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Abstract Utilizing a sequential extraction technique this study provides the first quan-
titative analysis on the abundance of sedimentary phosphorus and its partitioning between
chemically distinguishable phases in sediments of the Bering Sea, the Chukchi Sea and the
Mackenzie River Delta in the western Arctic Ocean. Total sedimentary phosphorus (TSP)
was fractionated into five operationally defined phases: (1) adsorbed inorganic and
exchangeable organic phosphorus, (2) Fe-bound inorganic phosphorus, (3) authigenic
carbonate fluorapatite, biogenic apatite and calcium carbonate-bound inorganic and
organic phosphorus, (4) detrital apatite, and (5) refractory organic phosphorus. TSP con-
centrations in surface sediments increased from the Chukchi Sea (18 pumol g~ ' of dried
sediments) to the Bering Sea (22 umol g~') and to the Mackenzie River Delta
(29 pmol g~"). Among the five pools, detrital apatite phosphorus of igneous or meta-
morphic origin represents the largest fraction (~43%) of TSP. The second largest pool is
the authigenic carbonate fluorapatite, biogenic apatite as well as CaCOj; associated
phosphorus (~ 24% of TSP), followed by the Fe-bound inorganic phosphorus, representing
~20% of TSP. The refractory organic P accounts for ~10% of TSP and the readily
exchangeable adsorbed P accounts for only 3.5% of TSP. Inorganic phosphorus dominates
all of phosphorus pools, accounting for an average of 87% of the TSP. Relatively high
sedimentary organic carbon and total nitrogen contents and low 6'3C values in the Mac-
kenzie River Delta together with the dominance of detrital apatite in the TSP demonstrate
the importance of riverine inputs in governing the abundance and speciation of sedimen-
tary phosphorus in the Arctic coastal sediments.
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1 Introduction

Phosphorus (P) is an essential macronutrient for living organisms on earth. In particular,
adenosine tri-phosphate is an universal carrier of chemical energy in all living cells and
calcium phosphate is the building blocks for teeth and bonds of vertebrates (Westheimer
1987). However, phosphorus is held largely in earth’s crust as sparingly soluble minerals,
such as apatite, fluorapatite and hydroxyapatite (Griffith et al. 1973). Low solubility of P-
bearing minerals and strong tendency of dissolved phosphate to absorb onto solid surfaces
set an upper limit of dissolved phosphate concentrations in natural waters at micromolar
levels (Follmi 1996; Froelich et al. 1982; Kramer 1964). Availability of P often becomes a
factor limiting the primary production in many terrestrial and aquatic ecosystems (Krom
et al. 1991; Ryther and Dunstan 1971; Schindler 1977; Smith 1984; Smith and Atkinson
1984). It is believed that P is the ultimate limiting nutrient on marine productivity which in
turn regulates oceanic uptake of atmospheric CO, on geological time scales (Broecker and
Peng 1982).

Continental weathering of P-bearing igneous and sedimentary rocks is the most
important pre-industrial source of P to the terrestrial and aquatic ecosystems. Principal P
flux to the oceans is carried by river discharges, with suspended particulate matter in river
water contributing more than 90% of the riverine P flux (Howarth et al. 1995; Guo et al.
2004a; Meybeck 1982, 1993). A large portion of such riverine suspended particulate matter
is aggregated and settled as coastal and shelf sediments (Gibbs 1981; Meade 1982). Par-
ticulate P in the suspended matter and sediments has been identified as the dominant
reservoir of P in estuarine, coastal and continental shelf ecosystems (e.g., Conley et al.
1995; Lebo 1991; Lebo and Sharp 1992; Zhang et al. 2004). Through desorption, reduction
and dissolution processes, sediments can supply dissolved phosphate to the overlying water
column. It has been proposed that the sedimentary P functions as a buffer system, regu-
lating dissolved phosphate concentration in the overlying water (Froelich 1988; Zhang and
Huang 2007). Quantifying the abundance and chemical forms of different P pools in
sediments provides useful information on not only the source of sediments and their
depositional environment but also the first-order estimate of the potential bioavailable
sedimentary phosphorus in supporting both the benthic and water column productivities.

Although the Arctic Ocean comprises only ~ 1% of total volume of the global ocean it
receives 10% of the global river discharge. Therefore, the Arctic Ocean has the highest input
of terrestrial flux of freshwater and associated nutrients in terms of per unit volume of
seawater. Among the large Arctic rivers, the Mackenzie River discharges the largest amounts
of suspended sediments to the Arctic Ocean (Stein and Macdonald 2004), along with vast
fresh water and nutrient fluxes. However, primary productivity in the Arctic estuarine and
inner shelf regions was found to be P-limited (Carmack et al. 2004) due to the overall low
phosphate concentrations in the Arctic rivers (Cauwet and Sidorov 1996; Guo et al. 2004a).
Thus, supply of P from the sediments and suspended particulate matter may play an
important role in sustaining the primary production in the Arctic Ocean. Previous studies in
the Mackenzie shelf sediments have shown a large fraction of inorganic P and a relative small
fraction of organic P (Ruttenberg and Goni 1997). However, specific forms of P associated
with this inorganic pool have not been identified. This study provided detailed information
on the abundance and chemical forms of P in sediments of the western Arctic Ocean,
including the Mackenzie River Delta, the Chukchi Sea, and the Bering Sea, with contrasting
environmental setting in terms of riverine inputs, marine primary production, and sediment
sources. In conjunction with sedimentation rates, measurements of abundance of sedimen-
tary P can be used to estimate the continental flux of P to the western Arctic Ocean.
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2 Methods
2.1 Sample Collection

Sediment samples were collected from continental shelf regions of the Bering Sea and the
western Arctic Ocean, including the Chukchi Sea and the Beaufort Sea near the Mackenzie
River Delta (Fig. 1). The Chukchi Sea is a highly productive marginal sea while the
Beaufort Sea receives considerable terrestrial sediments from the Mackenzie River and
other continental sources. The Bering Sea lies between these two extreme marine envi-
ronments. These contrasting depositional environments should provide diverse sediment
sources, which might influence the abundance, distribution and geochemical cycling of P
in these coastal marine ecosystems.

