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Abstract—This research tests the hypothesis that trace metals respond to the extent of reducing conditions in
a predictable way. We describe pore water and sediment measurements of iron (Fe), manganese (Mn),
vanadium (V), uranium (U), rhenium (Re), and molybdenum (Mo) along a transect off Washington State
(USA). Sediments become less reducing away from the continent, and the stations have a range of oxygen
penetration depths (depth to unmeasurable O2 concentration) varying from a few millimeters to five centi-
meters. When oxygen penetrates �1 cm or less, Fe is reduced in the pore waters but reoxidized near the
sediment-water interface, preventing a flux of Fe2� to overlying waters, whereas Mn oxides are reduced and
Mn2� diffuses to overlying waters. Both Re and U authigenically accumulate in sediments. Only at the most
reducing location, where the oxygen penetrates 0.3 cm below the sediment-water interface, does the surface
30 cm of sediments become reducing enough to authigenically accumulate Mo.

Stations in close proximity to the Juan de Fuca Ridge crest are enriched in Mn and Fe from hydrothermal
plume processes. Both V and Mo clearly associate with Mn cycling, whereas U may be associating with either
Mn oxides and/or Fe oxyhydroxides. Rhenium is uncomplicated by adsorption to Mn oxides and/or Fe
oxyhydroxides, and Re accumulation in sediments appears to be due solely to the extent of reducing
conditions. Therefore, authigenic sediment Re enrichment appears to be the best indicator for intermediate
reducing conditions, where oxygen penetrates less than �1 cm below the sediment-water interface, when
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coupled with negligible authigenic Mo enrichment. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Oceanic and atmospheric carbon cycles are strongly coupled,
with the ocean reservoir of dissolved inorganic carbon being 60
times larger than that of the atmosphere (Broecker and Peng,
1987). Models that couple both ocean and atmosphere have
been used to investigate why atmospheric carbon dioxide
(pCO2,atm) was reduced during the last glacial age, and thus
may be useful in predicting the environmental impact of future
changes in pCO2,atm. Some of these models require a large
increase in organic carbon export, through the more efficient
use of nutrients, to predict the lower pCO2,atm observed during
the last glacial age (Knox and McElroy,1984; Sarmiento and
Toggweiler, 1984; Siegenthaler and Wenk, 1984). Greater or-
ganic carbon export increases the flux of carbon dioxide from
the atmosphere to the ocean, thereby lowering pCO2,atm. How-
ever, the consequence of greater organic carbon export in the
ocean is the depletion of oxygen in bottom waters by organic
matter oxidation (Knox and McElroy,1984; Sarmiento and
Toggweiler, 1984; Siegenthaler and Wenk, 1984; Sarmiento
and Orr, 1991). Widespread sustained ocean anoxia during the
last glacial maximum is unrealistic, based on observations of
sediment cores from that time period which indicate well mixed
sediments indicative of biologic activity and oxic conditions. It
is possible, however, that bottom water oxygen concentrations
decreased dramatically, because there are presently no accept-
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able tracers of bottom water oxygen concentration. Develop-
ment of reliable tracers for organic carbon flux to the sediment-
water interface and bottom water oxygen concentration would
provide a dramatic improvement on the understanding of redox
conditions in the ocean and help constrain theories for the
reduction of atmospheric pCO2 during glacial times.

The combination of organic carbon rain rate and bottom
water oxygen concentration determines the extent of reducing
conditions in surface sediments. Oxygen is the primary oxidant
for the degradation of organic matter; in the absence of oxygen,
however, other species oxidize organic matter following a
thermodynamically predicated sequence of oxidants (oxy-
gen ¡ manganese oxides � nitrate ¡ iron oxyhydroxides ¡

sulfate; Froelich et al., 1979). Therefore, in the absence of
oxygen, pore water concentrations of Mn2� and/or Fe2� can be
indicative of Mn oxide and Fe oxyhydroxide reduction, respec-
tively. However, the absence of pore water Mn2� and/or Fe2�

does not imply Mn and/or Fe reduction is not occurring, and
interpretation of pore water profiles must include careful atten-
tion to both pore water and sediment species. In the absence of
irrigation of sediments by macrofauna (Aller, 1990), the
steady-state oxidation state of sediment pore waters is indicated
by the penetration depth of O2 below the sediment-water in-
terface (Morford and Emerson, 1999). Perturbation of the
steady-state situation by either an increase in the flux of organic
matter, due to either an increase in overlying productivity or in
sedimentation rate or a decrease in bottom water oxygen, would
result in an increase in the reducing conditions and a shoaling
of the oxygen penetration depth.

Concentrations of redox-sensitive trace metals (U, Re, V,

and Mo), which are soluble under oxic conditions but precip-
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itate (or adsorb) under anoxic conditions, have been used to
identify the redox state of sediments. There has been extensive
research of these elements under oxic and anoxic conditions
(e.g., Anderson et al., 1989; Barnes and Cochran, 1991, 1993;
Wanty and Goldhaber, 1992; Colodner et al., 1993; Calvert and
Pedersen, 1993), but more recent research has focused on
continental margin settings where intermediate reducing con-
ditions prevail (Shaw et al., 1990; Klinkhammer and Palmer,
1991; Barnes and Cochran, 1993; Crusius et al., 1996; Morford
and Emerson, 1999; Nameroff et al., 2002; Zheng et al., 2002;
Sundby et al., 2004). Using our present understanding of trace
metal geochemical cycling in recent sediments, interpretation
of changes in sediment metal concentrations deposited over
time have been used to suggest changes in redox conditions
(e.g., Calvert and Pedersen, 1993; François et al., 1993, 1997;
Dean et al., 1994, 1997, 1999; Rosenthal et al., 1995; Crusius
et al., 1996, 2000; Anderson et al., 1998; Adelson et al., 2001;
Nameroff et al., 2004). However, the use of redox-sensitive
metals as indicators of past environmental conditions is limited
by an incomplete understanding of their geochemical cycling in
present-day conditions, and the potential for diagenetic changes
that obscure the sedimentary signal are not well understood

Fig. 1. Map of station locations for stations 2, 3b, 4, 5,
State and continues to the west side of the Juan de Fuca R
Mn concentrations (% by weight) are included for stations
also plotted to the south of the transect (shaded circles, d
(e.g. for U: Mangini et al., 2001). The primary goal of this
paper is to characterize metal behavior in recent sediments
across a continental margin transect, using both pore water and
sediment metal profiles, and to determine the optimal trace
element(s) for identifying intermediate reducing conditions.

