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"Se il discorrere circa un problema 
dif.ficile fusse come il portar pesi, 
dove molti cavalli porteranno piu 
sacca di grana che un caval solo, io 
acconsentirei che i molti discorsi fa­
cessar pitt che un solo; ma il discor­
rere ecome il correre, e non come il 
portare. ed un caval barbero solo 
correra piu che cento frisoni". 

Galileo 

"aileen voor juIlie, zonen van wetenschap 
en wijsheid, hebben wij dit werk geschreven. 
Studeert aandachtig in dit boek en zoekt 
onze bedoeling bijeen, die wij verspreid 
over verschiIlende plaatsen hebben uiteen­
gezet; en wat op een plaats door ons 
verborgen is gehouden, hebben wij op een 
andere duidelijk gemaakt, zodat het voor 
jullie onthuld wordt, als jullie wijs zijn. " 

Heinrich Cornelius Agrippa von Netteshein, 
De occulta philosophia, ill, 65 
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Introduction and Summary
 

"But the largest number of[marineJ animals and those of the largest size are in the Indian 

Sea, among them whales covering three acres each, and sharks 100 ells long: in fact in 

those regions lobsters grow to 6ft. long, and also eels in the river Ganges to 300ft. " 

Plinius Maior, Naturalis Historia, Book IX. ITA. 

The Arabian Sea has been known for its high marine productivity for a long time. The Greek 
soldiers in the army of Alexander the Great, who in the fourth century Be were the fIrst 
Europeans known to sail the Arabian Sea, noticed the high abundance of marine life in 
comparison to the Mediterranean Sea. They observed how particularly during the solstices 
"rushing whirlwinds and rain-storms and tempests hurling down from mountain ridges upturn 
the seas from their bottom, and roll with their monsters up from the depths in great 
multitudes" (Plinius Maior, Naturalis Historia). This was probably the first time that 
increased marine productivity was related to the period of the monsoons. For periods 
exceeding written history, local and regional fisheries have harvested the high stocks of 
tropical tunas (Sharp, 1992). Only during the last century has the Arabian Sea been exploited 
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commercially. The total marine fishery catch in the western Indian Ocean has increased from 
- 0.5 million ton in 1950 to nearly 3.7 million ton in 1997 (FAD, 1999), making this region 
an important fishing area. Large resources of mesopelagic fish and tunas are still under­
exploited (Sharp, 1992; FAD, 1997). 

The high marine biomass in the Arabian Sea is the result of monsoon induced 
upwelling of nutrient-rich water masses offshore Oman and Somalia (e.g. Qasim, 1982). It 
has still not been adequately established which nutrient(s) limit(s) productivity in the present­
day oceans (e.g. Codispoti, 1989). Recently, iron bioavailibility has been identified to limit 
phytoplankton growth in some open ocean environments (e.g. Martin et ai., 1990; Coale et 
ai.. 1996). Nitrate is the limiting nutrient in most coastal waters (Howarth, 1988), due to a 
low supply by rivers and losses by denitrification in water column and sediment. In the 
Arabian Sea, present-day phytoplankton production in the surface waters is thought to be 
nitrogen limited as well (Woodward et ai., 1999). Phosphorus (P) has, in contrast to nitrogen, 
no important gaseous phases in the natural environment, and the oceanic mass balance of 
phosphorus is solely governed by input from fluviatile and eolian sources, and burial in 
sediments (e.g. Froelich et al., 1982; Delaney, 1998). Phosphorus is a structural and 
functional component of all organisms. It is present in cell constituents like nucleic acids, 
nucleotides, phosphoproteins, and phospholipids, and plays a central role in the storage, 
transport and utilization of energy. These properties make phosphorus an essential nutrient 
to the biosphere. On geological time scales, phosphorus availability is considered to be the 
main factor controlling net primary productivity in the oceans, because shortages of nitrogen 
are ultimately replenished by nitrogen fixation from the atmosphere (Holland, 1978; 
Broecker and Peng, 1982; Howarth et ai., 1995; Tyrell, 1999). Marine productivity 
determines the burial of organic carbon, and thus controls the atmospheric CO2 and 
O2 concentrations. The bioavailability of phosphorus in the oceans may potentially play an 
important role in climate change (Broecker, 1982; Van Cappellen and Ingall, 1996). 
Furthermore, detailed knowledge of the marine phosphorus cycle provides a better 
understanding of the biogeochemical cycling of carbon, nitrogen, sulphur, and other biophile 
elements on geological time scales. 

This thesis investigates phosphorus and manganese cycling in the Arabian Sea during 
the Late Quaternary, using sediment records recovered during the Netherlands Indian Ocean 
Programme (NIOP) in 1992. The first part is concerned with the reconstruction of Late 
Quaternary variability in paleoproductivity and oxygen minimum zone intensity. Special 
attention is given to manganese and sulphur accumulation patterns in order to trace back 
variations in bottom water oxygen content of the deep basin and continental slope. In the 
second part of this thesis P cycling in the Arabian Sea sediments is investigated. Pore water 
fluxes and solid-phase P speciation results are combined to assess the diagenetic processes 
controlling the benthic regeneration and burial of P. The contrasting environmental 
conditions that 'characterized the Arabian Sea in past and present provide an excellent 
opportunity to elucidate the mechanisms that govern P removal from the oceans, and to 
determine the potential role ofP cycling on changes in paleoproductivity over geological time 
scales. 
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Figure 1. Map of the Arabian Sea. 

Climate and hydrography of the Arabian Sea 

The Arabian Sea is a semi-enclosed basin in the northwestern Indian Ocean (Fig. 1). Its 
climate and hydrography are controlled by the monsoonal wind system (e.g. Wyrtki, 1971; 
Slater and Kroopnick, 1984). During Northern Hemisphere summer (May - September) 
differential heating between the continent and the ocean leads to the development of a low 
pressure cell over the Himalayas and the Tibetan Plateau. The strong pressure gradient 
between Asia and the southern Indian Ocean initiates strong southwestern winds 
(SW monsoon). These winds, which are concentrated in a narrow jet stream parallel to the 
coasts of Oman, Yemen and Somalia (Findlater jet), induce offshore Ekman transport of the 
surface waters, resulting in coastal upwelling (e.g. Wyrtki, 1971; Currie, 1973). In addition, 
the positive (cyclonic) curl of wind stress over the Arabian Sea causes upward Ekman 
pumping northwest of the jet axis, which drives open-sea upwelling over a 400-km-wide area 
(e.g. Smith and Bottero, 1977; Bauer et ai., 1991). Upwelling also occurs on the west coast 
of India as the result of local winds that have a southward direction (Sharma, 1978). Coastal 
and open-sea upwelling carries cold, nutrient-rich water masses to the ocean surface, 
stimulating high rates of biological productivity throughout the northern Arabian Sea (Qasim, 
1982; Brock et ai., 1992; Jochem e( ai., 1993). During the SW monsoon, primary 
productivity rates vary from 2.5 gC m-2 dol offshore Oman to 0.5 gC m-2 dol in the more 
oligothrophic central Arabian Basin (Owens et ai., 1993). For the Northern Hemisphere 
winter (November - April) the situation is reversed. High atmospheric pressure over the 
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Asian continent induces northeastern trade winds, which are generally weaker than the 
SW monsoon. These winds cause onshore Ekman transport which suppresses upwelling and 
productivity (Slater and Kroopnick, 1984). The alternating six-monthly change in wind 
direction results in a prominent seasonal contrast in primary productivity (e.g. Banse, 1987), 
and biogenic and lithogenic fluxes through the water column (Nair et aI., 1989, Ittekkot et 
aI., 1992). Estimates for annual primary productivity in the northern Arabian Sea vary 
between 200 and 400 gC m-2 y-l (e.g. Kabanova, 1968; Qasim, 1982; Codispoti, 1991; Olsen 
et aI., 1993; Jochem et aI., 1993). This makes the Arabian Sea is one of the most productive 
areas of the world. 

The Arabian Sea is characterized by an intense Oxygen Minimum Zone (OMZ) 
between 150 and 1250 m water depth (e.g. Wyrtki, 1971; Slater and Kroopnick, 1984). 
Oxygen concentrations in the OMZ are lowest in the northeastern part of the Arabian Sea 
« 4.5 j.lM; e.g. Morrison et aI., 1999), and increase slightly in an southeastern direction 
(Wyrtki, 1971). The pronounced oxygen deficiency at mid-water depths induces high rates 
of denitrification in the central part of the Arabian Sea (Deuser, 1978; Naqvi, 1987). 
Sporadically, free hydrogen sulphide has been detected in the OMZ (Ivanenkov and Rozanov, 
1961), but these reports should be questioned (Deuser et aI., 1978; Farrenkopj et al., 1997). 
The low mid-water oxygen concentration is caused by the combination of high oxygen 
consumption rates invoked by high downward fluxes of organic matter, a strong thermo­
stratification of the upper 200 m of the water column, a sluggish deep water ventilation, and 
the relatively low dissolved oxygen content of the water sources (Indian Ocean Central 
Water, Persian Gulf Water, Red Sea Water) at intermediate depth (Wyrtki, 1973; Slater and 
Kroopnick, 1984; Swallow, 1984, Olsen et aI., 1993). High marine productivity and the 
oxygen depleted waters of the OMZ strongly affect the nature of the sediments underlying 
the Arabian Sea. Sediments are frequently laminated and rich in organic matter where the 
OMZ impinges on the continental slope (Shimmield et aI., 1990; Von Rad et aI., 1999; 
Van der Weijden et al., 1999). In the deeper part of the Arabian Basin, where bottom waters 
are well oxygenated, sedimentary organic matter concentrations are generally lower. 

The unique characteristics of the Arabian Sea make this region an important study 
area for the mechanisms of wind-driven upwelling (e.g. Currie et aI., 1973; Swallow, 1984; 
Currie, 1992), the influence of upwelling on the global carbon dioxide budget (e.g. Ittekkot 
et aI., 1992; Shimmield, 1992), paleoclimatic reconstructions (e.g. Clemens and Prell, 1990; 
Sirocko et aI., 1993; Emeis et aI., 1995; Clemens et aI., 1996; Reichart et aI., 1997; 1998; 
Von Rad et aI., 1999), and the nature of organic carbon accumulation in oxygen depleted 
waters (preservation vs. production; Pedersen et aI., 1992; Paropkari et aI., 1992; Calvert 
et aI., 1995; Reichart, 1997; Van der Weijden et al., 1999). 

Sequential extraction techniques 

Application of various sequential extraction techniques constitutes a prominent element of 
this thesis. Sequential extractions are commonly used to study the sedimentary cycling of 
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several key elements, such as S, N, P, Ca, Mg, Sr, Ba, Mn, and Fe (e.g. Lord, 1982; Canfield, 
1989; Huerta-Diaz and Morse, 1990; Ruttenberg, 1992; Rutten, et at., 1999). This technique 
is based on the principle that different solid-phase fractions show dissimilar reactivity to a 
series of reagents. Sediment samples are washed sequentially with a series of solvents to 
extract the specific fractions, in which the most reactive phases are removed first. 

The sedimentary manganese speciation is highly susceptible to the (past) redox 
conditions in water column and sediment (e.g. Calvert and Pedersen, 1993; De Lange et at., 
1994; Rutten et at., 1999). In Chapter 2 a 6-step sequential extraction scheme is presented 
to distinguish the three main Mn fractions in marine sediments, namely 1) Mn carbonates, 
2) Mn oxides, and 3) a residual fraction, consisting of Mn associated with alumino-silicates 
and pyrite. Application of this extraction scheme provides an important tool to determine 
paleoredox conditions and the nature of sedimentary Mn spikes. 

As a consequence of the low P concentrations in marine sediments, sequential 
extraction techniques are the only available methods to obtain detailed solid-phase 
information on the composition of sedimentary P (Ruttenberg, 1992). Lucotte and d'Anglejan 
(1985) developed a detailed sequential extraction scheme that distinguishes 1) easily 
exchangeable P, 2) P associated with iron oxides, 3) apatite, and 4) organic P. This scheme 
was extended and modified by Ruttenberg (1992) for marine sediments (SEDEX method), 
enabling the separation between authigenic and detrital apatites. The SEDEX method has 
been applied successfully to many different marine environments (e.g. Ruttenberg and 
Berner, 1993, Filippelli and Delaney, 1996; Slomp et al., 1996; Louchouarn et at., 1997; 
Eijsink et at., 1998). In Chapter 5 the SEDEX method has been modified to allow, for the 
first time, the separation of P associated with biogenic apatite (fish debris) from authigenic 
apatite. Up to now, handpicking, which is very time consuming, was the only method to 
semi-quantify their presence (Suess, 1981; De Vries and Pearcy, 1982). Distinction between 
these two apatite phases has three advantages. Firstly, it enables evaluation of importance fish 
debris burial in the marine phosphorus cycle. Secondly, it allows reconstruction of the 
deposition history of fish debris in sediment records. Thirdly, application of this extraction 
scheme improves the determination of authigenic apatite burial rates. 

The results of this thesis show that the 2 M NH4Cl extraction can be applied for 
multiple usage, namely to distinguish biogenic apatite (paleo-productivity indicator, 
Chapter 5), and Mn carbonates (paleo-redox indicator, Chapter 2), Ca-carbonates (De 
Lange et at., 1986), and barite (paleo-productivity indicator; Rutten and De Lange, in prep., 
Chapter 5). 

OMZ Variability in the Arabian Sea 

The monsoonal climate system of the northern Indian Ocean has been subject to large 
variations during the Late Quaternary. The intensity of monsoon-induced upwelling is 
primarily controlled by precessional driven changes in summer insolation, that alter the 
surface low-pressure over the Asian continent (e.g. Clemens and Prell, 1990; Clemens et aL, 
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1991; Anderson and Prell, 1993). Sediment core studies have revealed that fluctuations in 
paleoproductivity exhibit a strong 23-kyr signal (e.g. Shimmield, 1992; Emeis et aI., 1995, 
Reichart et aI., 1998). The intensity of the Indian summer monsoon is also affected by 
glacial-interglacial climate variations (e.g. Prell, 1984). In the Arabian Sea, glacial periods 
are characterized by relatively high mass accumulation rates and an overall low primary 
productivity rates in comparison to interglacial periods (Emeis et al., 1995; Reichart et al., 
1998). As a result of the differences in the organic carbon rain rate and deep convective 
overturn, the intensity and extension of the OMZ has varied considerably during the Late 
Quaternary (Altabet et aI., 1995; Reichart et aI., 1998; Den Dulk et aI., 1998). 

Manganese is a key element for the determination of past variations in bottom water 
oxygen (BWO) conditions (e.g. Calvert and Pedersen, 1993; De Lange et al., 1994). In 
Chapter 2 Late Quaternary Mn sedimentation is investigated in Arabian Sea sediments, in 
order to reconstruct past variations in OMZ intensity. The presence of Mn carbonates in the 
sediments of the deep Arabian Basin indicates that bottom waters have remained oxygenated 
for at least the last 185 kyr. At particular depth intervals Mn enrichments have been observed, 
which occur in the basal part of organic rich layers. The timing of the Mn spikes corresponds 
to periods of enhanced reactive Mn fluxes to the deep basin. A vertical extension of the OMZ 
resulted in enhanced remobilization of reactive Mn from continental margin sediments into 
the water column, and its subsequent removal to the deeper, more oxygenated environment. 
During glacial periods, only small vertical shifts of the base of the OMZ are needed (100­
300 m) to produce the observed Mn remobilization. Mn records from deep basin sediments 
in the Arabian Sea can thus be used as a proxy to trace back variations of the redox 
conditions of the intermediate waters through time. 

During the last two decades, climate studies of the Indian Ocean monsoon have 
focussed on the Oman an Yemen upwelling area (e.g. Prell, 1984; Shimmield et aI., 1990; 
Sirocko et aI., 1993; Emeis et al., 1995). In Chapter 3 sub-Milankovitch variability in 
monsoon intensity is studied on the Oman Margin. A high-resolution geochemical record, 
combined with micropaleontological data shows high-frequency variations in sea surface 
productivity caused by changes in the intensity of summer monsoon induced upwelling. 
Changes in aridity on the Arabian Peninsula varied synchronous with the summer monsoon, 
periods with minimum monsoon intensity being driest. The local OMZ, which presently 
impinges on the Oman continental margin, was reconstructed using laminations, redox 
sensitive elements, aragonite preservation and sulphur diagenesis. OMZ intensity varies 
together with summer monsoon strength, being weakest during periods of minimum summer 
monsoon intensity. The oxygen depleted waters of the OMZ caused iron oxides reduction in 
the water column and/or sediment water interface. As a consequence, pyrite formation in 
continental margin sediments of Oman was limited by the availability of reactive iron. 
Correlating summer monsoon variability to the northernmost part of the Arabian Basin 
indicates that minima in summer monsoon intensity coincided with maxima in winter 
monsoon strength. Furthermore, the record from the Oman Margin again confirms the link 
between sub-Milankovitch variability in high and low latitude climate. 
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Sedimentary P cycling in the Arabian Sea 

Phosphorus is ultimately removed from the oceans by accumulation in sediments. The flux 
of particulate P arriving at the sediment water interface consists of a reactive and a non­
reactive fraction. Only the fIrst may potentially be mobilized and become available again for 
utilization in the biosphere (Krajewski, 1994). Reactive phosphorus is delivered to the 
sediment by three major sources, namely 1) organic maUer, 2) iron oxides, which have a high 
sorption capacity for phosphate, and 3) fIsh debris (e.g. Froelich et aI., 1988; Van Cappellen 
and Berner, 1988; Van Cappellen and Ingall, 1994; Fig. 2). Non-reactive phosphorus, 
primarily consisting of detrital apatite, usually represents only a small fraction relative to the 
total accumulating P flux (Ruttenberg and Berner, 1993; Filippelli and Delaney 1996). Upon 
burial, the quantity and form of reactive P sequestered in sediments is strongly affected by 
early diagenetic processes (e.g. Krom and Berner, 1981, Sundby et aI., 1992; Delaney, 1998). 
Organic matter degradation, iron oxide reduction, and dissolution of fish debris result in the 
release of phosphate to the porewater (Fig. 2). Interstitial phosphate either diffuses back to 
the bottom water, is incorporated in the benthic biomass, or precipitates as carbonate 
fluorapatite (CFA; phosphogenesis). Authigenic apatite has been identified as a potentially 
important sedimentary sink of reactive phosphorus in the oceans (Ruttenberg and Berner, 
1993). Particularly sediments from upwelling areas are often characterized by high authigenic 
phosphorus contents; when they contain over 5 wt% PPs they are classifIed as phosphorites 
(e.g. Cook, 1984). 

For the evaluation of P cycling in the oceans it is important to determine the extent 
and environmental conditions controlling phosphogenesis. In Chapter 4 phosphogenesis and 
phosphorite formation are investigated in the Arabian Sea surface sediments located within 
the present-day oxygen minimum zone. Porewater characteristics and the downcore increase 
of a solid-phase Ca-phosphate mineral, indicate that phosphogenesis is currently occurring 
in these sediments. Application of a diagenetic model revealed that phosphogenesis on the 
Pakistan Margin is induced by a high rate of organic matter degradation and, probably, fIsh 
debris dissolution. Early diagenetic iron cycling does not signifIcantly affect sedimentary P 
cycling in these environments. Furthermore, model results indicate that dysoxic rather than 
fully anoxic bottom waters are more effective in promoting early diagenetic phosphogenesis. 
The highest rate of authigenic apatite formation was observed in a boxcore taken on the 
Oman Margin, where it contributes to the formation of a Holocene phosphorite deposit. This 
is the first time Holocene phosphorite formation is reported for this upwelling area. 
Phosphorites are presently forming on the Oman Margin as a result of a) deposition of older, 
reworked material from the continental shelf, that has undergone an earlier phase of 
phosphogenesis, b) a high Holocene input of reactive P (fish debris and degradable organic 
matter), c) a relatively low sediment accumulation rate, and d) the absence of winnowing (at 
this specific location). 

Deposition and burial of fIsh debris is generally considered to play an unimportant 
role in the marine P cycle (e.g. Froelich et aI., 1982). In Chapters 5, 6, and 7 the burial and 
regeneration of P associated with fish debris (Pr"h) is studied in Arabian Sea sediments. In 
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eolian input 

fluviatile input--­

Figure 2. Simple representation of the marine phosphorus cycle. Phosphorus is supplied to the 
oceans by fluviatile and eolian transport. In the surface waters the nutrient phosphate is 
incorporated in soft and hard tissues ofmarine organisms. These biogenic particles eventually sink 
to the seafloor. Most of the particulate organic P (Porg) or P associated with fish debris (Pfi.<h) is 
regenerated during transit through the water column, and only a small fraction reaches the sediment 
surface. An additional source of sedimentary P is phosphate scavenged by settling detrital iron 
oxides (PF.). Upon burial, phosphate may be released to the porewater by organic matter 
degradation, iron oxide reduction, or fish debris dissolution. The remobilised phosphate diffuses 
back to bottom water, or is incorporated into an authigenic apatite phase (PCFA). The remaining 
sedimentary P fraction is buried and removedfrom the oceanic P cycle. The non-reactive P fraction, 
primarily consisting ofdetrital apatites (Pder), does not actively participate in the oceanic P cycle. 
The phosphate regenerated in the sediment and water column is ultimately transported back photic 
zone, where it will fuel new marine production. 

recent surface sediments, preservation of fish debris is significantly higher in sediments 
located above 1200 m water depth than it is for deeper sediments (Chapter 5). The 
distribution of Pfish contents in surface sediments is predominantly governed by the extent of 
fish debris regeneration, which is related to differences in water depth and sedimentation rate. 
Additionally, the low bottom water oxygen concentrations may cause enhanced preservation 
of fish debris in continental slope sediments. In Chapter 6 the solid-phase P speciation and 
benthic phosphate fluxes in recent Arabian Sea sediments are discussed. Benthic phosphate 
fluxes are highest in the continental slope sediments of the Arabian Sea, underlying low 
bottom water oxygen concentrations. Organic matter degradation and phosphate desorption 
from iron oxides do not produce sufficient phosphate to explain these high benthic P fluxes. 
The potentially high deposition of fish debris in the Arabian Sea, and a good correlation 
between benthic P fluxes and Pfish accumulation rates indicate that benthic P fluxes in these 

16 



Introduction and summary 

sediments are to a large extent governed by early diagenetic dissolution of fish debris. The 
burial history of Pfish during the Late Quaternary has been investigated in two sediment cores, 
one from the Pakistan Continental Margin, the other from the deep Arabian Basin 
(Chapter 7). The average solid-phase P speciation in these environments is very similar: 
phosphorus associated with fish debris and P associated with authigenic apatite each 
constitute approximately 30% of the total P inventory, whereas P associated with iron oxides, 
organic P, and detrital apatite constitute only minor fractions. Downcore variations in total 
solid-phase P concentration are primarily related to changes in the contribution of the 
Pfish fraction (Chapter 5). On the continental slope, changes in Pfish contents concur with 
alternations in paleoproductivity, as inferred from geochemical and paleontological proxies. 
In these marine environments the Pfish (and thus solid-phase P) content is a better 
paleoproductivity proxy than the organic carbon and barite concentration. In sediment 
records from the deep basin, on the other hand, sedimentary phosphorus contents are less 
suitable as a paleoproductivity indicator, due to higher regeneration rates of fish debris. 

Over the past decade, there has been considerable interest in the environmental factors 
regulating the burial efficiency of P in the oceans. Ingall and Jahnke (1994) have shown that 
benthic regeneration of reactive phosphorus is more extensive under oxygen-depleted bottom 
waters, resulting in a lower P burial efficiency. Enhanced loss ofP from sediments during 
long time periods of bottom water anoxia (i.e. exceeding the oceanic P residence time) will 
lead to an increased supply of P into the photic zone and promote new primary productivity, 
provided that P is the biolimiting nutrient (Ingall et at., 1993; Ingall and Jahnke, 1994; 1997, 
Van Cappellen and Ingall, 1994). The positive feedback between water column anoxia, 
benthic P generation, and marine productivity may explain the often observed occurrence of 
organic-rich sediments under anoxic bottom water conditions (lngall and Jahnke, 1994, 
1997). In Chapters 6 and 7 the environmental factors controlling P burial in the Arabian Sea 
are discussed. A sharp decrease of the reactive P accumulation rate in the surface sediment 
with increasing water depth, in combination with constant primary productivity rates 
throughout the Arabian Sea indicates that P burial in continental slope sediments located 
within the OMZ is more efficient than in deep basin sediments (Chapter 6). Consequently, 
no direct evidence was found in Arabian Sea sediments for more efficient P burial in oxic 
relative to dysoxic bottom water conditions. The effectiveness of P burial is primarily 
regulated by differences in P regeneration occurring in the water column and at the sediment 
water interface. 

In Chapter 7 the response of sedimentary P burial to changing primary productivity 
and bottom water redox conditions during the Late Quaternary is studied. The phosphorus 
burial efficiency is generally lower during periods of increased productivity in both 
continental slope and deep marine sediments. This may be explained by a) the partial 
decoupling of the P export flux, consisting primarily of particulate organic P, and the P burial 
flux, consisting primarily of biogenic and authigenic apatite, and b) the lack of higher rates 
of phosphogenesis during periods of increased P deposition. Higher oceanic primary 
productivity induces more efficient oceanic P cycling. Over geological time scales this 
process may induce higher productivity (assuming that P availability is limiting productivity 
in the oceans), thus creating 3 positive feedback loop. In the Arabian Sea, this feedback 
mechanism may also be active on sub-Milankovitch time scales, as P regenerated on the 
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continental margins of the Oman and Somalian coastal upwelling areas is transported to the 
photic zone relatively fast. 
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Part I:
 

OMZ Variability in the Arabian Sea
 

"The earth is round like a sphere, and the 

waters adhere to it and are maintained on it 

through natural equilibrium which suffers no 

variation ". 

Al Edrisi, The Book of Roger, Sicily, 1154 AD 
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Oxygen Minimum Zone 
controlled Mn redistribution in 
Arabian Sea sediments during 

the Late Quaternary 

S.J. Schenau, G.J. Reichart, and G.J. de Lange 
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Chapter 2 

Abstract· Manganese cycling in the Arabian Sea is strongly influenced by the presence of 
an intense Oxygen Minimum Zone (OMZ). In this study we have investigated Late 
Quaternary Mn burial in Arabian Sea sediments, comparing records from the deep basin and 
the continental slope. A selective sequential extraction procedure has been used to 
characterize the solid-phase Mn speciation. The presence of Mn carbonates in the sediments 
of the deep Arabian Basin indicates that the bottom waters have remained oxygenated for at 
least the last 185 kyr. At particular sediment depth intervals Mn enrichments have been 
observed with concentrations up to 3750 ppm, consisting primarily of Mn carbonates. These 
early diagenetic Mn spikes, which occur in the basal part of organic rich layers, have been 
formed during periods of enhanced reactive Mn fluxes to the deep basin. Periods of increased 
downward fluxes of reactive Mn are associated with a vertical extension of the OMZ, which 
caused dysoxic conditions in the bottom water impinging on slope sediments previously 
being oxic and located below the OMZ. Remobilization of reactive Mn into the water 
column, which has subsequently been removed to the deeper, more oxygenated environment, 
has resulted in the formation of the Mn enrichments in deep basin sediments. Relocation of 
Mn from continental slope sediments is evidenced by Mn depletion in organic-rich intervals. 
During glacial periods only small vertical shifts of the base of the OMZ are needed 
(100 - 300 m) to produce the observed Mn remobilization. The largest OMZ extensions have 
occurred during interglacial stage 5, which have been related to maximum productivity 
during interglacial precession minima. The results of this study indicate that Mn records from 
deep basin sediments in the Arabian Sea can be used as a proxy to trace back variations in 
redox conditions of the intermediate waters through time. 

Introduction 

The hydrography of the Arabian Sea is strongly effected by the monsoonal wind system. 
During Northern Hemisphere summer a strong southwest monsoon causes coastal and open­
sea upwelling off Somalia and Oman (e.g. Slater and Kroopnick, 1984). The upwelling 
waters are rich in nutrients, and cause high seasonal productivity throughout the Arabian Sea 
(e.g. Qasim, 1982). High downward fluxes of organic matter into subsurface waters, in 
combination with a sluggish water circulation owing to the semi-enclosed configuration of 
the Arabian Basin, result in an intensive Oxygen Minimum Zone (OMZ) between 150 and 
1250 m water depth, with oxygen concentrations lower than 2 flM (Van Bennekom and 
Hiehle, 1994). The low oxygen concentrations indicate that, besides denitrification (Naqvi, 
1987), also Mn oxide reduction occurs in the water column. A maximum in the 
Mn2+ concentration (4.6-6.5 nM) has been observed at - 800 m water depth, coinciding with 
the OMZ (Saager et ai., 1989). Dissolved manganese is removed at the base of the OMZ by 
vertical diffusion and oxidative scavenging (Martin and Knauer, 1984), and laterally where 
the OMZ expands into more oxygenated waters (Dickens and Owen, 1994). Consequently, 
Mn cycling in the Arabian Sea is strongly influenced by the presence of the OMZ. 

Since upwelling areas play an important role in the global organic matter 
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accumulation and thus fixation of CO2, the development of upwelling systems through 
geological time has received much attention (e.g. Andersen and Gardner, 1989; Clemens and 
Prell, 1990; Summerhayes et ai., 1992). Sediment records from the Arabian Sea reveal strong 
fluctuations in paleoproductivity and OMZ intensity, which have been linked to variations 
in orbital parameters (e.g. Clemens and Prell, 1990; Reichart et ai., 1998). Variations in the 
monsoonal activity are primarily controlled by the 23-kyr precession cycle, resulting in high 
organic matter accumulation rates and an intensified OMZ during late summer insolation 
maxima (Reichart et aI, 1998). Superimposed on the 23-kyr cyclicity is the 
glacial/interglacial cyclicity. In de Arabian Sea, glacial periods are characterized by relatively 
high mass accumulation rates, low primary productivity and a weakened OMZ compared to 
interglacial periods (Emeis et ai., 1995; Reichart et ai., 1998). 

Manganese burial records have frequently been used to reconstruct past variations in 
bottom water oxygen (BWO) conditions, because Mn is highly susceptible to changes in 
redox conditions in water column and sediment (e.g. Calvert and Pedersen, 1993; De Lange 
et aI., 1994; Schenau et aI., 1999). In the surface sediments of deep basins underlying 
oxygenated bottom waters, Mn accumulates as (hydr)oxides (MnOz or MnOOH; e.g. Finney 
et aI., 1988). When organic matter accumulation rates are low and of low degradability, Mn 
(hydr)oxides can be preserved till considerable burial depths (e.g. Finney et ai., 1988). In 
sediments underlying areas of high productivity, accumulation of reactive organic matter 
induces reduction of Mn(IV) to the more soluble Mn(II) in the upper part of the sediment. 
Manganese released into the porewaters diffuses upward and reprecipitates in the oxic zone 
of the sediment, causing a high subsurface Mn oxide concentration (Froelich et aI., 1979; 
Burdige and Gieskes, 1983; De Lange et ai., 1989). Oxygenated bottom water conditions, 
therefore, ensure that no reactive Mn is lost from the sediment to the bottom water. 
Continued Mn cycling will build up the porewater Mnz 

+ concentration in the suboxic part of 
the sediment until a Mn carbonate phase starts to precipitate (Thomson et al., 1986; De 
Lange. 1986; Middelburg et aI., 1987; Calvert and Pedersen; 1993). Under steady-state 
BWO conditions, all reactive (i.e. reducible) Mn initially deposited as Mn (hydr)oxides, is 
ultimately buried as Mn carbonates. Under suboxic to anoxic bottom water conditions, on the 
other hand, Mn oxides are reduced either in the water column or at the sediment water 
interface. Since no reactive Mn is buried, porewater Mn2 

+ concentrations remain low and no 
Mn carbonates are formed. Therefore, only the non-reactive Mn fraction, which is primarily 
associated with alumino-silicate minerals, is buried in these environments (Calvert and 
Pedersen, 1993). 

In this chapter, Mn cycling in the Arabian Sea during the Late Quaternary is studied, 
comparing sediment records from deep basin and continental slope environments. First, we 
will discuss Mn diagenesis in the sediments of the Arabian basin. Subsequently, we will 
investigate whether Mn burial is influenced by Mn relocation processes, and whether the 
sedimentary Mn record from the deepest part of the basin can be used as an independent 
proxy to trace back variations of the OMZ in time. 
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Material and methods 

Study area 
The three piston cores selected for this study were taken during leg D2 and D3 of the 
Netherlands Indian Ocean program (NIOP) in 1992 (Table 1). Two piston cores (PC487 and 
PC458) were recovered from the Arabian Basin from water depths of 3574 m and 3001 m 
respectively, and are both located well below the base of the present-day OMZ. Piston core 
455 (PC455) was taken from the continental slope of the Pakistan Margin from a water depth 
of 1002 m, which is presently located within the OMZ. The sample locations of the piston 
cores are shown in Figure 1. Bottom water oxygen concentrations were obtained from nearby 
CTD stations (Table 1). The sediments consist mainly of homogeneous, light-greenish 
hemipelagic muds interbedded with slightly darker organic-rich intervals. In PC455 most of 
the organic-rich intervals are finely laminated. 

Pore water analysis 
Porewater extractions were started on board within 24 hours of core collection following a 
standard shipboard routine (Van der Weijden et al., 1994). The sediment cores were sluiced 
into a glovebox, which was kept under low-oxygen conditions (02 < 0.0005%) and at a 
constant in-situ bottom water temperature. Sediments were put into Reeburgh-type squeezers, 
and under a nitrogen pressure of up to 7 bar, pore waters were extracted. Shipboard analysis 
of alkalinity and pH were performed within 12 hours after the extraction of the porewater. 
Alkalinity was determined after titration using the Gran plot method (Gieskes. 1973). 
Precision on duplicate measurements was better than 1 %. Acidified porewater samples were 
taken back to the laboratory and measured for total dissolved Mn and Ca with a Inductively 
Coupled Plasma Atomic Emission Spectrometer (ICP-AES; Perkin Elmer Optima 3000). 
Precision of duplicate measurements was better than 3 %. 

Table 1. Position, water depth, core length, and present-day oxygen concentrations of the bottom 
water of the sampled piston cores. 

Latitude Longitude water depth core length [02] bottom 
(N) (E) (m) (m) water (11M) 

PC487 19°55'9 61°42'8 3574 13.8 151 

PC458 21°59'4 63°48'7 3001 16.31 124 

PC455 23°33'4 65°57'0 1002 14.56 <2 
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Figure 1. Locations ofpiston core sites 455, 458, and 487. PC458 and PC487 are located in the 
Arabian Basin, PC455 is located on the Pakistan Margin. The area where the present-day OMZ 
impinges on the continental slope is shaded. 

Solid-phase analysis 
Porosity and dry bulk density of the sediment were calculated by measuring weight loss of 
fixed volume samples after freeze-drying. After removal of inorganic carbon with 1 M HCI, 
the organic carbon content (Corg) was measured with a NCS analyser (NA 1500). Relative 
errors are smaller than 1 %. Bulk concentrations of Mn, Ca, AI, and Ba were determined by 
total digestion of 250 mg sample in 5 ml of a 6.5 : 2.5 : 1 mixture of HCI04 (60%), HN03 

(65%) and HP, and 5 ml HF (40%) at 90°C. After evaporation of the solutions at 190°C on 
a sand bath, the dry residue was dissolved in 25 ml 1 M HCI. The resulting solutions were 
analysed with ICP-AES. All results were checked using international (SOl, S03) and 
in -house standards. Relative errors for duplicate measurement are better than 3 %. 

The solid-phase speciation of Mn in PC487 was examined using a 6-step sequential 
extraction technique. The extraction steps were selected from known sequential extraction 
schemes, and where needed adjusted to obtain an optimal separation of a specific Mn phase 
(Table 2). Approximately 250 mg of dried and ground sediment were subsequently washed 
sequentially with 25 ml of the solvents. After each extraction step the sediment was rinsed 
twice with demineralised water. The extraction scheme was tested by extraction of 
rhodochrosite and sediment standards with a known Mn speciation. All solutions were 
analysed with ICP-AES. For sediment samples, recovery with respect to the total 
concentration ofMn, Al and Ca is 96%,95% and 85% respectively. Relative reproducibility 
of Mn for each extraction step was generally better than 5 %. 
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Table 2. Details of the applied sequential extraction scheme and the extracted Mn fractions.
 

Step Extractant Mnphase Reference 
extracted 

• 6x 25 mI 2 M NH4Cl (pH 7) 

• 2x 20 mI demin. water 

Mn carbonates after De Lange, 1992 

2 • 25 mI 0.17 M Na-citratel 

0.6 M NaHCO/ 0.11 M 

ascorbic acid (pH 8) 

• 2x 25 mI demin. Water 

Amorphous Mn 

hydr(oxides) 

Kostka and Luther, 

1994 

3 • 25 mil M Na-acetate 
buffered to pH 5 with 

acetic acid 

• 2x 25 mI demin. water 

Mn carbonates after Rutten et aI., 1999 

4 • 25 mI 0.2 M Na-citrate, 
0.35 M Na-acetate, buffered 

to pH 4.8 with acetic acid, 

and 1.25 g Na-dithionite 

• 2x 25 mI demin. water 

Crystalline Mn 

hydr(oxides) 
Kostka and Luther, 

1994 

5 '20ml40%HF 

• 1x 25 mI demin. water 

Mn associated with clay 

minerals 

Lord,1982 

6 • 20 mI HFIHNO/HClO4 Mn associated with pyrite Lord,1982 

Oxygen isotope records for the piston cores were obtained from the analyses of - 30 
handpicked specimens ofNeogloboquadrina dutertrei per analysis. After roasting the samples 
for 30 minutes at 470°C under a helium flow to remove organic remains, they were 
transferred to an automated carbonate preparation unit (IsoCarb). The CO2 was measured 
online on a VO SIRA 24 mass spectrometer. Values are reported relative to the Peedee 
belemnite (PDB) in standard 8 notation; calibration is achieved through analyses of National 
Bureau of Standards (NBS) 19 reference materials. The mean standard deviation for 8180 on 
triplicate samples was 0.08 %0. The chronology of the piston cores is based on the 

180/) records (Fig. 2), using the procedure employed by Reichart et at. (1998). Mass 
accumulation rates (MARs) were calculated by multiplying the linear sedimentation rates 
with the dry bulk densities. 
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Figure 2. The 15180 time series ofN. dutertrei for PC487, PC458 and PC455, in %0 relative to the 
PDB standard. 

Results 

Porewater results for PC487 
The porewater concentration of Mn versus depth in PC487 sharply increases to 75 11M, 
followed by a gradual decrease to 15 11M in the deepest part of the core (Fig. 3). Alkalinity 
increases with depth, whereas porewater concentrations of Ca show a nearly linear decrease. 
The pH (not shown) remains constant at - 8.0 throughout the core. Saturation with respect 
to pure rhodochrosite (MnC03) in the porewaters of PC487 has been calculated as described 
in De Lange (1986). The apparent solubility product of rhodochrosite (K'so) was calculated 
from Ksp in seawater (3.27 x 10-9 

; 25 ° C, 1 bar; Johnson, 1982) for the in-situ pressure 
(368 bar) and temperature (1.3 0q, and equals 3.83 x 10-9

• The ion product (lP) of MnC03 

was calculated as 

where (Mn2+) is the total or "analytical" concentration of Mn2+measured in the porewater and 
(Cot) the in-situ cot concentration, which has been calculated from pH (corrected for 
temperature and pressure) and alkalinity data (corrected for contributions of B(OH)4' HSi03 , 
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Figure 3. Porewater profiles for PC487: Mnz"" alkalinity, Caz", and the degree of saturation of the 
porewater with respect to rhodochrosite, represented as Log (IP/K'so) (see text). The small elevation 
in the Mn2+ concentration that occurs at 800 cm depth corresponds to an age of - 83 ka. 

HPO/ and NH/). The degree of saturation with respect to rhodochrosite was calculated as 

Log .Q = 10g(lP/K'so) 

Log .Q is nearly constant with depth below 200 cm at a mean value of 0.6 (Fig. 3). 

Solid phase 
Organic carbon concentrations in PC487 and PC458 vary in a systematic way, with highest 
values up to 4 wt% (Fig. 4). In PC455 organic carbon concentrations are generally higher, 
but basically show the same pattem as for PC487 and PC458. The glacial mass accumulation 
rates (MARs) in PC487 are approximately twice as high as the interglacial MARs (Fig. 5). 
The pattem for MARs is approximately the same for PC458 and PC455 (not shown), whereas 
the MARs in PC455 are approximately twice as high as in the other two piston cores. 
Aluminum concentrations in PC487 are somewhat higher in the glacial period (Fig. 5). 

The profile of total Mn in PC487 is characterized by a constant base level 
concentration of - 800 ppm (Fig. 4). Superimposed are several Mn maxima, which reach 
concentrations of up to 3750 ppm. These Mn spikes occur in the basal part of organic rich 
layers, with exception of enrichments at 44 and 102 ka. The spikes with the highest 
concentrations occur in interglacial stage 5. The Mn excess fluxes (mg Mn cm-2

), defined as 
the total excess Mn accumulated during a Mn spike, have been calculated by integrating the 
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Figure 4. Records of organic carbon (wt%) and Mn (ppm) versus age for PC487, PC458 and PC 
455. Shaded intervals indicate organic-rich intervals, dotted lines indicate Mn spikes in PC487 and 
PC458, and Mn depletions in PC455. 

product of the excess Mn concentration (i.e. the Mn concentration in spike minus Mn base 
level concentration), and the dry bulk density over the width of the Mn spike 
(see Appendix 2). The calculated Mn excess fluxes range between 1.9 and 4.3 mg Mn cm-2 

for glacial periods and between 9.7 and 15.8 mg Mn cm-2 for the penultimate interglacial 
(Table 3). Mn enrichments in the lower part of organic-rich intervals are also found in PC458, 
although here the spikes have generally lower Mn concentrations (Fig. 4). The Mn spikes in 
PC487 and PC458 correlate relatively well. Small offsets between the two cores are probably 
due to inaccuracies in the age models. The calculated Mn excess fluxes for PC458 are of the 
same order of magnitude as in PC487 (Table 3). In contrast to PC458 and PC487, Mn 
concentrations in PC455 are much lower (300-500 ppm; Fig. 4) and are depleted in the 
organic-rich intervals. 

