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Abstract

We measured solid-phase Mo and U concentrations in marine sediments from the California, Mexico, Peru, and Chile margins to
ascertain the behavior of Mo and U during early diagenesis in continental margin settings. At sites along the California, Mexico, and
Peru margins where there are estimates of mass accumulation rates, authigenic U accumulation rates range from �0–50 nmol m�2 day�1.
At the California and Mexico margin sites Mo accumulation rates range from 0 to 134 nmol m�2 day�1 whereas at the Peru margin site
rates may be as high as 550 nmol m�2 day�1. We observe relationships between metal accumulation rates and the delivery and burial
rates of organic carbon (Corg). In the case of Mo there appears to be at least two relationships between metal accumulation rate and
organic carbon burial. For most of the data presented in this manuscript, continental margin sediments have a Mo:Corg accumulation
rate ratio of �20 lmol mol�1. This value is significantly lower, however, than those reported for anoxic basins �100 lmol mol�1, but is
consistent with reported Mo:Corg rain ratios from Mexico margin sediment traps. In contrast to Mo, there appears to be a single U:Corg

burial ratio of �5 lmol mol�1, which includes a range of environments from anoxic basins and open ocean sites. We interpret the rela-
tionships between metal accumulation and organic carbon to indicate that the reactions that govern authigenic metal accumulation are
primarily sensitive to the delivery and burial of organic carbon in these particular settings. However, we note that any relationship
between metal accumulation and organic carbon could be indirect. In the particular case of Mo, based on what is known about Mo
geochemistry from the literature, it is possible that Mo authigenesis is coupled to sulfur cycling in many of the environments covered
by this study, and that the observed association between Mo and organic carbon burial is a consequence of the coupling between carbon
and sulfur burial. Using the observed relationships between Mo and Corg burial as well as constraints from the Mo isotope budget we
estimate that continental margin sediments are an important sink for Mo. The magnitude of this sink (�0.4 · 108 mol y�1, or larger) may
be as much as one quarter of the oceanic removal term, and is likely to be larger than the modern anoxic basin sink.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The ocean’s carbon cycle plays an important role in cli-
mate evolution. The interactive processes of biological pro-
duction and ocean-atmosphere gas exchange ultimately
regulate atmospheric CO2 concentrations. One of the
important locations for ocean carbon cycling is along the
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ocean basin boundaries (e.g., Muller-Karger et al., 2005).
It is here where interactions between the ocean and terres-
trial biospheres create the fertile conditions necessary to
stimulate high rates of carbon fixation. These high rates
of carbon fixation result in continental margins being glob-
ally significant repositories for fixed carbon as well as being
potentially rich archives of high-resolution oceanographic
records.

This contribution focuses on the geochemistry of Mo
and U in reducing continental margin sedimentary
ranium geochemistry in continental . . ., Geochimica et Cosmo-
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environments of the eastern Pacific and the potential of
these two transition metals to serve as proxies for the
ocean’s carbon cycle. The solubility of these two elements
decreases under the reducing conditions commonly
encountered within the upper few centimeters of ocean
margin sediments. Because of this decrease in solubility,
the presence or absence of these elements in sedimentary
deposits has been interpreted as a signature for past reduc-
ing conditions. However, our understanding of these ele-
ments has yet to mature to the point where their
quantitative utility is possible. One of the difficulties in
exploiting these elements as proxies for past geochemical
conditions derives from the fact that sedimentary reducing
conditions may be controlled by two complementary or
competing processes: low dissolved oxygen availability
above the sediments and the delivery of reactive organic
carbon to the seafloor. These two factors, which are also
closely coupled, combine to create shallow oxygen penetra-
tion depths where diagenetic reaction zones (e.g., oxygen
consumption, nitrate, Mn, and Fe reduction) can be spa-
tially compressed to the point where they functionally
overlap.

In this paper, we present solid-phase Mo and U data
from a number of cores along the California, Mexico, Peru,
and Chile margins. These data point to authigenic enrich-
ments of Mo and U in a number of these oxygen deficient
settings and show a relationship between Mo and U accu-
mulation and the accumulation rate of organic carbon.
Based on these data, as well as some recent constraints
on the Mo isotope balance, we suggest that the accumula-
tion rate of Mo in continental margin sediments may rep-
resent 25% of the total Mo burial.

2. Geochemical background

2.1. Molybdenum geochemistry

Mo is a biologically essential trace element (e.g., Ho-
warth and Cole, 1985; Howarth et al., 1988a,b; Marino
et al., 1990; Paulsen et al., 1991; Cole et al., 1993; Tuit
et al., 2004; and others); however, unlike many bioactive
elements, variations in its water column distribution are
small (Morris, 1975; Collier, 1985; and also see Brewer,
1975; Calvert and Pedersen, 1993 and references therein).
Consistent with its generally conservative ocean distribu-
tion, Mo has a high salinity-normalized dissolved concen-
tration (�110 nM) (Morris, 1975; Collier, 1985) and a
modern-ocean residence time of approximately 0.8 million
years (Emerson and Huested, 1991; Colodner et al., 1995).
Rivers serve as the dominant source term for Mo to the
ocean; whereas oxic and anoxic marine sedimentary sys-
tems are believed to be the primary sinks (e.g., Bertine
and Turekian, 1973; Brumsack and Gieskes, 1983; Brum-
sack, 1986; Emerson and Huested, 1991; Calvert and
Pedersen, 1993; Colodner et al., 1995; Piper and Isaacs,
1995; Crusius et al., 1996; Helz et al., 1996; Nameroff,
1996; Morford, 1999; Morford and Emerson, 1999; Siebert
Please cite this article as: James McManus et al., Molybdenum and u
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et al., 2003; Anbar et al., 2004; and others). In the case of
oxic sediments, where roughly half of the Mo is removed
from the ocean (Bertine and Turekian, 1973; Morford
and Emerson, 1999), Mo is scavenged in association with
metal oxides. This scavenging is possibly associated with
a speciation change from the dissolved MoO4

2� to the par-
ticle reactive MoO3 (Tossell, 2005). In reducing sediments
Mo is taken up in the presence of HS� (e.g., Bertine,
1972; Berrang and Grill, 1974; Shimmield and Price,
1986; Shaw et al., 1990; Emerson and Huested, 1991;
Calvert and Pedersen, 1993, and references therein). Under
these conditions, soluble Mo is converted to particle reac-
tive thiomolybdates (e.g., MoOxS4�x

2�; Helz et al., 1996;
Erickson and Helz, 2000; Zheng et al., 2000; Vorlicek
and Helz, 2002; Vorlicek et al., 2004). Thiomolybdates
are scavenged from solution via sulfidized organic material
(e.g., Tribovillard et al., 2004) or via Mo capture by Fe–S
phases (e.g., Helz et al., 1996; Erickson and Helz, 2000).
Bostick et al. (2003) suggest that an important Mo sink is
likely to be Mo–Fe–S cuboidal clusters on FeS2. Zheng
et al. (2000) postulate that there are two thresholds for
Mo authigenesis; one where pore water sulfide concentra-
tions reach concentrations exceeding 0.05 lM and a second
where sulfide concentrations reach 100 lM. Under low sul-
fide conditions, these workers speculate that Mo uptake oc-
curs in the presence of Fe, possibly in association with a
Fe–S phase. Under high sulfide conditions, they propose
that uptake may occur in the absence of dissolved Fe, pos-
sibly as a metal sulfide (e.g., MoS4

2�). A prominent feature
of the previous work is the potential importance of the
paired iron and sulfur cycle on the removal of Mo from
the ocean (also see Lyons et al., 2003; Tribovillard et al.,
2004; Wilde et al., 2004; Algeo and Lyons, 2006). Germane
to the present work, this cycling begins under the reducing
conditions that are common near the sediment-water
boundary on many continental margins.

2.2. Uranium geochemistry

Much like Mo, uranium exhibits conservative behavior
within oxygenated ocean waters and has a modern-ocean
residence time of �0.5 million years (Ku et al., 1977; Coch-
ran, 1982; Chen et al., 1986; Cochran et al., 1986; Dunk
et al., 2002). U is present in seawater at a concentration
of �13 nM as a stable U (VI) carbonate complex (e.g.,
Ku et al., 1977; Chen et al., 1986). A small but variable
fraction of the total oceanic U is associated with particulate
organic carbon (e.g., Anderson et al., 1998). This associa-
tion produces a correlation between particulate U and
the organic carbon settling flux in a variety of oceano-
graphic regimes and has led to the idea that U may serve
as a proxy for organic carbon transport to the seabed
(Anderson, 1982; Knauss and Ku, 1983; Kumar et al.,
1995; Anderson et al., 1998; Zheng et al., 2002). Rivers
are the dominant source of U to the oceans, and the pri-
mary removal mechanism for U is via uptake across the
sediment-water boundary of reducing sediments, with
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 1. Map of study areas showing approximate locations of sites used in
this manuscript. Station abbreviations are: SM, Santa Monica Basin; SP,
San Pedro Basin; Cat, Catalina Basin; SCl, San Clemente Basin; TB,
Tanner Basin; and PE, Patton Escarpment. Other stations are as identified
in Table 1.
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removal in hydrothermal systems being of secondary
importance (e.g., Anderson, 1987; Palmer and Edmond,
1989; Sarin et al., 1990; Barnes and Cochran, 1993; Church
et al., 1996). In terms of the sedimentary removal pathway,
it appears that for sedimentary conditions near those for
conversion of Fe3+ to Fe2+, soluble U (VI) is reduced, per-
haps through microbial mediation, to insoluble U (IV)
(e.g., Cochran et al., 1986; Anderson, 1987; McKee et al.,
1987; Barnes and Cochran, 1990; Lovley et al., 1991; Lov-
ley et al., 1993; Fredrickson et al., 2000; King et al., 2000;
Chaillou et al., 2002; Sani et al., 2004). Because this reduc-
tion potential is typically achieved in close proximity to the
sediment-water boundary in continental shelf and slope
environments, these sediments have elevated U concentra-
tions relative to oxic environments (Dorta and Rona, 1971;
Mo et al., 1973; Veeh et al., 1974; Degens et al., 1977;
Bloch, 1980; Yamada and Tsunogai, 1983/84; Anderson
et al., 1989a,b; Calvert and Pedersen, 1993; Legeleux
et al., 1994; Morford and Emerson, 1999; Dunk et al.,
2002; Nameroff et al., 2002; and others).