Sediment cores were collected from the southeastern Bering Sea in August/Sep-
tember 2001 along a transect at 166°W during MRO1-K04 cruise, and from the Chukchi
Sea and the Mackenzie River Delta in September 2002 during the MR02-KO05 cruise.
Both cruises were on board the R/V Mirai and supported by JAMSTEC, Japan (Table 1;
Fig. 1).

Three piston cores (PC1, PC2 and PC3) were collected in the Mackenzie River Delta in
a transect approaching the river mouth (Fig. 1). In addition, two box cores were collected
at a pingo site with different water depth (65 and 38 m, respectively). One box core was
collected on Chukchi Sea shelf (CC). Two box cores were collected from the Bering Sea
(B1 and B2). The cores were sliced to sections at 1-cm interval and samples were kept
frozen until further processing. In a shore-based laboratory, the sediment samples were
then freeze-dried to constant weight using a LABCONCO freeze-dryer. The freeze-dried
samples were then ground to <125 um and used for the sequential extraction to quantify
the different forms of P in the sediments. The sum of the different forms of P in the
sediments was defined as the total sedimentary phosphorus (TSP).

-155° ‘_150_ _145° -140
km
P—————
(o]l 2004 Aug 13 2002626 | OMC - Martin Weelneit 0 200 400

Fig. 1 Locations of sediment sampling in the Bering Sea and western Arctic Ocean. Stations PC and PG are
located in the Mackenzie River Delta, station CC in the Chukchi Sea, and stations B1 and B2 in the Bering
Sea
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Table 1 Sediment sampling

. . Study area  Core type  Station Location Water
station locations, core types, and
. ID depth (m)
overlying water depths
Bering Sea  Box core Bl 58°N; 166°W 52
Bering Sea  Box core B2 57°N; 166°W 65
Chukchi Sea Box core  CC 70°30°N, 164°W 33

Beaufort Sea Box core PGl 70°23°N; 135°25°W 65
Beaufort Sea Box core  PG2 70°23°N; 135°25°W 38
Beaufort Sea Piston core PCl1 70°24'N; 139°18°W 670
Beaufort Sea Piston core PC2 69°55'N; 138°23°W 230
Beaufort Sea Piston core PC3 69°55'N; 138°23°W 60

2.2 Measurements of Organic Carbon (OC) and Total Nitrogen (TN) and Their Stable
Isotope Composition

Sediments were treated with 2 M HCI solution three times to remove inorganic carbon
before OC and stable isotope analyses (Guo et al. 2004b). Contents of OC and TN, and
their stable isotopes (6"3C and 8'"°N) were determined on an elemental analyzer interfaced
with isotope ratio mass spectrometry (ISMS) at the Alaska Stable Isotope Facility (Guo
et al. 2003). Stable C and N isotope ratios were calculated in terms of 8"3C and 6N, with
a formula of (Rample/Rstandara—1) X 1000, where R is the ratio of '*C:'°C, or '*N:"*N, in
sediment samples or standards (PDB for C and atmospheric N, for N).

2.3 Sequential Extraction Procedure

Sequential extraction technique is commonly used to separate and quantify different forms
of P in solid samples. The extraction procedure used in this study is based upon the scheme
developed for marine sediments (Ruttenberg 1992; Zhang et al. 2004). In this study TSP
was fractionated into five distinct pools: (1) adsorbed inorganic and exchangeable organic
P, (2) Fe-bound inorganic P, (3) authigenic carbonate fluorapatite, biogenic apatite and
calcium carbonate-bound inorganic and organic P, (4) detrital apatite of igneous and
metamorphic origin, and (5) refractory organic P. The five-step sequential extraction
scheme (Fig. 2) allows us to make an operational separation between five different P pools
and within some of these into organic and inorganic forms. The major advantage of this
method is that it provides a separation of detrital apatite from biogenic carbonate-bound P.
It also allows us to quantify the abundance of surface reactive Fe and Si in the Fe-reduction
step.

In step 1, loosely adsorbed phosphate, along with some exchangeable organic P, was
extracted with MgCl, solution. The pH of 1 M MgCl, solution was adjusted to about 8
with dilute NaOH solution. A 0.5 g of dry sediment was placed into a 50 ml of the MgCl,
solution in a 60-ml high-density polypropylene bottle. The mixture was agitated by a
bench-top shaking incubator (VMR, USA) at 200 rotations per minute for 2 h at
25 £ 0.1°C. Samples were then filtered through a glass fiber filter (Whatman GF/F) with
the aid of a vacuum pump. The filtrate was collected for analysis of dissolved phosphate
and total dissolved P from which dissolved organic P was calculated as difference. The
filter paper that contains sediment residue was used for subsequent extraction.
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Fig. 2 Procedures used for sequential extraction of different forms of sedimentary phosphorus. A 50 ml of
extractant was used in all steps. Extracts were determined for dissolved inorganic phosphorus (DIP) and
total dissolved phosphorus (TDP), from which dissolved organic phosphorus was calculated as difference

In step 2, the sediment residue from the MgCl, extraction was extracted with bicar-
bonate dithionite mixed solution (BD solution, 0.11 M NaHCOj3 and 0.11 M Na,S,0,4 with
its final pH adjusted to 7.0). Dithionite is a strong reducing agent that reduces amorphous
Fe(OH); and Mn(OH); to soluble ferrous and Mn>" ion and therefore releases Fe-bound
phosphorus. In previous studies, sodium citrate was added to complex soluble ferric ion
released from sediment by reductive dissolution. However, dithionite-citrate reagent was
found to be ineffective in separating CaCOj-bound P from Fe-bound P, presumably
because citrate is a strong complexing agent for both Ca and Mg (pK of 4.7; Hieltjes and
Lijldema 1980). Furthermore, citrate has also been found to interfere with spectrophoto-
metric determination of phosphate. Solvent extraction has been used to circumvent this
interference but the resulting analytical precision was poor (Ruttenberg 1992). For these
reasons citrate was not used as an extraction reagent for Fe-bound P in recent studies
(Jensen et al. 1998; Zhang et al. 2004).

