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Abstract

Oxygen minimum zones (OMZs) that impinge on continental margins favor the release
of phosphorus (P) from the sediments to the water column, enhancing primary pro-
ductivity and the maintenance or expansion of low-oxygen waters. A comprehensive
field program in the Peruvian OMZ was undertaken to identify the sources of benthic P,5

including the analysis of particles from the water column, surface sediments and pore
fluids as well as in situ benthic flux measurements. A major fraction of solid phase P
was bound as particulate inorganic P (PIP) both in the water column and in sediments.
Sedimentary PIP increased with depth in the sediment at the expense of particulate
organic P (POP). The ratio of particulate organic carbon (POC) to POP exceeded the10

Redfield Ratio both in the water column (202±29) and in surface sediments (303±77).
However, the POC to total particulate P (TPP = POP + PIP) ratio was close to Redfield
in the water column (103±9) and in sediment samples (102±15) taken from the core
of the OMZ. This observation suggests that the burial efficiencies of POC and TPP
are similar under the low oxygen conditions prevailing in the Peruvian OMZ. Benthic15

fluxes of dissolved P were extremely high (up to 1.04±0.31 mmol m−2 d−1) and ex-
ceeded the fluxes resulting from the degradation of particulate organic matter raining
to the seabed. Most of the excess P may have been released by bacterial mats that
had stored P during previous periods when bottom waters were less reducing. At one
station located at the lower rim of the OMZ, dissolved P was taken up by the sediments20

indicating recent phosphorite formation.

1 Introduction

Phosphorus is an essential nutrient; it serves as an energy carrier for all living species
and is a limiting macronutrient for marine primary production on geological time scales
(Filippelli, 2002; Föllmi, 1996; Ingall and Jahnke, 1994; McManus et al., 1997; Paytan25

and McLaughlin, 2007; Tsandev et al., 2012). Due to its impact on marine primary
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production, the oceanic phosphorus inventory modulates the atmospheric CO2 level
and earth’s climate (Ganeshram et al., 2002; Ingall, 2010; Wallmann, 2003).

Particulate and dissolved phosphorus in the ocean originate from chemical weather-
ing of the P containing mineral group of apatite on land (Filippelli, 2002). Only around
30 % of the P discharged to the oceans is potentially bioavailable (Compton et al., 2000)5

including dissolved P phases, inorganic P phases adsorbed to the surface of clay min-
erals or associated to Mn and Fe oxyhydroxides as well as P in particulate organic
matter. However, the largest fraction of the delivered P is immediately trapped in estu-
aries or buried in continental margin sediments and thereby removed from the P cycle
before it reaches the open ocean (Compton et al., 2000). P delivery to sediments in the10

open ocean is mainly composed of organic and inorganic P forms associated with the
export of dead organic matter and other particles from the photic zone. Furthermore,
P adsorbed to minerals as Mn and Fe oxyhydroxides or carbonate fluorapatites (CFA)
is accumulated in the sediments (Delany, 1998; Faul et al., 2005; Föllmi, 1996). Addi-
tionally, P input to sediments by fish debris may be important in productive upwelling15

regions (Dìaz-Ochoa et al., 2009; Noffke, 2014; Schenau and DeLange, 2001; Suess,
1981).

P cycling is strongly affected by redox-dependent processes, due to the fact that
P is typically scavenged by Fe oxyhydroxides. Reduction of Fe oxyhydroxides during
anoxic diagenesis induces the release of phosphate across the sediment–water inter-20

face (Slomp et al., 1998; Sundby et al., 1986). Additionally, hypoxic or anoxic conditions
favor the precipitation of P in the form of CFA (Froelich et al., 1988; Goldhammer et al.,
2010; Ingall, 2010; Schenau and De Lange, 2000; Suess and von Huene, 1988). The
resulting feedback on oceanic primary production triggered by changes in P release
and P burial from anoxic sediments is still unclear. Presently, there are three opposing25

views in literature related to feedback mechanisms of the P cycling and its effect on the
oceanic and atmospheric processes: (1) intensified phosphate release from the sedi-
ments to the water column caused by an expansion of low oxygen waters (Stramma
et al., 2008) could stimulate the primary production in the surface waters (Wallmann,
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2003). This, in turn, may lead to a more intensified oxygen demand and a positive
feedback with benthic P release (Moffit et al., 2015; Slomp and Van Cappellen, 2007;
Wallmann, 2010). (2) A negative feedback scenario has been postulated based on the
precipitation of CFA minerals found in the present-day oxygen depleted upwelling ar-
eas (Arning et al., 2009a, b; Cosmidis et al., 2013; Goldhammer et al., 2010; Schulz5

and Schulz, 2005). CFA mineral formation is a major sink for bioavailable P in marine
environments (Delaney, 1998; Ingall, 2010). Hence, it is thought that the expansion of
OMZs may increase the precipitation of CFA minerals in the sediments and outbalance
the benthic phosphate release from anoxic sediments (Ganeshram et al., 2002; Gold-
hammer et al., 2010; Ingall, 2010). (3) A third scenario suggests that the formation of10

CFA is in balance with enhanced P release from anoxic sediments, implying that the
dissolved oceanic P inventory is largely unaffected by oxygen concentrations (Ander-
son et al., 2001; Delaney, 1988; Roth et al., 2014). These conflicting scenarios show
that there is further need to explore the benthic-pelagic P cycling in oxygen deficient
environments in order to enable improved predictions.15

We address this topic using a comprehensive data set from the Peruvian OMZ to
identify P sources to the sediment. Our data set comprises samples of particulate mat-
ter from the water column as well as pore water and sediment samples. We present
in situ benthic phosphate fluxes, particulate matter C/P ratios for water column parti-
cles and surface sediments and P burial fluxes for 6 stations along the depth transect20

across the Peruvian shelf at 12◦ S. From the data, we derive a mass balance for P
cycling, resolving the input of P, P burial and benthic P release.

2 Study area

The study area is located in the center of the Peruvian OMZ at 12◦ S covering the shal-
low shelf from ∼ 70 m water depth to mid-slope depths of about at ∼ 400 m (Fig. 1).25

During our sampling campaign in January 2013 neutral or slightly negative El Niño–
Southern Oscillation (ENSO) conditions dominated (http://www.cpc.ncep.noaa.gov)
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and the bottom water oxygen concentrations were below detection limit down to
∼ 450 m water depth (Fig. 1, Table 1). Below the OMZ, oxygen concentrations rise
to 19 and 53 µM at 770 and 1025 m water depth, respectively. Nitrate concentrations
were below 12 µM from 128 to 407 m water depth (Table 1). During the measuring pe-
riod, the bottom water at station I (74 m) was sulfidic and depleted in nitrate (Table 1;5

Sommer et al., 2015).
The oxygen deficient waters off Peru belong to one of the world’s most prominent

OMZs. Southeasterly trade winds that are driven by the Pacific Subtropical Anticyclone
engender offshore transport of surface waters and upwelling of subsurface waters from
the poleward propagating Peru undercurrent (PUC) (Strub et al., 1998). These water10

masses are oxygen depleted and rich in nutrients, favoring primary production of up
to 3.6 gCm−2 d−1 in surface waters (Pennington et al., 2006). As a consequence, the
intense oxygen consumption induced by the degradation of sinking particulate organic
matter and a sluggish ventilation induce the development of a strong OMZ. Based on
the definition that the oxycline of an OMZ is at ∼ 22 µM (Fuenzalida et al., 2009), the Pe-15

ruvian OMZ extends from approximately 50–700 m water depth. The greatest upwelling
strength is reached during austral winter and spring between 5 and 15◦ S (Strub et al.,
1998). The phases of strong upwelling are followed by high primary productivity rates
in austral summer. The coastal area off Peru is a highly variable regime underlying the
ENSO. Especially during positive ENSO periods coastal trapped waves emerging from20

equatorial Kelvin waves in the equatorial East Pacific occur frequently (Gutiérrez et al.,
2009 and references therein). Consequently, the thermocline and the oxycline shift for
100 m and more downwards and oxygen concentration variations from 0 to 100 µM can
occur in the timespan of days to weeks (Guitérrez et al., 2008; Schunck et al., 2013).
The shelf area above 200 m water depth is therefore characterized by non-steady state25

conditions, whereas the oxygen concentrations in the core OMZ (∼ 200–400 m water
depth) are predominantly below the detection limit of 5 µM throughout the year.

