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Abstract

To reconstruct the cycling of reactive phosphorus (P) in the Bering Sea, a P
speciation record covering the last ~4 Ma was generated from sediments recovered
during Integrated Ocean Drilling Program (IODP) Expedition 323 at Site U1341
(Bowers Ridge). A chemical extraction procedure distinguishing between different
operationally defined P fractions provides new insight into reactive P input, burial and
diagenetic transformations. Reactive P mass accumulation rates (MARs) are ~20-
110 umol/cm?ka, which is comparable to other open ocean locations but orders of
magnitude lower than most upwelling settings. We find that authigenic carbonate
fluorapatite (CFA) and opal-bound P are the dominant P fractions at Site U1341. An
overall increasing contribution of CFA to total P with sediment depth is consistent

with a gradual “sink switching” from more labile P fractions (fish remains, Fe oxides,



organic matter) to stable authigenic CFA. However, the positive correlation of CFA
with Al content implies that a significant portion of the supposedly reactive CFA is
non-reactive “detrital contamination” by eolian and/or riverine CFA. In contrast to
CFA, opal-bound P has rarely been studied in marine sediments. We find for the first
time that opal-bound P directly correlates with excess silica contents. This P fraction
was apparently available to biosiliceous phytoplankton at the time of sediment
deposition and is a long-term sink for reactive P in the ocean, despite the likelihood
for diagenetic re-mobilisation of this P at depth (indicated by increasing ratios of
excess silica to opal-bound P). Average reactive P MARs at Site U1341 increase by
~25% if opal-bound P is accounted for, but decrease by ~25% if 50% of the
extracted CFA fraction (based on the lowest CFA value at Site U1341) is assumed to
be detrital. Combining our results with literature data, we present a qualitative
perspective of terrestrial CFA and opal-bound P deposition in the modern ocean.
Riverine CFA input has mostly been reported from continental shelves and margins
draining P-rich lithologies, while eolian CFA input is found across wide ocean regions
underlying the Northern Hemispheric “dust belt’. Opal-bound P burial is important in
the Southern Ocean, North Pacific, and likely in upwelling areas. Shifts in detrital
CFA and opal-bound P deposition across ocean basins likely occurred over time,

responding to changing weathering patterns, sea level, and biogenic opal deposition.
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extraction, biogenic opal, carbonate fluorapatite.



1.1 Introduction

Phosphorus is a key biolimiting nutrient that exerts a major control on marine primary
productivity over geological - and potentially shorter - time scales (Redfield, 1958;
Codispoti, 1989; Krom et al., 1991; Van Cappellen and Ingall, 1996; Cotner et al.,
1997; Tyrell, 1999; Benitez-Nelson, 2000; Filippelli, 2008). Marine productivity in the
photic zone is, in turn, a key factor for the photosynthetic sequestration of the
greenhouse gas CO; in the ocean interior and eventually in the sediments. Therefore,
the amount of bioavailable P in the photic zone may directly influence the global
carbon and nutrient cycles, and thus Earth’s climate. In the upper layer of the oceans,
P is taken up by phytoplankton that settles through the water column, is partially re-
mineralized during sinking (Paytan et al., 2003), and eventually deposited at the sea
floor (Froelich et al., 1982; Benitez-Nelson, 2000). In addition, P is delivered to the
sea floor as hydroxyapatite fish remains (Suess, 1981; Posner et al., 1984; Schenau
and de Lange, 2000, 2001; Matijevic et al., 2008), adsorbed to Fe (oxyhydr)oxides
(Einsele, 1938; Berner, 1973; Slomp et al., 1996; Delaney, 1998; Poulton and
Canfield, 2006), and as detrital P minerals (Faul et al., 2005; Paytan and Faul, 2007;
Lyons et al., 2011). Phosphorus associated with opal frustules of marine algae is
another, currently understudied, component of the oceanic P cycle where diatoms
dominate primary productivity (e.g., North Pacific, Southern Ocean) (Latimer et al.,

2006; Tallberg et al., 2008, 2009; Kister-Heins et al., 2010a; Lyons et al., 2011).

An important factor in the global P cycle is its burial into marine sediments, which
regulates the oceanic reservoir of bioavailable P. Current calculations of the pre-
anthropogenic oceanic P residence time range from 8,800 to 36,000 years, based on
different estimates of reactive marine P sources, sinks, and reservoirs (e.g.,

Ruttenberg, 1993; Delaney, 1998; Benitez-Nelson, 2000; Ruttenberg, 2001; Baturin,



2003; Wallmann, 2003, 2010). In these calculations, the sink term (i.e., the burial
rate of reactive P into marine sediments) is a major uncertainty because reactive P
phases are affected by various biogeochemical transformations at and below the

sediment-water interface.

Under oxygen-depleted conditions, organic and Fe-bound P may be released into
the water column (Ingall et al., 1993; Ingall and Jahnke, 1997) due to the inhibition of
P uptake by microbes (Géachter et al., 1988;Jilbert et al., 2011; Steenbergh et al.,
2011) and the dissolution of Fe (oxyhydr)oxides (Sundby et al., 1992; Anschutz et al.,
1998; Virtasalo et al., 2005; Jordan et al., 2008).This can result in an overall
depletion of reactive P from the sediment under anoxic conditions (Filippelli, 2001;
Algeo and Ingall, 2007; Marz et al., 2008; Kraal et al., 2010). Post-depositional
processes (“sink switching”) also affect reactive P burial on the long term by
transferring P between different particulate forms within the sediments (Ruttenberg
and Berner, 1993; Filippelli and Delaney, 1996; Delaney, 1998; Anderson et al.,
2001). Sink switching transforms P from labile phases (e.g., adsorbed/Fe-
bound/organic P) via an amorphous Ca-phosphate precursor (Van Cappellen and
Berner, 1991; Schenau et al., 2000; Gunnars et al., 2004) to diagenetically stable
authigenic carbonate fluorapatite (CFA). This process occurs in most marine
environments (Ruttenberg and Berner, 1993) and results in an increased reactive P

burial efficiency (Delaney, 1998; Wallmann, 2010).