Sequential extraction 
The six-step sequential extraction for Mn was interpreted as representing three specific 
fractions: carbonates (steps I + 3), oxides (steps 2 + 4) and a residual fraction (steps 5 + 6), 
consisting of alumino-silicates and pyrite (Fig. 6). The Mn spikes consist for ~ 50 - 70 % of 
Mn associated with carbonates, with the exception of the near-surface enrichment. which 
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Table 3. The Mn excess fluxes calculated from the Mn spikes in PC487 and PC458, and the 
corresponding calculated vertical shifts (LIz) of the OMZ (see Appendix B). 

Age (ka) 

27 

PC487 

Mn flux 
(mg cm­2) 

2.6 

!lz 
(m) 

158 

PC458 

Mn flux 
(mg cm­2) 

2.6 

!lz 
(m) 

158 

38 

43 4.3 261 

2.7 164 

51 3.1 188 2.3 140 

57 4.6 280 

63 4.1 249 4.3 261 

83 13.3 1087 15.4 1259 

95 15.8 1291 4.3 351 

116 9.7 793 3.6 294 

150 1.9 116 2.3 140 

167 2.2 134 3.2 195 

Table 4. Results for the sequential extraction ofstandards: sediments standards with a known iron 
and manganese speciation (MMIN, MM91; A. Rutten, unpublished data), and rhodochrosite. 
Percentages are given relative to the total recovery for the three main fractions: carbonates 
(step 1 + 3), oxides (step 2 + 4). and a residual fraction (step 5 + 6). Rhodochrosite is not completely 
extracted in step 1 + 3 due to saturation of the solvents. 

MMIN carbo 
ox. 
res. 

MM91 carbo 
ox. 
res. 

Rhodochrosite carbo 
ox. 
res. 

30 

Mn(%) 

observed standard 
value 

20.5 23.5 
72.6 70.2 

6.9 6.2 

59.9 63.5 
21.0 18.4 
19.1 18.1 

I 
I 

39.0 I ­
0.8 : 

60.2 : 

AI (0/0) 

observed	 standard 
value 

0.2	 0.0 
2.0	 2.1 

97.8	 97.9 

1.0	 0.5 
12.2 8.5 
86.8 :	 91.0 

I 
I 

- I ­
I 
I 
I 
t 

Ca(%) 
I 

observed	 : standard 
I value 

I 
93.6	 98.6 

5.5	 1.1 
0.9	 0.4 

97.8	 96.3 
1.3	 2.6 
0.9	 1.1 
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Figure 5. Records of Mn (ppm), mass accumulation rate (MAR; g cm-2 ky·!), and Al concentration 
(wt%) versus age for PC487. The intervals with Mn enrichments are shaded. 

consists primarily of Mn oxides. Mn oxides are also enriched in all Mn spikes. Manganese 
associated with carbonates is also the dominant fraction outside the Mn spikes, and increases 
slightly with depth. The Mn content in the residual fraction is more or less constant with 
depth. The Mn/Al ratio in step 5 (aluminosilicate fraction) is - 0.0066. Mn associated with 
pyrite (step 6) usually constitutes less than 10 % of the Mn residual fraction. 

The extraction results for the standards (Table 4) indicate that the sequential 
extractions adequately separated the different Mn phases. The high Mn concentration in the 
residual fraction for the rhodochrosite standard are attributed to saturation effects in step I 
and 3 in the solvents due to a relatively high solid/liquid ratio. However, it is conceivable that 
some remaining Mn carbonates have dissolved in step 2 (ascorbic acid extraction), and are 
thus incorrectly attributed to the Mn (hydr)oxide fraction. However, there are several 
arguments against this possibility: firstly, the solubility of Mn carbonates is primarily 
controlled by the pH of the extractant. Since the pH of the solvent in step 2 is higher (8.0) 
than in step I (7.0), insignificant amounts of Mn carbonates are expected to dissolve, as is 
clearly indicated by the low solubility of rhodochrosite in step 2 and 4 (Table 4). Secondly, 
the higher Mn concentrations observed in step 2 are associated with concomitant increases 
in Mn in step 4 (dithionite extraction). The low Ca and Mg concentrations in step 4 indicate 
that all carbonates have been dissolved in the previous steps, and, accordingly, these 
Mn enrichments can unquestionably be attributed to the Mn oxide fraction. Thirdly, the Mn 
porewater profile of PC487 shows a small elevation at 800 cm depth, which coincides with 
the interval where the highest Mn oxide spikes occur in the solid phase (- 83 ka). These Mn 
porewater enrichments, therefore, can be explained by ongoing dissolution of Mn oxides. 
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Figure 6. Stacked profile of the three Mnfractions (ppm) in PC487 versus age: Mn carbonate, Mn 
oxide, and a Mn residual fraction, consisting primarily ofMn associated with alumino-silicates. 

Considering all these observations, we conclude that the observed Mn (hydr)oxides 
enrichments in the Mn spikes are not an artefact of the sequential extraction method. 

Discussion 

Mn carbonate precipitation in PC487 
Presently, Mn oxides are being reduced in the upper part of the sediment, as is indicated by 
a decrease of Mn oxides with depth (Fig. 6) and a concurrent increase of porewater Mn2 

+ 

(Fig. 3). A detailed study on boxcore 487 (taken on the same location as PC487) showed that 
all free oxygen is consumed in the upper few centimetres of the sediment, and Mn 
(hydro)oxides start to be reduced at a depth of 4 cm (Passier et al., 1997). The subsequent 
decrease of porewater Mn2+ with depth is often found in deep pelagic sediments (Li et at., 
1969; Pedersen and Price, 1982), and is indicative for the removal of Mn within the sediment 
by precipitation ofMn carbonates, probably as foraminiferal overgrowths (Boyle, 1983), or 
Mn adsorption to calcium carbonates (Thomson et aL 19R6). 

Porewaters of sediments underlying oxygenated bottom waters are generally 
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supersaturated or close to saturation with respect to rhodochrosite (MnC03; Li et aI., 1969; 
Pedersen and Price, 1982; De Lange, 1986; Jakobsen and Postma, 1989; Calvert and 
Pedersen, 1996). Saturation calculations indicate that this is also true for PC487 (Fig. 3). The 
composition of authigenic Mn carbonates in marine sediments, however, is highly variable 
with Ca carbonate percentages up to 50 wt% (Pedersen and Price, 1982; Jacobsen and 
Postma, 1986; Middelburg et aI., 1987). Thermodynamic calculations and saturation 
experiments indicate that a kutnahorite (CaMn(C03)2) like phase rather than pure 
rhodochrosite regulates Mn solubility in marine porewaters (Middelburg et aI., 1987; Mucci, 
1988). Since rhodochrosite is more soluble than kutnahorite (Calvert and Pedersen, 1996), 
the porewaters of PC487 can considered to be (super)saturated with respect to a Mn-Ca 
carbonate phase. Equilibrium with a Mn-carbonate phase is also indicated by the constant ion 
activity product of MnC03 versus depth (Fig. 3). 

The present-day rate ofMn carbonate precipitation in PC487 was estimated using the 
Mn porewater profile (Appendix A). The downward flux of Mn2+ was determined from the 
negative porewater concentration gradient in the upper part of the sediment, which was 
subsequently converted into a solid phase Mn carbonate concentration. This calculation yields 
a Mn concentration of - 470 ppm, which is somewhat higher than the observed concentration 
of ± 300 ppm Mn in the carbonate fraction in the top of the pistoncore (Fig. 6). Accordingly, 
the present-day downward flux of Mn is in reasonable agreement with the observed constant 
background level concentration of solid phase Mn-carbonate. 

Origin ofthe Mn spikes in the sediment records ofthe deep Arabian basin 
Mn carbonates have formed over the whole length of sediment core PC487. Since oxygenated 
bottom water conditions are essential for the diagenetic formation of Mn carbonates (Calvert 
and Pedersen, 1993), bottom waters of the deep Arabian basin must have remained 
oxygenated for at least the last 185 kyr. This is also indicated by the presence of bioturbation 
throughout the sediment record. Accordingly, no evidence was found for anoxic deep water 
in the Arabian Sea during the last glacial period, as postulated by Sarkar et al. (1993). 
Furthermore, results from sediment cores from the Murray ridge demonstrate that the OMZ 
was significantly more intensive than the present situation during only two periods in the past 
225 kyr (Reichart et aI., 1997). In view of the present-day deep water circulation, it is 
unlikely that the OMZ extended to a depth of 3500 m during those two time periods. The 
deep pelagic sediments of the Arabian Sea, therefore, have not experienced extensive losses 
of reactive Mn to the bottom water during the last 185 kyr. The rather constant background 
level of Mn probably represents a steady-state situation in which the input of reactive Mn 
from the water column is balanced by burial of Mn carbonates. 

The Mn spikes, which are superimposed on the constant background concentration, 
reflect a deviation from the steady-state situation. Sedimentary Mn enrichments have been 
associated with distinct transitions in lithology, such as turbidites or sapropels (Colley et aI., 
1984; Wilson et aI., 1986; De Lange et aI., 1989), ash layers, or other coarse grained 
sediments (Pedersen and Price, 1982). In PC487, macroscopical observations and 
geochemical analysis indicate that the sediment is undisturbed and rather homogeneous in 
composition, with the exception of some very thin turbidites that occur between 80 and 
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200 cm depth. Therefore, the Mn spikes must be attributed to an early diagenetic increase in 
the precipitation rate of Mn carbonates. The concurrence of Mn carbonate spikes with 
enrichments in Mn oxides (Fig. 6) suggests that Mn carbonates were formed by the in-situ 
transformation of Mn oxides, probably while being in the upper few centimeters of the 
sediment. Ifdissolution of Mn oxides had occurred deeper in the sediment, the process would 
have been slower, allowing more Mn2+ to diffuse away from the Mn spikes and causing a 
more evenly distribution of Mn carbonates over the sediments. 

Higher carbonate alkalinity induced by bacterial sulphate reduction during early 
diagenesis may have augmented precipitation ofMn carbonates (Berner, 1970). Since the Mn 
spikes are located in the organic-rich layers which are enriched in pyrite, a rise of the 
porewater carbonate alkalinity may have triggered carbonate formation. Manganese carbonate 
precipitation, however, is principally controlled by the Mn2 

+ concentration rather than by 
carbonate alkalinity (Pedersen and Price, 1982, Calvert and Pedersen, 1996). The formation 
of the Mn spikes, therefore, must be associated with periods of increased Mn availability in 
the porewater. There are two potential mechanisms that could have caused higher Mn 
concentrations in the porewaters, namely 1) enhanced dissolution of Mn oxides that were 
initially precipitated through early diagenetic processes in the upper part of the sediment, or 
2) an increased downward flux of particulate Mn from the water column. 

1) Diagenetic redistribution 
Manganese spikes in recent sediments are commonly interpreted to have an early diagenetic 
origin (e.g. Berger et at., 1983). In a steady-state situation, diagenetic Mn oxide peaks are not 
preserved in the sediment record, since they move upward with ongoing sedimentation 
(e.g. Burdige and Gieskes, 1982). Finney et al. (1988) proposed that Mn oxide enrichments 
can be preserved in the sediment record as the result of past variations of the redox conditions 
in the sediment: an increase in the rain rate of reactive organic matter flux will increase the 
oxidant demand and cause an upward movement of the Mn redox boundary. If the organic 
matter in the sediment is of low degradability, Mn oxide spikes can be trapped beneath the 
zone of active reduction, and can thus be preserved till considerable depth (Finney et at., 
1988). In the Arabian Sea, where organic matter accumulation rates are higher than in the 
area of the Pacific ocean studied by Finney et al. (1988), an upward shift of the Mn redox 
boundary will bring Mn oxides in the reducing zone. As a result, Mn oxides will start to 
dissolve more rapidly (see Fig. 7). An intensification of the "manganese pump" will cause a 
higher production rate of Mn2 

+ in the porewaters, which may subsequently enhance Mn 
carbonate precipitation (Yang et al., 1995). Manganese is thus redistributed over the sediment 
as a function of the organic matter flux. 

There are several indications that the Mn spikes observed in the sediments of the deep 
Arabian Basin are not the result of diagenetic redistribution. Firstly, the position ofthe Mn 
spikes is not in accordance with a diagenetic redistribution mechanism. If an increase of the 
reactive organic matter flux into the sediment causes an upward shift of the redox boundary, 
the Mn oxides beneath the newly forming organic rich layer will start to dissolve rapidly 
(Finney et at., 1988). Manganese carbonate precipitation, therefore, would mainly occur 
below the organic rich layers. With the exception of a Mn spike at 44 and 102 kyr in PC487, 
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Figure 7. Schematic representation ofthe two possible mechanisms that may explain the formation 
of the Mn carbonate spikes in a deep, oxygenated basin environment: la, 2a) steady-state situation: 
Mn oxides are reduced with depth once the oxygen content in the porewater is depleted. The 
increase in Mn porewater concentration results in Mn carbonate precipitation. All reactive Mn 
initially deposited as Mn (hydr)oxides is ultimately buried as Mn carbonates. 
I) Diagenetic redistribution: Ib) An increase of the organic matter rain rate causes an upward shift 
of the redox front, which enhances the dissolution ofMn oxides previously located above the redox 
front. 1c) A new steady-state situation is established, in which the diagenetic Mn oxide peak is 
located near the sediment surface. The increased Mn oxides dissolution rates have temporarily 
induced a higher precipitation rate ofMn carbonates. 
2) Increased Mn flux from the water column: 2b) An increase ofthe reactive Mn oxides flux from the 
water column causes higher Mn2+ porewater concentrations, provided that enough labile organic 
matter is present to reduce all Mn oxides. 2c) In a new steady-state situation the Mn input has 
returned to previous values. The flux of increased Mn oxide input has been converted into Mn 
carbonates, and is buried as a Mn spike. 

all Mn spikes observed in PC487 and PC458 occur within organic-rich layers. A diagenetic 
redistribution ofMn would also create depletions in solid-phase Mn directly above and below 
the manganese enrichments, which are not present. Secondly, in the case ofMn diagenetic 
redistribution. the mean Mn concentrations should have remained constant over long time 
periods, assuming that the sedimenting Mn flux is directly proportional to the MAR. In the 
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Figure 8. A plot ofthe Mn concentration in the Mn spikes ofPC487 versus Corg and Ba. The dashed 
line represent the best linear fit. 

penultimate interglacial (stage 5) the mean Mn concentration was approximately a factor 1.6 
higher than in the glacial periods. In addition, the Mn spikes in stage 5 are rather thick, 
indicating that increased precipitation took place over relatively long time periods. Thirdly, 
Mn concentrations of the different spikes show no correlation with the organic carbon 
concentration values (Fig. 8), which would be expected, if burial of reactive Mn is governed 
by an upward shift of the Mn redox boundary. In contrast, a good correlation is observed 
between Mn and the paleoproductivity indicator Ba (Fig. 8), suggesting a link with water 
column processes. We conclude that it is not likely that the Mn record is shaped by diagenetic 
redistribution. 

2) Increased Mn flux from the water column 
A second mechanism to increase the release rate of Mnz 

+ during early diagenesis is a higher 
flux of Mn (hydr)oxides from the water column, provided that sufficient labile organic matter 
is present (see Fig. 7). These Mn oxides will be mixed by bioturbation into the shallow, 
reducing part of the sediment, resulting in higher Mn porewater concentrations and thus 
propagating higher precipitation rates of Mn carbonates. Accordingly, changes of the 
accumulating Mn fluxes in time are documented in the sediment record. This mechanism is 
partly analogous to the present-day formation of Ca-rich rhodochrosites in the Baltic Sea. In 
these sediments high rates of Mn carbonate precipitation are induced by high Mn oxides 
fluxes from the water column which are subsequently reduced in a low oxygen environment. 
(Stembeck and Sohlenius, 1997). 

We argue that the Mn spikes in PC487 and PC458 are best explained by periodic 
changes in Mn accumulation rates. Consequently, the Mn spikes are interpreted as indicators 
for periods of an increased reactive Mn flux to the sediment of the deep Arabian Basin. 
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Mn cycling in relation to OMZ Variability 
An increase of the particulate manganese flux to deep basin sediments can originate from 
several different sources, namely a) enhanced hydrothermal activity, b) increased eolian 
and/or fluviatile Mn input to the basin, c) rapid oxygenation of the OMZ, and 
d) redistribution of Mn from continental slope sediments to the deeper part of the basin due 
to an intensification of the OMZ. 

A) Hydrothermal source 
Manganese is supplied to the oceans by submarine hydrothermal vents such as those along 
the active oceanic spreading ridges (e.g. Klinkhammer et at., 1986; Mandernack and Tebo, 
1993). A source of hydrothermal manganese in the Arabian Sea is the Carlsberg Ridge, an 
active spreading ridge which separates the Arabian Basin from the Somali Basin (Demina and 
Choporov, 1986). The northward movement of Antarctic bottom waters could transport these 
Mn-rich waters into the Arabian Basin. These deep bottom waters, however, are well 
oxygenated, and the formation of hydrothermal mineral deposits is restricted to the Carlsberg 
ridge (Rona, 1984). The depth of the Carlsberg ridge (>3500 m), the relative large distance 
from the high-productivity areas in the northern Arabian Sea and the pattern of deep water 
circulation make it improbable that oxygen depleted waters of the OMZ have ever engulfed 
the Carlsberg ridge. In addition, the orbital related pattern ofMn spike occurrences is unlikely 
to be related to pulses of hydrothermal Mn input. As a consequence, a hydrothermal control 
on the observed sedimentary Mn record is unlikely. 

B) Increase ofcontinentally derived Mn 
The most important primary source of Mn to the oceans are the products of continental 
weathering, supplied by fluviatile and atmospheric transport. Reactive Mn (hydr)oxides are 
partially recycled in estuarine and coastal sediments during anoxic or oxic diagenesis (Heggie 
et ai., 1987; Johnson et ai., 1992), and subsequently horizontally advected into the open 
ocean environment. These processes cause relatively high dissolved Mn concentrations in the 
uppermost part of the water column (Martin and Knauer, 1984; Landing and Bruland, 1987; 
Saager et ai., 1989), which are kept in solution by photochemical reduction (Sunda and 
Huntsman, 1988). An increase of continental input will result in higher Mn concentrations 
of the surface waters, higher Mn scavenging rates, and, eventually, a larger Mn flux reaching 
the deep sea floor. 

In the western part of the Arabian Sea deposition of eolian dust is high (Sirocko and 
Sarnthein, 1989), and accounts for 75 % of the burial ofterrigenous material (Chester et al., 
1991). Sedimentary records have shown that eolian transport has been the primary source for 
the lithogenic part of the sediments in the Arabian Sea for at least the past 370 kyr (Clemens 
and Prell, 1990). As a consequence, fluviatile derived Mn, supplied from the Indus river and 
the TigrislEuphrates, is considered to be less important than atmospheric derived Mn (Chester 
et at., 1991). Past variations in dust input are controlled by changes in the wind strength over 
the Arabian Sea and continental aridity (Sirocko, 1991). Mean grainsize records indicate that 
periods of precession-related intensification of the monsoonal wind strength correspond with 
increased wind-induced upwelling which result in higher primary productivity (Clemens and 
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Prell, 1990). Dust fluxes to the Arabian Sea, however, are primarily controlled by glacial­
interglacial variability due to changes in continental aridity (Clemens and Prell, 1990; 
Sirocko, 1991), which is also evident in the MAR records in PC487 (Fig. 5). The highest Mn 
enrichments occur in the interglacial periods when the MARs are lowest. Comparison of the 
Mn burial record with the Al content (Fig. 5) indicates that deposition of the Mn spikes is not 
correlated with periods of increased terrestrial input. Although continental derived Mn is the 
ultimate source of Mn buried in the sedimentary record, no direct relation exists between 
atmospheric dust deposition and the observed Mn burial record. 

C) Oxygenation ofthe OMZ 
A rapid reventilation of an anoxic water column has been invoked to explain sedimentary Mn 
spikes in the Mediterranean at the end of the period of sapropel formation (e.g. Higgs et al., 
1994; Van Santvoort et aI., 1996), and in the Pacific and Atlantic oceans at the transitions 
from glacial to interglacial stages (Mangini et al., 1990). The present Mn seawater 
concentration in the Arabian Sea OMZ does not exceed 6.4 nM (Saager et al., 1989), which 
is low compared to Mn concentrations observed in enclosed anoxic basins such as the Black 
Sea (6-8 /lM; Landing and Lewis, 1991). Oxidation of the present OMZ (thickness ~ 1100 m) 
would yield a maximum Mn flux of 3.9 x 10-2 mg cm-2 

, which is two orders of magnitude 
smaller than the calculated Mn excess fluxes for PC487 and PC458 (Table 3). Mangini et aI., 
(1990, 1994) suggested that the Mn concentration in the oceans during glacial periods was 
much higher due to anoxia of the deep waters. As discussed, the bottom waters of the deeper 
part of the Arabian Basin have remained oxygenated for at least the past 185 kyr. Since in this 
time period the OMZ has only twice been more intensive than it is in the present-day situation 
(Reichart et aI., 1997), it is unlikely that the Mn concentration in the water column has 
considerably exceeded present-day concentrations. One single re-oxidation event, therefore, 
cannot account for the Mn fluxes related to the Mn spikes. A succession of (partial) 
reoxidation events could, of course, have increased this flux, but to maintain a high Mn 
concentration the OMZ has to be refuelled with Mn from primary or secondary sources. 

D) Intensification ofthe oxygen minimum zone 
Presently, the OMZ in the Arabian Sea is intense in relation to the past and the low oxygen 
concentrations in the OMZ suggest that, besides denitrification (Naqvi, 1987), also Mn 
reduction occurs in the water column (Balakrishnan Nair et al., 1999). It has been shown for 
the intense OMZ off central Mexico that the Mn maximum at intermediate water depth can 
only partly be explained by in-situ regeneration of Mn oxides (Martin and Knauer, 1984; 
Landing and Bruland, 1987). This, in combination with the observation that the Mn 
maximum at intermediate depths in the Arabian Sea decreases in an offshore direction 
(Saager et aI., 1989), indicates that the transport of Mn released from near-shore sediments 
could be an important source for Mn into the Arabian Basin. This is confirmed by sediment 
trap studies that indicate that atmospheric input alone cannot account for the high downward 
Mn fluxes below the OMZ (Balakrishnan Nair et aI., 1999). 

We propose that periods of increased Mn deposition in the deep basin are associated 
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A: Steady state situation 

Eolian input 

River input 

B: Downward extention ofthe DMZ 

Eolian input 

River input 

Figure 9. Schematic representation ofMn remobilisationfrom the continental slope due to a 
vertical shift of the lower boundary of the oxygen minimum zone. A: in a steady-state situation, 
the flux ofMn to the deep basin equals the input from the primary sources (rivers, eolian dust). 
B: A deepening ofthe base of the OMZ will mobilize Mn oxides which were previously deposited 
below the OMZ, causing higher Mn2 

+ concentrations in the OMZ and increased scavenging of 
Mn to the deep basin. 
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with a vertical extension of the DMZ. A deepening of the DMZ causes dysoxic conditions 
in the bottom water of slope sediments previously located below the DMZ (Fig. 9). Not only 
will his lower the Mn burial efficiency in these sediments, but also will it cause reduction of 
Mn oxides which were deposited and precipitated during a preceding period, in which the 
BWD concentrations were higher. The enhanced release of Mn from slope sediments will 
increase Mn concentrations in the DMZ. Subsequently, this Mn will be scavenged from the 
DMZ and ultimately result in higher Mn fluxes to the deeper part of the basin. The concept 
ofMn dissolution under low oxygen concentrations in the DMZ, transportation by diffusive 
and advective processes and subsequent reprecipitation in more oxygenated environments is 
known as "oxygen minimum zone redirection" (Klinkhammer and Bender, 1980; Johnson 
et aI., 1992). Relocation of Mn in Indian Dcean sediments has been observed in DDP cores 
taken from intermediate water depths (Dickens and Owen, 1994): depletions of labile Mn in 
sediments deposited during the Late Miocene to Early Pliocene were interpreted as the 
outward expansion of the DMZ in this period due to higher global productivity. 

The importance of Mn regeneration along the continental margin as a source for the 
Mn maxima associated with DMZs was questioned by Johnson et al. (1992). These authors 
observed that the highest benthic Mn fluxes occurred in the oxic shallow continental shelf 
sediments, whereas lower benthic Mn fluxes were observed for sediments located within the 
DMZ. Model calculations show that in a steady-state situation Mn maxima at intermediate 
water depths can be explained by the reduction in the scavenging rate of Mn in the DMZ, and 
no additional source of Mn is necessary from continental slope sediments (Johnson et aI., 
1996). This conclusion, however, is not in conflict with the mechanism presented in this 
study, since a deepening of the DMZ results in a deviation from the steady-state situation and 
relocation of Mn. 

Past variations in DMZ intensity are primarily controlled by changes in 
paleoproductivity (Anderson and Gardner, 1989; Altabet, 1995; Reichart et aI., 1998). The 
organic matter patterns in PC487, PC458 and PC455 have been correlated in sediment cores 
throughout the Arabian basin, located both within the DMZ and in the more oxygenated deep 
basin (Shimmield, 1992; Reichart et aI., 1998). This implies that the organic matter records 
are mainly related to precession-induced changes in surface water productivity (Reichart et 
aI., 1998). The onset of higher organic carbon concentrations in the sediment, therefore, 
indicates periods of the early extension of the DMZ, during which Mn is leached from 
previously oxygenated slope sediments. So, the proposed mechanism is in accordance with 
the position of Mn spikes in the lower part of organic-rich layers. 

Evidence for Mn release from continental slope sediments comes from the sediment 
record ofPC455 (1002 m), presently located within the DMZ. Due to its position, this record 
was directly influenced by changes in DMZ intensity, as is evidenced by its laminated 
intervals and sedimentary trace metal distribution (Reichart et al., 1998; Den Dulk et aI., 
1998). The mean MnlAI ratio (- 0.007) is slightly higher than the MnlAI ratio of 0.005 
measured for the residual Mn fraction in boxcore samples from the Arabian Sea (obtained 
with the same sequential extraction technique as presented in this study; unpublished data), 
indicating that Mn in this core is primarily present as a non-reactive phase. Consequently, 
most of the reactive Mn deposited on the continental slope has been lost to the water column. 
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The synchronous depletions of Mn in organic rich intervals of PC455 and burial of Mn spikes 
in PC458 and PC487 clearly points to relocation of Mn (Fig. 4). During periods of low 
organic carbon deposition, the Mn concentration in PC455 increases slightly. The presence 
of bioturbation in these intervals indicate that BWO concentrations were higher, reducing the 
loss of reactive Mn from the sediment and enabling the formation of some Mn carbonates. 

Assuming that the Mn spikes in the deep Arabian Basin originate from Mn 
remobilization from continental slope sediments, a rough estimate can be made for the 
downward shift of the base of the OMZ. In these calculations, it is assumed that a) the OMZ, 
and thus transport of reactive Mn, did not extent beyond 10° N latitude, which is 
approximately the southern boundary of the Mn maximum in the present-day (intense) OMZ 
(Saager et ai., 1989), b) the contribution of reactive Mn from hydrothermal sources is 
negligible, and c) Mn is buried solely as a non-reactive fraction in the sediments located 
within the OMZ. For the calculations see Appendix B, the results are given in Table 3. 
During glacial periods relative small shifts of the OMZ are sufficient to produce the Mn 
spikes. The largest calculated shift (1291 m) is somewhat larger than the present extension 
of the OMZ. The largest downward shifts of the OMZ probably mobilized reactive Mn which 
was left undisturbed by the previous smaller shifts, thus overestimating the calculated vertical 
shift. These calculations, therefore, indicate that the mechanism of Mn mobilization from the 
continental slope can supply sufficient Mn to explain all observed Mn spikes. A comparison 
between PC487 and PC458 reveals the absence of certain Mn spikes and, particularly during 
stage 5, large differences in the calculated shifts (Table 3). These inconsistencies can partly 
be ascribed to the different settings of the two piston core locations (water depth, distance to 
the continental margin, regional differences in OMZ intensity). Furthermore, as has been 
discussed previously, diagenetic processes may have altered the Mn flux that is ultimately 
buried in the sediment. The calculated shifts, therefore, must be interpreted with care, but, in 
our opinion, can be used as a semi-quantitative proxy for the development of the OMZ 
through time. 

The Mn spike record indicates that the largest vertical shifts in the OMZ occurred 
during interglacial stage 5. These observations are consistent with the observed correlation 
between the paleoproductivity indicator Ba and the Mn concentration in the spikes of PC487 
(Fig. 8). The overall higher productivity during interglacial periods (Emeis et al., 1995) 
probably caused the development of a more intensive OMZ during periods of precession 
minima. This is in reasonable agreement with other studies, which used paleoproxies all 
indicative for periods of weakened OMZ (015N, Altabet et ai., 1995; sedimentary Sr/Ca, 
foraminiferal species G. truncatulinoides and G. crassaformis; Reichart et ai., 1997, 1998). 
The record of Mn burial in deep basin sediments of the Arabian Sea can be used as an 
independent proxy to trace back variations of the redox conditions of the intermediate waters 
through time. 
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Conclusions 

The sediments of the deep Arabian Basin have remained oxygenated for at least the last 
185 kyrs, allowing precipitation ofMn carbonates and preventing loss of reactive Mn to the 
bottom waters. Manganese enrichments, which occur within the lower part of organic rich 
intervals, constitute a deviation from a steady-state situation. The Mn spikes are formed due 
to an increase of the reduction rate of Mn oxides during early diagenesis. The occurrence of 
Mn spikes in the sediments corresponds to periods of higher reactive Mn fluxes to the deep 
basin. 

The coherence between the Mn spikes and organic matter enrichments points to a 
connection between Mn cycling in the water column and variations in paleoproductivity and 
OMZ variability. Periods of increased reactive Mn flux to the deep basin are associated with 
a vertical extension of the OMZ, which cause dysoxic conditions in the bottom water of slope 
sediments previously located below the OMZ. Remobilization of reactive Mn into the water 
column, and subsequent scavenging to the deeper, more oxygenated environment, resulted 
in the formation of Mn enrichments. Relocation of Mn is evidenced by the synchronous 
depletion of solid-phase Mn in the continental slope sediments. Calculations indicate that 
during glacial periods small vertical shifts of the OMZ are sufficient to explain all observed 
Mn spikes. The largest shifts in the OMZ occurred during interglacial stage 5, which are 
linked to higher productivity during periods of precession minima. The results of this study 
indicate that the record of Mn in deep basin sediments of the Arabian Sea can be used as a 
semi-quantitative proxy to reconstruct variations of the redox conditions of the intermediate 
waters. 
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Appendix A 

The present downward Mn porewater flux and Mn carbonate burial concentration for NIOP 
station 487 was calculated assuming steady-state conditions, constant sedimentation rates and dry 
bulk densities, and no compaction, irrigation or bioturbation at the depth of Mn carbonate 
formation. The downward flux ofMn (JM.) (JlM cm,2 S,l) is given by (Berner, 1980) : 

JM• = -<pDs(dC/dz) 

where <p is the mean porosity, Ds the whole sediment diffusion coefficient for manganese, and 
dC/dz the linear concentration gradient. The whole sediment diffusion coefficient (Ds) (cm2S,I) 
can be expressed by 

Ds = D/<pF 

where D is the diffusion coefficient of Mn in seawater, and F the formation factor. D was 
corrected for the bottom water temperature of 1.6 DC (3.29 x 10,6 cm2S,I, Li and Gergory, 1974). 
F has been estimated with the equation (Manheim and Watermann, 1974): 

logF = 0.110 - 1.80 log <p 

The steepest negative gradient for manganese occurs between 30 and 70 cm depth (Fig. 3 ) and 
amounts to 31.2 JlM! 40 em = 0.79 JlM cm,l. Applying a mean porosity in this interval of 0.65, 
the Mn flux annually amounts to 0.029 JlM cm,2 y,l. This flux can be converted into a solid­
phase Mn concentration (BM.) (ppm Mn): 

B M• = JM• x 54.9 x 1000/ SR x dbd 

where SR is the sedimentation rate (3.1 cm/ky, as measured in the boxcore 487), and dbd the 
mean dry bulk density (1.1 g cm'3). This yields a Mn concentration in the carbonate fraction of 
- 470 ppm. 

Appendix B 

The vertical shift of the lower OMZ boundary in the Arabian Sea has been calculated from the 
magnitudes of the Mn spikes as recorded in PC487 and PC458. The reactive Mn excess flux F 
(mg Mn cm'z) is calculated by integrating Mn concentrations over the width of the Mn spike 
(from xl to x2): 

F = J
x, 

Cxxdbdx dx 
x, 
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where C x is the Mn concentration (ppm) and dbdx the dry bulk density (gr cm-3) at depth x. The 
total amount of Mn deposited in the deep basin ([MndD is calculated as: 

where Ad is the surface area of the basin deeper than 1500 m situated north of 10 0 latitude, the 
latter being approximately the southern boundary of the present (intense) OMZ (Saager et at., 
1989): 1.632.000 km2

• 

The amount of Mn deposited in the deep basin must equal the amount of reactive Mn 
deposited on the continental slope during the time interval between two OMZ shifts. The total 
reactive Mn accumulation Fe ,which would have been deposited on the continental slope in 
absence of the OMZ, has been estimated from the Al flux: 

Fe = T X Al flux X (Mn/A!)reac 

where T is the period during which reactive Mn was deposited, Al flux is the mean Al 
accumulation rate deposited during period T, and (Mn/AI),eac the ratio of reactive Mn to Al of the 
primary sources. As the shifts in the OMZ are mainly controlled by the precession cycle (Reichart 
et at., 1998), T was taken as 21 kyr. The mean Al accumulation rate, calculated from sediment 
record PC455, equals 610 mg AI cm-2 ky·l for the interglacial (stage 5), and 820 mg Al cm-2 ky-l 
for the glacial periods (stage 2,3,4 and 6). The mean Mn/AI ratio in Arabian Sea aerosols is 0.015 
(Chester et at., 1991), whereas the suspended material of the river Indus has a MnlAI ratio of 
- 0.025 (Arain, 1987). Chester et al. (1991) calculated that the soluble atmospheric flux of Mn 
is twice the size of the fluviatile Mn flux. Therefore, we used a mean MnlAl ratio of 0.018, which 
after correction for the non reactive Mn fraction (Mn/Al = 0_0052), yields a (Mn/Al)reac ratio of 
0.0128. The surface area of the continental slope where reactive Mn is mobilized due to the 
downward shift of the OMZ (AJ is calculated as 

The vertical extension (i1z) of the OMZ can now be calculated as 

where a is the mean slope of the continental margin of the Arabian Sea between 200 and 1500 m 
water depth (2.r), and L the length of the continental slope encircling the Arabian Basin 
(5700 km). a was obtained from the total surface area of the continental slope between 200 and 
1500 m water depth (158000 km2

), which yields a mean width of 27.7 km for the continental 
slope. The results for i1z (m) are given in Table 3. 
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Chapter 3 

Abstract - In this chapter we present evidence for sub-Milankovitch variability in monsoon 
intensity from the Oman Margin, northern Arabian Sea. A high-resolution geochemical 
record combined with micropaleontological data, shows high-frequency variations in sea 
surface productivity caused by changes in the intensity of summer monsoon-induced 
upwelling. Changes in aridity on the Arabian Peninsula varied synchronously with the 
summer monsoon, periods with minimum monsoon intensity being driest. The local oxygen 
minimum zone (OMZ), which presently impinges on the Oman continental margin, was 
reconstructed using laminations, redox sensitive elements, aragonite preservation, and 
sulphur diagenesis. OMZ intensity varies together with monsoon strength, being weakest 
during periods of minimum summer monsoon intensity. Correlating summer monsoon 
variability to the northernmost part of the Arabian Basin, indicates that minima in summer 
monsoon intensity coincided with maxima in winter monsoon strength. Furthermore, the 
record from the Oman Margin again confirms the link between sub-Milankovitch variability 
in high and low latitude climate. 

Introduction 

During the last two decades, climate studies of the Indian Ocean monsoon have focussed on 
the Oman and Yemen upwelling area (e.g. Prell, 1984; Shimmield, 1992; Anderson and 
Prell, 1993; Sirocko et aI., 1993; Emeis et al., 1995). Using the fossil foraminiferal record 
and geochemical sediment signatures, the relation between global climate, insolation, and the 
response of the summer monsoon was reconstructed. Although it was shown that the 
monsoon climate system in the area off Oman is affected by abrupt changes (Sirocko et aI., 
1993,1996; Naidu and Malmgren, 1995), no links to other parts of the climate system were 
established. Recently, sediment records from the northernmost Arabian Sea were used to 
portray changes in monsoonal climate with an unprecedented resolution (Reichart et aI., 
1998; Schulz et al., 1998; Von Rad et aI., 1999). The summer monsoon productivity signal 
in this region, however, depends on the advection of nutrients from the coastal and open­
ocean upwelling areas. Furthermore, productivity records offshore Pakistan may be the result 
of both summer and winter monsoon related surface water productivity (Madhupratap et aI, 
1996). Since the Oman Margin directly underlies the upwelling area, the sedimentary record 
can be expected to reflect summer monsoon variability more directly. 

In this study, we present a high-resolution record for the last -27 kyr of monsoonal 
change from the coastal upwelling area off Oman. Geochemical, paleontological, and 
sedimentological results are combined to resolve the monsoon-induced variability in 
paleoproductivity, Oxygen Minimum Zone (OMZ) intensity, and dust input. Sulphate 
reduction and pyrite formation in the sediments of the Oman Margin were investigated in 
order to reconstruct OMZ intensities. Changes in paleoproductivity and OMZ variability can 
be correlated to the northernmost Arabian Sea monsoon history, and show a remarkable 
correspondence to climate changes known from the Greenland ice cores. 
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Study area 
Surface water productivity in the northern Arabian Sea shows a distinct response to the semi­
annual reversal in monsoonal winds. During the Northern Hemisphere summer, heating of 
the Tibetan Plateau is at a maximum, resulting in a strong pressure gradient between the 
Tibetan low pressure cell and a belt of high pressure over the southern Indian Ocean. This 
pressure gradient drives warm and humid southwestern winds, causing coastal and open­
ocean upwelling offshore Oman and Yemen. During the southwest monsoon, surface water 
productivity rises to values that are among the highest known for the open ocean (Wyrtki, 
1973; Smith and Bottero, 1977; Swallow, 1984; Brock et ai., 1992). In the winter period, cold 
northeastern winds blow from the high pressure cell above Central Asia to the region of low 
pressure associated with the inter tropical convergence zone (ITCZ) at -100 S. These winds 
cause onshore Ekman transport, which suppresses coastal upwelling and productivity (Slater 
and Kroopnick, 1984). 

Annual high surface water productivity (between 200 and 400 gC mo2 yr- l 
; Kabanova, 

1968; Qasim, 1982; Codispoti, 1991), in combination with moderate rates of thermocline 
ventilation (You and Tomczac, 1993), result in an intense OMZ between 150 and 1250 metres 
waterdepth (Wyrtki, 1973; Deuser et ai., 1978; Olson et ai., 1993). Oxygen concentrations 
in the OMZ off Oman drop to values below 4.5 f.lM (e.g. Morisson et ai., 1999). The low 
bottom water oxygen concentrations strongly affect biological, geochemical and 
sedimentological processes at the sediment water interface (Schulz et ai., 1996; Jannink et 
ai, 1998; Van der Weijden et ai., 1999; Chapters 4 and 6). 

Material and methods 

Piston core 484 (19°29'.8N, 058°25'.7E) was recovered from 516 metres water depth on the 
Oman Continental Margin during the Netherlands Indian Ocean Programme (NIOP) (Fig. 1). 
The top part of the sedimentary sequence at this station was studied in the trip core and the 
box core (527 mbss). Sediment at station NIOP484 consists of hemipelagic, foraminiferal 
muds, and show no evidence of turbidites or other types of sediment redistribution. The 
homogeneous, bioturbated sediments contain three finely laminated intervals (Fig. 2). Piston 
core 478 was recovered from the Pakistan Continental Margin (24°12'.7N, 065°E, 565 mbss, 
for details see Reichart et al., 1998). 

Cores were sub-sampled at 20 cm intervals for micropaleontological and 
sedimentological analyses, and at cm scale resolution for geochemical analyses. The water 
content of the sediment was determined by weight loss upon freeze-drying of fixed volume 
samples. These fixed volume samples were subsequently sieved into three size fractions, of 
which the 150-595 /lm fraction was used for micropaleontological analyses. For each sample, 
using an Otto microsplitter, at least 200 planktonic foraminifers were picked out, identified, 
and counted. Pteropod preservation was defined by an index, which ranges from 0 to 4 
(0 =no pteropods, 1 =some small fragments, 2 =trace amounts, 3 =fragments are common, 
4 = abundant large-sized fraglllents). Oxygen isotope values were llleasured in 30 spec;unens 
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Figure 1. Location map of the northern Arabian Sea with the position ofPC484 and PC478. The 
area where the present-day OMZ impinges on the continental slope is shaded. 

ofN. dutertrei and G. menardii per sample. Each sample was roasted for 30 minutes at 380°C 
under vacuum to remove organic remains, and transferred to an automated carbonate 
preparation unit (IsoCarb), after which the isotopes were measured on a mass spectrometer 
(VG SIRA 24). Values are reported relative to the Peedee belemnite (PDB) in standard 
8 notation; calibration is achieved through analyses of National Bureau of Standards (NBS) 
19 reference materials. Precision for 8180 measurements was better than 0.1%0. 

