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A B S T R A C T

Molybdenum (Mo) and (V) vanadium are under-studied elements in the ocean due to their largely conservative
natures. Thus, no detailed ocean sections of these elements exist although previous reports do suggest possible
anomalies in their distributions due to biological, redox, or sorptive processes. Here we present the first detailed
ocean sections of dissolved and particulate Mo and V, obtained as part of the 2013 U.S. GP16 GEOTRACES East
Pacific Zonal Transect (EPZT) from Peru to Tahiti. Similar to previous work, the distribution of dissolved Mo was
largely conservative, while dissolved V showed a ~5% depletion in the upper waters. For dissolved Mo, a small
number of samples showed significantly depleted concentrations which, in most cases, gradually increased with
time after samples were acidified. This implies the original sample had experienced a partial change in spe-
ciation of dissolved Mo from the predominant molybdate to another, as yet, unknown form. In the oxygen
deficient zone (ODZ) off the Peru margin, depleted dissolved Mo and V in a few samples corresponded with the
nitrite maximum, suggesting the possible involvement of both elements in the nitrogen cycle. Particulate Mo and
V enrichments in the ODZ are likely indicative of scavenging by Fe oxyhydroxides and/or biogenic particles. In
near surface waters close to the Peru margin, dissolved Mo and V concentrations slightly decreased with in-
creasing total chlorophyll a, suggesting the removal of both elements by biological uptake and/or adsorption
onto biogenic particles. In contrast to previous reports that removal to reducing coastal/estuarine sediments
resulted in surface water depletion of dissolved V, there is no evidence from the EPZT section that this process
plays a strong role in the development of the ~5% dissolved V depletion in the surface ocean. Additionally,
dissolved V and Mo depletions were seen in some hydrothermal plume waters above the ridge crest, likely due to
adsorption onto Fe/Mn oxides and suggesting that these plume waters are a net sink for these two elements.
Associations of ridge crest particulate Mo and V with the particulate Mn and Fe carrier phases suggests V was
largely scavenged by Fe oxyhydroxides while Mo was likely scavenged by both Fe oxyhydroxides and Mn oxides.
Away from the ridge crest, depletions of dissolved V and Mo are seen along the boundaries of the far field
hydrothermal plume, though the reasons for this remain obscure. Future studies of these elements could benefit
from determination of speciation as well as increased focus on margin areas.

1. Introduction

Molybdenum and vanadium both occur as oxyanions in oxic waters
and have somewhat similar geochemical behaviors in the ocean. For
instance, both elements are redox-sensitive, with decreased solubility in
oxygen-depleted water. Also, Mo and V are micro-nutrients, although
their biochemical functions and uptake differ. Conventionally, Mo is

thought to be conservative in seawater (Bruland, 1983; Collier, 1985)
and V nearly so, with only a ~10% depletion in the shallow ocean re-
lative to deep waters (Collier, 1984; Middelburg et al., 1988; Sherrell and
Boyle, 1988). Thus, the distributions of these elements have tended not
to be studied in detail in the open ocean and the possibility remains that
interesting aspects of their oceanic geochemistries have been overlooked.

The distribution of dissolved Mo is generally thought to be
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essentially conservative in the open ocean (Morris, 1975; Bruland,
1983; Collier, 1985). Likewise, the uniform distribution of Mo stable
isotope ratios in the ocean (Nakagawa et al., 2012) also suggests the
relative unreactivity of oceanic Mo. However, a number of studies have
reported non-conservative behavior of dissolved Mo in coastal and es-
tuarine waters (e.g., Dalai et al., 2005; Dellwig et al., 2007; Joung and
Shiller, 2016; Wang et al., 2016). The reasons for this non-conservative
behavior are varied and likely relate to biological processes, organic
complexation, redox processes, scavenging, and sedimentary interac-
tions. For example, scavenging of Mo by ferromanganese oxides ap-
pears to be a mechanism of importance for removal of Mo from the
water column (Goldberg et al., 2009; Kashiwabara et al., 2011) and the
diagenesis of these oxides plays a role in the enrichment of Mo in re-
ducing sediments (Scholz et al., 2011). Also, the formation of Mo-en-
riched organic aggregates has been observed to deplete coastal water
dissolved Mo (e.g., Dellwig et al., 2007; Kowalski et al., 2013). Mo plays
an important biological role in the nitrogen cycle as a co-factor in ni-
trogenase, nitrate reductase, and nitrite oxidoreductase (Stiefel, 1996;
Moreno-Vivián et al., 1999; Maia et al., 2017) as well as in DMSO re-
ductase (Schindelin et al., 1996). Based on thermodynamics, Mo is
present in the +VI oxidation state in seawater, predominantly as the
highly soluble MoO4

2− species (Baes and Mesmer, 1976; Manheim,
1978). However, small amounts of the more particle-reactive Mo(V),
which should be thermodynamically stable in reducing waters (Bertine,
1972; Brookins, 1988), have been reported in low-oxygen estuarine
waters (Wang et al., 2009). Furthermore, when there is sufficient sul-
fide present (∼11 μM H2S(aq)), molybdate can be sulfidized to more
readily scavenged thiomolybdates without reduction of the Mo
(Erickson and Helz, 2000; Dahl et al., 2010; Vorlicek et al., 2015). Helz
et al. (2011) proposed that the Mo scavenging in sulfidic water is
controlled not only by H2S concentration but also by pH and the
availability of reactive Fe(II). This may account for the high levels of
Mo found in sediments and pore waters of anoxic depositional en-
vironments (e.g., Emerson and Huested, 1991).

As outlined above, the utilization of Mo as an enzymatic co-factor,
the interaction of Mo with organic matter, the change of Mo speciation
in redox gradients and association with Fe/Mn cycling along with the
diagenesis of Mo in sediments/pore waters supports the prior ob-
servations of non-conservative Mo behavior in various marginal en-
vironments. In the open ocean, however, the limited observations of the
Mo distribution are more equivocal. Both slight depletion and enrich-
ment of Mo concentration were reported in the eastern tropical Pacific
Ocean by Tuit (2003). However, no significant depletion of Mo was
observed either in the extreme oxygen minimum zone (OMZ) of the
Arabian Sea (Goswami et al., 2012) or in the eastern tropical North
Pacific OMZ (Nameroff et al., 2002). In oceanic hydrothermal systems,
Elderfield and Schultz (1996) suggested there was no direct hydro-
thermal source/sink of Mo, but that scavenging removal in hydro-
thermal plumes did remove Mo from seawater, albeit at a rate of only
~1% of the fluvial input. However, Mo depletion was observed in vent
fluids from the Southern Juan de Fuca Ridge (Trefry et al., 1994). Thus,
hydrothermal effects on the oceanic Mo distribution may be variable.

Dissolved V concentrations are generally found to be ~35 nmol/kg
in the deep ocean with a slight reduction in concentration in the upper
water column (e.g., Collier, 1984; Middelburg et al., 1988; Sherrell and
Boyle, 1988). There is one report suggesting deep Pacific concentra-
tions might be 10–15 nmol/kg higher than this (Jeandel et al., 1987),
though their intercalibration effort showed somewhat variable results
and Middelburg et al. (1988) showed only a few nmol/kg inter-basin
increase. Thermodynamically, the predominant species of V in oxic
seawater should be H2VO4

− (Baes and Mesmer, 1976; Wang and
Sanudo-Wilhelmy, 2008), which has similar chemical characteristics as
phosphate. Thus, the slight V depletion in surface waters has been at-
tributed to biological uptake of V(V) (Collier, 1984).

V is used as a nutrient by some species (Taylor and van Staden,
1994) and is found in some enzymes (Antipov et al., 1998; Rehder,

2000; Butler and Carter-Franklin, 2004). More specifically, V is found in
V-nitrogenases and V-haloperoxidases (Crans et al., 2004). Observation
of V-nitrogenase in the ocean may not be likely, since its expression
seems to require Mo-limitation (Rehder, 2000). V-haloperoxidases are
commonly found in marine macroalgae (Crans et al., 2004). Ad-
ditionally, previous studies have hypothesized that the intracellular V
enrichment in Trichodesmium colonies is related to the V-haloperox-
idases (Tovar-Sanchez and Sañudo-Wilhelmy, 2011; Nuester et al.,
2012). High concentrations of V(III) are also found in certain tunicates
(Michibata et al., 2003). While the effect of these types of biological V
uptake may be limited, Klein et al. (2013) has speculated on an un-
known mechanism of biological V uptake from surface waters based on
correlations between intracellular V, biogenic Si, and total chlorophyll
a and Osterholz et al. (2014) presented evidence that diatoms are a
major factor in oceanic V depletion.