The sediments of the Peruvian OMZ have POC contents ranging from 15–20 wt. %
within the OMZ and > 5 wt. % on the shelf and below (Dale et al., 2015). The fine-
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grained, diatomaceous mud lens between 11 and 15◦ S accumulate under low PUC
bottom water velocities in 50 to 500 m water depth (Krissek et al., 1980) This favors
high sedimentation rates, carbon preservation and burial (Suess et al., 1987; Dale
et al., 2015). Further down, at mid-slope depth, a high energy regime favoring erosive
settings leads to the formation of phosphorites (Glenn and Arthur, 1988; Arning et al.,5

2009b; Reimers and Suess, 1983).

3 Methods

Sampling of water column particulate matter and sediment cores as well as the de-
ployment of the benthic landers BIGO I and II (Biogeochemical Observatories) was
conducted along the 12◦ S depth transect during the RV Meteor cruise M92 in Jan-10

uary 2013. The geographical position and water column properties for the main stations
are reported in Table 1. The dataset on in situ phosphate fluxes comprised 10 stations
from 74 to 989 m water depth. The water column particle sampling was performed at 6
stations from 74 to 407 m water depth. These stations are considered as main stations
and for consistency the stations are numbered according to the data set published in15

Dale et al. (2015). Hydrographic parameters and oxygen concentrations were obtained
by deploying a CTD/rosette equipped with a Seabird oxygen sensor (detection limit is
5 µM) calibrated by Winkler titration.

3.1 Water column particles

Particulate matter was filtered using water from Niskin bottles from the CTD/rosette20

and analyzed for total particulate phosphorus (TPP), particulate inorganic phosphorus
(PIP) and particulate organic carbon (POC) concentrations. Between three and six
water depths were sampled per station. The water was filled into 10 L cans rinsed
with ultrapure water (MilliQ) before. The cans were shaken before filtration which was
performed within 24 h after sample retrieval. Approximately 2 to 4 L of sea water were25
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filtered through pre-weighed and combusted (450 ◦C, 5 h) 0.7 µM Whatman GF/F filter
using a sea water vacuum pump and Duran bottle top filters. After filtration, all filters
were immediately frozen at −20 ◦C. At the shore-based laboratory the GF/F filters were
dried over night at 45 ◦C, and divided into 3 equal sized pieces using a scalpel. The
total filtered water volume was divided by three to calculate elemental concentrations5

on each filter section assuming homogenous coverage of particles on the filters.

3.1.1 Total particulate phosphorus (TPP), particulate inorganic phosphorus
(PIP) and particulate organic phosphorus (POP)

The determination of TPP and PIP concentrations by combustion and colorimetric
methods was described by Asahi et al. (2014), Aspila et al. (1976), Loh and Bauer10

(2000) and others. Filter segments for TPP concentration were combusted at 550 ◦C
for 90 min and afterwards soaked with 20 mL 1 N hydrochloric acid (HCl) and shaken
for 24 h at room temperature. Then, the solution was filtered and 0.35 mL triple reagent
(40 mL 9.8 N sulfuric acid, 12 mL ammonium molybdate and 4 mL potassium antimonyl
tartrate solution) and 0.175 mL ascorbic acid and 3 mL 1 N HCl were added to 0.75 mL15

of the standard. Before colorimetric measurement of phosphate at 880 nm using a Hi-
tachi U-2001 photospectrometer the standard solution was neutralized for the HCl by
0.3 mL 12.5 N sodium hydroxide (NaOH) in order to adjust the pH. Measurements were
conducted using a standard series ranging from 5 to 100 µM. The samples were mea-
sured undiluted due to low concentrations and the technical detection limit of a 1 cm20

cuvette. Hence, we used 3.75 mL of the filtered sample solution, added the reagents
mentioned above and divided the concentrations by a factor of 5 to adjust the mea-
surements to the ones of the standard series:
TPP/PIP [µmolL−1] = (measured concentration/5 · 0.02)/(1/3 of the amount of filtered
water)25

The same procedure was performed for PIP without the combustion step. The POP
concentration was calculated by the difference of the measured (as phosphate) TPP
and PIP concentrations.
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3.1.2 Organic carbon concentration

The filter sections for the analysis of POC concentration were fumed with 37 % HCl
overnight to remove inorganic carbon, dried and wrapped into tin caps. Samples were
measured by flash combustion with a Carlo Erba elemental analyzer (NA1500). The
analytical precision and detection limit amounted to 0.04 dry weight percent (%).5

3.2 Pore water and solid phase analysis

Sediment cores were recovered using video-guided multiple corers (MUC) equipped
with PVC liners with an inner diameter of 10 cm. The pore water and solid phase sub-
sampling was performed immediately after recovery in an argon-filled glove bag at in
situ sea floor temperature. The bottom water was siphoned with a plastic tube and fil-10

tered through cellulose acetate filters. Afterwards, the cores were sectioned into 0.5 cm
intervals from 0–5 cm sediment depth and 1 cm intervals afterwards. The sediment
samples were filled into centrifuge tubes and the pore water was separated from the
sediments by centrifuging for 20 min at 4500 rpm. The supernatant pore water was fil-
tered through cellulose acetate filters inside the glove bag. Samples were immediately15

analyzed for total dissolved phosphate (TPO4) and dissolved ferrous iron (Fe2+) after
pore water extraction using a Hitachi U-2001 spectrophotometer. The analyses were
performed according to the standard techniques described in Grasshoff et al. (1999).
A sediment subsample was taken from each sediment depth and stored refrigerated in
pre-weighed air-tight plastic cups to determine the water content, porosity and total or-20

ganic carbon (TOC) content. The residual sediments were stored frozen or refrigerated
for land-based analytics.

TOC content of freeze-dried and ground sediment samples was determined by flash
combustion in a Carlo Erba Elemental Analyzer (NA 1500). Solid phase TPP and
PIP concentrations were measured according to the method of Aspila et al. (1976) in25

a similar manner as described before for the water column particles. 50 mg of freeze-
dried and ground sediment were digested in 1N HCl for a minimum of 24 h to dissolve
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the sedimentary PIP phase. Sediment portions analyzed for TPP were combusted at
550 ◦C for 90 min before adding 1 N HCl. The solutions were filtered and the reagents
mentioned before were added before measurement. We used the sedimentary refer-
ence standards SDO-1 (Devonian Ohio Shale, USGS; Govindaraju, 1994) and MESS-3
(Marine Sediment Reference Material, Canadian Research Council) and replicate mea-5

surements of samples to ensure measurement accuracy. The standard series applied
to the measurements covered a concentration range from 5 to 100 µM.

To determine terrigenous P input flux to the sediments, and to calculate the TPP
burial flux, sediments were analyzed using total digestion. About 100 mg of freeze dried
and ground sediment was digested in hydrofluoric acid (40 %, supra pure), nitric acid10

(65 %, supra pure) and perchloric acid (60 %, supra pure). For measurement accuracy
the reference standards SDO-1 and MESS-3 as well as method blanks were included
in the analysis. The aluminum concentration in the digestion solutions were measured
using an inductively coupled plasma optical emission spectrometer (ICP-OES, Varian
720 ES). The relative standard deviation (RSD) for [Al] was found to be < 1 %.15

The XRD data of core 107MUC23 from 407 m water depth were obtained from ap-
proximately 1 g of freeze dried and ground sediment in the lab of the University of
Bremen.