2. SITE DESCRIPTION

Cruise TTN-131 (2001) followed and extended a transect
previously described in Hedges et al. (1999) and Devol and
Hartnett (2001). The transect was primarily along 47°N from
the continental shelf off Washington State (U.S.A.) to the west
side of the Juan de Fuca Ridge (�133°W) (Fig. 1; Stump and
Emerson, 2001). Carbon rain rates have been shown to be
higher closer to the continent, approximately 180 �mol cm�2

yr�1 at 440 m water depth, and decrease dramatically with
increasing water depths (approximately 70 �mol cm�2 yr�1 by
620 m water depth; Devol and Hartnett, 2001). The water
column–dissolved oxygen distribution shows an oxygen min-
imum extending from approximately 700 to 1100 m water
depth (Hartnett and Devol, 2003; Devol and Hartnett, 2001);
however, oxygen concentrations are always greater than 20 �M
and denitrification in the water column is not an important

nd 8 (open circles). The transect extends off Washington
est, denoted by the line between stations 5 and 6. Surface
, and 8. Literature data for surface Mn concentrations are

Table 2 in Lavelle et al., 1992).
6, 7, a
idge cr
process (Hartnett et al., 1998). Sampling across the oxygen
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minimum zone and along a gradient of carbon export resulted
in a range of sediment oxygen penetration depths (Table 1, Fig.
2). Stations 2, 3b, and 4 have oxygen penetration depths that are
less than 1 cm, whereas stations 5, 6, 7, and 8 have oxygen
penetration depths that extend from 1.4 cm to 5 cm.

3. METHODS

3.1. Sampling Method

Sediment cores (30–60 cm in length) with clearly defined sediment-
water interfaces and overlying waters that were clear of resuspended
sediment upon recovery were collected using a multicorer. Cores were
immediately capped with plastic-wrapped rubber stoppers and moved
to a 4°C room. All core processing occurred at 4°C in a refrigerated van
while at sea. The overlying waters were sampled and the cores were
then sectioned in a nitrogen-filled glove bag. The resolution for the first
12 samples was determined by filling scintillation and centrifuge vials.
By knowing the volume of the vials and the diameter of the core, the
depth sampled was calculated. The first six samples were from intervals
of �0.35 cm, and samples 7–12 were from depth intervals of �0.6 cm.
This sampling method required sampling across the entire surface,
including sediment against the core liner; however, sharp metal profiles
in the top 12 samples suggest minimal profile smearing (see later
section). Sediment sampling continued at 1 cm or 2 cm intervals to the
bottom of the core.

Sediments were centrifuged and pore waters were filtered in a
nitrogen-filled glove bag, using nitrogen-flushed syringes and 0.45-�m
filters, and transferred to 4-mL acid-cleaned HDPE bottles, which were
spiked with 75 �L concentrated double-distilled nitric acid. Prior to the

Table 1. Station information for cruise TTN-131 (July 23-August 3, 2
W and encompasses a range of water depths. Oxygen penetration d
Sedimentation rates are based on cores recovered previously from rela

Station Lat (°N), Long (°W)
Water

depth (m)

2MC39 46°47.83,124°54.40 434
3bMC10 46°25.56,124°41.50 1136
4MC33 46°46.48,125°31.55 1961
5MC30 46°44.98,128°30.01 2759
6MC17 46°46.99,129°49.99 2807
7MC26 46°47.00,132°00.00 3232
8MC22 46°47.00,133°39.99 3866
Fig. 2. Oxygen microelectrode profiles for stations 2, 3b, 4, 5, 6, 7,
and 8 (data from A. Devol, University of Washington).
cruise, syringes and filters were cleaned with 2 M HCl, rinsed with 18
M� MilliQ water, and dried in a laminar flow hood. Sample storage
4-mL HDPE bottles were filled with 2 M HCl for four days at 60°C,
rinsed with 18 M� MilliQ water, and dried in a laminar flow hood.

3.2. Analysis Methods—Pore Waters and Sediments

Pore waters were diluted 20-fold with approximately 0.8 M HNO3

and spiked with an internal standard solution (Sc, Y, In, Cs, Lu)
following the method of Rodushkin and Ruth (1997). This relatively
simple method with minimal sample preparation allows for the simul-
taneous quantification of Fe, Mn, V, U, Mo, and Re, without precon-
centration techniques or other preanalysis sample preparations. The
samples were run on a Finnigan Element high-resolution inductively
coupled plasma-mass spectrometer (HR-ICPMS) at the Woods Hole
Oceanographic Institution, in both low (V, U, Mo, Re) and medium
(Mn, Fe) resolution settings. Solutions composed of a combination of
single-element standards containing Fe, Mn, V, U, Mo, Re and internal
standards (Sc, Y, In, Cs, Lu) were run with samples to assess and
correct for instrument mass bias. Replicate measurements of CASS-4
(Nearshore Seawater Reference Material for Trace Metals, National
Research Council, Canada) and overlying water samples were used to
determine method accuracy and precision.