In contrast to the biological uptake hypothesis for surface ocean
dissolved V depletion, Shiller and Mao (1999) found no evidence of
biological V removal in productive waters of the Louisiana Shelf and
suggested that V depletion in those shelf waters resulted from V re-
duction and removal to the sediments. While the details of this me-
chanism were not specified, it likely involves adsorption of V onto
ferromanganese oxide particles, possibly with water column reduction
of V(V) to the more readily scavenged V(IV) (Wehrli and Stumm, 1989),
and removal to and incorporation into reducing sediments (e.g., Scholz
et al., 2011). Thus, an alternative or additional mechanism for surface
ocean V depletion might involve V redox chemistry along the con-
tinental margins. Other studies have also found dissolved V is lower in
concentration in suboxic/anoxic water columns than in oxic waters
(Emerson and Huested, 1991; Shiller and Mao, 1999; Wang and
Sanudo-Wilhelmy, 2008). Similarly, it has been shown that V is en-
riched in the solid phase of anoxic and organic-rich sediments (Lewan
and Maynard, 1982; Holland, 1984; Breit and Wanty, 1991). Under
extremely reducing conditions, V(IV) could be further reduced to V(III)
by humic acid or sulfides, and be present as V2O3 or V(OH)3 (Goodman
and Cheshire, 1975; Breit and Wanty, 1991).

Jeandel et al. (1987) suggested that hydrothermal processes are a
minor factor in the cycling of vanadium. However, V has been char-
acterized as an enriched element in hydrothermal vent fluids relative to
seawater (German and Von Damm, 2006). Nonetheless, several studies
have demonstrated that V is scavenged from seawater and adsorbed
onto iron oxyhydroxides within rising hydrothermal plume waters,
which is supported by evidence of particulate V enrichments in hy-
drothermal particles (Trefry and Metz, 1989; Feely et al., 1994;
Edmonds and German, 2004). Thus, Elderfield and Schultz (1996)
concluded that there is no significant direct hydrothermal input of V to
the ocean and that the scavenging removal flux of V from the hydro-
thermal plumes is roughly equal to the river input flux of V.

Clearly the past work on Mo and V has demonstrated the basics of
their oceanic distributions, but uncertainties remain in some of the de-
tails. Understanding these details may aid both in understanding modern
ocean processes as well as in the interpretation of paleo-environmental
data on the ocean's Mo (e.g., Anbar, 2004; Tribovillard et al., 2006; Scott
et al., 2008) and V composition (e.g., Hastings et al., 1996; Tribovillard
et al., 2006). In this study, we present the first detailed oceanic sections
of dissolved Mo and V, obtained along the U.S. GEOTRACES East Pacific
Zonal Transect (EPZT). This transect (Fig. 1a) crossed a variety of con-
trasting oceanic regimes including an extreme OMZ, hydrothermal
plumes, and the pelagic realm, thus providing an opportunity to more
thoroughly examine the distributions of these two elements.

2. Methods

2.1. Seawater sampling

The U.S. GEOTRACES EPZT was conducted during 25 October–20
December 2013 aboard R/V Thomas G. Thompson from Manta,

P. Ho et al. Marine Chemistry 201 (2018) 242–255

243



Ecuador to Papeete, French Polynesia (GEOTRACES section GP16;
Fig. 1a). Samples were collected at four shelf stations (1–2 casts), 13 full
depth stations (3 casts), 13 shallow stations (1 cast, depth ~ 1000 m)
and five super-stations (3–4 casts) by use of 12-L Teflon-coated GoFlo
bottles deployed on the trace metal clean GEOTRACES carousel (Cutter
and Bruland, 2012).

Water samples were filtered through 0.2 μm capsule filters (Pall
Acropak Supor capsule) and collected by an ultra-clean sampling
technique which was previously deployed during CLIVAR (Measures
et al., 2008) and U.S. GEOTRACES intercalibration and North Atlantic
cruises (Cutter et al., 2014). In addition, surface water samples (~2 m
depth) were taken from an underway towed-fish system (Bruland et al.,
2005) and filtered through a 0.45 μm Osmonics and a 0.2 μm poly-
carbonate cartridge filter.

The filtered samples (~125 mL) collected from the GoFlo bottles
were stored in pre-cleaned HDPE bottles and shipped back to the la-
boratory for acidification and analysis. Ancillary data (e.g., salinity,
temperature, nutrients, oxygen) was provided by the cruise manage-
ment team (http://www.bco-dmo.org/project/499723). After samples
were transported to the laboratory, an aliquot of ultrapure 6 N HCl
(Seastar Baseline) was added to each sample to reduce the pH to ~1.8
and the samples were then stored at room temperature.

2.2. Particle sampling

Particle samples were collected at four shelf stations, 13 full depth
stations and five super-stations. Here, we briefly describe particle
sampling protocols. Two particle fractions (small size fraction:
0.8–51 μm; large size fraction:> 51 μm) were collected using McLane
WTS-LV in-situ battery powered pumps that were deployed on a metal-
free hydrowire (Hytrel-jacketed Vectran). Filters were loaded in two
mini-MULVFS filter holders (“QMA’ and ‘Supor’) (Bishop et al., 2012)
which were configured with each pump. All filters were acid leached

(Cutter et al., 2014) in a HEPA-filtered clean environment prior to use.
Each filter holder held a 142 mm-diameter, 51 μm pore-size polyester
pre-filter, and either a pair of Whatman QMA quartz fiber filters or a
pair of 0.8 μm pore-size Pall Supor™ polyethersulfone filters. In each
cast, blank filters (both “QMA” and “Supor”) that were not connected to
the pumps were deployed together with the pumps, and these dipped
blank filters were treated as procedure blanks. After the pumps were
recovered, the filter holders were brought into a shipboard HEPA-fil-
tered clean environment for rinsing, subsampling and drying proce-
dures and then stored in particle-free cleanroom polyethylene bags.
More detailed particle sampling protocols are described in Heller et al.
(2017), Lam et al. (2017), Lee et al. (2017) and in on-line doc-
umentation (http://www.bco-dmo.org/project/499723).

2.3. Analytical methods

2.3.1. Dissolved Mo and V
Both dissolved Mo and V were determined using a ThermoFisher

Element XR sector field inductively coupled plasma-mass spectrometer
(ICP-MS) with a PFA microflow nebulizer (Elemental Scientific, Inc.).
Quantification used the isotope dilution method. We obtained enriched
95Mo (96.45%) and 50V (44.30%) from Oak Ridge National
Laboratories. In general, we sought to spike the samples with an
amount of enriched isotope such that measured isotope ratios in the
spiked sample were close to the geometric mean of the natural isotope
ratio and the isotope ratio of the enriched spike.

For Mo, ~50 μL of seawater was spiked with 95Mo and diluted 30-
fold with ultrapure water prior to ICP-MS analysis using a PFA spray
chamber (Shim et al., 2012). The intensities of 95Mo and 98Mo were
determined in low resolution on the ICP-MS. We measured Br during
analyses to check the interference of 79Br16O+ and 81Br17O+ on 95Mo
and 98Mo, respectively. The correction for BrO+ was usually< 1%
(1.1 nmol/kg) and not> 2.5% (2.7 nmol/kg). The reproducibility of

Fig. 1. (a) Cruise track of the US GEOTRACES East Pacific Zonal Section (GP16). Note that station 1 (Peru-Chile Trench) is out of numerical order and is located between stations 5 & 6.
(b) The distribution of dissolved oxygen in the upper water column along the EPZT. Purple colour indicates the ODZ. (c) The distribution of total chlorophyll a in the upper 200 m of the
water column along the EPZT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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this method was estimated by comparing samples collected at the same
depth on different casts at the same station. For 32 pairs of these re-
plicate samples, the average absolute deviation was 2.3 nmol/kg or
typically 2.1% (Table 1). Repeated runs of U.S. GEOTRACES inter-
calibration samples (GS and GD; Table 1) and in-house reference so-
lutions suggest a precision of± 2.3% (Table 1); the limit of detection
for Mo was ~1 nmol/kg. Average Mo of GS and GD in our analyses
were comparable to reported Mo values (GS: 116 nmol/kg; GD:
113 nmol/kg) by Goswami et al. (2012).

