Lückge et al., 

1996), all indicate a mainly marine source for depositing OM.  It thus appears that the 

organic fraction of aeolian material supplied to the Arabian Sea is sparingly small.  

With regard to fluvial deposition, at the Pakistan margin study sites, lignin phenol yields 

are small (ca. 0.1 % of total OM) and relatively invariant (Woulds, 2006), whilst 

carbohydrate, pigment, and lipid compositions all point towards a mainly marine source 

for depositing OM (Woulds, 2006; Jeffrys et al., 2009).  At other locations on the 

Pakistan margin; Cowie et al., (1999) reported low abundances of lignin phenols and 

cutin in sediments, Schulte et al., (1999) documented an increased preference of 

odd/even n-alkanes, and Lückge et al., (1999) found a predominance of unstructured 

(amorphous) MOM in kerogen samples.  Thus it appears that MOM dominates on the 

Pakistan margin. 

Given this weight of evidence, it is unlikely that the lighter δ13C values found within 

the Pakistan margin OMZ result from an increased proportion of TOM.  This finding is 

surprising given the study sites proximity to the Indus river system.  Indeed, numerous 

other studies have documented high TOM loadings in sediments that are proximal to 

other major river systems e.g. the Columbia River, USA (Prahl et al., 1994); and the 

Mississippi River, USA (Goni et al., 1998).  The prevailing currents along the Pakistan 
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coast may transport fluvial material to the southeast, away from the study sites.  

Extensive reworking of TOM within the Indus drainage basin, and down-slope 

hydrodynamic sorting, may also serve to limit terrestrial supply (Cowie et al., 1999).  

Alternatively, an unusually high contribution of C4 plant material (isotopically heavy 

and lignin poor (Fogel and Cifuentes, 1993)) to the TOM loading could contribute to the 

observed δ13C anomaly e.g. Goni et al., (1998).  C4 plants (shrublands and grasslands) 

dominate vegetation cover throughout Pakistan (Dahl et al., 2005, and references 

therein); however, it is unlikely that such materials would preferentially accumulate 

outside of the OMZ.  Instead, the δ13C values within the OMZ are likely to reflect an 

input of isotopically light OM from marine chemosynthetic bacteria (Cowie et al., 1999; 

Schulte et al., 1999).  Large colonies of the sulphur oxidising bacteria Thioploca were 

found at OMZ sites in the Makran region (Schmaljohann et al., 2001).  In addition, 

video surveys conducted on the Pakistan margin during Charles Darwin cruise CD 150, 

highlighted an ephemeral appearance of Thioploca within the OMZ (Bett et al., 2004 b). 

In conclusion, given the dominance of more labile MOM on the Pakistan margin, it 

follows that any influence of refractory TOM on SRRs should be minimal.  The highest 

rates of sulphate reduction on the Pakistan margin are found at the two shallowest sites 

(140 m and 300 m), where presumably any influence imparted by TOM should be 

greatest.  Any cogent relationship between TOM abundance and SRR is thus lacking.  

Consequently, the low rates of bacterial sulphate reduction presented in this study, and 

those presented elsewhere in the literature for sites within the Arabian Sea, are unlikely 

to reflect any major form of TOM suppression. 

 

4.5.5.3. Reactivity of marine organic matter 

Organic matter can be divided into differing compositional classes, each of which 

varies in terms of its reactivity (Multi G model; Berner, 1980).  Early studies examining 
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OM turnover in marine sediments highlighted that the rate of benthic mineralisation 

varied as a function of the compositional freshness of OM (i.e. OM reactivity), rather 

than as a function of bulk OM availability (Berner, 1980; Westrich and Berner, 1984; 

Hedges et al., 1988).  Degradation processes acting within the water column and at the 

sediment-water interface remove the most labile organic compounds; this decreases the 

reactivity of depositing OM.  It follows that variations in the reactivity of sedimentary 

OM result in vastly differing rates of sulphate reduction (e.g. Westrich and Berner, 

1984; Schubert et al., 2000; Niggemann et al., 2007). 

Throughout the Arabian Sea, the majority of sedimentary OM appears to be of 

autochthonous origin (i.e. sourced from production within the water-column).  Rates of 

primary productivity in the region are amongst the highest recorded in the ocean (Nair 

et al., 1989; Brock et al., 1994; Antoine et al., 1996).  Similarly, concentrations of OM 

in the sedimentary environment are high (often > 3 % wt).  On other continental 

margins (e.g. Chile margin), similar environmental conditions result in high rates of 

sulphate reduction (Table 4.3).  This is clearly not the case on the Pakistan margin.  

Could the reactivity of MOM in the Pakistan margin sedimentary environment control 

the low rates of bacterial sulphate reduction reported in this study? 

 

 

4.5.5.3.1. Pigments 

Pigments, sourced from phytodetritius, are one of the most reactive biochemical 

classes found in the marine system.  Examination of pigments in the sedimentary 

environment can yield important information regarding both the quality of OM, and the 

extent of OM decay within the water column (Head and Harris, 1996). 

The composition of pigment suites at the Pakistan margin study sites was examined 

by Woulds, (2006).  Total pigment concentrations, averaged over the surface 1.5 cm of 
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the sedimentary record, were found to vary across the margin (Figure 4.7).  Highest 

concentrations were found within the OMZ (300 m and 940 m), intermediate 

concentrations were found at the 1200 m and 140 m sites, and the lowest concentrations 

were found at the 1850 m site. 

The presence of higher pigment concentrations at mid-slope depths, suggests a 

presence of higher quality OM within the OMZ.  However, pigment suites at all points 

across the margin were dominated by chlorophyll degradation products (pheophorbide 

and pheophytin).  These compounds constituted 74 ± 22 % of the total pigment 

abundance, whilst reactive pigment groups (chlorophyll a, and accessory pigments) 

comprised a small fraction of the total pigment concentration (on average 2-3 % of total 

pigment abundance). 

Woulds, (2006) found that the cross margin reactive pigment abundance did not 

correlate with bottom water O2 concentrations.  In contrast, refractory pigment 

abundance was found to be negatively correlated with bottom water O2 concentration 

(i.e. refractory pigments were enriched under O2 deficient conditions).  It thus appears 

that reactive pigment compounds can be degraded regardless of the prevailing redox 

conditions; whereas the degradation of refractory pigments requires the presence of oxic 

or early stage suboxic conditions.  This inference also holds true in the sediment 

subsurface.  At all study sites, reactive pigments were depleted to background levels by 

< 5cm bsf, whereas refractory pigments remained at reasonably constant concentrations 

to depth. 

The predominance of pigment degradation products on the Pakistan margin, and the 

vanishingly small concentrations of chlorophyll-a, indicates that OM depositing on the 

Pakistan margin is already at an advanced stage of decay.  Indeed, the concentrations of 

reactive pigments in sediments from the Pakistan margin are several orders of 

magnitude  lower than  those observed  in other  upwelling areas  (Schubert et al, 2000). 
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Figure 4.7. Water depth variability of OM average total pigment concentrations in the surface 

sediments (0-1.5 cm) at the 140 m, 300 m, 940 m, 1200 m, and 1850 m Pakistan margin study 

sites during the intermonsoon and late-to-post SWM (data averaged from cruises CD 146 and 

CD 151).  Error bars are 1 σ variance.  Data from Woulds, (2006). 

 

It is thus unsurprising to find that sulphate reduction rates at the Pakistan margin study 

sites are not correlated to pigment abundance (r 0.15, p 0.81).  Pervasive pre-

depositional degradation of labile pigment compounds in the water column, and 

subsequent post-depositional reworking in the upper sediments (either via aerobic, NO3
-

, Mn4+, or Fe3+ microbial pathways), effectively preclude reactive pigments as a viable 

carbon source for SRB.  Furthermore, the remaining OM must be energetically 

unsuitable for use by SRB. 

 

4.5.5.3.2. Carbohydrates 

Sedimentary carbohydrates provide a second means of evaluating the compositional 

freshness of OM in the Pakistan margin sedimentary environment.  Carbohydrates 

encompass a broad group of comparatively reactive organic compounds which have 

been found to be degraded preferentially relative to bulk OM in the water column and 
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during sedimentary diagenesis (Hedges, 1988; Hamilton and Hedges, 1988; Cowie et 

al., 1992).  Carbohydrates thus appear to represent a high quality food source for 

heterotrophic bacteria. 

Woulds, (2006) examined sedimentary aldose geochemistry at the Pakistan margin 

study sites.  Cross margin variations in total aldose yields were relatively subtle (Figure 

4.8).  Highest concentrations were found at the 140 m, 300 m and 940 m sites and 

lowest concentrations were found at the 1200 m and 1850 m sites.  Down-core depletion 

in bulk aldose yields was evident at all of the study sites.  Aldose mineralisation was 

concentrated in the surface sediments (2-3 cm bsf) and the greatest rates of decay were 

evident at the 140 m and 300 m sites.  Aldose suites across the margin, and with 

sediment depth, were relatively constant; galactose, glucose, and mannose dominated 

the aldose pool (average composition 21%, 18% and 16% respectively), rhamnose, 

fucose, and xylose were nearly as significant (on average 13%, 12%, and 11%, 

respectively), and other sugars (arabinose 6% and ribose 3%) were relatively minor 

constituents. 

Glucose typically dominates the aldose composition of fresh OM, thus the uniform 

aldose suite apparent across the Pakistan margin indicates the presence of a relatively 

degraded carbohydrate pool (Woulds, 2006).  However, principal component analysis 

(PCA) of the compositional data, suggested that slightly fresher OM (enriched in 

glucose and ribose) was supplied to the shallower sedimentary environments (140 m 

and 300 m) (Woulds, 2006).  In addition, PCA highlighted that carbohydrate 

mineralisation across the margin and with sediment depth was compound selective, with 

reactive sugars (glucose and ribose) preferentially used relative to the more refractory 

structural aldoses (e.g. rhamnose and xylose).  As such, the length of the water column 

and the prevailing intra-site redox conditions appear to control the aldose composition, 

and hence reactivity, of sedimentary carbohydrates. 
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Figure 4.8. Water depth variability of OM average total aldose yields in the surface sediments 

(0-2 cm) at the 140 m, 300 m, 940 m, 1200 m, and 1850 m Pakistan margin study sites during 

the intermonsoon and late-to-post SWM (data averaged from cruises CD 146 and CD 151).  

Error bars are 1 σ variance.  Data is from Woulds, (2006). 

 

The presence of a reasonably unreactive carbohydrate pool across the margin is 

likely to hinder sulphate reduction.  However, comparison of inter-site integrated 

sulphate reduction rates with bulk aldose yields in the surface sediments (assumed to 

represent carbohydrate supply to the sedimentary environment) reveal a positive but 

insignificant correlation (r 0.83, p0.08).  As such, a marginally higher input of 

presumably more reactive carbohydrates to the shallower sites (140 m and 300 m) may 

result in increased rates of sulphate reduction; however, the low-significance level and 

large standard deviations manifest in the SRR and OM data mean that reported 

correlation should be treated with caution.  Nevertheless, the carbohydrate data suggest 

that OM reactivity may at least partially control the low rates of sulphate reduction in 

the Pakistan margin environment.  In addition, the microenvironments of more intense 

sulphate reduction which were observed at all of the study sites may reflect the presence 

of localised patches of fresher, more reactive OM (e.g. Jørgensen, 1977).  Such 
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microniche environments may result from the caching of food materials by the benthic 

fauna, or could reflect the presence of recently deceased fauna. 

 

4.5.5.4. Microbial co-competition for electron donors 

In marine sediments, sulphate reducing bacteria primarily use acetate, hydrogen and 

minor fermentation by-products as electron donors (Sørensen, 1981; Christensen, 1984).  

To date, only one study has investigated which electron donors are used by marine Fe3+ 

reducing bacteria (FRB) (Finke et al., 2006).  Here, FRB’s were shown to utilise 

hydrogen as their major electron donor source.  Elsewhere in the literature (terrestrial 

studies), FRB’s have also been shown to metabolise fermentable substrates (Munch and 

Ottow, 1983; Jones et al., 1984), acetate (Balashova and Zavarzin, 1979; Lovely and 

Philips, 1987 and 1988; Roden and Wetzel, 2003; Komlos and Jaffe, 2004), and minor 

fermentation products such as ethanol or butyrate (Lovely and Philips, 1986).  It is 

therefore clear that SRB have to compete with other microbial communities for a finite 

electron donor pool.  As such, the abundance of ferric-oxides within the Pakistan 

margin sites, commensurate with the existence of viable iron reducing microbial 

communities (Chapter 3), may control the rate and distribution of sulphate reduction by 

limiting the availability of electron donors. 

Competition between Fe and SO4
2- reducing bacterial communities for available 

electron donors has previously been demonstrated to inhibit sulphate reduction in 

terrestrial and marine sedimentary environments (Lovely and Philips, 1987; Aller and 

Rude, 1988; King, 1990).  Sediment, enrichment, and pure culture studies have 

demonstrated that FRB’s can inhibit sulphate reduction by consuming available 

substrates to threshold levels below those commonly tolerated by SRB (Lovely and 

Philips, 1987; Lovely and Goodwin, 1988). 
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However, the potential for FRB’s to out-compete sulphate reducers is strongly 

dependant upon the form of Fe3+ available.  Selective extraction techniques and 

amended microcosm experiments have shown that crystalline Fe3+ forms do not 

facilitate high rates of FRB activity (Lovely and Philips, 1986).  In contrast, the 

presence of amorphous Fe3+ minerals readily facilitates FRB activity, and in 

environments where such materials are present at high concentration, FRB’s can 

effectively out-compete sulphate reducers for available electron donors (Lovely and 

Philips, 1987 and 1988). 

At the Pakistan margin sites, a large proportion of Fe3+ is available as amorphous 

ferric-oxides (Chapter 3).  As such, FRB’s may be able to out-compete sulphate 

reducers for the available electron donors.  However, bioavailable Fe3+ is eventually 

depleted in the sediment subsurface.  The depth at which this occurs on the Pakistan 

margin varies according to the intensity of FRB activity.  Iron reduction appears to be 

complete within the surface 7 cm of sediments at the 140 m and 300 m sites, whereas 

the zone of Fe3+ reduction extends beyond 20 cm at the 1850 m site (Chapter 3, Figures 

3.9-3.10).  The rapid utilisation of bioavailable Fe3+ and the associated cessation of FRB 

activity at the shallow sites (140 m and 300 m) should limit the intensity of electron 

donor competition.  Coupled with the slow production of simple organic by-products by 

fermenting bacteria, electron donor concentrations in the deeper sedimentary horizons 

may exceed the threshold levels required to maintain SRB activity.  As such, low rates 

of sulphate reduction can be supported in these environments (Figure 4.2 a and b). 

In conclusion, the presence of reactive Fe3+ in the Pakistan margin sediments poises 

the sequence of microbially mediated carbon oxidation reactions at the stage of Fe3+ 

reduction in the surface most sediments of the Pakistan margin.  However, this control 

is limited by the availability of bioavailable Fe3+, and as such represents a transient 

control on sulphate reduction.  Nevertheless, FRB electron donor uptake on the Pakistan 
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margin is likely to partially control the distribution and low rates of sulphate reduction 

observed in this study. 

 

4.6. Summary 

Several key findings emerge from this work: 

• The highest rates of sulphate reduction (maximum 0.45 mM m-2 d-1) were found at 

the shallower margin sites (140 m and 300 m).  Rates of sulphate reduction were either 

absent or low at the deeper sites (940 m, 1200 m, and 1850 m).  Sedimentary TRIS 

concentrations were low across the margin, and in all cores porewater sulphate was not 

depleted relative to bottom water concentrations.  In addition porewater sulphide was 

absent at all of the Pakistan margin study sites. 

• Sulphate reduction rates at 300 m and 1200 m varied between sampling seasons.  

However, rates were greater during the intermonsoon period.  The higher intermonsoon 

rates may reflect the benthic response to NEM-stimulated organic input.  In contrast, a 

benthic response to SWM organic input was lacking.  The timing of the late-to-post 

SWM cruise may have been too early to adequately sample SWM benthic – pelagic 

coupling. 

• Prevailing environmental conditions common to upwelling margins (high primary 

productivity, low O2, high sedimentary OM concentrations) typically encourage high 

rates of sulphate reduction.  However, whilst these conditions are found on the Pakistan 

margin, sulphate reduction rates in the sedimentary environment are one-two orders of 

magnitude lower than rates determined on other upwelling margins.  It thus appears that 

sulphate reduction within the Arabian Sea environment is limited. 

• Sulphuration reactions decrease the reactivity of OM.  In the Pakistan margin 

sedimentary environment, the absence of sulphate reduction in the surface sediments 

and the presence of reactive Fe3+ and Fe2+ at all study sites, negates the occurrence of 
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sulphuration reactions.  Consequently, the low SRRs presented in this study are unlikely 

to reflect any form of sulphuration suppression. 

• Indices of OM source dictate that organic supply to the Pakistan margin sedimentary 

environment is predominantly of autochthonous origin.  Thus the suppression influence 

that normally results due to the presence of unreactive TOM (Schubert et al., 2000) 

should be negligible in the Pakistan margin sedimentary environment. 

• The bulk OM available to SRB on the Pakistan margin, as denoted by low pigment 

concentrations and uniform carbohydrate compositions, is refractory in nature.  The low 

SRRs presented in this study are likely to result (at least partially) due to the absence of 

reactive OM.  However, whilst the pigment and carbohydrate content of depositing 

organic matter is refractory in nature, OM supplied to the shallower sites (140 m and 

300 m) appears to be more labile (Woulds , 2006).  The effects of OM alteration within 

the water-column appear to control this cross margin trend.  The only two stations that 

have reproducible down core sulphate reduction are the two shallowest sampling 

environments, 140 m and 300 m.  It is likely that small increases in labile OM supply to 

these sites facilitate the higher rates of sulphate reduction. 

• Numerous isolated peaks of sulphate reduction were found in the SRR profiles.  

These microenvironments are likely to result from localised patches of fresher, more 

labile organic matter (e.g. Jørgensen. 1977).  Such microniche environments may reflect 

the caching of food materials by the benthic fauna, or the presence of deceased fauna. 

• The presence of bioavailable Fe3+ phases in the Arabian Sea sedimentary 

environment may also serve to control the distribution and rate of sulphate reduction in 

the Arabian Sea through a process of electron donor limitation. 

• Several studies have reported higher rates of sulphate reduction in the Arabian Sea 

which are comparable to rates measured on other upwelling margins (Schmaljohann et 

al., 1999; Lückge et al., 1999; Boetius et al., 2000; Böttcher et al., 2000).  These higher 
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rates may be facilitated by the presence of higher quantities of reactive organic (e.g. 

Schmaljohann et al., 2001; Boetius et al., 2000; Böttcher et al., 2000).  Furthermore, 

higher rates of sulphate reduction in deeper sediment horizons on the Pakistan margin 

(Lückge et al., 1999) may reflect an increasing availability of electron donors upon the 

cessation of microbial Fe3+ reduction. 

• Numerous other studies have reported low rates of sulphate reduction within 

Arabian Sea sedimentary environments.  It is likely that the combined influences of 

poor OM quality and electron donor limitation control these rates of sulphate reduction. 
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Abstract 

Rates of microbially-mediated organic carbon oxidation were determined at sites 

above, within, and outside the OMZ on the Pakistan margin of the Arabian Sea, before 

and immediately after the southwest monsoon, with the goal of assessing how low 

bottom-water O2 concentration affects microbial terminal electron accepting processes 

and sediment OM degradation.  Rates of carbon oxidation coupled to aerobic (O2 

consumption) and anaerobic processes (NO3
-
, Mn

4+
, Fe

3+
, and SO4

2-
 reduction) were 

measured at five depths: 140 m (seasonally hypoxic), 300 m (OMZ core), 940 m (lower 

OMZ transition), 1200 m (lower OMZ transition), and 1850 m (outside OMZ).  

Generally, rates and mechanisms of carbon oxidation did not vary in a significant 

manner between the sampling seasons.  However, an exception was found at the 140 m 

site, which became hypoxic during the southwest monsoon.  Considering both seasons, 

carbon oxidation rates ranged from 0.73 to 4.86 mmol C m
-2

 d
-1

.  Generally, sites within 

the OMZ core and those at the lower OMZ transition had lower carbon oxidation rates 

(0.73-2.90 mmol C m
-2

 d
-1

) than those located outside the OMZ (3.13-4.86 mmol C m
-

2
 d

-1
).  This suggests that low bottom-water O2 concentrations suppress overall OM 

decomposition.  The relative importance of carbon oxidation via different terminal 

electron acceptors varied between sites according to position relative to and the intensity 

of, the OMZ.  At all sites, a large proportion of O2 consumption (30-100 %) was 

coupled to the oxidation of porewater NH4
+
, Mn

2+
, and Fe

2+
; consequently, aerobic 

processes were essentially absent at low-O2 sites.  In contrast, under higher bottom-

water O2 concentrations, aerobic processes accounted for 4-64 % of organic matter 

decomposition.  Denitrification was an important terminal electron accepting process at 

all sites.  Denitrification rates were higher at the more oxygenated sites due to coupled 

nitrification-denitrification; however, denitrification largely dominated carbon-oxidation 

across the margin (36-99 %).  An offset between measured NO3
-
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production/consumption rates and N2 production at the oxic 1850 m site indicated the 

possible occurrence of alternative N-cycling pathways (e.g. anammox) in the Pakistan 

margin sedimentary environment.  Bioavailable Mn
4+

 was absent within OMZ 

sediments, and enriched in sediments above and outside the OMZ.  In contrast, 

bioavailable Fe
3+

 was found throughout the OMZ.  Regardless, rates of microbial Mn
4+

 

and Fe
3+

 reduction, determined via porewater modelling, were quantitatively 

unimportant, accounting for < 2 % of carbon oxidation.  Measured sulphate reduction 

rates at all sites across the margin were surprisingly low (0-0.45 mmol m
-2

 d
-1

) 

compared to those measured in other OMZ environments.  The highest sulphate 

reduction rates, measured at the low-oxygen 140 m (late-to-post SWM) and 300 m 

(intermonsoon) sites, accounted for 31 % and 56 %, respectively, of the carbon 

oxidation rates at these sites.  Elsewhere, sulphate reduction was of negligible 

importance, accounting for < 6 % total carbon oxidation. 
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5.1. Introduction 

Oceanic margin environments represent one of the largest and most dynamic 

biogeochemical provinces in the global C-cycle (e.g. Walsh, 1991; Hedges and Keil, 

1995).  Here, a significant fraction of primary production escapes decay within the 

water-column to become deposited in the underlying sediments.  Within the sediments, 

organic matter (OM) undergoes further decay, where microorganisms couple the 

oxidation of OM (C-oxidation) to the reduction of terminal electron accepting species 

(Froelich et al., 1979; Berner, 1980; Chapter 1).  However, not all OM is oxidised 

within the sedimentary environment.  A variable proportion escapes decay within the 

surface sediments to become buried and this fraction of preserved OM constitutes the 

largest long-term sink in the global C-cycle (Berner, 1982; Walsh, 1991). 

From the 1970s to the early 1990s, a series of studies illustrated that low O2 regions 

of oceanic margins, such as major oxygen minimum zones (OMZs), were often sites of 

increased sedimentary OM concentration (e.g. von Stackelberg, 1972; Paropkari, 1979; 

DeMaison and Moore, 1980; Kolla et al., 1981; Paropkari et al., 1992 and 1993), and O2 

availability was inferred to be a primary control on C burial.  However, other studies 

have demonstrated exceptions to this relationship, and have fuelled an ongoing debate 

over the factors controlling OM preservation within oceanic sediments.  To date, a 

number of biological, physical, and chemical factors have been linked to OM 

preservation (Hedges and Keil, 1995; and references therein).  However, the relative 

importance of OM supply vs. preservation, and whether O2 availability (and the 

dominance of aerobic vs. anaerobic C-oxidation) affects overall C-burial, has been the 

subject of most debate.  Numerous studies have demonstrated that OM preservation is 

diminished in the presence of O2 exposure (e.g. Buckley and Cranston, 1988; Cowie et 

al., 1995) and enhanced in its absence (e.g. DeMaison, 1991; Paropkari et al., 1992 and 

1993; Sun et al., 1993; Kristensen et al., 1995; Hartnett et al., 1998; van der Weijden et 
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al., 1999; Hartnett and Devol, 2003).  As many others have shown that O2 availability 

has little effect on OM preservation, with the rate and extent of C-oxidation and the 

elemental and molecular composition of OM shown to be similar under oxic and anoxic 

conditions, especially in shallower, rapidly accumulating margin sediments (e.g. Ostuki 

and Hanya, 1972 a and b; Kristensen and Blackburn, 1987; Cowie et al., 1992; Pedersen 

et al., 1992; Canfield et al., 1993 a and b; Thamdrup and Canfield, 1996; van Mooy et 

al., 2002). 

The microbially-mediated terminal electron accepting processes (TEAPs) that govern 

OM decay also drive benthic solute fluxes of gases (e.g. CO2 and N2O), nutrients (e.g. 

fixed nitrogen species and PO4
3-

), and dissolved metals (e.g. Mn
2+

 and Fe
2+

), into and 

out of continental margin sediments (e.g. Morford and Emerson, 1999; Schenau et al., 

2000; Cowie, 2005; Bange et al., 2005).  Through benthic-pelagic coupling, these fluxes 

have the potential to influence oceanic bioelement inventories, which in turn may exert 

positive or negative feedback controls on oceanic productivity, and ultimately, climate 

change (e.g. Ganeshram et al., 1995; Falkowski et al., 1998; Berelson et al., 2003). 