A separate sub-sample was used for geochemical analyses. After freeze-drying, the 
sediment was thoroughly ground in a mortar before approximately 250 mg was dissolved in 
5 ml of a 6.5: 2.5 : 1 mixture of HCI04 (60%), HN03 (65%) and H20, and 5 ml HF (40%). 
After reaction at 90°C the solution was evaporated to dryness at 190°C, and the residue was 
dissolved in 50 ml 1 M HCl. Elemental concentrations were subsequently measured using 
an Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) (Perkin Elmer 
Optima 3000), except for Mo (Perkin Elmer 4100 ZL ZGFAAS). Comparison with an 
international (Sal) and in-house standards revealed that the relative standard deviations, 
analytical precision and accuracy were better than 5% for all elements presented here. 
Another aliquot of the ground sample was used for organic carbon determination using a 
NCS analyser (Fisons NA 1500), after removal of carbonate. The carbonate was dissolved 
by mechanical shaking for 12 hours with 1 M HCl. Subsequently, samples were rinsed with 
demineralised water to remove CaCl2 and dried. The analytical precision and accuracy were 
determined by replicate analyses of samples, and by comparison with an international 
(BCR-71) and in-house standards. Relative standard deviations, analytical precision and 
accuracy were better than 3%. Particle sizes were determined on a carbonate-free basis, using 
a Malvern Series 2600 Laser Particle Sizer. 
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The solid-phase speciation of S and Fe was examined using a 3-step sequential 
extraction scheme (after Lord, 1982). Approximately 250 mg of dried and ground sediment 
was subsequently extracted with 1) 25 ml 1 M HCI (16h), 2) 20 ml 40 % HF (16h), and 
3) 25 ml 14 M HN03 (16h). Accordingly, the carbonate, aluminum-silicate, and pyrite 
fractions were extracted. The reactive iron content of the sediments was determined 
separately using an extraction with 25 ml citrate-dithionite buffer (Canfield, 1989). This 
extraction dissolves the iron fraction that is highly reactive towards dissolved sulphide 
(amorphous and crystalline iron (hydr)oxides). All extracted solutions were analysed with 
ICP-AES for S, Fe and AI. Precision is generally better than 5 %. 

Age model 
The age model for core NIOP484 is based on AMS 14C dating (Table 1) and oxygen isotope 
records of both Neogloboquadrina dutertrei and Globorotalia menardii. Both species are 
thermocline dwellers (Fairbanks et al., 1982; Ravelo et al., 1990). Their similar depth 
preference is supported by the strong correlation between their oxygen isotope values 
(r2 = 0.97). Small differences in 8180 are most likely due to different vital effects. The two 
isotopic records were combined by converting 8180N.dutertre; values to 8180 C. menardi; values, using 
the best linear fit (8 180 C. menard;; = 1.054 X 8180N.dutertrei + 0.266). Error bars in Fig. 2 indicate 
the 8180 range between the two species in each sample. 

Six AMS 14C ages for monospecific samples of G. merardii were corrected for changes 
in initial 14C content of the atmosphere (Stuiver et al. 1986; 1998) (Table 1, Fig. 2A). 
Although we realize that in an upwelling area, such as offshore Oman, reservoir ages can 
vary significantly as a function of the age of the upwelling waters, AMS 14C ages were 
corrected using a constant reservoir age of 400 yrs (Bard et al.,1990). Two AMS I4C ages for 

Table 1. AMS l4C ages and calibration to calender years for N/OP484 according to Bard (/990), 
and Stuiver et aI., 1998. Two ages acquired for the box core (BC484) were transferred to identical 
depths in the trip core in order to make a composite depth model. 

depth AMS14C age Calender age 
(em) (yr) (yr BP) 

BC484 2 693 ± 39 373 

24,5 4485 ±49 4672 

PC484 2.5 11320 ± 80 12841 

7.5 10860 ± 60 12515 

92 13010 ± 80 15240 

339 20150 ± 150 23460 

430 21890 + 170 25400 
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P (wt%)
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Figure 2. A) Downcore profiles of15180 and relative abundance ofG. truncatulinoides. On the right 
hand side arrows indicate AMS 14C calender ages, correctedfor reservoir age and changes in initial 
J4C content of the atmosphere. The upper part of the record isfrom the trip core, the lower part was 
recovered from the piston core. Apparently, the sedimentary level at the base of the trip core 
corresponds to the top of the sediments from the piston core, possibly with a minor gap. 
B) Correlation between trip and box core using total solid-phase P. AMS J4C ages are from the box 
core. 

the box core were transferred to the trip core based on matching Corg and phosphorus profiles 
(Fig 2B). Two calibration points were added based on 8180 stratigraphy (Tla (14700 ka) and 
Tlb (11300 ka); Fairbanks, 1989; Bard et al., 1996). Ages for individual samples were 
calculated through linear interpolation between calibration points. An independent check on 
the age model comes from the short-term presence of Globorotalia truncatulinoides 
(Fig. 2A). This species is presently absent in the northern Arabian Sea, but proliferated 
during short periods in the past (Reichart et aC 1998). The timing of the G. truncatulinoides 

spike in PC484 is in good agreement with that of time equivalent spikes elsewhere in the 
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basin. 
Linear sedimentation rates (LSRs) are greatly different in glacial and interglacial 

times (see also Fig. 5). Glacial sedimentation rates are up to 67 em kyr-1
, whereas Holocene 

sedimentation rates are less than 5 em kyr-1
• Sedimentation rates and sample spacing results 

in a resolution of -400 yrs for the Holocene and -50 yrs for glacial sediments. 

Results 

The sedimentary succession of NIOP484 can be divided into relatively organic-rich 
(Corg > 0.75 wt%) and organic-poor (Corg < 0.75 wt%) sediments (Fig. 3). The three glacial 
organic-rich intervals are distinctly laminated, whereas the Holocene sediments and the Corg 

maximum coinciding with the fIrst part of the deglaciation (12.5-13.8 ka) are homogeneous. 
Records of Ba/Al and PIAl show a sharp increase from the glacial to the Holocene (Fig. 3). 
The PIAl values are much lower during the glacial period, and slightly higher in the 
laminated intervals. Ba/Al values are distinctly higher in the laminated intervals, but also 

Corg(wt%) PIAl (mg/g) 

0.0 0.5 1.0 1.5 2.0 2.5 0 50 100 

0 

5 

10 
,-. ... e 

15 

~ 
20 

25 

30 

5 6 7 8 0 4 

BalAI (mg/g) G. bulloidesl G. ruber (%1%) 

Figure 3. Records oforganic carbon (wt%), PIAl (mglg), Ba/Al (mglg), and G. bulloidesl G. ruber 
(%1%) ratios. PIAl is not shown in the upper part of NIOP484, where it rises to 700 mglg (see 
Fig. 2). The shaded intervals indicate sediment depleted in organic matter. The laminated intervals 
are indicated at the left hand side. 

8 
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Figure 4. Records of sedimentary Mn/Al, VIAl, MolAl, Sr/Ca ratios (mglg), and pteropod 
preservation index (PPI; see method section). The shaded intervals indicate sediment depleted in 
organic matter. The laminated intervals are indicated at the left hand side. 

show a large scatter and maxima in the homogenous intervals. The ratio of the planktonic 
foraminifers Globigerina bulloides to Globigerinoides ruber are generally higher in the 
laminated intervals (Fig. 3). Sediments rich in organic matter contain high concentrations of 
elements generally associated with bottom water dysoxia (V, Mo). No Mo data are available 
for the trip core. Sediments with a lower Corg content are enriched in Mn (Fig. 4), which is 
often associated with more oxygenated bottom water conditions. Sr/Ca and pteropod 
preservation is higher in the homogeneous intervals. Benthic foraminifers are present in both 
laminated and homogeneous intervals (not shown). There is a strong decrease in mass 
accumulation rate (MAR) at the transition from glacial to Holocene (Fig 5). Elements 
associated with the terrigenous fraction of the sediment, such as AI, show a corresponding 
drop in concentration. The grainsize distribution of the non-carbonate sediment fraction 
indicates that the homogeneous intervals contain relatively more coarse-grained terrigenous 
material. This is also indicated by the higher TilAl ratios in the homogeneous intervals, since 
Ti is usually concentrated in the coarse grained heavy mineral fraction of terrigenous 
sediments (Schmitz et aI., 1987; Shimmield, 1992). 

Total solid-phase S (Stat) concentrations show generally little variation with depth 
(0.4-0.5 wt%), with the exception of a distinct enrichment (up to 0.7 wt %) below the 
organic-rich interval in the top of the piston core (Fig. 6). Similar but lower sulphur spikes 
are also present below the laminated intervals. Pyritic-S (Spyr) is present throughout the 
sediments ofPC484 (Fig. 6). The distinct sulphur spike at 14.2 ka consists primarily of Spyr. 
There is a close relationship between Spyr and Stat concentrations. Using the best linear fit 
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Figure 5. Records ofthe mass accumulation rate (MAR; g cm-2 ky-i) and linear sedimentation rate 
(LSR; cm ky-i), total aluminum content (wt%), mean grainsize ofthe decarbonated sedimentfraction 
(pm), and Ti/Al ratio (mg/g). The shaded intervals indicate sediment depleted in organic matter. 
The laminated intervals are indicated at the left hand side. 

(Spyr = 0.94 X Slot - 0.13; r = 0.95), Spyr concentrations were calculated for all samples, and 
plotted against the C content (Fig. 7a). Although the correlation between Spyr and C isorg org 

poor (r =0.28), a slope of -0.076 (i.e. a CIS ratio of 13.2), and a non-zero intercept on the 
S axis of -0.23 wt% can be observed. C/Spyr ratios (wt%/wt%) are low « 1.5) for organic­
poor intervals and high (> 3.5) for intervals enriched in Corg' 

Reactive iron contents (Fereac), here defined as the sedimentary iron fraction that is 
potentially available to react with H2S to form pyrite (dithionite extractable Fe), are low 
throughout PC484 (500-1100 ppm). The degree of pyritization (Dap) is calculated with the 
equation (Berner. 1970): 

Fe pyrDO? (%) 100 X -_....!..-"'-_­ (1) 
Fe + Fe pyr reac 

where Fepyr is the iron concentration associated with pyrite. This parameter quantifies the 

extent to which reactive iron has been converted into pyrite. In this study dithionite 
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Figure 6. Records of total solid-phase S (solid line) and pyritic S (+) (wt%) versus age, and the 
pyritic Fe + reactive Fe concentration (0) and estimated pyritic Fe + reactive Fe fraction 
(Fe reac (exp)) calculated with equation 2 (+) (see text), versus age. The shaded bands indicate 
organic-poor intervals. The arrows point to sulphur spikes located below organic rich layers. 

extractable Fe was used to define Fereac instead of HCI-soluble Fe (Berner, 1970), which gives 
a better approximation of the degree of pyritization (Raiswell et ai., 1994). Values for DOP 
are high (0.6-0.9) and independent of the Corg concentration (Fig.7b). 

Discussion 

Paleoproductivity 
Proxies related to sea surface productivity, such as BaJAI, PIAl and Corg suggest that surface 
water productivity during the Holocene was significantly higher compared to the last glacial. 
This considerable increase in reconstructed productivity from the last glacial to the Holocene 
may partly be an artifact related to high glacial mass accumulation rates, which lowered both 
PIAl and BaJAI values as a result of dilution with terrigenous material. On the other hand, 
Holocene Corg contents are relatively low compared to (sub) recent sediments from the same 
water depth at the Pakistan Margin (Corg > 4 wt%; Van der Weijden et aI., 1999). This 
difference may be explained by the relatively low Holocene sedimentation rates on the Oman 
Margin, since slow burial of organic matter enhances its degradation (Muller and Suess, 
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Figure 7. a) Plot of organic carbon content (Corg) versus pyritic S (Spyr) content. The dashed line 
represents the best linear fit (Spyr = 0.076 x Corg - 0.23; r = 0.27). The solid line through the origin 
represents the correlation observed in "normal" oxygenated marine sediments with a slope of2.8 
(Berner, 1984). b) Plot of the organic carbon content (Corg) versus degree ofpyritization (DOP). 

1979). Winnowing has been suggested to play an important role in organic matter 
degradation on the Oman Margin today (Pedersen et aI., 1992), but no independent evidence 
for winnowing was found for the sediments ofNIOP484 (Chapter 4). On a precessional time 
scale, productivity seems to lack highest northern hemisphere summer insolation (11.5 ka) 
by, at least, several thousands of years. However, organic carbon, PIAl and Ba/AI values 
show a broad productivity maximum (Fig. 3), rather than a distinct interval with higher 
productivity. 

Glacial sea surface productivity was relatively higher during periods of laminated 
sediment formation. The distinct Ba/AI peaks between the organic-rich intervals may be 
related to postdepositional redistribution of Ba caused by barite dissolution following pore 
water sulphate depletion (Van Os et aI., 1991; Von Breymann et aI., 1992). Pore water 
sulphate, however, was not completely exhausted in NIOP484 (unpublished data). The 
primary Ba signal, therefore, is still present, although probably somewhat attenuated. Further 
evidence for higher sea-surface productivity during glacial periods is derived from the ratio 
between the planktonic foraminifers G. bulloides and G. ruber. G. bulloides proliferates in 
the upwelling season, whereas G. ruber thrives all year round. High ratios of these species, 
therefore, are indicative for intensification of monsoon-induced upwelling (Conan and 
Brummer, in press). Summarizing, geochemical and paleontological proxy records indicate 
that sea surface productivity was higher during the Holocene, but that there were also distinct 
periods during the glacial with increased sea surface productivity. Higher productivity is 
attributed to increased upwelling, and is associated with deposition of laminated sediments 
during glacial times. 

High-frequency variations in both C org and BaJAl «100 yr) are recognized in the 

laminated intervals indicating rapid changes in monsoon induced upwelling. This variability 
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may have been present throughout the record, but was subsequently lost by bioturbation. 
Similar high-frequency variability has been observed in varved sediments from the late 
Holocene on the Pakistan Margin (Von Rad et al., 1999), and seems an intrinsic part of the 
glacial and interglacial monsoonal climate system. 

Variations in OMZ intensity 

Laminations, redox-sensitive elements and Sr/Ca ratios 
During the last glacial period the low BWO conditions resulted in the formation of laminated 
sediments. The continuous presence of benthic foraminifers in the laminated intervals 
indicates that bioturbation by meiofauna is unable to obliterate laminations if sedimentation 
rates are high. The absence of laminations in the organic-rich Holocene sediments may be 
related to a combination of very low sedimentation rates « 5 cmlky) and slightly higher 
bottom water oxygen concentrations. The higher Holocene upwelling rates, as well as 
bringing more nutrient-rich waters to the sea surface, possibly slightly enhanced bottom 
ventilation. This semi-annual upwelling-induced ventilation could have been sufficient to 
destroy laminations. Evidence for a semi-annual increase in bottom water oxygen 
concentration comes from oxygen profiles in the water column measured during the two 
monsoon seasons (Van Bennekom et at., 1995; Morrison et at., 1999). Whereas during winter 
oxygen concentrations at -500 m are about 0.15 mlIl, this increases to about 0.29 ml/l in 
summer (Van Bennekom et at., 1995). This slight increase in mid-water oxygen concentration 
during part of the year might enable the presence of benthos tolerant to low-oxygen 
conditions (e.g. the Galatheid Crab Pleuroncodes, which survives oxygen levels of 0.25 rn1JL 
(Tyson. 1995» to erase laminations. 

Past BWO conditions can also be inferred from the down-core distribution of redox­
sensitive elements. Mo and V are transported to the sediments as reduced species under 
dysoxic conditions in the water column (Ripley et at., 1990; Breit and Wanty, 1991). Higher 
concentrations of Mo and V in the laminated intervals thus correspond to a more intense 
OMZ. The rather low Holocene V concentrations suggest that bottom waters were less 
dysoxic than during deposition of the laminated intervals. Manganese, which remobilizes and 
escapes to the water column under low BWD concentrations (Calvert and Pedersen, 1996), 
reaches highest concentrations in the homogeneous intervals. Manganese is only fixed in the 
sediments when surface sediments are oxygenated, and pore water Mn concentrations get 
sufficiently high to form Mn-carbonate phases (Calvert and Pedersen, 1996). The low 
Holocene Mn/Al values, therefore, indicate that bottom waters during the Holocene, although 
slightly more oxic than during the glacial, did not become fully oxygenated. 

Aragonite has often a higher Sr content than calcite (Sutherland et at., 1984) and, 
therefore, variations in the Sr/Ca ratio may reflect changes in the aragonite content of the 
sediment. This is confirmed by the distribution of pteropod shells, which consist primarily 
of aragonite. Past variations in aragonite preservation correlate well with laminations and 
redox- sensitive elements (Fig. 4). In the northern Arabian Sea, the aragonite compensation 
depth (ACD) is presently located at - 500 m (Berger, 1978), as a result of the intense DMZ 
(Canfield and Raiswell, 1991). Pteropods are indeed absent in the surface sediments at station 
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NIOP484. Consequently, high numbers of pteropods and increased Sr/Ca ratios reflect 
periods of a deeper ACD, and a weaker OMZ. Conversely, laminated sediments, being 
characterised by the absence of pteropods and low Sr/Ca values, have been deposited 
during periods with an intense OMZ. In the upper part of the record, however, Sr/Ca values 
are rather high, whereas no pteropods are present. This discrepancy may be related to the 
increased authigenic apatite formation during the Holocene, resulting in higher 
P concentrations in the surface sediments (Chapter 4). Authigenic apatite is known to 
contain relatively high amounts of Sr (e.g. McArthur, 1985). 

The cool subtropical species G. truncatulinoides proliferates during periods of 
increased deep winter mixing, and thus a weakened OMZ. The peak occurrence of 
G. truncatulinoides in the homogeneous sediment interval directly above the upper laminated 
section (-17 to -14 ka) (Fig. 2) is consistent with a weakened or even absent OMZ at that 
time. 

Pyrite formation 
CISlFe relationships in marine sediments have been used to determine paleoredox conditions 
in the environment of deposition (e.g. Berner, 1970, Berner, 1984; Raiswell and Berner, 
1985; Raiswell et at., 1988; Morse and Emeis, 1992; Passier et at., 1996). Normal, 
oxygenated marine sediments are usually characterized by a positive correlation between 
sulphur and organic carbon, with a typical CIS ratio (gig) of 2.8 ± 0.8, because pyrite 
formation is controlled by the amount and reactivity of the organic matter. Conversely, in 
euxinic environments pyrite formation already commences in the water column (syngenetic 
pyrite). This results in relatively low sedimentary CIS ratios, and a positive S intercept in a 
S vs. C plot. 

Considering the low BWO concentrations and the high rates of primary productivity 
on the Oman Margin, pyritic S concentrations in PC484 are unexpectedly low (average 
0.3 wt%). These results are consistent with total reduced sulphur concentrations reported for 
ODP cores from the Oman Margin (on average 0.4 wt%; Morse and Emeis, 1992). The 
S vs. C distribution for PC484 (Fig. 7a) indicates a partial decoupling of pyrite formation 
from organic matter accumulation. The relatively high S concentrations in organic-poor 
intervals can be explained by postdepositional sulphidization (Berner, 1969; Boesen and 
Postma, 1988; Middelburg, 1991; Leventhal, 1995; Passier et at., 1996). In this situation, 
sulphide production by bacterial sulphate reduction in organic-rich intervals exceeds in-situ 
availability of reactive iron, and excess HS- diffuses out of the interval. When reactive iron 
is present in the underlying, organic-poor interval, these sediments will be sulphidised by the 
downward migrating sulphide flux. Diagenetic sulphur enrichment induces low CIS ratios 
for organic-poor intervals, whereas organic-rich layers get relatively depleted in reduced S, 
resulting in high sedimentary CIS ratios (Passier and De Lange, 1998). Postdepositional 
sulphidization in PC484 is evidenced by the presence of iron sulphide enrichments just below 
the organic rich intervals (Fig. 6). These spikes are formed when the downward diffusion of 
sulphide is balanced by the upward migrating Fe2 

+ flux (Liesegang situation; Berner 1969; 
Passier et at., 1996). The distinct pyrite spike below the organic-rich layer in the top of 
PC484 may be related to the decrease in sedimentation rate at the end of the last glacial. A 

lowering of the accumulation rate of metabolizable organic matter, in combination with less 
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rapid burial of the organic matter may have caused relatively lower rates of sulphate 
reduction. As a result, the reduction rate of iron oxides could balance the H2S production rate 
for a relatively long period of time. The presence of pyrite below the spike indicates that the 
sulphidization front eventually progressed further downward. 

The occurrence of postdepositional sulphidization indicates that iron availability is 
limiting pyritization in the organic-rich intervals. This is also indicated by the high DOP 
values and the poor correlation between DOP and Corg (Fig. 7b; Berner, 1970; Raiswell and 
Berner, 1985; Calvert and Karlin, 1991). All easily reducible iron oxides in the sediments 
of PC484 have been converted into pyrite, leading to a complete sulphidization of the 
sediment. We argue that, in contrast to previous reports (Emeis et aI., 1991; Morse and 
Emeis, 1992), Fe availability, rather than the reactivity of the organic matter, controlled the 
amount of pyrite formed in continental slope sediments of the Oman Margin during the last 
glacial period. The low pyrite concentrations in these sediments thus have to be attributed to 
iron limitation. 

Iron limitation for pyrite formation is common for euxinic environments, where iron 
oxides are already reduced in the water column (Raiswell and Berner, 1985; Boesen and 
Postma, 1988; Calvert and Karlin, 1991; Middelburg, 1991), and organic-rich sediments, 
where high rates of bacterial sulphate reduction cause a rapid depletion of iron oxides 
(Passier et ai., 1996). For the Oman Margin, iron limitation seems unexpected in view of the 
high input of dust and associated detrital iron minerals during glacial periods (Clemens and 
Prell, 1990; Sirocko, 1991), and the relatively low Corg contents in PC484 in comparison to 
sediments from euxinic basins and other upwelling zones (e.g. Raiswell and Berner, 1985; 
Morse and Emeis, 1992). Assuming that the detrital Fe deposition flux is proportional to that 
of aluminum, the expected initial reactive Fe concentration (Fereac (exp» can be estimated 
with the equation: 

Fereac(exp) = (AI) x «Fe/AI)tot - (Fe/AI)unreac) (2) 

where (AI) is the total sedimentary aluminum concentration, (Fe/AI)tot the Fe to Al ratio of 
the deposition flux, and (Fe/Al)unreac the Fe to Al ratio for the umeactive iron fraction. For the 
Oman Margin, reactive and umeactive iron are primarily supplied by eolian dust. The 
average Fe/AI ratio in Arabian Sea aerosols is 0.644 (Chester et aI., 1991), which is 
consistent with (Fe/AI)to, ratios in Arabian Sea surface sediments that are unaffected by 
diagenetic enrichment or depletion (Van der Weijden et aI., 1999; Chapter 4). The Fe/Alunreac 
ratio, which depends on the iron content in alumino-silicates, was obtained from the second 
step (HF extraction) in the sequential extraction (0.44). For all samples, there is a significant 
deficit between Fepyr + Fereac and calculated Fereac (exp) concentrations (Fig. 6). Apparently, 
a significant proportion of the reactive iron input was not preserved in the sediments. 
Raiswell and Canfield (1998) observed that oxic and dysoxic environments contained similar 
contents of the highly reactive Fe fraction (25-28 %; here defined as the sum of pyritic Fe and 
dithionite extractable Fe), as long as SOITle oxygen is present in the bottoITl water. For PC484, 

the Fepyr + Fereac fraction constitutes only 9 % of the total solid-phase Fe. Consequently, 
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bottom waters on the Oman Margin must have been depleted in oxygen during certain time 
intervals to such an extent that this caused the reduction of iron oxides in the water column 
or at the sediment water interface. High dissolved iron concentration in the present-day OMZ 
(Saager et ai., 1989) are indicative for similar processes. The low oxygen concentrations of 
the intensive OMZ in the Arabian Sea are thus responsible for the iron limitation in 
continental slope sediments of the Oman Margin. 

Euxinic environments are usually enriched in sedimentary pyrite contents compared 
to "normal" marine sediments, because a part of the settling detrital Fe flux is transformed 
into pyrite in the water column (Berner, 1984; Raiswell and Canfield, 1998). The low pyrite 
S contents in PC484 indicate that no syngenetic pyrite has been formed, and that the water 
column on the Oman Margin thus contained no significant amounts of HzS during the last 
glacial period or the Holocene. This is consistent with the continuous presence of benthic 
foraminifers, since prolonged exposure to sulphidic conditions would ultimately have 
decimated the benthic foraminiferal community (Moodley et ai., 1997). Bottom water 
conditions during deposition of the laminated intervals were probably similar, or slightly 
more intense than the present-day situation. 

Dust sedimentation 
Presently, the terrigenous fraction in Oman Margin sediments is exclusively of eolian origin 
(Nair et ai., 1989; Clemens et ai., 1991; Prins, 1999). Although in the past conditions on the 
Arabian peninsula have been more humid, the absence of major river systems draining this 
area makes a significant contribution of fluviatile sediments highly unlikely. The record of 
the terrigenous fraction of NIOP484 is, therefore, controlled by the input of eolian material. 
The dust deposited on the Oman Margin originates from the Arabian Peninsula, from where 
it is transported to the Arabian Sea by the northwestern Shamal winds (Sirocko and Sarthein, 
1989). Therefore, higher glacial MARs, and thus dust sedimentation, have to be attributed 
to more arid conditions on the Arabian Peninsula (e.g. Clemens and Prell, 1990; Shimmield, 
1992). It can, however, not be excluded that dust sedimentation at site NIOP484 was also 
influenced by sea level, because the coring site is in close proximity of land. The lower sea­
level during glacial times exposed a large portion of the continental shelf, making it a 
potential dust source area. 

The grainsize distribution of the terrigenous sediment fraction has been used as a 
proxy for wind strength in the Arabian Sea (e.g. Clemens and Prell 1990; Clemens, 1998; 
Prins, 1999). The organic-rich intervals in NIOP484 are characterized by more fine-grained 
material, which is consistent with the lower TilAI ratios. The negative correlation between 
grainsize and organic carbon implies that the wind strength over the site 484 was diminished 
during periods of increased paleoproductivity. The opposite pattern is often found in 
sediment cores from the central and northern Arabian Sea: periods of high productivity 
correspond with deposition of more coarse grained material, as the strengthened summer 
monsoonal winds enhanced upwelling. The contrasting pattern in NIOP484 is probably 
related to a northwestward shift of wind trajectories during periods with an intense summer 
monsoon (Anderson and Prell, 1993; Sirocko et ai., 1993). Since dust is primarily transported 
to the Arabian Basin by the Shama! northwestern winds which override the southwestern 
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Figure 8. Correlation of high-frequency climate variability between marine sediment cores 
NlOP484 (Oman Margin), NIOP478 (Pakistan Margin), and the GISP2 icecore. FromNIOP484 and 
NIOP478 are plotted organic carbon and MniAI ratios. Laminated intervals are indicated by the 
horizontal striped bars. Numbers indicate interstadials lSI - IS12 (Dansgaard et aI., 1993), and 
equivalent Arabian Sea monsoonal events. YD indicates Younger Dryas, Hi and H2 refer to 
northern Atlantic Heinrich meltwater events. 

monsoon winds at the ITCZ, an inland shift of the wind trajectories could actually reduce the 
grainsize of dust fall at station NIOP484. Furthermore, a more inland position of the ITCZ 
would promote more humid conditions on the Arabian peninsula (Bums et aI., 1998), thereby 
reducing dust formation. 

Comparison with the Pakistan Margin record and the GISP2 ice core 
Proxy records for continental aridity, summer monsoon intensity, wind strength, primary 
productivity, and OMZ intensity show variability on different timescales. Periods of high 
productivity, low BWO concentrations and a northward shift of the ITCZ alternate with 
periods characterised by the opposite conditions. This variability is clearly related to changes 
in summer monsoon strength on a sub-Milankovitch time scale at the Oman Margin. 

Similar sub-Milankovitch variability has been recorded at the Pakistan Margin. The 
timing of these fluctuations at the Oman and Pakistan Margins is in good agreement with 
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climate changes recorded in the GISP2 ice core (Fig.8) (Gmotes et aI., 1993; Dansgaard et 
aI., 1993; Meese et aI., 1994). Small offsets are attributed to uncertainties in the age models. 
For instance, the use of an average oceanic reservoir age in an upwelling area may introduce 
inaccuracies in the age model for NIOP484. Inaccuracies of about 3.5 kyr between 20 - 30 
ka also exist in the age models for the ice cores, as is evident from the different timing of the 
Dansgaard Oeschger events in the GRIP and GISP2 ice cores (Hammer and Meese, 1993). 
Figure 8 shows that the glacial laminated intervals in 484 and 478 are time equivalent, and 
also that the glacial MniAl and Corg records can be calibrated in great detail. On the 
PakistanMargin, however, laminations are also present in the Holocene. This is most likely 
due to the fact that the Pakistan Margin is not directly influenced by upwelling, and thus 
oxygen levels remain low throughout the year. In this part of the basin, summer productivity 
is dependent on nutrients that are advected from the upwelling areas. The organic carbon 
record from the Pakistan Margin has been calibrated to the 0180 record of the GISP2 ice cores 
(Reichart et aI., 1998; Schulz et al., 1998), with light coloured, bioturbated sediments and 
low Corg values, corresponding to cold air temperatures over Greenland, indicated by light 
0180 GISP2 values. During these periods intensity of the summer monsoon was reduced, 
whereas winter monsoon strength increased (Reichart et aI., 1998; Schulz et aI., 1998). The 
record from the Oman Margin shows a similar relationship with the GISP2 core (Fig. 8), and 
indicates that the ITCZ remained in a more southern position during cold Dansgaard­
Oeschger events. These cold Dansgaard-Oeschger events also correspond to more arid 
conditions in the Arabian Peninsula. 

Conclusions 

High-resolution geochemical and micropaleontological records from the Oman Margin show 
high-frequency variations in sea surface productivity caused by changes in the intensity of 
summer monsoon induced upwelling. Changes in aridity on the Arabian Peninsula varied 
simultaneously with changes in summer monsoon, drier conditions being contributed to 
minimum monsoon intensity. Past variability in the intensity of the oxygen minimum zone 
(OMZ) was reconstructed using redox-sensitive elements, aragonite preservation and sulphur 
diagenesis. OMZ intensity varies together with summer monsoon strength, being weakest 
during periods of minimum summer monsoon intensity. Pyrite formation in the Oman 
continental margin sediments was limited by the availability of reactive iron. This was caused 
by the low oxygen concentrations of the OMZ, which resulted in the reduction of iron oxides 
in the water column or at the sediment water interface. However, no euxinic conditions 
developed in the OMZ at the Oman Margin. Calibrating the Oman Margin record with a 
record from the Pakistan Margin indicates that minima in summer monsoon intensity 
correspond with maxima in winter monsoon strength. Furthermore, the record from the Oman 
Margin again confmns the link between sub-Milankovitch variability in high and low latitude 
climate. 

61 



Chapter 3 

Acknowledgements 
We thank Captain J. de Jong, his crew and the skilled technicians of the NIOZ, Texel for help 
and good collaboration on board. W.J.M van der Linden and C.H. van der Weijden were 
chief scientists during the Utrecht NIOP cruises. A. Potjewijd is acknowledged for his help 
with the foram counting. Analytical support came from G. Nobbe, M.A. van Alphen, H. de 
Waard, G.J. Ittman, G. van het Veld, and A van Dijk. M.A. Prins is acknowledged for 
providing the grainsize data. Critical reviews by C.H. van der Weijden significantly improved 
this manuscript. This research was funded by the Netherlands Organisation for Scientific 
Research (NWO). 

62 



Part II:
 

Sedimentary P cycling
 

in the Arabian Sea
 

H ••• Phosphorus has a very beautiful name (it means 

'bringer of light'), it is phosphorescent, it's in the brain; 

... without phosphorus plants do not grow; ... it is in 

the tips ofmatches, and girls driven desperately by love 

ate them to commit suicide; it is in will-o'-the-whisps, 

putrid flames fleeing before the wayfarer," 

P.Levi, The periodic Table, Schocken Books, New York, 
1984. 
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Abstract - In this study, porewater chemistry, solid-phase analysis, and microscopical 
observations were combined to evaluate phosphogenesis in three boxcores located within the 
intensive oxygen minimum zone of the Arabian Sea. Three parameters, namely a decrease of 
the dissolved phosphate and fluoride concentrations with depth, saturation with respect to 
carbonate fluorapatite (CFA), and the presence of a solid-phase Ca-phosphate mineral, all 
indicate that phosphogenesis is currently taking place at all three sites. Authigenic apatite 
precipitation rates vary between 0.076 and 1.04 llmol P cm-Zy-I, and are of the same order of 
magnitude as reported for other high productivity areas. Precipitation of an intermediate 
precursor precedes CFA formation in the continental slope sediments on the Karachi Margin. 
Results of a diagenetic P model indicate that phosphogenesis is induced by high rates of organic 
matter degradation. Dissolution of fish debris is likely to provide an substantial additional 
source of phosphate. Redox iron cycling does not influence phosphogenesis in these 
environments. Model results suggest that sediment mixing is essential in promoting early 
diagenetic phosphogenesis. The highest rate of CFA formation was observed in a boxcore 
taken on the Oman Margin, where it contributes to the formation of a Holocene phosphorite 
deposit. This observation contrasts with previous reports of only old phosphorites in this area. 
Phosphorites are presently forming on the Oman Margin as a result of a) deposition of older, 
reworked material from the continental shelf, which has undergone an earlier phase of 
phosphogenesis, b) a high input of reactive P (fish debris and degradable organic matter), 
c) a relatively low sediment accumulation rate, and d) the absence of winnowing on this 
location. Holocene phosphorite deposits may be less common on the Oman Margin than in 
other upwelling areas because of the narrowness of the shelf and the steepness of the slope, 
which is likely to limit the area where phosphorite formation may occur. 

Introduction 

Phosphogenesis is the early diagenetic precipitation of francolite, a carbonate fluorapatite 
mineral (CFA). Authigenic apatite formation is an important sedimentary sink for reactive 
phosphorus in the oceans (Ruttenberg and Berner, 1993). The major element composition 
of marine sedimentary apatite displays little variation (e.g. Jarvis et ai., 1994), and 
approaches the simplified formula Ca lO[(P04)6_x(C03).]Fz+x' In organic-rich sediments CFA 
precipitation is usually restricted to the uppermost part of the sediment because the increase 
of carbonate alkalinity with depth prohibits further formation of apatite (Jahnke et ai., 1983; 
Glenn and Arthur, 1988), and because CFA formation requires fluoride, diffusing from the 
overlying bottom water (Froelich et ai., 1983). 

For the evaluation of P cycling in the oceans, it is important to understand the 
environmental conditions influencing phosphogenesis. Saturation of the interstitial water with 
respect to CFA is primarily controlled by the flux of reactive phosphorus transferred to the 
sediment (e.g. Filippelli and Delaney, 1994). Phosphate production in the porewater may 
originate from microbial degradation of organic matter (e.g. Hartmann et ai., 1973; Froelich 
et ai., 1988; Ruttenberg and Berner, 1993), desorption from iron oxides (e.g. Sundby et ai., 
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1992; Slomp et aI., 1998), and dissolution of fish debris (Suess, 1981). A second prerequisite 
for CFA precipitation is that sedimentary conditions have to permit the build up of phosphate 
in the porewater. High porosities enhance phosphate diffusion to the bottom water and reduce 
the capacity to retain reactive P in the sediment (Van Cappellen and Berner, 1988; Filippelli 
and Delaney, 1994). Early diagenetic iron cycling has been shown to promote 
phosphogenesis under oxygenated bottom water conditions (Sundby at aI., 1992; Slomp et 
aI., 1996). In addition, redox dependent cycling of phosphate by microorganisms (e.g. Ingall 
and Jahnke, 1994) and microbial mat communities at the sediment water interface (Williams 
and Reimers, 1983; Reimers et al., 1990; Krajewski et aI., 1994) may play an important role 
in regulating the interstitial phosphate concentrations. Benthic P regeneration and consequent 
loss of phosphate to the water column appears to be more extensive under oxygen depleted 
bottom water conditions (lngall and Jahnke, 1994). As a consequence, phosphogenesis is 
often associated to oxic to suboxic bottom water conditions (Heggie et aI., 1990; Ingall et 
aI., 1993; Jarvis et aI., 1994). 

Upwelling areas are known to have sediments with high authigenic phosphorus 
contents, defined as phosphorites when containing more than 5 wt% PzOs (e.g. Cook, 1984). 
These high sedimentary P concentrations are thought to result from high CFA precipitation 
rates during early diagenesis induced by high inputs of degradable organic matter and 
processes of sediment reworking (e.g. redeposition, winnowing; Burnett, 1977; Kolodny, 
1981; Froelich et al., 1988). Phosphorites have been found worldwide in numerous 
geological formations (e.g. Filippelli and Delaney, 1994; Follmi., 1996, Trappe, 1998), but 
their recent formation is a relatively rare phenomenon (Jahnke et al., 1983; Thomson et al., 
1984; Froelich et aI., 1988; Heggie et aI., 1990; Schuffert et aI., 1994, 1998). In addition to 
upwelling areas, phosphogenesis has been recognised in the sediments of shallow continental 
margins (Ruttenberg and Berner, 1993; Reimers et a!., 1996; Louchouam et aI., 1997), the 
continental slope underlying low productivity areas (Slomp et a!., 1996), and in deep-sea 
sediments (Lucotte et a!., 1994; Filippelli and Delaney, 1996). 

The Arabian Sea is characterised by a high seasonal productivity (Qasim, 1982), 
which is caused by monsoonal induced coastal and open-ocean upwelling offshore Oman and 
Somalia. High vertical fluxes of organic matter, in combination with a sluggish ventilation 
owing to the semi-enclosed configuration of the Arabian Basin, result in an intensive Oxygen 
Minimum Zone (OMZ) between 150 and 1250 m water depth, with oxygen concentrations 
< 2 !J.M (e.g. Van Bennekom and Hiehle, 1994). Ancient phosphorite deposits, dating from 
the Miocene till Early Pleistocene, have been found in ODP cores recovered from the Oman 
Margin (Rao and Lamboy, 1995). Until now, recent phosphorite formation in this area has 
never been reported. This is surprising as the Oman upwelling area is in many aspects similar 
to that of Peru-Chile and Namibia. 

In this study, we investigate phosphogenesis in three boxcores from the Arabian Sea 
located within oxygen depleted bottom waters, one recovered from the sediments underlying 
the Oman upwelling system, and two from the Pakistan Margin. We apply a diagenetic model 
for sedimentary P cycling developed by Slomp et al. (1996) to porewater and solid-phase P 
profiles to gain a better insight into the processes controlling phosphogenesis in these 
environments. In contrast to previous reports, we present evidence for Holocene phosphorite 
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fonnation on the Oman Margin. 

Material and Methods 

Sediment sampling and core description 
During the Netherlands Indian Ocean program (NIOP, 1992) three boxcores were collected 
for this study: BC484 was recovered from the Oman margin from a depth of 527 m, BC45 1 
and BC455 from the Karachi margin, from depths of 495 m and 1005 m respectively (Table 
1; Fig. 1). All three boxcores are located within the OMZ and underlie an area of high 
primary productivity. In addition, a tripcore (TC484), taken on nearly the same location as 
BC484 (at a distance of ± 4 kIn.), was studied. Bottom water oxygen (BWO) concentrations 
were obtained from nearby CTD stations. 14C Accelerator Mass Spectrometry (AMS) dating 
was perfonned on handpicked non-coated foraminifers (Globorotalia menardii), coated 
foraminifers, and phosphorite pellets. AMS 14C ages were calibrated according to Stuiver 
(1998), and corrected for a reservoir age of 400 yrs (Bard, 1990). Sedimentation rates (0); 
Table 1) were calculated from the ages of non-coated foraminifers. 

Arabian 
Basin 

3000 

400krn 

Figure 1. Positions of the boxcore sample sites. The area were the present-day OMZ impinges on 
the continental slope is shaded. 
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Table 1. Position, water depth, sedimentation rate (OJ), organic carbon concentration in the top em, 
oxygen concentration and bottom water temperature of the sampled boxcores. 

Site latitude longitude water depth <0 C,,,g top em Tbottom [02J bottom 
(N) (E) (m) (em ky"') (wt%) (CO) water (11M) 

BC484 19°30'.0 58°25'.8 527 5.6 2.24 12.3 <2 

TC484 19°29'.8 58°25'.7 516 

BC451 23°41'.4 66°02'.9 495 28 4.37 12.6 <2 

BC455 23°33'.0 65°57'.4 1005 16 3.43 8.7 <2 

Pore water analysis 
Porewater extractions were started on board within 24 hours of core collection according to 
shipboard routine (De Lange, 1992a). The boxcores were vertically sluiced into a glovebox, 
which was kept under low-oxygen conditions (02 < 0,0005%) and at in-situ bottom water 
temperature. Under a nitrogen pressure of up to 7 bar, pore waters were extracted in 
Reeburgh-type squeezers. The shipboard pH measurements and nutrient analyses were 
performed within 12 hours after the extraction of the porewaters. Alkalinity was calculated 
after titration using the Gran plot method (Gieskes, 1973). Phosphate and ammonium were 
measured on a TRAACS 800 auto analyser, according to automated methods of Strickland 
and Parsons (1968) and Solarzano (1986) respectively. All analyses were performed in 
duplicate. Porewater fluoride concentrations were measured with a ion specific electrode. 
Relative errors were smaller than 2%. 

Solid-phase analysis 
The porosity and dry bulk density (dbd) were calculated from the weight loss after drying at 
60 a C, assuming a sediment density of 2,65 g cm-). After removal of inorganic carbon with 
I M HCI, the organic carbon (Corg) content and total nitrogen content (Nto') were measured 
with aNA 1500 NCS analyser. Relative errors were smaller than 0.4%. For the determination 
of total P, Ca, AI, Ti, and Zr, 250 mg of the sample was totally digested in 10 ml of a 
6.5: 2.5: 1 mixture of HCI04 (60%), HNO) (65%) and HzO, and 10 ml HF (40%) at 90°C. 
After evaporation of the solutions at 190°C on a sand bath, the dry residue was dissolved in 
50 ml 1 M HCI. The resulting solutions were analysed with an Inductively Coupled Plasma 
Atomic Emission Spectrometer (ICP-AES; Perkin Elmer Optima 3000). All results were 
checked using international (SOl, S03) and in-house standards. Relative errors for duplicate 
measurement were better than 3%, except for Zr and Ti (5%). Particle sizes were determined 
on the bulk wet sediment and on carbonate and organic matter free fractions, using a Laser 
Particle Sizer (Malvern Series 2600). 