For V, 14-mL samples were spiked with a 50V–enriched solution and
extracted/preconcentrated in 1 mL of eluate (10% HNO3, Seastar
Baseline) by using an Elemental Scientific (ESI) seaFAST system.
Multiple elements can be simultaneously extracted using the chelating
resin Nobias PA-1 (Sohrin et al., 2008; Biller and Bruland, 2012) which
is the extraction material used in the seaFAST system. This system re-
moves the matrix effect caused by seawater major ions while a buffered
(NH4Ac) sample passes through the Nobias PA-1 extracting many trace
metals but excluding major seawater ions. The seaFAST also avoids the
problem of ICP-MS interface clogging caused by sea salt or Mg(OH)2
precipitates. A similar online seaFAST extraction procedure is described
by Hathorne et al. (2012) for rare earth elements. Eluates from the
seaFAST system were analyzed in medium resolution on the ICP-MS
using an Apex-FAST high efficiency sample introduction system with
Spiro desolvator (Elemental Scientific, Inc.) to obtain the intensities of
50V and 51V. Additionally, 47Ti and 52Cr were monitored to correct for
any 50Ti or 50Cr isobaric interference on 50V; the correction was gen-
erally< 1%. The reproducibility of this method was estimated by
comparing samples collected at the same depth on different casts at the
same station. For 32 pairs of these replicate samples, the average ab-
solute deviation was 0.7 nmol/kg or typically 2% (Table 1). Repeated
runs of U.S. GEOTRACES intercalibration samples (GS and GD; Table 1)
and in-house reference solutions suggest a precision of± 1.5%; the
limit of detection for V was ~0.5 nmol/kg. Recovery of the method, as
determined by repeated analysis of a spiked and unspiked seawater
sample was 99.5 ± 2.8% (Table 1).

Because dissolved Mo and V are conservative or nearly so, much of
the variability in the concentrations of these elements is caused by
changes in salinity. We thus normalized our concentrations to constant
salinity for this presentation by dividing by the in situ salinity and
multiplying by 35. To present the spatial distribution of dissolved Mo
(dMo) and V (dV), we used the Ocean Data View software package
(Schlitzer, 2015).

2.3.2. Particulate Mo and V
Methodological details for particulate trace element analysis are in

Lee et al. (2017) and Heller et al., 2017. Briefly, subsamples of small
(0.8–51 μm) and large (> 51 μm) size fraction particulate samples
collected by in-situ filtration were digested using a two-step digestion
method that first fully dissolved the polyethersulfone filter using the
strongly oxidizing Piranha reagent (75% H2SO4/25% H2O2), and then
fully dissolved particles in a strong mineral acid mixture of 4 M each of
HCl, HNO3, and HF (Ohnemus et al., 2014). Digest solutions were di-
luted and analyzed for a suite of elements on an ElementXR sector field
ICP-MS in the UCSC Plasma Analytical Facility. To verify the accuracy

of analytical procedures, two certified reference materials (CRMs),
BCR-414 (freshwater plankton) and PACS-2 (coastal marine sediment),
were digested and analyzed using the same procedures as for samples.
The average recoveries of BRC-414 for Mo and V were 110 ± 10% and
112 ± 11%, respectively. The average recoveries of PACS-2 for Mo
and V were 89 ± 13% and 92 ± 8% respectively.

Reported particulate Mo and V concentrations in this manuscript
were corrected with the median of all dipped blanks, filtered seawater
volume and the filter area used in digestion. The median dipped blank
values and the detection limits for Mo and V are shown in Table 2. The
uncertainty of particulate Mo and V concentrations can be attributed to
the dipped blank correction, heterogeneity in particle distribution, and
variation in digestion. The uncertainty for most samples was mainly
from the blank correction. For the large size particulate Mo (pMo), most
samples were below detection and thus only the small size fraction pMo
is discussed here, with the exception of ridge crest hydrothermal sam-
ples where the large fraction pMo was significant. In contrast, for
particulate V (pV) the large size fraction accounted for a wide range of
the total particulate V (0.7–82%) but was typically only 16% (median)
of the total across the section (Lee et al., 2017). Thus, in general, par-
ticulate V in our discussion refers to the small particulate fraction;
where necessary, we do distinguish the behavior of large particulate V
when its contribution becomes significant.

In order to help identify the composition/origin of particulate trace
elements, we calculated their non-lithogenic fractions. This was done
by assuming that all particulate Al was lithogenic in origin. We then
used element/Al ratios for upper continental crust (Rudnick and Gao,
2014) to estimate the amount of a particulate element likely to be of
lithogenic origin. Non-lithogenic fractions were then estimated by
subtracting the lithogenic estimate from the total particulate elemental
concentration.

All original data, ancillary data (salinity, nitrite, density, total
chlorophyll a and dissolved oxygen) and total particulate elements data
are available online at BCO-DMO (http://www.bco-dmo.org/project/
499723).

2.4. Reanalysis of depleted dissolved Mo and V samples

Lower than expected dMo and dV concentrations were measured in
a few samples. Because of the large number of samples in the EPZT
section, we only re-analyzed dMo when the initial sample analysis was
more than two standard deviations (5 nmol/kg) from the section sali-
nity-normalized mean. For dV, we chose samples with dV< 30 nmol/
kg for re-analysis. Low dV in these samples was reproducible in the re-
analysis. In order to verify that the dMo depletions were real, the Mo-
depleted samples were re-analyzed a number of times (2–5 times) over
19 months. An additional reanalysis was performed if the first two re-
sults disagreed by more than two standard deviations. In general, we
averaged all results except when one of the three analyses was more
than three standard deviations away from the other two. An interesting

Table 2
The median and standard deviation of dipped blanks and detection limit for both small
and large fractions of particulate Mo and V. There were 46 blank filters for small size
fraction and 44 blank filters for large size fraction. The dipped blank values are for the
entire area of the filters (active area = 125 cm2). The detection limit was defined as three
times the standard deviation of the dipped blank filters. Dipped blanks and detection
limits in pM were derived by assuming seawater volumes filtered through small size filters
(470 L) and large size filters (1100 L).

Small size fraction Large size fraction

Mo V Mo V

Median of dipped blank (pmol) 308 178 130 67
s.d. of dipped blank (pmol) 65 52 95 71
Approx. dipped blank (pM) 0.76 0.44 0.12 0.06
Approx. detection limit (pM) 0.48 0.38 0.26 0.19

Table 1
Reproducibility of dissolved Mo and V in GEOTRACES reference waters and detection
limits for Mo and V. The recovery of V was calculated by a standard addition method.

Mo V

GS (nmol/kg) 115.3 ± 2.2 (N = 17) 34.5 ± 0.5 (N = 16)
GD (nmol/kg) 111.4 ± 2.3 (N = 18) 32.9 ± 0.5 (N = 16)
aAvg. replicate deviation

(nmol/kg)
2.3 0.7

Recovery (%) 99.5 ± 2.8 (N = 31)

a Average absolute deviation in 32 pairs of replicates.
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phenomenon was found in many of these Mo-depleted samples. We
observed that dMo in most of the Mo-depleted samples increased with
sample storage time (~19 months). This observation is discussed in
more detail below in Section 3.2. For the samples with slowly changing
concentrations, the values reported here are averages of all replicate
analyses of that sample since we do not know what the initial depleted
value was. In other words, our presentation of those depleted con-
centrations is necessarily semi-quantitative. Acknowledging the im-
precision of our terminology, we will refer to these samples as “Mo-
depleted.” When the salinity-normalized Mo was> 3 standard devia-
tions from the section mean dMo (i.e., < 101.1 nmol/kg), the depletion
was viewed as significant.

3. Results and discussion

3.1. Oceanographic setting and ancillary data

Peters et al. (2017) reported nutrients, hydrographic data, and the
distribution of water masses in the EPZT. We review here a few of their
most pertinent conclusions relating to hydrographic and nutrient fea-
tures. The lowest surface water temperature (~15 °C) was found near
the Peruvian coast, indicating upwelling of offshore cooler waters. A
pool of high salinity water at ~100 m depth in the mid-section origi-
nated from subtropical gyre water. A salinity minimum in the mid-
water column (600–800 m) reveals the influence of Antarctic Inter-
mediate Water in this region. Warmer and slightly fresher deep waters
(> 3000 m) east of the East Pacific Rise (EPR) reflect the signature of
Pacific Deep Water (PDW). West of the EPR, slightly cooler and saltier
deep water was influenced by Antarctic Bottom Water. More detailed
hydrographic data are presented in the Water Mass Analysis manuscript
in this issue (Peters et al., 2017).