 

5.2. Objectives 

Determining the pathways and relative importance of aerobic and anaerobic TEAPs 

and resulting C-oxidation rates under contrasting conditions will be essential if we are 

to deconvolve the interplay between the processes governing OM degradation and 

bioelement cycling.  However, to date, few studies have examined the mechanisms and 

relative importance of all C-oxidation pathways under contrasting redox conditions on a 

single continental margin (e.g. Reimers et al., 1992; Thamdrup and Canfield, 1996; 

Hartnett and Devol, 2003).  In this chapter, aerobic and anaerobic C-oxidation processes 

in continental margin sediments from the northeastern Arabian Sea (Pakistan margin) 

are studied.  This region of the Arabian Sea is characterised by the presence of an 
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intense OMZ (O2 ≤ 22 µM / 0.5 ml l
-1

; Cowie and Levin; 2009), where sediments range 

from fully bioturbated and homogenous deposits outside the OMZ to reducing and 

laminated sediments at its core.  Sites across the margin therefore also show sharp 

contrasts in bottom-water redox conditions and benthic communities.  Also, there is a 

clear upper-slope maximum in OM concentration, roughly coincident with the depth-

range where the OMZ impinges on the margin (Chapter 3; Cowie et al., 1999).  Here, 

data are presented from a five-station depth transect that includes sites within and 

outside the OMZ.  At these sites, rates of sedimentary O2 consumption (Breuer et al., 

2009), NO3
-
 drawdown (Schwartz et al., 2009; Woulds et al., 2009), N2 production 

(Schwartz et al., 2009), NH4
+
 production (Woulds et al., 2009), and Mn

4+
, Fe

3+
, and 

SO4
2-

 reduction (Chapter 3; Chapter 4) were measured during the 2003 spring-

intermonsoon, and during the late-to-post 2003 southwest monsoon (SWM).  Here, 

these measurements are synthesised to allow evaluation of how differing microbial 

TEAPs and resulting total C-oxidation rates respond to strong gradients in bottom-water 

O2 and biomixing (bioturbation and bioirrigation) on a single margin system.  

Furthermore, as sampling was conducted before and after the SWM, seasonal responses 

of benthic microbial processes to monsoon driven changes in OM supply and water-

column biogeochemistry are assessed. 

 

5.3 Materials and Methods 

5.3.1. Sample collection 

Samples were collected on the Pakistan margin of the Arabian Sea during four 

research cruises aboard the RRS Charles Darwin (Chapter 2, § 2.2.1).  Cruises CD 145 

(March-April, 2003; Bett, 2004a) and CD 146 (April-May, 2003; Cowie, 2004a) were 

conducted during the spring-intermonsoon season (hereon referred to as 

‘intermonsoon’), and cruises CD 150 (August-September, 2003; Bett, 2004b) and 
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CD 151 (September-October, 2003; Cowie, 2004b) were conducted immediately after 

the southwest monsoon (SWM) (hereon referred to as ‘late-to-post SWM’).  During 

each cruise, a five-site offshore transect to the northwest of the Indus Canyon was 

sampled.  Sampling site depths were: 140 m, 300 m, 940 m, 1200 m, and 1850 m 

(Chapter 2, Figure 2.1). 

 

5.3.2. Sampling strategy 

The sampling strategy at each site was (i) to collect multiple in situ porewater O2 

profiles, (ii) to make in situ and shipboard measurements of benthic O2, NO3
-
, and N2 

fluxes, (iii) to collect sediments for the measurement of Mn
4+

, Fe
3+

 and SO4
2-

 reduction 

rates, and (iv) to collect porewaters for the measurement of surface-sediment porewater 

Mn
2+

, Fe
2+

, and NH4
+
 fluxes.  Sampling and analytical difficulties prevented full 

datasets from being attained at some sites (a review of sampling is shown in Table 5.1). 

 

5.3.3. Oxygen profiling and measurement of sediment oxygen consumption 

Sediment O2 profiling and the measurement of O2 fluxes were completed during 

cruises CD 146 (intermonsoon) and CD 151 (late-to-post SWM) (Table 5.1; Breuer et 

al., 2009; Chapter 2, § 2.2.8).  High-resolution in situ O2 profiles were measured with a 

Profilur lander fitted with polarographic micro-electrodes (Revsbech, 1989).  Micro-

electrode O2 profiles were used to calculate sedimentary O2 consumption rates with the 

numerical code PROFILE (Berg et al., 1998).  Sediment O2 consumption rates were also 

measured at a subset of sites via shipboard incubation (Table 5.1; Chapter 2, § 2.2.5).  

Here, two undisturbed sediment cores were quickly sealed from the atmosphere and 

incubated on a shipboard incubation rig.  The incubation rig, described by Schwartz et 

al., (2009), maintained samples in the dark at representative in situ temperature.  

Overlying water O2 concentrations were measured throughout the incubation with O2 



Chapter 5, Microbially-mediated C-cycling 

 172 

micro-electrodes.  Oxygen consumption rates were determined by measuring the 

decrease in O2 concentration during a 24-48 hour incubation period. 

 

5.3.4. Nitrate, di-nitrogen, and ammonium fluxes 

Nitrate fluxes across the sediment-water interface were measured via shipboard and 

in situ incubation during cruises CD 146 (intermonsoon) and CD 151 (late-to-post 

SWM) (Table 5.1; Chapter 2, § 2.2.6; Schwartz et al., 2009; Woulds et al., 2009).  

Sampling was not successful at the 1200 m and 940 m sites during the intermonsoon.  

During shipboard incubations, two undisturbed sediment cores were incubated, in 

tandem, on a shipboard incubation rig (as described in Chapter 2, § 2.2.5; Schwartz et 

al., 2009).  In situ incubations were made with a platform Lander, fitted with an 

ELINOR incubation chamber (Glud, 1995; Black et al., 2001).  The NO3
-
 flux was 

calculated from changes in NO3
-
 concentration (i.e. consumption or production) in the 

incubation waters.  In addition, the flux of N2 into overlying waters was measured via 

the N2/Ar method (An and Joye, 1997) in a subset of incubations during cruise CD 151 

(late-to-post SWM) (Table 5.1; Schwartz et al., 2009; Chapter 2, § 2.2.6). The NH4
+
 

flux across the sediment-water interface at all sites, during both seasons, was estimated 

from measured porewater NH4
+
 profiles with the PROFILE code (Table 5.1; Woulds et 

al., 2009). 

 

5.3.5. Manganese and iron reduction rates and surface-sediment flux 

Undisturbed sediment cores were collected at all sites during cruises CD 146 

(intermonsoon) and CD 151 (late-to-post SWM) (Table 5.1).  A full description of the 

sampling method is described in Chapter 2, § 2.2.4.  In brief, cores were vertically 

sectioned at the in situ temperature, under a N2 atmosphere.  Porewaters were collected 

from sectioned sediments via centrifugation.  To identify zones supporting Mn
4+

 and 
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Fe
3+

 reduction, and to estimate rates of reduction, Mn and Fe concentrations were 

measured in sediment and porewater samples (Chapter 3).  The distribution of reactive 

(bio-available) sedimentary Mn and Fe was estimated through normalisation with 

aluminium.  Rates of Mn
2+

 and Fe
2+

 production (assumed to equal rates of Mn
4+

 and 

Fe
3+

 reduction) were estimated from measured porewater Mn
2+

 and Fe
2+

 profiles using 

the PROFILE code (Berg et al., 1998).  The flux of Mn
2+

 or Fe
2+

 across or close to the 

sediment-water interface (if occurring), was calculated from the point of maximum 

slope in the near-surface porewater profiles, using Ficks 1
st
 law of diffusion (Chapter 3, 

Equation 3.1). 

 

 

5.3.6. Sulphate reduction rates, porewater sulphate, and porewater sulphide 

Sulphate reduction rates were measured using a 
35

S-SO4
2-

 radiotracer procedure 

(Jørgensen, 1978; § 2.2.7) during cruises CD 145 (intermonsoon) and CD 150 (late-to-

post SWM) (Table 5.1; Chapter 4).  In brief, sulphate reduction measurements were not 

conducted at the 140 m and 940 m sites during the intermonsoon.  At the other sites, 

sediment cores sub-sampled and underwent an addition of 
35

S-SO4
2-

 solution.  After 

24 hours of incubation, the samples were fixed and underwent a one-step Cr (II) 

reduction procedure (Fossing and Jørgensen, 1989), were fixed, and β-scintillation 

counted.  Sulphate reduction rates were then calculated according to the method 

outlined by Jørgensen, (1978). 

Sulphate and sulphide concentrations in porewaters were determined at all sites, on 

cruises CD146 (intermonsoon) and CD150 (late-to-post SWM).  Porewater sulphate 

concentrations were measured by ion chromatography (Cragg et al., 1992) and 

porewater sulphide was measured colourimetrically (Cline, 1969). 
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5.3.7. Carbon oxidation reactions and calculation of carbon oxidation rates 

Total C-oxidation rates for each site were calculated using a method adapted from 

that outlined by Hartnett and Devol, (2003), were C-oxidation is calculated from the 

rates of O2 consumption, NO3
-
 consumption, and from the down-core rates of Mn

4+
, 

Fe
3+

 and SO4
2-

 reduction.  In all cases, standard reaction stoichiometries were used 

(Table 5.2; Froelich et al., 1979), and OM was assumed to have a ‘Redfield-type’ 

composition (Redfield, 1958). 

The total C-oxidation rate, from all TEAP’s, was determined as the sum of the 

amount of carbon (C) oxidised by O2, NO3
-
, Mn

4+
, Fe

3+
 and SO4

2- 
(Equation 5.1): 

 

Coxid = AC + NC + MC + FC + SC  (5.1) 

 

Here, Coxid is the total C-oxidation rate, AC is the amount of C oxidised aerobically 

(i.e. with O2), NC is the amount of C oxidised by denitrification, MC and FC are the 

amounts of C oxidised by microbial Mn
4+

 and Fe
3+

 reduction, and SC is the amount of 

C oxidised by sulphate reduction. 

Apart from the oxidation of OM, O2 can also be consumed in the oxidation of 

inorganic species that are created during diagenesis (e.g. NH4
+
, Mn

2+
, Fe

2+
, and HS

-
).  

Thus, when calculating AC, the rate of O2 consumption was corrected (equation 5.2). 

 

AC = Of – 2 (AP-Af) – 0.5 Mnf – 0.25 Fef  (5.2) 

 

Here, Of is the measured O2 flux, AP-Af is the rate of NH4
+
 production (AP; 

equation 5.4) minus the total NH4
+
 flux across the sediment-water interface (AP-Af is 

multiplied by two as we assume two moles of O2 are required to oxidise one mole of 
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NH4
+
 to NO3

-
), Mnf is the Mn

2+
 flux into the zone of O2 consumption (one mole of O2 

oxidises two moles of Mn
2+

), and Fef is the Fe
2+

 flux into the zone of O2 consumption 

(0.25 moles of O2 oxidises one mole of Fe
2+

).  At all sites, separation of the respective 

zones of O2 consumption and SO4
2-

 reduction (Figures 5.2 and 5.5), and the absence of 

porewater sulphide (Chapter 4), preclude the need for sulphide-related correction to AC.  

Lastly, when calculating AC, a 1:1 molar relationship for the oxidation of C with O2 is 

assumed. 

As done by Hartnett and Devol (2003), coupled denitrification-nitrification is 

included in NC.  Here, the amount of C oxidised through NC is the sum of 

denitrification fuelled by the flux of NO3
-
 into the sediments, and that fuelled by NO3

-
 

produced via in situ nitrification (i.e. NH4
+
 oxidation) (equation 5.3). 

 

NC = aNf + a (AP – Af)  (5.3) 

 

In equation 5.4, a = 106/84.8, which is the C/N stoichiometry for denitrification 

when organic nitrogen is mineralised to NH4
+
.  Nf is the measured flux of NO3

-
 across 

the sediment-water interface, and AP-Af is the NH4
+
 production rate (Equation 5.4) 

minus the NH4
+
 flux across the sediment water-interface.  It was assumed that any 

difference between AP and Af represented NH4
+
 that was nitrified and subsequently 

denitrified.  However, as nitrification requires O2, the nitrification term was only 

included at sites were O2 penetrated into the sediments.  AP, the NH4
+
 production rate, 

was calculated as the sum of NH4
+
 produced via each C-oxidation pathway 

(Equation 5.4).  Here, b = 106/16, which is the NH4
+
 produced per mole of C oxidised.  

NC does not consider alternative pathways of N-cycling e.g. anammox or anoxic 

nitrification. 
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AP = bAC + bNC + bMC + bFC + bSC  (5.4) 

 

Lastly, it is assumed that any C oxidised by Mn
4+

, Fe
3+

, or SO4
2-

 reduction could be 

expressed as a simple stoichiometric function of the respective rate measurement 

(Equations 5.5-5.7).  In this study, we assume that Mn
4+

 and Fe
3+

 reduction is directly 

coupled to C-oxidation; however, abiotic reactions between Mn, Fe, and reduced 

sulphur species are also likely to facilitate redox reactions on the Pakistan margin 

(Chapter 3).  

 

MC = 0.5 x Mn
2+

 production rate  (5.5) 

 

FC = 0.25 x Fe
2+

 production rate  (5.6) 

 

SC = 2 x SO4
2-

 reduction rate  (5.7) 

 

5.4. Results 

5.4.1. General site characteristics 

An overview of basic site characteristics is provided in Table 6.3.  The OMZ, 

designated by a dissolved O2 concentration of < 22 µM (0.5 ml l
-1

) (Cowie and Levin, 

2009), extended from 160-1300 m during the intermonsoon, and from 115-1300 m 

during the late-to-post SWM (Chapter 3, Figure 3.1).  Sampling locations included one 

site within the OMZ core (300 m; bottom-water O2 undetectable), two sites along the 

lower OMZ transition (940 m and 1200 m; bottom-water O2 ~ 3 µM and ~11 µM, 

respectively),and one site outside the OMZ (1850 m; bottom-water O2 ~ 81 µM) (all 

bottom-water  O2  concentrations were   determined  by in situ  lander  micro-electrodes; 
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Breuer et al., 2009).  There was no consistent seasonal trend in bottom-water O2 

concentrations at these depths.  In contrast, the 140 m site was located above the OMZ 

(bottom-water O2 ~ 45 µM) during the intermonsoon, and within the OMZ (bottom-

water O2 ~ 1 µM) during the late-to-post SWM, due to shoaling of the upper OMZ 

boundary (Chapter 3, Figure 3.1; Brand and Griffiths, 2009). 

Sediment OM concentrations displayed an approximate inverse spatial relationship 

with bottom water O2 concentrations, with the highest OM concentrations found on the 

lower OMZ transition (Corg ~ 3-4 wt % at the 940 m and 1200 m sites), intermediate 

concentrations found within the OMZ core (Corg ~ 2-3 wt % at the 300 m site), and 

lowest concentrations found outside the OMZ (Corg ~ 1-1.5 wt % at the 140 m and 1850 

m sites) (Chapter 3; Cowie et al., 2009).  Comparable OM distributions have been 

described for this and other margins in the Arabian Sea where the OMZ impacts the 

seafloor (e.g. von Stackelberg, 1972; Pedersen et al., 1992; Paropkari et al., 1992 and 

1993; Calvert et al., 1995; Cowie et al., 1999).  The presence of an OM maximum along 

the lower transitional margin, in bioturbated sediments, is unusual; however, a similar 

feature has been documented elsewhere on the Pakistan margin by Cowie et al., (1999), 

and on the Indian margin by Calvert et al., (1995).  On the Oman margin, winnowing 

and cross-margin sediment transport have been suggested to control OM distribution 

(Pedersen et al., 1992).  These factors are unlikely to be primary controls on OM 

distribution at the Pakistan margin study sites as cross-margin sediment Zr/Al ratios 

(indicator for sediment winnowing/reworking) were invariant (Chapter 6). 

Biological surveys were carried out at the five study sites.  The composition of the 

benthic communities varied as a function of bottom-water O2 concentration.  Burrowing 

metazoan macrofauna were present at the 140 m, 940 m, 1200 m, and 1850 m sites, with 

the maximum biomass found along the lower OMZ transition (Levin et al., 2009; 
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Gooday et al., 2009).  Burrowing macrofauna were essentially absent at the 300 m site; 

here, foramnifera dominated the benthic community (Hughes et al., 2009; Gooday et al., 

2009).  X-radiographs showed that sediments at the 140 m, 1200 m, and 1850 m sites 

were fully bioturbated, partially bioturbated at the 940 m site, and unevenly laminated at 

the 300 m site (Hughes et al., 2009; Levin et al., 2009).  Sediment grainsize distribution 

was remarkably uniform across the margin, with sediments predominantly composed of 

silt and clay sized particles (Chapter 3). 

 

5.4.2 Sediment oxygen penetration 

Representative sediment O2 profiles, which best highlight O2 variance across the 

Pakistan margin OMZ transect, are shown in Figure 5.1 (all O2 profiles are presented in 

Chapter 3, Figure 3.2).  As bottom-water O2 was undectable at the 300 m site, we 

assumed that O2 did not penetrate the benthic boundary layer into the sediments (Table 

5.3).  In addition, at the 140 m site during the late-to-post SWM sampling, sediment O2 

penetration was undetectable.  At the other sites (140 m intermonsoon, 940 m, 1200 m, 

and 1850 m) O2 profiles collected during the two sampling seasons showed a steeply 

decreasing O2 concentration with sediment depth.  Sediment O2 penetration depths 

ranged from ca. 1 mm to 18 mm (940 m and 1850 m sites, respectively) during the 

intermonsoon and from ca. 1 mm to 12 mm (940 m and 1850 m sites, respectively) in 

the late-to-post SWM sampling (Figure 5.1, Table 5.3).  Oxygen penetration depths at 

all sites (with the exception of the 140 m site) did not vary in a consistent manner 

between the two sampling seasons.  Zones of O2 consumption, calculated with the 

PROFILE code, revealed that subsurface (≥ 0.5 mm sediment depth) sediment O2 

consumption was often greater than that sustained in the immediate surface sediments 

(≤ 0.5 mm sediment depth) (Breuer et al., 2009). 
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Figure 5.1.  Representative porewater O2 profiles from the 140 m site during the intermonsoon 

(cruise CD 146), and from the 940 m, 1200 m, and 1850 m sites during the late-to-post SWM 

(cruise CD 151).  Note: porewater O2 was undetectable at the 140 m site during the late-to-post 

SWM, and undetectable at the 300 m site during both seasons. 

 

5.4.3. Sediment oxygen consumption 

The mechanisms that facilitate O2 transport into sediments are: (i) molecular 

diffusion, (ii) biomixing (combined effects of bioturbation and bioirrigation), and (iii) 

advective process linked to bottom-water flow (Huettel and Gust, 1992 a and b; 

Kristensen, 2000).  Where possible, O2 consumption rates at the Pakistan margin study 

sites were measured by porewater modelling and/or shipboard whole-core incubations 

(Table 5.1).  Each technique integrates different O2 transport processes.  Whole-core 

incubations integrate all processes linked to sediment O2 supply (with the exception of 

advection), and therefore provide a near-estimate of total sediment O2 consumption.  In 
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contrast, rates derived from porewater modelling only account for O2 consumption 

supported by molecular diffusion.  It is therefore unsurprising that rates of O2 

consumption derived from the two techniques differed (Table 5.4). 

At sites where both methods were conducted (Table 5.1), incubation-derived 

estimates of O2 consumption were consistently higher.  Notably, the largest degree of 

difference was apparent at the low-O2 140 m (late-to-post SWM) and 940 m sites 

(intermonsoon); here, shipboard estimates of O2 consumption were approximately one 

order of magnitude higher than rates estimated from porewater profiles (Table 5.4).  

This difference is likely due to experimental O2 contamination during shipboard 

manipulations; however, limited macrofaunal activity was documented at these sites 

(Anderson et al., 2008) and enhanced O2 supply via biomixing may have contributed to 

the difference in O2 flux.  In contrast, at the moderately oxygenated 1200 m site, and at 

the oxic 140 m intermonsoon and 1850 m sites, the margin of difference between 

shipboard and porewater modelled rates were smaller, with shipboard rates, on average, 

twice those of porewater-derived estimates.  At these sites, bottom-water O2 

concentrations were higher and potential O2 contamination was smaller.  Consequently, 

the methodological differences are more likely to reflect enhanced O2 supply due to 

biomixing; indeed, other studies have attributed similar offsets to biomixing (e.g. 

Lindeboom et al., 1985; Archer and Devol, 1992; Rasmussen and Jørgensen, 1992; 

Glud et al., 1994 a and b; Wenzhöefer and Glud, 2002). 

Given the possible methodological artefacts, O2 consumption rates (both methods) at 

the 140 m (intermonsoon), 940 m, 1200 m, and 1850 m sites ranged from 0.06-

3.56 mmol m
-2

 d
-1

 (Table 6.4).  The highest O2 consumption rates were measured at the 

140 m site during the intermonsoon (3.56 mmol m
-2

 d
-1

), and at the 1850 m site after the 

SWM (1.92 mmol m
-2

 d
-1

).  The lowest measured O2 consumption rates were found at 

the 940 m site during both sampling seasons (0.06 and 0.09 mmol m
-2

 d
-1

, intermonsoon 
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and late-to-post SWM, respectively), however, a much higher shipboard rate 

(0.89 mmol m
-2

 d
-1

) was measured at the 940 m site during the intermonsoon.  Due to 

the low-to-undetectable bottom-water O2 concentrations, methodological concerns, and 

absence of O2 penetration at the 140 m (late-to-post SWM) and 300 m sites, we 

assumed that sediment O2 consumption at these locations was largely unimportant, and 

report values of zero (Table 5.4).  With the exception of the 140 m site, O2 consumption 

rates did not vary consistently between the intermonsoon and late-to-post SWM 

(Table 5.4). 

 

 

 

5.4.4. Porewater nitrate and ammonium distribution 

Porewater NO3
-
 profiles from some cores were affected by contamination (Woulds 

et al., 2009a).  Several uncontaminated profiles (Figure 5.2) show that NO3
-
 

concentrations decreased from 5-20 µM in the bottom-waters to zero at ~ 2 cm sediment 

depth with little seasonal variation apparent  (Brand and Griffiths, 2009; Woulds et al., 

2009). 

Sediment NH4
+
 profiles representative of bulk geochemical trends at the Pakistan 

margin study sites are shown in Chapter 3.  At the 140 m, 300 m, 940 m, and 1200 m 

sites, NH4
+
 concentrations were low in the surface sediments (0-30 µM), and increased 

with sediment depth.  Maximal down-core concentrations (250-270 µM) were found at 

the 140 m and 300 m sites.  At the 1850 m site, high NH4
+
 concentrations (20-70 µM) in 

the surface sediments decreased to ~ 10 µM at ~ 3 cm.  Thereafter, NH4
+
 concentrations 

increased to ~ 50 µM at 30 cm.  There was little seasonal variation in porewater NH4
+
 

distribution (Woulds et al., 2009). 
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Figure 5.2.  Representative porewater NO3
-
 profiles from the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m Pakistan margin study sites during the late-to-post SWM (data from cruises CD 150 

or CD 151). 

 

5.4.5. Sediment-water nitrate and di-nitrogen flux 

Average porewater NO3
-
 fluxes across the sediment-water interface (all sites, both 

seasons) ranged from -0.34 to 2.33 mmol m
-2

 d
-1

 (Table 5.4; Schwartz et al., 2009; 

Woulds et al., 2009) (positive values indicate sediment NO3
-
 consumption, and negative 

values indicate sediment NO3
-
 production).  During the intermonsoon season, NO3

-
 

consumption was measured at the 140 m, 300 m, and 1850 m sites.  The highest rate of 

NO3
-
 consumption was found at the 1850 m site (2.33 mmol m

-2
 d

-1
), with intermediate 

rates measured at the 140 m site (0.99 mmol m
-2

 d
-1

), and low rates measured at the 300 

m site (0.56 mmol m
-2

 d
-1

).  Distinct heterogeneity in the intensity of denitrification was 

apparent at all sites (Table 5.4).  During the late-to-post SWM, NO3
-
 consumption at the 
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300 m site was four-fold higher (2.08 mmol m
-2

 d
-1

).  This net increase in NO3
-
 

consumption was reflected by comparable rates of measured N2 flux (Table 5.4).  

Elsewhere, NO3
-
 consumption rates were comparable to intermonsoon values at the 

140 m site (1.56 mmol m
-2

 d
-1

), intermediate at the 940 m site (1.75 mmol m
-2

 d
-1

), and 

low at the 1200 m site (0.10 mmol m
-2

 d
-1

).  At the 1850 m site, NO3
-
 consumption was 

replaced with an efflux of NO3
-
 (and N2) from the sediments to bottom-waters 

(Table 5.4). 

 

5.4.6. Sediment and porewater manganese and iron 

Representative sediment and porewater profiles (intermonsoon data only) of Mn and 

Fe are shown in Figure 5.3 (additional profiles are presented and described in 

Chapter 3).  Generally, reactive sediment Mn and Fe (as designated by higher metal to 

aluminium ratios) were found at all study sites.  An exception to this was the 140 m site 

(late-to-post SWM).  Here, low (lithogenic) Mn/Al and Fe/Al ratios were found at all 

sediment depths (0-30 cm).  At the other sites, reactive Mn and Fe distributions were 

similar during the two sampling seasons.  Manganese concentrations in the surface 

sediments were high at sites on the OMZ transition (940 m and 1200 m) and at sites 

outside the OMZ (140 m intermonsoon and 1850 m).  In contrast, Mn concentrations 

were low at sites within the OMZ (140 m late-to-post SWM and 300 m).  At 140 m 

intermonsoon and 300 m sites, Fe was enriched in the surface sediments and decreased 

to lithogenic levels by ~ 4 cm.  At the 940 m, 1200 m, and 1850 m sites, sedimentary Fe 

was enriched in the sediment subsurface, creating concentration maxima at ~ 5 cm 

depth.  Thereafter, Fe decreased to lithogenic levels by ≤ 10 cm depth. 