In this study we evaluate P burial and diagenesis in Plio- to Pleistocene sediments of
the central Bering Sea. Applying a combination of quantitative geochemical analyses
and a sequential P extraction, we show how depositional and diagenetic processes
affected the fractionation of P and reactive P mass accumulation rates in the Bering

Sea. Based on available data, we estimate how the recognition and interpretation of



certain sedimentary P fractions can have wider implications for the reconstruction of
the P cycle in ocean regions comparable to the Bering Sea (i.e., high biosilica

productivity, high eolian/riverine input).

1.2 Material and Methods

Sample material was obtained in 2009 during IODP Expedition 323 to the Bering
Sea (Expedition 323 Scientists, 2010; Takahashi et al., 2011) from Site U1341
(western flank of Bowers Ridge; 54° 02.00' N, 179° 00.52’ E; ~2140 m water depth)
(Fig. 1). Sediment cores were retrieved from the United States Implementation
Organization (USIO) drill ship JOIDES Resolution by the Advanced Piston Coring
(APC, to 458 m drilling depth below sea floor, DSF) and the Extended Coring Barrel
(XCB, to 600 m DSF) systems. The composite record was established as a splice of
Holes 1341A, B and C. The age model is based on shipboard magneto- and
biostratigraphy (Expedition 323 Scientists, 2010; Takahashi et al., 2011), and revised
datums obtained by onshore biostratigraphic studies (Onodera et al., 2013).
Extrapolating linear sedimentation rates beyond the oldest datum (~3.87 Ma) results

in a maximum sediment age of ~4.3 Ma at Site U1341 (Takahashi et al., 2011).

Sediments at Site U1341 dominantly consist of biogenic opal and detrital clay to silt,
with minor sand layers, volcanic ash beds, semi-lithified authigenic carbonate layers
and biogenic carbonate (Aiello and Ravelo, 2012). Shipboard geochemical analyses
involved pore water extraction by pressure squeezing of whole rounds and
subsequent determination of iron, phosphate and alkalinity, as well as total organic
carbon (TOC) analysis. Respective methods and data are published in the IODP

Expedition 323 Preliminary Report and Proceedings (Expedition 323 Scientists, 2010;



Takahashi et al., 2011). For further geochemical analyses, ~190 sediment samples
were obtained onboard from whole-round pore water squeeze cake residues (~10
cm thickness) and discrete plastic scoop samples (2 cm thickness), and stored
frozen until further processing. Onshore, sediment samples were freeze-dried and
ground in an agate ball mill. Instantaneous freezing after onboard sampling followed
by rapid onshore freeze-drying guaranteed minimum air exposure, preventing
oxidation of pyrite and possible effects on P speciation in these samples (Lukkari et

al., 2007; Kraal et al., 2009).

Around 700 mg of each sample were mixed with 4200 mg of dilithiumtetraborate
(Li-B4O7, Spectromelt A10), pre-oxidized at 500 °C with ~1000 mg NH4NO3, and
fused to homogeneous glass beads. Glass beads were analysed for Al, Si and P
contents by wavelength-dispersive X-ray fluorescence (XRF, Philipps PW 2400).
Analytical precision and accuracy were better than 5%, as checked by in-house and
international standard materials. The Si and P data are displayed as excess element
contents relative to Upper Continental Crust (UCC; Wedepohl, 1995) to illustrate
element enrichments or depletions relative to the background sediment composition
(elementys = elementsample — Alsample * (€lement/Al)ycc) (Brumsack, 2006). Mass
accumulation rates (MAR, umol/cm?/ka) were calculated by multiplying dry bulk
densities from onboard moisture and density (MAD) measurements [g/cm®]
(Expedition 323 Scientists, 2010; Takahashi, Ravelo, Alvarez Zarikian et al., 2011)

with the respective P fraction [umol] and linear sedimentation rates [cm/ka].

To constrain the phase associations of P in Bering Sea sediments, a sequential
extraction scheme adapted from Ruttenberg (1992), Schenau and De Lange (2000),
and Latimer et al. (2006) was applied to ~100 freeze-dried sediment samples (Table

1). The extractions yield six operationally defined P fractions that are leached with



specific extraction reagents. The frequently applied and well-tested SEDEX scheme
(Ruttenberg, 1992; Ruttenberg et al., 2009) differentiates between loosely adsorbed
P, P bound to Fe (oxyhydr)oxides, authigenic apatite, detrital apatite, and organic P
(here referred to as extraction steps 1-5, respectively). Step 1 was modified by
Schenau and De Lange (2000) to determine P bound to fish remains and/or
amorphous Ca-phosphates. Latimer et al. (2006) added an extraction step for opal-
associated P (Step 6). According to Ruttenberg (1992), reactive P is defined as the

sum of all sequentially extracted P fractions without detrital apatite (Step 4).

The P extracted during steps 1, 3, 4 and 5 was analysed by the molybdate blue
method using a UV/Vis spectrophotometer (Thermo Genesys 6, 880 nm) (Strickland
and Parsons, 1972). The P extracted during steps 2 and 6 was analysed by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian Vista-
MPX). This technique was preferred for step 6 because the photometric
quantification of opal-bound P described by Latimer et al. (2006) failed due to the
strong interference of the molybdate colour complexes formed with both phosphate
and silicic acid (Henriksen, 1966; Campbell and Thomas, 1970; Neal et al., 2000).
As the studied sediments contain much more opal-bound Si than opal-bound P, this
P fraction is overestimated by photometric analyses. A photometric interference has
also been reported for the citrate-containing extraction solution used during step 2
(Lanzetta et al., 1979; Ruttenberg, 1992), and thus ICP-OES was used to determine
P in this extract. Parallel ICP-OES analysis of opal-bound P and Si failed due to Si
concentrations in the extraction solutions exceeding those of P by several orders of

magnitude.

Triplicate extractions and analyses were performed on three samples from the top,

middle and bottom of the U1341 record to test the reproducibility of the extraction



technique. The resulting relative standard deviations (RSD) range from 1 to 13%,
depending on the relative contents of the respective P fractions (Table 1). Thus,
despite the operationally-defined nature of the sequential extraction scheme
(Ruttenberg, 1992), our data are internally consistent. All data are provided as

Supplementary Information.