Typical nutrient profiles were observed in the EPZT (Peters et al.,
2017). Nitrate and phosphate were low in the upper water column and
reached maximum concentrations at ~800 m, then, slowly decreased
with depth. Silicic acid increased with depth, except for a slight de-
crease in bottom waters in the western part (Stns. 32–36) and eastern
part (Stns. 1–9) of the transect. An extreme OMZ (dissolved oxygen<
2 μmol/kg) was observed from the Peruvian coast to at least 100°W
(Stns. 1–13) (Fig. 1b), which can be attributed to weak ventilation and
consumption by intense biological activity (Karstensen et al., 2008;
Peters et al., 2017). For clarity and to distinguish the normal oceanic
oxygen minimum zone from this extreme zone, we use the term oxygen
deficient zone (ODZ) to refer to the region of the water column with

essentially anoxic conditions. In the case of the EPZT, the ODZ was
found from Stn. 13 east to the Peru margin. Nitrite enrichments in the
ODZ have previously been mainly attributed to nitrate reduction and
ammonia oxidation (Lam et al., 2009). In deep water (> 3000 m),
lower oxygen and higher silicic acid east of the EPR than to the west
suggests the influence of PDW on the tropical eastern Pacific deep
basin. More detailed nutrient results were discussed in the water mass
analysis manuscript (Peters et al., 2017).

High total chlorophyll a (Chl a) concentration was seen in surface
waters (0–25 m) near the Peruvian coast (Stns. 1–5) (Fig. 1c), implying
high primary productivity in that region. Pigment composition showed
macroplankton dominance at coastal stations (Stns. 1–5) which shifted
to picoplankton dominance in the open ocean (Ohnemus et al., 2017).
Heading to the open ocean (west of 100°W), the total Chl a maximum
occurred at depths of 75–100 m (Fig. 1c; Ohnemus et al., 2017). The
depth of the total Chl a maximum was tilted slightly upward toward the
coast (east of 100°W) where the region was more influenced by the
upwelling.

3.2. Description of molybdenum & vanadium distributions

Without salinity normalization, slightly elevated dMo was com-
monly seen in the upper 200 m water column west of 100°W (Fig. S1).
After the dMo concentration was normalized to salinity 35 (dMon), the
distribution was generally invarient across the EPZT (Fig. 2a), with an
average dMon concentration of 108.2 ± 2.7 nmol/kg. However, a
significant depletion of Mo in a few samples was observed within the
ODZ and the hydrothermal plume (Fig. 2a).

As was mentioned earlier, in most of our dMo-depleted samples, the
dMon concentration actually increased slowly over at least 19 months
(Fig. 3). Indeed, only three samples in the section showed unchanging,
low dMon. Those three unchanging samples were a) Stn. 2 at 3.5 m
(dMon = 97.8 ± 0.7 nmol/kg), which was the station closest to the
coast and the sample with the highest total Chl a; b) Stn. 6 at 125 m
(dMon = 82.1 ± 2.0 nmol/kg), which was the depth of maxima in
both nitrite (4.3 μmol/kg) and dissolved Mn (3.3 μmol/kg) for that
station (though not for the entire ODZ); and, c) Stn. 20 at 2500 m
(dMon = 94.2 ± 1.9 nmol/kg), which was the depth of the dissolved
Mn maximum at this station and was immediately west of the crest of
the EPR.

For the samples that did change with time, it would seem that Mo
was slowly converted from a form not determined by our ICP-MS
analysis back to molybdate. However, since the Mo ICP-MS analysis is a

Fig. 2. (a) The distribution of dissolved Mo (normalized to salinity 35) along the EPZT. (b) The distribution of particulate (0.8–51 μm) Mo along the EPZT. In both graphs, white contours
indicate dissolved nitrite concentration (μmol/kg).
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“dilute-and-shoot” method that does not involve an extraction step, it
seems unlikely that even a colloidal Mo species would be analytically
invisible. We hypothesize that the missing Mo is in a form that was
adsorbed to the sample container (acid-washed high-density poly-
ethylene) walls even when the sample was acidified. For instance, Wang
et al. (2009) developed a method in which what is thought to be Mo(V)
is complexed with tartrate and extracted onto a non-ionic acrylic resin,
thus suggesting that at least some organic Mo complexes might adsorb
onto the walls of our sample containers. We are unaware of other re-
ports of this sample storage phenomenon, though its transient nature
might result in it being overlooked. Although we cannot explain this
phenomenon, we infer that it represents a real change in Mo speciation
since it was only observed in a limited number of samples and, as we
shall show, those samples might reasonably be expected to have some
change in Mo concentration or speciation. Therefore, we suggest that
previous studies reporting conservative dMo behavior in other OMZs

(Nameroff et al., 2002; Goswami et al., 2012) might have missed the
observation of the unknown transient species depending on their sam-
pling, sample processing, and analytical methods. Again, in our dis-
cussion here, we refer to all samples that showed either consistent or
transient low dMon concentrations as being Mo-depleted.

Anomalously low dMon was observed in several parts of the section.
In the upper part of the ODZ (Fig. 1b), low dMon was observed in
several offshore samples in the secondary nitrite maximum (Stns. 6 and
9; Fig. 2a), including one sample mentioned above where the low dMon

was not transient. Also, in some shallow (< 200 m) samples along the
Peru margin (Stns. 1–5) depleted dMon (98.5–104.6 nmol/kg) was ob-
served (Fig. 4a). Salinity normalized dMo was also significantly de-
pleted (4–8 s.d.) in a number of samples in the general depth range of
the hydrothermal plume (Fig. 2a). The magnitude of dMon depletion
was higher off-axis (Stns. 25 and 26), compared with the depletion
above the ridge crest (Stn. 18) (Fig. 2a).

The maximum pMo (16.8 ± 2.6 pmol/L at Stn. 4) in the section
was observed in the ODZ (Fig. 2b). Particulate Mo data showed that
most of the pMo (80–100%) was non-lithogenic across the EPZT
(Figs. 2b and S2). Enriched pMo in the ODZ corresponded both with
elevated nitrite concentrations (Fig. 2b) and with elevated particulate
Fe (pFe) (Fig. S3).

The salinity-normalized dVn EPZT section, which shows slight de-
pletion in near surface waters and then relative constancy at depth
(Fig. 5a), agrees with earlier observations in the open ocean (Collier,
1984; Jeandel et al., 1987; Middelburg et al., 1988). Without salinity
normalization, the dV distribution shows the same basic trend (Fig. S4),
though details are less clear. Previously reported average dVn con-
centrations are 32.4 ± 2.7 and 32.0 ± 0.4 nmol/kg in Atlantic and
Pacific surface water, respectively (Collier, 1984; Jeandel et al., 1987).
In deep water, average dVn appears to vary in different ocean basins
(Atlantic Ocean: 32.0–35.3 nmol/kg; Pacific Ocean: 35.3 nmol/kg; In-
dian Ocean: 36.0 nmol/kg) (Collier, 1984; Middelburg et al., 1988),
though intercalibration of these data sets is lacking. In our data,
average dVn was 32.6 ± 1.0 nmol/kg in the upper water column
(< 450 m). Below 1000 m depth, average dVn was 34.9 ± 1.8 nmol/
kg.

As was the case with dMon, anomalously low dVn (relative to the
rest of the section) was found in several places in the EPZT. However, in
contrast to dMon, depleted dVn concentrations were stable; that is, they
did not change with sample storage time. Low dVn at Stn. 9
(~28.6 nmol/kg at 154 m) corresponded with the nitrite maximum
(Fig. 5a). Here, the depletion of dMon and dVn was mostly found in the
same samples (Figs. 2a and 5a). This tends to confirm our observed Mo-
depletion in the ODZ as more than simply an analytical artifact. Note
that some other dissolved trace elements we determined in these sam-
ples (e.g., Ba, Ni) were not depleted; thus, the samples do not appear to
be generally anomalous. Dissolved V depletion greater than the usual
surface water depletion was also observed in near surface waters across
the Peruvian continental shelf where dVn concentrations ranged from
29.7–32.0 nmol/kg (Fig. 4b). The lowest dVn in the coastal upwelling
region was observed near the surface at Stn. 2 (the station closest to

Fig. 4. The vertical distributions of (a) dissolved Mo (nor-
malized to salinity 35), (b) dissolved V (normalized to
salinity 35) and (c) total chlorophyll a in the upper 100 m
on the Peru margin.

