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Abstract

We present a detailed study of the co-diagenesis of Fe and P in hydrothermal plume fallout sediments from �19�S on the southern
East Pacific Rise. Three distal sediment cores from 340–1130 km from the ridge crest, collected during DSDP Leg 92, were analysed for
solid phase Fe and P associations using sequential chemical extraction techniques. The sediments at all sites are enriched in hydrothermal
Fe (oxyhydr)oxides, but during diagenesis a large proportion of the primary ferrihydrite precipitates are transformed to the more stable
mineral form of goethite and to a lesser extent to clay minerals, resulting in the release to solution of scavenged P. However, a significant
proportion of this P is retained within the sediment, by incorporation into secondary goethite, by precipitation as authigenic apatite, and
by readsorption to Fe (oxyhydr)oxides. Molar P/Fe ratios for these sediments are significantly lower than those measured in plume par-
ticles from more northern localities along the southern East Pacific Rise, and show a distinct downcore decrease to a depth of �12 m.
Molar P/Fe ratios are then relatively constant to a depth of �35 m. The Fe and P speciation data indicate that diagenetic modification of
the sediments is largely complete by a depth of 2.5 m, and thus depth trends in molar P/Fe ratios can not solely be explained by losses of
P from the sediment by diffusion to the overlying water column during early diagenesis. Instead, these sediments are likely recording
changes in dissolved P concentrations off the SEPR, possibly as a result of redistribution of nutrients in response to changes in oceanic
circulation over the last 10 million years. Furthermore, the relatively low molar P/Fe ratios observed throughout these sediments are not
necessarily solely due to losses of scavenged P by diffusion to the overlying water column during diagenesis, but may also reflect post-
depositional oxidation of pyrite originating from the volatile-rich vents of the southern East Pacific Rise. This study suggests that the
molar P/Fe ratio of oxic Fe-rich sediments may serve as a proxy of relative changes in paleoseawater phosphate concentrations, partic-
ularly if Fe sulfide minerals are not an important component during transport and deposition.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The discharge of hydrothermal vent fluids rich in dis-
solved iron is a widespread feature of the global mid-ocean
ridge system. The vent fluids rise buoyantly for tens to hun-
dreds of metres, and subsequently form dilute, neutrally
buoyant plumes which are laterally advected from the ridge
crest by deep-ocean currents (e.g. Lupton and Craig, 1981;
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Reid, 1982; Baker et al., 1985). Upon mixing with alkaline
oxic bottom-waters, a range of metal-rich sulfide, sulfate
and (oxyhydr)oxide minerals precipitate from the acidic
vent fluids (e.g. Feely et al., 1987, 1990a, 1992, 1994; Tro-
cine and Trefry, 1988; Mottl and McConachy, 1990). Iron
sulfide minerals precipitate rapidly (within a few seconds),
whereas hydrous ferric oxides continue to precipitate for
some time in the neutrally buoyant plume (Feely et al.,
1992, 1996; Rudnicki and Elderfield, 1993). Most of the
sulfide minerals are deposited close to the vent (Feely
et al., 1987, 1994; Walker and Baker, 1988), but very
fine-grained Fe sulfides may be retained with the colloidal
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ferric oxide particles in the dispersing plume (Feely et al.,
1987; Metz and Trefry, 1993). Prior to deposition, the
hydrothermal particles may be transported for tens to hun-
dreds of kilometres (Baker et al., 1985; Klinkhammer and
Hudson, 1986).

The flux of Fe (oxyhydr)oxides derived from submarine
hydrothermal sources is a relatively minor contributor to
the global flux of Fe (oxyhydr)oxides to the marine envi-
ronment (Canfield, 1998; Poulton and Raiswell, 2002).
However, the enhanced reactivity of freshly precipitated
hydrous ferric oxides, coupled with the fact that they form
within the water column, means that they are very efficient
scavengers of a variety of dissolved elements (e.g. P, As, V,
Y, Be, REE) from seawater (e.g. Berner, 1973; Trocine and
Trefry, 1988; Olivarez and Owen, 1989; Trefry and Metz,
1989; Feely et al., 1990a,b, 1991; German et al., 1990; Ed-
monds and German, 2004). In particular, this process ex-
erts a major influence on the marine P cycle, and is
estimated to remove 18–33% of the dissolved riverine P flux
(Wheat et al., 1996).

The majority of P enrichment in hydrothermal plume
particles occurs within the first few minutes of Fe (oxy-
hydr)oxide formation, primarily in the buoyant hydrother-
mal plume (Feely et al., 1992, 1994). Rudnicki and
Elderfield (1993) suggest that the P enrichment occurs
largely due to coprecipitation rather than adsorption, since
only minimal scavenging of oxyanions occurs following the
initial rapid precipitation of Fe (oxyhydr)oxides (German
et al., 1991). This finds support in transmission electron
microscope observations of thin-sectioned plume particles,
which show a strong covariation of P and Fe over the en-
tire particle section (Feely et al., 1990b), although this may
also arise due to rapid adsorption at the oxide surface dur-
ing progressive growth of the mineral phase. Nevertheless,
regardless of the relative importance of coprecipitation ver-
sus adsorption, the extent to which P is scavenged has been
shown to relate to the concentrations of particulate Fe and
dissolved P, such that the molar P/Fe ratio in freshly pre-
cipitated particles behaves predictably on a global scale
(Feely et al., 1998).

The predictable relationship between dissolved P and
particulate Fe during hydrothermal scavenging has led to
the suggestion that the molar P/Fe ratio may be a useful
indicator of paleoseawater phosphate concentrations
(Feely et al., 1998). This approach has been applied to
banded iron formations to demonstrate low seawater phos-
phate concentrations during the Archean and early Prote-
rozoic (Bjerrum and Canfield, 2002). The application of
the P/Fe ratio to ancient sediments does, however, require
that the ratio remains constant during particle transport
and diagenesis. Hydrothermal sediments which remain oxic
to depth in the sediment, and where iron reduction and
associated P release is relatively minor due to the low
organic contents, might be expected to preserve the deposi-
tional P/Fe ratio.

Few studies have directly investigated the preservation
of P/Fe ratios in hydrothermal Fe (oxyhydr)oxide-rich
deposits. Edmonds and German (2004) found that the P/
Fe ratio in the Mid-Atlantic Rainbow hydrothermal plume
was the same as in underlying short (up to 40 cm deep)
cores, over a distance of 2–25 km from the source (Cave
et al., 2002). By contrast, Schaller et al. (2000) found that
the P/Fe ratio in a 2.5 m core located 34 km from the
southern East Pacific Rise (SEPR) at �10�S was approxi-
mately half that in SEPR plume particles from 13�S to
19�S (Feely et al., 1996). Thus the apparent preservational
efficiency may vary, but the processes affecting the P/Fe ra-
tio during diagenesis remain unclear.