The distribution of different phosphorus fractions in sediment samples was examined 
with a 6-step sequential extraction scheme, which is an adaptation of the SEDEX method 
developed by Ruttenberg (1992) with additional steps for selective Ca-carbonate extraction 
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Table 2. The P sequential extraction scheme and extracted fractions.
 

step extractant P phase extracted Reference 

1 • 6x 25 ml2 M NH,Cl 

(pH 7) 

• 1x 25 mI demin. water 

PNH'C1 

• exchangeable or 

loosely sorbed P 

• carbonate associated P 

after De Lange, 

1992b 

• fish debris 

2 • 2x 25 mI • 1 M Na-acetate, 

buffered to pH 6 with acetic 

acid 

• residual carbonate 

associated P 

• Ix 2 M 25 mI NH,CI (pH 7) 

• 1x 25 ml demin. water 

3 • 1x 25 ml 0.15 M Na-citrate, 

0.5 M NaCO, (pH 7.6), 

and 1.125 g Na-dithionite 

• Ix 2 M 25 ml NH,Cl (pH 7) 

• 1x 25 mI demin. water 

p.... 

• easily reducible or 

reactive iron bound P 

Ruttenberg, 1992 

4 • 2x 25 ml 1 M Na-acetate 

buffered to pH 4 with acetic 

acid 

• Ix 2 M 25 mI NH,CI (pH 7) 

• Ix 25 ml demin. water 

P", 

• carbonate fluorapatite 

(CFA) 

Ruttenberg, 1992 

5 • 1x 25m1 1 M HCl 

• 1x 25 ml demin. water 

Pdet 

• detrital apatite 

Ruttenberg, 1992 

6 • 20 mI HF/HNO,lHCIO, P~ 

• P adsorbed to clay 

minerals 

Lord, 1982 

• organic P 

(Table 2). Approximately 250 mg of dried sediment was subsequently washed with 1) 25 mI 
2 M NH4CI, pH=7 (6x), 2) 25 mI Na-acetate solution, pH=6, 3) 25 mI citrate dithionite buffer 
(CDB), pH=7.6, 4) 25 mI Na-acetate solution, pH=4, 5) 25 mI I M HCI, and 6) 20 mI 
HFIHNO/HCI04 mixture. After extraction steps 2-5 the sediment was rinsed successively 
with 2 M NH4CI (pH=7) and demineralised water to prevent readsorption ofHPO/. The first 
extraction step differs from the SEDEX method in that 2 M NH4CI is used instead of 
1M MgCI2 to dissolve carbonates prior to the other extraction steps (De Lange, 1992b). This 
has the advantage that carbonates are dissolved selectively, allowing a differentiation 
between CFA and more soluble calcium-phosphate minerals (Chapter 5). A separate 
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sequential extraction consisting of 8 times the 2 M NH4Cl step was performed for some 
sediment samples. In this case, each extracted solution was analysed separately. The 
Na acetate (pH=6) extraction (step 2) was added to ensure complete carbonate removal, since 
incomplete dissolution of Ca-carbonates might cause precipitation of gypsum in the 
subsequent Na-dithionite extraction (step 3). All extracted solutions were measured for P 
with ICP-AES. Reproducibility was generally better than 5%, except for step 3 (10%). The 
recovery with respect to the total P concentration was 90%, 83%, and 90 % for BC484, 
BC451, and BC455 respectively. Fluoride concentrations in the extracted solutions of BC484 
were measured with an ion specific electrode. For some samples, organic phosphorus (Porg) 
was determined according to the method of Aspita et at. (1976). 

Separate sediment samples were sieved into three fractions (65-150 !lm, 150-595 !lm, 
>595 !lm). For BC484, these fractions were weighed and, after total digestion, analysed with 
ICP-AES. For all boxcore samples fish debris was quantified in the 150-595 !lm fraction by 
counting the number of fish fragments in splits (using an Otto microsplitter). Coated 
foraminifers, dark brownish pellets, and fish debris in the top sediment of BC484 were hand 
picked from the 150-595 !lm fraction. The bulk of these particles were analysed after total 
digestion with ICP-AES. A few particles were embedded in resin, photographed and analysed 
for Ca, P and F contents using an electron microprobe-scanning electron microscope 
(JEOL 8600). 

Description ofthe model 
A diagenetic model for P cycling developed by stomp et at. (1996) was applied to the 
porewater and sequential extraction results for BC451 and BC455. This steady state model 
describes the concentration change with depth of porewater phosphate and three forms of 
solid-phase P, namely organic P, Fe-bound P, and authigenic P. The sediment column is 
divided into three zones: an oxidized surface zone (I: o~ x ~ L j ), a reduced sediment zone 
with bioturbation (II: L j ~ x ~ L2), and a reduced sediment zone without bioturbation 
(III: x> L2). The processes included in the model are I) phosphate release from organic P 
due to organic matter degradation (zone I, II, III), 2) reversible sorption of phosphate to iron 
oxides (zone I), 3) phosphate release from Fe-bound P due to iron oxide reduction 
(zone II, III), and 4) authigenic P precipitation (zone II, III). Note that phosphate release from 
fish debris dissolution is not included in this model. The processes (1) to (4) are described 
as first order reactions, with reaction rate constants kg, k" ku" and ka, respectively. The 
porewater equilibrium concentrations for sorption and apatite precipitation are C, and Ca' The 
asymptotic Fe-bound P and organic P concentrations are equal to M~ and G~. The molecular 
(D.) and biodiffusion (Db) coefficients, sedimentation rate (co), reaction rate constants, and 
sediment porosity (<p) are assumed to be constant with depth in each relevant layer. In 
addition, the fluxes of organic P (JGx=O)' Fe-bound P (JMx=o) and "authigenic" P (Jax=o; i.e. the 
P fraction associated with fish debris, calcium carbonates, easily exchangable P and 
resuspended authigenic apatite) from the water column to the sediment are assumed to be 
constant. Values of kg, ku,' k" JAx=O' and JGx=O were varied to fit the model to the experimental 
data. Variance-weighted sums of squares of the difference between the modelled and 
experimental values were minimized for all 4 components, Le. phosphate, organic P, 
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Fe-bound P and authigenic P, simultaneously. Extra weight was assigned to the data points 
in the upper part of each profile and the whole authigenic P profile. The other parameters 
(L j , Lz, Ds, Db' 0), Co, Cs, Ca, ks' JMx=O' Moo and Goo) were fixed on the basis of existing data. 

Results 

Pore water 
The phosphate concentration in BC484 is characterised by a sharp increase to 75 /lM just 
below the sediment surface, followed by a decrease to 20 /lM at the base of the boxcore 
(Fig. 2). In BC451 and BC455, the phosphate concentrations are lower, and the decrease of 
phosphate with depth is less pronounced (BC451), or absent (BC455). Fluoride 
concentrations decrease with depth in all three boxcores, whereas the ammonium 
concentrations and alkalinity increase almost linearly with depth (Fig. 2). BWO 
concentrations for all three boxcores are below the detection limit (211M; Table 1). 

Solid phase 
The total P content is high in the top of BC484 (up to 2.0 wt%) (Fig. 3), corresponding to 
approximately 5 wt% of PZ05' which classifies this sediment as a phosphorite. The 
P concentration in this ,core gradually decreases with depth to 4000 ppm. Phosphorus is 
concentrated in the coarse fraction of the sediment, namely, in concentrations up to 5.5 wt% 
in the 150-595 /lm fraction. Approximately 20% of the solid-phase P is present in the fraction 
smaller than 65 /lm, which constitutes 50 wt% of the bulk sediment. Total P contents in 
BC451 and BC455 are much lower (1000-2000 ppm) and increase with depth. 

In BC484, the major fraction of P is extracted in step 4 (authigenic apatite). All 
P fractions in this core show a decrease ofP with depth (Fig. 3). Probably, CFA is partially 
dissolving in the other extraction steps in this boxcore. This is confirmed by fluoride analysis 
in the solutions of step 2 till 5, which revealed a constant molar PIP ratio of 2.4. In BC451 
and BC455, the P fraction responsible for the increase with depth of total solid-phase P was 
extracted during step 1 + 2 (Fig. 3). The PFe fraction in BC451 is low (- 40 ppm). In the top 
of BC455, PFe is enriched up to 400 ppm. The PCFA and Pdet fractions are nearly constant with 
depth in both BC451 and BC455. The residual P fraction (Pres) decreases with depth in the 
top 10 centimeters of the sediment. The good correspondence between Porg (as determined 
with the Aspila method, not shown) and Pres contents, indicates that the Pres fraction is equal 
to organic P. 

The sediments of BC451 and BC455 have higher organic carbon (Corg) contents than 
those of BC484 (Table 1). The CoriN,o, weight ratio in TC484 increases with depth till 18 cm, 
where it reaches a constant value of 10 (Fig. 4). A sharp upward increase of the P content 
occurs above this depth. The Ca-carhonate content is lower in the upper 12 cm of TC484, 
relative to the deeper part. Ti and Zr contents, which have been divided by Al to reveal 
changes not related to variations in terrestrial input, are fairly constant with depth. The mean 
grainsize of both bulk and decarbonated sediment samples is relatively constant with depth 
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Figure 2. Porewater profiles for BC484, BC45l, and BC455: phosphate, fluoride, ammonium, and 
alkalinity. The saturation state with respect to CFA in the porewaters was calculated as lAP (ion 
activity product) divided by the Ksp (solubility product of CFA). The shaded areas indicate 
saturation. 

(Fig. 4). The fish debris concentration (numbers per gram of the 150-595 11M sieve fraction) 
decreases with depth in BC484 (Fig. 5), and correlates reasonably well with the total P 
concentration. The amount of detectable fish debris, however, constitutes only a minor 
fraction of the total P since other phosphatised particles are more abundant. The fish debris 
concentration in BC451 and BC455 show a larger variability with depth. The lower 
concentrations of fish particles in these sediments compared to BC484 can probably be 
attributed to dilution by detrital material supplied by the Indus river. 
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Figure 3. Profiles of extracted P phases (ppm): PNH4CI (Step 1+2), PFe (Step 3), PCFA (Step 4), Pdet 

(Step 5), Pres (step 6+7), total P, as measured after total destruction (.A.), and the sum ofall extracted 
P phases (e). Note the different scales for BC484. 

Microscopic observations, chemistry and calibrated 14C ages ofapatite macro 
particles in BC484 
Microscopic observations and microprobe analysis allowed the identification of three types 
of apatite macro particles in BC484: coated foraminifers, phosphatised pellets and fish debris. 
A) Coated foraminifers constitute the bulk of the large phosphate grains (Fig. 6a). Most of 
the foraminifers in the top 10 cm of BC484 have a brown to black appearance caused by 
coatings and fillings. The foraminifer tests without coating look well preserved and do not 
show signs of calcite replacement or dissolution. Other particles consist of moulds, 
resembling the ovoid shape of the foraminifers. In the deeper part of the boxcore, coated 
foraminifers become less frequent. Calibrated 14C ages for coated foraminifers are higher than 
"clean" (uncoated) foraminifers in the same sediment interval (Table 3). 

74 



Phosphogenesis and phosphorite formation 

B) Phosphatised pellets have ovoid to cylindrical shapes and a maximum length of - 3 mm 
(Fig. 6b). Their surface is blackishlbrownish and usually smooth. Thin slides of samples 
reveal no internal structures indicating that the pellets are probably composed of apatite 
micro crystals. The number of phosphatised pellets decreases with depth, but they are still 
present in the deepest part of the boxcore. Phosphatised pellets at 2 cm depth have a 
calibrated 14C age of 6890 yrs, and are thus slightly older than the coated foraminifers from 
the same depth (Table 3). 
C) Fish debris is present in a range of forms and sizes «2 mm) (Fig. 6c). The large parts are 
easily recognisable as vertebra (scales and bones) and have a spongeous structure. Some 
particles are covered by small brown crystals consisting of CFA. 

Table 3. Calibrated J4C ages for non-coated foraminifers, coated foraminifers and phosphatised 
pellets in BC484 and pistoncore 484. 

Core depth pellets eoated foraminifers clean foraminifers 

(em) (yrs) (yrs) (yrs) 

2em 6890± 80 6385 ± 70 373 ±40 

6200 ± 60 

24.5 em 8800±60 4672± 60 

top pistoneore 12841 ± 60 

• Calibrated J4C age of total particles, i.e. including carbonate and apatite C. 

The elemental composition of the phosphatised pellets and foraminiferal 
coatings/fillings (Table 4) indicates that both the pellets and coating/fillings consist primarily 
of CFA. Microprobe analyses show little variation in the chemical composition. The mean 
CaOIPPs and FIP20 S ratios are similar to those reported for phosphatised particles in 
phosphorites (Price and Calvert, 1978; Thomson et aI., 1984; Baker and Burnett, 1988). The 
FIP20 S ratio of the pellets and coating/fillings is lower than the ratio for substituted francolite 
(0.148; McClellan et aI., 1980). Low FIPPs ratios have been observed in relatively young 
phosphorites (Price and Calvert, 1978; Thomson et aI., 1984; Baker and Burnett, 1988), but 
have also been related to CFA precipitation in organic-rich sediments (Jarvis et aI., 1994). 
The FIP20S ratio of the pellets decreases towards the edge of these particles. This may reflect 
decreasing F concentrations in the porewater with ongoing formation of the pellets upon 
burial. The overall composition of the fish debris is very similar to that of apatite. However, 
the F concentration is lower than the mean concentration in francolites (5.04 wt%; 
McClellan, 1980), but higher than F concentrations of fresh fish debris (558-6850 ppm; Ke 
et aI., 1970). This could be the result of fluoride adsorption in the water column and 
sediment. 
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Figure 4. Profiles of total P (ppm), Cor/Ntot ratio (gig), CaC03 (wt%), TilAl (mglg), ZrlAl (mglg), 
and mean grainsize (pm) (bulk (.A.) and decarbonated (+) sediment) for tripcore 484 (TC484). The 
dotted line indicates the depth above which the P concentration increases sharply. The top 10 cm 
of TC484 were lost during core recovery. 

Application ofthe model 
The fixed parameters (Lt,~, <p, Ds, Db' CO, Ca, Cs, Ca, k" JMx=O' M., and Goo) used for the model 
and their sources are listed in Table 5. Considering the low BWO concentrations and the high 
sedimentary organic matter contents, oxygen will be consumed in the upper few millimeters 
in these sediments. Therefore, L] for BC45 I was set at I mm. For BC455 L j is probably 
somewhat larger (-2 mm), as it is located near the base of the OMZ. The deposition rate of 
Fe-bound P (JMx=O) was estimated from the mass accumulation rate, an average reactive iron 
concentration of 6000 ppm (equal to the concentration in surface sediments below the OMZ), 
and an atomic FelP ratio of 20 for the newly deposited reducible iron particles. 

The model fits agree reasonably well with the measured data (Fig.7), with the 
exception of the porewater profiles of BC451 and BC455. Fitted values for kg, k a, lcm, J Ax=O' 
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Table 4. Chemical composition ofapatite macro particles from BC484 (sample from 3 cm depth) 
as measured by ICP-AES (except for F, electron microprobe). The CaO/P20 j ratios and 
PzOIF ratios are weight ratios. 

Fish debris pellets coated 

foraminifers 

(ppm) (ppm) (ppm) 

S 7550 7430 6480 
p 124200 154300 139500 
Fe 1490 1440 2750 
Mg 9110 10130 10490 
Al 130 1970 3320 
Ca 315000 363000 353000 
y 45 18 77 
Sr 2280 2840 2430 
Na 1810 8010 4770 
K 550 770 1130 
F 15800 38800 28700 
CaOIP20 5 1.55 1.44 1.55 
FIPP5 0.056 0.11 0.09 

and JGx=O are listed in Table 5. The calculated phosphate production and removal rates are 
given in Table 6. 

Discussion 

Authigenic apatite formation 
Three indicators have been studied to examine whether phosphogenesis is currently taking 
place in the sediments located within the OMZ of the Arabian Sea (Ruttenberg and Berner, 
1993): 1) pore water phosphate and fluoride concentrations, 2) the saturation state of CFA, 
and 3) solid-phase authigenic P concentrations. 

1) Porewater phosphate and fluoride concentrations. A decrease in pore water 
phosphate and fluoride concentration with depth is indicative for P and F removal to the solid 
phase (Jahnke et ai., 1983, Ruttenberg and Berner, 1993). The main sink for phosphate and 
fluoride in anoxic sediments is authigenic apatite (Froelich et aI., 1983; Jahnke et aI., 1983; 
Froelich et ai., 1988; Ruttenberg and Berner, 1993). Consequently, the decrease in dissolved 
P and F with depth in BC484 and BC451 is interpreted as the result of CFA precipitation. 
The increase of ammonium and alkalinity with depth in all three boxcores implies that also 
dissolved phosphate is produced as the result of ongoing organic matter degradation. The 
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Figure 5. Concentration offish debris in BC484, BC451 and BC455 (numbers per gram sediment). 

rather constant phosphate concentration in BC455, therefore, indicates that also in this 
boxcore phosphate is removed and incorporated into a solid phase. In BC484 the negative 
porewater gradient of both phosphate and fluoride is non-linear, which implies that 
precipitation takes place in a zone comprising the upper 10 cm of the sediment. The nearly 
linear gradient of fluoride in BC451 and BC455 suggests that incorporation of F occurs at 
some greater depth. 

Precipitation rates of CFA (or a precursor phase) were estimated from the downward 
diffusing phosphate and fluoride fluxes (see Appendix; Table 7). The fluoride flux (JF) was 
converted into a P precipitation rate (JP(F))' in order to enable a direct comparison with the 
phosphate flux (Jp). In BC484, Jp and Jp(F) are similar at 4 cm depth, suggesting that the 
removal of phosphate and fluoride with depth is indeed due to CFA formation. The 
downward fluoride flux in the top cm is higher than at 4 cm depth (Table 7), which implies 
that CFA precipitation is also occurring in the top 4 cm of the sediment. In BC451 and 
BC455, Jpis lower than Jp(F) (Table 7). A similar difference between interstitial phosphate and 
fluoride removal fluxes was observed by Schuffert et ai. (1994) for sediments off western 
Mexico. The F flux into the sediment probably provides the best direct measure for CFA 
precipitation rates, because seawater is the dominant source for F in marine sediments 
(Froelich et al., 1983). 

2) The CFA Saturation state has been calculated using pore water data, the 
stoichiometry of CFA (C~.54Nao33M&.13(P04)48(C03)L2F248;Chien, 1972), and the solubility 
product of carbonate fluorapatite (K.p) (Jahnke et ai., 1983; Ruttenberg and Berner, 1993). 
The solubility product of recently formed marine apatite has been shown to depend on the 
aqueous activity of cot (Jahnke, 1983). Therefore, the solubility product has been 

2calculated for each depth, using C03-concentrations estimated from pH and alkalinity data. 
In the top of the sediment of all cores the ion activity product (lAP) exceeds the solubility 
product, indicating supersaturation of the porewater with respect to CFA (Fig. 3). With depth, 
porewaters becmne undersaturated again. This suggests that precipitation of CFA or another 
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Figure 6. Microprobe backscatter photos of apatite macroparticles in BC484: a) a coated 
foraminifer, b) a phosphaTised pelleT, and c) fish debris. 

79 



Chapter 4 

Ca-phosphate mineral is most likely occurring in the upper 20 cm of the sediment. 
3) Solid-phase authigenic phosphorus. The most direct indication for ongoing 

phosphogenesis is an increase of the solid-phase authigenic apatite fraction with sediment 
depth (Ruttenberg and Berner, 1993; Slomp et ai., 1996; Louchouarn et ai., 1997). Although 
the PCFA fraction remains constant in BC451 and BC455 (Step 4, Fig. 3), the 
PNH4Cl concentrations increase with depth. To determine what P fraction is responsible for this 
increase, the 2 M NH4Cl extraction was performed sequentially 8 times for some sediment 
samples from the base of BC455 and BC451. The release patterns for P and Ca show that the 
P concentration in the solvent starts to increase once the Ca concentration has dropped, 
indicating that the phosphorus fraction associated with PNH4Cl starts to dissolve once all 
Ca -carbonates have been extracted (Fig. 8). Consequently, the PNH4Cl fraction must be 
associated with a Ca-phosphate mineral. Fish debris, which consists primarily of 
hydroxyapatite, is, in contrast to authigenic or detrital apatite, highly soluble in 2 M NH4Cl 
(Chapter 5). The number of fish debris as counted in the 150-595 /lm sieve fraction, 
however, does not clearly increase with depth (Fig. 5). Consequently, it is unlikely that 
changes in the biogenic apatite contents can account for the observed PNH4Cl profiles. In 
addition, an increase in sediment accumulation rates cannot be responsible for a possible 
dilution of the P fractions, as high resolution records on Arabian Sea sediment cores show 
that sedimentation rates during the Late Holocene remained constant (Sirocko et ai., 1993). 
Therefore, we argue that the increase of the PNH4Cl fraction with depth in BC451 and BC455 
is the result of precipitation of an authigenic Ca-P04 mineral, which is more soluble than 
CFA. 

Laboratory experiments have shown that CFA precipitation at high phosphate 
concentrations is a two-step process. First, an amorphous, F-poor precursor is formed, which 
subsequently acts as a substrate for CFA precipitation (Van Cappellen and Berner, 1991; 
Krajewski et ai., 1994). This process is much faster than the direct nucleation of CFA from 
solution, which occurs at lower phosphate concentrations. The easily dissolvable 
Ca -phosphate in BC451 and BC455 may be identified as a precursor to CFA formation. This 
would also explain why fluoride incorporation occurs at a greater depth than the formation 
of the PNH4Cl phase. Probably, a F-poor Ca-phosphate mineral precipitates in the top 10 cm 
of the sediment at the highest interstitial phosphate concentrations, and is converted into CFA 
deeper in the sediment. Uncoupling of interstitial phosphate and fluoride removal has 
previously been observed in Peru margin sediments (Froelich et ai., 1988). Possibly, high 
concentrations of fish debris in the sediments of the Pakistan Margin are acting as a template 
for precipitation of a Ca-phosphate mineral (Follmi, 1996), enabling rapid authigenic apatite 
precipitation under relatively low phosphate concentrations. Porewater profiles indicate that 
the transformation of the precursor into CFA takes at least a few thousand years. 

Summarising, sequential extraction results and porewater flux calculations indicate 
that a Ca-phosphate mineral is precipitating in sediments located within the Arabian Sea 
OMZ during early diagenesis. In BC484, CFA precipitates in the upper 10 cm of the 
sediment. In BC451 and BC455, however, a precursor phase is formed, which is 
subsequently converted into CFA deeper in the sediment. 
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Table 5. Values for the fixed and fitted parameters for BC451 and BC455 as used in the diagenetic 
P model. 

Fixed parameters Units BC451 BC455 Source
 

LI em 0.1 0.2 see text
 

L2 em 2.8 3.8 Van der Weijden et aI., 1999
 

<p em' cm-' 0.82 0.84 average porosity
 

D, cm'd-I 3.0 x 10-1 2.8 X 10-1 see appendix
 

Dh cm'd- I 5.0 x 10-3 3.6 X 10-3 Boudreau, 1994
 

(J) cmky-I 28 16 Table I
 

CII ~M 3.7 3.4 Bottom water concentration
 

C, ~M Froelich et aI., 1988; Slomp
 
and Van Raaphorst, 1993
 

C, ~M 2.9 4.5 Atlas and Pytkowicz, 1977
 

k, d-I 2.6 X 10-1 2.6 X 10-1 Slomp et aI., 1996
 

~mol cm-' y-I 7.0 x 10-' 4.0 x 10-' see text JT\1x=O 

M. ~molg-1 l.l cone. in bottom sample 

G. ~mol g'1 4.8 5.8 cone. in bottom sample
 

Fitted parameters
 

k, d-I 3.0 X 10-3 6.7 X 10-3
 

k, d-I 7.4 X 10-' 1.0 X 10-3
 

km 
d-I 2.3 X 10-' l.l X 10-5
 

JGx~) ~mol cm-' y-I 5.7 2.9
 

~mol cm-' y-I 2.5 x 10-1 9.3 X 10-2
JAx=1I 

Implications ofthe model 
The model results confirm that the increase of the solid-phase P with depth at stations BC451 
and BC455 can be explained by early diagenetic phosphogenesis. The calculated CFA 
formation rates correspond reasonably well with the downward Jp(F) fluxes (Table 7). The 
values of the rate constants ku, and k. are in line with ranges estimated in other studies (Slomp 
et ai., 1996; 1998). Fitted values for kg correspond to rate constants for highly reactive 
organic matter (Boudreau, 1997; Boudreau et al., 1998). Model results suggest that 
phosphogenesis is fuelled by phosphate release from organic matter in the surface sediments. 
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Figure 7. Modelfits (solid lines) to the porewater phosphate. organic P (equal to Pres)' Fe bound 
P (PFe), authigenic P (equal to PNH4Cl + PCFA)' and the sum of these three solid-phase P fractions. 
The horizontal dotted line indicates the depth of bioturbation (L2). The vertical solid line in the 
authigenic P profiles represents the PNH4Cl + PCFA concentration which is not related with in-situ 
authigenic P formation (e.g. P associated with fish debris or carbonates. easily exchangeable P, or 
redeposited authigenic apatite). 

In order to reproduce the high subsurface porewater phosphate concentrations organic P 
inputs of respectively 5.7 and 2.9 Ilmol P cm-2 y-l for BC45l and BC455 are required 
(Table 6). The potential organic carbon flux arriving at the sediment water interface (Jcx=o; 
gC m-2yl) can be estimated with the transfer equation (Berger and Herguera. 1992): 

O5JCx=o = 2 pp . x (PP/lOO) x (liz + 0.025) 

where PP is the primary productivity rate (gC m-2 y-I), and z the water depth in units of 
100 m. Assuming an average primary productivity rate of 300 gC m-2 y-l for the northern 
Arabian Sea (Qasim, 1982), the potential Jcx=o flux amounts to 23 and 13 gC m-2 y-l for 
BC451 and BC455 respectively. This corresponds to a potential Jox=o flux of 1.7 and 
0.9 Ilmol P cm-2yl respectively. Apparently, the values for the Jox=o flux needed to reproduce 
the high subsurface phosphate concentrations are unrealistically high. There are three 
possible explanations for this. Firstly, the model describes organic matter decomposition with 
one first order rate constant. As a result, the model predicts that all degradable organic P is 
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mineralised in the upper few centimetres of the sediment (Fig. 7). This is an overly simplistic 
description because organic matter degradation continues deeper in the sediment, as is 
demonstrated by the increasing alkalinity and ammonium concentrations with depth (Fig. 2). 
When in the model calculations relatively more organic matter degradation and phosphate 
production would occur deeper in the sediment, a lower JGx=o input flux would be sufficient. 
Secondly, the measured phosphate profiles may not represent a steady-state situation. In the 
Arabian Sea productivity is highly seasonal, and therefore deposition rates of reactive P, 
subsequent phosphate regeneration and authigenic P formation may vary through the year. 
This may also explain the discrepancy between the observed and the modelled phosphate 
porewater profiles. Thirdly, dissolution of fish debris in the upper few centimeters of the 
sediment may provide an additional source of phosphate. 

Early diagenetic iron redox cycling has been shown to be important for 
phosphogenetic processes in certain marine environments (e.g. Heggie et aI., 1990; Sundby 
et ai., 1992; Slomp et ai., 1996). Phosphate liberated from organic matter degradation or fish 
debris dissolution is scavenged by Fe-hydroxides in the oxic part of the sediments. Upon 
burial, these iron oxides are transferred to the suboxic part of the sediment and will be 
reduced, resulting in desorption of phosphate. The porewater phosphate concentration will 
increase, until CFA or a precursor phase starts to precipitate. Model results indicate that 
phosphate sorption does not affect the benthic P flux leaving the sediments (Table 6). In 
addition, the phosphate desorption from iron oxides provides only a minor source relative to 

Table 6. Phosphate production and removal rates for BC451 and BC455 as calculated with the 
diagenetic P model. 

BC451 BC455 
(Jlmol em" y'!) (Jlmol em" y'!) 

Phosphate production 

- organic P release 5.66 2.85 

- Fe-bound P desorption 0.1 0.13 

Total 5.76 2.98 

Phosphate removal 

- benthic P flux 5.44 2.75 

- diffusive P flux at bottom 0.04 0.01 

- authigenic P fonnation 0.24 0.13 

- P adsorption to iron oxides 0.04 0.09 

Total 5.76 2.98 

83 



100 

2 3 4 5 6 7 8 

NH4Cl extraction steps 

Chapter 4 

300 50000 

-+- C. BC451 (34.5 em)40000 

i 
....- C. BC455 (25.5 em) 

--e- P (BC451 (34.5 em)
200 ---Ei 

--fr- P (BC455 (25.5 em)30000 ~ 
~ 

~ ~ 
I:l. " U20000 

10000 

0 

Figure 7. The P and Ca concentrations (ppm) in the solutions ofthe 8x NH4Cl sequential extraction 
for two sediment samples (BC45J, 34.5 cm depth; BC455, 25.5 cm depth). 

organic matter degradation in BC45l. The oxidized surface layer is too thin to induce 
effective iron cycling as a result of the low BWO concentrations and the high reactive 
organic matter contents. Early diagenetic iron cycling is relatively more important in BC455. 
However, reducing L, in the model to zero (i.e. no sorption of phosphate to iron oxides) and 
leaving all other parameters the same, results in a reduction of the CFA formation rate of only 
11 %. Apparently, "iron pumping" is not driving phosphogenesis in the sediments located 
within the OMZ. 

Holocene sediments of the Pakistan continental margin between 300 and 900 m water 
depth are frequently finely laminated, indicating lack of bioturbation (Schulz et aI., 1996; 
Von Rad et aI., 1999). In the sediments of BC451 and BC455, however, some benthic activity 
occurs as is demonstrated by the presence of benthic foraminifera (Jannink et aI., 1998) and 
the absence of laminae. Extensive bioturbation of the upper part of the sediment enhances 
phosphate release to the water column, reduces the accumulation of dissolved phosphate, and 
thus inhibits phosphogenesis (Filippelli and Delaney, 1994). Model results, however, suggest 
that the occurrence of some bioturbation is essential to initiate CFA precipitation in these 
sediments. For example, limiting the zone of bioturbation (Ll ) in BC451 from 2.8 cm to 
2 mm would require a totally unrealistic 10-fold increase of the organic P input flux (J.x;o; 
up to 54 !lmol cm-l y-l) to reproduce similar porewater and solid-phase P profiles. The same 
is true for a substantial decrease of the bioturbation rate constant (Db)' Downward mixing of 
reactive P is necessary to build up the subsurface phosphate concentrations. Without 
bioturbation, reactive P is primarily regenerated at the sediment surface and subsequently lost 
to the overlying bottom water. These results indicate that early diagenetic phosphogenesis 
rates may be seriously diminished under true anoxic bottom water conditions. This 
mechanism may reduce the phosphorus burial efficiency under oxygen depleted bottom water 
conditions, as has been observed by Ingall and Jahnke (1994). 

Summarising, nlOdel results indicate that phosphogenesis in sedintents of the Pakistan 
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Margin located within the OMZ are controlled by high rates of phosphate release from 
organic matter degradation. Fish debris dissolution in the upper few centimeters of the 
sediment is likely to provide an substantial additional source of phosphate. The presence of 
some bioturbation is essential to initiate authigenic apatite formation in these sediments. 
Early diagenetic iron cycling plays only a minor role. The processes controlling 
phosphogenesis are probably analogous to those in other low-oxygen environments, for 
which similar CFA precipitation rates have been reported (Froelich et aI., 1988; Schuffert 
et aI., 1994). 

Phosphorite formation in BC484 
High CFA concentrations just below the sediment water interface as observed in BC484 have 
previously been documented for the continental margins of Peru (Burnett et aI., 1982; 
Froelich et aI., 1988), western Mexico, Baja California (Janhke et aI., 1983; Schuffert et aI., 
1994, 1998), Namibia (Thomson et aI., 1984), eastern Australia (Heggie et aI., 1990), and 
western India (Rao and Lamboy, 1996). Many of these phosphorite deposits have been 
identified as lag deposits (Kolodny, 1981, Garrison and Kastner, 1990). Beside redeposition 
processes, winnowing has been suggested to play an important role in the formation of 
phosphorites (e.g. Glenn and Arthur, 1990; Glenn et aI., 1994). Since phosphorite particles 
have a higher specific gravity than the surrounding detrital particles, bottom currents could 
wash away the finer, lighter particles and thus concentrate P in the top of the sediment. 
Winnowing causes low sedimentation rates, which in tum may enhance the growth of 
phosphorite nodules by keeping them in the zone of active diagenesis. (Burnett et aI., 1983). 
On the other hand, the effects of winnowing may obstruct phosphogenesis, not only by 
reducing the flux of reactive P into the sediment by enhancing the degradation and removal 
of organic matter and fish debris at the sediment surface, but also by increasing the 
permeability and, therefore, inhibiting the build up of phosphate in the porewater (Van 
Cappellen and Berner, 1988; Filippelli and Delaney, 1994). To establish the origin of the 
phosphorite deposit in BC484, the processes of 1) winnowing and 2) redeposition have been 
examined. 

I) Winnowing 
The high phosphorus concentration in the top 20 cm of BC484 could be the result of 
winnowing, which is an important process affecting the continental slope sediments on the 
Oman Margin (Shimmield et aI., 1990; Pedersen et aI., 1992). Evidence for winnowing can 
be obtained from sedimentary CIN ratios, total carbonate concentrations, TiJAI and Zr/AI 
ratios, and the grain size distribution. These parameters have been studied in TC484, a core 
that is longer than BC484 and, therefore, allows a better comparison between the phosphorite 
layer and the sediment beneath it. A comparison between BC484 and TC484 of the Corg and 
P,ot profiles revealed an offset of 10 em. Probably, the top 10 cm of TC484 were lost during 
core recovery. It is noteworthy that the high P concentration is still present in TC484, despite 
the distance of 4 km to BC484. Obviously, the processes leading to phosphorite formation 
are not very localised. The CorglN,ot ratio (wt%/wt%) in the upper centimetre of TC484 is 8.6, 
which falls in the range of7-9 observed in the top sediments on the Oman Margin (Pedersen 
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et aI., 1992). These low Cor/Nlol ratios are common for many recent sediments that have not 
been subject to winnowing (e.g. Calvert et al., 1995, Van der Weijden et aI., 1999). The 
Cor/Nlol ratio increases downcore to a constant value of 10, which reflects the normal pattern 
of preferential nitrogen release relative to carbon during organic matter degradation. This 
suggests that the organic matter in the top of the sediment has not been extensively degraded 
and thus has not been subjected to intense winnowing. Winnowed material often consists of 
coarse-grained skeletal carbonate (foraminiferal oozes). O'Brien et al. (1990) found a close 
correlation between bottom water current velocity and the CaC03 content of sediments on 
the East Australian continental margin. The CaC03 concentrations in the entire tripcore fall 
within the range of 25-50 wt%, observed for non-winnowed sediments on the Oman Margin 
(Shimmield et aI., 1990). The Ca concentration in the phosphorus-rich layer is in fact lower 
than deeper in the sediment, indicating that the top is not winnowed. Zr and Ti are enriched 
in heavy minerals, and will be concentrated in the coarse fraction of the sediment. High ZrlAl 
and TilAl sedimentary ratios on the Oman Margin have been associated with winnowed 
deposits (Shimmield et ai., 1990; Pedersen et aI., 1992). The rather constant values of these 
ratios in TC484 are another indication for the absence of active winnowing. Further evidence 
is provided by the mean grainsize of both the decarbonated fraction and the bulk sediment, 
which is also constant with depth. The high mean grainsize in this core is probably caused 
by the input of eolian material, since this site is in close proximity to the Arabian peninsula. 
We conclude that although located in an environment where physical concentration processes 
may occur, winnowing is not responsible for the high phosphorus concentrations in this 
sediment. 

2) Redeposition 
The continental slope of the Oman Margin is particularly steep (Prell et al., 1990) and, 
therefore, redeposition processes are likely to occur. Seismic data taken during the retrieval 
of the sediment cores show that BC484 and TC484 were taken in a small depression, 
containing a thick cover of sediments. This depression is probably one of the small intrashelf 
basins previously observed on the Oman Margin (Prell et ai., 1990; Shimmield et aI., 1990), 
and could potentially have served as a trap for phosphorus-rich turbidites (Kolodny and 
Garrison, 1994). The calibrated 14C ages for "clean" (i.e. un-coated) foraminifers indicate 
normal sedimentation for the last 13,000 years (Table 3). The "clean" foraminifers from the 
top sediment (0-2 cm depth) are dated at 373 years. Furthermore, the overall chemical 
composition of the sediment does not indicate any sharp, erosive boundaries or internal 
grading. The top 20 cm of the sediment is not homogenous in composition, as would be 
expected when it would have been deposited during one single redepositional event. The 
calibrated 14C ages of the coated foraminifers and phosphatised pellets in the top 0-2 cm, 
conversely, are older than the "clean" foraminifers, suggesting a non-recent origin of these 
particles. This age difference is also observed deeper in the sediment. It is possible that 
during the early diagenetic precipitation of CFA part of the carbonate incorporated into the 
apatite is supplied by diffusion of "older" HC03- from a deeper level in the sediment. This 
is in line with the increase of alkalinity with depth (Fig. 2). Phosphatisation of calcitic 
particles would thus lead to an increase in their 14C ages, which would explain why the 

phosphatised nodules are older than the coated foraminifers. Age calculations, in which the 
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Table 7. Calculations for the downwardflux ofphosphate and fluoride (see Appendix). 

boxcore 'I' z -dP/dz -dF/dz Jp JF Jp(F) Jpmodel 
(em) uMem- 1 uM em-I umol em-2y 1umol em-2y l umol em-2y l umol em-2y l 

484 0.78 4.1 12.51 2.85 1.04 0.45 1.08 

484 I 7.1 1.08 2.6 

451 0.82 1.34 0.73 0.12 0.126 0.3 0.24 

455 0.84 0.01 0.44 0.001 0.069 0.16 0.13 

q; - average porosity.
 
z - depth of the ofconcentration gradient.
 
dPldz - average linear negative porewater phosphate gradient.
 
dFldz - average linear negative porewaterfluoride gradient.
 

(For BC484 the phosphate/fluoride gradient was taken at a specific depth) 
Jp - downwardflux ofphosphate (P removal rate by authigenic apatite formation). 
JF - downwardflux offluoride (F removal rate by authigenic apatite formation). 

- P removal rate by authigenic apatite formation, based on the downwardflux offluoride. JPrFl
 

Jp model - the calculated authigenic P formation rate according to the diagenetic P model.
 

chemical composition of the samples is used to determine the individual age of the apatite 
and carbonate fraction, indicate, however, that this process can only partly explain the older 
ages: depending on the age of CFA coatings, the carbonate of the coated foraminifers must 
have been formed between 4 and 10 ky BP, and thus is not of a recent origin. A difference 
in calibrated 14C ages for phosphatised particles and pure calcite at equal sediment depths was 
also reported for a modern phosphorite deposit on the Peru Margin (Burnett et ai., 1988), 
which was explained by the mixing of older pellets from a deeper level with recently formed 
pellets. This is not plausible for BC484, as no high P concentrations are present deeper in the 
sediment. The calibrated 14C ages are therefore best explained by lateral transport of the 
phosphatised foraminifers to the location of NIOP station 484. 

We propose that the phosphorite deposit in BC484 is the result of two successive 
phosphogenetic events. The first period of phosphogenesis probably took place on the 
continental shelf or upper slope of Oman. Assuming an average age of 6890 yrs for the CFA 
(the age of the CFA pellets), the calculated age of the carbonate for both coated foraminiferal 
samples from 2 em depth is approximately 5700 yrs BP. This first period of phosphogenesis 
is possibly related with the intensification of the SW monsoon which took place between 
10 and 5 ky and resulted in enhanced surface-water productivity offshore Oman (Naidu and 
Malmgren, 1996). Phosphorites consisting of phosphatised algal pellets, corals and pelletal 
limestones were formed on the western continental shelf and upper shelf of India during a 
relative short time period in the early Holocene (Rao and Lamboy, 1996). Formation of 
Holocene phosphorites on the continental shelf of Oman has not bt:en rt:ported, but 
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similarities in oceanic and climatic conditions between the two margins makes their 
occurrence plausible. After formation on the shelf, the phosphatised particles were 
transported downslope to be deposited in the small depression where BC484 was retrieved. 
The age difference between "clean" and "coated" foraminifers observed at both 2 and 
24.5 em depth implies that the downslope transport of phosphatised particles was a gradual 
process. The spherical and rounded pellets could be an indication for reworking (Glenn et ai., 
1994), but their smooth surfaces could also be explained by an external development of 
microbes around the grains (Garrison and Kastner, 1990). 

A second, present-day period of in-situ phosphogenesis is indicated by the porewater 
profiles of phosphate and fluoride. Assuming steady state, the downward fluoride (JI') flux 
(Table 7) can be converted into a solid-phase authigenic P concentration, using the mass 
accumulation rate and a PIP ratio of 2.4. This results in aP concentration of 21.000 ppm. The 
downward flux of fluoride may thus account for the high solid-phase P content in the top of 
BC484. In-situ phosphogenesis, therefore, seems more important than the contribution of 
reworked phosphogenetic material. The calculated downward fluxes of phosphate and 
fluoride for BC484 (Table 7) are similar to estimates for modern phosphorite formation 
(Froelich et al., 1988; Schuffert et at., 1994). We conclude that the high phosphorus content 
is the result of both redeposition of phosphatised particles and high rates of in-situ 
phosphogenesis. The phosphorite in the top of BC484 can therefore be classified as a 
combination of an allochthonous and a pristine phosphate (Follmi, 1996). 