Dried sediments were completely dissolved using a modification of
the method of Murray and Leinen (1993) as described by Morford and
Emerson (1999). Rhenium was manually preconcentrated prior to anal-
ysis using AG1 X8 100–200 mesh chloride-form resin (modified from
Colodner, 1991). All sediment samples were analyzed using a Perkin
Elmer Elan 5000 ICPMS at the University of Washington in peak
jumping mode, as described in Morford and Emerson (1999), except
for Fe and Al, which were measured using a flame atomic absorption
spectrometer. Duplicate digestions and analyses of sediment samples
were used to assess precision. Daily analyses of PACS-1 (Marine
Sediment Reference Materials for Trace Metals and Other Constituents,
National Research Council, Canada) and correlations with certified

Table 2. Replicate analyses of CASS-4 Nearshore Seawater Refer-
ence Material (n � 17– 20). The measured values are reported as the
average concentration (nM) � standard deviation (percent relative
standard deviation, %RSD), whereas the known CASS-4 concentration
is reported with its standard deviation at the 95% confidence limit.

[Element] (nM) Measured CASS-4 Known CASS-4

Mn 52.3 � 6.8 (13%) 50.6 � 3.5
V 29.3 � 3.8 (13%) 23.2 � 3.1
U 10.6 � 0.8 (8%) 12.6*
Mo 94.8 � 8.9 (9%) 91.5 � 9.0
Re (�10�3) 35 � 5 (15%) NV

* Note: The known U concentration in CASS-4 is only for informa-
tion and is not certified.

tump and Emerson, 2001). The transect extends from �47° N to �133°
ere determined by oxygen microelectrode (A. Devol, pers. comm.).

close stations (Hedges et al., 1999; Lambourn et al., 1996).
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depth (cm)
Sedimentation Rate
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NV indicates that neither a certified nor a recommended value is
available.
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concentrations were used to assess accuracy of measured sediment
sample concentrations.

3.3. Method Results—Accuracy and Precision

Reproducibility and accuracy of pore water analyses were calculated
using replicate measurements of CASS-4 and overlying water samples.
The measurement reproducibility of CASS-4 and overlying waters is
�20% for Re, Mn, and V and �10% for U and Mo (Tables 2 and 3).
Duplicate samples from station 3b, taken from 0.9 cm below the
sediment-water interface, were measured to determine the precision for
Fe, which was �5% (Table 3). Manganese and Mo are within the 95%
confidence interval of the known concentration for CASS-4, whereas
there is no known Re concentration reported for CASS-4. The average
overlying water Mo and Re concentrations are consistent with their
known oceanic concentrations within the measurement error. The av-
erage measured V concentration is �26% higher than the certified
CASS-4 concentration, and higher overlying water V concentrations
were measured relative to the expected range in literature seawater
concentrations (Table 3). The U concentration is not certified for the
CASS-4 standard; however, measured U concentrations are 16% lower
than the recommended concentration (Table 2) and overlying water U
concentrations are 13% lower than the known seawater concentration
(Table 3). Therefore, the results from Tables 2 and 3 suggest that V
analyses are somewhat high (0%–25%) and U analyses are 10%–20%
low. We believe this is due to inaccuracy in our relatively simple
analytical method involving only a 20-fold sample dilution and internal
standards. A more rigorous method, in which the salts are removed
from the sample prior to analysis and/or isotope dilution is used for
quantification, would have resulted in better accuracy for V and U.
However, because our interpretations focus on changes between bottom
water and pore water concentrations, the inaccuracy of the method will
not affect the following discussion.

The reproducibility of the sediment analyses (Table 4) was deter-
mined by duplicate analyses of samples. Reproducibility of measure-

Table 3. Replicate analyses of overlying water (OVW) from station
1, 4, 5, 7, 8. Average overlying water concentrations are compared wit
station 3b taken from 0.9 cm below the sediment-water interface are a
(%RSD). Duplicate samples were typically run the same day; overlyin

Fe (�M) Mn (�M)

Stn 2 OVW �DL �DL
Stn 6 OVW �DL �DL
Stn 1 OVW �DL �DL
Stn 4 OVW �DL �DL
Stn 5 OVW �DL �DL
Stn 7 OVW �DL �DL
Stn 8 OVW �DL �DL
Average OVW na na
Dissolved ocean conc. na na
Stn 3B 0.9 cm 0.9 (2.7%) 0.7 (0.8%)

�DL denotes below detection limit, na denotes not applicable, cont.
et al. (1987); b. Ku et al. (1977); c. Collier (1985); d. Colodner (1991

Table 4. Average concentrations (%RSD) are p

Depth
(cm) [Al] (%) [Ti] (%) [Fe] (%)

Stn 2 0.3 5.40 (5.6%) 0.35 (1.2%) 11.1 (2.4%)
7.7 6.75 (0.0%) 0.42 (0.2%) 7.63 (5.0%)

Stn 4 7.2 8.26 (4.3%) 0.49 (3.9%) 4.83 (4.6%)
31.7 7.39 (0.23%) 0.50 (3.1%) 4.38 (0.08%)

Stn 6 9 6.02 (0.8%) 0.34 (0.09%) 5.24 (3.1%) 2
27 6.98 (6.7%) 0.41 (4.6%) 5.63 (3.2%)

Stn 8 2.5 8.50 (0.4%) 0.47 (1.5%) 5.04 (3.5%)

21 8.44 (5.7%) 0.48 (0.6%) 4.88 (0.8%) 5140 (0
ments are �5% for Ti, Fe, and V and �8% for Mo, Al, Mn, U, and Re
(for Re samples above 1 ppb, Table 4). Accuracies were determined by
measuring sediment reference standards when available. Accuracies
were better than 6% for all metals (for details, see Breckel et al., 2004).
The dramatically improved accuracy and precision reported for sedi-
ment Re concentrations relative to pore water Re measurements are
most likely due to the preconcentration and isotope dilution method
used for the sediment samples.