Here we present a detailed investigation of the co-dia-
genesis of Fe and P in hydrothermal sediments from the
western flank of the SEPR at �19�S. The SEPR is one of
the fastest spreading ridges on the global ridge-crest system
and is characterised by frequent magmatic activity, result-
ing in extensive volatile-rich plumes (Feely et al., 1996;
Ishibashi et al., 1997). Plume particles are predominately
transported westwards to distances exceeding 1000 km
from the ridge crest, resulting in sediments rich in hydro-
thermal Fe (oxyhydr)oxides even at the most distal sites
(Dymond, 1981; Lupton and Craig, 1981). We have exam-
ined three sediment cores collected between 340 and
1130 km from the SEPR ridge crest during DSDP Leg
92. Chemical extraction techniques (Ruttenberg, 1992;
Poulton and Canfield, 2005) were employed to evaluate
changes in P and Fe speciation during diagenesis and with
increasing distance from the ridge crest. The extraction
procedure of Ruttenberg (1992) has been widely used to
evaluate post-depositional changes in P speciation in mar-
ine sediments (e.g. Ruttenberg and Berner, 1993; Filippelli
and Delaney, 1996; Eijsink et al., 2000; Schenau et al.,
2000; Slomp et al., 2002; Van der Zee et al., 2002) but
has not previously been applied to hydrothermal sedi-
ments. The increased information afforded by selective
chemical extraction procedures provides valuable insight
into the behaviour of P during diagenesis in oxic Fe-rich
sediments, thus allowing further evaluation of the potential
of the P/Fe ratio as an indicator of paleoseawater phos-
phate concentrations.

2. Study sites and methods

2.1. Core details

We sampled sediment cores collected during DSDP Leg
92 at Sites 598, 599 and 600 (Fig. 1). The cores were collect-
ed in 1983 and stored at 4 �C to prevent loss of moisture
prior to sampling for the present study. To further ensure
that the least altered sediment was analysed, the outer
1 cm of core was discarded. As detailed below, consistent
trends in Fe mineral transformations are observed with
sediment depth, suggesting that the data are not compro-
mised by chemical alteration during storage.

Site details and sampled intervals are given in Table 1.
Sedimentation rates were relatively low at all sites, ranging
from 0.5 to 3.0 m/my over the sampled intervals (Lyle
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et al., 1986). Site 598 was sampled most intensively, with 50
samples over the uppermost 6 m (representing approxi-
mately 6 my of deposition). The top 10 cm of sediment at
Sites 599 and 600 was sampled (5 samples for each core)
in order to investigate possible variations in core geochem-
istry with distance from the rise crest.

Sites 598–600 of DSDP Leg 92 were chosen for this
study partly because of a large quantity of available sup-
porting data, including description of the general geochem-
istry (e.g. Lyle, 1986; Marchig and Erzinger, 1986). The
sediments at all three sites are lithologically simple, com-
posed primarily of hydrothermal precipitates derived from
SEPR ridge crest vents, and carbonate (Lyle, 1986). The
sediments also contain minor quantities of aeolian detrital
material (Bloomstine and Rea, 1986), and trace quantities
of phosphatic fish debris have been observed in some hori-
zons (Marchig and Erzinger, 1986).

Organic matter contents in the three sediment cores are
low, yielding minimal anoxic modification (Lyle et al.,
1986). Thus, there is no evidence for the reductive mobili-
sation of Mn (Lyle et al., 1986), the most redox-sensitive
of the common transition metals, and there is no apparent
consumption of nitrate over the measured depth interval of
40 m (Gieskes and Boulégue, 1986). We can conclude that
Table 1
Site details and sampling intervals

Site Location Distance from
ridge crest (km)

Interval
sampled (c

598 19�000S, 124�040W 1130 0–600

599 19�270S, 119�530W 640 0–10
600 18�560S, 116�510W 340 0–10

Sedimentation rates are based on the original age model given in Lyle et al. (
these sediments have remained oxic over the sampled
intervals.

2.2. Analytical procedures

Iron speciation was determined using a modified ver-
sion of the extraction procedure of Poulton and Canfield
(2005). Extractant details and operationally defined tar-
get phases are given in Table 2. Three Fe pools were
quantified; (1) Fe in the form of lepidocrocite and hy-
drous ferric oxides such as ferrihydrite (FeHFO), (2) Fe
present as goethite and hematite (Fegoe) and (3) silicate
Fe (Fesil). The extractions used to estimate FeHFO and
Fegoe were performed sequentially, while Fesil was deter-
mined as the difference between total Fe (FeT) and the
sum of the sequential phases; thus Fesil =
FeT � (FeHFO + Fegoe). XRD analyses revealed no evi-
dence for lepidocrocite or hematite in these sediments,
and thus FeHFO and Fegoe consist primarily of hydrous
ferric oxides and goethite, respectively (see also Marchig
and Gundlach, 1982; Kastner, 1986). All Fe analyses
were performed by flame atomic adsorption, and the
reproducibility of each Fe extraction is given in Table
2. The total Fe technique dissolved >96% of the Fe from
the PACS1 international sediment standard, and this effi-
ciency is likely increased for hydrothermal sediments low
in detrital silicate phases. Lyle (1986) reports XRF data
for total Fe for subsamples of sediment from Site 598.
These data are on average 8.4% higher than FeT data
for a suite of the same samples measured by dissolution
techniques (Dymond, 1981). Although direct comparison
with our data is not possible, an examination of depth
trends for FeT at Site 598 suggests that our FeT data
are also somewhat lower than that of Lyle (1986), imply-
ing either a slight overestimation of total Fe by XRF in
the presence of high concentrations of CaCO3, or a slight
underestimation by dissolution techniques.

Three different methods were used to determine the
partitioning of P. The SEDEX method (Ruttenberg,
1992) quantifies five different P pools via a series of
sequential extractions (Table 2). A single step in the
extraction scheme of Schenau and De Lange (2000)
was performed in order to determine concentrations of
P associated with biogenic apatite (fish debris) plus car-
bonate (Pbio; Table 2). This method also extracts
m)
Sedimentation rates Sample

age (my)Depth interval (m) Rate (m/my)

0–4.5 0.9 0–5.7
4.5–6.8 3.0
0–1.5 1.3 0–0.08
0–4.4 2.5 0–0.04

1986), updated using the Lourens et al. (2004) scale.



Table 2
Summary of phosphorus and iron extractions, and the reproducibility of each stage

Phase Symbol Extractant RSD (%)

SEDEX P method (Ruttenberg, 1992)
1. Loosely bound + exchangeable P Pex 1 M MgCl2 (pH 8): 2 · 2 h; water wash: 2 · 2 h 10.2
2. Iron-bound P PFe 0.3 M Na-citrate/1 M NaHCO3/0.14 M Na-dithionite: 8 h 9.2

1 M MgCl2 (pH 8): 2 h; water wash: 2 h
3. Authigenic apatite + biogenic apatite

+ CaCO3-bound P
Paut 1 M Na-acetate (pH 4-acetic acid buffered): 6 h 7.6

1 M MgCl2 (pH 8): 2 · 2 h; water wash: 2 h
4. Detrital apatite + other inorg. P phases Pdet 1 M HCl: 16 h 3.5
5. Organic P Porg Ashing at 550 �C: 2 h; 1 M HCl: 16 h 7.8
Total P Ptot Ashing at 550 �C: 8 h; near boiling 6 N HCl: 24 h 2.5

P (Schenau and De Lange, 2000)
Exchangeable + CaCO3-bound P

+ biogenic apatite (fish debris)
Pbio 2 M NH4Cl (pH 7): 8 · 4 h 10.2

Fe and P (Poulton and Canfield, 2005)
1. Hydrous ferric oxides + lepidocrocite FeHFO 1 M hydroxylamine–HCl in 25% acetic acid (pH 2): 48 h; 1 M MgCl2 (pH 8): 2 · 2 h 2.3