3. Study sites

Our study sites are continental margin environments,
which border the eastern Pacific boundary along the Cali-
fornia, Mexico, Peru, and Chile margins (Fig. 1; Table
1). Oxygen deficient waters bathe the Central and Southern
California margin bottom sediments that span water
depths from 500 to 1500 m (e.g., Berelson and Hammond,
1986; McManus et al., 1997; and references therein). Our
sites off Southern California include stations within the ser-
ies of submarine basins of the California Borderlands re-
gion (e.g., Emery, 1960). Topography retards mixing of
the basin waters with the surrounding seawater, thus alter-
ation of these waters occurs through diagenesis resulting in
these basins having lower oxygen contents than their sur-
rounding environments (e.g., Berelson et al., 1987). One
attraction of using these basins for geochemical work is
that an extensive array of relevant data has already been
published providing a fertile data base for geochemical
characterization (e.g., Berelson et al., 1987; Berelson
et al., 1996; Jahnke et al., 1990; Shaw et al., 1990; Reimers
et al., 1992; Ingall and Jahnke, 1994; Reimers et al., 1996;
and many others)

The stations along the Mexico margin have low bottom
water oxygen concentrations of �1 lM or less, high pore
water NH4 concentrations, and pore water depletions of
sulfate (Berelson et al., 2005). The Soledad site is located
within a 545 m deep basin with a sill depth of approximate-
ly 250 m (Silverberg et al., 2004); this basin is also discussed
in Van Geen et al. (2003). The continental margin site off
Mazatlan is located near that which has been studied pre-
viously (Ganeshram et al., 1999; Hartnett and Devol,
2003). The San Blas station lies within a 430 m deep silled
basin with an approximate sill depth of 300 m. This site lies
Please cite this article as: James McManus et al., Molybdenum and uranium geochemistry in continental . . ., Geochimica et Cosmo-
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.



Table 1
Study site characteristics

Sta. location notes Depth (m) Lat. (�N) Long. (�W) BW O2
d (lM) Cox

e (mmol m�2 d�1) MARf (mg cm�2 y�1)

Central California Margin

Sta. 02a 1455 36.2 122.4 53 2.4 ± 0.9
Sta. 03a 3595 36.0 123.0 133 0.7 ± 0.4
Sta. 09b 1500 35.56 122.05 56 1.1 ± 1.6

Southern California Margin and Borderland Basinsa,b

Patton Escarpment 3707 32.4 120.6 132 0.4 ± 0.1 3
Tanner Basin 1514 33.0 119.7 27 1.0 ± 0.3 12
Catalina Basin 1300 33.3 118.6 19 1.3 ± 0.1 14
San Pedro Basin 896 33.5 118.4 3–8 1.8 ± 0.4 29
Santa Monica Basin 905 33.7 118.8 4–10 1.9 ± 0.2 16
San Clemente Basin 2053 32.6 118.1 52 1.0 ± 0.1 15

Mexican Marginc

Mazatlan 442 22.67 106.48 0.2 >1.06 9
Soledad 542 25.21 112.72 0 >1.78 50
San Blass 430 21.26 105.96 0 >1.28 21

Chile Margin

MC22 430 �40.0 74.1 148 2.5 ± 1.2

MC24 246 �41.3 74.3 51 8.3 ± 3.6

MC39 510 �36.2 73.6 63 10.0 ± 4.1

MC42 1028 �36.2 73.7 70 4.2 ± 1.9

Peru Margin

MC82 264 �13.7 76.7 <10 25

Primary sources for cruise details and additional data include.
a Berelson et al. (1996) and McManus et al. (1997).
b Hammond et al. (2004).
c Mexican margin sites are discussed in Berelson et al. (2005) and in Poulson et al. (2006).
d BW is Bottom Water. Ranges are the values based on multiple visitations1,2. Values in italics do not have bottom water O2 concentrations. Values are estimates based on the CTD dissolved oxygen

value (lower value) and our estimate of the deep water offset (5–9 lM), based on bottle calibrations from other locations during the same cruise. The higher value is a maximum based on the maximum
observed offset and the most likely oxygen concentration lies between the two values.

e Cox is the organic carbon oxidation rate and is calculated from the evolution of respiratory CO2 during the course of the incubations with the exception of the Peru/Chile cores, see Berelson et al.
(1996) and Berelson et al. (2005) for further details. Data from the Chile margin cores are based on the sum of the pore water dissolved oxygen fluxes and the dissolved nitrate fluxes (i.e., oxygen and
nitrate sedimentary uptake rates). Borderland basin Cox values are averages of multiple visitations from our group (Berelson et al., 1996; McManus et al., 1997; Hammond et al., 2004), with the
exception of the San Pedro Basin which is based on a single visitation (Berelson et al., 1996).

f Mass accumulation rates (MAR) were compiled for the Borderland basins by Berelson et al. (1996). The Mexican margin mass accumulation rates are from Poulson et al. (2006) and are the same
sites reported here. Data from the Peru margin are from this study and are italicized because of the added uncertainty imposed on the data by a non-steady state distribution of 210Pbxs as discussed in the
text.
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Table 2
Reference materials for Mo and U (value reported in lg g�1 solid)

Standard Mo ± n Ref. M/R U ± n Ref. M/R

BCR-1 1.64 0.06 13 (5) 1.54 1.06 2.0 1 1.8 1.16
MAG-1 1.14 0.08 11 (5) 1.17 0.97 2.5 0.2 3 (3) 2.7 0.93
AGV-1 2.4 0.1 7 (3) 2.1 1.14
W-2 0.47 0.03 7 (3) 0.44 1.07

Standards are as described for Appendix A. n is the number of individual sample analyses that comprise each value where the number in parentheses is the
number of individually weighed and digested samples. When the two numbers differ it means that an individual sample was rerun on a different day and
that number was also used to compute the average value. When the two numbers are the same it means that each individually digested sample was only run
on one occasion. M/R is the measured value divided by the reported or literature or reference value. For Mo a more up to date review is given in Wieser
and DeLaeter (2000).
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landward of the Tres Marias Island chain. Oxygen penetra-
tion into the sediments along the Chile margin ranges from
<1 mm to �3 cm (McManus et al., 2003), and these sites
generally have higher bottom water oxygen concentrations
than observed in the other regions discussed here. Consis-
tent with their relatively shallow oxygen penetration depths
these sites have enriched pore water ammonium concentra-
tions within the upper �2 cm, but dissolved sulfate concen-
trations are not significantly different from seawater
(McManus, unpublished data). The Peru margin site lies
at approximately 250 m water depth below the perennial
Peru upwelling system and is an organic carbon rich
(�14% organic carbon) site. This site has low bottom water
oxygen concentrations (<10 lM), and this region in general
is known for its high organic carbon contents, high solid-
phase sulfur concentrations, rapid sediment accumulation
rates, and high authigenic metal concentrations (e.g., see
Böning et al., 2004). Additional data for both the Chile
margin sites and the Mexico margin sites are reported else-
where (McManus et al., 2003; Berelson et al., 2005; Poul-
son et al., 2006). We note that oxygen concentrations
vary temporally in Northeastern Pacific bottom waters
and this adds some uncertainty (�5 lM) regarding our
choice of this value for all sites (Scholkovitz and Gieskes,
1971; Reimers et al., 1990; Berelson, 1991).

4. Methods

Sediment cores were collected using a multiple corer
(abbreviated MC in site locations; Barnett et al., 1984).
210Pb was determined by c-ray spectroscopy (e.g., Gilmore
and Hemingway, 1995), and the details of sediment pro-
cessing are presented elsewhere (e.g., Wheatcroft and Som-
merfield, 2005). Organic carbon was measured by
difference, using an elemental analyzer for total carbon
determination and a coulometer with acidification module
for total inorganic carbon. Organic carbon is then calculat-
ed as the difference between the total and inorganic carbon
(Hedges and Stern, 1984). For a subset of samples, acidifi-
cation was done to remove the inorganic carbon prior to
the determination of organic carbon (Verardo et al.,
1990). Each approach provides consistent results with aver-
age sample reproducibility for the entire data set of
±0.05%C. This value is based on the reproducibility of
>70 samples having repeat determinations. Dissolved
Please cite this article as: James McManus et al., Molybdenum and u
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oxygen was measured using a standard Winkler or micro-
Winkler technique (e.g., Carpenter, 1965).

For solid-phase metal analyses we typically digest 25–
100 mg of dry ground sediment using a series of HF,
HNO3, and HCl digestions on a hot plate or using a micro-
wave digestion technique (CEM, MARS 5000). Analyses
were done using ICP-MS (Mo and U) or ICP-AES (Al, Ti,
and Mn). To evaluate the compatibility of the two tech-
niques we compared the hot plate and microwave-assisted
digestion techniques along with an alkaline fusion technique
(e.g., Murray et al., 2000). This comparison was accom-
plished by analyzing standard reference materials in dupli-
cate or triplicate using each technique (U.S.G.S. reference
materials BCR-1, AGV-1, W-2, and MAG-1). These data
generally show agreement among the techniques and with
the reported value (e.g., Potts et al., 1992). In addition to
these standard reference materials, we also digested a num-
ber of internal laboratory samples including a carbonate rich
sediment, a carbonate poor marine sediment, and a sediment
trap sample from 1750 m depth along the California–Oregon
continental margin, and these data also suggest excellent
reproducibility among the techniques (Appendix A).

