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Abstract  

Worldwide oxygen minimum zones (OMZs) as well as coastal oxygen-deficient regions 

have been shown to be expanding during recent decades. When such oxygen minima 

impinge on the sea floor, the retention capacity of sediments for phosphate (TPO4), 

ferrous iron (Fe
2+

), as well as ammonium (NH4
+
) is strongly reduced, resulting in high 

sea-bed release rates of these key nutrients into the bottom water. Despite the significance 

of the benthos exerting a major positive feedback on surface-water primary productivity 

and in turn maintenance of oxygen (O2) deficiency, the nutrient release in OMZ and 

coastal O2-deficient regions has hardly been quantified. The aim of this study was to 

investigate the benthic nutrient turnover in two different highly O2-deficient systems:      

i. the intense OMZ off Peru and ii. the landlocked Gotland Basin, Baltic Sea, which 

suffers from anthropogenically induced eutrophication. The focus was on the phosphorus 

(P) cycle but associated cycles of iron (Fe) and nitrogen (N) were also included. 

Off the coast of Peru, benthic fluxes of TPO4 and Fe
2+

 were quantified in situ using 

benthic landers and were calculated from pore-water profiles across a latitudinal depth 

transect at 11°S. This transect extended from 80 m to 1000 m water depth and covered 

anoxic to oxic bottom-water conditions. The working area was divided into three different 

zones: the shelf that is subjected to periodically fluctuating bottom-water O2 conditions, 

the core of the OMZ where anoxia can be assumed to be permanent, and the depth range 

below 500 m where O2 levels increased again. TPO4 fluxes were high (maximum 

292 mmol m
-2

 yr
-1

) throughout the shelf and in the core of the OMZ. In contrast, Fe
2+

 

fluxes were high on the shallow shelf (maximum 316 mmol m
-2

 yr
-1

) but moderately low 

(15.4 mmol m
-2

 yr
-1

) in water depths between 250 m and 600 m due to the continuous 

reduction of Fe oxides and Fe hydroxides (henceforth referred to as Fe oxyhydroxides). 

Below 600 m, where O2 concentrations increased, Fe
2+

 fluxes became negligible due to 

the precipitation of Fe
2+

 in the oxic sediment surface. Ratios between organic carbon 

degradation and TPO4 flux indicated an excess release of P over carbon (C) when 

compared to Redfield stoichiometry. This was most likely caused by preferential P 

release during organic matter degradation, dissolution of fish debris, and/or P release 

from sulfide-oxidizing microbial mat communities. Fe oxyhydroxides were relevant as a 

P source only on the shallow shelf. The benthic fluxes are among the highest reported 
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from similar O2-deficient continental margin systems, and highlight the efficiency of 

OMZ sediments returning TPO4 and Fe
2+

 to the bottom water. The shelf region is 

particularly important in this regard since O2 fluctuations likely trigger a complex 

biogeochemical reaction network of P, Fe and sulfur turnover resulting in transient, high 

TPO4 and Fe
2+

 release under anoxia. 

Sources for P release were further constrained by combining P speciation data, based on 

sequential extraction of sediment samples, with a mass balance and benthic modeling. P 

speciation revealed that authigenic calcium phosphate (Ca-P; including carbonate 

fluorapatite, biogenic apatite from fish remains, and calcium carbonate-bound P), was the 

major fraction along the transect. It accounted for 35 to 47% of the depth-averaged total 

extracted P on the shelf and upper slope, but for > 70% below 300 m water depth. Further 

extraction of fish-P showed that below 259 m water depth this fraction dominated the 

authigenic Ca-P pool by 60 to 69%. Organic P was present in considerable amounts (18 to 

37%) only at the shelf and the upper slope, whereas detrital P and P bound to Fe 

oxyhydroxides was generally of minor importance at all sites. Organic matter in surface 

sediments was highly depleted in P relative to Redfield stoichiometry with C:P ratios of 

up to 516. The benthic model found preferential P mineralization in the water column or, 

alternatively, preferential P release during organic matter degradation in the sediment 

surface as possible pathways explaining such high C:P ratios. Nevertheless, both model 

and mass balance calculations revealed that irrespective of which pathway prevails, 

organic P was only of minor importance for the benthic P budget of Peruvian OMZ 

sediments. According to the solid phase speciation, authigenic Ca-P, with a high 

contribution of fish debris, is a likely candidate for the missing source of P required to 

close the P budget. These sediments were identified as weak sinks for P, as more than 

80% of the imported P was recycled back into the water column. 

In the Gotland Basin, TPO4 and DIN fluxes were quantified in situ across an oxic to 

anoxic depth-transect using benthic landers. A CTD-water sampling rosette was deployed 

to record the nutrient and O2 distribution in the water column and thereby investigate the 

benthic-pelagic coupling because of its significance for the euthrophication state of the 

Baltic Proper. The study area was divided into three different zones: the oxic zone at 

60 m to < 80 m water depth, the hypoxic transition zone between > 80 m and 120 m, and 

the deep anoxic and sulfidic basin at > 120 m. The hypoxic transition zone was
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characterized by fluctuating O2 levels as well as the occurrence of extended mats of sulfur 

bacteria. Beside the deep anoxic basin, the hypoxic transition zone was revealed as a 

major release site for TPO4 and NH4
+
 with rates of up to 0.2 mmol m

-2
 d

-1
 and                  

1 mmol m
-2

 d
-1

, respectively. There are clear indications that the bacterial mats converted 

NO3-/NO2
-
 into NH4

+
 during dissimilatory nitrate reduction to ammonium (DNRA), 

thereby retaining reactive N in the ecosystem. The transient release and uptake of TPO4 

during oscillating anoxic and oxic conditions by these bacteria, however, can only be 

speculated as the entire TPO4 release from the sediment could be potentially covered by 

preferential P release during organic matter degradation. Extrapolation of benthic fluxes 

to the Baltic Proper resulted in internal TPO4 and DIN loads of 109 kt yr
-1

 and 295 kt yr
-1

,
 

respectively, which is significantly higher than external P and DIN loads. This up-scaling 

of fluxes revealed the importance of the hypoxic transition zone for the internal nutrient 

loading, which only covered 51% of the total considered area, but released as much as 

70% of the total TPO4 load. Likewise, 75% of the internal NH4
+
 load (200 kt yr

-1
) was 

released from this particular environment; however, this NH4
+
 did not reach the surface 

mixed layer. This resulted in the supply of water with a low N:P ratio to the euphotic 

zone. In summertime, such low N:P ratios favor the development of N2-fixing 

cyanobacterial blooms which, by different feedback processes, counteract the recovery of 

the Baltic Proper from eutrophication. 
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Kurzfassung 

Es wurde gezeigt, dass sich in den letzten Jahrzehnten weltweit Sauerstoffminimumzonen 

(SMZ) sowie küstennahe sauerstoffverarmte Bereiche ausdehnen. Treffen solche 

Sauerstoffminima auf den Meeresboden, ist die Rückhaltekapazität der Sedimente für 

Phosphat (TPO4), Eisen (Fe
2+

) und Ammonium (NH4
+
) stark herabgesetzt, was in hohen 

Freisetzungsraten dieser Schlüsselnährstoffe vom Meeresboden ins Bodenwasser 

resultiert. Trotz dieser Bedeutung des Benthos, der eine grundlegende positive 

Rückkopplung auf die Oberflächenprimärproduktivität und damit wiederum auf die 

Aufrechterhaltung des Sauerstoffmangels ausübt, ist die Nährstofffreisetzung in SMZs 

und küstennahen sauerstoffverarmten Regionen kaum quantifiziert worden. Das Ziel 

dieser Studie war, den Nährstoffumsatz in zwei verschiedenen, stark sauerstoffverarmten 

Systemen zu untersuchen: i) die ausgeprägte SMZ vor Peru und ii) das landumschlossene 

Gotlandbecken (Ostsee), das von anthropogen verursachter Eutrophierung betroffen ist. 

Der Schwerpunkt lag auf dem Phosphor (P)-Kreislauf, aber angegliederte Eisen (Fe)- und 

Stickstoff (N)-Kreisläufe wurden ebenfalls einbezogen.  

Vor Peru wurden benthische Flüsse von TPO4 und Fe
2+

 in situ mittels benthischer Lander 

und anhand von Porenwasserprofilen über einen zonalen Tiefenschnitt bei 11°S 

quantifiziert. Dieser Tiefenschnitt erstreckte sich über Wassertiefen von 80 m  bis 1000 m 

und deckte anoxische bis oxische Bodenwasserbedingungen ab. Das Arbeitsgebiet wurde 

in drei verschiedene Zonen unterteilt: der Schelf, der periodisch fluktuierenden 

Sauerstoffbedingungen ausgesetzt ist, der Kern der SMZ, wo beständige Anoxie 

angenommen werden kann, und der Tiefenbereich unterhalb von 500 m, wo der 

Sauerstoffgehalt wieder anstieg. Die TPO4 Flüsse waren über den ganzen Schelf und den 

Kern der OMZ mit einem Maximum von 292 mmol m
-2

 yr
-1 

hoch. Dagegen waren die 

Fe
2+

 Flüsse auf dem flachen Schelf (Maximum 316 mmol m
-2

 yr
-1

) hoch, jedoch in 

Wassertiefen zwischen 250 m und 600 m, verursacht durch die fortwährende Reduktion 

von Fe-Oxyhydroxiden, vergleichsweise gering (15.4 mmol m
-2

 yr
-1

). Unterhalb von 

600 m wurden mit zunehmender Sauerstoffkonzentration die Fe
2+

 Flüsse aufgrund der 

Fällung von Fe
2+

 in der oxischen Sedimentoberfläche vernachlässigbar. Im Vergleich zur 

Redfield Stöchiometrie zeigten Verhältnisse zwischen Abbau von organischem Material 

und dem Phosphatfluss überschüssige Freisetzung von P gegenüber Kohlenstoff (C).
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Höchstwahrscheinlich wurde dies durch die preferentielle Freisetzung von P beim Abbau 

von organischem Material, die Lösung von Fischüberresten und/oder P Freisetzung von 

sulfid-oxidierenden mikrobiellen Matten-Gemeinschaften verursacht. Fe-Oxyhydroxide 

waren als P Quelle nur auf dem flachen Schelf von Bedeutung. Die benthischen Flüsse 

sind unter den höchsten für vergleichbare sauerstoffverarmte Kontinentalrandsysteme und 

heben die Effizienz von SMZ Sedimenten für die Rückführung von TPO4 und Fe
2+

 ins 

Bodenwasser hervor. Die Schelfregion ist in dieser Hinsicht besonders bedeutend, da die 

O2 Fluktuationen vermutlich ein komplexes biogeochemisches Reaktionsnetzwerk von P, 

Fe und Schwefelumsatz steuern, das unter anoxischen Bedingungen schubweise in hoher 

TPO4 und Fe
2+

 Freisetzung resultiert. 

Die Quellen der Phosphatfreisetzung wurden weiter eingegrenzt, indem P 

Speziierungsdaten, basierend auf sequentieller Extraktion von Sedimentproben, mit einer 

Massenbilanz und benthischer Modellierung kombiniert wurden. Die P Speziierung 

zeigte, dass authigenes Ca-P (welches Carbonat-Fluorapatit, biogenen Apatit aus 

Fischüberresten und Calciumcarbonat-gebundenen P beinhaltet) die Hauptfraktion 

entlang des Tiefenschnitts war. Es machte 35 bis 47% des tiefengemittelten 

gesamtextrahierten P auf dem Schelf und oberen Hang, aber > 70% unterhalb von 300 m 

Wassertiefe aus. Weitergehende Extraktion von Fisch-P zeigte, dass diese Fraktion den 

authigenen Ca-P Pool mit 60 bis 69% dominierte. Organischer P war in erheblichen 

Mengen mit 18 bis 37% nur auf dem Schelf und oberen Hang vorhanden, wogegen 

detritischer P und an Fe-Oxyhydroxide gebundener P im Allgemeinen von 

untergeordneter Bedeutung an allen Stationen war. Das organische Material in 

Oberflächensedimenten war relativ zur Redfield Stöchiometrie mit C:P Verhältnissen bis 

zu 516 stark an P abgereichert. Das benthische Modell hat die preferentielle P 

Mineralisierung in der Wassersäule oder, alternativ, die preferentielle P Freisetzung 

während des Abbaus organischen Materials in der Sedimentoberfläche als mögliche 

Pfade, solch hohe C:P Verhätlnisse zu erklären, erkennen lassen. Dennoch zeigten sowohl 

Modell- als auch Massenbilanzrechnungen, dass, unabhängig welcher Pfad voherrscht, 

organischer P nur von untergeordneter Bedeutung für das benthische P-Budget 

Peruanischer OMZ Sedimente war. Gemäß der P Speziierung ist authigenes Ca-P, mit 

einem hohen Beitrag von Fischüberresten, ein wahrscheinlicher Kandidat für die fehlende 

P-Quelle um das P-Budget zu schließen. Diese Sedimente wurden als schwache Senken 
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für P identifiziert, da mehr als 80% des eingetragenen P ins Bodenwasser zurückgeführt 

wurden.  

Im Gotlandbecken wurden TPO4 und DIN (NH4
+
; Nitrat, NO3

-
; Nitrit, NO2

-
) Flüsse in situ 

mit benthischen Landern entlang eines oxisch-anoxischen Tiefenschnitts quantifiziert. Ein 

CTD-Kranzwasserschöpfer wurde eingesetzt, um die Nährstoff- und O2-Verteilung in der 

Wassersäule zu erfassen und so die benthisch-pelagische Kopplung, aufgrund ihrer 

Bedeutung für den Eutrophierungstatus der zentralen Ostsee, zu untersuchen. Das 

Untersuchungsgebiet wurde in drei verschiedene Bereiche unterteilt: der oxische Bereich 

in 60 m bis < 80 m Wassertiefe, der hypoxische Übergangbereich zwischen > 80 m und 

120 m, und das tiefe anoxische und sulfidische Becken in > 120 m. Der hypoxische 

Übergangsbereich war durch fluktuierende Sauerstoffgehalte sowie das Auftreten von 

ausgedehnten Matten von Schwefelbakterien charakterisiert. Neben dem tiefen 

anoxischen Becken wurde der hypoxische Übergangsbereich als eine bedeutende Zone 

für die Freisetzung von TPO4 und NH4
+
, mit Raten von bis zu 0.2 mmol m

-2
 d

-1
 und 

1 mmol m
-2

 d
-1

, aufgezeigt. Es gibt deutliche Hinweise, dass die Bakterienmatten 

während der dissimilatorischen Nitratreduktion zu Ammonium (DNRA) NO3
-
/NO2

-
 in 

NH4
+
 überführten, und so reaktiven Stickstoff im Ökosystem zurückhielten. Die 

alternierende Freisetzung und Aufnahme von TPO4 in Folge oszillierender anoxischer 

und oxischer Bedingungen durch diese Bakterien kann jedoch nur spekuliert werden, da 

die gesamte Freisetzung von TPO4 aus dem Sediment potentiell durch preferentielle P 

Freisetzung während des Abbaus von organischem Material gedeckt werden könnte. Die 

Extrapolation der benthischen Flüsse auf die zentrale Ostsee ergab interne TPO4 und DIN 

Einträge von 109 kt yr
-1 

und 295 kt yr
-1

, was signifikant höher ist als externe P und DIN 

Einträge. Die Hochskalierung der Flüsse zeigte die Bedeutung der hypoxischen 

Übergangszone für den internen Nährstoffeintrag, die nur 51% der betrachteten 

Gesamtfläche ausmachte, aber 70% des gesamten TPO4 freisetzte. Gleichermaßen 

wurden 75% (200 kt yr
-1

)
 

des gesamten NH4
+
 aus dieser besonderen Umgebung 

freigesetzt, gelangte jedoch nicht bis in die durchmischte Deckschicht. Dies resultierte in 

der Zufuhr von Wasser mit einem niedrigen N:P Verhältnis in die euphotische Zone. Im 

Sommer fördern solch niedrige N:P Verhältnisse die Entwicklung von N2-fixierenden 

Cyanobacterienblüten, die über verschiedene Rückkopplungsprozesse der Erholung der 

zentralen Ostsee von der Eutrophierung entgegen wirken. 
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1 General introduction 

1.1 Benthic feedback on nutrient inventories in oxygen-deficient 

environments 

Climate change projections predict a 4 to 7% decline of the dissolved oxygen (O2) in the 

ocean until the end of this century (Joos et al. 2003). This is partly related to the warming 

of the ocean and associated lower solubility of O2, but particularly to enhanced 

stratification and a decrease in ventilation of the ocean interior (Bopp et al. 2002; Keeling 

& Garcia 2002). This has severe implications for the major oxygen minimum zones 

(OMZs) which constitute a significant proportion of 8% of the world ocean area 

(Paulmier and Ruiz-Pino 2009). Although naturally formed by the interaction of 

upwelling fueling primary production and O2 consumption during the export of organic 

matter, in combination with sluggish ventilation, OMZs have been shown to be expanding 

during recent decades (Stramma et al. 2009). Alterations of the redox state of the ocean 

and the sea floor, strongly affect bioavailability of marine nutrients (phosphorus, P; 

nitrogen, N; iron, Fe) and consequently oceanic primary productivity (Falkowski 1997; 

Falkowski et al. 1998, and references therein). Under O2-deficient conditions the retention 

capacity of sediments for phosphate (TPO4), ferrous iron (Fe
2+

) as well as ammonium 

(NH4
+
) is strongly reduced, resulting in high sea-bed release rates of these key nutrients 

into the bottom water. When reaching the euphotic zone these solutes fuel surface-water 

primary productivity, which during its decay contributes to maintain or even increase the 

O2 deficit, which in turn further promotes benthic nutrient release. Despite the 

significance of the benthos exerting a major positive feedback on surface-water primary 

productivity, still the nutrient release in OMZs has been hardly quantified. 

In contrast to the above described OMZs, enclosed basins such as the Baltic Sea suffer 

from hypoxia that is caused from anthropogenically induced eutrophication (HELCOM 

2009a, Conley et al. 2009). Although a reduction of the external nutrient input via the 

catchment area has been achieved by most of the Baltic Sea states, there has been no 

significant mitigation of eutrophication (HELCOM 2009b). It is assumed that in the open 

Baltic Sea nutrient sources are regulated by internal feedback mechanisms preventing 

recovery from eutrophication (Vahtera et al. 2007). This internal nutrient cycling is
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sustained by N-limited production and sedimentation of phytoplankton during the spring 

bloom. Subsequent decay of this organic material leads to O2 deficiency, resulting in the 

mobilization of nutrients from the sea floor. High fluxes of TPO4 lower the N:P ratio, 

giving competitive advantage to P-limited diazotrophic cyanobacteria in summer. These 

N2-fixing organisms restore water-column N levels that in the following spring support 

the N-limited phytoplankton. Via this vicious cycle a high organic load in combination 

with seasonally shifting nutrient levels is maintained, leading to hypoxia. Quantification 

of the benthic nutrient release is critical to understand this internal nutrient cycling. 

However, to date quantitative measurements on benthic nutrient release in the open Baltic 

Sea are scarce. 

In this thesis, particularly the benthic P turnover has been addressed, hence in the 

following a more detailed description of the marine P cycle is provided, including the 

associated Fe and N cycles.  

 

1.2 Phosphorus — an important element 

Phosphorus is an essential element required for life on Earth. It occurs in many 

biomolecules and plays an important role in cell physiology and biochemistry. In natural 

systems P does not exist in elemental form, since it is highly reactive and readily 

combines with O2 when exposed to air. When P is fully oxidized, the product is 

phosphate (PO4
3-

), in which P has the oxidation state +5. 

At near neutral pH, as found in most natural waters and soils, free phosphate occurs as a 

mixture of the mono- and diprotonated species of orthophosphoric acid (HPO4
2-

 and 

H2PO4
-
). As dissolved phosphate P is directly available for biological uptake and occurs 

in cells in both inorganic and organic forms in a multitude of structural and functional 

components. Phospholipids are the main component of cell wall membranes, the double 

helix strands of the genetic molecules deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) are built by phosphodiester bridges, and, forming adenine nucleotides (adenosine 

triphosphate, ATP; adenosine diphosphate, ADP; adenosine monophosphate, AMP), P 

plays an important role in cellular energetics. In form of the mineral component 

hydroxylapatite, Ca10(PO4)6(OH)2, and its carbonate-fluoride substitutes P is incorporated 

in vertebrates’ bones and teeth, respectively.  

Although the majority of P compounds found in nature contain fully oxidized P, reduced 
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P compounds are also widely distributed in the environment, which may be either of 

natural origin or introduced by anthropogenic activities (fertilizers, industries) (Hanrahan 

et al. 2005; Ternan et al. 1998). This includes both reduced organic P compounds such as 

phosphonates (+3) and phosphinates (+1), and inorganic P compounds such as phosphite 

(+3), hypophosphite (+1), and phosphine (-3). A number of bacteria are specialized to use 

reduced P as alternative P source (Hanrahan et al. 2005; White and Metcalf 2007). 

Besides its utilization as a substrate for growth, first evidence for the use of reduced P in 

energy metabolism has been provided with the isolation of Desulfotignum 

phosphitoxidans (Schink and Friedrich 2000), an anaerobic bacterium that gains energy 

for growth by coupling the oxidation of phosphite to PO4
3-

 to sulfate reduction. The 

reverse to the oxidative pathway, the microbial respiratory reduction of PO4
3-

, is, 

however, a matter of debate, since it is energetically not favorable (e.g. Roels and 

Verstraete 2001). 

P is a limiting nutrient for primary production and thus strongly influences other 

biogeochemical cycles, in particular those of carbon (C) and N. In marine ecosystems, P 

is often considered the “ultimate limiting nutrient” on geological time scales (Tyrell 1999; 

Bjerrum and Canfield 2002). Whereas phytoplankton N demand can be satisfied 

instantaneously from a vast pool of atmospheric N by N2-fixing cyanobacteria (McCarthy 

and Carpenter 1983; Tyrell et al. 1999), P forms no stable gaseous phases, and its supply 

in bioavailable forms depends solely on external input following the slow process of 

chemical weathering (Filippelli 2002). Evidence has been demonstrated that P is also the 

limiting nutrient in many regions of the modern ocean, such as the eastern Mediterranean 

Sea (Krom et al. 1991; 2004), as well as the northern Atlantic and Pacific Oceans 

(Sañudo-Wilhelmy et al. 2001; Karl et al. 2001; Watkins-Brandt et al. 2011). 

The characteristic of P not to form stable gaseous forms renders the marine P cycle 

unique amongst the major nutrient cycles, and P geochemistry is somewhat simplified by 

the lack of the atmospheric reservoir. Nevertheless, the marine P cycle still faces the 

complexity of significant P transformations occurring in both the water column and 

sediments, mediated not only by biological (metabolic) but also by abiotic (dissolution, 

precipitation) processes. 
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1.3 Marine phosphorus cycle 

1.3.1 Transport of phosphorus to the oceans 

The primary natural source of P to earth ecosystems is the weathering of continental 

material. The main P-bearing rock mineral is apatite, which contains over 95% of all 

naturally occurring P (Paytan and McLaughlin 2007). Whereas physical rock destruction 

liberates P mainly in inert forms, the chemical weathering of apatite releases dissolved, 

bioavailable phosphate into soil pore spaces (Filippelli 2002). From soil solution major 

amounts of phosphate are rapidly transformed to the solid phase into pools of different 

leachability and hence varying availability to plants (Filippelli 2002; Filippelli et al. 

2008). P is mobilized and exported from soil systems by surface and subsurface runoff 

and erosion, and is delivered to the oceans in particulate and dissolved forms mainly with 

rivers. On the local scale contributions from dust supplied with aerosols or volcanogenic 

sources may become important (Benitez-Nelson 2000).  

More than 95% of the riverine P flux is in particulate inorganic and organic forms 

(Compton 2000) that are mostly unavailable to biota, and a large part of it is rapidly 

deposited in near-shore areas. A maximum of ~ 30% of the total riverine P flux is 

considered to be potentially bioavailable (Compton et al. 2000). Besides the dissolved P 

fractions this includes inorganic P phases, such as P adsorbed to clay surfaces or bound to 

manganese and iron oxides and hydroxides (hereafter referred to as Mn and Fe 

oxyhydroxides), and P in particulate organic matter. However, a significant fraction of 

this potentially reactive P is trapped in estuaries or buried in continental margin sediments 

and thereby removed from the water column (Compton et al. 2000). 

Riverine P input to the oceans has strongly increased due to anthropogenic influence. 

Nutrient discharge from agriculture, sewage and waste water, as well as that associated 

with the enhanced solubilization of P coupled to soil loss, has about doubled the 

estimated natural dissolved P fluxes to the oceans (Compton et al. 2000). Enhanced 

external nutrient loading can lead to eutrophication of coastal regions and associated 

hypoxia (Rabalais et al. 2010). A prominent case for such anthropogenic eutrophication is 

the Baltic Sea, as reflected by the occurrence of toxic cyanobacterial blooms and 

widespread hypoxic and anoxic bottom-water conditions (Conley et al. 2009). The eastern 

Gotland Basin, one of the Baltic Sea sub-regions severely affected by these adverse 

conditions is investigated for its P and N cycling in chapter 4 of this thesis. 
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1.3.2 Phosphorus cycling in the water column 

Once entering the surface waters of the oceans, dissolved P is assimilated together with C 

and N by phytoplankton during photosynthesis and converted into organic matter 

(Fig. 1.1). P is taken up by phytoplankton mainly as orthophosphate (hereafter referred to 

as TPO4), the most readily utilizable form of P in nature (Björkman and Karl 1994; 

Cembella et al. 1984). Nevertheless, under strong P depletion certain phytoplankton 

species can exploit dissolved organic matter to meet their P demand, since they possess 

specific enzyme systems capable to cleave organically bound P compounds through 

hydrolysis (Cembella et al. 1984; Karl and Björkmann 2002; Dhyrman and Ruttenberg 

2006).  

 

 

Fig. 1.1: Water-column marine P cycling. Porg and DPorg: particulate and dissolved organic P; Pinorg and 

TPO4: particulate inorganic P and dissolved orthophosphate; Fe-P: Fe oxyhydroxide-bound P; 

biogenic Ca-P: biogenic apatite (hydroxylapatite). Land-derived flux of Pinorg includes P in 

apatite, Fe oxyhydroxide-bound P and P adsorbed to particle surfaces. Sedimentation flux of P inorg 

additionally includes water column-derived Ca-P as well as biogenic Ca-P. Dissolution of Fe-P 

only occurs in anoxic water bodies. 
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A large proportion of productivity undergoes immediate biological oxidation within the 

euphotic zone. A fraction of the organic matter is exported to deeper water layers, mostly 

by sinking particles (dead organisms, fecal pellets). This process is termed the ocean’s 

“biological pump”. By locking carbon dioxide from the atmosphere into the ocean 

interior, the biological pump is a key factor controlling climate (Falkowski et al. 1998; 

Sabine et al. 2004). Yet, much of the downward particle flux is already remineralized 

within the “twilight” zone, the layer below the euphotic zone extending down to about 

1000 m water depth (Buesseler et al. 2007), whereby organically bound nutrients are 

converted back into their inorganic forms and released into the water column. These 

recycled nutrients may be returned to the surface via mixing and upwelling and are thus 

made available for new primary production. Besides being incorporated into organic 

matter, P may also be transformed inorganically to the particulate phase during its 

transport through the water column. Such reactions include the precipitation of carbonate 

fluorapatite subsequent to organic P mineralization (Faul et al. 2005) or the scavenging of 

P by particulate Mn and Fe oxyhydroxides (Föllmi 1996; Delaney 1998). In reverse, the 

presence of anoxic conditions in the water column enables the reduction of such metal 

oxides (Landing and Bruland 1987; Lewis and Landing 1991; Lewis and Luther 2000; 

Moffet 2007) and concomitant release of P. 

A certain fraction of the C fixed by primary producers escapes water-column degradation 

and reaches the sea floor. It is estimated that for coastal environments 25 to 50% of the 

fixed C sinks to the sediment surface (Wollast 1991). In contrast, in deep sea 

environments of > 1000 m water depth this fraction amounts to only about 1% (Jahnke et 

al. 1996). After deposition, organic matter becomes remineralized and a certain fraction is 

buried. In many settings degradation of organic matter is highly efficient, so that on 

average for marine sediments only ~ 10% of the organic matter reaching the sea floor is 

ultimately preserved (Hedges and Keil 1995). When organic matter is remineralized, 

dissolved TPO4 becomes available for biological uptake (formation of biomass and 

energy storage), may be transferred to the solid phase (adsorption or precipitation), or be 

released to the water column (section 1.3.3).  

Besides P from marine export production, further P will be delivered to the sediments 

with mineral phases of both terrestrial and oceanic origin (Mn and Fe oxyhydroxides, 

carbonate fluorapatites). Moreover, fish debris (scales, bones, teeth consisting of
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hydroxylapatite) is a major marine P source to the sediments in highly productive 

upwelling regions, such as the Peruvian and Arabian Sea OMZs (Suess et al. 1981; 

Schenau and De Lange 2001). Like the organic P, part of the particulate inorganic P being 

deposited will be transformed into dissolved TPO4 during early diagenesis (section 

1.3.3.1) that eventually may be provided to the bottom water and thus escape burial. As 

will be outlined below, TPO4 release is especially elevated in highly productive and/or 

environments with O2-deficient bottom waters. The quantification of this reflux as well as 

the investigation of the underlying processes is the focus of this study. These were carried 

out in two highly O2-deficient systems, with a major emphasis on the Peruvian upwelling 

region and the eastern Gotland Basin of the Baltic Sea as an additional example. 

 

1.3.3 Phosphorus cycling in the sediment 

1.3.3.1 Pathways of phosphorus release 

This study focuses on the cycling of P in sediments underlying strong redox gradients. 

Therefore, in the following section a detailed description of P geochemistry under 

different redox conditions will be provided. Since in the marine environment the P and Fe 

cycles are strongly linked, important aspects of the Fe cycle are described which are 

necessary for the understanding of P dynamics. In the Gotland Basin, besides P cycling 

benthic N turnover has been investigated. It has been previously shown that benthic and 

pelagic N and P turnover strongly affect the water-column N:P ratio and in turn primary 

productivity, and thus play a major role in the eutrophication state of the Baltic Sea 

(Vahtera et al. 2007). The benthic N cycle will be briefly introduced in section 1.5. 

