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Preface 

This study was accomplished with financial support from the Deutsche 

Forschungsgemeinschaft (DFG). The work presented in this thesis was written in the 

frame of the European Graduate College: Proxies in Earth History (EUROPROX) at 

the University of Bremen. The subproject Phosphorus Cycle and Phosphorite 

Formation in Marine Sediments of High Productivity Areas that resulted in this thesis 

is dedicated to identify different sedimentary phosphorus reservoirs and indication for 

diagenetic impacts in surface sediments in various marine settings. This work is 

submitted as a dissertation and has been proposed and supervised by PD Dr. 

Matthias Zabel (MARUM – Center for Marine Environmental Sciences, University of 

Bremen, Germany) and by the project partner Prof. Dr. Gert J. De Lange 

(Department of Earth Sciences - Geochemistry, Faculty of Geosciences, University of 

Utrecht, The Netherlands). The work was mostly conducted in the working group 

Geochemistry and Hydrogeology headed by Prof. Horst D. Schulz (retired since 

October 2007) at the Department of Geosciences, University of Bremen. 

The presented work consists of a summary describing the discussed topics 

(Abstract), a detailed introduction into the subject of phosphorus cycling in the marine 

realm and the outline of the thesis (Chapter 1). Three case studies in form of 

manuscripts (Chapter 2-4) and two abstracts (Chapter 5) are included. Concluding 

remarks and a brief outlook complete the scientific work, including a summary of the 

main results, remaining open questions are addressed and perspectives for future 

research on phosphorus cycling are proposed (Chapter 6). Finally, the kind support 

by many persons is acknowledged. Appendices for Chapter 2-4 are given at the end 

of the thesis.  
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Abstract 

Marine biogeochemical cycling of the highly dynamic key nutrients carbon, ni-

trogen and phosphorus starts with continuous production of organic substances and 

remineralization in the oceanic water column. Phosphorus is an essential nutrient 

required by all living organisms and is suspected to control marine primary produc-

tion. The settling from surface waters to the sea floor is an important pathway in 

transporting phosphorus-binding forms to the sediment. The distribution of such 

components in marine sediments is therefore strongly coupled to processes in the 

overlying oceanic waters. Through burial in sediments bioessential phosphorus is 

removed from the oceanic nutrient pool. Hence it is important to determine the ability 

of sediments to regenerate and/or retain bioavailable phosphate.  

In the presented work the interactions and controls on sedimentary phospho-

rus forms towards different geochemical boundary conditions are shown. The major 

objective is a better understanding and quantification of processes that control the 

benthic phosphorus cycle in selected continental margin surface sediments.  

The sequential extraction of sedimentary solid-phase phosphorus yielded res-

ervoir profiles of phosphorus at three sites of the Namibian continental slope. Based 

on these results generally organic and biogenic substances are the major carriers for 

phosphate to the sediments. Another very reactive and dominant phase is phospho-

rus associated with iron (oxyhydr)oxides, which is related to redox-dependent pore 

water-solid phase exchange. This observation indicates a strong connection between 

phosphate and the ongoing benthic iron cycle. Linked to that, for a correct under-

standing of these dynamic geochemical processes, a quantification of phosphate 

transfer rates in the investigated sediments is necessary.  

By applying Fick’s First Law of diffusion and a diagenetic model assuming 

steady state conditions phosphate production and removal rates can be calculated. 

In particular, the release rate of phosphate from reductive dissolution of iron (oxy-

hydr)oxides do not correlate with the available amount of iron-bound phosphorus 

phases. The contradiction stated for the balances between sediment composition 

and transfer rates give indication for considering the process of non-local transport in 

this setting. Such additional transport process refills the iron (oxyhydr)oxide reservoir 

with material from above that results in preferential phosphate release into the pore 

water as reflected in concentration profiles. 
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Sediments from the Senegal continental slope show very similar geochemical 

patterns. Geochemical analyses of three surface sediments document a close rela-

tionship between the benthic cycles of phosphorus and iron. Although microbial me-

diated organic matter degradation contribute to the pore water phosphate pool, most 

of the dissolved phosphate must have been liberated from reductive dissolution of 

iron (oxyhydr)oxides.  

Assuming steady state conditions, simple budget calculations indicate that re-

lease and transformation rates of phosphate associated to iron phases are not di-

rectly represented in the detected solid-phase concentration profiles. Based on pore 

water gradients, release rates of ferrous iron during reductive dissolution are much 

higher than expected from the available amount of iron (oxyhydr)oxides. Besides, in 

the surface layer above the area of reductive dissolution, re-oxidation of ferrous iron 

along with subsequent re-adsorption of phosphate do not match the content as de-

tected from extraction results. Only by downward transport of phosphorus associated 

to iron (oxyhydr)oxides, most likely due to bioturbative replacements, diffusive fluxes 

are maintained in this system. 

Recording very different environmental conditions for geochemical cycling of 

phosphorus, surface sediments investigated are derived from cores drilled at sites off 

Senegal, Peru and Chile. The combination of geochemical parameters offers an ideal 

opportunity to identify depth distributions of phosphorus containing forms in highly 

productive shelf areas.  

In the open shelf mudbelt sediment off Senegal physical processes in the shal-

low water column affect accumulation of phosphorus phases derived from river dis-

charge and organic matter production. Thus, phosphorus bound to iron (oxy-

hydr)oxides contributes considerably to the sedimentary phosphorus reservoir. In 

relation to the distribution of major dissolved redox species, reductive iron (oxy-

hydr)oxide dissolution is the major source for pore water phosphate. In addition, 

bioavailable phosphate is efficiently retained in the sediment in form of biogenic, pre-

cursor apatite forms.  

In the open shelf setting off Peru a strong connection exists between primary 

production and the present deposition of biogenic and organic phosphorus fractions. 

As the geochemical analyses reveal, bottom waters are anoxic which directly controls 

phosphorus recycling close to the sediment surface. Consequently, in such an oxy-

gen-depleted sediment re-oxidation of ferrous iron is not quantitative. Thus, a return 
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flux of dissolved phosphate to the overlying waters is promoted, which is probably 

one of the factors sustaining high productivity in this setting.  

In contrast to both open shelf settings, the Chilean site is located in a semi-

enclosed shallow embayment. Here, phosphorus cycling in the surface sediment is 

complex due to seasonal changes in bottom water chemistry. The geochemical ob-

servation most probably documents a temporary situation where conditions are in the 

transition between a complete anoxic to a more oxic redox state.  

This study reveals that the investigation of sedimentary phosphorus and iron 

reservoirs in comparison to the pore water geochemistry has a potential that takes 

step toward a better understanding of site-specific sedimentary phosphorus budgets 

(sinks versus sources). From the examples discussed in this study it can be con-

cluded that in particular the budget of phosphorus associated with iron oxide phases 

is by far not balanced under the assumption of simple release and transfer proc-

esses. In this context the major question is addressed to a potentially active addi-

tional transport process, which is emphasized as the most important in understanding 

the coupling of the benthic phosphorus and iron cycle.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x  Kurzfassung   

Kurzfassung 

In der ozeanischen Wassersäule werden die marinen biogeochemischen 

Kreisläufe der hoch dynamischen Hauptnährstoffe Kohlenstoff, Nitrat und Phosphor 

durch die ständige Produktion und Zersetzung fester und gelöster organischer Sub-

stanz stimuliert. Phosphor ist ein essentieller Nährstoff, der von allen lebenden Or-

ganismen benötigt wird und daher vermutlich auch einen wesentlichen Steuerungs-

faktor der marinen Primärproduktion darstellt. Phosphorbindende Formen gelangen 

hauptsächlich durch Absinken aus dem Oberflächenwasser zum Meeresboden. Die 

Verteilung dieser Elemente in marinen Sedimenten hängt deshalb stark von den Pro-

zessen ab, die in den darüber liegenden ozeanischen Gewässern stattfinden. Durch 

Einbettung von bioessentiellem Phosphor ins Sediment wird es dem ozeanischen 

Nährstoffpool entzogen. Die Bestimmung der Fähigkeit von Sedimenten, bioverfüg-

baren Phosphor freizusetzen und/oder festzulegen, ist daher von großer Bedeutung. 

In der vorliegenden Arbeit werden die Wechselbeziehungen und Steuerung 

sedimentärer Phosphor-Formen gegenüber unterschiedlichen geochemischen Rand-

bedingungen dargestellt. Das Ziel ist es Prozesse, die den benthischen Phosphor-

kreislauf in Oberflächensedimenten ausgewählter Kontinentalränder beeinflussen, 

besser zu verstehen und zu quantifizieren. 

Durch sequentielle Extraktion des mit der sedimentären Festphase verbunde-

nen Phosphors konnten an drei Standorten des Kontinentalhangs vor Namibia Phos-

phorreservoirs erstellt werden. Auf diesen Ergebnissen basierend sind prinzipiell or-

ganische und biogene Substanzen der Hauptlieferant für Phosphat zum Sediment. 

Eine weitere reaktive und dominante Phase ist an Eisen(oxyhydr)oxiden gebundener 

Phosphor, was mit redox-abhängigem Porenwasser- und Festphasenaustausch zu-

sammenhängt. Diese Beobachtung weist auf eine enge Verbindung zwischen Phos-

phat und dem stattfindenden benthischen Eisenkreislauf hin. Damit verbunden ist für 

ein genaues Verständnis der dynamischen geochemischen Prozesse eine Quantifi-

zierung der Phosphattransferraten in den untersuchten Sedimenten sinnvoll.  

Durch die Anwendung des 1. Fick’schen Diffusionsgesetzes und eines diage-

netischen Modells unter der Annahme stationärer Bedingungen können die Produkti-

on von Phosphat und die Umsatz- bzw. Abnahmeraten berechnet werden. Insbeson-

dere stimmt die Freisetzungsrate von Phosphat aus reduktiver Lösung von Ei-

sen(oxyhydr)oxiden nicht mit dem zur Verfügung stehenden Gehalt an Eisen-
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Phosphatphasen überein. Da ein Widerspruch in der Bilanzierung zwischen der Se-

dimentzusammensetzung und den berechneten Umsatzraten besteht, weist dies auf 

die Berücksichtigung eines nicht-lokalen Transports hin. Solch ein zusätzlicher 

Transportprozess füllt das Eisen(oxyhydr)oxid-Reservoir mit Material aus den oberen 

Sedimentschichten auf, so dass, wie es die Konzentrationsprofile widerspiegeln, be-

vorzugt Phosphat ins Porenwasser freigesetzt wird.  

Sedimente vom Kontinentalhang Senegals zeigen ein sehr ähnliches geo-

chemisches Muster. Die geochemischen Analysen der drei untersuchten Ober-

flächensedimente verdeutlichen die enge Beziehung zwischen dem benthischen 

Phosphor- und Eisenkreislauf. Obwohl die mikrobielle Zersetzung organischer Sub-

stanzen zum Porenwasser-Phosphatpool beitragen, muss der größte Teil des gelös-

ten Phosphates aus reduktiver Lösung von Eisen(oxyhydr)oxiden freigesetzt worden 

sein. Unter der Annahme stationärer Bedingungen zeigt eine einfache Budgetbe-

rechnung, dass Freisetzungs- und Umwandlungsraten von Phosphat nicht direkt in 

den erfassten Festphasenkonzentrationsprofilen wiederzufinden sind. Auf Porenwas-

sergradienten basierend, ist die Freisetzungsrate von Eisen(II) während reduktiver 

Lösung viel höher als gemäß dem zur Verfügung stehenden Gehalt an Ei-

sen(oxyhydr)oxiden zu erwarten wäre. Außerdem lässt sich in der oberen Sediment-

schicht, direkt über der Zone der reduktiven Lösung, die Reoxidation von Eisen(II) 

und gleichzeitiger Readsorption von Phosphat nicht in den Ergebnissen der Extrakti-

on wiederfinden. Lediglich durch abwärts gerichteten Transport von Eisen-Phosphat 

Mineralen, höchstwahrscheinlich verursacht durch bioturbativen Austausch, können 

die diffusiven Flüsse in diesem System aufrechterhalten werden. 

Deutlich unterschiedliche Randbedingungen beeinflussen den geochemischen 

Phosphorkreislauf in den untersuchten Oberflächensedimenten vor Senegal, Peru 

und Chile. Die Kombination von geochemischen Parametern bietet eine gute Mög-

lichkeit, die Tiefenverteilung von phosphorhaltigen Formen in Oberflächensedimen-

ten aus Hochproduktionsgebieten zu identifizieren.  

Im Schelfsediment vom Schlammgürtel (‚mudbelt’) vor Senegal beeinträchti-

gen physikalische Prozesse in der Wassersäule die Ablagerung von Phosphorpha-

sen, die ursprünglich aus Flussfracht und aus der Produktion organischen Materials 

stammen. Deshalb trägt an Eisen(oxyhydr)oxide gebundener Phosphor wesentlich 

zum sedimentären Phosphorreservoir bei. In Bezug auf die Verteilung der gelösten 

Hauptredoxelemente stellt die reduktive Lösung von Eisen(oxyhydr)oxiden die 
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Hauptquelle für Porenwasser-Phosphat dar. Zusätzlich wird bioverfügbares Phosphat 

effektiv in Form von biogenen Vorstufen (‚Precursor’) von Apatit im Sediment zurück-

gehalten.  

Am offenen Schelf vor Peru besteht ein enger Zusammenhang zwischen Pri-

märproduktion und der aktuellen Ablagerung von biogenem und organisch gebunde-

nem Phosphor. Aus den geochemischen Analysen ist ersichtlich, dass das anoxische 

Bodenwasser den Phosphorumsatz an der Sedimentoberfläche bestimmt. In solch 

sauerstoffarmem Sediment ist daher die Reoxidation von Eisen(II) nicht quantitativ. 

Dadurch wird ein Rückfluss von gelöstem Phosphat in das darüber liegende Wasser 

begünstigt, was somit die hohe Produktivität in diesem Gebiet aufrechterhält.  

Im Gegensatz zu den oben beschriebenen offenen Schelfgebieten liegt der 

Chilenische Standort in einer halbgeschlossenen flachen Bucht. In diesem Gebiet ist 

der Phosphorkreislauf in dem Oberflächensediment vergleichsweise komplex, weil 

das Redoxmilieu im Bodenwasser periodisch wechselt. Geochemisch betrachtet do-

kumentiert das Ergebnis daher eher einen temporären Zustand, in dem sich die Be-

dingungen im Übergang zwischen einem total anoxischen und einem weniger anoxi-

schen Stadium befinden. 

Diese Arbeit zeigt, dass die Untersuchung des sedimentären Phosphor- und 

Eisenreservoirs im Vergleich mit der Porenwasser-Geochemie das Potential hat, zum 

besseren Verständnis des standortbezogenen sedimentären Phosphorhaushaltes 

(Senken versus Quellen) beizutragen. Aus den in dieser Arbeit diskutierten Beispie-

len lässt sich ableiten, dass insbesondere der Haushalt von Phosphor in Verbindung 

mit Eisen nicht unter der Annahme einfacher Freisetzungs- und Umwandlungspro-

zesse bilanziert werden kann. In diesem Zusammenhang sollte besonders hervorge-

hoben werden, dass die Berücksichtigung eines potentiell aktiven zusätzlichen 

Transportprozesses wesentlich zum Verständnis des gekoppelten benthischen 

Phosphor- und Eisenkreislaufs beiträgt.   
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Introduction 

 
 

This introduction sets the general frame for the studies presented in the 

following chapters. In order to provide some basic background knowledge, a closer 

examination of the benthic phosphorus cycle reveals the overall significance for 

biogeochemical processes in marine systems. This section introduces the general 

contemporary theories explaining the geochemical behaviour of phosphorus in 

sediments. Input of phosphorus-containing species to the ocean, its export to the sea 

floor and early diagenetic processes that involve regeneration, transformation and 

burial of various phosphorus forms in surface sediments are described. Parameters 

and methods frequently used to characterize phosphorus composition in sediments 

are summarized.  

 

1.1  Motivation and main objectives 

Beside the bioessential major elements carbon and nitrogen, the amount and 

subsequent cycling of phosphorus in marine systems is of primary concern due to its 

direct effect on primary production. In oceanic waters, dissolved inorganic 

phosphorus (i.e. mostly soluble reactive orthophosphate; HPO4
2- and PO4

3-) is a 

preferred substrate for organisms and is subsequently incorporated in various forms 

of organic material. Although organic material is an important carrier for phosphate to 

the sediments, investigation of the sedimentary phosphorus cycle is complicated by 
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the presence of numerous variable reservoirs that strongly impact inventories and 

fluxes. The understanding how cycling of phosphorus-containing species in 

sediments significantly influences marine ecosystems is therefore necessary for 

predicting changes or rather limitations in the availability of phosphorus for 

biogeochemical processes.  

Over the past decades, identification of variable input and removal 

mechanisms of particulate and dissolved phosphorus, and coupling of phosphorus 

with the geochemical behaviour of redox-sensitive elements in marine systems have 

been investigated in various studies (e.g. Froelich et al., 1982; Föllmi, 1996; Van 

Cappellen and Ingall, 1996; Benitez-Nelson, 2000; Faul et al., 2005). Several 

international research programs and field campaigns have continued to demonstrate 

the importance of phosphorus in a wide variety of processes (i.e. IGCP Project 156 

and 325; ODP Leg 112; ODP Legs 127/128; ODP Leg 138). In particular, it has been 

found that phosphorite deposits occur in many marine regions (e.g. Cook and 

Shergold, 1986; Notholt et al., 1989; Burnett and Riggs, 1990; Glenn et al., 2000). 

Burial of phosphorites in recent and ancient sediments has been identified as a major 

sink for phosphorus, so its deposition potentially influences the long-term availability 

of phosphorus for participation in biological cycling (e.g. Burnett, 1977; Jahnke et al., 

1983; Froelich et al., 1988; Ruttenberg, 1993; Compton et al., 2000). The primary 

concern of these studies was to understand the mechanisms that lead to the 

formation of authigenic phosphorite deposits in sediments under different 

environmental and geochemical conditions. So far, the precise determination of biotic 

and abiotic processes controlling the benthic phosphorus cycle is complex and a few 

aspects are still matter of scientific debate.    

In this study, recent and rather short-term (hundreds to thousands of years) 

geochemical variations that strongly influence the availability of reactive phosphorus 

in surface sediments are of particular interest. In detail, the application of 

geochemical analytical methods to different sediment-pore water systems requires a 

precise determination of reactive element distribution. Studying several parameter in 

representative surface sediments is particular suitable for identification and 

understanding the phosphorus controlling environmental and biogeochemical factors. 

The description of early diagenetic processes offers unique opportunities to solve 

uncertainties in estimates of the total sedimentary phosphorus reservoir and its mass 

balance in the investigated areas.  
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The purpose is to compile an extensive dataset for a better understanding of 

geochemical features in marine areas and possible comparison of the characteristic 

distribution and fate of phosphorus in different oceanic regions. The presented thesis 

thus contributes to a better knowledge of current controls on the bioavailability of 

phosphorus in sediments on a regional scale. 

Accordingly, the main goals of this study are to 

1) unravel local geochemical conditions that control the benthic phosphorus 

cycle 

2) identify processes that affect the sedimentary phosphorus reservoir, 

identify burial mechanisms 

3) quantify the phosphorus budget 

 

1.2  Investigated oceanic settings  

1.2.1  Continental slope areas  

Continental margins - including the shelf, slope and rise - cover 20-28% of the 

ocean area (e.g. Thomsen et al., 2003) and its sediment surfaces are generally 

characterized by a high accumulation rate of organic carbon. For instance, Jahnke 

(1996) has suggested that continental margin regions account for ~40% of the 

particulate total organic carbon flux, thus remineralization may significantly contribute 

to the fluxes of carbon and associated nutrients. Continental margin sediments are 

therefore prime locations for the study of the geochemical cycle of phosphorus (e.g. 

Froelich et al., 1982; Berner et al., 1993). Scientific study on phosphorus was 

intensified in continental margin sediments for instance off California (Reimers et al., 

1996), Mexico (Jahnke et al., 1983; Schuffert et al., 1994), and Peru-Chile (Veeh et 

al., 1973; Burnett, 1977; Froelich et al., 1988; Glenn and Arthur, 1988).  

Selected sampling sites are located in eastern environments of the Atlantic 

Ocean (Fig. 1), especially on the continental slope off Namibia (SW Africa) and 

Senegal (NW Africa). Both locations lie in the close vicinity to highly productive shelf 

areas. Geochemical, marine and paleo-oceanographic research on various aspects 

in the coastal area off Namibia (i.e. ‘Benguela Upwelling System’; Bianchi et al., 

1999) has appeared in the recent literature (e.g. Wefer and Fischer, 1993; Zabel et 

al., 1998; Fossing et al., 2000; Berger et al., 2002). In particular sedimentary 

conditions for authigenic phosphorite formation have been tested in a number of 

studies (Calvert and Price, 1983; Bremner and Rogers, 1990; Borchers et al., 2005; 
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Schulz and Schulz, 2005; Fig. 1). Recent studies have shown that lateral particle 

transport across the continental margin leads to accumulation of a depocenter 

enriched in organic material (Inthorn et al., 2006; Mollenhauer et al., 2007; 

Aspetsberger et al., 2007). One of the investigated sediments presented in Chapter 2 

is directly located in this depocenter.  

Compared to Namibian continental margin sediments, sediments off Senegal 

are not much investigated in terms of geochemistry. So far, sediments retrieved off 

the Senegal coast have been studied in detail for reconstruction of paleoclimate 

conditions (e.g. Hartmann et al., 1976; Kuhlmann et al., 2004). Whereas, along the 

Moroccan coast ancient phosphatic deposits have been recognized and reported in 

various studies (e.g. Baturin, 1982; Jones et al., 2002). In the following study 

(Chapter 3) surface sediments are investigated in this area for the first time to 

evaluate the benthic phosphorus cycle.  

 

1.2.2  Coastal upwelling areas 

Sampling sites off Senegal, Peru and Chile cover typical coastal upwelling 

areas (Fig. 1). Coastal upwelling characterizes the eastern margin in the Pacific and 

Atlantic Ocean, occurring as a wind-driven phenomenon at the west sites of North- 

and South America, as well as North- and South Africa. These regions are located in 

the trade wind region exposed to constant wind fields that blow towards the equator. 

The surface water interacts with an ocean surface wind that is moved due to friction 

forces in Coriolis directed deviation, transporting surface water away from the coast 

towards the open ocean (Ekman, 1905). 

The result is a replacement by water masses from greater water depths that 

have typically high nutrient and CO2 concentrations, low oxygen concentrations and 

low temperatures. Accordingly, this causes a permanent (off Senegal and Peru) or 

seasonal (off Chile) nutrient supply to the surface waters that leads to an increase in 

organic matter production.  

Intense organic matter mineralization occurs during settling through the 

relative shallow water column and just below the sediment-water interface. As a 

consequence, oxygen-depleted zones develop and high burial rates on the sediment 

surfaces are favoured (e.g. Ingall and Jahnke, 1997). A frequently studied 

phenomenon is that especially dense populations of sulphur bacteria (e.g. Thioploca 

spp., Beggiatoa spp., Thiomargarita spp.; Fossing et al., 2000; Ferdelman et al., 
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1997; Schulz et al., 1996; Schulz and Jørgensen, 2001) dominate the benthic 

community, probably responsible for the majority of biogeochemical processes in 

these areas.  

The intention of the study in Chapter 4 is to identify phosphorus species 

distributed in selected surface sediments of different oceanographic settings.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3  The biogeochemical cycling of phosphorus in marine systems 

1.3.1  Input of phosphorus to the ocean 

Phosphorus is the eleventh most abundant element on Earth, with an average 

crustal abundance of ~0.1 wt%. It occurs in form of phosphate in many natural 

minerals, and by far the most abundant is apatite (Ca10(PO4)2(OH, F, Cl)2; e.g. Föllmi, 

1996; Paytan and McLaughlin, 2007).  

Through tectonic uplift, phosphorus-bearing rocks are exposed to the force of 

physical erosion and chemical weathering. The result is soil production that 

subsequently provides dissolved and particulate, respectively inorganic and organic 

phosphorus species to rivers. The dominant pathway to the ocean is the delivery of 

 

Figure 1: Locations of known marine phosphorite deposits (black areas; based 
on, modified after Murton, 2000). Black points indicate the approximate positions 
of sites investigated in the presented case studies.  
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these weathering products by riverine discharge (Fig. 2; Benitez-Nelson, 2000; 

Compton et al., 2000; Baturin, 2003). An additional continental source is eolian input 

(i.e. aerosols, volcanic ash and dust) of particulate phosphorus. However, input to 

oceanic systems depends on the magnitude of continental weathering (i.e. ‘climatic 

component’), locally available ‘delivery potential’ (riverine versus eolian), catchment 

area and the nature of river itself and a not yet well quantifiable anthropogenic input.  