We also analyzed a number of standard reference materi-
als for Mo and U (Table 2). Agreement with the reported val-
ues is typically within 16% or better. In the case of Mo we also
digested 40 samples with concentrations ranging from 1 to
30 ppm using a double-isotope dilution technique (e.g., Sie-
bert et al., 2001) and compared those results with the results
obtained from other digestion techniques. The average dif-
ference between these results is 8%. The precision of each
analysis is generally superior to the agreement with the stan-
dard reference materials indicating that each technique pro-
vides internally consistent results. None of these
comparisons assures absolute accuracy of all results, but
these comparisons do suggest internally consistent results.
Furthermore, the natural variability discussed within this
manuscript is typically larger than any of the uncertainties
associated with the reproducibility or accuracy of our results.

5. Results

Excess 210Pb was determined on one core from the Peru
margin, and those data were used to estimate the linear
sedimentation rate and the mass accumulation rate
(Fig. 2). These data show a distinct layer of well-mixed
ranium geochemistry in continental . . ., Geochimica et Cosmo-
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sediment from �3 to 5 cm depth. We interpret these data as
emplacement of a uniform sediment pulse, perhaps as a
debris flow or some other non-steady state phenomenon.
To calculate a linear sedimentation rate we excluded those
data and calculated the rate above and below the event
(Fig. 2). The calculated sedimentation rates derived from
the data above and below the uniform horizon are indistin-
guishable and we use the average of all the data to calculate
the sedimentation rate for this site. We recognize that this
particular site harbors some additional uncertainty with re-
spect to its sedimentation rate and we are cautious about
any strict interpretations regarding that rate. We note,
however, that the sedimentation rate (0.08 cm yr�1) is with-
in the range of previous work in this region (e.g., 0.03–
1.2 cm yr�1 in Reimers and Suess, 1983).
Fig. 2. 210Pbxs plotted as a function of depth (top) and ln 210Pbxs as a
function of depth (bottom). Data are for a companion core collected
during the same deployment as the solid-phase concentration data
reported here. Supported 210Pb is calculated from 214Pb data and
subtracted from the total 210Pb. The slope in the ln 210Pbxs as a function
of depth allows us to calculate the linear sedimentation rate from the
relation ln Az = lnA0 � (k/w)z, where A is 210Pbxs, w is the linear
sedimentation rate and z is depth in the sediment.

Please cite this article as: James McManus et al., Molybdenum and u
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Site averaged organic carbon distributions vary from <2
to >14% (Table 3, Fig. 3). For many sites, organic carbon
distributions decrease with depth, consistent with a de-
crease in organic carbon driven by diagenesis of reactive
organic material, but this pattern is not always observed.

We present the authigenic solid-phase data as the metal to
Al ratio (Figs. 4–7). The dashed lines in each panel represent
what we believe to be the siliciclastic ‘‘background’’ metal to
Al ratio. Our choice for the Mo:Al background is based, in
part on the determination of minimum Mo:Al ratios for
cores from each region (e.g., Sta. 09 and 22MC). Data from
several sites along the central California margin and the Chi-
le margin range between 8 and 14 · 10�6 and for our purpos-
es we selected the middle value (also see Siebert et al., 2006).
These values coincide with the values for igneous rocks and
sandstones (e.g., range 6–19 · 10�6 as reported in Turekian
and Wedepohl, 1961). This background value has been used
elsewhere, and is supported by Mo isotope work in the Santa
Monica and San Pedro basins as well as the Mexico margin
sites discussed here (Poulson et al., 2006). These authors use
a Mo:Al ratio of 11 · 10�6 for the lithogenic dilution of the
authigenic Mo isotope signature. In the case of U we adopt
a lithogenic U:Al ratio of 18 · 10�6. This value is similar to
that of basalt, sandstones, and deep-sea clays, and is smaller
than shale (e.g., Turekian and Wedepohl, 1961). From these
lithogenic ratios we calculate an authigenic metal concentra-
tion (Table 3).

The central California sites (Fig. 4) and the Chile
margin sites (Fig. 5) are generally less enriched in Mo
than the Southern California, Mexico, and Peru margin
sites. Many of these sites exhibit down-core metal to
Al ratio increases with depth, with the enrichments gen-
erally occurring shallower for U than for Mo. From a
diagenetic perspective the Chile margin sites are quite
similar to the central California margin sites having
moderately shallow oxygen penetration depths, small dis-
solved sulfate gradients and ammonium distributions
characteristic of continental margin diagenesis (see
McManus et al., 2003 for oxygen profiles).

The Southern California borderlands region (Fig. 6) in-
cludes two sites (San Clemente Basin and the Patton Escarp-
ment) where there are significant near-surface solid-phase
Mn enrichments. While the Mn enrichments for these sites
do not appear to influence the distribution of solid-phase
U, Mo is enriched in the Mn-rich zone (Fig. 6). Below this
zone Mo:Al ratios are near the lithogenic background, with
a slight increase at depth below �15 cm. In the case of the
remaining Southern California sites, each exhibits signifi-
cant enrichment over the lithogenic value with Tanner Basin
having the greatest enrichment (note the change in scale for
the Tanner Basin site) whereas San Pedro and Santa Monica
Basins both show the highest concentrations at shallow
depths. Catalina and Tanner Basins each show a general in-
crease with depth in both metals.

The Mexico and Peru margin sites (Fig. 7) have the
greatest metal enrichments. The Mexico margin sites tend
to have higher organic carbon contents than the Southern
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Table 3
Sediment data

Station Depth (cm) Mo (lg g�1) U (lg g�1) U/Mo (g g�1) Corg% Al% Mn (lg g�1) Mo (a) (lg g�1) U (a) (lg g�1)

Sta. 02 0.25 1.34 2.99 2.2 6.11 357 0.75 2.19

1.50 1.58 3.54 2.2 6.18 324 0.90 2.43

3.50 1.62 4.03 2.5 6.23 337 0.93 2.91

5.00 1.64 3.99 2.4 6.44 343 0.93 2.83
7.50 1.24 3.95 3.2 6.43 348 0.53 2.80

10.50 1.25 4.98 4.0 6.32 341 0.55 3.84
13.50 1.50 5.34 3.6 6.24 334 0.81 4.21
16.50 2.11 5.27 2.5 6.24 340 1.42 4.15
20.00 2.38 5.47 2.3 6.23 347 1.69 4.35
22.00 2.06 4.96 2.4 6.13 336 1.39 3.86

Average 2.73 1.05 3.72

± 0.62 0.46 0.65

Sta. 03 0.25 0.89 2.62 3.0 6.40 456 0.16 1.64

1.50 0.87 2.88 3.3 6.28 346 0.18 1.75

3.50 0.84 3.08 3.6 6.70 307 0.11 1.87

5.00 1.00 4.22 4.2 6.34 302 0.30 3.08
7.00 1.09 4.47 4.1 6.56 306 0.37 3.29
9.50 1.05 3.97 3.8 6.74 301 0.31 2.76

12.50 1.50 5.07 3.4 6.71 319 0.76 3.86
15.50 1.69 5.92 3.5 6.48 346 0.97 4.75
18.50 1.74 6.16 3.5 6.63 451 1.01 4.96

Average 3.60 0.62 3.78

± 0.40 0.34 0.91

Sta. 09 0.21 0.22 0.86 4.0 1.60 57 0.04 0.58

1.47 0.22 0.93 4.3 1.55 57 0.05 0.65

3.97 0.21 0.87 4.2 1.57 46 0.03 0.58

7.97 0.19 0.95 4.9 1.73 50 0.00 0.63
11.97 0.27 1.31 4.8 2.30 75 0.02 0.90
17.97 0.28 1.32 4.7 2.42 76 0.02 0.88

Average 4.48 0.01 0.81

± 0.39 0.01 0.15

22MC 0.17 0.86 1.85 2.2 1.59 8.28 740 �0.05 0.36

0.52 0.85 1.88 2.2 1.58 8.29 734 �0.06 0.39

1.74 0.94 2.63 2.8 1.59 8.39 745 0.02 1.12
7.51 1.11 3.55 3.2 1.38 8.39 737 0.19 2.04

10.90 0.92 2.82 3.1 1.49 8.42 745 �0.01 1.31
14.29 1.61 5.57 3.5 1.31 8.47 708 0.67 4.04

Average 3.25 1.49 0.22 2.13

± 0.20 0.12 0.32 1.34

24MC 1.00 1.16 2.76 2.4 2.73 7.34 602 0.35 1.43

3.00 1.19 2.72 2.3 2.71 7.38 593 0.38 1.39

5.00 1.15 2.80 2.4 7.26 606 0.35 1.49
7.00 1.14 2.98 2.6 2.22 7.18 612 0.35 1.69
9.00 1.21 2.90 2.4 2.26 7.16 616 0.42 1.61

11.00 1.30 2.95 2.3 1.78 7.38 685 0.49 1.62
13.00 1.37 3.52 2.6 1.26 7.56 725 0.54 2.15
17.00 1.42 4.69 3.3 1.24 7.71 726 0.57 3.31
21.00 1.45 3.96 2.7 0.89 7.83 759 0.59 2.55
23.00 1.38 3.16 2.3 1.05 7.80 765 0.53 1.75

Average 2.53 1.79 0.48 2.02

± 0.31 0.71 0.10 0.63

39MC 0.21 1.36 2.58 1.9 8.45 501 0.43 1.06

0.63 1.45 2.57 1.8 8.44 490 0.52 1.05

1.88 1.41 2.90 2.1 2.34 8.39 498 0.49 1.39

3.26 1.60 3.47 2.2 2.44 8.55 497 0.66 1.93

5.65 2.00 3.78 1.9 2.42 8.54 497 1.06 2.24
9.04 2.12 3.73 1.8 2.50 8.72 507 1.16 2.16