PHFO Calculated as hydroxylamine–HCl soluble P � (Pex + Paut) 4.0
2. Goethite + hematite Fegoe 0.35 M acetic acid/0.2 M Na-citrate/0.28 M Na dithionite: 2 h 1.9

Pgoe 6.6
Total Fe FeT Ashing at 550 �C: 8 h; near boiling 6 N HCl: 24 h 2.5

Relative standard deviation (RSD) was determined by replicate extractions (performed sequentially where appropriate) on hydrothermal sediment splits
from the present study.
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exchangeable P, and thus Pbio was determined as the dif-
ference between P determined via the Schenau and De
Lange (2000) method and Pex determined via the Rutten-
berg (1992) method. Phosphorus was also determined in
the FeHFO extract (Poulton and Canfield, 2005). This
extraction dissolves P associated with hydrous ferric oxi-
des, but also removes exchangeable P, carbonate-
associated P and authigenic P. Thus, hydrous ferric
oxide-associated P (PHFO) = hydroxylamine-soluble
P � (Pex + Paut). Goethite-associated P (Pgoe) was deter-
mined as the difference between PFe (measured via the
SEDEX procedure; Table 2) and PHFO.

Phosphorus was measured on a UV–vis spectropho-
tometer as the phosphomolybdate-blue complex (Koro-
leff, 1976). The dithionite and citrate in the PFe extract
interfere with the molybdate reagent, and thus P was
measured in these samples after dilution to a citrate con-
centration of less than 2.4 mM (Yuan and Lavkulich,
1995; Eijsink et al., 2000). The reproducibility of each
P extraction is given in Table 2. In a further check on
the SEDEX procedure, the sum of the five sequential
stages (Psum) was compared to total P (Ptot) measured
via a single 6 M HCl extraction on ashed samples. A
plot of Psum versus Ptot (not shown) gives a linear rela-
tionship (r = 0.98) with a slope of 0.88. Depth trends
for our Ptot data for Site 598 are in close agreement with
the XRF analyses of Lyle (1986).

Organic C was measured after a 12 h pre-treatment with
10% HCl at room temperature to remove carbonate phas-
es. Carbonate C was determined as the difference between
total C and organic C, measured on a Carlo Erba 1108 Ele-
mental Analyzer. XRD analyses were performed on a Phil-
lips PW1050 XRD with Cu Ka radiation.
3. Results and discussion

3.1. Evaluation of the hydrothermal component

Organic C (Corg) contents are very low throughout the
sequence (Fig. 2), with an average value of
0.04 ± 0.02 wt% for Site 598 and values persistently less
than 0.01 wt% for Sites 599 and 600 (data not shown
for Sites 599 and 600, but all analytical data are present-
ed in Appendix A). The low organic C contents are con-
sistent with the low sedimentation rates and oxic bottom
water conditions. Carbonate phases (Ccarb) represent a
substantial proportion of the sediment (Fig. 2), with an
average CaCO3 content of 76.4 ± 14.6 wt% for Site 598,
varying between 42.8 and 94.2 wt%. Total Fe contents
are also highly variable (ranging between 1.07 and
14.53 wt%) and depth profiles show a close inverse rela-
tionship with respect to Ccarb (Fig. 2). Leinen (1986) sug-
gests that these high amplitude variations in CaCO3 are
due to temporal variations in CaCO3 deposition through-
out the Pacific, rather than due to variations in the depo-
sitional flux of the hydrothermal component. Carbonate
concentrations are relatively constant over the sampled
intervals (0–10 cm) at Sites 599 (93.3 ± 1.0 wt%) and
600 (95.6 ± 0.5 wt%).

Aluminium is not enriched in hydrothermal particulates
(German et al., 1991), and thus detrital inputs may be cal-
culated from the pelagic deep sea sediment ratio of each
element to Al [(X/Al)ds] and the Al contents (utilizing Al
data reported in Lyle, 1986 and Marchig and Erzinger,
1986) of the SEPR sediments (e.g. Cave et al., 2002):

½X �detrital ¼ ðX=AlÞds � ½Al�total ð1Þ
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Table 3 summarises the average detrital elemental inputs to
each core and details the pelagic deep sea sediment compo-
sitions used to calculate these inputs. Detrital inputs are
relatively low at all sites, consistent with the previously
reported dominance of hydrothermal inputs to these sedi-
ments (Lyle, 1986). However, detrital inputs are not uni-
form with depth (Fig. 2) and thus total Fe and P
concentrations are corrected for the specific detrital inputs
of these elements to each sample horizon.

3.2. Iron speciation

Ferrihydrite is a relatively unstable mineral under most
environmental conditions, and Fig. 3 shows a progressive
transformation to the more stable mineral form of goethite
during burial of hydrothermal precipitates (the speciation
of Fe in detrital sediments supplied to these sediments is
unknown, and thus no attempt has been made to correct
speciation data for detrital Fe inputs). Under oxic
Table 3
Element concentrations in pelagic deep sea sediments and the average
detrital contents of each element in cores 598, 599 and 600

Element Deep sea clay
composition
(ppm)

Core 598 av.
detrital
proportion
(% [X]total)

Core 599 av.
detrital
proportion
(% [X]total)

Core 600 av.
detrital
proportion
(% [X]total)

Al 97,000a

Fe 60,000a 7.0 9.1 10.4
P 1,500b 5.7 6.5 5.8

Detrital proportions are reported relative to the total concentration of
each particular element ([X]total).

a Kyte et al. (1993).
b Turekian and Wedephol (1961).
conditions, the formation of goethite from ferrihydrite in-
volves the dissolution of ferrihydrite, followed by nucleation
and growth of goethite from solution via the monovalent
Fe(III) ions FeðOHÞ2þ and FeðOHÞ4� (Schwertmann and
Murad, 1983). At the pH of seawater, a solid state transfor-
mation to hematite is favoured over the formation of goe-
thite (Schwertmann and Murad, 1983). However, the
presence of certain elements (e.g. Ti) may enhance the for-
mation of goethite over hematite (Fitzpatrick et al., 1978).

Variations in silicate Fe are controlled to a certain ex-
tent by the relative proportions of aeolian sediments sup-
plied to each horizon. Also possible is the formation of
Fe containing clays at the expense of ferrihydrite (reverse
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weathering), which may be responsible for the downcore
increase in Fesil over the top 30 cm (e.g. Curtis, 1985; Mich-
alopoulos and Aller, 1995; Ku and Walter, 2003).

The transformation of ferrihydrite to more stable miner-
al forms can occur over a few days to weeks under certain
conditions, but the coprecipitation of transition metals and
oxyanions within the ferrihydrite crystal structure retards
the transformation (Zhao et al., 1994; Cornell and Schwert-
mann, 1996). Furthermore, Kennedy et al. (2004) have
shown that hydrothermal ferrihydrite deposits may be sta-
bilized by bacteria, and attributed this to restricted crystal
growth due to microbial surface functional groups. Our
chemical extraction results provide support for both a rel-
atively slow rate of ferrihydrite conversion (Fig. 3 and see
below), and the long-term stabilization of a proportion of
the hydrothermal ferrihydrite, as the transformation to
goethite apparently ceases at a depth of about 250 cm
(Fig. 3).

