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Abstract

Sedimentary burial of the essential nutrient phosphorus (P) under anoxic and sulfidic conditions is incompletely under-
stood. Here, we use chemical and micro-scale spectroscopic methods to characterize sedimentary P burial along a water col-
umn redox transect (six stations, 78-2107 m water depth) in the Black Sea from the shelf with its oxygenated waters to the
anoxic and sulfidic deep basin. Organic P is an important P pool under all redox regimes, accounting for up to 60% of P bur-
ial. We find a general down-core increase in the relative importance of organic P, especially on the shelf where P bound to iron
(Fe) and manganese (Mn) (oxyhydr)oxides is abundant in the uppermost sediment but rapidly declines in concentration with
sediment depth. Our chemical and spectroscopic data indicate that the carbonate-rich sediments (Unit I, ~3000 years, ~0—
30 cm depth) of the sulfidic deep Black Sea contain three major P pools: calcium phosphate (apatite), organic P and P that
is strongly associated with CaCO; and possibly clay surfaces. Apatite concentrations increase from 5% to 25% of total P in the
uppermost centimeters of the deep basin sediments, highlighting the importance of apatite formation for long-term P burial.
Iron(I)-associated P (ludlamite) was detected with X-ray absorption spectroscopy but was shown to be a minor P pool
(~5%), indicating that lateral Fe—P transport from the shelf (“shuttling”) likely occurs but does not impact the P burial budget
of the deep Black Sea. The CaCO3z-P pool was relatively constant throughout the Unit I sediment interval and accounted for
up to 55% of total P. Our results highlight that carbonate-bound P can be an important sink for P in CaCOs-rich sediments of
anoxic, sulfidic basins and should also be considered as a potential P sink (and P source in case of CaCOj; dissolution) when
reconstructing past ocean P dynamics from geological records.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Phosphorus (P), an essential macronutrient that helps
control marine primary productivity, is removed from mar-
ine systems by burial in the sediment. The mechanisms by
which P is sequestered in sediments are strongly dependent
on bottom water redox conditions. Understanding the
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impact of changes in bottom water oxygenation on benthic
P cycling is of great importance in light of the globally
increasing areal extent of oxygen-depleted coastal marine
systems and the importance of P availability in eutrophica-
tion (Diaz and Rosenberg, 2008; Middelburg and Levin,
2009). In addition, an accurate interpretation of variations
in P burial in paleorecords and the relation with deposi-
tional conditions benefits from an accurate understanding
of redox-dependent P burial in modern sediments (Algeo
and Ingall, 2007; Kraal et al., 2010).
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Under oxic bottom waters, dissolved phosphate
(denoted as HPO3 ™, the dominant phosphate ion at scawa-
ter pH) released during organic matter (OM) breakdown is
initially scavenged by ferric iron (oxyhydr)oxides (Fegx) in
surface sediments (Einsele, 1936; Mortimer, 1941; Slomp
et al., 1996b). This Fe-bound P is released back to the
pore-water during sediment burial as Fepx undergo reduc-
tive dissolution. Eventually, the released HPOZ; ™ precipi-
tates as authigenic P minerals at depth in the sediment or
diffuses back to the sediment surface where it typically is
either adsorbed to Fegx or escapes to the overlying water.
Under marine conditions with millimolar levels of calcium,
the accumulation of dissolved HPO;™ often leads to cal-
cium phosphate precipitation, predominantly in the form
of carbonate fluorapatite (CFA) (Van Cappellen and
Berner, 1988; Ruttenberg and Berner, 1993). Calcium phos-
phates are the stable end product of P diagenesis and con-
stitute the principal long-term P burial phase (Anderson
et al., 2001).

In addition, Fe phosphate authigenesis may play an
important role in sedimentary P sequestration. In the
absence of free dissolved sulfide (referred to here as HS™,
the dominant form at seawater pH), reductive dissolution
of Fepx can lead to the accumulation of both dissolved
Fe?" and HPO3~ and subsequent precipitation of Fe(II)-
P phases such as vivianite, Fe(Il)3(POy),-8H,0. Evidence
from modern and ancient marine systems suggests that
iron(I) phosphate authigenesis is favored under anoxic
sulfide-depleted conditions in the water column and sedi-
ment (Mérz et al., 2008a,b; Slomp et al., 2013; Hsu et al.,
2014; Egger et al., 2015); in the presence of dissolved
HS™, dissolved Fe*" is precipitated in Fe sulfides that have
little affinity for HPO3~ (Krom and Berner, 1980). As such,
the balance between Fe?™ and HS™ release into pore-waters
controls the fate of dissolved HPO3  in sedimentary
systems.

External input of metal (Fe, Mn) oxides has the poten-
tial to alter the relationship between bulk sediment geo-
chemistry and P burial mechanisms. For instance, sulfidic
deep basins within the Baltic Sea receive substantial
amounts of Fe and Mn (oxyhydr)oxides. The deposition
of Feox from adjacent, oxygenated shelf sediments and
their subsequent reductive dissolution can create Fe’'-
rich micro-environments where Fe(I[)-P authigenesis
occurs within bulk sulfidic sediment (Jilbert and Slomp,
2013; Reed et al., 2015; Dijkstra et al., 2016). Similarly,
mixed Mn(II)-Ca—carbonate—phosphate phases may form
as a result of anoxic diagenesis of sediment intervals rich
in Mn oxides that were deposited in Baltic Sea deep basins
following inflows of oxygenated waters (Suess, 1979; Jilbert
and Slomp, 2013; Dijkstra et al., 2016). These conditions, in
particular the highly dynamic oxygen regime, are rather
specific and therefore these findings may not be representa-
tive for more open marine, anoxic settings in the past and
present.

The Black Sea is well-suited to investigate the effects of
long-term euxinia on sedimentary P dynamics including
the role of Fe-P associations. It is the world’s largest

strongly stratified marine basin and its deep (bottom)
waters have been sulfidic for thousands of years (Wilkin
et al., 1997). Surface sediments in the deep Black Sea con-
sist of an upper layer of laminated coccolith ooze (Unit I,
2.7 ka—present), underlain by a less CaCOs-rich, dark-
colored sapropel (Unit II, 7.6ka-2.7 ka) (Degens and
Ross, 1974; Hay et al., 1991; Arthur and Dean, 1998;
Eckert et al., 2013). While the sediments of the Black Sea
have been studied extensively for decades, there is surpris-
ingly little information on sedimentary P burial. In the
two only studies presenting detailed sediment P speciation
so far, Dijkstra et al. (2014) and Ruttenberg (1990) reported
significant amounts of P apparently present as Fe-
associated P (up to 25% of total P) in sediments of the deep
basin below more than 2000 m of sulfidic waters. Dijkstra
et al. (2014) proposed that this P might be in the form of
intra-cellular Fe(II)-P minerals formed within bacteria
which were thus shielded from the sulfidic pore waters in
which Fe(II)-P is thermodynamically unstable. In contrast
to the sediment, Fe-P cycling in the water column of the
Black Sea is relatively well-understood. Mixed Fe-Mn
(oxyhydr)oxide phases that adsorb HPOj  form above
and within the redoxcline around 100 m water depth
(Shaffer, 1986; Dellwig et al., 2010). The potential for this
shuttle to deliver Fe-Mn-P minerals to deep sediments is
unclear, but is assumed to be negligible due to reductive dis-
solution of the oxide phases in the sulfidic waters below the
redoxcline (Dellwig et al., 2010). Overall, it is unclear what
role Fe(II)-P minerals play in P burial under long-term sul-
fidic conditions.