15.82 2.25 4.00 1.8 2.34 8.51 498 1.32 2.47
19.21 2.11 4.22 2.0 2.03 8.43 517 1.18 2.70

Average 1.92 2.35 1.18 2.39

± 0.15 0.17 0.11 0.24

(continued on next page)
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Table 3 (continued )

Station Depth (cm) Mo (lg g�1) U (lg g�1) U/Mo (g g�1) Corg% Al% Mn (lg g�1) Mo (a) (lg g�1) U (a) (lg g�1)

42MC 0.73 1.37 2.55 1.9 2.94 8.13 487 0.48 1.09

2.01 1.37 2.93 2.1 2.93 8.25 497 0.46 1.44

5.10 1.57 3.24 2.1 3.02 8.24 493 0.66 1.76
5.79 1.53 3.03 2.0 2.81 8.23 490 0.62 1.55

14.57 1.78 3.79 2.1 2.45 8.24 520 0.88 2.31
17.96 1.78 3.43 1.9 2.50 8.11 526 0.89 1.97
18.65 1.68 3.42 2.0 2.35 8.11 528 0.79 1.96

Average 2.02 2.72 0.77 1.91

± 0.10 0.27 0.12 0.28

82MC 0.52 70.08 17.34 0.2 16.27 2.27 114 69.83 16.93
1.04 69.54 18.73 0.3 16.40 2.44 125 69.27 18.29
1.74 74.02 22.36 0.3 15.67 2.51 130 73.74 21.91
2.43 79.24 24.54 0.3 15.84 2.57 131 78.96 24.07
4.82 88.08 22.95 0.3 14.70 2.45 126 87.81 22.51
8.21 82.66 19.19 0.2 13.42 2.22 116 82.42 18.79

11.60 87.71 18.70 0.2 13.64 2.41 123 87.45 18.26
14.99 67.64 21.08 0.3 12.29 2.20 110 67.40 20.69
15.68 66.57 18.59 0.3 12.54 2.42 121 66.31 18.15
18.38 77.20 14.17 0.2 14.68 3.15 155 76.85 13.60
19.07 71.37 14.52 0.2 14.82 2.97 148 71.04 13.98

Average 0.26 14.57 75.55 18.83

± 0.04 1.44 7.75 3.31

Mazatlan 1.00 6.26 4.29 0.7 6.22 219 5.57 3.17
3.75 8.85 11.10 1.3 7.13 244 8.07 9.82
9.25 10.06 13.30 1.3 7.12 249 9.27 12.02

14.75 9.36 10.94 1.2 8.18 7.09 255 8.58 9.66
20.25 12.02 17.19 1.4 8.73 4.21 251 11.55 16.43
25.75 11.06 10.65 1.0 7.56 6.00 244 10.40 9.57
31.25 12.61 10.80 0.9 8.09 7.37 271 11.80 9.47
36.75 14.33 13.09 0.9 8.33 3.55 245 13.94 12.45
42.25 14.33 11.66 0.8 8.09 3.67 256 13.93 10.99
47.75 16.80 12.19 0.7 7.19 3.97 248 16.36 11.48
53.25 15.77 12.51 0.8 7.75 5.29 247 15.19 11.56
59.00 16.57 17.32 1.0 8.30 5.49 249 15.96 16.33

Average 1.00 8.03 11.72 11.08

± 0.25 0.46 3.44 3.44

San Blass 0.15 4.96 3.04 0.6 4.79 174.5 4.44 2.18
1.15 5.86 5.36 0.9 5.89 6.20 209.2 5.18 4.25
3.75 9.19 11.89 1.3 7.01 7.16 227.4 8.40 10.60
9.25 8.33 9.49 1.1 6.39 7.44 230.3 7.51 8.15

15.00 9.78 14.15 1.4 6.46 7.28 233.8 8.98 12.84
26.75 11.86 12.25 1.0 7.31 6.99 254.8 11.09 11.00
38.25 15.88 11.99 0.8 6.54 7.22 271.3 15.09 10.70
47.75 12.03 11.32 0.9 6.82 7.15 280.6 11.25 10.04

Average 1.02 6.63 8.99 8.72

± 0.27 0.46 3.47 3.67

Soledad 1 4.16 6.78 1.6 7.09 3.77 175.4 3.75 6.10
4 5.26 8.45 1.6 7.34 4.00 186.4 4.82 7.73
9.75 6.70 8.32 1.2 7.25 3.96 185 6.27 7.61

15.25 17.82 9.50 0.5 7.67 3.77 173.5 17.41 8.83
20.75 8.02 10.58 1.3 7.55 4.15 185.7 7.56 9.83
26.25 8.13 9.27 1.1 7.07 4.10 181.4 7.68 8.53
31.75 9.53 10.99 1.2 7.63 3.74 171.1 9.12 10.32
37.25 8.35 10.68 1.3 3.81 171.3 7.93 9.99
42.75 10.27 9.99 1.0 6.97 3.76 171.6 9.85 9.31
46.5 18.82 10.29 0.5 7.79 3.93 179.1 18.38 9.58

Average 1.14 7.37 9.28 8.78

± 0.38 0.30 4.90 1.31

San Clemente 0.75 37.34 2.75 0.1 6.00 30196 36.68 1.67

2.50 10.10 2.42 0.2 6.08 19717 9.43 1.32

5.00 0.85 2.08 2.5 6.25 2343 0.16 0.96

10.50 0.50 3.62 7.2 3.41 5.95 3019 � 0.15 2.54

(continued on next page)
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Table 3 (continued )

Station Depth (cm) Mo (lg g�1) U (lg g�1) U/Mo (g g�1) Corg% Al% Mn (lg g�1) Mo (a) (lg g�1) U (a) (lg g�1)

16.50 0.75 4.11 5.5 6.36 1149 0.05 2.96
42MC 0.73 1.37 2.55 1.9 2.94 8.13 487 0.48 1.09

24.00 0.92 5.09 5.5 6.20 3558 0.24 3.98

Average 0.14 3.47

± 0.14 0.72

Catalina 2.5 1.50 2.68 1.8 5.24 6.21 385.7 0.82 1.56

8 1.75 5.56 3.2 3.72 6.27 394.5 1.06 4.43
10.5 1.80 4.86 2.7 4.32 5.91 372.4 1.15 3.80
16.5 2.08 5.87 2.8 3.72 6.13 381.8 1.40 4.77
19.5 2.10 8.26 3.9 6.21 370 1.41 7.14
19.5 2.13 7.81 3.7 6.02 360 1.47 6.73
23 2.25 7.87 3.5 6.24 374.9 1.57 6.75
23 2.45 7.86 3.2 2.31 6.21 369.3 1.77 6.74

Average 3.29 3.86 1.40 5.77

± 0.44 1.07 0.24 1.38

San Pedro 1.50 7.13 7.27 1.0 5.08 6.32 347 6.43 6.14

3.50 3.57 3.41 1.0 4.08 7.20 411 2.78 2.12

6.00 3.49 3.64 1.0 4.20 7.10 403 2.71 2.36
10.50 3.84 5.28 1.4 4.32 6.85 395 3.09 4.04
14.50 3.41 4.32 1.3 3.72 7.13 402 2.62 3.04
22.00 3.17 4.85 1.5 7.17 400 2.38 3.56
26.00 3.30 4.33 1.3 3.46 7.39 440 2.48 3.00
30.00 3.13 4.50 1.4 2.31 7.29 417 2.33 3.19

Average 1.24 3.88 2.60 3.20

± 0.21 0.86 0.28 0.57

Santa Monica 0.75 5.27 6.74 1.3 5.15 5.67 342.5 4.65 5.72

2.5 7.96 9.24 1.2 4.92 6.90 393.7 7.20 8.00

5 4.86 6.61 1.4 3.96 6.38 344.6 4.16 5.46
10.5 4.80 7.38 1.5 3.90 5.92 312.5 4.15 6.31
16.5 4.26 4.55 1.1 2.28 7.35 362.7 3.45 3.22
24 5.60 5.19 0.9 4.36 6.46 336.3 4.89 4.03

Average 1.22 4.09 4.16 4.76

± 0.22 1.02 0.59 1.39

Patton Escarpment 0.50 15.29 2.37 0.2 1.26 6.91 8130 14.52 1.13
2.50 11.96 2.40 0.2 1.28 7.04 8503 11.19 1.13
5.00 1.46 2.27 1.6 1.19 6.53 2658 0.75 1.10
9.00 0.73 2.10 2.9 0.85 6.38 829.6 0.03 0.95

13.00 0.52 2.71 5.2 1.00 6.39 525.9 �0.19 1.02

Average 1.12 1.07

± 0.19 0.08

Tanner Basin 0.75 2.35 3.07 1.3 7.27 3.04 139.4 2.01 2.52

2.50 3.50 7.91 2.3 6.48 3.23 140.9 3.14 7.33

5.00 4.54 7.65 1.7 6.48 3.24 146.1 4.18 7.07

10.50 4.00 7.93 2.0 5.61 3.52 155 3.61 7.29
17.50 5.02 7.35 1.5 6.13 3.35 151.7 4.65 6.74
24.50 7.10 10.06 1.4 6.67 3.26 143.1 6.74 9.47

Average 1.69 6.44 5.00 7.84

± 0.37 0.55 1.59 1.44

(a) indicates the calculated authigenic concentration. Average values are generally those from below the depth where both metals appear to be undergoing
reducing authigenesis. In locations where this depth is clearly too shallow (i.e., Patton Escarpment), we chose a deeper starting value. We also chose
shallower starting depths for sites where authigenesis appears to have begun shallower in the sediment column (e.g., Mexican margin), and excluded those
values that appear to have a significant Mn-rich zone. Bold fond indicates average and ± values.
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California margin, but there is some overlap (Table 3). The
Peru margin site has the highest organic carbon concentra-
tion and has the greatest enrichment of Mo and U of any of
the sites presented here. Because of the high organic carbon
contents coupled with the low bottom water oxygen con-
tent, the Peru margin site is considered to be the most
reducing of the sites presented.
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
6. Discussion

6.1. Comparisons between Mo and U geochemistry

At the Central California and Chile margins, which
represent the least oxygen-depleted regions discussed here,
there are sites with essentially no Mo enrichment above
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 3. Organic carbon contents of representative cores from this study
plotted as a function of sediment depth. The complete data set is reported
in Table 3.
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background and only minor enrichments in solid-phase
U. In addition, for some sites there appears to be some
diagenetic separation between U and Mo, with the Mo
enrichment lagging that of the U enrichment (Figs. 4
and 5). Likewise, the Catalina and Tanner Basins of
Southern California show authigenic metal enrichments
with there being at least a suggestion that Mo authigene-
sis is lagging that of U (Fig. 6). The data resolution are
insufficient to fully support the contention of diagenetic
separation, however, it does appear that the patterns of
U and Mo in those cores are slightly different from the
more reducing sites.