4. RESULTS AND DISCUSSION

4.1. Titanium Sediment Results

Stations 2, 4, 6, and 8 have relatively constant Ti/Al sedi-
ment ratios similar to the Ti/Al ratio found in shale (Fig. 3;
Turekian and Wedepohl, 1961). The Ti/Al ratio in sediments
may be a tracer for grain size and detrital source. Higher Ti/Al
ratios may indicate larger grain sizes (Spears and Kanaris-
Sotiriou, 1976) or a change in the detrital source from shales to
more basaltic-type rocks, which have higher Ti concentrations
(Turekian and Wedepohl, 1961). Therefore, measured Ti/Al
ratios suggest the absence of coarse-grained material and the
appropriateness of shale as an estimate for detrital concentra-
tions.

4.2. Iron and Manganese

An examination of both pore water and sediment profiles can
yield insight into the controls on Fe and Mn fluxes from
sediments to overlying waters. Pore water Fe concentrations are
elevated below 1 cm at stations 2 and 3b and below about 5 cm

9), triplicate analyses of station 6, and duplicate analyses from stations
n dissolved ocean concentrations. Duplicate analyses of a sample from
luded. The measured values are reported as the average concentration
r from station 2 was analyzed with every ICP-MS run.

M) U (nM) Mo (nM) Re (pM)

8.9%) 12.2 (5.4%) 106 (6.8%) 39 (17%)
8.7%) 12.8 (0.7%) 113 (2.7%) 38 (12%)
12%) 12.3 (0.9%) 114 (0.5%) 36 (10%)
4.4%) 11.4 (0.4%) 92.3 (8.2%) 36 (8.4%)
1.5%) 10.6 (2.5%) 89.5 (1.5%) 50 (22%)
7.3%) 12.5 (2.1%) 112 (5.0%) 35 (11%)
cont.) 12.6 (1.3%) 112 (0.5%) 55 (cont.)
20%) 12.1 (8.0%) 106 (8.6%) 39 (19%)
45a 14b 105c 39–45d

3.2%) 10.5 (0.6%) 120 (5.0%) 54 (13%)

that one of the replicates was contaminated. a. Collier (1984); Jeandel
r et al. (1992).

d for duplicate analyses of sediment samples.

pm) [V] (ppm) [U] (ppm) [Mo] (ppm) [Re] (ppb)

.3%) 104 (0.9%) 1.31 (1.5%) 0.63 (2.2%) 3.47 (5.7%)

.6%) 117 (2.9%) 2.52 (2.5%) 1.32 (3.6%) 8.33 (3.69%)

.2%) 133 (3.5%) 2.58 (4.6%) 0.72 (4.8%) 5.13 (4.0%)

.1%) 124 (0.6%) 4.17 (3.2%) 1.12 (7.6%) 13.57 (5.4%)

.5%) 165 (1.3%) 1.74 (0.4%) 7.57 (1.2%) 0.26 (33%)

.3%) 147 (3.3%) 1.34 (5.6%) 1.55 (0.6%) 1.16 (8.0%)

.8%) 137 (0.9%) 1.64 (5.1%) 5.29 (0.9%) 0.07 (11%)
2 (n �
h know
lso inc
g wate

V (n
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at station 4 (Fig. 4). Surface sediment authigenic Fe enrichment
at station 2 is consistent with remobilization and precipitation
at the sediment-water interface (Fig. 3). The pore water gradi-
ent at station 4 is sufficiently less steep to prevent detectable
enrichment in the surface sediments. Therefore, Fe does not
appear to diffuse to overlying waters, implying that Fe cycling
is restricted to sediments and pore waters and does not extend
to overlying waters, which is consistent with the results of
Thamdrup et al. (1994) for coastal systems.

Pore water Mn2� is below 8 �M in all pore waters from
stations 2, 3b, and 4, where oxygen penetrates less than 1 cm.
The pore water Mn2� profiles suggest that Mn oxide reduction

Fig. 3. Metal/aluminum ratios for Ti, Fe, and Mn in se
8. The vertical lines denote various metal/Al detrital estim

Fig. 4. Pore water Fe2� and Mn2� concentrations versus

penetration depths of �1 cm whereas stations 5, 6, 7, and 8 have
denote the sediment-water interface.
is occurring very close to the sediment-water interface where
Mn2� can diffuse to the overlying waters (Fig. 4). The sedi-
ment profiles from stations 2 and 4 are consistent with this
interpretation, suggesting Mn depletion relative to detrital es-
timates (Fig. 3). Whereas Fe cycling appears to be restricted to
sediments and pore waters, Mn cycling extends to overlying
waters. The reason for the difference is the relative oxidation
rate kinetics of these metals, which results in rapid Fe2�

oxidation (Sung and Morgan, 1980) preventing Fe depletion in
surface sediments (Fig. 3). Manganese oxidation rates, how-
ever, are typically on the time scale of days to weeks in the
presence of particulate surfaces (Davies and Morgan, 1989) or

cores plotted against depth (cm) for stations 2, 4, 6, and

or all stations. Note that stations 2, 3b, and 4 have oxygen
depth f

oxygen penetration depths of 	1 cm. The horizontal lines



5026 J. L. Morford et al.
when microbially mediated (Tebo et al., 1984). Only where Mn
oxide reduction is occurring deep enough in pore waters to
build up pore water Mn2� does oxidation in surface sediments
limit the Mn flux to overlying waters. High concentrations of
pore water Mn2� are measured below �5–10 cm depth in cores
from stations 5, 6, and 7 (Fig. 4). Iron oxyhydroxide reduction
is probably occurring at these stations, but oxygen, nitrate, or
Mn oxides (Myers and Nealson, 1988) may be used to oxidize
Fe2�, thereby removing Fe2� from pore waters and resulting in
measurable Mn2� in pore waters. Station 6, which is close to
the Juan de Fuca Ridge crest, is probably influenced by hydro-
thermal activity, resulting in high Mn2� concentrations (Fig. 4)
and both Mn and Fe sediment enrichment (Fig. 3, see later
discussion). Only at station 8 are both Mn2� and Fe2� absent
from upper pore waters; however, hydrothermally influenced
sediment Mn enrichment is apparent throughout the top 28 cm
of this core (Fig. 3).