In addition, the impact of anoxia on CFA formation is
still incompletely understood (Tsandev et al., 2012;
Lomnitz et al., 2015). While a limited organic matter flux
can explain the lack of authigenic Ca—P formation in some
anoxic deep sea settings, such as the Mediterranean Sea
during sapropel formation (Kraal et al., 2010; Reed et al.,
2011), other factors, such as a high alkalinity have been
invoked to explain the lack of Ca—P formation in more pro-
ductive regions (Schenau et al., 2000). Organic-rich sedi-
ments with very little CFA formation have been observed
in for instance sulfidic deep basins in the Baltic Sea (Mort
et al., 2010) and strongly reducing estuarine sediments
(Kraal et al., 2015b). On the other hand, anoxic sediments
from oxygen minimum zones host extensive apatite (and
phosphorite) formation (Froelich et al., 1988; Schenau
et al., 2000; Schulz and Schulz, 2005; Kraal et al., 2012).

Here, we investigate the cycling and burial of P in Black
Sea sediments along a depth transect from the shelf with
oxygenated bottom waters (78 m  water depth,
150 pmol O, kg™") to the anoxic and sulfidic deep basin
(2107 m water depth). Detailed chemical characterization
of the pore-water and of solid-phase Fe, P and S pools
was combined with micron-scale X-ray fluorescence ele-
ment mapping (LXRF) and X-ray absorption spectroscopy
(XAS) for Fe and P speciation. We show that besides authi-
genic apatite and organic P, P adsorbed onto CaCO; can
represent a key P burial phase in sediments of anoxic and
sulfidic basins.
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2. MATERIALS AND METHODS
2.1. Sample collection and core processing

During a research cruise with RV Pelagia between June
7 and 23 in 2013, the water column and surface sediment
were sampled at six stations along a depth transect in the
northwestern Black Sea. The transect extended from the
deep sea (2107 mbss) to the shelf (78 mbss) (Fig. 1). Physi-
cal properties of the water column were measured with a
temperature—conductivity—density (CTD) profiler, to which
a Seabird SBE43 oxygen optode was attached for dissolved
0O, measurements.

Multi-cores at all stations were collected using polycar-
bonate tubes of 60 cm length with an inner diameter of
10 cm. Between 26 and 46 cm of sediment was recovered
with overlying water. General sediment properties and a
generalized core description based on visual inspection are
presented in Table 1. After ensuring that the sediment sur-
face was intact, cores were immediately capped with rubber
stoppers and vertically transferred into a N,-purged
oxygen-free glovebox. A 20-mL sample of the overlying
water was taken, the remaining overlying water was
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44°N

42°N

25

siphoned off, and the sediment core was sectioned into
intervals between 0.5 and 4 cm thickness, with the resolu-
tion decreasing with depth. About 15 mL of wet sediment
from each interval was transferred into a pre-weighed glass
vial that was stored in an anoxic jar at —20 °C prior to the
on-shore water content determination and solid-phase anal-
yses as described below. The remaining material was trans-
ferred into 50 mL polypropylene centrifuge tubes. The
closed centrifuge tubes were centrifuged at 4500 rpm for
20 min, and immediately transferred back into the
oxygen-free glovebox where the supernatant was filtered
over a 0.45 um Teflon filter. The bulk pore-water was used
for various on-board and on-shore analyses, as described
below.

2.2. Chemical pore-water and solid-phase analyses

In the oxygen-free chamber, various aliquots of pore-
water were taken from the bulk pore-water sample for anal-
yses (Table 2). Dissolved phosphate, ammonium, nitrite,
nitrate, total sulfide (HS™ + H,S, denoted here as HS")
and inorganic carbon were quantified on-board with a
QuAAtro autoanalyzer (Seal Analytical). The pore-water
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Fig. 1. Map of Black Sea area with sampling stations 2—7 along the transect from the deep sea to the shelf. Black square in top panel is shown
as zoom in bottom left panel with station locations. Bottom right panel shows approximate bathymetry and dissolved oxygen and sulfide
profiles. Top and bottom left panels were adapted from Ocean Data View 4 (Schlitzer, 2015).



Table 1

bottom water). The original station numbers were kept for easy comparison with upcoming studies from the same research

expedition. Temperature from CTD profiler, oxygen and sulfide from deepest Niskin bottle of CTD/Rosette sampler (depth between parentheses). Station 6A and 6B data from same CTD cast.

General properties of coring locations and retrieved cores (BW

Sediment description

Core length (cm)

26

BW HS™ (umol L)

BW O, (umol kg™?!)

166.3

BW T (°C)

7.8

Depth (mbss)

78

Coordinates (lat., long.)

43°53.8' N

Station

Gray clay with shell banks

(75 mbss)

10.7

28°58.6' E

Gray clay with shell banks, brown surface

layer

26

8.5

120

43°44.1' N

(125 mbss™)

10.7

30°04.4' E

Gray clay with shell banks

9.5

8.5

130

43°42.8' N

6B
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30°05.1" E

(125 mbss)

b.d.

Laminated mud with fluffy top layer

46

82

8.8

371

43°40.6' N

30°07.5' E

(300 mbss)

b.d.

Laminated mud with fluffy top layer

40

381

9.0

1100

43°31.8' N

(1000 mbss)
b.d.”

30°15.5' E
42°4.8' N

Laminated mud with fluffy top layer

36

418

9.1

2107

(2000 mbss)

29°40.7 E

% CTD depth deeper than station depth; coring location was shifted slightly after CTD to capture the Mn particle maximum.

® Below the detection limit of O, optode of ~0.5 & 5 umol kg~".

N/P ratio was calculated as the ratio between NH; + NO;
~+ NO35 and HPO3 ™. To avoid H,S loss, the aliquot for
sulfide analysis was transferred into a 8§ mmol L~' NaOH
solution immediately after filtration. Dissolved sulfate con-
centrations were measured by ion chromatography (Dionex
ICS-3000) on-shore at Utrecht University.

Also on-shore, the frozen wet sediment samples in the
glass vials were weighed, freeze-dried and immediately
transferred to an oxygen-free glovebox. The vials were then
closed and transferred out of the glovebox to be weighed to
determine water content from weight loss. Subsequently,
the vials were transferred back into the glovebox to be man-
ually ground with an agate mortar and pestle. A 0.3 g sub
sample of the ground sediment was decalcified by two
washes with 1 M HCI (4 h and 12 h) followed by two rinses
with ultrapure water. The sediment residue was freeze-dried
and organic carbon (C,,,) content was quantified with a
CNS analyzer (Fisons Instruments NA 1500). A second
sub sample of 0.125 g was used for total solid-phase analy-
sis after acid digestion. The sub sample was digested in
SmL of a mixture of concentrated HNO;, HCIO, and
HF at 90 °C. After evaporation of these acids at 160 °C,
the residue was dissolved overnight at 90°C in 1M
HNOs;, and Al, Ca, Fe, Mn, P and S were determined by
ICP-OES (Perkin Elmer Optima 3000) in the final solution.
Calcium carbonate was calculated on weight basis from
total Ca contents after correction for clay-associated Al:
CaCO3; =2.5 x (Ca — 0.345 x Al) (Turekian and
Wedepohl, 1961; Reichart et al., 1997).