It is expected that a substantial portion of the total phosphorus in riverine 

discharge will be trapped in estuarine and coastal shelf sediments and/or is recycled 

within the upper water column before reaching the open ocean (e.g. Froelich et al., 

1982; Compton et al., 2000; Paytan and McLaughlin, 2007). Upwelling, vertical 

advection and eddy diffusion are important additional processes that deliver nutrient 

enriched water masses upward from the deep ocean (i.e. benthic return flux and 

volcanic-hydrothermal source), reintroducing a substantial amount of phosphorus 

again to the photic zone of the ocean.    

1.3.2  Regeneration of phosphorus in the oceanic water column 

Much of the phosphorus delivered to the oceanic reservoir has the potential to 

participate in biological processes: phosphorus is a part of many cellular components 

(i.e. for energy-consuming reactions in cells and for development of life; it occurs in 

cell membranes and is a skeletal component) and is a preferred substrate for any 

living species in marine ecosystems (for instance in the food web of phytoplankton, 

zooplankton and fish; Fig. 2). Consequently, the structural and functional nutrient 

phosphorus is associated with marine organic matter derived from photosynthetic 

production by primary producers in the photic zone of the oceans (e.g. Redfield et al., 

1963; Delaney, 1998 and references therein; Karl and Björkman, 2002). Although 

ocean productivity varies spatially and temporally as a function of nutrient supply, 

energy (i.e. light insolation) and growth rate, there is evidence to support the potential 

importance and linkage of marine biologically mediated, geochemical cycles of 

carbon, nitrogen and phosphorus. During primary production, these elements are 

fixed into the organic matter containing an average 106C:16N:1P molar ratio (i.e. the 

‘Redfield ratio’; Redfield, 1958; Redfield et al., 1963; note: 140:16:1 after Takahashi 

et al., 1985). 
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Figure 2: Cartoon illustrating the major sources, pathways and regeneration 
processes of phosphorus (P) before burial in sediments as described in the text. The 
terrestrial phosphorus cycle is simplified, because this study focuses mainly on 
marine cycling of phosphorus. Processes such as turbidity, winnowing and other 
physical processes are not illustrated, as well as hydrothermal exchange and nitrate 
(-cycling), which is also incorporated in organic biomass production. 
 

Export of organic material from the photic into deeper oceanic zones occurs in 

different ways. Particulate compounds (i.e. biogenic and detrital material, fecal 

pellets) are transported due to gravitational settling and lateral particle transport. 

Whereas the dissolved organic matter export largely depends on the extent of 

downward diffusion and mixing. Generally, most of this particle flux is affected by 

early diagenesis during settling: concentration decreases significantly with increasing 

water depth preferentially due to biologically mediated organic matter degradation 

and dissolution processes (e.g. Suess, 1980). So, only a small fraction, which is not 

reintroduced back into the oceanic water column and the photic zone, reaches 

marine sediments.   

1.3.3  Phosphorus budget in marine sediments  

Phosphorus is removed from the ocean by sedimentation of organically bound 

phosphorus in association with organic debris (e.g. Suzumara, 2005) and mineral 
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matter such as biogenic calcium carbonate containing phosphorus (Krom and 

Berner, 1980; Sundby et al., 1992; Ingall and Jahnke, 1994), input and 

transformation of inorganically adsorbed and precipitated phosphate with clay, iron 

and/or manganese oxides (Krom and Berner, 1980; Froelich, 1988), burial of 

phosphatic fish debris (Schenau and De Lange, 2000, 2001), phosphate in apatite 

(Froelich et al., 1982; Ruttenberg and Berner, 1993; Lucotte et al., 1994) and detrital 

phosphorus (i.e. non-reactive phases such as detrital apatites; Ruttenberg and 

Berner, 1993; Filippelli and Delaney, 1996).  

The burial of phosphorus in sediments is governed by the input flux to 

sediments and the fraction that is retained by the sediment. The ability of the 

sediment to retain phosphorus is dependent on several depositional and 

environmental factors. It is a function of the nature of the input source material, 

sedimentation rate, sediment porosity, microbial activity, physical properties 

(reworking, irrigation, bioturbation, non-local transport), bottom water oxygen 

conditions, as well as redox conditions in pore waters.  

Organically bound phosphorus 

It is commonly assumed that a master carrier for phosphate in sediments is 

organic material where it acts as a source of nutrients to microbial communities (e.g. 

Ruttenberg, 2009; Baturin, 2003; Faul et al., 2005).  

The mineralization of organic material on the seafloor and in the sediments 

proceeds through a complex series of microbial pathways (Fig. 3). Benthic 

microorganisms completely consume most of the living and dead organic material to 

sustain their energy and nutrient needs. The range of organic substrates that can be 

respired (to CO2) depends on the availability of terminal electron acceptors (i.e. O2, 

NO3
-), which are supplied to the sediment by diffusive transport from the overlying 

bottom water. As a main principle, the oxidation of organic matter is balanced by 

concomitant reduction of the next suitable agent available at standard conditions 

(Froelich et al., 1979). In the absence of oxygen, diagenetic reduction of manganese 

and iron oxides gain importance, but its availability strongly depends on the extent of 

physical mixing in the sediment. Remineralization via sulphate reduction is a 

quantitative more important anaerobic process, which is described in most marine 

upwelling systems (e.g. Fossing, 1990; Ferdelman et al., 1997; Brüchert et al., 2003). 

As phosphate cannot be used as an electron acceptor, typically the 

aforementioned microbial mediated mineralization processes are the first step in the 
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liberation of dissolved phosphate from associated fractions into interstitial waters. But 

the phosphorus content that will be decomposable from organic matter, and the 

reactivity and quality of organic matter itself is highly variable (i.e. labile versus 

refractory organic matter; e.g. Carman and Jonsson, 1991; Jensen et al., 1995; Ingall 

and Jahnke, 1997; Delaney, 1998). 

 
Figure 3: Model of organic carbon (Corg) degradation based on principle early 
diagenetic processes occurring in marine sediments (right panel), illustrating the 
main terminal electron acceptors (circles, highlight in white) and possible interactions 
(line with cross). A part of released constituents in pore water (encircled in black) are 
directly lost across the redox boundaries to the overlying water column (dashed 
lines). Input of iron- and manganese (oxyhydr)oxides occurs through vertical mixing 
(solid lines). With increasing sediment depth, organic carbon content decreases due 
to continued mineralization (double crosses) and the remaining refractory fraction 
ultimately gets buried (modified after Soetaert et al., 2002). 

 

A useful approach to describe the diagenetic transfer of sedimentary 

phosphorus is the comparison of organic carbon with organic phosphorus contents 

(i.e. Corg:Porg ratio; e.g. Froelich et al., 1982; Ingall et al., 1993; Anderson et al., 2001; 

Filippelli, 2001). The ratio indicates that the remobilization of phosphorus was either 

lower or higher as expected if stoichiometrically balanced decomposition of freshly 

deposited phytodetritus and/or rapidly transported, unaltered organic material were 

the main source. Sedimentary Corg:Porg ratios may give indication for temporal 

changes in the preservation efficiency of deposited organic matter and the intensity 

of phosphorus regeneration relative to organic carbon within the sediment.  
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In organic-rich, anoxic sediments Corg:Porg ratios are often high and decrease 

with increasing sediment depth, implying that organically bound phosphorus must 

ultimately cycle more efficiently with respect to organic carbon. Thus point to a 

preferential loss of phosphate from the sedimentary organic pool during organic 

matter degradation. The result is a decrease in reactive organic phosphorus, which is 

possibly concurrent with subsequent redistribution into authigenic mineral 

precipitates (e.g. Suess, 1979; Delaney, 1998; Filippelli, 2001).  

In sediments having oxic overlying waters, sedimentary Corg:Porg ratios are 

often lower, indicating a preferential uptake of organically associated phosphorus 

during organic matter degradation within the sediment. This is attributed most likely 

to the direct interaction of dissolved phosphate with redox sensitive iron or 

transformation to precipitates directly at the oxygenated sediment surface, therefore 

indicating another major source for reactive phosphate under certain geochemical 

conditions.  

 Dynamic and role of iron (oxyhydr)oxides 

Inorganically formed iron (oxyhydr)oxides frequently contain phosphate and 

can be an important carrier for phosphate to the sea floor as its major source is 

detrital input from continents (e.g. Berner, 1973; Slomp et al., 1996a; Poulton and 

Canfield, 2006). Since iron (oxyhydr)oxides are hardly soluble under oxic conditions 

in the water column, deposition on sediment surfaces is favoured. Upon 

incorporation/burial in the sediment, most iron (oxyhydr)oxides are reductively 

dissolved during sub- to anoxic diagenesis of organic matter (Fig. 3; Krom and 

Berner, 1981; Lucotte and d’Anglejan, 1988). The products include both dissolved 

ferrous iron and phosphate, which are subsequently diffusing across the redox 

boundary into the upper sediment column.  

It is generally accepted that in the presence of oxygen, ferrous iron will oxidize 

to form new iron (oxyhydr)oxides along with removal of dissolved phosphate ions 

from interstitial and to a small degree from bottom waters (e.g. Krom and Berner, 

1980; Jensen et al., 1995; Matthiesen et al., 2001). This adsorption process is as 

expressed in the following simple multi stage redox reaction (e.g. vivianite; Nriagu 

and Dell, 1974):  

(1) Fe(III)3+ + 3H2O -> Fe(OH)3   

(2) 3Fe(OH)3 + 2HPO4
2- -> Fe3(PO4)2 • 8H2O     
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Frequently occurring internal cycling of redox sensitive iron phases with 

phosphate can potentially account for a major proportion of reactive/bioavailable 

phosphate in most sedimentary systems (e.g. Sundby et al., 1992; Slomp and Van 

Raaphorst, 1993). Iron-bound phosphorus has to be suggested to represent a 

temporary sink for reactive phosphorus in the sediments and thus reduces its 

availability to participate nutrient cycling in the water column (Ruttenberg and Berner, 

1993; Jensen and Thamdrup, 1993; Slomp et al., 1996). 

In contrast, in the presence of totally anoxic sediment surfaces, a barrier for 

dissolved phosphate does not exist, since reductive dissolution of iron (oxyhyr)oxides 

takes place directly at the sediment water interphase. Dissolved phosphate is able to 

diffuse directly to overlying waters and is subsequently lost from the sedimentary 

system.  

Moreover, chemical profiles have revealed the interaction between iron and 

sulphur during diagenesis (e.g. Canfield, 1989; Kostka and Luther III, 1994). In the 

presence of hydrogen sulphide, reductive dissolution of iron (oxyhydr)oxides is 

quickly followed by transformation to more stable mineral forms such as pyrite (i.e. 

FeS2; Fig. 3). During the conversion of iron oxides to pyrite phosphate is also 

released to pore waters that create a concentration gradient driving a flux of 

phosphate toward the sediment surface.  

 Burial of biogenic apatite 

Since many marine organisms incorporate phosphate in their shells and 

bones, associated sinking debris may account for a substantial phosphorus flux to 

the sediments and can be a significant source for reactive phosphorus. In particular 

fish scales are constituted by a mixture of mineral phosphorus (i.e. biogenic apatite: 

hydroxyapatite (Ca5(PO4)3OH)) and an organic matrix (Schenau and De Lange, 2000 

and references therein). Whereas the latter is rapidly altered during an early state of 

microbial diagenesis, the dissolution of biogenic apatite depends on several 

mechanisms related to sedimentary redox conditions (Schenau et al., 2005). 

Accordingly, the solubility of biogenic apatite depends on surface reactions and 

destructions by organisms, which reduces the stability of such minerals (Atlas and 

Pytkowicz, 1977). In oxygenated settings only, when acidity is produced during 

organic matter degradation continued dissolution is facilitated (Schenau and De 

Lange, 2000). On the other hand, these phases can eventually be transformed into a 

more stable fluorapatite mineral (Ca5(PO4)3F) via the substitution of hydroxyl ions 
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with fluoride. In the presence of elevated pore water phosphate and calcium 

concentrations thermodynamic supersaturation with respect to carbonate fluorapatite 

(Ca5(PO4,CO3)3F) is favoured, which will also reduce the dissolution process (Atlas 

and Pytkowicz, 1977).   

Oceanic settings characterized by high accumulation rates may generally have 

a great influence on the availability of reactive phosphate, even if biogenic apatite is 

buried intact and preserved in the sediment before complete dissolution (Suess, 

1981; Froelich et al., 1982, 1988; Schenau et al., 2005; Díaz-Ochoa et al., 2009). 

 Phosphorus removal with authigenic apatite 

The precise mechanism by which authigenic apatite minerals are formed in 

sediments is not yet known. By their very simple definition, they are precipitated in 

pore spaces of relatively shallow marine sediments during early diagenesis. The 

occurrence of apatites in ancient and recent marine environments is often associated 

with intervals of organic carbon-rich sediments and subsequent transformation of 

organic, biogenic matter and iron (oxyhydr)oxide associated phosphate into an 

inorganic phase (i.e. ‘sink switching’ hypothesis; Ruttenberg and Berner, 1993; 

Lucotte et al., 1994; Filippelli and Delaney, 1996; Delaney, 1998). But authigenic 

apatite formation is not only restricted to active coastal upwelling areas, generally all 

the continental margin sediments may be a significant sink for reactive phosphorus in 

form of apatite (Ruttenberg, 1993; Filippelli, 1997).  

A general prerequisite for precipitation of authigenic phases is the 

aforementioned retention of reactive phosphorus-bearing fractions in sediments, 

because diagenesis of these fractions in the sediment column provides a source of 

dissolved (excess) phosphate to pore waters. Nevertheless, the precipitation reaction 

consists of separate steps: including the formation of a precursor phase (such as 

struvite, amorphous calcium phosphate, or octacalcium phosphate, or accretions on 

biogenic apatite; e.g. Baturin, 2000), crystal growth and phase transition (Sahai, 

2003). It depends on the redox environment, degree of supersaturation, pH, ionic 

strength, Ca/P ratios and the presence of other dissolved ions such as Mg2+, CO3
2-, 

and F- in pore water (e.g. Ruttenberg and Berner, 1993; Froelich et al., 1988; Glenn 

and Arthur, 1988; Van Cappellen and Berner, 1991; Jahnke, 1984).   

In addition, in upwelling induced highly productive shelf areas sedimentation is 

accompanied by a dense population of microbial communities (i.e. sulfur bacteria 

Beggiatoa, Thioploca, Thiomargarita; Schulz and Jørgensen, 2001). Schulz and 
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Schulz (2005) linked the associated redox-dependent microbial metabolism with the 

formation of authigenic apatite. A series of microorganisms is able to release its 

intercellular stored polyphosphate to interstitial waters, indirectly providing favourable 

conditions for authigenic apatite precipitation. To date, there is no physiologic 

evidence for this phenomenon as a sufficient mechanism in redox-sensitive 

phosphorus cycling (Arning et al., 2008; Holmkvist et al., submitted).  

 

1.4 Phosphorus speciation in marine sediments 

As mentioned in the previous section, the cycling of phosphorus in marine 

sediments has a dynamic nature that involves biological and geochemical 

transformations of the incoming material, with significant reorganization of 

phosphorus occurring during burial processes. Consequently, knowledge of the 

various solid phase phosphorus reservoirs is necessary.  

The distribution and composition of phosphorus-containing species is 

commonly assessed with chemical extraction techniques. These methods are simple 

to implement and are able to detect small amounts of poorly crystalline phases, 

which are difficult to quantify by spectroscopic techniques. Although several 

procedures have been developed (e.g. Petterson et al., 1988; De Groot and 

Golterman, 1990; Penn et al., 1995), at present the most frequently used procedure 

in marine sediments is the technique proposed by Ruttenberg (1992).  

A modified sequential extraction is applied in this study for determination of 

five phosphorus pools in sediments. Phosphorus components sequentially 

extractable are loosely sorbed and associated with biogenic apatite, bound to iron 

oxides, present in authigenic apatite minerals, nonreactive associated with detrital 

material and in organic matter. For the separation of different apatite phases a 

modified version is used. The leaching agent extracts hard parts of fish debris 

(biogenic apatite) because of the higher solubility compared to authigenic apatite, 

lack of crystal perfection and large surface area (Schenau and De Lange, 2000).  

The disadvantage of sequential extraction techniques is that they are based 

on indirect identification of mineral phases, because of operationally defined fractions 

extracted in each step. A useful approach to partially solve this problem is to 

compare the extracted phosphorus fraction with subsequently measured associated 

elements in leaching solutions. For instance, Schenau and De Lange (2000) have 

shown that once all calcium in leaching solutions has dropped, biogenic apatite is 
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extractable. Similar results are obtained by measuring both the phosphate and iron 

dissolved in leaching solutions, to clearly indicate the presence of phosphorus 

associated with iron (oxyhydr)oxides. In addition, to compare the amount of 

phosphorus extracted with the major elements of bulk sediment (i.e. phosphorus) 

ensures the reproducibility and accuracy of the method. Although sequential 

extraction still suffers some uncertainties, due to sample preparation, processing and 

possible chemical alteration processes (Ruttenberg, 1992; De Groot and Golterman, 

1990; Jensen et al., 1995; Vink et al., 1997; Lukkari et al., 2007; März et al., 2008; 

Kraal et al., 2009), it has been frequently applied and has provided accumulation rate 

data (spatial and temporal) on the various reservoirs of sedimentary phosphorus.  

The speciation studies of phosphorus when compared to bulk geochemistry 

have an additional advantage regarding the association of phosphorus with various 

phases, transformation from one phase to another and ultimate burial phase in 

marine sediments. The relative contribution of specific sinks to phosphorus burial in 

the sediment depends on sedimentary redox conditions. Even so, pore water 

concentration profiles are essential in determining the abundance of dissolved 

constituents in the investigated sediment column, as they regulate the majority of 

geochemical processes in the marine phosphorus cycle.  

 

1.5 Short comment 

It is clear that the intensity of upper ocean cycling can have a direct effect on 

the magnitude of organic matter and associated phosphorus exported from the photic 

zone to underlying sediments. We know now much about parameters, which allows a 

focus on diagenetic effects on benthic release and fluxes of phosphate in sediments 

and sedimentary phosphorus species distribution attributed to depositional redox 

potential. The most studied aspects of phosphorus, the sources and sinks, are still 

ambiguous in many regions of the ocean, as more information concerning the 

distribution and magnitude of organic/biogenic phosphorus speciation, as a function 

of redox conditions is necessary. For instance, it is possible that the storage and 

release of polyphosphate by certain organisms under fluctuating redox conditions is 

an important source for the liberation of bioavailable phosphate. Research in the field 

of biogeochemistry has to continue to demonstrate the importance of phosphorus in 

a wide variety of metabolic processes.  
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Furthermore, elucidating the burial rate of phosphorus in appropriate 

sedimentary sinks in relation to the magnitude of remineralized and released 

phosphate is hard to quantify. Considering steady state conditions in the inspected 

sedimentary system, the phosphorus budget consists of a mass balance between 

input and output. Calculating such sedimentary budget is complicated by the 

presence of physical processes, such as transport of solid-phase species. In the 

following, the major objective is addressed to potential processes that are 

responsible for the distribution of reactive phosphorus in selected surface sediments. 

 

1.6 Outline of the thesis 

Chapter 2: Phosphorus cycling in marine sediments from the continental margin off 

Namibia 

Authors: Kathrin Küster-Heins, Ekkehard Steinmetz, Gert J. De Lange and Matthias 

Zabel 

In this manuscript a modified sequential extraction method for solid phase 

phosphorus speciation was applied to surface sediments from the Namibian 

continental slope. A detailed description of phosphorus distribution and its 

geochemical relationship to pore water parameters was given. The ‘present-day’ 

phosphorus transformation rates (burial versus diffusive fluxes) of the three 

investigated sites were interpreted and estimated using a diagenetic model for 

phosphorus cycling.    

Chapter 3: Benthic phosphorus and iron budgets for three NW African slope 

sediments: a balance approach  

Authors: Kathrin Küster-Heins, Gert J. De Lange and Matthias Zabel 

This study describes the geochemical characterization of phosphorus species 

distributed in young surface sediments from the Senegal continental slope. Major 

objective was a better understanding of early diagenetic processes that have an 

influence on sedimentary phosphorus cycling. In particular, the interactions of 

phosphorus with redox sensitive iron phases were described and quantified with 

mass balance calculations. 
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Chapter 4: Governing factors of phosphorus speciation in surface sediments of highly 

productive shelf areas (NW Africa, Peru and Chile)  

Authors: Kathrin Küster-Heins and Matthias Zabel 

The study focuses on the comparison of geochemical cycling of phosphorus in 

sediments from three different highly productive marine areas: the Senegal, Peruvian 

and Chilean shelf. Relevant environmental and geochemical conditions were 

investigated for the evaluation of controlling factors on burial and recycling of 

phosphorus-containing species in the sediment column.  

Chapter 5: Redox sensitivity of P cycling during marine black shale formation-

dynamics of sulfidic and anoxic, non-sulfidic bottom waters 

Authors: Christian März, Simon W. Poulton, Britta Beckmann, Kathrin Küster, Tom 

Wagner and Sabine Kasten   

This manuscript evolved in cooperation with the first author Christian März, 

who worked within EUROPROX on subproject 8 Rapid redox changes across major 

climate transitions – Impact on the preservation of paleooceanographic proxies. The 

study indicated cyclic changes in the deep ocean redox conditions during marine 

black shale formation. The findings based on detailed solid phase (phosphorus and 

iron) investigations, total organic carbon, sulfur and redox-sensitive trace metal 

contents. I have made methodical contributions for the sequential extraction of 

phosphorus.  

Phosphate geochemistry, mineralization processes, and Thioploca distribution in 

shelf sediments off central Chile 

Authors: Lars Holmkvist, Esther T. Arning, Kathrin Küster-Heins, Verona Vandieken, 

Jörn Peckmann, Matthias Zabel and Bo Barker JØrgensen  

Results of sedimentary phosphate, iron and sulphur distribution are presented, 

together with pore water geochemistry and Thioploca biovolume determination. The 

aim was to figure out the relation between anaerobic mineralization of organic 

material and its response to phosphate production. In addition, pore water phosphate 

concentrations and the co-occurrence of rich benthic communities (i.e. Thioploca 

bacteria) were correlated with the formation of hydroxyapatite. My contribution was 

the sequential extraction of phosphorus species, measurement of leaching solutions 

and interpretation of the obtained data.   
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2.1  Abstract 

In this study we investigate benthic phosphorus cycling in continental margin 

sediments at three sites off the Namibian coastal upwelling area. Examination of the 

sediments reveals that organic and biogenic phosphorus are the major burial forms. 

High Corg/Porg ratios suggest potential regeneration of phosphorus in relation to that 

of organic carbon, but these components are rather preserved in the sediment 

column and have only a minor influence towards the observed internal benthic 

phosphorus cycle. Dissolved phosphate and iron in the pore water are closely 

coupled, showing high concentrations below the oxygenated surface layer of the 

sediments and low concentrations at the sediment-water interface. The abundant 

presence of Fe(III)-bound phosphate documents the co-precipitation of both 

constituents. However, high phosphate concentrations cannot be explained, neither 

by simple mass balance calculation nor by the application of an established computer 

model. We interpret this observation of an apparent lack of solid phase phosphorus 

against the calculated transfer rates under the assumption of steady state conditions 

as caused by the disregard of non-local transport. We assume that the known, fast, 

episodic and directed particle transport by macrobenthic organisms can balance the 

dissolution of iron (oxyhydr)oxides in the course of microbial iron reduction. A 

multiple internal cycling of phosphate and iron results before both elements are 

buried below the iron reduction zone.  

 

2.2  Introduction 

Phosphorus (P) is one of the essential elements for life on Earth and plays an 

important role in the biological productivity in oceans. Because of the close relation 

between oceanic productivity and atmospheric CO2, changes in the oceanic P cycle 

may considerably affect the chemistry of the oceans and atmosphere throughout 

geological time (e.g. Van Cappellen and Ingall, 1994, 1996). The major initial input to 

the oceans is by riverine transport of organic and inorganic P compounds (Benitez-

Nelson, 2000). A great portion of this P is trapped in estuarine and coastal shelf 

areas and does not reach the open ocean. Paytan and McLaughlin (2007) estimated 

that almost 99% of particulate and 25% of dissolved P are buried in coastal zones. 