Organic matter is commonly regarded as the major source of P to the sea floor (e.g. 

Delaney 1998). Hence, in many settings, its ongoing degradation in the surface sediments 

after deposition is the most important process that releases TPO4 into the pore water and 

ultimately back into the water column. During microbial metabolism, organic matter 

sequentially undergoes reactions with different electron acceptors used in the order of 

decreasing free energy yield. O2, whose reaction with organic matter is energetically most 

favorable, is used first, followed by nitrate, Mn oxyhydroxides, Fe oxyhydroxides, and 

sulfate (Froelich et al. 1979). This sequence of electron acceptors gives rise to a 

characteristic vertical zonation of the sediment, constituting oxic, suboxic (nitrogenous, 

manganous and ferruginous) and anoxic (sulfidic) layers. However, this sharp vertical
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distribution of microbial respiration processes is only hypothetical, since there is often an 

overlap of the boundaries of aerobic and anaerobic reactions. For example, sulfate 

reduction can occur in oxic zones of the sediment, which has been explained by the 

existence of anoxic micro-niches within particles (Jørgensen 1977; Jahnke 1985). Vice 

versa, oxidized zones related to the burrowing activity of organisms may extend into 

anaerobic zones, allowing aerobic respiration to occur (Aller 1982). Furthermore, 

different Mn and Fe oxyhydroxides show different reactivities (Roden 1996, 2006; van 

der Zee and van Raaphorst 2004), and therefore there may be some change in the order of 

microbial Mn and Fe reduction.  

By the release of reduced components during the individual mineralization reactions 

biogeochemical gradients are established, resulting in their upward directed diffusive 

transport and their potential release into the bottom water. However, oxidation of these 

solutes may occur with any of the electron acceptors in the crossed reaction zones. An 

internal sediment cycle may establish from the alternating reduction and reoxidation 

processes that allows an electron acceptor to be repeatedly used, thus maintaining 

elevated rates of reduction in the sediment. For example, according to Canfield et al. 

(1993) one Fe atom may be reduced and reoxidized up to 300 times before being 

ultimately buried.  

The importance of the different mineralization pathways depends on the environmental 

conditions, such as organic matter rain rates, redox conditions of the bottom water or the 

local availability of Fe and Mn oxyhydroxides. Thus, in pelagic sediments where the 

supply of organic matter is generally smaller than that in the ocean margins, O2 is by far 

the most important electron acceptor, accounting for well over 90% of organic matter 

oxidation (water depths > 1000 m; Archer et al. 2002). In contrast, in coastal regions 

where high amounts of particulate organic matter reach the sea floor or under low bottom- 

water O2 conditions, O2 is removed from pore waters within the upper few millimeters of 

the sediment. Here, organic matter is degraded via anaerobic pathways (Gundersen and 

Jørgensen 1990; Canfield et al. 1993). Furthermore, the combination of compressed redox 

zones and O2 depletion leads to steeper gradients of reduced solutes and potentially 

greater fluxes. 

TPO4 is released during either of the individual organic matter degradation reactions, but 

is not redox-sensitive itself (see section 1.2). Nevertheless, its mobilization is strongly 
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influenced by redox conditions in the sediment (Fig. 1.2). During anoxic conditions, the 

pathway of Fe reduction will release additional TPO4, initially bound to Fe oxyhydroxides 

(Sundby et al. 1992; Slomp et al. 1998). Besides, inorganic reductive dissolution of Fe 

oxyhydroxides by sulfide within the sulfate reduction zone (Canfield 1989; Krom et al. 

2002; Poulton 2003) will also release TPO4 into the pore water (Jensen et al. 1995). 

Similarly to Fe, Mn oxyhydroxides will release TPO4 during their reductive dissolution. 

However, as compared to Fe oxyhydroxides, Mn oxyhydroxides have a reduced binding 

capacity for TPO4 (Jensen and Thamdrup 1993) and, hence, are less important for its 

remobilization. Moreover, in highly O2-deficient systems like the major OMZs, much of 

the Mn reduction can occur already in the water column (Martin and Knauer 1984; 

Landing and Bruland 1987; Böning et al. 2004). Under oxic bottom-water conditions, a 

large amount of the total dissolved TPO4 in sediments will be scavenged in the surface by 

Fe oxyhydroxides, limiting the rate of TPO4 release to the overlying water. Sometimes, 

this “iron trap” may be so efficient that TPO4 will be taken up from the bottom water by 

the sediment (McManus et al. 1997). In contrast, under anoxic and hypoxic bottom-water 

conditions, Fe reduction occurs close to the surface, leaving only a limited amount of Fe 

oxyhydroxides that might scavenge TPO4. This diminished retention capacity of the 

sediment together with the enhanced release of TPO4 from reductive Fe dissolution leads 

to high rates of TPO4 remobilization into the overlying bottom waters. Preferential release 

of organic P during organic matter degradation (Ingall et al. 1993; Van Cappellen and 

Ingall 1997; Jilbert et al. 2011; Steenbergh et al. 2011) further contributes to high TPO4 

mobilization from anoxic sediments, but the underlying mechanism for this phenomenon 

has not yet been found. Recently, Steenbergh et al. (2011) proposed that under conditions 

of C limitation both aerobically and anaerobically living bacteria use phosphatases to 

remove phosphate groups from organic matter and make it more easily degradable. Since 

anaerobic bacteria cannot retain this phosphate (Gächter and Wehrli 1998; Hupfer et al. 

2004), it is released into the pore water. An additional source of P that can be ultimately 

mobilized into the water column is the dissolution of hydroxylapatite from fish debris, as 

has been shown to be of high importance for the Peruvian and Arabian Sea OMZs (Suess 

1981; Froelich et al. 1988; Schenau and De Lange 2000).  

A further mechanism affecting benthic P cycling is most pronounced under oscillating 

oxic and anoxic conditions, and refers to the redox-dependent storage and release of P 
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Fig. 1.2: Benthic P cycle under a oxic and b anoxic bottom-water conditions, considering the depositional 

fluxes of Fe oxyhydroxide-bound P (Fe-P), organic P (Porg) and biogenic calcium phosphate 

(biogenic Ca-P). Transformations (dissolution, precipitation, release) between the different P 

pools of the solid phase and dissolved P in the pore water (TPO4) are indicated. Within the color 

graded Fe-P and TPO4 pools, dark blue indicates higher concentrations of P. For anoxic 

conditions, only a small Fe-P pool is indicated at the sediment surface. Under oxic conditions, the 

presence of Fe oxyhdyroxides in the sediment surface impedes the benthic release of TPO4 or 

even results in TPO4 uptake from the bottom water (dashed arrows). In contrast, under anoxic 

conditions, the retention capacity is diminished, resulting in high TPO4 fluxes (thick arrow). It 

was refrained from indicating the magnitude of input and burial fluxes, as well as transformation 

processes in the sediment. For details see text.  
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from certain bacteria and protozoa (Sannigrahi and Ingall 2005, and references therein). 

Under oxygenated conditions, these organisms store excess P in the form of 

polyphosphates, which, when the ambient bottom water becomes O2-depleted, are 

degraded to gain energy. The large sulfide-oxidizing bacteria Thiomargarita namibiensis 

and Beggiatoa spp. that are ubiquitiously occurring in sediments below extensive 

upwelling regions from major OMZs worldwide (Schulz et al. 1999; Levin et al. 2003; 

Gutiérrez et al. 2008; Mosch et al. 2012) may be of particular importance in this regard 

(Schulz and Schulz 2005; Goldhammer et al. 2010; Brock and Schulz-Vogt 2011). In 

contrast, the genus Thioploca spp. that also is a prominent member of the microbial 

community particularly off Peru and Chile (Gallardo et al. 1977; Rosenberg et al. 1983; 

Jørgensen and Gallardo 1999) seems not to be capable for polyphosphate storage 

(Holmkvist et al. 2010). Occurrences of Beggiatoa spp. have also been reported for 

sediments from the Gotland Basin (Piker et al. 1998; Emeis et al. 2000). 

Up to now, except for the study by Goldhammer et al. (2010), this special type of 

transient P metabolism in sulfide-oxidizing bacteria lacks direct evidence in upwelling 

environments. In general, quantitative information on the interaction of polyphosphate 

storing bacteria and pore waters is hardly available, and its importance in the global P 

cycle is still unresolved. These bacteria are further strongly involved in the benthic N and 

sulfur cycle, for details see section 1.5 “Benthic nitrogen cycle”. 

 

1.3.3.2 Precipitation reactions 

Dissolved TPO4 released during the above mentioned processes may be incorporated into 

the solid phase instead of being liberated into the bottom water. One such process, as 

already mentioned, is the redox dependent precipitation of TPO4 coupled to the 

reoxidation of reduced manganese and iron. Secondly, P precipitation as carbonate 

fluorapatite (francolite) is generally favored under high TPO4 pore-water concentrations 

(e.g. Föllmi 1996), and is an important step in the formation of modern phosphorite 

deposits. The chemical composition of francolite is quite complex, since it has multiple 

sites for possible substitution, but can be approximated by the formula:  

Ca10-a-bNaaMgb(PO4)6-x(CO3)x-y-z  x (CO3*F)y(SO4)zF2. 

There are two general modes of precipitation that depend on the initial level of 

supersaturation of pore waters with respect to francolite (Föllmi 1996, and references
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therein). When these show high levels of supersaturation, precipitation proceeds rapidly 

within hours to days forming phosphatic pellets. This process involves the formation of 

metastable intermediates, thereafter used as substrate for francolite precipitation, and is 

the form that takes place in modern coastal upwelling regions. At lower levels of 

supersaturation, francolite precipitation proceeds directly but much slower on the 

timescales of months to years. This mode results in the formation of dispersed authigenic 

phosphate minerals, and commonly occurs in non-upwelling continental margin systems 

and/or rapidly accumulating sediments. The identification of dispersed carbonate 

fluorapatites has been only made possible by the development and application of special 

sediment extraction techniques (Ruttenberg 1993; Fillippelli and Delaney 1996; see 

section 1.4). With the increased number of identified deposits, global burial estimates for 

authigenic carbonate fluorapatite have greatly increased, resulting in this mineral phase 

being the most important sink of P in the modern ocean (e.g. Berner et al. 1993; see also 

Delaney 1998, her Table 3; Föllmi 1996, his Table 1). 

All areas of modern phosphorite formation have two important factors in common, these 

are i. high primary productivity in overlying surface waters, resulting in high TPO4 pore-

water concentrations, and ii. intense sediment-reworking related to strong bottom current 

systems. In combination, these allow for strong TPO4 enrichment in pore waters, its 

precipitation and the subsequent concentration of phosphatic minerals into deposits 

(Föllmi 1996). Phosphogenesis generally takes place close to the sediment surface, 

whereas below it is impeded by rising alkalinity during organic carbon degradation 

(Glenn and Arthur 1988). The presence of carbonate in pore waters results in its 

substitution for phosphate, in effect limiting apatite crystallization. 

Redox conditions in the sediment have also been suggested to play a role in carbonate 

fluorapatite formation. In this regard, in particular the oxidation-reduction cycling of Fe 

oxyhydroxides is of importance (Ruttenberg and Berner 1993). TPO4 that is first 

scavenged at the sediment surface will afterwards be released at greater sediment depths 

and thus result in a concentration effect of pore-water TPO4. 

Besides, the close association in the occurrences of modern phosphorites and dense mats 

of large sulfur bacteria (Schulz and Schulz 2005) as well as the occurrence of microfossils 

resembling sulfur bacteria in ancient phosphorite deposits (Williams and Reimers 1983; 

Bailey et al. 2007) has led to the suggestion that these might be involved in P 
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sequestration. The exact formation factors of authigenic phosphorites, however, remain 

largely unconstrained. 

 

1.4 Methodological aspects - Phosphorus extraction 

The profound understanding of the sedimentary P cycle of aquatic systems requires not 

only the quantification of the total TPO4 release by (in situ) flux measurements but also 

the identification of the underlying biogeochemical processes. These can be only 

marginally approached by flux measurements. Also, pore-water profiles that are 

frequently measured in parallel often cannot be unambiguously interpreted. To identify 

the processes that give rise to the pore-water composition, a characterization of 

sedimentary P phases in addition is therefore helpful. This is commonly done by the 

application of sequential extraction procedures, extracting individual P phases according 

to their leachability in solutions of increasing severity (acidity or reducing strength). 

Since sequential extraction procedures are operationally defined, they generally have to 

be regarded as qualitative in identifying discrete sedimentary P pools.  

The most frequently used extraction procedure today is the one by Ruttenberg (1992) as 

well as several modifications of it. This method has been especially developed for its use 

in marine sediments. It is able to detect small concentrations of P compounds that would 

be difficult to analyze with other methods, and has been a valuable tool in the 

identification of phosphorite burial rates in the marine environment. Ruttenberg’s SEDEX 

(sedimentary extraction) procedure separates five sedimentary P components: loosely 

bound or exchangeable P; ferric Fe-bound P; authigenic calcium phosphate (authigenic 

Ca-P; including authigenic carbonate fluorapatite, biogenic apatite and calcium 

carbonate-associated P); detrital apatite P and organic P.  

In this thesis, a modified version by Anderson and Delaney (2001) was used for the 

extraction of sediments from the Peruvian OMZ (Fig. 1.3). Its major alteration is that the 

five-step procedure was changed into a four-step procedure in that the authors combined 

the adsorbed and the oxide-associated fractions to a new “sorbed” fraction (referred to as 

Fe-bound P in Fig. 1.3).  

This change finds its justification based on two reasons: 

i. under sea-water conditions the amount of phosphate anions adsorbed to clays can be 

considered to be negligible as compared to that adsorbed to oxide surfaces; ii. most of the 
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Fig. 1.3: Sequential phosphorus extraction scheme applied during this thesis. Steps 1-4 are according to 

Anderson and Delaney (2001), the additional NH4Cl extraction step is from Schenau and De 

Lange (2000). 

 

phosphate seems to be adsorbed on the internal surfaces of oxide precipitates rather than 

being incorporated into their crystal lattices, leaving the distinction between adsorbed and 

oxide-associated somewhat arbitrary. In addition, a NH4Cl extraction (Schenau and De 

Lange 2000) was applied independently from the above extraction scheme (Fig. 1.3), to 

differentiate biogenic apatite (hydroxylapatite from fish debris) from the total pool of 

apatite phases (biogenic plus authigenic) extracted during its second step. This separation 

is possible due to the higher solubility of hydroxylapatite in comparison to carbonate 

fluorapatite, and was done since we expected to find high amounts of fish debris in the 

sediments underlying the highly productive Peruvian upwelling system (Suess et al. 

1981). 

 

1.5 Benthic nitrogen cycle  

The nitrogen cycle is highly complicated, since marine organisms can alter the redox state 
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; +V) to the completely reduced 
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pool. A recent overview of the N cycle is provided by Capone et al. (2008). Nitrogen is 

highly abundant in the ocean and atmosphere, however it becomes only available for 

heterotrophic and phototrophic organisms in its fixed form. 

Besides riverine- and atmospheric input fixation of gaseous N2 into NH4
+
 by diazotrophs 

constitutes the major source for bio-available N in the oceans. Biological N2-fixation 

providing reactive N to the marine environment has been mostly recognized in pelagic 

environments. However, recently benthic N2-fixation has been reported to occur in a 

variety of benthic habitats including anoxic cold seep environments as well as coastal 

sediments (Fulweiler et al. 2007; Dekas et al. 2009; Bertics et al. 2010). 

Under O2-deficient bottom-water conditions (O2 < 5 µmol L
-1

; Devol 2008, and 

references therein) particulate organic matter on the sea floor can be decomposed using 

NO3
-
 as terminal electron acceptor. This process of dissimilatory NO3

-
 reduction, 

commonly referred to as heterotrophic denitrification, has been considered as a major 

sink for fixed N, releasing N2 into the environment (Gruber & Sarmiento 1997). During 

denitrification microbes reduce NO3
-
 via a series of intermediates to N2, with each step 

making use of different enzyme systems (Devol et al. 2008) (Fig. 1.4). Recently, it has 

been shown that NH4
+
 can be oxidized anaerobically in the water column as well as in 

anoxic sediments (Dalsgaard et al. 2005, and references therein). This process, which is 

referred to as anammox (anaerobic ammonium oxidation), also produces N2 and together 

with denitrification causes a loss of fixed N, which represents a self-cleaning process for 

the ecosystem. 

In oxic environments, nitrification is opposing this N loss. During this process, NH4
+
 that 

is released during the degradation of organic matter (ammonification) is sequentially 

oxidized to NO3
-
 (Fig. 1.4). In habitats, where there are sharp oxic to anoxic gradients, 

denitrification can be closely coupled to nitrification. Coupled denitrification to 

nitrification has been observed in a variety of different habitats, playing a significant role 

in N removal (Seitzinger 1988; Devol and Christensen 1993). Since nitrification is 

suppressed in O2-deficient sediments, large amounts of NH4
+
, both from organic matter 

degradation and dissimilatory nitrate reduction to ammonium (DNRA), may reach the 

water column.  

DNRA represents an important process, since it, similarly to nitrification, counteracts N 

loss from the sediment (Fig. 1.4). During DNRA sulfide is oxidized using NO3
-
 instead of 
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Fig. 1.4: Simplified scheme of the marine N cycle, including aerobic and anaerobic N transformations 

(redrawn after Kuypers 2007). 
 

O2, releasing NH4
+
 into the environment. DNRA is mediated by sulfide-oxidizing 

bacteria, such as Thiomargarita spp. or filamentous Beggiatoa spp. and Thioploca spp., 

which have often have been observed to form extended microbial mats on the surface of 

organic–rich sediments in OMZs (e.g. Gallardo 1977; Schmaljohann et al. 2001; 

Gutiérrez et al. 2008; Mosch et al. 2012). DNRA has been shown to occur in different 

organically enriched and/or O2-deficient habitats, such as the Bay of Concepción (Graco 

et al. 2001), fish-farms (Christensen et al. 2000) or the shelf and upper slope of the 

Peruvian OMZ (Bohlen et al. 2011). However, it is discussed that instead of DNRA there 

is the potential alternative pathway of chemolithotrophic denitrification, where NO3- is 

channeled into N2 (Mußmann et al. 2000; Brüchert et al. 2003). To the best of my 

knowledge, there is still no concluding evidence to what extent this process proceeds in 

natural environments. Based on thermodynamical considerations, it has been concluded 

that DNRA should be more relevant (Jørgensen & Nelson 2004). DNRA as a recycling 

process is of high ecological impact, as it retains dissolved inorganic N in the ecosystem 

and may contribute to sustain high rates of primary production, if the NH4
+
 is transported 

to the euphotic zone. 
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1.6 Aims and thesis outline 

Major aim of this thesis was to decipher the functionality of the sediments to act as sink 

or source for nutrients in different O2-deficient environments, and thereby to constrain 

benthic feedbacks contributing to maintain or even promote O2-deficiency. This thesis 

contributes to close the gap of missing flux studies by having quantified benthic release 

rates of predominantly P, but also to a certain extent of Fe and N, using benthic landers as 

well as pore-water gradients. Furthermore, major processes involved in the benthic 

nutrient release were addressed using mass balance calculations. This study encompassed 

two major working areas, i. the intense OMZ off Peru at 11°S and ii. the Gotland Basin in 

the Baltic Sea. In either working area, measurements were made along depth transects 

covering oxic to anoxic conditions as well as different organic C contents in the surface 

sediments. 

In the following chapters the results of benthic P and associated Fe and N cycling in these 

two regions are presented. 

Chapter 2 presents sea-bed fluxes of TPO4 and Fe
2+

 that were quantified during in situ 

benthic chamber incubations and calculated from pore-water profiles along an anoxic to 

oxic latitudinal depth transect traversing the OMZ off Peru. To the best of my knowledge, 

this is the first dataset on benthic release of this redox-sensitive couple in the eastern 

South Pacific upwelling region. This comprehensive dataset is of major importance for 

our quantitative understanding of how TPO4 and Fe
2+

 release from sediments underlying 

O2-deficient bottom water via positive feedback loops potentially contribute towards the 

maintenance or even further spreading of this OMZ. Release rates of TPO4 and Fe
2+

 are 

explained in relation to redox conditions, and potential sedimentary sources for TPO4 

release are discussed. Release rates of TPO4 and Fe
2+

 are set into context with other 

OMZs worldwide. This chapter has been published in the journal Limnology and 

Oceanography in 2012. 

Chapter 3 directly extends on the benthic flux results presented in Chapter 2, which 

indicate that, in contrast to the common assertion that input of Porg is the major P source 

for the benthos, this source was not sufficient to support the high TPO4 release rates 

measured in the Peruvian OMZ sediments. In this chapter it is investigated from a mass 

balance perspective in combination with solid phase P speciation measurements to what 

extent different sedimentary P sources contribute to sustain these high TPO4 release rates. 
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In addition to Porg, input of Fe-bound P and an authigenic Ca-P pool (consisting of 

carbonate fluorapatite, calcium carbonate-bound P, and biogenic apatite (fish debris)) is 

considered in the mass balance. Furthermore, for one site inside the anoxic core of the 

OMZ a benthic P model is used to explore the validity of different scenarios of organic 

matter C:P composition and associated P release. It constrains organic P turnover by 

opposing i. organic matter degradation following Redfield stoichiometry, ii. preferential P 

release during organic matter degradation, and iii. mineralization of highly P-depleted 

organic matter settling on the sea floor. This chapter is close to submission to Geochimica 

Cosmochimica Acta. 

Chapter 4 focuses on P and N cycling along an oxic to anoxic gradient in the eastern 

Gotland Basin, Baltic Sea. Despite great efforts to mitigate external anthropogenic 

nutrient load, this region still suffers from eutrophication and associated deoxygenation. 

Benthic fluxes of dissolved inorganic N (DIN = NH4
+ 

+ NO3
-
 + NO2

-
) as well as TPO4 

were quantified in situ using benthic landers and complemented by water-column nutrient 

measurements. The biogeochemical mechanisms underlying the benthic nutrient release 

are discussed. Special emphasis is on a hypoxic transition zone at water depths between 

about 80 m and 120 m that was extensively covered with mats of sulfide-oxidizing 

bacteria and further characterized by highly variable bottom-water O2 concentrations on 

different time scales. In previous studies this transition zone has not been acknowledged 

for its importance for the benthic nutrient release in the Baltic Proper. By extrapolation of 

the measured flux rates, internal DIN and TPO4 load estimates for the Baltic Proper are 

provided, excluding the Arkona Basin as well as shallow sandy sediments < 60 m water 

depth, where no measurements were taken. Using mass balances, capabilities for the 

Gotland Basin sediments to potentially recover from eutrophication are investigated. This 

chapter is close to submission to Limnology and Oceanography. 

Chapter 5 gives a summary of the major findings of this thesis and an outlook on possible 

research questions for the future. 
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Beyond the above articles I was co-author of the following manuscripts: 

 

Bohlen, L., A. W. Dale, S. Sommer, T. Mosch, C. Hensen, A. Noffke, F. Scholz, and K. 

Wallmann. 2011. Benthic nitrogen cycling traversing the Peruvian oxygen minimum 

zone. Geochim. Cosmochim. Acta 75: 6094-6111. 

 

Scholz, F., C. Hensen, A. Noffke, A. Rohde, V. Liebetrau, and K. Wallmann. 2011. Early 

diagenesis of redox-sensitive trace metals in the Peruvian upwelling region — response to 

ENSO related oxygen fluctuations in the water column. Geochim. Cosmochim. Acta 75: 

7257-7267. 

 

Mosch, T., S. Sommer, M. Dengler, A. Noffke, L. Bohlen, O. Pfannkuche, V. Liebetrau, 

and K. Wallmann. 2012. Factors influencing the distribution of epibenthic megafauna 

across the Peruvian oxygen minimum zone. Deep- Sea Res. I 68: 123-135. 

 

Dale, A. W., S. Sommer, E. Ryabenko, A. Noffke, L. Bohlen, K. Wallmann, K. 

Stolpovsky, and O. Pfannkuche. Benthic nitrogen fluxes and fractionation of nitrate in the 

Mauritanian oxygen minimum zone (Eastern Tropical North Atlantic). Geochim. 

Cosmochim. Acta (in revision). 
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Abstract 

Benthic fluxes of dissolved ferrous iron (Fe
2+

) and phosphate (TPO4) were quantified by 

in situ benthic chamber incubations and pore-water profiles along a depth transect (11°S, 

80 m to 1000 m) across the Peruvian oxygen minimum zone (OMZ). Bottom-water O2 

levels were  < 2 µmol L
-1

 down to 500 m water depth, and increased to ~ 40 µmol L
-1

 at 

1000 m. Fe
2+

 fluxes were highest on the shallow shelf (maximum 316 mmol m
-2

 yr
-1

), 

moderate (15.4 mmol m
-2

 yr
-1

) between 250 m and 600 m, and negligible at deeper 

stations. In the persistent OMZ core continuous reduction of Fe oxyhydroxides results in 

depletion of sedimentary Fe:Al ratios. TPO4 fluxes were high (maximum                      

292 mmol m
-2

 yr
-1

) throughout the shelf and the OMZ core in association with high 

organic carbon degradation rates. Ratios between organic carbon degradation and TPO4 

flux indicate excess release of P over C when compared to Redfield stochiometry. Most 

likely, this is caused by preferential P-release from organic matter, dissolution of fish 

debris, and/or P-release from microbial mat communities, while Fe oxyhydroxides can 

only be inferred as a major P-source on the shallow shelf. The benthic fluxes presented 

here are among the highest reported from similar, oxygen-depleted environments, and 

highlight the importance of sediments underlying anoxic water bodies as nutrient sources 

to the ocean. The shelf is particularly important as the periodic passage of coastal trapped 

mailto:anoffke@geomar.de
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waves and associated bottom-water oxygenation events can be expected to induce a 

transient biogeochemical environment with highly variable release of Fe
2+

 and TPO4. 

 

2.1 Introduction 

Oxygen minimum zones (OMZ), water layers with oxygen concentrations < 20 µmol L
-1

, 

are persistent hydrographic features in large parts of the ocean, in particular the eastern 

Pacific, the northern Indian Ocean, and the eastern Atlantic off southwest Africa (Helly 

and Levin 2004). One of the most extended and intense OMZs (dropping to oxygen 

concentrations close to anoxia in core regions, Stramma et al. 2008) is located in the 

eastern South Pacific, underneath the productive coastal waters of the Humboldt Current 

System. This OMZ stretches from 37°S, Chile, to the equatorial belt (0-5°S) and reaches 

its greatest extension off Peru between 5 and 13°S, with > 600 m thickness to about 

1000 km offshore (Fuenzalida et al. 2009). 

The complex maintenance mechanisms and dynamics of OMZs still have not been 

sufficiently resolved. However, the principal factors leading to their formation are intense 

oxygen consumption in response to high surface productivity, sustained by high amounts 

of upwelled nutrients, and sluggish ventilation due to the hydrographic regime (Wyrtki 

1962). Climate models predict an overall decline of dissolved oxygen in the ocean interior 

to emerge from global warming (Matear and Hirst 2003). For the tropical oxygen 

minimum zones this decline was recently confirmed by 50 year time series analyses of O2 

data (collected since 1960, Stramma et al. 2008). 

In response to the expansion of the hypoxic water masses, major changes in nutrient 

cycling could occur and affect the marine carbon, nitrogen, phosphorus, and iron cycles 

via various feedback mechanisms. Thus, improving current knowledge on the key 

biogeochemical and physical processes governing today’s OMZs by quantitative 

approaches remains critical to estimating the ocean’s responses to global warming and 

becomes a future research challenge. 

Oxygen depletion substantially affects the biogeochemical reactions of redox-sensitive 

elements. This in particular applies to iron (Fe) and phosphorus (P), whose individual 

cycles are strongly linked in the marine environment. A number of previous studies have 

resulted in the observation that under oxygen-deficient bottom-water conditions dissolved 

ferrous iron (Fe
2+

) and phosphate (TPO4) are preferentially released into the pore fluids 
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and overlying bottom water (Sundby et al. 1986; Ingall and Jahnke 1997; McManus et al. 

1997). Particulate ferric iron oxides and hydroxides (hereafter referred to as iron 

oxyhydroxides) scavenge phosphate, and oxygen deficiency promotes their reduction to 

soluble states by microbial induced dissolution and the concomitant liberation of metal-

oxide-bound phosphate (Sundby et al. 1992). Phosphate release from iron oxyhydroxides 

may further be enhanced through reductive dissolution by hydrogen sulfide (Jensen et al. 

1995). Furthermore, in addition to these metal oxide interactions, growing evidence has 

been presented that phosphate is preferentially regenerated from P-bearing organic matter 

(as compared to C) under hypoxic and anoxic bottom-water conditions (Ingall et al. 

1993). 

Despite the obvious biogeochemical significance of organic rich sediments underlying 

productive upwelling systems for global element cycles and related feedbacks on ocean-

climate interactions, relatively few systematic in situ studies on benthic nutrient turnover 

have been conducted to date. Phosphate fluxes derived from benthic chamber incubations 

are available for the continental margins off Washington State (Devol and Christensen 

1993; Hartnett and Devol 2003), Central California (Ingall and Jahnke 1997; McManus et 

al. 1997; Berelson et al. 2003), and Northwest Mexico (Hartnett and Devol 2003), as well 

as the California borderland basins (Ingall and Jahnke 1997; McManus et al. 1997; 

Hammond et al. 2004). Measurements in the Arabian Sea (Woulds et al. 2009) have 

recently complemented the existing data pool. With regard to iron, the knowledge on 

benthic release rates is even smaller. This can mainly be ascribed to the fact that generally 

aeolian dust deposition (Jickells et al. 2005) has been assumed to be the major supply 

pathway of iron to the open ocean, and it was only recently that the potential contribution 

of a sedimentary iron source has begun to be considered (Moore and Braucher 2008). 

Much of the work done in continental margin upwelling settings focused on iron 

inventories and turnover in the water column. However, a number of these studies 

highlight the role of sediments supplying iron to the water column by mechanisms of 

resuspension (Hutchins et al. 1998) and reductive mobilization (Johnson et al. 1999). 

Direct measurements with benthic chambers revealed that reductive mobilization can be 

significant in such sedimentary settings (McManus et al. 1997; Elrod et al. 2004; 

Severmann et al. 2010). 