Two separate sub samples of the ground sediment of 50
and 100 mg were used for sequential extraction of Fe
(Poulton and Canfield, 2005; Claff et al., 2010) and P
(Ruttenberg, 1992). The extraction steps are detailed in
Table 3 and 4. The Fe and P extractions were performed
under oxygen-free conditions to prevent artifacts due to sam-
ple oxidation (Kraal et al., 2009; Kraal and Slomp, 2014). In
addition to the sediment samples, we also subjected synthetic
vivianite and CaCOs-bound P to sequential P extraction (for
details on synthesis, see Appendix A). The P concentrations
in all extracts except the buffered citrate-dithionite extracts
were measured with the molybdenum blue colorimetric
method (Murphy and Riley, 1958). The citrate-dithionite
extracts were analyzed for Ca, Fe, Mn and P by ICP-OES.
Reactive P was calculated as total P minus detrital P. The
ratio between organic C and reactive P (Coyo/Preactive) Was
calculated as an indicator of sedimentary P burial efficiency.
Assuming reactive P is delivered mostly in organic matter,
Corg/Preactive Values above the Redfield ratio of 106 suggest
loss of P from the sediment relative to organic carbon
(Ingall and Jahnke, 1994; Kraal et al., 2010).

The total Fe concentrations in all extracts except the
CDB solutions were determined with the colorimetric
phenanthroline method (APHA, 2005). In the HCI extracts
from step 1 of the Fe extraction procedure, Fe** and total
Fe were determined by measuring absorbance before and
after adding the hydroxylamine-hydrochloride reducing
agent that converts any dissolved Fe*t to Fe*". The Fe*"
concentration was then calculated as the difference between
total Fe and Fe?". The CDB solutions were analyzed by
ICP-OES.
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Table 2

Pore-water sample treatment and analysis.

Analyte (sample volume) Pre-treatment Storage (°C) Measurement

HPO3~ Acidified to pH ~ 1 with 5 M suprapur HCI 4 Autoanalyzer
(on-board)

NHZ{, NO;, NO3 None 4 Autoanalyzer
(on-board)

HS™ Diluted 4x in degassed 8 mmol L~! NaOH 4 Autoanalyzer
(on-board)

DIC Diluted 10x in degassed 25 g L' NaCl 4 Autoanalyzer
(on-board)

SOz~ Diluted 10x in ultrapure water 4 Ton chromatography

(Utrecht Univ.)

The sum of the extracted Fe phases is termed highly
reactive Fe (Feyg): iron that has already reacted with sul-
fide and Fe phases that are reactive towards dissolved sul-
fide on geologically short timescales (years to millennia)
(Canfield et al.,, 1992; Raiswell and Canfield, 1998;
Poulton and Canfield, 2005). Because of uncertainty
regarding the partial dissolution of magnetite in the HCI
and CDB solutions (step 1 and 2 of sequential Fe extrac-
tion), the CDB-Fe and oxalate-Fe are collectively referred
to as crystalline Fe(IIl) (oxyhydr)oxides. The difference
between total Fe as measured by acid digestion and Feygr
represents poorly reactive and unreactive Fe (here jointly
termed Fepgr). The degree of pyritization (DOP) was calcu-
lated here as the fraction of highly reactive Fe that was pre-
sent as HNOs-Fe: DOP = pyrite-Fe/Feyr, a slight
alteration of the original formulation of DOP = pyrite-
Fe/(pyrite-Fe + acid-soluble Fe) (Berner, 1970; Raiswell
et al., 1988).

On a subset of samples from all stations, reduced inor-
ganic sulfur (RIS) pools were determined using a slight
modification of the sequential extraction method of
Burton et al. (2011), as described by Kraal et al. (2013).
The method separates RIS into acid-volatile sulfide (AVS;
6 M HCI, 24 h), elemental sulfur (S°; reagent-grade metha-
nol, 16 h) and chromium-reducible sulfide (CRS or pyrite-
S; chromous chloride in 32% HCI, 48 h). Acid-volatile sul-
fide gives an estimate of Fe monosulfide, FeS (Rickard and

Table 3

Morse, 2005). The sulfide released as H,S during AVS and
CRS extraction was trapped as ZnS in alkaline Zn acetate
traps. Sulfide content of the traps was determined by iodo-
metric titration. Elemental sulfur was quantified by the
cyanide-ferric chloride colorimetric method (Bartlett and
Skoog, 1954).

Sediment weights used in the calculation of all solid-
phase concentrations were corrected for salt content: the
weight of salt as calculated from gravimetric water content
and salinity was subtracted from the dry weight of freeze-
dried sediment.

2.3. Micro-scale element mapping and X-ray absorption
spectroscopy

A multi-core from station 2 (2169 mbss) was used for
resin embedding under anoxic conditions following the
method by Jilbert and Slomp (2013). The embedding proce-
dure and preliminary sample preparation for synchrotron-
based micro-scale analyses are described in Appendix A.

The top part of the resin-embedded core top (0-1 cm,
1 cm diameter) was transported in a gas-tight, N,-filled Al
laminate bag (Gruber Folien GmbH, Straubing, Germany)
to beamline ID21 (X-ray microscopy) of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.
The design of the beamline is described by Salomé et al.
(2013). Micro-scale element maps were collected from areas

Chemicals and target phases of the sequential Fe extraction procedure, a combination of extraction steps presented in Poulton and Canfield

(2005) and Claff et al. (2010).

Extractant (extraction time) Target phase

Term Reference

1 mol L™! HCI, pH 0 (4 h)

monosulfide
0.35mol L™ acetic acid/0.2 mol L™!
Nas-citrate/50 g L~! Na dithionite, pH
4.8 (4h)
0.17 mol L' NH, oxalate/0.2 mol L'
oxalic acid, pH 3.2 (6 h)

65% HNO; (2 h) Pyrite

Poorly ordered or pH-sensitive Fe(11) and Fe(III)
minerals, such as ferrihydrite, Fe carbonate and Fe

Crystalline oxide minerals (goethite, hematite)

Recalcitrant oxide minerals (magnetite)”

HCI-Fe(Il) and  Claff et al. (2010)
HCI-Fe(III)

CDB-Fe; Poulton and Canfield
crystalline Fe (20095), Claff et al.
(1n)° (2010)

oxalate-Fe®; Poulton and Canfield
crystalline Fe (2005)

(1n®°

HNOs-Fe Claff et al. (2010)

* Due to likely partial dissolution of magnetite in 1 M HCI (Poulton and Canfield, 2005) and the acetic acid—citrate-dithionite solution
(Claff et al., 2010), this likely only represents the most recalcitrant magnetite.
® In light of the above uncertainty, CDB-Fe and oxalate-Fe are collectively referred to as crystalline Fe(II).
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Table 4

Chemicals and target phases of the sequential P extraction procedure, a streamlined version of the SEDEX procedure of Ruttenberg (1992),
i.e. with all H,O wash steps and selected MgCl, steps removed (Slomp et al., 1996a).

Extraction (extraction time) Target phase Term

1 mol L~ MgCl, brought to pH 8 (0.5 h) Exchangeable P Exchangeable P
0.3 mol L™! Naj citrate/1 mol L' NaHCO;/25g L™ Na P bound to easily reducible Fe(III) (oxyhydr)oxides, CDB-P*
dithionite, pH 7.6 (8 h)* vivianite® (Fe(IT)3(PO.),-8H,0)

1 mol L™! Na acetate buffered to pH 4 with CH;COOH Carbonate fluorapatite, hydroxyapatite Ca-P

(6 h)il

1 mol L™" HCI (24 h) P in detrital minerals Detrital P
Ashing residue at 550 °C (2 h), followed by 1 mol L' HCl P in organic matter Organic P

(24 h)

* Followed by 1 mol L™' MgCl, (adjusted to pH 8 with NaOH) wash step to extract P that was resorbed during extraction.
® Potential for vivianite dissolution in this solution shown by Nembrini et al. (1983) and Dijkstra et al. (2014).
¢ Because of the potential of CDB to extract P phases other than Fe-P, the general term CDB-P is used.

of interest and selected Fe and/or P-rich regions were ana-
lyzed with spot X-ray absorption spectroscopy across the
Fe K edge from 7.00 to 7.65 keV (extended X-ray absorp-
tion fine structure, Fe EXAFS) or across the P K edge from
2.13 to 2.40 keV (X-ray absorption near-edge spectroscopy,
P XANES) in fluorescence mode. Further details can be
found in Appendix A.