Fig. 3. Salinity-normalized dissolved Mo values as a function of sample storage times
from (a) St.18, (b) St. 26, and (3c) the OMZ. Dashed lines show the trends of Mo increase
with time.
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shore), and also corresponded with the lowest dMon at the coastal
stations (Fig. 4a and b). Depleted dVn was also found in some samples in
association with the hydrothermal plume (Fig. 5a). As with dMon, off-
axis dVn was more depleted (to as low as 17 nmol/kg at Stn. 26) than in
the ridge crest (Stn. 18) samples. Additionally, a few V-depleted sam-
ples were found deeper in the water column (> 3000 m, Stns. 26 and
28) (Fig. 5a), along the boundary of elevated dissolved Fe in the off-axis
hydrothermal plume (Resing et al., 2015).

In the particulate phase, elevated pV concentrations were seen in
the ODZ and the hydrothermal plume. Non-lithogenic (average 92%)
pV was dominant across the EPZT (Figs. 5b and S5). This pV behavior is
similar to that of pMo, discussed above. West of Stn. 13, pV additionally
shows an enrichment in the mixed layer and then a slight minimum in
the 100–300 m depth range coincident with the nitrite maximum and
where suspended particulate matter concentrations typically decrease
and the nutricline begins. The mixed layer pV enrichment is reflected
both in the small and large particulate fractions and, in contrast to most
of the rest of the section, large particulate V is generally the dominant
pV mixed layer fraction, averaging 59% of the total. Lee et al. (2017)
attributed the elevated large pV concentrations in the mixed layer to V
uptake by diatoms, as evidenced by the fact that biogenic Si is the only
carrier phase similarly showing elevated large particulate fractions in
the mixed layer (Lam et al., 2017). The slight pV minimum below the
mixed layer (where the small particulate fraction dominates), however,
is due solely to changes in the small particulate fraction. Close to the
Peru margin, upper water column pV concentrations are generally
higher than further west and the pV minimum is no longer apparent.

3.3. Molybdenum and vanadium behavior in the hydrothermal plume

The depletions in dMon and dVn in the hydrothermal plume are both
apparent in our sections (Figs. 2a and 5a) and, as we shall show, puz-
zling aspects of our distributions. At the ridge crest (Stns. 18 and 20),
these depletions in dVn and dMon corresponded to enrichments in pV
and pMo associated with pFe enrichments (Fig. 6) while off-axis (Stns.
26 and 28) larger patches of dVn and dMon depletion are observed to-
ward the boundaries of pFe-enriched waters (purple patches in Figs. 2a
and 5a). We note that Mo and V were analyzed by different methods
and that other elements analyzed at the same time (e.g., Ba with Mo; Ni
with V) showed no anomalous behavior. Thus, we view these dMon and
dVn depletions as being robust and not indicative of generally anom-
alous samples. Because no significant sulfide was observed in the water
(< 60 pM; Cutter et al., 2017) or in the hydrothermal particles
(Hoffman et al., 2017), formation of thiomolybdate or particulate sul-
fides seem unlikely factors in the Mo and V removal. Adsorption of
these elements onto hydrothermal Fe and Mn oxides is thus the most
likely possibility for removal of these elements (e.g, Trefry and Metz,
1989; Kashiwabara et al., 2011) and we explore this further with the
particulate data.

We initially confine our consideration of hydrothermal oxide
scavenging of Mo and V to waters 2300 m and deeper at Stns. 18 and
20, i.e., waters at the ridge crest with pFe concentrations> 1 nM. Since
pFe was typically 10-fold greater in concentration than particulate Mn
(pMn), it is tempting to focus just on pFe as the adsorbing phase. Note,
however, that there is evidence that δ-MnO2 more strongly adsorbs Mo
than Fe oxyhydroxides (e.g., Kashiwabara et al., 2011). Based on pAl

Fig. 5. (a) The distribution of dissolved V (normalized to salinity 35) along the EPZT. Black dashed lines indicate neutral density surfaces (25 kg m−3 ≤ γn ≤ 27 kg m−3). (b) The
distribution of particulate (0.8–51 μm) V along the EPZT. In both graphs, white contours indicate dissolved nitrite concentration (μmol/kg).

Fig. 6. The relationships between small fraction
(0.8–51 μm) particulate elements (V: light blue at Stn.18/
dark blue at Stn. 20; Mo: yellow at Stn. 18/green-grey at
Stn. 20; P: red at Stn. 18/brown at Stn. 20) and (a) parti-
culate Fe/ (b) particulate Mn in the ridge-crest plumes. (For
interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this ar-
ticle.)
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concentrations, lithogenic pMo, pV, pMn, and pFe were generally< 1%
of the total particulate concentrations in these hydrothermally-influ-
enced waters (Lam et al., 2017) and are thus ignored. Fig. 6 shows that
in the small particulate fraction both pV and pMo are significantly
correlated with both pFe and pMn in the ridge crest plume. Note that
the concentrations of the large particulate V were also greatly increased
in the ridge crest plume (Stns. 18 and 20), even though the small
fraction was still the majority of the total particulate concentrations.
The large particulate pV/pFe ratio in these plume samples was statis-
tically the same as the small particulate ratio. Lee et al. (2017) noted
that hydrothermal pFe and pMn at Stns. 18 and 20 show different size
partitioning, with pFe mostly (~80%) occurring in the small particulate
fraction, while pMn occurring almost evenly between small and large
particulate fractions. Interestingly, the fractions of total pV and total
pFe of these hydrothermal samples that were in the large size particles
were similar (median 27% and 24%, respectively; Fig. S6). In contrast,
the fraction of total pMo of these samples that was in the large size
particles (median 34%; Fig. S6) was midway between the large fraction
percentages for pFe and pMn (median 24% and 49%, respectively; Fig.
S6). These observations are compatible with pFe being the main sca-
venger for pV while pMo may well be scavenged by both pFe and pMn.

Using an estimated global hydrothermal Fe input of ~10 Tg/yr
(Poulton and Raiswell, 2002) and assuming most of this Fe precipitates
and is removed to the sediments, then the EPZT hydrothermal pMo/pFe
molar ratio of 6.4 × 10−5, yields a Mo removal rate of ~107 mol/yr or
~5–10% of the estimated fluvial dissolved Mo flux (Gaillardet et al.,
2014). Similarly, the EPZT hydrothermal pV/pFe molar ratio of

5.1 × 10−3, yields a V removal rate of ~109 mol/yr or about twice the
estimated fluvial dissolved V flux (Gaillardet et al., 2014). Similar
calculations can be made using the estimated 1–2 × 1010 mol/yr global
accumulation of Mn in metalliferous sediments (Elderfield and Schultz,
1996) and these yield similar results for hydrothermal Mo and V re-
moval. While there is considerable uncertainty in all of the numbers
used for these estimates, the results are nonetheless in general accord
with the conclusion of Trefry and Metz (1989) who suggested that
adsorption onto hydrothermal precipitates was a major mechanism of
removal of dV from the ocean as well as the similar conclusion for dMo
removal (Kashiwabara et al., 2011 and references therein).

In order to understand whether hydrothermal pFe adsorption of V
(and possibly Mo) should affect their dissolved distributions, we next
consider phosphate, which has previously been shown to be adsorbed
onto hydrothermal pFe (e.g., Wheat et al., 1996; Feely et al., 1998).
Close inspection of the dissolved phosphate distribution in the hydro-
thermal plume (Fig. 7a) suggests adsorptive removal of ~100–150 nM
PO4

3− in the most pFe-rich waters at Stns. 18 and 20. For the parti-
culate phosphorus (pP) in the hydrothermal plume, lithogenic correc-
tions are again trivial and ignored. Also, assuming a C/P Redfield Ratio
of 117, the POC data suggests that biological contributions to pP in the
hydrothermal plume are likewise trivial (i.e., the median POC/pP molar
ratio in the plume waters is 10) (Lam et al., 2017). The hydrothermal
pP-pFe relationship (Fig. 6) shows a good correlation and indicates a
pP/pFe molar ratio of 0.29, which is about 50% higher than the P/Fe
ratio Ohnemus et al. (2017) estimated for EPZT hydrothermal particles
from particles filtered from GoFlo bottles. Taking the 100–150 nM es-
timate of hydrothermal PO4

3− adsorptive removal and the hydro-
thermal pV/pP molar ratio (0.016), thus suggests we should expect a
2–3 nM dV removal onto hydrothermal pFe. For Mo, the pMo/pP molar
ratio (1.8 × 10−4) indicates an insignificant dMo removal of only a few
pM. These crude calculations indicate that we might see some dV re-
moval at the ridge crest but not in the extended plume and we should
not see any dMo removal. This conclusion is clearly at odds with our
observations and indicates that something else must be responsible for
the significant dMon and dVn depletions at Stns. 26 and 28.

