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K. Küster-Heins et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Abstract

Despite intensive research on the different domains of the marine phosphorus (P) cycle
during the last decades, frequently discussed open questions still exist especially on
controlling factors for the benthic behaviour of P and its general distribution in sediment-
pore water systems. Steady state or the internal balance of all relevant physical and5

(bio)geochemical processes are amongst the key issues. In this study we present and
discuss an extended data set from surface sediments recovered from three locations
on the NW-African continental slope. Pore water data and results from sequential sed-
iment extractions indicate a close relationship between the benthic cycles of P and
iron. Accordingly, most of the dissolved phosphate must have been recently released10

by microbially catalyzed reductive dissolution of iron (oxhydr)oxides. However, rates of
release and association of P and iron, respectively, are not directly represented in pro-
files of element specific sediment compositions. Steady-state based transport-reaction
modelling results suggest that particle mixing due to active bioturbation, or rather a
physical net downward transport of P associated to iron (oxyhydr)oxides, is an essen-15

tial process for the balance of the inspected benthic cycles. This study emphasizes
the importance of balancing analytical data so as to provide for a more comprehensive
interpretation of all relevant processes.

1 Introduction

Marine sediments are the largest reservoirs of phosphorus on Earth (e.g. Van Cap-20

pellen and Ingall, 1994). In particular, continental shelf and upper slope sediments
are important sinks for major biogeochemical elements, like carbon, nitrogen, or just P.
These regions are generally characterized by a large input of organic material through
vertical settling from the euphotic zone and lateral transport (e.g. Jahnke et al., 1989;
Kim et al., 1999; Inthorn et al., 2006). For the most part, the particulate organic material25

is already decomposed during its pathway through the water column. However, a minor
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but important portion arrives at the sea floor where microbial degradation processes
continue and lead to the release of dissolved phosphate into bottom and interstitial wa-
ters. Following the burial pathway, the sequence of early diagenetic reactions seems
to dominate the benthic P cycle and therefore the distribution of P in marine sedi-
ments. Here a variety of environmental conditions, geochemical and biogeochemical5

processes determine how much phosphorus is released back to the oceans nutrient
cycle or buried for geological periods of time.

During the last decades, the number of studies looking on different, specific parts of
the benthic P-cycle has multiplied. Such studies ranged from regional to global distri-
bution of phosphatic sediments and rocks (e.g. Baturin, 1982; Föllmi, 1996), to investi-10

gations on the recent formation of phosphorites (e.g. Froelich et al., 1988; Schenau et
al., 2000; Schulz and Schulz, 2005), from detailed inspections of the benthic P-cycle on
local and regional scales (e.g. Sundby et al., 1992; Ingall and Jahnke, 1994; Anschutz
et al., 1998) to basin-wide quantifications of the benthic phosphate release (Zabel et
al., 1998; Hensen et al., 1998), from the identification and quantification of phospho-15

rus forms in marine sediments (e.g. De Lange, 1992; Ruttenberg, 1992; Schenau and
De Lange, 2000) to steady-state modelling of the sediment-pore water system with
special focus on the behaviour of phosphorus (e.g. Slomp et al., 1996, 1998). These
studies have resulted in an improved understanding of P-cycling in marine sediments.
However, nearly all of them have focused on specific subdomains without taking the20

total balance of the benthic system into account. Certainly, for example Sundby et
al. (1992) have derived a general scheme of the interrelating processes of the ben-
thic P fluxes, but release and precipitation rates have not been used to balance cor-
responding mass transfers. In this regard, the combination of analytical results with
steady-state transport-reaction modelling, which have been carried out by Slomp et25

al. (1996, 1998), can be seen as the most complete one. However, focusing on the
authigenic formation of apatite and the role of P adsorption in shallow water sediment,
respectively, the importance of bioturbation for the balance of the benthic P-cycle has
been discussed only marginally. For this study, we investigated the phosphorus geo-
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chemistry at three sites on the continental margin of NW-Africa. An extensive data set
with varying analyses of pore waters and sediments was generated for the purposes (1)
to unravel the local geochemical conditions that control the benthic P- and Fe-cycles,
and (2) to identify, understand and quantify the processes that affect the (re)distribution
of P in surface sediments.5