4.3. Uranium and Rhenium

Pore water U and Re profiles can provide information on the
geochemical cycling of these elements and, coupled with their
respective sediment profiles, can provide estimates for authi-
genic U and Re fluxes to sediments. Pore water data suggests U
removal from the dissolved form in pore waters at stations 3b
and 4 to a final concentration of 2–5 nM by 5–8 cm (Fig. 5).
Although the pore water data from station 2 is somewhat
scattered, the pore water U concentration at the bottom of the
core is also depleted to �5–6 nM (Fig. 5). Sediment U profiles
indicate authigenic U enrichment below 5 cm at stations 2 and
4 relative to detrital estimates appropriate for this location, in
agreement with pore water profiles (Fig. 6). Uranium is also
enriched in the top 10 cm of station 6, although there is no
indication of uptake from pore waters. This location is heavily
influenced by hydrothermal sediments (see later discussion),
which may provide a mechanism for U enrichment (Mills et al.,
1993). The change in U pore water gradients from stations 3b
and 4 at approximately 5 cm and 8 cm, respectively, are
coincident with the broad maxima in pore water Fe2�

, suggest-
ing similar depths of reduction (Figs. 4 and 5). The extremely
low pore water U concentration at �7.3 cm at station 2 coin-
cides with the peak in pore water Fe2�, perhaps suggesting a
local zone of intense Fe and U reduction. The similarity in
depths for Fe and U reduction is consistent with previous pore
water and sediment profiles (Cochran et al., 1986; Klinkham-
mer and Palmer, 1991; Crusius et al., 1996; Zheng et al., 2002).
Microbial reduction of U(VI) has been shown to be associated
with Fe(III)-reducing bacteria (Lovley et al., 1991); therefore,
it is not unexpected that U reduction and subsequent removal
from pore water would occur at similar depths as Fe reduction.
The nonzero U concentrations deeper than 10 cm at stations 3b
and 4 (2–4 nM) are similar to deep pore water U concentrations
measured in profiles from the California margin (�4 nM) and
the Mid-Atlantic Bight (�2 nM) (Zheng et al., 2002). This
residual pore water U may be less than the minimum concen-
tration necessary for microbial reduction.

The pore water Re data are extremely scattered in the top 8
cm for the majority of stations (Fig. 5), but below 8–13 cm the
data are consistent and indicate Re removal from solution at

stations 2, 3b, and 4 to a relatively constant concentration of
8–17 pM and no removal from pore waters from stations 5, 6,
7, and 8 (Fig. 5). These conclusions from the pore water
profiles are consistent with the Re sediment profiles that show
authigenic Re enrichment at stations 2 and 4 and detrital
concentrations at stations 6 and 8. The reason for the scatter of
the pore water Re data in the surficial sediments is not known.
The lack of sample preconcentration prior to pore water anal-
ysis resulted in HR-ICPMS sample count rates of �100–200
counts per second relative to a blank of 5–20 cps, which could
contribute to the observed signal noise and would suggest that
a simple 20-fold sample dilution is not suitable for Re analysis.
However, the lack of scatter for Re concentrations in samples
below 10 cm suggests that this may not be the sole reason. The
scatter in the top 10 cm of the Re data could also be due to
oxidation artifacts that occurred during core processing. Deeper
pore waters are less susceptible to oxidation because they are
more reducing and tiny amounts of oxygen that reach these
pore waters during processing may be consumed by oxidation
of more reducing elements, such as sulfide or iron, resulting in

Fig. 5. Pore water U and Re concentrations versus depth for all
stations. Gray symbols designate Re samples that were scattered owing
to either analytical problems during analysis or oxidation artifacts
during processing; see text for full explanation. See Figure 4 caption for
comments.
effective redox “buffering.” However, shallower pore waters
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may be more susceptible to oxygen introduced during core
processing because this region of the sediments is relatively
poorly buffered with respect to redox processes, which might
result in easier oxidation of reduced sedimentary Re and remo-
bilization to pore waters.

The scatter in pore water Re data makes it difficult to
correlate with depths of Fe or U reduction. However, the pore
water profiles seem to suggest a very similar depth of reduction
for Re and U, which is consistent with the results of Crusius et
al. (1996). Rhenium profiles from stations 2, 3b, and 4 de-
creased to 8–17 pM, similar to pore water Re profiles from the
North Pacific that showed decreasing Re concentrations from
44 pM to �10 pM at 17 cm (Colodner et al., 1993). Colodner
et al. (1993) also presented relatively constant Mo pore water
concentrations in these North Pacific cores, suggesting that Re
removal occurs under less-reducing conditions relative to con-
ditions necessary for Mo removal. This order of removal is
consistent with results from stations 3b and 4 and previous
research (Crusius et al., 1996).