Porewater Mn
2+

 and Fe
2+

 were present at all study sites and down-core profiles were 

remarkably similar during the intermonsoon (Figure 5.3) and late-to-post SWM (with 

the exception of the 140 m site).  Zones of Mn reduction were generally found at 
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shallower depths in the sediment than zones of Fe
3+

 reduction.  Depth-integrated rates 

(0-30 cm) of porewater Mn
2+

 production (Table 5.4) ranged from < 0.01-0.03 mmol m
-

2
 d

-1
, with the maximal rate of Mn

2+
 production found at the 1850 m site and the 

minimum found at the 300 m site, during both seasons.  Depth-integrated rates (0-

30 cm) of porewater Fe
2+

 production (Table 5.4) ranged from < 0.01-0.10 mmol m
-2

 d
-1

, 

with the highest rates (> 0.05 mmol m
-2

 d
-1

) found at low-O2 sites (300 m and 940 m) 

during both seasons and at the 140 m site during the intermonsoon.  In contrast, Fe
2+

 

production rates were low (< 0.01 mmol m
-2

 d
-1

) at the 1200 m and 1850 m sites during 

both seasons. 

Dissolved Mn
2+

 flux from sediments to bottom-waters was supported at the 140 m 

(late-to-post SWM), 300 m, and 940 m sites, and dissolved Fe
2+

 flux into bottom-waters 

was supported at the 140 m (late-to-post SWM) and 300 m sites (Table 5.4).  At the 

other sites, porewater Mn
2+

 and Fe
2+

 were retained within the sediments. 

 

5.4.7. Porewater sulphate, porewater sulphide, and sulphate reduction rates 

Porewater SO4
2-

 depth distributions were similar at all sites, during both seasons, 

and only data from cruise CD 146 (intermonsoon) is presented (Figure 5.4).  Essentially, 

down core porewater SO4
2-

concentrations remained at bottom-water levels (ca. 27-

30 mM).  At all sites, on both cruises, porewater sulphide was undetectable (detection 

limit ~ 8 µM); however, low levels of sediment inorganic sulphur (TRIS) were evident 

(Chapter 4). 

The intensity of SO4
2-

 reduction varied between sites and with sampling season 

(Figure 5.5, late-to-post SWM data only, other profiles presented and discussed in 

Chapter 4).  Generally, rates of SO4
2-

 reduction were low, and replicate cores revealed 

significant within-site and down-core heterogeneity in the distribution and intensity of 

SO4
2-

 reduction.  Discrete sediment horizons with high SO4
2-

 reduction rates were found 
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at most sites, suggesting that localised patches of highly labile OM, which originate due 

to food caching activities, and or death of, benthic fauna, may support 

microenvironments of more intense SO4
2-

 reduction.  These isolated layers, which were 

not repeated in replicate cores, were excluded from calculation of integrated rates of 

SO4
2-

 reduction.  Depth-integrated rates of SO4
2-

 reduction (0-30 cm depth) ranged from 

0-0.45 mmol m
-2

 d
-1

 (Table 5.4).  During the intermonsoon, SO4
2-

 reduction was highest 

at the 300 m site (0.45 mmol m
-2

 d
-1

), intermediate at the 1200 m site (0.13 mmol m
-2

 d
-

1
), and low at the 1850 m site (0.02 mmol m

-2
 d

-1
); however, sulphate reduction was 

only found in one of two cores sampled at the 1200 m site, and thus may be of 

ephemeral importance.  Rates were not measured at the 140 m and 940 m sites during 

the intermonsoon (Table 5.1).  During the late-to-post SWM, SO4
2-

 reduction was most 

intense at the 140 m site (0.38 mmol m
-2

 d
-1

), considerably lower at the 300 m site 

(0.09 mmol m
-2

 d
-1

), and essentially undetectable at the 940 m, 1200 m, and 1850 m 

sites. 

 

5.5. Discussion 

5.5.1 Total carbon oxidation rates 

In order to compare the relative importance of different microbial C-oxidation 

processes, total C-oxidation rates (equation 5.1) were calculated at sites where all rate 

determinations were successfully measured (Table 5.1, Table 5.5).  At these sites, total 

C-oxidation rates ranged from 0.73-4.86 mmol C m
-2

 d
-1

, with the highest rates found at 

the intermonsoon and late-to-post SWM 1850 m site, and the lowest rates found at the 

300 m site during the intermonsoon, and the 1200 m site in the late-to-post SWM.  

Generally, sites with low to moderate bottom-water O2 concentrations (140-1200 m) 

had lower total C-oxidation rates (average 2.04 mmol C m
-2

 d
-1

) than those found 
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outside the OMZ under fully oxic bottom-waters (1850 m) (average 4.00 mmol C m
-2

 d
-

1
). 
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Figure 5.3. Representative (A and B) solid-phase Mn/Al, (C and D) porewater Mn
2+

, (E and F) 

solid-phase Fe/Al, and (G and H) porewater Fe
2+

 profiles at sites in the OMZ core (300 m, closed 

circles), OMZ transition (940 m, open circles), and outside the OMZ (1850 m, closed triangles) 

(intermonsoon data). 

 

The total rate of C-oxidation at the oxygenated 140 m intermonsoon site could not be 

calculated due to the absence of 
35

S
-
SO4

2-
 measurements (Table 5.1).  However, 

assuming that sulphate reduction rates during the intermonsoon would be comparable to 

those measured during the late-to-post SWM, C-oxidation rates at 140 m 

(intermonsoon) site would have been similar (ca. 4-5 mmol C m
-2

 d
-1

) to those measured 

at the 1850 m site.  The extremely low rate of total C-oxidation at the 1200 m late-to-

post-SWM  site (0.73 mmol C m
-2

 d
-1

) is  unusual, considering that  this  site   underlies  
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moderately (O2 11 µM) oxygenated waters, has a comparatively deep O2 penetration 

depth, and is fully bioturbated (Figure 3.2 and 6.1, Hughes et al., 2009).  However, the 

low rates of C-oxidation are commensurate with the OMZ lower transition OM maxima, 

whilst sediment organic carbon concentrations and C/N ratios at the 1200 m site show 

little obvious down-core change (Cowie et al., 2009).  Additionally, the elemental and 

molecular composition of OM on the lower transitional margin is more degraded when 

compared to shallower sites on the same margin (Woulds, 2006; Cowie et al., 2009)  

The OM found at the 1200 m site may therefore not provide a labile C-source to the 

indigenous subsurface sediment bacteria and macrofauna; however, the combined 

effects of cross-slope sediment transport, differing OM inputs, higher sedimentation 

rates, and local topographic controls may also contribute to the observed lower 

transition OM maxima (Cowie et al., 2009). 

No other rates of C-oxidation for the Pakistan margin are reported in the literature; 

however, similar rates of C-oxidation to those reported here have been measured at a 

number of abyssal sites (>3000 m) in the Arabian Sea (C-oxidation ≤ 4 mmol m
-2

 d
-1

; 

Boetius et al., 2000; Grandel et al., 2000).  In comparison to other OMZ affected 

continental margins, total C-oxidation rates on the Pakistan margin are similar to those 

reported for parallel depths on the Californian and Mexican margins (C-oxidation ~ 2-

6 mmol C m
-2

 d
-1

 over 0-1000 m depth; Bender et al., 1989; Reimers et al., 1992; 

Berelson et al., 1996; Hartnett and Devol, 2003).  In contrast, C-oxidation rates on the 

Pakistan margin are considerably lower than maximum rates measured at similar depths 

on the Chilean and Washington margins (C-oxidation ≤ 20 mmol C m
-2

 d
-1

; Thamdrup 

and Canfield, 1996; Hartnett and Devol, 2003). 

 

 



Chapter 5, Microbially-mediated C-cycling 

 192 

 

 

 

 

 

 

SO
4

2-
 (mM)

0 20 25 30 35

D
e

p
th

 (
c
m

 b
s
f)

0

5

10

15

20

25

30

140 m

300 m

940 m

1200 m

1850 m

 

Figure 5.4.  Representative porewater sulphate profiles at the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m Pakistan margin study sites during the intermonsoon (cruise CD 146). 
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Figure 5.5.  Representative sulphate reduction profiles at the 140 m, 300 m, 940 m, 1200 m, 

and 1850 m Pakistan margin study sites during the late-to-post SWM (cruise CD 150). 
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5.5.2. Aerobic respiration 

Due to the possible methodological artefacts associated with our O2 measurements 

(section 5.3.3), we present AC values (Table 5.5) calculated from modelled O2 

consumption rates for the 940 m site, and used shipboard derived values of O2 

consumption to calculate AC for the 140 m intermonsoon, 1200 m, and 1850 m sites.  

Due to the undetectable bottom-water O2 concentrations and absence of O2 penetration 

at the 140 m (late-to-post SWM) and 300 m sites, AC was assumed to be zero. 

Three major processes govern the rate of O2 consumption at the seafloor: (i) bottom-

water O2 availability, (ii) C-oxidation, and (iii) the oxidation of reduced species (e.g. 

NH4
+
, Mn

2+
, Fe

2+
, and HS

-
).  At sites where the OMZ impinges on the sediments (140 m 

late-to-post SWM, 300 m and 940 m; Chapter 3, Figure 3.2), low bottom-water O2 

concentrations and limited rates of biomixing severely limit the supply of O2 to the 

underlying sediments.  Additionally, at these sites, porewater NH4
+
, Mn

2+
, and Fe

2+
 

diffuse upwards into the zone of O2 penetration or out of the sediments (Chapter 3, 

Figures 5.1-5.3).  It is likely that the oxidation of these reduced compounds, as indicated 

by zones of subsurface O2 consumption (Breuer et al., 2009), consumes much or all of 

the available O2.  As such, inside the OMZ, the contribution of aerobic respiration to 

benthic C-oxidation is effectively zero (Table 5.5).  Reimers et al. (1992), Thamdrup 

and Canfield (1996), and Hartnett and Devol (2003) also found that a relatively minor 

proportion of carbon was oxidised via aerobic respiration at OMZ sites on the 

Californian, Chilean, and Mexican margins, respectively.  Such sites represent rare 

continental margin regions, as on more typical margins (over similar depth ranges) O2 is 

the most important electron acceptor for OM decomposition, often accounting for 

≥ 80 % of total C-oxidation (e.g. Grundmanis and Murray, 1982; Bender and Heggie, 

1984; Lohse et al., 1998; Martin and Sayles, 2004). 



Chapter 5, Microbially-mediated C-cycling 

 195 

At the oxic 140 m (intermonsoon) and 1850 m sites, and the moderately oxygenated 

1200 m site, higher bottom-water O2 concentrations support elevated rates of O2 

consumption.  However, O2 profiles indicated that only a small amount of O2 

consumption was sustained in the surface sediments (Figure 5.1; Breuer et al., 2009).  

Instead, the highest rates of O2 consumption occurred near to the sediment oxic-anoxic 

interface, where the oxidation of reduced species (primarily NH4
+
, but also Mn

2+
 and 

Fe
2+

) consumed ~ 30-70 % of available O2.  Similar amounts of O2 consumption have 

been attributed to the oxidation of reduced species in other organic-rich marine 

environments (e.g. Reimers et al., 1992; Canfield et al., 1993b).  Despite the fact that a 

large proportion of the O2 flux into the Pakistan margin sediments is used to oxidise 

reduced species, aerobic respiration accounted for ~ 20-64 % of total C-oxidation at the 

1200 m and 1850 m intermonsoon study sites.  In contrast, at the 1850 m late-to-post 

SWM study site, NH4
+
 oxidation limited aerobic respiration to ~ 4 % of total C-

oxidation.  Total C-oxidation rates could not be calculated for the 140 m intermonsoon 

site (Table 5.1); however, the high AC rate (2.14 mmol C m
-2

 d
-1

) would have 

significantly (ca. 40-50 %) contributed to overall C-oxidation. 

 

 

Table 5.5.  Aerobic C-oxidation (AC), C-oxidation coupled to denitrification (NC), C-oxidation 

coupled to Mn
4+

 reduction (MC), C-oxidation coupled to Fe
3+

 reduction (FC), C-oxidation 

coupled to SO4
2-

 reduction (SC), and total C-oxidation rates (Coxid) for the 140 m, 300 m, 940 m, 

1200 m, and 1850 m Pakistan margin study sites during the intermonsoon and late-to-post 

SWM.  All rates expressed as mmol C m
-2

 d
-1

. 

Site Season AC NC MC FC SC Total Cox 

140 m  Late-post SWM 0.00 1.66 0.01 0.01 0.76 2.44 

300 m Intermonsoon 0.00 0.69 0.00 0.01 0.90 1.60 

300 m Late-post SWM 0.00 2.69 0.00 0.03 0.18 2.90 

940 m Late-post SWM 0.00 2.48 0.01 0.02 0.00 2.51 

1200 m Late-post SWM 0.47 0.26 0.00 0.00 0.00 0.73 

1850 m Intermonsoon 0.96 3.86 0.00 0.00 0.04 4.86 

1850 m Late-post SWM 0.13 2.98 0.00 0.00 0.02 3.13 
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5.5.3. Denitrification 

Denitrification nominally proceeds in the absence or near absence of O2.  If OM is 

not limiting, the rate of denitrification is principally governed by: (i) the diffusive 

supply of NO3
-
 across the sediment-water interface, (ii) the rate of nitrification within 

the sediments, and (iii) the presence and extent of biomixing.  At the more oxygenated 

140 m (intermonsoon) and 1850 m sites, and at the moderately oxygenated 1200 m site, 

nitrification within the surface sediments increased the total amount of NO3
-
 available to 

denitrifying bacteria by ~ 40 %.  Denitrification-based C-oxidation rates (NC) at the 

1200 m and 1850 m sites ranged from 0.26-3.86 mmol C m
-2

 d
-1

, accounting for 36-

95 % of total C-oxidation (Table 5.5).  It is likely that denitrification at the 140 m 

intermonsoon site (NC ca. 2 mmol C m
-2

 d
-1

), where total C-oxidation rates could not be 

determined, would also control a high proportion (30-40 %) of C-oxidation.  The 

occurrence of coupled nitrification-denitrification and similar proportions of NC have 

been reported for oxygenated sediments on the Californian, Mexican, and Washington 

margins (Archer and Devol, 1992; Reimers et al., 1992; Hartnett and Devol, 2003). 

Denitrification was also a quantitatively significant C-oxidation process within the 

OMZ (140 m late-to-post SWM, 300 m, and 940 m late-to-post SWM), despite the fact 

that low bottom-water O2 limited nitrification and the supply of NO3
-
 via biomixing.  

Rates at the low O2 sites (average NC 1.88 mmol C m
-2

 d
-1

) were comparable to those 

measured at the oxic sites (average NC 2.29 mmol C m
-2

 d
-1

), and accounted for 43-

99 % of total C-oxidation.  It thus appears that the characteristically high bottom-water 

NO3
-
 concentrations and low O2 conditions found within the Pakistan margin OMZ 

readily sustain high levels of sedimentary denitrification.  This contrasts with findings 

on the Washington and Mexican margins, where denitrification rates were generally 

higher under oxic vs. suboxic conditions (Devol, 1991; Hartnett and Devol, 2003).  

Several other studies have also shown that a relatively large proportion of C-oxidation is 
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facilitated by denitrification at a range of suboxic to anoxic sites on the Californian (41-

70 %), Washington (47 %), and Mexican margins (43 %) (Jahnke, 1990; Reimers et al., 

1992; Berelson et al., 1996; Hartnett and Devol, 2003).  Together, these results 

emphasise that sedimentary denitrification can play a significant, and sometimes 

dominant role in benthic carbon cycling on upwelling margins, which differs from other 

margins, where aerobic respiration and/or sulphate reduction is generally shown to 

dominate C-oxidation (e.g. Bender et al., 1989; Thamdrup and Canfield, 1996; Lohse et 

al., 1998; Martin and Sayles, 2004).  If the sedimentary denitrification rates observed on 

the Pakistan margin are representative of geochemical processes on other upwelling 

margin systems, they may prove to be a key component of the estimated 100-280 

Tg N y
-1

 deficit found in the global nitrogen cycle (Devol et al., 1997; Brandes and 

Devol, 2002; Lehmann et al., 2004).  Indeed, if we extrapolate the Pakistan margin 

calculated rates of sedimentary denitrification over a depth range between 140-1200 m 

(the area of constant denitrification on the Pakistan margin) across the Arabian Sea, 

north of 6°N (0.56 x 10
12

 km
2
; Schwartz et al., 2009), the resulting regional sedimentary 

denitrification rate (1-11 Tg N y
-1

) is ~ 50 % of the pelagic denitrification rate for this 

region (21-41 Tg N y
-1

; Naqvi, 1987; Howell et al., 1997; Bange et al., 2000; Devol et 

al., 2006). 

 

5.5.4. Evidence for alternative nitrogen cycling pathways 

Measurements of sediment NO3
-
 consumption and N2 production were in general 

agreement at the 140 m and 300 m late-to-post SWM sites (Table 5.4), suggesting that 

denitrification was the main N-cycling pathway under the prevailing low-O2 conditions.  

In contrast, under oxic conditions at the 1850 m late-to-post SWM site, higher sediment 

NO3
-
 production (consistent with nitrification) and lower N2 production (consistent with 

denitrification), indicate the presence of more complex N-cycling.  A possible 
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explanation for the observed trends is the dominance of nitrification in the oxic surface 

sediments over denitrification in the deeper anoxic sediments (Schwartz et al., 2009).  

Other possible explanations include (i) partial nitrification (Schwartz et al., 2009), a 

process that has been proposed to occur in OMZ oxyclines (Li et al., 2006), (ii) the 

reduction of NO3
-
 with dissolved Mn

2+
 (Sørensen et al., 1987), (iii) the oxidation of 

NH4
+
 and organic-N with MnO2 (anoxic nitrification; Luther et al., 1997), or (iv) the 

microbially-mediated oxidation of NH4
+
 with NO2

-
 in the anoxic zone of the sediment 

(the anammox process; Thamdrup and Dalsgaard, 2002).  The occurrence of metal 

catalysed N cycling or anammox reactions, which were not addressed in the C-oxidation 

calculations (Table 5.5), could have significant ramifications for C-, N-, and Mn- 

cycling at both the 1850 m site and other oxic sites at or near the base of the OMZ.  

Clearly, there is a need for further investigation of these processes in continental margin 

sediments surrounding this and other OMZs. 

 

5.5.5. Organotrophic metal reduction 

Low core-top Mn/Al ratios at the low-O2 study sites (140 m late-to-post SWM, 300 

m, and 940 m; Figure 5.3), indicate that Mn
4+

 reduction within the OMZ water-column 

limits the supply of bioavailable Mn oxyhydroxide to the underlying sediments.  This 

finding is in keeping with the high dissolved Mn
2+

 concentrations found within the 

Arabian Sea OMZ water-mass (Saager et al., 1989; Lewis and Luther, 2000).  The 

minimal importance of Mn-oxyhydroxides as an electron acceptor at the OMZ sites is 

confirmed by low rates of porewater Mn
2+

 production (Figure 5.3, Table 5.4).  

Alternatively, at the more oxygenated sites (140 m intermonsoon, 1200 m late-to-post 

SWM, and 1850 m), Mn that is reduced within the OMZ is re-oxidised in the water-

column and deposited in the oxic sediments outside the OMZ.  Additional biomixing at 

these sites leads to an enrichment of Mn-oxides in the surface sediments.  Higher rates 
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of porewater Mn
2+

 production at these sites indicate the occurrence of microbial Mn
4+

 

reduction (Table 5.4); however, a proportion of Mn
4+

 reduction is likely to be linked to 

the oxidation of upward diffusing Fe
2+

. 

In contrast to Mn, the supply of bioavailable Fe
3+

 (as indicated by uniform Fe/Al 

ratios exceeding lithogenic values; Figure 5.3) to the Pakistan margin study sites 

appears constant, irrespective of water-column redox conditions, suggesting that the 

water-column Fe
2+

 maxima found in the Arabian Sea OMZ (Saager et al., 1989) is 

unlikely to solely originate from water-column Fe
3+

 reduction.  Instead, cross-margin 

porewater Fe
2+

 production (Figure 5.3, Table 5.4) indicates the occurrence of 

microbially-mediated Fe
3+

 reduction in the sediments, which may contribute Fe
2+

 to the 

OMZ water-column.  The highest rates of production were found at the low-oxygen 140 

m late-to-post SWM, 300 m, and 940 m sites, reflecting an increased significance of 

microbial Fe
3+

 reduction under strongly suboxic conditions. 

The combined rates of Mn
2+

 and Fe
2+

 production calculated with the code PROFILE 

indicate that Mn
4+

/Fe
3+

 reduction is of limited importance with regard to C-cycling, 

accounting for < 2 % of the total C-oxidation rates across the Pakistan margin (Table 

5.5).  Similar studies, conducted on the OMZ-affected Californian, Mexican, and 

Washington margins, have also found that Mn
4+

/Fe
3+

 reduction was of negligible 

importance when compared to other C-oxidation pathways (Bender and Heggie, 1984; 

Bender et al., 1985; Reimers et al., 1992; Hartnett and Devol, 2003).  However, proper 

quantification of microbial Mn/Fe reduction rates from sediment porewater profiles is 

difficult.  Obstacles arise because reduced Mn and Fe can adsorb onto existing Mn/Fe 

oxides, other sediment particles, or precipitate as a range of authigenic minerals (Suess, 

1979; Burdige, 1993; Canfield et al., 1993a).  In a number of recent experimental 

studies where combined incubation and sorption assays were used to track sedimentary 

Mn and Fe reduction, a small and disproportionate fraction of Mn
2+

 and Fe
2+

 (up to two 
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orders of magnitude lower) was shown to be released into porewaters (Canfield et al., 

1993a and b; Thamdrup and Canfield, 1996; Hines et al., 1997; Thamdrup, 2000; Jensen 

et al., 2003).  We did not determine the adsorptive characteristics of the sediments at our 

study sites; nevertheless, given the measured rates of O2 consumption, denitrification, 

and SO4
2-

 reduction, if sorption is a dominant process on the Pakistan margin, it may be 

speculated that organotrophic metal reduction could account for much higher rates of C-

oxidation (≤ 1/3 C-oxidation).  Furthermore, any increased significance would most 

likely be manifest at OMZ transitional sites (e.g. 940 m, 1200 m), where increasing 

bottom-water O2, biomixing, and shallow suboxic/anoxic sediment horizons would 

promote a greater degree of metal cycling.  Indeed, using sorption-incubation assays in 

bioturbated sediments below the Chilean margin OMZ, 10-30 % of C-oxidation was 

found to be coupled to organotrophic metal reduction (Thamdrup and Canfield, 1996).  

Further work on the Pakistan margin and other continental margins, utilising such 

techniques, may reveal that Mn/Fe coupled C-oxidation is more important than 

currently thought in OMZ type environments. 

 

5.5.6. Sulphate reduction 

Sulphate reduction rates on the Pakistan margin were highest at the shallowest sites 

(140 m late-to-post SWM and 300 m; Figure 5.5, Table 5.4).  At the 140 m late-to-post 

SWM site, SO4
2-

 reduction accounted for 31 % of C-oxidation, whilst at the 300 m site, 

during the intermonsoon, SO4
2-

 reduction accounted for 56 % of C-oxidation.  In 

contrast, at the 300 m site during the late-to-post SWM, a decrease in the rate of SO4
2-

 

reduction (0.90 mmol C m
-2

 d
-1

 to 0.18 mmol C m
-2

 d
-1

) and commensurate increase in 

the rate of denitrification (0.69 to 2.69 mmol C m
-2

 d
-1

), meant that SO4
2-

 reduction 

accounted for 6 % of total C-oxidation during this period.  At the 1200 m site during the 

intermonsoon, a high rate of SO4
2-

 reduction (0.13 mmol m
-2

 d
-1

) was apparent in one 
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core, whilst SO4
2-

 reduction was undectable in a duplicate core, and hitherto undectable 

in all cores during the late-to-post SWM (Figure 5.5; Table 5.4).  The ephemeral 

importance of SO4
2-

 reduction at the 300 m and 1200 m sites may reflect spatial or 

temporal heterogeneity with regard to OM distribution within the sediments, or a 

varying benthic response to monsoon-forced OM input.  Elsewhere on the lower 

margin, SO4
2-

 reduction was either undetectable (940 m late-to-post SWM) or occurred 

at low rates (1850 m; 0.02-0.04 mmol C m
-2

 d
-1

).  In these areas, denitrification (940 m 

and 1850 m) and/or aerobic respiration (1850 m sites) dominated C-oxidation 

(Table 5.5). 