The remaining particulate and dissolved P is exported to the deep ocean. During this 

transport the predominant portion of P, which is associated with organic substances 

is decomposed microbially within the water column (Heggie et al., 1990; Baturin, 
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2003; Paytan and McLaughlin, 2007). As a result, P is released and subject to 

transformation processes (biological recycling, ad-, desorption) between dissolved 

and particulate phases (Faul et al., 2005). However, a small proportion of the P 

becomes buried into the sediment as altered organic compounds, adsorbed to 

particle surfaces (e.g. clay minerals) or iron (oxyhydr)oxides, or is transformed in situ 

to a mineralized form (various authigenic apatites) and as detrital and amorphous P 

mineral phases (Froelich, 1988; Compton et al., 2005; Paytan and McLaughlin, 

2007). After burial, the behaviour of P is controlled by a number of biogeochemical 

processes. Release of phosphate to pore waters can result from: (1) microbial 

degradation of organic matter (Ingall et al., 1993; Jensen et al., 1995; Canfield et al., 

2005); (2) by polyphosphate accumulating species (Schulz and Schulz, 2005; Diaz et 

al., 2008); (3) desorption from iron (oxyhydr)oxides when iron reduction takes place 

(e.g. Froelich et al., 1982; Baturin, 2003; Paytan and McLaughlin, 2007) and (4) 

dissolution of P-containing mineral forms during subsequent alteration (Suess, 1981; 

Froelich et al., 1988; Schenau and De Lange, 2001; Baturin and Dubinchuk, 2003). 

Under oxic conditions, phosphate concentrations in interstitial waters are 

predominantly controlled by a complex interplay of the release from organic debris, 

metabolic uptake, adsorption onto particle surfaces and diffusive transport. 

Furthermore, bioturbative transport processes can induce a permanent internal 

cycling (dissolution-reprecipitation) of particulate iron-phosphate phases within the 

oxidized and reduced sediment layer (Slomp and Van Raaphorst, 1993). Under sub- 

to anoxic conditions dissolved phosphate may continually originate from the 

decomposition of organic substances, but also can be released from iron 

(oxyhydr)oxides when iron reduction takes place. However, assuming steady state, 

the accumulation of particulate P and release of phosphate from bottom waters 

should be balanced by the burial rate of P in the sediment.  

Surface sediments of shelf areas off Chile/Peru and Namibia have previously 

been described as having favourable conditions for recent authigenic apatite 

formation (Calvert and Price, 1983; Froelich et al., 1988; Bremner and Rogers, 1990; 

Borchers et al., 2005; Schulz and Schulz, 2005). An increase of pore water 

phosphate is discussed as a prerequisite for the precipitation of authigenic apatite 

(e.g. Ingall and Jahnke, 1997; Canfield et al., 2005; Paytan and McLaughlin, 2007; 

Diaz et al., 2008). Moreover, Schulz and Schulz (2005) have found indications that 

the alteration between oxic and anoxic conditions off Namibia is responsible for the 
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redox-sensitive microbial formation and remineralization of polyphosphates (i.e. by 

Thiomargarita namibiensis). However, both areas belong to the most productive 

systems in the modern ocean, where strong upwelling of nutrient-rich waters causes 

high primary production in surface waters, which sustain large zooplankton and 

pelagic fish stocks on the continental margin. The high availability of organic material 

and the resulting very intense benthic activity make coastal high productive areas 

very suitable for investigations on the benthic P cycle. Additionally, continental 

margin sediments are the main repository for remineralized marine organic carbon 

and a primary sink for phosphate (Ruttenberg and Berner, 1993; Filippelli, 1997).  

In this study we investigate the benthic phosphorus cycle in continental margin 

sediments at three locations off the coast of Namibia. The objectives of our study are 

(1) to determine the speciation of sedimentary P in continental margin surface 

sediments in a high productivity region with oxygenated bottom waters, (2) to 

compare distributions of P species with concentration profiles of interstitial waters, (3) 

to obtain further insight into the sources and sinks of particulate P and (4) to interpret 

and quantify processes determining the distribution and behaviour of P. For the last, 

a model was used which has been developed by Slomp et al. (1996). 

 

2.3  Location and oceanic environment 

Sediment sampling has been carried out during the RV Meteor cruise M34/2 

(Schulz et al., 1996) along the Namibian coastal region. The upwelling area off 

Namibia is regarded as the most productive of the four major eastern boundary 

systems on Earth (‘Benguela Upwelling System’; Bianchi et al., 1999). Intense 

marine productivity is induced by the persistent SE trade wind field, which drives 

surface waters offshore and causes the upwelling of the nutrient-rich South Atlantic 

Central Water in at least four major cells. These cells show certainly seasonal 

patterns with a corresponding change of the geochemical conditions in bottom 

waters. However, as a result, especially coastal sediments are enriched in organic 

substances. A number of studies have described sediments in this area comprising 

mainly of organic-rich, marine, calcareous facies (i.e. foraminifers and coccoliths), 

little diluted with terrigenous material (Calvert and Price, 1983; Bremner and Willis, 

1993; Wefer et al., 1998). But, the offshore extension of filaments, lateral particle 

advection in the water column and sediment redistribution of particulate organic 

matter lead to high total organic carbon contents additionally in upper margin 
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sediments. A reflection of these processes is a distinct depocenter between 600 and 

1500 m water depth, centered at about 25.5 °S (cf. Fig. 1; Inthorn et al., 2006; 

Mollenhauer et al., 2007).  

 

2.4  Materials and methods 

2.4.1  Sampling 

Analytical work was done on material that has been recovered from about 

1300 m water depth at three locations along the continental margin off Namibia (Fig. 

1, Table 1).  

 
  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1: A map of the working area showing the approximate position of 
investigated GeoB-sites (dotes). The grey-lined areas indicate two distinct areas off 
Namibia: the mudbelt (Schulz and Schulz, 2005) and the depocenter (Inthorn et al., 
2006; Mollenhauer et al., 2007; Aspetsberger et al., 2007). 
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Table 1 

Location and water depth (m), surface Corg and CaCO3 content (wt%) 

 

GeoB 
site 

Latitude Longitude Water depth 
(m) 

Corg  
(wt%) 

CaCO3 
(wt%) 

3707 21°37.4’S 12°11.6’E 1357 4.0 56.3 

3718 24°53.7’S 13°09.7’E 1323 6.6 63.5 

3702 26°47.6’S 13°27.2’E 1306 3.7 58.5 

 

Sediment was sampled using a multi-corer. Cores were transferred to the 

cooling lab immediately after recovery and were processed at a temperature of about 

4ºC. Overlying bottom waters were sampled, filtered and stored for analysis. For 

pressure filtration under argon atmosphere (5 bar), Teflon- and PE-squezzers and 

0.2 �m cellulose acetate filters were used to collect the pore water. Sub-sampling for 

further solid phase investigations was done at every 0.5 cm (top 0-3 cm of the core), 

1 cm (between 3-5 cm) and 5 cm (below 5 cm). 

2.4.2  Pore water analyses 

Onboard RV Meteor, pore water phosphate, ferrous iron and nitrate were 

measured photometrically directly after pore water sampling, with an autoanalyzer 

using standard methods (Strickland and Parsons, 1972; Grasshoff et al., 1983; 

Schulz, 2006). In situ determination of dissolved oxygen in pore water was carried 

out using microelectrodes (Wefer et al., 1997).  

2.4.3  Solid phase analyses 

Bulk concentrations of trace elements (P and iron (Fe)) were determined by 

total digestion of 50 mg dried and ground sample in a HNO3 (65 %), HCl (30 %) and 

HF (47-51 %) mixture using a Microwave system (Zabel et al., 1999; Schulz, 2006). 

Dissolved element concentrations were measured using an inductively coupled 

plasma atomic emission spectrometer ICP-OES (Perkin Elmer Optima 3000). 

Application of standard reference material assured the accuracy of measurements; 

the precision was better than 5 %.  

The speciation of sedimentary phosphorus in the sediments was determined 

using a five-step sequential extraction scheme, where ~125 mg of dried and ground 

sediment sample was successively washed with 25 ml (1) 2 M NH4Cl (pH 7; 10 times 

a 4 hours), (2) citrate dithionite buffer (pH 7.5; 8 hours), (3) 1 M sodium acetate 
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buffer (pH 4; 6 hours), (4) 1 M HCl (24 hours), and (5) 1M HCl (24 hours) after 

ignition at 550 °C (2 hours). After step (2) and (3) the samples were rinsed repeatedly 

with 25 ml 2 M NH4Cl and 25 ml demineralized water (2 hours) to prevent the 

readsorption of phosphate. In addition, to support that a significant portion of total 

extractable P is exchangeable or loosely sorbed, we extracted ~125 mg of a sub-

sample with 25 ml 0.35 M NaCl ((1b); 2 hours). The extraction analysis is according 

to the scheme of Ruttenberg (1992) and the modification of step (1) by Schenau and 

De Lange (2000) (Table 2). P concentrations in extraction solutions were measured 

photometrically (Perkin Elmer 550SE Spectrophotometer). Solutes from step (1) were 

measured for P and calcium (Ca) and solutes from step (2) for P and Fe using an 

inductively coupled plasma atomic emission spectrometer ICP-OES (Perkin Elmer 

Optima 3000). Precision was generally better than 5 %, except for step (2) (3-15 %).  

 

Table 2 

Sequential extraction scheme (Ruttenberg, 1992; Schenau and De Lange, 2000) 

 

Step Reagents P component extracted 

(1)   Biogenic 25 ml 2M NH4Cl (pH 7) remaining pore water P, 
exchangeable P, 
biogenic apatite,  
apatite precursor 
mineral, carbonate-
associated P 

(1b) Exchangeable 25 ml 0.35M NaCl exchangeable, loosely 
sorbed P 

(2)   Oxide-  
       associated 

25 ml citrate dithionite buffer (pH 
7.5),  
25 ml 2M NH4Cl, 25 ml dem. water 

adsorbed and reducible/ 
reactive Fe(III)-bound P 

(3)   Authigenic 25 ml 1M Na-acetate (pH 4), 
25 ml 2M NH4Cl, 25 ml dem. water 

authigenic P 

(4)   Detrital 25 ml 1M HCl, 
25 ml dem. water 

detrital P 

(5)   Organic after ignition at 550 °C 
25 ml 1M HCl 

organic P 
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Biogenic apatite (i.e. fish debris) is soluble with NH4Cl extraction once all 

soluble calcium carbonate was extracted. Therefore, ten successive extractions with 

NH4Cl are required to determine in which NH4Cl step the biogenic apatite fraction is 

extracted (Fig. 2; Schenau and De Lange, 2000). High concentrations of P and Ca 

were measured after the first extraction with NH4Cl, indicating the presence of 

exchangeable P and/or Ca-associated P (Table 2). A second maximum was 

measured after the sixth extraction, probably extracting P associated with biogenic 

apatite. The remaining P after the tenth extraction with NH4Cl may result from 

incomplete dissolution caused by saturation of the extraction solution.  

Total organic carbon content was determined via the difference of total carbon 

and inorganic carbon by Coulomat 702-GA/LI (Ströhnlein Instruments).   

 

 

 

Figure 2: Sequential extraction of phosphorus (P; dots) and calcium (Ca; crosses) 
with NH4Cl (�mol g-1 dry sediment); multiple analysis of each sample. Solid lines 
represent the average value of each single extraction step. Note the different scale 
for P concentration for GeoB 3718. 
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2.4.4 Diagenetic model for P cycling in surface sediments 

To identify and quantify the interrelating processes in these sediment pore 

water systems, we applied a steady state diagenetic model for P cycling developed 

by Slomp et al. (1996). The steady state model describes the one-dimensional 

concentration change with depth of dissolved pore water phosphate, sedimentary 

oxide-associated P, authigenic P and organic P. Assuming that extraction with NH4Cl 

and NaCl (step (1) and step (1b), respectively, Table 2) determine similar 

exchangeable P contents, the difference between step (1) and (1b) gives a better 

estimation of P solely bound to biogenic apatite and Ca-associated P. We used 

biogenic P (step (1) minus (1b)) plus the authigenic P fraction (extracted during step 

(3)) for the model calculation as authigenic P concentration. A constant background 

organic P concentration is used for a better fit for extracted organic P. This organic, 

residual P is solely transported through the sediment column, is not subject to 

degradation processes and does not contribute to pore water phosphate. The 

sediment column is divided into three zones: an oxidized surface zone (zone I: 0 � x 

� L1), a reduced sediment zone with bioturbation (zone II: L1 � x � L2) and a reduced 

sediment zone without bioturbation (zone III: x > L2). Transport of sedimentary P 

fractions occurs through bioturbation or physical mixing (biodiffusion) and sediment 

accumulation. The first-order reactions, with reaction rate constants ks, kg, km and ka, 

respectively, are: (1) phosphate release from organic matter due to organic matter 

degradation in all three zones; (2) reversible sorption of phosphate to iron 

(oxyhydr)oxides in the first zone; (3) phosphate release due to reductive dissolution 

of iron (oxyhydr)oxides in the bioturbated zones; and (4) authigenic P precipitation in 

the reduced sediment zones. The differential equations used for each P reservoir are 

presented in Slomp et al. (1996). Detailed descriptions of the values and their 

sources for constant and variable parameters used for the model calculation are 

displayed in Tables 3 and 4. Values of temperature, the depths of layers 1-3, �, Dsed, 

Db, �, Co, CS, ps were fixed on the basis of existing data. The other parameters (JMX, 

JGX, JAX, ks, kg, km and ka) were varied to fit the model to measured profiles. 
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Table 3 

Values of constant parameter 

 
Constant values 

Parameter Description Unit GeoB 
3707 

GeoB 
3718 

GeoB 
3702 

Source* 

Temp. Top sediment 
sample 

°C 6 6 5 1 

Layer 1 Boundary 
oxidized/ 
reduced zone 
with bioturbation 

cm 1.8 1.4 1 2 

Layer 2 Boundary 
bioturbation/ 
reduced zone 

cm 5.5 6.5 5 3 

Layer 3 Reduced zone, 
no bioturbation 

cm 20 20 20 4 

� Sediment 
porosity 

cm3 cm-3
 0.88 0.91 0.92 5 

Dsed Sediment 
diffusion 
coefficient 

cm2 d-1
 4.3*10-5

 2.8*10-5
 3*10-5

 6 

Db Sediment 
mixing or 
biodiffusion 
coefficient 

cm2 yr-1
 5.36 5.36 5.36 7 

� Sedimentation 
rate 

cm yr-1
 0.01 0.02 0.01 8 

C0 Bottom water 
HPO4

2- conc. 
mol m-3

 1.96*10-3
 2*10-3

 2.3*10-3
 1 

Cs Equilibrium 
conc. for P 
sorption 

mol m-3
 9*10-4

 1*10-3
 1*10-6

 9 

�s Density for 
conversion 
factor theta**  
(g cm-3 dry sed. 
per cm-3 pore 
water) 

g cm-3
 0.095 0.11 0.11 10 

*Source: (1) onboard measurement; (2) depth where NO3
- starts to decrease (Fig. 3); 

(3) assuming a uniformly mixed surface zone; (4) x > L2; (5) � of top 5 cm; (6) Dsed 

HPO4
2-, Li and Gregory, 1974; (7) Middelburg et al., 1997; (8) Wefer et al., 1998; (9) 

Froelich, 1988; Slomp and Van Raaphorst, 1993; (10) average, **theta=�s[(1-�)/�]; 

(5)-(7) were assumed to be constant with depth in each relevant zone 
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Table 4 

Values for variable parameter 

 
Variable values 

Parameter* Description Unit GeoB 
3707 

GeoB 
3718 

GeoB 
3702 

JMX=0 Flux of Fe-bound P to 
sediment 

�mol 
cm2 d-1

 

7.5*10-3
 1*10-3

 1.7*10-2
 

JGX=0 Flux of organic P to 
sediment 

�mol 
cm2 d-1

 

0.75 2.49 0.26 

JAX=0 Flux of authigenic P 
to sediment 

�mol 
cm2 d-1

 

0.15 0.68 0.22 

ks Rate constant for P 
sorption 

d-1
 0.6 0.49 0.48 

kg Rate constant for 
organic P 
decomposition 

d-1
 9.1*10-5

 7.4*10-4
 3.8*10-5

 

km Rate constant for Fe-
bound P release 

d-1
 5*10-3

 2.6*10-3
 2.2*10-3

 

ka Rate constant for 
apatite precipitation 

d-1
 1.1*10-5

 1.9*10-4
 1*10-4

 

*Constant fluxes from the overlying water to the sediment were assumed at x=0;  
rate constants were assumed to be constant with depth in each relevant zone 
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2.5  Results 

2.5.1 Distribution of major diagenetic pore water compounds in surface 

 sediments 

The pore water profiles obtained at sites from the continental margin off 

Namibia reflect the pore water changes during oxic and suboxic diagenesis of 

organic matter (Fig. 3). The measured bottom water oxygen concentration was 

around 200 �mol L-1 at all stations; oxygen penetration into the sediment varies 

between 8 mm (GeoB 3718) and 17 mm (GeoB 3702). At all stations, nitrification 

leads to a peak in nitrate within the uppermost sediment layer. At depth nitrate is 

completely removed by biogeochemical processes (e.g. denitrification and/or 

dissimilatory nitrate reduction). Phosphate and ferrous iron concentrations reached a 

maximum around 2.5-4 cm at all stations (19-26 �mol L-1 and 2.9-7.2 �mol L-1, 

respectively), where conditions become more reducing. Below this depth phosphate 

and iron are removed from pore water as deduced from decreasing pore water 

concentrations.  

2.5.2  Distribution of sedimentary P and Fe in surface sediments 

In all three cores total sedimentary P (Ptotal) concentrations are highest close 

to the sediment surface (27.6-33.8 �mol g-1) and decrease very slightly with sediment 

depth (i.e. 22-32 % of P that is accumulated at the surface has been remobilized 

during burial at 17.5 cm depth) (Fig. 4). Compared to other continental margins, Ptotal 

concentrations are higher than previously measured contents (Filippelli and Delaney, 

1996; Van der Zee et al., 2002; Cha et al., 2005). There is a maximum in total 

sedimentary Fe (Fetotal) at the surface (180.4-295.1 �mol g-1). The observed small 

decrease in Ptotal and Fetotal (dashed bars, Fig. 4) can be attributed to dissolution of 

iron (oxyhydr)oxides and concomitant phosphate desorption. Below the zone of 

reductive dissolution Fetotal content increase slightly with depth.  

Mean concentrations and percentages of sedimentary phosphorus species are 

given in Table 5. In the core from the northern site GeoB 3707 concentrations range 

from 0.81 �mol g-1 for detrital P (Pdet) to 9.51 �mol g-1 for organic P (Porg). In GeoB 

3718 P bearing components range from 0.76 �mol g-1 for authigenic P (Paut) to 14.29 

�mol g-1 for biogenic P (Pfish), and at the southern site GeoB 3702 mean 

concentration range from 0.91 �mol g-1 for Pdet to 8.72 �mol g-1 for Pfish. Mean total 
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extracted sedimentary P concentrations of the cores are in the range of 22.9-28.5 

�mol g-1 (~0.23-0.29 wt%). 

 

 

 

Figure 3: Depth profiles of dissolved phosphate, iron, nitrate and oxygen in pore 
water (�mol L-1). In the left column: the dashed bars mark the area of reductive 
dissolution of iron (oxyhydr)oxides. In the right column: solid lines mark the boundary 
between sediment and water. Note the different depth scale for oxygen. 
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Figure 4: Depth profiles of total particulate P and Fe (�mol g-1 dry sediment); dashed 
bars mark the area of reductive dissolution of iron (oxyhydr)oxides. Note the different 
scale for total Fe concentration at GeoB 3702. 

Comparison of Ptotal contents obtained by total digestion to those in the 

sequential extraction solutions (bulk P, Fig. 5) shows that from all samples from 

GeoB 3707 and 3718 nearly all sedimentary P (on average 96 %) was recovered. 

Extraction of sedimentary P phases from GeoB 3702 does not result in complete 

dissolution (Fig. 5). Possibly, this discrepancy results from the presence of a 

refractory phase which does not dissolve after ashing at 550 °C and treatment with 

strong acid (Ruttenberg, 1992; Lopez, 2004). Nevertheless, the relations between the 

individual P fractions are very similar to both other cores and therefore are likely 

reliable. Despite the fact that the composition of sedimentary P varies from site to 

site, most of the extractable P in these sediments is present in Pfish (on average 32-

50 %; Table 5). This fraction is, except at site GeoB 3718, relatively constant with 

depth. Another quantitative important carrier of P is Porg (24-41 %). Concentrations 

are high in the uppermost sediment layer of the cores and decrease slightly with 

depth. Phosphate bound to iron (oxyhydr)oxides (PFe) makes up on average 16-22 % 

of sedimentary P. The resulting depth profiles show clear differences between the 

upper and the deeper sediment column supporting that geochemical transformation 

processes proceed (Fig. 5). But overall, mean PFe concentration is quite similar at all 

sites, compared to the large variation in total Fe content (Fig. 4). Exchangeable P 

(Pex, not shown here) and nonreactive detrital P (Pdet) are very small and rather 

constant P fractions. The amount of P associated with authigenic apatite is also a 

less relevant burial form in these sediments, accounting at most 6 % of total 

extractable P.   
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Table 5 

Mean P concentration (�mol P g-1) and percentage (%) 

 

GeoB 
site 

# 
samples 

Biogenic 
P 

% Oxide 
P 

% Authigenic 
P 

% Detrital 
P 

% Organic 
P 

% 

3707 12 7.56 32 5.30 22 0.52 2 0.81 3 9.51 41 

3718 11 14.29 50 4.53 16 0.76 3 2.10 7 6.79 24 

3702 12 8.72 38 5.08 22 1.29 6 0.91 4 6.77 30 

 

 

Figure 5: Depth profiles of sedimentary P distribution and bulk P content for each 
GeoB-site (�mol g-1 dry sediment). 
 

2.5.3  Carbon to phosphorus ratios in surface sediments 

A quantitatively important proportion of P is delivered to the sediment-water 

interface as Porg in organic carbon particles (Corg). Therefore, the geochemical 

behaviour of P in sediments is closely linked to that of Corg (e.g. Ingall and Van 

Cappellen, 1990; Ingall and Jahnke, 1997; Anderson et al., 2001; Filippelli, 2001). In 

the studied Corg-rich sediments (3.6-6.6 wt%, Table 1), sedimentary molar organic 

C/P ratios are much higher (312-1115) than known from fresh planktonic organic 

matter (106-140; Redfield et al., 1963; Takahashi et al., 1985), assuming organic 

matter supplied to the sediment-water interface had an initial composition near the 

Redfield ratio. Calculated molar ratios are in the range of those reported elsewhere 

for this area. For instance, Hartman et al. (1976) calculated organic C/P ratios which 

are >480 in rapidly depositing sediments (with a sedimentation rate of 0.01 cm yr-1 in 
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sediments from 600-3700 m water depth) at the NW African continental margin. 

Wefer et al. (1998) observed organic C/P ratios ~1000 in sediments off SW Africa. 

However, in contrast to sites GeoB 3707 and GeoB 3702, molar organic C/P ratios 

are much higher at site GeoB 3718, with a maximum of 1115 in 12 cm sediment 

depth (Fig. 6). Bioavailable reactive forms of sedimentary P (Preactive) are potentially 

regenerated from the sediment to fuel primary production (e.g. Ruttenberg and 

Berner, 1993; Faul et al., 2005). These forms have been defined as the sum of Pfish, 

Piron, Paut and Porg. Expressed as Corg/Preactive ratios in sediments may reflect the 

diagenetic transformation of reactive P during burial. Molar Corg/Preactive range from 

107 to 253 and increase slightly with increasing sediment depth (Fig. 6).  

 

 

Figure 6: Depth profiles of molar organic C/Porg (note the different scale for GeoB 
3718) and molar Corganic/Preactive ratios. 
 

2.6  Discussion 

2.6.1  Controls on sedimentary P cycling 

Initially, benthic P cycling is controlled by the input of P into the sediment. Our 

results show that most sedimentary P deposited at the sediment-water interface 

along the Namibian margin is associated with biogenic P. In the close vicinity to one 

of the highest productive areas in the global ocean, this is not very surprising. But, 

only a small proportion of total biogenic P is associated with fish remains (Fig. 2). 

However, since hard parts of fish debris mainly consist of hydroxyapatite crystals 

(e.g. Suess, 1981; Nriagu, 1983; Baturin and Dubinchuk, 2003; Nehmliher et al., 

2004), in principle their dissolution could be an important source for pore water 

phosphate (Suess, 1981; Froelich et al., 1988; Schenau et al., 2000). Our data reveal 
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only a slight decrease of the biogenic P fraction with sediment depth (Fig. 5), which 

rather indicates good preservation of this component. It seems obvious that the high 

burial efficiency is favoured also by the relatively high sedimentation rates in the 

study area (~0.01 cm yr-1; Wefer et al., 1998; Inthorn et al., 2006). However, we 

ascertain that biogenic P plays only a minor role within the benthic P cycle at all three 

sampling sites at least on short terms. Nevertheless, an even larger proportion of 

biogenic P may consist of Ca-rich P phases, which is preserved after accumulation. 

These phases could act as a precursor for subsequent precipitation of Ca-P minerals 

(Föllmi, 1996; Monbet et al., 2007). But, our analysis on authigenic P-phases gives 

no indication for this process.  