4.4. Molybdenum and Vanadium

The combination of pore water and sediment profiles can
also yield information on complexation and sedimentary con-
trols on cycling, in addition to controls on authigenesis. Ele-
vated pore water Mo measured in samples close to the sedi-
ment-water interface at all of the stations relative to overlying
water concentrations may be due to an artifact of centrifuging,
or possibly complexation with DOC in pore water (Fig. 7;
Emerson and Huested, 1991). Only station 2 appears to be

Fig. 6. Metal/aluminum ratios for U, Re, Mo, and V m
2, 4, 6, and 8. The vertical lines denote various metal/Al d
Columbia River particulates: Morford and Emerson, 1999
reducing enough to remove Mo from pore waters, with Mo
concentrations decreasing from 101 nM in overlying waters to
86 nM below 10 cm (Fig. 7). The sediment profile for Mo at
station 2 also shows slight authigenic enrichment below 5 cm
(Fig. 6). However, it does not appear that any of the other
stations are reducing enough to remove Mo from pore waters
via reduction. Increasing pore water Mo concentrations with
depth are coincident with increasing pore water Mn2� at station
6 and suggests Mo recycling with Mn. The decrease in pore
water Mo at station 7 from approximately 6–8 cm is likely due
to adsorption to Mn oxides that are inferred to occur at this
depth based on the pore water Mn2� concentrations that ap-
proach zero at �7 cm (Figs. 4 and 7), although we do not have
sediment data for station 7 to substantiate this hypothesis.
Authigenic Mo enrichment is obvious in sediments from sta-
tions 6 and 8, although this is more likely due to adsorption to
Mn oxides rather than reduction (Figs. 3 and 6).

Surface pore waters from stations 4, 5, 6, 7, and 8 are
enriched in V up to 350 nM, probably because of complexation
with dissolved organic carbon (Fig. 7; Brumsack and Gieskes,
1983; Emerson and Huested, 1991). Pore water concentrations
come to a constant concentration of 27–38 nM below 5 cm at
stations 2, 3b, and 4, which is somewhat less than the V
concentration in the overlying waters (40–60 nM) (Fig. 7),
suggesting some V removal from pore waters. Authigenic
sediment V enrichment from station 2 is apparent in the top 5
cm but not deeper, and there appears to be little enrichment at
station 4 (Fig. 6). In general, both pore water and sediment
concentrations of V are strongly associated with Mn cycling.
Data from station 6 suggest V association with Mn cycling
through both elevated pore water V concentrations below 6 cm

in sediment cores plotted against depth (cm) for stations
stimates (North Pacific oxic sediments: Kyte et al., 1993;
easured
and elevated Mn2� pore water concentrations (Figs. 4 and 7),
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suggesting that both Mn2� and V are released during Mn oxide
reduction. Station 6 sediment V concentrations are also ele-
vated concurrent with elevated Mn sediment concentrations
(Figs. 3 and 6), suggesting V adsorption to Mn oxides.

4.5. Hydrothermal Influence at Stations 6 and 8

Both sediment and pore water profiles at stations 6 and 8
suggest tht reducing conditions are not solely responsible for
metal cycling. There are large authigenic sediment Mn enrich-
ments measured at both stations, which decrease below 20 cm
to detrital concentrations in the case of station 8. Pore water Mn
concentrations are also high at depth for station 6 (150 �M).
Calculations of the upward diffusion of pore water Mn2�,
however, suggest that the pore water flux cannot adequately
supply a steady-state accumulation of surface sediment Mn
enrichment (Table 5). The upward flux of Mn2� (Fpw) is
approximately 50% and 29% of the sediment accumulation rate
of Mn (Fsed) for stations 6 and 8, respectively. Therefore, the
flux of Mn into sediments is greater than the pore water flux,
which suggests nonsteady-state accumulation and additional
Mn input from above.

Fig. 7. Pore water Mo and V concentrations versus depth for all
stations. See Figure 4 caption for comments.
Sediment Mn enrichment above detrital concentrations at
stations 6 and 8 is due to hydrothermal input from the nearby
Juan de Fuca Ridge crest. The distribution of surface sediment
Mn concentrations along a transect south of the data presented
here suggests a stronger hydrothermal input extending to the
west, with higher surface Mn sediment concentrations closer to
the ridge crest and smaller Mn enrichments approximately 300
km from the ridge crest (Fig. 1; Lavelle et al., 1992). The Mn
distribution presented here is similar to the data presented by
Lavelle et al. (1992) and is consistent with elevated Mn occur-
ring off axis and decreasing but still elevated several hundred
meters away. A hydrothermal input would also explain the Fe
sediment profile at station 6, which is elevated throughout the
profile (Fig. 3). This Fe profile suggests a constantly enriched
Fe concentration, consistent with Fe enrichment due to hydro-
thermal precipitates (Dymond, 1981; Heath and Dymond,
1981; Klinkhammer and Hudson, 1986; Schaller et al., 2000).

The decreasing Mn sediment enrichment with increasing
depth at station 6, however, cannot be explained by steady-state
hydrothermal input. It is possible that the hydrothermal input
has not been constant, with a greater hydrothermal input during
more recent times. However, changing hydrothermal input
would not be consistent with the relatively constant Fe/Al ratio
measured in sediments from station 6. It is possible that the
profile results from a change in reducing conditions over time.
For example, if the present-day conditions are more reducing
than those at approximately 10 kyr B.P., when the sediment at
20 cm was deposited, then the increase in reducing conditions

Table 5. Calculation of pore water Mn2� fluxes and Mn sediment
accumulation rates at stations 6 and 8. The upward flux of Mn2� is

calculated as Fpw � Dsed���
d�Mn2��

dz
, where Fpw is the flux of Mn2�

through pore waters, Dsed is 1.9�10�6 cm2 s�1 (Bender, 1971), po-
rosity (�) is assumed to be 0.8 cmwater

3 cmbulk
�3 , and the change in Mn2�

concentration (d[Mn2�]) is from the bottom of the core to the depth at
which [Mn2�] � 0. The sediment Mn accumulation rate is calculated
as Fsed � s�(1 � �) [Mn]auth. The sedimentation rate (s) is based on
relatively close stations (Table 1), and the sediment density (�) is
assumed to be 2.5 gsed cmsed

�3. The authigenic sediment Mn concentra-
tions reflect the Mn added after sediment deposition and are calculated
as the difference between the measured and detrital (background)
concentrations. The authigenic concentrations are calculated as

�Mn�auth � �Mn�total � ��Al�totalx
�Mn�detrital

�Al�detrital
�, where the detrital Mn/Al

ratio (Columbia River particulates, Morford and Emerson, 1999) is
multiplied by the Al concentration in surface sediments, and the cor-
rected detrital Mn concentration is then subtracted from the total Mn
concentration ([Mn]total) measured in surface sediments.