2 Material and methods

2.1 Study area and sampling sites

We present results from sediment investigations on three cores, recovered during RV
Meteor cruise leg M65/1 along the northwestern African continental margin (Mulitza et
al., 2006; Fig. 1, Table 1). In this region, seasonal variations of northeast trade wind10

position and intensity control the westward directed transport of near-shore surface
waters (Canary Current; e.g. Mittelstaedt, 1983; Helmke et al., 2005). The Canary
Current, a broad eastern boundary current, flows from Morocco southward toward the
Cape Verde Islands, where it joins the westward flowing North Equatorial Under Cur-
rent and primary South Atlantic Central Water (McMaster and Lachance, 1969; Helmke15

et al., 2005). The South Atlantic Central Water is the main source of nutrient-rich water
masses, leading to a 50–70 km wide coastal band of intensive upwelling (Hagen, 1981,
2000; Lutze and Coulbourn, 1984; Helmke et al., 2005). The northern-most site GeoB
9510 is located between the Senegal River and Dakar, where terrigenous silty-clayey
muds dominate (Barusseau et al., 1988; Mulitza et al., 2006). GeoB sites 9519 and20

9518 are located slightly south between Dakar and the Gambia River. Here terrige-
nous sandy muds are abundant along the coast. Off Senegal, relatively low carbonate
contents of 8.1 to 13.5 wt% (Table 1) are indicative of the dominance of land-derived
material in these sediments (e.g. McMaster and Lachance, 1969; Hartmann et al.,
1976). According to Summerhayes (1983), the relatively low contents of organic car-25

bon in the studied surface sediments (2.4–2.9 wt%; Table 1) are the result of intensive
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turbulence and turbidity, which favour intense recycling of biogenic compounds already
in the water column. Besides, in a recent study by Mollenhauer et al. (2007) significant
differences in radiocarbon contents are observed in sediments off NW-Africa. Accu-
mulated organic material is older than the vertically settled original biogenic debris,
caused by resuspension in the water column by lateral transport processes across the5

shelf.

2.2 Sediment and pore water sampling

Sediment cores were taken with a multicorer and processed under situ temperature
(4◦C) directly upon retrieval. Overlying bottom waters were sampled and filtered for
subsequent measurements. Two different extraction methods have been used for pore-10

waters of this study: squezzing and rhizon sampling. At all sites Teflon pore water
squeezers were used (Schulz et al., 1994; Zabel et al., 1998), subsequently operated
in a glovebox with argon at a pressure gradually increasing up to 5 bar. The pore wa-
ter was retrieved through 0.2µm cellulose acetate filters. In addition, at sites GeoB
9518 and 9519, rhizon samplers (∼0.4µm) were used (Seeberg-Elverfeldt et al., 2005;15

Dickens et al., 2007). No significant differences were detected between both pore
water extraction methods for NO−

3 , NH+
4 and alkalinity concentrations. However, for

ferrous iron and phosphate much higher levels occurred when retrieved with rhizons
(GeoB 9518 and 9519). This can be attributed to the high sensitivity of ferrous iron to
even very low oxygen concentrations such as may have occurred during the squezzers20

porewater extraction process (e.g. De Lange et al., 1992). The phosphate concen-
trations are affected as well, due to the strong affinity of phoshate to adsorb on iron
(oxyhydr)oxide. We will use rhizon porewater data for further calculations, but indicate
the squezzer data for comparison (Fig. 2).

Solid phase samples for total digestions and sequential extraction analysis were25

sectioned at 0.5–5 cm intervals and stored at −20◦C.
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2.3 Pore water analysis and flux calculations

Pore water analyses were carried out on board within a few hours after pore water
sampling: ammonium, phosphate, ferrous iron and nitrate. A detailed description of the
used standard methods is given in Table 2. Aliquots of the remaining pore water sam-
ples were diluted 1:10 with demineralized water and acidified with 1% HNO3 (suprapure)5

and stored at 4◦C. Diluted squezzer samples were used for subsequent analyses of
manganese and total sulphur at the University of Bremen using an inductively coupled
plasma atomic emission spectrometer (ICP-OES, Perkin Elmer Optima 3000).