1.3 Results
1.3.1 Bulk element analysis

As shown in a study on the general geochemistry of Pliocene-Pleistocene Bowers
Ridge deposits (Marz et al., 2013), Al,O3 and SiO, are the main constituents of the
sediments at Site U1341 (Fig. 2). At 60-80 wt%, SiO. is clearly dominant (Fig. 2), but
with an overall decrease from older to younger sediments. The Al.O3record (2-15
wi%) shows an opposing overall trend, with values that increase upcore (Fig. 2).
Mutual dilution of SiO, and Al,Os is illustrated by a negative linear correlation
coefficient (R?) of 0.86 (Méarz et al., 2013). While the Al,O3 record documents the
input of fine-grained terrigenous siliciclastic material (e.g., clay minerals, feldspars),
the SiO, record is mostly shaped by the variable contents of biogenic opal at Site
U1341 (Aiello and Ravelo, 2012; Marz et al., 2013). The Siys record (i.e., the fraction
of Siin excess of UCC) shows consistently positive values, implying that sediments
at Site U1341 are enriched in Si relative to UCC over the last ~4.3 Ma as a result of
biogenic opal deposition (Méarz et al., 2013; Onodera et al., 2013). The intervals
between 210 and 380 m CCSF-B and below 500 m CCSF-B are the most Si-
enriched, with several Siys peaks between 20 and 35 % (Fig. 2). Total P contents

vary from 100 to 624 ppm (average of 305 ppm; UCC = 757 ppm; Wedepohl, 1995)



with a slight overall trend towards higher P contents in younger sediments.
Calculating Pys contents (analogous to Siys) results in negative values throughout
most of the record, implying that in contrast to Si, the sediments are slightly depleted
in P relative to UCC (Fig. 2). The shipboard TOC record shows an overall increase

towards younger sediments, with values mostly between 0.2 and 1.0 wt% (Fig. 2).

1.3.2 Sequential P extraction

The absolute P contents and relative contributions of each of the six sequential
extraction steps to total P are displayed against sediment depth in Figures 3 and 4,
respectively. Average contributions of the different P fractions to total P, as well as
the relative percentage of reactive P (with/without opal-bound P and detrital CFA)
against sediment depth are shown in Figure 5. Figure 6a displays reactive P MARs
(with/without opal-bound P and detrital CFA). Collectively, these figures document

the contributions of the extracted P fractions over the Site U1341 record.

Both Fe-bound P (Step 2) and organic P (Step 5) are of minor importance, with
average contents of 7 and 19 ppm, respectively (corresponding to 2 and 6% of total
P; Fig. 5a). The contribution from fish remains (Step 1) is also low over most of the
record (on average 28 ppm and 10% of total P; Fig. 5a) apart from isolated peaks
where fish remains reach up to 44% of total P, and these are also recognised in the
bulk P record (Fig. 4). The overall shape of the detrital apatite record (Step 4) is
similar to the fish remains, with mostly low values (on average 47 ppm and 16% of

total P; Fig. 5a) and some isolated maxima reaching up to 55% of total P (Fig. 4).

The overall dominant P fractions at Site U1341 are authigenic CFA (Step 3) and

opal-bound P (Step 6). Authigenic CFA contributes on average 105 ppm and 35% to



total P (Fig. 5a), with a clear trend to higher values below ~100 m CCSF-B (up to
180 ppm and 47% of total P; Figs. 3, 4). Opal-bound P averages 49 ppm and 17% of
total P (Fig. 5a), but shows highest contents in the middle part of the record (maxima
of 100 ppm and 39% of total P; Figs. 3, 4). Taken together, the contribution of
reactive P in the studied sediments (including opal-bound P) is on average 208 ppm
and 70% of total P, showing a dominance of reactive over non-reactive (i.e., detrital
mineral-bound) P at Site U1341 (Fig. 5b). Without the contribution of opal-bound P,
the reactive P contribution would be reduced to an average of 53% (Fig. 5b). The
resulting reactive P MARs at Site U1341 are 23-107 pmol/cm?/ka (including opal-
bound P) and 17-89 pmol/cm?ka (excluding opal-bound P), with average MARs of

57.5 and 43.9 umol/cm?/Kka, respectively (Fig. 6a).

Regarding relationships between the extracted P fractions and the bulk composition
of the sediment, the authigenic CFA fraction correlates positively with Al contents (R?
= 0.76), and negatively with Si,s contents (R? = 0.75; Fig. 7). In contrast, the opal-
bound P fraction is most important in the most Si-enriched samples (Figs. 2, 4), and
there is a moderate yet significant positive correlation between opal-bound P and
Sixs (R%inear = 0.53; R%ogaritmic = 0.59; Fig. 7). The average weight (molar) ratio
between Siys (i.e., opal-bound Si) and opal-bound P is ~4,290 (~4,730), with a trend
to increasing Sixs/opal-bound P ratios downcore (Fig. 6b), and a clear positive
correlation between Siys/opal-bound P ratios and Sixs contents (Fig. 7). The residual
P correlates positively with Al, but with a slightly lower correlation coefficient (R? =
0.65) than the CFA fraction (Fig. 7). The remaining P fractions show no relationships

with bulk geochemical parameters.

Comparing the sum of all extracted P fractions to the total P contents as determined

by XRF (Figs. 3 a, b), the sequential extraction steps recovered on average ~85% of



total sedimentary P. While the nature of the residual P pool is unknown, earlier
studies (Ruttenberg, 1992; Lukkari et al., 2007a; Kuster-Heins et al., 2010b) also
found that the SEDEX procedure did not extract all sedimentary P. The physical loss
of sample during the SEDEX procedure (i.e., by decanting the supernatant extraction
solution) might account for this incomplete recovery (Ruttenberg, 1992). However,
comparison with an updated version of the extraction scheme (SPExMan-SEDEX;
Ruttenberg et al., 2009) showed that a careful application of the “classical” SEDEX
protocol should not result in significant sample loss. Consequently, another
explanation for the residual P fraction at Site U1341 appears likely, particularly given
the clear positive correlation between the P recovery and the Al contents of the
samples (Fig. 7), such that the P extraction recovery was lowest in Al-rich samples,

and highest in Si-rich samples (Fig. 4).