In this paper we report sea-bed fluxes of dissolved phosphate and iron for the OMZ off



2.2   Methods 

32 

 

Peru. To our knowledge, this represents the first detailed investigation on benthic release 

of this redox-sensitive couple in the Eastern South Pacific upwelling region. Benthic 

fluxes were derived from time series of in situ incubations with benthic landers and 

calculations from pore-water gradients. Sampling was conducted along a latitudinal 

transect (11°S) at water depths from 80 m to 1000 m, affected by regionally varying 

environmental influences (redox conditions, hydrodynamics and organic carbon 

availability). This enabled us to directly link magnitudes of nutrient release with potential 

controlling parameters. 

 

2.2 Methods 

2.2.1 Regional setting  

The Peruvian coast is part of the most productive marine ecosystem in the world. High 

primary productivity of up to 3.6 g C m
-2

 d
-1

 (Pennington et al. 2006) is sustained by 

coastal upwelling that transports cold, oxygen-poor but nutrient-rich water to the well-

mixed surface layer. Upwelling off Peru is perennial, favored by almost constant 

alongshore oriented winds which drive an offshore Ekman transport of surface waters 

(Strub et al. 1998). Upwelled waters are predominantly fed by Equatorial Subsurface 

Water, which is transported poleward with the Peru Chile Undercurrent (Strub et al. 

1998). Intensity of the coastal upwelling changes seasonally due to varying wind strength 

with maximum wind speed and coastal upwelling occurring in austral winter and spring 

(Pennington et al. 2006). The OMZ that develops from intense degradation of organic 

matter and associated oxygen consumption extends roughly from < 100 m to 700 m 

(oxycline of 22 µmol L
-1

 defined by Fuenzalida et al. 2009). Seasonal changes in 

upwelling intensity typically result in variable mixed surface layer depths of 10 m to 40 m 

(Bakun 1985). However, periodic oxygenation events of the bottom waters may reach 

down to about 100 m water depth as observed off Callao at 12°S (Gutiérrez et al. 2008). 

According to this study, the vertical position of the upper boundary of the OMZ (defined 

as the 22 µmol L
-1

 isopleth) fluctuated between 10 m and 90 m water depth (mean depth: 

52 m) over a period of 13 years (1992-2005). Such oxygenation events are strongly 

associated with the passage of coastal trapped waves that occur more frequently during 

positive El Niño Southern Oscillation (ENSO) periods (Gutiérrez et al. 2008) and are 

associated with a significant deepening of the thermo- and oxycline. Most intense
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oxygenation events have been reported for the strong El Niño periods in 1982-1983 and 

1997-1998 during which the upper boundary of the OMZ deepened to almost 300 m 

(Levin et al. 2002; Fuenzalida et al. 2009). 

Between 11°S and 15°S, underneath the region of most intense primary productivity 

(Pennington et al. 2006), organic rich (>> 5 wt%), diatomaceous muds accumulate at 

water depths between 50 m and 500 m (Suess et al. 1987). A distinct feature of this region 

is a thick lens-shaped deposit that extends between 10.5°S and 13.6°S from outer shelf to 

upper slope depths (Krissek et al. 1980). Preservation and burial within this deposit is due 

to high bulk sedimentation rates, which are favored by reduced bottom velocities in the 

poleward directed undercurrent (Suess et al. 1987). At greater water depths, increasing 

fluctuations in the velocity and direction of bottom currents result in lower sedimentation 

rates (Reimers and Suess 1983), winnowing, and the accumulation of phosphorite crusts 

and nodules (Reimers and Suess 1983; Glenn and Arthur 1988). 

 

2.2.2 Sediment sampling and in situ flux measurements 

Sediment samples were taken during the R/V Meteor cruise M77-1/2 in October-

December 2008, using a video-guided multiple corer (MUC) and two benthic landers 

(Biogeochemical Observatories — BIGO and BIGO-T) along a latitudinal depth transect 

at 11°S (Fig. 2.1; Table 2.1). Bottom-water O2 levels of < 2 µmol L
-1

 extended from 

~ 50 m to ~ 500 m water depth (Fig. 2.2), hitherto referred to as OMZ. During the time of 

sampling, the shallow shelf Sta. 543 and 568 at 78 m and 85 m water depth, respectively, 

also displayed bottom-water O2 levels < 2 µmol L
-1

. However, these sites might 

experience periodic oxygenation events similar to those observed at a 94 m deep site off 

Callao (Gutiérrez et al. 2008). As with increasing water depth oxygenation events can be 

assumed to occur more rarely, we henceforth refer to the core of the OMZ as the depth 

range between 250 m down to its lower boundary at ~ 500 m. 

Sediment cores (inner diameter: 10 cm) retrieved by MUC were immediately transferred 

into a cold room which was kept at in situ temperature (4°C). Core processing was 

performed within 1-2 h upon retrieval. Two parallel cores were processed for all MUC 

stations. The overlying bottom water was sampled and filtered through 0.2 µm cellulose 

acetate (CA) syringe filters, and the remaining water was siphoned off and discarded. The 

first one of the two parallel cores was vertically sectioned within a glove bag under an
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Fig. 2.1: Location map showing the Peruvian continental margin (bathymetry based on the Earth 

Topography Five Minute Grid (ETOPO5)). The sampling stations on the latitudinal transect at 

11°S (horizontal line) are indicated by the gray dots. Where stations were close together, station 

names were listed in descending order in accordance with increasing water depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Representative profile of dissolved oxygen (438 CTD-RO 16, position shown in Table 2.1) 

through the OMZ at 11°S during October – December 2008. 
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argon atmosphere. The sediments were transferred to 50 mL centrifuge tubes pre-flushed 

with argon, and pore water was separated using a refrigerated centrifuge for 20 min at 

4.500 revolutions per minute (rpm). Supernatant pore fluids were filtered under argon 

through 0.2 µm CA syringe filters. Centrifuge residuals were stored frozen for total 

sediment digestion and the extraction of highly reactive iron phases after the cruise. Pore 

water from the sediments retrieved at Sta. 543 and 516 was extracted using rhizons 

(Seeberg-Elverfeldt et al. 2005) instead of the glovebag method. Prior to deployment, the 

rhizons were preconditioned in an oxygen-free water bath. To ensure that the samples had 

not been in contact with air, the first 0.5 mL of extracted pore water were discarded. Pore 

waters from the other parallel core were extracted using a pore-water press (Teflon 

squeezers equipped with 0.2 µm CA filters), which was operated with argon at pressure 

gradually increasing to 2.5 bar. Additional samples for the determination of water content 

and porosity, as well as for total organic carbon (TOC) analyses, were taken from each 

depth interval, filled into pre-weighed plastic vials, and stored refrigerated for subsequent 

processing in the home laboratory. Squeeze cakes were also kept refrigerated until 

onshore preparation for x-ray fluorescence (XRF) analyses. Only the results from the 

glove bag extractions are presented in this study, if not otherwise indicated. 

In situ benthic flux measurements were conducted using the Biogeochemical 

Observatories BIGO and BIGO-T (Sommer et al. 2009). BIGO contained two circular 

flux chambers (internal diameter 28.8 cm, area 651.4 cm
2
). BIGO-T is similar to BIGO 

but contained only one benthic chamber of the same size as those deployed in BIGO. An 

online video-controlled launching system allowed smooth placement of the observatories 

at selected sites on the sea floor. Two hours after the observatories were placed on the sea 

floor, the chamber(s) were slowly driven into the sediment (~ 30 cm h
-1

). During this 

initial time period, the water inside the flux chamber was periodically replaced with 

ambient bottom water. After the chamber was fully driven into the sediment, the chamber 

water was again replaced with ambient bottom water to flush out solutes that might have 

been released from the sediment during chamber insertion. The water volume enclosed by 

the benthic chamber was in the range of 8.8 L to 18.5 L. To determine Fe
2+

 and TPO4 

fluxes, four sequential water samples were removed from the chamber with glass syringes 

(volume: ~ 47 mL). The glass syringes were connected to the chamber using 1 m long 

Vygon tubes with a dead volume of 6.9 mL. Prior to deployment, these tubes were filled
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with distilled water. In case of the BIGO-T, the chamber was completely flushed with 

ambient sea water after half of the total deployment time, and a series of four water 

samples was taken before and after flushing, henceforth referred to as first
 
incubation and 

second incubation, respectively. The flux measurements were conducted for different 

time periods in the range from 17.8 h to 23 h as defined from the time interval between 

the first and the last syringe water sampling. After recovery of the observatories, short 

cores (inner diameter: 10 cm) were retrieved from the incubated sediments and processed 

in the glove bag as described above for MUCs. 

 

2.2.3 Chemical analyses  

2.2.3.1 Onboard analytics 

All shipboard analyses were performed shortly after pore-water extraction or recovery of 

benthic landers. Ammonium (NH4
+
), total dissolved sulfide (TH2S), and total dissolved 

phosphate (TPO4) analyses — in pore-water and incubated bottom-water samples — as 

well as dissolved ferrous iron (Fe
2+

) analyses (in pore-water samples only) were realized 

onboard with a Hitachi U-2001 spectrophotometer, applying standard techniques 

(Grasshoff et al. 1999). Where necessary, subsamples of pore water were diluted with 

oxygen-free artificial sea water prior to analysis. Ascorbic acid was added, still within the 

glove bag, to subsamples of pore and bottom waters for onboard Fe
2+

 analyses. Total 

alkalinity (TA) was determined by titration following the method of Ivanenkov and 

Lyakhin (1978). For selected cores, sulfate (SO4
2-

) was measured onboard by Ion 

Chromatography (716 IC-Compact, Metrohm). Sample aliquots for additional SO4
2-

 

analyses in the home laboratories were stored in plastic vials. Further information about 

the above-described analytical methods is available on the GEOMAR web site 

(www.geomar.de). For Fe analyses in the incubated bottom-water samples retrieved by 

benthic landers, aliquots were stored in acid-washed plastic vials and acidified with 

supra-pure HNO3. All sample aliquots were kept refrigerated until performance of 

analysis. Fe determinations were performed in the home laboratory by inductively 

coupled plasma mass spectrometry (ICP-MS Agilent 7500 series). Precision, determined 

by replicate analyses of calibration standards was ≤ 2%. We assume that all dissolved Fe 

released from the pore water is present as Fe
2+

. Data on conductivity, temperature, depth 

(CTD) as well as oxygen bottom-water levels were taken from casts of a Sea-Bird
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Electronics, Inc., CTD-system equipped with a water sampling rosette (RO), which were 

conducted nearby at each station investigated. During the CTD casts CTD-RO 16 and 22, 

water samples from Niskin bottles were spectrophotometrically analyzed for dissolved 

phosphate. 

 

2.2.3.2 Solid phase analyses 

Porosity was calculated from the weight loss of wet sediment during freeze-drying, 

assuming a dry solid density of 2 g cm
-3 

based on data
 
published

 
by Böning et al. (2004). 

Freeze-dried sediments were ground, pre-treated with HCl to drive out carbonate carbon, 

and analyzed for TOC by flash combustion using a Carlo Erba Elemental Analyzer. 

Analytical precision for replicate samples was found to be 1%. The water content of 

centrifuge residuals was determined separately in order to recalculate the highly reactive 

Fe content for dry sediments. Reactive Fe (term used in this article, which mainly 

combines Fe oxyhydroxides, Fe monosulfides (FeS) and Fe carbonates [Kostka and 

Luther 1994]) was extracted by adding 20 mL of cold 0.5 mol L
-1

 HCl to 0.5 g of wet 

sediment in 50 mL centrifuge tubes and shaking the samples for 1 h. The extracts were 

centrifuged, pipetted off, and filtered through 0.2 µm CA syringe filters. For total Fe 

determinations, 0.1 mL samples were added to 5 mL of a reducing Ferrozine solution     

(1 g L
-1

 Ferrozine in 50 mmol L
-1

 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer, pH 7, plus hydroxylammonium chloride (10 g L
-1

)). After 20 min, Fe 

was measured at 562 nm using a Hitachi U-2001 spectrophotometer. Long-term precision 

of the in-house standard OMZ-1 was < 5% relative standard deviation. 

Total concentrations of phosphorus and aluminum were analyzed by XRF spectrometry  

using a Philips PW 1480 spectrophotometer (equipped with a rhodium x-ray tube) on 

samples prepared as lithiumtetraborate fused glass beads (ratio sample:flux 1:6). Loss on 

ignition was not determined for the samples, and P and Al contents were calculated from 

unnormalized oxides (P2O5, Al2O3). Average values of replicate analyses of different rock 

reference samples agreed well with the recommended values, and precision was better 

than 2% and 5% for P2O5 and Al2O3, respectively. Excess phosphorus (Pexcess) was 

calculated as Psample-(P:Alandesite x Alsample) to remove the detrital P fraction according to 

Böning et al. (2004). The P:Al ratio for andesite was derived from Le Maitre (1976).
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2.2.4 Flux calculations  

Diffusive fluxes of Fe
2+

 and TPO4 across the sediment-water interface (SWI) were 

calculated through application of Fick’s first law of diffusion (Boudreau 1997): 

 

                                                       J = - Φ0 Ds (dC/dz)                                                    (2.1) 

 

where Φ0 is the porosity at the SWI (0-1 cm), Ds is the effective diffusion coefficient in 

the sediment at the SWI, and dC/dz is the pore-water gradient estimated from the 

concentration difference between the uppermost sediment interval (0-1 cm) and the 

bottom water. Bottom-water concentrations of TPO4 were typically taken from 

measurements of Niskin bottle samples (463 CTD-RO 22, position shown in Table 2.1). 

In some cases, bottom-water concentrations of MUC samples seem to be artificially 

elevated because of sediment dispersal during sampling. However, the resulting 

difference in flux calculations is negligible. For each sampling site, molecular diffusion 

coefficients for ferrous iron (Fe
2+

) and phosphate (HPO4
-
) in sea water corrected for in 

situ temperature (CTD measurements) were taken from Boudreau (1997) and further 

adjusted to in situ salinities and pressures by the Stokes Einstein relationship (Li and 

Gregory 1974). The effective diffusion coefficient in the sediment was calculated from 

the adjusted molecular diffusion coefficient and tortuosity (derived by the empirical 

equation of Boudreau (1997).  

Solute concentrations obtained from the benthic chamber incubations were corrected for 

dilution with Milli-Q water originating from the water-filled Vygon tubing (V = 6.9 mL) 

connecting the individual syringes and the chamber. Benthic chamber fluxes were 

calculated from the slope determined by linear regression of the concentration versus the 

incubation time. During the deployments of BIGO 5 chamber 1 and 13 BIGO chamber 1 

and chamber 2, the first data points were deviating from the subsequent ones. This might 

be due to a variety of reasons, such as contamination during sub-sampling onboard and 

laboratory handling, mixing of pore water into the enclosed water body when the benthic 

chamber was driven into the sediment, or failure of the water sampling system. In these 

cases, the first sample was excluded from the regression to calculate the respective fluxes. 

At the deeper, more oxygenated stations below ~ 700 m water depth, it was not possible 

to measure a reliable flux of Fe
2+

 during the course of the benthic chamber incubations. 
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2.3 Results 

2.3.1 Pore water 

Pore-water profiles of Fe
2+

 and TPO4 (from multicorer deployments) are shown in 

Fig. 2.3. Typically, distinct concentration maxima of Fe
2+

 were located close to the SWI 

in sediments overlain by the oxygen-depleted water body (< 2 µmol L
-1

, Fig. 2.3). With 

increasing sediment depth, concentrations showed a strong decrease, and Fe
2+

 generally 

was no more detectable within 7 cm to 14 cm below the sediment surface. Highest 

concentrations of Fe
2+

 were measured in pore waters from the uppermost shelf station 

(543: 79.8 µmol L
-1

, 1.5 cm depth) imposing a steep concentration gradient to the SWI. 

At stations underlying oxic bottom waters, the concentration peak shifted deeper into the 

sediment, and gradients between the uppermost sediment interval and the bottom water 

were very small or non-existing. Similar to Fe
2+

, highest TPO4 concentrations typically 

occurred close to the sediment surface. Peaks generally shifted to greater sediment depth 

with increasing water depth. Except for the two shallowest stations, the concentrations 

decreased with increasing sediment depth below the maximum. 

Profiles of some major pore-water constituents are exemplarily shown in Fig. 2.4 for 

three stations from the shallow shelf (Sta. 543), the OMZ core (Sta. 481), and below the 

OMZ (Sta. 549) to present trends across the transect and to provide the basis to relate 

TPO4 and Fe
2+

 to the overall geochemistry of the setting (see General aspects of pore- 

water geochemistry). NH4
+
 and TA concentrations generally increased with sediment 

depth, reaching maximum values of 1.3 mmol L
-1

 and 13.7 meq L
-1

, respectively, at shelf 

Sta. 543. Both NH4
+
 and TA markedly decreased with increasing water depth. SO4

2-
 

decreased only slightly with depth and at the shelf station, from 29.5 mmol L
-1

 to         

23.5 mmol L
-1

 within 28 cm sediment depth, whereas no gradients were observed at the 

deeper stations. TH2S was present only below 18 cm on the shelf, increasing to            

760 µmol L
-1

 in the 26-30 cm interval; and it was undetectable over the sampled sediment 

length in the two other cores. 
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Fig. 2.3: Dissolved iron (Fe
2+

, open circles) and phosphate (TPO4, closed circles) pore-water profiles across 

the transect at 11°S. Sediments were retrieved using a multiple corer. Note: pore water at Sta. 543 

and 516 was obtained by rhizon sampling. Triangles (open and closed for Fe
2+

 and TPO4, 

respectively) indicate bottom-water concentrations, taken from CTD measurements for TPO4. 
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Fig. 2.4: Pore-water profiles of major pore-water constituents (NH4
+
, TA, SO4

2-
, and TH2S) shown 

exemplarily for stations from the shallow shelf (Sta. 543), the OMZ core (Sta. 481), and below 

the OMZ (Sta. 549). The uppermost data point from each profile (depth of zero) represents the 

bottom-water concentration. 
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2.3.2 Benthic fluxes 

The diffusive fluxes, as well as the chamber fluxes, of Fe
2+

 and TPO4 are presented in 

Table 2.2 and illustrated in Figs. 2.5A and 2.6A, respectively, with positive fluxes being 

defined as from the sediment into the water column. The original data from the benthic 

chamber incubations can be provided from the authors on demand. 

Total fluxes of dissolved Fe
2+ 

and TPO4 measured in benthic chambers were, in most 

cases, higher than the diffusive fluxes derived from pore-water gradients (Table 2.2). For 

sites located within the OMZ, ratios between fluxes measured by the chamber and 

diffusive fluxes average to 2.1 and 1.3 for Fe
2+ 

and TPO4, respectively. Limitations by 

depth resolution during pore-water sampling, leading to possible underestimation of the 

gradient's steepness, could have caused part of the discrepancy between the two methods. 

Furthermore, a significant fraction of the flux may have originated from the degradation 

of fresh organic matter (indicated by a thin fluffy layer covering numerous of the M77 

cores) at the sediment-water interface that was not recorded in the pore-water profiles 

(Slomp et al. 1998). Contribution of biological pore-water irrigation to benthic chamber 

fluxes was probably negligible in the OMZ, due to its low significance in anoxic 

sediments, but may have been more important at the more-oxygenated stations. 

Consistently, diffusive phosphate fluxes displayed stronger deviations from chamber 

fluxes at deeper stations below the OMZ (range of ratios between chamber and diffusive 

fluxes: 3.3 to 8.6). On the shelf, benthic fluxes may have also been influenced by 

bioirrigation. Despite the strong oxygen deficiency, numerous small polychaetes were 

observed in sediment cores retrieved by the benthic chambers. This observation is in 

agreement with Levin et al. (2002) and Gutiérrez et al. (2008), who reported that 

bioturbating organisms rapidly invade the Peruvian shelf and upper slope during 

oxygenation events, and may persist for several months after the recurrence of anoxic 

conditions. 

Although these uncertainties are inherent to the pore-water-derived fluxes, these data 

reveal a spatial pattern across the transect similar to the benthic chamber fluxes. Hence 

the diffusive flux calculations provide reasonable approximations to total fluxes and can 

be used for a comparative study in the investigated area. 
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Fig. 2.5: Benthic Fe
2+

 fluxes and various parameters along the 11°S transect. (A) Fluxes of dissolved iron 

(Fe
2+

; mmol m
-2

 yr
-1

). Error bars correspond to minimum and maximum values of double 

measurements in lander deployments. (B) Reactive Fe contents (wt%) in surface sediments (0-1 

cm). (C) Fe:Al ratios in surface sediments (0-1 cm; data from Scholz et al. 2011). Normalized Fe 

concentrations were used to eliminate the effect of varying dilution with detrital material. The 

black horizontal line depicts the Fe:Al ratio of the detrital background of 0.47 (andesite in the 

Andean Arc; Scholz et al. 2011). (D) Concentrations of dissolved O2 in bottom waters. The gray 

array in each panel represents the OMZ where O2  concentrations were < 2 µmol L
-1

. 

0 400 800 1200

0

0.1

0.2

0.3

0.4

R
ea

ct
iv

e 
ir

o
n

 
   

   
(w

t%
)

0 400 800 1200

0

0.2

0.4

0.6

0.8

1

F
e:

A
l

0 400 800 1200

Water depth (m)

0

10

20

30

40

50

O
2
 (

µ
m

o
l 

L
-1

)
0 400 800 1200

0

100

200

300

400

  
  

 F
lu

x
 F

e2
+
 

(m
m

o
l 

m
-2

 y
r-1

)







regional detrital background

A benthic chamber flux

diffusive flux chamber

diffusive flux MUC

B

D

0.47

C

O2 < 2 µmol L-1



2.3   Results 

46 

 

 

 

Fig. 2.6: Benthic TPO4 fluxes and various parameters along the 11°S transect. (A) Fluxes of dissolved 

phosphate (TPO4; mmol m
-2

 yr
-1

). Error bars correspond to minimum and maximum values of 

double measurements in lander deployments. (B) TOC contents (wt%) in surface sediments      

(0-1 cm). (C) TOC:Pexcess ratios in surface sediments (0-1 cm). The black horizontal line depicts 

the TOC:P Redfield ratio of 106:1. (D) Cox:TPO4 flux ratios. The black horizontal line depicts the 

C:P Redfield ratio of 106:1. The gray array in each panel represents the OMZ where O2  

concentrations were < 2 µmol L
-1

). 
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2.3.3 Solid phase data 

Sediment geochemical data for reactive Fe, Fe:Al, TOC, and TOC:Pexcess are provided in 

Table 2.1, Fig. 2.5B,C (reactive Fe, Fe:Al) and Fig. 2.6B,C (TOC, TOC:Pexcess). 

Concentrations of reactive Fe were distinctively elevated at the shallow shelf stations, 

which are subjected to periodic oxygenation events (Gutiérrez et al. 2008), and below 

600 m water depth, where O2 levels increased (Fig. 2.5D). Concurrently with these 

increasing O2 levels, Fe:Al ratios were above average detrital background concentrations 

of 0.47 (Andean andesite; Scholz et al. 2011). In contrast, at all shallower stations Fe:Al 

ratios were at and below the average (Fig. 2.5C). Measured TOC values were overall 

high, with a minimum concentration of 3.5 wt% on the shallow shelf and a maximum 

concentration of 15.5 wt% in the core of the OMZ (Fig. 2.6B). TOC:Pexcess ratios were 

elevated above Redfield ratio (106:1) at water depths ≤ 316 m; below 400 m values were 

typically below 50 (Fig. 2.6C). 

 

2.4 Discussion 

2.4.1 General aspects of pore-water geochemistry 

Peru margin sediments are characterized by significant organic matter degradation rates, 

which is demonstrated by the concurrent buildup of NH4
+
 and TA with sediment depth at 

all stations (Fig. 2.4). Pore-water gradients of NH4
+
 and TA reflect a decrease in organic 

matter degradation with increasing water depth, which is generally consistent with the 

organic carbon oxidation rates of 8.2 mmol m
-2

 d
-1

 to 2.1 mmol m
-2

 d
-1

 derived from pore-

water modeling that was conducted on selected stations from the same cruise (Bohlen et 

al. 2011). At the shelf (Sta. 543, Fig. 2.4), decreasing pore-water SO4
2-

 concentrations and 

the presence of TH2S below 20 cm sediment depth indicate intense sulfate reduction. In 

fact, pore-water modeling indicates that sulfate reduction at the shelf and upper slope 

contributes 80% to the entire organic carbon degradation (Bohlen et al. 2011). At the 

deeper stations (Sta. 481 and 549 in Fig. 2.4), no TH2S was detected, which can be 

explained by complete precipitation of TH2S as Fe sulfides or Fe
2+

 availability exceeding 

sulfide release from sulfate reduction. Under nearly anoxic conditions down to ~ 500 m 

water depth, reduction of Fe oxyhydroxides in the uppermost sediment horizon supports 

diffusion of Fe
2+

 into the bottom water (Table 2.2 and Fig. 2.3). In this area near-surface 

TPO4 and Fe
2+

 enrichments point towards P release during the reductive dissolution of Fe 



2.4   Discussion 

48 

 

oxyhydroxides. However, only the pore-water profiles from sites at water depths > 400 m 

mostly have coincident concentration maxima indicative for the direct coupling of P and 

Fe cycles. Whereas, at shallower stations, maxima of both species are at slightly different 

vertical positions, suggesting other P sources and Fe precipitation (see Controls on 

benthic phosphate release). At the more-oxygenated stations below ~ 500 m water depth, 

the Fe diagenetic front is located deeper in the sediment. Here, pore-water profiles of Fe
2+

 

indicate the precipitation of upward-diffusing Fe
2+

 into Fe oxyhydroxides within the thin 

oxic surface layer (Fig. 2.3). The concurrent decline of TPO4 indicates that this TPO4 is 

adsorbed or coprecipitated. Below the TPO4 maxima, concentrations decrease until the 

base of the cores. Similar pore-water profiles of TPO4 have previously been observed in 

the Peruvian (Froelich et al. 1988) as well as the Pakistan margin OMZ (Woulds et al. 

2009) and have been attributed to carbonate fluorapatite precipitation. 

 

2.4.2 Controls on benthic iron release 

Dissolved Fe
2+

 fluxes across the sediment-water interface are controlled primarily by the 

bottom-water oxygen concentrations and the availability of reactive Fe (Pakhomova et al. 

2007; Severmann et al. 2010). Under almost anoxic conditions (< 5 µmol O2 L
-1

; Table 

1.1; Fig. 2.5D), elevated Fe
2+

 fluxes were observed down to ~ 600 m water depth. Below 

this depth, Fe
2+

 fluxes were negligible due to rising oxygen levels in the bottom water. 

The highest Fe
2+

 fluxes measured on the shallow shelf at Sta. 543 and Sta. 568 (Table 2.2; 

Fig. 2.5A) coincide with the highest concentrations of reactive Fe (Fig. 2.5B); indicating 

high deposition rates of Fe oxyhydroxides. However, due to anoxic conditions right at the 

sediment surface, these become rapidly altered to Fe sulfides. Fe:Al ratios were close to 

the detrital background (Fig. 2.5C), which indicates that the reactive Fe is primarily 

supplied with Al and reflects a high input of detrital Fe oxyhydroxides from the continent. 

However, it is further plausible that part of the available Fe pool was deposited on the 

shelf during periods of bottom-water oxygenation, similar to those that were recorded 

during a long-term time series at a 94 m deep site off Callao (Gutiérrez et al. 2008; M. 

Graco unpubl.). This time series revealed that, just prior to our research cruise, the shelf 

was oxygenated concurrent with a strong deepening of the oxycline (Fig. 2.7), reflecting 

the occurrence of a warming event along the Peruvian coast in association with Kelvin 

waves and the weakening of the coastal upwelling. During September 2008, the
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Fig. 2.7: Time-series of dissolved (diss.) oxygen (µmol L
-1

) in the year 2008 off Callao (12°S). The gray 

horizontal line denotes the water depth of the shallowest station during the R/V Meteor cruise 

M77/1-2. The arrow denotes the start of this cruise. The black isoline corresponds to an oxygen 

concentration of 20 µmol L
-1

. 
 

oceanographic conditions normalized and upwelling intensified. During such periods of 

shelf oxygenation, Fe
2+

 supplied from the deeper, permanent part of the OMZ, may be 

reoxidized at the interface between anoxic and hypoxic water masses and be deposited on 

the sea floor. This mechanism has been suggested by Scholz et al. (2011), who showed 

that deposition and mobilization of trace metals on the Peruvian shelf is strongly affected 

by ENSO-related high amplitude oscillations of bottom-water oxygen concentrations (cf. 

Regional setting). During El Niño periods, surface sediments may also receive higher 

amounts of Fe oxyhydroxides from the continent because of heavy rainfall enhancing 

surface erosion and sediment discharge (Wells 1990). Dissolution of these Fe 

oxyhydroxides from either source induces increased Fe
2+

 fluxes when bottom-water 

conditions turn again anoxic, as was the case in September 2008, about 1 month prior to 

the begin of our research cruise at the end of October. 

Intense sulfate reduction in the shelf sediments leads to the formation of Fe sulfides, 

which would be ultimately buried under permanently anoxic conditions. Under oxic 

bottom-water conditions, Fe sulfides may be recycled to the sediment surface by 

bioturbation, and reoxidized to Fe oxyhydroxides (Jørgensen and Nelson 2004). As 

mentioned in the results section, there is a high potential for bioturbation at the shelf.  

However, the extent to which bioturbation affects the cycling of different Fe phases under 

oscillating oxic and anoxic bottom-water conditions and contributes to enhance overall 

Fe
2+

 fluxes on the shelf is not clear yet. 

Within the core OMZ, Fe
2+

 fluxes were distinctly lower than at the 80 m stations, even
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though nearly anoxic bottom-water conditions (Table 2.1; Fig. 2.5A) provided suitable 

conditions for reductive Fe dissolution and release of Fe
2+

 across the benthic boundary. 

As oxygenation events can be assumed to occur more rarely down to these water depths, 

low bottom-water oxygen conditions in this region are supposed to be a persistent feature. 

Under such conditions, the reactive Fe pool will become progressively depleted over 

time. This is in agreement with the low reactive Fe concentrations as well as Fe:Al ratios 

significantly below the detrital background (Fig. 2.5B,C). Apparently, there is a strong 

imbalance between the reductive losses and the replenishment by detrital inputs from the 

continent in this region of the Peruvian margin. 