On other upwelling-affected continental margins, for example, the Peruvian 

(Fossing, 1990; Böning et al., 2005), Chilean (Thamdrup and Canfield, 1996, 

Ferdelman et al., 1997), Mexican, or Washington margins (Hartnett and Devol, 2003), 

depth-integrated SO4
2-

 reduction rates often exceed 5 mmol C m
-2

 d
-1

.  The proportion 

of C-oxidation that is coupled to SO4
2-

 reduction in these regions is also high.  For 

example, Thamdrup and Canfield (1996), working on the Chilean margin, found that 

100 % of C-oxidation in shallow sediments (32-122 m) and > 50 % of C-oxidation at 

deeper sites (≥ 1015 m), was coupled to SO4
2-

 reduction.  Similarly, Hartnett and Devol 

(2003), found that ~ 55 % of C-oxidation on the Washington margin (water depth of 85-

2746 m) was coupled to SO4
2-

 reduction.  In comparison, SO4
2-

 reduction rates reported 

here for sediments from the Pakistan margin are 1-2 orders of magnitude lower (max SC 

0.9 mmol C m
-2

 d
-1

), whilst the proportion of C-oxidation that is coupled to SO4
2-

 

reduction is comparatively small (average all sites ca. 15 %).  Given that all of the 

known precursors for SO4
2-

 reduction exist on the Pakistan margin (i.e. high 

concentrations of OM, O2 depletion, available porewater SO4
2-

), it is unusual that 

correspondingly high rates of SO4
2-

 reduction are absent.  However, several other 

authors have also reported on an enigmatic lack of SO4
2-

 reduction in Arabian Sea 
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sediments, on both the Pakistan and Oman margins (e.g. Pedersen and Shimmield, 

1991; Emeis, 1991; Passier et al., 1997; van der Weijden et al., 1999; Schenau et al., 

2002).  Pedersen and Shimmield (1991) and Passier et al., (1997) argued that the 

presence of unreactive OM in sediments on the Oman margin suppressed SO4
2-

 

reduction.  At the Pakistan margin study sites, sedimentary OM, whilst in abundance, is 

also of a relatively refractory nature (e.g. Woulds, 2006; Cowie et al., 2009).  In 

addition, dissimilatory metal reduction and resulting electron donor limitation, together 

with an absence of labile OM within the sediment subsurface, may serve to suppress 

SO4
2-

 reduction on the Pakistan margin.  Indeed, competitive exclusion mechanisms 

which inhibit SO4
2-

 reduction have been described for sediment incubation experiments 

(Lovely and Philips, 1987).  Regardless, the reduced importance of SO4
2-

 reduction on 

the Pakistan margin, and elsewhere in the Arabian Sea, is significant and suggests that 

less OM is degraded via SO4
2-

 reduction on the Pakistan margin than in similar 

upwelling-affected continental margin environments. 

 

5.6. Summary 

A synthesis of measurements detailing aerobic and anaerobic TEAP’s and resulting 

C-oxidation rates in sediments from outside and within the Pakistan margin OMZ, at 

points before and after the SWM, has been presented, with the aim of discerning how 

strong gradients in bottom-water O2, biomixing, and seasonal inputs of OM affect 

microbially mediated C-oxidation processes.  Several key findings emerge from this 

work: 

• Despite the evidence of a clear monsoon impact on water-column 

biogeochemistry (expansion of the OMZ over the 140 m site), most benthic process 

rates, as well as sedimentary OM contents and compositions (Cowie et al., 2009; 

Woulds, 2006; Jeffrys et al., 2009), showed few consistent changes from the inter- to 
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the late-to-post SWM sampling periods.  This may have been due to rapid processing of 

OM deposited at the seafloor (on timescales of days to weeks), such that the monsoon 

signal was removed by the time of the late-to-post SWM sampling. 

• The distribution and importance of O2 as an electron acceptor was dominated by 

the position and intensity of the OMZ.  Sites on the upper and lower perimeters of the 

OMZ (140 m intermonsoon, 1200 m, and 1850 m) had deeper O2 penetration depths, 

greater rates of biomixing, and higher resultant O2 consumption rates.  However, whilst 

aerobic respiration was an important TEAP at these sites, accounting for ≤ 64 % of C-

oxidation, O2 uptake via reaction with reduced species (primarily NH4
+
) severely 

limited potential aerobic C-oxidation.  At the low O2 sites (140 m late-to-post SWM, 

300 m, and 940 m) low-to-undetectable bottom-water O2, limited biomixing, and 

reoxidation of reduced compounds, all but negated aerobic C-oxidation processes. 

• Sedimentary denitrification occurred at all sites on the Pakistan margin.  In situ 

nitrification-denitrification was important at sites outside the OMZ, enhancing 

denitrification by ~ 40 %.  Whilst nitrification was inhibited within the OMZ due to the 

absence of O2, denitrification was a quantitatively important and an often-dominant C-

oxidation pathway at all sites, accounting for 36-99 % of C-oxidation.  The offsets 

between rates of NO3
-
 drawdown and N2 production at the 1850 m site during the late-

to-post SWM indicated the possible occurrence of alternative N-cycling pathways along 

the lower OMZ oxycline.  If the rates of denitrification in the Pakistan margin sediments 

are representative of those in other OMZ regions, sedimentary denitrification may prove 

to be a primary component of the estimated 100-280 Tg N y
-1

 deficit described in the 

global N-cycle (Devol et al., 1997; Brandes and Devol, 2002; Lehmann et al., 2004). 

• Rates of C-oxidation coupled to metal reduction were negligible at all sites, 

accounting for < 2 % of C-oxidation; however, problems associated with porewater-

based measurements of metal reduction render the results to be a likely underestimate.  
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Application of sorption-incubation assays (e.g. Canfield, 1993a; Thamdrup, 2000) in 

OMZ environments may reveal an increased significance for organotrophic metal 

reduction; particularly on OMZ oxyclines, where prevailing geochemical conditions and 

enhanced biomixing are likely to facilitate enhanced rates of metal cycling. 

• Sulphate reduction rates across the Pakistan margin were surprising low (0-0.45 

mmol m
-2

 d
-1

), showing distinct spatial and temporal variability.  Sulphate reduction 

facilitated low rates (< 6 %) of C-oxidation at all but two sites, where it accounted for 

31 % (140 m late-to-post SWM) and 56 % (300 m intermonsoon) of C-oxidation.  The 

measured SO4
2-

 reduction rates, and resulting C-oxidation rates, were 1-2 orders of 

magnitude lower than rates reported for sediments on other OMZ affected margins e.g. 

off Chile, Peru, Washington state, and Mexico.  The presence of unreactive OM and 

possible competitive inhibition of sulphate reducing bacteria may serve to suppress 

sulphate reduction on the Pakistan margin. 
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Abstract 

Eight short sediments cores (ca. 0-30 cm) from within and outside the OMZ present 

on the Pakistan margin were recovered during cruise CD 151 of the RRS Charles 

Darwin, and cruise 90 of the RV Sonne.  Solids (both cruises) and porewaters (cruise 

CD 151) were analysed for major, minor, and trace element content.  The combined 

data was used to evaluate the spatial distribution patterns of elements in sediments on 

the Pakistan margin with respect to sediment provenance, biogeochemical controls, and 

post-depositional mobility.  The lithogenic fraction of Pakistan margin sediments was 

found to be dominated by riverine input from the Indus.  In comparison, aeolian input as 

indicated by dust-proxy abundance (e.g. Mg/Al, Si/Al) was negligible.  Iron and Mn 

displayed active redox-cycling at all sites, but Mn supply to the OMZ sediments was 

limited by Mn reduction within the OMZ water-column.  In turn, Mn was effectively 

transported out of the OMZ and accumulated in underlying oxic sediments.  Barium 

concentrations also increased with depth outside the OMZ.  Here, Ba preservation in 

barite-saturated deep waters, and enhanced Ba-supply with freshly depositing Mn-

oxyhydroxides, likely facilitated enrichment.  A number of other elements (e.g. Mo, Co 

and Ni) also appeared to cycle with Mn at the oxic sites.  Conversely, at the low-O2 

OMZ sites, these elements displayed lithogenic distribution.  In contrast, sediment P 

content was highest in OMZ surface sediments.  Phosphorus was however recycled in 

the surface sediments, commensurate with Fe reduction.  Uranium displayed unique 

behaviour at the Pakistan margin sites, being authigenically enriched at all sites, at-or-

below the zone of sediment Fe-reduction.  Regardless, in comparison to sediments 

deposited on similar upwelling affected continental margins, the degree of trace element 

enrichment in Pakistan margin sediments is low.  These findings highlight that 

enhanced productivity and OM supply to the sediments, and a strong OMZ, are not 

prerequisites for trace element authigenesis.aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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6.1. Introduction 

With the proliferation of modern sampling techniques and the development of multi-

elemental analytical procedures, it has become increasingly common for major, minor, 

and trace elements to be used as palaeo-environmental indicators (proxies).  Indeed, 

element records in sediments have been used to reconstruct past variations in climate 

change, oceanic primary productivity, water-column and sediment redox conditions, and 

hydrothermal and tectonic activity (e.g. Brumsack, 1989; Francois, 1988; Shimmield et 

al., 1990; Colodner et al., 1995; Nameroff et al., 2002; Böning et al., 2004 and 2005; 

Schenau et al., 2005; van der Weijden et al., 2006; Spofforth et al., 2008).  However, 

the elemental composition of sediments reflect a wide range of geological, 

oceanographic, and biogeochemical controls, which include the redox status of the 

ocean and surficial sediments, the partitioning of individual elements between the solid 

and solution phase, and the composition of lithogenic and biogenic detritus supplied to 

the seafloor.  Furthermore, post-depositional effects, including digenetic element-

cycling, authigenesis, biomixing, erosion, and redeposition, can act to mask or destroy 

primary sediment signals.  As a consequence, many uncertainties remain concerning the 

use of proxy indicators. 

In the modern environment, the factors that control sediment composition can be 

unequivocally related to current oceanographic and sedimentary conditions.  Thus, to 

better define proxy behaviour, high-resolution geochemical surveys of contemporary 

sediments, exhibiting markedly different depositional regimes, are essential.  Of all 

ocean regions, upwelling affected ocean margins offer an ideal natural laboratory for 

such studies, as sediments in these regions are subject to extreme variations in OM 

influence, aeolian deposition, water-column oxygenation, and sediment redox status.  

As a consequence, sediment composition can change radically over narrow water depth 

ranges.  However, whilst high resolution geochemical surveys of contemporary 
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sediments have been completed on the upwelling affected Californian, Indian, Oman, 

Chilean, Peruvian, and Namibian margins (Brumsack, 1989; Paropkari, 1990; Morford 

and Emerson, 1999; Nameroff et al., 2002; Böning et al., 2004 and 2005; Borchers et 

al., 2005; Laluraj and Nair, 2006), a dearth of information concerning sediment 

composition is available for the Pakistan margin of the Arabian Sea.  As this region 

represents a contemporary geochemical ‘hotspot’ for open-ocean O2 depletion, OM 

deposition, OM preservation, and benthic solute fluxes, it is important that we discern 

how these processes are recorded in the region’s sediment.  Furthermore, historical 

sediments in this region may contain important information detailing past variation in 

Indian Ocean monsoonal circulation and/or OMZ intensity, and sound interpretation of 

the geochemical signature of contemporary Pakistan margin sediments may aid 

interpretation of palaeo-records.  Consequently in this chapter, the distribution of major, 

minor, and trace elements in contemporary sediments from the Pakistan margin are 

examined. 

 

 

6.2. Objectives 

The primary objective of this chapter is to provide a multi-element geochemical 

dataset for near-surface Pakistan margins sediments, at a range of sites that exhibit 

markedly different depositional regimes.  This data will be used to (a) evaluate the 

spatial distribution patterns of major, minor, and trace elements on the Pakistan margin 

with respect to sediment provenance, biogeochemical controls, and post-depositional 

mobility; (b) elucidate the coupling of trace element cycles to the C, Mn, Fe and S 

cycles; and (c) compare characteristic geochemical signals from the Pakistan margin to 

those documented in other major OMZ regions. 
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6.3. Methods 

6.3.1. Sample collection 

Samples (sediments and porewaters) were collected on the Pakistan margin of the 

Arabian Sea during two research cruises.  Firstly, samples were collected from the RRS 

Charles Darwin during research cruise CD 151 (Cowie, 2004b), which was conducted 

during September-October, 2003.  During this cruise a five-site offshore transect to the 

northwest of the Indus Canyon was sampled (Figure 6.1).  Sampling depths were: 

140 m, 300 m, 940 m, 1200 m, and 1850 m.  In addition, a supplemental dataset 

compromising sediment elemental data from three other sites on the same margin 

(Calvert, unpublished data) is included for interpretation.  These samples were collected 

from the R/V Sonne as part of the collaborative PAKOMIN study during cruise Sonne-

90 (September, 1993) at depths of 483 m, 776 m, and 1506 m (Figure 6.1). 

 

6.3.2. Coring 

Cores from cruise CD 151 were recovered with a Bowers and Connelly megacorer 

(see § 2.2.3).  Cores from cruise Sonne-90 were recovered with a 50 x 50 cm Kasten 

box corer (sampling protocols outlined by Cowie et al., (1999)).  In both cases, only 

cores with a reasonably undisturbed sediment-water interface were taken for analysis. 

 

6.3.3. Core processing 

An overview of core processing (CD 151 samples) is provided in § 2.2.4.  Briefly, 

sediment cores were removed from the coring apparatus, capped, and transported to a 

controlled-temperature (CT) laboratory, which was kept at site-specific in situ bottom-

water temperatures.  Cores were then transferred to a N2 glove bag for vertical 

sectioning and collection of sediments and porewaters via centrifugation.  Cores 

collected on cruise Sonne-90 were sub-cored on deck (core i.d. 9 cm) and vertically 
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sectioned at in situ temperature under an N2 atmosphere.  Porewaters were not sampled 

from Sonne-90 cores. 

 

6.3.4. Sediment dissolution 

Samples from cruise Sonne-90, and sediments from cruise CD 151 to be measured 

for Si content, were homogenised for XRF measurement according to the method 

outlined by Calvert, (1990).  Additional samples from cruise CD 151 were homogenised 

and chemically digested for elemental analysis (see § 2.3.1 and § 2.3.3).  Here, sediment 

underwent dissolution in a CEM MARS 5 microwave digestion system in a HNO3 

(48 %), HCl (48 %) and HF (36 %) acid mixture (ratio 5 : 3 : 2).  The Natural Sciences 

and Engineering Council of Canada ‘MESS 3’ and the Community Bureau of Reference 

‘GBW 07315’ certified reference materials were included in each digestion batch to 

assess the completeness of the dissolution technique, which was found to be excellent 

(see § 2.4). 

 

6.3.5. Major element analysis 

The major elemental composition (Al, Ba, Ca, Fe, K, Mg, Mn Na, Sr, and Ti) of 

sediments collected on cruise CD 151 were determined by inductively coupled plasma 

optical emission spectrometry (ICP-OES) (see § 2.3.6).  The response of the ICP-OES 

was calibrated with single element five-point matrix matched external calibration lines.  

Analytical precision for all majors was ≤ 6 %.  The major elemental composition of 

cores from cruise Sonne-90 (as above), and the Si content of sediments collected on 

cruise CD 151 were determined by X-ray fluorescence spectrometry (XRF) following 

the method described by Calvert, (1990), with a precision of < 5 %. 
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Figure 6.1. Map showing sampling site locations and bathymetry of the Pakistan Margin study 

region (contours at 20 m intervals).  Included are sites from cruises CD 151 and Sonne-90.  

Bathymetry courtesy of Gareth Knight, Liz Rourke, and Brian Bett (National Oceanography 

Centre, Southampton, UK). 
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6.3.6. Minor element analysis 

The minor elemental composition (Co, Cr, Cu, Li, Ni, P, V, Y, Yb, Zn, and Zr) of 

samples collected on cruise CD 151 were determined by ICP-OES using a MSF 

algorithm (see § 2.3.7).  The response of the ICP-OES was calibrated against five-point 

matrix matched multi element standards, created using a representative sample (digested 

sediment) and certified single element standard solutions.  Analytical precision for Cr, 

Li, Ni, P, V, Y, and Zr was ≤ 5 %, ≤ 7 % for Cu and Zn, and ≤ 8 % for Co.  The minor 

elemental composition (Co, Cr, Cu, Li, Mo, Ni, P, Pb, V, Y, Zn, and Zr) of cores from 

cruise Sonne-90 was determined by XRF following the method described by Calvert, 

(1990), with a precision of better than 10 %. 

 

6.3.7. Trace element analysis 

The trace element composition of sediments (Mo, Pb, and U) collected on cruise 

CD 151 were measured by inductively coupled plasma mass spectrometry (ICP-MS) 

(see § 2.3.9).  Digested sediment sample analytes were measured relative to multi 

element five-point external calibration lines; created using certified standard solutions.  

Non-spectroscopic interferences were accounted for through internal standardisation 

using indium and bismuth.  The precision of analysis was ≤ 7 % for Mo, Pb, and U. 

 

6.3.8. Porewater analysis 

Porewater Mn and Fe concentrations were measured by ICP-OES (see § 2.3.8) and 

porewater Mo and U concentrations were measured by ICP-MS (see § 2.3.10).  Both 

analyses were made relative to multi-element external calibration lines, created using 

the Natural Sciences and Engineering Council of Canada CASS-4 certified sea water 

reference material and certified single element standard solutions.  The precision of 
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pore-water analysis was quantified through measurement of an in-house seawater 

standard and was ≤ 5 % for all elements. 

 

6.3.9. Organic carbon and total nitrogen analysis 

Sedimentary organic carbon and nitrogen content was analysed by flash combustion 

gas chromatography, using a LECO 900 CHN analyser according to the method 

outlined by Verardo et al., (1990) (see § 2.2.11).  The response of the LECO 900 CHN 

analyser was calibrated with five standards (acetanilide) and three blank aluminium 

cups.  Precision was ≤ 5 %. 

 

6.4. Results and Discussion 

6.4.1. General site characteristics 

6.4.1.1. Description of study area 

A full overview of site characteristics is provided in Chapter 3.  In short, during 

cruise CD 151, the Arabian Sea OMZ (O2 < 22 µM) was evident between 115-1300 m 

water depth on the Pakistan margin, with seasonal variation in the depth of the upper 

OMZ boundary recorded during sampling (Chapter 3, Figure 3.1).  At the time of the 

Sonne-90 cruise, the OMZ occupied a similar position in the water-column (ca. 100-

1200 m; Cowie et al., 1999).  Accordingly, several of the sites discussed in this study 

(300 m, 483 m, and 776 m) lie within the core of the OMZ, two sites (940 m and 

1200 m) lie along the lower OMZ transitional margin, and two sites (1506 m and 

1850 m) lie outside the OMZ (Chapter 3, Figure 3.1; Cowie et al., 1999).  An additional 

site (140 m) was within the OMZ during cruise CD 151; however, due to a seasonal 

change in the depth of the upper OMZ boundary, this site was subject to large variations 

in bottom-water O2 concentration (Chapter 3, Figure 3.1).  Sediment O2 penetration 

depths were also measured at the 140 m, 300 m, 940 m, 1200 m, and 1850 m sites 
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(Breuer et al., 2009; Chapter 3).  Penetration depths corresponded to bottom water 

oxygenation; consequently, O2 penetration was deepest (~ 12-18 mm) at the 1850 m 

site, and shallowest (~ 0 mm) at the 300 m site (Chapter 3, Figure 3.2).  Oxygen 

penetration depths were not measured at the Sonne-90 sites (483 m, 776 m, and 

1506 m). 

Sediment OM concentrations (Corg) determined from samples collected on cruise 

CD 151 displayed an approximate inverse spatial relationship with bottom water O2 

concentrations (Figures 3.1 and 6.5; Cowie et al., 2009).  The highest OM 

concentrations were found on the lower OMZ transition (Corg ~ 3-4 wt % at the 940 m 

and 1200 m sites), with intermediate concentrations found within the OMZ core 

(Corg ~ 2-3 wt % at the 300 m site), and lowest concentrations found outside the OMZ or 

along the OMZ upper margin (Corg ~ 1-1.5 wt % at the 140 m and 1850 m sites).  Cowie 

et al., (1999) described similar OM distribution at the Sonne-90 sites (ca. 3.1 wt %, 

2.8 wt %, and 1.4 wt % Corg at the 483 m, 776 m, and 1506 m sites, respectively).  

Surveys of the Pakistan margin benthic communities and sediment structure were 

completed at the CD 151 study sites.  The composition of the benthic communities 

varied with bottom-water O2 concentration, with burrowing metazoan macrofauna 

found at the 140 m, 940 m, 1200 m, and 1850 m sites, and foraminifera found at the 

300 m site (Levin et al., 2009; Gooday et al., 2009).  X-radiographs showed that 

sediments at the 140 m, 1200 m, and 1850 m sites were fully bioturbated, partially 

bioturbated at the 940 m site, and unevenly laminated at the 300 m site (Hughes et al., 

2009; Levin et al., 2009).  Sediments at the Sonne-90 483 m and 776 m sites were 

laminated, and fully bioturbated at the 1506 m site (Cowie et al., 1999).  Sediment 

grainsize distribution was quantified at all sites and was found to be remarkably uniform 

across the margin, being predominantly composed of silt and clay sized particles 

(Chapter 3, Figure 3.6; Keil and Cowie, 1999). 
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6.4.1.2. Lithogenic background for the Pakistan margin 

The chemical composition of the sediments collected on cruises CD 151 and Sonne-

90 are listed (per core) in Appendix Tables 6-11.  Element to aluminium ratios (E/Al) 

are used throughout this chapter to highlight subtle changes in sediment chemical 

composition that are not caused by lithogenic dilution.  However, to distinguish 

between lithogenic and non-lithogenic controlled element enrichment in the sediments, 

and to establish the degree of non-lithogenic enrichment, it is necessary to accurately 

determine the extent of lithogenic control.  Average shale is commonly used as a 

lithogenic proxy when regional geochemical information concerning lithogenic 

provenance is unavailable (e.g. Calvert and Pedersen, 1993; Morford and Emerson, 

1999).  However, when shale is used as a lithogenic proxy in this study, several 

elements return negative non-lithogenic values (Al, Ti, Ba, Mn, Cr, Cu, Mo, and U), 

indicating that shale provides an unrepresentative lithogenic proxy. 

Establishing a more accurate lithogenic background for Arabian Sea sediments is 

difficult because the provenance of lithogenic material supplied to basin is complex.  

Previous studies of sediment elemental composition and clay mineralogy indicate that 

lithogenic material transported to the Arabian Sea originates from four main sources: (i) 

river runoff into the eastern basin from the Indus, Narbada and Tapti rivers, (ii) major 

dust inputs across the basin from Somalia and Oman, (iii) minor dust inputs across the 

basin from Iran, Pakistan, and India, and/or (iv) inputs from the in situ weathering of the 

Carlsberg Ridge (Gorbunova, 1966; Goldberg and Griffin, 1970; Kolla et al., 1976 and 

1981; Shankar et al., 1987; Sirocko and Lange, 1991; Ramaswamy et al., 1991; Sirocko 

et al., 2000).  In this study, the sampling areas proximity to the Indus River dictates that 

riverine derived materials should dominate the regional lithogenic signal.  Indeed, when 

dust proxy (Si/Al, Mg/Al, Ti/Al, Cr/Al) abundance (Figure 6.2) at the Pakistan margin 
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study sites is compared to locations in the western (WAST), central (CAST), northern 

(NAST), and southern Arabian Sea (SAST) (Schnetger et al., 2000), values on the 

Pakistan margin are lower, with a general west-east basin wide trend evident in 

decreasing dust input.  

 

 

Figure 6.2. Proxies for dust input (Si/Al, Ti/Al, Mg/Al, and Cr/Al) for Arabian Sea abyssal 

sediments (sites WAST, CAST, NAST, SAST; see § 6.3.4 for site explanation) (from Schnetger 

et al., 2000) and commensurate data for the Pakistan margin study sites (averaged data, all sites, 

0-30 cm), showing general west-east cross-basin trend in dust input. 

 

If the lithogenic component of Pakistan margin sediments is dominated by riverine 

input from the Indus, the geochemical signature of the region’s sediments should reflect 

the river’s source geology.  The geochemical composition of sediments and flood plain 

soils in the lower reaches of the Indus indicate that the river’s sediment load is largely 

comprised of materials weathered in the Kohistan and Hunza regions of the Southern 

Karakoram Mountains (SKM) (Beg, 1993; Lee et al., 2003; Clift et al., 2002).  Both 

regions of the SKM, whilst showing variation in their regional geology, are mainly 

composed of intermediate to mafic-intermediate plutonic and volcanic rocks (e.g. 

granodiorites, diorites, andesites) (Jan and Howie, 1980 and 1981; Peterson and Windly, 
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1985 and 1991).  To test whether the sediments on the Pakistan margin reflect 

lithogenic supply from the SKM, data (all sites, 0-30 cm) were plotted in the ternary 

system Al2O3, MgO·2, K2O·2 (Figure 6.3).  Magnesium and potassium were used to 

differentiate source-geology as they are concentrated to different degrees in igneous 

rocks; for example, mafic rocks (e.g. basalt) typically have a lower K/Al ratio and 

higher Mg/Al ratio than felsic rocks (e.g. ryhlolite). Additionally, Al, Mg, and K are 

largely not subject to post-depositional (diagenetic) alteration.  Figure 6.3 demonstrates 

that all sites on the Pakistan margin have a relatively uniform composition, with 

samples plotting closest to diorite and andesite, which are intermediate-plutonic rocks 

common to the SKM (Peterson and Windley, 1985 and 1991; Searle, 1991).  Figure 6.3 

also indicates that dust inputs from Oman are unimportant, as any significant input from 

this region would skew the lithogenic composition towards the region’s dominant 

mafic-to-ultra-mafic geology (e.g. ophiolite terrains composed of basalts, dolerites and 

gabbros; Glennie, 1995 and references therein).  Together, this data supports the 

inference that the lithogenic fraction on Pakistan margin is dominated by supply from 

the nearby Indus River.  Shankar et al. (1987) also conclude that the Indus dominates 

sediment supply on the Pakistan margin. 