3.3 POC in relation to various fractions of P (POC/xP ratios)

The molar POC/xP ratios (where xP = TPP, PIP and POP) of the water column par-20

ticles at stations I, IV and V were calculated from two independent sample measure-
ments per water depth. For these samples a minimum and maximum value was cal-
culated. For the other stations III, VI and VIII, it was only one sample per water depth
available. Here, we assumed an average error calculated from the duplicate measure-
ments of stations I, IV and V for each P species (Supplement). For sediment samples25

we calculated a standard deviation for each station (Supplement).
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3.4 Benthic lander fluxes

Benthic lander deployments were performed at 10 stations along the 12◦ S transect (I
to X according to Dale et al., 2015). In situ benthic fluxes were obtained using the two
BIGOs I and II (BIGO). They were equipped with two circular flux chambers (internal
diameter 28.8 cm, area 651.4 cm2) (Sommer et al., 2009). An online video-controlled5

launch system allowed precise placement of the chambers at the seafloor directly lo-
cated beneath the particle sampling stations in the water column and in proximity to
the multi-corer stations. After a 2 h rest at the seafloor during which surrounding bot-
tom water was periodically flushed into the chamber, the chambers were slowly driven
into the sediment. The BIGOs stayed for 28 h at the seafloor, while 8 water samples10

per chamber were taken via glass syringes. In order to obtain bottom water background
information, additional samples were taken every 8 h from the ambient bottom water.
Phosphate concentrations in the syringe samples were measured on board using an
auto analyzer. The standard series covered a concentration range from 0.05 to 3.5 µM.
The fluxes were calculated from the slope of linear regression of all 8 data points vs.15

the sampling time (Supplement) and corrected for the water volume in the chamber
and the dead volume of the 1 m long Vygon tubes connecting the syringes with the flux
chambers. The error caused by the dilution from the dead volume of these tubes was
calculated from the chloride concentration measured in the syringe samples. Benthic
lander TPO4 fluxes for most sites are based on two replicate chamber measurements.20

The uncertainty given for the TPO4 fluxes is the difference between the minimum and
maximum fluxes from the average of the two benthic chambers. At two stations (IV and
V), it was only possible to calculate the flux from one chamber. For further details on
the benthic flux measurements during the M92 cruise see Dale et al. (2015).
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3.5 Diffusive flux calculations

The diffusive fluxes of TPO4 and Fe2+ from the sediment to the bottom water were
calculated by applying Fick’s First Law of diffusion:

FTPO4/Fe2+ = −φDSED(d [C]/dx) (1)

where the term d[C]/dx describes the concentration gradient between the bottom water5

and the first pore water sample of the surface sediment divided by the sediment depth
(0.25 or 0.5 cm) and φ is the porosity of the surface sediment. The diffusion coefficient,
DSED, for sediments was calculated according:

DSED = DSW/θ
2 (2)

The diffusion coefficients for TPO4 and Fe2+ under standard conditions (DSW) was10

taken from Li and Gregory (1974) and corrected for the in situ temperature and pres-
sure using the Stokes–Einstein equation. The tortuosity (θ2) was derived from the sed-
iments porosity according to Boudreau (1996):

θ2 = 1− ln(φ2) (3)

3.6 Mass balance of benthic phosphorus cycling15

To investigate benthic P cycling quantitatively, a mass balance was developed consid-
ering P input, P burial, and P release. The equations for the P mass balance calcula-
tions are shown in Table 2. Under steady state conditions, the total P rain rate should
balance the P buried in the sediments and the benthic TPO4 flux (Table 2, Eq. 4). The
rain rates of particulate P delivered to the sediments are differentiated in inorganic P20

(RRPIP) (Table 2, Eq. 5) and organic P (RRPOP) (Table 2, Eq. 6). The rates were calcu-
lated using the POC/xP ratio of the water column particles that were taken as close as
possible to the sea floor at each station (2–5 m above) and the POC rain rate (RRPOC)
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(Table 4 and Supplement). RRPOC for the same stations along the 12◦ S transect were
previously calculated by Dale et al. (2015) as the sum of the measured benthic DIC
flux and the POC accumulation rate at 10 cm sediment depth. The terrigenous P input
(RRPterr) (Table 2, Eq. 7) can be estimated by multiplying the solid phase aluminum
concentration of the first sediment centimeter with the mass accumulation rate (Dale5

et al., 2015) and a P/Al ratio of 0.02 that characterizes the P/Al ratio of riverine trans-
ported particles originating from the continents (Viers et al., 2009).

The P burial flux (FPbur) (Table 2, Eq. 8) was calculated by multiplying the mass ac-
cumulation rate and the average solid phase P concentration of the first 10 sediment
centimeter. The sediment mass accumulation rate (MAR) (Table 2, Eq. 9) was calcu-10

lated from the sedimentation rate (SR in cm yr−1), dry bulk density (ρdry in g cm−3)
and the average porosity of the sediments at the lower core end (φ∞). Sedimentation
rates were determined from particle-bound 210Pbxs measurements using a modeling
approach. A detailed method description and the values used for this work are pub-
lished in Dale et al. (2015). The error derived from modeling the sedimentation rate15

was given as 20 % and propagates to all subsequent calculations where it was used.

3.7 Freeze/thaw experiments

In order to determine the amount of polyphosphate stored in sulfide-oxidizing bacteria,
foraminifera and other bacteria we conducted additional sediment experiments at all
transect stations, except station IV. Sediments from MUC corers were sliced into 1 cm20

thick slices from the surface sediment to 10 cm sediment depth. Before phosphate
analysis, sediments slices were repeatedly frozen at −80 ◦C and defrosted in order to
burst microbial cells and release the internally stored P to the pore water.

3.8 Molecular quantification of filamentous bacteria

In order to quantify the abundance of filamentous microbes at the benthic bound-25

ary layer, we used a molecular approach. Nucleic acid purification was performed on
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0.5 g sediment following established protocols (Bertics et al., 2013). DNA was quality
checked on an agarose gel and quantified using a Nanodrop spectrophotometer (Pe-
qlab, Erlangen, Germany). A 16S rDNA PCR was performed with universal primers 27F
and 1492R and obtained fragments were Topo TA cloned using the Topo TA cloning
Kit (Invitrogen, Carlsbad, USA) and Sanger sequenced as previously described (e.g.5

Löscher et al., 2012). Sequencing was carried out in the Institute of clinical molecu-
lar biology at Kiel University. Sequences were analyzed using a Clustal W alignment
tool on Mega 6 (Tamura et al., 2013) and deposited on GenBank (2015). A qPCR
primer and probe set was established using the Primer Express software (Life Tech-
nologies, Carlsbad, USA) with the forward primer 5′ AGAAGCACCGGCTAACTCTG-10

3′, the reverse primer, 5′-TCGAATTAAACCACA-3′ and the probe 829-Thioploca 5′-
GGATTAATTTCCCCCAACAT-3′ (Teske et al., 1995). Primers and probes were tested
in silico on the Silva database and cross amplification was excluded on a variety of
16S rDNA clones. The qPCRs were performed in technical duplicates on a ViiA7 sys-
tem (Life Technologies, Carlsbad, USA) as previously described (Löscher et al., 2014)15

using 1×TaqMan PCR buffer (Life Technologies, Carlsbad, USA), 100 nM TaqMan
probe, 5 pmol µL−1 of each primer, 400 ngµL−1 bovine serum albumin (to avoid PCR
inhibition without affecting standard curves or detection limits), 3 µL PCR water, and
5 µL of either standard or environmental sample. A plasmid containing the target se-
quence was used to generate a standard dilution series for absolute quantification.20

The melting temperature was set to 50 ◦C. A theoretical detection limit of 4 copies per
PCR reaction has been calculated. The results of the analysis are given in copies g−1

whereas a copy of the target 16S gene is equal to a single organism of Thioploca spp.
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4 Results

4.1 P composition of water column particulate matter

POC/POP ratios

The molar POC/POP ratios of the water column particles and of the surface sediments
were consistently higher than the Redfield ratio at all stations (Fig. 2). The average5

POC/POP ratio of the water column particles was 202±29. There was no clear trend
through the water column, except slightly increasing ratios close to the seafloor. In the
surface sediments, the ratios increased with the analyzed 0 to 6 cm of sediment depth,
except at station VIII, with an average POC/POP ratio of 303±77.