4 1 Discussion

At IODP Site U1341, the combination of sequential P extraction and total element
analyses provides insights into the reactive and non-reactive P pools in the Plio-
Pleistocene Bering Sea sediments. Despite the obvious spatial limitation of our data-
set, the findings related to the CFA and opal-associated P fractions are transferrable
to other, comparable parts of the world ocean, and question some conceptions of the
global oceanic P cycle. Figure 8 illustrates P sources, transfer processes, and sinks
in the Bering Sea water column (photic zone, intermediate to deep waters) and
sediments (above and below ~50 m depth). Here, we discuss the different P
fractions at Site U1341 regarding reactive and non-reactive P pools, and related

paleoenvironmental conditions and processes.



4.1.1 Detrital input and the non-reactive P contribution

The non-reactive fraction of sedimentary P, defined as mineral-bound P that was not
bioavailable prior to its deposition at the sea floor and does not undergo phase
changes upon burial (Fig. 8), comprises P in well-crystallised detrital heavy minerals
(e.g., magmatic/metamorphic fluorapatite; Ruttenberg, 1992). Zhang et al. (2010)
reported detrital P as the dominant P pool in surface sediments of the shallow Bering
Sea shelf, mostly delivered by the Yukon River (Dornblaser and Striegl, 2007)
draining magmatic and metamorphic rocks. However, the delivery of riverine detrital
P to an open marine setting like Bowers Ridge requires efficient offshore transport by
strong currents, winds, and/or sea ice. This additional transport step probably

explains the overall minor contribution of detrital P at Site U1341 (Fig. 5a).

At Site U1341, the positive correlation between the non-extractable P record (in % of
total P) and the Al record (Fig. 7) indicates that the residual P pool is bound to
terrigenous sediments. Possible explanations for this relationship include incomplete
extraction of a) detrital apatite or other highly refractory P minerals (e.g., xenotime,
monazite) during Step 4, b) P bound to highly refractory non-extractable organic
material (Ruttenberg and Goni, 1997), or c) clay-bound P for which the SEDEX
method was not calibrated (Walker and Syers, 1976; Ruttenberg, 1992). All these
explanations suggest that the non-extractable P fraction was derived from a
terrestrial source and can be defined as non-reactive P, similar to the operationally

defined detrital P fraction (Fig. 8).

4.1.2 Redox and diagenetic effects on fish remains, organic P, and Fe-bound P



The quantitatively less important P phases extracted at Site U1341 are fish remains,
Fe-bound P, and organic P (Figs. 3, 4). However, this merely reflects the low
preservation potential of these P phases in the sediments, and not their probably
much larger contribution to the transfer of P from the surface waters to the sea floor
(Fig. 8) (Froelich et al., 1988; Slomp et al., 1996; Kiister-Heins et al., 2010a, b).
Numerous studies have shown that bottom water oxygen contents below ~20 yM
(Wallmann, 2010) may lead to the recycling of Fe-bound and organic P from the
sediment to the bottom waters (Ingall et al., 1993; Algeo and Ingall, 2007; Mort et al.,
2010; Jilbert et al., 2011). The southern Bering Sea exhibits an oxygen minimum
zone (OMZ), with O, concentrations of below ~50 uM extending down to Site U1341
in ~2200 m water depth (Roden, 1995; Takahashi et al., 2011). Although depth and
intensity of the OMZ likely changed with time, finely laminated sediment intervals
(Takahashi et al., 2011) and trace metal contents (Wehrmann et al., 2013) document
suboxic to anoxic sea floor conditions at Site U1341 for most of the last 4 Ma, most
likely leading to Fe-bound and organic P release from the sediments.

Upon further sediment burial, the remaining Fe-bound and organic P as well as fish
remains are transformed into stable, well-crystallised CFA via sink switching
(Ruttenberg, 2001; Paytan and Faul, 2007). At Site U1341, the pore water profiles of
iron, alkalinity and phosphate point to most intense organic matter remineralisation in
the upper ~30 m of the sediment section (Takahashi et al., 2011). Below this depth,
phosphate concentrations decrease from ~50 yM along a “concave-down” profile to
~10 uM below ~300 m sediment depth, similar to pore water phosphate profiles in
the Sea of Japan (Félimi and Von Breymann, 1992). This pore water profile
documents that sink switching and disperse CFA formation below ~30 m sediment

depth (at the expense of organic and Fe-bound P) is and was taking place at Site



U1341 (Fig. 8) (Ruttenberg and Berner, 1993; Filippelli and Delaney, 1996; Delaney,
1998; Anderson et al., 2001). At the same time, sink switching and redox-controlled
P release to the water column effectively limit our ability to reconstruct the original
accumulation rates of Fe-bound and organic P at Site U1341. Also the overall low
TOC values - which stand in contrast to the high biogenic opal contents — indicate
that significant early diagenesis has overprinted the original TOC record, as shown

by Wehrmann et al. (2013).

4.1.3 The dominance and variability of carbonate fluorapatite: Authigenic versus

detrital

As described above, sink switching is considered to be the dominant process that
leads to the formation of CFA in ocean sediments worldwide, and to the long-term
burial of P in marine deposits (e.g., Froelich et al., 1982, 1983; Ruttenberg and
Berner, 1993; Follmi, 1996; Filippelli, 2008). As this process starts within the first few
meters of the sediment column (e.g., Faul and Delaney, 2000; Klster-Heins et al.,
2010a, b), the CFA contribution to the total P pool usually increases with progressive
sediment burial (e.g., Filippelli and Delaney, 1996; Delaney, 1998; Anderson et al.,
2001). This trend is also observed at Site U1341 (Fig. 4). However, there is another
pattern superimposed on the CFA record that is evident from comparison with the Al
record; the highest contents of CFA consistently occur in Al-rich (detrital) intervals
while they are lower in the Siys-rich (biosiliceous) layers (Figs. 4, 5a). This positive
Al-CFA relationship either indicates that authigenic CFA preferential formed within
the fine-grained terrigenous sediment layers, or that CFA was delivered together with
terrigenous material from continental sources (by wind, rivers, or sea ice). The latter

explanation is favoured for several reasons: (a) If CFA formed within the Al-rich



layers due to sink switching, the labile precursor phases (Fe-bound P, organic P, fish
remains) must have been enriched in the Al-rich layers as well. However, both
organic P and fish remains were likely enriched within the biosilica-rich sediment
layers that formed due to increased productivity and export of biogenic material to
the sea floor, leaving only Fe-bound P as a labile P fraction potentially enriched in
the Al-rich sediment layers. (b) There is no significant correlation between Al and
TOC contents at Site U1341 (Fig. 2; R? = 0.16, not shown) that would indicate a
coupling of organic matter to clay mineral surfaces. (c) Even if significant amounts of
organic matter were exported to the sea floor in association with fine-grained Al-rich
detritus, this organic matter would have been more refractory than the fresh algal
material deposited within the biosilica-rich layers, and thus less likely to release
organic P compounds. (d) Authigenic phases like CFA usually precipitate where
sedimentary pore space is available, and biosiliceous deposits have higher
porosities than clay-rich terrigenous layers. We therefore conclude that the clear
positive correlation of CFA with Al at Site U1341 is due to a significant terrigenous
contribution to the CFA record. The idea of terrigenous CFA input into the ocean is
not new, and is discussed in several studies from different depositional and climatic
regimes worldwide (Fig. 9, numbers 1-18), allowing the Bering Sea to be considered

within a global perspective.