In this step, the sediment residue was extracted in a 50 ml BD solution for 4 h at 25°C
and then separated by filtration. In previous studies, the filtrate was usually acidified and
the excess dithionite remaining in the samples was decomposed to SO, under an acidic
condition and stripped with nitrogen gas. The acidification also helps to preserve Fe in the
samples in case the immediate analysis is not possible. Unfortunately, acidifying samples
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and bubbling with N, to remove the SO, have been found to induce precipitation of
elemental sulfur that interferes with subsequent P and Fe analyses by spectrophotometry.
To avoid this interference, two aliquots of filtrate were separately collected for phosphate
and total Fe analyses. These samples were not acidified. Samples for total Fe analyses were
performed immediately after collection, therefore no preservation is necessary. Samples
for phosphate analyses were let open to the air for 72 h to allow complete decomposition of
excess dithionite to SO, which was oxidized immediately by dissolved oxygen in sample
solution. This procedure prevents the formation of elemental sulfur.

In step 3, the sediment residue from the BD extraction was extracted with an acetate
buffer solution (pH = 4) which dissolves authigenic carbonate fluorapatite, biogenic
apatite, and calcium carbonate-bound inorganic and organic P, but prevents dissolution of
detrital apatite in the sediments. The acetate buffer (HAc/Ac = 1/5.55 for pH 4.0) solution
was prepared by dissolving 82 g of NaAc in 317 ml of glacial acetic acid (17.5 M) and
then diluting the mixture to a final volume of 1 1 with distilled water. Sediment residues
were placed in a 50 ml acetate buffer solution and agitated for 6 h at 25°C. Sediment and
extractant were then separated by filtration and the filtrates analyzed for dissolved phos-
phate and total dissolved P. The sample residue was washed with MgCl, solution to
recover any P re-adsorbed on sediment surface during acetate buffer extraction. The MgCl,
wash solutions were then analyzed for both dissolved phosphate and total dissolved P.

In step 4, the sediment residue from step 3 was extracted with 1 M HCI solution to
dissolve detrital apatite. The sediment residue was placed in a 50 ml 1 M HCI solution and
agitated for 16 h at 25°C. After filtration the filtrates were analyzed for dissolved
phosphate.

In step 5, sediment residues from step 4 were ashed to oxidize the refractory organic P
to phosphate (Solorzano and Sharp 1980). The sediment residues were placed in 100-ml
Pyrex beakers and wetted with a few drops of 1 M Mg(NO3), solution and then ashed in a
combustion furnace at 550°C for 2 h. After the samples were cooled to room temperature,
a 50 ml of 1 M HCI solution was added to each sample. The samples were then agitated at
25°C for 24 h to extract P. Samples were filtered to remove any particulate residuals and
the filtrates analyzed for dissolved phosphate.

2.4 Analysis of Dissolved Phosphate

Dissolved phosphate was determined by reacting sample phosphate with ammonium
molybdate in the presence of potassium antimony (III) tartrate in an acidic medium to form
an antimonyphosphomolybdate complex (Zhang et al. 1999a; Zhang and Chi 2002). This
complex is subsequently reduced by ascorbic acid to form a phosphomolybdeum blue. A
complete color development takes about 20 min at room temperature. This complex has a
typical spectrum characterized by two distinct absorbance maxima at 710 and 890 nm. The
absorbance of the latter maximum was measured with a Hewlett Packard 8453 spectro-
photometer and a three-point drop technique was used to correct any baseline shift.

In standard phosphate methods used in natural water analysis, the amount of acid in the
molybdate reagent is designed to handle samples that contain about 2 mM buffer capacity
(mainly bicarbonate ion, Zhang 2000) and can effectively lower the pHr (total proton scale
Millero et al. 1993), of mixture (sample plus reagents) to about 1 for optimal color
development. This standard method, however, cannot be directly applied to the analysis of
phosphate in solutions obtained from the sequential extraction of sediment because the
extracts are typically containing high concentrations of acid or base. Although there is little
salt effect on the sensitivity of phosphate analysis using the molybdenum blue method, we
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Fig. 3 Comparison of the linear dynamic ranges of phosphate determination using molybdenum blue
method in two different sample matrices

found that ionic strength does affect the linear dynamic range of the method. The linear
dynamic range in 1 M NaCl solution is about one half of that in water (Fig. 3). Therefore
the linear dynamic range of phosphate determination in a given matrix needs to be care-
fully examined for each step of the sequential extraction.

Because the buffer capacities of extracts are much higher than natural waters, it is
essential to neutralize all bases with acid before the addition of the color reagent. The
adjustment of individual sample pH was labor intensive and time consuming. The strategy
we used was to modify the reagent recipe to accommodate the required acidity in a given
extract for optimal color development. This is an efficient procedure for a large number of
sediment samples with similar composition. However, if the amount of acid required for a
particular extract is determined to be too large for the reagent to accommodate, the only
option is then to neutralize the individual sample.