For both San Pedro and Santa Monica Basins, the two
most reducing of the southern California sites, Mo exhib-
its no apparent diagenetic separation from U with authi-
genesis ensuing near the sediment-water boundary
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
(Fig. 5). The near-surface uptake of U is consistent with
pore water U data, which exhibit an exponential decrease
in concentration from the bottom water value to approx-
imately 3–5 cm depth (McManus et al., 2005). For Mo, its
association with organic matter or metal oxides can result
in near-surface Mo release followed by removal in the
presence of reduced sulfur, which is generated during ear-
ly diagenesis (also see Shaw et al., 1990 and McManus
et al., 2002). There is also no diagenetic separation be-
tween U and Mo at the more carbon rich sites of the
Mexico and Peru margins, and in general the enrichment
of Mo becomes greater (i.e., the U:Mo ratio decreases)
with increasing organic carbon contents. We speculate
that this latter observation may be related to higher re-
duced sulfur contents at the more organic rich sites
(e.g., Böning et al., 2004). This idea is consistent with pre-
vious work on the Mo association with sulfur (Section
2.1, also see Böning et al., 2004) and is consistent with
Mo being highly enriched in sulfide-rich marine basins
(e.g., Algeo and Lyons, 2006).

Several sites from this study also exhibit an increase in
metal enrichment with depth, but not always. Along the
central California margin and the Chile margin, where
authigenic enrichments are quite small, the kinetics of
metal authigenesis may be sufficiently slow that authigen-
esis occurs over the scale of several centimeters leading
to authigenic enrichments that increase with depth (see
similar discussion by Sundby et al., 2004). This interpre-
tation is one possibility for an increase in solid-phase
concentration with depth, i.e., that authigenic Mo enrich-
ment continues long after burial and several centimeters
into the sediments. This interpretation has been favored
in the estuary and Gulf of St. Lawrence (Sundby
et al., 2004) and in the Bay of Biscay (Chaillou et al.,
2002). However, it is also possible that authigenic metal
accumulation is decreasing with time (i.e., the sediments
are not at non-steady state with respect to authigenesis).
We suspect that both of these processes are operative
along continental margins. If kinetic considerations were
the sole cause of the patterns observed, then we would
expect to observe gradual increases in metal enrichment
with depth everywhere, which is not the case. We pro-
pose that in locations where the sediment accumulation
rate, organic carbon burial, and organic carbon recycling
rate are sufficiently high, the reactions that drive authi-
genesis will occur within a few centimeters or less of
the sediment-water boundary and that increases in con-
centration with depth are a result of temporal variations
in authigenesis. At these particular sites there will also be
little separation between U and Mo enrichment patterns
in accordance with the condensed metal enrichment pat-
terns previously observed for other authigenic metal
enrichments (Shaw et al., 1990). What we mean by
‘‘high’’ here is not clear as we simply do not have suffi-
cient data to identify those diagenetic boundaries. How-
ever, the Santa Monica, San Pedro, Mexico, and Peru
sites are all likely in this category.
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 4. Solid-phase distributions of Mo/Al, U/Al, and Mn/Al from central California. Units for Mo and U to Al ratios are as noted along the axis whereas
for Mn it is g g�1 multiplied by the value listed in the legend. The dashed lines represent the Mo:Al and U:Al ratios used as background correction.
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6.2. Relationships between organic carbon and authigenic

metal accumulation

One of the primary issues regarding the potential utility
of these elements as proxies for reducing conditions is that
reducing conditions in marine settings can be fostered by
two factors, low bottom water oxygen, and high organic
carbon flux. It has been previously suggested that the U
accumulation rate (UAR) is sensitive to organic carbon
delivery to the seabed (e.g., Anderson et al., 1989a,b;
Rosenthal et al., 1995; Anderson et al., 1998; Chase
et al., 2001; Zheng et al., 2002; and others). Likewise, it
has been suggested that the influence of bottom water oxy-
gen concentration on UAR is of secondary importance as
compared to the flux of reactive organic material if the
organic flux exceeds a critical value above �0.5 mmol
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
Corg m�2 day�1 (McManus et al., 2005). This expectation
is captured in the data from the Southern California and
Mexico margins as well as from the compiled existing data
(Fig. 8; Table 4). The fact that we do not observe multiple
relationships between organic carbon delivery to the sea-
floor (Crain) and UAR (Figs. 8A and B) implies that the
chemical mechanism(s) that govern UAR are relatively
insensitive to the changes in sediment pore fluid chemistry
that occur as pore fluids progress from having oxygen pres-
ent (e.g., Equatorial Pacific) to being sulfidic (e.g., Black
Sea).

In the case of Mo, although there is less data available
than for U, there also appears to be a relationship between
organic carbon (Corg) rain rate and the Mo accumulation
rate (MoAR), but the minimum flux of organic carbon to
the seabed required for Mo authigenesis seems higher than
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 5. Solid-phase distributions of Mo/Al, U/Al, and Mn/Al along the
Chile margin. Units for Mo and U to Al ratios are as noted along the axis
whereas for Mn it is g g�1 multiplied by the value listed in the legend of the
first panel. The dashed lines represent the Mo:Al and U:Al ratios used as
background correction, as discussed in the text. The Chile margin cores,
like the Central California margin cores have among the lowest authigenic
enrichments.

Fig. 6. Solid-phase distributions of Mo/Al, U/Al, and Mn/Al, in the
southern California Basin region. Units for Mo and U to Al ratios are as
noted along the axis whereas for Mn it is g g�1 multiplied by the value
listed in the legend. The dashed lines represent the Mo:Al and U:Al ratios
used as background correction. Both the San Clemente basin and the
Patton Escarpment sites have high near-surface Mn and Mo enrichments,
presumably because Mo is adsorbed to Mn-oxide surfaces. Note the
changing scales as identified in the figure legends.
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for U (>�1 mmol Corg m�2 day�1, Fig. 8C). The combined
data set suggests a Mo:Corg rain ratio of �16 ± 3 (2r)
nmol Mo mmol�1 Corg. Because the rain rate is the sum
of the organic carbon burial and oxidation rates, unac-
counted for uncertainties in the calculation of the organic
carbon oxidation rate, and temporal variability add to
uncertainties in the relationship presented, we are thus ret-
icent to apply too much significance to this particular
value.

The Mo:Corg burial ratio is �17 ± 3 (2 r) nmol
Mo mmol�1 Corg. This ratio is higher than the Mo:Corg

from sediment trap material (e.g., 9 ± 3, Nameroff, 1996).
The higher value in the sediments is nevertheless consistent
because we would expect a higher sediment ratio if more of
the organic carbon is remobilized within the sediments than
Mo (i.e., diagenesis should increase the ratio), or if addi-
tional Mo is added during diagenesis. Data from anoxic
basins indicate a greater Mo accumulation rate as a func-
tion of organic carbon rain (range 30–230 nmol
Mo mmol�1 Corg; Table 4). This range is consistent with
an average anoxic basin burial ratio of �100 nmol
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
Mo mmol�1 Corg, which we calculate from the data pre-
sented in Algeo and Lyons (2006). In restricted anoxic ba-
sins that contain dissolved sulfide in the bottom water (e.g.,
the Black Sea), low dissolved Mo concentrations can limit
the amount of Mo sequestered in the sediments, thus mak-
ing a unique ‘‘anoxic’’ Mo:Corg ratio problematic (Algeo
and Lyons, 2006); however, on balance the data set suggest
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 7. Solid-phase distributions of Mo/Al, U/Al, and Mn/Al along the
Mexico and Peru margins. As a group these sites are the most enriched of
the study sites. Units for Mo and U to Al ratios are as noted along the axis
whereas for Mn it is g g�1 multiplied by the value listed in the legend of the
first panel. Because the enrichments are large we do not show the Mo:Al
and U:Al ratios used as background correction. Fig. 8. Uranium (A and B) and molybdenum (C) accumulation rate (UAR

and MoAR) plotted as a function of the organic carbon rain rate. For the
sites from this work only (A and C) the organic carbon rain rate is a
calculated parameter based on the sum of the organic carbon oxidation
rate (Cox) and the organic carbon burial rate (Cburial) and is presented in
Table 1. The uncertainties are those based on the 1 r variation in the mean
of the concentration or, in the specific case of carbon, the error is the sum
of the uncertainties in the carbon oxidation rate and the variation in the
average organic carbon concentration. These uncertainties do not include
any uncertainties in the accumulation rate as this number appears in both
the x and y axis terms, thus these uncertainties cancel. For two of the
Mexico margin sites the organic carbon oxidation rate is a minimum value
(Poulson et al., 2006), thus we show an arrow indicating the direction of
that uncertainty. In the case of prior work (B) the organic carbon rain rate
is measured using particle-intercepting sediment traps (Table 4). In the
specific case of the Santa Barbara basin (B), Zheng et al. (2002) present a
transect of sediment cores through the basin, but only a single sediment
trap Crain value.
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that the Mo:Corg ratio could be more than five times larger
in anoxic basins as compared to the open ocean.