The diffusive transport rates of dissolved phosphate and iron were determined by
applying Fick’s First Law of diffusion: molecular flux (J)=-ϕ×D0×(1-ln(ϕ2))−1×∂C/∂x10

(Schulz, 2006). The porosity (ϕ) is assumed to be constant at 0.8, the temperature-
and substance-dependent diffusion coefficient (D04◦C) is 123 cm2a−1 and 124 cm2a−1

for phosphate and ferrous iron, and ∂C/∂x reflects the specific concentration gradient.
For modelling of pore water concentration profiles, the computer model Explicite was
used (Zabel and Schulz, 2001; Schulz and Schulz, 2005; Schulz, 2006). Balancing of15

the systems base on the simplification of a constant wet bulk density of 0.4 g cm−3.

2.4 Solid phase analysis

Bulk concentrations of major elements in sediments were determined after total diges-
tion in a HNO3 (65%), HCl (30%) and HF (47–51%) mixture using a Microwave system
(Zabel et al., 1999). Dissolved elemental concentrations of P, iron (Fe), calcium (Ca)20

and sulphur (S) were measured with ICP-OES.
The solid-phase speciation of P in the sediments from GeoB 9510 and 9519 was ex-

amined using a five-step sequential extraction scheme, where approximately 0.125 g
of dried and ground sediment sample was washed with 25 mL (1) 2 M NH4Cl (pH 7;
step repeated ten times), (2) citrate dithionite buffer (CDB; pH 7.5), (3) 1 M sodium25

acetate buffer (pH 4), (4) 1 M HCl, and (5) 1 M HCl after ignition at 550◦C. After step
(2) and (3) samples were rinsed successively with 25 mL 2 M NH4Cl and 25 mL dem-
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ineralized water to prevent the readsorption of phosphate. This extraction analysis is
after Ruttenberg (1992) and Schenau and De Lange (2000) (Table 3). Comparing the
sum of extracted P and the separately determined total-P content of the sediment,
good to fair correspondence was obtained for cores 9510 and 9519, whereas there
was a substantial difference for core 9518. Therefore, residues for the latter sediments5

were additionally extracted with (6) 25 mL 1.5 M sodium hydroxide solution at 85◦C, to
determine the opal-associated phosphate fraction according to Latimer et al. (2006)
(Table 3). Despite of the recovery of a significant fraction of opal-associated P, most
of the discrepancy remained for this core. The concentration of P released to each
leaching solution was quantified automatically with a Skalar Autoanalyser (SA 6250)10

at 880 nm, except P and Fe concentration in the CDB solutions and opal-associated P,
which were determined with ICP-OES. For all ICP-OES measurements, application of
standard reference material (USGS standard MAG-1, in-house standard MAX) assured
the accuracy, as their element concentration were within certified range. The precision
of analyses was <5%.15

Total organic carbon (TOC) and total carbon (Ctot) were analysed on dried and
ground samples with a Leco CS 200. This was done by analysing the untreated and de-
carbonated (using 12.5% HCl) samples, %CaCO3 being the difference between these
two, was calculated as: CaCO3%=(Ctot−TOC)×8.33. Several standards with C con-
tents of 0.8–12% were applied to maintain accuracy within a range of 1%.20

For each core sub-samples from 0–0.5, 4–5, 7.5–10, 15–20 cm sediment depth were
used for radiocarbon dating of TOC following standard procedures (Leibniz-Labor AMS
facility at the Christian-Albrechts University Kiel, Germany; Nadeau et al., 1997).
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3 Results

3.1 Pore water geochemistry

Pore water results reflect the distribution of major diagenetic compounds expected dur-
ing the general early oxidation sequence of organic matter in the upper sediment
column (Fig. 2). The nitrate concentration increases from the bottom water value5

(22.6–25.6µmol L−1) to a maximum (30.1–39.1µmol L−1) close to the sediment wa-
ter interface. Dissolved manganese concentrations are low at the sediment surface
(<0.2µmol L−1), but at the depth between nitrate maximum and nitrate depletion, they
start to increase towards a concentration of 6.1–8.1µmol L−1 at depth. Ammonium and
alkalinity show the normal gradual increase with increasing sediment depth. However,10

small changes in the gradients of the ammonium profiles can be observed at depths
around 6 cm. Total sulphur, or rather sulphate concentrations (no sulphide could be
detected) keeps almost constant throughout the core lengths. All three cores show
pronounced peaks in ferrous iron and phosphate pore water concentrations at a depth
of 3 and 7 cm. All phosphate profiles show two, more or less distinct local maxima. The15

upper one was detected when nitrate is nearly exhausted; the lower parallels the iron
peak.