3. RESULTS
3.1. General sediment properties

The C,,; content of surface sediments (0-2 cm sediment
depth) from the stations >377 mbss was on average 5-7 wt.
%. The stations located closer to and above the redoxcline
had a lower C,,, content of on average 1-2 wt.% (Fig. 2).
Aluminum contents were highest at intermediate depths:
34 wt.% between 120 and 377 mbss, decreasing to values
<2 wt.% at the shallowest and deepest stations. Aluminum
contents were consistently lower in surface sediments com-
pared to whole-core averages. Calcium carbonate contents
showed a reverse trend with water depth compared to Al
contents, with lowest contents at intermediate depths.

Manganese (Mn) was strongly enriched in surface sedi-
ments overlain by oxygenated waters (<130 mbss) and in
particular at station 6A located within the redoxcline,
where contents ranged up to ~750 umol Mn g~'. The Mn
enrichments were restricted to the upper 1 cm of the sedi-
ment and declined rapidly with sediment depth. This led
to a large standard deviation of the average Mn content
for the surface sediment (top 2 cm, n = 4) and a marked dif-
ference between surface and whole-core averages.

Sedimentary P content showed a slight decrease with
increasing water depth. The obvious exception was the sed-
iment from redoxcline station 6A (120 mbss), which was
strongly enriched in P. This enrichment was restricted to
the surface sediment, as is evident from the lower whole-
core average P content. Organic carbon to reactive phos-
phorus  ratios  (Coro/Preactive) ~ Were — constant  at
~75mol mol~! at water depths <130 mbss and showed a
strong increase with water depth up to ~250 mol mol~" at
the deepest station.

Average surface sediment Fe content was around
250 pmol g~!, with peaks at 120 and 377 mbss. The sedi-
ment at 120 mbss showed a surficial Fe enrichment of
600 pmol g~! and Fe content sharply declined with sediment
depth. The high average at 377 mbss was caused by a strong
enrichment of >1000 umol g~! in one sample (0.5-1.0 cm
sediment depth), leading to the large standard deviation.
The fraction of sediment Fe present as highly reactive
Fe (Feyr/Fer, for definition see Materials and methods)
showed minimum values down to 0.4 for stations at interme-
diate water depths. Above and below, the Feyg/Fer ratio
increased strongly, reaching values of up to 0.7.

The molar ratio between Fe and S showed a peak in the
surface sediments from the redoxcline with values up to 16,
and then sharply decreased to values <1 with water depth.
The whole-core Fe/S ratios at the shallower stations were
low compared to the surface sediment. The degree of pyri-
tization (DOP) of the surface sediment increased with water
depth from 0 to 0.8, with a pronounced jump below the
redoxcline. Strong down-core increases in DOP were
observed for stations within and above the redoxcline, while
deeper stations showed more stable, high DOP. This is
reflected by large differences between surface sediment
and whole-core average DOP values for the shallower
stations.

3.2. Pore-water composition

Pore-water SO3~ concentrations at the sediment surface
decreased from the deep basin (17 mmol L™! at SWI) to the
shelf (15 mmol L"), and showed down-core decreases of
1-3 mmol L~! (Fig. 3). Dissolved HS™ concentrations were
consistently high in the pore-waters from the deep stations
(2 and 3), and showed a strong down-core increase at inter-
mediate station 4 (377 mbss). The shallow stations within
and above the redoxcline (6A, 6B, 7) showed low dissolved
HS™ concentrations in the upper sediments, with minor
HS™ accumulation at depth at station 6A. The trends in
pore-water NHJ were similar to those of dissolved HS™,
be it that significant NHJ accumulation occurred at depth
in the cores from the shallow stations as well. Dissolved
HPOZ~ concentrations showed a down-core increase at all
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Fig. 2. Key geochemical sediment parameters plotted per station against water depth in meters below sea surface (mbss). Feyr = highly
reactive Fe, Fer is total Fe, DOP = degree of pyritization, Coy/Pyeactive is the ratio between organic C and reactive P (total P minus detrital P).
All concentrations are expressed on a dry weight basis. Black circles represent averages of surface sediments (0-2 cm depth, n = 4), gray circles
represent whole-core averages for each station (n = 12-24). Gray horizontal bars indicate the approximate position of the redoxcline. Error
bars show the standard deviation. Note the logarithmic y-axis, which is only labelled at water depths of stations (station number between

parentheses).

stations, with highest gradients in the surface sediments
from shallow stations 7 and 6A. Only at station 6B, the
HPO3~ concentration in the bottom water was markedly
higher than in the uppermost sediment interval. At sedi-
ment depths >10 cm, dissolved HPO3 ™ concentrations were
similar at all stations. Molar pore-water N/P ratios showed
a decrease from the deep basin to the slope and shelf sta-
tions. Dissolved Mn?t concentrations were negligible at
the stations below the redoxcline, but showed strong sub-
surface enrichments in the sediments from within and above
the redoxcline. Dissolved Fe?" concentrations were below
the detection limit (~ 2 pmol L™!) at all stations.

3.3. Sedimentary pools of iron, phosphorus and sulfur

There was large variability in the content and chemical
forms of Fe in the investigated sediments, both within cores
and between stations (Fig. 4). At the stations overlain by
oxygenated waters (7, 6A and to a much lesser extent
6B), the surface sediment was enriched in HCI-Fe(III).
Below the oxic surface layer at these stations, HCI-Fe(II)

showed a rapid increase at the expense of HCl-Fe(III). Sta-
tion 7 showed a general increase in total Fe with sediment
depth, with a relatively stable fraction of 0.6 + 0.1 of highly
reactive Fe (i.e. the combined pool of HCl-extractable Fe,
crystalline Fepx and pyrite, see also Section 2.3). Station
6A, which was located near the redoxcline, showed a broad
mid-core peak in Fe that consisted mostly of HNO3-Fe and
poorly reactive Fe, which rapidly declined below 15 cm sed-
iment depth. At the shelf and redoxcline stations (7, 6A,
6B), around 5-15% of highly reactive Fe was present in
the form of crystalline Fepy, decreasing with sediment
depth.

The sedimentary Fe pool at the deeper stations (4, 3, 2)
was dominated by HNOs-Fe and poorly reactive Fe and
showed consistent trends that were offset in depth. From
slope station 4 to deep basin station 2, Fe profiles were
influenced by decreasing sedimentation rates: key peaks
and troughs were located at progressively shallower sedi-
ment depth and increased in magnitude. The decline in
HCI-Fe(Il) and crystalline Fepx with increasing water
depth was counterbalanced by a marked increase in the
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content of HNO;-Fe. As a result, total Fe contents
remained similar with increasing water depth (whole core
averages 340-370 pmol g~!), and the percentage of
HNOs-Fe increased from 30% to 60% of total Fe. Concur-
rently, a sharp decrease in poorly reactive Fe with water
depth was observed.