One anomaly in our continental margin data set is the
Mo:Corg ratio of the Peru margin site. This particular site
has a ratio that lies between the average anoxic burial ratio
and the other continental margin sites (�60–70 nmol
Mo mmol�1 Corg). We speculate that the differences be-
tween the Mo:Corg ratios, which are most apparent be-
tween the anoxic basin and the open-ocean continental
margin sites, are driven by changes in the chemical mecha-
nism responsible for Mo authigenesis. This speculation is
based on previous work suggesting that there are two
‘‘thresholds’’ for Mo authigeneis, one under low dissolved
sulfide conditions and another under high dissolved sulfide
conditions (Zheng et al., 2000). As discussed above, under
mildly reducing environments authigenesis is dominated by
the conversion of the soluble MoO4

2� species to a particle
reactive species (e.g., MoOxS4�x

2�). This conversion could
happen in association with suspended marine particles or
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
within the sediments. As free sulfide concentrations in-
crease, as in anoxic basins, MoO4

2� may be converted
directly to MoS4

2� leading to the more efficient removal
of dissolved Mo (e.g., Helz et al., 1996 and Section 2.1).
It is possible that direct formation of MoS4

2� (under sul-
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Table 4
Carbon budget parameters and metal accumulation rates

Site Cox
a(mmol m�2) Cburial

b(day�1) Crain
c MARd(mg cm�2 y�1) Moe(nmol m�2 day�1) U (nmol m�2 day�1)

This Study

Santa Monica 1.9 ± 0.2 (3) 1.5 ± 0.4 (1.8) 3.4 ± 0.6 (3.7) 16 19 ± 3 9 ± 3
San Pedro 1.8 ± 0.4 (1) 2.6 ± 0.6 (2.6) 4.4 ± 1.0 (4.4) 29 22 ± 2 11 ± 2
Catalina 1.3 ± 0.1 (2) 1.2 ± 0.3 (1.4) 2.5 ± 0.4 (2.7) 14 6 ± 1 9 ± 2
Tanner 1.0 ± 0.3 (3) 1.8 ± 0.2 (1.4) 2.8 ± 0.5 (2.4) 12 17 ± 6 11 ± 2
San Clemente 1.0 ± 0.1 (2) (0.9) (1.9) 15 0.6 ± 0.6 6 ± 1
Patton Escarp. 0.4 ± 0.1 (2) (0.08) (0.5) 3 �0 0.4 ± 0
Mazatlan 1.1 1.7 ± 0.1 2.8 9 30 ± 9 11 ± 4
San Blas >1.3 3.2 ± 0.2 4.5 21 54 ± 21 21 ± 9
Soledad >1.8 8.4 ± 0.3 10.2 50 134 ± 71 51 ± 8
Peru 8.3 ± 0.8 (25) 545 ± 56 54 ± 10

Anderson et al. (1998)

San Clemente 1.2 5.3
N. Calif. Margin 0.4 0.0
N. Calif. Margin 1.1 3.1
Equatorial Pacific 0.9 0.5
Western Arabian Sea 0.8 3.2

Zheng et al. (2000,2002)

Santa Barbara Basin 6.4 15–350 17.3–34.5
Framvaren 4.6 337 14.5
Black Sea 2.1 69 8.1
Cariaco Basin 1.6 206 9.0
Saanich Inlet 9.8 2226 68.5

Sundby et al. (2004)

Laurentian Trough 7.1–123 4.7–20.8

Nammeroff (1996)

Mexico Margin 0.5–208 1–27

a Cox is the organic carbon oxidation rate. Estimates for the California margin are averages from multiple sources (in parentheses) (McManus et al.,
1997; Berelson et al., 1996; Hammond et al., 2004). Values for the Mexico margin are from Berelson et al. (2005) and Poulson et al. (2006). For San Blass
and Soledad these are minimum values because of curvature in the pore fluid CO2 distributions.

b Cburial is the organic carbon burial rate, which is a product of the percent organic carbon and the mass accumulation rate. Values in parentheses are
those reported in Berelson et al. (1996).

c Crain is the organic carbon rain rate, which is calculated as Cox + Cburial for this study and the uncertainties are the added uncertainties. Values in
parentheses are those reported in Berelson et al. (1996).

d MAR is the sediment mass accumulation rate and values are taken from Berelson et al. (1996) and Poulson et al. (2006).
e MoAR and UAR are the authigenic Mo and U accumulation rates, which are calculated from the average authigenic concentration reported in Table 4

and the reported MAR. The values reported in McManus et al. (2005) are recalculated here and are slightly smaller than those values because of a
spreadsheet error in the calculation of the lithogenic correction.
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fide-rich conditions) will result in higher Mo accumulation
rates per unit of organic carbon flux than for conditions
where thiomolybdate species are dominant. One possible
interpretation of the Peru margin site is that there is a
mix of Mo enrichment mechanisms that drive metal authi-
genesis at this particular location leading to a Mo:Corg ra-
tio that is intermediate between the two Mo enrichment
mechanisms. This idea is consistent with the Peru margin
being a location where the sediments are highly sulfidic
(e.g., Böning et al., 2004), and it was hypothesized by these
authors that the near-surface presence of H2S leads to the
observed enhanced Mo enrichments.

There is a possibility that relationships between authi-
genic metal accumulation and organic carbon delivery to
the seabed (Fig. 8) are artifacts of a close coupling between
the factors that control organic carbon preservation and
the preservation of authigenic metals. Some of these factors
could include bottom water oxygen content, sediment mix-
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
ing, and sediment lithology (e.g., Hedges and Keil, 1995).
Indeed, if there is a commonality in preservation, we would
expect a close coupling between metal and organic carbon
burial, which we observe (Fig. 9). In the specific case of
Mo, and as implied above, an alternative master variable
is sulfur preservation. This assertion is logical if indeed
Mo chemistry is closely coupled to the sulfur cycle as pro-
posed by multiple authors (references as above). If sulfur
preservation were important for Mo preservation any rela-
tionship between organic carbon burial and Mo accumula-
tion (Fig. 9B) could be primarily a function of the close
coupling between organic carbon and sulfur burial and
authigenic Mo accumulation and sulfur burial. As an
extension of this idea, one place where the fraction of total
carbon preserved is low (i.e., low carbon burial efficiencies),
yet where carbon flux is high is in mobile sediment or ‘‘flu-
idized sediment beds’’ found in some deltaic regions (Hedg-
es and Keil, 1995; Aller, 1998). These deposits undergo
ranium geochemistry in continental . . ., Geochimica et Cosmo-



Fig. 9. Uranium (A) and molybdenum (B) accumulation rate (UAR and
MoAR) plotted as a function of the organic carbon burial rate for the sites
presented in this work. The close coupling between these parameters
suggests that the factors that influence organic carbon burial may also
influence authigenic metal burial. Uncertainties are assigned based on the
1 r variation in the average constituent concentration.

Fig. 10. The U:Mo ratio as a function of bottom water oxygen. Our
selection of bottom water oxygen concentrations is as follows: Sta.
02 = 53 lM; Sta. 03 = 133 lM; 22MC = 148 lM; 24MC = 51 lM;
39MC = 63 lM; 42MC = 70 lM; Mazatlan = 0.2 lM; San Blas = 0 lM;
Soledad = 0.5 lM; Catalina = 17 lM; San Pedro = 8 lM; Santa Moni-
ca = 10 lM; and Tanner Basin = 21 lM. Some of the variability or scatter
in the relationship is likely caused by uncertainties in the long-term
average bottom water oxygen concentration. As discussed within the text,
these values indeed vary and we estimate that variability is likely to be
±5 lM. Uncertainties in the U:Mo ratio are those reported in Table 3 and
are based on the 1r variation in the average value. Values in parentheses
are not used in the linear fit.
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multiple oxidation and reduction cycles because they are
physically disturbed multiple times (Aller, 1998). As a re-
sult of this reoxidation process, electron transport can be
dominated by species other than sulfate (Aller, 1998), and
the multiple reoxidation process leaves behind very little
organic carbon for burial. Our prediction from this
particular scenario would be that these deposits would also
have negligible to small authigenic metal enrichments de-
spite the quite high organic carbon delivery rates, which
is consistent with what has been observed (Breckel et al.,
2005).

The data presented here point to the potential for quanti-
tative relationships between metal authigenesis and the car-
bon cycle; however, the exact mechanisms that govern those
relationships remain uncertain. Our data also suggest that
the U:Mo ratio is at least somewhat sensitive to bottom
water oxygen concentration (Fig. 10). This relationship
may arise because on one hand both elements are sensitive
to organic carbon burial (e.g., Fig. 9), but they have a slightly
different sensitivity to some chemical parameter related to
bottom water oxygen concentration. One possibility is the
presence of dissolved sulfide in pore fluids; however, we do
not have the data to verify that idea, but suggest it here as
a working hypothesis. Furthermore, there are likely to be a
number of environments where this relationship (Fig. 10)
will not hold. For example our Sta. 09 has no significant
authigenic Mo (Table 3), thus the relationship is not applica-
ble. Also, sites having Mn-rich sediments are unlikely to be
Please cite this article as: James McManus et al., Molybdenum and u
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applicable because of Mo adsorption onto Mn-oxide phases
(San Clemente and Patton Escarpment fall into this catego-
ry). The Catalina Basin site (diamond in parentheses) has a
particularly high ratio and we have no explanation for this
data point. Post-depositional sediment transport, a common
occurrence on continental margins, might tend to draw the
U:Mo ratio to anomalously higher values because of re-ex-
posure of sediment to oxygen. This process will likely affect
both U and Mo (e.g., Crusius and Thomson, 2003; Crusius
et al., 2004), but could influence Mo more because of its sen-
sitivity to reduced sulfur preservation. Thus, sites where sed-
iment is not subjected to physical disturbances are more
likely to provide valuable quantitative insights regarding
proxy development than are sites where these disturbances
are common.