To the best of our knowledge, this is the first report of Holocene phosphorite 
formation on the Oman Margin. During ODP leg 117, old phosphorites were found 
predominantly on the upper continental slope (site 726 (330 m), located in the proximity of 
BC484), which were deposited during the Miocene till the Early Pleistocene (Rao and 
Lamboy, 1995). These phosphorite deposits consist of coprolites, faecal pellets, spherical and 
coated grains, micro-nodules, foraminifer infillings and fish bone fragments, which is similar 
to the phosphorite particle composition in BC484. A comparison with the Peru margin 
showed, however, that the number and thickness of Oman phosphorites is far less. Rao and 
Lamboy (1995) attributed this to 1) a less reactive nature of the organic matter, 2) high 
porewater alkalinity of the carbonate-rich sediments, 3) high sedimentation rates which 
inhibit hardground conditions, and 4) periods of a less pronounced OMZ. 

The high present-day rates of phosphogenesis in BC484 can be attributed to three 
processes. First of all, the reworked coated foraminifers and phosphatized pellets probably 
provide reactive surface areas, which facilitate the precipitation of CFA. This explains why 
the "clean", non-transported foraminifers have no CFA overgrowths. Secondly, the higher 
primary production on the Oman Margin in the Holocene (Naidu and Malmgren, 1996) has 
increased the flux of reactive P to the seafloor and, thus, has promoted higher rates of 
phosphogenesis. Part of the high concentration of fish debris in the top of BC484 may 
originate from transport from shelf sediments, supplying an additional source of reactive P. 
Thirdly, results from pistoncore 484, taken at the same location as TC484, show that 
sedimentation rates decreased sharply from the last glacial (ca. 30-50 cmlky), into the 
Holocene (5.6 cm/ky) (Chapter 3). The Holocene drop in sedimentation rate could have 
contributed to the higher P content, because lower sediment accumulation rates will 
a) decrease the dilution of the precipitated CFA by other sediment components (Froelich et 
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ai., 1988), b) increase the residence time of the sediment in the zone of active precipitation 
(at greater depth precipitation will be prohibited by a high alkalinity and lower porewater 
F concentrations), and c) concentrate the source of the phosphate (organic matter, fish debris) 
and, therefore, promote the build-up of phosphate in the porewater. 

The fact that until now Holocene phosphorites have not been reported for the northern 
Arabian Sea may indicate that they are less common than in other upwelling areas. The 
narrow slope and shelf of the Oman Margin may limit phosphorite formation to a small area 
(ie. at the intersection with the OMZ). Furthermore, high rates of phosphogenesis may be 
restricted to the small intrashelf basins, where the sediment is protected from the effects of 
winnowing. On the Peru margin phosphorites were found to be irregularly distributed over 
the seafloor (Froelich et ai., 1988; Baker and Burnett, 1988). As a consequence, recent 
phosphorite formation on the Oman Margin may have remained unobserved thusfar. More 
detailed sampling is necessary to determine the extent of Holocene phosphorite formation on 
the Oman Margin. 

Conclusions 

Pore water and solid-phase P speciation results indicate that phosphogenesis is occurring in 
the surface sediments located within the OMZ of the Arabian Sea. The precipitation of a 
precursor precedes CFA formation in the sediments on the Karachi Margin. The highest rate 
of CFA formation was observed in a boxcore taken on the Oman Margin where it contributes 
to the formation of a Holocene phosphorite deposit. This observation contrasts with previous 
reports of only old phosphorites in this area. Application of a diagenetic P model revealed 
that phosphogenesis on the Pakistan Margin is induced by high rate of organic matter 
degradation and, probably, fish debris dissolution. Early diagenetic iron cycling does not 
significantly affect sedimentary P cycling in these environments. The occurrence of some 
bioturbation is essential to initiate phosphogenesis in these sediments. This implies that 
dysaerobic rather than fully anoxic bottom waters may be more effective in promoting early 
diagenetic phosphogenesis. 

Phosphorites are presently forming on the Oman Margin as the result of a) deposition 
of older, reworked material from the shelf, which has undergone an earlier phase of 
phosphogenesis, b) a high Holocene input of reactive P (fish debris and degradable organic 
matter), c) a relatively low sedimentation rate, and d) absence of winnowing at this location, 
which would increase the permeability and enhance the degradation of organic material and 
the dissolution of fish debris. 
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Appendix 

Porewater profiles have been used to estimate the downward fluxes of fluoride and phosphate 
(CFA precipitation rates), assuming steady state and constant bulk sediment compositions. 
Diffusive porewater fluxes (J) have been calculated with (Berner, 1980): 

J = -<pD,(dC/dz) (1) 

in which <p is the mean porosity, Ds the whole sediment diffusion coefficient for phosphate and 
fluoride respectively, and dC/dz the linear concentration gradient at depth z. Whole sediment 
diffusion coefficients (Ds) (cm2 

S·l ) can be expressed by 

D =D*/<pF (2)s 

where D* is the diffusion coefficient in seawater and F the formation factor. Diffusion 
coefficients (7.34 x 10.6cm2 S·l for HPOt and 14.6 x 10,6 cm2 S·l for F at 25°C) were corrected 
for the in-situ bottom water temperature with the Stokes-Einstein relation (Li and Gregory, 
1974). The Formation factors were estimated with the equation (Manheim and Waterman, 1974): 

10gF =0.110 - 1.80 log <p (3) 

The downward fluxes were calculated from the average fluoride and phosphate gradients (for 
BC484 the phosphate/fluoride gradient was taken at a specific depth). The fluoride flux (JF) was 
multiplied with the molar PIP ratio of authigenic CFA (2.4; as measured in the solvent of step 4 
of the sequential extraction in BC484) to obtain (JP(F), which allows a direct comparison with 
the downward phosphate flux. 
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Abstract - Burial of fish bones, which consist primarily of hydroxyapatite, has been 
recognized as a mechanism to remove reactive phosphorus from the oceans. In this study, 
a new method is presented, which differentiates P associated with biogenous apatite (Pfish) 

from other P fractions. The method, consisting of a sequential chemical extraction with 
2 M NH4CI, has been successfully tested on standard materials. It enables us, for the first 
time, to quantify fish debris in sediment records and to assess their importance for the 
marine phosphorus cycle. 

The NH4Cl extraction has been applied to sediment samples from the Arabian Sea. 
Preservation of fish debris is significantly higher in sediments located above 1200 m 
water depth than it is for deeper sediments. The distribution of Pfish contents in surface 
sediments is predominantly governed by the extent of fish debris regeneration, which is 
related to differences in water depth and sedimentation rates. In addition, a good 
correlation between high sedimentary Pfish contents and low oxygen bottom water 
concentrations suggests that the presence of the intense oxygen minimum zone may 
account for the enhanced preservation of fish debris in continental slope sediments. The 
burial history of Pfish has been investigated in two Late Quaternary sediment cores, one 
from the Pakistan Margin, the other from the deep Arabian Basin. Phosphorus associated 
with fish debris constitutes approximately 30% of total P buried in these sediments. 
Downcore variations in total solid-phase phosphorus concentrations are primarily related 
to changes in the contribution of the Pfish fraction. On the continental slope, changes in Pfish 

contents correspond with similar changes in paleoproductivity inferred from geochemical 
and paleontological proxies. In sediment records from the deep basin, however, 
phosphorus is less suitable as a paleoproductivity indicator due to the high regeneration 
rate of fish debris. 

Introduction 

Hard parts of marine fish (scales, bones, teeth) consist for 60 to 70 % of calcium 
phosphate crystals, which are embedded in an organic matrix largely composed of the 
fibrous protein collagen (Posner et aI., 1984; Newesly, 1989; Nemliher et al., 1997). In 
addition, many marine invertebrates, such as cestods, inarticulate brachiopods, bivalves 
and gastropods, incorporate phosphate in their hard parts (Lowenstam, 1972). This 
inorganic material is best represented as hydroxyapatite (Ca lO(P04MOH)2; Newesly, 
1989). Large reactive surface areas, as well as crystal imperfections, make biogenic 
hydroxyapatite more soluble than well crystallized stoichiometric hydroxyapatite, which 
in tum is more.soluble than fluorapatite (Posner et aI., 1984). Seawater is undersaturated 
with respect to biogenous apatite (Arrhenius, 1963; Atlas and Pytkowicz, 1977). As a 
consequence, fish debris are subject to dissolution in the water column and in the upper 
part of the sediment. Fish bones may also be converted into the more stable carbonate 
fluorapatite (CFA; Atlas and Pytkowicz, 1977; Newesly, 1989), through substitution of 
hydroxyl ions by fluoride. Part of the fish debris will ultimately be buried in the 
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sediments. Fossil fish fragments have been found in geological deposits dating from the 
Early Paleozoic till the Present (e.g. Schmitz et ai., 1991; Trappe, 1998). 

Fish debris is found in high concentrations in sediments underlying areas of 
coastal upwelling (Diester-Haas, 1978, DeVries and Pearcy, 1982). In these 
environments, dissolution of fish debris in the sediment may play an important role in 
regulating benthic porewater phosphate fluxes and authigenic apatite formation (Suess, 
1981; Van Cappellen and Berner, 1988; Chapter 6). Furthermore, burial of biogenic 
apatites has been recognized as a potentially important mechanism for reactive P removal 
in these areas (Suess, 1981). On a global scale, however, burial of biogenic apatites is 
generally considered to be an insignificant sink of reactive phosphorus compared to the 
other sedimentary P fractions (Froelich et ai., 1982; Berner et ai., 1993; Ruttenberg, 
1993). Unfortunately, studies on fish debris in marine sediments are relatively scarce. Up 
to now, labourious handpicking was the only method to semi-quantify their presence 
(Suess, 1981; DeVries and Pearcy, 1982). Chemical extraction methods for phosphorus 
were not able to differentiate between biogenic and authigenic apatites (e.g. Ruttenberg, 
1992). 

In this study, we present a chemical extraction method, which, for the first time, 
enables the separation of P associated with biogenic apatite (fish debris) from other 
sedimentary P fractions. This extraction method has been applied to sediment samples 
from Arabian Sea box and piston cores. Here, we will concentrate on the application and 
results of the extraction of biogenic apatite, while detailed results of the other extraction 
steps are presented elsewhere (Chapter 6 and 7). The distribution and burial potential of 
fish debris in sediments will be discussed in relation to fish production and regeneration 
processes. 

Material and Methods 

Sample locations 
During the Netherlands Indian Ocean program (NIOP) in 1992, sediment cores were 
taken in the northern Arabian Sea. For this study, we selected 11 box cores located on the 
Pakistan continental slope (stations 451, 452, 453, 454, 455), the Murray ridge (stations 
463, 464), and the Arabian Basin (stations 458, 460, 466, and 487; Fig. I, Table 1). 
Bottom water oxygen (BWO) concentrations were derived from oxygen measurements at 
near-by CTD-stations (Table 1). AMS 14C dating of handpicked foraminifers from the 
base of the boxcores (Van der Weijden et ai., 1999) was used to calculate the 
sedimentation rates (Table 1). 

The sample locations of piston cores PC455 and PC487 correspond with their 
respective boxcores positions (Fig. 1). Piston core 487 was recovered in the Arabian 
Basin from a water depth of 3574 m, and is located below the present-day oxygen 
minimum zone (OMZ). Piston core 455 was taken from the Pakistan continental Margin 
at a water depth of 1002 m, which is presently located in a low-oxygen environment. The 
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Figure 1. Sample locations in the northern Arabian Sea of the boxcores and pistoncores used in 
this study. 

sediments of both cores mainly consist of homogeneous, light-greenish hemipelagic muds 
interbedded with darker organic-rich intervals. Most of the organic-rich intervals in 
PC455 are finely laminated. 

Solid-phase analysis 
The dry bulk density of the sediment samples was calculated by measuring weight loss of 
fixed volume samples after freeze-drying. Subsequently, samples were powdered in an 
agate mortar, and after homogenization, subsamples were taken for geochemical analyses. 
Bulk concentrations of P were determined by total digestion of 250 mg sample at 90°C in 
a 5 ml6.5 : 2.5 : 1 mixture of HCI04 (60%), HN03 (65%) and HP, and 5 ml HF (40%). 
After evaporation of the solutions at 190°C on a sand bath, the dry residue was dissolved 
in 25 ml I M HCI. The resulting solutions were analysed with a Perkin Elmer Optima 
3000 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). All results 
were monitored using international (SOl, S03) and in-house standards. Relative errors 
for duplicate measurements were lower than 3 %. After removal of all carbonates with 
1 M HCI, organic carbon contents (Corg) were measured with aNA 1500 NCS analyzer. 
Relative errors were less than 1 %. 
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Table 1. Location, water depth, present-day oxygen concentrations of the bottom water, mass 
accumulation rates, C'>rR and Pjish concentrations in the top 2 cm of the boxcores used in this 
study. 

latitude longitude water depth O2 bottom MAR Corg Pfish top 2 em 
-2 -I

(N) (E) (m) (11M) (g em ky ) (wt%) (ppm)
 

BC451 23°41'.4 66°02'.9 495 <2 12.5 4.09 382
 

BC452 22°56' .4 65°28'.1 2001 87.1 3.8 1.07 158
 

BC453 23°14'.0 6S044'.0 1555 39.3 5.6 1.23 157
 

BC454 23°26.'9 65°51'.2 1254 12.5 6.0 3.36 189
 

BC455 23°33'.3 65°57'.2 998 <2 6.8 4.28 320
 

BC458 21°59'.7 63°48'.8 3000 123.7 4.0 0.76 145
 

BC460 21°43'.2 62°55'.2 3262 125.3 0.86 205
 

BC463 22°33'.6 64°03' .3 970 <2 5.2 5.67 310
 

BC464 22°15'.0 63°34'.7 1511 34.8 4.3 1.26 179
 

BC466 23°36' .1 63°48'.5 1960 75.4 5.9 0.89 143
 

BC487 19°54'.8 61°43'.3 3566 151.0 1.9 0.8 194
 

Sequential extraction analysis 
The solid-phase speciation of phosphorus was examined using a 5-step sequential 
extraction scheme (after Ruttenberg, 1992). Approximately 125 mg of dried and 
powdered sediment was washed sequentially with several different solvents (Table 2). 
The 2 M NH4Cl extraction (step 1), which has previously been applied to extract 
carbonate-associated P (e.g. De Lange 1992b), was included here to determine P 
associated with biogenic apatite (results reported in this study). After extraction step two, 
three and four, the sediment was rinsed successively with 2 M NH4Cl (pH=7) and 
demineralized water to prevent readsorption of phosphate. All extracted solutions were 
measured by ICP-AES. The specificity and efficiency of each extraction step was tested 
by the extraction of standards, namely fish debris (vertebrae from a freshly killed 
whiting), ferromanganese nodule (iron-bound phosphate; collected from the Madeira 
Abyssal Plain), phosphorite nodule (authigenic apatite; collected from the Peru 
continental Margin), and detrital apatite (in-house mineral collection). Relative errors of P 
for duplicate measurements for each extraction step are given in Table 2. For sediment 
samples, recovery for P with respect to total P varied between 80 and 90%. 

Fish debris andforaminiferal analyses 
Sediments were sieved into three fractions (65-150 11m, 150-595 11m, >595 11m). For all 
boxcore samples, fish debris was quantified in the 150-595 11m fraction by counting the 
number of fish fragments in splits (using an Otto microsplitter). The chemical 
composition of the 65-150 11m fraction for pistoncore samples was measured by dissolving 
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Table 2. Details of the sequential extraction scheme, the extracted P fractions, and relative 
errors for duplicate measurements. 

Step Extractant P phase 
extracted 

Relative 
errors (%) 

Reference 

1 • 8x 25 ml 2 M NH.Cl 

(brought to pH 7 with 

ammonia, 4 h) 

• exchangable or 

loosely sorbed P 

• carbonate associ ated P 

• biogenic apatite 

<4 This study 

2 • Ix 25 ml 0.15 M Na-citrate, 

0.5 M NaHCO, (pH 7.6, 

16 h), and 1.l25 g Na­

dithionite 

• Ix 25 ml2 M NH4Cl (pH 7) 

• Ix 25 ml demin. water 

• easily reducible or 

reactive iron-bound P 

<10 after Ruttenberg, 

1992 

3 • Ix 25 ml I M Na-acetate 

buffered at pH 4 with acetic 

acid (16 h) 

• Ix 25 ml 2 M NH4Cl (pH 7) 

• Ix 25 ml demin. water 

• authigenic apatite <10 after Ruttenberg, 

1992 

4 • 25mll M HCl (16 h) 

• 1x 25 ml demin. water 

• detrital apatite <7 Ruttenberg, 1992 

5 • 5 ml of a 6.5 : 2.5 : 1 mixture 

of HCI04 (60%), HNO,(65%) 

and H20, and 5 ml HF (40%) 

at 90°C 

(total digestion) 

• organic P 

• P adsorbed to clay 

minerals 

<10 Lord, 1982 

split samples of this fraction in 1 M HCl and analysing them subsequently with ICP-AES. 
The chronology of PC487 and PC455 is primarily based on 8180 records (Reichart et aI., 
1998; Chapter 2). Mass accumulation rates (MARs) were calculated by multiplying the 
linear sedimentation rates with the dry bulk densities. 
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Results and discussion 

The NH4Cl extraction: differentiation between biogenic and authigenic 
apatite 
Extraction results on fresh fish debris indicate that hard parts of fish are highly soluble in 
2 M NH4CI: approximately 80 % of the total amount of P present in fish debris dissolves 
in this step (8x) (Fig. 2). The remaining P fraction of fish debris, which is extracted 
during steps 2 and 3, may result from incomplete dissolution in step I caused by 
saturation of the extraction fluid, slight differences in powdered particle sizes, or P 
associated with less easily dissolvable fractions in fish bones. In contrast, only small 
percentages of authigenic apatite, detrital apatite and iron-bound P are extracted in NH4CI 
(Fig. 2). Consequently, the sedimentary P fraction extractable in NH4CI (from hereon 
denoted as Pfish) is primarily associated with biogenic apatite. To further substantiate this 
observation, a separate sequential extraction was done on sediment and standard samples, 
analysing each of eight NH4CI steps separately (Fig. 3). For the two sediment samples 
(BC455, 0-2 em and PC487, 329 em), the P concentration starts to increase once the 
Ca concentration in solution has dropped (Fig. 3a), indicating that the P fraction 
associated with Pfish begins to dissolve once all Ca-carbonates have been extracted. 
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c:::J fish debris 
_ Mn Fe nodule 
c:::J phosphorite nodule 
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Extraction step 

Figure 2. Percentage of P extracted for standard materials using the extraction schedule of 
Table 2; each step is given relative to the total extracted P for that standard. Standards used are 
fresh fish debris, a Mn-Fe nodule, a phosphorite nodule, and detrital apatite (in-house 
collection). Sample weights were ca. 50 mg. The relative low P recovery for the phosphorite 
nodule in step 3 can be attributed to saturation of the solvent due to a relatively high solidlliquid 
ratio. 
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Figure 3. Extracted P and Ca concentrations (ppm) in each step of a 8jold 2 M NH4CI 
sequential extraction for a) two sediment samples (BC455, 0-2 em depth; PC487, 329 em depth; 
ca. 125 mg), b) a sample consisting of calcite (ca. 50 mg) and fish debris (ca. 10 mg), and 
c) samples consisting of calcite (ca. 50 mg) and respectively detrital (ca. 10 mg) and authigenic 
apatite (ca. 10 mg). 
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Consequently, the Pfish fraction must be associated with a Ca-phosphate mineral phase. 
Furthermore, these results indicate that most of the extracted P is not directly related to 
Ca-carbonate associated P. The same release pattern of Ca and P can be discerned in the 
extraction of a sample consisting of pure calcite and a small addition of fish debris 
(Fig. 3b), indicating that the solubility of biogenic apatite is dependent on the 
Ca concentration in the solvent. Conversely, samples consisting of pure calcite and a 
small addition of respectively detrital apatite and authigenic apatite do not significantly 
respond to the drop in Ca concentration (Fig. 3c): the extracted P concentration remains 
low compared to the sample with fish debris. The similarity in the leaching patterns 
between sediment samples (Fig. 3a) and the calcite/fish debris sample (Fig. 3b) confirms 
that the Pfish fraction of sediment samples can be largely attributed to biogenic apatite. 

Additional evidence for the association of the Pfish fraction with biogenic apatite is 
obtained by comparing the extraction results with fish debris counts in the 150-595 flM 
fraction. Boxcore samples with high numbers of fish debris also have high Pfish 

concentrations (Fig. 4a). However, the correlation is not straightforward, as samples with 
low fish debris contents still contain substantial concentrations of Pfish ' The latter samples 
all originate from sample locations in the deep Arabian basin. The larger water depth and 
lower sediment accumulation rates may have enhanced the fragmentation of fish particles. 
As a consequence, fish debris may have become under-represented in the 150-595 flm 
fraction. This is consistent with microscopical observations of the 65-150 flm fraction, 
where small fish debris particles seem more abundant. 

Microscopical observations in the sieve fractions (150-595 flm, 65-150 flm) of 
piston core samples also indicate that samples with the highest Pfish concentrations have 
high contents of fish debris. Besides fish debris, these sieve fractions predominantly 
contain foraminifers. All foraminifers have a clean appearance indicating that they have 
no no coatings of iron oxides or authigenic apatite. Chemical analysis of samples from 
which fish debris was removed by handpicking, revealed that the P concentration of 
foraminiferal debris is indeed very low « 20 ppm), which is consistent with the results of 
Sherwood (1987). Consequently, the P concentration of these fractions must be directly 
related to the fish debris content. The correlation between the Pfish concentration (whole 
sample) and the total P content in the 65-150 flm fraction is good for both PC487 
(r2 =0.81) and PC455 (r2 =0.97) (Fig. 4b). All these observations confirm the association 
of biogenic apatite with the Pfish fraction. 

Other P fractions extracted in NH4CI are easily adsorbed P and porewater 
phosphate. Numerous studies (De Lange, 1992b; Ruttenberg and Berner, 1993; Filippelli 
and Delaney, 1996; Eijsink et ai., 1997) have shown that the concentration of these 
fractions is usually low in marine sediments(< 30 ppm), particularly compared to the total 
P concentration. During early diagenetic phosphogenesis, precipitation of CFA is often 
preceded by the formation of a F-poor precursor (Van Cappellen and Berner, 1991; 
Krajewski et ai., 1994). This precursor, which is precipitating in recent Arabian Sea 
sediments located within the OMZ, is also soluble in 2 M NH4Cl (Chapter 4). Therefore, 
the NH4CI extraction cannot be used to differentiate between biogenic apatites and 
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Figure 4. A plot of a) Pjish concentrations versus number of fish debris in surface sediment 
samples (150-595 pm sieve fraction; see Table 1), and b) Pji,'h concentrations in total samples 
versus total P contents of the 65-150 pm sieve fraction of the same samples from PC455 (.) and 
PC487 (+). The difference in slope for samples from these cores is related to a different fish 
debris distribution over the sieve fractions. 

precursor apatite. In the sediment samples of this study, however, the contribution of such 
a precursor is insignificant (see below). 

In conclusion, the NH4CI extraction is a good method to differentiate between 
CFA and more soluble biogenic apatites. Distinction between these two apatite phases has 
three advantages: 1) it enables the evaluation of the importance of fish debris burial in the 
marine phosphorus cycle, 2) it allows reconstruction of the deposition history of fish 
debris in sediment records, and 3) this method improves the determination of CFA burial 
rates. The results of this study indicate that the Ca-carbonate content of a sample is of 
ultimate importance in determining the step in which biogenic apatite is extracted. In 
traditional extraction schemes (e.g. SEDEX method; Ruttenberg et aI., 1992), biogenic 
apatite may be extracted prematurely for sediment samples with low carbonate contents 
(for example during the Na-dithionite extraction), and may accordingly be attributed to 
the incorrect fraction. 

Distribution offish debris in recent Arabian Sea sediments 
The NH4CI extraction has been applied to samples taken from surface sediments (upper 
0-2 cm) of Arabian Sea boxcores. Because no (or very little) phosphogenesis takes place 
in the upper centimeter of these boxcores (Chapter 4), no interference of a possible 
precursor to CFA formation is expected for these samples. The Pfish concentrations are 
highest in sediments located at relatively shallow water depths « 1200 m; Table 1). 
Because of dilution effects, the burial of fish debris is better represented by the 
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accumulation rates of Pfish' calculated as the product of the Pfish concentration and the mass 
accumulation rate. Pfish accumulation rates decrease rapidly with increasing water depth 
(Fig. Sa). In sediments deeper than 1200 m, Pfish accumulation rates decrease more 
gradually with depth. Furthermore, high Pfish concentrations are associated with organic­
rich sediments (Fig. 5b). 

In the next sections we will discuss the two factors governing the accumulation of 
namely, 1) fish production, and 2) regeneration of fish debris in water column and Pfish 

sediment. The sub-recent (pre-fishery) fish production in the Arabian Sea is estimated in 
order to calculate the preservation potential of biogenic apatite in the underlying 
sediments. 

1) Fish production in the Arabian Sea 
The Arabian Sea is one of the most productive areas in the world. Strong southwestern 
monsoonal winds cause coastal and open ocean upwelling off Somalia and Oman during 
the summer (e.g. Wyrtki, 1973; Slater and Kroopnick, 1982). Upwelling nutrient-rich 
water masses are transported throughout the Arabian Sea, causing a high seasonal 
productivity (e.g. Qasim, 1982). High downward fluxes of organic matter, in combination 
with restricted deep water ventilation, result in an extensive Oxygen Minimum Zone 
(OMZ) between 150 and 1250 m depth (e.g. Slater and Kroopnick, 1984). The high 
biomass of phyto- and zooplankton induces high rates of fish production in the Arabian 
Sea (Peterson, 1991). The richest fishing areas are concentrated in the coastal waters of 
the Oman and IndianlPakistan margins (Cushing et ai., 1973; FAD, 1981; Venema, 1984). 
Good estimates for total demersal and pelagic fish resources in this region, however, are 
still lacking (FAD, 1997). 

The size of fish populations in the oceans is dependent on several factors, such as 
primary productivity, water temperature, water depth, and, since recent times, the impact 
of increased fisheries (Sharp, 1988). Food availability, however, is generally considered 
as the most important factor determining fish production in the oceans (e.g. Bailey and 
Robinson, 1986). Numerous efforts have been made to estimate fish production based on 
trophic dynamic models (e.g. Ryther, 1969; Iverson, 1990). Uncertainty about the transfer 
efficiencies and food web structure, however, make good quantitative predictions for total 
fish production difficult (Haedrich and Merritt, 1992). Estimating fish production rates 
from primary productivity data in the Arabian Sea is even more complicated. First of all, 
the intensity of monsoon induced upwelling changes from year to year, and, as a 
consequence, the annual primary productivity rate in this area is variable. Abundances of 
oil sardine offshore southwestern India, for example, are closely tied to the onset time and 
strength of coastal upwelling (Longhurst and Wooster, 1990), and have varied 
significantly over the last century. Secondly, the vertical distribution of fish populations 
in the water column is influenced by the presence of low-oxygenated waters at mid-water 
depth (Banse, 1968; Ropke et aI., 1993). Thirdly, dispersion processes may effect the 
distribution of fish populations over the surface waters, resulting in a distortion of the 
local food web (Sharp, 1988). 
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Figure 5. A plot of a) Pjish accumulation rates (mg P cm-2 
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Recognizing all these uncertainties, fish production (FP) (g m-2 y-I, wet weight) in 
the Arabian Sea was estimated, by means of the trophic-dynamic model developed by 
Iverson (1990), using the equation: 

FP = (0.083 x ACP - 3.08) x ED x c1 X c2 (1) 

where ACP is the phytoplankton annual carbon production (gC m-2 y-l), E the transfer 
efficiency of nitrogen (0.28), n the number of trophic levels (2.5), c l the fish biomass 
C:N ratio (3.6: 1), and C2 the product of the ratio of fish dry weight to C (2.4) and the ratio 
of fish wet to dry weight (3.3), which equals 7.9. This model is based on the assumption 
that fish production is controlled by the amount of new N annually incorporated into 
phytoplankton biomass, which is subsequently transferred into the food chain. An average 
number of 2.5 for the trophic levels (n) has been found to apply to many marine 
environments (Iverson, 1990). 

Estimates for present-day annual primary productivity in the northwestern Arabian 
Sea vary between 100 and 350 gC m-2 y-l (e.g. Qasim, 1982; Olsen et al., 1993; Jochem et 
aI., 1993). Mean annual productivity for the coastal region of the Pakistan Margin is 
likely to be somewhat higher than in the central basin due to a deepening of the mixed 
layer during the winter, which injects nutrients into the surface waters (Wyrtki, 1973). For 
this study, we have used the results of a photosynthesis-irradiance model (Brock et aI., 
1994), and have assumed a mean primary productivity rate of 180 gC m-2 y-l for the 
central Arabian Basin and 280 gC m-2 y-l for the Pakistan Margin. Applying these values 
to the model of Iverson (1990), the calculated fish production for the Pakistan Margin and 
the central Arabian Sea amount to 23.8 g m-2 y-l and 14.0 g m-2 y-l respectively. These fish 
production rates are high compared to other oceanic and coastal regions (Iverson, 1990; 
Haedrich and Merrett, 1992), which can probably be attributed to the eutrophic nature of 
the Arabian Sea. 

2) regeneration offish debris in the water column and sediment 
The amount of fish debris that eventually is buried is affected by dissolution occurring in 
the water column and in the sediment. Processes governing the dissolution of fish debris 
in the marine environment are not well-known. In the upwelling area offshore Peru 
approximately 10 wt% of P associated with fish bones produced in the surface waters is 
estimated to be preserved upon burial (Suess 1981; Froelich et al., 1982). Water depth, 
which determines the transit time through the water column, may be an important factor 
controlling preservation of fish debris. DeVries and Pearcy (1982) observed the highest 
concentrations of fish debris in sediments deposited at water depths < 600 m, whereas less 
well-preserved material was found in deeper water. On the other hand, fish particles are 
relatively large and have a high density compared to seawater, which will make them sink 
relatively fast to the seafloor, thereby limiting dissolution in the water column. 

Dissolution of fish debris will continue after deposition in the sediment (e.g. 
Nriagu, 1983). High subsurface porewater phosphate concentrations observed in 
continental slope sediments often cannot be explained exclusively by phosphate release 

from organic matter degradation or iron oxide reduction (Froelich et aI., 1988; Van 
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Cappellen and Berner, 1988; Schuffert et aI., 1994; Chapter 6). Some of these high 
porewater phosphate concentrations, therefore, have been attributed to the dissolution of 
fish debris (Suess, 1981; Van Cappellen and Berner, 1988; Chapter 6). A significant 
fraction of P associated with fish debris may thus be regenerated during early diagenesis. 
Decomposition of fish bone apatite in sediments is dependent on many factors, including 
porewater pH, phosphate and calcium concentrations, destruction by micro-organisms, 
winnowing, and bioturbation (Atlas and Pytkowicz, 1977; Newesly, 1989). Furthermore, 
higher mass accumulation rates promote incorporation into the sediment before complete 
dissolution occurs (Froelich et ai., 1982). Potentially, redox conditions of bottom water 
and pore water may effect the preservation of biogenic apatite. Organic matter 
remineralization under oxygenated conditions produces acidity, which induces the 
dissolution of carbonates and, possibly, biogenic apatite in deep-sea sediments (e.g. 
Canfield, 1991; Thomson et al., 1998). During suboxic (denitrification and Mn- and 
Fe-oxide reduction) and anoxic (sulphate reduction) diagenesis, however, no acidity is 
produced (provided that H2S is consumed by pyrite formation; Canfield, 1991), 
potentially leading to less dissolution of fish debris. Furthermore, phosphate 
concentrations of the interstitial water of anoxic sediments are usually high due to high 
rates of organic matter degradation. This will also decrease the dissolution rate of fish 
debris. Consequently, sediments located within a suboxic environment may experience 
enhanced preservation of biogenic apatite. 

To assess the factors controlling the burial of fish debris in the Arabian Sea, 
preservation potentials (pres%) of Pfish for the boxcore samples were calculated using the 
following equation: 

(2)Pjish acc.
pres% lOOx --=--­

FP X [P]fish / c3 

where Pfish acc. is the Pfish accumulation (gP m-2 y-l), FP the fish production rate (g m-2 yo!; 
as calculated with equation 1), [P]fish the phosphorus dry weight fraction of marine fishes 
(0.03, Anonymous, 1982), and C3 the ratio offish wet weight % to fish dry weight % (3.3; 
Iverson, 1990). It should be noted that the preservation potential calculated with this 
equation incorporates only regeneration ofPfish during its transit through the water column 
and in the upper 2 em of the sediment, and, therefore, is not equal to the total burial 
efficiency. The preservation potential, therefore, must be interpreted as a maximum value 
for the burial efficiency, because further dissolution may occur deeper in the Pfish 
sediment. The Pfish preservation potentials vary between 3 and 6 % for the boxcores 
located deeper than 1200 m (Fig. 5c). The three boxcores located at shallower water 
depths (BC451, BC455 and BC463) all have a significantly higher Pfish preservation 
potential (10-22%). The absolute values must be considered with some caution due to 
relatively large uncertainties for the calculated fish production rates and the value used for 
the dry weight P fraction of marine fishes. However, these results do demonstrate a 
distinct contrast in P fish regeneration for different areas of the Arabian Sea. 
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Differences in Pfish accumulation rates are much larger than variations in fish 
production, indicating that the distribution of fish debris in the surface sediments of the 
Arabian Sea is predominantly governed by regeneration processes. This is also illustrated 
by the relatively large differences in Pfish preservation potential between BC455 and 
BC454, and between BC463 and BC464 (Fig. 5c). The sample sites of these boxcores are 
located in close proximity to each other, and, therefore, fish production in the water 
column must have been approximately the same. The higher preservation potentials in 
sediments of relatively shallow water depth can be attributed to shorter transit times 
through the water column, higher sedimentation rates, and lower BWO concentrations. It 
is not possible to determine the relative importance of each of these factors, but the close 
association between low BWO concentrations and high preservation potentials (Fig. 5d) 
suggests that more reducing bottom water conditions may have decreased dissolution of 
fish bone apatite. We therefore speculate that enhanced preservation of fish debris under 
oxygen depleted conditions may partly explain the high percentages of fish debris often 
observed in laminated sediments (Souter and Isaacs, 1974; De Vries and Pearcy, 1982; 
this study). 

Pjish burial in the Arabian Sea during the Late Quaternary 
The burial history of fish debris in the Arabian Sea has been studied in piston cores 
PC455 and PC487, which provide a continuous sediment record for the past 120 kyr 
(Reichart et al., 1998; Chapter 2). PC455 and PC487 were deposited in a continental 
slope and a deep marine environment respectively. The glacial mass accumulation rates 
(MARs) in both cores are approximately twice as high as the interglacial MARs, whereas 
the overall MARs in PC455 are about twice as high as those in PC487. The NH4Cl 
extraction was applied to sediment samples from one interglacial (isotopic stage 5) and 
two glacial intervals (isotopc stage 2, 3, and 4).. The high resolution of the time frames of 
the cores was used to select samples that were deposited contemporaneously (with the 
exception of two samples in the interglacial interval). The extraction results for Pfish are 
unlikely to have been affected by the presence of an early diagenetic precursor for CFA 
(see above), because all samples are older than 15 kyo The Pfish concentration in PC455 is 
highly variable with time, with concentrations varying from 100 to 1020 ppm (Fig. 6). 
Pfish accumulation rates in the glacial intervals are higher (3-10 mg P cmo2 kyol) than those 
in the interglacial interval and in the recent sediment of BC455 (2-4 mg P cmo2 kyol). The 

concentration in PC487 is nearly constant (150 ppm) in the glacial intervals, whereas Pfish 

higher concentrations (200-400 ppm) are observed in the interglacial interval (Fig. 6). The 
PfJSh accumulation rates in PC487 are generally lower (0.8-2 mg P cm-2 kyo!) than in 

o2PC455, but they are higher than present-day accumulation (0.37 mg P cm kyol). 
Comparison with total solid-phase P concentrations (Ptot) (Fig. 6) indicates that Pfish 

constitutes an important fraction of total P burial in both cores (on average 37 % and 
32 % for PC455 and PC487 respectively). Ptot correlates well with Pfish in PC455 
(r2=0.98). Although less distinct, the same is true for PC487 (r2=0.70). Downcore 
variations in the total solid-phase P concentration in Arabian Sea sediment records, 
therefore, are primarily controlled by changes in the burial of the Pfish fraction. 
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Figure 6. Sediment records ofPji.<h (ppm), total P (Ptot ; ppm), organic carbon (wt%), barite (ppm 
Ba), and G. bulloides (%) versus age for PC487 and PC 455. The shaded bands indicate isotopic 
stages. 

Phosphorus in marine sediments is commonly associated with biogenic sources. 
Sediments underlying productive surface waters are often enriched in P, which is usually 
attributed to a hIgh input of organic matter and high rates of authigenic apatite formation 
(e.g. Froelich et al., 1988). The total solid-phase P concentration of marine sediments is, 
therefore, often used as an indicator for (paleo)productivity in the surface water (e.g. 
Brumsack, 1986; Tribovillard et al., 1996; Kyte et aI., 1993; Reichart et aI., 1997). The 
identification of filih debrili ali the P fraction regulating the shape of the total solid-phase P 

records has important implications for the interpretation of P as a paleoproxy. Fish 
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production is primarily controlled by primary productivity in the surface water (Ryther, 
1969; Bailey and Robertson, 1986; Iverson, 1990), and higher Pfish accumulation rates 
might thus be related to periods of increased productivity. However, the use of Pfish burial 
records for reconstructing paleoproductivity has some potential constraints, because a) the 
response of fish production to food availability may not have been constant over long 
time periods, and b) the degree of fish debris preservation may have varied as the result of 
to changes in mass accumulation rate and sedimentary diagenetic conditions. 

Sediment records from the Arabian Sea have revealed strong fluctuations in 
paleoproductivity and OMZ intensity during the Late Quaternary, which have been linked 
to variations in orbital parameters (e.g. Emeis et ai., 1995, Reichart et ai., 1998). Results 
from frequency analysis indicate that the variability in paleoproductivity has a strong 
23 -kyr precession signal. During periods of a precession minimum, increased summer­
monsoonal upwelling causes higher primary productivity in surface waters, resulting in 
increased organic matter accumulation rates and an intensified OMZ (Reichart et at., 
1998). Besides the 23-kyr cyclicity, Arabian Sea records exhibit a glacial/interglacial 
variations. Glacial periods are characterized by relatively high MARs and low primary 
productivity compared to interglacial periods (Emeis et ai., 1995). Periods of increased 
primary productivity are documented in PC487 and PC455 by organic-rich intervals 
(Fig. 6; Reichart et ai., 1998; Chapter 2). These sediment cores, therefore, provide an 
excellent opportunity to explore the applicability ofPfish as a paleoproductivity proxy. 

A good correlation is observed between the Pfish concentration and the organic 
carbon contents in PC455 (r2=0.76; Fig. 6). Increased organic carbon contents in 
continental slope sediments of the northwestern Arabian Sea have been related to 
enhanced preservation of organic matter during periods of intensified OMZ (Reichart et 
ai, 1998; Van der Weijden et aI, 1999). Consequently, the potential of Pfish as a 
paleoproductivity indicator must be deduced by comparison with other independent 
productivity proxies that are unrelated to possible preservation artefacts. Abundances of 
the planktonic foraminifer Globigerina bullaides, which proliferates under eutrophic 
conditions (e.g. Prell et ai., 1980), and barite enrichments (e.g. Dymond et ai., 1992) in 
sediment records are commonly associated with increased paleoproductivity (Reichart et 
ai., 1997, 1998; Den Dulk et ai., 1998). Pfish concentrations correlate well with G. 
bulloides (r2=0.78), whereas a correlation with barite contents is less apparent (r2=0.3) 
(Fig. 6). This is probably related to the weakening of the Ba signal as a consequence of 
the relatively shallow water depth (von Breymann et ai., 1992). In addition, some barite 
dissolution is likely to have occurred in these anoxic sediments due to early diagenetic 
sulphate reduction (e.g. Brumsack, 1989, De Lange et ai., 1994). In conclusion, downcore 
fluctuations in the Pfish concentration in PC455 correlate with variations in 
paleoproductivity. 

Downcore vanations in the Pfish concentrations may have been affected by 
enhanced preservation of fish debris due to conditions related to low BWO 
concentrations. Pfish enrichments often coincide with laminated intervals (Fig. 6), which 
are indicative for deposition under more reducing bottom water conditions. During 
periods of OMZ intensification, preservation of fish debris may have been higher due to 

less oxygenated conditions in bottom water and sediment, which may partially explain the 
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Pfish distribution in PC455. Comparison of the Pfish preservation potentials in boxcores 
located within and just below the OMZ (Fig. 5c), however, suggests that a difference in 
redox condition may cause a maximum preservation effect of a factor 2, whereas 
downcore PfiSh accumulation rates vary by more than a factor 4. Moreover, not all PfiSh 

enrichments co-occur with laminated intervals (for example at 95 kyrs; Fig. 6). 
Accordingly, it is unlikely that the downcore variability in Pfish can be attributed to 
changes in sedimentary redox conditions alone. 