The next, quantitatively second most important P-fraction is associated with 

organic matter (Porg). Most recently by using different biogeochemical methods, 

Inthorn et al. (2006), Mollenhauer et al. (2007) and Aspetsberger et al. (2007) could 

characterize the organic substance along a transect across the depocenter, where 

site GeoB 3718 is located. All three studies conclude that the bulk of organic debris 

within the depocenter has frequently been re-suspended and, as a result of bacterial 

leaching, is relatively exhausted in components, which are available for microbes. 

Therefore, the associated preferential loss of P may explain why the molar organic 

C/P ratio is much higher at site GeoB 3718 than at the two other sites (Fig. 6). 

However, most of the microbial degradation of organic matter occurs just above the 

sediment water interface within a fluffy layer. So, also expressed by the nearly 

constant values for Porg, the organic fraction as well cannot be identified as a major 

source for the observed amount of dissolved phosphate. Additionally, the much lower 

Corg/Preactive than Corg/Porg ratios indicate that at least some P is subsequently 

transformed and remains in particulate form rather than being transferred into the 

dissolved pool. 

The third P-fraction which has to be considered to unravel the local benthic P 

cycle is Fe(III)-bound. In contrast to both fractions discussed before, the total amount 

of iron (oxyhydr)oxides within the oxic zone can hardly be used to estimate the 

preliminary rain rate of this mineral fraction. Pore water profiles give clear evidence of 

an additional diagenetic source. Upward diffusing ferrous iron is re-oxidized under 

oxic conditions and new, authigenic iron (oxyhydr)oxides are formed. However, due 

to the well known affinity of phosphate to adsorb on iron (oxyhydr)oxides, pore water 

phosphate concentrations have been described as closely coupled with the redox 
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sensitive behaviour of iron, at least under oxic to suboxic conditions (e.g. Slomp et 

al., 1996; Anschutz et al., 1998; Poulton and Canfield, 2006). Our results clearly 

demonstrate that this is also the case in margin sediments off Namibia (Fig. 7). The 

general shapes of phosphate and ferrous iron concentration profiles are very similar 

at all three sites indicating a simultaneous release of both constituents at the same 

depth intervals around 4 cmbsf. From here phosphate and ferrous iron diffuse in both 

directions, upward to the surface layer and downward into deeper sediments. As 

mentioned above, within the oxic zone ferrous iron is reoxidized and form iron 

(oxyhydr)oxides which offer ideal new surfaces for the (re-)adsorbtion of pore water 

phosphate. This co-precipitation is expressed by the concentrations of particulate P 

and Fe extracted with CDB (PFe, FeCDB), which increase congruently (Fig. 7). The 

interpretation of the downward phosphate flux is much more difficult. Like already 

known from previous studies (e.g. Zabel et al., 1998), in this area pore water results 

give clear evidence of a sink for phosphorus just below the zone of iron reduction 

(Fig. 3). Base on the solid phase extractions, a quantitatively important formation of 

authigenic P minerals can be precluded (Fig. 5). Our model results document that 

there is a clear excess of phosphate release against the rate of authigenic P 

formation (Fig. 8, Table 6; discussed below). With the exception of site GeoB 3718, 

also residual iron oxides seem not to be involved. However, the nearly constant 

Fetotal contents obtained by total digestion (Fig. 4) give evidence that Fe is converted 

into a more stable phase like pyrite that is not dissolvable with the extraction 

procedure used (Borchers et al., 2005; Monbet et al., 2007). But, this gives no 

explanation for the PFe concentrations when FeCDB is nearly not detectable at sites 

GeoB 3707 and 3702. Presumably, this finding might be partly attributed to the 

dissolution of residual Pfish during CDB application (Jensen et al., 1998; Monbet et 

al., 2007). After ten successive extractions with NH4Cl leach the remaining content of 

P is on average 0.1-0.52 �mol g-1 (Fig. 2). Otherwise, part of the PFe fraction could 

also be a post-sedimentarily precipitated, not well-defined phase which was 

additionally dissolved during CDB application (e.g. vivianite (Fe3(PO4)28H2O); 

Rosenquist, 1970; März et al., 2008). 
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Figure 7: Depth profiles of CDB extractable P (dashed line) and Fe content (grey 
area; Step II; �mol g-1 dry sediment) and pore water phosphate (solid line with dotes) 
and ferrous iron (solid line with crosses) concentration (�mol L-1). 

Despite the general confirmation of the close linkage between the benthic 

cycles of P and Fe, uncertainties mentioned above already show that this connection 

is much more complex than be explained by simple dissolution and adsorption 

processes alone. Especially balances between transfer rates, as indicated by 

diffusive fluxes, and the available amount of solid phases, as indicated by results 

from the extraction scheme, reveal great discrepancies. So, assuming steady state 

conditions in a classical approach (1 - no temporal change and 2 - transport occurs 

only by accumulation, conservative mixing, and molecular diffusion), the release of 

phosphate during iron reduction exceeds by far the concentration which would 

correlate with the available amount of phosphate adsorbed on iron (oxyhydr)oxides. 

So, based on the diffusive fluxes as calculated by applying Fick’s First Law, the 

release of phosphate during Fe reduction is about 8, 13 and 12 mmol P m-2 yr-1 at the 

three sites GeoB 3702, 3707 and 3718. Assuming a realistic dry bulk density of 

0.5 g cm-3 and a mean sedimentation rate of 0.01 cm yr-1, the value of 8 mmol P m-2 

yr-1 for the example corresponds to a total amount of about 0.26 g P yr-1 which 

releases from a sediment slice of 1 cm thickness and 1 m2 expansion. But looking on 
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our data, the total PFe reservoir of this sediment volume for 100 yrs is only 0.75 g P. 

Therefore, in this case the pore water profile indicates a release of P which is 34-fold 

higher than the existing content of P associated with (oxyhydr)oxides and even 5 

times more than the total P content bound onto mineral phases. For the sediments at 

both other sites this apparent deficit is even larger. In the same way it can be shown 

that there is also no counterpart in the solid phase, which would be equivalent to the 

P sink in the oxic surface layers. 

Although our ferrous iron data have to be handled cautiously because of a 

potential underestimation of concentrations on account of re-oxidation during the 

sampling procedure (De Lange et al., 1992), they give additional support to this 

imbalance. The sediment data reveal that the molar FeCDB/PFe ratios within the iron 

reduction zone are ~4 (GeoB 3702), ~2 (GeoB 3707), and ~8 (GeoB 3718). Although 

these values seem to be low in comparison to theoretical calculations which are 

based on determinations of the specific surface area of Fe (oxyhydr)oxides (~60; 

Crosby et al., 1983; Haese, 2006), they are in a good correspondence with ratios 

calculated for real sediments (2-10; Slomp et al., 1996; Matthiesen et al., 2001; 

Gunnars et al., 2002; Virtasalo et al., 2005). However, there is a clear tendency that 

FeCDB/PFe ratios decrease with increasing sediment depth. Assuming the quite 

realistic preferential dissolution of fine grained, newly formed, less consolidated iron 

(oxyhydr)oxides during burial, just the opposite is to be expected. A reduction of the 

specific surface area for P adsorption accompanied to such a coarsening should 

result in higher FeCDB/PFe ratios. From the background of the high phosphate release 

associated with iron reduction, the low gradients in phosphate concentrations across 

the benthic sediment water interface also indicate the high buffer capacity for 

phosphate to iron (oxyhydr)oxides (Anschutz et al., 1998). 

However, the discrepancies stated for the balances between the sediment 

composition and specific microbial and/or geochemical transfer rates indicate that we 

have not sampled a steady state system. On the other side, the local, nearly constant 

environmental conditions and the similarities between the main features at the three 

locations let assume a different explanation. Assuming that the much faster reacting 

pore water system represents a steady state situation, this phenomenon of an 

apparent deficit of iron (oxyhydr)oxides within several centimetres sediment depth 

could easily be explained by an age-dependent, non-steady state sediment mixing. 

Considering the process of non-local benthic sediment transport as more important 
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than homogenous sediment mixing via bioturbation, all problems disappear. There is 

no doubt that non-local transport processes can have a strong effect on the sediment 

composition (e.g. Pope et al., 1996; Fernandes et al., 2006). It could clearly be 

shown that the combination of rapid biodiffusive mixing and non-local transport 

allows a much more rapid mixing of surface material into the seabed than estimated 

by a conventional combination of sedimentation rate and biodiffusion. 

2.6.2 Quantification of P transformation 

To test our previous interpretations of the local benthic P cycle, a diagenetic 

transport and reaction model was used (cf. Sect. 2.4). Despite some simplifications, 

all important net reactions which may affect the distribution of pore water and solid 

phase P in marine surface sediments are considered. This allows the application of 

the model to various data sets by changing the boundary conditions, input and 

transfer rates (Table 3 and 4). Given that the model assumes steady state, the burial 

rate of P is always equal to the total accumulation rate of P on the sediment surface 

and total phosphate release is balanced with the sum of corresponding processes of 

its removal. 

Best fit calculations of sedimentary P for the GeoB sites agree reasonably well 

with the extracted mineralogical fractions (Fig. 8), especially for sites GeoB 3707 and 

GeoB 3702. Table 6 shows the corresponding calculated contributions of the various 

processes and reservoirs that play a role in P cycling at the three different sites. The 

calculations give strong support to our assumption that the cycling of P in these 

sediments is dominated by release from and binding to iron (oxyhydr)oxides. They 

contribute 85-97% to the internal total P transfers. Only 0.03-3.3% of the primary P 

input is associated with iron minerals, however. Accordingly, model results confirm 

the assumption that the major flux of reactive P to the sediment occurs in the form of 

organic-bound and ‘authigenic’ P that has been formed elsewhere, here assumed to 

be biogenic based on our extraction results.  

However, a prominent discrepancy occurs between the calculated and the 

measured pore water phosphate concentrations below the oxic zone (Fig. 8: L1). 

This suggests that the benthic system we have sampled was not in steady state, or 

that we have ignored an additional process, which is responsible for the increased 

release of phosphate during microbial iron reduction and removal at depth. A 

possibility is that non-local transport of particles and/or solutes in combination with 

higher bioturbation (deeper sediment mixing) is important at this site. But, in contrast 
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to the description of bioturbation, as a biodiffusive process, which results in a 

homogenisation of the sediment matrix (continuous sediment mixing), non-local 

transport involves preferentially directed sediment transport. As a result, the reservoir 

of iron (oxyhydr)oxides could be refilled with material from the oxic zone over and 

over again. The process would not only explain the apparent discrepancy between 

the release and transfer rates of (ferrous) iron with the available amount of iron 

(oxyhydr)oxides as pointed out before, but, because these iron phases act as carrier 

for the transport of phosphate as well, excess phosphate concentrations would be 

the consequence. Furthermore, depending on the number of such internal loops the 

FeCDB/PFe ratio would decrease due to the surplus of phosphate which continuously 

enters the cycle by the microbial degradation of organic matter via oxygen 

respiration, denitrification and iron reduction.    
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Figure 8: The calculated depth profiles (solid line) to the depth profiles of pore water 
phosphate (�mol L-1), solid-phase Fe-bound P, organic-bound P and authigenic P 
(i.e. sum of Ca-P and authigenic P)(�mol g-1 dry sediment). The dashed horizontal 
lines in each graph mark the boundaries of each sediment zone used for the model 
calculation (cf. Sect. 2.4). The vertical dashed line in the authigenic P depth profile 
represents authigenic P that has not been formed in-situ (background P; note the 
different scale for GeoB 3718). 

 

Table 6 

Phosphate production and removal rates as calculated with the diagenetic P model 
(rates are in �mol m2 d-1) 

 

 GeoB 3707 GeoB 3718 GeoB 3702 

Phosphate production    

Organic P release 0.71 2.39 0.21 

Fe-bound P desorption 20.16 12.52 12.46 

Diffusive P flux at SWI* -- -- 0.23 

Total 20.87 14.91 12.90 

Phosphate removal    

Diffusive P flux at SWI 0.40 0.44 -- 

Diffusive P flux at bottom 0.22 1.52 0.25 

Authigenic P formation 0.02 0.25 0.10 

P adsorption to iron phases 20.23 12.70 12.55 

Total 20.87 14.91 12.90 

*SWI: sediment water interface 
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To illustrate how difficult it is to fit the pore water and sediment profiles 

simultaneously, we lowered the equilibrium concentration for P sorption (e.g. fitting 

Cs and the rate constants ks, kg, km and ka, respectively). At station GeoB 3702 these 

settings double the flux of dissolved pore water phosphate (Fig. 9). Although this 

scenario reflects the close relation between the iron and phosphorus cycles, the 

reduction of P sorption would require an unrealistic increase in authigenic P 

concentration (Fig. 9), irrespective of the mode of authigenic P phase (i.e. Pfish and/or 

Paut) used in the model approach. 

 

 

Figure 9: Model fit to depth profiles of pore water phosphate (�mol L-1), solid phase 
Fe-bound P, organic-bound P and authigenic P (�mol g-1 dry sediment) for GeoB 
3702. 
 

2.7  Conclusions 

A combination of sequential extractions and pore water analysis were used to 

identify specific forms responsible for the distribution of phosphorus in sedimentary 

settings off the highly productive Namibian area. Results show that Ptotal is relatively 

homogeneously distributed in these continental margin sediments and solid-phase P 

speciation varies only slightly from site to site. Nevertheless, Pfish and Porg pools were 

the dominant reservoirs for P buried in sediments and they do not act as important 

sources for pore water phosphate during early diagenesis. Depth profiles of dissolved 

pore water phosphate and iron, and reactive P species suggest a rapid 

reorganization of P, where P released by mineralization is incorporated into a PFe 

phase rather than into a Paut phase. But, a simple interplay of dissolution and 

adsorption processes alone cannot explain the observed high transformation rates 
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and pore water concentrations of P in these sediments. The release of phosphate in 

the course of iron reduction exceeds by far the identified content of iron 

(oxyhydr)oxides. We assume that this apparent imbalance could be caused by the 

disregard of non-local transport processes of sediment and/or pore water. 

Unfortunately, such directed, episodic particle transport processes cannot be 

detected by the methods which were available. The much faster replacement of iron 

(oxyhydr)oxides in the iron reduction zone than due to sediment accumulation and 

conservative mixing (bioturbation) alone may be a key prerequisite for observed 

elevated dissolved phosphate concentrations. 
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3.1  Abstract 

Despite intensive research on the different domains of the marine phosphorus 

(P) cycle during the last decades, frequently discussed open questions still exist 

especially on controlling factors for the benthic behaviour of P and its general 

distribution in sediment-pore water systems. Steady state or the internal balance of 

all relevant physical and (bio)geochemical processes are amongst the key issues. In 

this study we present and discuss an extended data set from surface sediments 

recovered from three locations on the NW African continental slope. Pore water data 

and results from sequential sediment extractions indicate a close relationship 

between the benthic cycles of P and iron. Accordingly, most of the dissolved 

phosphate must have been recently released by microbially catalyzed reductive 

dissolution of iron (oxhydr)oxides. However, rates of release and association of P 

and iron, respectively, are not directly represented in profiles of element specific 

sediment compositions. Steady-state based transport-reaction modelling results 

suggest that particle mixing due to active bioturbation, or rather a physical net 

downward transport of P associated to iron (oxyhydr)oxides, is an essential process 

for the balance of the inspected benthic cycles. This study emphasizes the 

importance of balancing analytical data so as to provide for a more comprehensive 

interpretation of all relevant processes. 

 

3.2 Introduction 

Marine sediments are the largest reservoirs of P on Earth (e.g. Van Cappellen 

and Ingall, 1994). In particular, continental shelf and upper slope sediments are 

important sinks for major biogeochemical elements, like carbon, nitrogen, or P. 

These regions are generally characterized by a large input of organic material 

through vertical settling from the euphotic zone and lateral transport (e.g. Jahnke et 

al., 1989; Kim et al., 1999; Inthorn et al., 2006). For the most part, the particulate 

organic material is already decomposed during its pathway through the water 

column. However, a minor but important portion arrives at the sea floor where 

microbial degradation processes continue and lead to the release of dissolved 

phosphate into bottom and interstitial waters. Following the burial pathway, the 

sequence of early diagenetic reactions seems to dominate the benthic P cycle and 

therefore the distribution of P in marine sediments. Here a variety of environmental 

conditions, geochemical and biogeochemical processes determine how much 



Chapter 3  Benthic phosphorus and iron budgets ... 71 

phosphorus is released back to the oceans nutrient cycle or is buried for geological 

periods of time. 

During the last decades the number of studies looking on different, specific 

parts of the benthic P cycle has multiplied. Such studies ranged from regional to 

global distribution of phosphatic sediments and rocks (e.g. Baturin, 1982; Föllmi, 

1996), to investigations on the recent formation of phosphorites (e.g. Froelich et al., 

1988; Schenau et al., 2000; Schulz and Schulz, 2005), from detailed inspections of 

the benthic P cycle on local and regional scales (e.g. Sundby et al., 1992; Ingall and 

Jahnke, 1994; Anschutz et al., 1998) to basin-wide quantifications of the benthic 

phosphate release (Zabel et al., 1998; Hensen et al., 1998), from the identification 

and quantification of P forms in marine sediments (e.g. De Lange, 1992; Ruttenberg, 

1992; Schenau and De Lange, 2000) to steady-state modelling of the sediment-pore 

water system with special focus on the behaviour of P (e.g. Slomp et al., 1996, 

1998). In addition, it has long been recognized that iron (Fe) plays an important role 

in binding of phosphate in sediments (e.g. Krom and Berner, 1981; Sundby et al. 

1992; Jensen et al., 1995; Slomp et al., 1998). These studies have resulted in an 

improved understanding of P cycling in marine sediments. However, nearly all of 

them have focused on specific subdomains without taking the total balance of the 

benthic system into account. Certainly, for example Sundby et al. (1992) have 

derived a general scheme of the interrelating processes of the benthic P fluxes, but 

release and precipitation rates have not been used to balance corresponding mass 

transfers. In this regard, the combination of analytical results with steady-state 

transport-reaction modelling, which have been carried out by Slomp et al. (1996, 

1998), can be seen as the most complete one. However, focusing on the authigenic 

formation of apatite and the role of P adsorption in shallow water sediment, 

respectively, the importance of bioturbation for the balance of the benthic P cycle has 

been discussed only marginally.  

For this study, we investigated the P geochemistry at three sites on the 

continental margin of NW Africa. An extensive data set with varying analyses of pore 

waters and sediments was generated for the purposes (1) to unravel the local 

geochemical conditions that control the benthic P and Fe cycles, and (2) to identify, 

understand and quantify the processes that affect the (re)distribution of P in surface 

sediments.  
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3.3  Material and methods 

3.3.1  Study area and sampling sites 

We present results from sediment investigations on three cores, recovered 

from 1488 to 1997 m water depth during RV Meteor cruise leg M65/1 along the 

northwestern African continental margin (Mulitza et al., 2006; Fig. 1).  

 

 

Figure 1: Sampling locations along the NW African continental margin. Water depth 
at site GeoB 9510: 1567 m, GeoB 9519: 1488 m, and GeoB 9518: 1997 m. 

In this region, seasonal variations of northeast trade wind position and 

intensity control the westward directed transport of near-shore surface waters 

(Canary Current; e.g. Mittelstaedt, 1983; Helmke et al., 2005). The Canary Current, a 

broad eastern boundary current, flows from Morocco southward toward the Cape 

Verde Islands, where it joins the westward flowing North Equatorial Under Current 

and primary South Atlantic Central Water (McMaster and Lachance, 1969; Helmke et 

al., 2005). The South Atlantic Central Water is the main source of nutrient-rich water 

masses, leading to a 50-70 km wide coastal band of intensive upwelling (Hagen, 

1981, 2000; Lutze and Coulbourn, 1984; Helmke et al., 2005). The northern-most site 

GeoB 9510 is located between the Senegal River and Dakar, where terrigenous silty-

clayey muds dominate (Barusseau et al., 1988; Mulitza et al., 2006). GeoB sites 

9519 and 9518 are located slightly south between Dakar and the Gambia River. Here 

terrigenous sandy muds are abundant along the coast. Off Senegal, relatively low 

carbonate contents of 8.1 to 13.5 wt% are indicative of the dominance of land-

derived material in these sediments (e.g. McMaster and Lachance, 1969; Hartmann 

et al., 1976). According to Summerhayes (1983), the relatively low contents of 
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organic carbon in the studied surface sediments (2.4-2.9 wt%; Fig. 5) are the result of 

intensive turbulence and turbidity, which favour intense recycling of biogenic 

compounds already in the water column. Besides, in a recent study by Mollenhauer 

et al. (2007) significant differences in radiocarbon contents are observed in 

sediments off NW Africa. Accumulated organic material is older than the vertically 

settled original biogenic debris, caused by resuspension in the water column by 

lateral transport processes across the shelf.  

3.3.2  Sediment and pore water sampling 

Sediment cores were taken with a multicorer and processed under in situ 

temperature (4°C) directly upon retrieval. At all sites Teflon pore water squeezers 

were used (Schulz et al., 1994; Zabel et al., 1998), subsequently operated in a 

glovebox with argon at a pressure gradually increasing up to 5 bar. The pore water 

was retrieved through 0.2 �m cellulose acetate filters. In addition, at sites GeoB 9518 

and 9519, rhizon samplers (pore size 0.1 �m) were used (Seeberg-Elverfeldt et al., 

2005; Dickens et al., 2007). Figure 2 shows that no significant differences were 

detected between both pore water extraction methods for NO3
-, NH4

+ concentrations 

and alkalinity. However, for ferrous iron and phosphate much higher levels occurred 

when gained with rhizons (GeoB 9518 and 9519). This can be attributed to the high 

sensitivity of ferrous iron (as well as manganese) to even very low oxygen 

concentrations such as may have occurred during the squeezers porewater 

extraction process (e.g. De Lange et al., 1992). The phosphate concentrations are 

affected as well, due to the strong affinity of phosphate to adsorb on iron 

(oxyhydr)oxide. 

Solid phase samples for total digestions and sequential extraction were 

sectioned at 0.5 - 5 cm intervals and stored at -20°C.  

3.3.3  Pore water analyses and flux calculations 

Pore water analyses were carried out on board within a few hours after pore 

water sampling: alkalinity (by titration; Anderson et al., 1999), ammonium (via 

conductivity; Hall and Aller, 1992), phosphate (photometrically; Strickland and 

Parsons, 1972), ferrous iron (photometrically; Koroleff and Kremling, 1999) and 

nitrate (photometrically; Hansen and Koroleff, 1999). Aliquots of the remaining pore 

water samples were diluted 1:10 with demineralized water and acidified with 1 % 

HNO3 (suprapure) for preservation and stored at 4°C. Diluted squeezer samples were 
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used for subsequent analysis of manganese and total sulphur at the University of 

Bremen using an inductively coupled plasma atomic emission spectrometer (ICP-

OES, Perkin Elmer Optima 3000).  

The diffusive transport rates of dissolved phosphate and ferrous iron were 

determined by applying Fick’s First Law of diffusion: molecular flux (J) = -�·D0·(1-

ln(�2))-1·�C/�x (Schulz, 2006). The porosity (�) is assumed to be constant at 0.8 

(Mulitza et al., 2006), the diffusion coefficient (D04°C) is 123 cm2 a-1 and 124 cm2 a-1 

for phosphate (Li and Gregory, 1974) and ferrous iron (Lerman, 1979), and �C/�x 

reflects the specific concentration gradient. For modelling of pore water concentration 

profiles, the computer model Explicite was used (Zabel and Schulz, 2001; Schulz and 

Schulz, 2005; Schulz, 2006). Balancing of the systems base on the simplification of a 

constant dry bulk density of 0.4 g cm-3  (Sarnthein, 2004; http://doi.pangaea.de/ 

10.1594/PANGAEA.134606). 

3.3.4  Solid phase analyses 

Bulk concentrations of major elements in sediments were determined after 

total digestion in a HNO3 (65 %), HCl (30 %) and HF (47-51 %) mixture using a 

Microwave system (Zabel et al., 1999). Dissolved elemental concentrations of P, Fe, 

and sulphur (S) were measured with ICP-OES. Application of standard reference 

material (USGS standard MAG-1, in-house standard MAX) assured the accuracy of 

the method, as the element concentrations were within certified range. So, for all 

ICP-OES measurements the precision of analyses was < 5 %. 