POC/PIP ratios10

The average POC/PIP ratio of the water column particles was 248±34. Similar to the
POC/POP ratios, there was no significant trend through the water column. At the ma-
jority of the stations, the ratios decreased close to the seabed. The average POC/PIP
ratio of the surface sediments was 184±34 and almost constant over depth. In the
sediments the ratios showed no significant down-core trend. At station VIII the ratio15

drastically decreased to an average of 7, similar to the POC/TPP ratios (below).

POC/TPP

The POC/TPP ratios of the water column particles and surface sediments consis-
tently ranged around the Redfield ratio, with the exception of the sedimentary ratios
at the shallowest (Sta. I, 74 m) and the deepest stations (Sta. VIII, 407 m). At station I20

the sediment measurements indicated significantly lower ratios than Redfield with an
average of 69 in the surface sediments. The average POC/TPP ratio of the surface
sediments at station VIII was 7. Close to the seabed, the POC/TPP ratios were stable
or slightly increasing, with exception of station VIII where the ratios decreased sharply.
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4.1.1 PIP and POP fractions of TPP

The PIP fraction made up a large portion (21 to 74 %) of TPP in the water column
particles (Fig. 3), as observed in previous studies (Benitez-Nelson et al., 2007; Faul
et al., 2005; Lyons et al., 2011; Paytan et al., 2003; Sekula-Wood et al., 2012). The
PIP fraction in the sediments reached 48 to 98 %. In comparison to the water col-5

umn particles, the average sedimentary PIP fraction of TPP increased at each station,
except at station VI. However, the strongest effect occurred at station VIII where the
sedimentary PIP fraction comprised 98 % of TPP. XRD data from that station revealed
that 7–16 wt. % of the sediments consisted of apatite and other phosphates (data not
shown).10

4.2 In situ benthic chamber fluxes

The benthic lander TPO4 fluxes (FTPO4
) are presented in Table 3 and Fig. 4a. Positive

fluxes are defined as directed from the sediments into the water column. The high-
est TPO4 flux along the depth transect of about 1.04±0.31 mmolm−2 d−1 occurred
at station I at 74 m water depth. Below 74 m water depth, fluxes decreased at least by15

a factor of 3 from 100 to 144 m water to 0.2–0.3 mmolm−2 d−1. Measurements at 198 m
water depth show a slightly increased TPO4 flux of 0.44±0.07 mmolm−2 d−1, while the
fluxes measured at 244 and 306 m water depth decrease to the before mentioned lev-
els. At 407 m water depth fluxes became negative, indicating a phosphate uptake by
the sediment. At the stations below the OMZ (Sta. IX, 756 m and Sta. X, 989 m wa-20

ter depth), the fluxes increased to slightly positive values, but remain low at 0.06 and
0.02±0.02 mmolm−2 d−1.

4.2.1 Comparison of benthic chamber TPO4 fluxes and diffusive TPO4 fluxes

The measured benthic chamber TPO4 fluxes and the calculated diffusive TPO4 fluxes
show large discrepancies. The diffusive fluxes are consistently higher than the benthic25
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fluxes (Fig. 4b). In contrast to the in situ measured benthic chamber TPO4 release
rates, the calculation of diffusive TPO4 fluxes relies on bottom water and pore water
PO3−

4 concentrations. A subsurface PO3−
4 peak occurs at all stations in the uppermost

depth interval at 0–0.25 cm causing a large concentration gradient between the bottom
water and the pore water PO3−

4 concentrations. The measured benthic TPO4 fluxes5

exceed the fluxes that could be triggered by the TPP by a factor of approximately 6, but
the potential TPO4 fluxes are still higher (Table 4). Hence, the diffusive TPO4 flux will
be referred to as potential TPO4 flux in the following.

4.3 TPP burial fluxes and TPP burial efficiency

The P burial fluxes reported in Table 4 decrease with increasing water depth. Station I10

has by far the highest P burial flux at 10 cm sediment depth with 0.23 mmol m−2 d−1. In
contrast the P burial efficiency at this station (Eq. 10) was comparatively low reaching
only approximately 26 %. At Station VIII, the P burial flux is 0.03 mmolm−2 d−1 and the
P burial efficiency exceeds 100 % due to the uptake of dissolved P from ambient bottom
waters.15

4.4 Molecular methods

Gene sequencing revealed that the filamentous sulfur bacteria in the surface sediments
(0–5 cm) were Thioploca ingrica. By now, Thioploca was described to have one single
16S rDNA gene. Hence, the number of copies of this gene per g sediment can be
directly translated into the abundance.20

Their abundance decreased with increasing water depth (Table 4). Its highest abun-
dance with more than 4000 copiesg−1 sediment was found at station I, decreasing by
more than a factor of 20 to 190 copies g−1 sediment at station VIII.
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5 Discussion

5.1 POC/xP ratios in water column particles and sediments

In order to characterize the fate of P in oxygen deficient waters and anoxic sediments
we determined POC/xP ratios from both environments. Previous studies were focused
either on the water column or on the sediments (Anderson et al., 2001 and references5

therein; Benitez-Nelson et al., 2004; Faul et al., 2005; Jilbert et al., 2011; Lyons et al.,
2011; Sekula-Wood et al., 2012). The present data set provides a more complete in-
sight of P compositional changes between the water column and surface sediment.
Furthermore, it allows us to more rigorously constrain the sedimentary P mass bal-
ance compared to earlier studies (Ingall and Jahnke, 1994; Kraal et al., 2012; Mort10

et al., 2010; Noffke, 2014).
Both water column particles and the surface sediments from the Peruvian OMZ have

POC/POP ratios above the Redfield ratio, indicating depletion in organic P relative to
organic C. Such deviations have been previously reported (Benitez-Nelson et al., 2004;
Faul et al., 2005; Franz et al., 2012; Loh and Bauer, 2000 and others) with different the-15

ories postulated to interpret these findings. In agreement, studies over large oxic water
columns have demonstrated preferential depletion of organic P, both in the particulate
and dissolved phases. These studies showed that phosphate diesters are preferentially
solubilized, leading to POC/POP ratios ranging from 276 to 1138, with a mean value
of 318 in diverse settings (Faul et al., 2005; Paytan et al., 2003). This was also reported20

for anoxic sediments (Anderson et al., 2001 and references therein), but there are no
indications for such an effect on particulate matter in an anoxic water column (Bentiez-
Nelson et al., 2004). Our results support this idea. We found constant POC/POP ratios
that where above Redfield from 10 m water depth to the seabed which indicates similar
degradation rates of POC and POP in the OMZ water column.25

The high POC/POP ratios exceeding the Redfield value throughout the water col-
umn may reflect the composition of the Peruvian phytoplankton communities and their
specific nutrient requirements as previously proposed by Franz et al. (2012) or may
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be induced by the microbial loop overprinting the primary phytoplankton stoichiometry
already at shallow water depths. However, it could not be excluded yet that preferential
POP over POC remineralization occurs in water depth < 10 m.