Below about 700 m, increasing bottom-water oxygen concentrations (Table 2.1; Fig. 

2.5D) cause the deepening of the redox front. Here, Fe
2+

 will be recycled within the 

sediment through reoxidation and reprecipitation in the surface layer (Fig. 2.3). 

Consequently, at these stations there was no flux of Fe
2+

 into the bottom water (Table 2.2; 

Fig. 2.5A). Both Fe:Al ratios and reactive Fe contents showed their maximum at ~ 900 m 

water depth (Fig. 2.5B,C) and showed decreasing values below. This strongly suggests 

that a large part of the Fe enrichment at the sediment surface derives from oxidative 

removal of Fe
2+

 that has been relocated from the core of the OMZ into the more-

oxygenated deeper water layers. This is consistent with previous studies within the 

Arabian and Mexican OMZs observing Fe enrichments linked to mechanisms of 

oxidative scavenging and OMZ relocation in sediments located below the OMZ (Van der 

Weijden et al. 1999; Nameroff et al. 2002). 

 

2.4.3 Controls on benthic phosphate release 

The distribution of TPO4 fluxes along the transect (Fig. 2.6A) differs from that of Fe
2+

 

(Fig. 2.5A), indicating different control mechanisms. While the release of Fe
2+

 from the 

sea bed is largely determined by the availability of reactive iron that is reduced at the 

sediment surface, there are several sedimentary P sources that may contribute to the TPO4 

flux, comprising organic matter, iron bound P, and fish debris (Schenau and De Lange 

2001). 

With regard to P release driven by the reductive dissolution of Fe oxyhydroxides, the 

transect can be subdivided into distinct zones. At the sites shallower than 400 m water 

depth, non-coincident peaks of Fe
2+

 and TPO4 indicate that TPO4 liberation is at least
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partially decoupled from the reductive dissolution of Fe oxyhydroxides. In contrast, pore-

water profiles of TPO4 and Fe
2+ 

from below 400 m water depth display similar trends, 

suggesting concurrent P release from the reductive dissolution of Fe oxyhydroxides. At 

all sites, the molar Fe:P ratios in the pore water at the peak position of Fe
2+

 ranged from 

0.04 to 0.95 (Table 2.2), which is similar to Fe:P ratios measured in coastal sediments 

under anoxic conditions (Gunnars and Blomqvist 1997; Rozan et al. 2002; Lehtoranta and 

Heiskanen 2003). Such low Fe:P ratios indicate that, in addition to P release during 

reductive Fe dissolution, there was a further P source. If P release would be driven by the 

reductive Fe dissolution alone, one would expect Fe:P ratios in the range of 2 to 20 

(Slomp et al. 1996; Gunnars and Blomqvist 1997; Anschutz et al. 1998). Another 

explanation for these low Fe:P ratios and the decoupling of pore-water TPO4 and Fe
2+

 is 

the rapid formation of Fe sulfides (Rozan et al. 2002). For sites shallower than 400 m, 

sulfate reduction represents the major pathway of organic matter degradation (Bohlen et 

al. 2011), so that free dissolved Fe
2+

 can only exist in a narrow zone (< 10 cm) below the 

sediment surface. 

At water depths between 250 m and 600 m (O2 < 5 µmol L
-1

), reactive Fe oxyhydroxides 

were almost absent (Fig. 2.5B); hence, Fe-bound P can obviously not serve as an 

important P source. At these sites, P release might be driven by organic matter 

degradation and dissolution of fish scales (see below). Only at the shallow shelf (Sta. 

543), where the Fe:P ratio was close to unity, and at stations deeper than 600 m, Fe-bound 

P might be of some importance to the P cycle. On the shallow shelf, Fe oxyhydroxides are 

mainly supplied by the discharge of detrital sediments and reoxidation of dissolved Fe
2+

 

when the shelf is oxygenated. Below 600 m water depth, Fe oxyhydroxides accumulate in 

the sediments, mainly due to the precipitation of dissolved Fe
2+

 at the lower oxycline 

(Scholz et al. 2011). However, at these stations both Fe and P are recycled within the 

sediment resulting in low to zero fluxes. 

In general, the deposition and degradation of organic matter in surface sediments 

underlying the OMZ is enhanced by enormous rates of surface-water productivity (Suess 

1981). Consequently, organically bound P can be assumed as a major source contributing 

to the benthic TPO4 flux. This is corroborated by the general agreement between TPO4 

fluxes (Fig. 2.6A) and the TOC content in surface sediments along the entire transect 

except the shallow shelf (Fig. 2.6B). Despite the lower TOC contents on the shelf, high 
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organic carbon degradation rates of up to 8.2 mmol m
-2

 d
-1

 were calculated (Bohlen et al. 

2011). Transient bottom-water oxygen levels are assumed to enhance organic matter 

degradation in sediments, leading to comparatively low TOC contents (Aller 1994). 

Another explanation is that at this site the solid phase composition is likely altered due to 

higher detrital sediment input. Below 600 m water depth, TPO4 fluxes decreased 

distinctively despite still relatively high levels of TOC contents. This is due to increasing 

bottom-water O2 levels and decreasing carbon degradation rates (Bohlen et al. 2011). 

Typically, high TOC:P ratios are observed in oxygen-deficient environments, indicating 

the preferential release of P over C (Ingall et al. 1993). The TOC:Pexcess ratio shown in 

Fig. 2.6C is corrected for the detrital P fraction (Böning et al. 2004) and represents a 

measure for the total reactive P. Down to 300 m water depth, the TOC:Pexcess ratios in 

surface sediments were distinctively elevated above the Redfield ratio, which is in 

agreement with TOC:Pexcess ratios measured previously in the same area (Böning et al. 

2004). At sites below 300 m water depth, the strong decrease of TOC:Pexcess ratios may 

indicate the formation of authigenic P bearing minerals and the accumulation of fish 

debris. Particularly, between 300 m and 400 m water depth, where high TPO4 fluxes 

correspond to low TOC:Pexcess ratios in the sediment, it is likely that P regeneration from 

organic matter is masked by the formation of authigenic minerals. Phosphorus 

accumulation in form of phosphorites is well known for the Peruvian OMZ (Glenn and 

Arthur 1988), and we also found numerous macroscopic phosphorite concretions in 

sediment cores retrieved from water depths between 300 m and 600 m. 

In order to provide a first-order estimate on how the measured TPO4 fluxes relate to 

available P-sources in the sediment, we exemplarily calculated “theoretical” TPO4 fluxes 

for the sites at 85 m and 309 m water depth that would result from organic matter 

degradation in surface sediments (assuming Redfield ratio) and Fe-bound P. TPO4 fluxes 

related to the reduction of Fe oxyhydroxides (TPO4-Fe) were calculated from benthic Fe
2+

 

fluxes (Table 2.2) and the molar Fe:P ratio of Fe oxyhydroxides, which is typically about 

10 (Slomp et al. 1996). P release from the breakdown of organic matter (TPO4-Cox) was 

derived by approximating organic carbon degradation (Cox, Table 2.2) in surface 

sediments underneath a nearly anoxic water body (O2 < 2 µmol L
-1

) using TA pore-water 

gradients. Cox can be calculated from TA gradients, because HCO3
-
 rather than CO2 is 

produced in anoxic diagenetic pathways (Froelich et al. 1979). Under near neutral 
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conditions, HCO3
-
 contributes more than 90% to TA, so that the TA gradient can be 

reasonably well applied to calculate a diffusive HCO3
-
 flux, and, hence, use it as a proxy 

for Cox. In addition, the values presented in Table 2.2 are in good agreement with 

modeled values of Cox (Bohlen et al. 2011). The combined average flux of TPO4-Cox and 

TPO4-Fe at the shelf (78-85 m, n = 2) was 53.5 mmol m
-2

 yr
-1

 and in the core of the OMZ 

(305-319 m, n = 5) was 13.0 mmol m
-2

 yr
-1

. We are aware that the P release calculated 

from the Fe
2+

 flux represents a minimum estimate because it does not account for Fe
2+

 

that is precipitated as FeS. These fluxes are a factor of 3 and 12 lower than the measured 

fluxes, which is in agreement with low molar Cox:TPO4 ratios of benthic fluxes 

(Fig. 2.6D, calculated from Cox and TPO4, Table 2.2). These results highlight the 

preferential release of P over C with respect to the average composition of marine organic 

matter from OMZ sediments. At the 85 m station, some of the mismatch between 

theoretical and measured TPO4 fluxes could be leveled out, if the Fe:P ratio of Fe 

oxyhydroxides was distinctively lower. However, at 309 m, and at similar sites with low 

Fe
2+

 but high TPO4 fluxes, any change in the Fe:P ratio would not help to further resolve 

the mismatch. 

Apart from the non-Redfield degradation of organic matter there are a few other 

processes that may explain the high TPO4 fluxes. Fish scales are exceptionally abundant 

in sediments of the Peruvian OMZ (Suess 1981), hence their dissolution may represent an 

important source of pore-water TPO4 (Suess 1981; Schenau and De Lange 2001). In 

addition, storage and release of P by microorganisms and protozoans under oscillating 

oxic and anoxic conditions has been supposed to contribute to the benthic TPO4 flux 

(Sannigrahi and Ingall 2005). Sannigrahi and Ingall (2005) provided evidence for the 

accumulation of polyphosphates in oxic sediments, whereas in anoxic sediments 

polyphosphates were absent. This has been interpreted as release of P under anoxic 

conditions when these organisms degrade their intracellular polyphosphate storage that 

was built up under oxic conditions, to gain energy. Recently, transient uptake and release 

of P under oscillating redox conditions has been reported for the giant sulfide-oxidizing 

bacteria Thiomargarita namibiensis and members of the genus Beggiatoa (Schulz and 

Schulz 2005; Brock and Schulz-Vogt 2011; Goldhammer et al. 2010). Widespread 

occurrence of filamentous sulfur bacteria on the Peruvian shelf and upper slope was 

observed in sediment samples and in sea-floor images acquired during the same cruise
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(T. Mosch unpubl.). In fact, sulfur bacteria of the genera Beggiatoa and Thioploca are 

very common in OMZ sediments of the Peruvian and Chilean continental shelf as well as 

in other OMZs worldwide (Gallardo 1977; Levin et al. 2002; Gutiérrez et al. 2008). 

Within the context of episodic oxygenation events that occur at the Peruvian shelf and 

upper slope (Gutiérrez et al. 2008), we suggest that Beggiatoa can probably enhance 

TPO4 fluxes via the above-described P metabolism. Sulfur bacteria have been further 

suggested to be involved in the formation of apatite, which contributes to mitigate P 

relase from the sea bed (Schulz and Schulz 2005). During 
33

P radiotracer experiments, 

Goldhammer et al. (2010) observed the greatest conversion rates of phosphate to apatite 

mediated by sulfur bacteria under anoxic conditions. Apatite formation is indicated by 

decreasing phosphate pore-water concentrations with sediment depth at all sites except 

for the shelf. Despite constant P concentrations with increasing sediment depth, apatite 

formation can be also assumed for the shelf since in the absence of precipitation P would 

accumulate in the pore water due to organic matter degradation and the associated P 

release. However, it can not be resolved if, and to what extent, release of P from microbes 

contributes to apatite formation.  

In conclusion, the OMZ represents an important Fe
2+

 and TPO4 source to the bottom 

water. The core of the OMZ (~ 250-500 m), with rather stable bottom-water O2 levels 

close to anoxia, is characterized with persistent but comparatively low Fe
2+

 and high 

TPO4 fluxes. This is in strong contrast to the shelf region, which is subjected to 

oscillating bottom-water O2 conditions triggering a complex biogeochemical reaction 

network of Fe, P, and S turnover, resulting in transient high Fe
2+

 and TPO4 release under 

anoxia. This renders the shelf as a sensitive region that provides limiting nutrients to the 

surface water, allowing extensive phytoplankton blooms to develop in the Peruvian 

upwelling system.  

 

2.4.4 Global significance of benthic phosphorus and iron fluxes from OMZs 

To evaluate the importance of TPO4 and Fe
2+

 fluxes in the Peruvian OMZ from a more 

general perspective, we compiled a comparative data set from other coastal upwelling and 

OMZ regions (Fig. 2.8). Overall, TPO4 fluxes measured in this study generally exceed 

those reported from other OMZs throughout the world. The global benthic TPO4 flux 

from oxic shelf and slope sediments (> 20 µmol L
-1

 O2) has recently been estimated as
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75 x 10
10 

mol yr
-1

 for an area of 90 x 10
6 

km
2 

(Wallmann 2010), corresponding to an 

average TPO4 flux of 8 mmol m
-2

 yr
-1

. The average TPO4 flux from the Peruvian OMZ 

(< 2 µmol L
-1

 O2) exceeds the average global flux from oxic shelf and slope environments 

by a factor of 17, which highlights the significance of anoxic sediments underlying the 

Peruvian and other OMZs as major P source to the ocean. 

Measurements of benthic Fe fluxes from continental shelf and slope sediments are only 

available from a very limited number of field studies. However, comparison with existing 

data reveals that fluxes presented in this study are among the highest recorded so far 

(Fig. 2.8). The highest total fluxes, associated with the highest variability, are observed on 

the shallow shelves, which typically experience the most intense environmental 

perturbations on various time scales. Including all stations of this study (Table 2.2), the 

resulting average flux in the Peruvian OMZ (< 2 µmol O2 L
-1

) is 44 mmol m
-2

 yr
-1

, which 

is comparable to the average of 49 mmol m
-2

 yr
-1

 (white bars in Fig. 2.8) calculated for 

the California borderland basins (San Pedro and Santa Monica). Similar to the Peruvian 

shelf and upper slope, these basins are periodically ventilated (Berelson 1991), resulting 

in variable bottom-water oxygen concentrations, and, hence, variable Fe fluxes 

(Severmann et al. 2010). The above average includes two high outlier fluxes               

(207 mmol m
-2

 yr
-1

, San Pedro basin; 150 mmol m
-2

 yr
-1

, Santa Monica basin; Severmann 

et al. 2010), measured when the basins were highly oxygen-deficient (< 5 µmol O2 L
-1

). 

Fluxes measured when these sites were slightly more oxygenated (< 10 µmol O2 L
-1

,
 

5 mmol m
-2

 yr
-1

) fall within the range of values measured in the Peruvian OMZ core at 

water depths > 85 m. Obviously, similar mechanisms of reoxidation during oxygenation 

periods and subsequent remobilization (resulting in highly elevated fluxes) during anoxic 

periods (see Controls on benthic iron release) are active in these settings.
 

Exclusion of the highest Fe fluxes measured at the Peruvian shelf stations (543, 568) and 

the outliers of the California borderland basins results in considerably lower average 

fluxes (gray bars in Fig. 2.8), which are comparable to those measured at river-dominated 

shelf sites (high reactive Fe input) from the Oregon and California margin (Severmann et 

al. 2010) or to those measured in the OMZ off Pakistan. Regardless of which data set is 

chosen, it is obvious that OMZs are major sources of dissolved Fe compared to normal 

marine environments. Based on an empirical relationship between Fe fluxes and organic 

carbon oxidation rates for settings > 20 µmol L
-1

 O2, Elrod et al. (2004) estimated a
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Fig. 2.8: Comparison of (A) phosphate (TPO4) and (B) iron (Fe
2+

) flux data from 11°S (total average of 

benthic chamber and diffusive fluxes for the OMZ (O2 < 2 µmol L
-1

, ~ 80-510 m water depth) to 

data from other oxygen-deficient environments. Fluxes are given in mmol m
-2

 yr
-1

. Values 

comprise single data points or total averages of all fluxes for any specific region. Fluxes shown by 

gray bars were calculated excluding high outlier Fe fluxes (see text for further explanation). (A) 

TPO4 fluxes: 
a
Peru 11°S; this study (water depth: 80-510 m, O2: < 2 µmol L

-1
), 

b
Mexico; Hartnett 

and Devol 2003 (water depth: 100-1020 m, O2: 0-6 µmol L
-1

), 
c
California borderland basins 

(SP = San Pedro basin, SM = Santa Monica basin); Berelson et al. 1987; Jahnke 1990; McManus 

et al. 1997; Hammond et al. 2004 (water depth: 900-910 m, O2: 4-10 µmol L
-1

), 
d
California 

borderland basins (C = Catalina basin, T = Tanner basin, SC = San Clemente basin, SN = San 

Nicholas basin); Berelson et al. 1987; Bender et al. 1989; Ingall and Jahnke 1997; McManus et al. 

1997; Hammond et al. 2004 (water depth: 1300-2070 m, O2: 17-65 µmol L
-1

), 
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Fig. 2.8, continued: 
e
Central California shelf; McManus et al. 1997; Berelson et al. 2003; Hammond et al. 

2004 (water depth: 95-200 m, O2: 64-185 µmol L
-1

), 
f
Central California OMZ; Reimers et al. 

1992; McManus et al. 1997 (water depth: 530-1370 m, O2: 16-65 µmol L
-1

), 
g
Washington State; 

Devol and Christensen 1993 (water depth: 40-630 m, O2: 25-240 µmol L
-1

), 
h
Pakistan OMZ; 

Woulds et al. 2009 (water depth: 140-940 m, O2: 1-3 µmol L
-1

, post-monsoon). (B) Fe fluxes: 
i
Peru 11°S; this study (water depth: 80-510 m, O2: < 2  µmol L

-1
), 

j
California borderland basins 

(SP = San Pedro basin, SM = Santa Monica basin); McManus et al. 1997; Elrod et al. 2004; 

Severmann et al. 2010 (water depth: 880-910 m, O2: 4-10 µmol L
-1

), 
k
California borderland basins 

(C = Catalina basin, T = Tanner basin, SC = San Clemente basin, SN = San Nicholas basin); 

McManus et al. 1997; Elrod et al. 2004 (water depth: 1300-2070 m, O2: 17–65 µmol L
-1

 ), 
l
Central 

California shelf; McManus et al. 1997; Elrod et al. 2004; Severmann et al. 2010 (water depth:    

95-200 m, O2: 64-185 µmol L
-1

), 
m
Central California OMZ; McManus et al. 1997, Elrod et al. 

2004 (water depth: 530-1370 m, O2: 16-65 µmol L
-1

), 
n
Southern Oregon shelf; Severmann et al. 

2010 (water depth: 90-190 m, O2: 60-142 µmol L
-1

),  
o
Pakistan OMZ; Law et al. 2009 (water 

depth: 140-940 m, O2: 1- 3 µmol L
-1

, post-monsoon). 

 

dissolved Fe input of 8.9 x 10
10

 mol yr
-1 

for the global shelf area (3 x 10
7 

km
2
). This 

corresponds to an average Fe flux of 3 mmol m
-2

 yr
-1

, which is obviously much lower 

than the average benthic Fe fluxes from sediments underlying oxygen-deficient waters 

and, hence, must be regarded as a minimum estimate.  

An important pathway of Fe input to the surface ocean is atmospheric dust deposition. 

The following “back-of-the-envelope” calculation may illustrate how hotspots of benthic 

Fe mobilization compare to areas of high Fe input by dust deposition. One of the largest 

areas of atmospheric dust deposition is the tropical North Atlantic. Based on a composite 

map of dust delivery to the global oceans (Jickells et al. 2005) we calculated that the area 

of the North Atlantic hotspot (between 0-30°N) annually receives about 9.6 x 10
10

 kg 

dust, which translates into dissolved Fe fluxes of 3.4 x 10
7
 kg yr

-1
 to 3.4 x 10

8
 kg yr

-1 
that 

may become biologically available (assuming an Fe content of 3.5% in soil dust and an 

aerosol Fe solubility of 1% to 10% [Jickells and Spokes 2001]). Projecting the average Fe 

flux of 16 mmol m
-2

 yr
-1

 to 44 mmol m
-2

 yr
-1

 (Fig. 2.8) to a total area of the Peruvian 

OMZ (O2 < 0.5 mL L
-1 

or 22 µmol L
-1

) of 77,000 km
2 

(Helly and Levin 2004) adds up to 

a total benthic flux of 6.9 x 10
7
 kg yr

-1
 to 1.9 x 10

8
 kg yr

-1
 and indicates that the source 

strengths of these completely different input mechanism are comparable in magnitude. 

However, at this time it is not clear, if, and on which time scales, benthic Fe release may 

be considered as a potentially important source to the surface ocean. At least this could be 

significant in coastal upwelling systems with low input of atmospheric dust, such as the 

Peruvian margin. 

This study underlines the role of sediments underlying OMZs as important Fe
2+

 and TPO4 

sources to the bottom water, which provide important feedbacks that may affect surface-
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water primary-productivity (Wallmann 2003), and, hence, accelerate the worldwide 

expansion of OMZs. Therefore, the investigation of benthic-pelagic coupling in oxygen- 

deficient waters along continental margins will require explicit consideration in the 

future. 
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Abstract 

Due to the diminished phosphorus (P) retention capacity of sediments underneath oxygen 

minimum zones (OMZs), these represent regional hotspots for benthic mobilization and 

release of P to the water column. In this study a combined approach, including solid 

phase P speciation measurements, sediment burial fluxes, and in situ flux measurements, 

was used to investigate the source of the strong P release that characterizes sediments 

underneath the Peruvian OMZ. Sediment samples were obtained from six sites along a 

latitudinal transect at 11°S at water depths between 80 m and 1000 m and bottom-water 

O2 concentrations ranging from < 2 µmol L
-1 

to ca. 40 µmol L
-1

. P speciation 

measurements revealed that authigenic calcium phosphate (authigenic Ca-P) was the 

major fraction along the transect, where it accounted for 35% to 47% of the depth-

averaged total extracted P on the shelf and upper slope, but for > 70% below 300 m water 

depth. Below 259 m water depth, P from fish remains (fish-P) dominated the authigenic 

Ca-P pool (60-69%). Organic P was present in considerable amounts only at the shelf and 

upper slope (18-37%), whereas detrital P and iron-bound P (Fe-P) were typically of minor 

importance at all sites. High carbon to phosphorus (C:P) ratios of surface organic matter 

(0-1 cm) of up to 516 indicated that organic P was severely depleted in organic matter 

relative to the Redfield ratio. If this material reflects the stochiometry of the organic 
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matter raining to the sea floor, then mass balance calculations based on the benthic fluxes 

suggest that organic P accounts for only a small fraction of the total particulate P input to 

the sediment inside the OMZ. This result was corroborated using a diagenetic model, 

applied to data from the core of the OMZ at 319 m water depth. The model further 

showed that organic P could account for a maximum of 13% of the total dissolved 

phosphate (TPO4) released to the pore water, if the organic material raining to the sea 

floor has a Redfield composition. In this case, the measured C:P ratios require that the 

organic P would have to be very rapidly mineralized in the upper 0.5 cm of sediment. A 

more likely, yet unconfirmed, scenario is that preferential mineralization of organic P 

may be already occurring in the water column. According to the solid phase speciation 

data, authigenic Ca-P, with a high contribution of fish debris, is the likely candidate for 

the missing source of P required to close the benthic P budget, although further data are 

needed to verify this assertion. Burial of P was very low throughout the entire OMZ, and 

more than 80% of the total P was recycled back into the bottom water and so has the 

potential to stimulate surface-water productivity. 

 

3.1 Introduction 

Time-series data of dissolved oxygen (O2) in the ocean over the last 50 years indicate that 

the major oxygen minimum zones (OMZs) in the tropical Atlantic and Pacific are 

expanding (Stramma et al. 2008). Oxygen deficiency strongly affects the function of 

sediments to act as sites for release and removal of phosphorus (P). Enhanced benthic P 

release may stimulate primary production leading to positive feedbacks between export 

production and O2 consumption (Slomp and Van Cappellen 2007; Wallmann 2010). It is 

presently unclear, whether this is a contributing factor to the growing extent of OMZs. 

Under oxic bottom waters, total dissolved phosphate (TPO4) in sediments is efficiently 

scavenged by iron oxyhydroxides (Sundby et al. 1992; Slomp et al. 1998), limiting the 

rate of TPO4 release to the overlying water. Under hypoxic or anoxic bottom waters, this 

efficiency is diminished and enhanced TPO4 mobilization across the sediment-water 

interface is driven by the reductive dissolution of iron oxyhydroxides. Preferential release 

of organic phosphorus during organic matter degradation (Ingall et al. 1993; Van 

Cappellen and Ingall 1997; Jilbert et al. 2011; Steenbergh et al. 2011) further contributes 

to high TPO4 mobilization from anoxic sediments. An additional source of TPO4 that can 
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ultimately be mobilized back into the water column is the dissolution of biogenic apatite 

from fish debris (herein referred to as fish-P), as has been shown for the Peruvian and 

Arabian Sea OMZs (Suess 1981; Froelich et al. 1988, Schenau and De Lange 2000). 

Elevated dissolved TPO4 concentrations can induce the precipitation of calcium 

phosphate minerals, mainly in the form of carbonate fluorapatite, which is considered to 

be an important sink for reactive P in the ocean (Benitez-Nelson 2000; Paytan and 

McLaughlin 2007; Slomp and Van Cappellen 2007). An additional important sink is the 

burial of P in association with particulate organic matter (Föllmi 1996; Benitez-Nelson 

2000). Burial of P bound to iron oxyhydroxides is considered negligible in O2-deficient 

environments (Mort et al. 2010; Tsandev et al. 2012). Removal of P as fish debris in 

upwelling systems appears to be of minor significance, and is dependent on several 

factors such as water depth, sediment accumulation rate, and bottom-water O2 

concentration (Schenau and De Lange 2000). Off Callao (Peru), the burial of phosphatic 

fish debris was estimated to be only 10% of the surface-water fish-P production (Suess et 

al. 1981, Froelich et al. 1982). For sediments underlying the Arabian Sea OMZ the 

maximum burial efficiency was in the range of 10% to 22% (Schenau and De Lange 

2000). However, despite these rather low burial efficiencies, fish debris represents a high 

proportion of the total P in sediments of these highly productive systems (Schenau and De 

Lange 2000; Diaz-Ochoa et al. 2009). 

Beside these P sources and sinks, microbes but also protozoans have been shown to 

interact with the benthic P cycle in a unique way by the transient removal and release of P 

during oscillating bottom-water oxygen availability (Sannigrahi and Ingall 2005; Schulz 

and Schulz 2005). 

 Noffke et al. (2012) provided a comprehensive study on TPO4 and ferrous iron (Fe
2+

) 

release along a latitudinal depth transect across the Peruvian OMZ at 11°S. High in situ 

TPO4 release rates in the range of 0.2 mmol m
-2

 d
-1

 to 0.8 mmol m
-2 

d
-1

 were measured in 

sediments underlying bottom waters depleted in dissolved O2 down to < 2 µmol L
-1

. This 

high TPO4 release could not be explained by organic matter degradation following 

Redfield stoichiometry, pointing towards preferential P release relative to organic carbon 

(Corg). Dissolution of fish debris as well as reductive iron dissolution especially for the 

shelf were hypothesized as further sources of P. The aim of this study is to further 

investigate the drivers of the strongly elevated benthic TPO4 release rates that were
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 measured across the Peruvian OMZ (Noffke et al. 2012). We focus on solid phase P 

speciation, in combination with a mass balance approach and a diagenetic P model 

analysis. The mass balance further resolves the magnitude of P burial efficiencies in 

Peruvian OMZ sediments and helps to identify the potential of these sediments for 

providing a positive feedback on surface-water primary production. 

 

3.2 Regional setting 

The Peruvian coastal upwelling region represents one of the most productive marine 

ecosystems in the world (Chavez et al. 2011). High primary productivity of up to 

3.6 g C m
-2 

d
-1

 (Pennington et al. 2006) is sustained by coastal upwelling of cold, oxygen-

poor but nutrient-rich water to the well-mixed surface layer, driven by offshore Ekman 

transport. Upwelled waters are predominantly Equatorial Subsurface Water, ESSW, 

transported poleward along the Peruvian coast with the Peru Chile Undercurrent, PCU 

(Strub et al. 1998). The ESSW is located between 75 m and ca. 500 m water depth and 

associated with a minimum in dissolved O2 of 4.5 µmol L
-1 

(Silva et al. 2009). 

At 11°S to 15°S organic carbon rich muds (Corg > 5 wt%) accumulate between 50 m and 

500 m water depth, where reduced velocities of the bottom water in the PCU favor high 

bulk sedimentation rates and associated enhanced preservation and burial (Suess et al. 

1987). 

This fine-grained, diatomaceous mud lens extends from outer shelf to upper slope at 

10.5°S to 13.6°S (Krissek et al. 1980). At greater water depths, increasing bottom current 

velocities result in lower sedimentation rates (Reimers and Suess 1983), winnowing and 

the accumulation of phosphorite crusts and nodules (Reimers and Suess 1983; Glenn and 

Arthur 1988). 

 

3.3 Materials and Methods 

3.3.1 Sediment sampling and processing 

Sediment samples were taken during R/V Meteor cruise M77/1-2 in October-December 

2008 along a latitudinal depth-transect at 11°S (Fig. 3.1; Table 3.1). Pore-water solutes 

and benthic fluxes at the same stations have been presented by Noffke et al. (2012). 

Water-column O2 concentrations nearby to each station were derived from a CTD system 

(Sea-Bird Electronics) equipped with an O2 sensor (Table 3.1). Sediment cores were
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retrieved using a video-guided multiple corer (MUC) and two benthic landers 

(Biogeochemical Observatories — BIGO and BIGO-T; Sommer et al. 2009). Upon 

retrieval of the MUC or the lander, sediment liners (inner diameter: 10 cm) or subsamples 

from the benthic chambers were immediately transferred into a cold room which was kept 

at 4°C. Cores were vertically sectioned into 1-5 cm intervals with the highest resolution at 

the sediment surface. A sediment sample from each depth interval was taken, and stored 

refrigerated in pre-weighed plastic vials for the determination of total Corg. A second 

subsample was kept frozen at -20°C under an argon atmosphere in air-tight glass jars for 

sequential extractions of P phases. The surplus squeeze cakes were refrigerated until x-

ray fluorescence (XRF) analyses onshore. 

Pore water extraction techniques are described in detail by Noffke et al. (2012). 