The solid-phase speciation of P in the sediments was examined using a five-

step sequential extraction scheme, where approximately 0.125 g of oven-dried 

(105°C) and ground (in an agate mortar) sediment sample was washed with 25 ml (1) 

2M NH4Cl (pH 7; step repeated ten times), (2) citrate dithionite buffer (CDB; pH 7.5), 

(3) 1M sodium acetate buffer (pH 4), (4) 1M HCl, and (5) 1M HCl after ignition at 

550°C. After step (2) and (3) samples were rinsed successively with 25 ml 2M NH4Cl 

and 25 ml demineralized water to prevent the readsorption of phosphate (washing 

step). After each step, the extraction and washing solutions were centrifuged and 

filtered (0.2 �m membranefilter). The extraction scheme is after Ruttenberg (1992) 

and Schenau and De Lange (2000) (Table 1). Comparing the sum of extracted P and 

the separately determined total P content of the sediment, good to fair 

correspondence was obtained for cores 9510 and 9519 (recovery of 99 and 90%, 

respectively), whereas there was a substantial difference for core 9518 (recovery of 
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83%; Fig. 3). Therefore, residues for the latter sediments were additionally extracted 

with (6) 25 ml 1.5M sodium hydroxide solution at 85°C, to determine the opal-

associated P fraction according to Latimer et al. (2006) (Table 1). Despite of the 

recovery of a significant fraction of opal-associated P, most of the discrepancy 

remained for this core. The concentration of P released to each leaching solution was 

quantified automatically with a Skalar Autoanalyser (SA 6250) at 880 nm, except P 

and Fe concentration in the CDB solutions and opal-associated P, which were 

determined with ICP-OES.  

Table 1 

Sequential extraction steps (after Ruttenberg, 1992; Schenau and De Lange, 2000; 
Latimer et al., 2006). After each step, the extraction/washing solutions 

were centrifuged and filtered (0.2 �m). 

Step Reagents P component extracted 

(1) Biogenic 25 ml 2M NH4Cl (pH 7) remaining pore water P, 
exchangeable P, 
biogenic apatite,  
apatite precursor 
mineral, CaCO3-bound 
P 

(2) Oxide- 
     associated 

25 ml citrate dithionite buffer (pH 
7.5),  
25 ml 2M NH4Cl, 25 ml dem. water 

adsorbed and reducible/ 
reactive Fe(III)-bound P 

(3) Authigenic 25 ml 1M Na-acetate (pH 4), 
25 ml 2M NH4Cl, 25 ml dem. water 

authigenic P 

(4) Detrital 25 ml 1M HCl, 
25 ml dem. water 

detrital P 

(5) Organic after ignition at 550°C 
25 ml 1M HCl 

organic P 

(6) Opal 25 ml 1.5M NaOH at 85°C opal-associated P 

 
Total organic carbon (TOC) and total carbon (Ctot) were analysed on dried and 

ground samples with a Leco CS 200. This was done by analysing the untreated and 

decarbonated (using 12.5% HCl) samples, %CaCO3 being the difference between 

these two, was calculated as: CaCO3 (%) = (Ctot - TOC) x 8.33. Several standards 

with C contents of 0.8-12 % were applied to maintain accuracy within a range of 1 %.  

For each core sub-samples from 0-0.5, 4-5, 7.5-10, 15-20 cm sediment depth 

were used for radiocarbon dating of TOC following standard procedures (Leibniz-

Labor AMS facility at the Christian-Albrechts University Kiel, Germany; Nadeau et al., 

1997).  
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3.4  Results 

3.4.1  Pore water geochemistry 

Pore water results reflect the distribution of major diagenetic compounds 

expected during the general early oxidation sequence of organic matter in the upper 

sediment column (Fig. 2). The nitrate concentration increases from the bottom water 

value (23-26 �mol L-1) to a maximum (30-39 �mol L-1) close to the sediment water 

interface. Dissolved manganese concentrations are low at the sediment surface (< 

0.2 �mol L-1), but at the depth between nitrate maximum and nitrate depletion, they 

start to increase towards a concentration of 6-8 �mol L-1 at depth. Ammonium and 

alkalinity show the normal gradual increase with increasing sediment depth. 

However, small changes in the gradients of the ammonium profiles can be observed 

at depths around 6 cm. Total sulphur, or rather sulphate concentrations (no sulphide 

could be detected) keeps almost constant throughout the core lengths. All three 

cores show pronounced peaks in ferrous iron and phosphate pore water 

concentrations at a depth of 3 and 7 cm. All phosphate profiles show one, more or 

less distinct local maxima, which parallels the iron peak (except at site GeoB 9510).  

3.4.2 Sediment composition 

In all three sedimentary settings, profiles of bulk P exhibit local maxima of 

0.82-0.96 g kg-1 around 2 cm sediment depth (Fig. 3). Below these enrichments, data 

reveal decreases of about 14-22 %. According to the results of the sequential 

extraction procedure, 0.62-0.87 g P kg-1 could be assigned to specific carrier phases, 

which corresponds to a recovery of 83-99 % of the total P content in these sediments 

(Fig. 3). The fractions of oxide-associated P, NH4Cl-extractable biogenic P, and 

organic-bound P (steps 1, 2 and 5) are nearly equivalent. However the ratios 

between these three pools change with sediment depth. While the proportion of 

biogenic P (step 1) remains relatively constant, the oxide-associated fraction (step 2) 

and the organic-bound P (step 5) seem to be negatively correlated, with significant 

higher values for the oxides fraction close to the sediment surface. Compared with 

the main fractions, the authigenic apatite, detrital and opal-associated fractions are 

negligible (Fig. 3). Only subtle differences appear to occur for the dominant P-

carrying phases between the three cores.  

The total sedimentary Fe concentrations (Fetot) are in the range of 33.3-40 g 

kg-1 (Fig. 4). Apart from a general increase by 3-16 % between the surface layer and  
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Figure 2: Depth profiles of dissolved nitrate (dotted solid lines), ammonium (dashed 
lines with squares) and sulphur (dashed lines), manganese (dashed lines with 
squares), alkalinity (dotted solid lines, mmol(eq) L-1), ferrous iron and phosphate in 
pore water (�mol L-1). The grey bars mark the area of reductive dissolution of iron 
(oxyhydr)oxides. The lines represent pore water concentrations measured in 
squeezer samples, the shaded area the concentrations measured in rhizon samples.  
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the core bottom, prominent local maxima exist at about 1.5-2.0 cm sediment depth. 

These characteristic features are mainly caused by iron (oxyhydr)oxides (FeCDB, step 

2) which increase to 8 g kg-1 or 23 % of the total Fe content. Below this enrichment 

layer the FeCDB fractions decrease by 21-29 % within narrow depth intervals of 2 cm 

only.  

  

 

Figure 3: Sedimentary P distribution (g kg-1 dry sediment), as deduced from 
sequential extraction of biogenic, Fe(III)-bound, authigenic, detrital, organic-bound 
and opal-bound P (the latter only for GeoB 9518) compared to bulk P content. 
 

 

Figure 4: CDB extractable P (solid lines with crosses) and bulk Fe (light grey, dotted 
solid lines) content, and bulk Fe (Fetot) reduced by the content of iron (oxyhydr)oxides 
(FeCDB; dark grey, dotted dashed lines) in g kg-1 dry sediment. 
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The total decrease of CDB extractable Fe fraction with increasing sediment depth 

amounts to 42-50 %, an observation which has already been documented for 

continental margin sediments (Anschutz et al., 1998). However, the local maxima in 

the upper sediment column are parallel to the distribution of PCDB (Fig. 4). 

Total organic carbon (TOC) remains relatively constant in all three cores (Fig. 

5). However, maxima in TOC occur at the sediment surface (1.8 to 3.2 wt%), and the 

carbonate content increases slightly with depth (max. 10.1 to 15.2 wt%, data not 

shown). The molar Corg:Porg ratios are generally high with values of up to 500 for 

instance at site GeoB 9518. 

 

 

Figure 5: Depth profiles of total organic carbon content (TOC in wt%; solid lines with 
crosses), and molar Corg:Porg (relation between TOC and organic-bound P; solid lines 
with circles) ratios. 
 

Radiocarbon dating of total organic carbon reveals that all dated sediment 

constituents are of Holocene age (14C ages < 3200 yr BP; Table 2). Data deviate 

from a normal linear increase in age with increasing sediment depth. We interpret 

this to be related to bioturbative processes, since visual core description did not 

indicate slumping (pers. comm. R. Tjallingii). Regardless of a reversal gradient, these 

data reveal more or less continuous sedimentation, which allows the calculation of 

approximate average sedimentation rates (6.3-8.6 cm kyr-1). Using approximate 

sedimentation rates would not significantly change modelling results and subsequent 

conclusions.  
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Table 2  

AMS 14C-ages (yrs BP) and corresponding sedimentation rates (SR)(cm kyr-1) 

Sediment depth 
(cm) 

GeoB 9510 GeoB 9519 GeoB 9518 

0-0.5 719 ± 46 1113 ± 27 800 ± 33 

4-5 1581 ± 33 - 1345 ± 28 

7.5-10 1175 ± 26 2602 ± 25 2549 ± 24 

15-20 3200 ± 25 2660 ± 25 2290 ± 25 

SR 6.2 8.6 7.3 

 

3.5  Discussion 

3.5.1  The benthic P- and Fe-cycle – sources and sinks 

The first downward increase of pore water phosphate under oxic conditions 

(oxygen penetration is estimated to be about 1 cm; Wenzhöfer and Glud, 2002) is 

attributed to microbially mediated organic matter mineralization (e.g. Froelich et al., 

1979; Jahnke et al., 1989). The total release of P by this process is hard to quantify, 

because the consumption of major electron acceptors like oxygen or nitrate cannot 

be attributed to the microbial oxidation of organic substance exclusively. Reoxidation 

of reduced species has to be taken into consideration, although this may be of less 

quantitative importance in most environments. A probably more significant 

uncertainty exists on the composition of the organic matter itself or rather of the 

portion which is degraded. It is striking that our Corg:Porg ratios of 300-400 for the 

three cores (Fig. 5) are far beyond the primary composition of the organic matter 

generally produced in the euphotic zone (106-140:1; Redfield et al., 1963; Takahashi 

et al., 1985). These findings correspond to those from other studies (e.g. Ingall and 

Van Cappellen, 1990; Anderson et al., 2001). Accordingly, such high ratios may 

document enhanced regeneration and removal of labile particulate P relative to 

organic carbon. The remains, which are preserved in the sediments after preferential 

P (and nitrogen) depletion, are a relatively refractory organic component. However, 

despite the observed impoverishment of the organic substance, Porg concentrations 

slightly decrease close to the sediment surface (Fig. 3) and our pore water data 

indicate a permanent, net phosphate release from organic matter to the pore water 

within the uppermost 8 cm (Fig. 2). Oxygen respiration, denitrification, manganese 

and iron reduction all may contribute to the phosphate release from organic 

substances. Whereas, almost constant dissolved total sulphur concentrations may 

indicate that sulphate reduction can be neglected at all three sites.  
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Table 3 

Release rates of phosphate (P) and iron (Fe) as calculated from diffusive fluxes 
(mmol m-2 yr-1); Corg.:Porg. = 350a or 106b;  

* not determined, calculation impossible on account of artificial data 

 

By comparison of the specific diffusive flux rates at site GeoB 9519 only (cf. 

Table 3) our data indicates that the P release from organic matter may occur 

predominantly via the oxic pathway (85 %), followed by denitrification (14 %). 

According to the simple calculation, the contribution of iron and manganese reduction 

together is only 1 %. This small value corresponds perfectly to the slight increase of 

ammonium concentrations just at depth of iron reduction (Fig. 2). As mentioned 

before, release rates of Porg depend on the C:P ratio of the organic substrate 

decomposed. Assuming a constant Corg:Porg ratio of 350 (Fig. 5), in total 

1.39 mmol Porg m
-2 yr-1 would be released within the uppermost sediment layers at 

site GeoB 9519. The estimate connected with the modelled respiration of oxygen 

alone (1.2 mmol Porg m
-2 yr-1) is in very good correspondence with similar previous 

studies (e.g. Slomp et al., 1996). However, indicated by the virtually absence of 

phosphate concentration peaks, or at least significant changes in gradients within the 

uppermost 3 cm (Fig. 2), pore water data give also clear evidence that Porg can only 

be of relatively minor importance for the total dissolved phosphate pool at sites GeoB 

9518 and 9519. Obviously, the major P release is closely associated with the 

reduction of iron (oxyhydr)oxides (cf. e.g. Krom and Berner, 1981; Sundby et al., 

1992; Jensen et al., 1995; Slomp et al., 1998). Even with conservative calculations of 

Benthic nutrient fluxes GeoB 9510 GeoB 9518 GeoB 9519 

Release of P during oxic 
degradation of organic matter 

n.d.* 1.7a - 5.7b
 1.2a - 3.8b

 

Release of P during 
denitrification 

0.23a – 0.77b
 0.20a – 0.65b

 0.19a – 0.62b
 

Total release of P during 
reductive dissolution of Fe-
(oxyhydr)oxides 

n.d.* 4.50 3.54 

Release of P from organic 
matter during iron reduction  

n.d.* 0.012a – 0.031b
 0.010a – 0.033b

 

Release of Fe during reductive 
dissolution of Fe-
(oxyhydr)oxides 

n.d.* 12.95 14.03 
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about 4.5 and 3.5 mmol P m-2 yr-1, respectively, release rates are much higher than 

estimates for the contribution of Porg to pore water phosphate (Table 3). 

Beside the diffusive exchange across the sediment water interface, phosphate 

is removed from interstitial waters by association to iron (oxyhydr)oxides. The latter is 

reflected by the great similarity of phosphate and ferrous iron concentration profiles 

(Fig. 2; e.g. Krom and Berner, 1980; Lijklema, 1980). Fe minerals are characterized 

by a high surface area (e.g. Slomp et al., 1996) and high reactivity (e.g. Feely et al., 

1990; Poulton and Canfield, 2006). Below the iron reduction zone, iron is probably 

fixed by the formation of iron sulfides. As depicted in Figure 6A, total sulphur 

concentrations increase more than double within the lowermost 10 cm of all cores, 

from about 0.2 wt% within the oxic zone to more than 0.4 wt% at 18 cm sediment 

depth. However, the general increase of the total iron concentration with sediment 

depth in this area (Fig. 4) has recently been attributed to temporal decrease in the 

primary terrigenous input to these sediments during the last few thousand years 

(Mulitza et al., 2008). 

3.5.2  Examination of the benthic budgets 

A major question for the interpretation of geochemical data usually is, if the 

analysed data set is representative for a system under steady state at the time of 

sampling. This is of particular interest when specific transfer rates are calculated (or 

measured) to estimate their importance on time periods of hundreds or thousands of 

years. For marine sediments, this general question can be reworded into: Is there a 

balance between the transfer/transport processes as indicated by pore water 

concentration profiles (or direct rate measurements) and the composition of the 

sediment? 

For our study sites, non-steady state conditions, caused by active venting, 

significant vertical movement of redox boundaries relative to the sediment surface, 

and temporal changes in bottom water oxygen concentration can be disregarded. As 

a very probable approximation we will assume that steady state occurred, at least on 

moderate time scales (i.e. several 1000 years). But, considering that a clear 

decreasing %Corg versus sediment depth is not observed, and our radio carbon data 

display differences of detail in gradients, give rise to significant bioturbative benthic 

activity (cf. Fig. 5; Table 2). 
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Figure 6: A: depth profiles of bulk S, B: depth profiles of the upper 7 cm sediment 
column of CDB extractable Fe content (g kg-1 dry sediment) for each GeoB site. The 
dashed area highlights the area of iron reduction.  
 

There is a sufficiently consistent picture in consideration of Fe and P extraction 

and pore-water results. For instance, Slomp et al. (1996) suggest that almost similar 

ratios in both dissolved and particulate P and Fe support indication for preferential 

release into pore water from reductive iron dissolution, which is not the case in our 

study. While the Fe:P ratios of the CDB-extractable mineral fraction at the depth of 

iron reduction show values in a range already described in deep-sea sediments (24.4 

to 32.0, Fig. 4 and 6B; Anschutz et al., 1998; Van der Zee et al., 2005), the 

distributions of solutes at site GeoB 9518 and GeoB 9519 indicate that the release of 

ferrous iron is only 2.9 to 4.0 times higher, respectively, than for phosphate (i.e. low 

Fe(II):PO4
2, Table 3). Furthermore, based on the stoichiometric range for the 

microbially catalyzed reduction of iron (oxyhydr)oxides, the degradation of organic 

matter during this process cannot be a significant additional source for pore water 

phosphate (0.3-0.7 % of the total phosphate release; Table 3). Even if the iron 

oxides, newly formed in the oxic zone, are very fine grained, poorly crystalline, and 

easily reducible, it seems very unlikely that such extremely low values of total 

phosphate release during iron reduction correspond to the ratios of the reduced 

mineral phase. This would be in contradiction to all reported knowledge on specific 

surface areas and adsorption capacities for iron oxides (Borggard, 1983; Crosby et 

al., 1983). A possible explanation could be a limited ‘etching’ of mineral surfaces with 

their phosphate covering density before the real crystal lattice is affected. 
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Nevertheless, assuming steady state conditions, simple budget calculations reveal 

that the investigated pore water system cannot be balanced by diffusive transport 

and sediment accumulation alone. Certainly, under idealized conditions, local 

maxima, decreases or even total depletions in specific sediment Fe fractions should 

correspond to appropriate sinks and sources as indicated by the distribution of 

dissolved components. But the available amounts of mineral phases are by far not 

sufficient to maintain the diffusive flux or rather transfer rates for longer times. The 

downward decreases in FeCDB of 1.4 to 2.1 g kg-1 within an about 2 cm thick layer, 

are clearly caused by the reductive dissolution of iron (oxyhyxdr)oxides (Fig. 6B, grey 

bar). Only by conservative burial due to simple accumulation onto the sea floor, 

particles would pass this depth interval within a period of about 220-330 years, 

depending on the local sedimentation rate (Table 2). At sites GeoB 9518 and GeoB 

9519, release rates of Fe2+, constant for these periods, would require a demand of 

6.7 and 5.6 mg cm-3 reducible iron oxides, respectively. These numbers are about 8 

to 11 times higher than the detected decreases in FeCDB. Appropriate calculations for 

the re-oxidation of ferrous iron within the surface layer above iron reduction zone 

lead to similar results (Table 4). Possibly, the total amount of sedimentary iron oxides 

has not been extracted completely with CDB (Van der Zee et al., 2005), but even this 

cannot explain the detected differences.  

Table 4 

Simplified budget of transfer rates connected with the reduction of iron 
(oxyhydr)oxides assuming steady state Fe2+ release / precipitation rates; 

with dry bulk density: 0.4 (g cm-3);  
* not determined, calculation impossible on account of artificial data 

 

Parameter Unit GeoB 
9510 

GeoB 
9518 

GeoB 
9519 

~SR cm kyr-1
 6 7 9 

Age of a 2 cm interval 
(�t) 

yrs 333 286 222 

FeCDB decrease within 
this interval at depth of 
iron reduction (Fig. 6B) 

g kg-1 �t-1 
mg cm-3 �t-1 

2.1 
0.8 

1.4 
0.6 

1.8 
0.7 

Fe2+ release (cf. Table 3) mg cm-3 �t-1 n.d.* 6.7 5.6 

Fe2+ re-oxidation mg cm-3 �t-1 n.d.* 5.0 4.0 

FeCDB max. - surface g kg-1 �t-1 0.9 0.4 0.7 
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Figure 7: Left: model fit to ferrous iron profile at site GeoB 9519 in comparison to the 
distribution of particulate iron mineral phases (Feoxides/sulfides). Right: distribution of 
iron mineral phases (Fetot, Fetot corrected to model fit) and transfer rates (negative 
values: release due to reductive dissolution; positive values: fixation of dissolved 
iron). 

The apparent discrepancy gets clearly visible when modelling the pore water 

concentration profiles by fitting the underlying transfer rates. The distribution of 

ferrous iron and iron mineral phases at site GeoB 9519 clearly illustrates this (Fig. 7). 

Negative values for transfer rates imply the release of iron (due to reductive 

dissolution), and positive values are equal to the fixation of dissolved iron (above: 

due to re-oxidation, below: probably due to the formation of iron sulphides). If 

molecular diffusion and sediment accumulation would be the only controlling factors 

for the benthic iron (and phosphate) cycle, both, the surface near enrichment of 

(oxyhydr)oxides and the depletion of iron within the iron reduction zone have had to 

be much more pronounced under the assumption of steady-state conditions. 

However, total iron concentrations are comparatively constant from 3 to 6 cm depth 

in GeoB 9519. Slight increases below 6 cm can be rather assigned to temporal 

changes in the terrigenous input than to effects of early diagenesis. However, 

obviously an additional transport process is necessary to explain our PCDB and FeCDB 

data (Fig. 4). This additional process can only be a net downward transport of P-

associated to iron (oxyhydr)oxides. Such an active internal replacement and cycling 

of particulate matter could be caused by bioturbation, at least occasionally (e.g. 

Boudreau and Jørgensen, 2001 and refs. therein). Supported by results of one-

dimensional reaction-transport modelling, Slomp et al. (1998) have already argued in 
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a similar way the effects of bioturbation. The close correspondence between 

observed depth integrated iron content (Figs. 4 and 6) and its distribution deduced 

from transfer rates (Fig. 7), gives additional support to our interpretation. Anyway, if 

release and precipitation rates occur in the range as indicated by pore water data 

and if these rates seem constant over time, physical sediment mixing is an essential 

process to maintain a steady-state situation in the observed system. 

 

3.6 Conclusions 

Controlling processes for the benthic P and Fe cycles in marine surface 

sediments were investigated by means of pore water and solid phase analysis, 

balancing of release and precipitation rates and the approach of a simple one-

dimensional transport-reaction model. Biogenic-, Fe-, and organic-bound fractions 

are identified as the most important P pools in these sediments. Calculations of 

transfer rates reveal that most of the dissolved phosphate is recently released to 

interstitial waters during the reduction of iron (oxyhydr)oxides. Comparing between 

release and precipitation rates, however, an apparent discrepancy is observed in the 

distribution of both sedimentary constituents. This balance approach clearly indicates 

the importance of particle mixing (bioturbation) for the maintenance of such system. 
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4.1  Abstract 

We conducted a study to compare the relationship between solid phase 

composition of bulk phosphorus (P) and iron (Fe), P and Fe (FeCDB) speciation and 

related pore water nutrient pools (dissolved phosphate and ferrous iron) in three 

surface sediments from highly productive environments: the continental shelf off NW 

Africa (Senegal), Peru and Chile. Total P spatial distribution shows that its absolute 

concentrations are higher by a factor of > 2 in the sediments overlain by intensive 

oxygen minimum zones and affected by low bottom current activity (i.e. off Peru and 

Chile) compared to the sediment off Senegal. Here moderate oxygen concentrations 

prevail in the overlying water column and strong bottom currents minimize 

accumulation of recent P species. Major correlation between the three investigated 

sites exists in the identification of P bound to Fe (oxyhydr)oxides as the major 

reactive P pool. Although biogeochemical reduction of Fe (oxyhydr)oxides coincide 

well with simultaneous release of phosphate and ferrous iron into pore waters, 

sequential extraction results indicate rather a limited coupling of both elemental 

cycles off Senegal and Peru. Whereas in sediments off Chile seasonal changes in 

pore water chemistry are responsible for reoccurring dissolution and precipitation of 

Fe (oxyhydr)oxides. Great discrepancies occur in the reactivity of dissolved 

phosphate towards authigenic mineral precipitation. Off Senegal pore waters are 

saturated with respect to hydroxyapatite, but this is not documented in the solid-

phase. Instead, P is incorporated in poorly crystalline Ca-rich precursor phases, 

namely biogenic P, which serves as important sink for P in this setting. 

 

4.2  Introduction 

Highly productive areas, where physical upwelling of water masses provides a 

continuous nutrient supply to ocean surface waters, are certainly amongst the most 

remarkable regions of the world oceans. Upwelling water masses contain substantial 

amounts of phosphorus, dominantly as phosphate, which has an essential influence 

for phytoplankton growth and the regulation of marine productivity (e.g. Froelich et 

al., 1982; Faul et al., 2005). Consequently, production of new biomass at the ocean 

surface enhances a flux of organically bound phosphorus to the sea floor (e.g. 

Froelich et al., 1988; Ruttenberg and Berner, 1993). Subsequent decay of most 

sinking organic and biogenic material results in the depletion of oxygen below the 

thermocline. When such an oxygen minimum zone (OMZ) intercepts an ocean 
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margin sea floor and the oxygen concentration is very low, particulate material 

accumulates under sub- to anoxic conditions (Arthur et al., 1998; Levin et al., 2002; 

Niggemann et al., 2007). In terms of phosphorus cycling, the liberation and 

bioavailability of phosphorus in such deposits is quite different compared to 

sediments under oxic conditions (e.g. Anderson et al., 2001; Babu and Nath, 2005). 

Because intense anaerobic benthic recycling of phosphorus at the sediment surface 

results in a direct re-supply of dissolved phosphate into the overlying water column, 

where it can trigger primary production again (Ingall and Jahnke, 1994, 1997; Jensen 

et al., 1995; Rozan et al., 2002). In contrast, in oxic sediments dissolved phosphate 

might be retained in the sediment and participate by burial and transformation 

processes. Predominantly dissolved phosphate is affected by iron (oxyhydr)oxide 

dissolution and reprecipitation due to its strong affinity to adsorb on surfaces of iron 

(oxyhydr)oxides (e.g. Slomp et al., 1996b, 1998).  