With respect to riverine CFA input, Berner and Rao (1994) found that CFA makes up
16-30% of total P in suspended and bank sediments of the Amazon River, while it
was 5-7% of total P in Lagunitas Creek (~40 km north of San Francisco, California)
(Vink et al., 1997). Compton et al. (1993, 2002) found that most CFA grains in shelf
deposits off Florida and South Africa were reworked from older phosphorites. While

no studies exist for the rivers discharging into the Bering Sea, Zhang et al. (2010)



found a CFA contribution of ~13% of total P on the Bering Sea shelf, most probably
related to the weathering and erosion of CFA-rich sedimentary rocks in the Alaskan
hinterland (Patton and Matzko, 1959; Mull et al., 1982; Parrish et al., 2001). This
river/shelf-derived CFA could have been transported to Bowers Ridge as suspension

load by currents or sea ice (Fig. 8) (Van Laningham et al., 2009).

Regarding potential eolian input of CFA to the North Pacific, Flaum (2008) and Guo
et al. (2011) found that in sediments of the Chinese Loess Plateau and Inner
Mongolia, 40-74% of total P occurs as CFA. Dust from these Asian regions is
deposited over the North Pacific (including the Bering Sea), so eolian deposition may
not only have contributed significantly to the CFA budget at Site U1341, but also to
the wider ocean region (Fig. 9) (Nakai et al., 1993; Rea, 1994; Mahowald et al.,
2011). The dominance of CFA in eolian and riverine sediment, and its imprint on the
P speciation of marine sediments, has also been described for the Mediterranean
(Eijsink et al., 2000), the Red Sea (Anderson et al., 2010), the Gulf of California and
Santa Barbara Basin (Lyons et al., 2011; Sekula-Wood et al., 2012), and the Arabian

Sea (Kraal et al., 2012).

In conclusion, a significant portion of CFA at Site U1341 appears to be terrigenous
despite the open marine location of Bowers Ridge, and this seems to be true for
marine deposits from other climatic and depositional settings as well (Féllmi, 1996
and references therein; Compton et al., 2000; Féllmi et al., 2005; Kraal et al., 2012).
Our study adds fully marine high-latitude environments to this list, providing they
receive appreciable amounts of terrigenous material by wind, sea ice, or currents.
Implications for the general interpretation of marine P records are significant (Fig. 9),
especially for the question of how much of the operationally defined reactive P was

readily bioavailable at the time of deposition.



Following the approach of Ruttenberg (2003), we estimate the average contribution
of detrital CFA at Site U1341 by assuming that the in situ formation of authigenic
CFA should be lowest directly below the sediment-water interface, and that the
detrital CFA input was invariable through time. Although the shallowest sample at
Site U1341 was taken significantly below the sediment-water interface (4.4 m CCSF-
B), its CFA contribution to total P (23.8%) is close to the minimum analysed value
(17.8% at 22.7 m CCSF-B), and is thus considered the average contribution of
detrital CFA at Site U1341. When comparing this value with the average contribution
of CFA to total P over the whole record (~35%), around 2/3 of the buried CFA at Site
U1341 would be of detrital origin. Taking the lowest CFA content of 17.8% as the
average detrital CFA background at Site U1341, the detrital contribution to the CFA
record would be on average ~50%. This more conservative estimate would still
reduce the average reactive P MAR at Site U1341 by ~25%, from 57.5 to 42.7

umol/cm?/ka (including opal-bound P) (Fig. 6a).

4.1.4 The significance of opal-bound P in biosiliceous sediments

This study shows that biogenic opal-bound P can be an important sink for reactive P
in biosilica-dominated regimes like the Bering Sea and elsewhere (Fig. 9, letters a-e).
Latimer et al. (2006) showed that in opal-rich Southern Ocean sediments (Fig. 9), the
recognition of opal-bound P significantly increased the reactive P fraction. However,
beyond the operational separation of the opal-bound P fraction, the precise nature of
this biosilica-P coupling is unclear. At Site U1341, we show for the first time that the
highest contents of opal-bound P are directly related to maxima in the Siys record

(i.e., biogenic opal) (Figs. 2, 4, 7), while in the Southern Ocean sediments studied by



Latimer et al. (2006), the relationship between biosilica content and opal-bound P
was less clear. The latter was explained by opal diagenesis at the Southern Ocean
sites, leading to partial post-depositional release of opal-associated P to the pore
waters. While opal-bound P diagenesis likely occurred at Site U1341 as well (see
below), the weak opal-P relationships observed by Latimer et al. (2006) might be
artefacts of the photometric opal-bound P quantification (Strickland and Parsons,
1972) that also posed a challenge at Site U1341 (see Material and Methods section).
Given the good Siys to opal-bound P correlation at Site U1341 (Fig. 7), we are
confident that ICP-OES analysis of the opal-bound P fraction yields more reliable

data.