We have verified previous observation that phosphomolybdate blue complex formed in
MgCl, solution was not stable when standard seawater recipe for the molybdate reagent
was used (Ruttenberg 1992). Therefore, the molybdate reagent used in the analysis of
extract from the step 1 was modified to optimize the stability of molybdenum blue complex
in high Mg solution. The optimal molybdate solution was prepared by dissolving 0.71 g
ammonium molybdate in 10 ml concentrated sulfuric acid and 50 ml antimony potassium
tartrate solution (3 g 17") and diluting the final volume to 1 1 with distilled water. This
recipe accommodated 1 M MgCl, extract of marine sediment and allowed the intensity and
stability of the phosphomolybdenum blue complex formed in the MgCl, solution to be
comparable to that in pure water.

In step 2, the molybdate reagent was modified to handle the 0.11 M bicarbonate in the
extract. The molybdate reagent was prepared by dissolving 15.38 g ammonium molybdate
in 174 ml concentrated sulfuric acid and 50 ml antimony potassium tartrate solution
(3 g 17") and diluting the final volume to 1 1. The high concentration of molybdate used in
this reagent is designed to match total HT concentration, maintaining a ratio of total H*/
molybdate at about 70 for optimal color development (Zhang et al. 1999a). The reagents
for analysis of phosphate in the NaCl rinse solution in this step are the same as seawater
analysis in which the molybdate reagent was prepared by dissolving 2.3 g ammonium
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molybdate in 26.9 ml concentrated sulfuric acid and 50 ml antimony potassium tartrate
solution (3 g 17") and diluting the final volume to 1 1.

In step 3, an addition of acid to individual samples is required to neutralize carbonate
released from the dissolution of CaCOj in sediments and to diminish the buffer capacity by
converting acetate to acetic acid. It was found that 3 ml of 1 M HCI was needed to
neutralize the base present in a 3 ml sample extract. Neutralization with sulfuric acid
resulted in the formation of a CaSO, precipitate that interfered with the absorbance
measurement. After the pH adjustment, the aforementioned molybdate reagents for sea-
water analysis could then be used.

In step 4, addition of NaOH to individual samples is required to neutralize 1 M HCI and
raise the pH to neutral. A 2.5 ml of 1 M NaOH solution were added to a 3 ml sample
extract in drop-wise manner while swirling the solution to avoid any precipitate. After the
pH adjustment, the aforementioned molybdate reagent for seawater analysis could then be
used.

Instep 5, a3 ml of 1 M NaOH solution was added to a 3 ml sample extract to neutralize
the acid in the extract, again permitting the use of the aforementioned molybdate reagent
for seawater to analyze dissolved phosphate.

2.5 Determination of Total Dissolved Phosphorus in the Extract

Total dissolved P in the extract was determined by autoclave-assisted boiling temperature
persulfate oxidation of the organic P, followed by the standard colorimetric determination
of liberated orthorphosphate (Zhang et al. unpublished EPA method). The oxidizing
reagent was prepared by dissolving 5.0 g potassium persulfate (K,S,0g) in 100 ml of
0.45 N H,SO, solution. An aliquot of 10.0 ml of the sample was mixed with 1.0 ml of
oxidizing reagent in a 100 ml capped glass tube. Samples were autoclaved for 60 min. at a
pressure of 2 atm. and temperature of 120°C. Calibration standards were autoclaved and
processed with the same procedures as samples. Phosphate in the digested samples was
then determined using the HP 8453 spectrophotometer. Dissolved organic P in the extract
was operationally defined as the difference between total dissolved P and dissolved
phosphate.

2.6 Determination of Content of Iron Oxides

Reactive Fe oxides in sediments were determined as part of sequential extraction procedure
(step 2). Iron oxides were reduced by BD reagent to dissolved Fe. Total dissolved iron,
Fe(IIl) + Fe(Il), in the extract solution was reduced with ascorbic acid to Fe(II). The Fe(II)
was then spectrophotometrically determined with a ferrozine reagent in a pH 5.5 buffer
solution at a maximum absorption wavelength of 562 nm (Zhang et al. 2001).

2.7 Determination of Dissolved Silicate

Dissolved silicate concentration in BD extracts was determined with a autoanalyzer by
reacting sample silicate with ammonium molybdate in an acidic medium to form a f-
molybdosilicic acid. The f-molybdosilicic acid is then reduced by ascorbic acid to form
molybdenum blue. The absorbance of the molybdenum blue is measured at 660 nm.
(Zhang et al. 1999b; Amornthammarong and Zhang 2009).
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3 Results and Discussion
3.1 Organic Carbon and Total Nitrogen and Their Stable Isotopic Composition

Concentrations of OC and TN along with their stable isotopic composition are given in
Table 2. OC and TN contents in sediments increased, in general, from the Bering Sea to
the Chukchi Sea to the Beaufort Sea. Molar ratios of organic C/N in sediments also showed
a general increase from the Bering Sea and the Chukchi Sea region to the Beaufort Sea,
reflecting the influence of terrestrial organic carbon from the Mackenzie River (Stein and
Macdonald 2004). The 6'°C values ranged from —26.35 to —22.53%o, with a general
increase from the Mackenzie River Delta to the Chukchi Sea and to the Bering Sea
(Table 2). Similar to stable C isotope composition, the values of §'°N in sediments also
increased from the Mackenzie River Delta to the Chukchi and the Bering Sea region, with
the 5'°N values ranging from 1.8%o in the Mackenzie River Delta to 5.34%o in the Bering
Sea. Because terrestrial C3 plants have typical 4'°C values ranging from —23 to —34%o,
and marine plankton are enriched in 8'3C relative to C3 terrestrial plants (—18 to —24%o),
the 5'°C values have been used to distinguish organic matter sources between terrestrial
and marine origins (Fry and Sherr 1984; Ruttenberg and Goni 1997). Significant differ-
ences in the stable isotope composition (both 6'3C and '°N) further confirm that the
terrestrial source dominates the organic matters in Mackenzie River Delta while marine
source dominates those in the Bering Sea and the Chukchi Sea.