The total solid-phase phosphorus contents were similar
at all stations, with relatively high down-core variability
at the shallower stations 7 and 6A (Fig. 5). Organic P
was a relatively important P pool (20-60% of total P) at
the shallowest shelf station (7, 78 mbss). In the upper sedi-
ment interval at this station, CDB-P was enriched and
made up as much as 65% of total P, a percentage that
declined with sediment depth to 15% of total P. Acetate—
P (10-20% of total P) and HCI-P (5-15% of total P) showed
a gradual down-core increase.

At station 6A (120 mbss) the upper-most sediment was
also strongly enriched in CDB-P, reaching 40 pymol g~
(75% of total P). There was a gradual down-core decrease
in all P species with a clear drop in HCI-P and organic P
below ~15 cm. Station 6B showed a much smaller surface
enrichment in CDB-P compared to station 6A, but the P
profiles were similar to the corresponding depth interval
at station 6A in all other aspects.

The sedimentary P contents at the other slope and deep
stations (4, 3 and 2) were relatively constant with depth.
CDB-P was an important P phase throughout the Unit I
sediment interval. It accounted for 20-40% of total P and
showed a strong covariation with Ca contents. Below the
Unit I/II transition, CDB-P rapidly declined but peaked
again at the relatively carbonate-rich Unit I/II boundary.
At all three slope and deep stations, acetate-P showed an
overall down-core increase, with the sharpest increase in

the top ~5 cm and pronounced peaks around the Unit I/II
transition. Acetate-P accounted for up to 30% of total P.
The HCI-P content was relatively stable down-core at the
three deepest stations, with an average decrease with water
depth from 16% (station 4) to 7% (station 2) of total P.
Organic P contents were similar at these stations, both in
absolute and relative terms. Similar to the Fe data, the P
records also showed the effects of concentration due to
decreased sedimentation rate: maxima in the records of
CDB-P, acetate—P and organic P occurred progressively
shallower and became more pronounced.

The reduced inorganic S (RIS) pool at all stations con-
sisted predominantly of chromium-reducible S (pyrite-S)
that accounted for >95% of RIS, with minor contributions
of AVS and S° (data not shown).

3.4. Sequential extraction of reference materials

The citrate-bicarbonate-dithionite solution (pH 7.6) dis-
solved 95% of P in fresh synthetic vivianite and 80% of P in
the geological vivianite sample. Chemical equilibrium mod-
eling with Mineql showed that the solubility of vivianite in
CDB is equivalent to a solid-phase concentration of
>300 pmol g, sufficient for complete dissolution of natu-
rally occurring amounts of sedimentary vivianite that are
usually <100 pmol g~ .

During phosphate adsorption onto CaCO; (see
Appendix A), the dissolved PO~ concentration in the
5g L' CaCOj; suspension dropped from 100 pmol L™! to
35 umol L', equivalent to formation of ~13 pmol g~
CaCOgj-adsorbed P. The SEDEX procedure extracted
approximately 5pumol g~' exchangeable P, 6 pmol g™
CDB-P and 0.5 umol g~! acetate—P; total extracted P was

SO HS" NH; PO} N/P Mn?*
mmol L~ pumol L~ pmol L~ pmol L~ mol mol~ pmol L=
(mmolL™)  (umolL)  (umolL™)  (umolL-!)  (molmol?)  (umolL-)
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Fig. 3. Concentrations of key pore-water components plotted against sediment depth for all stations: shallow station 7, 6A and 6B in upper
panels, deep stations 2, 3 and 4 in lower panels. Uppermost sample (depth = 0) is bottom water. The vertical dashed line in the panel (e)
indicates the Redfield N/P ratio for marine organic matter (16/1). Note the different x axes for sulfate concentration at the shallow and deep

stations.
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Fig. 4. Sedimentary iron fractions against sediment depth at all investigated stations, rightmost panels with reactive Fe (sum of sequentially
extracted Fe fractions) in dark grey and poorly reactive Fe (difference between total Fe and total reactive Fe) in black. For details on Fe
fractions, see Materials and methods and Table 3. Note the different x axes for HCI-Fe(11I) at station 6A. In panels with profiles from stations
4, 3 and 2, the horizontal dashed line indicates the Unit I/Unit II transition, and the red arrow indicates the uppermost occurrence of
sapropelic (carbonate-poor) sediment. The circle and triangle symbols, connected with dashed lines, to the right of the total Fe profiles

sediment depth (cm)

P. Kraal et al./ Geochimica et Cosmochimica Acta 204 (2017) 140-158

HCI-Fe(I1I)

HCI-Fe(Il)

oxide-Fe

50 100

50 100
1

(nmol g)

pyrite-Fe

total Fe

200 400
1 1

0

400
1

800
1

b

4

)
i

E——y

}......
(ssqur LL€) ¥

20 H

40 1

L

-9

»---.-...
(ssqui 0QTT) €

50 100
1 1
1 1
1
T
T
1 1

20

40 1

[—-y

(ssqui L0T12) T

0

I
50 100

I
0

I
50 100

I
0 50 100

T T T 7T
0 200 400

I
0

T
400

indicate the depth of common features in the total Fe profile used for estimation of differences in sedimentation rates.

T
800

(ssqui gy) L

(ssqu O€T) g9 (ssqui 0ZT) V9



P. Kraal et al./ Geochimica et Cosmochimica Acta 204 (2017) 140-158 149

exchangeable P CDB-P Ca-P detrital P organic P total P
(umol g)
CaCo, Corg
(Wt.%) (wt.%)
1 2 3 5 15 3 15 5 15 5 15 4 8 20 40 60
0 1 1 1 1 1 | 1 1 1 1 1 - 1
N |
¥ g ]
10 ]
20 §-
w
172l
N’
30 T T T T T T T " T T T 1 T T T T v 1 T T
0 <)
>
10 -
%
=)
20 =
=
w
30 T T T T T T T T  § T T 8}/
0 N
=~
10 =
)
=
~ 20 =i
§ =
~ 74
5 30 T T T T T T T T T T T e/
o
Q
=
s 0
o) i N
£ B
2 20 3
3
40 g
7]
A
T T T T T T T T T T T
w
=
—_—
=
=)
3
=2
w
w2
N’
()
™~
[y
>
3
3
=
7]
w
1 T T T T T N’

5 15 48 20 40 60
Fig. 5. Sedimentary phosphorus fractions against sediment depth at all investigated stations. Total P is sum of sequentially extracted P
fractions (within 10% of total P from acid digest). Because of the potential of CDB to extract P phases other than Fe-P, the general term
CDB-P is used. Next to organic P, organic C has been included. For details on Fe, P and S fractions, see Materials and methods. Note the
different x axes for CDB-P at stations 7 and 6A. Dashed red profiles in the CDB-P panels show the CaCOj; content in wt.%. In panels with
profiles from stations 4, 3 and 2, the horizontal dashed line indicates the Unit I / Unit II transition, and the red arrow indicates the uppermost
occurrence of sapropelic (carbonate-poor) sediment.
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Fig. 6. Visible light color scan (CanoScan Lide 210) of resin-
embedded core top (0-1 cm). Light and dark colored laminae are
calcite-rich and -poor intervals, respectively. Solid white circles
indicate areas mapped and analyzed with synchrotron-based X-ray
fluorescence techniques. White arrow indicates downward vertical
dimension from sediment-water interface to~ 1 cm sediment
depth. Analysis at Fe K edge: map 1, analysis at P K edge: maps
2 and 3. Map 1 and 2 were collected during separate scans (sample
changes in between) and therefore cover similar but not identical
sample areas.