 

 

Given that the source geology of the Pakistan margin study sites appears to be more 

like intermediate igneous rocks, crustal reference values are used in subsequent 

calculations and are additionally included in all relevant figures.  Shale reference values 

are also included in relevant figures for comparison. 
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Figure 6.3. Components of the Pakistan margin sediments and common igneous rock types in 

the system Al2O3, K2O·2, MgO·2, (relative weight ratios normalised to 100 %).  Igneous rock 

compositions are from Le Maitre, (1976). 

 

6.4.1.3. Bulk sediment components 

As a first approximation, marine sediments can be considered as a mixture of 

lithogenic material, biogenic carbonate, biogenic silicate (opal), and OM.  A ternary 

system with end-members of: (i) Al2O3 (representative of clay minerals), (ii) SiO2 

(representative of quartz, silicates, and opal), and (iii) CaO (representative of 

carbonates), can be used to examine the bulk composition of sediments.  Using this 

system (Figure 6.4), sediments on the Pakistan margin generally have a composition 

similar to that of average shale/crust, with all samples plotting on or near a mixing line 

between shale/crust and (marine) carbonate.  A similar composition has been described 

for sediments collected at abyssal depths throughout the Arabian Sea (Schnetger et al. 
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2000).  Interestingly, higher sedimentary carbonate and silica contents are commonly 

found in other upwelling regions (e.g. Californian, Chilean, and Namibian margins) due 

to increased primary productivity and a resultant increase in the export of calcareous 

and siliceous planktonic remains to depth (Brumsack, 1989; Böning et al, 2005; 

Borchers et al., 2005).  On the Pakistan margin, shallower sites have a higher proportion 

of lithogenic material, while deeper sites (1506 m and 1850 m) have a proportionally 

higher carbonate and silicate content and lower lithogenic content (Figure 6.4).  The 

lower carbonate and silica contents at the shallower sites (140 m-1200 m) could reflect 

enhanced OM turnover, however, this is unlikely as C-oxidation rates (Chapter 5), 

porewater H2SiO4 concentrations, and benthic H2SiO4 fluxes (Woulds et al., 2009) at the 

Pakistan margin study sites were generally lower under suboxic bottom waters.  Instead, 

this relation may reflect lower levels of clastic dilution at deeper sites which are further 

removed from sources of terrestrial material (e.g. rivers and/or sources of dust input 

from Pakistan). 

 

 

6.4.1.4. Hydrodynamic regime and OM distribution 

Hydrodynamic sorting can exert a major influence on the distribution pattern of 

settling material in sedimentary environments, as high bottom-currents typically cause 

sediment resuspension and winnowing, which removes the finest grain-size sediment 

fractions (e.g. organic matter, clay), leaving coarser residual deposits.  Heavy minerals 

(e.g. zircon) typically behave hydraulically like larger particles and are enriched in 

reworked sediments relative to finer-grained fractions.  Consequently, Zr/Al ratios 

provide proxy indicators for sediment texture, with high Zr/Al ratios symptomatic of 

reworked deposits (Shimmield et al., 1990; Dellwig et al., 2000). 
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Figure 6.4.  Components of the Pakistan margin sediments in the system Al2O3·5, CaO·2, SiO2 

(relative weight ratios normalised to 100 %).  The black unfilled square and circle represent 

average shale and crust, respectively (Wedepohl, 1971).  Dashed line represents a binary 

mixture between average shale and (marine) carbonate.  Dotted regions indicate nominal data 

range for sediments characterised on the Namibian margin (Borchers et al., 2005) and the 

abyssal Arabian Sea (Schnetger et al., 2000) (as labelled). 

 

Cross-margin OM concentrations on the Pakistan margin range from ~ 0.7-4.0 wt %, 

with a concentration maxima broadly coincident with the OMZ (Chapter 3, Figure 3.1; 

Figure 6.5).  Comparable OM distributions have been described for this (Cowie et al., 

1999) and other margins where an OMZ impacts the seafloor (e.g. von Stackelberg, 

1972; Pedersen et al., 1992; Paropkari et al., 1992 and 1993; Calvert et al., 1995; 

Lückge et al., 1996; Böning et al., 2004).  The cause of increased OM concentrations at 

OMZ depths is a matter of great debate (see § 5.1).  Covariance between low bottom-

water O2 and high OM content has been attributed to greater OM preservation in the 
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absence of O2 (e.g. Paropkari et al., 1992, 1993); however, at the Pakistan margin study 

sites Cowie et al. (2009) note that OM distribution does not correlate with bottom-water 

O2.   

 

 

Figure 6.5. Water column dissolved O2, surface sediment Corg, aC/N, and Zr/Al (left-right) at 

the Pakistan margin study sites (140 m-1850 m).  Data is averaged over 0-5 cm.  Error bars are 

1σ of downcore variation. 

 

Interestingly, a similar trend has been documented on the neighbouring Oman 

margin (Pedersen et al., 1992).  Here, sediment OM content, and measures of OM 

reactivity (C/N ratios) were weakly correlated with bottom water O2.  Instead, sediment 

C/N ratios were strongly correlated with indices of sediment hydrodynamic sorting 

(Zr/Al) (Pedersen et al., 1992).  As shown in Figure 6.6, the positive covariance 

between C/N ratios and Zr/Al on the Oman margin was pronounced (r > 0.7, p <0.001); 

thus it would appear that hydrodynamic reworking significantly affects OM distribution 

on this margin, favouring OM preservation at sessile sites (Pedersen et al., 1992).  In 

contrast, covariance between C/N ratios and Zr/Al is not significant at the Pakistan 

margin study sites (r -0.53, p 0.18) (Figure 6.6).  Indeed, whereas OM contents and C/N 

ratios vary across the Pakistan margin (Figures 6.5 and 6.6), Zr/Al ratios in the surface 

sediments (0-5 cm) show little inter-site variation, indicating that contemporary bottom-
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currents are largely constant, irrespective of site depth.  Furthermore, down-core Zr/Al 

ratios are also invariant (data not shown).  These results are consistent with all study 

sites lying in regions of shallow slope bathymetry (Figure 6.1).  As a consequence, it 

appears that hydrodynamic factors do not have a major influence on OM distribution on 

the Pakistan margin.  Instead, other factors such as (i) suppressed rates of total (oxic and 

anoxic) C-oxidation or reduced O2 exposure at OMZ sites (Chapter 5), (ii) differing OM 

inputs and sedimentation rates, or (iii) mineral grain size and sorptive effects (Keil and 

Cowie, 1999; Vandewiele et al., 2009) are likely to contribute to the observed cross-

margin trends. 

 

 

Figure 6.6. Pearson correlation between surface sediment C/N and Zr/Al on the Pakistan (black 

symbols) and Oman margins (grey symbols).  Oman margin data from Pedersen et al., (1992). 

 

6.4.2. First order relationships and the lithogenic grouping 

To reveal any first-order relationships between the chemical components and to 

highlight major controls governing sediment composition, bulk element data from all 

sites (Appendix Tables 6-11) was analysed with a Pearson correlation coefficient 

matrix.  Results of this treatment (Table 6.1) highlight three element groupings: 

lithogenic, biogenic, and diagenetic. 

Pronounced (r ≥ 0.6), statistically significant (p < 0.05) interelement correlations 

exist between Al, K, Mg, Fe, Ti, Li, V, and Pb (Table 6.1).  Correlations between these 
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elements and Si are lower (r ≤ 0.6), as Si contents reflect biogenic opal as well as 

lithogenic content.  Regardless, these elements most-probably reflect the continental 

derived alumnosilicate fraction at the Pakistan margin study sites, and the strong 

correlation between key lithogenic markers (e.g. Al, Fe, K, Mg, and Ti; Table 6.1) 

suggests a commonality in the dominant lithogenic source region (i.e. the Indus River 

see § 6.4.1.2). 

As noted in § 6.4.1.3, lithogenic elements are generally enriched at the shallow sites 

(Figure 6.7).  This likely reflects a decrease in lithogenic input with additional distance 

off-shore, or a decrease in lithogenic dilution with OM.  Down-core, most lithogenic 

elements (as demonstrated by Al and Ti; Figures 6.8 and 6.9) show little variation, 

suggesting that lithogenic supply to the Pakistan margin has been hitherto constant over 

the depositional timeframe represented in the study.  In contrast, Fe concentrations are 

often increased in the surface sediments (0-15 cm bsf), reflecting the occurrence of 

microbially-mediated Fe-cycling (Fe-cycling is fully discussed in Chapter 3 and briefly 

discussed in § 6.4.1.1). 

Compared to other regions, concentrations of K, Li, and Pb in Pakistan margin 

sediments are similar to those reported elsewhere in the Arabian Sea (e.g. Shankar et al., 

1987; Sirocko et al., 2000).  In contrast, Al concentrations in the Pakistan margin 

sediments (ca. 6-8 wt %; Figure 6.8) are generally higher that those recorded off Oman 

and Somalia, and are similar to those found on the Indian margin (Sirocko et al., 2000).  

This variance may reflect differences in regional source geology as mafic to ultra-mafic 

(low-Al) rocks dominate in Oman and Somalia, and mafic to intermediate (higher-Al) 

rocks dominate in Pakistan and India.  Alternatively, the lower Al concentrations on the 

western margins of the Arabian Sea may reflect Al-dilution, due to an increased input of 

low-Al (Mg-rich) aeolian material (e.g. palygorskite or dolomite rich dusts) from the 

sabkhas of Arabia and eastern Africa (Ramaswamy et al., 1990; Sirocko et al., 1991; 
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Sirocko et al., 2000).  An increased input of Mg-rich dolomite and palygorskite to the 

western margins of the Arabian Sea may also explain why Mg concentrations in 

sediments off Pakistan (ca. 1.5-2 wt %) are regionally low (ca. 3-4 wt % Mg found in 

sediments off Somalia and Oman (Shankar et al., 1987; Sirocko et al., 2000)).  Titanium 

(0.33-0.42 wt %) and Fe (3.7-4.5 wt %)  (Appendix Tables 6-11) concentrations in the 

Pakistan margin sediments also represent regionally low values.  For example, off India 

and eastern Africa, Ti and Fe concentrations in sediments often exceed 0.5 wt % and 

5 wt %, respectively (Shankar et al., 1987; Sirocko et al., 2000; Laluraj and Nair, 2006).  

This offset almost certainly reflects variance in regional source geology, as basalts, 

which are typically rich in Ti and Fe (Turekian and Wedepohl, 1961), are abundant in 

India (Deccan) and eastern Africa (Ethiopia). 

 

 

 

 

 

Figure 6.7. Average sediment Al, Fe, Mg, K, and Ti concentrations (left-right) (per core) vs. 

water depth at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 1506 m, and 1850 m sites.  

Data is averaged over 0-30 cm.  Error bars are 1σ of downcore variation. Black dashed line = 

crust reference value, grey dashed line = shale reference value (Wedepohl, 1971 and 1995). 
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Figure 6.8 Downcore Al concentrations at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 

 

6.4.3. Biogenic grouping 

6.4.3.1. General trends 

Significant (r 0.5-0.6, p 0.05) negative correlations are apparent between key lithogenic 

elements (e.g. Al, Mg, K, Ti) and Ca at all of the Pakistan margin study sites (Table 

6.1), indicating clastic dilution of marine carbonates.  Calcium and Sr also show a 

strong positive co-variation (r 0.82, p 0.05), which likely reflects the substitution of Sr 

into the calcite lattice (Francois, 1988).  In contrast, key lithogenic elements do not 

show a strong negative correlation with Corg (Table 6.1); presumably due to the 

remineralisation of OM with increased sediment depth.  Interestingly, other elements 
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that are commonly associated with OM (e.g. Ba, Cu, Mo, P, V, Zn) also display limited 

covariance with organic markers (e.g. Corg, Ca, Sr), and instead appear to be associated 

with the sediment lithogenic fraction or diagenetic Mn and Fe (i.e. Mn/Fe-

oxyhydroxides) (Table 6.1).  Copper does however have a strong positive covariance 

with SiO2 (r 0.85, p 0.05).  Regardless, the general lack of metal covariance with OM 

contrasts with findings in other OMZ regions, where surface sediments are often 

enriched in organic associated elements (e.g. Nameroff et al., 2002; Borchers et al., 

2005).  Indeed, on the Mexican margin, sinking planktonic material is suggested to be a 

key source of V, Cu, Ba, Mo to the sediments (Nameroff et al., 2002).  Barium and P do 

however display interesting distribution patterns at the Pakistan margin sites (discussed 

in § 6.4.3.2. and 6.4.3.3). 

 

Figure 6.9 Downcore Ti concentrations at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 
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6.4.3.2. Barium 

Barite (BaSO4) precipitation in sinking organic detritus and/or Ba adsorption to 

sinking Mn-oxyhydroxides facilitates Ba supply to sediments.  Post-depositional 

dissolution of BaSO4 in sulphate reducing sediments and Ba desorption from Mn-

oxyhydroxides can then act to remobilise Ba from the sediments to the overlying 

waters, thus decreasing Ba burial in the sediment record.  Regardless, the general 

association of Ba with OM has meant that Ba is widely used as a proxy to 

reconstruction past variations in oceanic primary productivity (e.g. Bishop, 1977; 

Drymond et al., 1992).  This relationship has been reinforced by the general enrichment 

of Ba in contemporary sediments that underlie areas of high productivity.  A correlation 

between Ba, OM (Corg), and other common biogenic markers (e.g. Ca and Sr) is 

however lacking at the Pakistan margin sites (Table 6.1).  Instead, bulk Ba 

concentrations and Ba/Al ratios increase with added site depth (Appendix Tables 6-11; 

Figure 6.10).  Downcore, Ba/Al ratios remain largely constant, but transient surface 

sediment Ba enrichments are evident at a number of sites.  These may possibly reflect 

the deposition and subsequent dissolution of OM-associated barite or Ba containing 

Mn-oxyhydroxides (Figure 6.10). 

The cross margin Ba distribution (Figure 6.10) is counterintuitive as one would 

expect to find highest Ba concentrations in organic rich sediments deposited within the 

OMZ.  However, other authors have reported similar Ba distribution in sediments on the 

Oman margin (Hermelin and Shimmield, 1990; McManus et al., 1998) and at a range of 

other sites on the Pakistan margin (Schenau et al., 2001).  Schenau et al. (2001) have 

also determined Ba association with different sediment phases at Pakistan margin sites 

through application of a sequential extraction technique.  This revealed three major Ba 

fractions (i) barite, (ii) detritial Ba, and (iii) Mn/Fe-oxyhydroxide associated Ba.  At 
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their study sites, detritial Ba generally dominated (~ 60 %) at OMZ sites, with barite of 

secondary importance and Mn-oxyhydroxide associated Ba essentially absent.  In 

contrast, at their more oxygenated sites, barite concentrations increased linearly with 

added station depth, ultimately accounting for > 70 % of Ba at sites > 3000 m.  Mn/Fe-

associated Ba also became important at deeper sites, accounting for ~ 15 % of sediment 

Ba, whilst lithogenic Ba accounted for ca. 15 %. 

 

 

Figure 6.10. Downcore Ba/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 

 

Schenau et al. (2001) argued that this distribution reflected enhanced barite 

preservation at deeper sites, where bottom-waters were saturated with BaSO4.  

Additional factors, such as enhanced Mn/Fe-oxyhydroxide reduction, low rates of 
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bioturbation, and enhanced barite dissolution due to presumed SO4
2-

 reduction in low-

O2, organic rich sediments were also suggested as possible mechanisms that may limit 

Ba accumulation on the Pakistan margin (Schenau et al., 2001).  The Ba distribution 

described in this study (Figure 6.10) largely reinforce the findings of Schenau et al. 

(2001); however, given the low rates of SO4
2-

 reduction presented in this study (Chapter 

4), it is unlikely that SO4
2-

 reduction limits barite preservation at the OMZ sites. 

 

6.4.3.3. Phosphorus 

The attribution of P (an essential biogenic element) to either of the lithogenic or 

biogenic groupings is unclear (Table 6.1).  Bulk P concentrations (Pmax 0.1 wt %; 

Appendix Tables 6-11) are highest at the low-O2 sites (e.g. 300 m, 776 m, and 940 m).  

Here, P/Al ratios are enriched in surface-subsurface sediments and decrease towards 

lithogenic values with added depth (Figure 6.11).  Corresponding porewater PO4
3-

 

concentrations (CD 151 sites only) increase from 10 µM at the sediment surface to 50-

60 µM at ~ 10 cm, and then remain constant or marginally decrease to 30 cm (Figure 

6.12).  In contrast, P/Al ratios at the 140 m and 483 m sites show no apparent trend but, 

whereas P/Al ratios at the 140 m site are close to lithogenic values, P/Al ratios at the 

483 m site are high (Figure 6.11).  Interestingly, porewater PO4
3-

 distribution at the 

140 m site is comparable to that described for the 300 m and 940 m sites (Figure 6.12).  

At the more oxygenated sites (1200 m, 1506 m, and 1850 m), bulk P concentrations are 

lower (Pmax 0.06-0.1 wt %, Appendix Tables 6-11) and P/Al enrichments in the 

surface/subsurface sediments are not as marked (Figure 6.11).  Instead, P/Al ratios 

remain close to lithogenic values from 0-30 cm, however, limited surface sediment (0-

10 cm) enrichment is evident at the 1200 m and 1850 m sites.  Corresponding porewater 

PO4
3-

 concentrations (1200 m and 1850 m sites) are low (< 10 µM) and constant with 

depth (Figure 6.12).  Resultant benthic PO4
3-

 fluxes (calculated with the PROFILE 
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code) are highest (0.14-0.72 mmol m
-2

 d
-1

) at the 140 m and OMZ sites, and lowest 

(< 0.02 mmol m
-2

 d
-1

) at the more oxygenated 1200 m and 1850 m sites (Woulds et al., 

2009). 

 

Figure 6.11. Downcore P/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 

 

Schenau et al. (2000) and Schenau and De Lange (2001) have reported broadly 

similar sediment and porewater P distributions, and benthic PO4
3-

 fluxes, for a range of 

other oxic sites on the Pakistan and Oman margins.  In contrast, at OMZ sites in the 

same studies, sediment P concentrations increased with added sediment depth (Pmax 

0.25 wt % at 40 cm), commensurate with marked porewater PO4
3-

 depletion.  In both 

studies, these trends were argued to reflect the occurrence of active phosophogenesis on 

both margins; with P supply and subsequent liberation from fish debris (apatite in fish 



Chapter 6, Element distribution patterns 

 240 

bones and scales) suggested as the key factor permitting precipitation of an authigenic 

Ca-phosphate mineral in the sediments (Schenau et al., 2000; Schenau and De Lange, 

2001).  The absence of visible fish debris (e.g. bones or scales), commensurate with 

higher benthic P fluxes and a lack of P enrichment at depth (Pmax 0.2 wt % at 30 cm) at 

OMZ sites in this study (i.e. 300-940 m), would suggest that phosophogenesis on the 

Pakistan margin is ephemeral.  Instead, the P distribution described in this study is 

likely to reflect P release from sediment OM and/or Fe-oxyhydroxides.  Indeed, if we 

assume that OM deposited on the Pakistan margin has a Redfield composition (C/N/P = 

106/16/1; Redfield, 1958), and that it degrades in a stoichiometric manner; the 

estimated C-oxidation rates at the Pakistan margin study sites (Chapter 5) could account 

for 30 % (140 m) to 100 % (300-1850 m) of the reported benthic P fluxes.  Furthermore, 

P desorption from reducing Fe-oxyhydroxides could add to the P fluxes.  For example, 

using previously reported P/Fe ratios (P/Fe = 20-26; Lucotte et al., 1994; Louchouarn et 

al., 1997; Schenau et al., 2001) and estimated rates of Fe(III) reduction (Chapter 3), P 

desorption from Fe-oxyhydroxides can account for 5-37 % of the observed benthic P 

fluxes. 

 

 

Figure 6.12. Porewater PO4
3-

 concentrations at the 140 m, 300 m, 940 m, 1200 m, and 1850 m 

sites (data from Woulds et al., 2009).  Porewater PO4
3-

 concentrations were only measured to 

20 cm at the 1850 m site. 

 



Chapter 6, Element distribution patterns 

 241 

6.4.4. Diagenetic grouping 

6.4.4.1. Manganese and Iron 

The distribution of sediment and porewater Mn and Fe at the CD 151 sites is fully 

described in Chapter 3, and Mn and Fe sediment profiles from the Sonne-90 sites are 

presented in Cowie et al., (1999).  In brief, Mn concentrations in the sediments range 

from 0.03-0.6 wt % (Appendix Tables 6-11), with the highest Mn concentrations found 

at the 1850 m site.  Mn/Al ratios  (all sites) and porewater Mn profiles (CD 151 sites 

only) depict active Mn-cycling at all locations.  However, at OMZ sites, Mn/Al ratios in 

surface sediments are low and fall to lithogenic values below 1 cm due to Mn-

oxyhydroxide reduction in the prevailing suboxic conditions (Chapter 3, Figures 3.7-

3.8; Cowie et al., 1999).  The resultant efflux of porewater Mn from the OMZ sites, its 

export out of the OMZ, and subsequent reoxidation, appears to facilitate Mn enrichment 

in underlying oxic sediments. 

Iron concentrations in the sediments range from ~ 3.2-6.1 wt % (Appendix Tables 6-

11), with relatively uniform distribution evident across the margin.  Downcore, Fe/Al 

ratios (all sites) and Fe porewater profiles (CD 151 sites only) show clear diagenetic Fe-

cycling, with estimated rates of Fe
3+

 reduction greatest at OMZ sites (Chapter 3, Figure 

3.9-3.10; Cowie et al., 1999). 

 

6.4.4.2. Mn/Fe-oxyhydroxide associated elements 

Several elements (Co, Ni, Ba, and Mo) appear to mirror the distribution of reactive 

Mn (as denoted by Mn/Al), and the distribution of P appears to be related to diagenetic 

Fe-cycling (Table 6.1).  Whilst the distribution of Ba, Mo, and P are discussed 

elsewhere in this chapter (§6.4.3.2, §6.4.4.4, and §6.4.3.3, respectively), the association 

of Co and Ni (Figures 6.13 and 6.14) with Mn-oxyhydroxides likely reflects a simple 

charge balance reaction, whereby divalent Co and Ni cations are strongly attracted to 
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the net negative surface charge present on MnO2 particulates.  Indeed, under oxic 

conditions the sorption of M
2+

 cations to Mn-oxyhydroxides is well documented (e.g. 

Krauskopf, 1956; Takematsu et al, 1989; Stummeyer and Marghig, 2001; Koschinsky, 

2001; Koschinsky et al, 2003).  The subsequent prevalence of lithogenic Ni/Al and 

Co/Al ratios at the OMZ sites (Figure 6.13 and 6.14) likely reflects the decreased supply 

of Mn-oxyhydroxides to these locations.  Furthermore, the lower Co/Al and Ni/Al ratios 

at depths > 5 cm at the oxic sites presumably results from Ni and Co desorption from 

reducing Mn-oxyhydroxides.  Co/Al and Ni/Al ratios do however increase 

systematically with site depth, which may indicate that Co and Ni are not completely 

lost from the sediments upon remobilsation.  Instead, the released cations may diffuse to 

removal sites which may either constitute scavenging onto remaining Mn/Fe phases or 

sorption onto resident clays.  Precipitation with free sulphide however seems unlikely, 

given the low rates of sulphate reduction on the Pakistan margin. 

 

6.4.4.3. Vanadium 

Several authors have reported authigenic V enrichment in OMZ sediments on the 

Mexican and Peruvian margins (Nameroff et al., 2002; Böning et al., 2004).  Here, V 

concentrations increase with depth below the sediment surface, with V(V) reduction to 

V(IV) or V(III), under Fe to SO4
2-

 reducing conditions, suggested to mediate 

authigenesis (van de Sloot et al., 1985; Emerson and Husted, 1991; Wanty and 

Goldhaber, 1992).  Whilst OMZ affected sediments on the Pakistan margin support Fe 

and (marginal) SO4
2-

 reduction (Chapter 3; Chapter 5, § 6.4.1.1), commensurate 

enrichment of V is lacking.  Instead, V is correlated with key lithogenic elements (Table 

6.1) and V/Al ratios display limited variance with added sediment depth at all but the 

1850 m site (Figure 6.15).  Here, V is enriched in the surface sediments (0-2 cm), which 

may reflect V uptake and subsequent loss from deposited OM or Mn-oxyhydroxides.  A 
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secondary, transient, V enrichment peak is also evident at the 1850 m site between 5-10 

cm.  Vanadium sorption and cycling with Fe-oxyhydroxides may control this 

enrichment; however, why this feature is not present at the other sites is unknown. 

 

 

 

Figure 6.13. Downcore Co/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 
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Figure 6.14. Downcore Ni/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 
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Figure 6.15. Downcore V/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Black dashed line = crust reference value, grey dashed line = shale 

reference value (Wedepohl, 1971 and 1995). 

 

6.4.4.4. Molybdenum 

Thermodynamic considerations dictate that Mo should have an oxidation state of six 

in oxygenated waters (Mo
6+

).  Here, at neutral pH, Mo is strongly hydrolyzed and 

present as the oxyanion molybdate (MoO4
2-

(aq)) (Emerson and Huested, 1991).  