6.3. Mo burial rates and budgetary implications

From the combination of our own data, along with pre-
viously reported data (Table 4), it appears that continental
margin sediments could be an important sink for Mo.
However, most of our data indicating Mo accumulation
are from restricted basins or the open margins along Mex-
ico and Peru, which likely represent end-members in terms
of their organic carbon and Mo burial. In combination, the
data must be considered limited at this point, but it is note-
worthy that the continental margin accumulation rates
reported in the literature and offered here range from 0
to >500 nmol m�2 day�1 (Table 4).

The two suggested Mo inputs to the global ocean are (1)
rivers at 1.8 · 108 mol y�1 (Martin and Meybeck, 1979 as
reviewed in Morford and Emerson, 1999) and (2) low tem-
perature hydrothermal weathering at 0.2 · 108 mol y�1

(McManus et al., 2002; Wheat et al., 2002). The primary
ranium geochemistry in continental . . ., Geochimica et Cosmo-
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sink fluxes are believed to be (1) oxic sediments, with an
estimated rate of 0.9 · 108 mol y�1; (2) anoxic sediments
at 0.2–0.8 · 108 mol y�1; and (3) high temperature hydro-
thermal removal (<0.2 · 108 mol y�1) (values reviewed in
Morford and Emerson, 1999). These numbers imply a near
geochemical balance if the anoxic basin value is about
equal to the oxic sink. However, based on our current
understanding of the Mo isotope budget, this is not a rea-
sonable assumption (e.g., Siebert et al., 2003). This work
considers these two sinks as the primary sinks for Mo
and demonstrates that the oxic to anoxic sink ratio must
be approximately 0.7 oxic sink to 0.3 anoxic (Siebert
et al., 2003). This particular study has a number of uncer-
tainties that the authors identify. However, we could fur-
ther constrain the Mo anoxic flux based on the amount
of carbon currently being sequestered in anoxic basins
(1 · 1012 g Corg y�1; Hedges and Keil, 1995) and the ratio
of buried Mo to organic carbon in these basins (�100 nmol
Mo mmol�1 Corg; Table 4 and Algeo and Lyons, 2006). We
should note that this ratio is likely to be an upper limit be-
cause the Black Sea ratio is low, yet this particular basin is
large. From this approach the amount of Mo being buried
in anoxic basins is estimated to be 0.08 · 108 mol y�1. Tak-
ing this estimate and the oxic sink at face value implies that
there is a deficit of nearly half the Mo input to the oceans,
�1x108 mol Mo y�1. This would have to be considered an
upper limit for the Mo accumulation in margin sediments.

If we reconsider the paired Mo and isotope budget (i.e.,
Siebert et al., 2003; Anbar et al., 2004) with the assumption
that some Mo must be sequestered in continental margin
sediments and the isotope composition of that Mo is 1.6&

(Poulson et al., 2006), we can construct a revised global bud-
get. Here, we use the conventions proposed previously (Sie-
bert et al., 2003; Anbar et al., 2004) with two additions; an
isotope value for the continental margin sink as well as val-
ues for the low temperature hydrothermal source of Mo:

dLF L þ dHF H ¼ dOF O þ dMF M þ dAF A

where, d and F are the isotope values and flux for each com-
ponent (references as above unless otherwise noted) and, L
represents the lithogenic source(FL = 1.8 · 108 mol y�1,
d = 0&, e.g., Anbar et al., 2004), H the low temperature
hydrothermal source (FH = 0.2 · 108 mol y�1, d;= 0.8&,
McManus et al., 2002), O the oxic sink
(FO = 0.9 · 108 mol y�1, d = �0.8&, Anbar et al., 2004;
Poulson et al., 2006), M the margin sink (FM = X, mol y�1,
d = 1.6&, Poulson et al., 2006), and A the anoxic sink
(FH = 0.1 · 108 mol y�1, d = 2.0&). The isotope value for
the lithogenic (weathering) source is tentative, but it is based
on previously published data (after Siebert et al., 2003), the
oxic, continental margin, and anoxic basin isotope values
are reviewed in Poulson et al., 2006. Because there is a limited
amount of isotope data to describe each of the sources and
sinks, this balance approach must be viewed cautiously
(e.g., Anbar et al., 2004). However, to achieve an isotope bal-
ance, the continental margin flux needs to be�0.4 · 108 mol
Mo y�1. This value leaves a significant imbalance in the flux
Please cite this article as: James McManus et al., Molybdenum and u
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budget, requiring an additional sink term of �0.6 · 108 mol
Mo y�1, and highlights the uncertainty in our understanding
of the global Mo budget. Furthermore, a final note of cau-
tion to this budgetary approach arises because of the long
residence time of Mo (�0.8 milion years) relative to the likely
glacial–interglacial variations in the ocean carbon and asso-
ciated trace metal fluxes—particularly along continental
margins (e.g.,�10–100 ky). There is insufficent information
at this point to fully evaluate the impact of short term varia-
tions on the Mo isotope balance; however, it is reasonable to
assume that there could be some impact.

Although we could tie the Mo burial rate directly to the
burial of organic carbon based on the Mo to Corg burial
ratio (Fig. 9B) and the more well-characterized organic car-
bon burial budget (Hedges and Keil, 1995), the fact that
there is a positive intercept along the x-axis precludes this
approach directly. However, we can consider the predicted
margin flux of 0.4 · 108 mol Mo y�1 within the context of
the organic carbon burial budget simply to assess if such
burial is reasonable. There are approximately
6 · 1015 mmol Corg buried per year in non-deltaic shelf
and slope environments (Hedges and Keil, 1995), if there
was Mo buried with all of this carbon with a Mo:Corg buri-
al ratio of 17 ± 3 nmol mmol�1 (Fig. 9B), �0.8 ± 0.2
· 108 mol Mo y�1 would be buried in these settings. How-
ever, as noted above, not all of the continental margin sed-
iments accumulate sufficient organic carbon to also
accumulate Mo (i.e., Fig. 9 has a positive intercept), thus
this particular estimate is too high. If, however, half of
the sediments accumulating organic carbon along the con-
tinental margin accumulate at a rate sufficient to accumu-
late Mo then there is agreement between the two estimates.

One final way to consider the Mo budget is in terms of the
extent of reducing environments within the ocean. It is likely
that significant Mo authigenesis requires environments suf-
ficiently reducing that oxygen penetrates into the sediments
less than 1 cm depth (e.g., Morford and Emerson, 1999). Ar-
cher et al. (2002) calculate that �20% of the seafloor is suf-
ficiently reducing that oxygen penetration is <1 cm;
however, based on the data presented here it is unlikely that
20% of the seafloor would actually be accumulating signifi-
cant Mo. If, however, only 1% of the seafloor (3.6 km2, Me-
nard and Smith, 1966) maintains the conditions conducive
for most of the 0.4 mol Mo y�1 burial, then the accumula-
tion rate of Mo would have to be 30 nmol m�2 day�1. This
value for the Mo accumulation rate is at least 10 times small-
er than that for the Peru Margin and is smaller than many
estimates for the Mexico margin, Santa Barbara basin,
and the Laurentian Trough (Table 4). However, it is larger
than a number of the other continental margin estimates
proposed here. Although we suspect that more than 1% of
the seafloor actually accumulates Mo and it is likely that
30 nmol m�2 day�1 is not an accurate mean accumulation
rate, this calculation in light of our other calculations and
the previously published data demonstrates a set of reason-
able assumptions that support our contention that continen-
tal margins are an important Mo sink.
ranium geochemistry in continental . . ., Geochimica et Cosmo-
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7. Conclusions

Data presented here suggest that authigenic U and Mo
are tightly coupled to either organic carbon delivery to
the seafloor or to the organic carbon burial rate. In the par-
ticular case of Mo this coupling may be related to a mutual
relationship between these two variables and sulfur burial.
Despite their common sensitivity to organic carbon cycling,
in combination these elements also exhibit some sensitivity
to the concentration of bottom water oxygen. Further
work is required to refine our understanding of how these
elements are influenced by the global biogeochemical cycles
of carbon and oxygen.
Appendix A Comparison of sediment digestion techniques

Referencea Sample IDb Al (%) ± Fe (%)

BCR-1 F7-A, B, C 6.98 0.02 9.70
S7-A, B, C 7.36 0.11 9.68
M7-A, B, C 7.29 0.14 9.67
Average 7.21 0.20 9.68

Reference 7.22 9.39

AGV-1 F5-A, B, C 8.77 0.14 4.58
S5-A, B, C 9.12 0.05 4.72
M5-A, C 8.99 0.05 4.86
Average 8.96 0.18 4.72

Reference 9.07 4.73

W-2 F6-A, B, C 8.14 0.19 7.79
S6-A, B, C 8.43 0.04 7.81
M6-A, B, C 8.43 0.30 7.84
Average 8.34 0.17 7.81

Reference 8.12 7.51

MAG-1 F4-A, B, C 8.22 0.07 4.71
S4-A, B, C 8.50 0.10 4.76
M4-A, B, C 5.10 0.65 4.80
Average 7.27 1.88 4.75

Reference 8.66 4.76

SX12279 F2-A, B, C 0.46 0.01 0.25
S2-A, B, C 0.36 0.01 0.22
M2-A, B, C 0.41 0.01 0.25
Average 0.41 0.05 0.24

Reference 0.43 0.29

SX12280 F3-A, B, C 5.58 0.07 3.58
S3-A, B, C 5.63 0.05 3.49
M3-A, B, C 6.11 0.06 3.84
Average 5.77 0.29 3.63

Reference 5.95 4.01

NS1750M F1-A, B, C 3.55 0.05 2.30
S1-A, B, C 3.82 0.05 2.45
M1-A, B, C 3.91 0.07 2.52
Average 3.76 0.19 2.42