~11 pmol g~! of which about half was extracted as CDB—
P. Calculated from the Ca concentration, the CDB solution
dissolved <5% of the CaCO;.

3.5. Micro-scale analysis of surface sediment from station 2

Synchrotron-based pnXRF maps (0.4-4 pm?) were col-
lected from three regions (Fig. 6). Calcium and Fe show dis-
tinctly enriched regions (Map 1; Fig. 7). The Fe map at
7500 eV showed abundant micro-scale Fe enrichments,
many of which were spatially correlated to S enrichments
(Fig. 7). The eigen analysis indicated that three components
are required for a satisfactory reproduction of all Fe spectra
(Fig. 8). All three components showed close resemblance to
standard spectra from our Fe XAS reference library: pyrite
(component 1), illite (component 2) and biotite (component
3). The smaller first peak of the white line in component 3
compared to biotite may indicate that component 3 repre-
sents clay-bound Fe with a smaller Fe(I) over Fe(IIl)
predominance. The analyzed spots represented both
pure phases and mixtures of the three ITFA-extracted

components (Table 5). The XANES spectrum of compo-
nent 2 is also similar to that of Fegx such as lepidocrocite,
but the EXAFS spectrum shows marked difference between
component 2 and Fepy, indicating that the ferric iron is
structurally (clay-)bound. This is also in line with the chem-
ical Fe results that showed no HCI-Fe(III) and only very lit-
tle crystalline Fe(III). Overall, the results indicate that Fe in
the surface sediment from station 2 is present in pyrite, pri-
mary Fe(II)/Fe(I1) silicates with a predominance of Fe(II)
represented here by biotite, and Fe(IlI)-containing clays
represented here by illite.

The pXRF data collected at 2300 eV from two areas
around the sediment surface (Map 2 and 3; see Fig. 0)
show a number of P enrichments against a disperse
background (Fig. 9). The enrichments consist of apatite,
Cas(POy)3(OH,F) (square symbols in Fig. 9). A single enrich-
ment in Map 3 yielded an X-ray absorption spectrum that
closely resembles the iron phosphate ludlamite (circle symbol
in Figs. 9 and 10). Ludlamite is a ferrous iron phosphate with
minor amounts (<5 wt.%) of Mg and Mn, described by the
generalized formula (Fe(IT),Mg,Mn);(PQOy),-4(H,0).

Spot P XANES measurements from areas with less
intense P enrichment (“disperse P”; star symbols in
Fig. 9), show a relatively smooth P K-edge XANES spec-
trum with a white line at 2153 eV and oxygen oscillation
around 2170 eV. The spectrum lacks the pre-edge features
observed for P associated with Fe(Ill) and Mn (oxyhydr)
oxides (Giguet-Covex et al., 2013; Egger et al., 2015;
Rivard et al., 2015), the post-edge shoulder indicative of
Ca-associated P (Hesterberg et al., 1999; Ingall et al.,
2011), the post-edge peak of polyphosphate (Kraal et al.,
2015a) and the pre- and post-edge features associated with
Fe(II)-P minerals (Fig. 10). The disperse P spectrum shows
similarity to the spectrum of organic P. In Fig. 10 phytic
acid is used as an example, other common organic P phases
such as adenosine triphosphate have similar spectra
(Brandes et al., 2007). Furthermore, spectroscopic analysis
of P adsorbed onto Al oxide and clay minerals collected by
Giguet-Covex et al. (2013) showed similar featureless spec-
tra as the disperse P in our sample.

In summary, the synchrotron-based P analysis shows Ca
phosphate enrichments and a single Fe(II) phosphate

d:P 100pm

Fig. 7. Synchrotron-based pXRF mapping (2 pm step size) of calcium (a), iron (b), sulfur (c) and phosphorus (d) for Map 1 from the sediment
surface (see Fig. 6). Total scanned area is 0.39 x 0.55 mm; scale bar in bottom left corner. Symbols in panel (b) indicate spot XAS
measurements of different types of Fe-bearing minerals: pyrite-Fe (square), clay-associated Fe (star) and mixed pyrite/clay phases (circle).
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particle, against a background of disperse P that is likely a
combination of adsorbed and organic P. The spectra col-
lected from bulk samples from the surface (1.25 cm) and
deeper (32.5 cm) sediment at station 2 are very similar to
that of adsorbed/organic P, but the development of a
post-edge shoulder and a slight shift of the absorption edge
indicate an increased contribution by Ca phosphate (apa-
tite) to the total P pool (Fig. 10).

4. DISCUSSION
4.1. A key role for adsorbed P in deep Black Sea sediments

The SEDEX step targeting Fe-associated P, using a cit
rate—dithionite-bicarbonate solution (CDB: Ruttenberg,
1992), is intended to extract easily reducible Fe(IIl) (oxy-
hydr)oxides and the associated P. However, this study
and previous work (Nembrini et al., 1983; Dijkstra et al.,
2014) show that CDB can also dissolve reduced Fe-P
minerals such as vivianite. Ligand-promoted dissolution
of calcite (Petersen et al., 1966) and mineral fish debris
that consist largely of hydroxyapatite (biogenic apatite:
Cas(PO4);OH) (Schenau and De Lange, 2000) may also
occur. The adsorption experiment conducted for this study
showed that ~50% of CaCQOs-adsorbed P resisted extrac-
tion by MgCl, and was extracted in the subsequent CDB
step. This P is thus strongly adsorbed or incorporated into
the calcite surface. The small percentage of concurrently
extracted Ca (<5%) suggests that CDB only dissolves the
calcite surface and associated P. In summary, CDB-P can
encompass a range of P phases from Fe(III)-bound P to
Fe(I)-P minerals and CaCOj3-associated P.

a: Fe K-edge XANES

COMPONENT 1

(=]
|

COMPONENT 2

Tlite

Lepidocrocite

normalized u(E)

COMPONENT 3

Biotite

7100 7120 7140 7160
energy (eV)

The surface sediments from the two shallowest stations
under oxygenated bottom waters, 7 (78 mbss) and 6A
(120 mbss), likely contained true Fe(Ill)-associated P that
was extracted by CDB. Here, strong enrichments in poorly
crystalline Fegx were observed and the Fe/P ratio in the
CDB extracts of 6-8 (Fig. 11) is indicative of P bound to
poorly ordered Feox (Jensen and Thamdrup, 1993; Slomp
et al., 1996a). The surficial Mn enrichments at these sites
suggest that P adsorption onto Mn oxides may also con-
tribute to the CDB-P pool. Below the surface sediment,
the CDB Fe/P ratio quickly falls below known values for
Fe(Ill)-bound P and even Fe(Il)-P minerals (vivianite:
Fe/P ~ 1.5), and Fe was often below detection in the
CDB extracts. This was also observed for almost all sam-
ples from the anoxic and sulfidic deep basin and suggests

Table 5

Weights of different Fe phases (i.e. fractions of total Fe) based on
ITFA (see Appendix A for details). Gray fill indicates the major Fe
phase(s) identified at each spot.