Molybdate shows negligible interaction with clay minerals, calcite, OM, and Fe-

oxyhydroxides and thus generally displays conservative behaviour in the water column 

(Morris, 1975; Collier, 1985; Goldberg et al., 1998); however, under oxic conditions, 

Mn-oxyhydroxides have been shown to have a capacity for Mo (Bertine and Turekian, 

1973).  Under reducing conditions, Mo is taken up into the sediments either via 

reduction to particle-reactive Mo
4+

, or through interaction with sulphide (e.g. Emerson 
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and Huested, 1991; Crusius et al., 1996; Helz et al., 1996).  Reducing sediments, 

including those in OMZ affected regions, therefore typically display Mo enrichments 

above normal crustal abundance (1.4 µg g
-1

, Wedepohl, 1995) (e.g. Jacobs et al, 1987; 

Crusius et al., 1996; Morford and Emerson, 1999; Adelson et al., 2002; Lyons et al, 

2003; Böning et al., 2004 and 2005; McManus et al., 2006) and the presence of 

authigenic Mo in the sedimentary record is often suggested to reflect deposition under 

reducing conditions (e.g. Brumsack and Thurow, 1986; Dean et al., 1999; Sirocko et al., 

2000). 

At the Pakistan margin study sites, Mo concentrations range from ~ 0.5-7 µg g
-1

 

(Appendix Tables 6-11).  These values bracket concentrations reported elsewhere in the 

Arabian Sea (Crusius et al., 1996; Morford and Emerson, 1999; Sirocko et al., 2000).  

Mo/Al ratios on the Pakistan margin (Figure 6.16) show marginal enrichment in surface 

sediments (ca. 0-4 cm bsf) at the OMZ transition sites (940 m and 1200 m), and greater 

enrichment at the oxic 1506 m and 1850 m sites; however, at depths below 5 cm, Mo/Al 

ratios at these locations fall to crustal values.  At the low O2 sites (140-776 m), Mo/Al 

ratios remain at or below crustal values from 0-30 cm (Figure 6.16).  Corresponding 

porewater Mo profiles (Figure 6.17; CD 151 sites only) remain at nominal bottom-water 

concentrations (~ 0.11 µM L
-1

; Collier, 1985) at all but the 1850 m site.  Here (1850 m), 

porewater Mo is enriched in the surface sediments (0-2.5 cm), and decreases to ~ 0.1 

µM thereafter (Figure 6.17). 

On first approximation, the absence of Mo authigenesis at OMZ sites on the Pakistan 

margin seems unusual, given that sediments underlying other major OMZs are often 

Mo-rich (e.g. Morford and Emerson, 1999; Zheng et al., 2000; Nameroff et al., 2002; 

Böning et al 2004 and 2005; Borchers et al., 2005).  However, current thinking suggests 

that Mo(VI) reduction does not govern Mo authigenesis.  Instead, X-ray absorption 

spectrometry studies of Mo-rich black shale’s and laboratory microcosm experiments 
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indicate that the conversion of molybdate (MoO4
2-

) to particle reactive thiomolybdate 

(MoS4
2-

) governs sediment Mo-enrichment.  Here, the replacement of O in the first co-

ordination sphere of Mo with S, ensures the formation of a Mo(VI) species that can be 

readily scavenged by a variety of organic and inorganic compounds (Helz et al., 1996; 

Bostick et al., 2003; Tribovillard et al., 2004; Vorlicek et al, 2004).  Further 

experimental work and field observations have shown that the onset of this reaction is 

dependant upon the concentration of free sulphide, with conversion commencing at HS
-
 

concentrations between 11-100 µM (Helz et al., 1996; Zheng et al., 2000).  Given the 

low rates of sulphate reduction and apparent absence of porewater HS
-
 reported in this 

study (Chapter 4), the formation of thiomolybdates, and hence Mo authigenesis, is 

effectively blocked on the Pakistan margin. 

 

Figure 6.16. Downcore Mo/Al ratios at the 140 m, 300 m, 483 m, 776 m, 940 m, 1200 m, 

1506 m, and 1850 m sites.  Grey dashed line = shale reference value (Turekian and Wedepohl, 

1961). 
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Figure 6.17. Porewater Mo concentrations at the 140 m, 300 m, 940 m, 1200 m, and 1850 m 

Pakistan margin study sites. 

 

Instead, the Mo distribution described for the Pakistan margin sediments is likely to 

reflect Mo interaction with depositing Mn-oxyhydroxides.  Indeed, the reported Mo/Al 

profiles largely mirror commensurate Mn/Al profiles (e.g. Figure 6.16 vs. 3.8).  The co-

precipitation of Mo from seawater solutions by hydrous oxides of manganese has been 

shown experimentally (Krauskopf, 1956; Chan and Riley, 1966), and Mn-Mo co-

precipitates have been documented in particulate matter (Berrang and Grill, 1974), 

ferromanganese nodules (Calvert and Price, 1977; Hlawatsch et al, 2002), and a wide 

range of sediments (e.g. Shimmield and Price, 1986; Crusius et al, 1996; Zheng, et al 

2000; Chaillou et al, 2002).  The affinity of Mo for Mn-oxyhydroxide phases is 

surprising as molybdate, the dominant Mo species in oxic seawater, has a net negative 

surface charge, and theoretically should be repelled from the negatively charged surface 

of Mn-oxide phases.  Instead one would expect that cations (e.g. Ni
2+

) would be 

preferentially sequestered to the surface of Mn-oxides, acting as a charge balancing 

mechanism.  Instead, the formation of Mo-Mn oxide complexes may support Murray 

and Brewer’s (1977) view that the sorption of metal ions in the marine environment is 

as much due to with surface coordination and metal-oxide structure as it is to do with 

columbic attraction and charge density (Shimmield and Price, 1986). 
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6.4.4.5. Uranium 

Uranium geochemistry in the oceans has been a topic of detailed research for many 

decades (e.g. Koczy et al., 1957; Klinkhammer and Palmer, 1991; Zheng et al, 2002; 

Morford et al., 2009).  However, despite a general understanding of U behaviour, the 

fundamental factors that govern its enrichment in marine sediments remain poorly 

resolved.  Regardless, U is widely used as a proxy to discern past changes in either (i) 

OM deposition, or (ii) bottom-water/sediment redox status (e.g. Anderson et al., 1998; 

Pailler et al., 2002), and the effectiveness of its use hinges on our understanding of U-

cycling in contemporary sediments. 

In seawater, U exists as a stable, relatively soluble U(VI) carbonate complex, that 

generally portrays conservative behaviour under oxygenated conditions (Ku et al., 1977; 

Langmuir, 1978).  In contrast, porewater depletion and commensurate U authigenesis is 

often observed in reducing sediments (e.g. Francois, 1988; Anderson, 1987; Anderson 

et al, 1989; Klinkhammer and Palmer, 1991; Swarzenski et al, 1999; Morford and 

Emerson, 1999; Zheng et al, 2002; Böning et al., 2004 and 2005; McManus et al., 2006; 

Morford et al., 2009; and others).  Here, the diffusion and subsequent reduction of 

U(VI) to U(IV)(s) at or about the depth of Fe reduction, is suggested to mediate U 

authigenesis (Barnes and Cochrane, 1991 and 1993; Klinkhammer and Palmer, 1991). 

 

Figure 6.18. Downcore U/Al ratios at the 140 m, 300 m, 940 m, 1200 m, and 1850 m sites.  

Black dashed line = crust reference value; Grey dashed line = shale reference value (Wedepohl, 

1971 and 1995). 
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On the Pakistan margin, sediment U concentrations range from ~1.5-6.5 µg g
-1

 

(Appendix Tables 6-11), and thus often exceed maximum crustal values (~1.7-3.7 µg g
-

1
; Wedepohl, 1971 and 1995).  Corresponding U/Al ratios increase downcore (Table 

6.1, Figure 6.18), whilst porewater U concentrations (Figure 6.19) decrease from 

normal bottom-water values (~ 13 nM L
-1

) to ~ 5 nM L
-1

, by 30 cm sediment depth.  

These distribution patterns, which are observed at all study sites (note: U was not 

measured at the Sonne-90 sites), indicate the active occurrence of U-authigenesis on the 

Pakistan margin.  Nath et al., (1997) have described similar results for sediments on the 

nearby Indian margin. 

 

Figure 6.19. Porewater U concentrations at the 300 m, 940 m, 1200 m, and 1850 m sites (data 

was not obtained at the 140 m site due to method error). 

 

Interestingly, U authigenesis at all of the Pakistan margin sites appears to be 

commensurate with active zones of Fe(III) reduction in each core (e.g. compare Figure 

6.19 and Figure 3.9).  This finding suggests that the Fe and U cycles are intimately 

linked in the Pakistan margin sediments.  U(VI) reduction has been observed in pure-

culture experiments with Fe(III) and SO4
2-

 reducing bacteria (e.g. Lovley and Philips, 

1992; Lovely et al., 1993; Tucker et al., 1996; Senko et al., 2002; Sani et al., 2004) and 

U(IV) co-precipitation with, and adsorption onto, Fe(II)-bearing minerals has been 

documented in a range of studies (e.g. McKee and Todd, 1993; Duff et al., 2002; Senko, 

2002; Sani et al., 2004; Morford et al., 2007).  Together, these findings suggest that 



Chapter 6, Element distribution patterns 

 251 

U(VI) can either be enzymatically reduced, or reduced via abiotic reaction with the by-

products of Fe(III) reduction.  Sulphide has also been suggested as a possible reducing 

agent for U(VI) (Langmuir, 1978).  It is impossible to accurately assess whether U(VI) 

reduction at the Pakistan margin sites occurs via direct (enzymatic) or indirect (abiotic) 

reduction; however, reduction with sulphide seems improbable given the low rates of 

SO4
2-

 manifest on the Pakistan margin (Chapter 4). 

 

6.4.5. Pakistan sediments and other upwelling sediments 

Upwelling areas are typified by high rates of primary production and the presence of 

intense mid-water OMZs.  It follows that sediments underlying these regions are subject 

to large OM fluxes and intensely suboxic to anoxic bottom-waters.  As a consequence, 

trace element enrichments are also often observed in the sediments (e.g. Böning et al., 

2004 and 2005; Borchers et al., 2005).  However, when the Pakistan margin sediment 

trace element signature is compared to other upwelling affected sediments, a number of 

interesting differences can be readily discerned.  For example, on the Peruvian, Chilean, 

and Namibian margins, levels of Mo, V, and U authigenesis are much higher e.g. in 

Namibian margin sediments, enrichment factors (EF = M/Al sample / M/Al crust) for Mo, 

V, and U are 1000, 10, and 100-fold, respectively.  In comparison, Mo, V, and U 

enrichment factors at the Pakistan margin sites are, at most, 5 to 10-fold. 

The combination of perennial upwelling, high productivity, and a strong OMZ 

predispose all of these environments, so it seems strange that the rates of trace element 

authigenesis are lower on the Pakistan margin.  However, sediments on the Peruvian, 

Chilean, and Namibian margins are strongly sulphate reducing and this may serve to 

enhance trace element fixation capacity within the sediments.  These findings highlight 

that enhanced productivity, OM supply to the sediments, and a strong OMZ alone do 

not lead to trace element enrichment. 
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6.5 Summary 

The spatial distribution patterns of major, minor, and trace elements at a range of 

oxic and low-O2 sites on the Pakistan margin of the Arabian Sea were described with 

respect to sediment provenance, biogeochemical controls, and post-depositional 

mobility.  Several key features emerged: 

• The lithogenic signature of the Pakistan margin sediments resemble 

intermediate-plutonic rocks, which are common in the upper Indus drainage valley.  As 

such, the lithogenic component of the Pakistan margin sediments appears to be 

dominated by riverine inputs.  In comparison, aeolian deposition to the Pakistan margin 

appears to be unimportant. 

• Key lithogenic elements (e.g. Al, Ti, Mg, K) show little obvious downcore 

variation, suggesting that aeolian deposition on the Pakistan margin has been constant 

over recent centuries. 

• Elements that are often associated with OM input to upwelling affected 

sediments (e.g. Ba, Cu, Mo, P, V, Zn) display limited covariance with organic markers 

(e.g. Corg, Ca, Sr) in the Pakistan margin sediments.  Instead they appear to be 

associated with the sediment lithogenic fraction or diagenetic Mn and Fe (i.e. Mn/Fe-

oxyhydroxides).  

• Sediment Ba/Al ratios increase with added water depth on the Pakistan margin. 

This distribution is likely to reflect enhanced barite preservation under barite saturated 

bottom-waters (e.g. Schenau et al., 2001).  Low Ba/Al ratios within the OMZ do not 

reflect enhanced barite dissolution due to sulphate reduction.  Instead, reduced Mn 

deposition within the OMZ acts to lessen particulate Ba supply. 

• Sediment P/Al ratios are enriched in surface sediments at OMZ sites, and 

decrease to lithogenic values with added sediment depth.  Release from sediment OM 

and/or Fe-oxyhydroxides likely controls this distribution.  These findings contrast with 



Chapter 6, Element distribution patterns 

 253 

those of Schenau et al., (2000) and Schenau and De Lange, (2001), who documented 

active phosophogenesis in sediments on the Pakistan margin.  Phosophogenesis on the 

Pakistan margin must therefore be spatially variable. 

• Sediment Mn/Al and Fe/Al ratios, and porewater Mn and Fe distributions 

indicate that Mn and Fe are actively cycled with Pakistan margin sediments.  Mn 

cycling is however largely absent with OMZ sediments due to Mn-oxyhydroxide 

reduction within the OMZ water-column.  In contrast, Mn concentrations are enriched 

in oxic sediments that lie outside the OMZ.  A number of elements (e.g. Co, Mo, and 

Ni) also appear to be actively cycled with Mn-oxyhydroxides. 

• Molybdenum concentrations of sediments underlying the Pakistan margin OMZ 

are low due to low rates of sulphate reduction. 

• Uranium authigenesis is active at all sites on the Pakistan margin.  Porewater 

U(VI) reduction commensurate with microbially mediated Fe reduction is suggested to 

control authigenesis. 
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7.1. Overview 

This thesis has examined contemporary benthic biogeochemical processes in ocean 

margin sediments at sites within and outside the oxygen minimum zone (OMZ) on the 

Pakistan margin of the Arabian Sea.  Experimental limitations and possible avenues for 

future research are discussed below. 

 

 

7.2. N-cycling 

Sediment N-cycling, and the impact of denitrification on C-oxidation, was examined 

in Chapters 3 and 5.  Here, porewater profiles of NO3
-
, NO2

-
, and NH4

+
 were interpreted 

and rates of sedimentary NO3
-
 consumption and N2 production were estimated through 

porewater modelling and incubation experiments.  Experimental and/or analytical 

failures (likely resulting from the washing of core sectioning equipment with HNO3) 

rendered full evaluation of N-cycling pathways incomplete.  However, several 

unaffected profiles and measurements of sediment NO3
-
 consumption and N2 production 

suggested that denitrification was the main N-cycling pathway at OMZ sites.  In 

contrast, under oxic conditions outside the OMZ, higher sediment NO3
-
 production 

(consistent with nitrification) and lower N2 production (consistent with denitrification), 

indicated the presence of possible alternative N-cycling pathways e.g. Mn-coupled 

anoxic nitrification (Luther et al., 1997) or anammox (Thamdrup and Dalsgaard, 2002).  

The occurrence of such reactions, which were not addressed in C-oxidation modelling 

(Chapter 5), could have significant ramifications for C-, N-, and Mn- cycling at sites 

near the base of the Arabian Sea OMZ.  Consequently, there is a need for further 

evaluation of these processes in continental margin sediments surrounding this and 

other OMZs. 
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7.3. Mn and Fe cycling 

7.3.1. Quantification of metal reduction rates coupled to C-oxidation 

Mn and Fe cycling in Pakistan margin sediments and rates of organotrophic C-

oxidation were examined in Chapters 3 and 5.  Here the distribution of solid phase 

Mn/Al and Fe/Al, together with modelled porewater data, highlighted active metal-

cycling at all sites.  However, quantification of microbially-mediated Mn/Fe reduction 

rates via application of porewater modelling was difficult.  Obstacles arose because 

reduced Mn and Fe can absorb onto existing Mn/Fe oxides, other sediment particles, or 

precipitate as a range of authigenic minerals (e.g. Burdige, 1993; Canfield et al., 1993a).  

As a result, Mn and Fe reduction rates derived from porewater profiles, as presented in 

this thesis, likely represented underestimates (Canfield, 1993 a and b).  It is therefore 

essential that any future examination of microbially-mediated C-cycling in margin 

sediments make use of combined incubation sorption assays, in order to accurately track 

sedimentary Mn and Fe reduction rates (e.g. Canfield 1993 a and b; Thamdrup and 

Canfield, 1996; Thamdrup, 2000).  Whilst these techniques are costly, time consuming, 

and require analysis at sea, their application in OMZ-type environments may reveal that 

organotrophic metal reduction is more important that previously thought (e.g. Reimers 

et al., 1992 vs. Thamdrup, 2000). 

 

7.3.2. Quantification of Mn and Fe benthic flux rates 

Water-column processes governing the distribution of dissolved Fe (and potentially 

Mn) may impact upon local rates of primary productivity in the Arabian Sea (Wiggert, 

2006; Behrenfeld et al., 2009).  As highlighted in Chapter 3, numerous authors have 

described mid-water dissolved Fe and Mn maxima in the Arabian Sea (Saager et al., 

1989; Lewis and Luther, 1999; Moffet et al., 2007).  In such work, benthic export of Fe 

and Mn from OMZ impinged sediments has been inferred as a possible mechanism 
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controlling the formation of the aforementioned maxima (e.g. Saager et al., 1989; Lewis 

and Luther, 1999).  This contribution is the first study to directly test this inference.  

Whilst diffusive sources of dissolved Fe and Mn where evident from OMZ sediments 

on the Pakistan margin (Chapter 3), export rates were spatially and temporally variable.  

Basin-wide characterisation of the regions sediments will be required to provide a more 

confident estimate of the significance of benthic Fe and Mn sources.  If possible, 

investigations should employ the use of in situ incubation techniques (e.g. Johnson et 

al., 1992 and 1996), which could be used to quantify the importance of both faunal (e.g. 

burrow irrigation) and diffusive mediated metal fluxes. 

 

7.4. S-cycling 

Of all findings presented in this contribution, the most unexpected is the realisation 

that sulphate reduction is an unimportant process on the Pakistan margin (Chapter 4).  

Indeed, when compared to other upwelling environments (e.g. Thamdrup and Canfield, 

1996; Ferdelman et al., 1997 and 1999), the low rates of sulphate reduction presented in 

this thesis are highly unusual, given that the sediments on the Pakistan margin are 

organic-rich and underlie O2 depleted waters. 

Through use of supporting data, unreactive OM and microbial co-competition 

between sulphate reducing and iron reducing bacteria were identified as potential 

factors limiting sulphate reduction.  These hypotheses could and should be further tested 

in field studies.  For example, microcosm experiments utilising fresh sediments from 

varying depths on the Pakistan margin could be manipulated with electron donor 

additions (e.g. addition of heavily degraded OM or VFAs) to test if the reactivity of 

available OM limits sulphate reduction (e.g. Finke et al., 2006).  Alternatively, scaled 

additions of ferric hydroxides (e.g. Lovely and Philips, 1987) to sulphate reducing 

sediments (e.g. 140 m) could test for microbial co-competition.  Regardless, microbial 
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community analysis should also be a prerequisite for any future work concerning 

sulphate reduction in Arabian Sea, as it is vitally important to identify which bacteria 

mediate sulphate reduction in this environment. 
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Note: All O2 and nutrient datasets are archived under project ‘Benthic processes in the 

Arabian Sea: mechanistic relationships between benthos, sediment biogeochemistry and 

organic matter cycling’ at the UK BODC. 

 

 

 

Table 1. CD146 (Intermonsoon) 140 m site – salt/major ion corrected element data 

Section 

(cm) 

Al     

(wt %) 

Ca     

(Wt %) 

Fe      

(wt %) 

K      

(wt %) 

Mg 

(wt %) 

Mn     

(µg g-1) 

Na   

(wt %) 

Ti          

(wt %) 

0.75 7.10 7.93 4.24 2.03 1.93 714 2.74 0.39 

1.25 7.36 8.35 4.37 2.08 1.96 603 2.77 0.40 

1.75 7.44 7.84 4.37 2.15 1.97 578 2.63 0.40 

2.25 7.39 7.96 4.32 2.12 1.94 576 2.30 0.40 

2.75 7.25 8.02 4.23 2.13 1.91 561 2.30 0.39 

3.25 7.37 7.75 4.28 2.10 1.94 566 2.25 0.40 

3.75 7.44 7.69 4.30 2.23 2.01 570 2.31 0.40 

4.25 7.50 7.84 4.36 2.13 2.02 575 2.36 0.41 

4.75 7.16 7.67 4.32 2.14 1.91 567 2.31 0.41 

5.25 7.31 7.91 4.29 2.11 1.96 562 2.34 0.40 

5.75 7.33 8.40 4.25 2.12 2.00 558 2.37 0.40 

6.25 7.42 8.47 4.32 2.21 2.01 566 2.33 0.40 

6.75 7.21 8.38 4.18 2.08 1.98 550 2.32 0.39 

8.25 7.36 8.23 4.29 2.13 2.02 558 2.28 0.40 

8.75 7.41 8.24 4.32 2.20 2.02 563 2.31 0.40 

9.25 7.38 8.20 4.28 2.14 1.98 558 2.15 0.40 

9.75 7.31 8.31 4.23 2.13 1.98 549 2.31 0.39 

10.5 7.09 8.15 4.18 2.06 1.93 533 2.14 0.39 

11.5 7.16 8.64 4.17 2.10 1.95 542 2.27 0.39 

12.5 7.45 8.77 4.34 2.15 2.00 564 2.20 0.40 

13.5 7.28 8.53 4.23 2.12 1.96 549 2.17 0.39 

15.5 6.73 8.33 3.92 1.97 1.83 508 2.04 0.36 

16.5 7.20 8.84 4.20 2.15 1.98 545 2.19 0.39 

17.5 7.22 9.07 4.19 2.13 1.98 540 2.28 0.39 

18.5 7.55 9.42 4.42 2.20 2.11 569 2.30 0.41 

19.5 7.07 8.86 4.13 2.04 1.95 534 2.09 0.38 

21 6.95 8.52 4.24 2.08 1.91 545 2.08 0.39 

23 7.18 8.83 4.20 2.07 1.99 540 2.01 0.39 

25 7.16 8.79 4.19 2.10 1.96 541 1.95 0.39 

27 7.11 9.03 4.16 2.05 1.95 539 1.94 0.39 

29 6.96 8.88 4.06 2.01 1.91 526 2.02 0.38 
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Table 2. CD146 (Intermonsoon) 300 m site – salt/major ion corrected element data 

Section 

(cm) 

Al      

(wt %) 

Ca     

(wt %) 

Fe      

(wt %) 

K       

(wt %) 

Mg    

(wt %) 

Mn        

(µg g-1) 

Na     

(wt %) 

Ti          

(wt %) 

0.25 7.53 6.56 5.13 1.91 1.79 611 4.14 0.38 

0.75 7.60 6.00 5.65 2.04 1.90 513 3.45 0.38 

1.25 7.72 5.05 5.49 2.07 1.93 489 3.08 0.38 

1.75 7.84 4.52 5.27 2.01 1.85 469 4.11 0.38 

2.25 8.17 5.39 5.15 2.18 2.00 476 2.89 0.40 

2.75 8.02 4.74 4.70 2.13 1.97 456 3.25 0.39 

3.25 8.85 5.12 5.07 2.36 2.22 503 2.88 0.43 

4.25 8.56 5.44 4.83 2.29 2.08 492 3.63 0.42 

4.75 8.03 5.48 4.70 2.22 2.02 479 3.00 0.41 

5.75 8.53 5.89 4.76 2.30 2.15 473 2.82 0.42 

6.25 7.98 4.89 4.43 2.12 1.94 428 3.35 0.39 

6.75 8.14 4.72 4.51 2.15 1.96 439 3.24 0.39 

7.75 8.58 5.24 4.78 2.30 2.07 473 3.07 0.42 

8.25 8.60 4.91 4.80 2.36 2.13 478 3.09 0.42 

9.25 7.87 5.32 4.52 2.25 2.10 445 2.73 0.39 

9.75 8.75 5.80 4.86 2.20 1.96 477 2.98 0.43 

10.5 8.33 5.73 4.69 2.26 2.07 454 3.09 0.41 

11.5 8.50 5.43 4.73 2.28 2.07 459 3.19 0.42 

12.5 8.04 4.90 4.45 2.16 1.98 425 2.89 0.39 

13.5 8.41 5.16 4.74 2.27 2.16 439 2.75 0.42 

14.5 8.52 5.27 4.76 2.29 2.18 446 2.77 0.42 

16.5 7.99 5.01 4.47 2.14 2.05 425 2.69 0.40 

17.5 7.65 4.62 4.49 2.12 1.91 422 3.12 0.40 

18.5 8.16 4.61 4.54 2.21 2.07 437 2.58 0.40 

21 8.56 5.96 4.78 2.33 2.21 480 2.60 0.43 

23 8.56 5.93 4.74 2.32 2.17 480 2.61 0.43 

25 8.51 5.75 4.73 2.30 2.16 470 2.65 0.42 

29 8.46 5.38 4.72 2.31 2.14 447 2.57 0.42 
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Table 3. CD146 (Intermonsoon) 940 m site – salt/major ion corrected element data 

Section 

(cm) 

Al      

(wt %) 

Ca      

(Wt %) 

Fe       

(wt %) 

K       

(wt %) 

Mg      

(wt %) 

Mn       

(µg g-1) 

Na      

(wt %) 

Ti      

(wt %) 