In contrast to the POC/POP ratio, water column POC/TPP ratios were close to the
Redfield ratio. This could be an effect of surface adsorbed P that was previously de-5

scribed by Sanudo-Wilhelmy et al. (2004). Those authors investigated different species
of Trichodesmium from the Atlantic Ocean. They found that the intracellular pool is
strongly depleted in P, while the intracellular and the surface adsorbed P together are
close to the Redfield ratio. Measurements of the internal P pool itself revealed strongly
elevated C/P ratios compared to Redfield ratio. Our measurements are probably point-10

ing in the same direction, but we did not differentiate between internal and external P
pools. The existence of two distinct cellular P pools could have significant implications
for studies using the Redfield model to define phytoplankton nutrient limitations. For
example, the POC/TPP ratio implies an overestimation of the fraction of biologically
available P, because TPP includes non-bioavailable phases such as detrital P (Ander-15

son et al., 2001; Faul et al., 2005). Detrital P content can comprise 15 to 40 % of TPP
in coastal areas (Filippelli, 1997). Due to the absence of measurements of the different
PIP species it is not presently possible to quantify the detrital P in our samples.

Interestingly, increasing POC/POP ratios occur close to the seabed at all stations of
the transect, with a further increase in the first sediment sample in 0–0.5 cm sediment20

depth indicating preferential POP remineralization relative to POC (Table 4, Fig. 2).
Coincident with this, there is a decrease in POC/PIP ratios between the lowest water
column sample and the surface sediments at all stations along the depth transect in-
dicating an enrichment of PIP relative to POC (Fig. 2). This observation supports the
hypothesis that organic P phases are converted into inorganic P phases which was25

previously described as sink switch effect (Faul et al., 2005; Ruttenberg and Berner,
1993). However, it remains unknown whether this process is limited to the uppermost
sediment surface or takes also place in the bottom water. Since, the particle residence
time in the bottom waters is comparable short, this effect is probably more apparent
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in the sediments. The analysis of the surface sediments along the depth transect also
suggests preferential POP over POC remineralization within the investigated upper
5 cm of the surface sediments at 5 of 6 stations as the sedimentary POC/POP ratios
increase with sediment depth at stations I, III, IV, V and VI (Fig. 2). This finding is con-
sistent with previous studies reporting preferential POP over POC remineralization in5

anoxic sediments (Ingall et al., 1993; Ingall and Jahnke, 1994; Ingall, 2010; McManus
et al., 1997; Van Cappellen and Ingall, 1996).

Sedimentary POC/TPP ratios were close to Redfield, except at the shallowest and
deepest station. Thus, the sink switching mechanism where POP is converted into
PIP while the TPP content of the sediment is conserved operates efficiently under10

low oxygen conditions. At first sight this observation seems to be inconsistent with
the hypothesis that low oxygen conditions promote the release of dissolved P from
sediments (Van Cappellen and Ingall, 1996). However, it should be noted that marine
sediments covered by oxygen-bearing bottom waters feature molar POC/TPP ratios
ranging from about 10 to 50 (Baturin, 2007). These ratios are much lower than Redfield15

because P is retained in sediments via adsorption and authigenic mineral precipitation
while POC is efficiently degraded under aerobic conditions (Wallmann, 2010). Hence,
our data set implies that a lack of oxygen eliminates the difference between POC and
TPP burial efficiency. Hence, the close to Redfield POC/TPP ratio is likely due to both
the enhanced preservation of POC in the Peruvian OMZ (Dale et al., 2015) and the20

release of dissolved P under low oxygen conditions.

5.2 P mass balance

P release rates from sediments underlying oxygen deficient waters are strongly en-
hanced compared to oxygenated marine settings, especially in the Peruvian OMZ
(Noffke et al., 2012). Nonetheless, the sources for the enhanced P release are still25

not completely identified. The widely held view is that POP raining from the water col-
umn to the sediments represents the main source for sedimentary P in high productive
areas like the Peru upwelling system (Delaney, 1998; Filippelli, 2008). Mass balance
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approaches that resolve the P regeneration vs. burial in oxygen deficient environments
by combining sedimentary data and benthic P fluxes are rare (Ingall and Jahnke, 1994;
Kraal et al., 2012; Mort et al., 2010; Noffke, 2014). These studies are all based on sed-
iment data only, that is, the external P input to the sediments is estimated or ignored.
Furthermore, the study areas were often not covered by fully anoxic bottom waters.5

Noffke (2014) presented an approach that combines measurements of solid phase P
speciation, sediment burial fluxes and benthic chamber flux measurements for a mass
balance on benthic P cycling in the Peruvian OMZ. Interestingly, the measurements on
the solid phase P speciation revealed that organic P accounted for only 18–37 % of the
total sedimentary P on the shelf and upper slope (Noffke, 2014). Furthermore, it was10

found that P bound to Fe oxyhydroxides and detrital P was of minor importance for the
total sedimentary P inventory. However, authigenic Ca-P with a high amount of fish-P
accounted for up to 47 % of the total P in sediments down to 300 m water depth and for
up to 70 % in sediments below 300 m water depth. Consequently, Noffke (2014) sug-
gested that authigenic Ca-P phases are an additional major P source besides organic15

P for benthic P release in the Peruvian OMZ.
Their mass balance approach was solely based on benthic work and has large un-

certainties regarding the particulate P input from the water column. Our approach in-
cludes the particulate organic and inorganic P input from the water column, benthic P
flux measurements and the P burial fluxes and is based on the steady state assump-20

tion that the P input has to be sufficient to maintain the benthic P flux and P burial
flux. The P mass balance calculations (Table 4) illustrate the variability in TPO4 release
and burial as well as in the magnitude of particulate organic (Fig. 5a) and particulate
inorganic P input (Fig. 5b) across the transect. Following the general assumption that
POP is the major P phase delivered to the sediments (Delaney, 1998; Filippelli, 2008),25

we first calculated whether the rain rate of POP (RRPOP) to the seafloor can account
for the measured benthic P fluxes (FTPO4

) and P burial fluxes (FPbur) (Fig. 5a, Table 4).
However, as already suggested in the first-order estimate of Noffke et al. (2012) and
in Noffke (2014), the POP fraction is by far too small to balance the measured ben-
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thic fluxes in the Peruvian OMZ. The POP rain rates calculated along the transect can
account for only 24 to 48 % of the measured TPO4 fluxes (Fig. 5a), suggesting the
likely presence of a source of inorganic P (Noffke, 2014). Similar to previous studies
(Benitez-Nelson et al., 2007; Faul et al., 2005; Lyons et al., 2011; Paytan et al., 2003;
Sekula-Wood et al., 2012), we found that the PIP fraction in water column particles5

ranging from 75 to 407 m water depth comprises between 21–74 % of TPP (Fig. 3). In
the sediments, the average PIP fraction rises to 48–98 % of TPP (Fig. 3). Furthermore,
POC and PIP were correlated (r2 = 0.74) in the water column particles indicating highly
reactive material. The mass balance approach including the particulate inorganic phos-
phorus rain rate to the seafloor (Fig. 5b) allows the depth transect to be divided into two10

sections. The first (station I, 74 m and III, 128 m) is characterized by high P input and
release rates. The calculations on the P budget show a balance between the particulate
P input, the benthic P fluxes and the P burial fluxes within the error margin (±20 %). In
transect section two (stations IV, 141 m; V, 195 m and VI, 244 m), the P input decreases
drastically (Fig. 5b, Table 4) whereas the benthic P fluxes are still comparatively high.15

The distinct mismatch in P input and P output prevails as the particulate P rain rates
only support 37 to 61 % of the measured TPO4 fluxes and calculated burial fluxes. This
leads to the question: what drives the excess TPO4 release in the core of the Peruvian
OMZ?