Although the flux of phosphorus to the sea floor is variable, phosphorus is 

generally buried in sediments associated with organic and biogenic material 

(Anderson et al., 2001; Schenau and De Lange, 2000; Díaz-Ochoa et al., 2009), 

adsorbed onto particles (i.e. clay or iron (oxyhydr)oxides; Krom and Berner, 1980; 

Froelich et al., 1988), dispersed in sediments as detrital particles and as authigenic 

precipitates (various forms of apatite; e.g. Föllmi, 1996). The release of phosphate 

from particulate material into interstitial waters is caused by benthic regeneration of 

organic material, dissolution of fish debris, desorption from iron particles and/or may 

be associated with the metabolism of polyphosphate storing species (Suess, 1981; 

Jahnke et al., 1983; Ingall and Jahnke, 1994; Slomp et al., 1996a; Schulz and 

Schulz, 2005; Arning et al., 2008; Diaz et al., 2008).  

In this study, sampling sites are located below highly productive systems off 

the NW African (Senegal), Peruvian and Chilean coasts. These areas offer a variety 

of depositional and geochemical environments, which make them suitable for 

illustrating the fate of phosphorus in shelf sediments. Earlier studies reported on the 

occurrence and biogeochemistry of phosphorus-containing phases in sediments off 

Peru/Chile (e.g. Burnett, 1977; Suess, 1981; Cunningham and Burnett, 1985; 

Froelich et al., 1988; Glenn and Arthur, 1988; Piper et al., 1988; Díaz-Ochoa et al., 

2008). In contrast, biogeochemical investigation on phosphorus in sediments off NW 

African (Senegal) has received little attention. Our intention is to examine and 
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compare the early diagenetic regeneration related to various more or less reactive 

sedimentary phosphorus species in different depositional settings. 

 

4.3  Material and methods 

4.3.1 Sampling locations and regional setting  

 Core GeoB 9503-3 

Core GeoB 9503-3 was retrieved during RV Meteor cruise leg M65/1 in 2005 

(Fig. 1; Mulitza et al., 2006). The core was sampled in 49 m water depth (WD) in the 

mudbelt area off Senegal in front of the Senegal River mouth. Low-oxygen water was 

present on the shelf between 40 and 70 m depth (Mulitza et al., 2006). The bottom 

water oxygen concentration was 2.43 and 3.95 ml L-1 in adjacent sites GeoB 9504-4 

and 9505-3, respectively (Bouimetarhan et al., 2009). Despite the occurrence of 

oxygen at the sediment-water interface, GeoB 9503-3 sediments show a reducing 

characteristic (Eh >-100 mV, data not shown). The sediment revealed homogenous 

silts and clays, which is typical for the suspended Senegal River load (Barusseau et 

al., 1988; Mulitza et al., 2006). In this region, a northeast trade wind-induced 

seasonal coastal upwelling occurs along the continental shelf (Summerhayes et al., 

1972; Hagen, 1981; Mittelsteadt, 1983, 1991). Productivity in surface waters is high 

(Debenay and Redois, 1997; Seiter et al., 2004; Bouimetarhan et al., 2009). Due to 

current induced turbulence and turbidity processes, accumulation rates of reactive 

material on the sediment surface are relatively low compared to SW African highly 

productive areas (Reimers and Suess, 1983; Summerhayes, 1983).  

Core Peru 4-3 

Sampling of core Peru 4-3 (from 145 m WD) was carried out during RV Olaya 

cruise MPI/IMARPE in 2005 off the city Callao (Fig. 1). The central Peruvian coast is 

strongly influenced by year-round southeasterly trade winds, causing intense 

upwelling of water masses from the pole-ward flowing Peru Undercurrent (e.g. Brink 

et al., 1983; Carr, 2002; Bruland at al., 2005). Muñoz et al. (2004) described a well-

developed oxygen minimum zone in 50-600 m depth with concentrations of 0.5 ml O2 

L-1. Anoxic sediment conditions prevailed, which is also indicated by the presence of 

anaerobic sulphur bacteria (Arning et al., 2008). Furthermore, sediments of the so-

called ‘Callao Transect’ contain organic-rich nanofossil and diatom oozes (Suess and 

Von Huene, 1988).  
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Figure 1: Schematic maps of working areas with approximate locations (black 
points) of the studied cores. Note the different scales for coordinates.  
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Core Chile 7 

Core Chile 7, located at the mouth of the Bay of Concepción (Fig. 1), was 

sampled from 34 m WD during LC Kay Kay expedition in 2006 (cf. Holmkvist et al., 

submitted). At the continental shelf off central-southern Chile intense upwelling of 

nutrient-rich Sub-Surface Equatorial Waters is known to take place during austral late 

spring, summer and early autumn due to the predominance of southwesterly winds 

(Ahumada et al., 1983; Arcos and Wilson, 1984; Valle-Levinson et al., 2004). The 

Bay of Concepción is a semi-enclosed and shallow embayment, connected 

northward to the continental shelf (Farias et al., 1996). During field campaign typically 

sub- to anoxic conditions prevails at the sediment-water interface and bacterial mats 

(e.g. Beggiatoa, Thioploca) frequently cover the clayey-silty, organic-rich 

flocculent/muddy sediment surfaces (e.g. Schubert et al., 2000; Farias, 2003; Zopfi et 

al., 2008). Bottom waters in the Bay are characterized by low oxygen concentrations 

(0.2-0.4 ml O2 L
-1, Schubert et al., 2000; Farias, 2003). 

4.3.2 Sediment and pore water sampling  

Sediment cores were retrieved with a multiple corer (MUC) and immediately 

stored at in situ temperatures (4°C) after retrieval. Pore water sampling was carried 

out under an inert argon atmosphere in a glove box. For pore water extraction at site 

GeoB 9503 Teflon pore water squeezers were used (e.g. Schulz et al., 1994; Zabel 

et al., 1998). The squeezers were operated with argon at a gradually increased 

pressure (maximum 5 bar) and 0.2 �m cellulose acetate membrane filters. At both 

other sites rhizon technique was applied (Seeberg-Elverfeldt et al., 2005; Dickens et 

al., 2007). The pore water was retrieved with rhizon samplers with a pore space of 

0.1 �m. Using pore water data retrieved by two different pore water extraction 

methods do not considerably change our conclusions in the scope of this study.  

Solid phase samples for total digestions and sequential extraction analysis 

were taken at 0.5 - 5 cm intervals (with intervals thickness increasing from core top to 

bottom) and stored at -20°C for further analysis.  

4.3.3 Pore water and solid phase analyses 

Pore water phosphate (PO4
3-), ferrous iron (Fe2+) and nitrate (NO3

-) 

concentrations in pore water samples off Senegal (GeoB 9503-3) were measured 

photometrically (Grasshoff et al., 1999; Schulz, 2006). Ammonium (NH4
+) 

concentrations were determined indirectly by conductivity (Hall and Aller, 1992). In 
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pore water samples off Peru and Chile pore water PO4
3- concentrations were 

measured photometrically after Murphy and Riley (1962), and Fe2+ according to 

Stookey (1970). 

For all solid phase samples of the three cores, bulk concentrations of P and Fe 

were determined from total digestion of ~50 mg dried and ground samples. Each 

sample was dissolved in a HNO3 (65%), HCl (30%) and HF (47-51%) mixture using a 

Microwave system (Zabel et al., 1999). Elemental concentrations in the digestion 

solutions were measured with ICP-OES (Perkin Elmer Optima 3000). For all ICP-

OES measurements, application of standard reference material (USGS standard 

MAG-1, in-house standard CAMAX) assured the accuracy, as their element 

concentration were within certified range. The precision of analyses was < 3 %.        

The solid-phase speciation of P in the sediments were examined using a five-

step sequential extraction scheme, where approximately 0.125 g of dried and ground 

sediment sample was extracted with 25 ml (1) 2M NH4Cl (pH 7), (2) citrate dithionite 

buffer (CDB; pH 7.5), (3) 1M sodium acetate buffer (pH 4), (4) 1M HCl, and (5) 1M 

HCl after ignition at 550°C (Ruttenberg, 1992; Table 1). The NH4Cl step (1) was 

repeated 10 times, to clearly identify after which repetition biogenic apatite is 

dissolved (Schenau and De Lange, 2000; Fig. 5). After step (2) and (3) samples were 

rinsed subsequently with 25 ml 2M NH4Cl and 25 ml demineralized water to prevent 

the readsorption of extracted phosphate. The concentration of P released from each 

leaching solution was quantified photometrically with a Skalar Autoanalyser (SA 

6250; Strickland and Parsons, 1972) at 880 nm. Only the P and Fe concentrations in 

the CDB solutions were determined with ICP-OES (Perkin Elmer Optima 3000), with 

a precision of analysis better then 5%. The sequential P extraction recovered on 

average 93 to 100 % of the total sedimentary P content.  

For core Peru 4-3 total organic carbon (Corg) contents were measured from 

dry, homogenized samples using LECO CS 200 combustion. Several standards with 

C contents of 0.8-12% were applied to maintain the accuracy within a range of 1%.  
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Table 1 

Sequential extraction scheme 

Step Reagents P component extracted 

(1) Biogenic 

     (Pbio) 

25 ml 2M NH4Cl (pH 7), 4 hours remaining pore water P, 

exchangeable P, biogenic 

apatite, apatite precursor 

mineral, CaCO3-bound P 

(2) Oxide-associated 

     (PCDB, FeCDB) 

25 ml citrate dithionite buffer  

(pH 7.5), 8 h;  

25 ml 2M NH4Cl, 2 h; 

25 ml dem. water, 2 h 

adsorbed and reducible/ 

reactive Fe-bound P 

(3) Authigenic 

     (Paut) 

25 ml 1M Na-acetate (pH 4), 6 h; 

25 ml 2M NH4Cl, 2 h; 

25 ml dem. water, 2 h 

authigenic P 

(4) Detrital 

     (Pdet) 

25 ml 1M HCl, 24 h;  

25 ml dem. water, 2 h 

detrital P 

(5) Organic 

     (Porg) 

after ignition at 550 °C  

25 ml 1M HCl, 24 h 

organic P 

 

4.4  Results and discussion 

Upwelling-induced nutrient availability and resulting high biological production 

in the shallow water column has an influence on sedimentary P composition at the 

investigated sites. Due to preferential incorporation of bioavailable P in organic and 

biogenic substances during primary production, it is expected that the sum of organic 

and biogenic input contribute considerably to the total P deposited on the sediment 

surfaces. Surprisingly, the organic P content is relatively low compared to earlier 

studies on organic P obtained in sediments of highly productive areas (Table 2). 

Additionally, significant differences in the distribution of bulk P, Fe and P fractions in 

the three sediments are noticed. In the following, we discuss solid-phase P 

speciation in terms of environmental factors that control P input/flux to and its 

distribution in surface sediments of highly productive shelf areas. In addition, we 
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elucidate the diagenetic conditions under which phosphorus regeneration in surface 

sediments occurs in the variety of geochemical environments. 

 
Table 2  

Organic P content in surface sediments from highly productive continental margin 
regions (mean content in �mol g-1). WD= water depth. 

Location Organic P 

(�mol g-1) 

Source 

 

NW Africa  
 

2.36 this study 

Peru 
 

3.75 this study 

Chile 
 

5.25 this study 

Peru margin (WD 106 m) 
 

3.3 Ingall and Jahnke, 1994 

Peru margin (WD 183 m) 
 

15.9 Froelich et al., 1988 

North Carolina (WD 750 m) 
 

9.3 Ingall and Jahnke, 1994 

California margin (WD 781 m) 
 

6.5 Ingall and Jahnke, 1994 

 

4.4.1 P species distribution and cycling in shelf sediment off Senegal (GeoB 

9503-3) 

Site GeoB 9503-3 is directly located in front of the Senegal River mouth, which  

has an effect on sediment composition. The main constituents are fine-grained and 

land-derived (i.e. result of fluvial discharge and eolian input; Summerhayes et al., 

1972; Lutze and Coulbourn, 1984; Debenay and Redois, 1997; Mulitza at al., 2006; 

Nizou et al., subm.). It has been documented that wind-induced surface circulation 

affects transport of suspended and particulate species in the shallow water column 

(Reimers and Suess, 1983; Helmke et al., 2005; Hanebuth and Lantzsch, 2008). 

Possibly, this causes a dilution of the sinking material with terrigenous mineral 

fraction and the removal of ‘lighter’ organic species within the water column. So, bulk 

P content deposited at the sediment surface is relative low (18.5 �mol g-1) compared 

to both South American sites (Fig. 3), and even lower in comparison to results 

obtained by Küster-Heins et al. (subm.) in Senegal slope sediments (24.6-29.6 �mol 

P g-1). In addition, only a minor part of total sedimentary P consists of organic-rich 
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and detrital P phases (13 and 3%, respectively; Table 3). However, depth profiles of 

nitrate, ammonium and ferrous iron clearly indicate that sub- to anoxic diagenetic 

reactions attributed to microbial catalyzed degradation of organic matter occur in the 

uppermost 2 cm of the sediment column (namely denitrification and dissimilatory iron 

reduction; Fig. 2). Subsequently, regeneration of organic substances causes the 

release of associated phosphate to pore water (Fig. 6A).  

Table 3 

Mean P concentration of each component extracted (�mol g-1), percentage of bulk P 
(%), and standard deviation (SD) 

*cf. Table 1: (1)=Pbio; (2)=PCDB; (3)=Paut; (4)=Pdet; (5)=Porg 
 

 

Figure 2: Pore water sequence for site GeoB 9503-3 (�mol L-1). The solid bar mark 
the area of reductive dissolution of iron (oxyhydr)oxides. 

 

The dominant and highly reactive fraction in the investigated sediment is P 

bound to Fe (oxyhydr)oxide phases (46% of total extractable P, Table 3). Upon 

accumulation, the poorly crystalline Fe (oxyhydr)oxide minerals are subjected to 

Site (1)* % SD (2) % SD (3) % SD (4) % SD (5) % SD 

GeoB 
9503 

6.2 33 0.6 8.7 46 1.3 0.8 5 0.3 0.5 3 0.3 2.4 13 0.7 

Peru 
4-3 

25.5 34 21.5 25.2 42 11.4 8.6 17 3.7 0.2 <1 0.3 3.8 6 2.2 

Chile  
7 

4.8 15 1.1 13.8 43 4.1 4.4 14 0.7 3.8 12 0.8 5.3 16 1.4 
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biogeochemical reduction within the sediment column (e.g. Froelich et al., 1979; 

Jahnke et al., 1989). As illustrated in Figs. 3 and 4, weak decreases in both PCDB and 

FeCDB contents just below the sediment-water interface coincide with a simultaneous 

increase in pore water ferrous iron and phosphate concentrations (Fig. 2). Sequential 

extraction results suggest the content in PCDB to be low relative to FeCDB. This 

observation does not necessarily imply that the Fe and P cycles are uncoupled in 

these sediments. Instead, the ability of dissolved phosphate to readsorb onto newly 

formed Fe (oxyhydr)oxides is reduced, since the measured FeCDB presumably consist 

of more crystalline phases or is most probably an artifact resulting from sample 

storage and processing. It has been shown by recent studies (Lukkari et al., 2007; 

Kraal et al., 2009) that in carbonate-poor, anoxic sediments with considerable 

amounts of Fe sulphides chemical alteration (oxidation of Fe sulphides) may occur if 

samples are not stored and further processed under anoxic conditions. This process 

causes the formation of artificially Fe (oxyhydr)oxides, thus leading to an 

overestimation in CDB extractable Fe content in relation to associated P, which could 

be also the case in the investigated samples. Since it is supposed that the FeCDB pool 

of site GeoB 9503-3 presumably consist of artificially formed products, an intensive 

cycling between both elements is limited due to the reduced sorption capacity of Fe 

for dissolved phosphate.  

Despite the observed high phosphate concentrations in pore water we suggest 

that in the investigated sediments spontaneous authigenic apatite precipitation could 

not take place (Fig. 6A). Extraction of authigenic P phases yields lowest mean values 

of 5% of total extractable P, which is in agreement with a previous study by Tooms 

and Summerhayes (1968). In order to test whether pore water chemistry would 

generally facilitate mineral precipitation we calculated pore water saturation index 

with respect to potential P-containing mineral phases (PHREEQC, U.S. Geological 

Survey). In the selected area, where pore water phosphate concentration is highest 

(in 1-2 cm sediment depth), results document supersaturation with respect to 

hydroxyapatite (SI= 0.38). Whereas, below 7.5 cm sediment depth mineral 

precipitation is excluded due to subsaturation in pore water chemistry with respect to 

authigenic minerals (SI= -3.28). We therefore infer that the lower phosphate sink is 

not associated with an authigenically formed apatite, but may indicate to the 

formation of a poorly crystalline Ca-rich precursor mineral (e.g. amorphous Ca 

phosphate; Froelich et al., 1988; Kim et al., 1999; octocalcium phosphate, brushite; 
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Boistelle and Lopez-Valero, 1990). High biogenic P deposition (i.e. Ca-phosphate 

and/or fish debris; Table 3, Fig. 6A) supports this assumption. However, such 

biogenic and associated ‘authigenic’ P phases are rather constant fractions in the 

sedimentary P pool, constituting the most important sedimentary sink for bioavailable 

P in this setting.  

 

 

Figure 3: Contents of bulk P (circles) and P associated with iron (oxyhydr)oxides 
(PCDB, crosses) in �mol g-1. Note the different scales for depth and concentration.  
 
 

 

Figure 4: Contents of bulk Fe (circles) and Fe extracted by CDB application (FeCDB, 
crosses) in �mol g-1. Note the different scales for concentration and depth 
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4.4.2 P species distribution and cycling in shelf sediments off Peru (Peru 4-3) 

Upwelling sustained nutrient and particle transport appears to be the 

controlling factor for the present accumulation of biogenic and organic-rich sediments 

on the narrow Peruvian shelf (Reimers and Suess, 1983; Bruland et al., 2005). 

Different from the Senegal shelf setting, ocean currents do not affect sediment 

surfaces in this area, thus accumulation of particles is favoured (Reimers and Suess, 

1983). This is confirmed by relatively high Corg (12.2 wt%) values at the sediment 

surface (Fig, 6B), which is in accordance with results obtained during previous 

studies (Arthur et al., 1998). Additionally, high bulk P contents (68.8 �mol P g-1; Fig. 

3) support the mostly biogenic nature of these shallow deposits on the Peruvian 

shelf. The mean ratio of organic P to total extractable P is low, when compared to 

both other sites. Indeed, organic P contents in Peruvian samples are highly variable 

throughout the entire sampled sediment column, causing this low relative value of 

organic P. Nevertheless, it is obvious that the depth distribution of organically bound 

P species corresponds to the amount of organic matter (Fig. 6B). In agreement with 

previous findings (e.g. Suess, 1981; Anderson et al., 2001; Böning et al., 2004), a 

high molar Corg:organic P ratio of >1500 close to the sediment surface at site Peru 

4-3 indicates enhanced and rapid regeneration of P from fresh and labile organic 

matter relative to organic carbon. The pore water profile approves this, since a 

maximum in phosphate concentration is observed directly at the sediment-water 

interface (Fig. 5). With increasing sediment depth, there is a steady decrease of Corg 

and organic P contents, related to the overall progression of diagenetic alteration 

processes (e.g. Suess, 1981; Froelich et al., 1988). In the investigated setting 

organic P is a significant source for pore water phosphate. 

Part of the upward directed pore water phosphate flux liberated during these 

diagenetic reactions is most likely lost to the overlying water column, assuming that 

re-adsorption onto Fe (oxyhydr)oxide phases at the sediment surface is not 

quantitative in such oxygen-depleted sediment column (exhausted adsorption 

capacity for upward diffusing phosphate). Depth profiles of both, Fe dissolved by 

CDB extraction and total sedimentary Fe show remarkably low values close to the 

sediment-water interface, followed by a steady increase with increasing sediment 

depth (Fig. 4). The contents of PCDB and total P are also low in the uppermost 

sediment layer, increase between 3 and 5 cm sediment depth, and below 6 cm are 

constantly low (Fig. 3). 
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Figure 5: Left: Pore water concentrations for phosphate and ferrous iron (�mol L-1) 
for site Peru 4-3. Right: Pore water concentrations for phosphate and ferrous iron 
(�mol L-1) for site Chile 7. The solid bar mark the area of reductive dissolution of iron 
(oxyhydr)oxides. 
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Figure 6: Depth profiles of reactive P species (�mol g-1) versus pore water 
phosphate concentrations (�mol L-1); A: at site GeoB 9503-3; B: at site Peru 4-3; Porg 
versus Corg content (wt%); C: at site Chile 7. 
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Dissolution of Fe (oxyhydr)oxides takes place somewhat deeper beneath 6 cm 

sediment depth at site Peru 4-3, and - coupled to regeneration of organic matter 

under anoxic conditions - releases phosphate to pore waters. This is evident from the 

obtained pore water profiles since concentrations of both, dissolved phosphate and 

ferrous iron, are relatively high (26.0 and 5.7 �mol L-1, respectively, Fig. 5). 

Interestingly, just above the postulated ‘dissolution-area’ there is a peak in PCDB, 

which corresponds to bulk Fe. It is more probably that this P is sourced deeper, 

namely in the zone where Fe (oxyhydr)oxides are coupled to sulphur diagenesis and 

phosphate is liberated to pore waters (Suits and Arthur, 2000; Bruland et al., 2005). 

Upon diffusion towards the sediment surface, it is trapped again by adsorption to a 

not yet identified Fe phase or was originally deposited at this depth.  

As expected, a short sinking time through the shallow water column and 

oxygen depleted conditions at the seafloor lead to distinct preservation of biogenic 

phases (Díaz-Ochoa et al., 2009) in the upper sediment layer (Fig. 6B). However, the 

wide range of P data points suggests considerable variation in biogenic debris (and 

organic P) occurrence in the sampled sediment core, either related to variable 

primary input or to variable diagenetic remobilization. However, our results indicate 

the observed biogenic P (i.e. mixture of hydroxyapatite and Ca-phosphate; Reimers 

and Suess, 1983; Schenau and De Lange, 2000; Díaz-Ochoa et al., 2009) to be 

closely related to dissolution processes, as indicated by a slight decrease below 5 cm 

sediment depth and a constantly elevated pore water phosphate concentrations (Fig. 

6B). In agreement with Suess (1981) depth profiles of sedimentary biogenic P 

content versus pore water phosphate imply the importance of this fraction as a 

source for phosphate in this setting.  

Authigenic P mineral phases are distributed in the sediment mostly below 10 

cm, yielding on average 17% of total extractable P (Table 3). Pore water phosphate 

concentrations slightly but continuously increase downcore until 10 cm sediment 

depth, probably due to the already mentioned steady diagenetic regeneration of 

organic P, but also at the expense of biogenic P and the dissolution of Fe 

(oxyhydr)oxides. Below 12 cm sediment depth, phosphate concentrations slightly 

decrease. This points to redistribution and subsequent precipitation processes of 

pore water phosphate, as indicated by a slight increase in authigenic P-containing 

phases with depth (Filippelli et al., 1994; Delaney, 1998; Anderson et al., 2001; 

Slomp and Van Cappellen, 2007).  
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4.4.3 P species distribution and cycling in sediments off Chile (Chile 7)  

In contrast to the open shelf settings off Senegal and Peru, the Bay of 

Concepción (Chile) is a semi-enclosed shallow embayment influenced by seasonal 

intrusions of nutrient-rich and oxygen poor waters (Farias et al., 1996). Nutrient 

cycling in the Bay of Concepción sediments is complex because of redox changes 

depending on upwelling or non-upwelling periods. In detail, depending on oxygen 

concentrations in bottom waters, the redox state of surface sediments fluctuates 

between being suboxic to anoxic during upwelling periods and fully oxic during non-

upwelling periods (Farias, 2003). The current study was conducted during an 

upwelling period (in January), where increased primary production resulted in high 

and rapid deposition of organic matter on the seafloor.  