In contrast to PC455, the Pfish concentration in the glacial intervals of PC487 does 
not seem to respond to precessionally induced variations in paleoproductivity, as is 
indicated by the lack of a clear correlation between barite and organic carbon contents 
(Fig. 6). The high Pfish concentrations in the interglacial period, which co-occur with high 
barite concentrations, may be related to higher surface water productivity (Emeis et aI., 
1995), but could also be the result of the lower interglacial MARs, which might have 
reduced dilution of the P concentrations. The absence of a clear Pfish pattern in PC487 can 
be ascribed to the high regeneration rates of fish debris in the deep basin sediments 
relative to the more shallow continental slope sediments. Well-oxygenated bottom water 
conditions in the Arabian deep basin during the Late Quaternary (Chapter 2), and low 
MARs both contribute to lower burial efficiencies of Pfish' In addition, the different food 
web structure of the more oligotrophic open ocean environment (Ryther, 1969) may have 
made fish production less sensitive to changes in surface water productivity. In the 
sediments of the deep Arabian Basin, therefore, Pfish (and thus total solid-phase 
phosphorus), cannot be used to detect changes in paleoproductivity. Other productivity 
indicators, such as barite and possibly organic carbon concentrations, are better proxies 
for deep marine environments. 

Summarizing, variations in Pfish concentrations in sediment cores from the 
continental margins of the Arabian Sea are directly linked to changes in primary 
productivity. In these marine environments organic carbon and barite concentrations are 
Less suitable as paleoproductivity indicator. Consequently, Pfish may be the best presently 
available geochemical proxy for paleoproductivity in such environments. Fish production 
strongly responds to monsoonal induced upwelling, which has also been observed on a 
decadal time scale (Longhurst and Wooster, 1990). Neglecting possible preservation 
effects (i.e. assuming a constant maximum burial efficiency of 10 % calculated in 
BC455), fish production might have been as high as 100 g m-2 

fl in the periods around 
25, 50, and 55 kyr before present. This indicates that the Arabian Sea has sustained 
periodically much higher rates of fish production than at present. In deep marine 
sediments, high rates of biogenic apatite regeneration may obscure a paleoproductivity 
related signal. These observations indicate that total solid-phase P burial records are 
complex and have to be interpreted with caution. The observations made in this chapter 
urge for similarly detailed studies in comparable settings elsewhere in the world, which 
should yield further insights on using Pfish as a paleoproductivity indicator. 
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Conclusions 

The 2 M NH4CI extraction ha& proven to be a good method to distinguish P associated 
with biogenic apatites (Pfish) from other sedimentary P fractions. Application of this 
method helps to identify the sedimentary phosphorus fractions, thereby improving the 
interpretation of total solid-phase phosphorus records in marine sediments. In low 
carbonate sediments, not using this extraction step may lead to erroneous inclusion of 
biogenic apatite in the Fe-related P fraction. 

The Pfish accumulation rates in the surface sediments of the Arabian Sea are 
predominantly governed by differences in Pfish regeneration in sediment and water 
column. Preservation of fish debris is higher in sediments located at relatively shallow 
water depths, which is related to shorter transit times through the water column, higher 
sediment accumulation rates, and lower bottom water oxygen concentrations. 

Phosphorus associated with fish debris constitutes approximately 30% of the total 
P buried in the Arabian Sea sediments. Downcore fluctuations in the total solid-phase P 
records are primarily related to changes in the contribution of the Pfish fraction. On the 
continental slope, changes in Pfish concentrations, and thus total solid-phase P, are directly 
coupled with variations in paleoproductivity. In sediment records of the deep Arabian 
basin, however, P contents cannot be directly related to changes in paleoproductivity as 
the result of higher regeneration rates of fish debris in these environments. 
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Abstract - Solid-phase phosphorus (P) speciation and benthic phosphate fluxes have been 
determined in Arabian Sea sediments. Benthic phosphate fluxes are highest in the 
continental slope sediments, underlying bottom waters with low oxygen concentrations. 
Organic matter degradation and phosphate desorption from iron oxides do not produce 
sufficient phosphate to explain these high phosphate fluxes. The potentially high 
deposition of P associated with fish debris (Pfish) in the Arabian Sea, and a good 
correlation between benthic phosphate fluxes and Pfish accumulation rates indicate that 
benthic phosphate fluxes in these sediments are to a large extent governed by dissolution 
of biogenic apatite. Factors controlling dissolution and preservation of fish debris, 
therefore, play an important role in the burial and regeneration of P in continental margin 
sediments. A sharp decrease of the reactive P accumulation rate with increasing water 
depth, in combination with rather constant primary productivity rates throughout the 
northen Arabian Sea, indicates that P burial in continental margin sediments located 
within the DMZ is more efficient than in deep basin sediments. Consequently, no direct 
evidence was found in Arabian Sea sediments for more efficient P burial in oxic relative 
to dysoxic bottom water conditions. The effectiveness of P burial is primarily regulated 
by differences in P regeneration occurring in the water column and at the sediment water 
interface. 

Introduction 

Only a small fraction of particulate phosphorus exported from the euphotic zone is 
ultimately buried in the sediment, while the remainder is remobilized and reutilized by the 
marine ecosystem (Broecker and Peng, 1982). The quantity and form of P sequestered in 
sediments is strongly affected by early diagenetic processes (e.g. Krom and Berner, 1981, 
Sundby et al., 1992; Delaney, 1998). Processes regulating burial and regeneration ofP in 
the marine environment have received much attention (e.g. Ruttenberg and Berner, 1993; 
1ngall and Jahnke, 1994, 1997; Slomp et at., 1996, McManus et al., 1997; Hensen et at., 
1998), as the availability of dissolved P in seawater is thought to control biological 
productivity on geological time scales (Holland, 1978; Howarth et at., 1995; Tyrell, 
1999). 

The flux of particulate P arriving at the sediment water interface consists of a 
reactive and a non-reactive fraction. It is important to distinguish between these fractions 
because only the first may potentially be mobilized and become available again for 
utilization by the biosphere (Krajewski, 1994). Non-reactive P, primarily consisting of 
detrital apatite, usually represents only a small fraction relative to the total accumulating P 
flux (Ruttenberg and Berner, 1993; Filippelli and Delaney 1996). Reactive P is delivered 
to the sediment by three major sources (e.g. Froelich et al., 1988; Van Cappellen and 
Berner, 1988; Van Cappellen and lngall, 1994): 1) organic matter, 2) iron oxides, which 
have a high sorption capacity for phosphate, and 3) fish debris. Accumulation of 
phosphorus incorporated into biogenic carbonates is insignificant compared to the other 
reactive P sources (Berner et al., 1993; Delaney, 1998). 
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Benthic phosphate regeneration in sediments is controlled by P recycling from 
biogenic debris, Fe redox cycling, and authigenic apatite precipitation (e.g. Froelich et 
ai., 1988; Van Cappellen and Berner, 1988; Follmi, 1996). Benthic phosphate fluxes 
have been reported to be much higher in continental margin sediments (Krom and Berner, 
1981; Jahnke et ai., 1983; Froelich et ai., 1988; Schuffert, 1994), compared to deep 
pelagic sediments. The reactive P sources responsible for these high phosphate releases, 
however, have not yet been adequately identified (Froelich et al., 1988; Van Cappellen 
and Berner, 1988; Schuffert et ai., 1994). Ingall and Jahnke (1994) have shown that 
benthic regeneration of reactive P is more extensive under oxygen depleted bottom 
waters, resulting in lower P burial efficiencies. Enhanced loss of P from sediments during 
periods of anoxic bottom water conditions will lead to an increased supply of P into the 
photic zone, and may stimulate higher rates of new primary productivity (Ingall et al., 
1993; Ingall and Jahnke, 1994; 1997). Furthermore, sedimentary P cycling is influenced 
by the sediment accumulation rate, since P burial rates in the oceans are often controlled 
by the sedimentation rate (Krajewski et ai., 1994; Filippelli, 1997). 

In this study, P cycling was investigated in Arabian Sea surface sediments. The 
Arabian Sea is a marine environment characterized by a high monsoon-induced primary 
productivity and an intensive oxygen minimum zone (OMZ) between 150 and 1250 m 
water depth (e.g. Wyrtki, 1973; Slater and Kroopnick, 1984). These properties make the 
Arabian Sea a suitable area to study the effects of surface water productivity, water depth, 
and bottom water oxygen (BWO) conditions on sedimentary P cycling. The investigated 
sediments from the continental slope and the deep basin underlie, respectively, suboxic 
and well-oxygenated bottom waters. We will focus on two aspects of sedimentary P 
cycling in Arabian Sea, namely 1) the origin of high benthic phosphate fluxes in 
continental slope sediments, and 2) the environmental factors controlling regeneration and 
retention of solid-phase P. 

Material and Methods 

Sample locations 
During the Netherlands Indian Ocean program (NIOP) in 1992, boxcores were taken in 
the northern Arabian Sea. For this study, we selected 16 boxcores, located on the Pakistan 
continental slope (stations 451, 452, 453, 454, 455), the Murray ridge (stations 463, 464), 
the Arabian Basin (stations 409, 411, 458, 460 and 466), and Oman Margin (stations 484, 
487,494 and 497). Sample locations and details for the sample sites are given in Figure 1 
and Table 1. BWO concentrations were derived from oxygen measurements at near-by 
CTD-stations. Sedimentation rates were calculated from AMS 14C dated foraminiferal 
samples from the base of the boxcores (Van der Weijden et ai., 1999; Passier et ai., 1997; 
Table 1), assuming a constant reservoir age of 400 yrs. The average mass accumulation 
rates (MAR) for each core were calculated as the product of the sedimentation rate and 
the mean dry bulk density. 
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Figure I. Sample locations in the northern Arabian Sea of the boxcores used in this study. 

Pore water analysis 
Porewater extractions started on board within 24 hours of core collection according to 
shipboard routine (De Lange, 1992a; Van der Weijden et aI., 1994). The boxcores were 
vertically sluiced into a glovebox. The glovebox was kept under low-oxygen conditions 
(02 < 0.0005 vol%) and at a constant near bottom temperature. The sediment was 
gradually extruded and slices of the extruded material were put into squeezers. Under a 
nitrogen pressure of up to 7 bar, the pore waters were extracted. The shipboard analysis of 
ammonium, alkalinity and phosphate started within 12 hours after the extraction of the 
porewaters. Alkalinity was measured by Gran titration (after Gieskes, 1973). Ammonium 
and phosphate were analysed on a TRAACS 800 auto-analyser, after the methods of 
Strickland and Parsons (1968) and Solarzano (1986) respectively. All determinations 
were done in duplicate. Acidified porewater samples were taken back to the laboratory 
and measured for iron on a Perkin Elmer 4100 ZL ZGFAAS. Relative errors for nutrients 
and alkalinity are better than 2%, for Fe 5%. The porewater iron data have previously 
been published by Van der Weijden et ai. (1999). 

Assuming steady state, diffusive (benthic) phosphate fluxes (Jp) were estimated 
with the equation (Berner, 1980): 

J p = cp D, (dC/dz) (1) 
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Table 1. Location, water depth, bottom water oxygen concentration (BWO), bottom water 
temperature (Tbottom)' mass accumulation rate (MAR), and organic carbon (Corg) concentration (in 
top 2 em) of the box cores used in this study. Boxcores located in the OMZ are shaded. 

latitude 
(N) 

longitude 
(E) 

water depth 
(m) 

BWO 
(uM) 

Tbottom 

(0C) 
MAR 

(g cm-2 ky -1) 

Corg top 
(wt%) 

BC409 13°14' .2 59°30'.6 4338 158.8 1.6 

BC411 16°07'.7 60°45'.2 4016 156.8 1.6 

BC452 22°56'.4 65°28'.1 2001 87.1 3.0 3.8 1.1 

BC453 23°14' .0 65°44'.0 1555 39.3 5.0 5.6 1.2 

BC454 23°26.'9 65°51' .2 1254 12.5 6.9 6.0 3.4 

BC458 21°59'.7 63°48'.8 3000 123.7 1.7 4.0 0.8 

BC460 21°43'.2 62°55'.2 3262 125.3 1.7 0.9 

BC464 22°15' .0 63°34'.7 1511 34_8 5.3 4.3 1.3
 

BC466 23°36'.1 63°48'.5 1960 75.4 3.1 5.9 0.9
 

BC487 19°54' .8 61°43'.3 3566 151.0 1.6 0.8 0.8 

BC494 17°42'.0 57°43'.1 2437 88.0 2.2 

BC497 17°26'.7 57°57' .4 1890 82.8 3.4 

where cp is the mean porosity, Ds the whole sediment diffusion coefficient for phosphate, 
and dC/dz the concentration gradient at the sediment surface, determined as the 
concentration difference between the uppermost interstitial water sample and the bottom 
water, assuming a linear concentration gradient between these points. Whole sediment 
diffusion coefficients (Ds) (cm2 

S-I) can be expressed by 

Ds = D*/cpF (2) 

where D* is the diffusion coefficient in seawater and F the formation factor. Diffusion 
coefficients (7.34 x 10-6 cm2 

Sol for HPOt at 25°C) were corrected for the in-situ bottom 
water temperatures (Li and Gergory, 1974). Formation factors were estimated with the 
equation (Manheim and Waterman, 1974): 

10gF = 0.110 - 1.80 log cp (3) 

Benthic flux calculations based on pore water gradients are subject to several 
inaccuracies. First, these calculations do not take into account phosphate regenerated at 

the sediment water interface, which directly diffuses back to the overlying bottom water. 
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Secondly, phosphate transport induced by macrobenthic irrigation is neglected. This may 
particularly cause an underestimation of the benthic fluxes in relative shallow continental 
margin sediments, where bioturbation is important (Glud et ai., 1994). For this reason, 
previous studies have confined benthic flux calculations to sample locations deeper than 
1000 m (Zabel et al., 1998; Hensen et ai., 1998). In this study, however, we included 
sample sites from 500 m water depth, because the low BWO concentrations inhibit 
vigorous bioturbation in these sediments (Jannink et ai., 1998; Van der Weijden et ai., 
1999) and vertical diffusion can thus be assumed to be the dominant transport mechanism. 
Thirdly, porewater artifacts may have been introduced during core recovery, which may 
have decreased the phosphate concentrations (Jahnke et ai., 1982). This especially affects 
marine sediments with low interstitial phosphate concentrations (Zabel et ai., 1998; 
Hensen et ai., 1998). It should be noted that all these inaccuracies cause an 
underestimation of the benthic phosphate fluxes. 

We recognize that these inaccuracies may also have affected the benthic phosphate 
fluxes presented in this study. However, the purpose of our calculations is to demonstrate 
regional differences in benthic fluxes in the Arabian Sea and to make some 
semi -quantitative estimates. In our opinion, the limitations listed above will not seriously 
hamper such interpretation. Possible consequences of the potential inaccuracy of 
calculated fluxes will be anticipated in the discussion. 

Solid-phase analysis 
The porosity and dry bulk density were calculated from the loss on drying at 60°C, 
assuming a density of 2,65 g cm-3 for the sediment. For the determination of total solid 
phase P and Fe, 250 mg sample was digested in 10 ml of a 6.5 : 2.5 : I mixture of HCI04 

(60%), HN03 (65%) and HP, and 10 rnl HF (40%) at 90°C. After evaporation of the 
solutions at 190°C on a sand bath, the dry residue was dissolved in 50 rnl 1 M HCi. The 
resulting solutions were analysed by a Perkin Elmer Optima 3000 Inductively Coupled 
Plasma Atomic Emission Spectrometer (ICP-AES). All results were checked using 
international (SOl, S03) and in-house standards. Relative errors for duplicate 
measurements are better than 3%. After removal of inorganic carbon with I M HCl the 
organic carbon content (Corg) was measured on a NA 1500 NCS analyser. Relative errors 
on duplicate measurements are better than 1 %. 

The solid-phase speciation of P and Fe in the top 0-2 centimeters was examined 
using a 5-step sequential extraction scheme (for details see Table 2 in chapter 5). 
Approximately 125 mg of dried and ground sediment was subsequently washed with 
1) 25 rnl 2 M NH4Cl, pH=? (repeated 8 times), 2) 25 ml citrate dithionite buffer (CDB), 
pH=8, 3) 25 mIl M Na-acetate, pH=4, 4) 25 ml1 M HCl, and 5) 20 ml HFIHNO/HCI04 

mixture. After extraction steps 2, 3 and 4 the sediment was rinsed with 2 M NH4Cl and 
demineralised water. This extraction scheme is a modification of the SEDEX method 
developed by Ruttenberg (1992). The application of the 2 M NH4Cl extraction enables the 
determination of P associated with biogenic apatite (fish debris; Chapter 5). The sum of 
all extraction steps varied between 80 and 90% with respect to the total P concentration. 
The deficit can be attributed to systematic errors in the measurements of the low P 

concentrations with ICP-AES. Precision for P was generally better than 5%, except for 
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steps 2 and 3 (10%). Iron oxide contents (reactive iron; FeCDB) were detennined from the 
iron concentration extracted in step 2 (Na-dithionite). Organic phosphorus (Porg) was 
determined non-sequentially as the difference between P extractable in 1 M HCl before 
and after ignition of the sediment (550°C, 2h; Aspiia et ai., /976). All extracted solutions 
were analysed with ICP-AES. All measurements were done in duplicate (relative errors 
smaller than 2%). Precision for samples containing relatively low concentrations of 
organic P is low (relative errors up to 25 %), as it is calculated as the difference between 
two high concentrations. 

Results 

Porewaters 
Interstitial phosphate concentrations increase rapidly with sediment depth to 30 - 80 11M 
in sediments located within the present-day OMZ (500-1000 m; Fig. 2). In two boxcores 
(BC451 and BC484) this increase is followed by a decrease with depth. Interstitial iron 
concentrations display the same pattern, but are generally lower than phosphate (Fig. 2). 
In sediments located below the OMZ (1200-3500 m), phosphate concentrations are lower 
(up to 15 11M) compared to sediments from 500-1000 m, and generally increase only 
slightly with depth. Dissolved iron concentrations gradually increase with depth in 
sediments from 1200-3000 m water depth, whereas sediments from the deepest part of the 
Arabian Basin (3000-4500 m) display low iron concentrations (1-5 11M) in the upper 
5 -10 cm sediment depth centimeters, below which depth they increase gradually. 

The benthic phosphate fluxes are highest (0.3-6.4 11M cm·2 y.l) in sediments 
located at intermediate water depths (500-1000 m), within the OMZ (Table 2; Fig. 3a). 
Below 1500 m water depth, benthic phosphate fluxes are lower, varying between 0.01 and 
0.3 11M cm·2 yJ. For one location (BC460) a negative P flux was calculated, which is 
possibly caused by artifacts introduced during core recovery (e.g. Hensen et ai., 1998). In 
general, benthic phosphate fluxes in Oman Margin sediments are higher than in the 
northeastern Arabian Sea (Fig. 3a). 

Solid phase 
Organic carbon is enriched in the surface sediments located within the OMZ compared to 
deep Arabian Basin sediments (Table 1). Accumulation rates of reactive P (i.e. the 
amount of reactive P removed by burial; Apreac) have been calculated as the product of the 
mass accumulation rate (Table 1) and the reactive P concentration (being the total solid­
phase P concentration minus detrital P concentration) in the lowermost sample of each 
boxcore. It is assumed that MARs remained constant for the time period during which the 
sediments of the boxcores were deposited, as sedimentation rates were constant in the 
Arabian Sea during the Late Holocene (Sirocko et ai., 1993; Von Rad et ai., 1999). 
Preac accumulation rates are highest in the shallowest boxcores (500-1000 m), and decrease 
with water depth (Fig. 3b). This trend is similar as that observed for the benthic phosphate 

119 



Chapter 6 

BC451 BC455 BC463 BC484500-1000m 
POt(~M) POt(~M) PO:(~M) PO:-(~M) 

{) W M) ~) () w ~ (I ~l ~ It ~) ~)

(OMZ) 

~[L},~! 
10 200204011 2040() 10 

Fe(~M) Fe(~M) Fe(~M) Fe(~M) 

BC452 BC453 BC454 BC4641200-2000 m 
POl"(~M) POl"(~M) POl(~M) PO"(~M) 

() HI zoo 5 10010 ZOO 5 10 

~E~~T

5 lOO to 20010 2002040 

Fe (~M) Fe (~M) Fe (~M) Fe (~M) 

BC466 BC492 BC497 

PO"(~M) PO.~(~M) PO"(~M) 

5 100 51001020 

~L:11
 
20 4() 

Fe(~M) 

BC409 BC411 BC487 BC460 BC4583000-4000 m 
PO"(~M) POl(~M) POl(~M) POl(~M) POl(~M) 

5 lO 0 5 to () HI 20 () 5 [0 0 10 20 

;§:~~~,~, 
5 10 0 5 10 0 5 to 0 5 10 20 4V 

~~ ~~ ~~ ~~ ~~ 

Figure 2. Porewater profiles of dissolved phosphate (e) and iron concentrations (0) (pM) for 
the box cores used in this study (Table 1). Phosphate bottom water concentrations are marked 
with a .... No porewaTer phosphaTe daTa are available/or BC487, and no iron porewarer daTa/or 
BC484, BC492, and BC497. 
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Table 2. Benthic phosphate fluxes (Jp), reactive P accumulation rates (A 1reafeactive 
P accumulation rates for the top 2 em (Apreac (top)), the deficit Aprealtop) - (Jp + Aprea)' and the 
reactive P burial efficiency (PBE), as calculated with equation 7. Boxcores located in the DMZ 
are shaded. 

APreac APreac (top) Apreac(top) ­
(Jp+ Apreac) 

pmol cm­ 2yJ 

PBE (%) 

BC409 0.05 

BC41l 0.01 

BC452 0.03 0.07 0.08 -0.02 73.9
 

BC453 0.08 0.12 0.14 -0.05 60.8
 

0.16 0.21 -0.08 54.9BC454 0.13 

BC458 0.03 0.Q7 0.08 -0.01 71.1 

BC460 -0.1 

BC464 
BC466 

0.09 

0.08 

0.07 

0.13 

0.09 

0.15 

-0.08 

-0.06 

46.1 

63.0 

BC487 
BC494 
BC497 

0.16 

0.12 

0.03 0.05 -0.33 

fluxes versus water depth (Jp; Fig. 3a). Preac accumulation rates have also been calculated 
using the reactive P concentration in the upper two centimeters (Apreac (top); Table 2). For 
sediments located within the DMZ, Apreac (top) rates are lower than Apreac (Table 2). 

In general, the P speciation of Arabian Sea surface sediments (0-2 em) does not 
vary much with water depth (Fig. 4). On average, each of the three major reactive 
P fractions (organic P, Fe bound P, P associated with fish debris) constitutes - 20-25 % of 
total extracted P. Organic P and P associated with fish debris are enriched relatively to the 
other P fractions in the sediments located within the DMZ. The iron-bound P fraction is 
relatively constant (ca. 25 %) for sediments below 1200 m, but variable for sediments 
located within the DMZ. Detrital apatite is a relatively more important fraction in the 
sediments from the deep basin. In all surface sediments, authigenic P contents (PCFA) are 
low (20-100 ppm). The presence of PCFA' however low, may indicate that some authigenic 
apatite has been redeposited, or is precipitating in these surface sediments. Alternatively, 
it is possible that the low amounts of extracted PCFA can be attributed to partial dissolution 
of other P fractions, which would imply that no authigenic P phase is present. 
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Figure 3. A plot of a) benthic P fluxes (lp) versus water depth for sample locations from the 
northeastern Arabian Sea (.) and the Oman upwelling area (+), b) reactive P accumulation 
rates (Apreac) versus water depth, c) sedimentary molar Cor!Porg ratios versus water depth for 
surface samples (0-2 cm; .), and samples from the base of each boxcore (25-40 cm; 1;), 

d) reactive iron concentrations (FeCDB) in surface sediments (0-2 cm) versus water depth. The 
shaded area indicates the of the position of the OMZ « 2 pM O2). 

Molar Cor/Porg ratios in the surface sediments (0-2 cm) decrease with water depth 
from 400-500 at 500 m to 200 at 2000 m (Fig. 3c). Below this water depth, Cor/porg ratios 
remain fairly constant. Cor/Porg ratios of sediments located within the OMZ samples are 
higher for deeper (25-40 cm) than for surface samples, indicating ongoing preferential 
loss of P relative to carbon upon burial. In contrast, molar Cor/Porg ratios remain constant 
with sediment depth in the deepest part of the Arabian Basin. Dithionite-extractable 
(reactive) iron concentrations are constant in surface sediments below the DMZ 
(-6000 ppm; Fig. 3d). Around the base of the present-day OMZ, sedimentary reactive 
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iron is enriched in two boxcores (BC455 and BC454), while sediments from around 500 
m water depth are depleted in reactive Fe. Molar FelP ratios in the dithionite-extractable 
fraction vary between 16 and 23 for all samples. 

Discussion 

The pattern of benthic P release with water depth in the Arabian Sea (Fig. 3a) is similar to 
that observed along the continental margins of California (lngall and Jahnke, 1994; 
McManus et at., 1997) and the Southern Atlantic (Zabel et at., 1998; Hensen et al., 1998). 
The high benthic phosphate fluxes in upper continental slope sediments imply high rates 
of reactive P mobilization. According to the dissolved phosphate profiles, the source for 
this reactive P regeneration is located in the upper centimeters of the sediment. In a steady 
state situation, the flux of reactive P leaving the surficial sediment (i.e. Jp + Apreac) should 
equal the reactive P flux that is deposited. A comparison between the Jp + Apreac flux and 
the accumulation of reactive P in the upper centimeter (Apreac (top)) indicates a P input 
deficit for all boxcores (Table 2). This deficit is particularly high for sediments located 
within the OMZ. Furthermore, even if all of P in the top (Apreac (top)) of the sediment was 
mobilized, insufficient reactive P is present to explain the observed benthic phosphate 
flux. Obviously, the observed solid-phase P contents do not concur with the estimated 
phosphate fluxes. A similar discrepancy has previously been reported for shallow coastal 
shelf sediments (Krom and Berner, 1981). 

The inconsistency of the sedimentary P budget is not related to inaccuracies of the 
estimated pore water fluxes, as these probably cause an underestimation of the benthic 
phosphate fluxes. Possibly, the porewater fluxes are subject to seasonal variability (e.g. 
Krom and Berner, 1981; Hensen et at., 1998). The sediments were sampled between 
September and November, which is after the monsoon-induced period of high 
productivity. The estimated benthic fluxes may thus have been higher than the annual 
average. Sayles (1994), however, showed that for most deep marine environments benthic 
fluxes show little seasonal variation. Moreover, even significantly lower annual benthic 
phosphate fluxes would not resolve the P input deficit. Consequently, the high benthic 
phosphate fluxes in continental margin sediments must be related to a large input of 
reactive P that, upon reaching the sediment water-interface, is rapidly regenerated (Krom 
and Berner, 1981). In order to produce high subsurface phosphate concentrations, some 
downward mixing of reactive P by benthic organisms is necessary (Chapter 4). When 
reactive P is continuously mixed into the sediment and is mobilized rapidly, it will not be 
detected as a distinct solid-phase P fraction in the top of the sediment. The low BWO 
concentrations significantly reduce the activity of benthic organisms (Van der Weijden et 
al., 1999), but the presence of benthic foraminifera (Jannink et at., 1998) and the absence 
of laminae indicate that some benthic activity does exist. Bioturbation may occur 
seasonally, namely during early summer when bottom waters are slightly less dysoxic 
(Van Bennekom et al., 1995), due to vigorous mixing of the upper layers of the water 
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Figure 4. The solid-phase P speciation relative to total extracted P for the surface sediment 
samples (0-2 cm) of this study. 

column. In addition to bioturbation, the higher sedimentation rates on the continental 
margin may promote a more rapid burial of reactive P. 

Concluding, benthic phosphate fluxes are regulated by regeneration processes 
occurring briefly after deposition. As a consequence, the accumulation rates of reactive P 
in the top centimeters cannot be directly linked to benthic phosphate fluxes. The P 
speciation of the surface sediments thus only provides an indication of the contribution of 
each individual reactive P source. In the next section benthic phosphate fluxes will be 
related to the three principal sources of reactive P (organic matter, iron oxides, and fish 
debris), and to the subsequent diagenesis of these components, in order to identify the 
most important contributor of reactive P to the high benthic phosphate fluxes for 
sediments located within the DMZ. 

1. Organic matter 
Deposition of organic matter is quantitatively the most important mechanism by which 
reactive P is transferred to the sediment (Froelich et at., 1982; Delaney, 1998). The 
average annual P export flux in the northern Arabian Sea amounts to -5.5 /lmol P cm-2 y-l 
(assuming an average export productivity of 70 g C m-2 yol (Van der Weijden et at., 1999) 
and a Redfield nutrient ratio). Burial of organic P, however, is not the foremost reactive P 
sink in most marine environments (Filippelli and Delaney, 1996; Delaney, 1998). This 
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also holds for Arabian Sea sediments, as is shown by the solid-phase P speciation (Fig. 4). 
Accordingly, a significant fraction of organic P is decomposed in the water column and in 
the top few centimeters of the sediment. In the Arabian Sea, organic carbon burial is 
higher in sediments located within the OMZ (Table 1). There is a good correlation 
between the benthic phosphate flux and the Porg accumulation rate (Fig. 5a), suggesting 
that the high benthic phosphate fluxes in these sediments may be linked to organic matter 
decomposition. 

Phosphate production from organic matter decomposition for sediments located 
within the OMZ (BC451, BC455, BC463, BC484) can be estimated from ammonium 
porewater concentrations (Froelich et al., 1988; Ruttenberg and Berner, 1993; Schuffert 
et al, 1994; McManus et at., 1997). An empirical fit was made to the ammonium 
porewater profiles, using the equation (Berner, 1980): 

(4) 

where C and Co are the concentrations of ammonium at depth x and 0 (cm) respectively, 
and a l and az empirical constants. Considering the suboxic nature of these sediments, 
oxidation of ammonium can be neglected. Assuming that organic matter is decomposing 
stoichiometrically (i.e. Uz for ammonium equals Uz for phosphate), and has a Redfield 
nutrient ratio (C:N:P 106:16:1), the empirical constants at for phosphate (alP) can be 
calculated with (Schuffert, 1994): 

(5) 

where DN and D p are the whole diffusion coefficient constants for respectively ammonium 
and phosphate corrected for the in-situ bottom water temperature (Li and Gregory, 1974). 
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Figure 5. A plot a/the benthic P flux (Jp; Table 2) versus respectively a) the P orgaccumulation 
rate, and b) PJiSh accumulation rate. 
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Possible contributions of the more refractory terrestrial organic P can be neglected, as 
accumulating organic matter in the sediments of the Arabian Sea is predominantly of a 
marine origin (Pedersen et ai., 1992; Van der Weijden et ai., 1999). The values for alP 

and a.z were inserted in equation (4) and used to plot the calculated phosphate profile 
resulting from organic matter degradation, i.e. in absence of phosphate adsorption to iron 
oxides, phosphate incorporation into benthic biomass and authigenic apatite precipitation 
(Schuffert et ai., 1994). Subsequently, the maximum benthic flux resulting from organic 
matter decay (JPorg) was calculated from the linear phosphate gradient in the upper part of 
the sediment in the modeled phosphate profiles using equations (I) and (2) (see method 
section). A comparison between the calculated Jporg fluxes and the real benthic phosphate 
fluxes (Jp ; Table 3) indicates that organic matter degradation in sediments located within 
the OMZ produces insufficient phosphate to explain the high benthic phosphate fluxes. 

The Cor/porg ratio for surface sediments (0-2 cm) located within the OMZ are 
higher than the Redfield ratio of organic matter (106), which can be attributed to 
preferential loss of organic P relative to carbon during organic matter degradation. As 
organic matter arriving at the sediment water interface is dominated by fast-sinking 
material and therefore still incorporates a nutrient ratio close to the Redfield ratio 
(Anderson and Sarmiento, 1994), preferential release of P must occur directly after 
deposition. The calculated P fluxes originating from organic matter decomposition (Jporg) 

may thus have been underestimated. Assuming that approximately two thirds of the 
organic matter is rapidly decomposed after deposition (unpublished data) during which 
the Cor/Porg ratio increases from 106 to 500, it follows that CIP of the regenerated organic 
matter equals 75. As the result of preferential P release, the calculated JPorg fluxes may 
thus increase by a factor of at most 1.4. This is still insufficient to explain the observed 
benthic phosphate fluxes (Table 3). 

We conclude that the high benthic phosphate fluxes in sediments located within 
oxygen depleted bottom waters can only partially (on average 25 %) be explained by high 
rates of sedimentary organic matter degradation and preferential P release. This finding is 
consistent with other studies concerning P cycling in continental margin sediments 
underlying low BWO concentrations (Froelich et ai., 1988, Van Cappellen and Berner, 
1988: Heggie et ai., 1990; Schuffert et al., 1994). 

2. Iron oxides 
A second potential carrier of reactive P to the sediment is iron (hydr)oxide, which is 
deposited as a detrital mineral and as surface coating on sedimentary particles (e.g. 
Berner, 1973; Froelich et ai., 1988). Under oxygenated conditions, iron oxyhydroxides 
have a large sorption capacity for phosphate (e.g. Lucotte and d'Anglejan, 1988). After 
burial in the suboxic zone of the sediment, iron oxides start to dissolve and the adsorbed 
phosphate is released into the interstitial water. Accumulation of iron-bound P and 
subsequent phosphate regeneration is principally regulated by the sediment accumulation 
rate (i.e. the deposition of detrital iron oxides) and the oxygenation state of the water 
column, bottom water and sediment. 
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Table 3. Calculated P fluxes for the box cores located within the oxygen minimum zone (BC484, 
BC451, BC455, BC463). First column: benthic P fluxes (Jp) as estimated from the porewater 
phosphate profile; second column: the estimated benthic P flux as the result of organic matter 
degradation (Jporg), calculated from the ammonium porewater profiles assuming stoichiometric 
organic matter degradation according to a Redfield nutrient ratio (C:N:P 106:16:1; see text); 
Third column: potential input ofP associated with reducible iron hydroxides, as calculated with 
equation 6 (JpFe; see text); Fourth column: the potential input of P associated with biogenic 
apatite (Jpjish), as determined from fish production in the Arabian sea (see text); Fifth column: 
excess benthic P flux expected to diffuse out of the sediment under anoxic conditions as the result 
of redox dependent P cycling by microorganisms (Jpexce.rs; see text). 

Jp Jporg JPFe JPfish Jpexcess
fl mol cm-Zy"l flmol cm-Zy"l flmol cm-Zy"1 flmol em-VI flM cm-Zy"1 

BC451 1.59 0.16 0.07 0.7 0.13 

BC455 0.73 0.15 0.04 0.7 0.07 

BC463 0.29 0.20 0.03 004 0.07 

BC484 6044 0.14 0.02 "not 0.02 
determined" 

In view of the low oxygen concentrations in the intermediate water column, it is 
questionable whether the accumulation of iron oxides may provide an efficient 
mechanism to transfer reactive P to sediments residing in the OMZ. Surface sediments 
from a water depth of ca. 500 m are characterized by an absence of reactive iron (Fig. 3d), 
indicating that iron oxides have already been reduced in the water column or at the 
sediment water interface. In contrast, sediments located near the lower boundary of the 
OMZ (1000-1250 m) have relative high concentrations of reactive iron. Bottom water 
oxygen concentrations are somewhat higher here, allowing the deposition of iron oxides. 
As the oxic-suboxic interface is located close to the sediment surface (Van der Weijden et 
aI., 1999), reactive iron may become enriched due to reprecipitation of upward diffusing 
Fez+, mobilized in the deeper, suboxic part of the sediment. The sharp downcore increase 
of porewater Fez+ observed in BC451, BC455 and BC463 (Fig. 2), indicates that iron 
oxides are being reduced upon deposition. Apparently, burial of some reactive iron occurs 
in the sediments located within the OMZ. The simultaneous increase of both dissolved 
phosphate and Fez+ in these boxcores point to possible active phosphate desorption from 
iron oxides (e.g. Slomp et aI., 1996). 

The primary supply of P associated with reducible iron hydroxides (JPFe, 

fl mol P cm-Zy-l) has been estimated using the equation (after 1ngall and Jahnke, 1997): 

Fe x MAR (6)eDB11 = ----'='=-=----
PFe (FeIP)rea x .55800 
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where FeCDB is the concentration of iron oxides in the surface sediment as measured in 
extraction step 2 (ppm), MAR the mass accumulation rate (g cm·2 ky·!, Table I), and 
(FelP).ed the molar ratio of adsorbed phosphate in newly deposited reducible iron 
particles. The FeCDB concentrations in surface sediments within the OMZ, however, 
cannot be used to quantify the JPFe flux, because iron oxides may already have been partly 
reduced at the sediment water interface, or have become enriched due to diagenetic iron 
cycling. Therefore, an estimate for the JPFe flux was made based on the FeCDB 
concentrations recorded in the surface sediments located below the OMZ, which have 
probably not been subjected to significant diagenetic changes. The rather constant FeCDB 
concentrations (- 6000 ppm), suggest that accumulation of iron oxides is directly 
proportional to the sediment accumulation rate. Previous estimates for the molar (FelP)red 
ratio for newly buried iron oxides range from 20-26 (Lucotte et aI., 1994; Louchouarn et 
at., 1997; Anschutz et at., 1998), which correspond with (FelP)red ratios of surface 
sediments observed in this study. Assuming a FeCOB concentration of 6000 ppm and a 
(FelP)red ratio of 20 (as found for deep basin sites), the JPFe fluxes have been calculated for 
the boxcores located within the OMZ (Table 3). It should be noted that this calculation 
provides maximum values for the potential JPFe flux, as it is assumed that no reduction of 
iron oxides occurs during their transit through the OMZ. Even so, the calculated 
JPFe fluxes constitute only 4 to 10% of the observed benthic phosphate fluxes (Table 3). 
Another indication that the high subsurface phosphate concentrations in these sediments 
are not controlled by desorption from iron oxides, are the rather low molar porewater 
FelPO4 ratios (0.1-1.5). If iron oxides were being reduced with a FecDBIPCDB ratio of - 20, 
much higher dissolved iron concentrations would be expected (e.g. Slomp et al., 1996). 
Consequently, it is unlikely that burial and subsequent dissolution of iron oxides 
significantly contribute to the high benthic phosphate fluxes in the continental margin 
sediments. Van Cappellen and Berner (1988) and Ingall and Jahnke (1997) arrived at the 
same conclusion for continental margin sediments underlying low oxygenated bottom 
waters offshore California. 

3. fish debris 
The hard parts of fish (scales, bones, teeth) consist for 60 to 70 % of hydroxyapatite (e.g. 
Posner et aI., 1984). Crystal imperfections and a relative large reactive surface area make 
biogenic hydroxyapatite a more reactive and soluble mineral than well-crystallized 
stoichiometric hydroxyapatite, which in tum is more soluble than fluorapatite (Posner et 
at., 1984; Newesly, 1989). Seawater is undersaturated with respect to biogenous apatite 
(Arrhenius, 1963; Atlas and Pytkowicz, 1977). As a result, fish debris can undergo 
dissolution in the water column and during early diagenesis. Only a fraction of biogenic 
apatite produced in the water column is ultimately buried in the sediments. The 
accumulation of fish debris has been recognized as a potentially important process to 
transfer reactive P to marine sediments (Suess, 1981; Van Cappellen and Berner 1988). 
There are few studies which consider dissolution of fish debris as a potential source for 
interstitial phosphate, which is probably due to the fact that (until now) they were not 
chemically distinguishable from other P fractions. 
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The high biomass of phyto- and zooplankton in the Arabian Sea induces high rates 
of fish production (e.g. FAG, 1981). Based on the trophic-dynamic model of Iverson 
(1990), we have estimated a present-day fish production for the Pakistan Margin and the 
central Arabian Sea of respectively 23.8 g m·l y.l and 14.0 g m-l y-l (wet weight; 
Chapter 5). Assuming a phosphorus dry weight fraction of marine fish of 0.03 
(Anonymous, 1982), and a ratio of fish wet weight % to fish dry weight % of 3.3 (Iverson, 
/990), the potential production of P associated with biogenic apatite varies between 0.7 
and 0.4 /lmol P cm-l y-l (Table 3). This calculation gives only a rough estimate for the 
potential vertical FPfish flux, but provides a reasonable order of magnitude. This calculated 
production of P associated with fish bones is approximately a factor 10 less than the 
export flux of organic P. Fish bone particles, however, are relatively large and have a high 
density compared to seawater, which will make them sink relatively fast to the seafloor. It 
is therefore plausible that dissolution of fish debris predominantly occurs after deposition. 
Accumulation of fish debris may thus potentially transfer a significant quantity of reactive 
P to the sediments of the Arabian Sea. 

The application of the NH4CI extraction enables, for the first time, an evaluation of 
Pfish accumulation in marine sediments in relation to the other reactive P fractions. In the 
surface sediments of the Arabian sea, PfiSh is an important reactive P fraction (Fig. 4). 
Particularly sediments located within the OMZ have relatively higher Pfish concentrations, 
which is confirmed by high numbers of fish particles in the 150-595 flm sieve fractions. 
This has been attributed to high fish production rates in the surface waters and reduced 
biogenic apatite dissolution rates in comparison to the deep Arabian Basin (Chapter 5). 
The Pfish accumulation rate correlates well with the benthic phosphate flux (rl = 0.99; 
Fig. 5b), suggesting that fish debris may be an important source for phosphate generation 
from these sediments. 

Based on a) the good correlation between the benthic phosphate fluxes and the Pfish 

accumulation rates, b) the potentially high accumulation rate of P associated with fish in 
the Arabian Sea, and c) the insufficient contribution of other reactive P sources (organic 
matter and iron oxides), we conclude that the high benthic phosphate fluxes in continental 
margin sediments of the Arabian Sea are to a large extent the result of sedimentary fish 
debris dissolution. This finding may have important implications for P cycling in the 
oceans. Firstly, processes governing the dissolution and preservation of fish debris may 
control benthic P regeneration in many marine environments. Secondly, fish debris 
dissolution may drive CFA formation in continental shelf sediment underlying high 
productivity areas, as has previously been suggested by Suess (1981), and thereby 
regulating P burial. 