5.2.1 Additional P input20

Besides the P containing particulate matter raining from the water column to the sedi-
ments, there are other P sources that have to be considered. First, riverine transported
material from the continent is a source of P to the sediments. The terrigenous P input
was calculated using the mass accumulation rate of Al within the first centimeter of
sediment and an average molar P/Al ratio of 0.02 ratio for riverine suspended particles25

(Viers et al., 2009). The resulting terrigenous P flux accounts for 5–19 % of the total
P input which is insufficient to explain the observed discrepancies in the P budget of
transect section II (Table 4, Figs. 4c and 5b).
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Laterally transported particles enriched in P from the very shallow shelf could be
an additional P source (e.g. Jahnke, 1990). However, the particles would have to be
strongly enriched in P, which is not the case. In addition, this would have to be reflected
in the POC/TPP ratios of the surface sediments in transect section II (Fig. 2). The
ratios are not or only slightly enriched in TPP compared to the water column particles5

leading to the conclusion that lateral transport of P-enriched particles to the sediments
is an unlikely candidate for the missing P source.

Another alternative, is the existence of an additional PIP phase supplied by fast sink-
ing material (e.g. P containing fish scales) that was not sampled during CTD casts,
and hence is not present on our filter samples. Díaz-Ochoa et al. (2009) showed that10

fish P can make up to 20 % of the total sedimentary P inventory in the shelf sediments
of the Peruvian OMZ. Hence, the fish P input should be depicted in strongly depleted
sedimentary POC/TPP ratios compared to the water column particles which are not
found, as described above. Theoretically sediments need to be composed of particles
having POC/TPP ratios between 11±1 and 25±12 (Table 4) to maintain the mea-15

sured P release rates in transect section II. It seems unlikely that the mismatch in the
P mass balance is caused by additional particles deposited at the seabed since their
POC/TPP ratio would need to be much lower than any value observed in our data set.

5.2.2 Non steady state scenarios – internal sedimentary P pools

Besides an additional P input to the sediments from the water column, regeneration20

of particulate P within the sediment could contribute to the excess P release (Noffke
et al., 2012). This could include P released from the dissolution of Fe oxyhydroxides or
the degradation of internally stored polyphosphates by sulfide-oxidizing bacteria. Such
non-steady state scenarios can be induced by repeatedly occurring short term changes
in the bottom water geochemistry. Annual changes like El Niño and La Niña events25

as well as internally occurring Kelvin waves cause oxygenation events and influence
nutrient concentrations (Guitérrez et al., 2008).
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It is well known that the sedimentary cycles of Fe and P are strongly linked (Kraal
et al., 2015) and the reductive dissolution of Fe oxyhydroxides leads to an enhanced
PO3−

4 accumulation in the pore waters of anoxic sediments. A minimum estimate of
TPO4 released during the reduction of Fe oxyhydroxides can be calculated from the
diffusive Fe2+ fluxes and the molar Fe/P ratio that is found in Fe oxyhydroxides. The5

diffusive Fe2+ fluxes were in the range of 0.03 to 0 mmolm−2 d−1 during the M92 cruise
(Table 4). The molar Fe/P ratio of Fe oxyhydroxides is about 10 (Slomp et al., 1996).
The calculation of the minimum TPO4 release rates from Fe oxyhydroxides (Eq. 14) re-
sults in a maximum flux of 0.003 mmolPO3−

4 m−2 d−1 (Table 4, Figs. 4c and 5b), equiv-
alent to less than 5 % of the benthic P flux and burial flux.10

Another internally activated P pool is phosphate released from large sulfur-oxidizing
bacteria, e.g. Beggiatoa (Brock and Schulz-Vogt, 2011; Sannigrahi and Ingall, 2005).
These microorganisms store and release P (in the form of intracellular polyphosphate
granules) under oscillating redox conditions and therefore it is generally assumed that
they strongly affect benthic TPO4 fluxes (Brock and Schulz-Vogt, 2011; Dale et al.,15

2013; Ingall and Jahnke, 1994; Sannigrahi and Ingall, 2005; Schulz and Jørgensen,
2005). Hence, polyphosphates are an important P pool in the sediments of highly pro-
ductive upwelling areas (Kraal et al., 2015). Along the depth transect, dense mats
of sulfur bacteria Thioploca ingrica were observed on the sediments during video-
launched MUC and benthic lander deployments down to 300 m water depth (Dale20

et al., 2015). This was also previously described by Mosch et al. (2012) and refer-
ences therein. Although, it is not confirmed that Thioploca spp. has a mechanism to
store and degrade polyphosphates similar like its close relatives, the sulfur bacteria
Beggiatoa spp. and Thiomargarita spp. (Holmkvist et al., 2010; Høgslund et al., 2009),
our findings provide circumstantial indications that this is also applicable to Thioploca25

spp.
Firstly, we found that the abundance of copies of Thioploca per g−1 sediment and

the measured benthic TPO4 release rates have a linear relationship with a correla-
tion factor of r2 = 0.92 (Fig. 6). This finding may supports the suggestion that bacteria
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have a systematic control on benthic P fluxes. Secondly, a comparison of the in situ
measured benthic P fluxes and the diffusive P fluxes calculated from the difference of
the TPO4 bottom water concentration and the TPO4 pore water concentration of the
surface sediments revealed great differences (Fig. 4b). Such a difference could be ex-
plained by the lysis of bacterial cells during sample retrieval followed by the release of5

the internally stored polyphosphate pool into the pore water. Following this argument,
the diffusive P fluxes cannot be taken as real fluxes, but as a measure for potential
maximum release rates of P by Thioploca. Moreover, the potential fluxes are by far
sufficient to compensate for the missing P fraction in transect section II (ranging from
0.06±0.02 to 0.3±0.04 mmolm−2 d−1; Table 4, Fig. 4c).10

Additionally to the established pore water procedure, we carried out freeze/thaw ex-
periments to quantify the amount of P stored in sulfide-oxidizing bacteria (see method
Sect. 3.7). However using this method, it cannot be excluded that the P released during
the procedure originates also from other bacteria and foraminifera in the sediments.
The released polyphosphates from the microbial cells are rapidly hydrolyzed to or-15

thophosphate under acidic conditions (Jager and Heyns, 1998). Hence, the standard
method to determine phosphate in the pore waters using acidic reagents will likely
support the hydrolysis of polyphosphates enabling us the measure its concentration
in the pore waters after conducting the experiments. A comparison of the pore water
phosphate concentrations and the experiment results show that the amount of the ad-20

ditionally released P is as twice as high as the pore water P concentration in transect
section I and more than 10 times larger in section II (Fig. 7). Those results are coinci-
dent with the finding from the mass balance approach, where the largest discrepancies
occur in transect section II and are another indication for the bacterial impact on the
benthic P release.25

It remains to be shown how these mechanisms play out in detail (e.g. nutrient con-
centration thresholds, time scales, P release from Thioploca) and the impact on benthic
P release in oxygen and nitrate deficient environments on longer time scales. Summa-
rizing the results of the mass balance it should be noted, that even with determining
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the particulate P rain rate from the water column to the sediments, the P mass balance
for the core of the Peruvian OMZ is imbalanced and requires an additional P source to
maintain the benthic TPO4 fluxes and P burial fluxes.

5.2.3 Indications for active phosphorite formation

In contrast to the stations between 74 and 244 m water depth characterized by P re-5

lease, data of station VIII at 407 m water depth indicate the uptake of phosphate from
bottom water. To our best knowledge, this is the first time that a downward flux of dis-
solved phosphate from bottom waters into phosphorite-bearing surface sediments has
been documented by in situ benthic flux measurements.