3.2 Sediment composition

In all three sedimentary settings, profiles of bulk P exhibit local maxima of 0.82–
0.96 g kg−1 around 2 cm sediment depths (Fig. 3). Below these enrichments, data re-20

veal decreases of about 14–22%. According to the results of the sequential extraction
procedure, 0.62–0.87 g P kg−1 could be assigned to specific carrier phases, which cor-
responds to a recovery of 84–100% of the total P content in these sediments (Fig. 3).
The fractions of oxide-associated P, NH4Cl-extractable biogenic P, and organic-bound
P (steps 1, 2 and 5) are nearly equivalent (Table 4). However the ratios between these25

three pools change with sediment depth. While the proportion of biogenic P (step 1) re-
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mains relatively constant, the oxide-associated fraction (step 2) and the organic-bound
P (step 5) seem to be negatively correlated, with significant higher values for the oxide
fraction close to the sediment surface. Compared with the main fractions, the detrital,
the opal-associated, and authigenic apatite fractions are negligible (5–11%, 11%, and
5–7% of total P, respectively; Table 4). Only subtle differences appear to occur for the5

dominant P-carrying phases between the three cores.
Sequential leaching with NH4Cl and subsequent measurement of Ca and P

give information on the presence of biogenic apatite (e.g. fish debris) and/or
CaCO3-phosphates. Biogenic apatite is soluble with NH4Cl extraction once all solu-
ble Ca has been extracted. Therefore, at least ten successive extractions with NH4Cl10

are usually required to determine in which NH4Cl step the biogenic apatite fraction is
extracted (Schenau and De Lange, 2000; Fig. 4). Highest concentrations of Ca and
P were measured after the first extractions with NH4Cl, probably associated with ex-
changeable P and P associated with carbonates.

The total sedimentary Fe concentrations (Fetot) are in the range of 33.3–40.0 g kg−1
15

(Fig. 5). Apart from a general increase by 3–16% between the surface layer and the
core bottom, prominent local maxima exist at about 1.5–2.0 cm sediment depth. These
characteristic features are mainly caused by iron (oxyhydr)oxides (FeCDB, step 2) which
come from up here to a maximum of 8 g kg−1 or 23% of the total Fe content. Below
this enrichment layer the FeCDB fractions decrease by 21–29% within narrow depth in-20

tervals of 2 cm only. The total decrease of CDB extractable Fe fraction with increasing
sediment depth amounts to 42–50%, an observation which has already been docu-
mented for continental margin sediments (Anschutz et al., 1998). However, the local
maxima in the upper sediment column are parallel to the distribution of PCDB (Fig. 5).

Total organic carbon (TOC) and total carbonate contents remain relatively constant25

in all three cores (Fig. 6). However, maxima in TOC occur at the sediment surface
(1.8 to 3.2 wt%), and the carbonate content increases slightly with depth (max. 10.1 to
15.2 wt%). The molar Corg:Porg ratios are generally high with values of up to 500 for
instance at site GeoB 9518.
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Radiocarbon dating of total organic carbon reveals that all dated sediment con-
stituents are of Holocene age (14C ages<3200 yr BP, Table 5). Data deviate from a
normal linear increase in age with increasing sediment depth. We interpret this to be re-
lated to bioturbative processes, since visual core description did not indicate slumping
(R. Tjallingii, personal communication). Regardless of some scatter, these data reveal5

more or less continuous sedimentation, which allows the calculation of approximate av-
erage sedimentation rates (6.3–8.6 cm kyr−1). Using approximate sedimentation rates
would not significantly change modelling results and subsequent conclusions.