Station 6 Station 8

Depth at which [Mn2�] � 0 (cm) 3 15
[Mn2�] at 23 cm (stn 6) or 30 cm

(stn 8) (�M) 150 4
Upward flux of Mn2�

(Fpw, g cm�2 yr�1) 2.1�10�5 0.14�10�5

Sediment [Mn]auth (ppm) 42,200 4,810
Sedimentation rate (cm kyr�1) 2.0 2.0
Sediment Mn accumulation rate

(Fsed, g cm�2 yr�1) 4.2�10�5 0.48�10�5

Imbalance between pore water flux and
sediment accumulation rate
(Fpw/Fsed�100) 50% 29%

Mn accumulation due to diagenesis

(Fsed � Fpw, g cm�2 yr�1) 2.1�10�5 0.34�10�5
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may be remobilizing a previous Mn sediment peak and con-
centrating it in the surface oxic sediments. Therefore, high
surface sediment Mn concentrations could be due to diagenetic
Mn remobilization at depth, upward migration of Mn2�, oxi-
dation, and additional scavenging of dissolved hydrothermal
Mn2� on oxide surfaces. This would augment the Mn enrich-
ment at the surface and would explain the continuously de-
creasing Mn concentration with increasing depth. The hypoth-
esis of less-reducing conditions �10 kyr B.P. is difficult to
verify from other sediment cores along the northeast Pacific,
because the sedimentation rate has not been precisely deter-
mined at station 6. However, organic carbon results from off
Oregon State suggest reduced primary productivity from 11.6
to 13.6 kyr B.P., possibly coincident with the Younger Dryas,
a result of reduced coastal upwelling in this area (Kienast et al.,
2002, and references therein).

The presence of both Mn and Fe enrichment at stations 6 and
8 also highlights the association of trace metals with oxide
surfaces. The sediment V profile for station 6 has a similar
profile to Mn, suggesting adsorption to Mn oxides, which is
consistent with previous research (Calvert and Piper, 1984;
Wehrli and Stumm, 1989). Decreasing sediment V concentra-
tions with increasing depth at this location may also suggest V
release from Mn oxides during Mn oxide reduction. The Mo
enrichment at station 6 is more concentrated at the surface,
perhaps suggesting a stronger association with freshly precip-
itating Mn oxides. Molybdenum is also enriched in sediments

Table 6. Data compilation fo

Location Station O2pendep

NW US Margin (This work) 2 0
4 0
6 1
8 5

NW US Margin (Morford and
Emerson, 1999) WEC204 0

WEC213 0
WEC206 0
WEC203B 0

African Margin (Morford and Emerson,
1999) 1BC 0

3BC 3
2BC 	3

CA Borderlands� Patton
Escarpment 2
San Clemente 0
San Nicolas 0
Santa Cruz 0

Laurentian Trough (Sundby et al.,
2004) 1 0.7 (�

2 0.4 (�
3 0.4 (�
4 0.8 (�

� Oxygen penetration depths for Patton Escarpment and San Clemen
and Santa Cruz basins are based on Mn pore water and sediment profi
below the sediment- water interface. Oxygen penetration depths for the L
et al., 2000.

� Rhenium concentrations for the CA Borderlands are from D. Co
* All sedimentation rates for the NW US Margin are from Hedges et

Morford and Emerson (1999) (station 2BC is assumed, based on avail
and references therein.
from station 8, with a profile similar to Mn. Uranium sediment
enrichment is only obvious at station 6 and could be due to
association with either Mn oxides or Fe oxyhydroxides, which
is consistent with previous research (Barnes and Cochran,
1991). An additional hydrothermal U input is also possible,
because U is strongly enriched in hydrothermal sulfide deposits
(Mills et al., 1993). Rhenium is at detrital concentrations for
both stations, concurring with results from Colodner et al.
(1993) and Crusius et al. (1993), who found no relation with
Mn or Fe cycling. In addition, Re has not been found to be
associated with hydrothermal processes (Ravizza et al., 1996;
Schaller et al., 2000).

4.6. Rhenium as a Model Tracer for Intermediate
Reducing Conditions

A compilation of literature shows large Re accumulation
rates (	100 ng cm�2 kyr�1; Table 6 and Fig. 8) when oxygen
penetration depths are less than �1 cm. These results suggest
that Re is the most promising tracer for intermediate reducing
conditions when oxygen is present in bottom waters but rapidly
consumed from pore waters. In addition, there is minimal
complication when discerning sediment Re authigenic enrich-
ment relative to its detrital background. Rhenium detrital con-
centrations are extremely low relative to measured authigenic
concentrations, which results in negligible error associated
when calculating the authigenic fraction. Rhenium is uncom-
plicated by adsorption to Mn oxides and/or Fe oxyhydroxide

cumulation rate calculations.