Arning et al. (2008) presented investigations on phosphorites that were recov-10

ered from the Peruvian OMZ including a station at 12◦ S from the same water depth
(∼ 400 m) and in close vicinity to sampling station VIII. The suboxic bottom waters and
low sedimentation rates in that area seem to be favorable for phosphorite formation
close to the sediment–water interface (Arning et al., 2009b). Cosmidis et al. (2013)
suggested three mechanisms how high pore water phosphate concentrations that are15

essential for the phosphogenesis can be generated in the sediments: (1) remineraliza-
tion of organic matter mainly through bacterial sulfate reduction releasing phosphate
to the pore waters, (2) reductive dissolution of Fe oxyhydroxides and the release of
adsorbed P and (3) use of internally stored polyphosphates by large sulfide-oxidizing
bacteria. Using the same mass balance approach as presented before, we calculate20

a P accumulation rate of 33±4 mmolm−2 yr−1 at station VII where most of the P is de-
rived from ambient bottom waters (26 mmolm−2 yr−1). Hence, our data suggest that
the phosphorite nodules at this station contain phosphate that originates predomi-
nantly from ambient bottom waters. Sediments at station VIII were covered by ben-
thic foraminifera instead of mat-forming sulfur bacteria. The release of phosphate from25

frosted and defrosted samples from this site may indicate that these foraminifera are
storing large quantities of polyphosphates in their cells (Fig. 7). Contrary to the findings
of Goldhammer et al. (2010) and Schulz and Schulz (2005), our observations suggest
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that polyphosphate storing benthic foraminifera rather than bacterial mats might facili-
tate the uptake of bottom water phosphate and the formation of phosphorites at station
VIII.

The P uptake rate derived from our lander measurements may be compared to pre-
vious estimates on phosphorite growth rates in the area. However, the latter approach5

is based on the dating of phosphoric laminites and yields a P uptake rate of only
3 mmolPm−2 yr−1 for a ca. 1 Ma old nodule (Arning et al., 2009a). This difference may
be at least partly explained by the methodological difference (present flux measure-
ment vs. long-term average), however, growth rates determined on modern nodules
are broadly consistent with our flux measurements (Burnett et al., 1982).10

6 Conclusions

This study aimed to identify the P sources of benthic P release in Peruvian OMZ. We
determined the rain rates of organic particulate phosphorus and inorganic particulate
phosphorus and determined benthic P release rates and P burial fluxes.

Our calculations revealed that in nearly all cases rain rates cannot compensate mea-15

sured benthic fluxes and burial fluxes. Systematic analysis of potential P sources re-
vealed that most likely P release form sulfide-oxidizing bacteria is (periodically) increas-
ing benthic fluxes, and hence compensation for a missing P source. These bacteria
store P when terminal electron acceptors for sulfide oxidation are available and release
dissolved P during periods when these oxidants are scarce. We visited the area during20

austral summer when oxygen and nitrate levels were depleted by high export produc-
tion and respiration. It is possible that the Peruvian OMZ was less reducing prior to our
sampling period due to lower respiration rates and/or better ventilation. Thus, we pro-
pose that the bacterial mats act as a capacitor being unloaded during austral summer
and recharged during other periods of the year when bottom waters are less reducing25

which was previously proposed in Dale et al. (2013). This hypothesis could be veri-
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fied/falsified by a systematic study of the seasonality of benthic fluxes in the Peruvian
up-welling system.

In addition, measurements at the phosphorite station VIII showed clear indications
for the uptake of dissolved phosphate by the sediments facilitating phosphorite forma-
tion. Our data imply that most of the P accumulating in these authigenic minerals orig-5

inates from ambient bottom waters. Since this site was marked by a high abundance
of P-bearing benthic foraminifera we speculate that phosphate uptake and phosphorite
formation may be supported by these organisms.

POC/TPP ratios in both water column particles and sediments were close to Red-
field at most sites in the Peruvian OMZ. This observation strongly suggests that the10

burial efficiencies of POC and TPP are similar under low oxygen conditions whereas
TPP is better conserved than POC in the presence of oxygen (Wallmann, 2010). Thus,
a lack of oxygen promotes the release of dissolved P from sediments and the preserva-
tion of POC (Dale et al., 2015) until both phases are buried at a ratio similar to Redfield.

Our data support the hypothesis that benthic P release triggers a positive feedback15

loop leading to intensified primary production in the surface water and enhanced oxy-
gen demand specifically during periods where a lack of terminal electron acceptors in
ambient bottom waters promotes the release of P from bacterial mats. However, this
positive feedback is limited by the formation of authigenic inorganic P phases maintain-
ing the long-term average POC/TPP burial ratio close to Redfield.20

The Supplement related to this article is available online at
doi:10.5194/bgd-12-16755-2015-supplement.
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Table 1. Station list for the sites of the benthic lander (BIGO), multi-corer (MUC) and CTD
deployments. Also shown are the bottom water concentrations of oxygen (O2), nitrate (NO−3 )
and sulfide (H2S). The station numbers were chosen for comparability according to Dale et al.
(2015). bdl = below detection limit (5 µM).

Nr. Station Gear Date (2013) Longitude (◦W) Latitude (◦ S) Water depth (m) BW O2 (µM) BW NO−3 (µM) BW H2S (µM)

98 CTD26 14.01. 12◦13.504′ 77◦10.799′ 75
I 220 MUC39 25.01. 12◦13.531′ 77◦10.061′ 72 bdl – 33.22

110 BIGO1-2 15.01. 12◦13.506′ 77◦10.793′ 74
269 CTD79 29.01. 12◦16.690′ 77◦14.999′ 128

III 248 MUC46 27.01. 12◦16.697′ 77◦15.001′ 129 bld 0.02 –
165 BIGO2-4 20.01. 12◦16.690′ 77◦14.995′ 128
111 CTD29 15.01. 12◦18.729′ 77◦17.757′ 145

IV 36 MUC10 09.01. 12◦18.708′ 77◦17.794 145 bdl 7.1
57 BIGO1-1 11.01. 12◦18.711′ 77◦17.803′ 141
279 CTD81 30.01. 12◦21.490′ 77◦21.713′ 195

V 247 MUC45 27.01. 12◦21.491′ 77◦21.702′ 195 bdl 6.3 –
201 BIGO1-4 23.01. 12◦21.502′ 77◦21.712′ 195
92 CTD24 13.01. 12◦23.300′ 77◦24.200′ 244

VI 198 MUC34 23.01. 12◦23.300′ 77◦24.228′ 244 bdl 11.9 –
74 BIGO2-2 12.01. 12◦23.300′ 77◦24.186′ 244
66 CTD16 12.01. 12◦27.535′ 77◦29.593 414

VIII 107 MUC23 15.01. 12◦27.198′ 77◦29.497′ 407 bdl 12.1 –
207 BIGO2-5 24.01. 12◦27.207′ 77◦29.517′ 409
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Table 2. Equations for the P mass balance calculations. Results are shown in Table 4.

Equations for P mass balance calculations

P Input to the sediments (mmol m−2 d−1)

(4) Total particulate phosphorus rain rate RRTPP = RRPIP +RRPOP = FTPO4
+FPbur

(5) Particulate inorganic phosphorus rain rate RRPIP = RRPOC/
(POC

PIP

)
(6) Particulate organic phosphorus rain rate RRPOP = RRPOC/

(POC
POP

)
(7) Terrigenous P input RRPterr = Al0−1 ·MAR ·0.02

P Burial in the sediments (mmol m−2 d−1 and g m−2 d−1)

(8) Phosphorus burial flux FPbur = MAR ·P10
(9) Mass accumulation rate MAR = ρdry · (1−φ∞) ·SR

(10) TPP burial efficiency PBE = MAR · P10

RRTPP
·100

P release from the sediments (mmol m−2 d−1)
Benthic P fluxes (FTPO4

) and the potential diffusive
P fluxes were determined as descried above

(11) P release from POP degradation according to Redfield (C/P=106) FP(POP) =FDIC/106
(12) True P release from POP FP(POP) =FDIC/( POC

POP )
(13) P release from total particulate phosphorus FP(TPP) =FDIC/( POC

TPP )
(14) P release from the dissolution of FP(FE) =FFe2+/( Fe

P )
Fe oxyhydroxides (Fe/P=10, Slomp et al., 1996) FP(FE) =FFe2+/( Fe

P )
(15) P deficit to outbalance the P budget FP(deficit) = (FTPO4 =FPbur −RRTPP +RRterr +FP(Fe))
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Table 3. In situ benthic chamber TPO4 fluxes in mmol m−2 d−1 along the 12◦ S transect. The av-
erages are given where both benthic chambers were completely recovered and the uncertainty
corresponds to the mean difference between the minimum and maximum fluxes from the two
benthic chambers.