Based on the correlation of opal-bound P with the Siys record, it can be assumed that
the opal-bound P record indeed documents a primary depositional signal (i.e., the
direct incorporation of opal-bound P during biogenic opal formation). There are
several possible explanations for this biosilica-P coupling: (a) Phosphorus
incorporated into biosiliceous diatom frustules as highly phosphorylated proteins
(silaffins, silacidins), which play a critical role in biosilica morphogenesis (Kroger et
al., 2002; Poulsen et al., 2003; Sumper and Kréger, 2004; Sumper and Brunner,
2008; Wenzl et al., 2008; Richthammer et al., 2011). Biosilica-bound P was also
found in soil phytoliths (Giguet-Covex et al., 2013), supporting a tight biosilica-P
coupling in the natural environment; (b) Phosphorus stored within diatom cells as
polyphosphate, which has been suggested as a major component of P cycling in
diatom-dominated aquatic systems (Diaz et al., 2008; Nunez-Milland et al., 2010;
Orchard et al., 2010; Diaz et al., 2012). (c) Organic matter-bound P protected within
the diatom frustules during organic P extraction and released upon frustule

dissolution (Latimer et al., 2006; Abramson et al., 2009). Option (b) is unlikely



because polyphosphate is originally associated with the organic tissue of the diatom
cells and seems to be quickly released during diagenesis, potentially contributing to
CFA precipitation (Diaz et al., 2008, 2012). Therefore, any polyphosphate-sourced P
would have been released during steps 3 or 5 of the sequential extraction. Option (c)
is unlikely because the protection of organic P within intact diatom frustules would be
a function of frustule preservation at the sea floor (e.g., Ragueneau et al., 2000),
which at Site U1341 was lowest in the interval with highest opal-associated P (Aiello
and Ravelo, 2012). It therefore appears that opal-bound P as a structural component
of the diatom frustules is the most likely explanation for the biosilica-P coupling at
Site U1341. To our knowledge, Si/P ratios of organic-lean opal frustules (i.e., diatom
or radiolarian cell walls without organic coating) have rarely been determined directly.
The molar Siys/opal-bound P ratios at Site U1341 (on average 4,730 mol/mol) are
orders of magnitude higher than Si/P ratios of modern whole diatom cells under
various environmental conditions (1-4 mol/mol after Tesson et al., 2009; 10-120
mol/mol after Baines et al., 2010). However, a diatom frustule cleaned with boiling
H.O, (Tesson et al., 2009) had a molar Si/P ratio of ~46, which is close to the lowest
Sixs/opal-bound P ratio of ~90 at Site U1341 (Fig. 6b), providing some confidence

that opal-bound P at Site U1341 is indeed a structural component of diatom frustules.

Irrespective of the original incorporation process(es), the P-biosilica association
appears to be at least partly preserved in the sediments at Site U1341, as indicated
by the positive correlation between both parameters. However, the Siys/opal-bound P
ratio shows a clear down-core trend to higher values, ranging from minima < 500 in
the uppermost ~40 m CCSF-B, to a maximum of ~10,000 in the lowest sample (Fig.
6b). In detail, the Sixs/opal-bound P ratio correlates positively with sediment age (R?

= 0.56) and depth (R® = 0.56), and even better with Si,s contents (R® = 0.76) (Fig. 7).



There are several possible explanations for these co-variations. The original opal-
bound P may be released with increasing sediment age and/or burial depth due to
diagenetic processes and/or opal re-crystallisation (similar to opal-bound amino
acids; King, 1974; Ingalls et al., 2003), and contribute to authigenic CFA formation.
Alternatively, variable sedimentary Siys/opal-bound P ratios could reflect differences
in Si-P uptake stoichiometry over time in response to changing environmental
conditions, e.g., variable availability of P or micronutrients, or changes in the diatom
assemblages (Baines et al., 2010, 2011). Irrespective of the specific Si-P interactions
in the water and/or sediment column, our data show that a significant fraction of the
opal-bound P pool remains stable under early diagenetic conditions, and contributes
to the long-term burial of reactive P in marine sediments. At Site U1341, the
inclusion of this opal-bound P fraction into the reactive P budget increases the
average reactive P MAR by ~25%, from 43.9 to 57.5 pmol/cm?/ka (assuming only

authigenic CFA) (Fig. 6a).

4.1.5 Terrigenous CFA, opal-bound P, and the marine reactive P budget

We have shown that at IODP Site U1341, a close relationship exists between the
CFA-bound P fraction and the detrital sediment input. There also seems to be a
strong contribution of opal-bound P to the total P pool that is directly coupled to
biogenic opal deposition. The association of these two P fractions with the detrital
and biosiliceous components of the sediment, respectively, has a significant impact
on the calculation of reactive P MARs in the central Bering Sea, and may have
important implications for our understanding of the marine P cycle as a whole (Fig. 8).

Findings based on only one sediment record from the Bering Sea cannot be directly



extrapolated to the global ocean, and thus further studies are required to fully
consider implications for the global P cycle. Nevertheless, our results agree with
other studies from various climatic and depositional environments worldwide (Fig. 9),
allowing for an initial consideration of some potential implications for the global

marine P cycle.

Comparing reactive P MARs at Site U1341 with published values from other parts of
the world ocean supports the view of Bowers Ridge as an open ocean depositional
setting, as already suggested by the generally low Al,O3 and high Siys contents (Fig.
2). Irrespective of the inclusion of opal-bound P into, and exclusion of detrital CFA
from, the reactive P budget, average reactive P MARs at Site U1341 are between
42.7 and 57.5 umol/cm?/ka, with most samples ranging between 20 and 100
umol/cm?ka (Fig. 6a). These reactive P MARs are similar to values from the
Equatorial Pacific (Filippelli and Delaney, 1994; Filippelli, 1997), the South China
Sea and Sea of Japan (Tamburini and Félimi, 2009), but 1-2 orders of magnitude
lower than values from modern upwelling areas (Arabian Sea, Peru margin; Filippelli
and Delaney, 1992; Schenau and de Lange, 2001; Tamburini and Félimi, 2009).
Comparing our data with Latimer et al. (2006), we find that reactive P MARs at
Bowers Ridge are on average 4-5 times higher than in the Southern Ocean (ODP
Sites 1089 and 1095), but the inclusion of opal-bound P increases reactive P MARs
by on average ~25% in both environments. This provides support for the suggestion
by Latimer et al. (2006) that in opal-dominated ocean regions, reactive P burial rates
might be substantially underestimated. On the other hand, Figure 9 illustrates that
many coastal upwelling areas (e.g., off California, Namibia, Morocco, the Arabian
Sea), but also open ocean environments (Equatorial Atlantic, North Pacific) may

receive significant amounts of detrital CFA via rivers and/or dust, and reactive P



MARs in those areas might have been overestimated. These issues are discussed

below in more detail.