Comparing organic carbon contents (cf. Arning et al., 2008) with organic P 

values at site Chile 7 (i.e. molar Corg:organic P ratio of 674) indicate intense 

mineralization of P from newly settled organic material just below the sediment-water 

interface. It has been postulated that iron and sulphate reduction are responsible for 

the majority of mineralization processes within the surface sediment at this site, 

because of seasonal anoxic bottom water (Thamdrup and Canfield, 1996; Holmkvist 

et al., submitted). Consequently, the total flux of dissolved phosphate is 

supplemented by enhanced release from reductive dissolution of iron oxides in the 

upper sediment column. Holmkvist et al. (submitted) have shown, that maxima in 

both dissolved phosphate and ferrous iron occur between 2-4 cm sediment depth 

(Fig. 5), which correspond to a slight decrease in solid phase PCDB and FeCDB 

concentrations (Figs. 3 and 4). Despite the fact that during sampling campaign 

anoxic sediment conditions prevailed, a maximum in PCDB at the surface implies that 

part of the upward-diffusing phosphate re-adsorbs onto Fe (oxyhydr)oxides. Due to 

seasonal changes in bottom water chemistry, it is likely that periodically reoccurring 

dissolution and precipitation of Fe oxides occurs. In this context, our results probably 

document a situation when bottom waters change to oxic conditions and/or sediment 

redox conditions were not reducing enough to entirely dissolve all Fe (oxyhydr)oxides  

at the sediment surface (Ingall and Jahnke, 1997). Especially in such an unstable 

redox environment, reactive Fe phases appear to be a rather temporary sink for P 

restricted to the uppermost sediment layer. This strongly influences the periodic 

availability of reactive P in bottom and pore waters (Virtasalo et al., 2005). 

Accordingly, the dynamics of deeper sedimentary P cycling and the spatial variability 
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of reactive P may be limited, as indicated by a low bulk P concentration and rather 

uniform profiles of all P pools except PCDB (Table 3, Fig. 6C). In sediments of this 

restricted marine embayment, the burial rate of P is low (34.3 �mol total P g-1, Fig. 3), 

and internal transformation from labile to more stable authigenic mineral phases does 

not seem to occur in the uppermost 20 cm (Fig. 6C). Still, a major portion of P 

phases buried is rather of non-reactive, refractory nature with high proportion of 

detrital P (on average 12% of total extractable P, Table 3). We hypothesise the P 

distribution could also be influenced by little dilution with terrigenous material (and 

anthropogenic input) derived from the adjacent hinterland. However, issues related to 

the non-reactive P fraction will not be discussed in the scope of this study. 

 

4.5 Conclusions 

Investigating pore water and solid phase compositions identified important 

sources and sinks for P in sediments of highly productive areas. Results reveal that 

the distribution of phosphate and ferrous iron dissolved in pore waters and their 

relationship to major P-carrying solid phases varies greatly from site to site. This is 

attributed to local, environmental conditions and diagenetic processes. Major 

correspondence exists in the liberation of phosphate to pore waters via sub- to 

anoxic diagenesis of organic matter. The major part of pore water phosphate is most 

probably released from reductive dissolution of Fe (oxyhydr)oxides. Great 

discrepancies are observed in the reactivity of P towards possible transformation 

processes.  
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5.1 Abstract 

A high-resolution geochemical record of a 120 cm black shale interval 

deposited during the Coniacian-Santonian Oceanic Anoxic Event 3 (ODP Leg 207, 

Site 1261, Demamara Rise) has been constructed to provide detailed insight into 

rapid changes in deep ocean and sediment paleo-redox conditions. High contents of 

organic matter, sulfur and redox-sensitive trace metals (Cd, Mo, V, Zn), as well as 

continuous lamination, point to deposition under consistently oxygen-free and largely 

sulfidic bottom water conditions. However, rapid and cyclic changes in deep ocean 

redox are documented by short-term (~ 15-20 ka) intervals with decreased total 

organic carbon (TOC), S and redox-sensitive trace metal contents, and in particular 

pronounced phosphorus peaks (up to 2.5 wt% P) associated with elevated Fe oxide 

contents. Sequential iron and phosphate extraction confirm that P is dominantly 

bound to iron oxides and incorporated into authigenic apatite. Preservation of this Fe-

P coupling in an otherwise sulfidic depositional environment (as indicated by Fe 

speciation and high amounts of sulfurized organic matter) may be unexpected, and 

provides evidence for temporarily non-sulfidic bottom waters. However, there is no 

evidence for deposition under oxic conditions. Instead, sulfidic conditions were 

punctuated by periods of anoxic, non-sulfidic bottom waters. During these periods, 

phosphate was effectively scavenged during precipitation of iron (oxyhydr)oxides in 

the upper water column, and was subsequently deposited and largely preserved at 

the sea floor. After ~ 15-25 ka, sulfidic bottom water conditions were re-established, 

leading to the initial precipitation of CdS, ZnS and pyrite. Subsequently, increasing 

concetrations of H2S in the water column led to extensive formation of sulfurized 

organic matter, which effectively scavenged particle-reactive Mo complexes 

(thiomolybdates). At site 1261, sulfidic bottom waters lastet for ~ 90-100 ka, followed 

by another period of anoxic, non-sulfidic conditions lasting for ~ 15-20 ka. The 

observed cyclicity at the lower end of the redox scale may have been triggered by 

repeated incursions of more oxygenated surface- to mid-waters from the South 

Atlantic resulting in lowering of the oxic-anoxic chemocline in the water column. 

Alternatively, sea water sulfate might have been stripped by long-lasting high rates of 

sulfate reduction, removing the ultimate source for HS- production. 
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5.2 Abstract 

Sediments underlying the major costal upwelling systems of the world oceans 

are hot-spots of modern formation of hydroxyapatites, often associated with benthic 

communities of large, nitrate-accumulating, sulfur bacteria. We studied the 

association between phosphate release, organic phosphorus mineralization, and 

dense communities of the filamentous sulfur bacteria, Thioploca spp., on the 

continental shelf off central Chile during the austral summer when high phytoplankton 

productivity and anoxic bottom water prevailed. Freshly deposited phytodetritus 

stimulated extremely high sulfate reduction rates, which supported a large Thioploca 

community of up to 100 g biomass per m2. Effective bacterial sulfide uptake kept the 

sulfide concentration low, which enabled the accumulation of free iron, thus 

demonstrating intensive iron reduction concurrent with sulfate reduction. Phosphate 

released to the pore water reached 100-300 �M peak concentrations within the 

uppermost 0-5 cm and phosphate was lost to the overlying anoxic water column. The 

large phosphate release was not directly related to the presence of Thioploca but 

rather the result of a high deposition and mineralization rate of fresh organic detritus. 

Although the pore water was super-saturated with respect to hydroxyapatite, this 

mineral fraction could only be identified as a minor P-component in the sediment. 

Most solid-phase phosphate was bound to iron. 
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Conclusions and Outlook 

 

In this thesis a combined multi-parameter and geochemical approach has 

been used to improve the speciation of the phosphorus reservoir in selected 

continental margin surface sediments. In particular the determination of pore water 

constituents has the potential to examine sediment redox processes associated to 

organic matter degradation and their impact on phosphorus species distribution in 

different marine environments. Linked to that, the early diagenetic regeneration of 

organically bound phosphorus and reductive dissolution of iron-phosphate phases 

have been identified as important pathways for the release of phosphate in the 

investigated sediments. Evidence that reducible iron-phosphate minerals are the 

major reactive pool for phosphorus transformation has been provided by sequential 

extraction results. Moreover, the variety of phosphorus-containing species that 

contributed to the total sum of solid-phase phosphorus reservoir has been identified. 

A model has been applied, which successfully describe and quantify the 

processes that are responsible for sedimentary phosphorus cycling in Namibian 

sediments. As well as deduced from conservative mass balance calculations, the 

presented results revealed that the content in reactive iron phases is not sufficient to 

produce the quantified release rates of phosphate. Most important in terms of 

coupling of benthic phosphorus cycling with redox-sensitive iron phases is the 
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influence of non-local particle transport. Such additional transport process has to be 

considered as determining factor in balancing the sedimentary phosphorus budget.  

In the geochemical investigation off Senegal, additional extraction of pore 

water with Rhizon technique offered the possibility to indicate alteration processes in 

the redox status of the inspected pore water systems. Especially when studying 

benthic iron cycling, possible re-oxidation processes can be excluded by using this 

technique. Results suggested that the internal phosphorus cycle is driven by the 

presence of iron oxide phases. A close coupling of phosphorus and iron was created, 

as it is demonstrated from fluxes calculated from pore water profiles in connection 

with the available amount of iron-phosphorus phases. In addition, calculation of mass 

balances are emphasized as important in understanding the controlling factors on 

benthic cycles of phosphorus and iron. A very effective particle mixing that promoted 

the transport of additional iron phases is most probably one of the factors responsible 

for the maintenance of such system. 

The presented results from highly productive areas off Senegal, Peru and 

Chile revealed the significance of local, environmental related differences in the 

distribution of reactive phosphorus species in surface sediments. The preliminary 

findings of this study lead to the assumption that several physical processes in the 

overlying water column affect the depositional regimes. The quantity and quality of 

material deposited in each environment is found to determine site-specific 

sedimentary phosphorus composition. A further point is the sensitivity of phosphorus 

flux and burial in sediments to bottom water oxygen levels. The internal sedimentary 

phosphorus cycle is mainly driven by sub- to anoxic diagenesis. Off Senegal and 

Peru coupling of phosphorus with the redox-sensitive behaviour of iron phases is 

therefore an important process. Unfortunately off Chile it is documented that due to 

alternating oxygen availability, unstable geochemical conditions imply a more 

complex phosphorus cycling.    

There is a strong motivation to identify and quantify phosphorus reservoirs and 

budgets in different sedimentary settings due to its complexity with respect to benthic 

phosphorus cycling. The most crucial part is the retention of bioavailable phosphate 

depending on its speciation in sediments because of the close linkage to primary 

productivity. One key question that studies of benthic phosphorus cycle must address 

before correct interpretation is the extent to which phosphate will be regenerated and 
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transformed in sediments. Therefore, it has further to be tested if species and the 

absolute amount of phosphorus are sufficiently elucidated by solid-phase sequential 

extraction methods. Since major carriers for phosphate are organic substances and 

release rates of phosphate are strongly dependent on the quality of these fractions, a 

modification of solid-phase phosphorus analyses is important to distinguish more 

accurately between different organic species. Similarly, the investigation of diatom-

rich sedimentary settings as well as clayey (i.e. aluminophosphates) deposits has to 

be intensified because of their potential important phosphorus content. However, a 

substantial prerequisite for a precise estimation of phosphorus reservoirs by 

sequential extraction data is the improvement of sample preparation and handling to 

minimize alteration processes during extraction procedures. 

In terms of the inspected phosphorus cycles, it has been shown that the 

connection between sediment and pore water systems is much more complex as 

explained by simple dissolution and precipitation processes alone. Especially when 

studying relatively short time scales or even young sediments, simple flux 

calculations are hard to implement for the estimation of mass balances. Future 

studies can provide the opportunity to expand model tests that refer to a more 

comprehensive description of all relevant processes. Furthermore, indicators for non-

local transport processes should be investigated more precisely when elucidating the 

internal balance of phosphorus and related elements.  
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A 1 Appendix Chapter 2 

A 1.1 Pore water nitrate, ferrous iron and phosphate concentrations (�mol L-1) 

              GeoB 3707 GeoB 3718 GeoB 3702 

Depth* NO3
- Fe2+ HPO4

3- NO3
- Fe2+ HPO4

3- NO3
- Fe2+ HPO4

3- 

(cm) (�mol L-1) (�mol L-1) (�mol L-1) 

0 27.09 n.d. 1.96 26.88 n.d. 2.00 30.12 0 2.29 

0-0.5 42.64 0.03 5.94 40.32 0.37 3.53 36.39 0 3.08 

0.5-1 33.17 0.24 4.64 15.12 0.07 8.00 11.26 0 4.02 

1-1.5 14.55 0.32 6.19 6.72 1.08 11.67 4.25 2.86 3.17 

1.5-2 6.63 0.87 13.85 6.72 1.12 15.24 4.89 0 13.88 

2-2.5 6.02 1.16 16.36 4.70 1.41 18.43 1.55 4.66 13.93 

2.5-3 5.42 2.83 n.d. 4.37 2.87 24.55 1.55 7.16 16.61 

3-4 3.56 3.08 25.73 3.02 2.08 23.84 0.79 6.09 19.01 

4-5 4.19 1.66 16.85 2.35 0.53 18.03 0.78 3.04 16.73 

5-7.5 0.02 2.50 14.05 1.68 0.78 17.01 0 0 13.77 

7.5-10 n.d. 0.32 9.90 1.34 0.07 9.59 0 0 9.64 

10-15 n.d. 0.41 5.84 n.d. 0.12 5.50 n.d. 0 8.06 

15-20 n.d. 0.07 5.05 n.d. 0.49 4.66 n.d. 0 4.59 

 

A 1.2 Pore water oxygen concentrations (�mol L-1) 

 GeoB 
3707 

GeoB 
3718 

GeoB 
3702 

Depth O2 O2 O2 

(mm) (�mol L-1) 

0 196.72 194.00 187.85 

0.5 188.96 192.40 179.94 

1.0 175.99 181.04 168.39 

1.25 168.62 185.41 160.52 

1.50 163.08 187.02 150.55 

1.75 158.60 179.76 141.09 

2.00 154.30 161.30 132.40 

2.25 150.93 162.57 121.04 

2.50 n.d. 162.10 115.29 

2.75 145.63 162.40 109.22 
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A 1.2 continued Pore water oxygen concentrations (�mol L-1)  

 GeoB  

3707 

GeoB  

3718 

GeoB 

3702 

Depth O2 O2 O2 

(mm) (�mol L-1) 

3.00 n.d. 147.82 105.34 

3.25 139.14 144.92 96.79 

3.50 n.d. 144.00 93.27 

3.75 128.21 142.16 87.11 

4.00 n.d. 126.87 80.65 

4.25 123.52 104.56 76.36 

4.50 n.d. 99.62 72.31 

4.75 110.66 80.63 67.51 

5.00 n.d. 78.35 62.86 

5.25 105.91 63.93 57.99 

5.50 n.d. 55.09 54.92 

5.75 93.37 42.10 50.59 

6.00 n.d. 48.84 48.04 

6.25 81.97 40.78 44.09 

6.50 n.d. 28.04 39.78 

6.75 75.28 21.19 36.44 

7.00 n.d. 17.59 31.91 

7.25 63.23 11.75 28.57 

7.50 n.d. 5.24 25.82 

7.75 63.67 8.85 22.32 

8.00 n.d. 4.57 21.02 

8.25 56.48 2.63 18.20 

8.50 n.d. 0.30 14.61 

8.75 50.17 0.00 12.78 

9.00 n.d. 0.00 10.58 

9.25 42.92 n.d. 7.33 

9.50 n.d. n.d. 5.92 

9.75 38.54 n.d. 4.38 

10.00 n.d. n.d. 2.61 

10.25 35.86 n.d. 0.65 

10.50 n.d. n.d. 0.25 

10.75 31.75 n.d. 0.25 

11.00 n.d. n.d. 0.00 
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A 1.2 continued Pore water oxygen concentrations (�mol L-1) 

 GeoB 

3707 

GeoB 

3718 

GeoB  

3702 

Depth O2 O2 O2 

(mm) (�mol L-1) 

11.25 26.24 n.d. 0.00 

11.50 n.d. n.d. 0.00 

11.75 22.70 n.d. n.d. 

12.25 18.28 n.d. n.d. 

12.75 16.68 n.d. n.d. 

13.25 13.56 n.d. n.d. 

13.75 9.71 n.d. n.d. 

14.25 10.91 n.d. n.d. 

14.75 7.37 n.d. n.d. 

15.25 5.96 n.d. n.d. 

15.75 2.98 n.d. n.d. 

16.25 2.98 n.d. n.d. 

16.75 3.45 n.d. n.d. 

17.25 0.00 n.d. n.d. 

 

A 1.3 Total organic carbon (TOC) and CaCO3 contents (wt%) 

 GeoB 3707  GeoB 3718 GeoB 3702 

Depth* TOC CaCO3 TOC CaCO3 TOC CaCO3 

(cm) (wt%) (wt%) (wt%) 

0-0.5 4.02 56.3 6.62 63.5 3.66 58.5 

0.5-1 4.79 55.3 6.70 62.3 3.72 57.1 

1-1.5 3.47 55.6 6.90 62.2 3.57 59.6 

1.5-2 4.87 58.0 6.77 63.3 3.68 56.6 

2-2.5 4.30 58.2 6.95 63.0 3.57 59.9 

2.5-3 4.34 57.5 6.84 58.8 3.61 58.2 

3-4 4.37 56.6 6.94 64.3 3.51 59.6 

4-5 3.62 53.8 6.38 63.0 3.49 58.7 

5-7.5 3.98 59.9 6.50 61.0 3.44 57.1 

7.5-10 4.42 62.6 6.73 63.3 3.62 58.7 

10-15 3.73 61.1 6.65 63.8 3.27 57.9 

15-20 3.91 60.5 5.50 66.4 3.22 57.0 
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A 1.4 Bulk contents of P and Fe (�mol g-1) 

 GeoB 3707 GeoB 3718 GeoB 3702 

Depth* P Fe P Fe P Fe 

(cm) (�mol g-1) (�mol g-1) (�mol g-1) 

0-0.5 26.79 219.14 n.d. 173.93 30.55 295.07 

0.5-1 26.77 232.68 33.74 180.44 32.88 294.60 

1-1.5 27.56 240.14 33.80 177.77 32.14 288.97 

1.5-2 26.08 236.04 32.55 165.74 29.69 276.82 

2-2.5 25.02 226.66 30.98 161.95 30.93 267.83 

2.5-3 25.07 220.33 30.14 153.10 29.73 277.05 

3-4 24.50 213.17 29.88 154.09 28.32 249.93 

4-5 23.44 218.44 30.06 168.86 27.06 262.62 

5-7.5 22.90 226.10 28.48 158.30 29.34 257.18 

7.5-10 23.09 236.92 26.59 166.99 27.16 248.53 

10-15 22.77 242.16 25.92 165.57 28.02 292.20 

15-20 20.98 239.57 22.91 162.57 25.76 261.86 

 

A 1.5 P speciation data, sum of extractable P, and iron content extracted during CDB 
application (�mol g-1) 

 GeoB 3707 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0-0.5 8.07 6.87 19.74 0.41 0.87 10.73 26.95 

0.5-1 7.84 7.29 25.41 0.41 0.86 8.95 25.36 

1-1.5 8.69 7.77 29.06 0.63 0.84 9.79 27.72 

1.5-2 8.77 6.96 19.09 0.34 0.87 10.27 27.21 

2-2.5 7.90 5.85 12.09 0.43 0.86 10.27 25.31 

2.5-3 7.83 5.62 8.39 0.47 0.82 9.81 24.55 

3-4 8.44 5.70 6.25 0.62 0.76 9.25 24.77 

4-5 7.19 4.57 4.62 0.43 0.79 9.73 22.71 

5-7.5 6.48 4.03 4.46 0.59 0.76 9.39 21.24 

7.5-10 6.27 3.51 1.53 0.58 0.74 9.15 20.25 

10-15 6.40 2.67 0.15 0.71 0.75 8.63 19.17 

15-20 6.81 2.75 0.04 0.61 0.76 8.18 19.11 
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A 1.5 continued P speciation data, sum of extractable P, and iron content extracted 
during CDB application (�mol g-1) 

 GeoB 3718 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0.5-1 16.57 6.40 34.53 0.89 2.73 7.23 33.82 

1-1.5 15.43 6.12 28.57 0.79 2.36 7.39 32.10 

1.5-2 15.75 5.57 22.19 0.80 2.35 7.23 31.70 

2-2.5 15.59 4.05 17.81 0.76 2.04 6.75 29.19 

2.5-3 15.21 4.38 15.37 0.73 2.08 6.52 28.92 

3-4 15.06 3.60 12.81 0.75 1.99 7.44 28.83 

4-5 14.26 4.67 11.14 0.73 1.99 7.49 29.16 

5-7.5 13.62 4.63 10.57 0.71 2.09 5.95 27.00 

7.5-10 12.98 3.15 13.18 0.70 1.86 6.25 24.94 

10-15 12.69 3.69 8.32 0.74 1.93 5.02 24.07 

15-20 10.06 3.53 6.48 0.74 1.66 7.44 23.43 

 

 GeoB 3702 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0-0.5 9.06 6.25 19.45 1.52 0.73 7.24 24.79 

0.5-1 8.93 6.04 28.70 1.35 0.85 7.24 24.41 

1-1.5 9.57 6.65 21.92 0.99 0.93 7.29 25.43 

1.5-2 8.97 6.00 16.19 1.19 1.10 7.48 24.47 

2-2.5 9.41 5.97 13.24 1.35 0.84 7.48 25.05 

2.5-3 8.30 5.21 10.19 1.43 0.90 6.85 22.70 

3-4 8.87 4.20 7.04 1.38 0.90 6.85 22.20 

4-5 8.75 4.64 4.48 1.35 0.80 6.67 22.22 

5-7.5 8.47 4.72 3.37 1.25 1.00 6.57 22.02 

7.5-10 8.21 4.33 0.76 1.04 0.87 6.70 21.15 

10-15 8.71 4.20 0.38 1,51 1.03 6.63 22.09 

15-20 7.33 2.74 0 1.12 0.98 5.45 17.61 
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A 1.6 P and Ca contents extracted with NH4Cl (multiple analysis (1. - 10. extraction) 
of each sample) (�mol g-1) 

 GeoB 3707 

Depth* P1.ex P2.ex P3.ex P4.ex P5.ex P6.ex P7.ex P8.ex P9.ex P10.ex 

(cm) (�mol g-1) 

0-0.5 2.41 0.92 0.59 0.30 0.50 1.75 1.14 0.36 0.09 0.02 

0.5-1 2.18 1.07 0.61 0.47 0.30 1.71 0.58 0.60 0.16 0.16 

1-1.5 2.33 1.26 0.66 0.35 0.40 0.84 1.58 0.90 0.24 0.13 

1.5-2 2.57 1.39 0.75 0.31 0.31 1.85 0.67 0.65 0.17 0.11 

2-2.5 2.14 1.41 0.57 0.50 0.32 1.84 0.58 0.36 0.06 0.11 

2.5-3 2.43 1.04 0.56 0.28 0.49 1.84 0.53 0.38 0.07 0.21 

3-4 2.35 1.86 0.53 0.28 0.26 1.44 1.03 0.44 0.09 0.17 

4-5 2.15 0.83 0.53 0.26 0.26 1.80 0.86 0.37 0.07 0.05 

5-7.5 1.92 0.75 0.50 0.24 0.24 2.05 0.37 0.29 0.05 0.07 

7.5-10 1.60 0.70 0.45 0.23 0.24 2.05 0.43 0.34 0.06 0.16 

10-15 1.39 0.92 0.45 0.20 0.20 1.35 1.33 0.43 0.08 0.07 

15-20 1.28 0.89 0.42 0.21 0.25 2.84 0.75 0.15 0.01 0 

 

 GeoB 3707 

Depth* Ca1.ex Ca2.ex Ca3.ex Ca4.ex Ca5.ex Ca6.ex Ca7.ex Ca8.ex Ca9.ex Ca10.ex 

(cm) (�mol g-1) 

0-0.5 1403 1421 1308 1225 706 128 33 24 50 45 

0.5-1 1368 1386 1321 1240 802 134 29 23 46 45 

1-1.5 n.d. 1335 1247 1198 908 305 52 28 45 42 

1.5-2 2641 1476 1340 1262 790 147 31 27 47 45 

2-2.5 1396 1414 1306 1254 809 153 36 24 45 44 

2.5-3 1404 1384 1312 1252 842 161 55 23 46 45 

3-4 1391 1415 1277 1230 865 186 11 23 46 43 

4-5 1391 1387 1303 1256 810 158 33 24 46 44 

5-7.5 1611 1414 1327 1267 820 136 30 34 46 48 

7.5-10 1377 1396 1328 1251 854 151 32 23 45 43 

10-15 1691 1379 1313 1247 903 207 35 23 44 43 

15-20 1621 1505 1411 1292 679 74 25 20 48 47 
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A 1.6 continued P and Ca contents extracted with NH4Cl (multiple analysis (1. - 10. 
extraction) of each sample) (�mol g-1)  

 GeoB 3718 

Depth* P1.ex P2.ex P3.ex P4.ex P5.ex P6.ex P7.ex P8.ex P9.ex P10.ex 

(cm) (�mol g-1) 

0.5-1 4.03 1.38 0.80 0.68 0.53 1.90 4.96 1.33 0.57 0.38 

1-1.5 4.11 1.33 0.64 0.59 0.55 1.25 4.91 1.19 0.53 0.34 

1.5-2 3.90 1.16 0.68 0.47 0.48 1.92 5.26 1.11 0.46 0.29 

2-2.5 3.78 1.18 0.49 0.43 0.44 1.80 5.56 1.15 0.47 0.30 

2.5-3 3.43 1.11 0.55 0.47 0.42 2.05 5.35 1.07 0.46 0.30 

3-4 3.21 0.94 0.59 0.44 0.42 2.11 5.47 1.16 0.44 0.29 

4-5 2.70 0.75 0.53 0.47 0.42 2.17 5.49 1.04 0.42 0.27 

5-7.5 2.30 0.79 0.46 0.34 0.38 1.82 5.66 1.12 0.46 0.28 

7.5-10 1.93 0.58 0.45 0.30 0.38 2.54 5.17 0.99 0.39 0.25 

10-15 1.63 0.48 0.32 0.35 0.38 2.85 5.03 0.98 0.40 0.26 

15-20 0.57 0.33 0.34 0.37 0.27 1.42 5.91 0.13 0.44 0.27 

 