Since the transformation of ferrihydrite to goethite in-
volves a dissolution phase, there is significant potential
for the release of scavenged P to solution. This could occur
both during diagenesis and during transport in the water
column, and the ultimate fate of P released in these two cir-
cumstances may be very different. An equation for the
overall ferrihydrite transformation rate during diagenesis

can be written in the form:

� dðFeHFO=FeTÞ
dt

¼ kðFeHFO=FeTÞa ð2Þ

where a is the reaction order with respect to the proportion
of ferrihydrite transformed (relative to total Fe, expressed
as a percentage), and k is the rate constant (my�1). A plot
of ln (FeHFO/FeT) versus time over the top 250 cm at Site
598 (i.e. the zone where ferrihydrite transformation occurs;
Fig. 3) is approximately linear (Fig. 4), indicating that the
reaction is first order with respect to the proportion of total
Fe present as ferrihydrite. The slope of the linear relation-
ship in Fig. 4 gives a value for the rate constant, k, of
slope = 0.299 ± 0.009
R = 0.97
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Fig. 4. Proportion of ferrihydrite transformed to other mineral phases
(calculated relative to total Fe) as a function of sediment age.
0.299 ± 0.009 my�1. The half life (t1/2) for the transforma-
tion of ferrihydrite can then be calculated using Eq. (3):

t1=2 ¼ lnð2Þ=k ð3Þ

This gives a half life of 2.32 ± 0.07 my, indicating a rather
slow rate of transformation during diagenesis.

Whether this half life can be directly applied to the
transformation rate during transport in the hydrothermal
plume is unclear. Nevertheless, it is instructive to consider
the calculated half life in relation to possible transport
times for particulates in the hydrothermal plume. At pres-
ent, direct measurements of current velocities at distal
plume sites along the SEPR are lacking. However, current
velocities of 0.2–3 cm s�1 have been measured in the Labra-
dor Sea (Speer et al., 1999), and the North Atlantic Current
averages 3–4 cm s�1 over the Mid-Atlantic Ridge (Bower
et al., 2002). Lupton et al. (1998) also report an average
particle velocity of 2.4 cm s�1 during a major hydrothermal
event on the north Pacific Gorda Ridge, and Bertram et al.
(2002) measured an average on-axis current velocity of
1.6 cm s�1 near the Main Vent field on Endeavour Ridge.
Assuming a current velocity for the SEPR plume in the
range of 0.2–4 cm s�1, plume particles could take between
several months to 16 years to be transported distances of
over 1000 km. This would suggest that, in order to exert
any significant impact on particle geochemistry, the trans-
formation rate for ferrihydrite during transport in the
water column would need to be many orders of magnitude
higher than in the sediment.

3.3. Phosphorus diagenesis

The use of the P/Fe ratio as an indicator of paleosea-
water phosphate concentrations depends on the extent of
P mobilisation during diagenesis and on the processes
affecting P retention within the sediment. The chemical par-
titioning of phosphorus provides some insight into these
processes, and in Fig. 5 phase associations are shown nor-
malised to total P (to account for depth variations in the
depositional flux of carbonate relative to Fe oxides and
associated P). Detrital P is a minor component throughout
Site 598 (3.4 ± 1.7% of Ptot), consistent with the low detri-
tal inputs to these sediments (Lyle, 1986; Marchig and Erz-
inger, 1986). Organic-bound phosphorus also represents
only a minor proportion of total P (Porg = 0.7 ± 0.4% of
Ptot) due to the low organic C contents (Fig. 2). Neverthe-
less, there is a distinct downcore decrease in Porg towards
zero at depth, indicating the release of organic P to solution
during organic matter diagenesis.

There are three main sediment sinks for the phosphorus
released during ferrihydrite dissolution and organic matter
diagenesis, and these are apparently established close to the
sediment–water interface (as evidenced from the relatively
constant P speciation profiles below �50 cm depth;
Fig. 5). Firstly, P may be readsorbed at the Fe (oxy-
hydr)oxide surface. Exchangeable P is only a minor sink
for P in these sediments (Pex = 1.3 ± 0.9% of Ptot in core
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598), however, the extent to which exchangeable P may
provide an adequate measure of the total adsorbed P pool
is unclear. At best, the operationally defined extraction to
determine exchangeable P probably somewhat underesti-
mates total adsorbed P. Nevertheless, any original
exchangeable P will be almost entirely released to solution
during the initial dissolution of the ferrihydrite surface.
However, some exchangeable P is buried below a depth
of about 250 cm (Fig. 5), where the transformation of fer-
rihydrite to goethite ceases (Fig. 3). This suggests that a
small fraction of the P released to solution is ultimately
readsorbed and buried in association with the Fe
(oxyhydr)oxides.

The major sink for P released during diagenesis
(58.1 ± 8.3% of Ptot) is via incorporation into authigenic
phases (Fig. 5), which include both apatite and P associated
with carbonates (Table 2). However, the technique of Sche-
nau and De Lange (2000) provides an estimate of
exchangeable P plus CaCO3-bound P plus biogenic apatite
(fish debris; Table 2). Concentrations of P associated with
biogenic apatite and CaCO3 (i.e. after subtraction of
exchangeable P as measured by the SEDEX procedure)
are low at all horizons (1.0 ± 0.8% of the total P content
at Site 598; see Appendix A), suggesting that authigenic
apatite is the major sink for P in these sediments. The for-
mation of significant concentrations of authigenic apatite
has not previously been demonstrated during diagenesis
of hydrothermal sediments, but is consistent with the ob-
served formation of authigenic carbonate fluorapatite dur-
ing diagenesis in many continental margin and deep sea
sediments (e.g. Ruttenberg and Berner, 1993; Lucotte
et al., 1994; Filippelli and Delaney, 1996; Eijsink et al.,
2000; Van der Zee et al., 2002).

A large proportion of the phosphorus also occurs in
association with Fe (oxyhydr)oxides (PFe = 27.3 ± 5.3%).
PHFO and Pgoe depth profiles show some scatter (Fig. 5),
but there is a clear overall decrease in PHFO and a concom-
itant increase in Pgoe over the upper portion of sediment at
Site 598, as scavenged P is released to solution following
ferrihydrite dissolution and subsequently co-precipitated
in association with secondary goethite. Below a depth of
�50 cm the PHFO fraction accounts for 19.7 ± 6.7% of Ptot,
while the Pgoe fraction accounts for 13.1 ± 6.2% of Ptot.
Furthermore, the average molar Pgoe/Fegoe ratio
(0.014 ± 0.009) for Site 598 is considerably lower than
the average molar PHFO/FeHFO ratio (0.064 ± 0.023)
(Fig. 6), and thus coprecipitation of P during goethite for-
mation is clearly less efficient, per mass of Fe, than P scav-
enging by ferrihydrite in the hydrothermal plume.

The fact that the redistribution of P is largely complete
within the upper 50 cm of sediment (Fig. 5) implies a
relatively rapid transformation rate during diagenesis.
This contrasts with the Fe speciation data, whereby the
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transformation of ferrihydrite to more stable mineral forms
apparently continues to a depth of around 250 cm (Fig. 3).
However, by a depth of 50 cm approximately 75% of the
original ferrihydrite has been transformed to more stable
mineral forms, and this increases to only around 85% at
depth. Any P released during ferrihydrite dissolution be-
tween 50 and 250 cm depth will presumably be largely par-
titioned between the Paut and Pgoe pools, but the P
speciation techniques employed here may not be sufficient-
ly accurate to identify this relatively small amount of redis-
tributed P.