0.25 6.88 8.13 3.96 1.73 1.81 1080 4.44 0.35 

0.75 6.70 8.14 4.22 1.85 1.78 522 3.51 0.37 

1.25 6.66 7.94 4.37 1.86 1.78 487 3.19 0.37 

1.75 6.61 8.11 4.39 1.86 1.81 474 3.24 0.37 

2.25 6.48 7.84 4.33 1.81 1.74 458 3.56 0.36 

2.75 6.78 7.48 4.74 1.91 1.78 471 3.50 0.37 

3.25 6.78 6.99 4.89 1.96 1.81 465 2.81 0.37 

3.75 7.19 6.11 5.48 2.07 1.86 487 2.90 0.39 

4.25 7.81 4.33 5.43 2.29 1.97 532 2.39 0.43 

4.75 6.59 6.89 4.11 2.00 1.73 428 2.95 0.37 

5.25 6.71 7.89 4.11 1.93 1.80 415 3.19 0.37 

5.75 6.72 7.65 4.24 1.96 1.81 417 3.40 0.37 

6.25 6.59 7.90 4.22 1.89 1.78 408 3.47 0.37 

6.75 6.48 8.12 4.15 1.89 1.77 396 3.09 0.36 

7.25 6.68 8.22 4.29 1.94 1.84 407 3.21 0.37 

7.75 6.78 7.67 4.33 1.99 1.85 409 3.39 0.38 

8.25 7.23 6.73 4.51 2.07 1.93 424 3.20 0.40 

8.75 6.85 6.70 4.27 2.01 1.87 407 3.27 0.38 

9.25 6.59 6.97 4.35 2.02 1.81 409 2.95 0.38 

9.75 7.09 6.39 4.48 2.11 1.93 424 2.92 0.39 

10.5 7.46 5.20 4.52 2.15 2.00 437 2.90 0.41 

11.5 7.44 5.35 4.51 2.16 1.98 427 3.00 0.42 

12.5 7.39 5.34 4.48 2.14 1.98 421 2.88 0.42 

13.5 7.36 5.09 4.47 2.14 1.98 418 3.08 0.42 

14.5 7.51 5.03 4.50 2.17 2.01 427 2.92 0.42 

15.5 7.21 6.04 4.30 2.08 1.92 418 2.82 0.41 

16.5 7.38 6.12 4.36 2.12 1.96 422 2.67 0.41 

17.5 7.13 6.12 4.24 2.13 1.87 415 2.85 0.40 

18.5 6.84 7.01 4.27 2.04 1.79 416 3.02 0.39 

19.5 7.15 6.85 4.40 2.11 1.91 426 2.63 0.40 

21 7.00 6.54 4.35 2.07 1.84 424 2.83 0.40 

23 7.16 5.43 4.44 2.16 1.85 435 2.56 0.42 

25 7.32 4.89 4.42 2.17 1.96 436 2.64 0.42 

27 7.19 6.10 4.37 2.16 1.94 441 2.46 0.41 

29 7.19 5.73 4.29 2.12 2.02 424 2.75 0.41 
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Table 4. CD146 (Intermonsoon) 1200 m site – salt/major ion corrected element data 

Section (cm) 
Al    

(wt %) 

Ca       

(wt %) 

Fe       

(wt %) 

K        

(wt %) 

Mg      

(wt %) 

Mn          

(µg g-1) 

Na       

(wt %) 

Ti        

(wt %) 

0.25 6.12 8.19 3.42 1.51 2.00 5298 4.94 0.31 

0.75 6.11 8.96 3.79 1.62 1.72 3032 3.11 0.35 

1.25 6.39 9.10 4.04 1.73 1.81 867 2.69 0.36 

1.75 6.06 8.94 3.78 1.66 1.84 1498 3.38 0.34 

2.25 6.29 9.10 4.17 1.70 1.79 537 3.08 0.35 

2.75 6.27 9.46 4.25 1.72 1.79 516 2.57 0.35 

3.25 6.18 9.64 4.25 1.72 1.76 470 2.45 0.35 

3.75 6.20 9.51 4.28 1.71 1.77 458 2.86 0.35 

4.25 6.14 9.54 4.27 1.69 1.75 448 2.73 0.35 

4.75 6.01 9.47 4.21 1.71 1.69 443 2.54 0.34 

5.25 6.08 10.15 4.15 1.70 1.74 421 2.58 0.35 

5.75 6.13 10.29 4.14 1.73 1.77 416 2.32 0.35 

6.25 6.11 10.29 3.99 1.73 1.76 410 2.33 0.35 

6.75 6.09 10.26 3.89 1.71 1.73 402 2.61 0.35 

7.25 6.13 10.32 3.91 1.71 1.75 406 2.52 0.35 

7.75 6.10 10.31 3.86 1.73 1.76 403 2.32 0.35 

8.25 6.20 10.20 3.87 1.74 1.78 406 2.69 0.35 

8.75 5.98 10.26 3.77 1.71 1.74 395 2.34 0.35 

9.25 5.90 10.02 3.69 1.73 1.74 391 2.82 0.34 

9.75 5.97 10.69 3.66 1.72 1.77 397 2.59 0.34 

10.5 6.02 10.65 3.65 1.70 1.71 393 2.41 0.35 

11.5 5.97 10.58 3.62 1.70 1.70 392 2.51 0.35 

12.5 5.94 10.96 3.58 1.72 1.70 389 2.45 0.34 

13.5 5.96 10.93 3.57 1.68 1.71 388 2.23 0.34 

14.5 6.11 10.54 3.65 1.75 1.75 400 2.24 0.35 

15.5 6.07 10.87 3.64 1.70 1.74 395 2.29 0.35 

16.5 5.75 11.07 3.47 1.66 1.74 376 2.78 0.33 

17.5 5.74 10.55 3.57 1.69 1.65 392 2.11 0.34 

18.5 5.88 10.97 3.60 1.70 1.72 387 2.37 0.35 

21 6.06 11.10 3.60 1.72 1.77 395 2.11 0.35 

23 6.09 10.77 3.66 1.72 1.80 400 2.38 0.36 

25 5.78 11.56 3.50 1.66 1.74 385 2.27 0.34 

27 5.79 11.60 3.50 1.63 1.75 385 2.18 0.34 

29 5.72 11.82 3.51 1.58 1.76 377 2.20 0.35 
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Table 5. CD146 (Intermonsoon) 1850 m site – salt/major ion corrected element data 

Section (cm) 

Corg 

(wt %) 

Al        

(wt %) 

Ca       

(wt %) 

Fe        

(wt %) 

K        

(wt %) 

Mg          

(wt %) 

Mn        

(µg g-1) 

Na         

(wt %) 

Ti         

(wt %) 

0.25 1.41 5.99 8.55 4.01 1.72 1.83 4584 3.35 0.36 

0.75 1.02 6.37 8.13 4.16 1.76 1.99 5708 2.54 0.38 

1.25 1.10 6.32 8.33 4.16 1.74 2.03 7476 2.64 0.38 

1.75 1.14 6.23 9.02 4.14 1.77 1.99 3938 2.34 0.37 

2.25 1.13 6.19 9.29 4.12 1.72 1.97 2230 2.14 0.37 

2.75 1.09 6.16 9.41 4.12 1.70 1.96 1864 2.21 0.37 

3.25 1.10 6.18 9.47 4.15 1.70 1.96 1667 2.31 0.37 

3.75 1.13 6.15 9.49 4.14 1.75 1.99 1739 2.11 0.37 

4.25 1.14 6.10 9.58 4.30 1.70 1.96 1118 2.12 0.36 

4.75 1.14 5.98 9.16 4.29 1.69 1.92 813 2.02 0.36 

5.25 1.02 6.03 9.51 4.41 1.72 1.95 535 2.07 0.36 

5.75 1.09 6.16 9.65 4.24 1.74 1.96 499 2.15 0.37 

6.25 1.09 6.16 9.76 4.16 1.76 1.98 497 2.18 0.37 

6.75 1.06 6.16 9.92 4.10 1.78 1.99 496 2.05 0.37 

7.25 1.00 6.16 10.03 4.07 1.76 1.97 491 2.10 0.37 

7.75 1.02 8.44 13.64 5.63 2.57 2.77 680 2.63 0.51 

8.25 1.04 6.04 9.81 3.99 1.76 1.94 484 2.03 0.36 

8.75 1.05 6.10 9.95 4.01 1.76 1.97 486 2.03 0.36 

9.25 1.04 5.82 9.32 3.84 1.73 1.84 493 1.94 0.36 

9.75 1.02 6.04 10.19 3.93 1.96 1.96 492 2.11 0.36 

10.5 1.05 6.02 10.25 3.85 1.76 1.95 485 1.92 0.36 

11.5 0.99 6.03 10.46 3.92 1.77 1.98 498 1.98 0.36 

12.5 0.99 6.01 10.44 3.90 1.75 1.96 496 1.85 0.36 

13.5 0.98 5.96 10.60 3.81 1.73 1.97 493 1.89 0.36 

14.5 1.06 6.03 10.62 3.82 1.77 1.97 501 1.91 0.37 

15.5 0.95 5.92 10.99 3.71 1.70 1.94 498 1.82 0.36 

16.5 0.91 5.98 11.05 3.76 1.75 1.96 503 1.90 0.36 

17.5 0.89 5.29 10.03 3.43 1.56 1.71 475 1.64 0.34 

18.5 0.88 5.80 11.01 3.67 1.67 1.93 494 1.84 0.35 

19.5 0.88 5.79 11.06 3.71 1.68 1.93 499 1.93 0.36 

21 0.91 5.80 11.25 3.70 1.68 1.94 506 1.88 0.36 

23 0.87 5.79 11.48 3.66 1.67 1.94 503 1.95 0.36 

25 0.83 5.68 11.71 3.58 1.64 1.94 490 1.96 0.35 

27 0.86 5.71 11.60 3.66 1.66 1.92 497 1.93 0.36 

29 0.84 5.65 11.85 3.55 1.62 1.90 479 1.74 0.35 
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Table 12. 
35

S-SO4
2-

 reduction rates (nmol cm
-3

 d
-1

) at the 300 m, 1200 m, and 1850 m 

Pakistan margin study sites during the intermonsoon.  Brackets represent replicate core 

measurements.. 

Depth (cm) / Core 300 m (1) 300 m (2) 1200 m (1) 1200 m (2) 1850 m (1) 1850 m (2)

0.50 0.00 0.00 0.00 0.00 0.00 0.00

1.50 0.00 0.00 0.00 0.00 0.00 0.63

2.50 0.00 0.33 0.00 0.00 0.00 0.00

3.50 1.20 0.00 0.14 0.00 0.00 0.00

4.50 3.28 2.26 0.00 0.00 0.00 0.00

5.50 3.13 2.16 0.62 0.00 0.00 0.00

6.50 3.91 1.53 0.77 0.00 0.00 0.00

7.50 0.00 2.22 1.87 0.00 0.00 0.00

8.50 4.61 1.13 0.00 0.53 0.00 0.00

9.50 1.03 2.14 0.69 0.32 0.00 0.00

10.50 3.21 5.28 0.00 0.00 0.49 0.00

11.50 2.05 1.79 2.96 0.15 0.00 0.00

12.50 1.32 2.77 1.62 0.09 0.00 0.00

13.50 0.00 1.09 1.35 0.00 0.00 0.00

14.50 0.72 0.34 0.62 0.00 0.00 0.00

15.50 2.51 0.64 1.84 0.57 0.38 0.00

16.50 4.89 2.33 1.56 0.00 0.52 0.00

17.50 1.56 0.00 1.20 0.14 0.00 0.00

18.50 1.52 0.20 1.47 0.00 0.00 0.00

19.50 0.00 3.10 0.98 0.21 0.00 0.00

20.50 0.00 0.48 0.00 0.00 0.00 0.00

21.50 0.30 0.85 0.95 0.00 0.00 0.04

22.50 1.87 1.48 0.47 0.00 0.00 0.00

23.50 1.13 0.00 0.00 0.00 0.45 0.00

24.50 0.20 2.11 0.51 1.04 0.00 0.00

25.50 0.00 2.70 0.95 0.19 0.00 0.00

26.50 0.96 0.68 0.17 0.00 0.00 0.00

27.50 0.07 2.80 0.00 0.08 0.00 0.00

28.50 1.80 3.98 0.76 0.00 0.00 0.04

29.50 1.47 3.24 0.35 0.00 0.81 0.00  
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Table 14. Porewater Mo (µM) and porewater U (nM) at the 140 m, 300 m, 940 m, 1200 m, and 

1850 m Pakistan margin study sites. (-) represents no sample. 

140-m Mo 300 m - Mo 300 m - U 940 m - Mo 940 m - U 1200 m - Mo 1200 m - U 1850 m -Mo 1850 m - U

0.25 0.18 0.14 13.4 0.13 13.1 0.12 12.2 0.34 14.6

0.75 0.14 0.13 12.6 0.14 12.4 0.12 11.0 0.22 13.4

1.25 0.15 0.12 11.3 0.14 13.1 0.12 10.4 0.22 14.1

1.75 0.14 0.13 10.3 0.14 11.8 0.11 8.9 0.16 14.5

2.25 0.13 0.13 9.5 0.15 12.4 0.12 7.0 0.13 12.7

2.75 0.15 0.14 11.1 0.14 11.6 0.14 7.1 0.14 12.4

3.25 0.13 0.15 9.4 0.14 11.1 0.12 6.2 0.16 14.0

3.75 0.14 0.15 10.7 0.12 9.1 0.13 6.7 0.14 12.1

4.25 0.14 0.15 9.5 0.12 8.8 0.14 6.2 0.14 11.7

4.75 0.14 0.13 10.8 0.13 8.8 0.13 6.8 0.15 13.2

5.25 0.13 0.11 9.4 0.12 7.4 0.13 5.9 0.15 11.3

5.75 0.14 0.12 8.7 0.13 7.1 0.11 5.7 0.17 10.7

6.25 0.14 0.13 9.8 0.13 7.2 0.11 6.2 0.15 10.8

6.75 0.13 0.13 9.2 0.13 5.6 0.12 5.2 0.16 10.2

7.25 0.15 0.13 9.4 0.13 5.2 0.12 6.2 0.16 10.8

7.75 0.14 0.12 9.0 0.13 6.0 0.13 5.0 0.17 10.2

8.25 0.13 0.13 9.6 0.12 4.0 0.14 6.0 0.16 10.4

8.75 0.13 0.13 9.1 0.13 4.5 0.13 4.1 0.16 10.5

9.25 0.13 0.13 8.9 0.12 3.2 0.13 5.4 0.13 10.1

9.75 0.14 0.13 9.0 0.11 2.4 0.12 4.0 0.15 10.0

10.5 0.14 0.13 6.8 0.14 2.4 0.13 5.7 0.16 10.1

11.5 0.14 0.13 7.6 0.13 3.0 0.12 3.6 0.16 10.1

12.5 0.14 0.13 5.4 0.13 3.5 0.12 5.8 0.15 10.6

13.5 0.14 0.13 6.1 0.13 3.0 0.13 4.1 0.15 10.4

14.5 0.16 0.13 3.7 0.13 1.8 0.13 5.7 0.14 10.1

15.5 0.12 0.12 2.6 0.12 1.8 0.13 2.6 0.16 10.3

16.5 0.13 0.12 2.9 0.13 2.4 0.12 2.9 0.14 8.0

17.5 0.13 0.13 2.9 0.12 3.0 0.12 2.9 0.14 6.5

18.5 0.14 0.12 4.4 0.13 2.4 0.14 2.8 0.15 5.1

19.5 0.13 0.13 2.9 0.11 1.4 0.14 2.9 0.15 5.5

21 0.13 0.11 1.8 0.12 1.5 0.13 2.8 0.16 5.5

23 0.13 0.14 2.9 0.11 1.4 0.13 3.5 0.15 5.5

25 0.13 0.14 1.4 0.12 1.9 0.13 3.8 0.16 5.3

27 0.16 0.13 2.9 0.12 2.6 0.14 3.7 0.16 5.4

29 0.13 0.12 3.9 0.11 1.6 0.13 2.5 - -  
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Table 15. Porewater Fe and Mn (µM) at the 140 m, 300 m, 940 m, 1200 m, and 1850 m 

Pakistan margin study sites during the intermonsoon (CD 146 – top) and late-to-post SWM 

(CD151 – bottom). (-) represents no sample. 

 

Section 

(cm) 

140 m 

Fe 

140 m 

Mn 

300 m  

Fe 

300 m 

Mn 

940 m 

Fe 

940 m 

Mn 

1200 m  

Fe 

1200 m 

Mn 

1850 m 

-Fe 

1850 m 

Mn 

0.25 0.5 0.0 0.3 0.2 0.4 0.1 0.0 0.0 0.0 0.0 

1.25 0.8 5.3 7.8 1.0 1.1 4.7 0.4 0.8 0.0 0.0 

2.25 14.2 8.3 27.8 1.5 14.0 7.6 0.7 8.4 0.0 2.5 

3.25 37.3 7.8 34.8 1.4 31.1 6.4 3.1 9.1 0.0 7.9 

4.25 83.3 5.7 51.8 1.6 74.5 4.9 6.0 7.0 0.9 22.2 

5.25 88.5 5.4 47.9 1.5 78.5 4.1 7.4 5.8 1.1 32.1 

6.25 95.4 5.1 60.0 1.7 88.1 4.0 9.1 5.2 2.5 42.7 

7.25 84.4 3.7 59.7 1.9 80.2 3.8 10.5 4.4 4.0 37.4 

8.25 65.4 3.5 53.5 1.5 71.4 3.6 10.7 4.8 5.4 20.5 

9.25 80.0 4.0 49.4 1.6 75.7 3.7 11.7 4.4 6.2 25.1 

11.5 70.6 4.1 44.6 1.6 66.5 3.8 16.1 5.2 12.1 31.1 

13.5 54.2 3.5 51.3 1.3 60.0 3.4 15.3 4.5 20.3 30.0 

15.5 57.0 2.9 56.4 1.6 50.9 3.3 14.0 4.4 25.2 33.2 

17.5 49.2 3.5 47.0 1.5 58.9 3.8 10.2 3.9 27.8 32.4 

19.5 44.8 3.7 46.0 1.3 47.0 3.3 11.9 4.8 28.2 35.7 

21 49.5 3.7 60.1 1.6 41.3 3.5 11.1 4.4 28.9 36.7 

25 42.1 3.8 49.8 1.8 42.1 3.3 11.5 4.5 30.5 33.3 

29 31.5 3.7 40.7 1.5 29.6 3.4 10.2 4.5 30.6 30.2 

           

Section 

(cm) 

140 m 

Fe 

140 m 

Mn 

300 m 

Fe 

300 m 

Mn 

940 m 

Fe 

940 m 

Mn 

1200 m  

Fe 

1200 m 

Mn 

1850 m 

Fe 

1850 m 

Mn 

0.25 38.9 19.1 0.7 0.6 0.0 0.1 0.4 0.0 0.0 0.0 

1.25 30.3 16.2 10.6 1.3 1.7 2.0 0.5 0.2 0.0 0.0 

2.25 18.4 12.3 42.8 1.6 1.9 7.0 0.5 3.3 0.0 0.5 

4.25 9.7 9.7 - - 10.0 6.9 2.5 12.4 0.5 13.8 

5.25 12.2 8.1 87.2 1.9 29.5 6.7 3.1 11.0 0.8 31.3 

6.25 5.9 7.9 97.5 1.7 59.2 7.2 4.1 10.2 1.7 40.4 

7.25 6.6 6.6 91.8 1.7 77.2 6.1 4.6 9.8 2.0 46.7 

8.25 2.1 5.2 90.4 1.8 75.3 5.6 8.9 8.8 3.8 44.7 

9.75 3.6 5.5 80.0 1.7 99.3 6.2 14.1 8.1 6.0 38.1 

12.5 3.0 4.9 76.8 1.7 85.7 5.2 16.8 7.6 11.3 33.0 

13.5 2.9 4.5 65.4 1.7 62.7 4.3 16.4 6.8 12.7 31.7 

15.5 1.2 3.8 58.3 1.8 61.9 4.1 15.8 6.2 22.8 31.1 

17.5 2.3 4.0 74.0 1.9 72.3 4.0 15.5 5.7 22.5 31.3 

19.5 2.8 3.7 52.9 1.6 67.2 4.0 13.7 5.3 18.7 31.8 

21 2.3 3.5 61.4 2.0 67.5 3.8 11.9 4.9 23.3 31.9 

25 2.4 3.8 37.7 1.6 78.4 4.2 10.9 4.6 25.9 29.6 

27 1.6 3.1 34.1 1.6 63.8 3.8 11.6 4.1 21.6 25.9 

29 0.4 3.0 35.1 1.6 52.3 3.6 13.1 3.9 21.3 23.5 

 



 282 

 

 

 

 

 

 

 

Table 16. Sediment TRIS concentrations (mmol kg
-1

) at the 140 m, 300 m, 940 m, 

1200 m, and 1850 m Pakistan margin study sites during the intermonsoon 

Depth (cm) / Core 300 m (1) 300 m (2) 1200 m (1) 1200 m (2) 1850 m (1) 1850 m (2)

0-1 0.23 0.37 0.14 0.00 0.00 0.06

1-2 0.23 0.08 0.03 0.09 0.00 0.00

2-3 0.18 0.51 0.06 0.32 0.00 0.00

3-4 0.26 0.28 0.15 0.30 0.06 0.13

4-5 0.06 0.31 0.07 0.11 0.04 0.09

5-6 0.26 0.20 0.10 0.15 0.05 0.00

6-7 0.25 0.06 0.17 0.10 0.08 0.03

7-8 0.07 0.00 0.00 0.14 0.00 0.00

8-9 0.21 0.08 0.02 0.05 0.08 0.00

9-10 0.19 0.00 0.00 0.22 0.04 0.00

10-11 0.34 0.52 0.00 0.08 0.13 0.00

11-12 0.17 0.18 0.02 0.17 0.11 0.04

12-13 0.15 0.24 0.14 0.24 0.12 0.02

13-14 0.05 0.10 0.13 0.21 0.11 0.11

14-15 0.12 0.11 0.12 0.13 0.06 0.02

15-16 0.00 0.00 0.22 0.25 0.13 0.16

16-17 0.35 0.20 0.15 0.07 0.06 0.05

17-18 0.55 0.03 0.09 0.13 0.13 0.25

18-19 0.37 0.19 0.02 0.16 0.13 2.09

19-20 0.00 0.58 0.12 0.09 0.04 0.16

20-21 0.30 0.20 0.07 0.17 0.09 0.13

21-22 0.05 0.25 0.11 0.23 0.11 0.10

22-23 0.31 0.36 0.17 0.00 0.04 0.27

23-24 0.18 0.06 0.19 0.22 0.21 0.00

24-25 0.26 0.29 0.13 0.31 0.18 0.06

25-26 0.05 0.52 0.00 0.48 0.25 0.18

26-27 0.16 0.37 0.06 0.27 0.18 0.20

27-28 0.36 1.44 0.26 0.24 0.10 0.14

28-29 0.63 1.36 0.34 0.09 0.06 0.04

29-30 0.85 1.24 0.14 0.02 0.70 0.27  
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Table 18. CD146 (Intermonsoon) 140 m site – percentage standard deviation from replicate (n = 3) 

measurements. 

 

Section (cm) 
RSD % 

Al 

RSD % 

Ba 

RSD % 

Ca 

RSD %  

Fe 

RSD % 

K 

RSD % 

Mg 

RSD % 

Mn 

RSD % 

Na 

RSD % 

Sr 

RSD % 

Ti 

0.75 0.39 1.63 0.36 0.27 0.57 0.76 0.61 0.40 0.39 0.52 

1.25 0.43 2.27 0.30 0.31 0.42 0.66 0.88 0.38 0.34 0.32 

1.75 0.40 2.35 0.36 0.39 0.80 0.17 0.84 0.30 0.21 0.28 

2.25 0.29 3.00 0.31 0.42 0.05 0.48 0.59 0.29 0.32 0.45 

2.75 0.23 0.74 0.11 0.11 0.34 0.37 0.41 0.26 0.28 0.11 

3.25 0.24 1.45 0.45 0.39 0.94 0.49 0.74 0.26 0.25 0.33 

3.75 0.37 2.85 0.42 0.49 0.83 0.17 0.54 0.42 0.45 0.39 

4.25 0.21 1.76 0.31 0.35 0.47 0.47 0.38 0.19 0.23 0.28 

4.75 0.44 1.67 0.54 0.41 0.44 0.86 0.25 0.51 0.63 0.57 

5.25 0.26 0.99 0.21 0.16 0.14 0.47 0.16 0.30 0.30 0.21 

5.75 0.33 1.95 0.05 0.14 0.18 0.45 0.36 0.24 0.11 0.14 

6.25 0.38 1.10 0.37 0.34 0.32 0.18 0.78 0.48 0.53 0.53 

6.75 0.51 3.72 0.52 0.40 0.52 0.49 0.45 0.58 0.44 0.41 

8.25 0.36 1.78 0.13 0.40 0.42 0.33 0.80 0.52 0.38 0.28 

8.75 0.49 2.26 0.20 0.16 0.59 0.38 1.04 0.51 0.46 0.42 

9.25 0.20 2.91 0.38 0.56 0.47 0.14 0.21 0.17 0.21 0.13 

9.75 0.12 0.93 0.24 0.25 0.55 0.32 0.42 0.05 0.08 0.11 

10.5 0.28 1.60 0.31 0.41 0.21 0.36 0.66 0.24 0.46 0.33 

11.5 0.52 0.98 0.48 0.53 0.23 0.13 0.35 0.52 0.54 0.65 

12.5 0.51 2.39 0.63 0.64 0.37 0.19 0.43 0.51 0.51 0.38 

13.5 0.80 1.80 0.68 0.64 0.57 0.33 0.68 0.76 0.70 0.73 

15.5 0.47 1.47 0.39 0.42 0.36 0.78 0.39 0.28 0.41 0.37 

16.5 0.24 1.80 0.04 0.15 0.08 0.24 0.49 0.29 0.16 0.29 

17.5 0.29 1.23 0.39 0.17 0.36 0.28 0.93 0.37 0.33 0.37 

18.5 0.77 1.74 0.95 0.89 0.52 0.30 0.53 0.69 0.80 0.86 

19.5 0.10 0.36 0.06 0.09 0.33 0.68 0.23 0.18 0.14 0.14 

21 0.46 0.58 0.59 0.37 0.42 0.61 0.53 0.49 0.49 0.59 

23 0.12 2.32 0.21 0.29 0.40 0.05 0.39 0.22 0.20 0.21 

25 0.54 1.84 0.74 0.72 0.87 0.28 0.58 0.53 0.57 0.62 

27 0.04 2.00 0.22 0.10 0.58 0.30 0.09 0.22 0.10 0.07 

29 0.38 0.33 0.17 0.14 0.50 0.09 0.59 0.28 0.23 0.22 
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Table 19. CD146 (Intermonsoon) 300 m site – percentage standard deviation from replicate (n = 3) 

measurements. 