 

3.3.2 Chemical analyses 

Total concentrations of particulate P (Ptot) were analyzed by XRF using a Philips PW 

1480 spectrophotometer equipped with a rhodium x-ray tube. Samples were prepared as 

lithium tetraborate fused glass beads (ratio sample:flux 1:6). Loss on ignition was not 

determined for the samples and P contents were calculated from unnormalized oxides 

(P2O5). Average values of replicate analyses of different rock reference samples agreed 

well with the recommended values and precision was better than 2%. Some of the beads 

prepared from MUC 19 as well as MUC 25 were affected by graphite schlieren, caused 

by high contents of Corg. These affected beads were dissolved in 140 ml of supra-pure 

HNO3 (8% v/v) using an overhead shaker. Solutions were further diluted for analysis by 

inductively coupled plasma-optimal emission spectrometry (ICP-OES, Spectro Ciros 

CCD SOP). Duplicate flux-fusion preparations of the USGS reference standards SCO-1 

and MAG-1 were generally well within the recommended ranges, with precisions better 

than 5% and 10%, respectively.  

Sediment P was separated into four fractions using the SEDEX sequential extraction 

procedure (Ruttenberg 1992) as modified by Anderson and Delaney (2000). These 

include (1) P associated with iron oxyhydroxides, henceforth referred to as Fe-P, (2) 

authigenic calcium phosphate (Ca-P, which includes carbonate fluorapatite, CaCO3-

bound P, and biogenic apatite), (3) organic P, and (4) detrital P that is associated with 

detrital fluorapatite, certain clays and any residual phase not dissolvable in weak acid. 
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Fig. 3.1: Sampling sites along the latitudinal depth transect at 11°S across the Peruvian continental margin 

(bathymetry based on the Earth Topography Five Minute Grid (ETOPO5)). Station numbers are 

indicated. The respective water depths are given in brackets. 

 

 

Table 3.1: Location of sites where sediments were sampled with the multiple corer (MUC) or lander 

(BIGO, BIGO-T) along with water depth and bottom-water oxygen concentration (BW O2). 

Also shown are CTD positions deployed close to the sampling sites. 

 

Cruise 

leg 

Station Device Date 

(2008) 

Depth (m) Latitude (S) Longitude (W) BW O2 (µM) 

M77-1 543 MUC 52 12.11.     78 10°59.99’ 77°47.40’ <2 

M77-1 568 BIGO 5 15.11.     85 11°00.02’ 77°47.72’ <2 

M77-2      16 BIGO-T 29.11.   259 10°59.80’ 78°05.91’ <2
 

M77-1 449 MUC 19 03.11.   319 11°00.01’ 78°09.97’ <2 

M77-1 459 MUC 25 04.11.   697 11°00.03’ 78°25.60’  12 

M77-1 549 MUC 53 13.11. 1005 10°59.81’ 78°31.27’  40 

M77-1 436 CTD-RO 15 02.11.     86 11°00.03’ 77°47.48’ — 

M77-1 575 CTD-RO 41 15.11.   304 10°59.77’ 78°09.19’ — 

M77-1 443 CTD-RO 19 03.11.   695 11°00.00’ 78°25.55’ — 

M77-1 501 CTD-RO 32 08.11.   988 11°00.00’ 78°31.00’ — 

 

Biogenic Ca-P was considered to be predominantly derived from fish debris, and is 

henceforth referred to as fish-P (Schenau and De Lange 2000). Detrital P is considered to 

be non-reactive in marine environments (Ruttenberg 1992; 1993). These fractions were 

determined by sequentially treating 0.1 g of freeze-dried and ground sediment with (1) a 

solution of 0.22 M sodium citrate, 0.033 M sodium dithionite, and 1.0 M sodium 

bicarbonate (pH 7.6), (2) 1 M sodium acetate (pH 4), (3) 1 N HCl, and (4) 1 N HCl after 
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ignition at 550°C. Rinsing with 1 M MgCl2 (pH 8) and MilliQ followed steps 1 and 2 to 

reverse secondary adsorption of TPO4. A reagent blank was included for each of the 

extraction steps. Solutions of the different treatments were pooled and, except for Fe-P 

(step 1), analyzed for TPO4 with the phosphomolybdate blue method after Grasshoff et al. 

(1999) using a Hitachi U-2800A spectrophotometer at 880 nm. Solutions from step 1 

were treated with 1% v/v FeCl3 (Lucotte and D’Anglejan 1985) and afterwards analyzed 

for TPO4 after Watanabe and Olsen (1962), but reading absorbances at 730 nm. To 

eliminate the matrix effect of extraction solutions, samples from steps 2 to 4 were 

typically diluted in the ratio of 1:20 for authigenic P and 1:5 for detrital P and organic P. 

Additional dilutions were made to ensure that concentrations of samples were within the 

linear absorption range of the spectrophotometer. Standards were prepared to match the 

chemical matrix of the pooled solutions from the individual extraction steps, and diluted 

to the same degree as the samples. 

For sediment samples, the average total recovery of the sequential extraction with respect 

to Ptot measured by XRF was 90%. Long term runs of the in-house standard OMZ-1, 

which was prepared as a mixture of sediment samples from a moderately C-enriched 

(Corg: 8 wt%) core  from the 11°S transect, resulted in a precision of 22% for Fe-bound P, 

3% for authigenic P, 14% for detrital P, and 5% for organic P. 

To assess the contribution of fish-P to Ptot, all surface samples and selected down-core 

samples from the 85 m, 319 m, and 697 m sites were treated with NH4Cl according to 

Schenau and De Lange (2000). This method was slightly modified by using a smaller 

amount of sediment (0.1 g), as we expected to find elevated concentrations of fish-P in 

the sediments underlying this highly productive upwelling system (Suess et al. 1981). 

The Corg content was determined to help constrain the P mass balance (see below). 

Sediment samples were freeze-dried and ground and treated with HCl (0.25 N) to drive 

out inorganic carbonates. Corg was then measured on a Carlo Erba Elemental Analyzer 

with an analytical precision for replicate samples of 1%. 

 

3.3.3 Sedimentary Corg and Ptot mass balance 

A mass balance for the upper 10 cm of sediment was developed to resolve the spatial 

trends in P recycling and burial across the transect and to assess the importance of 

different P phases on the high benthic TPO4 fluxes measured in the OMZ (Noffke et al. 

2012). 
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Assuming steady state conditions, the sum of the burial flux of Corg and the Corg 

degradation rate is equal to the rain rate of Corg. Similarly, the sum of the burial flux of 

Ptot and the benthic release of TPO4 equals the rain rate of Ptot: 

 

RRCorg = FCorg + RCorg                                                                                                    (3.1a) 

RRPtot = FPtot + FTPO4                                                                                                      (3.1b) 

 

where RRi (mmol m
-2

 d
-1

) denotes the rain rate of i = Corg or Ptot, Fi (mmol m
-2

 d
-1

)  is the 

burial flux at 10 cm depth in the sediment, RCorg (mmol m
-2

 d
-1

) is the depth-integrated 

Corg degradation rate down to 10 cm and FTPO4 (mmol m
-2

 d
-1

) is the benthic TPO4 flux. 

RCorg was derived by diagenetic modeling following Bohlen et al. (2011) and FTPO4 was 

measured using benthic landers (Noffke et al. 2012). Burial fluxes were calculated from 

the concentrations of Corg (CCorg(10), mmol g
-1

) and Ptot  (CPtot(10), mmol g
-1

) at 10 cm 

where their concentrations approached asymptotic levels and the sediment accumulation 

rate (Fsed, g m
-2

 d
-1

 ): 

 

FCorg  = Fsed * CCorg(10)                                                                                                  (3.2a) 

FPtot  = Fsed * CPtot(10)                                                                                                    (3.2b) 

 

The concentration at 10 cm depth was taken as the average concentration in the 8-10 cm 

and 10-12 cm intervals. Due to scatter in the Corg and Ptot data at all sites, the Fi and hence 

RRi estimates bear uncertainties, with an error based on this scatter of 15% to 25%.  

Fsed was calculated as: 

  

Fsed = ds × (1-φ) × w × ζ                                                                                                 (3.3) 

 

where ds (g cm
-3

) is the density of dry solids, φ (dimensionless) is the porosity of 

compacted sediment, w (cm yr
-1

) is the burial velocity of compacted sediment, and ζ is a 

factor that converts Fsed from g cm
-2

 yr
-1

 to g m
-2

 d
-1

. Ds, φ, and w were taken from 

Bohlen et al. (2011). 
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The burial efficiencies (BEi, %) of i = Corg and Ptot were subsequently estimated as:  

100
RR

F
(%)BE

C

C

C

org

org

org                                                                                            (3.4a) 

100
RR

F
(%)BE

P

P
P

tot

tot
tot                                                                                              (3.4b)  

 

3.4 Results 

3.4.1 Oxygen availability through the OMZ 

At the time of sampling the OMZ (O2 < 2 µmol L
-1

) extended from ca. 50 m to 500 m 

water depth (Fig. 3.2). Below 500 m, bottom-water O2, measured 5-8 m above the sea 

floor, started to increase and reached ca. 40 µmol L
-1

 at 1000 m. Although the O2 was < 2 

µmol L
-1

 on the shelf (78 m and 85 m water depth) at the time of the investigation, these 

sites experience periodic oxygenation events (Gutiérrez et al. 2008; Noffke et al. 2012). 

With increasing water depth, such oxygenation events can be assumed to occur more 

rarely, and we henceforth refer to the depth range from 250 m down to 500 m water depth 

as the core of the OMZ. 

 

 

 

Fig. 3.2: Bathymetry at 11°S (Mosch et al. 2012) and dissolved oxygen profiles from CTD deployments 

taken closest to each of the benthic sampling sites (Table 3.1). Locations of sampling sites are 

indicated on the bathymetry, whereas locations of the CTD deployments are indicated on the x-

axis. Site numbers and respective water depths are given in brackets. 

 

0 100

O2 (µmol L-1)

1200

800

400

0

W
at

er
 d

ep
th

 (
m

)

-78.5 -78.4 -78.3 -78.2 -78.1 -78 -77.9 -77.8 -77.7

Longitude (°W)

0 100

O2 (µmol L-1)

0 100

O2 (µmol L-1)

0 100

O2 (µmol L-1)

CTD 32 CTD 15

MUC 52 (543, 78 m)
BIGO 5 (568, 85 m)

MUC 19 (449, 319 m)

MUC 25 (459, 697 m)

MUC 53 (549, 1005 m)

BIGO T (16, 259 m)

CTD 19

sampling sites

CTD stations





CTD 41



3.4   Results 

74 

 

3.4.2 Particulate phosphorus speciation 

Vertical concentration-depth profiles of the different P phases for each site are displayed 

in Fig. 3.3. Fig. 3.4 shows the depth-averaged P concentrations along the transect and 

their relative proportions of the total extracted P. 

Fe-P was enriched at the sediment surface at all sampling sites (8.6-34.2 µmol P g
-1

, 

Fig. 3.3). Within the OMZ (78-319 m), Fe-P abruptly decreased to rather constant 

concentrations just below the surface-enriched layer. Below the OMZ (697-1005 m), 

there was a more gradual decline throughout the uppermost ca. 10 cm, until constant 

concentrations were reached. Along the transect, the relative proportion of depth-

averaged Fe-P to total extracted P was 20% and 22% on the shelf, but distinctively 

declined towards the core of the OMZ, to 5% at the deepest site (Fig. 3.4). Absolute Fe-P 

concentrations averaged over the entire core were, however, similar throughout the entire 

depth transect. Authigenic Ca-P was the most abundant fraction at all sites. On the shelf 

and the upper slope it constituted 35% to 47% (depth-averaged) of the total extracted P, 

but rapidly increased to > 70% below 300 m water depth (Fig. 3.4). Depth-averaged 

authigenic Ca-P concentrations on the shelf and upper slope ranged from 10.1 µmol g
-1

 to 

32.7 µmol g
-1

, whereas at the deeper sites authigenic Ca-P levels were ca. 100 µmol g
-1

 

(Figs. 3.3, 3.4). The observed increase of total P with sediment depth (Fig. 3.3) was 

primarily due to the presence of this authigenic Ca-P phase. Despite the rather low 

authigenic Ca-P inventories on the shelf sites (78 m and 85 m), subsurface peaks were 

observed in sediment depths between 1-8 cm and 1-5 cm, respectively (Fig. 3.3). Fish-P 

dominated the authigenic Ca-P pool at water depths > 259 m, with depth-averaged 

fractions of 60% to 69% of authigenic Ca-P (Fig. 3.4). Depth-averaged concentrations of 

fish-P were in the range of 62.2 µmol g
-1

 to 68.8 µmol g
-1

. On the shelf, fish-P was almost 

negligible with absolute depth-averaged concentrations of 0.6 µmol g
-1

 and 3.3 µmol g
-1

 

(Figs. 3.3, 3.4). At the 259 m site, fish-P slightly increased to 9.4 µmol g
-1

. Organic P 

constituted the second largest fraction at all locations, except for the deepest stations at 

697 m and 1005 m. Here, it was comparable to Fe-P (Fig. 3.4). At 78 m, 85 m, 259 m, 

and 319 m, the depth-averaged proportion of organic P was 18% to 37% of the total 

extracted P, and was either dominant or comparable to authigenic Ca-P within the upper 

3-6 cm of sediment. The highest depth-averaged organic P concentrations of                

21.9 µmol g
-1

 and 24 µmol g
-1 

were measured at 259 m and 319 m, respectively (Fig. 3.4). 
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Fig. 3.3: Solid phase sediment profiles of different phosphorus (P) species and total P measured by XRF, 

for all sampling sites at 11°S. Also included are pore-water profiles of dissolved phosphate 

(TPO4). Except for the 85 m site the pore-water profiles were taken from Noffke et al. (2012). 

Triangles indicate bottom-water concentrations, which were taken from CTD measurements. 

Sampling sites characterized with elevated bottom-water O2 levels are shaded in light gray. For 

the 319 m site reactive transport modeling was conducted (indicated by the gray rectangle, see 

section 3.5.2 for details). The model fit (solid line) to the TPO4 profiles is based on all available 

TPO4 data from this sampling site including MUC 19 and BIGO 1. 
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Fig. 3.4: Changes of the relative contribution of the different P species to total extracted P (A) and their 

concentrations (B) along the transect at 11°S. Percentages as well as total concentrations are 

whole core averages. Fish-P (orange triangles) is given as percentages relative to authigenic Ca-P. 

Bottom-water O2 concentrations between 300 m and ~ 1000 m water depth are indicated. For 

clarity the area below the polynomial fit is filled. For sites, where fish-P was only measured at the 

sediment-surface (see Fig. 3.3), this value was assumed to represent the depth-averaged value. At 

the 259 m site, this may be an underestimate, since a distinct rise of fish-P with depth was 

observed at 319 m and 697 m water depth (Fig. 3.3). 

 

At all sites, detrital P constituted only a minor fraction (2-12%) of the total extracted P 

(Fig. 3.4). Depth-averaged detrital P levels varied between 1.7 µmol g
-1

 and

8.1 µmol g
-1 

(Fig. 3.4). 
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3.5 Discussion 

3.5.1 A missing source of phosphorus 

Benthic P cycling in OMZs is generally poorly understood and mass balance calculations 

considering input, burial as well as release are largely missing in the literature. Previous 

studies have typically focused on in situ flux measurements (Ingall and Jahnke 1994; 

McManus et al. 1997; Hartnett and Devol 2003; Woulds et al. 2009; Noffke et al. 2012) 

or solid phase P distributions (Jahnke et al. 1983; Ingall et al. 1993; Schenau et al. 2000), 

the latter often in the context of present day apatite formation. To our best knowledge, 

there are so far only two studies that use solid phase P data in combination with TPO4 

release rates to resolve P regeneration versus burial in OMZs. Ingall and Jahnke (1994) 

provided in situ TPO4 fluxes and P burial rates for one site from the Santa Monica Basin, 

two sites from the California margin and one anoxic shelf site at Peru. Schenau and De 

Lange (2001) investigated P regeneration versus burial in the Arabian Sea OMZ using a 

set of diffusive P fluxes. For one site at the lower boundary of this OMZ, Kraal et al. 

(2012) reconstructed the sedimentary P budget using a diagenetic model. However, this 

site is characterized with O2 levels of 14 µmol L
-1

, and thus does not represent anoxic 

conditions. For the Peruvian upwelling system, a P budget was determined for a site at 

186 m water depth at 11°15`S, which was solely based on the P burial flux as well as 

estimates of particle fluxes (Suess 1981). In this study, the sedimentary P mass balance in 

the Peruvian OMZ was calculated for six sites covering an anoxic to oxic gradient using 

in situ TPO4 fluxes as well as P burial fluxes (Table 3.2). In the following, we will discuss 

this mass balance and explore the sources of P deposited on the sea floor. 

It is generally assumed that particulate organic P (Porg) is the major P fraction deposited 

to sediments (Delaney 1998; Filippelli 2008). Under steady state conditions, benthic 

release of TPO4 (FTPO4) plus the burial flux of P (FPtot) should approximately balance the 

rain rate of Porg (RRPorg). Particle traps were not deployed at Peru at the time of sediment 

sampling to directly measure RRPorg. As an alternative, RRPorg at each site was estimated 

by dividing the organic carbon rain rate (RRCorg) by its respective C:P ratio. 

Measurements of the C:P ratio of the phytoplankton community that were conducted 

during cruise M77-3 (Dec. 2008 - Jan. 2009) at 12°S, showed strong deviations from the 

Redfield stoichiometry, with values of up to 500 in water samples taken offshore (Franz 

et al. 2012). Depletion in organic P at all sites along the transect was also indicated in the
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measured Corg:Porg molar ratios (rCP). Values of rCP in the surface 0-1 cm depth interval, 

rCP(0-1), were highly elevated with values up to 516 at the 259 m site (line j, Table 3.2). 

On the shelf, the rCP(0-1) values were lower but still elevated (292). Even though these 

high values are comparable to those offshore values reported by Franz et al. (2012), it is 

not clear, whether they are due to preferential P mineralization in the water column or in 

the uppermost surface sediment layer. Assuming for now, that these values are 

representative for the composition of the deposited organic matter on the shelf and upper 

slope, RRPorg would be equal to 0.046 at the shallowest station and equal to 0.013 mmol 

m
-2 

d
-1

 at the deepest (line o, Table 3.2). These values are 12 to 41 times lower than rain 

rate of total P (line p), hence immediately demonstrating that organic P is of minor 

importance (2-8%) to benthic P cycling, despite the highly productive regime in the 

OMZ.  

Terrigenous P may constitute a high fraction of sinking particles in marine systems 

(Paytan et al. 2003; Faul et al. 2005). An estimate of the terrigenous P rain rate (RRPterr) 

was made by multiplying the Al concentration in the surface sediments (0-1 cm) by the 

sediment accumulation rate and a mean P:Al molar ratio of 0.02 for riverine suspended 

particles (Viers et al. 2009). However, even considering this contribution, RRPtot was still 

3- to 31-fold higher than RRPorg + RRPterr at all investigated sites, with the lowest 

discrepancy at the shelf (see section 3.5.3). Our estimate of the terrigenous P accounts for 

the contribution of P-bearing iron oxyhydroxides delivered from the continent. With 

regard to Fe-P, however, the potential additonal input arising from a vertical iron redox 

shuttle is not accounted for. This mechanism describes how particulate P is formed by 

adsorption or coprecipitation with authigenic iron oxyhydroxides at the water column 

redoxcline (e.g. Dellwig et al. 2010), which are subsequently deposited at the sea floor. 

The significance of this mechanism for the Peruvian OMZ is unknown. Although Fe-P 

was a minor fraction at all stations, we cannot exclude that authigenic P-bearing iron 

oxyhydroxides are involved in benthic P cycling, since the sampling resolution did not 

resolve the uppermost cm of the surface layer. Fe
2+

 release from the permanently anoxic 

sediments within the core of the OMZ was relatively low (0.04 mmol m
-2

 d
-1

) (Noffke et 

al. 2012), implying that this shuttle may only be of some importance at the shelf station, 

where Fe
2+

 fluxes were up to 0.87 mmol m
-2

 d
-1 

(Noffke et al. 2012). It can be expected to 

have no importance at the sites below the OMZ, with increasingly oxic conditions and no
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Fe
2+

 release from the sediment. Yet, enhanced deposition of P formed at the lower 

redoxcline, following lateral transport of Fe
2+

 from the OMZ, might occur (Noffke et al. 

2012; Scholz et al. 2011). However, our Fe-P data clearly do not argue for an increased 

importance of P deposition with iron oxyhydroxides at these sites. 

Taken together, the previous considerations imply that a large additional P source is 

required to balance the burial flux of P and the benthic TPO4 release along the transect. 

Detrital P and Fe-P was of minor significance at all stations, hence one may assume that 

the observed discrepancy can only be reasonably explained by an input of authigenic Ca-

P. As shown by the solid phase profiles (Fig. 3.3), fish-P dominates the authigenic Ca-P 

fraction, except on the shelf. Based on analysis of pore-water TPO4 profiles, fish remains, 

and acid soluble P, Suess et al. (1981) showed that fish dissolution of debris constitutes 

an important P source to the pore-water TPO4 concentration in Peruvian margin 

sediments. Similarly, in the Arabian Sea OMZ, high TPO4 fluxes across the sediment-

water interface correlated well with the accumulation of fish-P in surface sediments 

(Schenau et al. 2001). 

Nevertheless, all stations investigated off Peru showed enrichments of authigenic Ca-P in 

excess of fish-P even at the very surface. Besides the sedimentary transformation of 

dissolved TPO4 into authigenic carbonate fluorapatite, deposition of authigenic apatite 

from the water column may be occurring here (Faul et al. 2005). P speciation measured in 

sediment traps along the California continental margin (Faul et al. 2005; Sekula-Wood et 

al. 2012) and in the Gulf of California, Mexico (Lyons et al. 2011), showed that 

authigenic Ca-P contributed 23% to 36% of the total P pool of settling particles. 

However, the sources constituting this authigenic Ca-P pool remained elusive. The 

process of authigenic apatite formation in the water column still has not been elucidated, 

but it has been proposed to occur in micro-environments within large particle 

aggregations (Faul et al. 2005). Additionally, polyphosphate granules that are stored by 

diatoms, and which are released during cell lysis or dissolution of tests, may serve as 

nuclei for apatite formation (Diaz et al. 2008). Carbonate fluorapatites at our study sites 

may, therefore, be partly related to a high sinking flux of diatoms, which dominate the 

phytoplankton community of the coastal upwelling on the shelf (Franz et al. 2012). 

Lastly, phosphorite concretions that were retrieved in sediment cores from 400 m to 

600 m water depth might further contribute excess P to the sediment. The most important
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mineral of phosphorites is carbonate fluorapatite (e.g. McClellan 1980), and phosphorites 

will hence contribute to the pool of extracted authigenic Ca-P. Anticipating that such 

phosphorites are of allochthonous origin, i.e. originate from further upslope (Scholz et al. 

2011), part of the authigenic Ca-P measured in excess to fish-P does not reflect in situ 

precipitation occurring either in the water column or the sediments. However, given the 

rather small discrepancy between fish-P and total authigenic Ca-P, the contribution of 

phosphorites from further upslope to the authigenic Ca-P pool can be considered to be 

rather insignificant in terms of burial. Furthermore, the possibility that such phosphorites 

might be involved in the benthic TPO4 release can be excluded, since under near-neutral 

conditions carbonate fluorapatite has a very low solubility (Guidry and McKenzie 2003).  

 

3.5.2 Preferential mineralization of organic phosphorus in the surface layers?  

The results from the mass balance above rely on the idea that the C:P ratio of the organic 

material sinking to the sea floor resembles the C:P ratios of the ambient phytoplankton 

community (Franz et al. 2012). The high rCP(0-1) values measured in the surface layer 

also indicate strong P depletion. However, due to the centimeter vertical resolution of 

sediment sampling, it cannot be established, whether the organic material that reaches the 

sea floor does in fact have a Redfield composition, and then undergoes preferential 

mineralization of organic P relative to C in the uppermost 0.5 cm of sediment. In this 

section, we use a diagenetic reaction-transport model, previously developed for the 

Peruvian OMZ by Bohlen et al. (2011), to illustrate this idea more clearly and to quantify 

an upper limit for the potential role of Porg to the total rate of TPO4 released to the pore 

water. 

The model considers transport of chemical species by advection due to sediment 

accumulation and compaction, molecular diffusion (for solutes), and sediment mixing by 

fauna (bioturbation). Bohlen et al. (2011) focused on nitrogen cycling using data from the 

same cores and benthic chambers as those presented here. We extended the model to 

include organic P dynamics as detailed below. The model is applied to data from the 

319 m site inside the core of the OMZ, where anoxic conditions can be assumed to be 

quasi-permanent and bioturbation is negligible. This site is therefore least likely to 

experience fluctuations in bottom-water redox conditions in contrast to the shelf and 

lower chemocline (Scholz et al. 2011; Noffke et al. 2012). 
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In the model, the sum of biogeochemical reactions that contribute to the dissolved TPO4 

pool (ΣRTPO4) was described using a dynamic fitting function of the following form: 

 

ΣRTPO4 = kfit × (TPO4 – TPO4-SIM)                                                                                  (3.5) 

 

where kfit (yr
-1

) is a kinetic constant, which ensures that the simulated TPO4 

concentrations (TPO4-SIM  in the above equation) were maintained close to the observed 

values (TPO4). This function is analogous to that used for ammonium by Bohlen et al. 

(2011) to determine organic matter degradation rates. 

The curve that best described the measured TPO4 concentrations is shown in Fig. 3.3. The 

diffusive flux of TPO4 out of the sediment corresponding to this curve was equal to 

268 mmol m
-2

 yr
-1

, which is in good agreement with the benthic chamber flux measured 

at the same site (292 mmol m
-2

 yr
-1

; Noffke et al. 2012). 

The fitting function accounts for TPO4 release by mineralization of Porg (RPorg) plus a 

number of other P sources and sinks lumped together as ΣRPSS, which may include TPO4 

release from iron oxyhydroxides, fish-P and authigenic Ca-P minerals: 

 

kfit × (TPO4 – TPO4-SIM) = RPorg + ΣRPSS                                                                        (3.6) 

 

ΣRPSS thus represents the net uptake or release of TPO4 required to fit the TPO4 data once 

TPO4 release from Porg has been accounted for. The rate of P release from organic matter 

with depth in the sediment was quantified as: 

 

RPorg = RCorg / rCP                                                                                                            (3.7) 

 

where rCP and RCorg are defined as previously. Similarly, the rain rate of Porg to the 

sediment (RRPorg) was determined as: 

 

RRPorg = RRCorg / rCP(flux)                                                                                              (3.8) 

 

where rCP(flux) is the (unknown) carbon-to-phosphorus ratio of organic matter deposited 

at the sediment-water interface and RRCorg is the model-derived rain rate (Bohlen et al. 

2011). 
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Measured depth-dependent rCP values were imposed in the model (Eq. 3.7) as forcing 

functions. These are shown in Fig. 3.5 (left panels), and clearly illustrate that preferential 

mineralization of Porg relative to Corg has occurred by 0.5 cm sediment depth and 

continues down to 5 cm, at which point rCP reaches asymptotic values of ca. 600. 

However, as noted above, a value for rCP in the upper 0.5 cm is undefined due to the 

sampling resolution. 

To test whether Porg is undergoing depletion in the uppermost 0.5 cm of sediment, three 

different scenarios were tested, as indicated in Fig. 3.5. In Scenario 1, the model was run 

using a Redfield rCP value of 106 for the flux of organic matter to the sediment surface, 

rCP(flux) = 106 (Fig. 3.5a). Below 0.5 cm, the imposed depth-dependent rCP follows the 

measured values. In Scenario 2, the material arriving at the sediment surface was again 

assumed to have Redfield composition, but now the model was modified to allow 

enhanced Porg degradation in the upper 0.5 cm relative to the Redfield ratio (Fig. 3.5b). 

Finally, in Scenario 3, rCP(flux) was adjusted to values much higher than Redfield to 

reflect the measured data at 0.5 cm (Fig. 3.5c). Therefore, Scenario 1 assumes Redfield 

mineralization in the upper 0.5 cm, Scenario 2 assumes preferential organic P 

mineralization in the upper 0.5 cm, and Scenario 3 assumes very low rates of organic P 

mineralization relative to organic C. The rCP values from 0.5 cm down to the bottom of 

the modeled sediment core (50 cm) were the same in all three cases.  

The results for Scenario 1 show that the assumption of a Redfield value for rCP(flux) and 

for organic matter mineralization in the upper 0.5 cm over-predicts the measured Porg 

concentration by a factor of 4 to 5 (Fig. 3.5a). This is because a Redfield flux brings more 

Porg into the sediment than can be mineralized using Redfield rCP values in the upper 0.5 

cm. Consequently, the bulk of Porg escapes mineralization in the surface layer and is 

buried below 0.5 cm where Porg degradation slows down dramatically relative to organic 

C.The results for Scenario 2 show that the Porg data can be simulated if the material 

arriving at the sea floor has Redfield composition, but only if there is enhanced 

mineralization of Porg in the upper 0.5 cm. In this case, the C:P mineralization ratio of the 

material being degraded in the top 0.5 cm (rCP(0-0.5)) is 56. The rate of Porg 

mineralization in the surface layer in this scenario is high enough to remove the “excess” 

Porg delivered to the sediment from the water column. Alternatively, Scenario 3 shows an 

equally good fit to the Porg data using a rCP(flux) value of 450, which is similar to the
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Fig. 3.5: Modeled rates of biogeochemical reactions contributing to the benthic TPO4 pool. The 

contribution of Porg to the benthic P turnover is investigated in three different scenarios. (a) In 

Scenario 1 organic matter flux to the sea floor has Redfield C:P stoichiometry and is degraded in 

Redfield proportions. (b) Scenario 2 also assumes Redfield organic matter flux, but allows 

enhanced Porg release during organic matter degradation in the uppermost 0.5 cm of the sediment. 

(c) Scenario 3 assumes deposition of P- depleted organic matter with a C:P value of 450, and the 

mineralization ratio in the upper 0.5 cm is defined by the trend of the measured rCP values (see 

text). Release of Porg during organic matter degradation is the only specified source of P; all other 

sources and sinks, such as release of P from Fe oxyhydroxides, fish debris and authigenic Ca-P 

minerals, are combined into a single rate ∑RPSS (see text). 
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suspended particulate organic matter off Peru (Franz et al. 2012). Based on these results, 

either Scenario 2 or 3 or a combination thereof can explain the measured data. Given the 

observed rCP of suspended organic matter by Franz et al. (2012), it could be argued that 

Scenario 3 provides a more reasonable explanation of the data compared to the other two 

cases. 