Estimates of the oceanic P residence time (Ruttenberg, 1993; Wallmann, 2003;
Tamburini and Foéllmi, 2009; Wallmann, 2010) usually assume that the CFA fraction
extracted during Step 3 represents an authigenic (i.e., reactive) mineral phase,
formed by in situ sink switching from labile P phases that directly sampled the
dissolved marine phosphate reservoir. However, CFA eroded from sedimentary
rocks on land would not dissolve under normal marine pH and temperature
conditions (Fig. 8) (Guidry and Mackenzie, 2003; Carbo et al., 2005; Harouiya et al.,
2007; Anderson et al., 2010; Furutani et al., 2010; Savenko, 2010), and should
therefore be treated as non-reactive. Defining the CFA fraction as being exclusively
derived from the reactive P pool would lead to an overestimation of reactive P burial

rates (Compton et al., 2000; Ruttenberg, 2003; Kraal et al., 2012).

As illustrated in Figure 9, detrital CFA input appears to be highest in regions that
receive detritus from CFA-rich lithologies (e.g., from the Asian, North African and
Arabian deserts, the Inner Asian loess areas, or from black shales) (Eijsink et al.,
2000; Chernoff and Orris, 2002; Orris and Chernoff, 2002; Flaum, 2008; Anderson et
al., 2010; Furutani et al., 2010; Guo et al., 2011; Kraal et al. 2012). According to
Shemesh (1990), these CFA-containing lithologies should be Mesozoic-Cenozoic in
age, as in older sedimentary rocks the authigenic CFA is usually recrystallized to
carbonate-free fluorapatite, which would be extracted as detrital apatite sensu
Ruttenberg (1992). Figure 9 also shows that highest terrestrial CFA contents in
marine sediments were reported from permanently arid and/or cold regions with
dominantly physical weathering (e.g., deserts or polar latitudes) (Eijsink et al., 2000;

Flaum, 2008; Anderson et al., 2010; Furutani et al., 2010; Zhang et al., 2010; Kraal



et al., 2012). This seems logical, as prolonged chemical weathering under humid
conditions creates acidic soils (e.g., peat bogs, tropical soils), leading to partial
dissolution of CFA in the terrestrial environment (Walker and Syers, 1976; Smeck,
1985; Guidry and Mackenzie, 2000, 2003; Le Roux et al., 2006; Harouiya et al.,
2007). In open marine regions beyond the immediate influence of river-borne CFA,
the deposition of eolian CFA certainly plays a significant role, especially within the
Northern Hemisphere “dust belt” between ~10 and ~60°N (Prospero et al., 2002;
Maher et al., 2010). In this region, large amounts of potentially CFA-rich dust are
redistributed from the Asian, Northern African and Arabian deserts across the North
Pacific, Equatorial Atlantic and Arabian Sea, respectively (Fig. 9) (Mahowald et al.,

2008; Maher et al., 2010).

Apart from the spatial component in detrital CFA input to the modern ocean, a
temporal component can be expected as well for a number of reasons. For example,
during glacial periods, arid conditions were globally more widespread than today,
resulting in higher dust fluxes across most ocean basins (Rea, 1994; Kohfeld and
Harrison, 2001; Latimer and Filippelli, 2001). It can be assumed that more eolian
CFA was delivered to the oceans as well, which could have contributed to the high
glacial reactive P MARs observed by Tamburini and Follmi (2009) in glacial
sediments underlying the Northern Hemisphere “dust belt” (South China Sea, Sea of
Japan, Oman margin, Equatorial Atlantic) (Fig. 9). On the other hand, the potential
for detrital CFA transport especially to continental margin sediments was likely
higher during de-glacial phases; the melting of continental ice sheets caused
increased global river runoff and suspended sediment delivery (including eroded
CFA) to the coastal ocean (Marshall and Clarke, 1999; Clark et al., 2001; Menot et

al., 2006), while the flooding of continental shelves mobilised and re-deposited pre-



formed CFA in deeper marine settings (Compton et al., 2000; Filippelli et al., 2007).
We conclude that detrital CFA input to various marine environments is likely a
significant issue on glacial-interglacial timescales, but current extraction methods do

not allow a distinction between the detrital and authigenic CFA fractions.

While detrital CFA in marine sediments might lead to an overestimation of marine
reactive P burial, excluding opal-bound P from the reactive P budget will have the
opposite effect. Our Site U1341 data imply that the amount of opal deposited and
preserved at the sea floor has a direct impact on the removal of bioavailable P from
the overlying water column, although the exact opal-P binding mechanism remains
unclear (Fig. 8). This hypothesis was first established by Latimer et al. (2006) for the
Southern Ocean, and their preliminary calculations resulted in shorter oceanic P
residence times due to increased reactive P burial in the Southern Ocean. The same
should generally apply to other marine settings dominated by biosiliceous
productivity (i.e., the North and Equatorial Pacific, and upwelling areas such as off
California, Peru/Chile, Namibia, Arabian Sea; Lisitzin, 1996; Hineke and Henrich,

2011) (Fig. 9).

However, quantifying the opal-bound P sink term is complicated by the shifting
extent and geographical location of biosilica deposition with geological time (e.g.,
Cortese et al., 2004). During interglacials, for example, biosilica accumulation rates
were higher than during glacials in many parts of the world ocean (Kohfeld et al.,
2005 and references therein), and were most probably accompanied by an
increased burial of opal-associated P. On longer time scales, the Eocene was an
epoch of increased marine biosilica deposition worldwide (McGowran, 1989; Muttoni
and Kent, 2007; Moore, 2008; Stickley et al., 2008), and reactive P burial in direct

association with biosilica may have played a significant role in global nutrient



dynamics during past climate conditions. Our understanding of opal-bound P (e.g.,
occurrence, taxonomic effects, diagenetic stability) is currently too limited to quantify
its contribution to global reactive P burial in marine sediments, and further studies in
this direction are clearly needed. However, it is evident from this and other studies
that biosilica-rich sediments may contain large amounts of reactive P bound within
opal frustules, and this potentially significant reactive P sink needs to be accounted

for in future research.