4 Discussion

4.1 The benthic P- and Fe-cycle – sources and sinks10

The first downward increase of pore water phosphate under oxic conditions is attributed
to microbially mediated organic matter mineralization (e.g. Froelich et al., 1979; Jahnke
et al., 1989). The total release of P by this process is hard to quantify. Generally, the
consumption of major electron acceptors like oxygen or nitrate cannot be attributed
to the microbial oxidation of organic substance exclusively. Reoxidation of reduced15

species has to be taken into consideration, although this may be of less quantitative
importance in most environments. A probably more significant uncertainty exists on the
composition of the organic matter itself or rather of the portion which is degraded. It is
striking that our Corg:Porg ratios of 300–400 for the three cores (Fig. 6) are far beyond
the primary composition of the organic matter generally produced in the C (106–140:1;20

Redfield et al., 1963; Takahashi et al., 1985). These findings correspond to those from
other studies (e.g. Ingall and Van Cappellen, 1990; Anderson et al., 2001). Accordingly,
such high ratios may document enhanced regeneration and removal of labile particu-
late P relative to organic carbon. The remains, which are preserved in the sediments
after preferential P (and N) depletion, are a relatively refractory organic component.25

However, despite the observed impoverishment of the organic substance, our pore
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water data let indicate a permanent, net phosphate release from organic matter to the
pore water within the uppermost 8 cm (Fig. 2). Oxygen respiration, denitrification, man-
ganese and iron reduction all may contribute to the phosphate release from organic
substances. Almost constant dissolved total sulphur concentrations may indicate that
sulphate reduction can be neglected at all three sites.5

To estimate the single portions as well as the total rates, geochemical transport
and reaction models have been used successfully (e.g. Slomp et al., 1996; Hensen et
al., 1997). By comparison of the specific diffusive flux rates at site GeoB 9519 only
(cf. Table 6) our data indicates that the P release from organic matter may occur pre-
dominantly via the oxic pathway (85%), followed by denitrification (14%). According to10

the simple calculation, the contribution of iron and manganese reduction together is
only 1%. This small value corresponds perfectly to the slight increase of ammonium
concentrations just at depth of iron reduction (Fig. 2). As mentioned before, release
rates of Porg depend on the C:P ratio of the organic substrate decomposed. Assum-

ing a constant Corg:Porg ratio of 350 (Fig. 6), in total 1.39 mmol Porg m−2 yr−1 would be15

released within the uppermost sediment layers at site GeoB 9519. The estimate con-
nected with the modelled respiration of oxygen alone (1.2 mmol Porg m−2 yr−1) is in very
good correspondence with similar previous studies (e.g. Slomp et al., 1996). However,
indicated by the virtually absence of phosphate concentration peaks, or at least sig-
nificant changes in gradients within the uppermost 3 cm (Fig. 2), pore water data give20

also clear evidence that Porg can only be of relatively minor importance for the total dis-
solved phosphate pool at sites GeoB 9518 and 9519. Obviously, the major P release is
closely associated with the reduction of iron (oxyhydr)oxides (cf. e.g. Krom and Berner,
1981; Sundby et al., 1992; Jensen et al., 1995; Slomp et al., 1998). Even with con-
servative calculations of about 4.5 and 3.5 mmol P m−2 yr−1, respectively, release rates25

are much higher than estimates for the contribution of Porg to pore water phosphate
(Table 6).

Beside the diffusive exchange across the sediment water interface, phosphate is
removed from interstitial waters by association to iron (oxyhydr)oxides. The latter is
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K. Küster-Heins et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

reflected by the great similarity of phosphate and ferrous iron concentration profiles
(Fig. 2; e.g. Krom and Berner, 1980; Lijklema, 1980). Fe minerals are characterized by
a high surface area (e.g. Slomp et al., 1996) and high reactivity (e.g. Feely et al., 1990;
Poulton and Canfield, 2006). Below the iron reduction zone, iron is probably fixed by the
formation of iron sulfides. As depicted in Fig. 7a, total sulfur concentrations increase5

more than double within the lowermost 10 cm of all cores, from about 0.2 wt% within
the oxic zone to more than 0.4 wt% at 18 cm sediment depth. However, the general
increase of the total iron concentration with sediment depth in this area (Fig. 5) has
recently been attributed to temporal decrease in the primary terrigenous input to these
sediments during the last few thousand years (Mulitza et al., 2008).10

Our data clearly indicate phosphate removal from the pore water below the iron
reduction zone, potentially by the authigenic formation of P-minerals such as apatite,
vivianite or calcite-associated (Figs. 3 and 7b; e.g. Burns, 1997; Hammond et al., 1999;
Fagel et al., 2005; März et al., 2008). A discussion on such formation is not warranted
by our data and is in any case beyond the scope of this paper.15

4.2 Examination of the benthic budgets

A major question for the interpretation of geochemical data usually is, if the studied
system was in a steady state at the time of sampling. This is of particular interest when
specific transfer rates are calculated (or measured) to estimate their importance on
time periods of hundreds or thousands of years. For marine sediments, this general20

question can be reworded into: Is there a balance between the transfer/transport pro-
cesses as indicated by pore water concentration profiles (or direct rate measurements)
and the composition of the sediment?