The rates of P transformation are clearer when compar-
ing the average proportions of PFe and Paut over the top
10 cm at Sites 598–600, since the surficial sediments at Site
600 are considerably younger than those at Sites 598 and
599 (Table 4). Thus, as observed in organic-rich marine
sediments (e.g. Ruttenberg and Berner, 1993; Filippelli
and Delaney, 1996), the relative importance of the Paut

fraction increases with age (Table 4). However, in the case
of these hydrothermal sediments, the increase in the Paut

pool obviously occurs largely at the expense of the PFe

pool, in contrast to organic-rich sediments, where a signif-
icant proportion of the P may be supplied by organic mat-
ter degradation (e.g. Ruttenberg and Berner, 1993;
Filippelli and Delaney, 1996).

3.4. Molar P/Fe ratios

Molar P/Fe ratios for Sites 598–600 are shown in
Fig. 7A. The molar P/Fe ratio for Site 598 shows a distinct
downcore decrease from values averaging 0.10 ± 0.01 over
the top ten cm, to values of �0.06 at 600 cm depth. Aver-
age values over the top ten cm at Sites 599 and 600 are
slightly lower than for this interval at Site 598, with both
cores averaging 0.08 ± 0.02. The average surficial molar
P/Fe ratios for Sites 598–600 are 40–50% lower than the
average of 0.17 ± 0.02 reported for freshly precipitated
particles from the SEPR hydrothermal plume (Feely
et al., 1996). This implies a significant loss of scavenged P
from the distal hydrothermal sediments, provided the
SEPR plume particles analysed by Feely et al. (1996) be-
tween 13�330 and 18�400S are equivalent to distal particles
at 19�S. This apparent P loss from surficial sediments is
similar to that reported for sediments deposited 34 km
from the SEPR at �10�S (Schaller et al., 2000), but con-
trasts with an apparent complete retention of P beneath
Table 4
Average PFe/Ptot and Paut/Ptot ratios for the top 10 cm of cores 598, 599
and 600, and correlation coefficients (r2) obtained for the linear relation-
ships of these parameters with average sediment age over this depth
interval

Site Age (my) PFe/Ptot Paut/Ptot

598 0.052 0.334 ± 0.099 0.603 ± 0.064
599 0.035 0.374 ± 0.055 0.518 ± 0.064
600 0.018 0.473 ± 0.050 0.361 ± 0.045

r2 0.94 0.97
the Mid-Atlantic Rainbow hydrothermal plume (Edmonds
and German, 2004).

The continued decrease in the molar P/Fe ratio through-
out the sampled interval at Site 598 (Fig. 7A) is perhaps
surprising. The data-set of Lyle (1986), going to greater
depth, shows that this decrease continues to around 12 m
(Fig. 7B). Below this depth the ratio remains relatively con-
stant at 0.024 ± 0.004 to a depth of around 35 m, where it
becomes highly variable but with an overall increase. Our
Fe and P speciation data provide clear evidence that diage-
netic modification of Fe and P partitioning is largely com-
plete by 2.5 m below the sediment–water interface. Further
loss of P from the sediment below a depth of 2.5 m would
require the extremely unlikely scenario of P release from
ferrihydrite without any mineralogical transformation,
and without any subsequent trapping of P in authigenic
phases or by readsorption onto Fe (oxyhydr)oxides during
diffusion towards the sediment–water interface. Thus, the
continued decrease in the molar P/Fe ratio to a depth of
�12 m is unlikely to be solely due to release of scavenged
P during ferrihydrite dissolution, with subsequent loss of
P by diffusion to the overlying water column. In the discus-
sion below we attempt to reconcile the apparent paradox
between the Fe and P speciation data, and depth trends
in molar P/Fe ratios.

3.5. Synthesis

The two main aspects of the data that require further
consideration in the context of this study are the lower ra-
tios in surficial sediments relative to plume particles at the
ridge crest, and the continued decrease in molar P/Fe ratios
to a depth of �12 m (Fig. 7). One explanation for the lower
P/Fe ratios in deposited sediments relates to P losses by
diffusion from the sediment during ferrihydrite transforma-
tions and organic matter diagenesis close to the sediment-
water interface. As highlighted above, a maximum
diffusional loss of 40–50% of P is indicated in surficial
sediments from the three sediment cores.

A second potential explanation for the low molar P/Fe
ratios relates to the behaviour of hydrothermal pyrite. Pyr-
ite is a relatively inefficient scavenger of oxyanions such as
phosphate, and the region to the south of 17�200S on the
SEPR is characterised by the highest discharges of H2S
yet seen on the global ridge crest system (Urabe et al.,
1995; Feely et al., 1996). This results in high S/Fe ratios
in the plume particles (0.5–4.1) relative to those found at
more northern sites (S/Fe = �0.18). The larger sulfide min-
erals formed by reaction with H2S in ascending hydrother-
mal plumes are deposited close to the vent, but the finest
sulfides (particularly pyrite) may be transported away from
the vents in the neutrally buoyant plume (Feely et al., 1987;
Walker and Baker, 1988). In situ dissolution studies with
pure sulfide minerals at the southern Juan de Fuca Ridge,
suggest that fine-grained pyrite (2 lm diameter) may be
completely oxidised in 100–200 days (Feely et al., 1987).
As discussed above, the available data suggest that plume
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particles likely take between several months to 16 years to
be transported distances of over 1000 km. Thus we can not
rule out the possibility that fine-grained pyrite may be
transported considerable distances in the SEPR hydrother-
mal plume prior to deposition. Once deposited, pyrite will
continue to be oxidised, but secondary Fe (oxyhydr)oxides
will only be able to scavenge P from the surrounding pore-
water, resulting in relatively low P/Fe ratios. Some of the
SEPR plume particles analysed by Feely et al. (1996) were
measured at sites with relatively high sulfide contents, but
the exact source and composition of the particles supplied
to the distal sites of the present study are unknown. Thus,
the source plume particles may have been particularly rich
in pyrite, and therefore, oxidation of pyrite during diagen-
esis could potentially account for some, if not all, of the
apparent loss of P in deposited SEPR sediments. Schaller
et al. (2000) discount the possibility that pyrite oxidation
could be responsible for the 50% loss of P in deposited
SEPR sediments relative to plume particles, based on the
low total S contents of the deposited sediments. However,
there is no reason to assume that the solid phase S contents
of oxidised hydrothermal sediments will reflect the original
pyrite content, since a large proportion of the sulfate pro-
duced during oxidation may diffuse out of the sediment.