 GeoB 3718 

Depth* Ca1.ex Ca2.ex Ca3.ex Ca4.ex Ca5.ex Ca6.ex Ca7.ex Ca8.ex Ca9.ex Ca10.ex 

(cm) (�mol g-1) 

0.5-1 1351 1375 1263 1125 981 266 29 12 7 6 

1-1.5 1357 1364 1362 1134 977 272 30 11 7 6 

1.5-2 1315 1377 1289 1145 972 272 29 11 7 5 

2-2.5 1346 1313 1346 1187 984 308 31 12 7 6 

2.5-3 1340 1356 1384 1159 970 282 29 11 7 6 

3-4 1345 1354 1360 1183 973 284 29 12 7 6 

4-5 1287 1352 1383 1200 958 272 33 11 7 6 

5-7.5 1371 1371 1389 1231 997 317 33 12 7 6 

7.5-10 1410 1391 1365 1273 994 262 28 11 7 6 

10-15 1403 1385 1393 1245 978 238 27 11 7 6 

15-20 n.d. 1418 1370 1192 1067 395 37 12 7 7 
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A 1.6 continued P and Ca contents extracted with NH4Cl (multiple analysis (1. - 10. 
extraction) of each sample) (�mol g-1)  

 GeoB 3702 

Depth* P1.ex P2.ex P3.ex P4.ex P5.ex P6.ex P7.ex P8.ex P9.ex P10.ex 

(cm) (�mol g-1) 

0-0.5 1.73 0.79 0.63 0.21 0.29 0.60 2.68 1.08 0.68 0.37 

0.5-1 1.84 0.78 0.52 0.27 0.38 0.37 2.81 0.83 0.58 0.56 

1-1.5 1.87 0.76 0.68 0.23 0.24 0.56 3.03 0.99 0.60 0.61 

1.5-2 1.85 0.88 0.64 0.22 0.35 0.97 2.67 0.81 0.34 0.41 

2-2.5 1.82 1.10 0.49 0.25 0.34 0.49 3.10 0.82 0.36 0.64 

2.5-3 1.68 0.74 0.46 0.22 0.14 0.72 2.65 0.74 0.40 0.55 

3-4 1.61 0.82 0.42 0.19 0.16 0.63 2.95 1.08 0.31 0.69 

4-5 1.95 1.01 0.42 0.39 0.14 0.54 2.59 0.80 0.47 0.43 

5-7.5 1.36 1.06 0.42 0.35 0.14 0.59 2.76 0.96 0.41 0.42 

7.5-10 1.20 0.98 0.39 0.34 0.31 0.76 2.52 0.77 0.39 0.56 

10-15 1.09 0.56 0.40 0.35 0.36 1.05 2.66 0.97 0.60 0.68 

15-20 0.78 0.57 0.35 0.19 0.29 1.29 2.41 0.69 0.39 0.37 

 

 GeoB 3702 

Depth* Ca1.ex Ca2.ex Ca3.ex Ca4.ex Ca5.ex Ca6.ex Ca7.ex Ca8.ex Ca9.ex Ca10.ex 

(cm) (�mol g-1) 

0-0.5 1288 1329 1257 1180 903 325 42 21 48 45 

0.5-1 1275 1384 1239 1172 938 420 56 21 47 47 

1-1.5 1288 1426 1298 1199 943 416 45 24 47 47 

1.5-2 1300 1426 1266 1221 900 305 38 24 48 49 

2-2.5 1338 1373 1292 1191 898 265 38 25 50 48 

2.5-3 1370 1556 1285 1226 893 236 34 29 48 49 

3-4 1314 1343 1249 1148 917 388 49 26 47 45 

4-5 1359 1459 1295 1202 925 272 37 28 48 47 

5-7.5 1376 1380 1308 1218 930 296 36 27 54 51 

7.5-10 1441 1419 1312 1240 938 324 40 25 49 46 

10-15 1369 1398 1325 1210 912 234 44 26 51 48 

15-20 1441 1462 1342 1277 956 221 36 22 50 48 
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A 2 Appendix Chapter 3 

A 2.1 Pore water alkalinity (mmol(eq) L-1), ammonium, nitrate, manganese, ferrous 
iron and phosphate concentrations (�mol L-1); extracted with squeezer technique   

 GeoB 9510-3 

Depth* Alk NH4
+ NO3

- Mn2+ Fe2+ HPO4
3- 

(cm) (�mol L-1) 

0 2.44 1.39 24.55 0.05 0.11 1.82 

0-0.5 2.54 1.50 30.08 0.09 0.77 2.90 

0.5-1 2.63 8.15 23.22 0.13 0.90 3.79 

1-1.5 2.59 1.66 6.50 0.37 0.21 5.68 

1.5-2 3.20 15.13 1.66 3.98 0.57 7.11 

2-2.5 2.85 21.95 0.84 8.07 2.04 6.96 

2.5-3 2.81 28.88 0.24 6.79 2.88 5.75 

3-4 2.84 29.05 0.26 6.19 1.84 4.96 

4-5 2.84 42.85 0.03 7.25 7.59 5.46 

5-7.5 2.82 43.13 0 6.46 7.40 5.75 

7.5-10 2.93 56.99 0 5.22 0.47 4.54 

10-15 2.89 64.14 0.68 3.03 0.81 4.25 

15-20 2.73 78.17 0.18 2.63 0.66 5.75 

 

 GeoB 9518-4 

Depth* Alk NH4
+ NO3

- Mn2+ Fe2+ HPO4
3- 

(cm) (�mol L-1) 

0 2.43 14.86 22.64 n.d. n.d. 1.74 

0-0.5 2.55 19.02 39.11 0.18 0 2.40 

0.5-1 2.53 11.97 36.14 0.18 0.70 3.06 

1-1.5 3.34 11.86 21.89 0.13 0 3.86 

1.5-2 2.77 18.57 7.66 0.31 0 5.33 

2-2.5 3.29 18.41 3.03 1.10 0 5.99 

2.5-3 2.94 18.29 0.77 3.94 0 5.85 

3-4 2.94 25.00 0.10 4.99 0.39 6.52 

4-5 2.88 24.89 0.08 5.41 10.39 7.72 

5-7.5 2.85 38.42 0 6.35 21.00 8.52 
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A 2.1 continued Pore water alkalinity (mmol(eq) L-1), ammonium, nitrate, 
manganese, ferrous iron and phosphate concentrations (�mol L-1); extracted with 
squeezer technique 

 GeoB 9518-4 

Depth* Alk NH4
+ NO3

- Mn2+ Fe2+ HPO4
3- 

(cm) (�mol L-1) 

7.5-10 3.34 45.13 0 4.82 0.23 4.93 

10-15 3.06 58.65 0.31 3.82 0 5.99 

15-20 3.26 72.13 0.11 3.29 0 6.65 

 

 GeoB 9519-6 

Depth* Alk NH4
+ NO3

- Mn2+ Fe2+ HPO4
3- 

(cm) (�mol L-1) 

0 2.13 4.27 25.79 0.07 n.d. 1.79 

0-0.5 2.30 8.59 31.48 0.21 0.41 3.07 

0.5-1 2.42 8.98 21.13 0.18 0.34 4.59 

1-1.5 2.56 9.31 7.56 0.52 0.75 6.62 

1.5-2 2.57 16.47 1.52 6.07 6.45 7.20 

2-2.5 2.66 23.73 1.35 4.82 0.50 6.70 

2.5-3 2.72 24.12 1.23 5.27 10.80 9.16 

3-4 2.80 31.38 0.71 5.23 28.85 11.12 

4-5 2.77 45.63 0.42 4.01 15.95 11.70 

5-7.5 2.98 46.07 0.47 3.34 8.63 8.73 

7.5-10 3.10 53.50 0 3.50 5.46 7.93 

10-15 3.09 60.87 0.03 3.25 0.90 8.21 

15-20 3.15 68.36 0 2.39 1.68 6.92 
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A 2.2 Pore water alkalinity (mmol(eq) L-1), ammonium, nitrate, ferrous iron and 
phosphate concentrations (�mol L-1); extracted with Rhizons   

 GeoB 9518-4 

Depth Alk NH4
+ NO3

- Fe2+ HPO4
3- 

(cm) (�mol L-1) 

1 2.66 33.60 19.18 0.21 4.79 

2 3.90 9.09 3.76 0.54 6.12 

3 3.16 9.26 0.60 1.81 7.72 

4 2.96 21.90 0 16.47 13.30 

5 3.34 28.33 0.10 23.21 12.77 

6 3.66 41.08 0 37.50 17.56 

7 3.13 41.30 0 38.61 20.62 

8 3.07 41.58 0 35.60 16.10 

9 3.38 48.12 0 34.02 16.10 

10 3.26 54.66 0 31.00 15.44 

11 3.54 55.22 0 23.37 13.30 

12 3.31 61.26 0 21.81 13.57 

13 3.13 74.51 0 16.35 14.10 

15 3.48 81.16 1.60 13.30 13.57 

17 3.62 87.81 0 11.48 13.70 

 

 GeoB 9519-6 

Depth Alk NH4
+ NO3

- Fe2+ HPO4
3- 

(cm) (�mol L-1) 

1 2.86 4.32 7.89 1.61 8.19 

2 2.74 17.74 5.53 16.03 16.15 

3 2.78 24.50 1.10 27.36 20.47 

4 2.96 31.27 0.31 37.33 22.36 

5 3.34 38.08 4.40 36.55 19.66 

6 2.89 44.91 0.19 42.58 17.77 

7 2.88 45.02 0 37.82 18.58 

8 2.97 51.84 0 40.99 17.64 

9 3.06 58.71 0 32.75 15.88 
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A 2.2 continued Pore water alkalinity (mmol(eq) L-1), ammonium, nitrate, ferrous iron 
and phosphate concentrations (�mol L-1); extracted with Rhizons 

 GeoB 9519-6 

Depth Alk NH4
+ NO3

- Fe2+ HPO4
3- 

(cm) (�mol L-1) 

11 3.03 65.64 0 26.55 14.53 

13 3.09 65.75 0 14.49 13.72 

15 3.04 86.26 0 12.43 12.78 

17 3.06 86.43 0 13.39 14.53 

 

A 2.3 Total organic carbon (TOC) and CaCO3 contents (wt%) 

 GeoB 9510-3 GeoB 9518-4 GeoB 9519-6 

Depth* TOC CaCO3 TOC CaCO3 TOC CaCO3 

(cm) (wt%) (wt%) (wt%) 

0-0.5 2.77 11.40 2.88 8.70 3.17 9.48 

0.5-1 2.57 12.04 2.81 8.25 3.05 9.60 

1-1.5 2.48 12.99 2.84 7.79 2.90 10.43 

1.5-2 2.27 13.05 2.75 7.80 2.92 9.90 

2-2.5 2.36 13.74 2.74 7.67 2.89 10.06 

2.5-3 2.32 13.44 2.79 7.68 2.93 11.56 

3-4 2.36 14.15 2.78 7.50 2.87 10.81 

4-5 2.38 14.08 2.78 7.61 2.85 10.70 

5-7.5 2.51 13.45 2.76 7.60 2.91 10.17 

7.5-10 2.53 13.73 2.69 8.04 2.90 10.99 

10-15 2.35 14.50 2.62 8.14 2.83 11.16 

15-20 2.24 15.19 2.70 10.05 2.81 11.05 
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A 2.4 Bulk contents of P, Fe, S and Ca (g kg-1) 

 GeoB 9510-3 

Depth* P Fe S Ca 

(cm) (g kg-1) 

0-0.5 0.78 34.53 1.95 53.56 

0.5-1 0.76 34.70 1.88 50.76 

1-1.5 0.79 34.91 1.80 49.91 

1.5-2 0.82 35.13 2.24 48.48 

2-2.5 0.76 34.58 1.84 49.02 

2.5-3 0.72 34.04 2.04 51.59 

3-4 0.70 33.71 1.94 52.20 

4-5 0.68 34.00 2.11 54.41 

5-7.5 0.69 34.29 2.31 54.17 

7.5-10 0.66 34.24 2.86 54.04 

10-15 0.64 36.67 4.19 53.97 

15-20 0.64 39.96 5.08 53.58 

 

 GeoB 9519-6 

Depth* P Fe S Ca 

(cm) (g kg-1) 

0-0.5 0.90 32.65 2.94 37.69 

0.5-1 0.94 33.79 2.14 36.01 

1-1.5 0.96 35.14 2.02 34.17 

1.5-2 0.95 35.10 2.07 34.19 

2-2.5 0.86 32.95 2.22 34.10 

2.5-3 0.87 32.92 2.14 34.43 

3-4 0.83 32.34 2.32 35.08 

4-5 0.82 32.30 2.36 35.36 

5-7.5 0.81 32.80 2.66 35.92 

7.5-10 0.82 32.98 3.01 36.50 

10-15 0.81 32.90 3.56 36.78 

15-20 0.78 33.75 4.51 37.77 
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A 2.4 continued Bulk contents of P, Fe, S and Ca (g kg-1) 

 GeoB 9518-4 

Depth* P Fe S Ca 

(cm) (g kg-1) 

0-0.5 0.84 34.57 2.10 31.72 

0.5-1 0.85 35.82 1.98 29.30 

1-1.5 0.85 36.66 1.91 28.13 

1.5-2 0.87 36.89 1.97 27.44 

2-2.5 0.83 35.90 2.37 27.76 

2.5-3 0.81 35.43 2.16 28.32 

3-4 0.82 36.04 2.38 28.24 

4-5 0.79 35.20 2.47 27.24 

5-7.5 0.78 35.48 2.57 28.00 

7.5-10 0.77 37.03 3.87 28.41 

10-15 0.75 36.95 4.34 30.35 

15-20 0.76 38.13 5.21 36.92 

 

A 2.5 P speciation data, sum of extractable P, and iron content extracted during CDB 
application (g kg-1) 

 GeoB 9510-3 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (g kg-1) 

0-0.5 0.18 0.24 7.09 0.05 0.08 0.20 0.75 

0.5-1 0.18 0.25 7.15 0.05 0.08 0.21 0.77 

1-1.5 0.19 0.24 7.59 0.05 0.08 0.19 0.75 

1.5-2 0.18 0.26 7.98 0.05 0.08 0.20 0.77 

2-2.5 0.19 0.26 7.27 0.05 0.08 0.19 0.77 

2.5-3 0.16 0.23 6.42 0.05 0.08 0.21 0.73 

3-4 0.18 0.17 5.98 0.05 0.08 0.20 0.69 

4-5 0.18 0.18 5.68 0.04 0.08 0.20 0.69 

5-7.5 0.16 0.19 5.46 0.04 0.08 0.20 0.68 

7.5-10 0.17 0.17 5.10 0.04 0.08 0.20 0.66 

10-15 0.16 0.15 4.78 0.04 0.08 0.19 0.62 
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A 2.5 continued P speciation data, sum of extractable P, and iron content extracted 
during CDB application (g kg-1) 

 GeoB 9510-3 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (g kg-1) 

15-20 0.15 0.16 4.66 0.03 0.08 0.27 0.70 

 

 GeoB 9519-6 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (g kg-1) 

0-0.5 0.26 0.25 5.67 0.04 0.08 0.24 0.87 

0.5-1 0.24 0.25 5.84 0.04 0.08 0.21 0.83 

1-1.5 0.27 0.29 6.19 0.04 0.08 0.19 0.87 

1.5-2 0.28 0.27 6.33 0.04 0.09 0.18 0.86 

2-2.5 0.25 0.19 5.30 0.04 0.09 0.18 0.76 

2.5-3 0.25 0.18 4.91 0.04 0.09 0.19 0.74 

3-4 0.26 0.19 4.51 0.04 0.09 0.18 0.75 

4-5 0.26 0.20 4.48 0.03 0.09 0.19 0.77 

5-7.5 0.24 0.15 4.22 0.03 0.08 0.18 0.68 

7.5-10 0.24 0.18 3.96 0.03 0.08 0.24 0.78 

10-15 0.24 0.13 3.71 0.03 0.08 0.25 0.73 

15-20 0.24 0.15 3.28 0.03 0.09 0.20 0.70 

 

 GeoB 9518-4 

Depth* Pfish PFe FeCDB Paut Pdet Porg Popal Sum 

(cm) (g kg-1) 

0-0.5 0.16 0.26 4.93 0.02 0.04 0.20 0.10 0.77 

0.5-1 0.16 0.25 5.12 0.02 0.03 0.18 0.11 0.76 

1-1.5 0.16 0.27 5.32 0.03 0.05 0.20 0.06 0.76 

1.5-2 0.16 0.21 5.22 0.02 0.02 0.14 0.08 0.63 

2-2.5 0.16 0.22 4.67 0.03 0.03 0.21 0.05 0.69 

2.5-3 0.15 0.23 4.21 0.02 0.02 0.19 0.12 0.74 

3-4 0.16 0.22 4.02 0.03 0.03 0.19 0.07 0.70 
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A 2.5 continued P speciation data, sum of extractable P, and iron content extracted 
during CDB application (g kg-1) 

 GeoB 9518-4 

Depth* Pfish PFe FeCDB Paut Pdet Porg Popal Sum 

(cm) (g kg-1) 

4-5 0.16 0.26 3.94 0.02 0.03 0.18 0.07 0.72 

5-7.5 0.16 0.25 3.80 0.03 0.04 0.17 0.06 0.70 

7.5-10 0.14 0.21 3.15 0.03 0.04 0.17 n.d. 0.59 

10-15 0.14 0.18 2.92 0.04 0.04 0.15 0.03 0.57 

15-20 0.15 0.15 2.65 0.02 0.03 0.06 0.07 0.48 
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A 3 Appendix Chapter 4 

A 3.1 Pore water ammonium, nitrate, ferrous iron and phosphate concentrations 
(�mol L-1) 

 GeoB 9503-4 

Depth* NH4
+ NO3

- Fe2+ HPO4
3- 

(cm) (�mol L-1) 

0 0 9.31 0.77 0.49 

0-0.5 19.18 4.14 8.15 1.20 

0.5-1 49.40 2.47 86.95 4.01 

1-1.5 109.32 0.97 79.18 82.37 

1.5-2 121.35 0.52 82.03 71.36 

2-2.5 153.29 0.61 54.13 71.38 

2.5-3 166.04 0.37 38.35 54.46 

3-4 128.67 0.63 10.28 34.77 

4-5 110.21 0.24 6.75 13.73 

5-7.5 80.11 0.24 2.20 16.71 

7.5-10 59.60 0.23 0.41 5.85 

10-15 94.52 0.27 1.02 2.95 

15-20 107.50 0.21 6.20 14.16 

 

A 3.2 Bulk contents of P and Fe (�mol g-1) 

GeoB 9503 Peru 4-3 Chile 7 

Depth* P Fe Depth* P Fe Depth* P Fe 

(cm) (�mol g-1) (cm) (�mol g-1) (cm) (�mol g-1) 

0-0.5 17.70 410.69 0-1 55.08 224.00 0-1 48.90 619.64 

0.5-1 18.87 405.27 1-2 87.72 270.93 1-2 38.84 800.88 

1-1.5 19.89 413.18 2-3 89.99 293.92 2-3 38.31 799.48 

1.5-2 21.97 439.16 3-4 134.87 326.78 3-4 35.74 789.62 

2-2.5 22.05 438.30 4-5 156.80 289.53 4-5 35.40 788.65 

2.5-3 20.61 411.06 5-6 63.99 241.16 5-6 33.72 778.03 

3-4 17.72 402.66 6-7 56.81 226.21 6-7 36.11 804.21 

4-5 17.46 404.55 7-8 77.03 323.37 7-8 37.52 812.20 
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A 3.2 continued Bulk contents of P and Fe (�mol g-1) 

GeoB 9503 Peru 4-3 Chile 7 

Depth* P Fe Depth* P Fe Depth* P Fe 

(cm) (�mol g-1) (cm) (�mol g-1) (cm) (�mol g-1) 

5-7.5 16.64 406.45 8-9 104.85 376.18 8-9 31.98 823.83 

7.5-10 16.38 395.80 9-10 83.05 485.02 9-10 31.67 816.05 

10-15 16.15 394.10 10-12 40.60 530.93 10-12 30.66 806.59 

15-20 16.76 404.59 12-14 40.85 535.40 12-14 31.58 828.35 

   14-16 38.94 563.91 14-16 31.28 823.33 

   16-18 41.17 547.90 16-18 30.16 824.73 

   18-20 32.60 557.70 18-20 29.58 865.59 

   20-25 31.54 630.98 20-22 27.43 832.92 

   25-30 33.26 645.82    

 

A 3.3 P speciation data, sum of extractable P, and iron content extracted during CDB 
application (�mol g-1) 

 GeoB 9503 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0-0.5 5.61 8.36 122.26 0.51 0.33 1.96 16.77 

0.5-1 5.56 9.90 125.98 0.52 0.39 1.96 18.33 

1-1.5 6.63 9.34 116.54 0.79 0.74 3.16 20.65 

1.5-2 6.00 9.99 131.71 0.64 0.41 1.91 18.96 

2-2.5 7.58 10.08 125.79 0.85 0.74 3.42 22.66 

2.5-3 6.66 10.85 126.28 1.25 0.07 1.33 20.16 

3-4 5.65 7.72 126.28 1.13 0.08 1.82 16.40 

4-5 5.70 6.97 112.60 0.75 0.81 3.04 17.26 

5-7.5 6.67 8.28 109.89 0.75 0.78 2.89 19.36 

7.5-10 5.77 7.94 115.34 1.39 0.08 1.25 16.42 

10-15 6.22 7.28 108.04 0.80 0.80 2.81 17.90 

15-20 6.21 7.19 105.12 0.71 0.82 2.77 17.70 
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A 3.3 continued P speciation data, sum of extractable P, and iron content extracted 
during CDB application (�mol g-1) 

 Peru 4-3 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0-1 18.26 5.18 116.38 2.77 0.67 6.16 33.05 

1-2 39.44 13.90 104.03 4.36 0.07 7.06 64.83 

2-3 44.77 34.51 86.03 5.89 0.09 6.50 91.76 

3-4 63.46 53.19 91.32 5.04 0.01 6.30 127.99 

4-5 63.32 46.67 77.71 4.42 0.82 6.59 121.82 

5-6 32.24 19.64 90.96 4.38 0.09 3.56 59.91 

6-7 28.03 17.39 76.45 4.39 0.09 4.59 54.49 

7-8 45.42 24.86 94.18 11.66 0.08 4.20 86.21 

8-9 32.38 28.39 95.61 8.89 0.01 3.60 73.81 

9-10 38.40 26.19 158.46 13.10 0.87 2.94 81.50 

10-12 5.42 27.09 239.84 11.62 0.02 1.85 46.00 

12-14 8.80 25.22 252.55 10.35 0 3.95 48.32 

14-16 3.45 23.40 409.58 10.41 0 1.09 38.35 

16-18 2.19 18.21 413.07 10.80 0.01 1.72 32.92 

18-20 4.86 19.79 301.34 11.29 0 1.67 37.60 

20-25 1.70 19.66 535.63 13.46 0.01 1.14 35.97 

25-30 1.65 24.93 571.89 12.60 0.01 0.88 40.08 

 

 Chile 7 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

0-1 7.11 24.84 175.47 4.77 4.22 6.70 47.64 

1-2 6.49 18.26 168.31 3.85 3.28 4.17 36.05 

2-3 6.83 14.76 171.89 5.15 4.93 7.24 38.91 

3-4 4.56 13.86 162.94 5.14 4.82 7.38 35.75 

4-5 4.59 14.41 184.42 5.17 4.88 6.23 35.29 

5-6 3.96 11.79 153.94 4.38 3.40 5.07 28.60 

6-7 4.71 13.36 161.76 4.21 4.06 5.62 31.96 
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A 3.3 continued P speciation data, sum of extractable P, and iron content extracted 
during CDB application (�mol g-1) 

 Chile 7 

Depth* Pfish PFe FeCDB Paut Pdet Porg Sum 

(cm) (�mol g-1) 

7-8 5.48 19.82 189.79 3.56 3.12 3.81 35.79 

8-9 3.55 12.43 176.31 4.31 3.69 5.49 29.48 

9-10 3.45 13.87 188.00 5.09 4.30 6.59 33.30 

10-12 3.97 11.74 126.88 3.66 3.47 4.17 27.02 

12-14 4.40 11.18 159.80 3.83 2.78 3.51 25.69 

14-16 4.26 12.25 162.94 4.74 4.46 6.40 32.10 

16-18 4.78 9.34 142.27 3.86 2.60 5.09 25.49 

18-20 3.80 10.88 159.36 5.22 4.10 3.16 27.16 

20-25 4.36 8.41 139.42 3.23 3.04 3.43 22.46 

 