There are no indications for our study sites that major causes for non-steady state
conditions have occurred. There is no active venting, there is no significant movement25

of redox boundaries relative to the sediment surface, and temporal changes in the bot-
tom water oxygen concentration are unlikely. As a very probable approximation we will
assume that steady state occurred, at least on moderate time scales. The lack of a
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clear decreasing %Corg versus sediment depth, and our radio carbon data suggest
significant bioturbative benthic activity (cf. Fig. 6; Table 5). Comparing extraction- and
porewater results, a few remarkable observations can be made: While the Fe:P ratios
of the CDB-extractable mineral fraction (step 2) show values in a range already de-
scribed in deep-sea sediments (24.4 to 32.0, Fig. 5 and 7c; Anschutz et al., 1998; Van5

der Zee et al., 2005), the distributions of solvents at site GeoB 9518 and GeoB 9519
indicate that the release of ferrous iron is only 2.9 to 4.0 times higher, respectively,
than for phosphate (Table 6). Base on the stoichiometric range for the microbially cat-
alyzed reduction of iron (oxyhydr)oxides, the degradation of organic matter cannot be
a significant additional source for pore water phosphate (0.3–0.7% of the total phos-10

phate release; Table 6). Even if the iron oxides, newly formed in the oxic zone, are
very fine grained, poorly crystalline, and easily reducible, it seems very unlikely that
such extremely low values reflect the ratios of the reduced mineral phase. This would
be in contradiction to all reported knowledge on specific surface areas and adsorption
capacities for iron oxides (Borggard, 1983; Crosby et al., 1983). However, there is15

clear evidence for low Fe(II):PO2−
4 release ratios at the depth of iron reduction (Fig. 2).

A possible explanation could be a limited “etching” of mineral surfaces with their high
phosphate covering density before the real crystal lattice is affected. Assuming steady
state conditions, simple budget calculations reveal that the pore water system cannot
be balanced by diffusive transport and sediment accumulation alone. Certainly, local20

enrichments, decreases or even total depletions in specific sediment fractions corre-
spond to appropriate sinks and sources as indicated by the distribution of dissolved
components. But the available amounts of mineral phases are by far not sufficient
to maintain the diffusive flux or rather transfer rates for longer times. The downward
decreases in FeCDB of 1.4 to 2.1 g kg−1 within an about 2 cm thick layer, are clearly25

caused by the reductive dissolution of iron (oxyhyxdr)oxides. Only by conservative
burial due to simple accumulation onto sea floor, particles would pass this depth in-
terval within a period of about 220–330 years, depending on the local sedimentation
rate (Table 5). At sites GeoB 9518 and GeoB 9519, release rates of Fe2+, constant
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for these periods, would require a demand of 6.7 and 5.6 mg cm−3 reducible iron ox-
ides, respectively. These numbers are about 8 to 11 times higher than the detected
decreases in FeCDB. Appropriate calculations for the re-oxidation of ferrous iron within
the surface layer above iron reduction zone lead to similar results (Table 7). Possibly,
the total amount of sedimentary iron oxides has not been extracted completely with5

CDB (Van der Zee et al., 2005), but even this cannot explain the detected differences.
The apparent discrepancy gets clearly visible when modelling the pore water con-

centration profiles by fitting the underlying transfer rates. The distribution of ferrous
iron and iron mineral phases at site GeoB 9519 clearly illustrates this (Fig. 8). Negative
values for transfer rates imply the release of iron (due to reductive dissolution), and10

positive values are equal to the fixation of dissolved iron (above: due to re-oxidation,
below: probably due to the formation of iron sulphides). If molecular diffusion and
sediment accumulation would be the only controlling factors for the benthic iron (and
phosphate) cycle, both, the surface near enrichment of (oxyhydr)oxides and the deple-
tion of iron within the iron reduction zone have had to be much more pronounced under15