If the organic material is already depleted in Porg by the time it reaches the sediment-

surface (i.e. Scenario 3), then this will have important implications for the benthic TPO4 

budget. Depth-integrated TPO4 release rates predicted by the model indicate that 

mineralization of Porg in Scenario 3 is almost negligible and contributes < 2% to the 

overall total release of TPO4 in the sediment (Fig. 3.5c). However, even for Scenario 2, 

this fraction increases to only 13% (Fig. 3.5b). This represents an upper limit for the 

potential contribution of Porg to benthic TPO4 flux. Consequently, an additional P source 

with a maximum rate of ca. 40 µmol cm
-3

 yr
-1

 is required to cover the deficit (ΣRPSS, right 

panels in Fig. 3.5). 

As P release from iron oxyhydroxides is of minor importance in the core of the OMZ 

(Noffke et al. 2012), the source of TPO4 likely originates from an authigenic Ca-P pool. 

This is consistent with the independent mass balance approach presented above. 

In summary, the mass balance and the model approach provide corroborating ideas on the 

pathways of benthic P cycling off Peru. However, since the speciation of P raining to the 

sediment is not resolved by our measurements, future studies involving analysis of the 

suspended particulate matter and higher resolution sediment sampling are needed to 

unambiguously resolve the P fractions that contribute to the high measured TPO4 fluxes. 

 

3.5.3 Changes in phosphorus cycling through the OMZ 

Summarizing the mass balance approach, Fig. 3.6 illustrates variations in the degree of 

burial and release of P, as well as in the magnitude of the individual P fractions Porg, Pterr 

and Pauth occurring across the transect. Within the whole OMZ (ca. 50-500 m water 

depth), most of the deposited P is recycled back into the water column and burial is low 

(Table 3.2). Inside The core of the OMZ (250-500 m depth), TPO4 release to the pore 

water is predominantly driven by authigenic P. This is in contrast to the 78 m shelf site, 

where terrestrial P, and to a minor extent organic P, contribute ca. 33% to the total P 

input. The mass balance does not identify the contribution of these three P phases to the 
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benthic TPO4 flux. However, if the authigenic P source was completely dissolved, it 

would only amount to about 80% of the benthic TPO4 release. 

The mass balance uses the rCP values that were determined in the 0-1 cm sediment 

horizon for each of the sites investigated. However, in shallow shelf waters at 10°S, 

suspended particulate organic matter highly enriched in P, with rCP values as low as 50, 

has been observed (Franz et al. 2012). Assuming that similar organic matter is deposited 

at the sea floor at 11°S, the role of organically bound P in the P turnover of the shelf sites 

may have to be re-evaluated. Using a rCP value of 50 instead of 292 at 0.5 cm sediment 

depth, the organically bound P contribution would increase to 0.271 mmol m
-2

 d
-1

 (Table 

3.2), contributing 54% to the RRPtot, and potentially up to 64% to the benthic TPO4 flux 

(Fig. 3.6b). However, as the diagenetic P model has shown, this would require even 

stronger preferential P regeneration within the thin surface layer than for Scenario 2 

described above. The deposition of P-enriched organic matter on the shelf would imply a 

decrease in the authigenic P input by a factor of 3 to 0.15 mmol m
-2

 d
-1

 (Fig. 3.6b). This 

would be consistent with the almost negligible fish-P levels and the generally low 

authigenic Ca-P inventory in the sediment here. Nonetheless, subsurface peaks of 

authigenic Ca-P, around 5 cm and 7 cm below the sediment surface, were observed on the 

shelf sites at water depths of 78 m and 85 m, respectively. A possible explanation for 

these subsurface enrichments is their in situ formation related to the activity of microbial 

mats. Members of the sulfide-oxidizing bacteria Thiomargarita spp. and Beggiatoa spp. 

have been reported to mediate the conversion of pore-water TPO4 into apatite (Schulz and 

Schulz 2005; Goldhammer et al. 2010). During 
33

P-radiotracer experiments, Goldhammer 

et al. (2010) found the greatest conversion rates of TPO4 to apatite mediated by sulfide-

oxidizing bacteria under anoxic conditions. Indeed, extended microbial mat communities 

of the genus Beggiatoa spp. but also Thioploca spp. were observed at the sediment 

surface particularly at the shelf and upper slope of the investigated transect (Mosch et al. 

2012). 

The P retention capacity of the sediment increased at the deeper sites and 47% to 74% of 

the incoming P was buried (line t, Table 3.2). Enhanced P retention is likely related to the 

increased O2 concentrations and resulting accumulation of iron oxyhydroxides at the 

sediment surface, which act as efficient scavengers for dissolved P (Sundby et al. 1992; 

Slomp et al. 1998). In our working area, reactive iron contents of the surface interval
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Fig. 3.6: Phosphorus mass balances along the latitudinal depth transect at 11°S. In panel A the mass 

balance is shown using the rCP values of the surface sediments (see Table 2); in panel B an 

alternative mass balance for the shelf based on a rCP value of 50 as derived from water column 

data (Franz et al. 2012) is shown. For details see text. The site at 78 m is exemplary shown for the 

two shelf sites investigated. All fluxes are given in mmol m
-2

 d
-1

. Thickness of the arrows 

indicates the magnitude of fluxes. The thickness of the arrows inside the boxes only represents 

probabilities as it is uncertain to what extent the different P sources contribute either to burial or 

release. 

 

(0-1 cm) were found to be strongly elevated below 600 m water depth (Noffke et al. 

2012). When mixed into deeper anoxic layers, iron oxyhydroxides further may play an 

important role as an intermediate during the formation of carbonate fluorapatite as has 

been shown for Arabian Sea OMZ sediments (Kraal et al. 2012). Subsequent TPO4 

release during reductive iron dissolution will elevate pore-water TPO4 levels and induce 

the precipitation of carbonate fluorapatite. Evidence of biological mixing below 500 m 

water depth was observed during sea-floor imaging conducted along the 11°S transect 

(Mosch et al. 2012). 

As for the sites inside the OMZ, the greatest fraction of buried P was related to the 

accumulation of fish debris. However, in order to explain the higher burial efficiencies at 

these deeper sites it has to be assumed that fish-P is less degradable here. This assertion is
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based on the observation that the fish-P inventories between the sites at 697 m and 

1005 m, and the site 319 m from the core of the OMZ are similar. If the degradability of 

the fish-P at either site would be the same, one should observe much higher release rates 

of TPO4 at the two deeper sites or a higher burial efficiency at the 319 m site, which was 

not the case. Besides the strong contribution of fish debris, the input of authigenic apatite 

from the water column as well as down-slope transport of phosphorite may further 

contribute to the authigenic Ca-P inventory. 

 

3.6 Conclusions 

In this study, sources of the strongly elevated benthic TPO4 fluxes that were measured in 

the Peruvian OMZ (Noffke et al. 2012) were investigated using solid phase speciation 

measurements in combination with a mass balance approach and a diagenetic P model 

analysis. Our investigations strongly suggest that the P release inside the Peruvian OMZ 

is driven by authigenic Ca-P rather than by the input of organic and terrigenous P. If P-

enriched organic matter is deposited on the sea floor at the shelf, as water-column data on 

the shelf imply, then organic P has the potential to be important for the sedimentary P 

budget here. 

The main source of the authigenic P is probably fish debris. However, authigenic calcium 

fluorapatites forming in the water column and down slope translocation of phosphorites 

might further contribute to the Ca-P inventory. The mass balance further allows to 

estimate burial efficiencies of P, and thus to better evaluate the high TPO4 release rates 

that were measured by benthic landers with regard to their importance for surface-water 

productivity. Within the entire OMZ, a major proportion of the P input (> 80%) is 

recycled back to the water column, highlighting the prominent role of these sediments as 

sources of bioavailable P for phytoplankton. 
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Abstract 

Benthic fluxes of DIN (NH4
+
, NO3

-
, NO2

-
) and TPO4 were investigated in situ at 7 sites 

across an oxic to anoxic depth gradient in the Eastern Gotland Basin (Baltic Sea) using 

benthic landers. In situ fluxes were complemented by CTD casts for water-column 

nutrient and oxygen (O2) measurements. Based on bottom-water O2 contents, the study 

area was divided into three different zones: the oxic zone at 60 m to < 80 m water depth, 

the hypoxic transition zone between 80 m and 120 m, and the deep anoxic and sulfidic 

basin > 120 m. The hypoxic transition zone was characterized by the occurrence of 

extended mats of vacuolated sulfur bacteria. High amounts of NH4
+
 were released from 

deep basin sediments and particularly from sediments in the hypoxic transition zone with 

rates of up to 0.6 mmol m
-2

 d
-1

 and 1 mmol m
-2

 d
-1

, respectively. In the transition zone, in 

addition to ammonification and benthic nitrogen fixation, dissimilatory nitrate reduction 

to ammonium (DNRA) was identified as a likely NH4
+
 source. NO3

-
 fluxes were directed 

into the sediment at all stations between 80 m and 124 m, and were zero below, due to the 

absence of NO3
-
 in the bottom water. TPO4 release was also highest in the hypoxic 

transition zone with 0.2 mmol m
-2

 d
-1

. Further, high TPO4 release of up to                     
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0.15 mmol m
-2

 d
-1

 was measured in the deep basin. At the oxic sites, TPO4 fluxes were 

directed into the sediment except at the 66 m site. At this site, the TPO4 release could be 

fully explained by the Redfield degradation of organic matter, but was not sufficient in 

the hypoxic transition zone nor in the deep basin. In these environments, preferential 

phosphorous (P) release during organic matter degradation appeared to be the major 

contributor. In the hypoxic transition zone, microbial mats might further have interacted 

with benthic P turnover. 

Up-scaling of the benthic fluxes to the Baltic Proper, excluding the Arkona basin and 

shallow sandy sites < 60 m water depth, resulted in a high internal TPO4 and DIN load of 

109 kt yr
-1

 and 295 kt yr
-1

, respectively. This is 7.8-fold higher than the total external P 

load of 14 kt yr
-1

 and 2.1-fold higher than the external DIN load of 140 kt yr
-1 

for the year 

2006 (HELCOM 2009b). This study highlights the importance of the hypoxic transition 

zone for the internal nutrient loading, which only covered 51% of the total area, but 

released as much as 70% (76 kt yr
-1

) of the total TPO4 load. Likewise, 75% of the internal 

NH4
+
 load (200 kt yr

-1
) was released from this particular environment. In contrast to 

TPO4, the released DIN from the sediments apparently does not reach the euphotic zone, 

except at the shallower sites. This, in combination with P and N turnover in the water 

column results in the supply of low N:P ratio water from the anoxic water column to the 

euphotic zone. In summertime, this favors the development of N2-fixing cyanobacterial 

blooms which significantly counteract the Baltic Proper from recovering from 

eutrophication. As distinct bottom-water O2 fluctuations were reported from the hypoxic 

transition zone, we suspect that transient nutrient release takes place on different time 

scales that needs particular attention in Baltic Sea management plans. 

 

4.1 Introduction 

Hypoxia is a worldwide growing problem and occurred in the Baltic Sea since its 

formation at about 8000 yr BP (Conley et al. 2009). In association with anthropogenically 

induced eutrophication and inflows of North Sea water ventilating the deeper areas, the 

spatial extent and intensity of hypoxia is variable but increasing overall (Conley et al. 

2009; HELCOM 2009a). Oxygen (O2)-deficient conditions not only reduce habitats for 

higher organisms (Diaz and Rosenberg 2008; Karlson et al. 2002), but also strongly affect 

the redox-sensitive cycling of nitrogen (N), phosphorus (P) and iron (Fe), and 
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concentrations of these nutrients in the water column. In response to an expansion of the 

hypoxic bottom waters since the mid 20th century (Jonsson et al. 1990) intense efforts 

backed by the Helsinki Commission have been made to reduce anthropogenic nutrient 

inputs to the Baltic Sea. However, although a reduction of nutrient discharge has been 

achieved by the majority of the Baltic Sea states, there has presently been no significant 

mitigation of eutrophication (HELCOM 2009b).  

In offshore regions, internal feedback processes have been identified to counteract the 

recovery from eutrophication (Vahtera et al. 2007). These authors described a succession 

of phytoplankton and cyanobacterial blooms, which is largely controlled by a shift in the 

water-column nitrogen to phosphorus (N:P) ratio. In spring, the water-column nitrate 

(NO3
-
) inventory is consumed by N-limited phytoplankton. Subsequently to this spring 

bloom, sedimentation and degradation of phytoplankton lead to O2-deficient bottom 

waters and enhanced removal of dissolved inorganic nitrogen (DIN, here defined as sum 

of ammonium (NH4
+
), NO3

-
 and nitrite (NO2

-
)) by denitrification and anammox, releasing 

di-nitrogen gas (N2). Elevated fluxes of phosphate (TPO4) under low-O2 bottom waters 

further lower the N:P ratio in the water column and allow extensive growth of P-limited 

diazotrophic cyanobacteria during summer. These organisms facilitate N2-fixation, 

restoring the N:P ratio in the water column. This sequence of planktonic- and 

cyanobacterial blooms represents a vicious cycle, which is considered to prevent the 

recovery of the Baltic Sea from eutrophication. 

Despite the strong significance of the benthos as major feedback mechanism changing the 

water-column N:P ratio, comprehensive benthic flux studies in these offshore regions of 

the Baltic Proper are scarce. Benthic N cycling in the Baltic Sea has been predominantly 

studied under the aspect of N loss, with denitrification and, more recently, anammox as 

major processes that both release N2 into the environment. Therewith, either process 

removes reactive N and counteracts eutrophication. Most of these studies were conducted 

in coastal areas, particularly in the Gulf of Finland (Hietanen and Lukkari 2007; Hietanen 

and Kuparinen 2008; Jäntti et al. 2011), but studies in the Baltic Proper are scarce 

(Tuominen et al. 1998; Deutsch et al. 2010). Furthermore, most of the rate measurements 

were conducted during ex situ incubations. The release of NH4
+
 from sediments has not 

been studied systematically in the Baltic Sea. NH4
+
 is released when organic matter is 

decomposed (ammonification), and accumulates in the anoxic bottom water. Despite that
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NH4
+
 flux measurements from the central Baltic Proper are largely missing, in several 

water-column investigations an enrichment of NH4
+
 in the deep basin water has been 

measured, whose source was assumed to be the underlying sediments (e.g. Nehring 1987; 

Voss et al. 1997). Another process that releases NH4
+
 into the ambient sea water is the 

dissimilatory nitrate reduction to ammonium (DNRA). DNRA is mediated by sulfide-

oxidizing bacteria, such as Thiomargarita spp. or filamentous Beggiatoa spp. and 

Thioploca spp., which often form dense mats on organic–rich surface sediments in O2-

deficient environments (Gallardo 1977; Gutiérrez et al. 2008; Schmaljohann et al. 2001). 

Instead of using O2 as an electron acceptor for sulfide oxidation, these organisms have the 

capacity to switch to a NO3
-
- or potentially NO2

-
-based (Zopfi et al. 2001) metabolism, 

and thereby release NH4
+
 into the environment (Jørgensen and Nelson 2004). This 

process retains DIN in the ecosystem, and thereby opposes denitrification and anammox. 

DNRA has been discussed as a potentially important process under low-O2 conditions in 

sediments from the northern Baltic Proper and the coastal Gulf of Finland (Kuparinen and 

Tuominen 2001; Hietanen and Lukkari 2007). However, first DNRA rate measurements, 

during ex situ sediment incubations, were only recently determined for the Gulf of 

Finland (Jäntti et al. 2011) and two oxic sites (O2 > 170 µmol L
-1

) in the Baltic Proper 

(Jäntti et al. 2012). 

Based on the analysis of water-column time series data, it has been shown that annual 

changes of TPO4 in the Baltic Proper correlated with the sea-floor area covered with 

hypoxic bottom water, but not with the external P input, indicating that the sediments act 

as an internal source for P (Conley et al. 2002). Budget calculations for the years 1991 to 

1999 revealed that the Baltic Sea sub-basins, except the Baltic Proper, retain more P than 

they received from external sources (Savchuck 2005). In the Baltic Proper, the high 

average P amount in the water column can not be covered by the external P load and P 

input from the other sub-basins compared to the net P export, implying that an internal P 

source is needed to account for the discrepancy in the budget. Such an internal P source 

has been related to P release from the anoxic sea bed (Savchuk 2005). However, as for N, 

still actual rate measurements are scarce. Few studies were conducted in the Gulf of 

Finland, mostly deriving TPO4 fluxes from pore-water gradients or ex situ core 

incubations, except the study of Viktorsson et al. (2012) who were using benthic landers. 

Hille et al. (2005) and Matthiesen et al. (1998) provide diffusive flux estimates for the
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eastern Gotland Basin. On a basin-wide scale, recent advances and understanding of P 

dynamics in relation to bottom-water O2 concentrations have been made by Mort et al. 

(2010) and Jilbert et al. (2011) who provide diffusive TPO4 fluxes, which for the deep 

basins were assumed to be driven by preferential P release during organic matter 

degradation (Jilbert et al. 2011). In hypoxic environments, elevated TPO4 release has 

been further attributed to the reductive dissolution of iron oxides and iron hydroxides 

(hereafter referred to as Fe oxyhydroxides) (Mort et al. 2010; Jilbert et al. 2011). Just 

recently, first in situ TPO4 fluxes have been measured in the eastern Gotland Basin 

(Viktorsson et al. 2013). 

In the present study, the significance of the sea floor for internal nutrient loading was 

investigated along an oxic to anoxic depth gradient in the eastern Gotland Basin by 

measuring in situ fluxes of TPO4 but also of N species using benthic landers. By 

presenting combined DIN and TPO4 fluxes, this study further addressed the function of 

the sea bed affecting N:P ratios in the water column, which in turn govern primary 

production at the sea surface. Besides the deep, persistently anoxic basin, whose 

importance for nutrient release can be expected, our investigations identified a second 

zone characterized by high N and P fluxes at the transition between the deep anoxic basin 

and the oxic surface layer. This zone, in the following referred to as hypoxic transition 

zone, was located between the deep anoxic basin and the oxic surface layer. The hypoxic 

transition zone, which in previous studies has not been considered explicitly, is 

characterized by bottom-water O2 levels that are fluctuating on various time scales from 

days to weeks (Sommer et al. unpubl. data) and the occurrence of extended microbial 

mats of sulfur bacteria. These bacteria are known to respond to variable O2 regimes, 

thereby strongly affecting turnover of not only sulfur and N, but also of P, in form of 

transient storage and release of P under oxic and anoxic conditions (Dale et al. 2013). 

Hence, this hypoxic transition zone is to expect to exert significant variability in the 

benthic nutrient release, which needs to be considered in Baltic Sea management 

activities. 
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4.2 Methods 

4.2.1 Regional setting 

The Baltic Sea is landlocked, with a topography that consists of a series of basins 

separated from each other by shallow sills and narrow channels. The eastern Gotland 

Basin (hereafter also referred to as Gotland Basin) is the largest basin, and the second 

deepest with a maximum water depth of 249 m. Restricted water exchange of the Baltic 

Sea with the North Sea and freshwater input from river run-off maintain a strong 

horizontal salinity gradient from the south to the north. Density differences of saline and 

fresher water masses result in a strong stratification of the central basins, with a stable 

halocline located at water depths of 60 m to 80 m (HELCOM 2009b). Ventilation of the 

deep basins occurs through major inflow events from the North Sea (Matthäus and Franck 

1992; Stigebrandt 2003). Stagnation periods in between inflow events cause strong O2 

depletion due to remineralization of organic carbon that is exported from the sea surface. 

This often leads to fully anoxic conditions and the built-up of elevated sulfide 

concentrations in the deep water (Schincke and Matthäus 1998). The deeper part of the 

Gotland Basin has remained sulfidic since the end of 2005 (Nausch et al. 2006; Nausch et 

al. 2012). A recent, relatively large inflow event was recorded in winter 2011-2012, 

which ventilated the Bornholm Basin (Nausch et al. 2012). This inflow could be traced 

until the southern part of the Gotland Basin, but was not able to renew its deep water. 

Holocene sediments in the Gotland Basin are typically organic rich, highly porous 

muds. At shallow depths < 60 m sandy sediments prevail, with patchy occurrence of hard 

grounds (www.helcom.fi/GIS/en_GB/HelcomGIS/). Since ca. 8000 yr BP laminae 

formation occurred basin-wide in the Baltic Proper at water depths between 73 m and  

250 m during periods of hypoxic conditions (Zillén et al. 2008). 

 

4.2.2 Sampling of the water column 

Data on conductivity, temperature, depth (CTD) were taken from casts of a Hydrobios 

CTD system equipped with a water sampling rosette (RO). These casts were conducted at 

water depths between 50 m and 223 m along an oxic to anoxic depth transect in the 

eastern Gotland Basin during the R/V Alkor cruise 355 in May-June 2010 (Table 4.1; Fig. 

4.1). Immediately after retrieval, water samples from Niskin bottles were geochemically 

analyzed for O2, NO3
-
, NO2

-
, NH4

+
, TPO4, nitrogen:argon (N2:Ar), and total sulfide

http://www.helcom.fi/GIS/en_GB/HelcomGIS/
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Table 4.1: Locations of the sites of benthic lander deployments during the R/V Alkor cruise 355, along with 

water depth as well as a characterization of the redox environment. Also shown are positions of 

CTD deployments where measurements of hydrographic data and nutrients of the water column 

were conducted, and locations where multiple cores (MUC) were taken for measurements of N2-

fixation rates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Station 

no. 

Gear no. Position 

(°N °E) 

Water 

depth (m) 

Environment Date 

(2010) 

332 BIGO-I-2 57°26.53’ 

20°43.54’ 

  65 oxycline 05 Jun 

313 BIGO-I-1 57°26.49’ 

20°43.51’ 

  66 oxycline 01 Jun 

351 BIGO-II-4 57°21.82’ 

20°35.87’ 

  80 hypoxic transition 14 Jun 

346 BIGO-I-3 57°20.87’ 

20°35.23’ 

  96 hypoxic transition 10 Jun 

309 BIGO-II-1 57°20.76’ 

20°35.22’ 

  97 hypoxic transition 31 May 

364 BIGO-II-5 57°20.59’ 

20°34.34’ 

110 hypoxic transition 17 Jun 

325 BIGO-II-2 57°18,54’ 

20°33.04’ 

124 anoxic basin 04 Jun 

354 BIGO-I-4 57°20.99’ 

20°29.00’ 

150 anoxic basin 15 Jun 

344 BIGO-II-3 57°21.06’ 

20°27.97’ 

173 anoxic basin 11 Jun 

 

338 

 

CTD/RO-8 

 

57°29.99’ 

20°56.00’ 

 

  50 

 

oxycline 

 

06 Jun 

310 CTD/RO-2 57°26.48’ 

20°43.50’ 

  65 oxycline 01 Jun 

315 CTD/RO-3 57°21.44’ 

20°43.06’ 

  73 oxycline 01 Jun 

305 CTD/RO-1 57°20.72’ 

20°35.34’ 

  94 hypoxic transition 31 May 

324 CTD-RO-4 57°18.85’ 

20°33.08’ 

124 hypoxic transition 03 Jun 

350 CTD/RO-10 57°21.08’ 

20°28.98’ 

152 hypoxic transition 11 Jun 

329 CTD/RO-5 57°21.07’ 

20°27.98’ 

172 hypoxic transition 04 Jun 

343 CTD/RO-9 57°21.05’ 

20°27.95’ 

173 anoxic basin 07 Jun 

333 CTD/RO-6 57°22.00’ 

20°19.00’ 

223 anoxic basin 05 Jun 

353 CTD/RO-11 57°22.99’ 

20°18.98’ 

223 anoxic basin 14 Jun 

355 CTD/RO-12 57°23.00’ 

20°19.00’ 

223 anoxic basin 15 Jun 

335 CTD/RO-7 57°21.31’ 

20°08.62’ 

235 anoxic basin 05 Jun 

 

365 

 

MUC 10 

 

57°26.49’ 

20°43.51’ 

 

  65 

 

oxycline 

 

17 Jun 

370 MUC 12 57°20.74’ 

20°35.35’ 

  94 hypoxic transition 18 Jun 

366 MUC 11 57°20.52’ 

20°34.22’ 

111 hypoxic transition 17 Jun 

371 MUC 13 57°18.70’ 

20°33.00’ 

123 hypoxic transition 18 Jun 

372 MUC 14 57°20.80’ 

20°28.39’ 

160 anoxic basin 18 Jun 
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Fig. 4.1: Study location (black rectangle) in the eastern Gotland Basin. To extrapolate benthic DIN and 

TPO4 release for the Baltic Proper, excluding regions < 60 m, in situ fluxes were related to three 

different depth zones as indicated, in order to account for different O2 availabilities. For details 

see section “Baltic Proper internal loading of TPO4, NH4
+
, and NO3“. Areas with O2 levels of       

< 89 µmol L
-1

 and anoxia for the year 2010 are indicated by black and red contours, respectively 

(Hansson et al. 2011). 

 

(henceforth referred to as HS
-
). For details of geochemical analyses see below. The water-

column profiles of the different solutes shown in Fig. 4.2 (see Results section) represent 

compilations of all data available from the different CTD casts. 

 

4.2.3 Sea-floor observation 

Sea-floor images were obtained using the towed camera system OFOS (Ocean Floor 

Observation System) equipped with a video- and a still camera (Nikon D70s), two Xenon 

lights (Oktopus) and a flashlight (Benthos). This system was towed ~ 1.5 m above the sea 

floor. 
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4.2.4 In situ flux measurements  

In situ fluxes were measured using two Biogeochemical Observatories (BIGO), as 

described in detail by Sommer et al. (2009), at seven sites along the oxic to anoxic depth 

gradient (Table 4.1; Fig. 4.1). BIGO contained two circular flux chambers (internal 

diameter: 28.8 cm, area: 651.4 cm
2
), herein referred to as chamber 1 (CH1) and chamber 

2 (CH2). An online video-controlled launching system allowed smooth placement of the 

observatories at selected sites on the sea floor. Four hours after the observatories were 

placed on the sea floor, the chambers were slowly driven into the sediment (~ 30 cm h
–1

). 

During this initial time period, the water inside the flux chamber was four times replaced 

with ambient bottom water. After the chamber was fully driven into the sediment, the 

chamber water was again replaced with ambient bottom water to flush out solutes that 

might have been released from the sediment during chamber insertion. The water volume 

enclosed by the benthic chamber ranged from 9.0 L to 11.9 L (average volume: 9.8 mL). 

To determine NO3
-
, NO2

-
, NH4

+
, TPO4, and HS

-
 fluxes, 8 sequential water samples were 

removed periodically with glass syringes (volume of each syringe: ~ 47 mL). The 

syringes were connected to the chamber using 1 m long Vygon tubes with a dead volume 

of 6.9 mL. Prior to deployment, these tubes were filled with distilled water, and great care 

was taken to avoid enclosure of air bubbles. An additional syringe water sampler (8 

sequential samples) was used to monitor the ambient bottom water. The sampling ports 

for ambient sea water were positioned about 30-40 cm above the sediment-water 

interface. 

A different type of water sampler was used to take samples from inside each benthic 

chamber and the ambient bottom water for the analyses of N2 and Ar. This water sampler 

allows taking a series of four water samples into pre-filled (distilled water), 75 cm long 

glass tubes (inner diameter: 0.5 cm, volume: 14.7 cm
3
) using a peristaltic pump. The 

advantage of this water sampler compared to the syringe water sampler is firstly that the 

water samples are not diluted with distilled water and secondly that the sample can be 

transferred directly to a membrane inlet mass spectrometer for N2 and Ar analyses, 

without risk of atmospheric contamination. The flux measurements were conducted for 

different time periods, ranging from 33 h to 62 h, as defined by the time interval between 

the first and the last syringe water sampling. Immediately after retrieval of the 

observatories, the water samples were stored (max. 4 h) in the onboard cold room (4°C) 

until geochemical analyses. 
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The O2 concentration in each chamber and in the ambient bottom water was measured 

using optodes (Aanderaa Systems [Tengberg et al. 2006]). The precision of the sensors is 

better at lower concentrations (± 0.5 µmol L
-1

) than at higher concentrations of             

300 µmol L
-1

 to 500 μmol L
-1 

(± 1 µmol L
-1

). The effect of salinity on the measured O2 

concentration was corrected internally by the optode using a setting of 1.12 psu. Pressure 

lowers the response of O2 detection by about 4% per 100 bar pressure. Due to the low 

water depths, in which the landers were deployed, this effect was neglected. The fluxes of 

the different N species, TPO4, and HS
-
 were calculated from the linear increase or 

decrease of their concentrations with time. For the calculation of the total oxygen uptake 

(TOU) the linear part of the O2 time series, well after the start of the chamber incubation, 

was used. 

 

4.2.5 Geochemical measurements 

4.2.5.1 N species 

NO2
-
, NH4

+
, as well as N2:Ar ratios were measured in the shipboard laboratory. NO3

-
 

water samples were kept deep-frozen (-80°C) until analyses in the home laboratory. NO3
-
 

was determined using ion chromatography, whereas NO2
-
 and NH4

+
 were measured using 

standard photometrical methods (Grasshoff et al. 1983). Detection limits for NH4
+
, NO3

-
, 

and NO2
-
 were 1 µmol L

-1
, 1 µmol L

-1
, and 0.1 µmol L

-1
, respectively. N2:Ar ratios were 

measured following the method of Kana et al. (1994). The water samples retrieved during 

CTD casts were carefully sub-sampled into slender glass bottles (Pyrex test tubes, 

volume: 25 mL) and immediately capped with a glass-stopper leaving no headspace. The 

samples were kept in a water bath at in situ temperature and were measured within about 

six hours after sampling. Dissolved N2 and Ar concentrations were measured using a 

membrane inlet mass spectrometer (GAM 200, InProcessInstruments). Water samples 

were sucked through the membrane inlet using a peristaltic pump (Ismatec Reglo Digital) 

at a flow rate of 1.005 mL min
-1

. The design of the glass membrane inlet followed that of 

G. Lavik (Max Planck Institute for Marine Microbiology, Bremen, Germany). Within the 

glass inlet, the water was flowing through a permeable silicone tube (length: 40 mm, 

inner diameter: 1.4 mm). Gas flow from the inlet to the mass spectrometer was supported 

with helium that was supplied through a fused silica capillary (inner diameter: 100 μm). A 

cryo trap (filled with ethanol at -35°C) inline between the inlet and the mass spectrometer
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was used to reduce water vapor. Concentrations of N2 and Ar were obtained from ion 

currents at a mass to charge ratio of 28 and 40, respectively. A secondary electron 

multiplier was used as a detector. Instrument response time was less than 4 min. 