We briefly consider several other possibilities for the hydrothermal
dissolved Mo and V removal. First, more depleted dMon and dVn in the
off-axis plume than in the ridge-crest plume might be a result of dif-
ferent hydrothermal sources in the off-axis plumes (Stns. 25 and 26)
from the ridge-crest plumes (Stns. 18–21), as evidenced by the 228Ra
measurements in hydrothermal plume waters (e.g., Stn. 20: 3.2–5.5 yr;
Stn. 25: 2.7–5.4 yr old) (Kipp et al., 2017). Likewise, Resing et al.
(2015) suggested that off-axis hydrothermal samples (Stns. 20–36) were
derived from vent fields south (~17°S–18.5°S) of the EPZT section
while anomalously low excess 3He at Stn. 18 was likely a signal from
local hydrothermal activity (Jenkins et al., 2017). Certainly, this ob-
servation is not surprising since various hydrothermal vent sites are
distributed along the EPR and the EPR plumes are not restricted to the
axial valley (German and Von Damm, 2006; Wu et al., 2011; Resing
et al., 2015). Thus, the different extent of dMon and dVn depletion
between the ridge-crest plume and the off-axis plume may well reflect
different vent sources. In contrast, the 3He data (Jenkins et al., 2017)
and positive linear correlations between excess 3He with dissolved Fe
and dissolved Mn from the first off-axis station (Stn. 20) of the EPR to
the westernmost station (Stn. 36) (Resing et al., 2015) indicate that the
off-axis samples form a continuous plume. However, the locale of ad-
ditional hydrothermal sources across the EPZT suggested by the 228Ra
data (Kipp et al., 2017) is incompatible with that suggested by other
data (3He, dissolved Fe and dissolved Mn; Resing et al., 2015). Thus, the
extent to which the extended hydrothermal plume observed during the
EPZT reflects one or many sources is unresolved.

A change in competition for adsorption sites due to concentration
changes in another element is another possible explanation for our
observations that seems unlikely. Phosphate is likely the highest con-
centration strongly competing element (Feely et al., 1998; Brinza et al.,

Fig. 7. (a) The distribution of dissolved phosphate along the EPZT. Note expanded con-
centration scale which emphasizes the range of concentrations associated with waters
affected by the hydrothermal plume. The distributions of (b) phosphate and (c) silicate
(μmol/kg) in the upper 1000 m of the water column along the EPZT. Black dashed con-
tours indicate neutral density surfaces (25 kg m−3 ≤ γn ≤ 27 kg m−3).
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2008) and its dissolved concentration varies minimally and, in fact,
increases slightly off-axis (Fig. 7a) where we see the highest dMon and
dVn removal.

Alteration of the structure of hydrothermal particles during off-axis
transport (Fitzsimmons et al., 2017) and thus alteration of their ad-
sorption capacity is another possibility. Indeed, at the ultramafic-hosted
Rainbow hydrothermal site on the Mid-Atlantic Ridge, Edmonds and
German (2004) did observe progressive increases in particulate V/Fe
ratios going from young buoyant plumes to neutrally buoyant plumes,
and ultimately to the highest V/Fe ratios in the underlying hydro-
thermal sediments. Likewise, Brinza et al. (2015) found that as ferri-
hydrite ages to hematite, sorbed V and Mo become incorporated into
the hematite structure while Kashiwabara et al. (2011) found that
molybdate adsorbs to ferrihydrite as an outer sphere complex but to
hematite and goethite as an inner sphere complex. These observations
and experiments are thus compatible with increased removal of V and
Mo from the water with plume particle age. We note that from 228Ra
measurements in the EPZT hydrothermal plume samples, Kipp et al.
(2017) estimated a significantly greater age for samples at Stn. 20
(2.4–5.5 yrs) than for the axial Stn. 18 (~1 mo.).

Since pV in the EPZT extended hydrothermal plume was sig-
nificantly greater than the deep water background concentrations, we
can at least partially test this idea. If we confine our analysis to hy-
drothermally-influenced samples with pV > 9 pM (i.e., about 3×
greater than the pelagic deep water background in the EPZT of 2–4
pM), then non-lithogenic pV/pFe molar ratios cluster around
5.3 ± 0.8 × 10−3 and show no relationship with distance from the
ridge crest (Fig. S7). Thus, this provides no evidence of significantly
changing pV/pFe with particle ageing. Interestingly, the one dV-de-
pleted plume sample where we have both dissolved and particulate data
(Stn. 20, 2500 m, dVn = 19 nmol/kg) had the highest non-lithogenic
pV/pFe molar ratio (8.1 × 10−3) of these samples. This is, of course,
scant evidence on which to build a hypothesis as well as only a rela-
tively modest pV enrichment. In any event, we find no support for large
changes in V adsorption in the EPZT hydrothermal particle data. Given
that the hydrothermal dVn depletions are at the edges of the pFe plume,
we can only speculate that breakdown of the organic matrix associated
with hydrothermal pFe (Fitzsimmons et al., 2017) might result in more
exposed pFe surface area and ultimately aggregation and removal by
sinking.

3.4. Molybdenum and vanadium in shallow waters

Through most of the section, the transition from slightly dV-de-
pleted shallow waters to higher dVn deep waters occurs in the neutral
density range γn = 25.5–26.5 kg/m3 which is also where the sharpest
gradients in phosphate and silica concentrations occur (Fig. 7b,c). En-
richment of pV in surface waters with dominance in the large particu-
late fraction suggests that V was taken up by biogenic particles (likely
diatom) (Lam et al., 2017; Lee et al., 2017; Osterholz et al., 2014),
which is compatible with the observation of surface water dVn deple-
tion. Our observations thus suggest that the dVn gradient in the water
column (200–400 m) in the pelagic region is mostly controlled by
shallow biological removal and deeper regeneration.

Near the Peru margin, nutrient gradients still follow the density
gradient; however, the relationship between dVn and density weakens
(Fig. 5a), suggesting additional processes influencing the dVn distribu-
tion in this environment. Given the removal of dV in hypoxic Louisiana
Shelf waters (Shiller and Mao, 1999) and the slight Mo depletion in
those same waters (Joung and Shiller, 2016) as well as the low oxygen
water impinging on the Peru margin in the EPZT, we more closely ex-
amined our dMon and dVn profiles across that margin (Stns. 1–5; Fig. 4).
We do indeed observe some shallow (< 200 m) samples with depleted
dMon (98.5–104.6 nmol/kg). Again, those samples with slightly or
moderately depleted Mo (1.5–4 s.d.) were reanalyzed to validate the
depletion. We do not see high nitrite or dissolved/particulate Fe or Mn

in these Mo-depleted samples relative to other shallow samples in the
margin stations. Thus, there is no evidence of a recent, substantially
different, impact of scavenging, denitrification, or sediment interaction.

Similar to our observations of Mo, dVn depletion greater than the
usual surface water depletion was observed in near surface (< 50 m)
waters of Stns. 1–5 across the Peruvian continental shelf where con-
centrations ranged from 29.7–32.0 nmol/kg. The lowest dVn in the
coastal upwelling region was observed near the surface at Stn. 2 (the
station closest to shore), and also corresponded with the lowest dMon

and the highest total Chl a in the coastal stations (Fig. 4). Other dVn-
and dMon-depleted samples in this part of the section were also gen-
erally in the shallowest waters of the three most inshore stations. Given
that dMo and dV were analyzed by different methods at different times,
we view this as a robust observation, despite the concentration changes
being close to our analytical precision. Since nearshore pFe enrichment
was coincident with the high nitrite plume below 100 m (i.e., well
below where we observe shallow dVn and dMon depletion), adsorptive
removal or removal associated with denitrification seems unlikely.
However, apparent biological uptake of Mo from surface waters has
been reported by Wang et al. (2016) who observed non-conservative
dMo behavior in the Taiwan Strait. Likewise, Osterholz et al. (2014)
observed significant dV removal in diatom cultures. Surface waters of
the inshore EPZT stations had the greatest amount total Chl a and the
protective pigments diadinoxanthin, diatoxanthin, and β-carotene of
the entire section (Moffett et al., 2015) as well as the highest amount of
opal (Lam et al., 2017). Taken together, our observations thus suggest
biological uptake and/or adsorption onto organic particles as the likely
cause of the shallow inshore dVn and dMon depletions in the EPZT
section.