the assumption of steady-state conditions. However, total iron concentrations are com-
paratively constant from 3 to 6 cm depth in GeoB 9519. Slight increases below 6 cm
can be rather assigned to temporal changes in the terrigenous input than to effects of
early diagenesis. However, obviously an additional transport process is necessary to
explain our PCDB and FeCDB data (Fig. 5). This additional process can only be a net20

downward transport of P-associated to iron (oxyhydr)oxides. Such an active internal
replacement and cycling of particulate matter is caused by bioturbation, at least occa-
sionally (e.g. Boudreau and Jørgensen, 2001 and refs. therein). Supported by results
of one-dimensional reaction-transport modelling, Slomp et al. (1998) have already ar-
gued in a similar way the effects of bioturbation. The close correspondence between25

observed depth integrated iron content (Figs. 5 and 8) and its distribution deduced from
transfer rates (Fig. 8), gives additional support to our interpretation. Anyway, if release
and precipitation rates occur in the range as indicated by pore water data and if these
rates seem constant over time, physical sediment mixing is an essential process to
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maintain a steady-state situation in the observed system.

5 Conclusions

Controlling processes for the benthic P- and Fe-cycles in marine surface sediments
were investigated by means of pore water and solid phase analysis, balancing of re-
lease and precipitation rates, and the approach of a simple one-dimensional transport-5

reaction model. Biogenic-, Fe-, and organic-bound fractions are identified as the most
important P-pools in these sediments. Calculations of transfer rates reveal that most of
the dissolved phosphate is recently released to interstitial waters during the reduction of
iron (oxyhydr)oxides. Comparing between release and precipitation rates, however, an
apparent discrepancy is observed in the distribution of both sedimentary constituents.10

This balance approach clearly indicates the importance of particle mixing (bioturbation)
for the maintenance of such system.
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Mulitza, S., Bouimetarhan, I., Brüning, M., Freesemann, A., Gussone, N., Filipsson, H., Heil, G.,
Pape, S., Jaeschke, A., Johnstone, H., Klann, M., Klein, F., Küster, K., März, C., McGregor,10
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Table 1. Location and water depth (m), surface total organic carbon (TOC) and CaCO3 content
(wt%).

GeoB site Latitude Longitude Water depth (m) TOC (wt%) CaCO3 (wt%)

9510-3 15◦25.0′ N 17◦39.2′ W 1567 2.4 13.5
9519-6 13◦48.7′ N 17◦40.9′ W 1488 2.9 10.5
9518-4 13◦47.6′ N 17◦47.4′ W 1997 2.8 8.1
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Table 2. Summary of pore water analysis, methods and references.

Analysis Method Reference

Alkalinity Titration Anderson et al., 1999
Ammonium Conductivity Hall and Aller, 1992
Ferrous iron Photometrically Koroleff and Kremling, 1999
Manganese, sulphur ICP-OES Perkin Elmer, Optima 3000
Nitrate Photometrically Hansen and Koroleff, 1999
Phosphate Photometrically Strickland and Parsons, 1972;

Hansen and Koroleff, 1999
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Table 3. Sequential extraction steps (after Ruttenberg, 1992; Schenau and De Lange, 2000;
Latimer et al., 2006).

Step Reagents P component extracted

(1) Biogenic 25 mL 2M NH4Cl (pH 7) remaining pore water P,
exchangeable P, biogenic
apatite, apatite precursor
mineral, CaCO3-bound P

(2) Oxide-associated 25 mL citrate dithionite buffer (pH 7.5), adsorbed and reducable/
25 mL 2 M NH4Cl, 25 mL dem. water reactive Fe-bound P

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

(4) Detrital 25 mL 1 M HCl, detrital P
25 mL dem. water

(5) Organic after ignition at 550◦C organic P
25 mL 1 M HCl

(6) Opal 25 mL 1.5 M NaOH at 85◦C opal-associated P
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Table 4. Mean P concentration (g P kg−1) and percentages %.

GeoB Biogenic Oxide Authigenic Detrital Organic Opal
site P P P P P P

9510 0.17 (24) 0.21 (29) 0.05 (7) 0.08 (11) 0.21 (29) –
9519 0.25 (32) 0.20 (26) 0.04 (3) 0.09 (11) 0.20 (26) –
9518 0.15 (23) 0.22 (33) 0.03 (4) 0.03 (5) 0.17 (24) 0.07 (11)

5397

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/5373/2009/bgd-6-5373-2009-print.pdf
http://www.biogeosciences-discuss.net/6/5373/2009/bgd-6-5373-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 5373–5408, 2009

Benthic phosphorus
and iron budgets for

NW-African slope
sediments
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Table 5. MS 14C-ages (yrs BP) and corresponding sedimentation rates (SR) (cm kyr−1).