 

Section (cm) 
RSD % 

Al 

RSD % 

Ba 

RSD % 

Ca 

RSD %  

Fe 

RSD % 

K 

RSD % 

Mg 

RSD % 

Mn 

RSD % 

Na 

RSD % 

Sr 

RSD % 

Ti 

0.25 0.50 0.62 0.44 0.35 0.59 0.52 0.76 0.52 0.36 0.39 

0.75 0.17 1.14 0.27 0.23 0.80 0.56 0.47 0.35 0.43 0.25 

1.25 0.13 0.78 0.20 0.19 0.66 0.13 0.34 0.20 0.13 0.13 

1.75 0.50 0.87 0.57 0.65 0.34 0.89 0.46 0.43 0.52 0.57 

2.25 3.88 2.63 4.18 4.06 3.79 3.56 3.70 3.85 4.03 4.06 

2.75 0.30 1.02 0.21 0.07 0.44 0.54 1.13 0.31 0.17 0.26 

3.25 0.37 1.19 0.25 0.35 0.33 0.44 0.25 0.17 0.19 0.02 

4.25 0.63 1.88 0.64 0.64 0.31 0.65 0.42 0.59 0.48 0.45 

4.75 0.32 2.15 0.12 0.09 0.41 0.27 1.00 0.07 0.06 0.13 

5.75 0.30 2.61 0.35 0.21 0.34 0.19 0.56 0.46 0.34 0.40 

6.25 0.20 1.66 0.04 0.08 0.70 0.19 0.34 0.18 0.06 0.18 

6.75 0.42 1.43 0.46 0.60 0.46 0.59 0.52 0.50 0.45 0.46 

7.75 0.17 2.59 0.11 0.15 0.51 0.60 0.18 0.17 0.11 0.21 

8.25 0.23 1.05 0.37 0.44 0.52 0.14 0.47 0.25 0.43 0.31 

9.25 3.89 2.99 4.03 3.96 3.16 3.59 3.90 3.59 3.68 3.85 

9.75 0.15 1.41 0.14 0.05 0.31 0.50 0.77 0.18 0.08 0.08 

10.5 0.49 1.80 0.50 0.48 0.55 0.32 0.35 0.42 0.44 0.56 

11.5 0.15 2.33 0.23 0.44 0.88 4.10 0.57 0.25 0.31 0.17 

12.5 0.31 2.75 0.24 0.34 0.24 0.12 0.09 0.41 0.28 0.32 

13.5 0.95 1.93 0.94 0.91 0.53 0.52 0.55 0.74 0.81 0.81 

14.5 0.44 0.35 0.31 0.29 0.43 0.33 0.56 0.20 0.18 0.08 

16.5 0.26 2.64 0.19 0.13 0.82 0.45 0.56 0.12 0.15 0.22 

17.5 0.07 1.10 0.11 0.21 0.44 0.21 0.74 0.22 0.20 0.16 

18.5 0.25 2.41 0.31 0.29 0.81 0.03 0.56 0.25 0.27 0.33 

21 0.18 2.20 0.18 0.17 0.33 0.46 0.33 0.11 0.12 0.26 

23 0.26 0.73 0.36 0.42 0.35 0.31 0.78 0.31 0.47 0.39 

25 0.04 1.61 0.21 0.14 0.10 0.51 0.48 0.14 0.08 0.17 

29 0.41 0.55 0.39 0.45 1.00 0.99 0.98 0.37 0.31 0.30 
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Table 20. CD146 (Intermonsoon) 940 m site – percentage standard deviation from replicate (n = 3) 

measurements. 

 

Section (cm) 
RSD % 

Al 

RSD % 

Ba 

RSD % 

Ca 

RSD %  

Fe 

RSD % 

K 

RSD % 

Mg 

RSD % 

Mn 

RSD % 

Na 

RSD % 

Sr 

RSD % 

Ti 

0.25 0.40 1.19 0.16 0.33 0.56 0.34 0.74 0.54 0.32 0.28 

0.75 0.51 2.53 0.29 0.35 0.43 0.42 0.22 0.57 0.43 0.47 

1.25 0.36 1.90 0.54 0.64 0.63 0.21 0.67 0.38 0.39 0.51 

1.75 0.56 2.04 0.45 0.46 0.17 0.18 0.39 0.57 0.52 0.48 

2.25 0.60 0.24 0.55 0.62 0.39 0.11 0.23 0.78 0.66 0.72 

2.75 0.21 1.41 0.39 0.51 0.77 0.54 0.37 0.30 0.42 0.35 

3.25 0.35 2.40 0.56 0.56 1.19 0.26 0.22 0.44 0.59 0.56 

3.75 0.12 1.38 0.26 0.20 0.28 0.59 0.40 0.40 0.27 0.20 

4.25 0.52 0.75 0.68 0.72 0.65 0.38 0.59 0.53 0.65 0.58 

4.75 0.14 2.74 0.25 0.25 0.26 0.82 0.12 0.13 0.19 0.17 

5.25 0.39 1.12 0.51 0.39 0.59 0.51 0.46 0.51 0.58 0.44 

5.75 0.19 2.60 0.25 0.35 0.66 0.68 0.67 0.23 0.27 0.35 

6.25 0.34 1.85 0.33 0.54 0.83 0.26 0.11 0.57 0.51 0.40 

6.75 0.28 1.49 0.49 0.45 0.71 0.23 0.85 0.36 0.40 0.33 

7.25 0.30 1.63 0.61 0.71 0.23 0.28 0.39 0.42 0.38 0.45 

7.75 0.23 0.74 0.26 0.21 0.13 0.64 0.12 0.29 0.12 0.26 

8.25 0.48 2.07 0.57 0.62 0.58 0.40 0.59 0.54 0.51 0.49 

8.75 0.33 1.36 0.31 0.47 0.34 0.51 0.87 0.25 0.31 0.27 

9.25 0.12 1.72 0.26 0.27 0.38 0.48 0.16 0.27 0.26 0.28 

9.75 0.28 2.87 0.20 0.27 0.46 0.47 0.62 0.20 0.24 0.16 

10.5 0.48 0.85 0.52 0.51 0.32 0.50 0.44 0.36 0.42 0.40 

11.5 0.38 0.62 0.46 0.24 0.44 0.68 0.55 0.38 0.41 0.44 

12.5 0.63 2.83 0.80 0.92 0.28 0.25 0.97 0.49 0.64 0.51 

13.5 0.33 1.65 0.47 0.51 0.24 0.09 0.34 0.48 0.30 0.32 

14.5 0.30 2.13 0.20 0.19 0.58 0.22 0.44 0.24 0.22 0.29 

15.5 0.32 0.14 0.50 0.41 0.66 0.65 0.18 0.50 0.51 0.52 

16.5 0.58 1.89 0.67 0.41 0.54 0.31 0.29 0.40 0.46 0.53 

17.5 0.15 0.71 0.34 0.20 0.74 0.30 0.25 0.32 0.31 0.18 

18.5 0.29 2.55 0.47 0.55 0.38 0.40 0.73 0.30 0.44 0.48 

19.5 0.61 1.60 0.51 0.41 0.51 0.44 0.71 0.55 0.53 0.57 

21 0.35 2.39 0.41 0.67 0.26 0.10 0.78 0.35 0.33 0.34 

23 0.43 0.36 0.42 0.40 0.19 0.57 0.32 0.41 0.47 0.49 

25 0.29 1.21 0.31 0.25 0.45 0.27 0.14 0.46 0.33 0.19 

27 0.10 2.31 0.16 0.16 0.73 0.43 0.49 0.15 0.16 0.13 

29 0.13 1.73 0.29 0.29 0.28 0.42 0.34 0.14 0.11 0.15 
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Table 21. CD146 (Intermonsoon) 1200 m site – percentage standard deviation from replicate (n = 3) 

measurements. 

 

Section (cm) 
RSD % 

Al 

RSD % 

Ba 

RSD % 

Ca 

RSD %  

Fe 

RSD % 

K 

RSD % 

Mg 

RSD % 

Mn 

RSD % 

Na 

RSD % 

Sr 

RSD 

% Ti 

0.25 0.24 1.42 0.24 0.35 0.60 0.41 0.22 0.20 0.17 0.13 

0.75 0.28 3.08 0.37 0.34 1.13 0.12 0.28 0.33 0.36 0.24 

1.25 0.42 0.69 0.53 0.61 0.65 0.27 0.44 0.41 0.51 0.41 

1.75 0.17 1.59 0.15 0.26 0.44 0.12 0.57 0.10 0.05 0.10 

2.25 0.16 1.48 0.18 0.24 0.79 0.34 0.69 0.18 0.17 0.27 

2.75 0.70 1.33 0.75 0.69 0.56 0.30 0.29 0.68 0.76 0.77 

3.25 0.22 0.38 0.37 0.33 0.60 0.27 0.70 0.27 0.23 0.18 

3.75 0.17 2.80 0.17 0.15 0.76 0.43 0.62 0.15 0.15 0.19 

4.25 0.24 2.32 0.24 0.21 1.24 0.59 0.50 0.30 0.26 0.26 

4.75 0.18 1.04 0.30 0.29 0.05 0.40 0.21 0.40 0.21 0.32 

5.25 0.37 2.41 0.41 0.31 1.10 0.26 0.62 0.39 0.33 0.33 

5.75 0.35 0.21 0.30 0.25 0.61 0.22 0.91 0.29 0.28 0.48 

6.25 0.15 1.79 0.09 0.06 0.38 0.23 0.55 0.26 0.19 0.22 

6.75 0.17 1.42 0.22 0.12 0.41 0.60 0.44 0.22 0.28 0.27 

7.25 0.32 2.50 0.30 0.42 1.06 0.40 0.44 0.41 0.27 0.19 

7.75 0.19 1.09 0.26 0.28 0.87 0.22 0.23 0.38 0.23 0.16 

8.25 0.23 1.25 0.25 0.22 0.69 0.24 0.35 0.16 0.17 0.22 

8.75 0.49 1.55 0.47 0.35 0.06 0.10 0.37 0.37 0.41 0.47 

9.25 0.12 0.58 0.20 0.21 0.23 0.14 0.41 0.15 0.10 0.17 

9.75 0.44 0.60 0.29 0.56 0.97 0.27 0.37 0.56 0.51 0.58 

10.5 0.29 0.84 0.06 0.40 0.55 0.11 0.86 0.34 0.28 0.27 

11.5 0.28 1.44 0.04 0.28 0.98 0.01 0.38 0.42 0.34 0.31 

12.5 0.33 4.46 0.30 0.53 0.74 0.31 0.47 0.27 0.36 0.21 

13.5 0.38 1.90 0.42 0.39 0.86 0.41 0.40 0.28 0.35 0.36 

14.5 0.43 0.58 0.58 0.54 0.90 0.58 0.42 0.48 0.47 0.56 

15.5 0.54 1.55 0.59 0.55 0.40 0.33 0.48 0.45 0.55 0.51 

16.5 0.27 1.55 0.11 0.15 0.72 0.06 0.38 0.22 0.24 0.35 

17.5 0.19 1.04 0.28 0.18 0.41 0.31 0.32 0.23 0.14 0.08 

18.5 0.21 0.85 0.21 0.44 1.05 0.28 0.22 0.45 0.40 0.41 

21 0.28 2.19 0.02 0.28 1.75 0.04 0.30 0.41 0.27 0.36 

23 0.64 1.51 0.56 0.76 1.26 0.58 0.22 0.56 0.66 0.90 

25 0.12 2.17 0.39 0.14 0.26 0.32 0.21 0.18 0.13 0.07 

27 0.42 1.93 0.38 0.43 0.36 0.39 0.20 0.28 0.36 0.49 

29 0.19 0.36 0.17 0.31 0.62 0.13 0.53 0.12 0.26 0.38 
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Table 22. CD146 (Intermonsoon) 1850 m site – percentage standard deviation from replicate (n = 3) 

measurements. 

 

Section (cm) 
RSD % 

Al 

RSD % 

Ba 

RSD % 

Ca 

RSD %  

Fe 

RSD % 

K 

RSD % 

Mg 

RSD % 

Mn 

RSD % 

Na 

RSD % 

Sr 

RSD % 

Ti 

0.25 0.15 0.61 0.23 0.35 0.66 0.15 0.13 0.10 0.14 0.11 

0.75 0.36 0.94 0.33 0.43 0.26 0.09 0.25 0.26 0.24 0.24 

1.25 0.43 0.92 0.34 0.25 0.92 0.26 0.42 0.47 0.44 0.42 

1.75 0.28 1.25 0.39 0.35 0.34 0.40 0.36 0.43 0.33 0.20 

2.25 0.32 0.23 0.31 0.41 0.54 0.25 0.45 0.23 0.30 0.53 

2.75 0.42 0.07 0.34 0.35 0.42 0.29 0.45 0.42 0.35 0.40 

3.25 0.30 1.35 0.38 0.41 0.14 0.64 0.36 0.32 0.34 0.25 

3.75 0.39 1.10 0.46 0.42 0.66 0.23 0.44 0.53 0.42 0.35 

4.25 0.37 1.63 0.28 0.19 0.33 0.29 0.45 0.43 0.41 0.49 

4.75 0.46 0.95 0.43 0.39 1.57 0.41 0.30 0.37 0.40 0.40 

5.25 0.36 0.64 0.43 0.37 1.23 0.09 0.27 0.46 0.41 0.27 

5.75 0.49 1.55 0.43 0.39 1.40 0.08 0.60 0.72 0.47 0.53 

6.25 0.12 0.47 0.08 0.87 0.84 0.63 0.45 0.25 0.14 0.10 

6.75 0.10 0.81 0.14 0.13 0.46 0.36 0.24 0.14 0.14 0.13 

7.25 0.24 1.88 0.20 0.16 0.43 0.19 0.66 0.28 0.17 0.15 

7.75 0.26 0.35 0.28 0.24 0.74 0.18 0.46 0.13 0.18 0.27 

8.25 0.11 0.94 0.07 0.17 0.67 0.38 0.44 0.01 0.04 0.12 

8.75 0.27 0.13 0.10 0.23 0.48 0.12 0.62 0.33 0.28 0.34 

9.25 0.63 0.30 0.63 0.65 0.78 0.40 0.37 0.40 0.59 0.63 

9.75 0.29 0.82 0.20 0.26 0.83 0.43 0.68 0.32 0.29 0.30 

10.5 0.11 1.47 0.36 0.08 0.73 0.38 0.62 0.32 0.14 0.16 

11.5 0.14 0.51 0.24 0.26 0.70 0.05 0.40 0.24 0.18 0.25 

12.5 0.31 1.63 0.28 0.39 0.48 0.27 0.23 0.40 0.26 0.41 

13.5 0.51 0.71 0.42 0.65 0.99 0.41 0.37 0.55 0.33 0.47 

14.5 0.43 0.22 0.14 0.38 0.49 0.14 0.75 0.33 0.32 0.36 

15.5 0.27 1.21 0.27 0.33 0.75 0.30 0.69 0.19 0.28 0.23 

16.5 0.33 1.50 0.21 0.35 0.11 0.27 0.50 0.30 0.21 0.16 

17.5 0.10 0.25 0.12 0.09 0.89 0.20 0.43 0.18 0.13 0.35 

18.5 0.44 0.66 0.39 0.72 0.39 0.36 0.42 0.35 0.52 0.56 

19.5 0.23 0.30 0.20 0.16 0.42 0.24 0.58 0.42 0.21 0.18 

21 0.13 0.57 0.09 0.14 0.49 0.13 0.18 0.24 0.21 0.34 

23 0.14 0.44 0.16 0.27 0.41 0.14 0.63 0.04 0.01 0.07 

25 0.37 1.13 0.32 0.24 0.59 0.37 0.68 0.61 0.40 0.53 

27 0.05 0.50 0.13 0.28 0.98 0.44 0.16 0.06 0.06 0.17 

29 0.49 0.81 0.41 0.31 0.91 0.36 0.24 0.37 0.39 0.43 
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Table 28. Porewater Mo and U percentage standard deviation from replicate (n = 

3) measurements at the 140 m, 300 m, 940 m, 1200 m, and 1850 m Pakistan 

margin study sites during the late-to-post SWM (CD151 – bottom). 

 

 

 
Section 

(cm) 

140 m 

Mo 

300 m 

Mo 

300 m  

U 

940 m 

Mo 

940 m  

U 

1200 m  

Mo 

1200 m  

U 

1850 m 

Mo 

1850 m 

U 

0.25 0.8 2.2 0.6 1.3 0.2 1.1 2.6 3.3 2.0 

0.75 1.3 1.9 2.8 1.6 2.1 4.2 3.7 3.1 3.2 

1.25 2.5 0.6 1.3 2.3 2.3 3.8 4.8 2.0 3.5 

1.75 0.6 1.2 0.7 1.7 3.3 1.7 2.8 4.3 4.0 

2.25 5.0 0.1 3.9 0.8 5.0 5.3 4.2 1.6 3.1 

2.75 1.4 1.0 2.3 2.8 1.1 2.2 3.5 0.5 2.8 

3.25 1.7 0.6 0.8 2.2 0.3 2.2 5.1 4.8 4.1 

3.75 3.4 0.9 1.8 2.5 0.1 1.9 5.4 2.3 3.9 

4.25 2.2 0.6 1.8 0.8 1.7 3.2 3.5 2.2 1.5 

4.75 1.6 2.1 1.1 3.9 0.7 3.1 3.8 6.3 5.0 

5.25 2.0 2.0 1.2 3.0 0.7 1.2 3.1 5.5 4.3 

5.75 2.0 1.2 4.0 2.4 0.8 2.4 5.3 3.2 1.9 

6.25 1.9 2.6 4.1 3.3 1.3 0.6 5.7 1.6 1.3 

6.75 1.0 2.5 3.4 1.6 0.6 3.4 5.7 3.9 3.8 

7.25 1.6 2.1 1.5 3.4 3.9 4.3 3.6 1.1 5.1 

7.75 2.6 1.4 1.9 1.4 2.9 2.2 3.5 4.9 3.0 

8.25 1.1 1.8 2.2 2.4 2.8 2.3 4.5 6.1 5.5 

8.75 1.4 1.3 3.6 3.9 2.2 4.5 3.6 4.0 3.1 

9.25 0.8 2.6 2.6 2.2 1.8 0.9 4.4 4.9 2.6 

9.75 1.1 2.3 4.1 3.4 1.7 3.5 2.5 3.4 3.0 

10.5 2.3 0.8 2.0 1.3 5.5 1.5 0.9 3.7 2.4 

11.5 1.5 0.6 2.2 1.9 0.6 2.0 4.9 1.1 4.1 

12.5 4.2 0.7 5.8 2.6 1.5 2.7 1.8 5.7 3.4 

13.5 3.6 0.5 4.3 0.8 2.7 3.1 2.6 2.4 5.5 

14.5 2.3 1.1 2.4 1.4 2.0 3.6 6.1 1.6 5.8 

15.5 3.1 4.3 1.8 2.9 2.0 2.4 3.5 2.3 0.1 

16.5 2.8 2.2 2.8 1.6 1.7 4.0 4.4 3.4 5.1 

17.5 3.8 0.8 5.5 3.4 0.9 2.8 3.1 4.1 11.7 

18.5 1.4 2.3 2.2 2.7 3.5 2.1 3.3 1.5 1.6 

19.5 2.9 1.4 4.6 2.1 3.5 1.7 5.5 3.5 4.4 

21 4.3 4.2 4.6 4.0 0.2 5.8 11.2 3.1 3.2 

23 3.3 1.6 4.0 1.4 1.1 4.4 3.4 5.3 1.6 

25 2.6 0.8 2.1 3.2 1.5 3.9 0.8 3.8 4.1 

27 4.3 1.0 2.0 0.3 4.1 1.7 3.4 3.3 4.9 

29 1.6 1.9 2.8 1.2 1.8 7.1 1.8 - - 
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Table 29. Porewater Fe and Mn percentage standard deviation from replicate (n = 3) 

measurements at the 140 m, 300 m, 940 m, 1200 m, and 1850 m Pakistan margin study 

sites during the intermonsoon (CD 146 – top) and late-to-post SWM (CD151 – bottom). 

(-) represents no measurement. 

 
Section 

(cm) 

140 m 

Fe 

140 m 

Mn 

300 m  

Fe 

300 m  

Mn 

940 m 

Fe 

940 m  

Mn 

1200 m  

Fe 

1200 m  

Mn 

1850 m 

-Fe 

1850 m 

-Mn 

0.25 0.97 0.83 0.48 0.54 0.51 0.13 0.65 0.43 0.45 0.52 

1.25 0.09 0.40 1.37 0.33 0.65 0.71 1.12 0.19 0.14 0.36 

2.25 0.95 0.81 0.93 0.55 0.36 0.88 0.24 0.52 0.33 0.25 

3.25 1.82 0.64 1.96 0.20 0.73 0.63 0.36 0.33 0.57 1.17 

4.25 0.88 0.70 0.29 0.91 0.92 0.46 0.09 0.56 0.43 1.04 

5.25 1.41 0.24 1.52 0.06 1.20 0.31 0.33 0.49 0.56 0.67 

6.25 2.01 0.32 0.73 0.30 0.54 0.79 0.37 0.44 0.46 0.32 

7.25 1.55 0.65 3.01 0.74 0.33 0.37 0.98 0.87 0.23 0.19 

8.25 1.14 0.52 0.95 0.46 0.54 1.07 1.00 0.93 0.68 0.94 

9.25 1.75 0.91 0.82 0.25 0.55 0.33 1.01 0.26 0.71 1.44 

11.5 1.01 0.40 3.24 2.56 0.28 0.80 0.45 0.39 1.00 0.88 

13.5 2.78 0.39 0.30 0.24 0.70 0.24 0.88 0.54 0.10 0.60 

15.5 1.81 0.37 0.52 0.21 0.73 0.68 0.60 0.72 0.92 0.78 

17.5 0.91 0.39 0.59 0.47 0.41 0.29 1.00 0.38 0.10 0.16 

19.5 1.00 0.66 0.71 0.44 0.40 0.41 0.25 0.48 0.22 1.00 

21 1.28 0.65 0.58 0.50 0.38 0.44 1.35 0.78 1.22 1.30 

25 0.34 0.56 2.18 0.74 0.66 0.72 0.29 0.39 0.25 1.60 

29 0.39 0.77 0.68 0.70 0.72 0.69 0.84 0.37 0.67 0.21 

           

Section 

(cm) 

140 m 

Fe 

140 m 

Mn 

300 m  

Fe 

300 m 

Mn 

940 m  

Fe 

940 m 

Mn 

1200 m 

Fe 

1200 m  

Mn 

1850 m 

Fe 

1850 m 

Mn 

0.25 0.66 0.70 0.23 0.43 0.13 0.22 0.32 1.01 0.72 0.23 

1.25 0.47 0.66 0.61 0.55 0.32 0.02 1.08 0.19 0.76 1.08 

2.25 0.38 1.17 0.93 0.48 0.77 1.07 0.41 0.25 0.10 0.32 

4.25 0.53 0.83 - - 0.56 0.26 0.18 0.24 0.51 1.02 

5.25 0.60 0.26 1.93 0.59 0.73 0.85 0.34 0.21 0.43 1.74 

6.25 0.21 0.13 0.45 0.29 1.18 0.07 0.47 0.54 3.07 0.88 

7.25 0.30 0.64 2.08 0.62 1.53 1.01 0.55 0.13 0.60 0.53 

8.25 0.63 0.66 1.98 0.25 0.98 0.52 0.59 0.39 0.65 0.76 

9.75 1.08 0.76 0.32 0.39 1.00 0.26 1.07 0.45 0.23 1.39 

12.5 0.33 0.52 0.87 0.37 0.73 0.37 0.26 0.26 2.27 0.35 

13.5 0.18 0.47 1.09 0.77 2.85 0.33 0.58 0.47 0.11 0.63 

15.5 0.12 0.02 2.22 0.39 2.11 0.17 0.26 0.35 0.64 1.42 

17.5 0.83 0.55 2.00 0.21 0.54 0.39 0.77 0.44 0.70 0.44 

19.5 4.28 0.89 0.62 0.12 1.43 0.22 0.15 0.25 0.49 1.91 

21 0.22 0.44 1.65 0.41 0.67 0.42 0.74 0.66 0.72 0.86 

25 0.35 0.38 0.55 0.46 1.65 0.41 0.49 0.48 0.82 0.79 

27 0.51 1.12 1.03 0.38 0.72 0.35 0.68 0.49 0.55 1.33 

29 0.34 0.62 0.20 0.14 0.57 0.69 0.93 0.54 0.5 2.1 

 