Standards were produced by equilibrating pre-filtered (0.2 µm) sea-water samples of 

different salinities with air at the respective in situ temperature in a water bath. Different 

salinities were produced by appropriate dilution of bottom water from the respective 

working areas. The dissolved gas concentrations of the saturated air-equilibrated water 

standards were calculated using the solubility equations of Hamme and Emerson (2004). 

Calibrations were conducted before and after each measurement session. 

 

4.2.5.2 TPO4, SO4
2-

, HS
-
, and O2 

TPO4, SO4
2-

, and HS
-
 were measured using standard spectrophotometrical methods 

according to Grasshoff et al. (1983). O2 was determined using automated Winkler 

titration (Grasshoff et al. 1983). Detection limits were 1 μmol L
-1

 for TPO4 and HS
-
,      

10 μmol L
-1

 for SO4
2-

, and 0.5 μmol L
-1

 for O2. 

 

4.3 Results 

4.3.1 Water column  

The O2 profile showed a distinct oxycline at 60 m water depth, which was associated with 

the halocline (Fig. 4.2). Between 80 m and 120 m water depth there was a hypoxic 

transition zone with O2 levels < 30 µmol L
-1

. Below 120 m, the deep Gotland basin was 

anoxic and sulfidic. 

The depth of the thermocline was in the range between 18 m and 28 m. At 48 m 

remaining winter water (Rheinheimer et al. 1989) resulted in a minimum temperature of 

1.9°C. Below, the temperature increased again to a maximum of 7.3°C at 115 m water 

depth. 

NH4
+
 accumulated in the deep basin, but was removed at the lower base of the hypoxic 

transition zone. NO3
-
 levels showed a distinct peak of 5.8 µmol L

-1
 at 80 m, but NO3

-
 

became depleted towards the surface and below ~ 120 m water depth. At the sea surface 

the saturation normalized N2:Ar ratio was < 1, indicating N2 fixation. Below 50 m, at the 

onset of the halocline, this ratio was strongly elevated indicating N2 release from the 

water column and/or the sediment. 
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The TPO4 concentration was highest in the deep basin and declined towards the mixed 

surface layer indicating a source of TPO4 in the deep anoxic basin. Rather than showing a 

steady decrease towards the surface (Fig. 4.2, red dotted line) the TPO4 profile exhibited a 

change in the slope at 120 m water depth (Fig. 4.2, denoted as SC). In water depths 

between 60 m and 120 m, higher TPO4 levels were measured than one would expect from 

the steady decrease denoted by the dotted line, indicating an additional P source in this 

zone. 

N:P ratios (DIN:TPO4) indicated an excess of TPO4 as compared to Redfield 

stoichiometry. Highest N:P ratios were measured in the oxic surface layer, but were 

highly variable, and in the deep basin. HS
-
 emanating from the anoxic deep basin was 

completely oxidized at the base of the hypoxic transition zone.  

 

4.3.2 Sea-floor observation 

Sea-floor images obtained during deployment of the towed camera system OFOS showed 

that between water depths of ~ 85 m to 120 m, coinciding with the hypoxic transition 

zone, the sediment surface was almost completely covered with sulfide-oxidizing 

microbial mats (Fig. 4.3b-e). Exposed sediment surfaces in this zone were very scarce. 

The onset of visible mats as faint grayish structures on the sediment surface was in          

~ 75 m water depth (Fig. 4.3a). At 140 m water depth, bacterial mats were still apparent, 

but much less distinct than at 120 m (Fig. 4.3f). The extended occurrence of microbial 

mats at similar water depths in the Gotland Basin was further confirmed during two 

earlier cruises with R/V Poseidon (POS369 July-Aug. 2008) and R/V Alkor (AL346 

Sept.-Oct. 2009) (O. Pfannkuche unpubl.).  

 

4.3.3 Bottom-water O2 conditions and in situ fluxes of N species, TPO4, and HS
- 

A total of 9 lander deployments were conducted at 7 different water depths from 65 m to 

173 m (Table 4.1). The sites, where the different BIGOs were deployed, were classified 

according to the O2 water-column profile displayed in Fig. 4.2. Two landers were 

deployed in the oxycline environment (BIGO-I-2, 65 m; BIGO-I-1, 66 m). Four lander 

deployments (BIGO-II-4, 80 m; BIGO-I-3, 96 m; BIGO-II-1, 97 m; BIGO-II-5, 110 m) 

were conducted within the hypoxic transition zone. During these deployments, microbial 

mats were recovered in the flux chambers. In the deep anoxic and sulfidic basin below
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120 m water depth, three lander deployments were carried out (BIGO-II-2, 124 m;     

BIGO I-4, 150 m; BIGO-II-3, 173 m). During all lander deployments the sediment surface 

was recovered intact and undisturbed, except BIGO-II-3. At this site, the sediments were 

laminated with a fabric comparable to flaky pastry. Upon retrieval of this lander on board 

of the ship, the sediments close to the chamber wall were disturbed. We do not know, 

whether this disturbance was caused during insertion of the chambers into the sediment or 

during lander retrieval. Nevertheless, concentration data did not indicate any disturbance 

during the flux measurements. Initial concentrations inside the chamber were close to the 

bottom-water concentrations. 

 

4.3.3.1 Bottom-water O2 conditions 

Particularly in the oxycline environment but also in the hypoxic transition zone, O2 time 

series that were conducted during the different BIGO deployments revealed strong 

fluctuations (Sommer et al. unpubl., the different time series will be published elsewhere). 

During the deployment of BIGO-I-1 at 66 m water depth the average bottom-water O2 

concentration was 55 µmol L
-1

, with minimum and maximum values of 4 µmol L
-1

 and 

330 µmol L
-1

. Only a few days later, during the deployment of BIGO-I-2, O2 fluctuations 

were minor, resulting in an average bottom-water O2 level of 159 µmol L
-1

. At the upper 

boundary of the hypoxic transition zone, at the 80 m site (BIGO-II-4), the average 

bottom-water O2 level was still elevated with 52 µmol L
-1

. Deeper in the hypoxic 

transition zone, the O2 fluctuations became strongly reduced, resulting in average bottom-

water O2 levels of 3.4 µmol L
-1

, 2.4 µmol L
-1

, and 0.4 µmol L
-1

 at 96 m, 97 m, and 110 m 

water depth, respectively. At 124 m water depth, bottom-water O2 concentrations during 

the entire time course of the BIGO-II-2 deployment were below 2 µmol L
-1

. In the deep 

basin, at 150 m (BIGO-I-4) and at 173 m (BIGO-II-3) water depth, the bottom water was 

sulfidic with average HS
-
 concentrations of 17 µmol L

-1
 and 44 µmol L

-1
, respectively. 

Hence, the O2 levels were assumed to be zero. 

 

4.3.3.2 In situ fluxes of N species, TPO4, and HS
- 

The depth distribution of NH4
+
 fluxes showed a distinct maximum of 1.1 mmol m

-2
 d

-1
 at 

110 m water depth in the hypoxic transition zone that was associated with the occurrence 

of microbial mats (Table 4.2; Fig. 4.4). In the deep basin at the 173 m site, there was a
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Fig. 4.4: Benthic fluxes of NH4
+ 

(open triangles), NO3
- 

(filled circles), TPO4, N:P (DIN:TPO4), and HS
-
 

measured in benthic flux chambers along the oxic to anoxic gradient. Positive fluxes are directed 

out of the sediment. Average fluxes are given in mmol m
-2

 d
-1

. Error bars correspond to minimum 

and maximum values of the replicate flux measurements at the different sites (Table 4.2). The 

lander deployments at 64 m and 65 m as well as at 96 m and 97 m were each considered as one 

site. The gray panels represent the depth range where sediments were covered with extended mats 

of sulfide-oxidizing bacteria. 

 

second maximum of 0.58 mmol m
-2

 d
-1

. There was a pronounced uptake of NO3
-
 in the 

hypoxic transition zone and at the upper boundary of the deep basin, mirroring the spatial 

pattern of NH4
+
 release, with a maximum uptake rate of 1.03 mmol m

-2
 d

-1
 at 110 m. At 

the sulfidic stations in the deep basin, NO3
-
 and NO2

-
 were no longer available from the 

bottom water (data not shown), resulting in zero fluxes of both species. In the oxycline 

environment, NO3
- 

was released with an average rate of 0.22 mmol m
-2

 d
-1

. NO2
-
 was 

released down to 110 m water depth, except the station at 80 m. Sea-bed release of DIN 

was elevated only in the deep basin with 0.58 mmol m
-2

 d
-1 

due to high NH4
+
 release, and 

at the shallowest site with 0.46 mmol m
-2

 d
-1

, where it was additionally caused by NO3
-
 

and NO2
-
 release. 

Similarly to NH4
+
, highest TPO4 fluxes of up to 0.22 mmol m

-2
 d

-1
 were measured in the 

hypoxic transition zone. In the deep anoxic basin, TPO4 fluxes were lower, but increased 

again towards the deepest studied site at 173 m water depth, with an average release of 

0.15 mmol m
-2

 d
-1

. At the 80 m site TPO4 was taken up by the sediment. At this site, the 

chamber incubations took place under oxic conditions (start concentration: 95 µmol L
-1

, 

end: 19 µmol L
-1

), hence TPO4 can be assumed to have been immobilized. Despite oxic 

conditions inside the benthic chambers during the lander deployments at 65 m and 66 m, 

TPO4 was released during deployment BIGO-I-1 (0.09 mmol m
-2

 d
-1

). Except for the 

96 m site, N:P release ratios (DIN:TPO4) indicate enhanced TPO4 release over DIN in the 

hypoxic transition zone, whereas at the oxic sites and in the deep basin DIN release 

prevailed. HS
-
 fluxes increased distinctively below 120 m water depth, reaching a

40

60

80

100

120

140

160

180

-2 -1 0 1 2

NH4
+
/NO3

-
 (mmol m

-2
 d

-1
)

w
a
te

r 
d

e
p

th
 (

m
)

40

60

80

100

120

140

160

180

-0.2 0 0.2 0.4

TPO4 (mmol m
-2

 d
-1

)

40

60

80

100

120

140

160

180

-5 0 5 10 15

N:P

40

60

80

100

120

140

160

180

0 1 2 3 4

HS
-
 (mmol m

-2
 d

-1
)NH4

+/NO3
- (mmol m-2 d-1) TPO4 (mmol m-2 d-1) HS- (mmol m-2 d-1)N:P (mmol m-2 d-1)

w
a
te

r 
d

e
p

th
 (
m

)



4.4   Discussion 

112 

 

maximum of 2.7 mmol m
-2

 d
-1

 at 173 m water depth. Concentrations of the various 

solutes measured during the time course of the chamber incubations will be provided by 

the authors on demand. 

 

4.4 Discussion 

4.4.1 N and P cycling across the oxic to anoxic gradient 

Changes in the N:P ratio are assumed to strongly control the alternating spring and 

summer blooms of phytoplankton and cyanobacteria in the Baltic Sea, which, via positive 

feedback loops with hypoxia and benthic nutrient release, causes an efficient internal 

nutrient recycling that might prevent the recovery of the central Baltic Sea from 

eutrophication. Our flux data that were obtained along a depth transect within one 

sampling period revealed two distinct depth zones, which were characterized by enhanced 

release of NH4
+
 and TPO4. One major source was located in the deep permanently anoxic 

basin. The second one coincided with the hypoxic transition zone between 80 m and 

120 m water depth. Although in situ flux data are nearly lacking, NH4
+
 and TPO4 release 

from the deep anoxic basin has been generally considered to be the major source for 

nutrients to the water column. The significance of the hypoxic transition zone for nutrient 

release was not accounted for so far. 

 

4.4.1.1 Deep Basin (> 120 m water depth) 

In the deep basin, NH4
+
 release was predominantly driven by ammonification during the 

degradation of organic matter. Other processes that could release NH4
+
, such as DNRA or 

nitrification, can be ruled out as no electron acceptors except SO4
2-

 were available from 

the bottom water. The deep basin is almost permanently anoxic, however, on annual 

timescales intermittent O2 supply occurs during inflows of saline waters across the sills in 

the Danish Straits (Stigebrandt 2001; Gustafsson and Stigebrandt 2007). The last major 

inflow prior to our sampling campaign occurred in winter 2003. In 2005, NO3
-
 was 

measured for the last time in the deep water of the Gotland Basin, and by the end of this 

year sulfidic conditions had returned to depths > 150 m (Nausch et al. 2006). Since then, 

with a short interruption in 2007, sulfidic conditions continuously became worse (Nausch 

et al. 2012). 
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In order to assess NH4
+
 release during ammonification, we calculated Corg degradation 

rates (RCorg in Table 4.3) from the SO4
2-

 pore-water gradients, assuming that the 

contribution of anaerobic methane oxidation to the SO4
2-

 removal is negligible (Piker et 

al. 1998). For the deepest station (173 m, BIGO-II-3), the Corg degradation rate was        

1.4 mmol m
-2

 d
-1

. Assuming a Redfield C:N stoichiometry, this Corg degradation liberates 

0.2 mmol m
-2

 d
-1

 of NH4
+
, which is less than the actual flux measurement of                   

0.58 mmol m
-2

 d
-1

. Similar NH4
+
 release of 0.34 mmol m

-2
 d

-1
 and 0.55 mmol m

-2
 d

-1
 was 

derived from pore-water gradients for sites in water depths of 123 m and 238 m (Jilbert et 

al. 2011). We can only speculate about the processes generating this excess NH4
+
. 

Benthic N2-fixation, which recently has been reported to occur in a variety of benthic 

habitats, including anoxic cold seep environments as well as coastal sediments (Fulweiler 

et al. 2007; Dekas et al. 2009; Bertics et al. 2010), only provides 0.05 mmol m
-2

 d
-1

 of 

NH4
+
 (NH4

+
 N2-fix in Table 4.3), assuming that all fixed N is released as NH4

+
 into the 

environment. For benthic environments, to the best of our knowledge, the ratio between 

the fixed N that subsequently is released into the pore water and the fraction that is 

incorporated into biomass is not known. From culture studies with the pelagic nitrogen 

fixer Trichodesmium spp. it is known that only a small proportion of up to 20% of 

recently fixed N is released into the water column as NH4
+
 (Mulholland et al. 2004). 

Hence, the above assertion on NH4
+
 release by benthic N2-fixers represents a maximum 

estimate, and there is a high probability that N2-fixation is even less important for our 

measured NH4
+
 fluxes than discussed above. 

Apparently, due to anoxia and, hence, impeded nitrification, NH4
+
 is efficiently returned 

into the bottom water and retained in the system. Due to the absence of NO3
-
 and NO2

-
 

that could drive denitrification and anammox, it follows that the deep basin is 

insignificant for the removal of reactive N. 

 

High TPO4 release was measured in the deep basin. Recently, for our site at 124 m 

Viktorsson et al. (2013) provided a TPO4 flux of 0.2 mmol m
-2 

d
-1

, which is even higher 

than the TPO4 release of 0.08 mmol m
-2

 d
-1 

determined during this study. Previous studies 

attributed such enhanced TPO4 fluxes under low-O2 conditions mainly to the release of P 

associated with Fe oxyhydroxides when these are reductively dissolved (Sundby et al. 

1992; McManus et al. 1997) and the preferential regeneration of P from organic matter
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(Ingall et al. 1993; Wallmann 2003). Reductive Fe dissolution can be considered 

negligible as a mechanism for P release in the deep basin, as our data show that in the 

deep basin HS
-
 accumulates in the surface sediments as well as in the water column 

below the redoxcline. Under such conditions, Fe is bound to sulfides and removed into 

the solid phase (Carman and Rahm 1997). 

In order to determine whether Corg degradation could support the measured TPO4 release, 

we calculated the Corg degradation rate for the deep basin sites using the Redfield C:P 

ratio. The use of the Redfield C:P ratio is justified, as a sediment trap study, conducted in 

the eastern Gotland Basin over a full seasonal cycle, showed that organic material 

intercepting 230 m water depth has an average C:P molar ratio of 99 (Emeis et al. 2000). 

At the 150 m and 173 m sites the Corg-driven TPO4 release (TPO4 Corg in Table 4.3) was 

0.004 mmol m
-2

 d
-1

 and 0.01 mmol m
-2

 d
-1

, respectively (Fig. 4.5). This is too low to 

explain the higher release rates determined in the benthic chambers, pointing towards 

preferential P release during Corg degradation. Enhanced release of P relative to C under 

reducing conditions has been suggested in several studies (Ingall et al. 1993; Slomp et al.  

  

Fig. 4.5: (A) Assessment of the likelihood of dissimilatory nitrate reduction to ammonium (DNRA) 

contributing to the average NH4
+
 flux at the different sites (water depths 64 m and 65 m, as well 

as 96 m and 97 m each considered as one site). NH4
+
 release during ammonification is according 

to Redfield stoichiometry (red line). Organic matter degradation was calculated from total 

oxygen uptake and sulfate reduction rates (Table 4.3). The maximum potential contribution of 

NO3
-
 entering the denitrification pathway is indicated by the blue line. The contribution of 

benthic N2-fixation to the NH4
+
 release is shown by the green line, assuming that all fixed N2 is 

released into the environment. (B) Organic matter degradation according to Redfield 

stoichiometry (red line) is not sufficient to explain the measured TPO4 fluxes. At the anoxic sites, 

preferential P regeneration during organic matter degradation (blue line) must be assumed to 

explain the high TPO4 fluxes. Rates of different processes were calculated as described in the 

text (see “N and P cycling across the oxic to anoxic gradient”). 
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2002; Jilbert et al. 2011), but the mechanism still is enigmatic. Recently, it has been 

demonstrated that carbon-limited bacteria preferentially remove P from organic matter in 

order to better access the remaining C (Steenbergh et al. 2011). As under anaerobic 

conditions the P cannot be retained within the cell, it is released into the pore water. 

Lastly, biogenic calcium phosphate (Ca-P), i.e. fish debris, as has been suggested for the 

Peruvian and Arabian Sea oxygen minimum zones (Suess et al. 1981; Schenau et al. 

2001), can be ruled out as an additional P source, since previous measurements at almost 

permanently hypoxic and anoxic sites in the Baltic Proper have shown no evidence for 

biogenic Ca-P burial (Mort et al. 2010). 

 

4.4.1.2 Hypoxic transition zone (80 m to 120 m water depth)  

The hypoxic transition zone was identified as a second major site for NH4
+
 and TPO4 

release. Here, we define the hypoxic transition zone as the depth range between the lower 

boundary of the oxycline at ~ 80 m and the redoxcline at ~ 120 m, with O2 concentrations 

< 30 μmol L
-1 

as derived from CTD casts. However, it should be noted that at the 80 m 

station bottom-water levels can fluctuate between 2 µmol L
-1

 and 218 µmol L
-1

 (Sommer 

et al. in prep.). Whereas down to 110 m water depth, only weak O2 oscillations with 

maxima of up to 10 µmol L
-1

 were recorded. 

The coincidence between the occurrence of microbial mats and the consistently elevated 

release rates of NH4
+
 and TPO4 led us to the assumption, that these sulfide-oxidizing 

organisms were involved in the cycling of N and P. Previous studies assign these 

filamentous bacteria in surface sediments from the eastern Gotland Basin to the genus 

Beggiatoa spp. (Piker et al. 1998; Emeis et al. 2000), which is known to release NH4
+
 

during DNRA (Jørgensen and Nelson 2004). When O2 availability becomes reduced, 

these organisms use NO3
-
 for HS

-
 oxidation according to the following stoichiometry: 

 

NO3
-
 + HS

- 
+ CO2 + 2 H2O → SO4

2-
 + NH4

+
 + HCO3

-
                                                  (4.1) 

 

For example, the organic–rich sediments in the hypoxic Bay of Concepción, central 

Chile, are characterized by high rates of DNRA, which result in a marked NH4
+
 release to 

the bottom water, in addition to the NH4
+
 that originates from the degradation of organic 

matter (Farías et al. 1996; Graco et al. 2001). High release rates of NH4
+
 related to DNRA 
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have been also shown for the Peruvian upwelling region (Bohlen et al. 2011). DNRA is of 

high ecological significance since the NO3
-
, and possibly NO2

-
 (Zopfi et al. 2001), is 

converted into NH4
+
, thus conserving DIN within the ecosystem and opposing the 

removal of DIN by denitrification and anammox. 

Although the presence of extended microbial mats implies the occurrence of DNRA in 

the hypoxic transition zone, we cannot provide direct evidence for this process. However, 

the feasibility of DNRA can be explored by estimating the NH4
+
 release that is only 

driven by the degradation of organic matter assuming Redfield C:N composition. Excess 

NH4
+
 release measured by the benthic landers would then indicate NH4

+
 generated during 

DNRA but also by N2-fixation. For the stations except the 80 m site organic matter 

degradation was calculated from SO4
2-

 pore-water gradients assuming sulfate reduction 

(SR) as the major Corg degradation pathway. For the 80 m site Corg degradation was 

calculated from the TOU in addition to SR. TOU was converted into Corg degradation 

rates using a molar ratio between O2 consumption and Corg degradation of 1.45 (Hedges et 

al. 2002). 

Except for the 80 m station in the hypoxic transition zone, NH4
+
 release measured in 

benthic chambers was about 3-fold higher than that derived from organic matter 

degradation (Fig. 4.5). When all NO3
-
 that was taken up by the sediments would be 

channeled into Corg degradation by complete denitrification instead of DNRA, where for 

two moles of NO3
-
 40/106 moles of NH4

+
 are released, additional gain of NH4

+
 (NH4

+
 DEN 

in Table 4.3) can explain the measured NH4
+
 release rates at 96/ 97 m and 124 m, but not 

at 110 m water depth (Fig. 4.5, blue line). N2-fixation as a major source of additional 

NH4
+
 can be neglected as N2-fixation at this site only amounted to 0.065 mmol m

-2
 d

-1
. 

Still another 0.5 mmol NH4
+
 m

-2
 d

-1
 are required to match the measured NH4

+
 release, 

strongly pointing towards the presence of DNRA at least at this particular site. Except for 

the 80 m site, the diffusive HS
-
 flux towards the sediment surface as well as NO3

-
 uptake 

was high enough to support DNRA. 

At the 80 m site, ammonification released much more NH4
+
 compared to the benthic 

chamber NH4
+
 flux. The flux chamber incubations at the 80 m site were conducted under 

oxic conditions, allowing for NH4
+
 oxidation during nitrification. Although the presence 

of microbial mats would potentially allow for DNRA, our data do not allow discerning 

whether DNRA took place at this site. 
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TPO4 release was very high with up to 0.23 mmol m
-2

 d
-1

. In situ fluxes from the Swedish

side of the eastern Gotland Basin as well as diffusive fluxes from the central Baltic Sea 

that were measured at similar water depths are much lower and range from                        

-0.03 mmol m
-2

 d
-1

 to 0.08 mmol m
-2 

d
-1 

(Koop et al. 1990; Matthiesen et al. 1998; Jilbert 

et al. 2011; Viktorsson et al. 2013). As already described above, there are several 

mechanisms that might contribute to the high TPO4 fluxes. Reductive Fe dissolution 

releasing high amounts of P has been proposed for hypoxic sites in water depths 

shallower than 90 m at several locations in the Baltic Sea (Jilbert et al. 2011, their group 1 

sites). However, TPO4 pore-water peaks indicating pronounced P release during Fe 

dissolution were not detected during our study (data not shown). Except the 80 m site, the 

color of the surface sediments retrieved by the benthic flux chambers was black, implying 

that Fe had precipitated as Fe sulfides and, hence, was not available any more for this 

process. 

Again, as already shown for the deep basin preferential P release during Corg degradation 

might explain the high release rates. In the deep basin, preferential P release can be 

assumed to be the sole process that contributes to the elevated TPO4 flux. There, the 

measured TPO4 flux was on average about 10-fold higher than the flux that could be 

derived from Corg degradation according to Redfield C:P stoichiometry. When this factor 

of 10 is applied to the Redfield C:P stoichiometry to estimate the potential preferential P 

release from the Corg degradation rates in the hypoxic transition zone (Fig. 4.5, blue line), 

the measured TPO4 release rates can be fully explained. 

Another option to explain the high TPO4 release rates is the transient P storage and 

release of microbial mats, almost completely covering the sediment surface in this zone. 

Besides performing DNRA, certain genera of large filamentous sulfide-oxidizers may 

play an important role in benthic P cycling, carrying out luxurious uptake of TPO4 from 

the pore water under oxic conditions, subsequently stored as polyphosphates. Under 

anoxic conditions, these polyphosphates are decomposed to gain energy, whereby TPO4 

is released again. Evidence for this metabolic mechanism has been provided for the 

genera Thiomargarita spp. and Beggiatoa spp. in sediments from the Namibian upwelling 

system (Schulz and Schulz 2005; Goldhammer et al. 2010). Noffke et al. (2012) 

speculated that microbial P uptake and release may also contribute to elevated benthic 

TPO4 fluxes in shelf sediments from the Peruvian oxygen minimum zone, where large
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occurrences of the sulfur bacteria Beggiatoa spp. and Thioploca spp. have been reported 

(Mosch et al. 2012). Although we cannot provide direct evidence for the transient 

microbial P cycling, the presence of Beggiatoa spp. in the hypoxic transition zone at least 

indicates that this process is possible. 

 

4.4.1.3 Oxycline environment (60 m to < 80 m water depth) 

In order to assess the function of sediments in the oxycline environment to act as a sink or 

source for reactive N, theoretical NH4
+
 release during Corg degradation (calculated from 

the TOU) is compared to the measured NH4
+
 fluxes. The measured release of NH4

+
 was 

only moderate (0.13-0.30 mmol m
-2

 d
-1

), whereas the calculated NH4
+
 release during Corg 

degradation is in the range of 0.60 mmol m
-2

 d
-1

 to 2.18 mmol m
-2

 d
-1

. This rather broad 

range is due to high variability of the TOU of 5.8 mmol m
-2

 d
-1

 to 20.9 mmol m
-2

 d
-1

. The 

difference of 0.39 mmol m
-2

 d
-1

 to 1.87 mmol m
-2

 d
-1

 between the calculated and the 

measured NH4
+
 release must have been oxidized during nitrification, as indicated by NO3

-
 

and NO2
-
 release inside the flux chambers. However, during the chamber flux 

measurements the sum of NO3
-
 and NO2

-
 fluxes ranged only between 0.12 mmol m

-2
 d

-1
 

to 0.35 mmol m
-2

 d
-1

. This implies that 0.13 mmol m
-2

 d
-1

 to 1.52 mmol m
-2

 d
-1

 must have 

been consumed during denitrification that is coupled to nitrification. Coupled 

denitrification to nitrification has been observed in a variety of different habitats 

including the northern Baltic Proper, playing a significant role in N removal (Seitzinger 

1988; Tuominen et al. 1998; Devol and Christensen 1993). From two 75 m and 80 m deep 

oxic sites in the southeastern Gotland Basin, low denitrification rates of 0.15 mol m
-2

 d
-1

 

and 0.16 mmol m
-2

 d
-1

 were reported (Deutsch et al. 2010). A denitrification rate of       

1.2 mmol m
-2

 d
-1 

that was measured under oxic conditions was provided for water depths 

between 47 m and 82 m in the western Gotland Basin (Koop et al. 1990). 

Despite the sink character of the oxycline environment, still large amounts of DIN were 

released in this shallow zone that were directly available for the primary producers in the 

euphotic zone. This is in strong contrast to the NH4
+
 that was released from the deep 

basin and oxidized at the redoxcline (see “Eastern Gotland Basin – Potential capability 

for recovery from eutrophication”). 
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Due to efficient scavenging of P by Fe oxyhydroxides (Sundby et al. 1992; Slomp et al. 

1998) and P storage by microorganisms (Steenbergh et al. 2011) under oxic conditions, 

one would expect low rates of TPO4 release in the oxic zone. Indeed, during deployment 

of BIGO-I-2 slight TPO4 uptake of -0.01 mmol m
-2 

d
-1

 was measured. However, during

the deployment of BIGO-I-1 TPO4 release was elevated (0.05 mmol m
-2

 d
-1

 and           

0.13 mmol m
-2

 d
-1

). This elevated TPO4 release likely was due to enhanced levels of Corg 

degradation (derived from TOU) of 11.25 mmol m
-2

 d
-1

 and 14.42 mmol m
-2

 d
-1

, 

compared to only 5.7 mmol m
-2

 d
-1

 and 4.0 mmol m
-2

 d
-1

 measured in BIGO-I-2 that was 

deployed at the same water depth. Assuming Redfield C:P ratio, a TPO4 release of      

0.11 mmol m
-2

 d
-1

 and 0.14 mmol m
-2

 d
-1

 can be calculated from these Corg degradation 

rates, almost matching the measured P release, which indicates that despite the oxic 

bottom water P retention failed. About the reasons for this can be only speculated, but we 

hypothesize that the differences in the TPO4 release between either lander deployment 

were not only due to differences in the Corg degradation, but also to strong fluctuations of 

the bottom-water O2. Time series of bottom-water O2 levels recorded during the 

deployment of BIGO-I-1 revealed a distinct drop of the O2 concentration from              

300 µmol L
-1

 to 50 μmol L
-1

 within only 1 min, and a further drop to anoxic conditions in 

the following about 4 h that endured more than 20 h, before O2 levels started to increase 

again. Such drastic changes in the bottom-water O2 affect the redox-state of the sediment, 

especially at the surface where built up of Fe oxyhydroxides takes place. Hence, we 

assume that the BIGO-I-1 deployment was conducted at a redox-state, where the retention 

capacity of the surface sediment for P was exhausted, which could explain the elevated 

TPO4 flux measured at the 66 m site. 