5.1 Conclusions and Outlook

Our study shows that in the Bering Sea, but also in comparable modern and paleo-
environments (i.e., open marine locations, high biosilica productivity, appreciable
terrestrial input by wind/rivers/currents), a revised approach needs to be adopted for
a correct interpretation of sedimentary P records. Methodological modifications may
lead to a more complete understanding of reactive P burial over wide areas of the
global ocean, and hence of marine P dynamics. As the SEDEX scheme often does
not extract all sedimentary P, we recommend to determine the total P content
independently (i.e., by XRF or ICP-OES analysis) (Ruttenberg, 1992). This will lead
to a more realistic estimation of the reactive P contribution to the total P content. In
order to recognize potential correlations between the authigenic CFA fraction and the
terrigenous sediment component, the SEDEX scheme should be combined with a
method that picks up variations in the detrital sediment input (i.e., XRF analysis of
detrital elements such as Al and Ti, or mineralogical analyses such as X-ray
diffractometry). In combination with more advanced provenance proxies (e.g., Nd-Sr-

Pb isotopes) and detailed analyses of the isolated CFA components (e.g., by



electron microscopy), this might ultimately enable us to better distinguish between
detrital and truly authigenic CFA. In opal-rich sediments in particular, an additional
step should be added to the SEDEX procedure to extract opal-bound P (Latimer et
al., 2006). This P fraction may be an important part of the reactive P pool, and its
systematic investigation would certainly lead to an improved understanding of the
marine P cycle, in particular of the residence times of dissolved phosphate. Further
studies of detrital CFA and opal-bound P in marine sediments should cover areas
that were and are likely to be affected by these two P fractions (i.e., upwelling areas,
the North Pacific, or the Southern Ocean). Despite this spatial aspect, such studies
should also be performed on marine deposits representing extreme climate states
(e.g., glacial versus interglacial conditions during the Quaternary, or Eocene to
Cretaceous greenhouse conditions). Doing so should ultimately lead to a more
detailed understanding of the marine P cycle and its interaction with the global

climate system.
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8.1 Tables:

Table 1: Extraction scheme according to Ruttenberg (1992), Schenau and De Lange

(2000) and Latimer et al. (2006), with extraction procedures, extracted phases, and



relative standard deviations (RSD) determined by triplicate extraction of three

representative samples from Site U1341.

9.1 Figures:
Figure 1: Schematic map of the Bering Sea with IODP Site U1341 on Bowers Ridge.

Figure 2: Bulk geochemical profiles of SiO,, Al.O3, Sixs, Pxs (determined by XRF) and
TOC (shipboard data) (all in wt%) against sediment depth (meters CCSF-B). Excess
contents are calculated relative to Upper Continental Crust composition (Wedepohl,
1995), and respective records are displayed as 5-point running means (solid black

lines).

Figure 3: Records of Pys (Wt%) and extracted P fractions (fish remains, Fe-bound P,
carbonate fluorapatite, detrital fluorapatite, organic P, opal-bound P; all in ppm of dry

bulk sediment) against sediment depth (meters CCSF-B).

Figure 4: Records of Pys (Wt%) and extracted P fractions (fish remains, Fe-bound P,
carbonate fluorapatite, detrital fluorapatite, organic P, opal-bound P, residual P; all in

relative % of total P) against sediment depth (meters CCSF-B).

Figure 5: (a) Bar chart displaying the relative average contribution of the different
extracted P fractions and residual P to total P. (b) Contibutions of reactive P (= sum
of all extracted P fractions without detrital P) to total P against sediment depth
(meters CCSF-B); values are calculated without opal-bound P, all CFA authigenic
(open circles); with opal-bound P, all CFA authigenic (filled circles); with opal-bound

P, 50% detrital CFA (squares).



Figure 6: (a) Reactive P MARs (umol/cm?/ka) against sediment depth (meters
CCSF-B); values are calculated without opal-bound P, all CFA authigenic (open
circles); with opal-bound P, all CFA authigenic (filled circles); with opal-bound P, 50%
detrital CFA (squares). (c) Molar Siys/opal-bound P ratios (mol/mol) against sediment

depth (meters CCSF-B).

Figure 7: Scatter plots displaying relationships and respective correlation coefficients
(R?) between different geochemical parameters determined by XRF (Siys, Al),
sequential extraction (carbonate fluorapatite, opal-bound P, residual P),

combinations of both (Sixs/opal-bound P ratios), and sediment age/depth.

Figure 8: Schematic illustration of the Bering Sea P cycle including input pathways
(eolian, riverine); transformation and recycling processes within surface waters,
deep/intermediate waters, surface (< 50 m) and deeper (> 50 m) marine sediments;

and buried P fractions (after Ruttenberg, 2001; Slomp, 2011 and reference).

Figure 9: Global map displaying terrigenous CFA and opal-bound P sources and
sinks. Numbers in squares: Terrestrial carbonate fluorapatite (CFA) detected in loess,
dust, river suspension and sediments, marine suspended particles and surface
sediments. (1) Kraal et al. (2012); (2) Eijsink et al. (2000); (3) Anderson et al. (2010);
(4) Flaum (2008); (5)-(7) Zhang et al. (2010); (8) Berner and Rao (1994); (9) Vink et
al. (1997), Nilsen and Delaney (2005), Sekula-Wood et al. (2012); (10) Moreno et al.,
2006; (11) Li and Yu (1999), Liu et al. (2004); (12) Daessle et al. (2004); (13) Flaum
(2008), Malek et al. (2011); (14) Abed et al. (2009); (15) Bate et al. (2008); (16) Rao
and Berner (1997), He et al. (2009); (17) Guo et al. (2011); (18) Lyons et al. (2011).
Letters in circles: Opal-associated P extracted from marine sediments. (a)-(c)

Latimer et al. (2006); (d) KUster-Heins et al. (2010a); (e) this study). Asterixes:



Phosphorite deposits in high-latitude/arid regions with minimal chemical weathering
(Chernoff and Orris, 2002; Orris and Chernoff, 2002). Light gray shading: Major
sources of dust to the ocean (Northern Hemisphere “dust belt”; Prospero et al., 2002;
Maher et al., 2010). Dark gray shading: Ocean regions potentially receiving CFA-rich
dust (Mahowald et al., 2008; Maher et al., 2010). Thick dashed lines: Approximate
limits of biogenic opal deposition areas in the modern ocean (Arabian Sea, Southern

Ocean, upwelling areas, North Pacific; Lisitzin, 1996; Hiineke and Henrich, 2011).
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