3.2 Total Sedimentary Phosphorus

Concentrations of TSP ranged from 18.2 to 35.8 umol g~' (Table 3) with the highest TSP
concentration (35.8 pmol gfl) found at the pingo site near mud volcano on the Beaufort
shelf and the lowest TSP concentration (18.2 pmol g_l) in the Chukchi Sea. Similar TSP

Table 2 Contents (in %) of organic carbon (OC), total nitrogen (TN), total phosphorus (TP), total organic
phosphorus (TOP), stable C and N isotope composition (8'>C and 6'°N) and their elemental molar ratios in
sediment samples

Station  Depth  OC TN TP TOP s"C o"°N C/N N/P  TN/TOP
ID (cm) (%) (%) (%) (%) (%o0) (%o0) ratio ratio ratio
Bl 15 0320 0.044 0060 0.0056 —23.18 5.19 85 16 175
B2 0.5 0.406 0.044 0068 0.0062 —22.53 534 107 14 158
cC 0.5 0.469 0.041 0056 0.0064 —23.40 4.48 132 1.6 142
PG1 0.5 1507 0.171 0.111 0.0215 —2545 3.6l 103 34 176
PG2 0.5 0.951 0.085 0074 0.0093 —2627 1.90 130 25 204
PC1 5.0 1.114  0.127 0.088 0.0128 —2573 299 102 32 220
PC1 511 0.997 0.101 0.08 0.0123 - - 115 26 182
PC1 1,015 0775 0.068 0.062 0.0070 - - 132 24 215
PC2 5.0 1.015  0.112  0.090 0.0132 —26.00 2.40 106 28 188
PC2 411 1.059  0.113 0.073  0.0109 - - 110 34 228
PC2 921 1.032  0.09 0.073  0.0079 - - 126 29 269
PC3 41 1.060 0.113 0078 0.0073 —2635 1.80 109 32 343
PC3 311 1.092  0.112  0.083 0.0091 - - 114 30 272
PC3 661 0.952 0.098 0.080 0.0162 - - 114 27 134
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Table 3 Abundance (umol P g™ ") of different forms of phosphorus in sediments collected from the Bering
Sea (B), the Chukchi Sea (CC) and the Mackenzie River Delta in the Beaufort Sea (PG and PC)

Station Depth (cm) TSP Exchangeable P Fe-P CaCO;-P Apatite  Ref-OP
P OpP TP 1P OP TP
Bl 1.5 19.26 0.66 0.14 0.80 2.60 2.14 041 255  12.05 1.26
B2 0.5 2197 124 008 131 4.18 226 056 282 1230 1.36
CcC 0.5 1824 1.00 0.17 117 483 171 046 2.17 8.62 1.45
PGl 0.5 3579 164 009 174 988 845 1.06 951 8.88 5.79
PG2 0.5 2400 051 005 056 509 428 0.66 494 11.13 2.27
PC1 5 2827 073 0.10 083 696 668 030 698 9.79 371
PC1 511 2791 039 0.03 042 412 768 080 848 11.74 3.14
PC1 1,015 20.11 021 006 028 179 4.67 0.11 478 11.16 2.10
PC2 5 2897 0.84 025 1.08 587 493 0.8 512 13.09 3.82
PC2 411 2346 0.58 0.09 0.67 4.04 400 0.12 412 1132 331
PC2 921 2371 056 006 0.62 508 898 0.1 949  6.55 1.98
PC3 41 2515 076 022 098 541 571 0.3 5.84 1091 2.01
PC3 311 2682 075 0.16 091 644 770 027 797  9.00 2.50
PC3 661 2577 0.67 008 0.75 448 836 237 10.73 7.03 2.78

concentration (36.13 umol g~ ') has been reported for samples taken from the Beaufort
Shelf region (Ruttenberg and Goni 1997). Concentrations of TSP found in this study are
similar to those reported for the suspended particulate matter (1230 pmol g') in the
Yukon River (Guo et al. 2004b). The abundance of TSP in Arctic sediments is generally
higher than the sediments from low latitudes locations, such as the Mediterranean Sea
(10 umol g~', Eijsink et al. 1997), the estuaries of the Gulf of Mexico coast (8-
20 pmol g~', Weng et al. 1994), Florida Bay (1-14 pmol g~', Zhang et al. 2004), the
Yellow Sea (10-20 pmol gfl, Liu et al. 2004) and the East China Sea (13-22 pmol g’l,
Fang et al. 2007) in the continental shelf of the western Pacific. Lower TSP have been
found in some relatively pristine environments like Davis Reef, Australia (6-11 pmol g™,
Entsch et al. 1983), Indonesia coast (6 pmol g, Erftemeijer and Middelburg 1993) and at
shallow water carbonate sediments, such as Sharp Bay, western Australia (1 pmol g™,
Atkinson 1987). The only comparable high TSP in low latitude regions is in Tampa Bay
(31-38 umol g~') along the west coast of central Florida where the largest phosphorite
deposits in the United States are located and are currently mined and processed (Weng
et al. 1994). High TSP at this location is related to the occurrence of phosphate rock
deposits in the area (Cathcart et al. 1984).