Station Water depth FTPO4

(m) (mmol m−2d−1)

I BIGO1_2 74 1.04±0.31
II BIGO1_5 101 0.35±0.01
III BIGO2_4 128 0.30±0.05
IV BIGO1_1 141 0.23a

V BIGO1_4 195 0.12a

VI BIGO2_2 243 0.44±0.07
VII BIGO2_1 306 0.26±0.04
VIII BIGO2_5 409 −0.07a

IX BIGO2_3 756 0.06a

X BIGO1_3 989 0.02±0.02

a Only one benthic flux was measured.
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Table 4. Measured and calculated parameters for the P mass balance along the 12◦ S transect.
The numbers in front of key parameters correspond to equations in Table 2.

Transect section I Transect section II Phosphorite formation

12◦ S Station I 74 m Station III 128 m Station IV 141 m Station V 195 m Station VI 244 m Station VIII 407 m

Benthic chamber TPO4 flux
(FTPO4

)* mmol m−2 d−1
1.04 ±0.31 0.3 ±0.05 0.23 – 0.12 – 0.44 ±0.07 −0.07 –

Thioploca ingrica abundancea

copies g−1 (0–5 cm sediment
depth)

4159 1687 3072 190

Benthic chamber DIC flux
(FDIC)**W mmol m−2 d−1

65.9 ±21 20.4 ±7 8 ±0.4 3.2 ±1 4.7 ±1 2.2 ±0.3

POC rain rate (RRPOC)b mmol
m−2 d−1

79.5 ±33 28.2 ±12 10.5 ±3 12.5 ±6 10.6 ±4 2.7 ±1

Sediment accumulation rate
(ωacc)b cm yr−1

0.45 ±0.09 0.2 ±0.04 0.04 ±0.008 0.1 ±0.02 0.07 ±0.014 0.01 ±0.002

Mass accumulation rate (MAR)b

g m−2 yr−1
1800 ±360 600 ±120 128 ±26 320 ±64 182 ±37 44 ±9

ratios for particulate matter from
the water column 2 to 5 m above
the sea floor:
POC:TPP 76 ±4 68 ±9 94 ±10 132 ±36 62 ±9 96 ±9
POC:PIP 197 ±17 125 ±34 291 ±79 385 ±7 217 ±34 209 ±34
POC:POP 126 ±17 149 ±29 142 ±3 214 ±87 87 ±29 178 ±29
(4) TPP rain rate (RRTPP) mmol
m−2 d−1

1.00 ±0.31 0.40 ±0.09 0.11 ±0.02 0.09 ±0.02 0.17 ±0.02 0.03 ±0.01

(5) PIP rain rate (RRPIP) mmol
m−2 d−1

0.39 ±0.14 0.22 ±0.04 0.04 ±0 0.03 ±0.02 0.05 ±0.01 0.01 ±0.01
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Table 4. Continued.

Transect section I Transect section II Phosphorite formation

12◦ S Station I 74 m Station III 128 m Station IV 141 m Station V 195 m Station VI 244 m Station VIII 407 m

(6) POP rain rate (RRPOP) mmol
m−2 d−1

0.61 ±0.18 0.18 ±0.05 0.07 ±0.02 0.06 ±0.01 0.12 ±0.01 0.01 ±0.01

(7) Terrigenous P input (RRPterr) 0.10 – 0.02 – 0.01 – 0.02 – 0.01 – 0.00 –
(8) Burial flux (FPbur) in 10 cm
sediment depth mmol m−2 d−1

0.23 – 0.08 – 0.05 – 0.05 – 0.04 – 0.03 –

Avg. Al conc. of
0–1 cm sediment depth (Al0−1)a

mmol g−1

0.99 – 0.70 – 1.10 – 0.97 – 0.72 – 0.66 –

Avg. P conc. of
first 10 cm sediment depth (P10)a

mmol g−1

0.05 – 0.05 – 0.14 – 0.06 – 0.07 – 0.2 –

(10) P burial efficiency (PBE) at
10 cm sediment depth %

26 ±8 20 ±4 47 ±8 61 ±14 21 ±3 106 ±23

(11) P release from POP degra-
dation according to Redfield
(FP(Red)) mmol m−2 d−1

0.62 ±0.2 0.19 ±0.06 0.08 ±0.01 0.03 ±0.01 0.04 ±0.02 0.02 ±0

(12) P release from POP degra-
dation (FP(POP)) mmol m−2 d−1

0.52 ±0.16 0.14 ±0.05 0.06 ±0.01 0.02 ±0.01 0.05 ±0.02 0.01 ±0

(13) P release from TPP degra-
dation (FP(TPP)) mmol m−2 d−1

0.87 ±0.17 0.3 ±0.1 0.09 ±0.01 0.02 ±0.01 0.08 ±0.02 0.02 ±0.01

Benthic diffusive TPO4 flux (po-
tential P flux)a

1.08 ±0.23 2.0 – 0.5 – 1.6 – 1.5 – – –

Diffusive Fe2+ flux (FFe2+)a 0.04 ±0.02 0.01 0.02 0.0 0.03 0.0
(14) P released from Fe oxyhy-
droxides (FP(Fe))

0.004 ±0.002 0.001 0.002 0.0 0.003 0.0

(15) Potential bacterial P release
(FP(Bact))

– – 0.15 ±0.02 0.06 ±0.02 0.3 ±0.04 –

a Measured.
b published data from Dale et al. (2015).
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Figure 1. Study area, sampling stations and O2 concentration along the 12◦ S transect.
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Figure 2. Ratios of POC to TPP, PIP and POP (POC/xP) along the 12◦ S depth transect from
water column particles and sediments from 0–5.5 cm sediment depth of station I to VIII.
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Figure 3. Average distribution of POP and PIP (%) per station in the water column particles
and in the top 5 cm of the sediments.
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Figure 4. (a) Measured benthic TPO4 fluxes at 12◦ S. The black line shows the theoretical TPO4
flux generated from organic matter remineralization with a Redfield POC/POP ratio of 106, (b)
potential TPO4 fluxes from diffusive flux calculations compared to the measured benthic TPO4
fluxes of the stations I to VIII. The black line with triangles depicts the TPO4 flux that could
be generated from the total particulate phosphorus by organic matter remineralization, (c) the
bar chart illustrates the percentages of the different P input sources and the missing P that is
needed to maintain the measured TPO4 release rates and P burial fluxes for stations IV, V and
VI of transect section II. The missing P is assumed to be supplied by sulfide-oxidizing bacteria
Thioploca ingrica.
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Figure 5. Mass balance calculations and measured benthic TPO4 fluxes [mmolm−2 d−1] for
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Figure 6. Abundance of Thioploca in cells g−1 in the first 5 cm of the sediment in correlation to
the measured benthic TPO4 fluxes. Highest abundance and TPO4 flux was found at station I.
The other data points are for the stations IV, VI and VIII (with decreasing abundance and TPO4
flux).
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