Spot  Comp. 1 (pyrite)  Comp. 2 (illite)  Comp. 3 (biotite)
1 0.95 0.05 0.00
2 0.97 0.07 —0.04
3 1.00 0.00 0.00
4 1.00 0.01 —0.01
5 0.98 0.05 —0.03
6 0.00 1.00 0.00
7 0.00 0.59 0.41
8 0.21 0.00 0.79
9 0.52 0.48 0.00
10 0.07 0.92 0.01
b: Fe K-edge EXAFS
2]

normalized k> - (k) (A?)

wavenumber (A1)

Fig. 8. Spectra of the three components obtained from iterative target transformation factor analysis in comparison to normalized XANES

(a) and EXAFS (b) spectra of different reference materials.
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extraction of P phases other than Fe-associated P. In the
deep basin, nearly all Fe is present in clays or pyrite, with
potentially a small pool of crystalline Fepx that have low
affinity for HPO;~ (Fe/P > 10) and cannot account for
the measured pool of CDB-P.

Combining our chemical results with micro-scale spec-
troscopy suggests that CDB-extractable P does not origi-
nate from the dissolution of Fe(III) oxides but rather
represents P associated with calcite and possibly clay sur-
faces. The disperse P pool identified by spectroscopy shows
P K-edge spectra similar to those of organic P and adsorbed
P (Fig. 10). Organic P is only sparingly soluble in CDB and
may therefore contribute to the total disperse P pool but
not to the CDB-P pool. The CDB solution can extract
adsorbed P by ligand-promoted dissolution of calcite and
silicate surfaces. The strong correlation (Pearson’s
r = 0.68) between exchangeable and CDB-extractable P at
the deep stations (Fig. 4) likely reflects the separation of
weakly and strongly adsorbed P, respectively, where the lat-
ter exceeds the former by about an order of magnitude.
Strongly adsorbed P may (in part) represent surface-
incorporated P; the peak height of the disperse P spectrum
is low compared to the spectra of P adsorbed onto reference
materials (Fig. 10). This suggests suppression of the detect-
able P K-edge fluorescence signal due to absorption by
neighboring atoms caused by incorporation of P into the
surface of sediment components.

There are strong indications that CaCOs-associated P is
an important contributor to the CDB-extractable, adsorbed
P pool in the investigated anoxic and sulfidic sediments.
There was a positive correlation (Kendall’s 7= 0.47)
between Ca and P in the CDB extracts from station 4, 3
and 2, and the CDB-P and CaCO; profiles were similar
(Fig. 5). Calcite is able to rapidly bind significant amounts

Yo

100 pm

of dissolved HPOZ;~ (Millero et al., 2001) and our experi-
mental results showed that after 10 days, CaCOs-bound P
is extracted as exchangeable P and CDB-extractable P in
equal amounts. However, the P K-edge XANES spectrum
of disperse P resembles P adsorbed onto Al oxide or clay
rather than CaCO; (Fig. 10). We propose that the high con-
centration of P (10 mmol L™!) used in CaCO5—P synthesis
by Giguet-Covex et al. (2013) may have favored formation
at the calcite surface of Ca—P (apatite) with the characteris-
tic post-edge shoulder feature observed in their CaCO5;-P
spectrum (Fig. 10). Phosphorus concentrations are three
orders of magnitude lower in the Black Sea pore waters
(10-20 pmol Lfl) and thus Ca-P formation at the calcite
surface is less likely; this would lead to a more featureless
spectrum indicative of adsorbed CaCOs-P rather than
Ca-P. It is possible that clay-bound P also was present
and contributed to the disperse P K-edge spectra; clay min-
erals and CaCOj; both make up about half of the investi-
gated sediment samples on a weight basis. Polyphosphates
are rapidly remineralized to dissolved HPOZ~ under anoxic
and sulfidic conditions (Brock and Schulz-Vogt, 2011; Diaz
et al., 2012) and are therefore unlikely to represent a signif-
icant sedimentary P pool in the deep Black Sea.

Although adsorbed P is the main source of CDB-
extractable P in the sulfidic sediments, the micro-scale
XRF and X-ray absorption results did provide evidence for
Fe-P in the deep Black Sea. A P enrichment with a spectrum
very similar to that of the Fe(II) phosphate ludlamite was
observed in the surface sediment of station 2 (<1 cm sediment
depth, Fig. 9). Considering the highly unfavorable condi-
tions for Fe-P formation here (400 pmol L~'HS™, no
detectable dissolved Fe?"), this enrichment likely represents
Fe(II)- or Fe(IIT)-P that formed above or within the redox-
cline and escaped sulfidization before settling onto the

Fig. 9. Synchrotron-based pXRF mapping (4 pm? resolution) of phosphorus for Map 2 (a) and 3 (b) (see Fig. 6). Scale bar in bottom left
corner. Symbols indicate spot XAS measurements of different types of P-bearing phases: apatite (square), ludlamite (circle) and adsorbed/

organic POy (star).
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sediment surface. This suggests that Fe-P shuttling, which
acts as a source of sediment P in deep (200 mbss) sulfidic Bal-
tic Sea sediments (Jilbert and Slomp, 2013), can also deliver P
to sediment at much greater water depths (2000 mbss). How-
ever, the spectroscopic data indicate that this P pool is of
minor importance in the deep Black Sea: the Fe(IT)-P enrich-
ment accounted for around 5% of the total P fluorescence
collected from mapped area 3 (Fig. 9). In mapped area 2,
Fe(I)-P was likely equally or more scarce: all P enrichments
that could be analyzed by spot P K-edge XANES consisted
of apatite, and the summed fluorescence from all discrete

153

enrichments accounted for ~10% of total fluorescence. This
is very similar to the relative abundance of authigenic and
detrital Ca—P as determined by chemical extraction for sta-
tion 2 surface sediment (10-15% of total P).

4.2. Benthic phosphorus dynamics and burial across the Black
Sea redox gradient

Sedimentary P burial in the Black Sea shows marked
changes along the depth transect. High sedimentary phos-
phorus contents were found in surface sediments on the
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Fig. 10. Normalized P K-edge XANES spectra for selected spot measurements from Map 2 and 3 (see Fig. 9), as well as spectra of reference
for calcium phosphate (a), iron-associated phosphate (b) and disperse P (c). In addition, P spectra collected from a surface and deep bulk
sample from station 2 are included in (c). For comparison of white line position and peak height, the spectrum of disperse P from the sample is
added as a dashed line. Here, the arrow indicates the development of a post-edge shoulder feature in the spectrum of the deep sample as found
in Ca phosphates. Dashed lines are drawn to compare white line positions, gray bars indicate key absorption features for the various P phases.
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shelf and in the redoxcline (stations 7, 6A and 6B) (Fig. 2).
The 1ow Core/Preaciive ratios reflect efficient P retention.
Peak P contents were not found under well-oxygenated
waters on the oxic shelf (150 pmol O, kg™'), but under
poorly oxygenated waters (~10 pmol O, kg~ ') in the redox-
cline. Here, upward diffusing dissolved Fe’" from the
anoxic waters at the lower boundary of the redoxcline is
exposed to oxygenated waters, leading to Fe?" oxidation
and the formation and deposition of Fe(IIl) (oxyhydr)ox-
ides that adsorb PO, from the water column and pore
water. This “P pump” (Shaffer, 1986) results in excess P
retention in surface sediments around the redoxcline. As a
result, Fe(IlI)-bound P is the most important P form in
the surface sediment (50-60% of total P) at these stations,
followed by organic P (~ 30% of total P). At depth in the
sediment, highly reactive Fe(IIl) phases and Fe(IIl)-
bound P decline and organic P becomes by far the most
important P sink (~50% of total P). The absolute and rela-
tive increase in apatite P (acetate—P) with sediment depth at
station 7 reflects authigenic Ca—P formation, i.e. transfor-
mation of more labile P reservoirs such as organic P to apa-
tite. This process of ‘sink switching’ (Ruttenberg and
Berner, 1993) was also observed in sediments from shallow
water depths in the Black Sea by Dijkstra et al. (2014). Due
to these redox-dependent processes, temporal fluctuations
in the vertical extent of the redoxcline affect the formation
or dissolution of Fe(IIlI) (oxyhydr)oxides, and the surface
sediment may switch between being a net sink or source
for P.