3.3 Adsorbed Inorganic and Exchangeable Organic Phosphorus

Total exchangeable P concentrations extracted by MgCl, solution from these sediments
ranged from 0.28 to 1.74 pmol g='. On average, exchangeable P accounted for
3.5 £ 1.5% of the TSP (Table 4). Further fractionation of the total exchangeable P into
organic and inorganic forms indicated that the inorganic P is a dominant form. The per-
centages of the inorganic P in the total exchangeable P are fairly uniform among the

sediments from different locations with an average of 86.2 + 6.2%.
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Table 4 Relative contribution of five different forms of phosphorus to the total sedimentary phosphorus in
sediments collected from the Bering Sea (B), the Chukchi Sea (CC) and the Mackenzie River Delta (PG and
PC)

Station Depth (cm) Exchangeable-P (%) Fe-P (%) CaCO;-P (%) Apatite (%) Ref-OP (%)

B1 L5 4.2 135 13.2 62.6 6.5
B2 0.5 6.0 19.0 12.9 56.0 6.2
CcC 0.5 6.4 26.5 11.9 473 79
PG1 0.5 4.8 27.6 26.6 24.8 16.2
PG2 0.5 2.3 21.2 20.6 46.4 9.5
PC1 5 29 24.6 24.7 34.6 13.1
PC1 511 1.5 14.8 30.4 42.1 11.3
PC1 1,015 1.4 8.9 23.8 55.5 104
PC2 5 3.7 20.3 17.7 452 132
PC2 411 29 17.2 17.6 483 14.1
PC2 921 2.6 214 40.0 27.6 8.3
PC3 41 39 215 232 434 8.0
PC3 311 34 24.0 29.7 33.6 9.3
PC3 661 29 17.4 41.6 273 10.8
Avg + SD 35+ 15 199 £52 2384+93 425 +£11.6 103 £3.0

This exchangeable fraction is generally considered to be bioavailable through desorp-
tion process. The average 3.5% of exchangeable P in the TSP in Arctic sediments is lower
than the reported values from shallow coastal regions (Koch et al. 2001; Zhang et al. 2004)
but closer to oceanic region, such as offshore of Bermuda (Jensen et al. 1998). The
dominance of the inorganic P in the total exchangeable P pools found in this study is in
contrast to sediments in Florida Bay where organic P accounts for 60% of the total
exchangeable P. The difference in the percentage of exchangeable organic P in these
sediments might be related to the difference in water depth in these locations. In shallow
water (average depth 1 m) of Florida Bay, surface sediments are within the depth of
euphotic zone and the benthic productivity is a significant portion of total community
production. Benthic algae might contribute significantly to the accumulation of the
exchangeable organic P in the surface sediments. In contrast, sediments in deeper waters in
Arctic coast (Table 1) might lie below the photic zone, supporting low benthic productivity
and thus accumulating little exchangeable organic P.

3.4 Iron oxides and Fe-Bound Phosphorus

Because iron is ubiquitous in aquatic environments, coastal sediments are usually coated
with iron hydroxides. Among the various types of natural particles, amorphous iron
oxyhydroxide and iron oxides have the strongest sorption capacity for phosphate (Berner
1973; Hingston et al. 1974; Khalid et al. 1977). As a result, the iron oxides content in
sediments is an important factor in regulating the P retention capacity of sediments (Zhang
and Huang 2007).

In these Arctic sediments, a significant fraction (19.9 + 5.2%, Table 4) of TSP is bound
to the iron oxides. The Fe-bound P ranged from 1.79 to 9.88 pmol gfl. The lowest
concentration (1.79 pmol g’l) was found in a deeper sediment layer (>10 m) of the
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Table 5 Concentrations (umol g_') of surface reactive iron, silicon and Fe-bound P and their elemental
ratios measured from the iron reduction step of the sequential extraction in the sediments collected from the
Bering Sea (B), the Chukchi Sea (CC) and the Mackenzie River Delta (PG and PC)

Station Depth (cm) Fe P Si Fe/P Fe/Si P/Si
Bl 1.5 14.39 2.60 1.34 55 10.7 1.9
B2 0.5 17.18 4.18 2.04 4.1 8.4 2.0
CcC 0.5 39.49 4.83 2.11 8.2 18.7 2.3
PG1 0.5 137.53 9.88 10.18 139 13.5 1.0
PG2 0.5 81.39 5.09 4.33 16.0 18.8 1.2
PC1 5 107.10 6.96 6.87 154 15.6 1.0
PC1 511 105.26 4.12 4.5 25.5 234 0.9
PC1 1,015 72.23 1.80 3.97 40.2 18.2 0.5
PC2 5 92.12 5.87 4.18 15.7 22.0 14
PC2 411 75.07 4.04 6.93 18.6 10.8 0.6
PC2 921 98.67 5.08 6.38 19.4 155 0.8
PC3 41 97.48 5.41 8.54 18.0 114 0.6
PC3 311 100.19 6.44 7.82 15.6 12.8 0.8
PC3 661 98.91 448 7.23 22.1 13.7 0.6

offshore station (PC1) in the Mackenzie River Delta and is likely due to the mobilization of
P as a result of iron oxides reduction as the aged sediment undergone diagenesis. It is
noticed that a decrease in surface reactive iron and Fe-bound P with sediment depth was
not observed in the near-shore stations PC2 and PC3 (Table 5). These between-station
differences are likely a result of a greater sedimentation rate at the near-shore stations PC1
and PC2 than that at the offshore station PC3 (see the station location in Fig. 1 and their
water depth in Table 1). It may require deeper sediment core samples at PC1 and PC2 to
detect the effect of sediment diagenesis on P transformation in such coastal locations with
higher sedimentation rates. Relative low Fe-bound P was found in the Bering Sea and the
Chukchi Seas in comparison with those from the Mackenzie River Delta. The highest
concentrations of Fe-bound P (9.88 pmol g~ ') occurred in sediments from the pingo site
with a shallow water depth (38—65 m) in the Mackenzie River Delta.