The V section also allows us to revisit the issue of whether coastal
shelf redox processes play a significant role in overall surface ocean V
depletion as suggested by Shiller and Mao (1999). We do note that the
expansion of the upper ocean dVn depleted depth range east of Stn. 13
(99°W) may relate to both biological and redox processes (see next
section). However, the pelagic vertical dVn gradient still tends to follow
the nutricline and thus occurs slightly shallower than might be expected
from the OMZ dV depletion along the margin. In contrast to the
Louisiana Shelf observations (Shiller and Mao, 1999; Joung and Shiller,
2016), we did not observe dVn (or dMon) depletions in oxygen-depleted
bottom waters on the Peru margin. Also, there was no significant hor-
izontal gradient in upper water dVn depletion away from the margin as
would be expected if margin processes dominated shallow V removal.
Thus, the EPZT data seem to argue against a large redox effect on the
pelagic dV distribution. Nonetheless, we cannot rule out a margin effect
elsewhere in the ocean where, for example, an extreme oxygen
minimum intersects a wider margin than occurs off the west coast of
Peru.

3.5. Mo and V behavior in the offshore ODZ

As noted above, significant dVn and dMon depletion was observed in
a few samples in the offshore ODZ (Figs. 2a and 5a). This is especially
apparent at Stn. 9 where several samples in the 150–200 m depth range
are depleted in both elements and which corresponds to a pool of water
with high nitrite as well as high I− and low IO3

− (Cutter et al., 2017),
high dissolved and labile Co (Hawco et al., 2016) and elevated pFe
(Heller et al., 2017). That said, there is higher nitrite water (also with
high I− and low IO3

− as well as high Co and high pFe; Cutter et al.,
2017; Hawco et al., 2016; Heller et al., 2017) close to the coast at Stns.
2–5 which does not show significant dMon depletion and which has a
dVn depletion similar to the typical upper water column depletion.

No significant dissolved sulfide was observed in these Mo and V
depleted waters (Cutter et al., 2017) and only low pM amounts of acid
volatile sulfides were detected (Ohnemus et al., 2017). Thus, formation
of thiomolybdate or particulate sulfides seem unlikely factors in the Mo
and V removal. Likewise, Scholz et al. (2017) summarize observations
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for this region and discount sulfide as a factor in Mo cycling. Recent
work suggests two other possible processes that might explain the dMo
and dV depletions. Scholz et al. (2011, 2017; see also Heller et al.,
2017) proposed that Fe oxides that are reductively dissolved in the
anoxic benthic boundary layer re-precipitate at the oxycline or below to
scavenge Mo and V and then ultimately settle to the sediments for
burial at the boundaries of the ODZ. Since the Fe can cycle through this
process repeatedly, Fe oxides can be viewed as shuttling the Mo and V
to the sediments. An alternative mechanism, discussed by Ohnemus
et al. (2017) using other EPZT data, involves denitrifying prokaryotes
taking up various trace elements, including V, in the ODZ. This is also
consistent with the utilization of Mo in bacterial nitrate reductase
(Tsementzi et al., 2016). For V, there are some reports of nitrate re-
ductases that lack Mo and contain V instead (Rehder, 2008 and refer-
ences therein), though the presence of V nitrate reductase in the ocean
is, as yet, unknown.

Confounding any attempt to deconvolve the effects of redox shut-
tling versus heterotrophic uptake on Mo and V cycling in the ODZ is the
fact, noted by Ohnemus et al. (2017), that pFe is enriched in ODZ
waters roughly coincident with the enrichment in nitrite. Indeed, Heller
et al. (2017) observed oxidation of dissolved Fe(II) to particulate Fe(III)
in the upper ODZ of the EPZT section. Heller et al. (2017) and Scholz
et al. (2016) further suggested coupling between the Fe and N redox
cycles. To help resolve this overlap of processes, we examine the par-
ticulate data to see if it might shed further light on ODZ Mo and V
cycling. We note that the pump particles considered here include pMo
and particulate organic carbon (POC) data that were not available to
Ohnemus et al. (2017) in their consideration of bottle particulates in
the EPZT.

We first plot pMo and pV versus the non-lithogenic pFe in ODZ,
upper oxycline, and mixed layer samples from the upper 500 m of Stns.
1–36 (Fig. 8). If we compare element-Fe relationships in the ODZ with
those same relationships for ridge crest particles under the assumption

that adsorption onto Fe oxyhydroxides controls pMo and pV con-
centrations in both regions, then inshore ODZ Fe particles (Stns. 1–5;
green circles in Fig. 8) would need to sorb> 10×more Mo per mole of
pFe and 3× more V than hydrothermal pFe. For the offshore ODZ (Stns
7–13; red circles in Fig. 8), Fe precipitates would need to sorb ~80×
more Mo and> 10× more V per mole pFe than hydrothermal pre-
cipitates. Certainly, adsorption capacities of Fe oxyhydroxides can vary
substantially and are likely to be affected by pH, organic matter, and
competing ions. Additionally, evidence suggests that the precipitation
of ODZ Fe oxyhydroxides occurs in the absence of dissolved oxygen
(Scholz et al., 2016; Heller et al., 2017), which is not likely the case for
ridge crest precipitates, which may result in different scavenging
characteristics for these oxyhydroxides. Indeed, Heller et al. (2017)
reported at least some lepidocrocite in the ODZ while Hoffman et al.
(2017) found ferrihydrite-like oxyhydroxides in the hydrothermal
plume of the EPZT section. This mineralogical difference could also
contribute to differences in scavenging removal by pFe in the ODZ
versus the hydrothermal plume (e.g., Kashiwabara et al., 2011). Thus,
using ridge crest precipitate composition to correct for Fe oxyhydroxide
adsorption onto ODZ Fe precipitates is potentially problematic
(Ohnemus et al., 2017). Furthermore, while the pMn concentration was
typically< 1% that of pFe in the upper ODZ, above the ridge crest pMn
was typically 8% of pFe concentration. As was discussed in the hy-
drothermal section, above, particulate MnO2 may well be an important
or even dominant Mo adsorbing phase above the ridge crest, compli-
cating the application of hydrothermal element-Fe relationships to the
ODZ. Thus, compositionally, it is difficult to rule out adsorption onto Fe
precipitates as a significant factor affecting Mo and V in the ODZ.

Fig. 9 shows pMo and pV plotted versus POC (Lam et al., 2017) for
small particulate fraction samples in the ODZ, upper oxycline above the
ODZ, and the mixed layer throughout the transect. Plotting versus
particulate nitrogen or phosphorus shows similar trends. Corrections
for lithogenic contributions are minor, typically 3% of pV and< 1% for

Fig. 8. The relationships of small (0.8–51 μm) (a) particu-
late Mo and (left)/ (b) particulate V (right) with and non-
lithogenic Fe in the upper 500 m of the water column along
the EPZT. For clarity, only ODZ, mixed layer and upper
oxycline samples in the upper 500 m are shown here.

Fig. 9. The relationships of small (0.8–51 μm) (a) particu-
late Mo and (b) particulate V with POC in the upper 500 m
of the water column along the EPZT. For clarity, only ODZ,
mixed layer and upper oxycline samples in the upper 500 m
are shown here.
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pMo, and were not made to the data. For Mo, the Fe correction based on
the hydrothermal pMo-pFe relationship affects pMo concentrations in
the ODZ, oxycline and mixed layer trivially, typically only 2%. For pV,
the Fe correction is larger, typically 21%; however, making the cor-
rection does not change the trends in Fig. 9. Because of the trivial
nature of the lithogenic correction and the uncertain nature of the Fe
adsorption correction (which is small if we use hydrothermal element-
Fe relationships), we therefore show the original, uncorrected data. For
pV, our results are in general agreement with those of Ohnemus et al.
(2017). That is, ODZ particles are clearly enriched in pV relative to the
mixed layer and oxycline and there is a general trend of increasing pV
with POC. Similar trends are also observed for pMo. Thus, the ODZ
cycling of V and Mo could well involve biotic incorporation into organic
matter and/or removal by adsorption onto organic particles.