Pyrite oxidation following deposition also provides a
potential explanation for the contrasting extent of preser-
vation of the plume particle P/Fe ratio in deposited SEPR
sediments (this study; Schaller et al., 2000) relative to Mid-
Atlantic Rainbow sediments (Edmonds and German,
2004). The Rainbow hydrothermal plume is characterised
by very low S/Fe ratios (0.04; Douville et al., 2002), and
thus pyrite oxidation would not be expected to exert a
strong influence on the molar P/Fe ratio of deposited
sediments.
We now consider possible explanations for the contin-
ued decrease in molar P/Fe ratios below the apparent
depth of active diagenetic modification (Fig. 7). Two pro-
cesses may potentially contribute to the observed depth
trends: (1) chemical modification of the plume particles
during transport, and (2) temporal variations in SEPR dis-
solved P concentrations. Feely et al. (1992) found that the
molar P/Fe ratio in neutrally buoyant plume particles from
the Juan de Fuca Ridge was essentially constant over dis-
tances of around 100 km from the ridge crest. Edmonds
and German (2004) similarly found that the P/Fe ratio in
Rainbow hydrothermal plume particles behaved conserva-
tively over a distance of up to 25 km from the ridge crest.
Other scavenged elements, such as V and As, have also
been shown to exhibit constant ratios to Fe during trans-
port in the neutrally buoyant plume (e.g. Feely et al.,
1992; Edmonds and German, 2004). These observations
find support in laboratory studies of scavenged V and
As, where constant ratios to Fe were observed for more
than 80 days in hydrothermal particulates stored in
unamended seawater sampled from vent plumes on the
Mid-Atlantic Ridge (Metz and Trefry, 1993). These studies
clearly suggest that, once formed, the hydrothermal parti-
cle P/Fe ratio is not generally altered by subsequent
adsorption/desorption processes.

Temporal changes in dissolved P concentrations off the
SEPR may also be invoked as a potential explanation for
the molar P/Fe trends. Highly variable P/Fe ratios are ob-
served in sediments deposited 16.5–15 my ago at Site 598
(Fig. 8), which Lyle (1986) suggests may be due to rapid
fluctuations in dissolved P, although this could also be
accounted for by inconsistency in the hydrothermal com-
ponent at this time. A relatively wide degree of variability
then persists until �13 my ago, followed by relatively
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constant P/Fe ratios between 13 and 10 my. Between 10
and 6.5 my there is a small gradual rise in P/Fe, followed
by a more dramatic rise over the last 6.5 my. Superimposed
on these trends are periods, particularly over the last 5–6
my, where the molar P/Fe ratio exhibits pronounced peaks
and troughs.

The history of seawater phosphorus during the Ceno-
zoic is widely debated. The primary source of P to the
oceans is via rivers, which transport P produced from
continental weathering (e.g. Froelich et al., 1982; Filippelli
and Delaney, 1994). In one model, increased global sili-
cate weathering rates over the Cenozoic, often attributed
largely to a gradual acceleration in erosion rates on the
Himalaya-Tibetan plateau since collision, are taken to
indicate increased fluxes of P to the oceans (e.g. Raymo
and Ruddiman, 1992; Raymo, 1994). However, changes
in P input need not necessarily result in increased dis-
solved P concentrations, since any change in the input
flux of P would likely be matched by a change in P export
to sediments (which on a global scale is predominantly in
the form of organic P). Thus, phosphorus accumulation
rates determined from a range of environments and over
periods considerably longer than the residence time of P
in the ocean (16–38 ka; Ruttenberg, 1993) are commonly
used to reconstruct changes in P input to the ocean (see
Delaney and Filippelli, 1994; Filippelli and Delaney,
1994; Föllmi, 1995). However, such studies have produced
conflicting results. Föllmi (1995) compiled a global data-
set of phosphorus accumulation rates from various pale-
oceanographic and sedimentological settings, and suggest-
ed that P accumulation rates have increased over the last
32 my, with a particularly rapid increase over the last 7
my. This was suggested to be a response to the onset of
major glaciation rather than directly due to increased ero-
sion rates on the Himalaya-Tibetan plateau. However,
based on P accumulation rates in eastern equatorial
Pacific sites it has been suggested that there is little evi-
dence for increasing P fluxes during the Cenozoic (Dela-
ney and Filippelli, 1994; Filippelli and Delaney, 1994).
Furthermore, organic carbon burial rates are generally
considered to have decreased over the last 15–20 my,
whereas increased import of P from continental weather-
ing would be expected to result in increased organic car-
bon production and burial (see Delaney and Filippelli,
1994).

An alternative explanation for the variations in molar
P/Fe ratios relates to the redistribution of nutrients between
the Atlantic and Pacific. Nutrient distribution in the
ocean is controlled by a balance between deep water cir-
culation and biological activity. The North Atlantic is
the most significant area of deep water formation, and
North Atlantic Deep Water (NADW) flows south into
the Antarctic Circumpolar Current (ACC) (Broeker and
Peng, 1982). The ACC then transports NADW and Ant-
arctic Bottom Water (AABW) into the Pacific and Indian
ocean basins (Reid and Lynn, 1971), resulting in a steady
push of nutrients to these areas. It has been suggested
that NADW production has largely persisted over the last
14 my, and has been a major factor controlling the global
thermohaline ocean circulation system and climate
(Woodruff and Savin, 1989; Wright and Miller, 1996;
Frank et al., 2002). There have, however, been significant
changes in the intensity of NADW production over this
period, and here we attempt to ascertain whether these
changes, and hence redistribution of phosphorus between
the Atlantic and Pacific, are reflected in the molar P/Fe
record at Site 598.

The closure of the Panama gateway has been suggested
to be the most important paleoceanographic event to affect
Pacific seawater over the last 10 my (e.g. Abouchami et al.,
1997). An effective barrier preventing direct exchange of
Atlantic and Pacific water is thought to have existed by
�8 my ago (Collins et al., 1996), although exchange was
not completely cut off until �3 my ago (Keigwin, 1979,
1982). Circulation models indicate that constriction of the
Panama Straits would result in increased NADW produc-
tion, and it has been suggested that early NADW produc-
tion might have resulted from progressive closure between
10 and 7 my ago (Maier-Reimer et al., 1990). This coincides
with the initial gradual increase in SEPR molar P/Fe ratios
at this time (Fig. 8). Furthermore, carbon isotope and sand
fraction records from Caribbean sediments indicate that
continued closure of the gateway caused a marked intensi-
fication of NADW production at �4.6 my ago (Haug and
Tiedemann, 1998). This apparently continued over the next
million years, and is consistent with an overal rapid in-
crease in molar P/Fe ratios at Site 598 between 4.6 and
3.6 my ago (Fig. 8). The nature of the observed increase
in molar P/Fe ratios between 10 and 3 my ago (Fig. 8)
would therefore appear broadly consistent with the pro-
posed enhancement of NADW production (and hence in-
creased P inputs to the deep Pacific) in response to
gradual closure of the Panama gateway.
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Nd and Pb isotope compositions in ferromanganese
crusts and nodules then suggest an overall reduction of
NADW export (see Frank et al., 2002) since the onset
of Northern Hemisphere Glaciation (NHG) �2.7 my
ago, but with high overall production intensity in the fol-
lowing Pleistocene (Wold, 1994). The molar P/Fe data
also show high overall ratios over the last 2.7 my
(Fig. 8), but consistent with the overall reduction of
NADW export, also show an initial rapid decrease after
the onset of NHG, and an overall decrease from
0.077 ± 0.001 at 2.7–3.1 my to 0.069 ± 0.002 at 0–
0.4 my. The reason for the sharp rise and subsequent de-
cline in molar P/Fe ratios from 1.6 to 0.3 my ago (with a
maximum at �0.8 my ago) is unclear, but may relate to
changes in NADW production associated with the mid-
Pleistocene revolution (MPR). The MPR represents the
interval when the dominant periodicity of glacial-inter-
glacial cycles changed from the 41-kyr obliquity signal
to the 100-kyr eccentricity signal (Berger and Jansen,
1994). Although the exact timing is uncertain, the
MPR occurred between 1.2 and 0.6 my ago (e.g. Pisias
and Moore, 1981; Raymo et al., 1989; Ruddiman
et al., 1989), and may have been associated with changes
in NADW production. In particular, Raymo et al. (1997)
found that NADW production was suppressed between
0.95 and 0.35 my ago, which coincides with a marked de-
crease in molar P/Fe ratios (Fig. 8). Although studies of
other Fe oxide-rich hydrothermal sediments are clearly
required in order to substantiate possible relationships
between changes in ocean circulation and molar P/Fe ra-
tios, the above observations imply that these sediments
may in fact be documenting a remarkable record of rel-
ative changes in SEPR deep water dissolved P
concentrations.