Phosphorus burial in the Arabian Sea 
Benthic regeneration of P is generally considered to be more extensive under oxygen 
depleted bottom waters (lngall and Jahnke, 1994; /997). To evaluate regeneration and 
burial of P in sediments of the Arabian Sea, reactive P burial efficiencies (PBE) have been 
calculated using the equation (after lngall and Jahnke, 1994); 

PBE (%) = 100 X APreafJ (Jp+ Apreac) (7) 
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Figure 6. A plot of a) the P burial efficiencies (PBE) (%) versus water depth, and b) benthic P 
fluxes (Jp) versus reactive P accumulation rates (ApreaJ The shaded area indicates the of the 
position of the OMZ « 2 pM O2), 

where Apreac is the accumulation rate of reactive P and Jp the benthic phosphate flux 
(Table 2). The P burial efficiencies are lowest for the sediments located within the OMZ 
(BC451, BC455 and BC463) and decrease with water depth (Fig. 6a; Table 2). Although 
these results compare favourably with those in the study of lngall and Jahnke (1994), in 
general, the PBE found in the present study are higher. This may be attributed to the 
different method by which the benthic fluxes were obtained. lngall and Jahnke (1994) 
used in-situ benthic chamber incubation measurements, which includes P mobilization at 
the sediment water interface, whereas our method does not. In addition, high rates of 
phosphogenesis in the continental margin sediments of the Arabian Sea (Chapter 4) may 
also result in higher PBEs. 

The relatively low P burial efficiencies calculated for continental slope sediments 
compared to those in deep basin sediments seem contradictory to the high Preac 
accumulation rates. Excluding the coastal upwelling area offshore Oman, primary 
productivity rates are very similar throughout the Arabian Sea (Qasim, 1982; Banse, 
1987, Van der Weijden et a!., 1999). The difference in surface water productivity and 
export production between the Pakistan coastal area and the open ocean region is 
probably less than a factor two (Qasim, 1982; Brock et a!', 1994; Pollehne et a!., 1993). 
Accordingly, th.e reactive P flux exported from the photic zone for these two areas is of 
the same order of magnitude. Preac accumulation rates on the continental margin, however, 
are 5 to 20 times higher than in the deep Arabian Basin (Table 2). This would imply that 
reactive P is more efficiently buried in shallow, continental slope sediments located 
within the OMZ. 

This conclusion, however, seems in conflict with the observed pattern of P burial 
efficiencies (Fig 6a) and the commonly held view that P regeneration is more efficient 
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under oxygen depleted bottom water conditions. In order to solve this paradox, we will 
first investigate two mechanisms that may explain higher P burial efficiencies under oxic 
conditions (/ngall and Jahnke, 1994, 1997; Krajewski, 1994), namely 1) phosphate 
cycling associated with reactive iron oxides, and 2) redox dependent P cycling of benthic 
microorganisms. 

1) Phosphate cycling associated with reactive iron oxides 
The diagenesis of P is closely linked to that of iron in sediments underlying oxic bottom 
water conditions (Krom and Berner, 1981; Sundby et aI., 1992; Slomp et aI., 1996). 
Phosphate liberated from organic matter degradation or fish debris dissolution is 
scavenged in the oxic part of the sediments by Fe-hydroxides. The presence of a distinct 
iron oxide sublayer may act as a near-surface trap for phosphate and reduce the loss of 
reactive P to the water column (Mortimer, 1971). In reality, however, benthic phosphate 
fluxes under oxic bottom water conditions are very variable, depending on the buffer 
capacity of the iron oxides and the oxygen penetration depth (Sundby et aI., 1993, 
McManus et al., 1997). Upon burial in the suboxic part of the sediment, iron oxides are 
reduced, resulting in desorption of phosphate. Ongoing "iron pumping" will result in the 
build-up of the interstitial phosphate concentration below the oxic-anoxic boundary, until 
CFA (carbonate fluorapatite) or a precursor phase starts to precipitate (Van Cappellen and 
Berner, 1988; Slomp et aI., 1996), thereby increasing the burial efficiency ofP. 

In the deep basin sediments of the Arabian Sea, active iron cycling is evidenced by 
a decrease of sedimentary Fe/AI ratios (Van der Weijden et aI., 1999) and increasing 
interstitial Fe2 

+ concentrations with sediment depth (Fig. 2). However, dissolved iron and 
phosphate concentrations do not simultaneously increase with depth (with exception of 
BC458). Moreover, interstitial phosphate concentrations remain relatively low, indicating 
that iron redox cycling does not result in the build up of dissolved phosphate 
concentrations. In contrast, sediments located within the OMZ are all characterized by 
high dissolved phosphate concentrations, inducing precipitation of authigenic apatite 
(Chapter 4). It is, therefore, unlikely that P retention by authigenic apatite formation is 
more efficient for deep basin sediments. Phosphogenesis in deep basins may occur deeper 
in the sediment (Lucotte et aI, 1994; Filippelli and Delaney, 1996; Chapter 7), but this 
process is not controlled by early diagenetic iron cycling. Furthermore, total solid-phase P 
concentrations decrease with sediment depth in all deep basin sediments (Table 2), which 
is probably primarily related to phosphate desorption from iron oxide during early 
diagenesis. Apparently, iron cycling cannot retain this pool of reactive P and prevent a 
significant loss of phosphate to the bottom water. This is consistent with the view that a 
surface layer of iron oxides should not be considered as a trap for phosphate, but rather as 
a regulator of the benthic phosphate flux (Anschutz et aI., 1998). We conclude, therefore, 
that early diagenetic iron cycling is not responsible for the observed PBE pattern in 
Arabian sea sediments. 

2) Redox dependent P cycling ofmicroorganisms 
A second mechanism that may explain higher P burial efficiencies under oxic bottom 
water conditions is related to the ability of benthic microorganisms to accumulate and 
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store P under aerobic conditions (Toerien, 1990). When the redox conditions become 
more reducing, the stored P will be used as an energy source and eventually be released to 
the porewater. During intense cycling of P by microorganisms under oxic conditions, 
refractory organic P compounds are produced that can no longer be recycled in the 
sediment (Giichter and Meyer, 1993). The presence of such refractory organic P 
compounds has been demonstrated by NMR studies in slowly depositing sediments 
(/ngall et aI., 1990; Berner et al. 1993). Redox dependent P cycling of benthic 
microorganisms may partially explain the relatively low sedimentary Cor/Porg ratios under 
more oxygenated bottom water conditions (Fig. 3c; 1ngall et at., 1993; 1ngall and Jahnke, 
1994). 

The potential influence of redox dependent P cycling of microorganisms on the P 
burial efficiency can be estimated, assuming that the different sedimentary Cor/Porg ratios 
under oxic/anoxic conditions are solely the result of this process. The excess benthic 
phosphate flux expected to diffuse out of the sediment as the result of anoxic bottom 
water conditions (JPexce,,) is calculated with the equation: 

C x MAR 
org 

(8)1 ] 
x [C IP

org 
(ox)1.2 org 

where Corg represents the organic carbon concentration (wt%; Table 1), MAR the mass 
accumulation rate (Table 1), and Cor/Porg (ox) and CorglPorg (anox) the average CIP ratio of 
organic matter buried under oxic conditions (200) and anoxic conditions (500) 
respectively (this study). In this hypothetical situation it is assumed that the Corg 
accumulation rate does not change as a result of the different redox conditions (if we 
consider lower organic matter burial rates as the result of oxic organic matter degradation, 
estimates for Jpexcess would become even less). Calculated Jpexcess fluxes are all minor 
compared to the benthic phosphate fluxes (Table 3). Changing the CorglPorg burial ratio, 
thus, only marginally effects the P burial efficiency. This is consistent with the conclusion 
that organic matter is not the main source of P regeneration in continental slope 
sediments. 

Nature ofthe accumulating P flux 
We propose that the decrease of P burial efficiency with water depth observed in this 
study (Fig 6a) is not related to differences in bottom water redox conditions, but rather is 
the result of differences in the quantity and quality of the reactive P flux arriving at the 
sediment surface. Not only the similar shapes of the benthic phosphate flux and the 
Preac accumulation rate versus depth (Fig 3a,b), but also the high correlation between these 
parameters (r2 = 0.98, corresponding with an average P burial efficiency of 28 %; 
Fig. 6b), suggest that benthic phosphate fluxes are generally controlled by the P 
deposition flux. This is consistent with the relatively higher benthic phosphate fluxes in 
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sediments underlying the upwelling area of the Oman Margin (Fig. 3a). For oxic 
sediments from the deep basin, the higher calculated PBEs are mainly due to the relatively 
low benthic phosphate fluxes. As discussed, this may partly be explained by the possible 
underestimation of the benthic phosphate fluxes. However, is it more plausible that the 
lower benthic phosphate fluxes are related to low input of reactive P in these sediments. 
The low Preac accumulation rates in comparison with continental slope sediments indicate 
that reactive P remobilization occurred predominantly in the water column or at the 
sediment water interface. This is confirmed by sediment trap studies in the Arabian Sea 
that show a large reduction in the downward Corg flux (the prime carrier of P) in the upper 
1000 m of the water column (Lee et aI., 1998). As a large fraction of reactive P is 
remobilised with increasing water depth, the nature of the remaining P will become more 
refractory, and, as a consequence, less phosphate regeneration will occur in the sediment. 
Absence of significant P mobilisation after burial in the deep basin sediments is clearly 
demonstrated by the low interstitial phosphate concentrations (Fig. 2) and the constant 
Cor/Porg ratio with sediment depth (Fig. 3c). In contrast, more shallow sediments receive a 
much higher input of reactive P which will induce higher regeneration rates, and thus 
lower (sedimentary) P burial efficiencies. The effectiveness of P burial in the Arabian 
Sea, therefore, is primarily regulated by differences in P regeneration occurring in the 
water column and at the sediment water interface. 

We conclude that the PBE pattern depicted in Figure 6a does not reflect the real P 
retention relative to the P produced in upper water column, because P regeneration 
processes occurring in water column and at the sediment water interface are not included. 
Based on the high Preac accumulation rates we argue that P is more efficiently buried in 
continental margin sediments of the Arabian sea. This may be attributed to several 
processes, namely a) shallower water depths, resulting in higher deposition rates of 
reactive P, b) more rapid burial of P as the result of higher sediment accumulation rates, 
c) low BWO concentrations which may enhance the preservation of organic matter (e.g. 
Demaison and Moore, 1980; Canfield, 1993) and fish debris (Chapter 5), and d) high 
rates of phosphogenesis, induced by high interstitial phosphate concentrations. The exact 
role of bottom water redox conditions on sedimentary P cycling remains complex, but for 
Arabian Sea sediments no direct evidence was found for more efficient P burial under 
oxygen depleted bottom waters. 

Conclusions 

In the Arabian Sea, benthic phosphate fluxes are highest on the continental slope, 
underlying low bottom water oxygen concentrations. Reactive P regeneration in these 
sediments occurs briefly after deposition. Organic matter degradation and phosphate 
desorption from iron oxides provide insufficient phosphate to explain the high benthic 
phosphate fluxes in these marine environments. The good correlation between benthic 
phosphate fluxes and accumulation rates of P associated with fish debris in surface 
sediments, and the potentially high accumulation rate fish debris in the Arabian Sea 
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indicate that dissolution of biogenic apatite largely governs the benthic phosphate fluxes 
in these sediments. Factors governing dissolution and preservation of fish debris thus play 
an important role in the burial and regeneration of P in continental margin sediments. 
Although benthic phosphate fluxes are much higher, P removal by burial is more efficient 
in continental slope sediments located within the OMZ than it is in deep basin sediments. 
The effectiveness of P burial is primarily regulated by P regeneration occurring in the 
water column and at the sediment water interface. 

This study illustrates the complexity of P cycling in the marine environment. No 
direct evidence was found that P is more efficiently buried in oxic relative to dysoxic 
bottom water conditions in the Arabian Sea. P regeneration and burial is determined by 
the complex interplay of primary productivity in the surface water, composition of the 
accumulating P flux, water depth, sediment accumulation rate, redox conditions of the 
bottom water, and the possible occurrence of phosphogenesis. 
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Abstract - In this study the response of sedimentary phosphorus (P) burial to changes in 
primary productivity and bottom water oxygen concentrations during the Late Quaternary 
was investigated, using two sediment cores from the Arabian Sea, one recovered from the 
continental slope and the other from the deep basin. The average solid-phase P speciation in 
both cores is similar: authigenic and biogenic (fish debris) apatite make up the bulk of the 
P inventory (ca. 70 %), whereas P adsorbed to iron oxides, organic P, and detrital apatite 
constitute minor fractions. Postdepositional redistribution has not significantly altered the 
downcore distribution of total solid-phase P. The phosphorus burial efficiency (PBE) is 
generally lower during periods of increased paleoproductivity. This is caused by a) partial 
decoupling of the P export flux, consisting primarily of particulate organic P, and the P burial 
flux, consisting primarily ofbiogenic and authigenic apatite, and b) the lack of increased rates 
of phosphogenesis during periods of higher P deposition. Fluctuations in bottom water 
oxygen content may have affected P burial on the continental slope sediments of the Arabian 
Sea, but the precise impact on the PBE remains unclear. The results of this study indicate that 
higher primary productivity induces more efficient P cycling, irrespective of the fact whether 
this leads to bottom water anoxia or not. On time scales exceeding the oceanic P residence 
time, this process may induce higher surface water productivity, thus creating a positive 
feedback loop. In the Arabian Sea, this feedback mechanism is likely to be active on (sub-) 
Milankovitch time scales, because P regenerated on the continental slopes of the Oman and 
Somalian coastal upwelling areas is reintroduced into the eutrophic zone relatively fast. 

Introduction 

Primary productivity in the oceans is governed by the availability of nutrients in the photic 
zone. Nitrogen is the limiting nutrient in most present-day coastal waters (Howarth, 1988). 
Phosphorus forms, in contrast to nitrogen, no important gaseous phases in the natural 
environment, and the oceanic P mass balance is solely governed by the input from fluviatile 
and eolian sources and burial in sediments (e.g. Froelich et at., 1982; Delaney, 1998). 
Phosphorus availability is considered to be the main factor controlling net primary 
productivity in the oceans on geological time scales, because long-term shortages of nitrogen 
are replenished by nitrogen fixation from the atmosphere (Holland, 1978; Broecker and 
Peng, 1982; Howarth et al., 1995). Marine productivity, in turn, determines the burial of 
organic carbon, and controls the atmospheric CO2 and O2 contents. Detailed knowledge of 
phosphorus cycling in the oceans thus provides a better understanding of the biogeochemistry 
of the ocean and atmosphere on geological time scales (e.g. Van Cappellen and Ingall, 1994, 
1996). 

Phosphorus removal from the oceans is governed by the interplay between the supply 
of particulate P to the sediment surface, and P regeneration processes occurring in water 
column and sediment (e.g. Froelich et at., 1982; Krajewski et at., 1994; F6llmi, 1996). 
Sedimentary-P remobilisation processes include organic matter decomposition, phosphate 
desorption from iron oxides, and dissolution of fish debris (e.g. Froelich et al., 1988; Van 
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Cappellen and Berner, 1988). Phosphorus burial is dependent on several environmental 
factors, such as sedimentation rate, sediment porosity, microbial activity, the occurrence of 
authigenic apatite formation (phosphogenesis), and bioturbation rates (e.g. Krajewski et aI., 
1944; Filippelli and Delaney, 1994). Ingall and Jahnke (1994) have shown that benthic 
regeneration of reactive phosphorus is more extensive when bottom waters are oxygen­
depleted, resulting in lower P burial efficiencies. Enhanced loss of P from sediments over 
long periods of bottom water anoxia (i.e. exceeding the oceanic P residence time) will lead 
to an increased supply of P to the surface waters and may promote higher biological 
productivity (lngall et aI., 1993; Ingall and Jahnke, 1994, 1997). This positive feedback 
between water column anoxia, benthic P regeneration, and marine productivity may link 
organic-rich sediments to anoxic bottom water conditions (Ingall and Jahnke, 1994, 1997). 
On shorter time scales, enhanced P regeneration may also affect productivity in shallow 
coastal upwelling areas, where deeper waters are directly carried into the euphotic zone 
(lngall and Jahnke, 1994). 

We have investigated P burial in Arabian Sea sediments, using two cores taken from 
respectively the Pakistan continental slope and the deep Arabian Basin, both covering the last 
120 kyr. The Arabian Sea is one of the most productive ocean basins of the world. During 
the Northern Hemisphere summer, strong southwestern monsoon winds cause intense 
upwelling offshore Somalia and Oman (e.g. Wyrtki, 1973; Slater and Kroopnick, 1984). This 
causes a high seasonal productivity throughout the Arabian Sea (e.g. Qasim, 1982). High 
downward fluxes of organic matter, in combination with a sluggish intermediate water 
ventilation result in an intense Oxygen Minimum Zone (OMZ) between 150 and 1250 m 
water depth (e.g. Slater and Kroopnick, 1984), with bottom water oxygen (BWO) 
concentrations < 21lM (e.g. Van Bennekom and Hiehle, 1994). Sediment core studies have 
revealed large fluctuations in paleoproductivity during the Late Pleistocene (Shimmield, 
1992; Emeis et al., 1995; Reichart et al., 1998). Frequency analysis has shown that 
paleoproductivity records from the Arabian Sea exhibit a strong 23-kyr signal, indicating that 
surface water productivity changes primarily reflect precession controlled changes in summer 
monsoon upwelling (e.g. Clemens et al., 1991; Reichart et al., 1998). The intensity and 
vertical extension of the OMZ have strongly varied during the Late Quaternary as a result of 
the differences in the organic carbon rain rate and deep winter mixing (Altabet et al., 1995; 
Reichart et aI., 1997; Den Dulk et al., 1998). Continental slope sediments have thus 
periodically experienced oxic and suboxic bottom water conditions. Sediment records from 
the Arabian Sea provide an excellent opportunity to elucidate the mechanisms that control 
P removal from the oceans under different paleoenvironmental conditions. 
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Material and methods 

Sample locations 
The two pistoncores selected for this study were taken during the Netherlands Indian Ocean 
Program (NIOP) in 1992. Pistoncore 455 (PC455) was taken on the continental slope of the 
Pakistan Margin (23°33'.3,65°57'.2) from a water depth of 1002 m, presently situated in a 
low oxygen environment (BWO < 211M). Pistoncore 487 (PC487) was recovered from the 
central Arabian Basin (19°54'.8, 61 °43'.3) from a water depth of 3574 m, and is located well 
below the present-day OMZ (BWO = 151 11M). The locations of the sample sites are shown 
in Figure 1. The sediments consist mainly of homogeneous, light-greenish hemipelagic muds 
alternated by darker organic-rich intervals. In PC455 most of these darker intervals are finely 
laminated. 

• PC487 

Arabian 
Basin 

400km 

Figure 1. Sample locations ofPC 455 (Pakistan Continental Margin) and PC 487 (Arabian Basin). 

Pore water analysis 
Porewater extractions were started on board within 24 hours of core collection according to 
shipboard routine (De Lange, 1992a). The sediment cores were sluiced into a glovebox, 
which was kept under low-oxygen conditions (02 < 0.0005%) and at a constant in-situ 
bottom water temperature. Sediments were put into Reeburgh-type squeezers, and under a 
nitrogen pressure of up to 7 bar, pore waters were extracted. Shipboard analysis of 
ammonium, alkalinity and phosphate started within 12 hours after extraction of the pore 
waters. Alkalinity was measured by Gran titration (after Gieskes, 1973). Phosphate and 
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ammonium were measured on a TRAACS 800 auto-analyser, after the methods of Strickland 
and Parsons (1968) and Solarzano (1986) respectively. All analyses were performed in 
duplicate. Precision is better than 2%. 

Solid-phase analysis 
Samples for solid-phase analyses were taken at regular intervals of 5 to 10 em, giving a 
temporal sample resolution of 0.5 to 2 kyr (depending on the linear sedimentation rate). 
Porosity and dry bulk density of the sediment were calculated by measuring weight loss of 
fixed volume samples after freeze-drying. Dried samples were ground in an agate mortar, and 
subsamples were taken for geochemical analyses after homogenization. After removal of 
inorganic carbon with 1 M HCI, organic carbon (Corg) and total nitrogen (N,o,) contents were 
measured with aNA 1500 NCS analyser (relative errors < 1 %). For the determination of 
bulk concentrations of P, 250 mg sample was digested in 5 ml of a 6.5 : 2.5 : I mixture of 
HCI04 (60%), HN03 (65%) and HP, and 5 ml HF (40%) at 90°C. After evaporation of the 
solutions at 190°C on a sand bath, the dry residue was dissolved in 50 ml 1 M HCl. The 
resulting solutions were analysed with a Perkin Elmer Optima 3000 Inductively Coupled 
Plasma Atomic Emission Spectrometer (ICP-AES). All results were checked using 
international (SOl, S03) and in-house standards. Relative errors for duplicate measurements 
are better than 3 %. The chronology of the pistoncores is based on &180 records (Reichart et 
at., 1998; Chapter 2). Mass accumulation rates (MARs) were calculated by multiplying 
linear sedimentation rates (LSRs) with dry bulk densities. 

The solid-phase speciation ofP and Fe was examined in sediment samples from one 
interglacial and two glacial intervals, using a 5-step sequential extraction method. The high 
resolution of the time frames was used to select samples that were deposited 
contemporaneously (with the exception of two samples in the interglacial interval). 
Approximately 125 mg of dried and ground sediment were subsequently extracted with 
1) 25 ml 2 M NH4CI (pH=7, repeated 8 times), 2) 25 ml citrate dithionite buffer (CDB, 
pH=8), 3) 25 ml 1 M Na-Ac (pH=4), 4) 25 ml 1 M HCI, and 5) 20 ml HFIHNO/HCI04 

mixture (see Table 2 in Chapter 5 for details). After extraction steps 2,3 and 4, the sediment 
was rinsed with 2 M NH4CI (pH=7) and demineralised water to prevent resorption of 
phosphate. This extraction scheme is an adaptation of the SEDEX method developed by 
Ruttenberg (1992) for marine sediments. The 2 M NH4CI extraction (step 1) was inserted to 
determine the P fraction associated with biogenic (fish debris) apatite (Chapter 5). All 
extracted solutions were analysed with ICP-AES. Precision for P was generally better than 
5%, except for steps 2 and 3 (10%). The recovery for all extraction steps with respect to total 
P varied between 80 and 90 %. This deficit is not caused by sample loss during the extraction 
procedure, but is due to systematic errors in the measurements of low P concentrations by 
ICP-AES. Iron oxide contents (reactive iron) were determined from the iron concentration 
extracted in step 2 (Na-dithionite). Organic phosphorus was determined as the difference 
between 1 M HCI extractable P before and after ignition of the sediment (550°C, 2h; Aspila 
et ai., 1976). All measurements were done in duplicate (precision better than 2 %). Relative 
errors for samples containing relatively low organic phosphorus concentrations are large 
(up to 50 %), becau1le it is calculated as the difference between two large values. 

139 



Chapter 7 

t 
J P (ppm) PAR (mg P cm·2 ky·l) 
!

PC455 0.0 2.0 4.0 6.0 o 1000 2000 0 10 20 

o 

20
 

40
 

60
 

80
 

100
 

120 

o 10 20 30 

P(ppm) PAR (mg P cm-2 ky -I) 

PC487 1000 2000 0 5 10 

o 10 20 

Figure 2. Sediment records of organic carbon (e",,; wt%), total solid-phase P (ppm), 
P accumulation rate (PAR; mg P cm-2ky-l), and linear sedimentation rate (LSR; cm ky-l) versus age 
for PC455 and PC487. The samples selectedfor sequential extraction analysis (Fig. 5) are indicated 
by the large filled dots. The shaded intervals indicate isotopic stages. 
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Results and Discussion 

Burial of total solid-phase P 
Total solid-phase P concentrations in PC455 vary from 700 - 2000 ppm, and are generally 
higher in the organic-rich intervals (correlation with Corg : r

2=0.56) (Fig. 2). In PC487, total 
solid-phase P concentrations are lower (600-1000 ppm), and show less variation with depth. 
In contrast to PC455, there is no apparent correlation between total solid-phase P and Corg in 
PC487 (r = 0.14). Phosphorus accumulation rates (PARs), in particular those of PC487, are 
mainly regulated by variations in LSR, and vary between 5-25 for PC455 and 2-10 
mg P cm o2 kyOl for PC487 (Fig. 2). During the glacial period (isotopic stages 2,3, and 4), 
PARs are approximately twice as high as for interglacial stage 5. 

NIOP cores PC487 and PC455 have been intensively studied in order to reconstruct 
paleoenvironmental conditions in the Arabian Sea (Reichart et aI., 1998; Den Dulk et al., 
1998; Chapters 2 and 5). The downcore Corg patterns in these cores can be correlated with 
sediment cores throughout the Arabian basin. These Corg variations have been related to 
changes in paleoproductivity (Shimmield, 1992; Emeis et aI., 1995; Reichart et aI., 1998), 
which is confirmed by independent geochemical (Ba, P) and paleontological (G. bulloides) 
proxies for paleoproductivity (Reichart et ai, 1998; Den Dulk et aI., 1998; Chapter 5). 
Accordingly, the organic-rich intervals in PC455 and PC487 represent periods of increased 
primary productivity. The bottom waters of PC455 have periodically experienced reduced 
BWO concentrations as the result of changes in OMZ intensity through time. This is shown 
by the alternation oflaminated intervals, and the downcore distributions of redox-sensitive 
elements (Mn, V, Mo; Reichart et aI., 1998; Chapter 2) and benthic foraminifera (Den Dulk 
et aI., 1998). The bottom waters of PC487, on the other hand, have remained well­
oxygenated during the last 185 kyr (Chapter 2), since the OMZ has never extended to the 
deepest part of the Arabian Basin. 

To evaluate P burial under different paleoenvironmental conditions, we have 
reconstructed paleoburial efficiencies for P (i.e. the fraction of the depositional P flux that 
is preserved upon burial). In the oceans, reactive P is primarily delivered to the sediment as 
particulate organic matter (e.g. Delaney, 1998). Other vertical P fluxes, such as deposition 
of fish debris and iron-bound P are negligible compared to this flux (Chapter 6). The 
particulate P flux to the seafloor can thus be estimated by calculating the paleoexport 
productivity of organic phosphorus (PPexport; gP m-2 y-l), for which the transfer function was 
used developed by Samthein et al. (1992): 

24.16 X C1,493 x 2°3 / LSR2~~5 
(1)

PPexport 
(ClP)org 

where C Ais the organic carbon accumulation rate (g m-2 yol), z the water depth (m), LSRocF 
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Figure 3. Records ofcalculated paleoexport fluxes ofparticulate organic P (PPexporr " gP m-2 yo]) 
versus age for PC455 (0) and PC487 (+). The shaded area between the two curves represents the 
difference in PPexporrflux between PC455 and PC487. The dark shaded bands indicate laminated 
layers present in PC455. 

the organic-carbon-free linear sedimentation rate (em kyo!), and (CIP)org the Redfield nutrient 
ratio of fresh organic matter (106) (Fig. 3). The phosphorus burial efficiency (PBE) can be 
calculated using the equation: 

[PJ x MARPBE (%) 100 x (2) 
105 x PPexport 

where [P] is the total solid-phase P concentration (ppm), and MAR the mass accumulation 
rate (g cm-2 kyol) (Fig. 4). Note that regeneration processes occurring during transit through 
the water column are included in the calculated PBEs. The PBEs in PC487 are generally 
lower during periods of increased productivity, although not distinguishable during stage 5 
(Fig. 4). PC455 shows the same pattern, but somewhat less distinct than in PC487. For both 
cores, PBEs are higher during the glacial period. Before discussing the potential causes for 
the different modes of P burial, it must be established whether these PBE patterns are the 

142 



Factors controlling the phosphorus burial efficiency 

PC487 PC455 PC455 

PBE(%) PBE(%) PBE (PC487) (%) 

0 4 o 6 12 o 6 12 18 

0 

20 

40 

~ 
60 

-< 
~ 

80 

100 

120 

20 30 

----­~ 

o 10 

Figure 4. Records of burial efficiencies for phosphorus (PBE) versus age for PC455 and PC487, 
as calculated with equation 2 (see text). The LSR has been plotted to identify the shifts in PBE 
related to the abrupt changes of the mass accumulation rate. For PC455, the PBE has also been 
calculated using the calculated paleoexportfluxesfor PC487 (Fig. 3) (PBE(PC487)). The shaded 
intervals indicate sediment enriched in organic matter deposited during periods of increased 
paleoproductivity. 

result of changes in sedimentation rate or BWO conditions. 
The PBEs calculated with equation 2 are sensitive to variations in MAR. Accordingly, 

the downcore PBE distributions show large shifts at the abrupt changes in LSR (Fig. 4). In 
the Arabian Sea, variations in sedimentation rates are primarily controlled by changes in dust 
input, which are related to glacial-interglacial variability in continental aridity (Clemens and 
Prell, 1990; Sirocko, 1991). The resolution of the time frame used in this study does not 
allow the resolution of variations in MAR on precessional or sub-Milankovitch time scales. 
Periods of precession-related productivity maxima are linked to intensified summer monsoon 
wind strength (Clemens and Prell, 1990). Intensification of the monsoon causes more humid 
climate conditions and reduces dust formation. Moreover, strong SW monsoonal winds cause 
a northward shift of the wind trajectories, which suppress the northwestern winds that carry 
dust from the Arabian Peninsula to the Arabian Sea (Anderson and Prell, 1993; Sirocko et 
al., 1993). Consequently, periods of increased productivity are associated with reduced 
sedimentation rates. Incorporating lower MARs for periods of high productivity in equation 
2 would result in an even sharper contrast in PBE between periods of high and low 
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productivity. (Sub)-Milankovitch scale fluctuations in sedimentation rate thus cannot account 
for the calculated variations in PEE. 

Calculation of paleoexport productivity rates with equation 1 is, in principle, only 
valid for pelagic sediments deposited in oxic environments with BWO concentrations above 
50 IJM (Sarnthein et al., 1992). Dysoxic bottom waters may cause enhanced preservation of 
organic matter, resulting in an overestimation of the PPexport flux. This may explain the overall 
higher calculated PPexport fluxes for PC455 compared to PC487 (Fig. 3). However, the 
PPexport fluxes in PC455 are not systematically higher in the laminated intervals, or in intervals 
deposited during increased productivity. To determine the potential effect of organic matter 
preservation in PC455, the PBEs were recalculated using the PPexport fluxes calculated for 
PC487 (i.e. sediments deposited under oxic conditions), assuming that fluctuations in 
paleoproductivity were similar throughout the Arabian basin (Reichart, 1998). The 
recalculated values do not significantly alter the PEE pattern (Fig. 4). Periodical enhanced 
preservation of organic matter therefore does not induce the lower PBEs in the organic-rich 
intervals of PC455. 

We conclude that the calculated PBE patterns reflect genuine differences in oceanic 
P cycling. The absolute values of the PBEs must be considered with some caution in view 
of the inaccuracies included when calculating PPexport fluxes. However, the results display a 
distinct contrast in PEE under different paleoenvironmental conditions. In the next section, 
the burial behaviour of the different P fractions will be discussed, namely 1) organic P, 
2) biogenic apatite, 3) P adsorbed to iron oxides, 4) detrital apatite, and 5) authigenic apatite, 
in order to determine the processes responsible for the lower PEE during periods of increased 
paleoproductivity. 

Sedimentary P speciation 

1) Organic phosphorus 
Organic phosphorus (Porg) constitutes only a minor P fraction relative to total solid-phase P 
in PC455 and PC487 (on average respectively 6 and 12 %; Fig. 5). Consequently, organic P 
is a relatively unimportant reactive P sink in the Arabian Sea. This finding is consistent with 
P speciation results from other deep pelagic sediments (Lucotte et al., 1994; Filippelli and 
Delaney, 1996; Delaney and Anderson, 1997; Table 1). During periods of high 
paleoproductivity, Porg concentrations increase in both cores (Figs. 5 and 6), in accordance 
with the higher organic matter contents (Fig. 2). In PC487, CoriPorg ratios are generally 
higher in the organic-rich intervals, indicating that burial of organic P relative to organic 
carbon is less efficient during periods of high productivity. A similar pattern is absent in 
PC455. The CoriPorg ratios in PC455 are higher (680-1470) than in PC487 (130-570). 

Sedimentary CoriPorg ratios are usually higher than those of fresh marine planktonic 
organic matter (106; Redfield et al., 1963), as the result of preferential regeneration of P 
relative to carbon during organic matter decomposition (e.g. Suess and Milller, 1980; Mach 
et al., 1987; Ingall and Van Cappellen, 1990). At low sedimentation rates « 2 cm ky·l), 
however, sedimentary Co,jPo,g ratios are relatively low (50-200) due to prolonged degradation 
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Figure 5. The solid-phase P speciation relative to total extracted P for sediment samples from 
PC455 and PC487. The average P speciationfor all samples (avg.), and the average P speciation 
for periods ofhigh (HP) and low paleoproductivity (LP) is given. 

of the residual organic matter or high proportions of bacterial organic matter (Ingall and Van 
Cappellen, 1990). In addition, bottom water redox conditions affect the burial ofPorg (Ingall 
et ai., 1993). The fluctuations in sedimentary Cor/Porg ratios in PC487 cannot be attributed 
to these parameters, because the bottom waters of PC487 have remained well-oxygenated 
during the Late Quaternary, and sedimentation rates were lower during periods of increased 
productivity. Sedimentary Cor/porg ratios may also be influenced by temporal admixing of 
terrestrial organic matter, which is depleted in P in comparison to marine organic matter (e.g. 
1ngall et ai., 1993). Sedimentary organic matter in the northern Arabian Sea is primarily 
marine in origin (Pedersen et ai., 1992; Den Dulk et ai., 1998; Van der Weijden et ai., 1999). 
Reichart (1997) found no evidence in Arabian Sea sediment records for enhanced input of 
terrestrial organic matter during periods of precessionally induced high productivity. 
Consequently, varying inputs of allochthonous organic matter are not likely to account for 
the fluctuations in the Cor/Porg ratios found in PC487. The most probable explanation for the 
CorglParg pattern in PC487 is different contributions of bacterial organic matter, which is 
characterized by low Car/Parg ratios (-50; Reimers et ai., 1990). During periods of low 
productivity, the organic matter deposited will be largely transformed into bacterial biomass. 
At higher organic matter accumulation rates, bacterial remains will be diluted with marine 
organic material deposited from the water column. 

The relatively higher Cor/Porg ratios in continental slope core PC455 in comparison 
to PC487 are probably the result of the higher sedimentation rates, overall lower BWO 
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Figure 6. Records ofsolid-phase P speciation (ppm) and Co,/P'''K molar ratios versus age for one 
interglacial and two glacial intervals from PC455 and PC487: P associated with fish debris (Pfish ), 

iron-bound P (PFe)' authigenic P (PCFA)' P associated with detrital apatite (Pde,)' and organic P (Po,g)' 
The shaded intervals indicate sediment deposited during periods ofhigh paleoproductivity. The error 
bars for organic P indicate relative errors for duplicate measurements. 

concentrations, and relatively lower bacterial organic matter contents. Cor!porg ratios in 
PC455 show no consistent response with respect to changes in paleoproductivity or BWO 
conditions. Apparently, past fluctuations in BWO concentration have not substantially 
affected the Cor!Porg ratio in these sediments. We conclude that organic P retention is reduced 
in sediments of the deep Arabian Basin during periods of increased paleoproductivity, 
whereas no such trend is detected for continental slope sediments. 

2) Biogenic apatite 
At present, the Arabian Sea sustains relatively high fish production rates (FAD, 1981). The 
hard parts of fish consist primarily of amorphous hydroxyapatite (Posner et at., 1984), and 
burial of fish debris has been recognised as a potential mechanism for the removal reactive 
P from the oceans (Suess, 1981). The export flux of P associated with biogenic apatite is 
approximately a factor 10 less than that of organic P (Chapter 6). Phosphorus associated with 
fish debris (Pfish)' however, constitutes on average the largest P fraction in the sediments of 
PC455 (37%) and PC487 (32%; Fig.5). This is remarkable, as fish debris are USUally 
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considered to dissolve predominantly before burial, and, therefore, represent an unimportant 
sink of reactive P (e.g. Froelich et al., 1982; Table 1). The accumulation of Pfish is 
approximately 5 times more important than the accumulation ofPorg (Fig. 5). Consequently, 
P regeneration from biogenic apatite in water column and sediment is relatively less intensive 
than that from organic matter. This may be explained by the relatively large size and high 
density of fish debris, which will make them sink fast to the seafloor. In addition, adsorption 
of fluoride occurring in water column and porewater makes biogenic apatites more resistant 
to dissolution. 

The Pfish concentration in PC455 is enriched during periods of high paleoproductivity 
(Fig. 6; Chapter 5). Increased primary productivity rates induce higher rates of fish 
production, resulting in higher accumulation rates of fish debris. Additionally, Pfish 

concentrations in this core may have been subject to preservation effects related to the 
periodically reduced oxygen content of bottom water and top sediment. In contrast to oxic 
organic matter degradation, no acidity is produced during suboxic (denitrification, Mn- and 
Fe-oxide reduction) and anoxic (sulphate reduction) diagenesis (provided that HzS is 
consumed by pyrite formation; Canfield, 1991), thereby reducing sedimentary dissolution of 
biogenic apatite. Moreover, phosphate porewater concentrations of anoxic sediments are 
usually high due to high rates of organic matter degradation, which will decrease dissolution 
of fish debris. Sediments located within a dysoxic environment, therefore, may experience 
enhanced preservation offish debris (Chapter 5). In contrast to PC455, the Pfish concentration 
in the glacial intervals of PC487 is not significantly enriched during periods of high 
paleoproductivity (Fig. 6). This may be attributed to higher regeneration rates of fish debris 
in the deep pelagic site relative to the more shallow continental slope sediments as the result 
of lower MARs, larger water depth, and more oxygenated bottom water conditions 
(Chapter 5). In addition, the different food web structure of the more oligotrophic open 
ocean environment (Ryther, 1969), the high seasonality of primary productivity in the 
Arabian Sea, and the non-linear response of transfer efficiency to food availability (Cushing, 
1973) causes fish production to be less sensitive to changes in surface water productivity 

3) Detrital and iron-bound P 
Iron oxides have a high adsorption capacity for phosphate (e.g. Krom and Berner, 1981), and 
iron-bound P constitutes an important P fraction in surface sediments overlain by oxic bottom 
waters (e.g. Sundby et at., 1992; Slomp et at., 1996). In PC455 and PC487, iron-bound P 
contents (PFe) are low compared to the other P fractions (8.5 and 15 % respectively; Fig.5), 
indicating that this fraction is an unimportant reactive P sink in Arabian Sea sediments. Low 

contents are consistent with the low reactive iron oxide contents (FeCDB) in these PFe 

sediments (2000-4000 ppm for PC487 and 1000-2000 ppm for PC455). As a result of a 
relatively high input of reactive organic matter, easily dissolvable iron oxides are reduced in 
the surface sediments of the continental slope (Van der Weijden et at., 1999) and the deep 
basin (Chapter 6) of the Arabian Sea during early diagenesis. The FecoB fraction that remains 
below the zone of active iron oxide reduction consists of refractory iron oxides and some iron 
extracted from the partial dissolution of clay minerals (Canfield, 1989; A. Rutten, personal 
communication). The higher PeCDB contents of PC487 compared to PC455 are probably 
related to more oxygenated bottom water conditions and a lower reactivity of the sedimentary 
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Table 1. Partitioning ofreactive P in sediments of the continental margin (Ruttenberg, 1993), the 
deep Pacific ocean (Filippelli and Delaney, 1996), and the Arabian Sea (this study), and estimates 
for the global average. Note that the P speciation (organic P, iron-bound P, and biogenic + 
authigenic P fractions) is similar for deep Pacific Ocean and Arabian Sea sediments. The global 
average for the reactive P partitioning in marine sediments (last column) was estimated using the 
P speciation results for the continental margin (Ruttenberg, 1993; second column) and the Arabian 
Sea (deep pelagic sediment; fourth column), assuming that the total annual sedimentary burial of 
reactive P in deep pelagic sediments is of the same magnitude as that in continental shelf areas 
(Froelich et ai., 1984; Follmi, 1996). The P fraction associated with biogenic apatite for continental 
margin sediments is assumed to constitute (likewise Arabian Sea sediments) halfthe authigenic + 
loosely sorbed P pool (31 %). Comparison with previous global estimates (Froelich et ai., 1982; 
Ruttenberg, 1993) indicates that burial ofauthigenic and biogenic apatite fraction is relatively more 

organic matter. Burial of the PFe fraction in both cores is not affected by changes in 
paleoproductivity or BWO concentration (Fig.6). Apparently, also during periods of reduced 
organic carbon accumulation, sufficient reactive organic matter is present to ensure reduction 
of all easily reducible iron oxides. 

Non-reactive, detrital apatite (Pde,) is a small and rather constant P fraction in both 
cores (Figs. 5 and 6). The contribution of the non-reactive fraction, therefore, will not 
significantly influence the calculated PBEs. The higher Pde, concentrations in PC455 are 
probably related to the higher content of lithogenic material. 

4) Authigenic apatite 
Phosphate released during diagenesis may be removed from the interstitial water by 
precipitation of an authigenic apatite phase (e.g. Jahnke et at., 1983; Froelich et aI., 1988; 
Ruttenberg and Berner, 1993). Authigenic carbonate fluor apatite (CFA) is a relatively 
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important than previously assumed, whereas organic P burial is of less importance. 

reactive P 
sinks Continental Pacific Froelich Ruttenberg 

margin I Ocean 2 (1982) (1993) 

organic-P 22% 6% 40% 22% 

iron-bound P 16 % 11% II % 22% 

loosely-sorbed 7% 5% 7% 

carbonate-P 

} 55' 

40% 

} 49%fish-P 78 % <2% 
authigenic P <10% 

1 Ruttenberg, 1993 

2 Filippelli and Delaney, J996 

.< Averagefrom PC455 and PC487 

4 Primarily consisting of P associated with biogenic apatite (fish debris). release with depth (Fig. 6). 
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important sink: of reactive P in the sediments of this study (PCFA; Fig. 5). Interestingly, the 
average PCFA fractions in the deep basin and continental slope core are of the same order of 
magnitude (35% and 29 % for PC455 and PC487 respectively). The PCFA concentrations (Fig. 
6) are similar to authigenic apatite contents reported for continental shelf sediments 
(Ruttenberg et ai., 1993; Louchouarn et ai., 1997) and deep marine sediments (Lucotte et al., 
1994; Filippelli and Delaney, 1996; Table 1). A direct comparison is, however, not possible, 
since these latter studies did not distinguish between biogenic and authigenic apatite. The PCFA 

concentrations do not (PC487), or barely (PC455) increase during periods of higher 
productivity (Fig. 6). Higher reactive P deposition rates, apparently, do not induce higher 
rates of in-situ phosphogenesis. This may be the result of postdepositional redistribution: 
phosphate liberated in intervals initially enriched in P diffuses away to precipitate as CFA 
outside these intervals. Hence, diagenetic redistribution of P may substantially have altered 
the downward distribution of solid phase P (Lucotte et ai., 1994), and thus the calculated 
PBEs. 