Scant data on cellular V and Mo quotas is available to test this idea
that the ODZ pV and pMo enrichments are biogenic. Much of the
available data for Mo and V relates to diazotrophs and not to the het-
erotrophic prokaryotic community of the ODZ. In an N2-fixing soil
bacterial mutant that expresses only V-nitrogenase, Bellenger et al.
(2008) found cellular V/P molar ratios of ~1.5 × 10−4 at seawater
concentrations of dV. Tovar-Sanchez and Sañudo-Wilhelmy (2011)
measured metal:P cellular quotas in Trichodesmium colonies in sub-
tropical Atlantic waters influenced by the Amazon plume and found V/
P molar ratios of 5–11 × 10−3 and Mo/P molar ratios of 1–10 × 10−3.
Osterholz et al. (2014) reported cellular V/P molar ratios of
4–11 × 10−3 for two diatom cultures. Ho et al. (2003) suggested an
average oceanic phytoplankton Mo/P molar ratio of 3 × 10−5. Tuit
et al. (2004) examined Mo quotas in two N2-fixing cyanobacteria and
reported Mo/C molar ratios of 0.7 ± 0.3 × 10−6. For the EPZT ODZ
samples, Ohnemus et al. (2017) estimated a V/P molar ratio of
3 × 10−3 and our data indicate molar ratios of V/P = 4× 10−3, Mo/
P = 5 × 10−4, and Mo/POC = 5× 10−6. Thus, while the available
biological data are scattered and not necessarily applicable to the re-
levant ODZ biota, they nonetheless indicate that the necessary cellular
element ratios are within reasonable biological possibility. However,
seeing that particulate metal/C ratios in ODZ waters are higher than in
the mixed layer (Fig. 9) does require significantly increased metal
quotas for the ODZ heterotrophic biota as compared with mixed layer
phytoplankton, as was noted by Ohnemus et al. (2017).

Note that inclusion of the large particulate fraction in this discussion
does not significantly alter our conclusions. While the large size pV in
the oxycline often was greater than small pV (presumably because the
oxycline is shallow and receives large size pV from the mixed layer),
large pV was generally less than a third of the total pV in the ODZ. More
details of processes controlling pV size partitioning in the ODZ are
discussed by Lee et al. (2017). However, for the inshore stations (Stns.
1–5), the pV/POC ratios were typically 3 times higher in the large
particles than the small. Furthermore, there was no clear correlation in
the large fraction between pV and POC across the ODZ. These ob-
servations make sense both in the context of heterotrophic metal uptake
more likely involving small (i.e., < 51 μm) cells thereby leading to a
lack of pV-POC relationship in large particles as well as small FeOOH
precipitates aggregating to form larger particles leading to a similar pV-
pFe relationship in small and large particles.

Despite the fact that there are potential mechanisms for removing
dMo and dV, we note that the highest ODZ pV and pMo concentrations
are found at the most inshore stations. Indeed, that is where the Fe
oxide shuttling mechanism is most likely to be relevant (Scholz et al.,
2011, 2017). Thus, we are still left with the puzzle of why we don't see
even greater dissolved phase Mo and V depletions nearshore than off-
shore at Stn 9. We note, however, a slight upward doming of isopycnals
in the upper few hundred meters at Stn. 9 (Fig. 5a) which is possibly
indicative of a cyclonic eddy. Eddies can be important in offshore
transport of waters along eastern upwelling margins (Pegliasco et al.,
2015). Although the sampling period of the cruise was during the an-
nual minimum of eddy activity along the Peruvian coast (Chaigneau

et al., 2008), the occurrence of an eddy is still possible and supported by
a relatively weak seasonal variation (~10%) of the surface eddy kinetic
energy observed around 10°S off the Peru coast (Colas et al., 2012).
Additionally, subsurface anticyclonic eddies generated at the bottom
boundary layer of the continental slope in the Peru-Chile Undercurrent
can transport low oxygen and elevated nitrite waters offshore (Thomsen
et al., 2016). Because of persistent cloud cover during the EPZT
transect, daily satellite imagery is not available. However, monthly
composites for November 2013 (Fig. S8) show dynamic features in the
chlorophyll imagery trending southwestward away from the coast as
well as a surface temperature front where the Peru Coastal Current
likely bifurcates (Penven et al., 2005). Thus, the cruise track passed
through a clearly dynamic region and the waters at Stn. 9 may well
have come from the northeast where the shelf is somewhat broader and
the ODZ also extends further offshore. This may well explain the dis-
continuous nature of nitrite and some other chemical distributions and
suggests the offshore ODZ dMo and dV depletions are remnant signals
of more intense removal near the coast.

4. Conclusions

Our presentation of the first detailed oceanic sections of dissolved
Mo and V largely confirms past interpretations of the distributions of
these two elements (Morris, 1975; Collier, 1984, 1985; Middelburg
et al., 1988; Sherrell and Boyle, 1988; Tuit, 2003). In the broad picture,
Mo behaves conservatively while V is nearly so, with only a ~5% in-
crease in concentration with depth. However, some interesting details
emerge from the sections.

For dissolved Mo, a small number of samples showed significantly
depleted concentrations which, in most cases, gradually increased with
time. We hypothesize that the original sample had experienced a
change in speciation of dissolved Mo from the predominant molybdate
to another, as yet, unknown form. Because these Mo depletions were
not randomly scattered but instead corresponded with other factors
including low oxygen, high nitrite, depleted V, and/or the hydro-
thermal plume, along with the observation of pMo and pV enrichments
in the OMZ and the hydrothermal plume, these Mo depletions (or
speciation changes) cannot be dismissed as random analytical artifacts.
However, full understanding or exploitation of this information ne-
cessarily awaits further analytical development. Note that due to lack of
observable sulfide in the section, formation of thiomolybdates is
probably not a factor.

For dissolved V, the transition from slightly V-depleted surface
waters to slightly V-enriched deeper waters generally occurs in the
same density range as the most rapid increase in nutrients. Closer to the
Peru margin, this relationship between the V gradient, pycnocline and
nutricline is less clear. Depleted dVn (and dMon) were found in a few
samples within the ODZ, generally associated with the nitrite max-
imum. Increased non-lithogenic pV (and pMo) were also observed in
these upper ODZ waters and correlated with pFe. These results, along
with the reported oxidation of dFe(II) to pFe(III) in the upper ODZ of
the EPZT section (Heller et al., 2017), are supportive of the mechanism
proposed by Scholz et al. (2011) for the adsorption of these oxyanions
onto reprecipitated Fe (oxy)hydroixdes in the upper ODZ resulting in a
shuttling of V and Mo to the sediment surface. There may also be some
additional dV and dMo removal in the ODZ due to biological uptake,
presumably in association with nitrogen cycling (Crans et al., 2004;
Maia et al., 2017). This is supported both by correlations between POC
and pV or pMo as well as reasonable requirements for V and Mo bio-
logical uptake.

Particulate Mo and V are mostly found in non-lithogenic phases
across the section. Enriched pMo and pV in the ODZ were well-corre-
lated with both pFe and POC and found in association with the nitrite
maximum, which implies that Mo and V in the ODZ are likely sca-
venged by Fe (oxy)hydroixdes as well as taken up by the biota. Slightly
increased pMo was seen in the ridge-crest plume near the EPR while
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elevated pV was observed in both the ridge-crest plume and the off-axis
plume. Both pMo and pV were well correlated with pFe and pMn in the
hydrothermal plume, suggesting the scavenging removal of Mo and V
onto hydrothermal Fe/Mn (oxy)hydroxide precipitates.

Additional slight depletions of dVn and dMon in nearshore surface
waters, relative to offshore surface water, and coincident with higher
total Chl a concentrations toward the Peruvian coast, suggests removal
by biological activity. Due to the absence of low V and/or Mo in the
shelf bottom waters, the removal of these elements to anoxic sediments
did not appear to be significant, at least in this section. Thus, our data
do not support the proposal that incorporation of V into reducing shelf
sediments contributes to the overall oceanic shallow water dV depletion
(Shiller and Mao, 1999).

Depleted dVn and dMon were also seen in association with the hy-
drothermal plume emanating from the EPR. Non-lithogenic pV and pMo
correlated with pFe in plume waters and suggests adsorption onto hy-
drothermal Fe oxyhydroxides are a dominant oceanic sink for V and a
minor one for Mo, in agreement with previous observations (e.g., Trefry
and Metz, 1989). Greater depletion of the dissolved concentrations of
these elements in some off-axis samples than in ridge crest samples as
well as in samples from the plume margins remains an enigma, possibly
relating to different hydrothermal vent sources, particle ageing, or
breakdown of hydrothermal plume particles increasing the scavenging
of these two oxyanions.

While the sections presented here do not substantially change our
picture of the distributions of dissolved V and Mo in the ocean, they do
provide constraints on these elements' cycles and provide guidance for
future work. In particular, highly reducing environments, not con-
sidered in this section, remain important regions for the removal of V
and Mo. Further development of methods for determining the specia-
tion of these elements as well as more detailed studies of shelf and
hydrothermal regions will likely improve our understanding of the
oceanic cycling of V and Mo as well as potentially provide improved
insight into their roles in biological and redox cycles.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marchem.2017.12.003.
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