In summary, the geochemistry of SEPR hydrothermal
particles has likely been affected by temporal changes in
dissolved P concentrations, although processes such as
pyrite oxidation and the possible loss of a fraction of
the scavenged P during diagenesis may also potentially
affect molar P/Fe ratios. However, the processes respon-
sible for these modifications are complex and poorly
understood, as is their relative importance. Further de-
tailed studies of the co-diagenesis of Fe and P beneath
well-characterised plume particles are clearly required be-
fore the potential of the molar P/Fe ratio to accurately
record paleoseawater P concentrations can be fully real-
ised. However, this study suggests that the molar P/Fe
ratio of oxic hydrothermal sediments may, at the very
least, prove to be a useful tool for identifying relative
temporal changes in deep sea phosphate concentrations.

4. Conclusions

Distal sediments deposited at �19�S on the SEPR
are enriched in hydrothermal Fe (oxyhydr)oxides and
scavenged oceanic P. During diagenesis, primary ferrihy-
drite precipitates are partially transformed to the more
stable mineral form of goethite, and to a lesser extent
to clay minerals, with the result that scavenged P is
extensively released to solution. A significant proportion
of this P (at least 50–60%) is retained within the sedi-
ment, as authigenic apatite, by coprecipitation with sec-
ondary goethite, or by readsorption onto Fe
(oxyhydr)oxides.

Molar P/Fe ratios are significantly lower than in
freshly precipitated SEPR plume particles, and decrease
to a sediment depth of �12 m. Below this depth relative-
ly constant molar P/Fe ratios are observed until a depth
of �35 m, where the ratios become highly variable. The
Fe and P speciation data suggest that these trends can
not be explained solely by loss of scavenged P to the
overlying water column following ferrihydrite dissolution
during diagenesis. Instead, changes in dissolved P off the
SEPR over the last 10 my, possibly as a result of nutrient
redistribution in response to changes in ocean circula-
tion, appear to exert a major control on molar P/Fe ra-
tios. Furthermore, we cannot discount the possibility that
pyrite oxidation following deposition may contribute to
the relatively low molar P/Fe ratios observed throughout
these sediments. This study suggests that the molar P/Fe
ratio of oxic, Fe-rich sediments may have significant po-
tential for the determination of paleoseawater phosphate
concentrations, particularly if Fe sulfide minerals are not
an important component during transport and
deposition.
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Table A.1

Depth (cm) Age (my) FeT (wt%) FeHFO (wt%) Fegoe (wt%) Fesil (wt%) CaCO3 (wt%) Organic C (wt%)

Site 598

0.5 0.01 1.27 0.53 0.58 0.16 92.8 0.07
2.5 0.05 1.17 0.45 0.58 0.14 89.7 0.05
4.5 0.09 1.07 0.38 0.56 0.13 92.6 0.04
6.5 0.13 1.10 0.41 0.55 0.14 94.2 0.03
8.5 0.17 1.32 0.46 0.67 0.19 88.1 0.03

14.5 0.29 1.80 0.58 0.93 0.29 84.9 0.03
21.0 0.42 2.59 0.81 1.48 0.30 82.9 0.03
26.5 0.53 2.82 0.87 1.56 0.39 81.7 0.04
34.5 0.69 3.86 1.03 2.24 0.59 78.1 0.05
42.5 0.85 5.55 1.49 3.52 0.54 65.7 0.05
46.5 0.93 7.00 1.76 4.35 0.89 61.8 0.07
52.5 1.05 6.51 1.64 4.13 0.74 68.3 0.08
58.5 1.17 7.10 1.76 4.59 0.75 63.4 0.06
68.5 1.37 8.10 1.85 5.18 1.07 62.0 0.04
76.5 1.53 8.07 1.62 5.52 0.93 61.3 0.05
84.5 1.69 8.38 1.70 5.59 1.09 60.1 0.05
92.5 1.85 7.72 1.51 5.05 1.16 65.0 0.06

101.0 2.01 6.27 1.21 4.17 0.89 71.3 0.04
110.5 2.10 4.35 0.88 2.94 0.53 80.6 0.03
121.5 2.20 4.28 0.82 3.01 0.45 81.1 0.03
130.5 2.28 2.96 0.66 1.98 0.32 85.9 0.02
138.5 2.35 2.45 0.51 1.70 0.24 88.3 0.03
150.5 2.46 3.15 0.62 2.15 0.38 87.1 0.02
156.5 2.51 4.06 0.74 2.69 0.63 82.8 0.02
166.5 2.61 3.09 0.59 1.97 0.53 88.8 0.01
176.5 2.70 4.55 0.78 3.13 0.64 82.9 0.02
186.5 2.79 3.98 0.74 2.79 0.45 83.9 0.02
196.5 2.88 4.71 0.78 3.22 0.71 82.7 0.02
206.5 2.97 7.10 1.13 5.26 0.71 68.9 0.03
216.5 3.06 10.26 1.38 7.71 1.17 60.8 0.05
227.5 3.16 14.26 1.87 11.31 1.08 42.8 0.04
236.5 3.24 14.53 1.81 11.57 1.15 43.6 0.08
246.5 3.33 14.15 1.63 11.44 1.08 42.8 0.07
256.5 3.42 13.32 1.63 10.26 1.43 44.6 0.03
266.5 3.51 12.15 1.58 9.28 1.29 56.0 0.05
277.5 3.61 9.82 1.44 7.57 0.81 63.9 0.04
286.5 3.70 6.55 1.00 5.17 0.38 75.7 0.03
296.5 3.79 4.86 0.74 3.71 0.41 82.3 0.01
306.5 3.88 2.97 0.54 2.41 0.02 89.3 0.06
326.5 4.06 2.72 0.46 2.05 0.21 92.3 0.01
347.5 4.25 6.24 0.95 4.57 0.72 79.0 0.02
367.5 4.43 7.83 1.13 5.95 0.75 72.9 0.04
386.5 4.61 3.34 0.54 2.54 0.26 87.4 0.02
398.5 4.71 2.60 0.43 1.73 0.44 90.1 0.01
424.5 4.95 2.51 0.52 2.02 �0.03 85.8 0.01
440.5 5.10 1.65 0.32 1.29 0.04 92.0 0.02
474.5 5.26 2.85 0.56 2.06 0.22 89.3 0.04
499.5 5.35 9.09 2.10 6.81 0.18 68.5 0.06
549.5 5.51 1.68 0.31 1.33 0.04 93.6 0.01
599.5 5.68 2.65 0.50 1.98 0.17 89.6 0.02