 

4.4.2 Baltic Proper internal loading of TPO4, NH4
+
, and NO3

- 

It became apparent that, in addition to the deep basin, the hypoxic transition zone 

represents an important region for nutrient release that was not identified so far. In order 

to asses the significance of internal nutrient release during the time of our cruise in 

comparison to the external loading via the catchment area and atmospheric deposition, we 

made an approximation of the entire benthic nutrient load for the Baltic Proper, but 

excluding the Arkona basin. As flux measurements were only conducted in water depths 

below 60 m, the shallower coastal region was excluded from this extrapolation.
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Moreover, the boundary of 60 m water depth approximately separates deeper muddy from 

sandy sediments in the Baltic Proper (www.helcom.fi/GIS/en_GB/HelcomGIS/). We are 

aware that this extrapolation bears uncertainties due to local and seasonal variability of 

particle deposition (Pohl et al. 2004; Hille et al. 2006), as well as with regard to the 

continuity of the bacterial mat features. 

 

In order to extrapolate the flux measurements of TPO4 and NH4
+
, the Baltic Proper was 

subdivided into three depth zones according to the vertical O2 distribution in the water 

column (Fig. 4.2). The deep anoxic and sulfidic basin was classified as the depth zone 

below 120 m water depth, covering an area of 18,954 km
2
 (Fig. 6). The 80 m and 120 m 

depth contour was taken as the upper and lower boundary of the hypoxic transition zone, 

covering an area of 47,230 km
2
. The 80 m depth contour coincides well with the 

extension of hypoxic water masses (O2 < 2 ml L
-1 

= 89 µmol L
-1

) in 2010 (Hansson et al. 

2011; Fig. 6). Water depths between 60 m and < 80 m, where oxic conditions prevail, 

were defined as the oxycline environment, with an area of 26,088 km
2
. To arrive at 

regional nutrient loads, these areas were multiplied with the averages of the benthic TPO4 

and NH4
+
 fluxes measured in each depth zone. In the oxycline environment, in addition to 

NH4
+
, NO3

-
 release was also taken into account. 

The total TPO4 load of the considered area (92,272 km
2
) was 109.4 ktons TPO4 yr

-1
. As 

much as 70% (76.2 ktons TPO4 yr
-1

) was released from the hypoxic transition zone, 

whose area is 51% of the total area. For comparison the TPO4 release of the deep        

basin whose area covers 21% of the entire investigated area was only 20%                            

(21.4 ktons TPO4 yr
-1

). As to expect, due to the higher retention capacity of sediments 

underlying oxygenated bottom waters, TPO4 release of the oxycline environment was low 

with 11% (11.8 ktons TPO4 yr
-1

). A study that was conducted in parallel to this 

investigation, also using benthic landers, revealed an internal TPO4 load for the Baltic 

Proper (considered area: 206,000 km
2
) of 146 kt TPO4 yr

-1
, based on pooled 

measurements for August and September during the years 2008 to 2010 (Viktorsson et al. 

2013). Although the total area considered by Viktorsson et al. (2013) is 2.2 times bigger 

than that considered in this study, the overall TPO4 load was similar. This is due to the 

large oxic area taken into account by these authors, but which can be almost neglected 

with regard to the TPO4 release. 
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Overall, this and the study of Viktorsson et al. (2013) arrived at regional estimates of 

TPO4 release that are much higher than the total external P load of 14 kt yr
-1

 reported for 

the year 2006 (HELCOM 2009b). It is remarkable that our finding of enhanced TPO4 

release in the hypoxic transition zone is in contrast to the study of Viktorsson et al. 

(2013), where still anoxic sites in the deeper basin were the prominent sites for TPO4 

release, which hints towards seasonal and inter-annual regime shifts. Our study implies 

that this zone, which is particularly susceptible to O2 fluctuations and to date was hardly 

consistently investigated, needs particular attention in Baltic Sea management plans. 

Similarly to the TPO4 release, NH4
+
 release from the hypoxic transition zone was 

extremely high and constituted 75% (200.3 ktons yr
-1

) of the total NH4
+
 release, 

compared to 13% (34.9 ktons yr
-1

) in the deep basin and 12% (31 ktons yr
-1

) in the 

oxycline environment. From the latter, in addition to NH4
+
, 29 ktons yr

-1
 NO3

-
 was 

released due to nitrification. This renders the oxycline environment an important zone for 

reactive N release and feedbacks with primary productivity since the NO3
-
 becomes 

directly accessible in the euphotic zone. The total internal DIN load of 295.2 kt yr
-1

 of our 

considered area is about twice as much as the external DIN load of 140 kt yr
-1 

for the year 

2006 (HELCOM 2009b). 

 

4.4.3 Eastern Gotland Basin - Potential capability for recovery from eutrophication 

The above described high internal nutrient load from the sediments in comparison to the 

external loading via the catchment area and atmospheric deposition raises the question, to 

what extent the Baltic Proper has the capability to break the vicious cycle of efficient 

internal nutrient cycling and to recover from eutrophication. In the following, an 

assessment of the sediments inside the different zones with regard to their function to act 

as a sink, recycling site or source for TPO4 and DIN will be conducted. However, we are 

aware that the scope of our flux data is limited regionally as well as temporally, and 

might be applicable only for the summer situation. At least for TPO4 it has been shown 

that high release rates were also present in August and September (Viktorsson et al. 

2013). Otherwise, in situ flux data for the spring, fall, and winter are still urgently 

missing.
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4.4.3.1 Nitrogen 

A simple budget calculation is used to assess the function of the sediments in the different 

depth zones to act as sinks, sources or recycling sites for DIN. The input side includes 

uptake of NO3
-
 and NO2

-
 from the bottom water as well as NH4

+
 release to the pore water 

during organic matter degradation. The output side includes NO3
-
, NO2

-
, and NH4

+
 release 

into the bottom water. Organic matter degradation is the only NH4
+
-releasing process that 

is considered here. Benthic N2 fixation as an additional NH4
+
 source is included in the 

total NH4
+
 release rates measured by the benthic landers. Since the budget only considers 

the active N turnover processes, burial is not accounted for. If the sum between input and 

output is zero (DINin + DINout = 0), the investigated environment represents a recycling 

site for DIN. When the sum of DINin + DINout becomes negative, the sediments act as a 

sink for DIN, with the absolute value of this sum representing the N2 release. Is the sum 

DINin + DINout positive, the sediments act as a source for DIN. According to this budget 

calculation, sediments from the oxycline environment represented a sink for DIN, 

potentially opposing eutrophication (Table 4.4; Fig. 4.6). Moving across the hypoxic 

transition zone, this sink function gradually declined, until the redoxcline at about 120 m 

water depth was reached. In contrast, in the deep basin, where electron acceptors except 

SO4
2-

 were absent, the DIN budgets suggest that the sediments acted as a source for DIN. 

However, we do not know the processes causing this excess DIN. As mentioned above, 

N2-fixation is one possibility. 

 

Table 4.4: Balance of average DIN fluxes in and out across the sediment-water interface at the different 

sites (mmol m
-2

 d
-1

). NH4
+
 release during ammonification (NH4

+
 RCorg) was taken from        

Table 4.3. 

 
 DINin DINout DINin + DINout 

Water depth 

(m)  

NH4
+ 

RCorg NO3
- NO2

- NH4
+ NO3

- NO2
-  

   65.5 1.34    0     0 0.24 0.22 0.01 -0.87 

80 1.01 0.26 0.001 0.40       0       0 -0.87 

  96.5 0.71 0.96     0 0.94       0       0 -0.73 

       110 0.35 1.03     0 1.06       0 0.03 -0.29 

       124 0.18 0.39     0 0.30       0       0 -0.27 

       150 0.07    0     0 0.20       0       0               0.13 

       173 0.17    0     0 0.58       0       0   0.41 
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Fig. 4.6: Balance fluxes of DINin and DINout versus water depth (Table 4.5). Explanations on the mass 

balance are given in the text (“N and P cycling across the oxic to anoxic gradient”). All rates in 

the mass balance represent averages for each site (water depths 64 m and 65 m, as well as 96 m 

and 97 m each considered as one site). 

 

 

The high NH4
+
 release from the sediments was also indicated by high NH4

+
 levels in the 

deep basin water (Fig. 4.2). However, only minor NH4
+
 amounts reached the surface, as 

the major part was oxidized at the lower boundary of the hypoxic transition (Fig. 4.2). 

Although there was an even higher NH4
+
 release from the sediments in the hypoxic 

transition zone, water-column NH4
+
 levels in this depth zone were only slightly elevated, 

indicating its oxidation. The oxycline environment is particular, since on the one hand, 

likewise to the hypoxic transition zone, it generally removes DIN from the environment. 

On the other hand, presence of bottom-water O2 allows for nitrification, whereby NO3
-
 is 

released. Due to the shallow water depths, NO3
-
 is directly transported into the euphotic 

zone, having a positive feedback on surface-water primary productivity. Part of the NH4
+
 

will probably also escape oxidation and contribute to the reactive N pool in the euphotic 

zone. 

 

4.4.3.2 Phosphorus 

The retention capacity of the sediment for P is evaluated for all sites by calculating their 

respective P burial efficiencies. The burial efficiency can be calculated from the rain rate 

of P to the sediment and the P burial rate. Assuming steady state conditions, the rain rate 

of P is equal to the sum of the P burial rate and the benthic release of TPO4. Total 

sediment P needed to calculate P burial was not measured at the different sites, hence P 

burial rates determined in previous studies are applied.  
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For the anoxic part of the eastern Gotland Basin, Viktorsson et al. (2013) calculated a 

burial efficiency of 5%, using a P burial rate of 0.018 mmol m
-2

 d
-1

 and an average 

benthic TPO4 release rate of 0.38 mmol m
-2

 d
-1

. Applying this burial rate and our mean 

TPO4 release rate of 0.1 mmol m
-2

 d
-1

, a burial efficiency of 15% is calculated for the 

deep basin. Obviously, the deep basin sediments were highly efficient in returning 

incoming P back into the water column. This was also indicated by high TPO4 

concentrations in the deep basin water (Fig. 4.2). The average TPO4 release rate of       

0.21 mmol m
-2

 d
-1

 in the hypoxic transition zone was about 8-fold higher than the average 

P burial rate of 0.025 mmol m
-2

 d
-1

 determined previously for hypoxic sites in the Baltic 

Proper (Koop et al. 1990; Mort et al. 2010). This results in a burial efficiency of 11%, 

again indicating efficient recycling of the imported P back into the water column. This 

high benthic TPO4 release became even expressed in the water-column P distribution (see 

Results, Fig. 4.2). For a 47 m deep oxic site in the western Gotland Basin, Koop et al. 

(1990) estimated a burial rate of 0.017 mmol m
-2

 d
-1

. These authors measured an average 

TPO4 uptake of 0.03 mmol m
-2

 d
-1

 from the sediments, even exceeding the burial and 

indicating that some TPO4 from the bottom water must have been captured by Fe 

oxyhydroxides at the oxic sediment surface. Under such conditions, an oxic environment 

acts as a sink for P. This was also the case for the 65 m site during deployment of     

BIGO I-2, where a TPO4 uptake of 0.01 m
-2

 d
-1

 was measured. However, as mentioned 

above, due to the proximity of the 65 m/66 m stations to the oxycline, this environment is 

subjected to very dynamic bottom-water O2 conditions, resulting in distinct fluctuations 

of the benthic TPO4 release and uptake. About the reasons we can only speculate. It 

appears that due to the bottom-water O2 fluctuations the redox state of these sediments is 

strongly affected, and that there exist periods, where the P retention capacity of the 

sediment is exhausted, so that despite oxic bottom-water conditions TPO4 can be released. 

It is difficult to assess the overall sink or recycling function of these sediments for P, as 

TPO4 flux time series spanning months to years would be urgently needed. 

In summary, our study revealed high internal loading of TPO4 as well as DIN that 

exceeded the external nutrient loading by a factor of 7.8 and 2.1, respectively. However, 

in contrast to TPO4, the released DIN from the sediments apparently does not reach the 

euphotic zone, except at the shallower sites. This in combination with P and N turnover in 

the water column results in the supply of low N:P ratio water from the anoxic water
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column to the euphotic zone. During summertime, when N-limited phytoplankton ceases, 

such low N:P ratios trigger cyanobacterial blooms (e.g. Niemi et al. 1979; Kononen et al. 

2001). During this study, cyanobacteria were indeed observed to form dense brownish 

fluffy layers on the sea surface. Their N2-fixing activity was clearly revealed by N2:Ar 

equilibrium ratios < 1. By these mechanisms, the benthic release of TPO4 and to a lesser 

extent DIN provides a positive feedback on the new generation of organic matter and 

thereby contributes to maintain the “vicious cycle”, as has been described by Vahtera et 

al. (2007). Beside the long-time suspected relevance of the deep basin sediments for the 

internal TPO4 and NH4
+
 loading, this study highlights the importance of the hypoxic 

transition zone, whose sediments were almost entirely covered with mats of sulfide-

oxidizing bacteria, for the release of TPO4 and NH4
+
. Strong bottom-water O2 fluctuations 

were recorded in the hypoxic transition zone that were apparently related to wind forcing 

(Sommer et al. in prep.), hence nutrient release in this zone can be expected to strongly 

vary on a seasonal scale. TPO4 release can be assumed to be less efficient during winter, 

where bottom water oxygenation is more likely than during summer conditions. 

Furthermore, under such conditions, sulfide-oxidizing bacteria might switch to aerobic 

sulfide oxidation, not releasing NH4
+
 anymore. Such seasonal regime shifts in the nutrient 

release introduce large uncertainties in the nutrient budget calculations. Hence, data on 

nutrient release with a seasonal coverage are urgently required, especially for the hypoxic 

transition zone, which needs particular attention in future Baltic Sea action plans for the 

mitigation of eutrophication. 
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5 Synthesis 

The three studies presented in this thesis investigated the benthic nutrient turnover in two 

different highly oxygen-deficient systems off Peru and in the Gotland Basin, Baltic Sea, 

focusing on P but also including associated cycles of Fe and N. The OMZ off Peru is the 

result of sluggish circulation, long residence time of water masses and decomposition of 

organic matter exported from the productive surface layer, where high productivity is 

sustained by coastal upwelling. Chapter 2 presents results on benthic P and Fe release in 

this region. Chapter 3 advances this flux study via an investigation of likely sources 

driving sea-bed P release. In contrast to the Peruvian OMZ, the land-locked Baltic Sea 

suffers from anthropogenically induced eutrophication, which is associated with extended 

hypoxia and anoxia. In addition to external nutrient input, such conditions are naturally 

exacerbated by impeded ventilation due to limited water exchange with the North Sea as 

well as intense stratification maintained by high levels of freshwater run-off. Major 

findings on the benthic P and N turnover along an oxic to anoxic gradient are presented in 

Chapter 4. 

 

In order to elucidate potential benthic feedbacks on surface-water primary productivity 

off the coast of Peru, sedimentary fluxes of TPO4 and Fe
2+

 were quantified by in situ 

benthic chamber incubations and pore-water profiles across a latitudinal depth transect 

(80-1000 m) at 11°S, covering the full range of completely anoxic to oxic bottom-water 

conditions (chapter 2 of this thesis). The transect was divided into three different zones: 

the shelf that is subjected to periodically fluctuating bottom-water O2 conditions 

(Gutiérrez et al. 2008), the core of the OMZ where anoxia was assumed to be permanent, 

and the depth range below 500 m where O2 levels increased again. 

Overall, highly enhanced nutrient release from the OMZ sediments was measured. TPO4 

fluxes were high (maximum 292 mmol m
-2

 yr
-1

) throughout the shelf and the core of the 

OMZ in association with high organic carbon degradation rates. In contrast, Fe
2+

 fluxes 

were high on the shallow shelf (maximum 316 mmol m
-2

 yr
-1

) and persistent but 

moderately low (15.4 mmol m
-2

 yr
-1

) in water depths between 250 m and 600 m, which is 

attributed to the continuous reduction of Fe oxyhydroxides. With increasing O2 

concentrations, Fe
2+

 fluxes became negligible due to the precipitation of Fe
2+

 in the oxic
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sediment surface. This process in combination with a general decrease of organic matter 

degradation further resulted in a strong decrease of TPO4 fluxes with increasing water 

depth. 

Ratios between organic carbon degradation and TPO4 flux indicated excess release of P 

over C when compared to Redfield stoichiometry. Most likely, this was caused by 

preferential P release during organic matter degradation, dissolution of fish debris, and/or 

P release from sulfide-oxidizing microbial mat communities. Fe oxyhydroxides were of 

particular relevance as a P source only on the shallow shelf. 

The benthic fluxes measured during this research are among the highest reported from 

similar oxygen-deficient continental margin systems, and highlight the efficiency of OMZ 

sediments returning TPO4 and Fe
2+

 to the bottom water, from where it might eventually 

be transported to the productive surface layer. Through this benthic-pelagic coupling, 

TPO4 and Fe
2+

 fluxes may provide important positive feedbacks allowing extensive 

phytoplankton blooms to develop and, in turn, an expansion of anoxia. The shelf region is 

particularly important in this regard, since O2 fluctuations trigger a complex 

biogeochemical reaction network of Fe, P and sulfur turnover resulting in transient, high 

Fe
2+

 and TPO4 release under anoxia. 

 

Chapter 3 advances the Chapter 2 flux study by considering the solid phase of P for a 

subset of sites from the 11°S transect, and also characterizing the entire depth range. This 

study aims to distinguish the contributions of different sources to the high benthic TPO4 

release by using a combined approach including solid phase P speciation measurements 

obtained by sequential extraction of sediment samples, a mass balance, and benthic 

modeling. Besides total sedimentary P, individual solid phase P species considered were 

Fe-bound P, a fraction of authigenic Ca-P (including carbonate flour apatite, biogenic 

apatite and calcium carbonate-bound P), detrital P and organic P. Biogenic apatite, 

referred to as fish-P, was further separated from the total pool of authigenic Ca-P. 

P speciation measurements revealed that authigenic Ca-P was the major fraction along the 

transect. It accounted for 35% to 47% of the depth-averaged total extracted P on the shelf 

and upper slope, but for > 70% below 300 m water depth. Below 259 m water depth, fish-

P dominated the authigenic Ca-P pool by 60% to 69%. Organic P was present in 

considerable amounts (18-37%) only at the shelf and the upper slope, whereas detrital P
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and Fe-bound P were typically of minor importance at all sites. Organic matter in surface 

sediments was highly depleted in P relative to Redfield stoichiometry with C:P ratios of 

up to 516. Assuming the occurrence of preferential P mineralization in the water column 

and allowing for the deposition of highly P-depleted organic matter at the sea floor, mass 

balance calculations suggest that organic P only accounted for a small fraction (2-8%) of 

the total particulate P input to the sediments. In order to test the feasibility of enhanced P 

mineralization taking place in the water column, in contrast to preferential P release 

during organic matter degradation in the sediment surface, a diagenetic transport reaction 

model was used for one site within the core of the OMZ. Both the degradation of organic 

matter (which, on deposition, is already P-depleted) as well as preferential P release in the 

sediment were indeed found possible; however, these processes contributed only 2% and 

13% to the total P release into the pore water, respectively. Remarkably, organic matter 

C:P ratios as low as 50 were measured in shallow waters at 10°S (Franz et al. 2012). 

Applying such low ratios for the shelf in our working area, it would become exceptional 

as the significance of the organic P input to the total would strongly increase from 8% to 

49%. 

According to the solid phase speciation, authigenic Ca-P (coming largely from fish 

debris) is a likely candidate for the missing source of P required to close the P budget in 

Peruvian OMZ sediments. Expanding upon the previous chapter, where high TPO4 

release rates were resolved, this study indeed identified these sediments as weak sinks for 

P, whereas more than 80% of P was recycled back into the water column and potentially 

contributing directly to surface water primary productivity. 

 

In the Gotland Basin, TPO4 and DIN fluxes were quantified in situ across an oxic to 

anoxic depth gradient using benthic landers (Chapter 4). In situ fluxes were 

complemented by CTD casts for water-column nutrient and O2 measurements to 

investigate the benthic-pelagic coupling because of its significance for feedbacks on 

primary productivity and consequently the euthrophication state of the Baltic Proper. 

Based on bottom-water O2 levels the study area was divided into three different zones: the 

oxic zone at 60 m to < 80 m water depth, the hypoxic transition zone between > 80 m to 

120 m, and the deep anoxic and sulfidic basin at > 120 m. The hypoxic transition zone 

was characterized by fluctuating O2 levels as well as the occurrence of extended mats of
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vacuolated sulfur bacteria. One primary finding was that in addition to the deep anoxic 

basin, the hypoxic transition zone was was found to be a major release site for TPO4 and 

NH4
+
 with rates of up to 0.2 mmol m

-2
 d

-1
 and 1 mmol m

-2
 d

-1
, respectively. There is 

circumstantial evidence that these bacterial mats, which covered the sediment surface 

almost entirely, were strongly involved in the turnover of N, converting NO3
-
/NO2

-
 into 

NH4
+
 during dissimilatory nitrate reduction to ammonium (DNRA). Thereby, these 

organisms retain reactive N in the ecosystem opposing the self-cleaning effect of 

denitrification and anammox. Beyond their involvement in the N cycle, transient release 

and uptake of TPO4 during anoxic and oxic conditions have been described for these 

sulfide-oxidizers (Goldhammer et al. 2010). However, this process can only be 

speculated, as the entire TPO4 release from the sediment could be potentially covered by 

preferential P release during organic matter degradation. Extrapolation of benthic fluxes 

to the entire Baltic Proper, excluding the Arkona basin and shallow sandy sites at < 60 m 

water depth, resulted in high internal TPO4 and DIN loads of 109 kt yr
-1

 and 295 kt yr
-1

,
 

respectively. This is ~ 8-fold higher than the total external P load of 14 kt yr
-1

 and            

~ 2-fold higher than the external DIN load of 140 kt yr
-1 

for the year 2006  (HELCOM 

2009). This up-scaling of fluxes revealed the importance of the hypoxic transition zone 

for internal nutrient loading as this zone only covered 51% of the total area, but released 

as much as 70% of the total TPO4 load. Likewise, 75% of the internal NH4
+
 load                   

(200 kt yr
-1

) was released from this particular environment. In contrast to TPO4, the 

released DIN from the sediments apparently does not reach the euphotic zone except at 

the shallower sites. This results in the supply of water with a low N:P ratio to the euphotic 

zone. In summertime, this favors the development of N2-fixing cyanobacterial blooms 

which significantly counteract the Baltic Proper from recovering from eutrophication. 

This is the first study that classified the hypoxic transition zone as a defined environment 

and revealed its significance for the benthic nutrient release. As O2 availability in the 

hypoxic transition zone appears to be a function of wind forcing (Sommer et al. in prep.) 

this zone needs to be investigated over a full seasonal cycle to assess its importance for 

the nutrient budget of the central Baltic Sea. Seasonal resolution of internal nutrient 

loading is urgently required for the successful implementation of future Baltic Sea 

management plans. 
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Concluding remarks and future perspectives 

Despite major differences in the hydrography and geomorphology of the Peruvian OMZ 

and the Gotland Basin, both environments share distinct commonalities. Firstly, as 

expected, elevated nutrient mobilization into the bottom water took place in zones where 

oxygen deficiency persists. Secondly, both regions possess depth zones where periodic O2 

intrusions occur. The upper boundary of the Peruvian OMZ is subjected to O2 fluctuations 

related to the passage of Kelvin waves which, at a time series station on the shelf off 

Callao, were resolved to occur on monthly to inter-annual time scales (Gutiérrez et al. 

2008). In the Gotland Basin, a hypoxic transition zone was identified between water 

depths of 80 m and 120 m, where strong O2 fluctuations at time scales of hours to months 

were measured during lander deployments (Sommer et al. in prep.). Furthermore, the 

sediments within this particular depth zone in both regions were covered with extended 

mats of sulfide-oxidizing bacteria which, as indicated above and shown by other studies 

(e.g. Jørgensen and Nelson 2004; Goldhammer et al. 2010) can be strongly involved in 

the cycling of N and P. Both of these environments are unique as oscillating bottom-water 

O2 conditions likely trigger a transient and complex biogeochemical reaction network of 

P, N, Fe and sulfur turnover, resulting in high TPO4, NH4
+
 and Fe

2+
 release under O2-

deficient conditions. This renders them as sensitive regions that over annual/interannual 

cycles strongly affect regional water-column nutrient budgets and consequently the 

maintenance or spread of hypoxia. Therefore, it is of great importance to understand the 

dynamics of these environments for extended time periods, e.g. for at least one year in the 

Gotland Basin and for up to several years in the Peruvian OMZ. Specific questions that 

need to be addressed in future research for both regions can be summarized as follows:  

 

1. Repeated series of in situ flux measurements similar to those presented in this 

study are urgently required in regard to the above-mentioned time scales of O2 

oscillations.  

 

2. It is of major importance to investigate how seasonal changes in the surface-water 

primary productivity and organic carbon deposition affect the magnitude of 

benthic fluxes.  
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3. With respect to phosphorus cycling off Peru, the following issues need to be 

addressed:  

i. In order to further constrain the role of organic phosphorus in benthic P 

turnover and release into the pore water, it is important to determine the 

C:P composition of the deposited particulate organic matter. 

ii. In order to unambiguously identify other sources contributing to P release, 

P speciation measurements of particles need to be determined across the 

benthic boundary layer. The potential contribution of authigenic apatite 

that might be formed within the water column should be investigated by 

extending these P speciation measurements to suspended particles in the 

water column. 

 

4. The involvement of the microbial mats in the benthic P and N cycling needs to be 

studied during extended series of combined in situ and ex situ experiments under 

controlled conditions of O2 as well as NO3
-
/NO2

-
. One major aspect is to 

investigate the transient release and uptake of P of these sulfide-oxidizing bacteria 

during fluctuating anoxic and oxic bottom- water conditions. The ratio between 

NO3
-
 and NO2

-
 that is channeled into DNRA or denitrification needs to be 

determined to assess the function of the sediments acting as recycling sites or 

sinks for reactive N. Environmental controls that might cause shifts in this ratio 

need to be identified. 
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List of Abbreviations 

In chapters 2 to 4 sometimes different abbreviations are used for the same parameter. The 

number given in brackets denotes the chapter where the respective abbreviation is used. 

 

ADP   adenosine diphosphate 

AMP  adenosine monophosphate  

anammox  anaerobic ammonium oxidation  

ATP   adenosine triphosphate 

BECorg   burial efficiency of organic carbon  

BEPtot   burial efficiency of total particulate phosphorus 

BIGO    Biogeochemical Observatory 

BW   bottom water 

C   carbon 

CAl(10)   concentration of aluminum at 10 cm sediment depth 

CCorg(10)   concentration of organic carbon at 10 cm sediment depth 

Cox (2), RCorg (4)   organic carbon degradation rate  

CPorg(10) concentration of organic phosphorus at 10 cm sediment 

depth 

CA   cellulose acetate 

CaCO3    calcium carbonate 

Ca-P  calcium phosphate minerals 

Ca10(PO4)6(OH)10  hydroxylapatite 

CTD  conductivity, temperature, depth 

Ds    effective diffusion coefficient in the sediment  

DIN dissolved inorganic nitrogen (here including: ammonium, 

nitrate, and nitrite) 

DINin    total N uptake by the sediment excluding burial  

DINout    total N release from the sediment 

DNA    deoxyribonucleic acid 

DNRA    dissimilatory nitrate reduction to ammonium 

ds    density of dry solids 

ENSO    El Niño Southern Oscillation 

ESSW    Equatorial Subsurface Water 
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Fe    iron 

Fe
2+    

ferrous iron 

FCorg    burial flux of organic carbon 

FPorg    burial flux of organic phosphorus  

Fsed    sediment accumulation rate 

FTPO4    benthic phosphate flux 

FeCl3    ferric chloride 

Fe oxyhydroxides    iron oxides and iron hydroxides 

FeS    iron monosulfides 

fish-P    phosphorus in biogenic apatite from fish remains 

HCl     hydrochloric acid 

HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HNO3     nitric acid 

ICP-OES    inductively coupled plasma-optical emission spectrometry  

kfit   kinetic constant used to fit simulated phosphate pore-water 

concentrations to the measured values  

MgCl2     magnesium chloride 

Mn oxyhdroxides  manganese oxides and manganese hydroxides 

MUC    multiple corer 

N    nitrogen 

N2    dinitrogen gas 

NH4
+    

ammonium 

NH4
+

DEN  ammonium release during organic carbon degradation by 

maximum potential denitrification (for details see chapter 

4) 

NH4
+
 N2-fix    ammonium release due to benthic N2-fixation  

NH4
+
 RCorg    ammonium release during organic carbon degradation  

NO3
-
     nitrate 

NO2
-
     nitrite 

O2     oxygen 

OFOS     Ocean Floor Observation System  

OMZ     oxygen minimum zone 

P     phosphorus 

Pexcess     excess phosphorus 

Ptot     total particulate phosphorus 
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PCU    Peru Chile Undercurrent 

Φ0     porosity at the sediment-water interface (0-1 cm)   

φ     porosity of compacted sediment  

RCorg     depth-integrated organic carbon decay rate  

rCP(0-1)  organic carbon to phosphorus ratio at 0-1 cm sediment 

depth  

rCP(flux)  carbon to phosphorus ratio of organic matter deposited at 

the sediment-water interface  

RPorg (3), TPO4 Corg (4) phosphate release during organic matter degradation  

RNA     ribonucleic acid    

RRauth     rain rate of authigenic P phase 

RRCorg     rain rate of organic carbon 

RRPorg     rain rate of organic phosphorus 

RRPterr phosphorus rain rate in terrigenous particles 

RRPtot     rain rate of total particulate phosphorus 

RSD     relative standard deviation 

S     sulfur  

SEDEX  name of a method for the extraction of sediment 

phosphorus 

SO4
2-

     sulfate 

SR     sulfate reduction  

ΣRPSS  net uptake or release of phosphate required to fit the pore-

water phosphate data, once phosphate release from organic 

phosphorus has been accounted for (for details see chapter 

3) 

ΣRTPO4  sum of biogeochemical reactions contributing to the 

dissolved phosphate pore-water pool 

SWI     sediment-water interface 

TA     total alkalinity 

TH2S (2); HS
-
 (4)   total dissolved sulfide 

TOC (2); Corg (3); Corg (4)  organic carbon 

TOU     total oxygen uptake 

TPO4   phosphate (including all species of orthophosphoric acid 

dissociation)  

TPO4 RCorg,10  potential preferential phosphate release during organic 

matter degradation  

TPO4-SIM     simulated phosphate pore-water concentration  
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w     burial velocity of compacted sediment  

XRF     x-ray fluorescence 

ζ     factor that converts Fsed from g cm
-2

 yr
-1

 to g m
-2

 d
-1 
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