Surface reactive Fe derived from the reduction of ferric oxides ranged from 14.4 to
137.5 umol g~' (Table 5). The lowest concentrations were found in the Bering Sea sed-
iments (14.4 and 17.2 umol g~ '). The concentration increased to 39.5 umol g~ ' in the
Chukchi Sea sediments. Much higher concentrations of surface reactive Fe were found in
the Mackenzie River Delta sediments (over 100 pmol g~'). The highest Fe concentration
of 137.5 pumol g’1 was found at the pingo station. The high abundance of surface reactive
Fe in the Mackenzie River Delta sediments demonstrates the importance of riverine runoff
as a major pathway that transports the continental Fe, mainly in particulate and colloidal
forms, into the Arctic shelf. At locations remote from major riverine influence, such as the
stations in the Bering Sea and the Chukchi Sea, the sediments usually contain less Fe.
Overall, the surface reactive Fe content in the Arctic sediments is much higher than the
other coastal regions. For example, the surface reactive Fe content in the Mackenzie River
Delta sediments is approximately 24 times higher than the maximum surface reactive Fe
found in the eastern Florida Bay (Zhang et al. 2004). Low Fe content in Florida Bay
sediments is a result of combined effects of low Fe content in sedimentary carbonate rocks
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in Florida Bay watersheds (as compared to igneous rocks in the Arctic regions) and
relatively small freshwater discharge via manmade canals in south Florida (as compared to
the Mackenzie River in the Arctic).

The Fe to P ratio in this oxide fraction varied over an order of magnitude (from 4.1 to
40.2, Table 5). The lowest ratios were found in the Bering Sea (4.1 and 5.5). The ratio
increased to 8.2 in the Chukchi Sea. Most sediment samples from the Mackenzie River
Delta have a higher Fe/P ratio ranging between 14 and 25. These ratios are similar to those
(8-15) found in clastic surface sediments with similar Fe concentrations (Jensen and
Thamdrup 1993). The only exception is the deepest sediment sample from the offshore
station PC1 that contains the lowest Fe content and has a Fe/P ratio of up to 40.2,
apparently due to the sediment diagenesis.

A significant correlation was observed between the surface reactive Fe and leachable
silicate concentrations in the dithionite extract solution (Table 5; Fig. 4) for all sediment
samples:

[Si(OH),] (pmol g~ ') = 0.2178 + 0.0645[FeOOH] (pmol g ")

with a correlation coefficient of 0.738. This suggests that reactive Fe was closely
associated with silicate on the sediment surface. The Fe/Si molar ratios in this surface
iron oxide phase varied from 8.4 to 23.4 with an average of 15.4 £ 4.5. It is known that
dissolved silicate in natural waters can be incorporated into iron oxides during the
formation of ferric minerals. It has been shown that dissolved silicate can increase the
stability of colloidal iron and promote the formation of ferrihydrite over other Fe(IIl)
minerals during the oxidation of Fe(Il) (Mayer and Jarrell 1996, 2000). Laboratory
experiments demonstrated that dissolved silicate absorbed on iron oxides, and effectively
competed with P for surface sites at ambient concentrations (Konhauser et al. 2007). The
content of silicon in the iron oxide phases, therefore, has a significant effect on the P
sorption capacity of the iron minerals and might influence the Fe/P ratios observed in
these sediments.
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Fig. 4 Correlation of iron with silicate concentration in the dithionite extract solution from all sediment
samples
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3.5 Authigenic Carbonate Fluorapatite, Biogenic Apatite and CaCO3-Bound Inorganic
and Organic Phosphorus

Carbonate minerals are known to strongly adsorb phosphate from ambient seawaters
(Millero et al. 2001). The concentration of authigenic carbonate fluorapatite, biogenic
apatite and CaCOj associated P ranged from 2.17 to 10.7 pmol g~'. High CaCOs-bound P
(10.7 pmol g~') was found at the pingo site in the Mackenzie River Delta. Low con-
centrations (~2 pmol g~ ') were found in the Bering Sea and the Chukchi Sea (Table 3).
In the Bering Sea and the Mackenzie River Delta, the fractions of CaCO;-bound P are
similar to their Fe-bound P (13% for the Bering Sea and 25% for the Mackenzie River
Delta, Table 4) but in the Chukchi Sea the CaCOs-bound P (11.9% of TSP) accounts less
than a half of Fe-bound P (26.5%, Table 4). Averaged over all samples, CaCO3-bound P
represents the second largest pool (23.8% of TSP). Results from further fractionation into
inorganic and organic P indicate that the inorganic P is a dominant form in this authigenic
fraction, representing 90.2 + 7.5% of CaCOj3-bound P.

This is in contrast to the tropical carbonate sediments such as those in Florida Bay,
where CaCOs-bound P represents the largest pool of TSP. In Florida Bay, the percentage of
organic P relative to total P in this pool can be as high as 40%. High percentages of organic
P in this fraction were found to be associated with higher benthic and water column
productivity in the western region of Florida Bay (Zhang et al. 2004).

3.6 Detrital Apatite Phosphorus

Detrital apatite P of igneous or metamorphic origin is the largest fraction (42.5 £+ 11.6%)
of TSP in these sediments, with concentrations ranging from 6.55 to 13.09 pmol g~ .
Similar concentrations of detrital apatite (about 10 pmol g~') were found in the surface
sediments of the Bering Sea, the Chukchi Sea and the Mackenzie River Delta. The high
abundance of apatite in the Arctic coastal sediment is similar to that observed in the
Yellow Sea (50% of TSP, Liu et al. 2004) and the East China Sea (70% of TSP, Fang et al.
2007) in the continental shelf of the western Pacific. The high percentages of the detrital
apatite in the continental shelf of the western Pacific are likely derived from deposition of
loess originated from Gobi Desert in China and transported by the Yellow and the Yangtze
rivers to the Yellow Sea and the East China Sea, respectively. It has been found that the
detrital apatite accounts for 64% of TSP in the Yangtze River sediments (Rao and Berner
1997) and approximately 90% of TSP in loess from China (Liu et al. 2004). However, this
is a sharp contrast to the low apatite content in the suspended particles and sediments from
the Amazon River where detrital apatite accounts for only about 15% of TSP in the river
sediments and decreases to 6% in the estuary sediments (Berner and Rao 1994). Similarly,
very low detrital apatite content was measured in Florida Bay sediments, ranging from 0.04
to 1.45 pmol g™, representing only 4.6 # 2.2% of TSP (Zhang et al. 2004). Despite the
low apatite content in Florida Bay, however, the sharp spatial gradient toward the north-
west clearly indicates that the detrital apatite is largely derived from the P mining district in
the central Florida and transported by the coast current along the southwest Florida shelf
(Zhang et al. 2004).