Site 599

0.5 0.01 2.41 0.59 0.95 0.87 93.2 <0.01
2.5 0.05 2.84 0.75 1.76 0.33 91.6 <0.01
4.5 0.09 1.88 0.67 1.05 0.16 93.7 <0.01
6.5 0.12 1.55 0.57 0.84 0.13 94.1 <0.01
8.5 0.16 1.66 0.50 0.91 0.25 93.8 <0.01

Site 600

0.5 0.002 1.11 0.51 0.40 0.19 94.8 <0.01
2.5 0.010 0.89 0.41 0.43 0.05 95.6 <0.01
4.5 0.018 0.92 0.43 0.43 0.06 96.1 <0.01
6.5 0.026 0.93 0.43 0.46 0.05 95.8 <0.01
8.5 0.034 0.93 0.44 0.46 0.04 95.6 <0.01
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Table A.1 (continued)

Depth (cm) Ptot (wt%) Pex (wt%) PFe (wt%) Paut (wt%) Pdet (wt%) Porg (wt%) Pbio (wt%) PHFO (wt%) Pgoe (wt%)

Site 598

0.5 0.066 0.002 0.018 0.045 0.002 0.0010 0.002 0.017 0.001
2.5 0.060 0.002 0.020 0.036 0.001 0.0007 0.002 0.018 0.002
4.5 0.063 0.003 0.015 0.033 0.001 0.0066 0.001 0.014 0.001
6.5 0.063 0.002 0.031 0.036 0.001 0.0007 0.001 0.018 0.013
8.5 0.063 0.002 0.022 0.040 0.001 0.0012 0.002 0.016 0.005

14.5 0.085 0.003 0.028 0.053 0.001 0.0008 0.002 0.017 0.011
21.0 0.131 0.003 0.037 0.081 0.003 0.0008 0.002 0.032 0.004
26.5 0.136 0.002 0.036 0.081 0.007 0.0013 0.001 0.034 0.002
34.5 0.204 0.002 0.058 0.119 0.007 0.0016 0.002 0.046 0.012
42.5 0.291 0.002 0.056 0.220 0.007 0.0029 0.002 0.040 0.017
46.5 0.383 0.002 0.090 0.251 0.005 0.0045 0.002 0.073 0.018
52.5 0.314 0.002 0.086 0.201 0.006 0.0030 0.002 0.048 0.038
58.5 0.376 0.003 0.092 0.257 0.008 0.0031 0.002 0.058 0.034
68.5 0.422 0.003 0.117 0.279 0.008 0.0027 0.002 0.034 0.083
76.5 0.401 0.004 0.112 0.259 0.010 0.0024 0.002 0.028 0.084
84.5 0.391 0.003 0.113 0.250 0.007 0.0032 0.002 0.039 0.074
92.5 0.352 0.003 0.114 0.212 0.013 0.0021 0.002 0.028 0.087

101.0 0.270 0.004 0.086 0.161 0.015 0.0010 0.002 0.036 0.051
110.5 0.212 0.003 0.054 0.136 0.012 0.0007 0.002 0.036 0.018
121.5 0.206 0.004 0.048 0.124 0.002 0.0006 0.002 0.033 0.015
130.5 0.143 0.002 0.035 0.076 0.009 0.0007 0.002 0.024 0.011
138.5 0.124 0.002 0.030 0.081 0.002 0.0007 0.001 0.021 0.009
150.5 0.153 0.003 0.041 0.075 0.006 0.0004 0.001 0.027 0.014
156.5 0.179 0.002 0.059 0.087 0.011 0.0010 0.001 0.036 0.023
166.5 0.139 0.002 0.039 0.074 0.009 0.0010 0.002 0.030 0.009
176.5 0.201 0.002 0.051 0.137 0.011 0.0013 0.002 0.030 0.021
186.5 0.196 0.003 0.049 0.113 0.011 0.0006 0.002 0.027 0.023
196.5 0.226 0.002 0.054 0.097 0.011 0.0010 0.002 0.041 0.013
206.5 0.343 0.002 0.093 0.155 0.010 0.0019 0.002 0.057 0.036
216.5 0.465 0.003 0.134 0.147 0.013 0.0026 0.002 0.087 0.047
227.5 0.619 0.003 0.185 0.262 0.016 0.0035 0.002 0.071 0.114
236.5 0.625 0.002 0.204 0.347 0.012 0.0049 0.002 0.052 0.151
246.5 0.613 0.002 0.202 0.353 0.012 0.0094 0.002 0.046 0.156
256.5 0.576 0.003 0.170 0.301 0.014 0.0033 0.002 0.050 0.120
266.5 0.494 0.003 0.165 0.328 0.014 0.0030 0.002 0.037 0.128
277.5 0.476 0.002 0.130 0.298 0.013 0.0026 0.001 0.039 0.091
286.5 0.389 0.002 0.081 0.262 0.012 0.0015 0.001 0.020 0.060
296.5 0.233 0.002 0.062 0.115 0.013 0.0007 0.002 0.045 0.017
306.5 0.140 0.002 0.040 0.088 0.005 0.0016 0.003 0.025 0.015
326.5 0.126 0.002 0.036 0.068 0.008 0.0004 0.001 0.030 0.006
347.5 0.268 0.002 0.073 0.140 0.012 0.0013 0.001 0.036 0.038
367.5 0.297 0.001 0.059 0.157 0.009 0.0008 0.002 0.018 0.041
386.5 0.138 0.002 0.038 0.072 0.006 0.0004 0.001 0.025 0.013
398.5 0.114 0.002 0.030 0.055 0.007 0.0008 0.001 0.022 0.008
424.5 0.105 0.002 0.030 0.060 0.005 0.0001 0.001 0.020 0.011
440.5 0.070 0.001 0.017 0.041 0.004 0.0001 0.001 0.009 0.008
474.5 0.101 0.001 0.015 0.056 0.002 0.0001 0.002 0.010 0.005
499.5 0.346 0.001 0.057 0.190 0.001 0.0003 0.002 0.032 0.025
549.5 0.056 0.001 0.015 0.035 0.002 0.0001 0.001 0.006 0.009
599.5 0.098 0.001 0.020 0.058 0.002 0.0001 0.001 0.008 0.012

Site 599

0.5 0.093 0.004 0.038 0.047 0.005 0.0001 0.001 0.025 0.014
2.5 0.111 0.004 0.036 0.076 0.007 0.0001 0.001 0.009 0.027
4.5 0.104 0.004 0.039 0.063 0.009 0.0003 0.001 0.009 0.030
6.5 0.074 0.004 0.035 0.039 0.007 0.0001 0.001 0.025 0.010
8.5 0.054 0.003 0.030 0.033 0.006 0.0001 0.001 0.029 0.001

Site 600

0.5 0.032 0.003 0.024 0.015 0.005 0.0001 0.001 0.014 0.009
2.5 0.030 0.004 0.017 0.018 0.005 0.0001 0.001 0.011 0.006
4.5 0.032 0.004 0.023 0.016 0.002 0.0001 0.001 0.016 0.008
6.5 0.055 0.004 0.028 0.025 0.005 0.0001 0.001 0.017 0.026
8.5 0.043 0.004 0.026 0.016 0.005 0.0001 0.001 0.014 0.012
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