Pore water chemistry may help to assess the importance of post-depositional 
redistribution processes. A subsurface maximum in the phosphate porewater concentration 
is present in PC487 and PC455 (Fig 7). These phosphate maxima ensure that all phosphate 
produced in the deeper part of the sediment (i.e. below the phosphate maxima) is buried as 
authigenic or adsorbed phosphate, instead of being lost to the water column. The subsequent 
decrease of the phosphate concentration with depth in both pistoncores (Fig. 7) indicates that 
dissolved phosphate is removed from the porewater and incorporated into a solid-phase in the 
top of the sediment column. In fact, in a more detailed study (including a boxcore taken on 
the same location as PC455) it was shown that authigenic apatite is presently forming in 
surface sediments of the Arabian Sea continental margins (Chapter 4). In deep pelagic 
environments phosphogenesis has been shown to originate from the gradual redistribution of 
P adsorbed to iron oxides or organic Pinto CFA (Lucotte et ai., 1994; Filippelli and Delaney, 
1996), a process occurring over long time periods (up to millions of years). Interstitial 
phosphate concentrations in the deeper part of both pistoncores remain relatively low and 
constant (Fig. 7). Conversely, ammonium concentrations and alkalinity increase gradually 
with depth in both cores as the result of ongoing organic matter degradation. Dissolved 
phosphate concentrations, therefore, are also expected to rise with sediment depth. The 
gradual downcore increase of the Cor/porg ratio in PC487 also points to continued phosphate 
The expected interstitial phosphate concentrations induced by organic matter degradation 
were calculated by making a best fit to the porewater data of ammonium (Ruttenberg and 
Berner, 1993; Schuffert et ai., 1994; Fig. 7), using whole sediment diffusion constants (Li and 
Gregory, 1974) and the nutrient ratios of decomposing organic matter (see caption of Fig. 7). 
It should be noted that these calculated phosphate concentrations are probably 
underestimated, since dissolution of fish debris and phosphate desorption from iron oxides 
may provide an additional source of interstitial phosphate. Nevertheless, a significant deficit 
between the observed and stoichiometrically calculated porewater phosphate is observed in 
both cores. This indicates that phosphate removal into the solid-phase by phosphogenesis or 
phosphate adsorption to sedimentary phases continues below the surface interval (Klump and 
Martens, 1987; Ruttenberg and Berner, 1993). 

The PCFA fraction in PC487 and PC455 does not increase with depth relatively to the 
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Figure 7. The porewater concentrations ofphosphate, ammonium C+), and alkalinity CM versus 
sediment depth in PC487 and PC455. The expected phosphate release as the result oforganic matter 
degradation (dashed lines) was calculated using the ammonium porewater concentrations 
(Ruttenberg and Berner, 1993; Schuffert et aI., 1994). Considering the suboxic conditions in the 
sediment, the ammonium concentrations have not been subject to oxidation. An empirical fit was 
made to the ammonium data with the equation (Berner, 1980): C = Co + 0. (1 - e-flx

), where C and Co 
are the concentrations of ammonium at depth x and 0 (cm) respectively, and 0. and fJ empirical 
constants. Assuming a nutrient ratio N:P of respectively 51.9 and 26.1 for PC455 and PC487 
(determinedfrom Porg and N,o, contents), and that organic matter is decomposing stoichiometrically 
(i.e. fJ for ammonium equals Pfor phosphate), the empirical constants o.pfor phosphate was 
calculated with (Schuffert, 1994): a p = aN *DN / 16 *DE'> where DN and Dpare the whole diffusion 
coefficient constants for respectively ammonium and phosphate, corrected for the in-situ bottom 
water temperature (Li and Gregory, 1974). 

other P fractions (Fig. 6). Precipitation of CFA is usually restricted to the uppermost part of 
the sediment because a) the increase of carbonate alkalinity with depth inhibits further 
formation of apatite (Jahnke et aI., 1983; Glenn and Arthur, 1988), and b) CFA precipitation 
requires fluoride, which is mainly supplied by downward diffusion from the bottom water 
(Froelich et aI., 1983). It can therefore be assumed that authigenic apatite precipitation takes 
place primarily in Arabian Sea surface sediments, in the deep basin as well as on the 
continental slope. 

Although phosphogenesis appears to be chiefly restricted to the surface sediments, 
some downward diffusion of phosphate in the upper part of the sediment, as is currently 
occurring in PC455 and PC487 (Fig. 7), may alter the initially deposited solid-phase P 
contents. The impact of this process can be determined by examining the downcore P 
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distribution over longer (Le. precessional) time intervals, because early diagenetic 
redistribution processes will transport phosphate only over relatively short distances. The 
rather constant PCFA contents in PC455 and PC487 suggest that authigenic apatite 
precipitation rates remained fairly constant (relative to the MAR) over the last 120 kyr, but 
the number of data points presented in Fig. 6 is too small to fully corroborate this. For this 
reason, we have calculated average Cor/preac ratios (i.e. the ratio of organic carbon to total 
reactive P) for precessional induced periods of high and low productivity (Fig. 8). Reactive 
P is here defined as all solid-phase P that may potentially be regenerated to the water column, 
which is equal to the total solid-phase P concentration minus detrital P concentration. Like 
the PBE calculated with equation 2, the Cor/preac ratio gives an indication for the relation 
between input and burial ofP (assuming that deposition of organic matter is the main supply 
of organic P), but has the advantage of not being affected by the abrupt shifts in LSR. For 
both cores, average Cor/Preac ratios for precessionally induced periods of increased 
productivity are consistently higher than for the intermediate intervals, indicating that 
relatively less reactive P is buried. Therefore, we argue that post-depositional redistribution 
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Figure 8. Records ofthe Cor!Preac ratios for PC455 and PC487 versus age. The solid lines represent 
average Cor!Preac ratios over precessional periods ofhigh and low productivity. The shaded intervals 
indicate sediment enriched in organic matter deposited during periods of increased primary 
productivity. 
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has had only a limited effect on reshaping the downcore distributions of solid-phase P, and 
that this process cannot fully account for the lower PBEs during periods of high 
paleoproductivity. 

Several other processes may explain the lack of response of PCFA burial to changes in 
paleoproductivity. Firstly, an increase of the reactive P deposition flux may principally lead 
to more P regeneration and loss to the water column, and not cause the build-up of the 
interstitial phosphate concentration. This is particularly true for the deep pelagic sediments 
of the Arabian Sea, where the large water depth, oxic bottom waters, and relatively low 
sedimentation rates, cause reactive P regeneration to take place chiefly in the water column 
and at the sediment water interface (Chapter 6). A higher input of P will lead to burial of 
more refractory (bacterial) organic matter (as is indicated by the higher Cor/porg ratios in 
PC487), which will not induce higher rates of phosphogenesis. Secondly, phosphogenesis 
may be regulated by diagenetic iron cycling (Sundby et al., 1992; Slomp et al., 1996). During 
periods of reduced paleoproductivity, this process is more efficient in promoting 
phosphogenesis, because a reduced supply of reactive organic matter to the sediment 
increases the oxygen penetration depth and the sorption capacity of the iron oxides for 
phosphate (Sundby et al., 1992; McManus et al., 1997). In present-day surface sediments of 
the deep Arabian Basin, however, diagenetic iron cycling does not promote CFA formation 
because of the refractory nature of the deposited organic matter (Chapter 6). Thirdly, CFA 
formation rates may not be directly controlled by interstitial phosphate release, but may be 
dependent on other parameters, such as the downward diffusion rate of fluoride from the 
bottom water, precipitation kinetics, the permeability of the sediment, or microbial mediation 
(e.g. Filippelli and Delaney, 1994; Krajewski et al., 1994). FourtWy, some bioturbation is 
necessary for the commencement of early diagenetic apatite formation (Chapter 4). 
Downward mixing of solid-phase reactive P in pelagic sediments is essential to prevent direct 
loss of phosphate to the bottom water, and to produce high subsurface phosphate 
concentrations. Accordingly, phosphogenesis rates may have been relatively reduced in the 
laminated intervals of PC455. 

Cause ofthe higher PRE during periods ofhigh productivity 
Summarizing, close inspection of the solid-phase P speciation revealed that four processes 
may account for the reduced PBE in the Arabian Sea during periods of high productivity. 
Firstly, diagenetic redistribution may have changed the primary downcore distribution of 
sedimentary P, but, as discussed, this process has had only a limited effect on the calculated 
PBEs. Secondly, the export and burial flux of reactive P are largely decoupled. Whereas P 
is predominantly removed from the surface waters as particulate organic P, this P phase 
constitutes only a minor fraction in the underlying sediments in comparison to biogenic and 
authigenic apatite (Fig. 5; see also Table 1). In addition, authigenic P formation may, to a 
substantial extent, have been fuelled by dissolution of fish debris instead of organic matter 
degradation (Chapter 4). Accumulation of biogenic apatite rather than organic P is thus a 
more important mechanism to remove reactive P from the Arabian Sea. This is also shown 
by the sedimentary Cor/preac ratios in PC487 and PC455, which are lower than the Redfield 
ratio for marine organic matter (106; Fig. 8). For deep pelagic sediments, Pfish burial does not 
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react proportionally to changes in paleoproductivity. Consequently, burial of reactive P 
becomes insensitive to productivity controlled changes in P fluxes to the seafloor. This 
decoupling is less effective for continental slope sediments, which explains why the PBE 
pattern for PC455 is somewhat less distinct than for PC487 (Fig. 4). Thirdly, authigenic P 
formation rates are not susceptible to changes in the rain rate of reactive P. Fourthly, more 
extensive P regeneration under oxygen-depleted bottom waters may have reduced P burial 
in continental slope sediments of the Arabian Sea (lngall and Jahnke, 1994, 1997). Assessing 
the exact role of bottom water redox conditions on benthic P regeneration is problematic 
since periods ofhigh productivity are often accompanied by bottom water anoxia. In addition, 
burial of the various reactive P fractions is differently affected by changes in BWO 
conditions. Retention of organic P is generally less efficient in sediments underlying anoxic 
bottom waters (lngall et al., 1993). Past variations in OMZ intensity, however, did not 
significantly affect organic P burial on the continental slope. Moreover, the potential impact 
of this process on the PBE is limited, as Porg constitutes only a minor sedimentary P fraction. 
In contrast to organic P, fish debris may have been subject to enhanced preservation during 
periods of bottom water anoxia, resulting in more efficient P burial. Finally, dysoxic bottom 
water conditions may both enhance (higher organic P and fish debris contents, reduced 
phosphate loss to the bottom water by bioturbation), or reduce (no or less efficient early 
diagenetic iron cycling, reduced downward mixing of sources by bioturbation) authigenic 
apatite precipitation rates. Fluctuating BWO contents have certainly influenced the quantity 
and quality of total solid-phase P burial in continental slope sediments of the Arabian Sea, 
but the precise impact on the PBE remains unclear. The results from Arabian Sea continental 
slope sediments, however, suggest that dysoxic bottom waters have rather enhanced P burial 
than reduced it. 

Implications 
Lower PBEs during periods of increased paleoproductivity imply more effective reactive P 
regeneration. When the regenerated phosphate is transferred back to the surface waters, it will 
stimulate higher rates of primary productivity (provided that phosphate is the bio-limiting 
nutrient). Increased surface water productivity, in turn, will increase the export flux of 
reactive P. Accordingly, a positive feedback loop is created between increased surface water 
productivity and enhanced P cycling. A similar feedback mechanism has previously been 
proposed for P cycling and water column anoxia (Ingall and Jahnke, 1994, 1997). The results 
of the present study, however, indicate that an increase in productivity, for example induced 
by more intense upwelling, automatically induces a positive feedback, irrespective of the fact 
whether higher organic matter accumulation rates cause oxygen depletion of the bottom 
waters or not. This conclusion has important implications for the assessment of the global 
cycle of P and its potential control on marine productivity and organic carbon burial. 

According to box model calculations for the coupled geochemical cycles of P and 
organic carbon (Van Cappellen and Ingall, 1994), a positive feedback between enhanced 
phosphorus regeneration and higher primary productivity can only be effective on time scales 
equal or larger than the oceanic residence time of phosphate. On shorter time scales, the 
response of primary productivity to changes in P cycling may deviate significantly from the 
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predicted steady state situation (Van Cappellen and /ngall., 1994). Estimates for the oceanic 
residence time of phosphate vary between 16 and 80 kyr (Froelich et al., 1982; Ruttenberg, 
1993; Van Cappellen and /ngall., /994). Consequently, it is not evident whether the positive 
feedback is operative on precessional or sub-Milankovitch scale variations in 
paleoproductivity in the Arabian Sea. For example, in the present-day situation all 
regenerated phosphate released from deep basin sediments is taken up in the Antarctic bottom 
waters and is transported out of the Arabian Sea. Changes in P burial in the deep pelagic 
environment will thus not directly influence primary productivity in the basin itself. On the 
Oman and Somalian margins, however, upwelling waters originating from intermediate water 
depths provide a possible way to transfer phosphate more rapidly to the photic zone. The 
generally higher PBEs during the glacial period indicate less efficient P cycling and lower 
seawater phosphate concentrations. This is consistent with CdlCa and ol3C data from the 
Arabian Sea, indicating more nutrient-depleted conditions during the last glacial maximum 
(Boyle et ai., 1995), and is in accordance with the overall lower paleoproductivity rates 
compared to the interglacial periods (Emeis et al., 1995). During the Late Quaternary, (sub-) 
Milankovitch variations in paleoproductivity in the Arabian Sea may thus partly have been 
regulated by changes in P burial. 

Conclusions 

The average solid-phase P speciation in continental slope and deep marine sediments of the 
Arabian Sea is very similar. Authigenic and biogenic apatite (fish debris) make up the bulk 
of the P inventory (ca. 70 %), whereas P associated with iron oxides, organic P, detrital 
apatite constitute only minor fractions. The concentrations of all sedimentary P species 
generally do not increase during periods of high paleoproductivity, with the exception of 
organic P and, for continental slope sediments, the P fraction associated with fish debris. 

The phosphorus burial efficiency (PBE) decreases during periods of increased 
paleoproductivity in deep marine and, though less pronounced, in continental slope sediments 
of the Arabian Sea. Postdepositional P redistribution has not significantly altered the 
downcore distribution of solid-phase P. Lower PBEs during periods of higher 
paleoproductivity are therefore explained by a) the partial decoupling of the P export flux, 
consisting primarily of particulate organic P, and the P burial flux, consisting primarily of 
biogenic and authigenic apatite, and b) the lack of higher rates of phosphogenesis during 
periods of increased reactive P deposition. Fluctuations in bottom water oxygen content may 
have affected P burial on the continental slope sediments of the Arabian Sea, but the precise 
impact on the PBE remains unclear. The results of this study indicate that a higher oceanic 
primary productivity induces more efficient P cycling in the oceans. On time scales exceeding 
the oceanic P residence time, this process may stimulate higher surface water productivity 
(assuming that P is the bio-limiting nutrient in the oceans), thus creating a positive feedback 
loop. In the Arabian Sea, such a feedback mechanism may also be active on sub-Milankovitch 
time scales as P regenerated on the continental slopes of the Oman and Somalian coastal 
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upwelling areas is transported to the photic zone relatively fast. 
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List of abbreviations and chemical formulae 

Chemical formulae 

P	 phosphorus 
Mn	 manganese 
Fe iron 
C carbon 
N	 nitrogen 
S	 sulphur 
Ca	 calcium 
Mg	 magnesium 
Sr	 strontium 
Al	 aluminum 
Ba	 barium 
Ti	 titanium 
Zr	 zirconium 
V	 vanadium 
Mo	 molybdenum 
Cd	 cadmium 
F	 fluor 
PO/'	 phosphate 
NH

4
+	 ammonium 

F	 fluoride 
NH4CI	 ammonium chloride 
HCI	 hydrochloric acid 
HF	 hydrofluric acid 
HN03 nitric acid 
CaC03 calcium carbonate 

chemical fractions 

Corg	 organic carbon 
P associated with biogenic apatite Pfish 

PF,	 P adsorbed to iron oxides 
P associated with carbonate fluorapatite PCFA 

P associated with detrital apatite Pdet 

organic phosphorus Porg 

Plot	 total solid-phase phosphorus 
reactive phosphorus (here defined as the sum of Pfish , PCFA> and Porg.Preac	 PFe, 

Spyr sulphur associated with pyrite 

Stot total solid-phase sulphur 
iron associated with pyrite Fepyr 

Ferenc	 reactive Fe (i.e. reactive iron oxides). 
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other 

BWO 
OMZ 
MAR 
PAR 
LSR 
dbd 
q> 
CFA 
CDB 
BC 
PC 
TC 
PBE 
DOP 
PPI 
lAP 
NIOP 
ACD 
ITCZ 
AMS 
ICP-AES 

bottom water oxygen 
oxygen minimum zone 
mass accumulation rate 
phosphorus accumulation rate 
linear sedimentation rate 
dry bulk density 
porosity 
carbonate fluorapatite 
citrate dithionite buffer 
boxcore 
pistoncore 
tripcore 
(reactive) phosphorus burial efficiency 
degree of pyritization 
pteropod preservation index 
ion activity product 
Netherlands Indian Ocean Programme 
aragonite compensation depth 
inter tropical convergence zone 
accelerator mass spectrometry 
inductively coupled plasma atomic emission spectrometer 
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Samenvatting
 

Sinds lange tijd staat de Arabische Zee bekend om zijn rijkdom aan marien leven. De 
Grieken in de legers van Alexander de Grote, de ons eerst bekende Europeanen die in de 
vierde eeuw voor Christus de Arabische Zee bezeilden, merkten al de grote overvloed aan 
zeeleven op in vergelijking met de Middellandse Zee. Ze namen waar hoe met name 
tijdens de periode van de zonnewende "gierende wervelwinden, stortbuien en zware 
stormen, die van de bergruggen omlaag jagen, de zee van haar bodem omkeren en haar 
monsters uit de diepte in grote aantallen omhoogwentelen" (Plinius Maior, Naturalis 
Historia). Oit was waarschijnlijk de eerste keer, dat de hoge productiviteit van zeeleven in 
verband werd gebracht met de periode van moessonregens. Al eeuwen profiteert de lokale 
visserij van de grote scholen tonijn. Pas sinds de laatste eeuw wordt de Arabische Zee 
commercieel geexploiteerd. De totale visvangst in de westelijke Indische Oceaan is 
toegenomen van - 0,5 miljoen ton in 1950 tot bijna 3,7 miljoen ton in 1997, waardoor 
deze visgronden zeer belangrijk zijn geworden voor de mondiale visvangst. 

De overvloed aan leven in de Arabische Zee wordt veroorzaakt door het opwellen 
van nutrientrijk water voor de kust van Oman en Somalie. Het is nog niet precies bekend 
welk nutrient de primaire productie in de oceanen limiteert. Recentelijk is ontdekt dat de 
bio-beschikbaarheid van opgelost ijzer de groei van fytoplankton in enke1e open-oceaan 
milieus bepaalt. Nitraat is het limiterende nutrient in de meeste kustwateren, wat 
veroorzaakt wordt door de lage toevoer van nitraat door rivieren en het verlies door 
denitrificatie in de waterkolom en in het sediment. Fosfor (P) heeft, in tegenstelling tot 
stikstof, geen belangrijke gasfasen. De massabalans van P in de oceanen wordt daarom 
bepaald door enerzijds de aanvoer vanuit fluviatiele en eolische bronnen, en anderzijds 
door de vastlegging in sedimenten. Fosfor is een structurele en functionele component van 
alle organismen en speelt een centrale rol in de opslag, het transport en het gebruik van 
energie. Deze eigenschappen maken fosfor een essentieel nutrient voor de biosfeer. Op 
geologische tijdschalen wordt de beschikbaarheid van fosfor beschouwd als de 
voornaamste factor die de primaire productiviteit in oceanen controleert, omdat tekorten 
aan stikstof worden aangevuld door stikstofopname uit de atmosfeer. De productiviteit in 
de zee bepaalt de accumulatie van organisch koolstof en controleert daarmee de CO2- en 
02-concentraties in de atmosfeer. De bio-beschikbaarheid van fosfor in de oceanen kan 
potentieel een belangrijke rol spelen in klimaatsveranderingen. Bovendien verschaft 
gedetailleerde kennis van de fosforcyclus in de oceanen een beter inzicht in de 
biochemische cycli van koolstof, stikstof, zwavel en andere elementen met een affiniteit 
voor organische fasen. 

In dit proefschrift worden de fosfor- en mangaancycli in de Arabische Zee tijdens 
het Laat Kwartair bestudeerd, waarbij gebruik wordt gemaakt van de sedimentkernen die 
zijn verzameld in 1992 tijdens het Nederlandse Indische Oceaan Programma (NIOP). Het 
eerste deel heeft betrekking op de reconstructie van veranderingen in paleoproductiviteit 
en intensiteit van de zUUfstofminimumzone. Speciale aandacht wordt besteed aan 
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mangaan- en zwavel-accumulatiepatronen om veranderingen in de redoxcondities van het 
bodemwater te bepalen. In het tweede deel van dit proefschrift wordt de fosforcyclus in de 
sedimenten van de Arabische Zee onderzocht. Poriewaterfluxen en gegevens over de 
vaste fase worden gecombineerd om de diagenetische processen te bepalen die de 
benthische regeneratie en vastlegging van P in sedimenten controleren. De zeer 
verschillende rnilieucondities van de Arabische Zee in het verleden en heden bieden een 
uitstekende mogelijkheid om de mechanismen vast te stellen die de onttrekking van P uit 
de oceanen bepalen en om de potentiele rol vast te stellen die de P-cyclus speelt in de 
veranderingen van de paleoproductiviteit op geologische tijdschalen. 

Klimaat en hydrografie van de Arabische Zee 

De Arabische Zee is een half-afgesloten bekken in de noordwestelijke Indische Oceaan. 
Ret klimaat en de hydrografie worden sterk belnvloed door het moesson-windsysteem. 
Tijdens de zomer op het noordelijke halfrond leidt het verschil in opwarming tussen het 
continent en de oceaan tot een intensief lagedrukgebied boven het Himalaya-gebergte en 
het Tibettaans plateau. Ret grote luchtdrukverschil tussen Azie en de zuidelijke Indische 
Oceaan veroorzaakt een sterke zuidwestenwind boven de Arabische Zee (de ZW 
moesson). Deze winden, die zijn gebundeld in een nauwe straalstroom parallel aan de kust 
van Oman, Jemen en Somalie (de Findlater Jet), resulteren in transport van 
oppervlaktewater in een aflandige richting. Hierdoor worden diepere nutrientrijke 
watermassa's naar de oceaanoppervlakte gebracht, waardoor de biologische productiviteit 
in de gehele Arabische Zee wordt verhoogd. Tijdens de ZW moesson varieert de primaire 
productiviteit van 2.5 gC m-2d-l voor het kustgebied van Oman tot 0.5 gC m-2 dol in het 
meer oligotrofe centrale Arabische Bekken. Tijdens de winter op het noordelijk halfrond 
is de situatie omgekeerd. Roge luchtdruk boven het Aziatisch continent veroorzaakt 
noordoostelijke passaatwinden, die over het algemeen zwakker zijn dan de ZW moesson. 
Deze winden resulteren in watertransport richting de kust van het Arabisch Schiereiland, 
die het opwellen van dieper water, en daarmee de biologische productie, vennindert. 
Schattingen van de jaarlijkse primaire productiviteit in de noordelijke Arabische Zee 
varieren tussen de 200 en 400 gC m-2fl. Dit maakt de Arabische Zee een van de meest 
productieve gebieden van de wereld. 

Een belangrijk kenmerk van de Arabische Zee is de intensieve zUUfstof­
minimuillZone (ZMZ) die zich op een waterdiepte van 200 tot 1500 m bevindt. 
Zuurstofconcentraties in de ZMZ zijn het laagst in het noordoostelijk deel van de 
Arabische Zee « 4.5 lAM). Deze lage zuurstofconcentraties worden veroorzaakt door de 
combinatie van a) een hoge zuurstofconsumptie als gevolg van hoge 
rnineralisatiesnelheden van het organisch materiaal, b) een sterke thermostratificatie van 
de bovenste 200 m van de waterkolom, c) een trage diepwaterventilatie, en d) het relatief 
lage zuurstofgehalte in de brongebieden (Indische Oceaan Centraal Water, Perzische Golf 
Water, Rode Zee Water) waar het water van de ZMZ wordt gegenereerd. De hoge 
biologische productiviteit en het zuurstofarme water van de ZMZ drukken hun stempel op 
de sedimenten van de Arabische Zee. Op de plaatsen waar de ZMZ de continentale 
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helling raakt, worden de sedimenten gekenmerkt door een hoog gehalte aan organisch­
materiaal en een fijne laminatie. In het diepere deel van het Arabische Bekken, waar het 
bodemwater rijker is aan zuurstof, zijn deze gehaltes over het algemeen een stuk lager. 

Het unieke karakter van de Arabische Zee maakt dit gebied tot een belangrijk 
onderzoeksterrein voor verscheidene studies, betreffende de processen die het door de 
wind aangedreven opwellen veroorzaken, de invloed van het opwellen op de 
koolstofdioxideconcentratie in de atmosfeer, paleo-klimaatreconstructies, en de oorzaak 
van verhoogde accumulatie van organisch materiaal onder zuurstofarme bodemwater­
condities. 

Sequentiele extractietechnieken 

De toepassing van sequentieIe extractietechnieken vormt een belangrijk onderdeel van dit 
proefschrift. Sequentiele extracties worden gebruikt om de sedimentaire cyclus van 
verschillende elementen zoals S, N, P, Ca, Mg, Sr, Ba, Mn en Fe te bestuderen. Deze 
techniek is gebaseerd op het principe dat de verschillende vaste-fase-fracties van een 
bepaald element een ongelijk oplossingsgedrag vertonen ten opzichte van een reeks van 
reagentia. Sedimentmonsters worden achtereenvolgens geschud met een reeks oplos­
middelen om de verschillende fracties te extraheren, waarbij de meest reactieve fasen het 
eerst oplossen. 

De speciatie van mangaan in de vaste fase is zeer gevoelig voor de redoxcondities 
in de waterkolom en het sediment. In Hoofdstuk 2 wordt een extractieschema 
gepresenteerd om de drie be1angrijkste Mn-fracties in mariene sedimenten te 
onderscheiden, namelijk 1) Mn-carbonaten, 2) Mn-oxiden en 3) een residufractie 
bestaande uit mangaan geassocieerd met aluminiumsilicaten en pyriet. Toepassing van dit 
extractieschema maakt het mogelijk om de paleo-redoxcondities vast te stellen en de aard 
van sedimentaire Mn-verrijkingen. 

Ais gevolg van de lage P-concentraties in mariene sedimenten zijn sequentiele 
extractietechnieken de enige beschikbare methoden om gedetailleerde informatie te 
verkrijgen over de samenstelling van P in sedimenten. Tijdens het laatste decennium is 
een sequentieel extractieschema ontwikkeld (de SEDEX-methode) dat een onderscheid 
kan maken tussen 1) makkelijk uitwisselbare P, 2) P geadsorbeerd aan ijzeroxiden, 
3) authigeen apatiet, 4) detritisch apatiet, en 5) organisch P. Deze sequentiele 
extractiemethode is succesvol toegepast in verschillende pelagische milieus. In 
Hoofdstuk 5 is de SEDEX-methode aangepast om, voor de eerste keer, een onderscheid 
te kunnen maken tussen P geassocieerd met biogeen apatiet (visresten) en authigeen 
apatiet. Tot op heden was het met de hand uitzoeken van visresten, wat een zeer 
tijdrovende bezigheid is, de enige beschikbare methode om hun aanwezigheid te 
kwantificeren. Toepassing van dit aangepaste extractieschema heeft drie voordelen. Ten 
eerste maakt het de evaluatie mogelijk van de accumulatie van visresten in de mariene 
fosforcyclus, ten tweede is het nu mogelijk om de accumulatiegeschiedenis van visresten 
in sedimenten te reconstrueren en ten derde verbetert de toepassing van dit 
extractieschema de bepaling van authigeen-apatietvorming in mariene sedimenten. 
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ZMZ variabiliteit in de Arabische Zee 

Het moesson-klimaatsysteem van de noordelijke Indische Oceaan heeft grote 
veranderingen ondergaan tijdens het Laat Kwartair. De intensiteit van de moesson wordt 
primair gecontroleerd door precessiegedreven veranderingen in de zomerinsolatie. Studies 
aan sedimentkernen laten zien dat de paleoproductiviteit variaties vertoont met een 
cycliciteit van 23.000 jaar. Bovendien wordt de intensiteit van de zomermoesson 
beinvloed door glaciale/interglaciale klimaatsveranderingen. In de Arabische Zee worden 
de glaciale perioden gekarakteriseerd door relatief hogere sedimentatiesnelheden en een 
hogere primaire productie in vergelijking met interglaciale perioden. Ais gevolg van 
verschillen in de depositie van organisch materiaal en het convectief mengen in de 
waterkolom hebben de intensiteit en de verticale extensie van de ZMZ tijdens het Laat 
Kwartair sterke variaties ondergaan. 

Mangaan is een belangrijk element voor de reconstructie van variaties in de 
zuurstofconditie van het bodemwater in het verleden. In Hoofdstuk 2 worden Mn 
accumulatie patronen onderzocht in Arabische-Zee-sedimenten die zijn afgezet tijdens het 
Laat Kwartair, om zodoende de variabiliteit van de ZMZ te reconstrueren. De 
aanwezigheid van Mn-carbonaten in de sedimenten van het diepe Arabische Bekken toont 
aan dat het bodemwater gedurende minstens 185.000 jaar zuurstofhoudend is geweest. Op 
bepaalde sedimentdieptes bevinden zich in het onderste deel van de organisch-rijke lagen 
verrijkingen van Mn. De timing van de Mn-pieken komt overeen met de perioden van 
verhoogde reactief-Mn-fluxen naar het diepe bekken. Een verticale extensie van de ZMZ 
resulteerde in versterkte remobilisatie van reactief Mn in de sedimenten van het 
continentale plat naar de waterkolom en het daarop volgende transport naar het diepere, 
meer zuurstofrijke milieu. 

Gedurende de laatste 20 jaar hebben klimaatstudies betreffende de moesson in de 
Indische Oceaan zich toegespitst op het opwellinggebied van Oman en Jemen. In 
Hoofdstuk 3 wordt de sub-Milankovitch variabiliteit van de moessonintensiteit 
bestudeerd in het kustgebied van Oman. Geochemische en micropaleontologische 
accumulatiepatronen laten hoogfrequente veranderingen zien in de mariene productiviteit 
veroorzaakt door veranderingen in de intensiteit van het door de moesson ge"induceerde 
opwellen van dieper water. De intensiteit van de ZMZ varieerde synchroon met de sterkte 
van de zomermoesson, waarbij de ZMZ het minst intensief is tijdens perioden van 
minimale zomermoessonintensiteit. Het zuurstofarme water van de ZMZ veroorzaakt de 
reductie van ijzeroxiden in de waterkolom en/of het sediment-water-grensvlak' All' 
gevolg hiervan wordt pyrietvorrning in de continentale-plat-sedimenten van Oman 
gelimiteerd door de beschikbaarheid van reactief ijzer. De veranderingen van de 
zomermoesson kunnen goed gecorreleerd worden met synchrone veranderingen in het 
noordelijkste deel van de Arabische Zee. Bovendien bevestigen deze gegevens eerdere 
studies die een connectie suggereren tussen klimaatsveranderingen op hoge en lage 
breedtegraad. 
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De sedimentaire P-cyclus in de Arabische Zee 

Fosfor wordt uit de oceanen verwijderd door middel van accumulatie in sedimenten. 
Fosfor dat wordt vastgelegd in het sediment bestaat uit een reactieve en niet-reactieve 
component. AIleen reactief P kan opnieuw worden gemobiliseerd en weer beschikbaar 
komen voor opname in de biosfeer. Accumulatie van reactief fosfor vindt plaats door de 
sedimentatie van 1) organisch materiaal, 2) ijzeroxiden, die een hoge adsorptiecapaciteit 
hebben voar fosfaat, en 3) visresten (biogeen apatiet). De niet-reactieve fosforfractie in 
het sediment, die voomamelijk bestaat uit detritisch apatiet, vertegenwoordigt meestal 
slechts een klein deel van de totale accumulerende P-flux. De hoeveelheid en vorm 
waarmee P wordt vastgelegd in het sediment wordt sterk beYnvloed door vroeg­
diagenetische processen. De afbraak van organisch materiaal, de reductie van ijzeroxiden 
en het oplossen van visresten resulteert in het vrijkomen van fosfaat in het poriewater. Dit 
opgelost fosfaat zal of omhoog diffunderen naar de water kolom, of neerslaan als een 
carbonaatfluorapatiet-mineraal (fosfogenese). De vorming van authigeen apatiet in 
sedimenten is geYdentificeerd als een potentieel belangrijke manier om reactief fosfor uit 
de oceanen te verwijderen. Met name sedimenten gelegen onder opweIlingsgebieden 
worden dikwijls gekenmerkt door hoge concentraties van authigeen fosfor (zogenaamde 
fosforietafzettingen) . 

Voor een beter inzicht in de P-kringloop binnen de oceanen is het belangrijk om 
de omvang en de milieucondities te bepalen waarbij fosfogenese plaatsvindt. In 
Hoofdstuk 4 worden fosfogenese en fosforietvorming onderzocht in de 
oppervlaktesedimenten van de Arabische Zee die zich thans in de zuurstofminimuffiZone 
bevinden. Poriewaterprofielen en een toename met de sedimentdiepte van de concentratie 
van een Ca-fosfaat-mineraal tonen aan dat fosfogenese op dit moment plaatsvindt in deze 
sedimenten. Resultaten van een diagenetisch model laten zien dat fosfogenese in de 
sedimenten voor de kust van Pakistan wordt veroorzaakt door een hoge afbraak van 
organisch materiaal en, waarschijnlijk, het oplossen van visresten. Vroeg-diagenetische 
reductie van ijzeroxiden heeft echter weinig invloed op de P-cyclus in deze sedimenten. 
Verder laten de modelresultaten zien dat dysoxische bodemwatercondities meer effectief 
zijn in het bevorderen van fosfogenese dan milieus met voIledig zuurstofloze bodem 
waters. In een boxcore genomen vlak voor de kust van Oman werd de hoogste 
vormingssnelheid van aUthigeen apatiet waargenomen, hetgeen bijdraagt tot de vorming 
van een fosforiet afzetting. Dit is de eerste keer, dat de recente vorming van een 
fosforietafzetting is vastgesteld voor dit opwellingsgebied. Fosforietvorming vindt op dit 
moment plaats voor de kust van Oman als gevolg van a) de depositie van oud, herbewerkt 
materiaal van het continentale plat, dat een eerdere fase van fosfogenese heeft ondergaan, 
b) de hoge aanvoer van reactief P tijdens het Holoceen (visresten en afbreekbaar 
arganisch materiaal), c) een relatief lage sedimentatiesnelheid en d) de afwezigheid van 
sterke waterstromingen op de zeebodem. 

Over het algemeen wordt verondersteld dat de accumulatie van visresten in 
sedimenten een onbelangrijke rol speelt in de mariene P-kringloop. In de Hoofdstukken 
5, 6, en 7 worden de begraving en regeneratie bestudeerd van P geassocieerd met 
visresten (P vis) in de sedimenten van de Arabischc Zee. In rccente oppervlaktesedimenten 
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is de accumulatie van visresten significant hoger boven 1200 m waterdiepte in 
vergelijk.ing met diepere sedimenten (Hoofdstuk 5). De verdeling van over dePvis 
oppervlaktesedimenten wordt voomamelijk bepaald door de mate waarin visresten 
oplossen, wat is gerelateerd aan verschillen in waterdiepte en sedimentatiesnelheden. 
Bovendien kunnen de lage zuurstofconcentraties van het bodemwater een grotere 
preservatie van visresten hebben veroorzaakt. In Hoofdstuk 6 wordt de vaste-fase­
speciatie van P en de benthische fosfaatfluxen in recente Arabische-Zee-sedimenten 
besproken. Benthische P-fluxen zijn het hoogst in sedimenten op de continentale helling 
die zich thans in de ZMZ bevinden. Afbraak van organisch materiaal en fosfaatdesorptie 
van ijzeroxiden produceren niet voldoende fosfaat om deze hoge benthische fluxen te 
kunnen verklaren. De potentieel hoge accumulatie van visresten in de Arabische Zee en 
een goede correlatie tussen benthische fosfaatfluxen en Pvis-accumulatiesnelheden wijzen 
erop, dat de benthische fosfaatfluxen in deze sedimenten voomamelijk worden bepaald 
door oplossing van visresten tijdens de vroege diagenese. 

De geschiedenis van de accumulatie van visresten tijdens het Laat Kwartair is 
onderzocht in sedimentkernen van het Pakistaanse continentale plat en van het diepe 
Arabische Bekken (Hoofdstuk 7). De gemiddelde vaste-fase-speciatie van P in deze twee 
verschillende milieus vertoont veel overeenkomsten: fosfor geassocieerd met visresten en 
P geassocieerd met authigeen apatiet vormen elk ongeveer 30% van de totale P­
concentratie, terwijl P geassocieerd met ijzeroxiden, organisch P en detritisch apatiet 
slechts kleine fracties vormen. Variaties in de totale P-concentraties van de vaste fase zijn 
primair gerelateerd aan veranderingen in de bijdrage van de Pvis-fractie (Hoofdstuk 5). Op 
de continentale helling komen veranderingen in de Pvis-concentratie overeen met 
fluctuaties in de paleoproductiviteit. In deze mariene milieus is de Pvis-concentratie (en 
dus P in de vaste fase) een betere indicator voor paleoproductiviteit dan bijvoorbeeld 
organisch koolstof of bariet. In sedimenten van het diepe bekken, daarentegen, zijn 
fosforgehalten minder geschikt als indicator voor de paleoproductiviteit vanwege de 
hogere regeneratie van visresten. 

Het afgelopen decennium is er een aanmerkelijke belangstelling geweest voor de 
omgevingsfactoren die de begravingsefficientie van P in de oceanen reguleren. Ingall en 
Jahnke (1994) hebben aangetoond dat de benthische regeneratie van reactief fosfor 
extensiever is in sedimenten die zich onder zuurstofarm bodemwater bevinden, wat 
resulteert in een lagere P-begravingsefficientie. Een verhoogde afgifte van fosfaat uit het 
sediment gedurende lange perioden van bodemwateranoxia (d.w.z. voor perioden langer 
dan de verblijftijd van fosfaat in de oceanen), zal op den duur leiden tot een hogere 
toevoer van fosfaat naar de fotische zone, wat nieuwe primaire productiviteit zal 
bevorderen (aannemende dat P het biolimiterende nutrient is). Deze positieve 
terugkoppeling tussen zuurstofloosheid van de waterkolom, benthische fosfaatregeneratie 
en primaire productiviteit in de oceanen kan de dikwijls waargenomen aanwezigheid van 
organisch-rijke sedimenten onder zuurstofloos bodemwater verklaren. In de 
Hoofdstukken 6 en 7 zijn de milieucondities onderzocht die P-accumulatie bepalen in de 
Arabische Zee. De scherpe afname van de accumulatie van reactief P in 
oppervlaktesedimenten met toenemende waterdiepte, in combinatie met constante 
primaire-productie-snelheden in de hele Arabische Zee, toont aan dat de P-begraving 
efficienter is in sedimenten gelegen binnen de ZMZ dan in sedimenten van het diepe 
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bekken (Hoofdstuk 6). Bijgevolg is in de Arabische-Zee-sedimenten geen direct bewijs 
gevonden voor efficientere P-begraving in zuurstofrijke ten opzichte van zuurstofarme 
bodemwatercondities. De effectiviteit van P-begraving wordt primair bepaald door de 
verschillen in P-regeneratie in de waterkolom en op het sediment-water-grensvlak. 

In Hoofdstuk 7 wordt de invloed besproken die veranderingen in paleo­
productiviteit en redoxcondities van het bodemwater hebben gehad op de 
begravingsefficientie van fosfor tijdens het Laat Kwartair. De efficientie van 
fosforaccumulatie is over het algemeen lager tijdens perioden van hogere mariene 
productiviteit. Dit kan worden verklaard door a) de gedeeltelijke ontkoppeling van de P­
exportflux, die voornamelijk bestaat uit organisch P, en de P-accumulatieflux, die 
voornamelijk bestaat uit biogeen en authigeen apatiet en b) de relatief lagere snelheden 
van de vorming van authigeen apatiet tijdens perioden van hogere P-depositie. Hogere 
primaire productiviteit leidt tot een efficientere P-kringloop in de oceanen. Op 
geologische tijdschalen kan dit proces een hogere productiviteit stimuleren (aannemende 
dat de beschikbaarheid van P de productiviteit in de oceanen bepaalt) en op deze manier 
dus een positieve terugkoppeling creeren. In de Arabische Zee kan deze terugkoppeling 
ook actief zijn op sub-Milankovitch tijdschalen, omdat P dat vrijkomt uit de sedimenten 
op de continentale helling van de Oman en Somalische kust relatief snel naar de fotische 
zone wordt getransporteerd. 
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