Reference 3.80 2.47

Bold fond indicates average and ± values.
a Reference materials are either from the U.S.G.S. (BCR-1, AGV-1, W-2, a

NS1750M) as described in the text.
b Sample IDs designate the method of digestion where samples with an F a

indicates microwave assisted digestions.
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Based on the burial budget of organic carbon and on the
Mo:Corg burial ratio and the Mo isotope and flux budgets
we estimate that continental margin environments accumu-
late authigenic Mo at a rate of 0.4 · 108 mol y�1. Based on
the Mo:Corg burial ratio and the carbon budget for anoxic
basins, these environments sequester �0.1 · 108 mol
Mo y�1 of the total Mo. If previous estimates for Mo in-
put to the oceans are accurate (�2 · 108 mol Mo y�1) then
our estimates for the Mo sinks in combination with those
from the literature are insufficient to achieve a geochemical
balance, and to achieve both an isotope and flux balance,
both the oxic and continental margin sinks would need to
be revised upward.
± Ti (lg/g) ± Mn (lg/g) ±

0.16 13147 166 1475 12
0.13 13770 125 1467 8
0.07 13538 91 1468 9
0.01 13485 315 1470 4

13428 1394

0.06 5881 116 716 15
0.07 6227 67 703 18
0.20 6395 322 776 20
0.14 6168 262 732 39

6355 744

0.11 6356 46 1343 24
0.13 6525 45 1333 4
0.22 6537 254 1341 29
0.03 6473 101 1339 5

6355 1262

0.08 3952 28 727 12
0.04 4085 56 701 2
0.10 4167 56 736 20
0.04 4068 109 721 18

4502 759

0.01 111 8 1498 44
0.01 81 9 1656 28
0.01 113 5 1647 35
0.02 102 18 1600 89

125 1693

0.04 2913 29 2306 28
0.02 2871 22 2320 8
0.05 3153 55 2570 17
0.18 2979 152 2399 149

3243 2570

0.02 1848 7 256 3
0.04 1999 10 256 7
0.01 2092 23 274 4
0.11 1980 123 262 10

2109 286

nd MAG-1) or are in-house reference materials (SX12279, SX12280, and

re those done by fusion, S indicates hot plate assisted digestions, and M
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(14.7–12.9 ka). Geology 32, 633–636.

Crusius, J., Thomson, J., 2003. Mobility of authigenic rhenium, silver, and
selenium during postdepositional oxidation in marine sediments.

Geochim. Cosmochim. Acta 67, 265–273.
Degens, E.T., Khoo, K., Michaelsis, W., 1977. Uranium anomaly in Black

Sea sediments. Nature 269, 566–569.
Dorta, C.C., Rona, E., 1971. Geochemistry of uranium in the Cariaco

Trench. Bull. Mar. Sci 21, 754–765.
Dunk, R.M., Mills, R.A., Jenkins, W.J., 2002. A reevaluation of the

oceanic uranium budget for the Holocene. Chem. Geol. 190, 45–67.
Emerson, S.R., Huested, S.S., 1991. Ocean anoxia and the concentrations

of molybdenum and vanadium in seawater. Mar. Chem. 34, 177–196.
Emery, K.O., 1960. The Sea Off Southern California. John Wiley and Sons,

New York, 366 p..
Erickson, B.E., Helz, G.R., 2000. Molybdenum (VI) speciation in sulfidic

waters: stability and lability of thiomolybdates. Geochim. Cosmochim.

Acta 64, 1149–1158.
Fredrickson, J.K., Zachara, J.M., Kennedy, D.W., Duff, M.C., Gorby,

Y.A., Li, S.W., Krupka, K.M., 2000. Reduction of U(VI) in goethite
(a-FeOOH) suspensions by a dissimilarory metal-reducing bacterium.

Geochim. Cosmochim. Acta 64, 3085–3098.
Ganeshram, R.S., Calvert, S.E., Pedersen, T.F., Cowie, G.L., 1999.

Factors controlling the burial of organic carbon in laminated and
bioturbated sediments off NW Mexico: implications for hydrocarbon
preservation. Geochim. Cosmochim. Acta 63, 1723–1734.

Gilmore, G., Hemingway, J.D., 1995. Practical Gamma-Ray Spectrometry.
Wiley, New York, 314 pp.

Hammond, D.E., Cummins, K.M., McManus, J., Berelson, W.M.,
Smith, G., Spagnoli, F., 2004. A comparison of methods for benthic
flux measurement along the California margin: shipboard core
incubations vs. in situ benthic landers. Limnol. Oceanogr. Methods

2, 146–159.
Hartnett, H.E., Devol, A.H., 2003. Role of strong oxygen-deficient zone in

the preservation and degradation of organic matter: a carbon budget
for the continental margins of the northwest Mexico and Washington
State. Geochim. Cosmochim. Acta 67, 247–264.

Hedges, J.I., Keil, R.G., 1995. Sedimentary organic matter preservation:
an assessment and speculative synthesis. Mar. Chem. 49, 81–115.

Hedges, J.I., Stern, H., 1984. Carbon and nitrogen determinations of
carbonate-containing solids. Limnol. Oceanogr. 29, 657–663.
Please cite this article as: James McManus et al., Molybdenum and u
chimica Acta (2006), doi:10.1016/j.gca.2006.06.1564.
Helz, G.R., Miller, C.V., Charnock, J.M., Mosselmans, J.F.W., Pattrick,
R.A.D., Garner, C.D., Vaughan, D.J., 1996. Mechanism of molybde-
num removal from the sea and its concentration in black shales:
EXAFS evidence. Geochim. Cosmochim. Acta 60, 3631–3642.

Howarth, R.W., Cole, J.J., 1985. Molybdenum availability, nitrogen
limitation and phytoplankton growth in natural waters. Science 229,
653–655.

Howarth, R.W., Marino, R., Cole, J.J., 1988a. Nitrogen fixation in
freshwater, estuarine and marine ecosystems. 2. Biogeochemical
controls. Limnol. Oceanogr. 33, 688–701.

Howarth, R.W., Marino, R., Lane, J., Cole, D.R., 1988b. Nitrogen
fixation in freshwater, estuarine and marine ecosystems. 1. Rates and
importance. Limnol. Oceanogr. 33, 669–687.

Ingall, E.D., Jahnke, R.A., 1994. Evidence for enhanced phosphorous
regeneration from marine sediments overlain by oxygen-depleted
waters. Geochim. Cosmochim. Acta 58, 2571–2575.

Jahnke, R.A., Reimers, C.E., Craven, D.B., 1990. Intensification of
recycling of organic matter at the sea floor near ocean margins. Nature

348, 50–54.
King, S.L., Froelich, P.N., Jahnke, R.A., 2000. Early diagenesis of

germanium in sediments of the Antarctic South Atlantic: in search of
the missing Ge sink. Geochim. Cosmochim. Acta 64, 1375–1390.

Knauss, K., Ku, T.-L., 1983. The elemental composition and decay-series
radio-nuclide content of plankton from the east Pacific. Chem. Geol.

39, 125–145.
Ku, T.-L., Knauss, K., Mathieu, G.G., 1977. Uranium in the open ocean:

concentration and isotopic composition. Deep-Sea Res. 24, 1005–1017.
Kumar, N., Anderson, R.F., Mortlock, R.A., Froelich, P.N., Kubib, P.,

Dittrich-Hannen, B., Suter, M., 1995. Increased biological productiv-
ity and export production in the glacial Southern Ocean. Nature 378,
675–680.

Legeleux, F., Reyss, J.L., Bonte, P., Organo, C., 1994. Concomitant
enrichments of uranium, moybdenum and arsenic in suboxic conti-
nental-margin sediments. Oceanol. Acta 17, 417–429.

Lovley, D.R., Phillips, E.J.P., Gorby, Y.A., Landa, E.R., 1991. Microbial
reduction of uranium. Nature 350, 413–416.

Lovley, D.R., Roden, E.E., Phillips, E.J.P., Woodward, J.C., 1993.
Enzymatic iron and uranium reduction by sulfate-reducing bacteria.

Mar. Geol. 113, 41–53.
Lyons, T.W., Werne, J.P., Hollander, D.J., Murray, R.W., 2003.

Contrasting sulfur geochemistry and Fe/Al and Mo/Al ratios across
the last oxic-to-anoxic transition in the Cariaco Basin, Venezuela.

Chem. Geol. 195, 131–157.
Marino, R., Howarth, R.W., Shamess, J., Prepas, E., 1990. Molybdenum

and sulfate as controls on the abundance of nitrogen-fixing cyano-
bacteria in saline lakes in Alberta. Limnol. Oceanogr. 35, 245–259.

Martin, J.M., Meybeck, M., 1979. Elemental mass-balance of material
carried by major world rivers. Mar. Chem. 7, 173–206.

McKee, B.A., DeMaster, D.J., Nittrouer, C.A., 1987. Uranium geochem-
istry on the Amazon shelf: evidence for uranium release from bottom
sediments. Geochim. Cosmochim. Acta 51, 2779–2786.

McManus, J., Berelson, W.M., Coale, K.H., Johnson, K.S., Kilgore, T.,
1997. Phosphorous regeneration in continental margin sediments.

Geochim. Cosmochim. Acta 61, 2891–2907.
McManus, J., Berelson, W.M., Klinkhammer, G.P., Hammond, D.E.,

Holm, C., 2005. Authigenic uranium: relationship to oxygen penetra-
tion depth and organic carbon rain. Geochim. Cosmochim. Acta 69, 95–
108.

McManus, J., Hammond, D.E., Cummins, K.M., Klinkhammer, G.P.,
Berelson, W.M., 2003. Diagenetic Ge–Si fractionation in continental
margin environments: further evidence for a non-opal Ge sink.

Geochim. Cosmochim. Acta 67, 4545–4557.
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