Sediment depth (cm) GeoB 9510 GeoB 9519 GeoB 9518

0–0.5 719 1113 800
4–5 1581 – 1345

7.5–10 1175 2602 2549
15–20 3200 2660 2290

SR 6.2 8.6 7.3

5398

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/5373/2009/bgd-6-5373-2009-print.pdf
http://www.biogeosciences-discuss.net/6/5373/2009/bgd-6-5373-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 5373–5408, 2009

Benthic phosphorus
and iron budgets for

NW-African slope
sediments
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Table 6. Release rates of phosphate (P) and iron (Fe) as calculated from diffusive fluxes
(mmol m−2 yr−1); Corg:Porg=350a or 106b; ∗ calculation impossible on account of artificial data.

Benthic nutrient fluxes GeoB 9510 GeoB 9518 GeoB 9519

Release of P during oxic degradation of n.d.∗ 1.7a–5.7b 1.2a–3.8b

organic matter
Release of P during denitrification 0.23a–0.77b 0.20a–0.65b 0.19a–0.62b

Total release of P during reductive n.d.∗ 4.50 3.54
dissolution of Fe-(oxyhydr)oxides
Release of P from organic matter during n.d.∗ 0.012a–0.031b 0.010a–0.033b

iron reduction
Release of Fe during reductive dissolution n.d.∗ 12.95 14.03
of Fe-(oxyhydr)oxides
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Table 7. Simplified budget of transfer rates connected with the reduction of iron (oxyhydr)oxides
assuming steady state Fe2+ release/precipitation rates;with wet bulk density: 0.4 (g cm−3);
∗calculation impossible on account of artificial data.

Parameter Unit GeoB 9510 GeoB 9518 GeoB 9519

∼SR cm kyr−1 6 7 9
Age of a 2 cm interval (∆t) yrs 333 286 222
FeCDB decrease within this g kg−1∆t−1 2.1 1.4 1.8
interval at depth of iron mg cm−3∆t−1 0.8 0.6 0.7
reduction (Fig. 7c)
Fe2+ release (cf. Table 6) mg cm−3∆t−1 n.d.∗ 6.7 5.6
Fe2+ re-oxidation mg cm−3∆t−1 n.d.∗ 5.0 4.0
FeCDB max.-surface g kg−1∆t−1 0.9 0.4 0.7
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Figures 

 

 
Fig. 1 Fig. 1. Sampling locations along the NW-African continental margin.
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Fig. 2. Depth profiles of dissolved nitrate, ammonium and sulphur, manganese, alkalinity (mmol(eq) L−1), ferrous
iron and phosphate in pore water (µmol L−1). Grey bars mark the area of reductive dissolution of iron (oxyhydr)oxides.
Dashed lines represent pore water concentrations of ferrous iron and phosphate measured in rhizon samples, shaded
area the concentrations measured in squezzer samples.
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Fig. 3. Sedimentary P distribution (g kg−1 dry sediment).
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Fig. 4. Sequential extraction of calcium and phosphorus with NH4Cl (µmol g−1 dry sediment),
multiple analyses of each sample; single dotes are the measured P values, single crosses the
measured Ca values, solid lines represent the average values of each single extraction step.
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Fig. 5. CDB extractable P and bulk Fe content, and bulk Fe reduced by the content of iron
(oxyhydr)oxides (FeCDB) in g kg−1 dry sediment.
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Fig. 6. Depth profiles of total organic carbon content (wt%), and molar Corg:Porg ratios.
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Fig. 7. (A) bulk S, (B) bulk Ca, and (C) CDB extractable Fe content (g kg−1 dry sediment).
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Fig. 8. Left: model fit to ferrous iron profile at site GeoB 9519 in comparison to the distribution
of particulate iron mineral phases (Feoxides/sulfides). Right: distribution of iron mineral phases
(Fetot, Fetot corrected to model fit) and transfer rates (negative values: release due to reductive
dissolution; positive values: fixation of dissolved iron).
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