Depth range
averaged (cm)

[Re]
(ppb)�

Sed Rate
(cm kyr�1)*

Re accumulation rate
(ng cm�2 kyr�1)

8–21 cm 5.6 15 210
7–47 cm 8.8 12 260
9–27 cm 0.4 2 1.9
9–37 cm 0.2 2 0.9

7–15 cm 5.3 15 200
13–28 cm 14.5 15 540
13–38 cm 5.9 12 180
13–42 cm 9.1 12 270

7–16 cm 12.5 14 420
7–16 cm 7.7 3 54
6–16 cm 0.2 2 1

11–28 cm 0.7 25 43
11–23 cm 8.8 25 550

13.5–25.5 cm 22.7 25 1400
7.5–16.5 cm 12.3 25 770

354

465
223
261

rom Shaw et al., 1990. The oxygen penetration depths for San Nicolas
aw et al., 1990), which suggest extremely shallow oxygen penetration
ian Trough stations are average values for nearby cores from Silverberg

as reported in Zheng, 1999.
9) (Table 1). Sedimentation rates for the NW African Margin are from
a). Sedimentation rates for CA Borderlands are from Emerson (1985)
r Re ac

(cm)�

.3

.5

.5

.3

.6

.9

.9

.9

.4

.1

.1

0.5)
0.7)
0.2)
0.3)

te are f
les (Sh
aurent

lodner,
al. (199
able dat
surfaces, and Re accumulation in sediments appears to be
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solely due to the extent of reducing conditions. Therefore, Re
appears to be the best indicator for intermediate reducing
conditions where oxygen penetrates less than �1 cm below the
sediment-water interface.

Coupling authigenic Re and Mo sediment concentrations
should distinguish intermediate reducing conditions from oxic
or anoxic conditions. The absence of Re suggests that the
oxygen penetration depth is greater than 1 cm, even in the
presence of sediment Mo enrichment, owing to the potential for
Mo adsorption to Mn oxides. The presence of authigenic Re
with negligible authigenic Mo enrichment would suggest inter-
mediate reducing conditions, where bottom water oxygen con-
centrations are nonzero but oxygen goes to zero less than 1 cm
below the sediment-water interface. The presence of both au-
thigenic Re and Mo would suggest an extremely shallow oxy-
gen penetration depth or anoxic bottom waters. Crusius et al.
(1996) suggested that the ratio of Re/Mo in sediments would be
useful in discerning redox conditions. Oxic conditions would
have Re/Mo ratios that mimic the crustal ratio or less (depend-
ing on Mo adsorption to Mn oxides), intermediate conditions
would have higher Re/Mo ratios owing to authigenic Re en-
richment, and anoxic conditions would have Re/Mo ratios
similar to their ratio in seawater because both Re and Mo are
assumed to be quantitatively removed from seawater to sedi-
ments. However, Nameroff et al. (2002) revealed the difficulty
of using Re/Mo ratios for sediments recovered from the oxygen
minimum zone off Mexico, with authigenic Re and Mo accu-
mulation suggesting anoxic conditions but Re/Mo ratios sug-
gesting intermediate reducing conditions. Consistent with
Nameroff et al. (2002), we suggest that Re/Mo ratios should be
used cautiously, whereas authigenic accumulation data pro-
vides more direct evidence of the extent of reducing conditions.

5. CONCLUSION

This research has provided a valuable test of the hypothesis
that trace metals respond to the extent of reducing conditions in
a predictable way. The range in oxygen penetration depths
along this transect fall broadly into those stations with oxygen

Fig. 8. Compilation of Re accumulation rate (ng cm�2 kyr�1) plotted
versus oxygen penetration depth below the sediment-water interface, as
described in Table 6.
penetration �1 cm (stations 2, 3b, and 4) and those stations
with oxygen penetration 	1 cm (stations 5, 6, 7, and 8). When
oxygen penetrates less than 1 cm, Fe is reduced to pore waters
but reoxidized near the sediment-water interface, preventing a
flux of Fe2� to overlying waters, whereas Mn oxides are
reduced and Mn2� diffuses to overlying waters. Both Re and U
authigenically accumulate in sediments. Only at the most re-
ducing location, where the oxygen penetrates 0.3 cm below the
sediment-water interface, does the surface 30 cm of the sediments
become reducing enough to authigenically accumulate Mo.

Stations in close proximity to the Juan de Fuca Ridge crest
are enriched in Mn and Fe from hydrothermal plume processes.
Both V and Mo clearly associate with Mn cycling, whereas U
may be associating with either Mn oxides and/or Fe oxyhy-
droxides. Rhenium is uncomplicated by adsorption to sediment
Mn and/or Fe, and Re accumulation in sediments appears to be
solely due to the extent of reducing conditions. Therefore,
coupling authigenic Re and Mo sediment concentrations should
distinguish intermediate reducing conditions from either oxic
or anoxic conditions. The absence of Re suggests oxic condi-
tions, even in the presence of sediment Mo enrichment due to
the potential for Mo adsorption to Mn oxides. The presence of
authigenic Re with negligible authigenic Mo enrichment would
suggest intermediate reducing conditions, where bottom water
oxygen concentrations are nonzero but oxygen goes to zero less
than 1 cm below the sediment-water interface. The presence of
both authigenic Re and Mo would suggest an extremely shal-
low oxygen penetration depth or anoxic bottom waters.

5.1. Future Directions

Additional data continues to be necessary to constrain redox-
sensitive trace metal geochemical cycling in shallow coastal
areas, where bioturbation may compromise authigenic trace
metal accumulation (e.g., Zheng et al., 2002), and areas with
fast sedimentation rates (e.g., Sundby et al., 2004). The logical
next step will be to incorporate Re into a sediment–pore water
model such as Muds (Archer et al., 2002), verify the model
response under present-day conditions using literature data, and
then adjust the global reducing conditions to monitor the Re
authigenic sediment response. Rhenium analyses in well cho-
sen sediment cores should then provide valuable constraints on
past changes in reducing conditions. The search continues for a
combination of tracers that will distinguish between changes in
bottom water oxygen concentration and changes in organic
carbon flux to the sediment-water interface, because it is not yet
possible to distinguish between an increase in carbon flux and
a decrease in bottom water oxygen content from trace metal
sediment profiles.
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