Below the redoxcline at stations 4, 3 and 2, there is a
slight decline in sedimentary P contents (Fig. 2) and a major
change in the mechanisms by which P is buried in the sed-
iment. A decrease in the sedimentary P retention efficiency
under the sulfidic deep waters is reflected in a strong
increase in the molar Cory/Preaciive ratio from ~50 to
~250 (Fig. 3). Organic C is better preserved below the
redoxcline, while P is liberated from the OM and recycled
back to the overlying water in the absence of Fe(III) phases
in the surface sediment (Ingall et al., 1993; Steenbergh et al.,
2011). Furthermore, anoxic conditions can promote the
release of P from organic matter (Géchter et al., 1988;
Hupfer et al., 2004). In the sediment, detrital input of
P declines with increasing water depth and distance to shore
and Danube inflow, the main source of dissolved and par-
ticulate matter in the northwestern Black Sea. However,
the sedimentary P/Al ratio increases with increasing water
depth below the redoxcline (Fig. 12), likely because of the
increased preservation of organic matter (the main
P source) with water depth (Fig. 2). As such, both Fe and
P become enriched relative to Al below the redoxcline
(Fig. 12), but by different mechanisms. Phosphorus enrich-
ment is directly linked to OM preservation. For Fe, there is
a shelf-to-basin shuttle that is driven by reductive Fe disso-
lution from shelf sediment and formation of Fe(III) parti-
cles in the oxic shelf bottom waters. The Fe(III) particles
are in part transported beyond the shelf break, eventually
sink below the redoxcline where they are transformed to
FeS, that settles and increases the Fe contents of the deep
basin sediment (Wijsman et al., 2001; Lyons and
Severmann, 2006).

There is a relative and absolute increase in the amount
of CDB-P in the sediment with water depth for the deep
stations. As discussed in Section 4.1, this CDB-P is likely
not associated with Fe but rather represents P adsorbed
onto sediment components such as CaCO; and clays.
Our findings indicate that the dominant P sinks in the
deep sulfidic sediments are (CaCOs;-) adsorbed and
organic P, each making up ~30% of the total P reservoir.
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Fig. 11. Iron/phosphorus ratios in the CDB extracts from the
shallow sites (left panel) and the deep sites (right panel). Vertical
dashed line indicates the Fe/P ratio for Fe(I)-P minerals of 1.5.
Legend shows station number with depth (mbss) between
parentheses.
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Fig. 12. Aluminum-normalized iron and phosphorus contents
versus water depth. Black circles represent average of surface
sediment (0-2 cm depth, n =4), gray circles represent whole-core
averages for each station (n=12-24). Gray horizontal bars
indicate the approximate position of the redoxcline. Error bars
show standard deviation. Note the logarithmic y-axis, which is only
labelled at station water depths (station number between
parentheses).
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The adsorbed P may be formed both in the water column
and in the sediment. The increase in CDB-P at the Unit
II/T transition contrasts with the trends in the other P
reservoirs and indicates a change in P burial dynamics
at the Unit II/I transition, with an increasingly important
role for P adsorption onto/incorporation into the calcare-
ous sediment matrix. There are no major changes in the
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Corg/Preactive ratio from Unit II to Unit I, apart from a
slight decrease at station 3, suggesting that changes in sed-
imentary P cycling did not strongly affect sedimentary P
retention capacity. The absolute and relative increase in
apatite P with sediment depth, in particular in the top
part of the sediment, at the deep stations indicate that
authigenic Ca-P formation also occurs in these highly

Vo)

oxic

Mn_)-P

ox’

redoxcline

Fe?, Mn*, PO *
Fe(ll)-P

sulfidic

sulfidic deep basin

Ca-P ads-P
(20%) (55%)

Fig. 13. Schematic overview of P cycling across the depth (redox) transect in the Black Sea. Panel A shows the overall trend in chemical P
forms with water depth, with the relative P distribution in the surface sediment (0-2 cm, n = 4) shown as pie charts. We show both the P pump
that enriches the surface sediment of the redoxcline in Fe(III)-bound P, and the P shuttle that may transfer Fe-associated P from the shelf or
redoxcline into the deep basin. The P shuttle is depicted as a dashed line, as we did not find Fe-associated P to be quantitatively important in
the deep basin and it may be derived from lateral transport from the shelf. Panel B and C show P diagenesis in surface sediments from the shelf
with oxygenated bottom waters (station 7) and sulfidic deep basin (station 2), respectively. We assume that Fe-associated P under sulfidic
conditions at depth in the shelf sediments and throughout the sediment of the sulfidic deep basin is negligible, and that any P extracted by

CDB is in fact adsorbed P.
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sulfidic sediments. In Unit I sediment at the deep stations,
there is at least a twofold increase with depth in the abso-
lute and relative contribution of apatite P, signifying the
importance of stable authigenic Ca—-P as a long-term P
burial phase in the deep sulfidic Black Sea.

In summary, our results show a shift from Fe(III)-bound
P to P adsorbed onto CaCO; and possibly clay surfaces
from the shelf with oxygenated bottom waters to the sul-
fidic deep basin in the northwestern Black Sea, while
organic P is a major P sink under all redox conditions
(Fig. 13). With increasing sediment depth, Ca—P authigene-
sis leads to an increasingly important role for apatite as
(long-term) P burial phase.

5. IMPLICATIONS

Calcium carbonate can play a key role in P retention in
anoxic and sulfidic sediments, and may more generally be
important for P retention in carbonate-rich sediments with
low HPOZ™ concentrations and thus limited P mineral
authigenesis. This P pool is often overlooked; CaCOs-P is
generally considered a minor P pool that is extracted
together with (and thus indistinguishable from) authigenic
Ca-P (i.e. apatite) (Ruttenberg et al., 2003). In fact, our
results show that CaCO5-P is extracted in the step targeting
Fe-associated P, which emphasizes the caution required
when interpreting sequential chemical extraction results
from (anoxic and sulfidic) sediments.

The results presented here show that this CaCO3-P can
persist for at least a few thousand years (Unit I represents
~2700 years), so there is potential for long-term P retention
by CaCO;. This mechanism may have contributed to P
retention in carbonate-rich sediments during periods of
wide-spread and prolonged anoxia and euxinia, for instance
during Holocene sapropel formation in the Mediterranean
Sea (Rohling et al., 2015) and during Cretaceous oceanic
anoxic events in the proto-Atlantic and Tethys oceans
(Jenkyns, 2010).

The relative role of CaCOs-associated P also controls
the sensitivity of P retention to pH changes; CaCOj is much
more sensitive to proton-promoted dissolution than apatite
(Amankonah et al., 1985; Ruben and Bennett, 1987) and
Fe-associated P phases. Consequently, shifts in the calcite
compensation depth over geological time could impact
the P source/sink function of deep sea sediments. Specifi-
cally, a decline in pH in response to increased uptake of
atmospheric carbon dioxide by the ocean, as observed in
the past (e.g. the massive deep sea calcite dissolution during
the Paleocene-Eocene thermal maximum; Zachos et al.,
2005) and projected for the future, could alter benthic P
release and affect marine primary productivity.
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