Similar to the loess origin of the high apatite content in the Yellow Sea and the East
China Sea, the abundant apatite in the Arctic sediments suggests a P-rich source terrane in
the Mackenzie River watersheds and adjacent regions. However, it might also imply a
different extent of biogeochemical cycle of P-bearing minerals in high latitude regions.
Cold climate, less extensive vegetation and shorter growing season may result in less
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uptake of P by living organisms and thus less extensive transformation of inorganic P to
organic P in the Arctic environment. Furthermore, suspended particles transported by
rivers to estuarine and coastal waters likely undergo less extensive chemical weathering at
a low annual temperature in the Arctic region (Ruttenberg and Goni 1997), resulting in
higher concentrations of P and Si in particulate phase but lower in dissolved forms (e.g.,
Guo et al. 2004a).

3.7 Refractory Organic Phosphorus

After HCI extraction of all inorganic P, any P in the remaining sediment residue is defined
here as refractory organic P. The refractory organic P content ranged from 1.26 to
5.79 umol g~', with lower concentrations (~1 pumol g') in the Bering Sea and the
Chukchi Sea, moderate concentrations (2-3 pmol g_l) in the Mackenzie River Delta
region, and a maximum concentration (5.79 pmol g~') at the pingo station in the Mac-
kenzie River Delta. Despite contrasting environments, the contents of sedimentary
refractory organic P in Arctic coasts are similar to those found in subtropical Florida Bay
where it ranged from 0.30 to 3.48 pmol g~'. The positive correlation between the con-
centration of refractory organic P and the organic carbon content in Florida Bay sediments
has been observed and much of the refractory organic P in Florida Bay sediment is derived
from in situ biological production, dominated by sea grass and benthic algae (Zhang et al.
2004). The highest refractory organic P and low detrital apatite found at the pingo site
suggests a highly productive ecosystem at this station that transformed the detrital apatite
to the refractory organic P.

Despite the similar concentrations of refractory organic P concentrations in the coastal
Arctic and Florida Bay sediments, its contribution to the TSP in Arctic sediments
(10.3 £ 3.0%) is less than a half of that in Florida Bay sediments (24.3 + 4.3%). Lower
percentage of the refractory organic P in the TSP pool in the Arctic sediments is largely
due to the high TSP content (mainly as detrital apatite) in the Arctic region.

3.8 Variations in Sedimentary N/P Ratios

As shown in Table 2, the molar ratio of TN/TP ranged from 1.4 to 3.4, with an average of
2.7 £ 0.7. These TN/TP ratios are considerably lower than the Redfield Ratio of 16
(Redfield 1958), indicating the relative high abundance of P in Arctic sediments and non-
biogenic in nature. Because of the dominance of inorganic P in TSP pools, the TN/TOP
molar ratio become much higher, ranging from 13.4 to 34.3 with an average of 20.8 £+ 5.7
(Table 2), and closed to the Redfield Ratio. However, the TN/TOP ratios of surface sed-
iments in the Bering Sea and the Chukchi Sea (14.2-17.5) were lower than those in the
surface sediments of the Mackenzie River Delta (17.6-34.3). Higher TN/TOP values in the
Mackenzie River Delta are likely resulted from the general P-limitation in the Mackenzie
River and its delta regions, consistent with previous reports on P-limitation in the estuarine
and coastal region in the Beaufort Sea (e.g., Carmack et al. 2004) and general low dis-
solved inorganic P in the northern rivers (Guo et al. 2004a).

4 Conclusions

Averaged over all sediment samples collected in the coastal Arctic Ocean in this study, the
detrital apatite P of igneous or metamorphic origin is the most abundant among five pools
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Fig. 5 a Absolute concentrations and b relative partitioning of five forms of sedimentary phosphorus in the
Arctic sediments. The suffixes a, b, c in the sample names denote the subsamples taken at the top, the middle
and the bottom layers of a sediment core

of sedimentary P representing 42.5 + 11.6% of the TSP (Fig. 5). The authigenic carbonate
fluorapatite, and biogenic apatite as well as CaCOj; associated P is the second largest pool
(23.8 £ 9.8% of the TSP), followed by the Fe-bound P pool (19.9 &+ 5.2% of the TSP).
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The refractory organic P constitutes 10.3 & 3.0% of the TSP, and the exchangeable P is the
smallest pool with 3.5 4+ 1.5% of the TSP. Inorganic P outweighs all P pools, accounting
for, on average, 87% of the TSP. Relatively higher sedimentary OC and TN contents and
lower 6'*C values in the Mackenzie River Delta together with the dominance of detrital
apatite in the TSP in the Arctic sediments demonstrate the importance of continental inputs
in governing the abundance and speciation of sedimentary P in the Arctic coastal sedi-
ments. The relative high refractory organic P in the Mackenzie River Delta, particularly at
the pingo site, demonstrates the significance of biological productivity in transforming
inorganic P to organic P and its accumulation in the sediments.
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